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ABSTRACT

ANTICANCER PROPERTY AND MODE OF ACTION OF
METAL(Il) COMPLEXES OF INTERCALATING
LIGAND AND AMINO ACID

Von Sze Tin

Over the last few years, a lot of research has Heae to develop novel metal-
based anticancer drugs, with the aim of increasecal effectiveness, reduce
toxic side effect, and broadening the spectrumatifvidy. Nowadays, breast
cancer is the most common cancer in women in mads pf the world. A
woman in Malaysia has a 1 in 20 chance of gettingpadt cancer in her
lifetime. This research attempts to screen differaetal complexes of 1,10-
phenanthroline (a known intercalating molecule) amino acid, with the
general formula [M(phen)(edda)] [M(ll) = Cu, Co, Zmphen = 1,10-
phenanthroline; edda N,N-ethylenediaminediacetate]. Low d¢value of 2.8
UM [Cu(phen)(edda)], 5 UM [Zn(phen)(edda)] and513M [Co(phen)(edda)]
on breast cancer cells, MCF7 for 72 h were obserVbed corresponding Kg
values for [Cu(phen)(edda)], [Zn(phen)(edda)] a@d(phen)(edda)] on breast
normal cells, MCF10A in 72 h are 10.4 uM, 32 uM &8 uM respectively.
These cytotoxicity studies showed that [M(phen)éticexhibit selectivity
towards breast cancer cells over normal cells. Tog P values for
[Zn(phen)(edda)] is 0.70, [Cu(phen)(edda)] is 0888 [Co(phen)(edda)] is
0.30. It is interesting to note that three compaurhve good drug-like
property as their values obey Ld®) < 5 for drug-like property based on

Lipinski's Rule of Five. Besides, morphological diegs show apoptosis



occurred as characterized by nuclear condensatieniofmed by using DAPI
staining), membrane blebbing, extension of micrkepiand apoptotic body
formation. Besides, fluorescent micrographs of AmmeV-FITC/Propidium

lodide double staining of 2.8 uM [Cu(phen)(edd®]uM [Zn(phen)(edda)]
and 13.5 pM [Co(phen)(edda)] treated-MCF7 cellsugedi apoptosis in time
dependent manner. An accumulation of cells in Ssphaere observed in
MCF7 cells treated with 5 uM [Zn(phen)(edda)] treant. In contrast, no cell
cycle arrest was detected when treated with 2.§@iphen)(edda)] and 13.5
UM  [Co(phen)(edda)]. Moreover, 2.8 uM [Cu(phen)@dd 5 pM

[Zn(phen)(edda)] and 13.5 uM [Co(phen)(edda)]teddVICF7 cells showed
an increasing mitochondrial membrane depolarizationtime dependent
manner by using JC-1 staining. Topoisomerases baea identified as the
cellular target of a number of important anticanegents. The order of
inhibitory effect on topoisomerase | activity ingtstudy is [Zn(phen)(edda)] >

[Co(phen)(edda)] > [Cu(phen)(edda)].
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CHAPTER 1.0

INTRODUCTION

The success of the clinical use ab{PtCl;(NH3);], known ascis-
diamminedichloroplatinum(ll) or cisplatin, has stilated considerable interest
in developing other metal complexes as new antmaagents. In view of the
emergence of drug-resistant cancer and some uabksiside effects of
cisplatin, there have been extensive studies franyntaboratories worldwide
to develop new metal-based drug leads that couddcowme the drug resistance
and with fewer side effects (Stewart, 2007). Theese limitations prompted
many researchers to develop alternative stratdgpssed on different metals

and probably aimed at different mechanism of astion

The study of transition metal complexes with tetratdte edda-type
ligands (edda = an ion &f,N’-ethylenediaminediacetic acid) was the subject of
a large number of investigations for many yearsufBkeret al, 1971,
Radanovi, 1984; Saboet al, 2002). Metal chelation chemistry may be
important even in drugs that are not intentiondigigned as metal chelators.
A large fraction of drugs on the market are knowrexpected to bind metals
with appreciable affinity. How this affects theactions is worthy of
exploration. Chelates are inorganic agents thae lgood clinical effects in
treatment of various types of cancer as cytotogena (Tripathiet al, 2007).

Various chelates based on cobalt, copper and zmaeported as cytotoxic



agent (Chohaset al, 2006; Miesel and Weser, 2006; Feetyal, 1998). 1,10-
phenanthroline (1,10-phen) is a versatile ligangabée of forming highly
stable complexes with transition metal ions (Makil &akuraba, 1969). Also,
1,10-phen itself has anticancer property (Devereusl, 2006). One of the
most biologically active of the metal-phen compkexis [Cu(phen)®'.
Moreover, a recent study of the synthesis of sath&ghen)]** phenanthroline
compounds along with thein vitro anticancer properties have been reported
(Zhang et al, 2004; Thati et al, 2007; Barcel6-Oliveret al, 2007).
Insufficiently, it is hard to search literature i®w of [Co(phen)®" and
[Zn(phen}]** on anticancer work. It is also important to poinit the
publication of initial research work of this thesisown that anticancer neutral
octahedral ternary metal(ll) complexes of 1,10-pheand edda,
[M(phen)(edda)] (M = Cu, Co, Ni, Zn) could interagith DNA through
binding to it by intercalation and clearly evidgéhat DNA being a target for
this family of compounds has been verified (Bigal, 2008). In the initial
stage of this study, [Cu(phen)(edda)], [Co(phergéHand [Zn(phen)(edda)]
were found to have low Kg values in comparison to other similar anticancer
agents,viz. [Co(4-MPipzcdt)(phen]Cl, [Zn(4-MPipzcdt)(phen)Cl, [Co(4-
MPipzcdth(phen)], [Zn(4-MPipzcdp(phen)], [Cu(phen)(L-Thr)(ED)](CIOy),
[Cu(H20)(phen)(tp)](ClO4)2-HO and [Cu(HO)(phen)(dmtp)(ClO,). (Kalia
et al, 2009; Zhanget al, 2004; Boutaleb-Charkiet al, 2009). Metal
complexation with improved chelator designs are dede to enhance
selectivity, affinity, stability, lipophilicity, ad oral activity, while maintaining
low toxicity and low cost. Additionally, increasirkgpowledge of the biological

activities of simple metal complexes guided manygeaschers to the



development of promising chemotherapeutic compouwvtish target specific

physiological or pathological processes.

Breast cancer is still a leading cause of cancathdamong women in
developed and non-developed countries (Porter, )200@merous similarities
have long been found between cell lines and turmbisas been proven that
breast cancer cell lines are considered as repesenmodels of transformed
cells in vivo (Lacroix and Leclercq, 2004). Moreover, it has begall
established that the MCF7 cell line is a novel foolthe study of breast cancer
resistance to chemotherapeutic drug such as doxoruband adriamycin
because it appears to mimic the heterogeneityrabticellsin vivo (Simstein
et al, 2003). The human breast cancer cell line, MCF¥iges an unlimited
source of homogenous self-replicating materiak & contaminating stromal
cells, and can be easily cultured in simple stahdaedia. Such a cell line is
ideal to study the interaction between a potergr@lcancer drug and cancer

cells (Rayet al, 2006).

A key goal in the development of novel cancer theutics is to
achieve tissue specificity and minimize side efent other tissues while
maintaining activity against local and metastatgedse (Robertst al, 2007).
This emphasizes the need for the development otlntherapeutics with
increased selectivity and efficacy. There is arentqieed to develop selective
treatments for cancer. Current treatments are @lectsve enough and cause
debilitating and toxic side effects therefore coamising the effectiveness of

the treatment. In the search for novel and effectreatment modalities for



human breast cancer, much attention has focusezkjgoiting the cytostatic

and cytotoxic effects of inorganic transition metaimplexes (Tim, 2006).

Besides, the implications for the design of noveicancer drugs have
proceeded to the next wave of drug delivery systgradicularly with respect
to systems for oral administration. In terms ofladalivery, the types of
aqueous solubility problems attendant to large ammgd size and high
lipophilicity are well handled by respective phymitbemical characterization
and here refers to Lipinski’s Rule of Five (Lipimgt al, 2001; Chuprinat al,
2010). Lipinski's Rule of Five is a rule to evaleatrug-likeness, or determine
if a chemical compound with a certain pharmacolaigar biological activity
has properties that would make it a likely oralttive drug in humans. It is
based on the observation that most medication davggelatively small and
lipophlic molecules (Lipinskiet al, 2001). Indeed, the drug development
process from the target identification to the fipabduct being marketed is a
time and money consuming process, with the totsgasch and development
costs reported as being up to US$802 million dslland an average of 12
years taken (DiMaset al, 2003). This has been updated by 64% to US$1.32
billion in 2006 and projected an increase of ano@#86 by 2012 to an average
research and development costs of US$2.16 billioolasely resembling 2.7
times the US$802 million (Light and Warbuton, 2010f the hundreds and
thousands of novel compounds that many researamezst, typically only a
fraction of these have drug-like properties to Imeeoa drug product.
Therefore, one of the approaches used in this disgpvery is lipophilicity

(log P) measurement which conducted in parallel withvitro antitumor



inhibiting studies; such an early compound idecsifion stage permits further
selection of drug nominees with desirable absomptidistribution and
metabolism properties. When properly designed,ay toring about significant
shortening of timelines and reducing costs betwedisgovery and clinical

development.

Cell death has been considered a degenerative plegiom affecting
the metabolic activity of the cell (Farber, 1982ne mode of cell death,
apoptosis, is the universal mechanism which ratersorphological alterations
exhibited by dying cells that include rounding, nimeme blebbing, chromatin
condensation, and fragmentation. Cells undergopagptosis often fragment
into membrane-bound apoptotic bodies that are Iyeguhiagocytosed and
digested by macrophages or neighboring cells withgenerating an
inflammatory response (Essbauer and Ahne, 20028sd lchanges distinguish
apoptosis from cell death by necrosis. Necrosisrsefo the morphology most
often seen when cells die from severe and suddary,rsuch as ischemia. In
necrosis, there are early changes in mitochondhape and function, the cell
loses its ability to regulate osmotic pressure apndsequently swells and
ruptures. Cell contents are spilled into the surdiog tissue, resulting in the
generation of a local inflammatory response (Himesl Allen-Hoffmann,
1996). Changes in nuclear morphology and in ordarstfucture as well as
specific phenomena at the cell surface level, npraeftface blebbing, spike
and blister formation are often considered as mrarissociated with apoptosis

(Collins, 1997). In order to conduct such reseaagoptosis is targeted for the



loss of phospholipid asymmetry of the plasma membrahich characterized

by the early exposure of phosphatidylserine (Vagdamdet al, 1998).

Another mode of cell death involves components te tell cycle
machinery which are frequently altered in humanceanMost anticancer
drugs such as antimetabolites, alkylating agents glatinum based drugs
target the S-phase of the cell cycle which invoN2NA replication or
synthesis phase (Humet al, 2008; Singhet al, 2009; Temminlet al, 2007).
Among them, the agents that disturb the cell chielee been one of particular
interest, since cell cycle regulation is the basechanism underlying cell fate,
i.e., proliferation, differentiation or induced celeath (Hartwell and Kastan,
1994). Thus, uncontrolled cell proliferation is oaethe main hallmarks of
cancer. This is related to tumor cells damage iregehat are directly involved

in the regulation of cell cycle (Waldmat al,, 1996).

Anticancer drugs were recently shown to be abléatget the DNA,
mitochondria, topoisomerase as well as proteos@urorubicin is one of the
most common prescribed antitumor drugs for thetmeat of breast cancer but
the cardiotoxicity of this anthracycline derivatiVienits its clinical use. It
induces cell death by targeting mitochondria (Rarand Oliveira, 2010). In
particular, mitochondrial permeability transitiom ¢onsidered a critical early
event in the apoptotic process (Zamzanial, 1996; Kroemer, 1999). Most
chemotherapeutic drugs induce cancer cell apoptaseseby a cell activates
its own destruction by initiating a series of cablng events including the loss

of the mitochondrial membrane potential ¢) (Elmore, 2007). Besides, a



rapid collapse of n, is always found in chemotherapeutic agents-induced
apoptosis in cancer cells (Zamzami al, 1995). Importantly, the DNA
topoisomerases are enzymes that can alter theogppof DNA by transiently
breaking one or two strands of DNA, passing a sin@r double-stranded
DNA through the break and finally religating thee&k. These nuclear enzymes
are involved in a number of crucial cellular praes including DNA
replication, transcription, and recombination, amalv viewed as important
therapeutic targets for cancer chemotherapy (Fulketdal, 1996). Many
researchers have reported that targeting human foNéisomerase | (topo I)
represents a new generation of antitumor agentsly(B2003; Santoset al,
2004; Pommier and Cushman, 2009). In addition, Baleet al. (2002) have
reported that laboratory studies indicated celipoasive to topo I-targeted
drugs have elevated levels of topo I, require acBWA replication, and may

require a functional apoptotic pathway.

The complexes investigated for their anticanceperty and mode of
action are [Cu(phen)(edda)], [Co(phen)(edda)] atn{ghen)(edda)]. In these
complexes, there are two ligands coordinated. Aergalating ligand, 1,10-
phen, coordinates through two nitrogen atoms wthke other ligand is an
amino acid, edda, coordinates through the aminogen and the carboxylate
oxygen atoms. The resultant entity is a neutralecuke with an octahedral
structure (Figure 1.1). As the coordination spheyé these neutral
[M(phen)(edda)] complexes is saturated and thganlds are strongly bound,
they cannot bind covalently to DNA. However, thedadigand has both

hydrogen-bonding donors and acceptors interactirig BNA while the phen



moiety can intercalate into the adjacent DNA basesp Thus, non-covalent
interactions with DNA are envisaged. Interestinghge chelated tetradentate
edda ligand can adopt two possible configurati@ysnmetricaleis (sy-is)
and unsymmetricatis (unsy<is), where the two glycinato moieties of the edda
ligand are distinctly different in their orientatigNg et al, 2008; Senget al,

2008;Radanovi et al, 1995).

This study was designed to understand the anticaacevity and
investigate the mode of action of newly synthesineetal-based drugs of
[Cu(phen)(edda)], [Co(phen)(edda)] and [Zn(phergé&t on human breast
cancer MCF7 cell line by performing several testduding cytotoxicity test,
cell cycle analysis and apoptosis analysis. Besithee partition coefficient of
[M(phen)(edda)], as a measure of membrane perniyabds also determined.
This can be done by calculating the I&gvalue in lipophilicity test, a
traditional method toevaluate the drug-likeness. In addition, there is a
preliminary investigation into whether these [M(plhiedda)] complexes have
multiple biological targets. Another objective imwes finding out whether
there might be a difference in the ability of th@mmplexes to induce different
cell death mechanism by changing the type of metalthis series of
[M(phen)(edda)] complexes. Also, this work presenhere represents the
preliminary assessment of the potential applicatain [Cu(phen)(edda)],
[Co(phen)(edda)] and [Zn(phen)(edda)] as novel apeutic agents for the
treatment of cancer. This project has been puldishéwo journal papers (Ng

et al, 2008; Voret al, 2011).
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Figure 1.1: Structure of Ternary Transition Metal Complexes of 1,10-
phenanthroline and N,N’-ethylenediaminediacetic acid.[M = Copper(ll),
Cobalt(ll) and Zinc(l)].



CHAPTER 2.0

LITERATURE REVIEW

2.1 Cancer

All cancer originates from normal cells which ane body’s basic units
of life. Cancer is a group of diseases that cae#ie m the body to change and
grow out of control. Although there are many kirdscancer, all of them start
because of out-of-control growth of abnormal c€ellee body is made up of
hundreds of millions of living cells. Normal bodglis grow, divide, and die in
an orderly function. In the beginning stage of aspa's life, normal cells
divide more rapidly to allow the person to growtekfthe person becomes an
adult, most cells divide only to replace worn-alamaged, or dying cells and
to repair injuries. However, sometimes this ord@rgcess goes wrong. Cancer
cell growth is different from normal cell growth daise cancer cells continue
to grow and divide. Instead of dying, cancer ckdep on growing and form
new cancer cells. Being able to grow out of contmadl invade other tissues is
what makes cells cancerous. Cancer harms the bdun wamaged cells
divide uncontrollably to form lumps and this extells form masses of tissue

called tumors.

There are three biological properties that unify abaracterize all

cancersyiz. (namely), (i) they have uncontrolled growth; tie capacity of



cancer cells to invade and destroy normal tissod, (i) the capacity of the
primary tumor to break off seeds that spread ttadisorgans throughout the
body (Toumi, 2010). Not all tumors are cancerouseré are two types of
tumors which can be benign or malignant. Benigndxgrare not cancerous.
They usually grow slowly and can be removed; intheases they do not come
back. Cells in benign tumors are localized and dbspread to other parts of
the body or invade and destroy nearby tissue. irtrast, malignant tumors are
cancerous. This form of tumors can invade and dartiagues and organs near
the tumor. Therefore, cells in these tumors camapifrom one part of the
body to another and this process itself is calledastasis. In most cases the
cancer cells form a tumor. But some cancers, sscleukemia, do not form
tumors. Instead, these cancer cells are in thedbland bone marrow
(American Cancer Society, 2010). When cancer ggtsinto the bloodstream
or lymph vessels, they can travel to other partshef body. When a tumor
starts to spread to other parts of the body andnbeg grow, invading and
destroying other healthy tissues and forming nemos, it is said to have
metastasized (McCutcheon, 2006). Consequently, fibsuilts in a severe

condition that is very difficult to treat.

There are over 200 different types of cancer, awhas classified by
the type of cell that is initially affected (Dangp@011). Metastatic cells have
the same cell type as the original or primary turinom which it spread. No
matter where a cancer may spread, it is always dafier the place where it
started. According to the American Cancer Socieyl(), breast cancer, for

example, that has spread to the liver is stillethlbreast cancer, not liver



cancer. Different types of cancer can behave vdifgrdntly. For example,
lung cancer and breast cancer are very differestadies. They grow at
different rates and respond to different treatmemtsat is why people with
cancer need treatment that is aimed at their owd kif cancer (American

Cancer Society, 2010).

Toumi (2010) has reported that cancer causes neaths than AIDS,
tuberculosis, and malaria combined. One in eigltlde worldwide is due to
cancer. Based on the GLOBOCAN 2008 estimates, camae grabbed the
lives of about 7.6 million people in the world whiconstitutes 2.8 million in
economically developed countries and 4.8 millioreaonomically developing
countries (Centeet al, 2011; Jemakt al, 2011). Hence, there are about
20,000 cancer deaths a day. Ceeteal. (2011) also reported that by 2030, the
global burden is expected to grow to 21.4 milli@wncancer cases and 13.2
million cancer deaths due to the growth and agihdghe population, and
reductions in childhood mortality and deaths fronfectious diseases in

developing countries.

2.2 Breast Cancer

Despite the billions of dollars spent on breasteamesearch, incidence
rates have been climbing steadily in industrialivedintries since the era of
1940s (Evans, 2006). Primary cause of death in eworfrom cancer
worldwide each year is cancer of the female breamst,it is the most common

cancer in women in both developing and developeatcies.



Breast cancer begins in breast tissue, which isemgdof glands for
milk production, called lobules, and the ducts tkahnect lobules to the
nipple. The remainder of the breast is made upatiy,f connective, and
lymphatic tissue. Most masses are benign; thahey are not cancerous, do
not grow out of control or invade and are not thieeatening. Some breast
cancers are callenh situ because they are confined within the ducts (ductal
carcinomain situ) or lobules (lobular carcinomia situ) of the breast. Nearly
all cancers at this stage can be cured. Many ogstfobelieve that lobular
carcinomain situ (lobular neoplasia) is not a true cancer but aficator of

increased risk for developing invasive cancer alireast (Bandst al, 2009).

There are a few different types of lumps that camfin the breasts.
But, only one of these types can be caused by tosaser. It is called the
malignant lump or tumor. It is developed from tledls of the breast and made
up of abnormal breast cells which grow out of conand multiply (Figure
2.1). Each of these cells has an irregular shapeagoebbly surface which is
comparable to the surface of a golf ball. The lumpery solid and hard like a
raw of carrot slice. Most cancerous breast tumeesiravasive. These cancers
start in the lobules or ducts of the breast butehanoken through the duct or
glandular walls and begin to spread to the surrmgntissue of the breast. In
order for malignant breast tumors to grow, theyoneebe fed. They form new
blood vessels to get their nutrients and this E®¢s known as angiogenesis.
As the malignant breast tumor grows, it startspi@ad into nearby tissue. This
process is called invasion. Cells can also breakydvom the primary site and

these tumors can spread to other parts of the Gddycells spread by traveling



through the blood stream and lymphatic system. Tgrscess is called
metastasis. When malignant breast cells appeanawaocation, they begin to
multiply and grow out of control again as is grogim another part of the
body; it is still called breast cancer. The mosnown locations of metastatic
breast cancer are the lungs, liver, bones and (iKaimen, 2009). Specifically,
a malignant tumor is a group of cancer cells thay mvade surrounding tissue
or metastasize to distant areas of the body. Tropgrty makes cancer so
dangerous. A breast self examination may not baldepof finding out if the

lump is moving as the normal healthy tissue arotinedlump also moves. A
mammogram is best advised in order to get a prd@gnosis. A biopsy will

provide even more information on the lump.

The seriousness of invasive breast cancer is syramiguenced by the
stage of the disease; that is, the extent or sppédite cancer when it is first
diagnosed. There are two main staging systemsaioces. The American Joint
Committee on Cancer (AJCC) classification of tumoses information on
tumor size and how far it has spread within theastr@and nearby organs (T),
lymph node involvement (N), and the presence oemdxs of distant metastases
(spread to distant organs) (M) (Baredial, 2009). Once the T, N, and M are
determined, a stage of I, II, Ill, or IV is assign@dgeet al, 2010). Stage | is
an early stage of cancer and stage IV is the nibstreced. Thus, the groups
are classified with increasing severity of diseddee AJCC staging system is
commonly used in clinical settings. A simpler systesed for staging of cancer
is known as the SEER Summary Stage system andris coonmonly used in

reporting to cancer registries and for public Heaksearch and planning.



Understanding of this system is as follows: (i)dlestage tumors are cancers
confined to the breast; (ii) regional-stage tumioase spread to surrounding
tissue or nearby lymph nodes; and (iii) distangstaancers have metastasized

to distant organs (Banet al, 2009).

Figure 2.1: Diagram of Breast Cancer Malignant Growh. Black color
circles represent normal healthy breast cells. Grelpr circles represent
malignant lump or tumor cells which spread to tbher@unding tissue of the
breast.

2.2.1 Overview of Breast Cancer in the World

Worldwide, breast cancer is the most frequentlygiased cancer in
women. An estimated 1.4 million new cases of invadireast cancer were
reported to occur among women in 2008. North Anaerigustralia, and
Northern and Western Europe have the highest inceleof breast cancer;
intermediate levels are reported in Eastern Eurapé; large parts of Africa

and Asia have the lowest rates (Cemrtral, 2011).

An estimated 458,400 breast cancer deaths in waneea reported in
2008 (Centreet al, 2011). Breast cancer is the leading cause ofecatheath

among women worldwide. Low and middle income caesthave historically



reported lower rates of breast cancer than higbnme countries. However,
over the past twenty to thirty years, data gathetexmlvs a trend of increasing
incidence of breast cancer and death in lower ikcoountries (Kamangaat
al., 2006; Igene, 2008). Porter (2009) reported thar onillion of new cases
of breast cancer would be diagnosed worldwide i892dow and middle
income countries would be burdened with 45% of &ireancer cases and 55%

of breast cancer related deaths.

Increased in the incidence of breast cancer armgased in the burden
of breast cancer deaths worldwide was also expmterby lower income
countries. The causes of increasing incidence lead httributed to changes in
the prevalence of reproductive risk factors, ljésthanges, nutrition, physical
inactivity and genetic and biological differencesteen ethnic and racial
groups (Colditzet al, 2006). Reported rates may reflect only the wonvan
have the highest standard of living. Thus, curgdobal figures cannot truly
reflect the underlying economic and cultural divgrsdriving increased

incidence and related mortality.

Breast cancer incidence is highest in the moreldped regions of the
world, in urban populations, and in Caucasian waner2007, almost 45,700
women were diagnosed with breast cancer in Unitedydom (UK) with an
estimated 125 women suffered from this diseaseyaBksides, 277 men were
also diagnosed with breast cancer in UK in 200%& Ghtobocan database for
2008 revealed that many African and Asian countiieduding Uganda, South

Korea, and India, incidence and mortality ratesbodast cancer have been



rising. In general, incidence rates are high in t&fesand Northern Europe,
Australia/New Zealand, and North America; interna€iin South America,
the Caribbean, and Northern Africa; and low in Sdaharan Africa and Asia

(Figure 2.2) (Jemadt al, 2011; Centret al, 2011).
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Figure 2.2: International Variation in Age-standardized Breast Cancer
Incidence Rates.

2.2.2 Incidence of Breast Cancer in Malaysia

In Malaysia, breast cancer is the main cause aferatieath in women
which accounts for about 11% of all medically dextl deaths (Narimaht al,
1999). This disease has become increasingly immo@da a public health
concern with the development and progress thatbess achieved in this

country.



Over the past several decades, the risk of breastec in developed
countries has increased by one to two percent dgni&hile data for
developing countries are limited, cancer registegged that the increase in
incidence is more noticeable in regions of the daevhich are particularly to
be areas of low incidence such as the Asian camtizned Africa (Sasco, 2001).
Although it appears that the incidence of breasiceain Malaysia is lower
than in the developed countries, the difference beagelated to the difficulties
in getting accurate data and cancer patients unelgorting of the cases
(Hisham and Yip, 2003). Linet al. (2008) have reported the cancer incidence
cases from 2003 to 2005 and revealed that cancamesof the major health
problems in Malaysia. The most frequent cancer ialadysians was breast
cancer (18.0%) followed by large bowel cancer (#).9and lung cancer
(7.4%) (Figure 2.3). Besides, breast cancer ramks ih incidence out of all
cancers among females with 31.3%, followed by canoé the cervix uterus
(10.6%), large bowel (9.9%), ovary (4.3%), leukerf8&7%) and lung (3.6%)

(Figure 2.4).

Breast cancer was the commonest overall cancer &b ag the
commonest cancer in women amongst all races framatge of 20 years in
Malaysia from year 2003 to 2005 (Table 2.1). Withithree-year period from
2003 to 2005, 11952 new cases were reported tbldtienal Cancer Registry
(Table 2.2). Breast cancer formed 31.3% of theltotamber of newly
diagnosed cancer cases in women, with a similacepésige in each of the
major ethnic groups: Malays (33.6%), Chinese (30.&%d Indians (31.2%).

The age-standardized rate for females was 47.4106t000 women. In



comparison, there were 257 men with breast camgdr,an ASR of 1.2 per

100,000 men (Linet al. 2008).

