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Abstract

ABSTRACT
The recent discovery that some serotonin transporter (SERT) ligands have the
potential to act as pro-apoptotic agents in Burkitt’s lymphoma adds greatly to their
diverse pharmacological application and is the primary focus o f this investigation.
The main findings o f this study conclude that not all SERT ligands induce
programmed cell death o f Burkitt’s lymphoma cells. A number o f antidepressants were
found to have a potent effect against BL as well as a number o f other malignancies
whereas the SERT substrates, serotonin and the amphetamine analogues, MDMA and
fenfluramine were found to have no effect against BL. The antidepressants fluoxetine
and maprotiline were found by this study to induce dose- and time-dependent
programmed cell death in a biopsy-like BL cell line and in a chemoresistant BL cell
line. Both responses were found to occur independently o f monoamine transporters, and
o f a number o f other potential targets identified through in silico prediction studies,
including the EAG

channels and the sigma-I receptors.

In this study, the mechanism by which these antidepressants induce programme
cell death in Burkitt’s lymphoma cells was investigated. It was found that fluoxetine
and maprotiline induce type-I PCD or an apoptotic mode o f cell death in a biopsy-like
BL cell line and a type-II autophagic mode o f cell death in a chemoresistant BL cell
line. The ability o f fluoxetine and maprotiline to induce both of these forms o f PCD was
found to be attributable to a cell-type specific response whereby the differential
responses o f each BL cell line to the anti depressants appeared to be associated with the
expression o f the pro-apoptotic proteins Bax and Bak, with a role for cytosolic calcium
signalling and changes in mitochondrial dynamics also identified.
It was found that BL cells that undergo an autophagic type II response did not
possess Bax or Bak. Lack o f Bax and Bak is suggested to be the reason why these cells
possess constitutively fi’agmented mitochondria, as well as deregulated ER calcium
levels. In response to fluoxetine and maprotiline, these cells undergo excessive
autophagy, upregulate p27'^‘'’' inducing a G l-S arrest, and die without the involvement
o f caspases, PARP cleavage, intracellular calcium increase, proteases or reactive
oxygen species. In cells that possess Bax and Bak, fluoxetine and maprotiline induce a
classical Type I apoptotic response, where cells die with the involvement o f caspases,
PARP cleavage and intracellular calcium increases.

Abstract
The resuhs o f this study are consistent with the ability o f these antidepressants to
kill Burkitt’s lymphoma cells by two independent mechanisms o f PCD. This not only
warrants further investigation into their target based mechanism o f action and by
improving their potency through the development o f novel structural analogues but also
gives them the potential to be tested further in animal models, alone or in combination
with other chemotherapeutic agents. The implications o f such findings are important, as
investigations into the induction of alternative cell death pathways in cancer cells can be
an important tool for therapy o f cancer cells evading apoptosis.
Based on the original hypothesis that SERT could act as a novel anticancer
target, a series o f novel SERT ligands were screened for potential anticancer activity.
Theses ligands include the amphetamines, MDMA and 4-MTA which are selective
ligands for SERT over other monoamine transporters, hi the final part o f this study, a
library o f novel structurally diverse MDMA and 4-MTA analogues were screened for
their potential SERT-dependent antiproliferative activity by using an in vitro
cytotoxicity assay on cells over-expressing SERT. It was found that many o f the
compounds displayed cytotoxicity to a SERT over-expressing cell line as well as having
cytotoxic activity toward a SERT expressing malignancy. A number o f derivatives were
further tested for antiproliferative activity using the Alamar Blue assay and apoptotic
activity using PI FACS analysis. Three derivatives were found to have selective anti
tumour effects in lymphoma, leukaemia and breast cancer cell lines over ‘normal’ cells
o f the body. From these results, the three derivafives show further potential to be
developed as possible chemotherapeutic agents and are now the focus o f a doctorate
study in the School o f Pharmaceutical chemistry (TCD).
Overall, the results presented herein, although eliminating SERT as a target for
anticancer therapy, promote support investigations into the target based mechanism of
action o f the antidepressants fluoxetine and maprotiline and associated structural
analogues o f 4-MTA, as novel anticancer agents.
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CHAPTER 1
INTRODUCTION

THE SEROTONIN TRANSPORTER: A NOVEL THERAPEUTIC TARGET IN
THE TREATMENT OF BURKITT’S LYMPHOMA?

1

Chapter 1. Introduction
1.1 Programmed Cell Death
Programmed cell death implies that a cell possesses the genes and proteins for
its own destruction, to allow cell death to be a ritualistic rather than chaotic stage o f
events. Numerous models o f programmed cell death have been proposed (summarised
in Figure 1.1) including apoptosis, autophagy, parapoptosis, mitotic catastrophe and
senescence (Dimri, 2005). Programmed cell death pathways are all executed by active
cellular processes that can be intercepted by interfering with intracellular signalling.
Caspases, calpains, cathepsins, endonucleases and other proteases can execute PCD and
they can be directed by several cellular organelles including mitochondria, lysosomes
and the endoplasmic reticulum (ER), which can either act independently or collaborate
with each other.
Successful treatment o f cancer with chemotherapeutic drugs is largely dependent
on the ability o f the agent to trigger cell death in tumour cells. In the past, the efficacy
o f potential anticancer drugs was held synonymous with a form o f programmed cell
death (PCD) called apoptosis. However, recent evidence suggests that there are
alternative forms o f chemotherapy-induced cell death that cannot readily be classified as
apoptosis (Brown and Attardi, 2005).

1.2 Apoptosis
Apoptosis, otherwise known as Type-I programmed cell death, is a highly
conserved form o f programmed cell death that results in the orderly and efficient
removal o f damaged or unnecessary cells. The word ‘apoptosis’ in Greek means the
falling away o f leaves o f deciduous trees, petals from flowers or cells from a tissue. The
term apoptosis was coined in 1972, referring to a morphologically-defined form of cell
death. However, it wasn’t until the early 1980s, from developmental genetic analysis in
the nematode Caenorhabditis elegans that the importance o f such a form o f PCD was
truly recognised. Cells die because they become old and defective, because they are
surplus to the requirements o f the tissue or because they incur some damage. Each o f
these possibilities involves considerable internal cellular programming to regulate gene
and protein expression. In addition to internally-derived signals, cells can be instructed
to commit suicide in response to external signals from their direct neighbours, or local
cells, from cells o f the immune system and from systemically-derived signals.
2
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Apoptosis is an integral part o f the regulation o f tissue morphogenesis during
development and in the regulation o f cell proliferation in adult organisms, in species as
diverse as worms, flies, mice and humans Apoptosis is morphologically defined as
initial shrinkage o f the cell, which in tissues means breaking cell-to-cell contacts with
neighbours and rounding up, and generally involves single isolated cells and not
clusters. The volume o f the cell becomes smaller and cytoplasmic internal membranes
such as the mitochondria and ribosomes become more concentrated in the cytoplasm,
which subsequently appears darker. Organelles remain intact and healthy very late into
the process with evidence for continued metabolic activity, ATP active processes and
new protein and RNA synthesis.

Because the membranes remain intact, no

inflammatory response is mounted. Nucleic acids condense, generating crescent shaped
areas o f condensed chromatin with sharp boundaries, a pre-requisite for systematic
DNA fragmentation by endonucleases, one o f the final hallmarks o f apoptosis. Such
cleavage o f the nucleus coincides with the packaging o f cellular material into membrane
bound vesicles or apoptotic bodies which exit the cell by a process called membrane
blebbing. Apoptotic bodies are engulfed in vivo by migrating macrophages or healthy
neighbouring cells by phagocytosis where the dead cell is degraded by the lysosome of
the phagocyte.
Apoptosis is not a series o f clearly defined pathways, but a multitude o f highly
regulated interconnected ones involving a plethora o f cell organelles (Fig. 1.2). There
are a number o f apoptotic cascades that have been extensively defined including, the
intrinsic mitochondrial pathway, the extrinsic death receptor (DR) pathway, p53dependent and -independent pathways and caspase- dependent and independent
pathways. Such pathways contain a number o f amplification steps and positive feedback
loops that insure that a cell will either fully commit to death or completely abstain from
it.

1.2.1 Caspases
Cysteine Aspartate Specific Proteases (Caspases) are a family o f intracellular
proteins involved in the initiation and execution o f apoptosis. To date, at least 14
mammalian caspases have been identified, with some o f them functioning in cytokine
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processing and inflammation and at least seven (caspases 2,3,6,7,8,9, and 10)
contributing to cell death (Ashe and Berry, 2003).
Caspases are zymogens, synthesised as pro-caspases that can be proteolytically
processed, at critical aspartate residues, to their active forms.