According to Lim et al. (2008), the incidence of breast cancer in
Chinese women (ASR of 59.9 per 100,000) was hig/em Malays (ASR of
34.9) and Indians (ASR of 54.2) (Table 2.2). Chene®men in Malaysia had a
risk of 1 in 16 of getting breast cancer in thdetime as compared to Indians
(1in 17) and Malays (1 in 28). The peak incideatbreast cancer occurred in
the 50-60 years age group except in Indians whezericidence surged the
peak after the age of 60 years old (Table 2.1).aL@ancer centers have

participated in multicentre trials such as thoseowel anticancer drugs.

TheStar.com (2010) reported that the Universiti nSaiMalaysia
Hospital (HUSM) has recorded about 10 new advarredst cancer patients
entering their facilities each month, with fivedix of them eventually passing
away from the disease. The reasons for these unfitg statistics are due to
their traditional practices. The exact cause oasreancer is unknown. Women
with a family history of the disease have an insegarisk of getting breast
cancer. Carriers of the BRCA | and BRCA Il genespeeially, have at least a
40 to 85 per cent risk of getting cancer (Grabmtkal, 2000). Other risk
factors include exposure to radiation, a historp@fign breast lumps, obesity;
diet especially one high in fat, early menarches{fmenstrual bleeding) and
late menopause (Wahid, 1999). The possibility thatmone replacement
therapy causes breast cancer is still a topic stusision. Most women in

Malaysia present with a lump in the breast in d®@% of cases (Yit al,



2006). The lump is usually painless, grows slowlg anay alter the contour or
size of the breast. It may also cause skin changesinverted nipple or
bloodstained nipple discharge. The lymph glandearmpit will be swollen if
affected by the cancer cells. In late stages, the/ttp may ulcerate through the
skin and become infected. Bone pain, tenderness the liver, severe
headaches, shortness of breath and a chronic teetsisough may be an
indication of the cancer spreading to the otherawsgin the body (Wabhid,

1999).

Table 2.1: Female Breast Cancer Incidence in Age-spific per 100,000
Population, by Ethnicity in Peninsular Malaysia from 2003 to 2005.

Ethnic groups Age groups

0-9 10-19 20-29 30-39 40-49 50-59 60-6870

All races 0.1 0.2 3.7 37.3 1174 154.0 1415 105.1
Malay 0.1 0.2 2.8 33.0 949 113.0 89.6 59.8
Chinese 0.1 0.1 3.7 40.4 149.7 194.0 188.8 140.5

Indian 00 04 4.7 29.6 100.1 174.0 200.0 202.9




Table 2.2: Female Breast Cancer Incidence per 10@0 Population and
Age-standardized Incidence (ASR), by Ethnicity in Bninsular Malaysia

from 2003 to 2005.

Ethnic groups No. % CR ASR
All races 11952 100.0 41.3 47.4
Malay 4969 41.6 27.7 34.9
Chinese 5051 42.3 66.1 59.9
Indian 1265 10.6 47.0 54.2
Figure of Ten Most Frequent Cancers in Peninsular
Malaysia in 2003-2005
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Figure 2.3: Ten Most Frequent Cancers in PeninsulaMalaysia in 2003-

2005.




Figure of Ten Most Frequent Cancers in Female in
Peninsular Malaysia in 2003-2005
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Figure 2.4: Ten Most Frequent Cancers in Females iReninsular Malaysia
in 2003-2005.

2.3  Transition Metal Complexes in Medicinal Chemisty

Transition metal complexes have been recognizdthemg beneficial
and useful applications in medicinal biochemisimansition metal complexes
show rich coordination chemistry, varying from &étedral to square planar
and to octahedral. Transition metal complexes at®mic, neutral or anionic
species in which a transition metal is coordindigdigands. They can interact
with a number of negatively charged molecules a@uthé different oxidation
states they possess. This activity of transitiontatse has started the
development of metal-based drugs with promisingmlaaological application

and may offer unique therapeutic opportunities.



Metal complex or coordination compound is a streettonsisting of a
central metal atom, bonded to a surrounding arfaynolecules or anions.
Metal ions and metal coordination compounds arewknéo affect cellular
processes in a dramatic way. This metal effectuarftes not only natural
processes, such as cell division and gene exprgsbit also non-natural
processes, such as toxicity, carcinogenicity, amtdusmor chemistry (Reedijk,

2003).

Ligands that adequately bind metal ions and alse aecific targeting
features are gaining in popularity due to theitigbio enhance the efficacy of
less complicated metal-based agents. Ligands cantieeluced into a system
to limit the adverse effects of metal ion overloamhhibit selected
metalloenzymes or facilitate metal ion redistribnti Some researchers
mentioned that effects include modifying reactivignd lipophilicity,
stabilizing specific oxidation states and contribgtto substitution inertness.
Multifunctional ligands for metal-based binding nedal agents offer many
possibilities and can play an integral role in mgtthe potential toxicity of a
metallodrug to have a positive impact in the areadiagnosis and therapy.
Multifunctional ligands have found application aetforefront of all areas of

medicinal inorganic chemistry (Staat al, 2006).

Medicinal inorganic chemistry can exploit the uregproperties of
metal ions for the design of new drugs. The discpaad development of the
antitumor compoundcis-diamminedichloroplatinum(ll), cisplatin played a

profound role in establishing the field of medidinaorganic chemistry



(Jamieson and Lippard, 1999). Cisplatin has enténedclinical application
and has developed into one of the most frequerdgduand most effective
cytostatic drug for treatment of solid carcinom&®f-Maier, 1994). Other
metals like gallium, germanium, tin, bismuth, titam, ruthenium, rhodium,
iridium, molybdenum, copper, gold were shown tceffective against tumors

in man and animals (Kopf-Maier, 1994).

With the advancement in the field of inorganic cistry, the role of
transition metal complexes as therapeutic compotnadsbecome more and
more noticeable. Research has shown significangress in the use of
transition metal complexes as drugs to treat sévemaan diseases like
carcinomas, lymphomas, infection control, antianfimatory, diabetes, and
neurological disorders (Yasumatsual, 2007; Harrisoret al, 1985; Pereirat
al., 2007; Choharet al, 2004). Development of transition metal compleass
drugs is not an easy task because considerablet e&foequired to get a
compound of interest. The searching of ternary hmaenplexes, which are
potentially important for the therapeutic applioatiis still slowly progressing.
Development of new methodologies such as combiiahtonemistry will be
helpful in the synthesis of inorganic compoundstresapeutic agents. New
approaches are needed to investigate their bi@bgactivity so as to
understand the reactions of metal complexes unugsigogical conditions, to
improve the specificity of their interactions, at@ke into account of the
potential toxicity of synthetic metal complexes alhicould add significantly to

the current clinical research and practice.



The wide range of coordination numbers and geosstraccessible
redox states, thermodynamic and kinetic charatiesjsand the intrinsic
properties of the cationic metal ion and liganélitsffer the medicinal chemist
a wide spectrum of reactivities that can be usdthotigh metals have long
been used for medicinal purposes in a more or kspirical fashion
(Thompson and Orvig, 2006), the potential of mbetded anticancer agents
has only been noticed and explored since the laridrdescovery of the
biological activity of cisplatin (Jung and Lippard007). This classic
anticancer drug remains one of the most effecthemotherapeutic agents in
clinical use. However, the clinical use of cisplaagainst solid tumor and
haematological malignancies, including cancershef gastrointestinal, renal,
neurological even when administered at standarésl@sseverely limited by
dose-limiting side effects such as visual-, neurbepato-, oto- and
nephrotoxicity (Chuet al, 1993; Tsanget al, 2009). In addition to the high
systemic toxicity, inherent or acquired resistangealso a problem often
associated with platinum-based drugs, which furthreits their clinical use.
Much effort has been devoted to the developmemtewf platinum drugs and
the elucidation of cellular responses to them kevate these limitations (Van
Zutphen and Reedijk, 2005). These problems hawe @ismpted chemists to
develop alternative strategies based on differegtial® and aimed at different

targets.



2.4  New Types of Drugs

Despite the fact that cisplatin is effective fovesal types of solid
tumors, its use has been limited by toxic sidect$f@nd tumor resistance that
often leads to the occurrence of secondary maligean(Strumberget al,
2002). However, discovery and use of cisplatin heweouraged investigators
or researchers to search for and develop novelptedmum-containing metal

compounds with superior anticancer activity and sse effects.

A novel DNA-binding metal compound with antitumoctiaity and
clinical efficacy must fulfill the requirementsiz. (i) good intrinsic properties,
including saline solubility and enough stability aorive intact at the cellular
target; (i) efficient transport properties in blood and tlgbhumembranes;jii)
efficient DNA-binding properties but slow reactivitvith proteins; i) the
ability to differentiate between cancerous and radroells; and \{) activity
against tumors that are, or have become, resigiatisplatin and derivatives.
This latter requirement usually implies a structuhat is distinct from

cisplatin-type species (Reedijk, 2003).

Cancer research is still ongoing all over the woHdch time a new
treatment makes it through all the stages of rekeand clinical trials, it will
have a large number of published research papenst d@b Most of the new
treatments have been proven to stop or slow thetgrof the cancer as well as
to extend the lives of patient with some cancerg. @&nongst those papers, by

comparing the treatment challenges, some of thewesth that it did not work



better than the existing treatment. According tatBrf2011), United Kingdom
National Institute for Health and Clinical Exceleendid not believe that the
evidence submitted by the drug’s manufacturer, a&tneca proved that
fulvestrant, which can be used to delay the growftta particular type of
advanced breast cancer, works significantly bettan existing treatments,
which are aromatase inhibitors for postmenopausamen who have
oestrogen-receptor-positive, locally advanced otastatic breast cancer, and
who have already received anti-oestrogen theragy {@moxifen), and so its
widespread use would not be a good use of resowbesh also came at
relatively high costs. Aromatase inhibitors andi-aestrogens are types of
drug used to treat breast cancer (Howell and Daw2e04). Besides, a further
concern that has emerged is that trastuzumab, given in combination with
other breast cancer drugs such as anthracylinesysidphosphamide, may
increase the risk of patients experiencing adveeset effects (Keidan, 2007;
Tan-Chiuet al, 2005). Trastuzumab is effective in treating hurepidermal
growth factor receptor 2 (HER2)—positive breastcean(Tan-Chiuet al,

2005).

One of the most challenging problems is that mamngsl abilities and
therapeutic effects are limited or otherwise redubecause of the partial
degradation that occurs before they reach a detargét in the body. Drugs
based on metallic compounds (gallium, germanium,atid bismuth), early-
transition metal complexes (titanium, vanadium,biion, molybdenum and
rhenium) and late-transition metal complexes (noittn@, rhodium, iridium,
platinum, copper and gold) have all shown some nialefor chemotherapy

(Kopf-Maier, 1994). Preclinical and clinical invegtions showed that the



development of new metal agents with modes of aditierent from cisplatin
is possible. Thus, complexes with iron, cobalt,goid central atoms have
shown promising results in preclinical studies @edhpounds with titanium,
ruthenium, or gallium central atoms have alreadgnbevaluated in phase | and
phase Il clinical trials (Ott and Gust, 2007). Heee their mechanisms of

action are still unknown or not completely known.

Many researchers have discovered new metal-basggs avhich were
shown to have anticancer property. Titanium congsdeguch as titanocene
dichloride had been recognized as active anticadogy against breast and
gastrointestinal carcinomas (Christodoutdal, 1998; O'Connoet al, 2006).
Gold complexes also showed anticancer activity gnede complexes acted
through a mechanism different from that of cisplathu et al, 2008). The
target site of gold complexes was found to be rhibocria and not DNA.
Rather, the cytotoxicity was mediated by their iapilto slow down
mitochondrial function and inhibit protein syntregMcKeageet al, 2002).
Certain gold complexes with aromatic bipyridyl Iigis have shown
cytotoxicity against cancer cells (Marcoret al, 2002). The 2-
[(dimethylamino)methyl]phenyl gold(lll) complex haalso proven to be
antitumor agent against various human cancers @fiess al, 2000). A
lanthanum compound has also been used to treatugaforms of cancer
(Kapoor, 2009). Liet al. (2006) have reported that lanthanum(lll) complexes
containing 2-methylene-1,10-phen units bridged Hiphatic diamines
exhibited good cytotoxic activities against HL-6@uan promyelocytic

leukemia) cells, PC-3MIE8 (human prostate carcinoroalls, BGC-823



(human stomach carcinoma) cells, MDA-MB-435 (humgalactophore
carcinoma) cells, Bel-7402 (human liver carcinomalls, and Hela (human
cervix carcinoma) cells. Besides, Ansai al. (2009) found that some
complexes of manganese(lll) induced tumor selectipeptosis of human
cells. Many ruthenium complexes that were studiedewfound to be having
antiproliferative effects on human ovarian cancBsthenium complexes with
oxidation state +2 or +3 show antitumor activityaggt metastatic cancers.
Complexes of transition metal like iron have showemarkable anti-
proliferative properties (Langet al, 2008; Rayet al, 2007; Suret al, 2007).
Four oxovanadium(lVcomplexes with 1,10-phen or 4,7-dimethyl-1,10-phen
exhibited potent cytotoxic activity against humarute |ymphoblastic
leukemia cells, and their cytotoxic activity was duatated by the coordination

environment (Dongt al, 2007).

Cobalt, copper and zinc are transition metals whach generally
regarded as nutritionally essential microelemernds liumans. They are
involved in various regulatory processes, such aslysis of biochemical
reactions, especially redox reactions or reactiomslving oxygen. Examples
are enzymes cytochrome oxidase containing copperaiod DNA polymerase
containing zinc ion (Aggett, 1985; Fraga, 2005; KRar et al, 2008).
Furthermore, late 3d transition metal ions, Co(lDu(ll) and Zn(ll), are
classified as “borderline” between ‘hard’ (a-class)d ‘soft’ (b-class) metals
regarding their metal-DNA interactions as they showre affinity for both the
heterocyclic bases and the phosphate group inasinty ‘soft’ (b-class) metals

like Pt(Il), and they have enhanced binding strien@rjmandet al, 2010).



Apart from being essential elements, they may be texic than non-essential
metals such as platinum. The mechanisms by whiganisms control metal
ions and their role in cellular regulation has breecan area of great scientific
interest. These metals have been shown to be iedgdlv cell-cell signaling,
signal transduction, as well as, influencing traion and translatiorvia
metal responsive regulators (Eide and Guerinot/18@rmigariet al, 2008;
Marzanoet al, 2009; Jungwirtlet al, 2011; McCanret al, 2012). Among the
metal complexes so far investigated, those of phawe attracted much
attention for their various functions. Complexed df0-phen have been shown
to exhibit interesting clinical activities includjnantitumor, antibacterial,

antifungal and antimicrobial activities (Barcelon@i et al, 2007).

2.4.1 Copper Complexes as Anticancer Agents

The variety of metal ion functions in biology hasmalated the
development of new metallodrugs other than platimdrogs with the aim to
obtain compounds actinga alternative mechanism of action. Among non-
platinum compounds, copper complexes are potenadiiactive as anticancer

agents (Marzanet al, 2009).

For many vyears, researchers have actively invdstigacopper
compounds based on the assumption that endogeretatsrmay be less toxic
(Linder, 2001). Copper-chelating compounds haveo alown promising
results in both preclinical and clinical studieshéd et al, 2009; Yu et al,

2006). It has been established that the properiesopper-coordinated



compounds are largely determined by the naturegahtls and donor atoms
bound to the metal ion (Rajendirat al, 2007; Goodgameet al, 1991;

Chaviaraet al, 2005).

Copper is an essential trace element in all lianganisms (Cabreret
al., 2008). Copper becomes toxic in the case of ekeesstracellular
accumulation playing a role in apoptotic procesagswell as initiating the
generation of reactive oxidative species (ROS)hsag superoxide ion O,
hydrogen peroxide (#0D.), and hydroxyl radical (*OH) (Dock and Vahter,
1999). Copper is readily absorbed from the dietugh the small intestine and
is usually excreted via bile through the gastratital tract (Wapnir, 1998).
The balance between the intracellular and extralegllcontent of copper is
driven by cellular transport systems that reguldéte uptake, export and

intracellular compartmentalization (Harris, 1991).

Recently, many researchers have shown that coppe@u(ll)
compounds have anticancer property and some examptdude Cu(ll)-
doxorubicin chelate, [Cu(phen)(L-Thr){8)](CIO4)] (L-Thr = L-threonine)
and [Cu(4,7-dimethyl-1,10-phen)(glycinate)bjGor known as casiopeina I
(Monti, 1990; Zhanget al, 2004; De Vizcaya-Ruizt al, 2000). Cu(ll)
complexes of 1,10-phen-5,6-dione, [Cu(phendigl{€)O,),]-4H.O showed a
cytotoxic response 3 and 35 times greater than dhaerved for the metal-
based anticancer agent, cisplatin, on two neopl#8t498 and Hep-G2) cell
lines (Deeganet al, 2006). Besidestrans-bis(salicylaldoximato)copper(ll)

showed cytotoxicity comparable to that of adriamyby inducing cell cycle



arrest and apoptosis (Elo, 2004). In addition,ekgosure of normal and tumor
cells to the mixtures of ascorbate and copper t®laspecially Cu(ll)-1,10-
phen and Cu(ll)-2,9-dimethyl-1,10-phen complexesutted in the killing of a
large proportion of cancer cell population. Thesgpper(ll) chelates in
combination with ascorbate showed different degreie®NA-scission and
antiproliferative activity (Chiou and Ohtsu, 1989kanget al. (1996) have
reported that incubation of a human hepatoma det Hep-G2) with
[Cu(phen)]®* resulted in internucleosomal DNA fragmentatiorhaiimark of
apoptosis. Additionally, other Cu(ll) complexesIgii0-phen was also shown
to up-regulate DNA-binding activity of p53, a piabtmolecule in the
regulation of cell progression, cell survival angoptosis (Verhaeglet al,

1997).

2.4.2 Cobalt Complexes as Anticancer Agents

Cobalt is recognized as an essential metal elemielely distributed in
the biological system such as cells and body, &editteraction of cobalt
complex with DNA has attracted much attention (Yaigathan and Nair, 2003;
Mozaffaret al, 2004; Wanget al, 2004). Besides, the antiproliferative activity
of the cobalt complexes in MCF7 and MDA-MB-231 humiareast cancer
cells was determined previously and very promisiagults were obtained
(Gustet al, 2004; Schlenket al, 2008; Fuet al, 2009). Cobalt(ll), Co(ll)
metal ions have significant biomedical applicatidng are toxic at higher
concentration. This element forms an essential gfavitamin B12, a group of

closely related polypyrrole compounds such as ogalb@amin,



methylcobalamin and deoxyadenosyl cobalamin (Koblayand Shimizu,
1999; Banerjee and Ragsdale, 2003; Zhetrgy., 2009). Cobalt acts as catalyst
in a variety of enzyme system functions and in egeres in several
biochemical processes. In addition, cobalt is d&defior the production of red
blood cells. In this respect, its roles range fiweak ionic enzymatic cofactors
to highly specific substances known as metalloersyfunderwood, 1977;
Pedadaet al, 2009). Recently, Co(ll) complexes of new ligand(2
((benzo[d]oxazol-2-yl)methoxy)phenoxy)methyl)benaegle and nitrate
exhibited strong intercalation binding affinity amytotoxicity against four
different cancer cell lines (A549, Hep G2, K562,62FADM) (Jianget al,
2010). Besides, a newbis(N-benzyl-benzotriazole)dichloridocobalt(ll)
complex (Co(bbtCl,) could interact with DNA by electrostatic bindiragnd
also intercalation. Cobalt causes DNA strand brdgkits capacity to produce
ROS known to be highly reactive against DNA andeothiomolecules (De
Boecket al, 2003). In addition, C3 ions, in the presence of ultraviolet (UV)
radiation or oxidants such as hydrogen peroxide,imduce increased levels of

DNA damagen vitro (De Boecket al, 1998).

2.4.3 Zinc Complexes as Anticancer Agents

Zinc is one of the essential trace elements. Zlagspan essential role
in DNA transcription and is required in a large rhanof enzymes involved in
cell signaling, differentiation as well as in DNAnding of many nuclear
regulatory elements (Kimura and Kikuta, 2000; Bey&nn and Haase, 2001).

It impacts on key immunity mediators, enzymes, ioegst cytokines,



regulators lymphoid cell activation, proliferaticend apoptosis. Reducing
inflammatory cytokines reduces the risk of regrovah the tumour after
surgery (Franket al, 2005; Bowmaret al, 2006; Clarket al, 2007). Besides,
zinc is intimate to synthesis of DNA and an intégranstituent of DNA
polymerase, reverse transcriptase, RNA polymet&¢A synthetase, and the
protein chain elongation factor (Tipton and Coof63). Zinc is involved in
RNA and DNA synthesis, and therefore cell divisibnaddition, zinc has been
identified as a part of about 120 enzymes. Amoegntlre carbonic anhydrase,
carboxypeptidase, alkaline phosphatase, oxidoradest transferases, ligases,
hydrolases, lyases, and isomerases (Vallee andhwalc1981). These
experimental findings about zinc and nucleic a@ds interesting in view of
the clinical observation that a number of functiothspendent on protein
synthesis are suppressed by zinc deficiency. Thedade growth, cellular
immunity, longevity, fertility, hair growth, wountdealing, and plasma protein
levels (Khursheed, 2009). There is 2 — 3 g of zZresent in the human body

(second to iron in body content) and about 1 mg/plasma.

Some researchers have focused on zinc levels irbdkg in people
with cancer and other diseases (Halyatrdl, 2007). Cancer cells must fight to
establish survival. They can only manifest if thavieonment allows.
Therefore, the nutritional approach to cancer pmgga is to provide an
environment hostile to malignant cells. One waydto this is to improve
general immunity using nutrients such as zinc (dfist al, 1999; Meyeret
al., 2005). The higher the zinc status before chemagyetreatment leads to

higher chance of remission (absence of diseaseitgcin patients with a



chronic illness) (Sprenget al, 1983). Zinc supplementation may improve the

clinical course of general conditions in canceigrds.

Interestingly, ZA* is also a strong inducer of oxidative stress. In
neurons, Zfi" can trigger ROS production through mitochondriaihpvays by
interfering with the activity of the electron trgmust chain (ETC) (Browrt al,
2000; Senset al, 2000). ZA* can also modulate extra-mitochondrial pathways
involved in ROS generation by promoting the incesasctivity of NADPH
oxidase, protein kinase C (PKC) activation, as vasllinduction of neuronal
nitric oxide synthase (nNOS) which together witlpeswwxide can produce
harmful peroxynitrite (ONOQ (Zou et al, 2002; Korichneva, 2008 henet
al., 2010). One of the major targets of ROS-dependefit release involves
the metallothioneins (Frazziet al, 2006; Valkoet al, 2007). In a recent study
of human hsp72 and hsp70B’ induction in colon daeks by ZnCj}, several
cell-specific effects were found, indicating a puially useful selectivity in
human cellular responses to zinc ions (Nooeaml, 2007). Besides, water
soluble zinc ionophore 1-hydroxypyridine-2-thiorenHPT) can increase the
intracellular concentrations of free zinc and t@duce an antiproliferative
activity in exponential phase A549 human lung caredtures and with no
observable toxicityin vivo (Magda et al, 2008). Moreover, [Zn(3-Me-
pic)(phen)]-5H0 can inhibit topo | efficiently and is cytotoxigainst MCF7
cell line (Senget al, 2008). A ternary zinc(ll) complex of 1,10-pherdasdda
binds to duplex oligonucleotide ds(ATinore selectively than ds(Cg&and
efficiently kills MCF7 breast cancer cells by indug cell cycle arrest (Ngt

al., 2008).



2.5 Apoptosis (Programmed cell death)

Apoptosis is a naturally occurring process by wtaatell is directed to
programmed cell death. Keet al. (1972) were the first to provide evidence
that cell may undergo at least two distinct typesadl death. The first type of
cell death is known as necrosis, while another tigo&nown as apoptosis

(Figure 2.5).

Necrosis is referred to as accidental cell deatichvican occur in a
matter of second, caused by physical or chemicalage and considered a
“cell murder” process, i.e. severe chemical andhasical injury. Necrosis is
characterized by cytoplasm swelling, destructioro@fanelles and disruption
of the plasma membrane, leading to the releasatadcellular contents and
inflammation (Collinset al, 1997). Unlike necrosis, apoptosis produces
apoptotic bodies that attract phagocytes to enguntf quickly remove them
before the contents of the cell leak onto surroogdiells and cause damage.
Apoptosis is a much slower series of events thanoses, requiring from a few

hours to several days, depending on the initiaddiibgham, 1999).
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Figure 2.5: Hallmarks of the Apoptotic and Necrotic Cell Death Process.
Apoptosis includes cellular shrinking, chromatimdensation and margination
at the nuclear periphery with the eventual fornmatmf membrane-bound
apoptotic bodies that contain organelles, cytoadl ruclear fragments and are
phagocytosed without triggering inflammatory premes The necrotic cell
swells, becomes leaky and finally is disrupted esdases its contents into the
surrounding tissue resulting in inflammation.

2.5.1 Morphological Evidence of Apoptosis

Apoptosis involves cell shrinkage, blebbing of flasma membrane,
chromatin condensation, echinoid spike formatiamfage blister formation
and DNA degradation (Figure 2.6) (Elmore, 2007; IMgham, 1999). The
plasma membrane retains their integrity for a glatey period and is usually
surrounded by healthy neighboring celtsvitro, apoptotic cells are ultimately
fragmented into multi membrane-enclosed spheripaptotic bodiesin vivo,
apoptotic bodies are usually not seen as the apomtells are scavenged by

phagocytegBizik et al, 2004). Phagocytes can not only recognize andstnge



all the membrane-bound products of apoptosis anbstantially intact
apoptotic cells but also apoptotic bodies detackimgng blebbing and zeiosis
of the dying cell (Wylheet al, 1980). Morphological features of apoptosis may
reflect macrophage recognition, ingestion and d#agran of dying cells before

chromatin condensation takes place (Moeteal, 1994).