Depending on the

structure of their pro-domain and their function, caspases are typically divided into three
major groups. The caspases with large pro-domains are referred to as inflammatory
caspases (Group I) and initiator of apoptosis caspases (Group II) while caspases with a
short domain of 20-30 amino acids are named effector caspases (Group III) (Lavrik et

ai, 2005). The induction of apoptosis through intrinsic or extrinsic death receptors
results in the activation o f initiator caspases (caspases-2, -8, -9, and -10); this is the first
step of a highly regulated, irreversible, self-amplifying proteolytic pathway. Effector
caspases (caspases 3, 6, and 7) are common to both extrinsic and intrinsic death
pathways (Fig. 1.2) (Ashe and Berry, 2003). Caspases specifically activate or inhibit
target proteins that exhibit roles in cell morphology, cell maintenance, cell death. DNA
metabolism, cell cycle regulation and signal transduction. The specificity of caspases
for these targets results in highly controlled and efficient removal of damaged or
unwanted cells (Finkel, 2001).

1.2.2 BcI-2 Family and intrinsic cell death signalling

The mitochondria are the primary intracellular initiation sites of the intrinsic
pathway, although other organelles, such as the endoplasmic reticulum have also been
implicated (Reimertz et ai, 2003). Mitochondria play a dominant role in cellular
metabolism and are important for maintaining intracellular homeostasis. Upon the
initiation of a pro-apoptotic signal in the cell, the intrinsic pathway is stimulated. The
most important family of proteins involved in the maintenance and control of the
intrinsic pathway are the Bcl-2 family of proteins. Bcl-2 family proteins interact with
various mitochondrial constituents and appear to affect mitochondrial bioenergetics
directly, thus controlling mitochondrial homeostasis (Hengartner, 2000, Tsujimoto,
1998) where they reside at a critical decisional point upstream to irreversible cellular
damage. The family consists of pro- and anti-apoptotic members classified according to

6
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the presence or absence o f Bcl-2 homology (BH) domains. Four BH domains have been
described; B H l, BH2, BH3 and BH4.
Two subfamilies o f pro-apoptotic members exist; the B H l, BH2 and BH3
containing Bax family (Bax, Bok and Bak) and the BH3-only family (Bid, Bim, Bik,
Bad, Bmf, Hrk, Noxa and PUMA). Pro-apoptotic members once activated, induce
caspase activation and the release o f mitochondrial apoptogenic factors such as
cytochrome c and AIF (Apoptosis Inducing Factor) flavoprotein from the mitochondrial
intermembrane space into the cytoplasm (Fig. 1.2).

Cytochrome c exit is an almost

universal feature o f the intrinsic pathway o f apoptotic cell death and occurs usually at
later stages. Also present in the mitochondria and released upon induction o f apoptosis
is Smac/DIABLO (second mitochondrial activator o f caspases/direct lAP-binding
protein o f low isoelectric point), and several pro-caspases, including pro-caspase-2, -3,
and -9 (Arimochi and Morita, 2006).

The generalised scheme o f intrinsic pathway

activation is the oligomerisation o f Bax and Bak in the mitochondrial outer membrane
to activate MOMP (mitochondrial outer membrane permeabilisation), thus releasing
apoptogenic factors. This hypothesis proposes the existence o f a mitochondrial
apoptosis-induced channel (MAC) that is regulated by Bcl-2 proteins. Observations
such as the demonstration that anti-apoptotic proteins o f the Bcl-2 family can prevent
cytochrome c release, and detection o f MAC activity at the time o f cytochrome c release
make this theory plausible (Ashe and Berry, 2003, Dejean et a l, 2006).
Following an apoptotic insult, apoptotic factors are released from the
mitochondria, placing them in close proximity to their apoptotic sites o f action.
Cytochrome c is released into the cytosol where it interacts with apoptotic proteaseactivating factor-1 (APAF-1), ATP/dATP, and caspase 9 to form the apoptosome
(Fig. 1.2). APAF-1 contains a CARD (Caspase recruitment domain), which mediates its
interaction with caspase-9. In the presence o f cytochrome c and ATP/dATP, APAF-1
undergoes a conformational change that permits self-aggregation. This exposes CARD
inducing the recruitment o f pro-caspase-9 and its subsequent transproteolytic activation.
Caspase-9 can then activate caspases-3 and -7 which results in the orderly death o f the
cell through controlled proteolytic processing o f various downstream targets (Ashe and
Berry, 2003). Smac/DIABLO binds to baculovirus lAP repeat (BIR) domains within
‘inhibitor o f apoptosis’ proteins (lAP) to remove their inhibitory effect on caspase
7
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activity (Ashe and Berry, 2003, Finkel, 2001). AIF translocates to the nucleus following
apoptotic stimuli where it induces partial DNA fragmentation and chromatin
condensation. It appears to promote apoptosis independently of caspases although it
likely acts in a cooperative manner with other factors to promote nuclear apoptosis
(Ashe and Berry, 2003) (Fig. 1.2).
Bcl-2 family members sharing sequence homology in all four domains possess
established roles in the inhibition of apoptosis. Such anti-apoptotic members include
Bcl-2, Bcl-xL, Mcl-l, Bcl-w and Bfi/Al and are thought to inhibit apoptosis by
antagonising the actions of pro-apoptotic family members. The founder of the Bcl-2
family, anti-apoptotic Bcl-2 promotes cell survival by inhibiting apoptosis and is
expressed in a large variety of tissues and cell types. Bcl-2 is also able to inhibit certain
forms of necrotic cell death. It is localised in the mitochondrial membrane, as well as in
the endoplasmic reticulum membrane and the nuclear envelope (Tsujimoto, 1998).
Anti-apoptotic members prevent apoptosis by either sequestering pro-forms of caspases
or by preventing the release of mitochondrial apoptogenic factors such as cytochrome c
and AIF from the mitochondrial intermembrane space into the cytoplasm. It is thought
that anti-apoptotic proteins block the oligomerisation of Bax and Bak or their
associations with BH3-only proteins thus preventing MOMP (Cory and Adams, 2002).
Regulation of the Bcl-2 family proteins is diverse both between and within subfamilies
and includes transcriptional control, post-translational control, protein translocation and
protein-protein interactions. It is also thought that many of these molecules have
inactive and active conformations and are continually being modified. Modifications to
the pro-apoptotic members include; phosphorylation, dimerisation, and proteolytic
cleavage and often result in sub-cellular translocation (Ashe and Berry, 2003).

1.2.3 Extrinsic cell death signalling

Cell surface death receptors (DRs) belong to the tumour necrosis factor receptor
(TNFR) superfamily. They transmit their apoptotic signals following the binding of
death ligands. Receptor-1 igand complexes initiate apoptotic cascades within seconds of
ligand binding and can result in apoptotic cell death within hours. The extrinsic pathway
is initiated at the cell surface through cytokine-induced cell death receptor-mediated
activation of caspase-8 followed by caspase-3 activation (Fig. 1.2) (Kischkel et a l.
8
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1995, Ricci and Zong, 2006). The best-characterised death receptor family members
include Fas and TN FRl. These receptors are Type-I transmembrane receptors
characterised by extra-cellular cysteine-rich domains (CRD) and intracellular death
domains. Fas is expressed in various tissues, but is most abundant in the heart, thymus,
liver and kidney. The preferred ligand for Fas receptor is FasL (Fas Ligand). The
Fas/FasL system is responsible for three types o f cell killing: Activation-induced cell
death o f T cells, cytotoxic T-lymphocyte-mediated killing o f target cells, killing o f
inflammatory cells in immune privileged sites and killing o f cytotoxic T lymphocytes
by tumour cells.
The Fas/FasL system is also thought to be involved in neuronal apoptosis
following traumatic brain injury, cerebral ischemia, and in apoptosis during neuronal
development. Regulation o f Fas-mediated apoptosis is dependent on the expression o f
FasL, however additional regulatory mechanisms have also been identified. The
Fas/FasL apoptotic cascade involves caspase -8, -3 and -9 activation. Bid (bcl-2 proapoptotic family) activation, and release o f cytochrome c, Smac/DIABLO and AIF
(Ashe and Berry, 2003)(Fig.l.2). Ligand-bound Fas receptor recruits Fas-associated
death domain containing protein (FADD), which in turn is thought to recruit initiator
caspase-8 and caspase-10 (this assembly is called the death-inducing signaUing
complex (DISC)). Recruitment o f caspase-8 and -10 results in their cleavage and
consequent activation. Active Caspase-8/10 can stimulate the intrinsic pathway through
cleavage o f the BH3 only protein Bid. Cleaved Bid (tBid) connects the extrinsic
pathway to the mitochondria by promoting Bax/Bak oligomerisation (Fig. 1.2) (Li et al.,
1998).
TNF is pre-dominantly expressed in activated macrophages, T-cells, and some
epithelial tumour cell lines. Signal transduction is mediated through two cell surface
receptors, TNF-Rl and TNF-R2. These two receptors transduce distinct cellular
responses;

TNF-Rl

mediates

cytotoxicity

whereas

TNF-R2

mediates

T

cell

proliferation. TNF-Rl -mediated apoptotic signalling involves caspase-2, -3 and -9
activation. Bid activation, NF kB activation, JNK (Jun N-terminal Kinase) activation and
release o f cytochrome c, Smac/DIABLO and AIF (Ashe and Berry, 2003). A number o f
other pathways also contribute to death receptor signalling. DR3 (Apo3) and its ligand
Apo3L share similarities with TN F-Fl/TN F signalling inducing apoptosis and
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activating NF kB. TRAIL (tumour necrosis factor a-related apoptosis inducing ligand)
binds specifically to four-death domain receptors and induces apoptosis similar to FasL.
In addition to apoptosis, TRAIL can activate NfKB as well as the JNK pathway (Ashe
and Berry, 2003).

1.3 Autophagy
The term autophagy or “to eat oneself’ (Greek) is a mechanism regularly used
within cells to dispose o f their own components through lysosomal machinery. It is an
evolutionary conserved, tightly regulated process that plays a part in cell growth,
development, and homeostasis, where it helps maintain a balance between the synthesis,
degradation, and recycling o f cellular products. It is the cell’s major regulated
mechanism for degrading long-lived proteins and organelles. It is also a major
mechanism by which a starving cell reallocates nutrients from unnecessary processes to
more essential processes and has an important function in cellular remodelling due to
differentiation, stress or damage. There are thought to be three types o f autophagy; A)
macroautophagy, which begins with the formation o f a double membrane that proceeds
to surround bulk cytoplasm or organelles in the cytoplasm targeting them to fuse with a
lysosome, releasing a single membrane-enclosed autophagic body that is then degraded
by proteases in the lysosome B) microautophagy, which involves the engulfment of the
cytoplasm directly by the lysosomal membrane and C) chaperone-mediated autophagy,
which involves receptors that upon binding to recognition signals results in transport
into a lysosomal compartment.
Many questions still remain to be elucidated about autophagy, the mechanisms
involved in the autophagic process and its role in disease. It may help to halt the
progression o f some diseases and plays a protective role against infection by
intracellular pathogens; however, in some situations it may actually contribute to the
development o f a disease.

1.3.1 Autophagy and cell survival
The morphological hallmark o f autophagy is the formation o f a sequestering
vesicle, termed an autophagosome. Autophagosomes are double-membrane cytoplasmic
vesicles that are designed to engulf various cellular constituents and most o f the proteins
10
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required for autophagy appear to function in this vesicles formation (Yorimitsu and
Klionsky, 2005). They can fuse to lysosomes to become autolysosomes where
sequestered cellular components are digested by lysosomal hydrolases. It is a process
that occurs at basal levels in all cells whereby cells undergo partial digestion that
prolongs survival for a short time under starvation conditions as well as providing
nutrients that are necessary to maintain cell viability (Tsujimoto and Shimizu, 2005).
Autophagy is rapidly upregulated when cells need to generate intracellular nutrients and
energy, undergo remodelling or rid themselves o f damaging cytoplasmic components
(Levine and Yuan, 2005). Such degradation is regulated by the class 1 and class 111
phosphatidylinositol 3-kinase (PI3K) signalling pathways (Petiot et a l, 2000).
Mutations o f proteins involved in this pathway have been found in human malignancies
(Blume-Jensen and Hunter, 2001) and the class I PI3K is a negative regulator of
autophagy. Autophagy occurs at basal rates in mammalian cells and is primarily
regulated (negatively) by the mTOR (Target o f rapamycin) nutrient-sensing signal
transduction pathway controlled by tumour suppressors PTEN (phosphatase and tensin
homologue), TSCl/2 (Tuberous sclerosisl/2) and the oncogene, P13KCA (Ptdlns-3kinase pi 10a catalytic subunit oncogene) (Kamada et al., 2000) (Fig.1.3). mTOR is
involved in the response to changes in intracellular amino acid and ATP levels and has
been described as the gatekeeper for autophagic-pathway-induction (Ng and Huang,
2005).
Activation of P13K is activated by the insulin receptor and other growth factors
providing the link to nutrient sensing and availability/ PI3K phosphorylates membrane
lipids activating them to recruit and activate Akt/ protein kinase B, a downstream
negative regulator o f autophagy. PTEN prevents the activation o f AKT and is therefore
a positive regulator o f autophagy. AKT in its active form represses TSCl and TSCII
proteins, which in turn repress Rheb. Rheb regulates mTor and mTor inhibits autophagy
by a yet unknown mechanism (Fig.1.3).
In yeast a number o f autophagy-related genes (ATG genes) have been identified
that regulate autophagy induction, autophagosome formation and expansion, fusion with
lysosomes and the recycling o f autophagosome contents. Downstream o f mTOR kinase
there are roughly 17 gene products essential for autophagy (Klionsky et a l, 2003) that
encode proteins that are needed for the induction o f autophagy.
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1.3.2 Autophagy and Cell death

Autophagic type cell death otherwise known as Type-II programmed cell death
is morphologically distinct from apoptosis and presumed to result from excess levels of
cellular autophagy (Fig. 1.1). Type-II PCD has been observed in cancer cell lines from
various tissues in response to various cancer therapies (Levine and Yuan, 2005, Kondo
et a i, 2005). The autophagic mode of cell death is mainly a morphologic definition and
has been characterised as the formation of large cytoplasmic autophagic vacuoles. It has
also been classified as a caspase-independent form of cell death. Cells undergoing
autophagy internalise cytoplasmic components into autophagic vacuoles that are
targeted to lysosomes for digestion. Lysosomes mediate the execution phase of
apoptotic as well as other cell deaths such as cell death induced by oxidative stress or
chemotherapeutic drugs (Roberg et a i, 1999). Apoptotic morphology includes early
collapse of cytoskeletal elements but preservation of organelles whereas in autophagy
there is early degradation of organelles but preservation of cytoskeletal elements. It is
thought that these autophagic vacuoles capture organelles and particles leading to their
degradation.
There is still no conclusive evidence that a specific mechanism of autophagic
cell death exists. Once all the cytoplasm has been removed by autophagy the cell
appears to manifest many of the criteria of apoptosis (Lockshin and Zakeri, 2004). In
some cells there is considerable autophagy prior to or instead of apoptosis. This
autophagy might be defensive and protective, reducing metabolic demand, generating
maintenance resources or even sequestering mitochondria and preventing release of
cytochrome c (Lockshin and Zakeri, 2004). Caspases are also thought to inhibit
autophagy (Yu et a l, 2004) however, in some studies both caspases and autophagy can
be simultaneously activated in a dying cell (Debnath et a l, 2002). It is thought that
autophagy occurs in cells that cannot die by normal apoptotic mechanisms (Tsujimoto
and Shimizu, 2005) such as in cells deficient in Bax/Bak (Buytaert et a l, 2006), in the
absence of functional caspase-dependent pathways such as APAF-1 (Chautan et a l,
1999, Oppenheim et a l, 2001) and other Bcl-2 proteins. Autophagy can be induced by
starvation (Sato et a l, 2007), pathogens, toxins (Kirkegaard et a l, 2004) and by other
death stimuli in cells with defective caspases. Autophagic cell death also occurs during
development and a number of homeostatic processes in adulthood including mammary
13
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gland post-lactational involution and prostate involution, processes that require the
elimination o f large amounts o f cells and is also thought to be a critical process during
the neonatal period in order to maintain cellular energy homeostasis and survival
(Levine and Yuan, 2005).

1.3.3 Autophagy: Cell Death versus Cell survival
The relationship between autophagy and cell death is complex because
autophagy can be involved in either cell death or survival depending on the cellular
context. Autophagy has been implicated in the cell death process during development
(Martin and Baehrecke, 2004) in response to several cytotoxic stimuli (Kondo et al.,
2005) and cells that are unable to die by apoptosis have been shown to die while
displaying apoptotic morphology (Shimizu et a l, 2004, Yu et al., 2004). This type of
death relies on the PI3K pathways and a number o f ATG genes.
There are many theories to explain what role autophagy has to play in cell death.
One theory is that autophagy does not have a role in cell death and its occurrence in
dying cells is a response to keeping the cells alive under stressful conditions, whereby
organelles and the cytoplasm are metabolised to provide ATP for cell survival (Lindsten
and Thompson, 2006).The second is that autophagy functions as an independent mode
o f programmed cell death whereby autophagy digests cytoplasmic survival factors,
selectively degrades regulatory molecules essential for survival and targets certain
organelles or proteins preferentially for degradation. In the normal autophagic response,
autophagy may need to be coordinated with the suppression of apoptosis to enable cell
survival. It is also a possibility that apoptotic death is faster than autophagic death and
therefore autophagy is only witnessed playing a role in cell death in apoptotic-deficient
cells (Levine and Yuan, 2005). Apoptosis can occur at the same time as autophagy in
the same cells suggesting a common regulatory mechanism; however the precise
crosstalk between these two processes remains to be elucidated. It is also suggested that
autophagy can amplify apoptosis when associated with a cell death signal. Finally, a
third theory is the possibility that high levels o f autophagy in dying cells is a clean-up or
self clearance response in cells committed to die by apoptosis or necrosis. Either way,
many cancer cells might have lost the ability to undergo non-apoptotic and apoptotic
cell death as a growth advantage (Liang et a l,
14
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investigations into autophagic cell death mechanisms will be important for cancer
therapy and control.