The first stage that can be observed in this apsiptnalysis was that
cells treated with the compounds became roundedttdadccurred because
the protein structures that formed the cytoskel@tere digested by specialized
peptidases that were activated inside the cell.the second stage, the
chromatin (DNA and its packaging proteins in thi oecleus) should undergo
initial degradation and condensation. Chromatinnthenderwent further
condensation into compact patches against the arueterelope (Santast al,
2000). At this stage, the double membrane thabsads the nucleus should
still appear complete. However, Kihimarkt al. (2001) reported that
specialized peptidases had already advanced idetti@dation of nuclear pore
proteins and had begun to degrade the lamin thderlies the nuclear
envelope. It must be noted, also, that, while thevipus stage of initial
chromatin condensation had been observed in noptajo forms of
programmed cell death, this advanced stage calf&dagsis is considered a
hallmark of apoptosis. In addition, the nuclear edope would become
discontinuous and the DNA inside underwent fragaigor (a process referred
to as karyorrhexis). The nucleus would break irdeesal discrete chromatin
bodies or nucleosomal unitisie to the degradation of DNA (Nagata, 2000). In

the next stage, the cell membrane would show iteegbuds and then



occurrence of blebbings. Apoptosis would then pedct a subsequent stage
after a long interval of surface blebbing. This rdhistage should be
characterized by the frequent protrusion of surfagerospikes or echinoid
protrusions (Majno and Joris, 1995). After the fiestension of these echinoid
protrusions, the cells would show complete cessatioall active movement
(Collins et al, 1997). Permeability of the cell surface happenaly when
cells that had undergone the terminal blisteringnevAfter this immobile
stage, the cells would begin to show surface bfstieat gradually expanded
(Noureini and Wink, 2009). The cell then broke apato several vesicles
called apoptotic bodies, which would then be phstpsed. Dying cells that
underwent the final stages of apoptosis would digphagocytotic molecules,
such as phosphatidylserine on their cell surface €L al, 2003). The
biochemical and morphological events that affeabgpmmmed cell death
usually lead to a unique and highly controlled eerof events (Figure 2.7)

known as apoptosis (Keet al, 1972).
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Figure 2.6: Surface Morphological Features of Apopgitic Cells in Culture.
These images demonstrate the hallmark sequentaturés (arrows) of
apoptotic cells detected by phase contrast micmscancluding blebs,
echinoid spikes, and surface blisters. These imagags generated using KB
human carcinoma cells induced to go into apoptosisg ricin (Willingham,
1999).



Morphologic Features in Apoptosis
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Figure 2.7: Schematic Summary of the Surface MorpHogical, Nuclear
Shape and Major DNA Fragmentation Events during Apgtosis.

2.5.2 AnnexinV

A critical stage of apoptosis involves the acqiositof surface changes.
In normal healthy cell, phosphatidylserine (PSpated mainly in the internal
layer of the cell membrane and has a variety ofjumistructural and regulatory
functions. One of these plasma membrane alterationsg apoptosis is the
translocation of PS from the inner side of the plasmembrane to the outer
layer, i.e. PS becomes exposed at the externahcsurdf the cell. The PS
exposure may represent a hallmark in detectinggdgedls (Fink and Cookson,
2005). The Annexin V, with anticoagulant properties proven to be a useful
tool in detecting apoptotic cell due to its abilitp preferentially bind
negatively charged phospholipid-like PS. By conjuga fluorescein
isothiocyanate (FITC) to , it is possible to identify and quantitate

apoptotic cells on a single-cell basis by flow cy&ger.



Propidium iodide (PI) is widely used in conjunctiaith Annexin V to
determine if cells are viable, apoptotic, or neicrdhrough differences in
plasma membrane integrity and permeability (Hingoed al, 2011; Riegeet
al., 2011). The Annexin V/PI protocol is a commonlged approach for
studying apoptotic cells. Pl is used more oftenntlmher nuclear stains
because it is economical, stable and a good iralicdtcell viability, based on
its inability to stain living viable or early apaic cells due to the presence of
an intact plasma membrane (Riegeml, 2011). In late apoptotic and necrotic
cells, the integrity of the plasma and nuclear memés decreases, allowing Pl
to pass through the membranes and intercalate imicleic acids

(Darzynkiewiczet al, 1992; Riegeet al, 2011).

In the Annexin V-FITC/PI assay, FITC-labelled AnimexV (green
fluorescence) binding was assessed in cell statoigether with dye exclusion
of PI (red fluorescence). The test described inpiiat quadrants representing
populations of healthy intact cells (Annexin V-FITEI ) are in the lower left
quadrant, early apoptotic cells (Annexin V-FITEI ) are in the lower right
quadrant, late apoptotic cells (Annexin V-FITEI") are in the upper right
quadrant and necrotic cells (Annexin V-FITEI') are in the upper left
guadrant (Figure 2.8). The Annexin V-FITC/PI assé#iers the possibility of
detecting early phases of apoptosis before thedbsell membrane integrity
and permits measurement of the kinetics of apaptigath in relation to the

cell cycle.
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Figure 2.8: Flow Cytometric Analysis of Apoptotic Cells Stained with
Annexin V-FITC and Propidium lodide. Jurkat cells were treated with 5 pm
of camptothecin for 4 h followed by staining withndexin V-FITC and
propidium iodide (PI). Staining with PI different&s necrotic or late apoptotic
cells. PI stained cells are easily distinguishedmfrthe early apoptotic
population (Annexin V-FITUPI) located at the lower quadrant of the dot
plot.

2.5.3 Molecular Mechanism of Apoptosis

There are three different mechanisms by which ckésby apoptosis,
viz. (i) apoptosis triggered by internal signals; thginsic or mitochondrial-
mediated pathway, (ii) apoptosis triggered by exdksignals; the extrinsic or
death-receptor pathway, and (iii) apoptosis indydactor (AIF) that may be
triggered by dangerous reactive oxygen speciesr(®usl, 1999; Kroemeet

al., 2007; Rastoget al, 2009).



The intrinsic signaling pathways that initiate ajogs produce
intracellular signals that act directly on targetsthin the cell and are
mitochondrial initiated events. All of these stiingause changes in the inner
mitochondrial membrane that result in an openingtled mitochondrial
permeability transition pore. The released cytooteoc then binds to the
protein apoptotic protease activating factor-1 (Apa Using the energy
provided by ATP, these complexes aggregate to fapoptosomes. The
apoptosomes will then bind to and activate caspadeventually, caspase-9
activates other caspases (caspase-3 and -7) geatiexpanding cascade of
proteolytic activity which leads to digestion ofrugttural proteins in the
cytoplasm, degradation of chromosomal DNA, and pbgipsis of the cell
(Kroemer, 1999). Besides the release of cytochroritem the intramembrane
space, the intramembrane content released alsaicsmIF to facilitate DNA
fragmentation through its migration into the nusleand binding to DNA,
which triggers the destruction of the DNA and c#dath (Kroemer, 1999;
Kroemer et al, 2007). Therefore, AIF is involved in initiatingaspase-
independent pathway that can facilitate the congiedf apoptosis following
transfer into nuclei. Fas and the tumor necrosetofa(TNF) receptor are
integral membrane proteins with their receptor doshaxposed at the surface
of the cell. The extrinsic pathway is activatedhat cell surface when a specific
ligand binds to its corresponding cell surface klesgceptor and activates
caspase-8 (Lockslegt al, 2001). Caspase 8 acts similarly like caspase 9,
initiates a cascade of caspase activation leadinghtgocytosis of the cell.
One method by which cytotoxic T cells bind to therget triggers them to

produce more Fas ligands (FasL) at their surfadendie, 2007). They will



then bind with the Fas on the surface of the tacgéitleading to its death by

apoptosis (Rastogit al, 2009; EImore, 2007).

2.6 Mitochondrial Fluorescent Intensity with JC-1 gaining

The membrane-permeant JC-1 dye is widely used aptapis studies
to monitor mitochondrial health. JC-1 dye exhibip®tential-dependent
accumulation in mitochondria, indicated by a fllsm®ence emission shift in
emitted light from 527 nmi.g., emission of JC-1 green fluorescent monomeric
form) to 590 nmi(e., emission of red fluorescent J-aggregate) wheitezkat
490 nm (Hadeet al, 1977; Reer®t al, 1991). Consequently, mitochondrial
depolarization is indicated by a decrease in tégreen fluorescence intensity
ratio. The ratio of green to red fluorescence ddpemnly on the membrane
potential and not on other factors such as mitodhah size, shape, and
density, which may influence single-component fesmence signals (Salidd
al., 2007). Both colors can be detected using thersiltcommonly mounted in
all flow cytometers, so that green emission caardyzed in fluorescence FL-
1 channel X-axig and reddish orange emission in FL-2 channebxs.
Therefore, a careful analysis of the fluorescerat#o rdetected will allow
researchers to make comparative measurements obraeen potential and
determine the percentage of mitochondria withiropyation that responds to

an applied stimulus (Salidet al, 2007).

Energy released during the oxidation reactionshia mitochondrial

respiratory chain is stored as a negative electnmatal gradient across the



mitochondrial membrane and membrane is said toolsiped (Lemasters and
Ramshesh, 2007). Healthy cells which contain mibachia that are
maintaining a normal proton and pH gradient actbssinner mitochondrial
membrane will continue to concentrate the JC-1fdyening J-aggregates and
exhibit the classic reddish orange fluorescences$@azza, 1993; Cossarizza,
2000). Obviously, JC-1 worked by migration of cato molecules into the
negative sites in the mitochondria, and it is reéeawhen the  changes. In
this case, JC-1 is fluorescent and the reddishgeraignal decreases when the
is lost (Figure 2.9). In apoptotic cells, the collapses, and the JC-1
cannot accumulate within the mitochondria. In ttese, JC-1 remains in the
cytoplasm in a green fluorescent monomeric form.optptic cells show
primarily green fluorescence and are easily diffeegded from healthy cells
which show red and green fluorescence. The chahgjeeo is calculated
by fluorescent ratio intensity value which refletite function of mitochondria

(Cossarizza, 2000).
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Figure 2.9: JC-1 Staining in Control and Apoptotic Cells. Cells (1 x 16
cells/ml) were left untreated (vehicle only, A, &) treated with staurosporine
(Aum, 4 h), camptothecin (4 um, 4 t) induce apoptosis (D, E). JC-1
fluorescence is seen in both the FL-2 and FL-1 eblsn(R1) in the control
(untreated) cell populations. A dot plot of reddilascence (FL-2 channel)
versus green fluorescence (FL-1 channel) resohasdthy cells with intact
mitochondrial membrane potential ( ) from apoptotic and dead cells with
lost . JC-1 that fluoresces in the FL-1 channel anddditlorescence in the
FL-2 channel is considered to correspond to mitadhia with a depolarized

. Thus, the data indicates that apoptosis inductias associated with
depolarization of the

2.7 Cell Cycle Regulation

The cell cycle is at the center of the decisionkeriay a cell. Dividing
cells go through a cycle consisting of, @rowth or gap), S (DNA synthesis),
G, (growth) and Mphase (mitosis) (Pucet al, 2000). Specific events must
happen in a particular sequence for the cell tticaje. During the G phase,

the cell integrates mitogenic and growth inhibit@ignals and makes the



decision to proceed, or exit the cell cycle. S phasdefined as the stage in
which DNA synthesis occurs.,@ the second gap phase during which the cell
prepares for the cell to undergo division. M stafmsmitosis, the phase in
which the replicated chromosomes are segregated separate nuclei and
cytokinesis occurs to form two daughter cells. Takegether, @ S, and G
make up interphase. In addition, the tergissused to describe cells that have
exited the cell cycle and become quiescent. Whdis cifferentiate, they
usually stop dividing and therefore exit the celtle. Most cells that stop
dividing to differentiate do so in the;@hase although some arrest ip (G

and Brooks, 1999; Pucet al, 2000; Vermeuleert al, 2003).

Overall, the cell cycle is tightly regulated, asddependent on a cell’s
life history and its differentiated state. The agjcle is controlled at several
checkpoints, called checkpoint control. One is s /M transition, and
another one in late §85; phase before it enters into S phase. The control
involves physical interaction between two classeproteins,viz. (i) protein
kinases which are specifically cyclin-dependentkes (CDK), and (ii) cyclins

(MacLachlaret al, 1995; Li and Brooks, 1999).

The D-type cyclins are the first cyclins to be indd as @ cells are
stimulated to enter the cell cycle (Sher@94. Cyclin D1 is over expressed in
some primary tumors and tumor cell lines (Matsugheinal, 1991; Enoch and
Nurse, 1990). In several animal model systems, gidgited expression of
cyclin D1 has been shown to directly contributéwbmorigenesis (Wangt al,

1994). Cyclin D1 gene amplification also occurs ansubset of breast,



esophageal, bladder, lung, and squamous cell ceneis (Lovecet al, 1994).
Cyclin E is the next cyclin to be induced during tprogression of cells
through G/G;. Cyclin E associates with Cdk2, and this kinasmmlex is
required for cells to make the transition frorg/@& into S phase (Ohtsubet
al., 1995). Cyclin A, which accumulates at the/% phase transition and
persists through S phase. Cyclin A initially asates with Cdk2 and then, in
late S phase, associates with Cdkl. Cyclin A-aasedi kinase activity is
required for entry into S phase, completion of &ga) and entry into £/
phase. Cyclin A colocalizes with sites of DNA reglion, suggesting that
cyclin A may actively participate in DNA synthesis perhaps play a role in

preventing excess DNA replication (Johnson and #altk999).

2.8 Drug-like Properties

Lipinski's Rule of Five states that the absorptmmpermeation of a
drug that is not a substrate for a biological tpamter is likely to be impaired
when it has these propertiesz. (i) log P (P = Partition Coefficient) > 5; (i)
molecular weight > 500; (iii) number of hydrogenndo groups > 5; and (iv)
number of hydrogen acceptor groups > 10 (Lipiretkal, 2001). The critical
drug-like properties can be illuminated by examgnitne fate of an orally
administered drug. During drug development, onedseto select drug
candidates with the most appropriate drug-like proes (Li, 2005). Early
evaluation of chemical structure and determinatibpartition coefficient are
therefore recommended to allow one to select damglidates that would be

more ‘drug-like’ as suggested by the Rule of Five.



The next stage in drug design is likely to be tlevelopment of
dedicated drugs that comprise the transport (thrabhg membranes), survival
in the cell, binding to the DNA or possibly othardets, and eventually

excretion from the body with minimum side effects.

2.9 Human Topoisomerase |

Human topoisomerase | (topo 1) is the intracelldaget of important
anticancer drugs such as camptothecin and other ftaphibitors; some of
which are among the most promising anticancer dreger identified
(Rothenberg, 1997; Pommier, 2006; Berettaal, 2008). Topo | initiates
cleavage of single-strand in DNA and passes theragirand through the
cleavage site before resealing the break. Theiogabetween double-stranded
DNA and topo | produces a covalent 3'-phosphoraetyraadduct, usually
referred to as the cleavable complex. Under phggioal conditions, the DNA
cleavage and ligation reactions catalyzed by tlzgrae are tightly coordinated
and the covalent intermediate is barely detectabte cleavage is coupled
with the religation to restore continuity to the BNluplex (Berettaet al,
2008). Camptothecin can convert topo | into a pelison by blocking the
religation step, thereby enhancing the formationpefsistent DNA breaks
responsible for cell death. Laboratory studies haneicated that cells
responsive to topo I-targeted drugs have elevaeeld of topo I, interrupting
DNA replication, and may require a functional ajmdjat pathway (Rothenberg,
1997; Colemaret al, 2002). Therefore, a compound that potentiallpoesls

to topo | may be a good agent for anticancer therap



CHAPTER 3.0

MATERIALS AND METHODS

3.1  Synthesis and Characterization

The [M(phen)(edda)] complexes, which were givennte for my
research, were prepared and characterized by othieesternary complexes
were prepared either by first reacting freshly preg metal hydroxide with
N,N’-ethylenediaminediacetic acid {étlda) and then finally by adding a
methanolic or ethanolic agueous solution of 1,18namthroline (phen) or by
an in situ method where the sequence of added reactantseidds, NaOH,
metal(ll) salt and alcoholic aqueous phen @al, 2008; Senget al, 2008;
Von et al, 2011). The ternary metal(ll) complexes of the aeddhd phen
precipitated out on the same day or upon slow ewijpn of the solution
mixtures. Slow evaporation of the respective resilsolutions yielded orange
crystalline needles for [Co(phen)(edda)].8H blue crystalline needles for
[Cu(phen)(edda)]- 50 and  colourless  crystalline  needles  for
[Zn(phen)(edda)]-3,H,O which were suitable for X-ray crystal structure
determination. The full characterization by variqusysical means had been

reported. These complexes are neutral and octdhedrtaucture.



3.2  Cell Culture and Reagents

MCF7 breast carcinoma cells were purchased from@&T@o. HTB-
22). MCF10A breast epithelial cells were generoysigvided by Dr. Alan
Khoo Soo Beng (IMR, Malaysia). MCF7 cells were otdd in Roswell Park
Memorial Institute (RPMI) 1640 medium (Sigma-Aldric Germany)
supplemented with 10% Fetal Bovine Serum (FBS)r{@ig\ldrich, Germany)
and subcultured using Trypsin-ethylenediaminetegt@ acid (EDTA)
(0.25%) solution (Sigma-Aldrich, Germany). MCF104lls were cultured in
Dulbecco's Modified Eagle Medium (DMEM) (GIBEQUSA) supplemented
with F12 nutrient mixture (GIBC® USA), 100 pg of water-soluble
hydrocortisone (Sigma-Aldrich, Germany), Epidermglowth factor,
recombinant human (Invitrogen, USA), Minimum Essariledium with Non-
Essential Amino Acids (MEM NEAA) (GIBC® USA ), horse serum donor
herd (GIBC®, USA ), insulin (Sigma-Aldrich, Germany), L-glutne
(GIBCO®, USA) and penicillin/streptomycin (GIBCY USA). MCF10A was
similarly subcultured using Trypsin-EDTA (0.05%) l#on (Mediatech,

Germany).

All cell lines were maintained in the GQvater-jacketed incubator
(NuUAire Inc., USA) with an atmosphere of 5% €& 37°C. On the next day
after subculture, the medium was removed and sopgleed with fresh
medium containing serum as described earlier. Afédr growth reached 70%
confluence (achieved 3 - 4 days after subcultuné) & change in the culture

medium on alternate days, the cultures were trypethand passaged. One



portion of the cells was frozen and the remainiatisovere seeded in 75 ém
tissue culture flasks (Nunc, Denmark) to grow fdwe tsubsequent test.
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergét were synthesized
and supplied by Dr. Ng Chew Hee and others (UTARIdysia). This thesis is
only investigates the anticancer activity and theoden of action of

[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherdé@H Each of the metal
complexes was dissolved in deionized distilled waied diluted into culture
media at the concentration indicated accordingtg Value. All solutions were

freshly prepared.

3.3  Cytotoxicity Assay

3.3.1 Experimental Set Up

Cells were plated at 2.5 x 26ells/ml for MCF7 cells and at 2.5 x°10
cells/ml for MCF10A cells in 100 pl per well in 9@ell micro titer plates
(Orange Scientific, Belgium) and allowed to recofar 24 h. Then, the cells
were incubated with or without metal complexes afG for 24, 48 and 72 h
as different sets. Briefly, the cells were treatgth increasing concentration of
concentration of [Co(phen)(edda)], [Cu(phen)(edda)f [Zn(phen)(edda)],
and allowed to incubate for the specified durati©ptotoxicity was expressed
as IGo values calculated from dose-response curves {@amgrentrations
including a 50% reduction of cell survival in comigan to the control cultured
in parallel without tested [M(phen)(edda)] complgxe The 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode (MTT) stock solution



(5 mg/ml in phosphate-buffered saline, PB&)s filter-sterilized and kept for
no more than two weeks at 4 °C. In brief, for th& Massay, after each period
of incubation, 20 pl of MTT solution was added irgach well and the cells
were further incubated for 3 - 4 h under normamglocondition to allow the
viable cells to convert MTT to formazan. Then, thedia were discarded and
formazan crystals in each well were dissolved bgiragl 100 pL of dimethyl
sulfoxide (DMSO). For complete dissolution, thetplavas shaken gently for
five minutes. The assay is based on cleavage ofetn@zolium salt MTT by
mitochondrial dehydrogenase to form a pinkish pexqalored insoluble
formazan complex that solubilized in DMSO (Mosmat883), which was

then quantified by a microplate reader.

3.3.2 Measurement of Cell Viability in MTT Assay

The color intensity of the dissolved formazan whiefiects the viable
cell populatiorwas directly measured at 560 nm using a model G8topiate
reader (Bio-Rad, Japan). The percentage of viaddle {mean optical density
of treated sample/mean optical density of untreaadhple) x 100] were
plotted as a function of concentration of [M(phexda)] to obtain the K
values. The viability results are shown as a g@pbercentage of cell viability
on they-axis and concentration of the complexes onaxis. A triplicate
from each time period was used in each assay aneberiment was repeated

at least three times.



3.4  Partition Coefficient of [M(phen)(edda)] in n-actanol/water

The apparent octanol/water partition coefficienterav similarly
determined as described by Rudmet\al. (2006). Weighed amounts (2 — 3 mg)
of [Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pkedda)] were partitioned
between water and n-octanol for 2 h at room tenperaby the shake flask
method. Prepared volume of 5 ml for each phase caddeentrifuge tube.
Samples were centrifuged in 300Qy*or 5 min and the content of complexes
in the organic and aqueous phases were determing¥4visible spectroscopy
(Perkin Elmer, USA). The absorbance of the com@erethe aqueous phase
before (A) and after partitioning (&) were measured using appropriai@x
value of each complex f§ax values: [Co(phen)(edda)], 501 nm;
[Cu(phen)(edda)], 684 nm; [Zn(phen)(edda)], 325.nAartition coefficients
can be evaluated as I69= log (G - Cyg)/Cagfrom the complex concentrations
in the aqueous phase beforg)(@nd after partitioning (§). From correlation
between concentration and absorbance in Beers-Lratalae logP is rewritten

as logP = log (A - Aag)/Aaq All experiments were run in triplicate.

3.5 Morphological Assessment of Apoptosis

3.5.1 Analyzing Surface Morphology of MCF7 Cells

To visualize surface morphology changes charatiterd apoptosis,

2.5 x 10 MCF7 cells were seeded in 60 mm petri dishes aodmovernight

cultured with RPMI 1640 medium and supplementechwli0% FBS then



followed by incubation with 13.5 upuM [Co(phen)(edda)2.8 uM
[Cu(phen)(edda)] and 5 uM [Zn(phen)(edda)]sg€Concentrations) for varying
time periods (24, 48, and 72 h). In these and sjues¥ studies, the compound
concentrations used were based ogy Malues. The images of the untreated
control and treated cells were visualized with gs# TS100 phase contrast

microscope (Nikon, Japan).

3.5.2 Analyzing Nuclear DNA of MCF7 Cells with DAPIStaining

To visualize nuclear DNA with 4',6-diamidino-2-ptyindole (DAPI)
staining, 2.5 x 1OMCF7 cells were seeded in a 60 mm petri dishesgaman
overnight under normal growth conditions followeg incubation with 13.5
UM [Co(phen)(edda)], 2.8 uM [Cu(phen)(edda)], 5 |i&h(phen)(edda)] and
10 pg/ml cisplatin (positive control) for varyirigne periods (24, 48, and 72
h). Cells were then fixed with 3.7% formaldehydePBS for 15 min, washed
twice with PBS, permeabilized in PBS containing%.TIriton X-100 for 5
min. After that, cells were washed three times WBS followed by incubation
with 1 pg/ml DAPI in the dark for 10 min. ThereaftBNA stained cells were
washed three times with PBS, mounted on microsatide and the images
were captured with BX51 fluorescence microscopeyif@pus, Japan). DAPI,
when bound to double-stranded DNA in the nucleuss lan excitation
maximum at a wavelength of 358 nm (ultraviolet tijgland its emission

maximum is at 461 nm (blue light).



3.6  Apoptosis Analysis

3.6.1 Experimental Set Up

7.0 x 15 MCF7 cells were seeded in 100 mm petri disheswaitl to
recover for 24 h, and then treated with 13.5 uM (flben)(edda)], 2.8 uM
[Cu(phen)(edda)], 5 uM [Zn(phen)(edda)] and 10 gémsplatin and cells
were collected after 24, 48 and 72 h incubationhethg and floating cells
were included in this analysis, respectively, amourpd together in the
centrifuge tube. The cells were washed with PB#sinized and resuspended
in RPMI 1640 medium. After centrifugation for 5 man 1500 rpm, the pellets
were gently resuspended in 100 pl of 1x bindingfdsu(Becton Dickinson
Pharmingen, Germany), 5 pl of Annexin V-FITC (Bettdickinson
Pharmingen, Germany) and 5 pul of propidium iodidgigia-Aldrich,
Germany) were added to the above in a sterile 15o0fmtound bottom
polystyrene tube (Becton Dickinson, Germany) arldwadd to stand for 30
min at room temperature. Then, 300 pl of 1x bindwdfer was added before

analyzing wiith flow cytometry.

3.6.2 Apoptosis Assessment by Annexin V-FITC/Propidm lodide

Staining

Cells were counterstained with AnnexinV-FITC anomdium iodide
(Pl) to distinguish between apoptotic and necratedls. The effects of

[Co(phen)(edda)], [Cu(phen)(edda)], [Zn(phen)(efida)d positive control



cisplatin on MCF7 were analyzed by using BD FACSalal flow cytometer
(Becton Dickinson, Germany). The cell profiles waralyzed on Fluorescence
Activated Cell Sorting (FACS) by using Cell Questftware (Becton
Dickinson and Company, USA). A total of 10,000 egenere acquired and the
cells were properly gated for analysis. The cetlpyfations were displayed as
a dot plot divided into four quadrants with Anne&4RITC (x-axis) versus Pl
fluorescenceytaxis). The experiment was repeated at least ttinees with

two replicates each time.

3.7  Cell Cycle Analysis

3.7.1 Experimental Set Up

7.0 x 13 MCF7 cells were seeded in 100 mm petri disheswaitl to
recover for 24 h, and then treated with 13.5 uM (fben)(edda)], 2.8 uM
[Cu(phen)(edda)], 5 uM [Zn(phen)(edda)] and 0.2npigiocodazole. The cells
were washed with PBS. To analyze cell cycle phastelsution, adhering and
floating cells were collectively harvested throutgypsinization, washed and
resuspended in RPMI 1640 medium after 24, 48 andh fi&cubation. After
centrifugation for 5 min at 1500 rpm, the pelletsra fixed in ice-cold 70%
ethanol and stored at -2C. For analysis, cells were transferred into 1 ml o
PBS, incubated with RNAse A (15 pg/ml), treatedw#0 pg/ml Pl for 30 min

at room temperature.



3.7.2 DNA Content Assessment by Propidium lodide Sining

The effects of [Co(phen)(edda)], [Cu(phen)(edd§fh(phen)(edda)]
and positive control nocodazole on MCF7 cell cyehase distribution were
assessed by using BD FACSCalibur flow cytometry c(Be Dickinson,
Germany). PI, when bound to nucleic acids, hasxaitagion maximum at 535
nm and emission maximum at 617 nm. The cell cyaigfilps consist of
percentage of cells in suby/Gi, Gy/G;, S and G/M phases were determined
on FACS by using Cell Quest software (Becton Diskim and Company,
USA). A total of 10,000 events were collected ahd tells were properly
gated for analysis. The histogram of DNA contextXis, Pl-fluorescence)
versus countsyfaxis) was displayed. The experiment was repeatddast

three times with two replicates each time.

3.8 Mitochondrial Membrane Potential Detection

3.8.1 Preparation of JC-1 solution

Firstly, lyophilized 5,5',6,6'-tetrachloro-1,1",3;3
tetraethylbenzimidazol-carbocyanine iodide (JC-dagent was dissolved in
125 | of DMSO (per vial) at room temperature to yield@-1 stock solution.
The vial was re-capped and inverted several timéslly dissolve the reagent.
The JC-1 stock solution may be aliquoted and staed20 °C. 1x JC-1
working solution was prepared freshly by dilutifng tJC-1 stock solution in a

ratio 1:100 with prewarmed 1x assay buffer. Thas,wi5 | of JC-1 stock



solution was mixed together with 12.375 ml of prawed 1x assay buffer. 0.5

ml of JC-1 working solution is required for eacingde.

3.8.2 Experimental Set Up

Mitochondrial Membrane Potential Detection Kit (Bat Dickinson,
USA) was used by following the manufacturer’s instions. Briefly, 7.0 x 10
MCF7 cells were seeded in 100 mm petri disheswakibto recover for 24 h,
and then treated with 13.5 uM [Co(phen)(edda)], M8 [Cu(phen)(edda)], 5
UM [Zn(phen)(edda)] and 10 pg/mli cisplatin. Theatesl cells were collected
after 24, 48 and 72 h incubation. Adhering andtitmpcells were included in
this analysis, respectively, and poured togethéhéncentrifuge tube. The cells
were washed with PBS, trypsinized and resusperadPiMI 1640 medium.
After centrifugation for 5 min at 1500 rpm, eacHlgtewas transferred into a
sterile 15 ml of round bottom polystyrene tube (@acDickinson, Germany)
and resuspended gently in 0.5 ml of freshly pregphdf@-1 working solution at
37°C in a CQ incubator and incubated for 15 min. Spare dye neasved by
washing twice in 1x assay buffer and centrifugafmn5 min at 1500 rpm. In
the first wash, 2 ml of 1x assay buffer was addedach pellet. In the second
wash, 1 ml of 1x assay buffer was added to eadbtpkhstly, each pellet was
resuspended gently in 0.5 ml of 1x assay buffer aetl-associated
fluorescence was measureth BD FACSCalibur flow cytometer (Becton

Dickinson, Germany).



3.8.3 Mitochondrial Membrane Potential AssessmentypJC-1 staining

Breakdown of the mitochondrial membrane potential () was
determined by FACS analysis using JC-1, which adlowtection of changes of
the . The excitation peak of JC-1 is 488 nm. The apipnate emission
peaks of monomeric and J-aggregates forms are %27and 590 nm,
respectively. A total of 10,000 events were acquaed the cells were properly
gated for analysis. The cell populations were digpll as a dot plot divided
into two quadrants with green fluorescence monongesaxis) versus red
fluorescence aggregateg-dxis). The experiment was repeated at least four
times with two replicates each time. For the, data, Wilcoxon Rank-Sum

Test was used to evaluate p values.

3.9 Human DNA Topoisomerase | Inhibition Assay

The human DNA topoisomerase | (topo |) inhibitorgtiaty was
determined by measuring the relaxation of supezdgilasmid DNA pBR322.
Each reaction mixture contained 10 mM Tris(hydroryiyl)aminomethane
hydrochloride (Tris—HCI), pH 7.5, 100 mM Sodium atid¢le (NaCl), 1 mM
Phenylmethylsulfonyl fluoride (PMSF), and 1 mM 2+cegptoethanol, 0.25 pg
plasmid DNA pBR322, 1 unit of human DNA topo |, atné [M(phen)(edda)]
complexes at a specified concentration. Total velwheach reaction mixture
was 20 ul and these mixtures were prepared onUpen enzyme addition,
reaction mixtures were incubated at 37 for 30 min. The reactions were

terminated by the addition of 2 pl of 10% Sodiundelyl sulfate (SDS), and



then followed by 3 pl of dye solution comprisin@®% bromophenol blue and
50% glycerol. SDS is required to denature topadyenting further functional
enzymatic activity. The mixtures was applied ont@% agarose gel and
electrophoresed for 5 h at 33 V with running bufédr Tris—acetate EDTA
(TAE). The gel was stained, destained, and phoptgréh under UV light using
a Syngene Bio Imaging system and the digital image viewed with Gene
Flash software. Same protocol was applied in thmdruDNA topo | inhibition
condition study. In a preliminary investigationanthe mechanism of topo |
inhibition, differential mixing of DNA, [M(phen)(eth)] and topo | were
carried out; the only variation is the sequencadding the main components.
Three conditions were studied in this assay. Irfitlse condition, human DNA
topo | was incubated with the complexes at°G7for 30 min and then DNA
was added, and the reaction mixture was incubatearfother 30 min at the
same temperature. In the second condition, the Bx@p and DNA were
incubated for 30 min at 3C first before the addition of topo | followed by a
further incubation of 30 min. In the third conditioall three reaction
components were mixed simultaneously and incubgtte@nother 30 min at
the same temperature. This is a preliminary resuéin investigation into the
mode of action of [Co(phen)(edda)], [Cu(phen)(etidadd [Zn(phen)(edda)]

on the human DNA topo |.

3.10 Data Analysis

All experiments were performed at least three tiged the results are

expressed as the mean + standard error. Statistgraficance was established



at a value of P < 0.05. For the data, Wilcoxon Rank-Sum Test was used to

evaluate p values.



CHAPTER 4.0

RESULTS

This section describes the results of various igatons. The first
involved antiproliferative action of [Co(phen)(edfaCu(phen)(edda)] and
[Zn(phen)(edda)] complexes on MCF10A and MCF7 lbedls. Octanol-water
partition coefficient was also determined. The fipiicity of these complexes
was determined in order to help assess their dkegéss property based on
Lipinski's Rule of Five. Besides, mode of cell deauch as induction of
apoptosis on MCF7 cells was examined by morphotdgtudy, Annexin V-
FITC/PI double staining, suby; cell cycle analysis and disruption of p,.
Another mode of cell death was perturbation of cetlle regulation and it was
examined for MCF7 cells. Cell death of treated MGJells could also arise
from inhibition of topo I. Therefore, cell deathduced by [M(phen)(edda)]

could involve multiple targets.

4.1  Anticancer Property and Selectivity of [M(phenjedda)] on Human

Breast Cell Lines

4.1.1 Anticancer Property of [M(phen)(edda)] on Hunan Breast Cell

Lines



[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergét complexes
were evaluated for cytotoxic activity vitro against human breast normal and
cancer cell lines (MCF10A and MCF7 respectivelygll@iability induced by
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergét complexes on
MCF10A and MCF7 cells were quantified by MTT andiliferative assay as
described in Chapter 3.0. In brief, MCF10A and MGfells were transferred
to 96-well micro titer plates. These MCF10A and MGgells were separately
treated with a range of concentrations of the camgs for 24, 48 and 72 h.
The 1Gso values (concentration of the metal complexes athvthe percentage
of viability was reduced by 50%) for these diffeareampounds were estimated
from the graphs and these are summarized in Taldle The 1G, values
decreased with incubation time for all complexestdlly, the effect of the
compounds examined on the cell viability of MCF18iowed lower increase
in antiproliferative activity with increasing contteation of [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] complexesafloincubation timesyiz.
for 24 h (Figures 4.2-4.4), 48 h (Figures 4.5-4@) 72 h (Figures 4.8-4.10) h.
In contrasts, cell viability of MCF7 cells treatedith [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] complexeswsido more strong
increase in antiproliferative effect with increaginconcentration of
[M(phen)(edda)] (24 h: Figures 4.2-4.4; 48 h: Fegud.5-4.7; 72 h: Figures

4.8-4.10).

Morphologically, viable MCF10A cells appeared fetd spindle-like
in shape (Figure 4.1B). At 24 h, [Co(phen)(eddayd §Zn(phen)(edda)]

complexes dichot seem to contributstronglyto the cytotoxicity activity on



MCF10A cells as their 16 values were more than 140 uM. Treatment with
[Cu(phen)(edda)] exhibited slight cytotoxicity witlCsy values of 30 puM
(Figures 4.2-4.4). Besides, on incubating MCF10A lisce with
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergégficomplexes for 48 h,
they showed some cytotoxicity activity withggvalues of 128 uM, 15 uM and
50 M, respectively (Figures 4.5-4.7). Moreover, solCvalues of
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergét dropped to 39.5
MM, 10.4 uM and 32 uM, respectively when treatedvi®F10A cells for 72 h

(Figures 4.8-4.10).

Morphologically, viable MCF7 cells appeared flatdamistorted
diamond shape (Figures 4.1A). At 24 h, [Co(phergéd and
[Zn(phen)(edda)]-treated MCF7 cells aidt show cytotoxicity activity as their
ICso values were more than 160 uM and 140 puM, respdgtivie contrast,
treatment with [Cu(phen)(edda)] was found to bghdly cytotoxic on MCF7
cells with 1G; values of 25 uM (Figures 4.2-4.4). Incubation of FCcells
with [Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(p}iedda)] complexes for
48 h resulted in moderate cytotoxicity activity wiCsovalues 58 uM, 5.5 uM
and 15 pM, respectively (Figures 4.5-4.7). Moreoude viability of the
MCF7 cells decreased to 50% in response to 13.D{@o(phen)(edda)], 2.8
UM of [Cu(phen)(edda)] and 5 uM of [Zn(phen)(eddi)] 72 h incubation
time and continued to decrease as the concentrafidche complexes was
increased (Figures 4.8-4.10). Hence, it was evidlesit the compounds were
highly cytotoxicin vitro. In addition, the cell viability of [M(phen)(edda)

treated MCF7 cells were decreased with incubatime tand also in a dose-



dependent manner. The order of increasing cytatgxicbeing
[Co(phen)(edda)] < [Zn(phen)(edda)] < [Cu(phen)@dldClearly, the nature
of the metal in [M(phen)(edda)] complex played amportant role in the

cytotoxicity of MCF7 human breast cancer cells.

4.1.2 Cytotoxic Selectivity towards Human Breast Qacer Cell Lines

over Normal Breast Cell Lines

Comparing the results of MCF10A and MCF7 cells tedawith
[M(phen)(edda)], it was found that these complekese some selective
antitumor effect. The comparisons of the respeclég values showed that
normal cells were less sensitive to the compoundstro (Table 4.1). When
one compared the relative cytotoxicity towards bo#fl lines in the lower
concentration range, the selectivity of these caimgs were more prominent
(Figures 4.8-4.10). Low I§ values of 13.5 uM [Co(phen)(edda)], 2.8 uM
[Cu(phen)(edda)] and 5 uM [Zn(phen)(edda)] on MGI€ells in 72 h were
observed. While, the Kg values for [Co(phen)(edda)], [Cu(phen)(edda)] and
[Zn(phen)(edda)] on MCF10A in 72 h are 39.5 uM,41QM, and 32 uM,
respectively. Consequently, the results showedttieahormal breast cell line,
MCF10A was more than 80% viable after 72 h incusabased on the Kgof
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherjé} doses on MCF7
cancer cells under observation (Figures 4.8-4.T)s, this study showed that
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergéf has potential for
development into anticancer drugs as they were moyioxic to cancer cells

than normal cells.



Table 4.1: Cytotoxicity ICsy Values for Compounds [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] against Human Cancer and
Normal Cell Lines?

Compound Cell Line I6 (UM) in Different Time Points

MCF7 MCF10A

24 h 48 h 72 h 24 h 48 h 72 h
[Co(phen)(edda)] >160.0 58.0 135 >140.0 128.0 395

[Cu(phen)(edda)] 25.0 55 2.8 30.0 15.0 10.4

[Zn(phen)(edda)] >140.0  15.0 50 >140.0 500 32.0

Cells were treated with increasing concentraticghthe compounds for 24,
48 and 72 h. Cell viability was determined by MTSsay and Ig values were
estimated from the graphs.

®Human normal cells.



Figure 4.1: Phase-contrast Microscopy Images of Huam Breast Cells.
Morphologies of human breast cancer carcinoma,dei3F7 (A) and normal
epithelial cells, MCF10A (B) without treatment werphotographed.
Magnification x200, bar 100 pm (micrometer).



Graph of Percentage of Cell Viability Versus Concen tration
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Figure 4.2: Effect of [Co(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 24 h Incubation Time. Results are mean = S.E. of three
independent experiments.

Graph of Percentage of Cell Viability Versus Concen  tration
of [Cu(phen)(edda)] on MCF10A and MCF7 Cellsfor24 h
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Figure 4.3: Effect of [Cu(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 24 h Incubation Time. The dotted line representssyof treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.



Graph of Percentage of Cell Viability Versus Concen  tration
of [Zn(phen)(edda)] on MCF10A and MCF7 Cellsfor24 h
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Figure 4.4: Effect of [Zn(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 24 h Incubation Time. Results are mean = S.E. of three
independent experiments.

Graph of Percentage of Cell Viability Versus Concen tration
of [Co(phen)(edda)] on MCF10A and MCF7 Cellsfor48 h
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Figure 4.5: Effect of [Co(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 48 h Incubation Time. The dotted line representssyof treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.



Graph of Percentage of Cell Viability Versus Concen  tration
of [Cu(phen)(edda)] on MCF10A and MCF7 Cellsfor48 h
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Figure 4.6: Effect of [Cu(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 48 h Incubation Time. The dotted line representssyof treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.

Graph of Percentage of Cell Viability Versus Concen  tration
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Figure 4.7: Effect of [Zn(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 48 h Incubation Time. The dotted line representssyof treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.



Graph of Percentage of Cell Viability Versus Concen tration
of [Co(phen)(edda)] on MCF10A and MCF7 Cellsfor 72  h
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Figure 4.8: Effect of [Co(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 72 h Incubation Time. The dotted line representss{of treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.

Graph of Percentage of Cell Viability Versus Concen  tration
of [Cu(phen)(edda)] on MCF10A and MCF7 Cellsfor 72 h
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Figure 4.9: Effect of [Cu(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 72 h Incubation Time. The dotted line representss{of treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.



Graph of Percentage of Cell Viability Versus Concen  tration
of [Zn(phen)(edda)] on MCF10A and MCF7 Cellsfor72 h
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Figure 4.10: Effect of [Zn(phen)(edda)] on MCF10A ad MCF7 Cell
Viability for 72 h Incubation Time. The dotted line representssyof treated
MCF10A cells while solid line representssiof treated MCF7 cells. Results
are mean = S.E. of three independent experiments.



4.2 Octanol-Water Partition Coefficients

Efficient penetration through biomembranes from estine to
bloodstream and then to the tumor cell is esseftrametal complexes as an
oral drug. The ability of a potential drug candeldab pass through these
barriers until it binds to the target and inducles tlesired response is most
often described by the octanol-water partition ftoeht. Numerous methods
for the prediction of aqueous solubility or paditi coefficients have been
suggested in the literature (Bodet al, 1989; Ruelle, 2000; Huanet al,
2004). Briefly, the compounds were dissolved in ixtane of octanol and
deionized water with 1:1 ratio and were shakenZadn. Subsequently, the
phases were centrifuged 300QyXor 5 min. Samples were analyzed using a
UV-Vis spectroscopy. The loB (P = Partition Coefficient) value is known as
a measure of lipophilicity. The Idg value was calculated as log [ratio of the
concentration in the octanol phase to the conceoran the aqueous phase]
and as in equation lo® = log (G - Cig)/Caq From correlation between
concentration and absorbance in Beers-LambertltayR is rewritten as lodP
= log (Ao - Aag/Aag Whereby the absorbance of the complexes in theaacs
phase before (4 and after partitioning (4) were measured using appropriate

max Value of each complex. The Id&yvalues are shown in Table 4.2. These
values show the comparative distribution of [Cofpledda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] between watel n-octanol, and the
solubilizing medium mimicking the interior part biological membranes. The
results indicate that [Zn(phen)(edda)] has a megnolctanol/water partition

coe cient of 0.70, whereas [Co(phen)(edda)] with lovg loctanol/water



partition coe cient of 0.30. The octanol/water partition coment of

[Cu(phen)(edda)] (0.33) is intermediate to that [Qfo(phen)(edda)] and
[Zn(phen)(edda)] (Table 4.2). Although charactarisbf only the intact
complexes, such lipophilicity thresholds allow th®availability estimation
for the compounds of interest being applied ascanter drugs. Indeed,
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergéH do prefer a non-
agueous over an aqueous environment, behaving sentedly non-polar
compounds. The order of increasing lipophilicitynche characterized in

ascending order as [Co(phen)(edda)] > [Cu(phenggdd[Zn(phen)(edda)].

Table 4.2: Summary of Drug-related PhysicochemicaProperties® and
Cytotoxicity on MCF7 Cells for the New Developed Cmplexes.

CompleX log P ICs0 (LM)°
[Co(phen)(edda)] (467.34) 0.30 £ 0.05 13.5
[Cu(phen)(edda)] (507.98) 0.33£0.03 2.8
[Zn(phen)(edda)] (482.81) 0.70 £ 0.02 5.0

#Log P values were calculated as described in chaptéaéh value represents
the mean + S.E. of three independent experiments.

® Given in parentheses is the molar mass in g'mol

ICsovalues of [M(phen)(edda)] in 72 h incubation time.



4.3  Compounds Affected Cell Morphology of MCF7 Ced

4.3.1 Effect of Compounds on Surface Morphology dWICF7 Cells

In order to determine the mode of cell killing imed by
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergél phase contrast
microscopic observation was performed to captueentiorphological changes
of cells. In these and subsequent studies, the contpconcentrations used
were based on Kgvalues as mentioned in chapter 3.0. MCF7 cedidypical
adherent cells and were used in this study (Figutd). Control MCF7 cells
(untreated) appeared flat and retained their nointatt shape following 24,
48 and 72 h in culture. Three consecutive daysraft85 uM
[Co(phen)(edda)], 2.8 puM [Cu(phen)(edda)] and 5 [Eh(phen)(edda)]
administration, some cells began to detach fromdisé surface and were
found floating in the medium. The number of flogticells increased with
time, and on the third day after compounds adnatisin, the floating material
was all apoptotic cell debris as seen by microscatiservation. At 72 h,
treated MCF7 cells had entirely lost their wellidetl structure and became
rounded and shrunken. On the other hand, untreedetiol MCF7 cells
retained their normal size and shape while neighfocells were closely
connected to each other (Figures 4.11-4.13, C)pkumbpgical changes of the
cell membrane associated with apoptosis, includiveg formation of blebs,
spikes and blisters, were clearly evident in MCIElscafter treatment with

13.5 uM [Co(phen)(edda)], 2.8 uM [Cu(phen)(edda)hda5 uM



[Zn(phen)(edda)] following 24, 48 and 72 h incubat[Figures 4.11-4.13, (2),

(3), (4)]. Such changes were not observed for ateceMCF7 cells.



(1) Untreated Control

Figure 4.11: Morphological Changes of Untreated MCF7 cells and

[Co(phen)(edda)]-treatedMCF7 cells. After 24 (A), 48 (B) and 72 (C) h with
and without treatment, the dishes were observectruptiase contrast and
membrane morphology was photographed. Magnificaté®0, bar 100 um.

(1) Untreated MCF7 cells were growing and appedilatl with closed

diamonds, squares and triangular shape. (2) MCHS tceated with 13.5 pM
[Co(phen)(edda)] exhibited membrane changes clarsiit of apoptosis.
Characteristics of apoptosis are clearly visiblel ane indicated by arrows:
blebs (A), echinoid spikes (B), surface blister}. (C



(1) Untreated Control

Figure 4.12: Morphological Changes of Untreated MCF7 cells and

[Cu(phen)(edda)]-treatedMCF7 cells. After 24 (A), 48 (B) and 72 (C) h with
and without treatment, the dishes were observectruptiase contrast and
membrane morphology was photographed. Magnificaté®0, bar 100 um.

(1) Untreated MCF7 cells were growing and appedilatl with closed

diamonds, squares and triangular shape. (3) MCH3 tteated with 2.8 uM
[Cu(phen)(edda)] exhibited membrane changes clarstit of apoptosis.
Characteristics of apoptosis are clearly visiblel ane indicated by arrows:
blebs (A), echinoid spikes (B), surface blister}. (C



1) Untreated Control

Figure 4.13: Morphological Changes of Untreated MCF7 cells and

[Zn(phen)(edda)]-treated MCF7 cells. After 24 (A), 48 (B) and 72 (C) h with
and without treatment, the dishes were observectruptiase contrast and
membrane morphology was photographed. Magnificaté®0, bar 100 um.

(1) Untreated MCF7 cells were growing and appedilatl with closed

diamonds, squares and triangular shape. (4) MCHZ teated with 5 pM

[Zn(phen)(edda)] exhibited membrane changes cleatit of apoptosis.
Characteristics of apoptosis are clearly visiblel ane indicated by arrows:
blebs (A), echinoid spikes (B), surface blister}. (C



4.3.2 Effect of Compounds on Nuclear Feature of MCFCells

4',6-diamidino-2-phenylindole (DAPI) is a DNA bimdj dye that has
been used extensively for staining cell nucleusthasn relative changes in
fluorescence intensity. To examine the pathway tyckv [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] complexesudedcell death, their
effects on the nuclear integrity was analyzed bynwguDAPI staining and
fluorescence microscopy as described in chapter BIGF7 cells were
separately treated with 13.5 uM [Co(phen)(edda), 2M [Cu(phen)(edda)]
and 5 puM [Zn(phen)(edda)] (and 10 pg/ml cisplafor) varying time periods
followed by staining the cell nuclei with DAPI. Near staining of the cells
that were treated with the compounds for 24, 48 @hti are shown in Figure
4.14. DAPI staining showed nuclear condensatiobGF7 cells after the cells
were treated with the compounds for 24 h (Figuig 4A-E) until 48 h (Figure
4.14, A-E’). When MCF7 cells were treated with tbempounds for 72 h,
cells showed typical apoptotic nuclear changes ufieig4.14, A"-E”).
Interestingly, the compounds induced distinct narcclmorphological changes
with more intense DAPI staining in comparison tdreated control cells, in
agreement with cell viability data (Figure 4.14heTeffects were more distinct
in some cases in comparison to others probablytaldee different efficiency
of the [M(phen)(edda)] complexes. Moreover, theefluorescence generated
from reaction between DAPI and apoptotic nucleatuees on MCF7 cells
treated with 13.5 uM [Co(phen)(edda)], 2.8 uM [Ché&p)(edda)] and 5 uM
[Zn(phen)(edda)] complexes were found to graduiatyease in fluorescence

intensity as the incubation time increased. Siyiarisplatin acts as a positive



control also induced nuclear condensation indigaaipoptotic cell death in

MCF7 cells (Figure 4.14, B-B").



24h 48h 72h

Figure 4.14: DAPI-Stained Visualization of NucleiMCF7 Cells. Untreated
MCF7 cells (A) and cells treated with 10 pg/ml ¢&m (B), 13.5 uM

[Co(phen)(edda)] (C), 2.8 uM [Cu(phen)(edda)] (D)nda 5 pM

[Zn(phen)(edda)] (E) exhibited nuclear changes attaristic of apoptosis
showed condensed apoptotic cells. After 24 (A-B)(A'-E’) and 72 (A"-E”)

h treatment, cells were isolated, fixed, permeaddiand stained with DAPI.
Magnification x100, bar 200 pm.



4.4  Analysis of Induction of Apoptosis in MCF7 Cel

To provide further evidence on the nature of celattd, Annexin V-
FITC/PI staining and flow cytometry was used toestigate apoptosis. Here,
we wanted to know whether [M(phen)(edda)] inducepapsis in MCF7 cells.
MCF7 cells were seeded and allowed to reach 70%usmce. Cells were
collected 24 h after seeding and treatment with (pBen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] for varyingcubation periods.
Unfixed MCF7 cells were labeled with Pl and AnneXfrRFITC and then
analyzed using flow cytometer. Annexin V-FITC/Paising can be used to
monitor the progression of apoptosis from cell iligh to early-stage

apoptosis, and finally to late-stage apoptosisaaiiddeath as explained below.

An early event during apoptosis is the externabratof PS, a
phospholipid normally restricted to the inner leafbf the plasma membrane
(Healyet al, 1998). This apoptosis event can be monitoredguaimexin V-
FITC, a PS-specific binding protein. Pl stains otiig DNA of leaky necrotic
cells and allows for a distinction between apoptaéind necrotic cells
(Willingham, 1999). Cisplatin was used as a posittontrol in this apoptosis
analysis. Cisplatin interfered with the growth adncer cells which were
eventually destroyed (Zamblkt al, 1998). The results were obtained from
three independent experiments. The different lagepatterns in this assay
identify the different cell fractions representipgpulations of healthy intact
cells (Annexin V-FITC/PI ) were in the lower left quadrant, early apoptotic

cells (Annexin V-FITC/PI) were in the lower right quadrant, late apoptotic



cells (Annexin V-FITC/PI") were in the upper right quadrant and necrotic
cells (Annexin V-FITC/PI") were in the upper left quadrant. This assay can
help to discriminate between apoptosis and necrassingle cell level. As
shown in Figures 4.16-4.18, [Co(phen)(edda)], [@efp(edda)] and
[Zn(phen)(edda)] caused higher proportions of apaptcells (Annexin V-
FITC'/PI and Annexin V-FITC/PI") and lower proportions of necrotic cells

(Annexin V-FITC /PI") in MCF7 cancer cell line examined.

Untreated MCF7 cells showed 82.10% of cells weabla healthy cells
after 24 h incubation (Figure 4.19). In comparisd@, ug/ml of cisplatin
treated cells resulted in 3.45% early apoptotitscaehd 36.56% late apoptotic
cells [(Figure 4.15, (A)]. In MCF7 cells treatedtwil3.5 uM [Co(phen)(edda)]
for 24 h, 7.66% cells were in early apoptosis, dftd38% were in late
apoptosis or cell death (Figure 4.19). For MCF7sceeated with 2.8 uM
[Cu(phen)(edda)] for 24 h, 11.17% cells were inyeapoptosis, and 19.69%
were in late apoptosis or cell death (Figure 4.18)MCF7 cells treated with 5
UM [Zn(phen)(edda)] for 24 h, 9.48% cells were iarlg apoptosis, and
22.56% were in late apoptosis or cell death (Figar&9). Overall, the
percentages of total apoptotic cells in MCF7 cellsated for 24 h with
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergéH complexes were

23.04%, 30.86% and 32.04%, respectively.

Proportion of untreated MCF7 cells remaining adbhahealthy cells
was 85.01% after 48 h (Figure 4.20). In comparisbh,pug/ml of cisplatin

treated cells resulted in 17.31% of early apoptoatls and 38.37% of late



apoptotic cells for the same incubation period d@fe 4.15, (B)]. In MCF7
cells treated with 13.5 uM [Co(phen)(edda)] fori®.05% cells were in early
apoptosis, and 19.28% were in late apoptosis drdegith (Figure 4.20). For
MCF7 cells treated with 2.8 uM [Cu(phen)(edda)] 4& h, 9.22% cells were
in early apoptosis, and 21.35% were in late apaptos cell death (Figure
4.20). Finally, MCF7 cells treated with 5 puM [Zngf)(edda)] for 48 h,
11.13% cells were in early apoptosis, and 22.21%e elate apoptosis or cell
death (Figure 4.20). In summary, for 48 h incubatithe percentages of total
apoptotic cells in [Co(phen)(edda)], [Cu(phen)(efigand [Zn(phen)(edda)]-

treated MCF7 cells were 28.33%, 30.57% and 33.34%pectively.