1.3.4 Cross-talk between apoptosis and autophagy
Several pro-apoptotic signals induce autophagy including TRAIL (Debnath et
al., 2002), TNF (Jia et a l,

1997), FADD (Thorbum et a l, 2005) and the

calcium/calmodulin-regulated serine/threonine kinases DRP-I (dynamin-related protein1) and DAPK (Death associated protein kinase) (Inbal el a l, 2002). It has also been
proposed that particular signalling molecules may be necessary for autophagic cell
death; signalling molecules that may only be activated by just some cytotoxic stimuli.
Receptor interacting protein (RIP) and JNK activation induce cell death with the
morphology o f autophagy (Debnath et al., 2002) raising questions o f whether TNF-RIP
and JNK are involved in the control o f autophagic cell death. The Bcl-2 proteins are

I ^

known to be important in such signalling along with a functioning mitochondrion
needed for autophagic induction (Shimizu et al., 2004).
Mitochondria may integrate cell death signals and activation o f autophagy as not
only do mitochondria generate apoptotic signals but are removed when damaged by
autophagy. One example is the mammalian orthologue o f yeast Atg6, Beclin-I, a novel
Bcl-2 interacting, coiled coil protein, was one o f the first indications linking autophagy
and tumourigenesis (Liang et al., 1999). Beclin-1 has been shown to interact with Bcl-2,
with Bcl-2 inhibiting Beclin-I-mediated autophagy in response to starvation (Aita et a l,
1999, Pattingre et a l, 2005) and Bcl-2 overexpression preventing autophagy (Jimenez
et a l, 2004). It is not clear if such an effect occurs through mitochondria as autophagy
is inhibited by Bcl-2 targeted to the ER and not by Bcl-2 targeted to mitochondria
(Pattingre et al., 2005).

1.3.5 Autophagy and Cancer
Autophagy may be a factor in both the promotion and prevention o f cancer. It
could protect against cancer by sequestering damaged organelles, permitting cellular
differentiation and cell survival by increasing protein catabolism or it could contribute
to cancer by promoting the survival o f nutrient-starved cells. Evidence that autophagy
could protect against cancer comes from evidence that autophagy is positively regulated
15
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by PTEN and negatively regulated by P13K class I (Petiot et al., 2000) as well as the
autophagy gene, Beclin-I which has been found to be altered during tumour progression
and mono-allelically deleted in 40-70% o f sporadic human breast cancers and ovarian
cancers (Aita et al., 1999) and

its expression has been associated with favourable

prognosis in stage III colon cancers (Li et a l, 2009).

1.4 Designing new anticancer agents
Designing drugs that can trick a cancer cell to commit programmed cell death
whilst ignoring the normal cells o f the body is imperative to the future development of
safe effective anticancer agents. A drug that can induce programmed cell death in vitro
in malignant cell lines has the potential to become an anticancer agent. The current
objective o f anticancer rational drug design systems is to find agents that can selectively
induce apoptosis in a particular specific malignancy. Apoptosis is a highly effective way
for a cell to die in vivo as it is absolutely necessary for human development and survival
with billions o f cells dying by apoptosis everyday to prevent uncontrolled cell growth.
A cell convinced to die by apoptosis dies by an orchestrated well-defined series of
events with the final outcome being the quick, clean removal o f the rogue cell from the
body. In cancer, the apoptofic machinery o f the cell is usually malfunctioning due to the
deleterious activation o f particular oncogenes and inactivation o f tumour suppressor
genes leading to uncontrolled cell growth. A pro-apoptotic drug essentially is one that
alters the apoptotic balance o f the cancer cell toward cell death. Currently the most
common apoptotic oncogene targeted by anticancer rational drug design is the Bcl-2
anti-apoptotic family o f proteins with Bcl-2 o f main focus. A number of Bcl-2 and BclxL inhibitors are currently entering into Phase 1 trials and activation o f the intrinsic
apoptotic pathway is now a common theme o f many o f the new cancer drugs.
The extrinsic cell death pathway is also an important target for pro-apoptotic
drug development. Bound by an endogenous ligand (TRAIL), DR4 and DR5 activate a
pathway that ultimately also leads to cell death, with remarkable and still largely
mysterious specificity for cancer cells. Another apoptotic target generating great
excitement is XIAP. Human XIAP binds to three key caspases, preventing them from
activating and killing cancer cells. New agents like ‘Smac mimetics’ are in development
to prevent XIAPs fi'om working with the final outcome being apoptosis (Garber, 2005).
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Targeting specific apoptotic defects o f cancer cells offers huge potential for the
development o f new anticancer agents.
Matters o f cell life and death are now further complicated by the observation
that both caspases and autophagy might be required in the death o f the common cell.
Investigation into the induction of alternative cell death pathways in cancer cells is
therefore an important tool for therapy o f cancer cells evading apoptosis, where cells
defective in eliciting apoptosis can also be tricked into dying by an alternative PCD
mechanism.
PTEN, PI3K, Akt, mTOR and the ERK kinase (MEK)/ERK signalling cascades
play critical roles in the transmission o f signals from growth factor receptors to regulate
gene expression and prevent apoptosis and components o f these pathways are mutated
or aberrantly expressed in human cancer. An aberrantly activated PI3K/Akt pathway
renders tumour cells resistant to cytotoxic insults, including those related to proapoptotic anticancer drugs. Deregulation o f the PTEN/PI3K/Akt pathway has been
associated with resistance to chemotherapeutic drugs used in breast cancer therapy, and
also prostate cancer, ovarian cancer, and malignant gliomas (McCubrey et al., 2006,
Clark et al., 2002, Liang et al., 2006, Hu et a l, 2002, Joy et a l, 2003). Shingu et al.
(2003) have shown in the context o f glioma cells, that the inhibition o f this pathway
restores or even augments the effectiveness o f chemotherapy (Shingu et a l, 2003).
Preclinical studies suggested that sensitivity to mTOR inhibitors may correlate with
activation o f the P13K pathway and/or with aberrant expression o f cell-cycle regulatory
or anti-apoptotic proteins. mTOR inhibitors are currently under evaluation in clinical
trials and include rapamycin (sirolimus) and the related derivatives temsirolimus (CCI779), everolimus (RADOOl), and AP23573 (Lefranc et al., 2007).

1.5 Serotonin
Serotonin

(5-hydroxytryptamine

(5-HT))

(Fig. 1.4)

is

a

monoamine

neurotransmitter synthesised in serotonergic neurons in the central nervous system
(CNS) and in enterochromaffin cells o f the gastrointestinal tract that modulates a wide
spectrum o f behaviours in the body (Mossner and Lesch, 1998). The role o f serotonin
outside the CNS is constantly overshadowed by its role as an important synaptic
neurotransmitter. Serotonin molecules existed in plants before the evolutionary
17
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emergence o f mammals and only 5% o f the body’s serotonin levels are found in the
CNS. Outside the central nervous system, 5-HT is a platelet-stored vasoconstrictor that
is also present in lymphocytes, monocytes, macrophages, mast cells, pulmonary
neuroendocrine cells and enterochromaffm cells.

By way o f the extensive synaptic

connections o f the serotonergic fibres (originating in the brain stem raphe nuclei), 5-HT
contributes to many physiologic roles with its actions mediated by over 16 different
types o f receptors controlling functions as diverse as sleep, appetite, motor activity and
sexual drive to the modulation o f natural killer cells, macrophages and T-cells
(Ramamoorthy and Blakely, 1999, Serafeim et a l, 2002).