After 72 h incubation, the population of untreal@F7 cells that were
viable healthy cells was 88.01% (Figure 4.21). amparison, cells treated
with 10 pg/ml of cisplatin showed 5.80% of cells edrly apoptosis and
72.24% of cells at late apoptosis [(Figure 4.15)].(G1 MCF7 cells treated
with 13.5 uM [Co(phen)(edda)] for 72 h, 6.96% ofllxewere in early
apoptosis, and 23.78% of cells were in late apdaptos cell death (Figure
4.21). MCF7 cells treated with 2.8 uM [Cu(phen)@ddor 72 h, 4.14% of
cells were in early apoptosis, and 28.05% wereaia &poptosis or cell death
(Figure 4.21). For MCF7 cells treated with 5 pM (ghen)(edda)] for 72 h,
7.24% of cells were in early apoptosis, and 28.228fe in late apoptosis or
cell death (Figure 4.21). The percentages of apptaells in
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherj&@ptreated MCF7 cells
were 30.74%, 32.19% and 35.46%, respectively. éstargly, the compounds

showed a progression from early-stage apoptosis fewadly to late-stage



apoptosis [Figures 4.16-4.18]. The apoptotic oslse significantly increased
in a time-dependent manner. Hence, these resultsvesh that the

[M(phen)(edda)] compounds induced apoptosis in MC&lI&.
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Figure 4.15: FACS Analysis of Induction of Apoptoss of Untreated MCF7
Cells Versus Cisplatin-treated MCF7 Cells For 24,8 and 72 h.Cells were
harvested and stained with annexin V-FIBEakis) and propidium iodidey{
axis) analyzed by flow cytometry. The percentageeils in viable condition
(LL), necrosis (UL), early (LR) and late (UR) apogis is indicated in each
guadrant and determined by Cell Quest analysisvaodt in dot-plots. Data
represented mean values of three independent exgreis and same as the
following figures.

(&) Untreated cells showed a majority of viablelthgacells with 82.10%,
85.01% and 88.01% after 24 (A), 48 (B) and 72 (QGpdubation on MCF7
cells. (b) With treatment of 10 pg/ml of cisplatimcreased number of
apoptotic cells observed as compared to controdpl&iin was used as a

positive control.
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Figure 4.16: FACS Analysis of Induction of Apoptoss of Untreated MCF7
Cells Versus [Co(phen)(edda)]-treated MCF7 Cells Fd24, 48 and 72 h.

(a) Untreated cells showed a majority of viable lthgacells with 82.10%,
85.01% and 88.01% after 24 (A), 48 (B) and 72 (Qpdubation on MCF7
cells. (b) MCF7 cells treated with 13.5 pM [Co(pl(edda)] for three separate
days showed increased number of apoptotic celt®m@mpared to control.
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Figure 4.17: FACS Analysis of Induction of Apoptoss of Untreated MCF7
Cells Versus [Cu(phen)(edda)]-treated MCF7 Cells Fo24, 48 and 72 h.

(a) Untreated cells showed a majority of viable lthgacells with 82.10%,
85.01% and 88.01% after 24 (A), 48 (B) and 72 (QGpdubation on MCF7
cells. (d) MCF7 cells treated with 2.8 uM [Cu(phealda)] for three separate
days showed increased number of apoptotic celt®m@mpared to control.
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Figure 4.18: FACS Analysis of Induction of Apoptoss of Untreated MCF7
Cells Versus [Zn(phen)(edda)]-treated MCF7 Cells Fo24, 48 and 72 h.

(a) Untreated cells showed a majority of viable lthgacells with 82.10%,
85.01% and 88.01% after 24 (A), 48 (B) and 72 (Qpdubation on MCF7
cells. (e) MCF7 cells treated with 5 uM [Zn(phenlda)] for three separate
days showed increased number of apoptotic celt®m@mpared to control.
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Figure 4.19: Histogram of Percentages of Cells inifderent Quadrants in
MCF7 Cultures with Treatment and Without Treatment for 24 h.
Histogram showing the percentages of cells at gididalthy stage (LL),
necrosis (UL), early apoptosis (LR) and late apsistQUR). Data were means
of three independent experiments = S.E. (bars).



Percentage of Cells in Different Quadrants against
Compounds on MCF7 Cells for 48 h
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Figure 4.20: Histogram of Percentages of Cells inifderent Quadrants in
MCF7 Cultures with Treatment and Without Treatment for 48 h.
Histogram showing the percentages of cells at gidi¢althy stage (LL),
necrosis (UL), early apoptosis (LR) and late apsigstUR). Data were means
of three independent experiments = S.E. (bars).
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Figure 4.21: Histogram of Percentages of Cells inifderent Quadrants in
MCF7 Cultures with Treatment and Without Treatment for 72 h.
Histogram showing the percentages of cells at gidi¢althy stage (LL),
necrosis (UL), early apoptosis (LR) and late apsigstUR). Data were means
of three independent experiments = S.E. (bars).



4.5  Analysis of Cell Cycle Arrestin MCF7 Cells

MCF7 cells were treated with [Co(phen)(edda)], [@wn)(edda)] and
[Zn(phen)(edda)] for 24, 48 and 72 h for cell cyeealysis. Fluorescence
activated cell sorting (FACS) was used for thispmse. In FACS analysis,
cells are sampled from a growing cell culture dmatbtal fraction of cells with
different DNA contents is determined. FACS analysidl then give the
fraction of cells in sub @G;, GJ/G;, S and G/M phase with their
characteristic amount of DNA. Briefly, MCF7 celleme seeded and allowed
to adhere for 70% confluence. Cells were colle@ddh after seeding and
treated with [Co(phen)(edda)], [Cu(phen)(edda)] d&dd(phen)(edda)] for
varying time periods. Cells were harvested, fixaed atained with propidium
iodide before proceeding to cell sorting and cetlle analysis. Untreated cells
were used as a control and nocodazole was used p@siive control.
Nocodazole is an inhibitor of mitosis that actsgrgventing the microtubule
assembly and cause arrest wiNbphase of the cell cycle (Coopetral, 2006).
Each result was obtained from three independergrerpnts. The percentage
increase or decrease in the number of cells in @helse of the cell cycle

compared to that in the control was determineduieélg 4.26-4.28).

Untreated MCF7 cells exhibited an asynchronous cgtlle profile
following 24, 48 and 72 h in culture [Figures 44225, (1)]. The majority of
the cells were at thed®, phase (24 h, 57.04%; 48 h, 58.40%; 72 h, 60.23%),
while only 27.51% (in 24 h), 29.66% (in 48 h) ar®l@% (in 72 h) of cells

were found to be at the .8 phase of the cell cycle respectively.



Morphologically, untreated cells appeared flat wifew floaters. In
comparison, 0.2 pg/ml nocodazole-treated cells gldoeells accumulating at
sub G/G; phase (28.29% in 24 h, 33.04% in 48 h and 40.48%2ih) and at
G,/M phase (36.22% in 24 h, 37.20% in 48 h and 42.44982 h) [Figure
4.22(2)]. P1 DNA staining showed increase in petages distribution of cells
at sub @/G; phase which is a hallmark of apoptosis and induzedt cycle
arrest at @M phase when treated with nocodazole. Morpholdlyica

nocodazole-treated cells appeared rounded and.shiny

By contrast, MCF7 cells exposed to 13.5 uM [Co(plenida)] for 24 h
showed a similar cell cycle profile (&1, S and G/M) to untreated cells
except that there was a small increase in percestafj cells in sub §G;
phase [(Figure 4.23, (A)]. The proportion of ceNgh hypodiploid DNA in
this sub @/G; phase was slightly increased from 5.78% to 11.42%4 h. As
there was no significant increase in the populatbMCF7 cells in G/G;, S
and G/M phases compared to those of untreated cells wenwere treated
with cobalt compound for 24 h, cell cycle arrest dot occur. The percentages
of cells were 56.09% in §85; phase, 8.51% in S phase and 24.31% i#MG
phase (Figure 4.26). MCF7 cells exposed to 2.8 @M(phen)(edda)] for 24 h
showed a similar cell cycle profile to untreatedlscexcept that there was a
significant increase in percentages of cells in &yl65; phase [(Figure 4.24,
(A)]. Here, cells in sub @G; phase with hypodiploid DNA content were
slightly increased from 5.78% to 13.97% at 24 hubation. As there was no
obvious increase in the population of cells i3, S and G/M phase when

cells were treated with copper compound for 24dh¢all cycle occurred. The



percentages of cells ino®&; phase were 54.09%, 8.18% in S phase and
23.67% in G/M phase (Figure 4.26). While, MCF7 cells exposedbtuM
[Zn(phen)(edda)] for 24 h showed a similar cellleygrofile to untreated cells
but displayed a slight increase in percentagesetif ¢n sub @G; phase
[(Figure 4.25, (A)]. The composition of cells witiypodiploid DNA in sub
Go/G; phase were slightly increased from 5.78% to 13.20%4 h. Treatment
of MCF7 cells with this zinc compound did not inéucell cycle arrest at 24 h
because there was no significant difference irridigion of cells in G/Gy, S
and G/M phases as compared to untreated MCF7 cells. pEneentages of
cells in G/G; phase were 52.54%, 11.29% in S phase and 22.82%/lh
phase (Figure 4.26). In summary, all [M(phen)(efld@mmplexes exhibited
increase of population of cells in sulg/G, phase due to apoptosis but did not

induce cell cycle arrest aty&1, S or G/M phases.

After 48 h of incubation, MCF7 cells treated with3.3 pM
[Co(phen)(edda)] still showed a similar cell cy@eofile to untreated cells
[(Figure 4.23, (B)]. Again the population of ceiflssub G/G; phase (i.e. with
hypodiploid DNA) was slightly increased from 5.808012.51% at 48 h. The
percentages of cells were 61.17% ig/G&g phase, 5.20% in S phase and
21.45% in G/M phase (Figure 4.27). Thus, there was no sigifiéncrease in
the population of cells in 51, S and G/M phase when treated with cobalt
compound at 48 h, showing no cell cycle arreshas¢ phases. MCF7 cells
exposed to 2.8 uM [Cu(phen)(edda)] for 48 h shomectkase in percentage of
cells in sub @G; phase compared to untreated cells [(Figure 4R}, Here,

cells in sub @G; phase with hypodiploid DNA content were increa®ain



5.80% to 17.74% at 24 h. The percentages of cell&/G; phase were
53.68%, 5.99% in S phase and 22.83% ifMxhase (Figure 4.27). There was
no obvious increase in population of cells igf&, S and G/M phases when
treated with copper compound at 48 h, and no gallecarrest activity was
observed at these phases. However, MCF7 cellsetteatith 5 pM
[Zn(phen)(edda)] for 48 h showed a little differecell cycle profile as
compared to untreated cells [(Figure 4.25, (B)]e Toercentage of cells sub
Go/G; phase (i.e. with hypodiploid DNA content) increadeom 5.80% to
15.70%, which was similar to the results of otheomplexes.
[Zn(phen)(edda)]-treated cells were slightly blatken the S phase (from
8.98% to 12.50%) at 48 h. The percentages of oellso other phases, #&;
and G/M were 51.54% and 20.71% (Figure 4.27). NotabGo(phen)(edda)]
and [Cu(phen)(edda)] complexes exhibited the sdifeets for the incubation
time of 48 h with only increase of population ofieén sub G/G; phase due to
apoptosis but did not induce cell cycle arrest @& S and G/M phase. On
the other hand, treatment of MCF7 cells with [Zrgp){edda)] complex
showed that a small increase of population of dellS phase, showing cell

cycle arrest of cancer cells at this phase.

After 72 h of incubation, MCF7 cells treated with3.3 uM
[Co(phen)(edda)] showed a similar cell cycle peofd untreated cells but there
was a further increase in percentages of cellsilin&/G; phase [(Figure 4.23,
(C)]. The content of hypodiploid DNA in subo&; phase was slightly
increased from 7.40% to 15.55% at 72 h. The peagestof cells were 55.45%

in Go/G; phase, 8.11% in S phase and 22.67% ifMGhase (Figure 4.28).



There was no distinct increase in the populationedis in G/G;, S and G/M
phase when cells were treated with cobalt compdon@2 h. Thus the cobalt
compound did not induce any cell cycle arrest. MCETFs treated with 2.8 uM
[Cu(phen)(edda)] for 72 h showed a similar cell leyprofile to that of
untreated cells but showed a large increase ireptage of cells in sub&;
phase [(Figure 4.24, (C)]. The increase in perggtaf apoptotic cells, as
shown by sub @G; peak increasing from 7.40% to 30.44%, due to
[Cu(phen)(edda)] is the highest when compared tsdhdue to the other
[M(phen)(edda)] complexes. The percentages of @ell&/G;, S and GM
phases were 46.52%, 6.77% and 20.84%, respecfivigiyre 4.28). There was
no obvious increase in population of cells igf&, S and G/M phases when
treated with copper compound at 72 h. This meaattttiere was no cell cycle
arrest induced by [Cu(phen)(edda)]. However, MCEllsdreated with 5 uM
[Zn(phen)(edda)] for 72 h showed a different cgltle profile as compared to
untreated cells [(Figure 4.25, (C)]. There was arked decrease in the
proportion of cells in @M phase (from 26.07 to 9.25%) and significant
increase in the proportion of cells in S phasen(fr®.43% to 16.96%). This
meant there was cell cycle arrest at S phase. Aapeaof sub @G; cells
with a distinct peak (from 7.40% to 25.26%) usuailgicate apoptosis induced
by tested drugs. Increase in sup/@& phase was apparent at 48 until 72 h
(Figure 4.28). In contrast, MCF7 cells treated wj@o(phen)(edda)] and
[Cu(phen)(edda)] showed no obvious cell cycle are¢sS phase, but more
cells were present in the suky/G; phase, as compared to untreated MCF7
cells. At 72 h, treatment of MCF7 cells with [Coémh(edda)] and

[Cu(phen)(edda)] underwent apoptosis as evidengelblb5% and 30.44% of



cells at sub @G; phase, respectively (Figure 4.28). Interestingiplonged
treatment resulted in an increase in the numberapdptotic cells in
[M(phen)(edda)]-treated MCF7 cells at 72 h. Theultss presented here
indicated that [Zn(phen)(edda)] induced cell growitthibition through
apoptosis and induction of cell cycle arrest whi@o(phen)(edda)] and
[Cu(phen)(edda)] only induced apoptosis in MCF7lsceThe apoptosis of
[M(phen)(edda)]-treated MCF7 cells as inferred froell cycle data was in
agreement with the previous findings from morphglogfudies and the

apoptosis study using Annexin V/PI staining.
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Figure 4.22: FACS Analysis of Cell Cycle Arrest ofJntreated MCF7 Cells
versus Nocodazole-treated MCF7 Cells for 24, 48 ait2 h.Cells were fixed
and stained with Pl. Percentages of the splts; Gy/G;, S and GM phase
were determined by Cell Quest analysis softwar¢éherbasis of DNA content
of the histogram. Data represented mean values hofet independent
experiments and same as the following figures.

(1) Untreated MCF7 cells exhibited asynchronous @gdle profile following

24(A), 48(B) and 72(C) h in culture. (2) In conttd8ICF7 cells treated with
0.2 pg/ml of nocodazole for three separate daysstad G/M phase.

Nocodazole was used as a positive control.
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Figure 4.23: FACS Analysis of Cell Cycle Arrest ofntreated MCF7 Cells
versus [Co(phen)(edda)]-treated MCF7 Cells for 2448 and 72 h.

(1) Untreated MCF7 cells exhibited asynchronous @gtle profile following

24(A), 48(B) and 72(C) h in culture. (3) MCF7 ceitsated with 13.5 uM of
[Co(phen)(edda)] for three separate days showenhitas cell cycle profile to

untreated cells but an increased in percentagelisfio sub @/G; phase.
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Figure 4.24: FACS Analysis of Cell Cycle Arrest ofJntreated MCF7 Cells
versus [Cu(phen)(edda)]-treated MCF7 Cells For 2448 and 72 h.

(1) Untreated MCF7 cells exhibited asynchronous @gdle profile following

24(A), 48(B) and 72(C) h in culture. (4) MCF7 celisated with 2.8 uM of
[Cu(phen)(edda)] for three separate days showeunhitas cell cycle profile to
untreated cells but an increased in percentagellsfia sub @G, phase.
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Figure 4.25: FACS Analysis of Cell Cycle Arrest ofJntreated MCF7 Cells
versus [Zn(phen)(edda)]-treated MCF7 Cells For 2448 and 72 h.

(a) Untreated MCF7 cells exhibited asynchronous @alle profile following
24(A), 48(B) and 72(C) h in culture. (e) In contrddCF7 cells treated with 5
UM of [Zn(phen)(edda)] for three separate days &tban increased of cells in
sub G/G; phase and S phase block can be seen in the ctdl nofile.
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Figure 4.26: Histogram of Cell Cycle Distribution n MCF7 Cultures With
Treatment and Without Treatment for 24 h. Histogram showing the
percentages of cells at suly/Gy, G/G1, S and G/M phase of cell cycle. Data
were means of three independent experiments HIS5akEs).



Percentage of Cells in Different Cell Cycle Phases
Versus Untreated and Treated MCF7 Cells for 48 h
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Figure 4.27: Histogram of Cell Cycle Distribution n MCF7 Cultures With
Treatment and Without Treatment for 48 h. Histogram showing the
percentages of cells at suly/Gy, G/G1, S and G/M phase of cell cycle. Data
were means of three independent experiments HIS5akEs).



Percentage of Cells in Different Cell Cycle Phases
Versus Untreated and Treated MCF7 Cells for 72 h
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Figure 4.28: Histogram of Cell Cycle Distribution n MCF7 Cultures With
Treatment and Without Treatment for 72 h. Histogram showing the
percentages of cells at sub/G;, G/Gi1, S and G/M phase of cell cycle.
Exposure of cells to [Zn(phen)(edda)] showed ddferpattern in distribution
of cell cycle compared to untreated control. Datarevmeans of three
independent experiments + S.E. (bars).



4.6 Mitochondrial Fluorescent Intensity by Flow Cybfluorimetric

Analysis in MCF7 Cells

To assess if [Co(phen)(edda)], [Cu(phen)(edda)] [@mdphen)(edda)]
contributed to the initiation of apoptosigia a mitochondrial-regulated
mechanism, the ,, of the cells was determined with and without et
with [M(phen)(edda)] complexes by using FACS analy®ICF7 cell line was
used as a model in this study as described. MCHZ were seeded and
allowed to reach 70% confluence. Cells were catiécafter seeding and
treated with 13.5 pM [Co(phen)(edda)], 2.8 uM [Ch&p)(edda)] and 5 pM
[Zn(phen)(edda)] for 24, 48 and 72 h incubationetindnfixed MCF7 cells
were labeled with JC-1 stain and then analyzedam €ytometer. The results
were obtained from four independent experimentshdalthy non-apoptotic
cells, the dye accumulates and aggregates witkimitochondria, resulting in
bright red staining. It is known that JC-1 formsl remitting fluorescent ‘J-
aggregates’ at a high membrane potential whiledye emits a monomeric
green fluorescence at a lower membrane potentiglls Gtained with JC-1
were then subjected to cytofluorimetric analyseguantify the red and green
fluorescent. In apoptotic cells, due to the colkaps the membrane potential,
JC-1 cannot accumulate within the mitochondria @emdains in the cytoplasm
in its green-fluorescent monomeric form. During teperiments, R2 was
labeled as the gated region of cells with intaathondrial membranes; and R3
was labeled as the gated region of cells with @iitben of a change in the ..

These gated regions have been determined appedprigging the control and



[M(phen)(edda)]-treated MCF7 cells for each patticincubation time (24, 48

and 72 h).

Importantly, the fluorescence emission spectrund@fl or uptake of
the dye into mitochondria is dependent on its cotredion which, in turn, is
determined by the status of the . In this study, untreated MCF7 cells
showed red spectral shift resulting in higher Iswadlred fluorescence emission
and formed JC-1 aggregates following 24, 48 ant ifRculture [Figures 4.29-
4.32, (a)]. The proportion of untreated controllceh high red fluorescence
FL-2 (R2) gated channel were 80.86%, 87.88% an@489.for 24, 48 and 72 h
incubation, respectively [Figures 4.29-4.32, (a)here were only small
percentages of cells in monomeric form which erditjeeen fluoresence and
these were captured in FL-1 (R3) gated channeleHiére |, of normal
healthy mitochondria were polarized and JC-1 wasdha taken up by such
mitochondria. This uptake increased the conceptnagradient of JC-1 leading
to the formation of J-aggregates within the mitouh@a. In comparison,
MCF7 cells treated with 10 pg/ml of cisplatin shaweduced red fluorescence
in the R2 gated channel and increased green floemes in the R3 gated
channel. The percentages of cisplatin-treated watts red fluorescence (JC-1
aggregates) were 74.74%, 67.26% and 35.59% fo4@4&nd 72 h incubation,
respectively [Figure 4.29, (b)]. The correspondpeycentages of cisplatin-
treated cells with green fluorescence (JC-1 monsmeere 25.30%, 32.78%
and 64.38% for 24, 48 and 72 h incubation, respelsti[Figure 4.29(b)].

Cisplatin was used as a positive control in thialgsis. Cisplatin acts as an



agent that has been shown to induce mitochondrigfudction and

cytotoxicity in cancer cells (Meijeat al, 2001; Lewiset al, 2001).

At 24 h, MCF7 cells treated with 13.5 uM [Co(phex)da)] and 2.8

UM [Cu(phen)(edda)] showed no significant differema the level of R2 gated
red fluorescence emission and level of R3 gatedrgfliorescence emission
[(Figures 4.30-4.31, (A)] compared with those ofraated cells. There were
80.77% and 78.09% of population of cells with Jragates (red fluorescence)
for cells treated with [Co(phen)(edda)] and [Cu(ptiedda)] complexes
respectively while the corresponding percentageseté in monomeric form
(green fluorescence) were 19.07% and 21.75%, ragelc(Figure 4.33). The
treatment of 5 uM [Zn(phen)(edda)] on MCF7 cellewhd a small decrease in
the level of R2 gated region (red emission) asdall increase in the level R3
gated region (green emission) [(Figure 4.32, (Agre, the population of cells
with J-aggregates (red emission) decreased froB68010 76.94% while that
of cells with J-monomers (green emission) incredsaa 18.97% to 22.14%
(Figure 4.33). Apoptosis is frequently associatdath wdepolarization of the
m (Cossarizzeet al, 1993; Kroemeret al, 1999), resulting in increased
number of cells with reduced red fluorescence m fh-2 channel. In other
words, the apoptotic population frequently presdotser red fluorescence

signal intensity (FL-2 channdan the untreated control population.

MCF7 cells treated with [Co(phen)(edda)] and [Cepledda)]
complexes for 48 h resulted in significant reductad red fluorescence in the

R2 gated channel and noticeable increase in giaerescence in the R3 gated



channel [(Figures 4.30-4.31, (B)]. Treatment wio(phen)(edda)] showed
population of cells with red-emitting J-aggregatiesreased from 87.88% to
64.64% and population of cells with green-emittiignonomers increased
from 11.29% to 35.37% (Figure 4.34). In comparismeatment of cells with
[Cu(phen)(edda)] resulted in decrease in populadiocells with J-aggregates
from 87.88% to 68.56% and corresponding increagmpulation of cells with
J-monomers from 11.29% to 31.29% (Figure 4.34)erbstingly, a large
percentage of cells with reduced red fluorescendbe R2 gated channel and a
large percentage of cells with increased greenrdkoence in the R3 gated
channel were observed with [Zn(phen)(edda)] treatnfer 48 h incubation
[(Figures 4.32, (B)]. In this [Zn(phen)(edda)]-tre@ cells, the population of
cells with red J-aggregates was reduced from 87.88%2.96% while that of
cells with green J-monomers increased from 11.29%®6t26%, indicating that
the cells were dying and in a mode of cell deatbrred to as apoptosis (Figure
4.34). JC-1 that fluoresces (red emission) inRhel (R3) channel and lacks
fluorescence (green emission) in the FL-2 (R2) okanis indicative of
depolarized . Thus, membrane potential of the mitochondria was

undergoing a transition from polarized to depolkdiform.

The shifting of the emission spectra from red teegrthat separated by
fluorescence channels were evident after treatmé@F7 cells with
[Co(phen)(edda)] and [Cu(phen)(edda)] complexes®oh exposure [(Figures
4.30-4.31, (C)]. Treatment with [Co(phen)(edda)(uleed in population of
cells with red J-aggregates decreased from 89.01%3149% while that of

cells with green J-monomers increased from 9.69%5t64% (Figure 4.35).



On the other hand, treatment of MCF 7 cells withu(jihen)(edda)] resulted
population of cells with red J-aggregates decredsmd 89.74% to 70.95%
while that of cells with green J-monomers increaBeth 9.69% to 28.32%
(Figure 4.35). Interestingly, [Zn(phen)(edda)]-texh MCF7 cells for 72 h
resulted in dramatic decrease in red J-aggregat28.81% while formation of
green J-monomers were markedly increased to 70(Fr§are 4.35). A time-
dependent reduction in , was observed for cells treated with
[M(phen)(edda)]. At 72 h, [Zn(phen)(edda)] inducedre reduction in
compared to cisplatin. These results are consisietit cells undergoing
apoptosis which is normally accompanied by a ttawsifrom polarized to
depolarized .. Depolarization of mitochondria occurred for celisated
with [M(phen)(edda)], indicating altered mitochoradifunction which may be

a cause of or be associated with apoptosis.

Mitochondria in untreated control MCF7 cells aravarily healthy and
functioning normally. Only small percentage of gwntrol population of cells
had depolarized , which may reflect a basal level of apoptosis @spnce
of other cellular processes that are associateti dépolarized . In
contrast, huge percentage of control populationcelfs with reduced red
fluorescence in FL-2 channel may indicate the e cells are unhealthy

(e.g. deterioration or contamination).

The . is indicated by a change in the red/green flumese
intensity ratio (490 nrfls27 nm)- The ratio of red fluorescence intensity dividsd

green fluorescence intensity was calculated foreated cells and those treated



with [M(phen)(edda)] for 24, 48 and 72 h incubatioA decrease in this ratio
indicates a decrease in n. In Figure 4.36, the effect of treating MCF7 cells
with 13.5 uM [Co(phen)(edda)], 2.8 uM [Cu(phen)(@ldand 5 uM
[Zn(phen)(edda)] on the ., are shown. Except for [Co(phen)(edda)], the
other [M(phen)(edda)] complexes statistically desedl in , only after
more than 24 h. Decrease of , caused by [M(phen)(edda)] was time-
dependent (48 and 72 h). Following 24 to 72 h iatioln, treatment of MCF7
cells with [Zn(phen)(edda)] resulted in the greateduction with the ratios of
red to green fluorescence, indicating a large-seaiechondrial depolarization

(Figure 4.36).
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Figure 4.29: Flow Cytometric Analysis of CisplatinCauses Mitochondrial
Depolarization in MCF7 Cells with JC-1 Staining for 24 h (A), 48 h (B)
and 72h (C).Data are expressed in dot plots of the FL-1 cha@t®1 green

fluorescence) versus the FL-2 channel (JC-1 redrdéscence). Gated region
R2 (red) includes cells with intact mitochondria¢mbranes and gated region
R3 (green) depicts cells has depolarized. Dataesgmted mean values of four

independent experiments and same as the followgoges.

(a) Untreated MCF7 cells showed red spectral sasitlting in higher levels of

red fluorescence emission formed JC-1 aggregaliesving 24, 48 and 72 h in

culture. (b) In contrast, cisplatin treated MCFNscshowed JC-1 remained in
the cytoplasm as monomers exhibited fluorescendbdamgreen end spectrum
is indicative of change in mitochondrial membramgeptial (

was used as a positive control.

m). Cisplatin



(a) Untreated Control

:I_‘l'l’

(c) [Co(phen)(edda)]

copel-24-001014.021

- 2400014 014
L i rid -
R2 v
T ﬂ?‘
& )
% | E%
o 9
= R =r R3
o =
= L > L5 = T T T
1” 10 10 10 10t 107 10! 1028 10° 104
JO-1 {FL-1) JC-1 (FLA)
- CTRLZ-45-001008.004 = COPE1-091015-43 024
g R2
-
I’:f_}— 9_
& &
;Ifmb !'T-"NE
=" r by
< B
R3 R3
= =F
(=] (=] i A
=] T T LBAR L e e = — T e T
10° 10’ 1 w0? w 10? 10! 102 10? 104
JC-1 (FL) JC-1 (FL-1)
< CTRL-72-091112.003 - COPE1-T2H-001006.025
= e RZ 7 R2
C')o_ "‘-2
!-‘_;;,No- '-‘_.'-N?
g : |
= R3 . “3]
- o
o j =]
=] ——rr—— T r———————— 2 T T T L
10? 107 102 103 10* 10° 10! 10% 0 104
JG-1 (FL-1) JC1 (FLA)

Figure 4.30: Flow Cytometric Analysis of [Co(phen)dda)] Causes
Mitochondrial Depolarization in MCF7 Cells with JC-1 staining for 24 h
(A), 48 h (B) and 72 h (C).

(a) Untreated MCF7 cells showed red spectral sasitilting in higher levels of
red fluorescence emission formed JC-1 aggregaliesving 24 h (A), 48 h (B)
and 72 h (C) in culture. (c) In contrast, MCF7 sdileated with 13.5 pM
[Co(phen)(edda)] for three separate days showeskasmng levels of green
fluorescence emission. Thus, mitochondria were rgudeg a transition from
polarized to depolarized . JC-1 leaks out of the mitochondria into the
cytoplasm as monomers resulting in a decreaseddfuerescence.
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Figure 4.31: Flow Cytometric Analysis of [Cu(phen)édda)] Causes
Mitochondrial Depolarization in MCF7 Cells with JC-1 staining for 24 h

(A), 48 h (B) and 72 h (C).

(a) Untreated MCF7 cells showed red spectral ségtilting in higher levels of
red fluorescence emission formed JC-1 aggregaliesving 24 h (A), 48 h (B)
and 72 h (C) in culture. (d) In contrast, MCF7 sditeated with 2.8 uM
[Cu(phen)(edda)] for three separate days showeckasmg levels of green
fluorescence emission. Thus, mitochondria were rgudeg a transition from
polarized to depolarized . JC-1 leaks out of the mitochondria into the

cytoplasm as monomers resulting in a decreaseddfuerescence.
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Figure 4.32: Flow Cytometric Analysis of [Zn(phen)édda)] Causes
Mitochondrial Depolarization in MCF7 Cells with JC-1 staining for 24 h
(A), 48 h (B) and 72 h (C).

(a) Untreated MCF7 cells showed red spectral ségtilting in higher levels of
red fluorescence emission formed JC-1 aggregaliesving 24 h (A), 48 h (B)
and 72 h (C) in culture. (e) In contrast, MCF7 selteated with 5 uM
[Zn(phen)(edda)] for three separate days showerkasmg levels of green
fluorescence emission. Thus, mitochondria were rgudeg a transition from
polarized to depolarized . JC-1 leaks out of the mitochondria into the
cytoplasm as monomers resulting in significantyueed of red fluorescence.
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Figure 4.33: Percentage of Cells at Red FluorescencAggregates and
Green Fluorescence Monomers of JC-1 Staining in Urgated and
[Co(phen)(edda)], [Cu(phen)(edda)] as well as [Znfpen)(edda)]-treated
MCF7 Cells for 24 h.
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Figure 4.34: Percentage of Cells at Red FluorescemcAggregates and
Green Fluorescence Monomers of JC-1 Staining in Urgated and
[Co(phen)(edda)], [Cu(phen)(edda)] as well as [Zn{en)(edda)]-treated
MCF7 Cells for 48 h.



Percentage of Mitochondrial Fluorescence of JC-1
Versus Untreated and Treated MCF7 Cells for 72 h
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Figure 4.35: Percentage of Cells at Red FluorescencAggregates and
Green Fluorescence Monomers of JC-1 Staining in Urgated and
[Co(phen)(edda)], [Cu(phen)(edda)] as well as [Znfpen)(edda)]-treated
MCF7 Cells for 72 h.
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Figure 4.36: Effect of [M(phen)(edda)] Complexes (€, 1; Cu, 2; Zn, 3) on
the Mitochondrial Membrane Potential ( ). Control (blank). Cells were
treated with 1Gy concentration of respective metal complexes fohZblue),
48 h (red) and 72 h (green) respectively. Datanagan for four independent
experiments. *p < 0.05 compared to control.



4.7  Topoisomerase | Inhibition Assay

Topoisomerase | (Topo 1) manipulates coiling by uming duplex
DNA, resulting in a more relaxed structure. It Entb the duplex DNA,
cleaves a phosphodiester bond of one strand, p#ssexther strand through
the nick and then religates the nick. Human topan relax both positive and
negative supercoils. Supercoiled plasmid DNA pBRi&2itable substrate for
study with topoisomerase |, which is one strand Ddter. The supercoiled
pBR322 is very compact and moves faster in thedgehg electrophoresis.
When one strand of the supercoiled DNA is cut,rdsiltant unwinded, more
relaxed open circular pBR322 is formed and thikeicDNA moves slower.
When two strands of the supercoiled DNA are cug, lithear DNA is formed
and it moves at intermediate speed. The commep8&322 (4.4 kb) has a
small amount of both more relaxed nicked and lifeans of DNA (Figures
4.37-4.43, L2-3). As for the topoisomers (relaxedA), the more relaxed ones

will move slower than the less relaxed ones (WelibEbeler, 2008).

In this DNA relaxation assay, one unit of humanotdgan completely
convert all the supercoiled plasmid pBR322 (4.4 kb) fully relaxed
topoisomer, which is the completely unwound covilyerbonded closed
circular DNA (Figures 4.37-4.43, L4). IncubatingthBR322 with the highest
concentration of test compounds (metal salts, phmetal(ll) complexes) from
5-40 M, no cleavage or unwinding of the DNA was obserasdhe banding
pattern was the same as the control without angddtest compounds (Figures

4.37-4.43, L3). As can be seen from Figures 4.38-4L6-9), the CoGl



ZnCl, and phen did not inhibit the activity of the topas the DNA bands are
the same as those observed for DNA incubated wpo 1 alone. However,

CuCk caused some inhibition of topo | at 481 (Figure 4.37, L9).

Interestingly, incubating the pBR322 with humanad@nd increasing
concentration from the [Co(phen)(edda)], [Cu(phedd@)] and
[Zn(phen)(edda)] complexes from 5 to 40 gave rise to the reduction of the
nicked band (containing nicked and fully relaxed A)Nand formation of
various faster moving bands of topoisomers witfed#ént degree of relaxation.
Furthermore, the appearance of slower moving baofisless relaxed
topoisomers is observed with increasing concepomatof the metal(ll)
complexes (Figures 4.41-4.43, L6-9). These reslitaved [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] inhibited &leévity of topo | activity.
An examination of the gel images presented in lEgu.41-4.43 showed that
at 40 M of [Zn(phen)(edda)] had the highest inhibitoryfeet on topo |
activity as the amount of observably slower movimands of less relaxed
topoisomers was visibly more than those in the gres of 40 M of
[Co(phen)(edda)] and [Cu(phen)(edda)] complexeguifei 4.41-4.43, L10).
The degree of inhibition of topo | by [M(phen)(efldavas concentration
dependent. However, no total inhibition of humarpaol activity by

[M(phen)(edda)] was observed in the complex comeéinh range used.

An initial preliminary mechanistic study of inhilmh of topo | was also
conducted by different sequential mixing of theethcomponentsjiz. DNA,

[M(phen)(edda)] compounds and topo | (Figure 4.4dxhe first case, all the



reaction components mixed simultaneously [Figu#t4Panel (a)]; in the
second case, [M(phen)(edda)] compounds and toperé wixed first before
adding DNA [Figure 4.44, Panel (b)]; and in therdhicase, DNA and
[M(phen)(edda)] compounds were mixed before addopp | [Figure 4.44,
Panel (c)]. Figure 4.44 (Lanes 3-5) showed the pptterns of pBR322
incubated with 50 M of [M(phen)(edda)] compounds. No cleavage or
unwinding of the DNA was observed for DNA with [M{(pn)(edda)] complex
alone (Figure 4.44, Lanes 3-5) as the banding mpatteere the same as the
control (Figure 4.44, Lane 2), i.e. DNA alone. ltion of topo | seemed to
increase from [Cu(phen)(edda)] to [Co(phen)(edta]EZn(phen)(edda)] when
all three reaction components were mixed simultasgoat the same time
[Panel (a), Lanes 7-9]. For the prior mixing of pén)(edda)] compounds
with topo |, significant band of supercoiled DNAofif ) was observed in
Panel (b), Lane 10. In this case, [Cu(phen)(edidd)bited the action of topo |
the most, while Co(ll) and Zn(Il) complexes inhdiittopo | less, as evidenced
by presence of less relaxed topoisomers in Paneh(bhanes 11-12. For the
third case involving prior mixing of DNA with [M(@mn)(edda)] compounds,
the gel patterns in Panel c for all [M(phen)(eddainpounds were the same,
l.e. two bands (Form Il and Form Ill) were obserweith the Form Il bands

been stained more intensely.
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Figure 4.37: Effect of Metal saltCuCl, in Human Topoisomerase | (Topc
[) Inhibition Assay by Gel Electrophoresis. Electrophoresis results
incubating human topo | (1 unit/2ll) with pBR322 (0.25 g) in the absenc
or presence of-40 M of metal salt, CuGl Lane 1 & 5, gene ruler 1 K
DNA ladder; Lane 2, DNA alone; Lane 3, DNA + 40 pCuCk (control);
Lane 4, DNA + 1unit Human Topc (control); Lane 6, DNA + 5 puNCuCh+
lunit Human Topo [; Lane 7, DNA + 10 pCuCk + 1lunit Human Topo |
Lane 8, DNA + 20 piMCuCk + 1unit Human Topo [|; Lane 9, DNA + 40 u
CuCb+ 1lunit Human Topo
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Figure 4.38: Effect of Metal SaltCoCl, in Human Topoisomerase | (Topc
[) Inhibition Assay by Gel Electrophoresis Electrophoresis results
incubating human topo | (1 unit/2ll) with pBR322 (0.25 g) in the absenc
or presence of-40 M of metal salt, CoGl Lane 1 & 5, gene ruler 1 K
DNA ladder; Lane 2, DNA alone; Lane 3, DNA + 40 pCoCk (control);
Lane 4, DNA+ lunit Human Topo (control); Lane 6, DNA + 5 uNCoCh+
lunit Human Topo I; Lane 7, DNA + 10 p/CoCh+ 1unit Human Topo |
Lane 8, DNA + 20 puNMCoCh+ 1lunit Human Topo |; Lane 9, DNA + 40
CoCb+ 1lunit Human Topo
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Figure 4.39: Effect of Metal SaltZnCl, in Human Topoisomerase | (Topc
[) Inhibition Assay by Gel Electrophoresis Electrophoresis results
incubating human topo | (1 unit/2ll) with pBR322 (0.25 @) in the absenc
or presence of-40 M of metal salt, ZnGt Lane 1 & 5, gene ruler 1 K
DNA ladder; Lane 2, DNA alone; Lane 3, DNA + 40 pzZnCl, (control);
Lane 4, DNA+ 1lunit Human Topo (control); Lane 6, DNA + 5 pNzZnCl;, +
lunit Human Topo [; Lane 7, DNA + 10 pZnCly+ 1lunit Human Topo |
Lane 8, DNA + 20 pivzZnCl, + 1unit Human Topo I; Lane 9, DNA + 40 p
ZnCly+ 1unit Human Topo
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Figure 4.40: Effect of 1,1-phenanthroline (phen’ in Human
Topoisomerase | (Topo 1) Inhibition Assay by Gel Edctrophoresis
Electrophoresis results of incubating human tofb unit/21 L) with pBR322
(0.25 g) in the absence or presence -40 M of phen: Lane 1 & 5, gene
ruler 1 Kb DNA ladder; Lane 2, DNA alone; Lane 3NB + 40 puM phen
(control); Lane 4, DNA + 1unit Humi Topo I(control); Lane 6, DNA + 5 pN
phen+ 1unit Human Topo |; Lane 7, DNA + 10 pyphen+ 1lunit Human Topu
I; Lane 8, DNA + 20 puNphen+ 1lunit Human Topo I; Lane 9, DNA + 40 u
phen+ lunit Human Topo
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Figure 4.41: Effect of[Co(phen)(edda)] in Human Topoisomerase | (Top:
[) Inhibition Assay by Gel Electrophoresis Electrophoresis results
incubating human topo 1 unit/21 L) with pBR322 (0.25 g) in the absenc
or presence of-40 M of complex, [Co(phen)(edda)lLane 1 & 5, gene rule
1 Kb DNA ladder; Lane 2, DNA alone; Lane 3, DNA © 4M complex
(control); Lane 4, DNA + 1unit Human Top (control); Lane 6, DIA + 5 uM
complex+ lunit Human Topo I; Lane 7, DNA + 10 pcomplex + lunit
Human Topo I; Lane 8, DNA + 20 plcomplex+ 1unit Human Topo I; Lan
9, DNA + 30 puMcomplex+ lunit Human Topo I; Lane 10, DNA + 40 p
complex+ lunit Human Topo
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Figure 4.42: Effect of[Cu(phen)(edda)] in Human Topoisomerase | (Topt
[) Inhibition Assay by Gel Electrophoresis. Electrophoresis results
incubating human topo | (1 unit/2ll) with pBR322 (0.25 @) in the absenc
or presence of-40 M of complex, [Cu(phen)(edda)lLane 1 & 5, gene rule
1 Kb DNA ladder; Lane 2, DNA alone; Lane 3, DNA € 4M complex
(control); Lane 4, DNA + 1unit Human Topc (control); Lane 6, DNA + 5 pN
complex+ lunit Human Topo I; Lane 7, DNA + 10 pcomplex + lunit
Human Topo I; Lane 8, DNA + 20 plcomplex+ 1unit Human Topo I; Lan
9, DNA + 30 puMcomplex+ lunit Human Topo I; Lane 10, DNA 40 uM
complex+ lunit Human Topo
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Figure 4.43: Effect of[Zn(phen)(edda)] in Human Topoisomerase | (Top«
[) Inhibition Assay by Gel Electrophoresis Electrophoresis resu of
incubating human topo | (1 unit/2ll) with pBR322 (0.25 g) in the absenc
or presence of-40 M of complex, [Zn(phen)(edda)]lLane 1 & 5, gene rule
1 Kb DNA ladder; Lane 2, DNA alone; Lane 3, DNA © #4M complex
(control); Lane 4, DNA + 1unit Humi Topo I(control); Lane 6, DNA + 5 pN
complex+ lunit Human Topo I; Lane 7, DNA + 10 pcomplex + lunit
Human Topo I; Lane 8, DNA + 20 plcomplex+ lunit Human Topo I; Lan
9, DNA + 30 pMcomplex+ 1unit Human Topo I; Lane 10, DNA + 40 p
complex+ lunit Fuman Topo .
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Figure 4.44: Electrophoresis Results oiSequential Incubation of Human
Topo | (1 unit/21 L) with pBR322 (0.25 g) in the Presence of 50 M of
[M(phen)(edda)] (M = Cu: lanes 7,10,13; Co: lanes 8, 11, 14; Znef9, 12
15). For all panels: Lanes 1, gene ruler 1 Kb Diddder; Lane 2, DNA alon
Lanes 35, DNA + 50 M [Cu(phen)(edda)], [Co(phen)(edda)] &
[Zn(phen)(edda)] respectively (control); Lane 6, M lunit Human Topo
(control). Forpanels (e-(c), DNA + Topo | + [M(phen)(edda)]:a), mix all
components together at the same tirb), mixing [M(phen)(edda and topo |
first; (c), mixing DNA and M(phen)(edda) first. Form I, supaiied pBR32Z
DNA; Form lll, linear DNA; Form II, nicked open ciular DNA



CHAPTER 5.0

DISCUSSION

This section describes the results showing [Co({kedda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] compoundsteRkeir cytotoxic effect
and possess selectivity towards breast cancer, 840$7 over breast normal
cells, MCF10A. Besides, the tested compounds haeel girug-like property
based on Lipinski’'s Rule of Five. Lipophilicity me& the compounds have
tendency to permeate cell membrane. The resultscated that all
[M(phen)(edda)] compounds induce apoptosis in breascer cells but only
Zn analogue can induce cell cycle arrest at S piMeesover, treatment with
[M(phen)(edda)] compounds increased depolarizatioh mitochondrial
membrane potential and was able to inhibit the tioncof topo | in relaxing
the supercoiled pBR322. Therefore, treatment withi(phen)(edda)]

compounds suggest that cell death involves multgrigets.

5.1  Anticancer Property and Selectivity of [M(phenjedda)] on Human

Breast Cell Lines

5.1.1 In Vitro Anticancer Property of [M(phen)(edda)]

Many intercalating ligand 1,10-phen complexes,udaig Cu(ll)-phen

and Zn(ll)-phen complexes but less in Co(ll)-pheymplexes have been



reported to have potent anticancer activities @thpet al, 2007; Nget al,

2008). Instead of binary complexes, ternary tramsitmetal complexes are
receiving more and more attention as it presenta@npial applications in
pharmacology and cancer therapy. In this studygramo acid, edda, is bound
together with an intercalating ligand to a metal@htion and formed the
[M(phen)(edda)] compound. The balance between pleertac potential and
toxic effect of a compound is very important whemlaating its usefulness as

a pharmacological drug.

In this investigation,in vitro cytotoxicities of [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] towards huroancer cells, MCF7
and normal cells, MCF10A for 24, 48 and 72 h indidra time were
compared. The origin of MCF7 cell line is repres¢inte of the most frequent
cancer types worldwide (Ferlagt al, 2004). Established cell lines are often
employed as biosensors because the cells can beirusdl experiments to
achieve high repeatability (Freshney, 1989). Cotreéions of
[M(phen)(edda)] and incubation time were testedopdimize the assay for
MCF7 and MCF10A cells in obtaining the measurem&nabsorbance on
viable cells which quantified and presented in eetage with reference to

non-treated cells.

In vitro antiproliferative effect was measured by using M3ssay, a
rapid assay for growth and survival of mammaliardlscéased on the
transformation and colorimetric quantification wihiaetect the level of

succinate dehydrogenase (a reductase enzyme) wiitochondria (Kregieét



al., 2008). Briefly, MTT, a yellow tetrazole, is redutto non-water-soluble
crystalline purple formazan crystal within the cdlhis reduction takes place
only when reductase enzyme is active. DMSO acts a®lubilizing agent
added to dissolve the insoluble purple formazardgeb into pinkish-purple
solution. The absorbance of this colored soluti@n de quantified by
measuring at 560 nm wavelength by a microplate eeaticroscopical
viewing of cell cultures before and after performithe assay is an essential
step to ensure a reliable performance of the MTSRwasThe assumption of this
assay is that the succinate dehydrogenase aasvioportional to the number
of living cells and the signal generated is depehde the degree of activation
of the cells. In other words, the amount of thestals can be determined
spectrophotometricallyand serves as an estimate for the number of
mitochondria and hendbde number of living cells in the sample. When the
amount of purple formazan produced by the cellstéa with [M(phen)(edda)]
is compared with the amount of formazan producedriiyeated control cells,
the effectiveness of [M(phen)(edda)] in causingtidean be deduced through
the production of a dose-response graph. Thuspéneent of cell survival
relative to the control cells were plotted as action of concentration of the
[M(phen)(edda)] compounds (Figures 4.2-4.10). Thhmwt this study, the
[M(phen)(edda)] compounds were able to damage astray cells, and thus
decreased the reduction of MTT to formazan. Thelteshowed that 13.5 uM
of [Co(phen)(edda)], 2.8 pM of [Cu(phen)(edda)] amaf 5 pM
[Zn(phen)(edda)] are potential anticancer agenth withibitory activities
against MCF7 cancer cells which preferably incuatime in 72 h (Table

4.1). Reliably, MTT assay can be used to measurmtaycity and



proliferation, and show a high degree of precisgbthe same time (Mosmann,

1983).

It is clear that [M(phen)(edda)] compounds inhibitke proliferation
of MCF7 breast cancer cells in a time and dose+itigr® manner. For 72 h
incubation, the order of compounds with increasingproliferative properties
are [Co(phen)(edda)] (K& 13.5 uM) < [Zn(phen)(edda)] (K 5 puM) <
[Cu(phen)(edda)] (16, 2.8 UM). Interestingly, these 4gvalues were better
than cisplatin (IG, 10.9 uM) and oxaliplatin (I, 18.2 uM) (Starhaet al,
2009). The metal(ll) chlorides were not cytotox@ MCF7 even at 72 h
incubation, as reported by others for the same |l (ICso values: CoGj,
>100 uM; ZnC}, 130 puM; Cudy, >200 uM) (Travniek et al, 2005; Kovala-
Demertziet al, 2006; Malo et al, 2002). Initial study reported that thesC
value of 1,10-phen was also determined for MCF72rh and it was 74.3 uM

(Ng et al, 2008).

The enhanced Kg values for the metal complexes suggest that tisere
synergy between the cytotoxic phen ligand with ¢hewetal cations. In other
words, chelation of the phen ligand to these mettions enhanced its
cytotoxicity. Such cytotoxic enhancement resultiragm chelation of phen to
metal cation in binary or ternary complexes is ggldnvestigated, as far as we
know. One such reported synergy involves the ochathe[La(phen)i*
complex (Heffeteret al, 2006). Ranfordet al. (1993) also found that
incorparating phen into the copper(ll) complexes ®b-disubstituted

salicylates enhanced them vitro antitumor propertiesA similar synergic



metal-ligand combination is also reported for adcfedicopper(ll) complexes
where the 1G values of the complexes for MCF7 are in the ra2ge- 54 uM
while both the copper(ll) chloride and the variows-polypyridyl proligands
have 1Go >100 uM (Travni ek et al, 2001). In contrast, almost all the nine
square planar ternary platinum(ll) complexes ofrpaed various amino acids,
[Pt(phen)(aa)|N@ tested (except [Pt(phen)(pro)]NQ are found to be not
cytotoxic towards a human leukemia cell line (Jind aRanford, 2000).
Complex geometry may be a significant contributfiagtor in ensuring a

synergic effect in the rational design of anticarteenary metal complexes.

5.1.2 In Vitro Anticancer Selectivity towards Human Breast CancelCell

Line over Normal Breast Cell Line

The common occurrence of drug-resistant tumor @ils the lack of
selectivity of cancer drugs in differentiating beem tumor cells and normal
cells are two overriding problems in cancer treattséMahepakt al, 2008).
In an attempt to combat this lack of selectivityee new complexes
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergé&t were investigated

on human breast cell lines.

Despite the high cytotoxicity to cancer cells [Cugp)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] are much tesk to normal human
MCF10A. Interestingly, the analysis of the s}Cvalues (72 h) of these
compounds showed significant selectivity towardsabt cancer cells, MCF7

over non-malignant breast epithelial cells, MCF1d#y a factor of



approximately twofold to sixfold (Table 4.1). Notgbthe findings suggest that
the compounds possess selectivity between canden@mal cells. When one
compares the relative cytotoxicity towards bothl deles in the lower

concentration range, the selectivity of these camps is more prominent
(Figures 4.8-4.10). For example, 13.5 uM [Co(phemd@)] reduced cell
viability of MCF7 cancer cells by 50%, while it neckd that of MCF10A
normal cells at about 20%. In addition, 2.8 uM [ghen)(edda)] reduced cell
viability of MCF7 cancer cells by 50%, whereaseatluced that of MCF10A
normal cells by only about 5%. Moreover, 5 uM [Z2nép)(edda)] reduced cell
viability of MCF7 cancer cells by 50% while it reghd that of MCF10A

normal cells at about 12.5%.

MCF7 cells may be more sensitive than MCF10A ceds the
antiproliferative effect of [M(phen)(edda)] becauskethe faster growth rate
(i.e., lower doubling time) (Grenet al, 2001; Boyd, 2004). However, this
factor may have been minimized in our MTT assayjctwlused a shorter
incubation period (1 — 3 days) and higher cell dgnser well (about 25,000
cells) (Boyd, 2004). Consequently, the selectighpwn by [M(phen)(edda)]

towards MCF7 cells may not be due to the highewtiioate of MCF7 cells.

The results therefore certainly demonstrate th&b Stability of MCF7
cancer cells may be due to apoptosis and/or cele@rrest as it is considered
to be one of the main mechanisms of inhibition efl growth by the
complexes. Indeed, all these [M(phen)(edda)] compewvere found to induce

apoptosis in the MCF7 cells, while only the Zn@halogue was also able to



induce cell cycle arrest in S phase (Mg al, 2008). In addition, the
cytotoxicity of the complexes may be partly duetheir ability to bind to
nuclear DNA and cause conformational changes anbDMA damagevia
production of ROS (Nget al, 2008; Senget al, 2008). The much higher
cytotoxicity of [Cu(phen)(edda)], compared with th@o(ll) and Zn(ll)
analogues, may be attributed to its higher nucteolgroperty and greater
ability to generate ROS (Serey al, 2008). Most chemotherapeutic agents
decrease tumor cell proliferation by induction nfapoptotic response (Kest
al., 1994). Besides, induction of apoptotic cell deatn also be partly
attributed to inhibition of topo | as reported fother anticancer compounds
(Arjmand and Muddassir, 2010; Chasletal, 2011). Thus, it is reasonable to
attribute the cytotoxicity of these complexes tadgacancer cells as due their

action on multiple targets.