1.5.1 Serotonin Transporter (SERT)
The serotonin transporter (SERT) is a pre-synaptic membrane protein that
controls 5-HT levels in the synaptic cleft. SERT transports 5-HT from CNS and ENS
(enteric nervous system) synapses back into pre-synaptic neurons determining the
duration and magnitude o f 5-HT responses. Alterations in SERT activity and binding
site density and polymorphisms o f the SERT gene have implicated the transporter in
anxiety, depression, substance abuse, suicide and autism (Ramamoorthy and Blakely,
1999). The serotonin transporter is a high affinity target for tricyclic anti-depressants
(TCAs) such as imipramine, serotonin-selective reuptake inhibitors (SSRIs), like
fluoxetine and nonselective stimulants including cocaine and amphetamines (Blakely et
al., 1998). By affecting SERT, these substances are thought to elevate 5-HT levels in
the synapse extending the duration and magnitude o f 5-HT signals.

1.5.2 SERT Structure
Progress in understanding the structure and regulation o f SERT is limited due to
difficulties associated with its purification and stability. The serotonin transporter is a
630 amino acid protein that is a member o f the NaVCl'

-dependent family of

neurotransmitter transporters closely related in sequence similarity and pharmacological
properties to the noradrenaline transporter (NAT) and the dopamine transporter (DAT)
with a number o f conserved transmembrane domains common to all three (Blakely et
a l, 1991, Blakely and Bauman, 2000). The SERT subgroup has much greater affinity
recognition of cocaine and amphetamines than NAT or DAT. The NaVCl' -dependent
18
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family of neurotransmitter transporters are also referred to as neurotransmitter sodium
symporters (NSS) as they use sodium and chloride electrochemical gradients to catalyse
the thermodynamically uphill movement of a wide array of substrates Although SERT
remains to be crystallised, the recent crystal structure of the bacterial leucine
transporter, LeuTAayt (Yamashita et a i, 2005, Chen et ai, 1998, Torres and Amara,
2007) (Fig.l.SA) which has been shown to have a similar

predicted membrane

topology to SERT (Henry et ai, 2006) has led to the use of homology-based modelling
approaches to provide a more realistic inspection of key helices that participate in 5-HT
recognition as well as how 5-HT transport across membranes is achieved (Figure 1.5B)
(Steiner et a i, 2008). LeuTAa shares approximately ~20% amino acid sequence identity
with mammalian neurotransmitter transporters. However,

much higher identity is

evident near the substrate binding site (-45%), encouraging the generation of
homology-based models for eukaryotic homologues (Henry et a i, 2007). In order to
validate such models, structures of eukaryotic family members are needed to confirm
and extend findings to date.
Figure 1.6 illustrates the postulated form of SERT in the plasma membrane and
the current theories on the residues important for antidepressant binding to SERT
(Plenge and Wiborg, 2005, Jorgensen et a i, 2007, Roman et a i, 2003). The NaVCP
dependent group of transporters are postulated to have 12 helical transmembrane
domains (Fig. 1.6) (TMDs) consisting of approximately 25 hydrophobic amino acids
with cytoplasmic N and C termini (Lesch et a i, 1993). Crucial residues include a
strictly conserved tyrosine in TM3 that is indispensable for substrate binding and
transport, a position in TMl occupied by either an aspartate or glycine, partially
responsible for distinguishing between monoamine and amino acid substrates,
respectively, and a negatively charged residue in extracellular loop 5 (EL5)/TM10 that
is postulated to comprise part of an external gate (Yamashita et al., 2005). The N- and
C-termini of SERT are thought to contain five non-functional potential PKC
phosphorylation sites and a large extracellular loop (between TMD-3 and TMD-4) with
multiple glycosylation sites potentially allowing for regulatory control (Ramamoorthy et

a i, 1993, Blakely et a i, 1991). N-glycosylation sites have been found to be important
for biogenic amine transport activity although not for ligand recognition (Tate and
Blakely, 1994) and phosphorylation sites have been shown to be important for
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Fig.I.S

LeuTAa 3D Structure and a model o f SERT in the plasma membrane based

View o f barrel helical representation o f LeuTAa as viewed in the plane o f the membrane (A 1).
Transmembrane, extramembrane (EL), intramembrane (IL) helices, and P strand regions are
numbered. L-leucine (yellow), Na (purple), and Cl (green) are represented as CPK models (A I).
Helical domains outside o f the membrane are represented as coils.View from extracellular side (A
11). View from intracellular side (A III). Image A taken from (Henry, Field et al. 2006). Image B
contains SER F (green) depicted in a cutaway view exposing the proposed 5-H'F-binding site (B).
TMs 1 and 6 (magenta) com prise central aspects o f the substrate permeation pathway in LeuTAa.
and homology-based modelling studies support similar relationships for the SERF 5-H'F transport
pathway (Henry, Field et al., 2006). Image taken from (Steiner et at., 2008).
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Schematic diagram o f putative predictive structure o f human SERT (A) and a

model for substrate transport by SERT (B).
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ntracellular K+ ion is co-transported and prom otes the reorientation o f the unloaded carrier for
mother transport cycle.
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membrane transporter regulation (Blakely et al., 1991, Miller and Hoffman, 1994).It has
been reported that human SERT in living cells exists as a homo-oligomer, however this
remains to be fully confirmed (Schmid et a l, 2001).

1.5.3 Transport o f 5-HT by SERT - ‘Alternating -A ccess Model’

SERT mediates secondary active, ion-coupled 5-HT transport, deriving energy for
inward 5-HT transport largely from the transmembrane Na"^ gradient. SERT exhibits a
coupling stoichiometry of one 5-HT: one Na^ and one CF, with one

molecule

believed to be effluxed on a separate step of the transport cycle (Rudnick and Clark,
1993). The transporter is thought to undergo a cycle whereby the substrate-binding site
is sequentially exposed (Fig.l.6B). Single Na^ and Cl'

ions and a protonated 5-HT

molecule bind to the transporters binding site that is facing outwards. A quaternary
complex is formed inducing a conformational change in which the substrate-binding site
is then accessible from the intracellular face allowing the subsequent release of
neurotransmitter and ions into the cytoplasm. A single intracellular

ion is co

transported and promotes the reorientation of the unloaded carrier for another transport
cycle. Sodium:chloride:substrate stoichiometries vary from 1:1:1, 2:1:1 to 3:1:1 among
different transporters. However, there is no information, at the level of atomic detail, on
the molecular principles underlying sodium ion selectivity, sodium ion-substrate
coupling and transport mechanisms (Yamashita et al., 2005).

1.5.4 Histological Distribution of SERT

SERT is expressed in a wide range of specialised non-neuronal cells, including
platelets, lymphoblasts, intestinal crypt epithelial cells, adrenal chromaffin cells,
enterochromaffin cells, enterocytes and placental syncitiotrophoblasts (Qian et al,
1997, Wade and Westfall, 1985, Gershon, 2003, Meredith et a l, 2005, Blakely et al.,
1998). Lymphocytes express functional SERT with a gene that in humans is thought to
have an essential function within the periphery (Mossner et a l, 2000). Lymphocyte
SERT binds SSRIs (Xia et a l, 1996) and has protein kinase C (PKC) and protein kinase
A (PKA) regulatory systems that are thought to participate in SERT regulation (Khan et
a l, 1996). Platelet SERT appears to be identical to that carried by neurons and stored
serotonin has been shown to be released in response to a variety of signals (Mossner and
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Lesch, 1998). The release of 5-HT by enterochromaffm cells plays a vital role in
signalling to the central nervous system and is a major cause o f nausea associated with
ingestion o f toxins including chemotherapeutic agents (Gregory and Ettinger, 1998).
Interestingly SERT has

been found in a number o f B cell malignancies including

diffuse large B cell lymphoma and multiple myeloma (Meredith et al., 2005).

1.5.5 Inhibition of 5-HT uptake/ SERT function
SERT acts as a target for many therapeutically applied drugs. Tricyclic anti
depressants such as imipramine and selective serotonin reuptake inhibitors like
paroxetine are used for the treatment o f depression, obsessive-compulsive disorder and
sleep- and eating-disorders (Hamon and Bourgoin, 2006).

1.6 Amphetamines
Amphetamine (AMPH) is the parent compound o f its own structural class
(Fig. 1.4), comprising a broad range o f psychoactive

derivatives,

e.g.,

3, 4-

methylenedioxymethamphetamine (MDMA) (Ecstasy) and the N-methylated form,
methamphetamine (METH). Amphetamine is a homologue o f phenethylamine and is a
simple molecule o f only nine carbon atoms with one chiral centre. Amphetamine is an
acronym for alpha-methylphenethylamine and is usually described as the prototype
psychostimulant, with its prominent actions being CNS stimulation, production of
euphoria, increased motor activity and appetite suppression (De Letter et a l, 2006).
Such effects are speculated to be the result o f the release o f central stores o f endogenous
catecholamines dopamine and noradrenaline (NA) especially in the reward pathways of
the brain.