The above selectivity may be, in part, be attriduteinhibition of topo
I which is over-expressed in MCF7 cells. The impode of this tumor
selectivity has been highlighted and the severecities of many clinical
anticancer drugs are attributed to the lack of thesor (Carter, 1984; Sleijfer
et al, 1989). Although cisplatin is a highly effectivat@ancer agent, it is
noted for dose-limiting side effects including heabagic toxicity, renal
toxicity, gastrointestinal toxicity, nephrotoxicjtyototoxicity, and optic
neuropathy which restrict its use in the clinicsfdanet al, 2011). Both
alkylating agents such as busulfan, cisplatin agdlophosphamide, and
chemotherapy drugs such as 5-flurouracil, vinhhesti bleomycin and

doxorubicin, can cause irreversible damage to tharies, which leads to



premature menopause, or to the testes, resultingnormal or reduced sperm
production (Sonmezer and Oktay, 2004). Therefdres essential to develop
more tumor selective drugs which are taken up maméormly and/or
selectively activated in the tumor environment,tipatarly in the hypoxic
regions of solid tumors. Exposure of other organthe toxicity of anticancer
drugs, which is also encountered with newer clibjcaised oxaliplatin,
remains an ongoing clinical and research problerGtiannamet al, 2010;
Meyer et al, 2011). Their preferential toxicities toward cancells over non-
cancer cells suggest a strong potential of [Co(j{eeda)], [Cu(phen)(edda)]
and [Zn(phen)(edda)] towards safe antitumor apptioa Thus, animal studies
involving the [M(phen)(edda)] complexes are beeanpkd and this issue will

be addressed in future.

5.2 Partition Coefficient Determination

The core properties required to estimate absorptigsiribution, and
transport of metal complexes in the body are sbtublipophilicity, stability,
and affinity towards transport proteins (Rudm\al, 2006). Determination of
these properties are important in anticancer noetalg research as they help
to select a potential drug candidate to reach jieal and clinical trial and
also to design more active and/or less toxic comgsuNowadays, most of the
metal complexes are deficient in such screeningyasand this seems to be an
obstacle in their discovery process. Lipophiliciheans the tendency of the
compound to partition between lipophilic organicapé (immiscible with

water) and polar aqueous phase; and the valugapsHilicity most commonly



refers to logarithm of partition coefficier®, (log P) between these two phases.
An appropriate hydrophilic/lipophilic balance cahtrtes the drug-likeness
rule that ensure sufficient plasma concentration tleé drug after oral
administration. Characterization of novel metal rdimation compounds in
terms of relevant chemical and biochemical propsrtpreferably determined
using rapid and inexpensive analytical methodssstoacontribute to a better
and more detailed understanding of chemotherapeigigificance of these
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherdéf compounds. In this
study, such assay has been conducted in paralgl MITT assay and
implemented before much more expensive and laliensivein vitro andin
vivo studies in future. If the compounds are poor ieirtlphysicochemical
properties such as lipophilicity in this case, theguld have been largely
removed by late stage clinical trial in developmand it may bring about
significant burdens in timelines and huge expemégilbetween discovery and
clinical development. Besides, Ghadirat al. (2011) have reported that
lipophilicity has great influence on biological &ty of ICsgin its structure-
activity relationship. It is also important to cader the expensive and highly
demanding and time-consuming clinical trials ifesearcher is determined in

developing a novel therapeutic drug for cancer.

Here, lipophilicity of the compounds was investeght
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherg&@f was found to
dissolve easily in deionized distilled water. Froine analysis of log® data
(Table 4.2) in this study, one can conclude thaiphien)(edda)] possesses the

most striking features with respect to its bioconaion and membrane



permeability. Merluzziet al. (1989) have reported that lipophilic zinc
complexes easily penetrate the cell plasma membmadewere found to be
cytotoxic in direct relationship to their lipopluity. Notably,
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergét lipophilicity might
permit their passage through the cell membrane usecaf their respective
good logP values of 0.30, 0.33 and 0.70, respectively. Tthesse compounds
show promise as valid oral drug nominees. In ofdera drug to be orally
absorbed, it must first travel across lipid bilay@r the intestinal epithelium.
For efficient transport, the drug must be hydropba@mough to partition into
the lipid bilayer, but not so hydrophobic, that eriicis in the bilayer, it will not
partition out again (Kubinyi, 1979). Lipid solultifi expressed as a partition
coefficient, is determined by factors other than@y how easily the molecule
dissolves in lipid (Scott, 1993). It gives an imtion of the ability of a
molecule to cross the plasma membrane of a celtiffysion. Since the
membrane is highly lipid in nature, the abilitytbe drugs to diffuse across the
membrane will be dependent on the lipophilic prapsrof the drugs (Zedeck,
2004). In this analysis, [Co(phen)(edda)], [Cu(pledda)] and
[Zn(phen)(edda)] with higher concentration in thetamol phase as compared
to the water phase is indicative of a greater iliagd that the compounds will
pass through the cell membrane. The compounds pasgstthrough a complex
system of living cell membranes before it can etiterbloodstream. Moreover,
the positive value of partition coefficient obsedvi®r the complexes which
contain the aromatic phenanthroline ligand, indicditat these molecules are

lipophilic in nature.



Ng et al. (2008) have reported that all [M(phen)(edda)] ctaxes are
neutral molecules. Instead, most anticancer metaptexes containing 1,10-
phen are cationic (D'Cruat al, 1999; Narlaet al, 2001; Royet al, 2010). The
permeability of a membrane is the ease of molectdepass through it.
Permeability depends mainly on the electric chafyéhe molecule and to a
lesser extent the molecular weight of the moleclleerefore, electrically
neutral and small molecules cross the membraneretdsan charged, large
ones. As predicted, [Co(phen)(edda)] presentsatwedt lipophilicity (logP =
0.30) and it is the least cytotoxic and selectil@s{ 13.5 uM) compound
among the three compounds. The complexes [Cu(pdoigf] and
[Zn(phen)(edda)] with lodg® = 0.33 and 0.70, respectively are more lipophilic
than [Co(phen)(edda)] and at the same time morsitsenagainst the MCF7
cancer cells (Table 4.2). [Zn(phen)(edda)] has Hkhighest octanol/water
partition coe cient but does not exhibit the most selective opiat activity
against MCF7 cancer cells. On the other hand, [r{j{edda)] possess an
intermediate partition coecient compared to [Co(phen)(edda)] and
[Zn(phen)(edda)], which plays an important rolehair uptake by both normal
and cancer cells due to copper compound exhibhedntost cytotoxic and
selective against MCF7 cancer cells. It is theeefoecessary to retain the
lipophilicity of the compound within a certain ootd-water partition
coefficient range in order to facilitate the uptakea drug, and determine the
degree of selectivity and cytotoxic potency of diMahepalet al, 2008).
Interestingly, there are approximately twofold ease in lod? and IG, values
of [Zn(phen)(edda)] (I, 5 UM) as compared with [Cu(phen)(edda)]s(2.8

M), indicates that [Zn(phen)(edda)] has greatemgability potency to cross



the cell membrane passivelyid its molecular weight and neutral charge) and
also exerts its effectiveness in killing cancetscéh this study, zinc compound
has shown the best activities among the resultsalbf[M(phen)(edda)]
complexes when observed in apoptosis analysisy, detection, topo |
inihibition assay and only this compound can arrestl cycle arrest.
Furthermore, neutral metal complexes should be nhpa@philic than the
corresponding ionic metal complexes and their greaptake by cells can lead
to increased cytotoxicity with effective lower d¢value. The delivery of the
drugs that combine high cytotoxicity and selecyitd the target cancer cells or
tissues, as well as limited toxicity in normal eelbr tissues remains a
challenge, although some very promising example® leanerged recently. A
poor therapeutic ratio (efficacy/toxicity) is geally unacceptable in a drug
(Lajinesset al, 2004); however, it may be a workable finding tigb an early
drug discovery of hits-to-lead phase prior to legtdmization phase to allow
for the best chance of discovering a candidatedbatbines all of the qualities
of a successful drug product. Therefore, believimg incorporating
toxicological properties into a definition of drligeness is important since

they are always associated with activity agairsgecific target.

Some examples of hydrophilic drugs are cisplatioxadubicin, 5-
fluorouracil and others. These drugs are stillrfgalifficulties in drug delivery
formulations to treat cancer (Birnbaum and BranReppas, 2003). Screrst
al. (2000) have reported that Idg values of platinum-based derivatives of
cisplatin, carboplatin and oxaliplatin are -2.53,30, and -1.65, respectively.

Another researchers, Platet al. (2006) have reported that cisplatin and



carboplatin have log® values of -2.16 and -1.63, respectively. Their rpoo
lipophilicity makes them not to be very bioavaikallfter oral intake and hence
is to be appliediia intravenous route. Besides, Ghose and researtdagaks
(1999) had tested for more than 80% of the knownpmnds and reported the
qualifying range of the calculated I&®yis between -0.4 and 5.6. In addition,
Kerns and Di (2008) have reported that an optinaatrgintestinal absorption
by passive diffusion permeability after orally ikéaof drug is to have a
moderate log? within the range from 0 to 3. Compounds with adowogP
are more polar and have poorer lipid bilayer pebilia While, compounds
with a higher logP are more non-polar and have poor aqueous solubilit
Therefore, a good balance of permeability and siitybhas to be achieved. As
within the limits proposed for drugs, Ngg al. (2008) have reported that the
molecular weight of [Co(phen)(edda)].3B, [Cu(phen)(edda)].5¥ and
[Zn(phen)(edda)].3,H,0O are 467.34, 507.98 and 482.81, respectively €Tabl

4.2).

When these compounds dissolved in water, the éattiater molecules
are released. In the solution, the Co(ll), Cu(hgan(ll) complex molecules
have molecular weights of 413.30, 417.91 and 419&Spectively. Thus,
these compounds have molecular weight less than B@§ides, each of the
compounds contains two hydrogen bond donors (2 @mitrogen N-H of
edda) and eight hydrogen bond acceptors (8 lorrs péielectrons from the 4
carboxylate oxygen atoms of edda) (Figure 1.1)nFtioe partition coefficient
in water-octanol mixture, the calculated I&gvalue for [Co(phen)(edda)],

[Cu(phen)(edda)] and [Zn(phen)(edda)] are 0.303 @Bd 0.70, respectively.



Therefore, the properties of the compounds aredora with Lipinski’'s rule-
of-five, i.e (1) molecular weight is less than 5(®) less than 5 hydrogen bond
donors; (3) less than 10 hydrogen bond acceptats(4) logP value less than

5 (Lipinski et al, 2001). Lipinski’s Rule of Five is a rule of thunip evaluate
drug-likeness or to determine if a chemical compbunmith a certain
pharmacological or biology activity has propertieat would make it a likely
orally active drug in humans. Lipinski’'s Rule ofvEiis still useful to screen
the drug-like property of a potential drug becao$dhe exorbitant cost of
clinical trial (Lipinski et al, 2001). In fact, a recent analysis of the top 69
pharmaceutical drugs in 2007 found that 56 drugsydhis rule (Giméneet

al., 2010).

Compounds with poorer physical and chemical proggrtincluding
those which are insoluble and non-permeable coalfiliered out at an earlier
stage. As the [Co(phen)(edda)], [Cu(phen)(edda)l dAn(phen)(edda)]
complexes have good lipophilic and good antiprodifiee properties, these
compounds can be recommended for moving into tixé development stage,
i.e. enter preclinical and clinical investigatidhus, these compounds have the

potential to be developed into oral drugs.

5.3 Compounds Affected Cell Morphology of MCF7 Cef

5.3.1 Compounds Induce Surface Morphology Changesh@racteristic of

Apoptosis



The historical recognition has shown that apoptotit death involved
a unique series of events and was initially basedorphological evidence of
changes in cell structures. Other studies have slibat cells with treatment of
metal-based drugs-induced apoptosis in tissue reuliisually go through a
unique series of surface morphological changes é6eh al, 1999; Hossain
and Kleve, 2011), as shown in Figures 4.11-4.1&s€&hnclude the following:
(a) a loss of adhesion to substratum, resultingelihrounding; (b) a flurry of
surface zeiotic blebbing, which may last for onlfe& hours; (c) shrinkage of
the cell, with cessation of blebbing and other nmoeets (e.g. translocation of
phosphatidylserine from the inside of the celllie buter surface) to package
themselves into a form that allows for their remdwa macrophages; (d) the
slow protrusion of elongated “echinoid spikes” frahe cell surface; and (e)
after a long delay of several hours, the “blistgtirof the cell surface
membrane with eventual lysis (Willingham, 1999)whks also found that at a
later step of apoptosis, condensation of chromatirmore advanced and
cytoplasmic organelles are loosing their struc(iekkila et al, 2003). In this
morphological study, a series of pattern of treaté@F7 cells undergoing
apoptosis was observed; cell rounding > cell blledplt echinoid spikes > cell
blisters > cell lysis. It is noted that the morpdgital changes on cell surface
with the treatment of the [M(phen)(edda)] compoumdse occurred. The
usual sequences of morphological changes in uetteadherent cultured cells
are also shown in Figures 4.11-4.13. UntreatedrcbMCF7 cells retained
their normal size and shape while neighboring cs#ise closely connected to
each other. In comparison with control conditiowhen the incubation time

was increased from 24 h to 48 h and 72 h, the nuwibepoptotic MCF7 cells



and cell debris increased as evident by morphodébgicservation when treated

with all [M(phen)(edda)] compounds. Thus, they sa&l to be time-dependent.

5.3.2 Compounds Induce Nuclear Changes Characteristof Apoptosis

The field of cell death research has undergone xatogion of new
knowledge over the past decade. The realizatianagha@ptosis or programmed
cell death involves highly conserved mechanismscatis and that the
accompanying events are important in most patholdgid, has attracted
many people to do cell death research. The needhiiochemical and
cytochemical methods to evaluate death of cellgse@ally in intact tissues,
has led to the development of several techniquearkM1999). In this
morphological study, DAPI fluorescent dye was ustge to its main
advantagesyiz. the cells can be stained quickly, simple protocelatively
straightforward and inexpensive. This techniquesdaet require complex
staining procedures as is found in TUNEL assay,[ARI is a robust nuclear
dye (DeCoster, 2007). An evidence of apoptosisbeanbserved that is linked
to individual cell responses as reflected by molpgioal changes based on

fluorescent staining of the cell nucleus using DAPI

DAPI can pass through an intact cell membrane aedn be used to
stain both live and fixed cells. In this morpholoaji study, the cells were fixed
because DAPI can pass through the membrane maceeffy as compared to
live cells and therefore the effectiveness of tfagnss higher (Yasujimat al,

2010). Here, MCF7 cells that were treated with 18\6[Co(phen)(edda)], 2.8



UM [Cu(phen)(edda)] and 5 uM [Zn(phen)(edda)] (A®gig/ml cisplatin) for

24, 48 and 72 h followed by staining the cell nuacléth DAPI showed

changes of nuclear features. During apoptosis, Dédtl pass through the
membranes of cells to stain the nuclei and the Blescence of the DAPI
dye can be observed by fluorescent microscopy.dieein the apoptotic cells
will emit an intense blue fluorescence. For uneddiCF7 control cells, their
round nuclei are stained uniformity and their masgiare clear. But, for
apoptotic MCF7 cells, the margins of their nuclee abnormal and the

condensed chromosomes are easily stained.

When cells were stained with DAPI and observed untiee
microscope, not many apoptotic cells were seendii 2hcubation. However,
after 48 and 72 h, marked morphological change® ween in the detached
cells. In parallel with these morphological changasne cells had nuclei that
were condensed or probably fragmented and these teemed apoptotic,
while others appeared to have normal morphologye @tndensed nuclei of
apoptotic cells are clearly visible as they arénsh by DAPI more intensely
(Figure 4.14). At 72 h, almost all cells have eatkapoptosis with treatment of
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(phergéH As the time of the
cells incubating with the compounds increased,scelith brightly stained
nuclei increased. Therefore, the intense fluoreseanmtensity shown in nuclear
condensations indicate that [M(phen)(edda)] comgsexduced apoptotic cell
death in MCF7 cells. This nuclear shape changersauan early point in the
series of apoptotic morphological events, usuatignsafter the beginning of

surface blebbing (Collinst al, 1997). Furthermore, AlIF and endonuclease G



are released from mitochondria upon outer mitochahdmembrane
permeabilization and translocate into the nucleuscantribute to nuclear
chromatin condensation and large-scale DNA fragatemt (Fulda and
Debatin,2006). However, it is still not exactly clear howFAcontributes to
nuclear DNA fragmentation. In mammalian cells, optlilin A, a peptidyl-
prolyl cis—transisomerase, cooperates with AIF to induce breakdofdDNA

(Fulda and Debatir2006).

5.4  Analysis of Induction of Apoptosis

Many researchers have studied the application @ptagis mechanisms
relevant to cancer therapy (Ferredtaal, 2002; Gerl and Vaux, 2005; Ghobrial
et al, 2005). One outcome from these studies was theowsy of various
kinds of apoptosis-inducing chemicals and thoseuadigt has reached
preclinical and clinical investigation. Moreover,onse clinically used
anticancer drugs, such as cisplatin (Stordal andefpa2007), doxorubicin
(Laginhaet al, 2005), etoposide (Lin and Yao, 1994) are knownntiuce
apoptosis in carcinoma. Apoptosis is especiallgvaht to cancer regulation.
Additionally, most cancers actually disable apoisto§ hat is, they disable the
signals so that the body cannot recognize the a®licancer. As one can
imagine, the study of apoptosis has all kinds oplications for cancer
treatments. If one could find a way to induce dpsis in cancerous cells, it
will potentially force cancer cells to kill themsek. Therefore, apoptosis is an
active, energy-dependent process in which the patticipates in its own

destruction.



In this study, at 24 h, with [Co(phen)(edda)], [Plén)(edda)] and
[Zn(phen)(edda)] treatment, the percentages of apeptotic cells (early
apoptotic cells + late apoptotic cells) are 23.0430,86% and 32.04%,
respectively. For [Co(phen)(edda)], [Cu(phen)(efida)d [Zn(phen)(edda)]
treatment at 48 h, the percentages of the apoptetis are 28.33%, 30.57%
and 33.34%, respectively. Finally for 72 h treatteith [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] , the peages of the apoptotic cells
are of 30.74%, 32.19% and 35.46%, respectivelyréibee, the percentages of
the apoptotic cells increased with increase inrhabation time. In early-stage
apoptosis, the plasma membrane excludes PI. Tidsestained with Annexin
V-FITC but not PI, thus distinguishing cells in lgaapoptosis. However, in
late-stage apoptosis, the cell membrane lost iityetipereby allowing Annexin
V-FITC to also access PS in the interior of thetied MCF7 cells. Pl used to
resolve these late-stage apoptotic (Annexin V-FIPC) and necrotic cells
(Annexin V-FITC/PI') from the early-stage apoptotic cells (Annexin V-
FITC'/P1). By observing each panels of the quadrant, tbe ftytometry
results showed that some population of cells fraryestage of apoptosis
gradually progressed to the late stage of apoptesib treatment of
[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherdédt [Figures 4.16-4.18,
(c), (d), (e)]. This is because PS externalizatsoan early feature of apoptosis
and can be detected by the binding of Annexin Y$oon the cell surface (van

Engelancet al, 1996).

In addition to apoptosis induction, another comnaefiect shared by

many anticancer drugs is the introduction of cgtlle arrest. Perturbation of



cell cycle progression can cause severe damageelt® and may trigger
apoptosis. In this project, [Co(phen)(edda)], [Cwp)(edda)] and
[Zn(phen)(edda)] treatment progressively generagaticles with hypodiploid
DNA content (Figures 4.23-4.25). Apoptotic cellsttwihypodiploid DNA
content were measured by quantifying the suiGGpeak in the cell cycle
pattern (Liet al, 2007). Flow cytometric studies revealed that expe of
MCF7 cells to 1Gy concentrations of [Co(phen)(edda)], [Cu(phen)(¢ddad
[Zn(phen)(edda)] resulted in marked time-dependémtreases in the
proportion of apoptotic cells as reflected by thb-bypodiploid peaks. The
signal transduction pathway leading to apoptosisaishighly organized
physiological mechanism for destroying injured amhormal cells that may
play an important role in some cellular processesell cycle (Xiaet al,
1999). Some anticancer drugs, when apphedvo, are able to intercalate with
DNA in cancer cells and do arrest cancer cell$endell cycle (Bachuet al,
1978). However, there are many literature repoficivestablished cell death
associated with S phase arrest and apoptosis {lgucal, 2007; Chen and
Wong, 2008; N’cho and Brahmi, 2001). Charactertatbf apoptosis mainly
derives from morphological and ultrastructural aleagons (Kerret al, 1972).
Observed features in microscopic work include desed cell size, membrane
blebbing, chromatin condensation, spike and bligiemation and ultimately
cell lysis act as strong evidence in apoptosisddition, apoptosis is initiated
by the release of mitochondrial pro-apoptotic gratento the cytosol (Gulbins
et al, 2003). Therefore, the collapsed of the percentdge ., also contribute

to the evidence of apoptosis.



Ng et al. (2008) have reported that cell death induced byaime
complexes CO, CU* and zri* is mainly via apoptosis. These data are in
agreement with results in this project where [M(pitedda)] induced
apoptosis caused morphological changes such asfiomof blebs, spikes and
chromatin condensation (Figures 4.11-4.14), shown ab significant cell
populations in sub gG; phase (Figures 4.26-4.28) and evidence of lowering

m by JC-1 staining (Figures 4.36). Some researcharb reported that
increase in cell population at sulk/G; phase had been taken as evidence of
cells entering apoptosis (Sprenggral, 2002; Wanget al, 2005; Heffeteret
al., 2006). Among all the 60 cell lines, the MCF7 delke is often used in
apoptosis studies because it is well known to lzagenetically defective form
of caspase 3, an important apoptosis-inducing &ffenolecule (Janicket al,
1998). AIF might be released during the cascadetsvas it does not use
caspases and normally located in the intermemlspaee of mitochondria. It
might be released from the mitochondria and migratéo the nucleus,
eventually binds to DNA and exhibit nuclease atyivn the presence of
reducing agents which triggers the destructionhef DNA and leads to cell
death(Ostrakhovitch and Cherian, 2005; Fulda and Deb2@@6). This study
presumes that [M(phen)(edda)] complexes may invdlvemitochondrial
mediators of caspase-independent apoptosis andsasaling through the
intrinsic pathway of apoptosis. Continuous workhis project has to be done

to further confirm the mechanism of action of [M@oh(edda)] complex.



5.5  Analysis of Cell Cycle Arrest

According to literature, cell cycle arrest may bprarequisite step for
initiating terminal differentiation (Bernhardt al, 2000). Although, @G,
arrest has been the center of attention in difteatan, some reports are
concerned with the involvement of81 and S phase arrest in this event
(Rapaport, 1983; Goriret al, 2000). Inhibition of DNA synthesis was
accompanied by the cell differentiation suggestihgt duplication of the
cellular genome during the S phase of cell cycke gsitical event during which
the cells are highly susceptible to the inductibdifierentiation (Plagemenet
al., 1975; Rapaport, 1983; Bernhagtlal, 2000; Huanget al, 2002). In this
investigation, an S phase arrest was observed ofplign)(edda)]-treated
MCF7 cells in 72 h. Figures 4.26-4.28 summarizes tbsults of the
assessment of possible cell cycle perturbationsr &4, 48 and 72 h of

exposure to [Co(phen)(edda)], [Cu(phen)(edda)][@nfphen)(edda)].

On treatment with 13.5 uM [Co(phen)@ddor 24 h, there was a
5.42% increase in the number of MCF7 cells in thle &/G; phase [Figure
4.23(3)] while there was a 0.95%, 1.51% and 3.2@%ehse in the number of
cells entering the G;, S and G/M phase of the cell cycle, respectively. This
indicated that the [Co(phen)(edda)]-treated cdi®ased no obvious cell cycle
arrest. When the treatment period was increasediBtd, [Co(phen)(edda)]
induced a transient ¢85, arrest with increase of 2.77% of cells. However,
after 48 until 72 h treatment with [Co(phen)(edda)pated MCF7 cells

showed a significant decline ing&; phase while pushing these fractions into



sub G/G; phase. Significant rise in apoptotic fraction waserved after 24 h

of drugs treatment which increased with the incabatime. Sprengeet al.
(2002), Wanget al. (2005) andHeffeter et al. (2006) have reported that
increase in cell population at sul/G; phase had been taken as evidence of

cells entering apoptosis.

FACS analysis of MCF7 cells treatedhw2.8 uM [Cu(phen)(edda)]
for 24 h showed a 8.19% increase in the numberel$ m sub GG, phase
and there was 2.95%, 1.84% and 3.84% decrease inutimber of cells in the
Go/G1, S and GM phase of the cell cycle, when compared to throl cells.
At 48 h, there was a 11.94% increase in the nurobevCF7 cells in sub
Go/G; phase [Figure 4.24(4)] while there was a 4.729%99% and 6.83%
decrease in the number of cells entering thE&sG S and GIM  phase of the
cell cycle, respectively. With the treatment of {@luen)(edda)] on MCF7 cells
in 72 h, a massive increase in population of géitsm 7.40% to 30.44%) in
sub G/G; phase with approximately increased by fourfoldislthe highest
percentages of apoptotic cells along with the presef prominent sub {35,
peak that compared among [M(phen)(edda)] treatmamdsthus it is likely to
contribute to the antiproliferative effect on cancells due to its ability to
induce apoptosis. However, there were a decreaseeimumber of cells in
Go/G1, S and G/M phases of the cell cycle in 72 h incubation.sTimdicated
that after a prolonged exposure to the compoundenoells were dying.
Moreover, detection of hypodiploid suly/G; population of cells confirms its

role as an inducer of apoptosis (Schwartz and XG0%).



After treatment of MCF7 cells with 5M [Zn(phen)(edda)] for 24 h, a
significant increase in percentages of cells withddiploid DNA content from
5.78% to 13.90% in sub¢&s; phase due to apoptosis. The number of apoptotic
cells increased with time, reaching about 15.708r a8 h and 25.26% until
72 h. However, longer exposures to [Zn(phen)(ddaesulted an increase in
percentages of MCF7 cells in S phase (24 h, 11.284), 12.50% and 72 h,
16.96% compared to about 1.2-7.5% variation in r@mells). In other words,
after a period of exposure (after 24 until 72 hg § phase arrested MCF7 cells
were unable to proceed into the)/K8 phase [Figure 4.25(5)]. A time-
dependent increase in early S phase cell populatmmg with a compensated
decrease of cells in ¢&; and G/M phases were observed for 72 h of
treatment. It therefore appears that the cell dgatbmoting effect of
[Zn(phen)(edda)] is partially due to blocking thells in S phase, preventing
progression to the AV phase. The ability of [Zn(phen)(edda)] to ablolcells
in the G/M phase may contribute to its ability to functiaa a tumor growth
inhibitor and is highly comparable to other potantitumor agents. It is known
that tumor cells are dependent on thgMscheckpoint (Schwartz and Shah,
2005). Therefore, cell cycle B checkpoint abrogation by [Zn(phen)(edda)]
may impact on cell death or proliferation. Similao the effect of
[Zn(phen)(edda)], some other well-known antitumgeras such as cisplatin,
irofulven, okadaic acid and topotecan also arredisdn S phase thereby
inhibiting tumor proliferation (Albertellaet al, 2005; Seroveet al, 2006;
Traore et al, 2001; Redkaret al, 2004). Besides, Joet al. (2002) have

reported that resveratrol caused a dose-dependeoeiccell growth inhibition,



and this antiproliferative effect appears to be tuis ability to induce S phase

arrest and apoptotic cell death.