1.6.1 Mechanism of action
Amphetamines in general are thought to release stores o f catecholamines from
nerve endings by converting the respective molecular transporters into open channels.
Consequently monoamine pools both in the synaptic vesicles and in the cytosol are
affected (Sulzer et a l, 2005). AMPH is thought to compete with ligands for the
transporters, reversing the transport o f monoamines from the lumen.

Regardless of'

whether AMPH is a substrate or merely binds without being transported, there must be
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competition between monoamines and AMPH for the uptake site and there is still an
ongoing leak o f vesicular transmitter (Schonn et a l, 2003). It has been difficult to
determine if AMPH is a genuine substrate o f SERT due to AMPH lipophilicity and
accumulation as a weak base in lysosomes and other acidic organelles and due to the
lack o f a crystal structure o f human SERT. However if AMPH is not a substrate, it may
simply block uptake or even cause release via a channel like mechanism. AMPH is
thought to be a genuine substrate for the transporters but the ionic stiochiometry for
such uptake remains uncharacterised.
There are at least two non-exclusive hypotheses that may explain the mechanism
by which AMPH enhances reverse transport. Facilitated exchange diffusion: one for
one molecular exchange o f AMPH for catecholamines based on intrinsic structural
properties. Channel-like transport modes: implies a reliance on transmembrane
gradients that can result in an exchange ratio that can exceed one-for-one
catecholamines exchange of AMPH. It is speculated that second messengers play a role
in unifying the two proposed theories, by allowing structural changes to occur that
would change the conformation o f transporters, thus regulating their specificity for
binding and function. Putative phosphorylation sites on the transporters and regulatory
protein kinases associated with transporters have emerged for individual transporters
backing up this unified theory o f control.

1.6.2 Fenfluramine
Fenfluramine is an amphetamine analogue, which has widely been used in the
treatment o f obesity (Fig. 1.4). It was marketed many years ago as the appetite
suppressant ‘Pondimin’ and was withdrawn from the U.S. market in 1997, after reports
o f heart valve disease and pulmonary hypertension. Fenfluramine increases serotonin
levels in the CNS, regulating mood and appetite with the end result a feeling o f fullness
and loss o f appetite (Du Verglas et a l, 1988). Such increases in synaptic 5-HT levels
are thought to be attributed to the inhibitory action o f fenfluramine on SERT. In vitro
studies o f D-fenfluramine on SERT protein levels in rat brains after two day and two
week exposures showed a 30-60% decrease in the maximum binding value o f SERT
(Rothman, 2003) and recent studies have indicated altered SERT protein levels upon
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treatment of rats with fenfluramine and MDMA (Xie et a l, 2006). Fenfluramine has
also been shown to suppress immune function in rats (Connor et a l, 2000).

1.6.3 MDMA

MDMA, a commonly abused amphetamine analogue was originally developed
by MERCK in 1912 and was used by psychotherapists until 1985 when it was assigned
Schedule 1 status. MDMA induces the release of serotonin most likely through SERT
and decreases intracellular serotonin levels in the brain (Steele et al., 1994, Rudnick and
Wall, 1993). It is well known that MDMA is selectively neurotoxic to brain 5-HT
neurons in rats, guinea pigs and primates as a function of dose and dosing regimen
(Ricaurte et a i, 1985, Insel et a i, 1989, Green et a i, 2003, Schmidt et al., 1986,
Schmued, 2003, Capela et a l, 2006). The exact mechanisms underlying the toxicity of
MDMA are unknown but are thought to depend on SERT activity. However, high
concentrations of MDMA (ImM) have been shown to induce SERT-independent
cytotoxic effects in a number of cell lines (COS-7 wildtype, COS-7-SERT
overexpressing cells and SERT expressing JAR cells) (Hayat et a i, 2006).

1.7. Antidepressants
1.7.1 Depression

Clinical depression is a state of sadness, melancholia or despair that has
advanced to the point of being disruptive to an individual's social functioning and/or
activities of daily living. Clinical depression was originally considered to be a chemical
imbalance in transmitters in the brain, a theory based on observations made in the 1950s
of the effects of reserpine and isoniazid in altering monoamine neurotransmitter levels
and affecting depressive symptoms (Schildkraut,

1965). The adoption of the

monoamine hypothesis of depression, first put forward over 30 years ago, which
proposes that the underlying biological or neuroanatomical basis for depression is a
deficiency of central noradrenergic and/or serotonergic systems and that targeting this
neuronal lesion with an antidepressant would tend to restore normal function in
depressed patients has enjoyed considerable support, since it attempts to provide a
pathophysiologic explanation of the actions of antidepressants. However, in its original
form it is inadequate, as it does not provide a complete explanation for the actions of
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antidepressants, and the pathophysiology o f depression itself remains unknown. Several
generations o f research have failed to provide convincing evidence that depression is
caused by abnormalities in the brain's serotonin or noradrenaline systems. This is
consistent with the ability o f antidepressant medications to treat a wide range of
syndromes, far beyond depression, including anxiety disorders, obsessive-compulsive
disorder, eating disorders, and chronic pain syndromes. It also is consistent with the fact
that many medications used in general medicine work far from the molecular and
cellular lesion underlying a disease (Nestler et a l, 2002).

1.7.2 Antidepressants
SERT is a high affinity target for the antidepressant group o f drugs. Most o f the
currently available antidepressants act through noradrenaline, serotonin and dopamine.
It has been generally believed that some antidepressant drugs act by reversing some 5HT deficit in the brain o f depressed subjects thus increasing levels o f 5-HT and
promoting brain serotonergic transmission (Owens et al., 1997). However, not all
antidepressants target 5-HT and there is increasing evidence that some antidepressant
drugs act on targets unrelated to monoaminergic transmission (Weiss et a l, 2003,
Wishart et al., 2006, Nahon et al., 2005). The acute mechanisms o f action of
anti depressant medications involve the inhibition o f serotonin or noradrenaline
transporters by the tricyclic antidepressants, and the inhibition o f monoamine oxidase
by monoamine oxidase (MAO) inhibitors (MAOI). These discoveries led to the
development o f numerous second-generation medications like the serotonin-selective
reuptake inhibitors and noradrenaline-selective reuptake inhibitors (NSRIs), which are
widely used today (Asberg et al., 1986, Nestler et al., 2002, Owens et al., 2002,
Delgado and Moreno, 2000, Gorman and Sullivan, 2000).
The mechanism o f action o f antidepressant medications is far more complex
than their acute mechanisms might suggest. Inhibition o f serotonin or noradrenaline
reuptake or catabolism would be expected to result in enhanced actions o f these
transmitters. However, all available anti depressants exert their mood-elevating effects
only after prolonged administration (3 weeks), which means that enhanced serotonergic
or noradrenergic neurotransmission per se is not responsible for the clinical actions of
these drugs. Rather, some gradually developing adaptations to this enhanced
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neurotransmission would appear to mediate drug action (Donati and Rasenick, 2003,
Rausch, 2005, Kasper et a l, 1993).
The most common therapeutic antidepressants used today include; the tricyclics
(TCAs), selective serotonin reuptake inhibitors, monoamine oxidase inhibitors,
noradrenaline reuptake inhibitors and the serotonin-noradrenaline reuptake inhibitors
(SNRIs) and they vary in their pharmacological and neurochemical effects. The main
members o f each family, their binding activities at SERT and NAT and their properties
are presented in Table 1.l(N estler et al., 2002).

1.7.2.1 Tricyclic antidepressants
Tricyclic antidepressants have been used for over 40 years in the treatment of
major depression and get their name from their tricyclic structure (Fig. 1.4). The initial
action o f these compounds is the release o f noradrenaline, serotonin and dopamine into
nerve endings, therefore elevating their respective functions in the brain. Such activity
is not well understood but is thought principally to involve inhibition o f the transporters
SERT and NAT. Tricyclic antidepressants are mainly prescribed for the treatment of
clinical depression, pain and nocturnal enuresis but they have also been used
successfully for headache, bulimia nervosa, interstitial cystitis, irritable bowel
syndrome, narcolepsy, persistent hiccups, pathological crying or laughing, smoking
cessation, as an adjunct in schizophrenia, and in ciguatera poisoning. With such a
diverse range of therapeutic applications, tricyclic antidepressants are also thought to
encourage many other neuropharmacological processes. TCAs also have anticholinergic
effects, have antagonistic actions at histaminergic H I, muscarinic and alpha-1
adrenergic receptors, and block sodium membrane channels (Sweetman, 2002, Hamon
and Bourgoin, 2006).
For many years they were the first choice for pharmacological treatment of
depression. Although still considered effective, they have been increasingly replaced by
the SSRIs and other newer drugs, but are sometimes still used to treat refractory
depression that has failed to respond to standard SSRI therapy. The first tricyclic
antidepressant discovered was imipramine (Fig. 1.4), which was discovered accidentally
in a search for a new antipsychotic in the late 1950s. Other antidepressant drugs in the
tricyclic drug group are presented in Table 1.1.
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1.7.2.2 Selective serotonin reuptake inhibitors
Selective serotonin reuptake inhibitors are a family o f antidepressants that have
little or no effect on the levels o f other monoamine transmitters or their transporters,
hence the name ‘selective serotonin’ reuptake inhibitor. SSRIs differ completely from
the structure o f the TCAs and are a pharmacologically heterogeneous group with their
only common function being their action on SERT. SSRIs are considered to be the
current standard o f drug treatment for depression as they are thought to be considerably
safer than the TCAs or MAOIs as they are said to have fewer and weaker side effects
and drug interactions. Three weeks o f continuous usage o f an SSRI is needed before a
positive anti-depressant effect is observed. SSRIs have less sedative, anticholinergic,
and cardiovascular effects than the tricyclic antidepressant drugs because o f decreased
binding to histamine, acetylcholine, and noradrenaline receptors (Wishart et al., 2006).
Some members o f the SSRl family, their SERT and NAT binding activity and their
properties are presented in Table 1.1.
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hSERT
Ki< nM )

hNET
Ki(nM )