In this study, the data presented here show tha(pf¥n)(edda)]
induced an S phase arrest at concentration basé@sgwmalue for 24, 48 and
72h (Figures 4.26-4.28). During S phase, cellscarginuously checking the
integrity of their DNA to ensure the accuracy oé ttopying process. If any
alteration is found, there are two safety mechasi¢ne. DNA damage and
DNA replication checkpoints) that stop S-phase psgion and coordinate the
repair of damaged DNA (Zhou and Elledge, 2000; Hak2008). Thus, the
data suggested that DNA damage induced by [Zn(jpbedd)] arrests cells in
S phase and activates the DNA replication checkpoiihis scenario is
different from that obtained with treatment of [@bén)(edda)] and
[Cu(phen)(edda)] where both complexes did not idgsany cell cycle arrest
following 24 - 72 h incubation. Whether these effeare metal- or ligand-
dependent is presently not known. In these expetisnethe S phase
accumulation was the highest at 72 h with exposofethe cells to
[Zn(phen)(edda)]. [Zn(phen)(edda)]-treated MCF1scetould probably stop in
the cell cycle progression as they could not prddedhe stage of mitosis, due
to the high amount of DNA damage that they endaha@uhg cell cycle arrest

at S phase, and consequently, they would die.

The ability of a compound to affect specific phaséghe cell cycle
may indicate its cytotoxic mechanism of action.ngiof normal cells through

Go/G: and into S phase typically requires the actionnofogens, and is



controlled by the cyclin dependent kinases (Cdkst tare sequentially
activated by cyclins D, E and A (Morgan, 1995).tRar experiments need to
be done to confirm this hypothesis. Because D-tgpains and Cdks are
required for the progression of cells from thg& phase to the S phase of the
cell cycle, cyclin D1 expression has to be found. duwrther work is being
carried out to investigate further the moleculachaism of cell death of the

[M(phen)(edda)] complexes, and confirm the abowiminary observations.

5.6 Detection of the Mitochondrial Membrane Potentl ()

Apoptosis is a complex process that can be indbgechany different
factors, which, in turn, act through various cedath signaling pathways. The
role of the mitochondria could potentially vary andhy be dependent on a
variety of factors including mode of apoptosis iatilen, cell type, or cell
status with respect to the cell cycle, state ofed#ntiation, development,
normalcy or pathology (Cossarizea al, 1993). More recently, it has been
shown that mitochondria are integrally involvedapoptosis or programmed
cell death (Zamzanet al, 1996). One of the earliest events in the progvass

of apoptosis is the dissipation of the, (Xiao et al, 2011).

Particular focus has recently been given to thisayaswhich was
designed to study the ., during apoptosis (Salvioét al, 1997). To study the
m changes in human cell line, it was found that JG-R more reliable
fluorescent probe than 3,3'-dihexiloxocarbocyanimelide (DiOC6) and

rhodamine-123 (Salviokt al, 1997). JC-1, a lipophilic cation, is being used i



a new cytofluorimetric technique to detect variatim membrane electrical
potential at the single cell level (Cossarizea al, 1993). JC-1 is more
advantageous than rhodamines and other carbocgabewause it can enter
selectively into mitochondria and reversibly chantgecolor from green to

reddish orange as membrane potentials changes.

Cytofluorimetric analysis by FACS with -specific fluorescent JC-1
staining has been carried out to investigate ttiecefof [Co(phen)(edda)],
[Cu(phen)(edda)] and [Zn(phen)(edda)] atd€oncentration on the changes in
the . In this study, cisplatin was used as a positigetol. The results
showed that cisplatin-treated MCF7 cells exhibitettrease in green
fluorescence in monomeric forms following 24, 48dar2 h in culture,
compared to untreated control (Figure 4.29). Ath2ihcubation, there is no
noticeable change in green fluorescence. ExpodukéG#-7 cells to 13.5 M
[Co(phen)(edda)] and 2.8M [Cu(phen)(edda)] showed a distinct increase in
green fluorescence intensity only after 48 h (Fegdr34). From 48 to 72 h
incubation with Co(ll) and Cu(ll) complexes, thecrease in green
fluorescence seems to level off. However, inculbetibMCF7 cells with 5 M
[Zn(phen)(edda)] compound for 24, 48 and 72 h ahgseatest shifting of JC-
1 fluorescence intensity from red to green. Thelteshowed that percentages
of population of cells in monomeric form increagesm 18.97% to 22.14% (in
24 h), from 11.29% to 46.26% (in 48 h), and frof899% to 70.77% (in 72 h),
respectively. As a result, a time-dependent redacim  , was detected in

the groups treated with [M(phen)(edda)].



m can be calculated from the ratiosofl ndls27 n) between red
fluorescence (590 nm) intensity and green fluonesee(527 nm) intensity
using JC-1 (Cheret al, 2010). The measurement of the ratio of the red to
green JC-1 fluorescence in cells by flow cytometrna sensitive and specific
method for monitoring changes in , in living cells during induction of
apoptosis by various agents (Cossarizza, 2000Fidare 4.36, the effect of
13.5 uM [Co(phen)(edda)], 2.8 uM [Cu(phen)(edda)hda5 uM
[Zn(phen)(edda)] on  in MCF7 is shown. It is clearly seen that they
significantly decrease the ., only after more than 24 h and the decrease is
time-dependent (48 and 72 h). At 72 h, [Zn(pherdéHinduced the greatest
reduction in . After 72 h of [M(phen)(edda)] treatments, the magle of
the nlostin the treated cells were almost 3 to 22 sircempared to that of
control, with Zn(ll) compound reduced , the most and even reduced more
than cisplatin. Interestingly, [Zn(phen)(edda)] wied a strong decrease in
which could damage the function and integrity otadhondrial membrane.
The above decrease iyd nnfls27 nmin response to [M(phen)(edda)] complexes
emphasize on their mitochondrial role in apoptdtisé reflect increase of JC-1
monomers outside the mitochondria while imply depahktion of the
mitochondrial membrane. This is because normat dedve high , values
and their membranes are polarized but cells tleatiadergoing apoptosis have
low ., values and their membranes are said to be depetarCollapse of
the , results in a depolarized n, is often observed to occur early during
apoptosis (Xiacet al, 2011). Taken together, the results suggest thatedse
in  m these [M(phen)(edda)] compounds can interact thiéhmitochondria.

This lowering of , can initiate apoptotic intrinsic pathway (Deba2000).



Therefore, apoptosis induced by [M(phen)(edda)] mlerxes is by intrinsic
pathway which involved decrease in .. The order of loss of , by JC-1
staining of [M(phen)(edda)] series of complexes [&(phen)(edda)] >
[Cu(phen)(edda)] > [Co(phen)(edda)]. The resultgehbnked dissipation of
the  to the initiation of apoptosis and decreased, enhanced the

initiation of apoptosis.

In fact, ruthenium complexes reportedly inducedslag ., and
concomitant intrinsic pathway of cell death (Meggetral, 2009; Mulcahyet
al., 2010). An anticancer manganese(ll) complex atased lowering of
(Chenet al, 2010). Many researchers had reported that thera aumber of
studies about collapse of the mitochondrial memdbrgotential during
apoptosis, leading to a generalization that defaaaon of the mitochondria is
one of the first events occurring during apoptoaisd may even be a
prerequisite for cytochrome c or AIF release (Qdtowitch and Cherian,
2005; Royet al, 2008). During the past decade, the most sigmficasearch
in mitochondrial biology may be the discovery thaitochondria play an
important role in apoptosis, a fundamental biolagiorocess by which cells
die in a well-controlled or programmed manner. @ive complexity of
apoptosis, it is likely that there are a numbema&chanisms available to the
cell for carrying out the process of apoptosis i(Rst al, 1995). It has been
reported that several nDNA-encoded (nDNA, nucleamxgribonucleic acid)
pro-apoptotic proteins including cytochrome c, Akndonuclease G, and
smac/DIABLO (smac, second mitochondria-derived vattir of caspase;

DIABLO, direct inhibitor of apoptosis-binding prate with low isoelectric



point) normally reside in the mitochondria in caspalependent and caspase-
independent apoptosis pathways where they perfolwwk or yet unidentified
physiological functions (Kroemer, 2007). Howevence these protein factors
are released from mitochondria, they trigger aeseanf biochemical events
leading to activation of apoptotic signaling cas=sadPerhaps, the most well
characterized apoptotic cascade is the activatibrcaspases (a class of
proteases) by cytochrome c¢ and apaf-l1 in the pcesesf adenosine
triphosphate (ATP) or deoxyadenosine triphosphd&TP) (Boatright and
Salvesen, 2003). In contrast, translocation of Atbm mitochondria to the
nucleus appears to cause apoptosis in a caspasgemtknt manner (Kroemer,
2007). Therefore, dysfunction of mitochondrial meante causes increase of
the permeability of the mitochondrial membrane antisequently promotes
the release of apoptogenic factors, including dytome c (caspase-dependent)
and AIF (caspase-independent). Subsequently, tregy auntivate the caspases
enzyme system, which further act upon cell nuckng cell keratinoprotein to
induce irreversible apoptotic changes (Budiharéfoal, 1999; Kroemer,
2007). The functional changes of mitochondria may dzcompanied with
decreasing the formation of ATP, reducing the dgtiof dehydrogenase, thus
influencing cell respiration, cell metabolism, epesupply and even the cell
death (Brand and Nicholls, 2011). According to @tiovitch and Cherian
(2005), C@" induces apoptosis through depolarization of, with release of

AlF.

Using flow cytometry, initial publication work hasstablished that

[M(phen)(edda)] induced apoptosis in MCF7 and tiveas no necrosis (Net



al., 2008). These data are in agreement with previcesults where
[M(phen)(edda)] induced apoptosis caused morphcébgchanges such as
formation of blebs, spikes, blisters and condensatf chromatin (Figures
4.11-4.14), shown by a significant cell populatiomsub G/G; (Figures 4.26-
4.28) and evidence of mode of cell death of apaptiosAnnexin V-FITC/PI
staining analysis (Figures 4.19-4.21). Loss of, induced by [M(phen)(edda)]
suggests mitochondria-mediated apoptosis. Howestadies into cell death
induced by metal(ll) ions showed that decrease ip may involve different
pathways of apoptosis or different mode of celltde&or example, Cogl
induced apoptosis in rat PC12 cells through bothochondria-mediated
pathway accompanied by loss in , and death receptor-mediated pathway
(Jung and Kim, 2004). Killing of rat neurons by egs ZA" ions involved loss
of mand inhibition of oxygen utilization in the mitamhdria (Dineleyet al,
2005). Micromolar concentration of €ucould induce both apoptosis and
necrosis of trout hepatocytes (Krumschnabtlal, 2005). Besides strong
production of ROS, Cii induced decrease in 1, and induced mitochondrial
permeability transition (Krumschnabet al, 2005). It was also found that €u
and Zrf* could induced apoptosis in MCF7 cells, and thé deth involved
decrease in , elevated ROS production and activation of p53
(Krumschnabelet al, 2005). The role of p53 in apoptosis is cruciald a
depolarization of mitochondrial membrane causecasd# of AIF and its
translocation into the nucleus (Krumschnaétehl, 2005). Unlike the present
results from [M(phen)(edda)] study for 72 h incubat the CG" ions induced
greater decrease in , than zZf" ions in MCF7 cells (Ostrakhovitch and

Cherian, 2005). In fact, one of the most importarganellesinvolved in



apoptosis regulations the mitochondrion and there is always association

between the changes of ,, and apoptosis.

Recently, [Cu(4,7-dimethyl-phenanthroline)(glycieNO;]  was
reported to induce overproduction of ROS leadin{pss of ., and cell death
in human lung cancer cells (Kachadouretnal, 2010). Besides, Wangf al.
(2003) have reported that the decrease in, is correlated with ROS
production and may be one of the earlier stepsraogubefore nuclear DNA
damage. Such a relationship could be due to twauatiyt interconnected
phenomenayiz. (i) ROS causing damage to the mitochondrial memdyrand
(i) the damaged mitochondrial membrane causingeeed ROS production.
This is because nis the driving force for mitochondrial ATP synthgsioss
of  mresults in depletion of cellular ATP level. Thessoof |, causes the
cellular ROS generation and in turn leads to thé&daiwe DNA lesions
followed by DNA fragmentation (Rogt al, 2008). Therefore, a consequence
of mitochondria function is the production ROS. Bes, Senget al. (2008)
have reported that [M(phen)(edda)] complexes hasdenlytic properties and
are able to generate ROS. This study presumesthieafM(phen)(edda)]
complexes induced free radicals such as ROS, andbmaorrelated in the
decrease of . AIF translocation may be initiated from mitochoiadto the
nucleus in MCF7 cells, which are depleted in cas@glanickeet al, 1998).
Hence, it is deduced that the participation of chtundria-related mechanism

Is one of the factors resulting in [M(phen)(eddaftuced apoptosis.



5.7  Human DNA Topoisomerase | (Topo I) Inhibition Study

DNA topo | is an enzyme that plays vital role inlegsing the
topological stress of DNA generated by cellular abetic processes such as
replication, transcription repair, and chromatinseasbly by introducing
temporary single-strand breaks in the DNA (Cagewl, 2003). This enzyme
has been identified as important targets in canhemotherapy and microbial
infections (Singket al, 2007). However, very few metal complexes havenbee
reported to inhibit topoisomerases and even fewg€H)Zcomplexes have been

reported to inhibit topo | and Il (Chuaegial, 1996).

In this study, it was found that one unit of top@duld completely
convert all the plasmid pBR322 to fully relaxed DMAtopoisomers (Figures
4.37-4.43, L4) while the phen, CaCCuCh and ZnC} could not inhibit topo |
in the concentration range 5-4M except CuCGlat 40 M (Figures 4.37-4.40).
The present negative results for the salts ga@dl ZnC} is in agreement with
previous findings which found that its concentratieeeded to be above 8M
to significantly inhibit topo | and presence of higxcess of MgGlwas needed
(Douvaset al, 1991). Very high concentration of ZnGMmM levels) has been
also reportedly needed to inhibit topo | isolatednf shrimp Penaeus
japonicas (Chuang et al, 1996). In the presence of 10 or 2M
[M(phen)(edda)] complexes, faster moving bandsess Irelaxed topoisomers
are formed which resulted from partial inhibitiorf the topo | by the
complexes (Figures 4.41-4.43, L6-10). W.ith furthancrease of

[Co(phen)(edda)], [Cu(phen)(edda)] and [Zn(pherdé@d complex



concentration from 5 to 40M, new bands of faster moving and lesser relaxed
topoisomers are formed. In the complex concentratange used, it is not
clear whether there is a limiting concentratiorcofmplex above which there is
no further increase in inhibition of topo I. Theder of inhibitory effect on topo

| activity of [M(phen)(edda)] series of complexes [Zn(phen)(edda)] >
[Co(phen)(edda)] > [Cu(phen)(edda)]. This implibattmetal ion is a factor
that should take into consideration in designingpotol inhibitor.
[Zn(phen)(edda)] complex has a great potential r@&cancer drug as it can
efficiently inhibit the function of topo | in relaxg the plasmid DNA and it is
also found that [Zn(phen)(edda)] complex inducetl cycle arrest in the

present study and in a previous work @tal, 2008).

Inhibition of topo | by [M(phen)(edda)] can occua two mechanistic
possibilities: (i) binding of [M(phen)(edda)] to DXNand thereby blocking the
action of the topo I, and (ii) binding of [M(pheay{da)] to the topo | and
preventing its ability to relax the DNA. To invesie this, three types of
mixing the three components were used, (i) simultaneous mixing of all
components [Figure 4.44, (a)], (i) mixing [M(phéedda)] and topo | first
before adding DNA [Figure 4.44, (b)], and (iii) nmg DNA and
[M(phen)(edda)] before adding topo | [Figure 4.4¢)]. Simultaneous mixing
gave results which showed that inhibition of topseemed to increase from
[Cu(phen)(edda)] to [Co(phen)(edda)] to [Zn(phedd@)] [Panel (a), Lanes 7-
9]. Among the complexes, [Cu(phen)(edda)] gave greatest inhibition for
prior mixing of topo | with complex [Panel (b)] aslot of supercoiled DNA is

observed (DNA Form |I; Lane 10). For the prior mxiof DNA with



[M(phen)(edda)], the gel pattern (panel c) waseddht from those which were
obtained from the previous two mode of mixing. Hef@o similar bands
(Form 1l and Form 1) were observed for all thenq@exes and the presence of
quite intense Form Il bands suggests substantiaduatmof fully relaxed
topoisomers whose formation where not inhibited thg [M(phen)(edda)]
complexes [Panel (c); Lanes 13-15]. No observatiosupercoiled band (Form
[) and more intense Form Il bands suggests thabitidn of topo | arising
from prior mixing of DNA with complex (panel c) Isss than that from prior
mixing of topo | with complex [Panel (b)]. In thikird mode of mixing, there
may be unconfirmed presence of some nicked DNAd&rm II) and linear
DNA (band Form IIl) which arose from single and dtaistrand cleavage
respectively. These differences indicate that imiloib of topo | by

[M(phen)(edda)] could occur by both mechanism.

The anticancer mechanism of [M(phen)(edda)] congderay also
involve inhibition of topo I, which catalyzes topgical changes in DNA by
forming transient DNA single strand breaks. Comptsutihat inhibit topo | are
reported to have a wide range of antitumor acésitind such topo | inhibitors
are among the most widely used anticancer drugsthéRberg, 1997,
Pommier, 2006; Berettat al, 2008; Teicher, 2008; Sunaet al, 2009).
Among the 60 National Cancer Institute’s cell ling&CF7 and HCT116 colon
cancer cells 440 have the highest levels of topgpression (Reinholdt al,
2010). In fact, some anticancer gold(lll) tetrapoybhyrins were able to

induce topo | inhibition (Suet al, 2010).



CHAPTER 6.0

CONCLUSION

Here, [M(phen)(edda)] compounds were experimenteddeu
physiological conditions and also illucidated thesactivity in the biological
systems. [Co(phen)(edda)], [Cu(phen)(edda)] and{d&en)(edda)] are found
to have significantly inhibited the proliferatiorf MCF7 breast cancer cells
after an incubation period of 72 h where the growatibition suggests their
cytotoxicity. The growth inhibitory effect of [M(m@mn)(edda)] is time- and
dose-dependent. This manifested us that decreasieeipercentage of cell
viability and the 1Go values (72 h) are 13.5 uM for [Co(phen)(edda), |2M
for [Cu(phen)(edda)] and 5 uM for [Zn(phen)(edda&giditionally, they may
have potential application for other drug-resisteemcer types as MCF7 cells
are cisplatin-resistant (Janicke, 2008) and exetgr efficacy by their ability
to act against multiple biological targets. The amted cytotoxicity of the
[M(phen)(edda)] complexes towards MCF7 cancer calisevidenced by their
ICs5o values and in comparison with thes§Gralues of unchelated 1,10-phen
and free metal(ll) ions, suggests synergic comlmnaof the two types of
ligand and metal ion used. Besides such synerfgctethe type of metal ion
can affect the mode of cell death of these antimamoetal complexes as
exemplified by the ability of only the zinc compléxinduce cell cycle arrest.
As an added advantage, MTT assay shows that treeynare cytotoxic to

MCF7 breast cancer cells than to MCF10A normal d$reezells. Their



cytotoxicity towards MCF7 is comparable or betteart that of the metal(ll)
chlorides, cisplatin and oxaliplatin (Travek et al, 2005; Kovala-Demertzt
al., 2006; Malo et al, 2002; Starhat al, 2009). When comparing the relative
cytotoxicity towards both cell lines in the lowebrcentration range, the
selectivity of these compounds is more significafitese [M(phen)(edda)]
complexes reduced cell viability of MCF7 cancerscély 50% while that of
MCF10A normal cells is by about 5% to 20%. This gesjs that

[M(phen)(edda)] compounds are much less or noasmful to normal cells.

All of the compounds have good drug-like properagédd on Lipinski’s
Rule of Five with log of n-octanol:water partitiaoefficient of 0.30, 0.33 and
0.70, respectively. They have good ability to peatetbiological membranes.
Their greater uptake by cells can lead to increagetoxicity with effective
lower 1G5 values, unlike cisplatin and many anticancer dwbgh have poor
uptake by cells (Screnct al, 2000; Plattset al, 2006; Birnbaum and
Brannon-Peppas, 2003). The morphological and broated (Annexin V-
FITC/PI analysis, cell cycle analysis and, detection) evidences indicated
that the type of cell death caused by [M(phen)(@dda MCF7 cells is
apoptosis. In addition, it is concluded that [C&p)}{edda)], [Cu(phen)(edda)]
and [Zn(phen)(edda)] induce cancer cell apoptasset on quantifying the sub
Go/G: peak in the cell cycle progression, depolarization, externalization of
phosphotidylserine as well as observation of différstages of the apoptotic
cells characterized by specific changes in cellfager and nuclear
staining/morphology. The full mechanism by whichopjosis is executed

remains to be determined. Further research to rdeter the complete



molecular mechanism of action is warranted. Grawftibitory effect
of [Co(phen)(edda)] and [Cu(phen)(edda)] complexea MCF7 cell
proliferation accompanied with the induction of pfmsis, while only
[Zn(phen)(edda)] compound can induce both apoptsiscell cycle arrest at

S phase.

Furthermore, [M(phen)(edda)] decreased the level of, and this
effect wastime-dependent manner. Decrease in the, in this study suggests
that [M(phen)(edda)] complexes involved mitochoatldependent apoptosis
pathway. These complexes have the ability to géadR®OS and can cause
DNA damage (DNA cleavage) (Semg al, 2008). Previousn vitro study by
Senget al. (2008) have shown that these [M(phen)(edda)] dad to DNA
and cause DNA damage under appropriate conditibmsrefore, DNA can be
a target of these metal complexes. Unlike cispldiese complexes are neutral
and bind to DNA by intercalation (Andrews and How&B90). The mode of
action of these anticancer [M(phen)(edda)] commexe thus probably

different from cisplatin.

Many anticancer drugs are topo | inhibitors (Rotiexg, 1997,
Pommier, 2006; Berettat al, 2008; Teicher, 2008; Sunaeti al, 2009). Since
the [M(phen)(edda)] complxes can efficiently inhiltihe activity of human
topo | in relaxing the plasmid DNA and topo | iniibn has been found to
lead to apoptosis, topo | may be another targétege metal complexes. This
sounds reasonable as MCF7 cells and many othes tfpsancer have elevated

expression levels of topo | (Lynadt al, 2001). Based on known action of



anticancer compounds against the above individugets, the mode of action
of the present complexes could involve multiple géds, viz. DNA,

mitochondria and topo I. So it is concluded frons thtudy that these ternary
metal complexes with the ligands, 1,10-phen andagdthve significant
potential to be developed as new metal-based actcadrugs for treating

breast and possibly other forms of cancer.

The exact mechanism of action in apoptotic proces®t clear. Many
researchers have reported that, was measured as an early event in the
initiation of apoptosis, since a decrease of, preceeds leakage of pro-
apoptotic proteins involved in caspase-dependedt-srdependent apoptosis
from mitochondria into the cytosol (OstrakhovitcmdaCherian, 2005;
Kroemer, 2007; Rowt al, 2008). This study presumes that [M(phen)(edda)]
complexes induced free radicals such as ROS, andb@acorrelated in the
decrease of . MCF7 cells which are depleted in caspase 3 (Hargtal,
1998) with the mechanism of AIF translocation mag imitiated from
mitochondriavia cytosol to the nucleus, where it bind to DNA, ¢&ég
destruction of DNA and lead to cell death. Furtlseudy can be done to
determine the involvement of AIF in the caspasepwhdent pathway. To
assess whether apoptosis is caspase-dependentnagpendent, assays
measuring the release of mitochondrial cell deatbtofs, viz. caspase-3,
cytochrome ¢ and AIF can be performed (Caetal, 2002; Zhanget al,
2012). Besides, determination of intracellular R@8duction can be done by
using two probes, viz. (i) 2',7-dichlorodihydrafitescein diacetate

(H.DCFDA), specific for hydrogen peroxide {6) detection, and (i)



dihydroethidium (DHE), specific for superoxide({detection. Mitochondria
and cytosol fractions are isolated from the samda-Fi@eated cells and ROS
from the isolated fractions can be measured (Heetdtl, 2000; Sohaebuddin
et al, 2010). Therefore, the ability to determine,, and ROS can provide
important clues about the physiological statushefdell and the function of the
mitochondria. Other than that, the finding of thetathondrial-to-nuclear
translocation of cell death factor AIF participaiesthe apoptotic process
vitro andin vivo can also be done (Daugesal, 2000; Cregaret al, 2002;
Chenet al, 2004; Choudhuryet al, 2011). A protein that kills cancer cells,
p53 involved in all types of human cancer and itivation can lead to
apoptosis and cell cycle arrest (Amundsdral, 1998; Arbor, 2011). Many
traditional cancer drugs also activate p53 but tteyse DNA damage in both
tumor and normal cells causing toxic side effegiad¢r, 2011). In this study,
[M(phen)(edda)] have potential to develop into eemicer drugs as they are
more selectively cytotoxic to cancer cells thannmalr cells, induce apoptotic
cell death and only Zn(ll) compound arrest cellleyat S phase. In future,
known targets of p53 include genes associated grivlvth control and cell
cycle checkpoints [e.g. cyclin-dependent kinasaibitor (CIP1/WAF1),
growth arrest and DNA damage protein (GADDA45),dwitpe p53-induced
phosphatase 1 (WIP1), murine double minute 2 (MDMidermal growth
factor receptor (EGFR), proliferating cell nucleatigen (PCNA), Cyclin D1,
Cyclin G, transforming growth factor (TGF ) and putative tumor suppressor
14-3-3 ], DNA repair (GADD45, PCNA, and CIP1/WAF1), andogposis
[Bcl-2—associated X protein (BAX), B-cell lymphoneatra large (BCL-XL),

tumor necrosis factor receptor superfamily membiepotorm 1 (FAS1), FASL,



insulin-like growth factor-binding protein-3 (IGBP3), PAG608 encodes
nuclear zinc-finger protein and death receptor BR)) can be investigated
(Amundsonet al, 1998). It is clear that more research is neededhe

chemistry and biology of the [M(phen)(edda)] compds. Unfortunately this
is not always possible, because most of the stuatiedife-time experimental
projects. To reach this purpose, stronger collamraamong chemists,

biochemists and physicians is needed.
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