Imipramine

20±2‘

142+ 8‘

Amitryptiline

36+ 1‘

102+9"

Anti-cholinergic & sedative properties
Antagonises cholinergic & alpha- 1 adrenergic responses to amines
Cardiovascular effects-orthostatic hypotension, changes in heart rhythm and
conduction, and a lowering o f the seizure threshold. Widely used in the
management o f chronic non-malignant pain. Nortryptiline active metabolite

(Wishart
et a l,
2006, Owens et a l ,
1997).

Desipramine

163+ 5‘

3.5 + 0.6'

Used to treat depression, pain of neuropathic origin, ADHD, fiinctional
enuresis in children, panic and phobic disorder, and to manage some eating
disorders.
Strong anti-cholinergic effect due to affinity to muscarinic receptors
An a nt^ onist on al and HI receptors.
Metabolised in liver cleared by 2-hydroxylation & glucuronidation

(Owens
et
a l,
1997, Wishart et
a l.2 0 0 6 )

ssno"

11.1 +03*

7280+
480'

11 + 1*

Treatment of clinical depression, panic disorder & ADD/ADHD
Has two chiral centers, but exists as two enantiomcrs, (R,R)-(-)- and (S,S)(+)-reboxetine
low in vivo and in vitro affinity for adrenergic, cholinergic, histaminergic,
dopaminergic and serotonergic receptors.

(Wong el al., 2000,
Wishart
et
al.,
2006)

0.7'

Nisoxetine is not currently used in humans

(Wong
and
Bymaster, 1976)

Name

Properties and use

Ref

T ricyclic
Major depression, dysthymia, bipolar depression, attention-deficit disorders,
agoraphobia, and panic disorders.
Imipramine is converted in the liver to desipramine and 2hydroxydesipramine, both active metabolites.

(Tatsumi el al.,
1997, Owens et a l ,
1997).

NSRI
Maprotiline

Reboxetinc

Nisoxetine

1000'’

Treatment o f depression, including the depressed phase of bipolar depression,
psychotic depression, and involutional melancholia
Strong antihistamlnic action, weak anticholinergic action
Central presynaptic o2 adrenergic inhibitory antagonist
Moderate peripheral a l adrenergic antagonist
Strong inhibitor o f the histamine 111 receptor
Cationic amphiphllic drug associated with lipidosis
Metabolised by N-demethylation, deamination, aliphatic & aromatic
hydroxylations by formation o f aromatic methoxy derivatives

(Tatsumi et al.,
1997)
(Wishart el al.,
2006)
(Xia el a l , 2000).

SSRI
liepresslon, bulimia nervosa, premenstrual dysphoric disorder, panic disorder
and post-traumatic stress.
Blockade o f muscular and neuronal nicotinic receptors. Inhibition o f MAO
A/B& Inhibition o f voltage-dependent Na^ K* and Ca* channels
Active metabolite, norfluoxetine

Fluoxetine

20 + 0.02"

2186+142’

Sertraline

3.3+0.04‘

1716+151"

treat depression, obsessive-compulsive disorder, panic disorder, and posttraumatic stress disorder
Potent inhibitor o f dopamine re-uptake ( K d o f DAT binding 25+ 2nM), one
active metabolite

Citalopram

8.9±0.7‘

30,285
1,600"

Treat the depression associated with mood disorders and on occasion Is used
in the treatment o f body dysmorphic disorder and anxiety, antiobsessivecompulsive & antibulimic actions
Major metabolite demethylcitalopram
No sig’ affinity for adrenergic, cholinergic, GABA, dopaminergic,
histaminergic, serotonergic, benzodiazepine receptors or MAO

(Tatsumi e t aJ.,
1997, Wishiart et
al., 2006)

Paroxetine

0,83+0.06'

328+ 25'

No active metabolites
Treat depression resistant to other antidepressants, depression complicated by
anxiety, panic disorder, social and general anxiety disorder, OCD,
premenstrual dysphoric disorder, premature ejaculation, and hot flashes of
menopause in women with breast cancer.

(Wishart
2006)

±

(Leonardi
and
Azmitia,
1994,
Nahon et al., 2005,
Tatsumi
et
al.,
1997, Carrasco and
Sandner,
2005,
Wishart
et
al.,
2006)
(Hamon
and
Bourgoin,
2006,
Tatsumi
art
a l,
1997, W ishart et
al., 2006).

et

T able 1.1 P ro p erties and Ki Values for inhibition a t hSER T and hNAT o f the an tid epressants used
in this study
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1.8 Burkitt’s lymphoma
Burkitt’s lymphoma (BL) is one o f the fastest growing malignancies in humans. It is
defined as a high-grade B-cell neoplasm that has two major forms, the endemic
(African) form (1-20 cases per 10^ individuals (Rochford el al., 2005) and the
nonendemic (sporadic) form, accounting for 30-50% o f lymphomas in children and 12% o f lymphomas in adults (0.01 cases per 10^ individuals in the United States and
Europe) (Harris and Horning, 2006, Rochford et al., 2005). The pathobiology o f BL is
aggressive, uncontrolled proliferation coupled with a high rate o f apoptosis.

The

histology o f BL has been termed ‘starry sky’ histology reflecting the presence o f large
tingible body macrophages that have been mobilised to the tumour in order to clear the
large burden o f apoptotic cells generated at these sites (Wright, 1999, Rooney et a l,
1986). It is a highly malignant tumour with a very high number o f cells undergoing
mitosis (Berard C, 1969). The tumour which tends to develop extra-nodal ly, with a
preference for the jaw and abdomen can double in size within a day and remains a
serious health problem in those areas where it is endemic: namely the malarial belts of
equatorial Africa, north-eastern Brazil, and Papua New Guinea (Fig. 1.7) (Burkitt and
O'Conor, 1961). In certain regions o f equatorial Africa and other tropical locations
between latitudes 10° South and 10° North, incidence is 100 per million children. The
male-to-female ratio is 2-3:1. In Africa the mean age o f incidence is 7 years and outside
Africa it is II years (Hanxian Huang, 2005).
A variety o f chemotherapeutic drugs are used in the treatment o f BL tumours
including DNA intercalating agents such as doxorubicin (Caelyx®, Myocet®) and
topoisomerase inhibitors such as etoposide (Etopophos®, Vepesid®). Such drugs are
administered in combination with the monoclonal antibody rituximib (Rituxan®,
Mabthera®), which sensitises B cell lymphomas and leukaemia’s to chemotherapy
(Spreafico et a l, 2002). These multi-agent regimens are usually short and dose
intensive. With combination chemotherapy and CNS prophylaxis, the survival rate is
thought to be at least 60%. Patients with limited disease have a survival rate o f 90%.
Patients with bone marrow and CNS involvement have a poor prognosis. Adults with
the disease, especially those in the advanced stage, do more poorly than affected
children and reoccurrence is common (Hanxian Huang, 2005). In addition, in parts of

31

Chapter I. Introduction

EBV Infection

Malaria

HIV

B duHuts IjfmphonB

V^rad«nce
^ascphar)fn^ canor

Burkitts lymphoma

Sourn:Oicno,M(l988)

http://info.cancerTesearchuk.org/cancerstats/causes/infcctiousa9cnts/
eps^nborrvirus/

Sporadic
0.01 cases per 10^ individuals in USA A Europe
A ffec ts all age groups
Abdomen

African
1-20 cases per 10® individuals
E ffe c ts mainly children 8-12yrs
Jaw, eye and abdomen

Molecular Pathogenesis

Positive Markers

Apoptosis

Negative Markers

IgH/MYC translocation
CD20
CDIO
C077
Bcl-6
CM3
MIB-1
p53

Anti-apoptotic
Low Bcl-2
High bfl-1
Increased NFKB
Increased survivin

CD138
C023
IgH/Bcl-2
Translocation Bcl-2

Pro-apoptotic
Low SMAC/DIABLO
In some cases noAPAF-1 activation

Figure 1.7 M olecular characterisation o f Burkitt’s lym phom a and the co-factors involved in its
developm ent
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the developing world where BL is endemic, access to chemotherapeutic regimens is
limited. Before aggressive therapeutic programs (rituximab, chemotherapy and radiation
therapy, bone marrow transplantation) children with Burkitt’s lymphoma died rapidly.
Burkitt’s lymphoma is strongly associated with Epstein-Barr virus (EBV) and
immunodeficiency or immunosuppression. 80% o f children with African BL demonstrate
evidence o f EBV infection while the relationship is less clear in the sporadic form (EBV
associated with about 20% o f cases). In Western society, Burkitt’s lymphoma was a very
rare form o f cancer with about one hundred new cases occurring each year. This incidence
has increased dramatically over the last few years from the association o f BL with
immunosuppressive illnesses like human immunodeficiency virus (HIV). Burkitt’s and
Burkitt’s-like/atypical Burkitt’s lymphomas make up the largest group o f HIV-associated
non-Hodgkin lymphomas, comprising up to 35-50% o f these neoplasms (Spina et a l,
1998) with the relative risk o f non-Hodgkin lymphoma increased 60-200 fold in HIVinfected patients (Grogg et a l, 2007, Biggar et a l, 1994, Rabkin, 1994). The long term
survival rates in response to chemotherapy for older adults and HIV infected patients is as
little as a 25% survival rate (Evens and Gordon, 2002).

1.8.1 Epstein Barr Virus and Oncogenesis
Epstein-Barr virus is a ubiquitous human gamma herpesvirus with oncogenic
potential that is associated with a spectrum o f malignant diseases. Epstein-Barr virus
primarily infects B cells, where it forms a latent infection that persists for life. Epstein-Barr
can cause infectious mononucleosis, also known as 'glandular fever' or 'Mono'. Infectious
mononucleosis is caused when a person is first exposed to the virus during or after
adolescence. It is common predominantly in the developed world, where most children in
are found to be already infected by 18 months o f age. Further infections like malaria or
HIV in these children reduce the immune surveillance o f EBV immortalised B cells,
allowing their proliferation and increasing the chance o f a mutation to occur. Repeated
mutations can lead to the B cells escaping the body's cell-cycle control, allowing the cells to
proliferate unchecked, resulting in the formation o f Burkitt’s lymphoma.
Epstein-Barr was the first virus to be identified as an oncovirus. The difficulty with
proving a link between a cancer type and EBV infection is that EBV is a ubiquitous virus.
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which infects most people. Therefore, EBV is usually seen as a co-factor in cancer
development, which may act together with other contributing factors, it is now thought to
be associated with the formation o f a variety o f tumours including lymphomas and
leukaemias, carcinomas and sarcomas. Recently the virus has been implicated as a co-factor
in invasive breast cancer and to various epithelioid diseases. Hairy leukoplakia is a lesion
caused by EBV replication, there is a very strong association between EBV and
nasopharyngeal carcinoma and about

10% o f gastric carcinomas are monoclonal

proliferations o f EBV infected carcinoma cells. Gastric carcinoma is one o f the most
common carcinomas, and the worldwide occurrence o f EBV positive gastric carcinoma is
estimated at more than 50,000 cases/year (Takada, 2000). However, the strongest evidence
linking EBV and cancer formation is found in Burkitt’s lymphoma but as previously
mentioned Burkitt’s lymphoma is also characterised as a HIV-associated lymphoma.
In vitro, EBV is exceptionally efficient at transforming and immortalising resting
human B lymphocytes leading to the outgrowth o f transformed and immortalised
lymphoblastoid cell lines (LCL) displaying elevated levels o f several cellular activation
antigens and adhesion molecules (D'Souza et a i, 2000). Viral gene expression is generally
restricted to a limited number o f latent genes that encode six Epstein-Barr nuclear antigens
(EB N A l, 2, 3A, 3B, 3C and LP), three integral membrane proteins (LM PI, LMP2A and
2B) and two small nuclear RNAs. Latent viral gene products are thought to be responsible
for the activation o f resting B cells, the induction o f continuous cell proliferation and the
replication o f episomal DNA. A central component o f the overall EBV strategy is the
ability o f the latent viral proteins to suppress the cellular apoptotic program (Henderson et
a l, 1991). Genetic analysis has shown that the immortalisation o f B cells by EBV requires
the cooperation o f at least five o f the latent proteins (Cohen et a l, 1989) with LMPI o f
particular interest.

1.8.2 Molecular Characterisation o f Burkitt’s lymphoma
There are a number o f characterising positive and negative markers o f Burkitt’s lymphoma
(Fig. 1.8) (McClure et al., 2005) with the most important o f these markers being the
IgH/MYC translocation. In all cases o f Burkitt’s lymphoma, the proto-oncogene c-myc has
been translocated from its normal position on chromosome 8 to a location close to the
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enhancers o f the antibody heavy chain genes on chromosome 14 (Fig.1.8), (Davis et a i,
1984, Dalla-Favera et a i, 1982). In all the other cases, c-myc has been translocated close to
the antibody light chain genes on chromosome 2 or 22 (Hanxian Huang, 2005). In every
case, c-myc is in a region o f vigorous gene transcription. Translocation o f myc brings it
under transcriptional regulation by the promoters o f genes coding for antibodies and since
antibodies are produced in large quantities by activated B cells, the result is overproduction
o f myc mRNA and the myc protein. The breakpoint o f the translocation occurs within the
first intron o f the gene, thereby separating the coding region o f the c-myc gene from the
untranslated

first exon.

This pattern

o f translocation

is characteristic

o f c-myc

translocations shown to occur in several human Burkitt’s lymphoma cell lines (Murphy et
a i, 1986).The proto-oncogene c-myc is a basic domain-helix/loop/helix-leucine zipper
transcription factor that plays a key role in the regulation o f cell proliferation,
differentiation and apoptosis. Genes o f the MYC family contribute to the pathogeneisis o f
many tumours. There are four genes in the family, c-MYC, N-MYC, L-MYC and S-MYC
(Adhikary and Eiiers, 2005). myc is required for several cycle transitions, including passage
through G| and activation o f cyclin D-dependent kinases (CDK), as well as entry into S and
activation o f cyclin E/Cdk2 and cyclin A/Cdk2 (Mateyak et a l, 1999). myc has been shown
to increase the expression levels o f cyclins E and A and to repress the expression o f cyclin
D1 (Jansen-Durr et a i, 1993). It represses the transcription o f the CDK inhibitors p27'^''’'
and p21 (Wu et a l, 2003) by increasing the rate o f p27 degradation (O'Hagan et a l, 2000).
Myc also activates Cdk2 by inducing the expression o f the Cdk-activating kinase Cdk7 and
the Cdk-activating phosphatase Cdc25A (Galaktionov et al., 1996). All these factors
explain the ability o f constitutively expressed myc to drive the cell cycle and hence, cell
growth. Several other gene targets o f myc have been identified including proteins that are
involved in DNA synthesis (Bello-Fernandez et a i, 1993, Bouchard et al., 2001). Mutant
myc proteins, retain their ability to stimulate proliferation and activate p53 but are defective
at promoting apoptosis due to failure to induce Bim and effectively inhibit Bcl-2 (Hemann
et al., 2005, Amati B, 1998 ).
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Figure 1.8 The implications of c-myc oncogenic translocation and its contribution to B cesll
lymphomagenesis
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1.8.3 Apoptotic Deregulation and Burkitt’s lymplioma
Burkitt’s lymphoma cells in situ are negative for or only weakly express the antiapoptotic survival gene Bcl-2 (Rooney et al., 1986). However, BL is thought to express
other anti-apoptotic proteins like bfl-1. Bfl-1 is an anti-apoptotic protein whose preferential
expression in hematopoietic and endothelial cells is controlled by inflammatory stimuli
such as TN F-a and interleukin 1 (lL-1). Bfl-1 shares high homology with the Bcl-2 family
members and has been shown to suppress p53-mediated apoptosis. Increased NF-kB
promotes anti-apoptotic activity in LCLs. B1RC5/Survivin, a known NF-kB target gene is
expressed at high levels in Burkitt’s lymphoma (Tracey et al., 2005). NF-kB activation has
been proposed as a cardinal feature o f tumourigenesis although the precise mechanism,
frequency, relevance and extent o f NF-kB activation in lymphomas remain to be fully
elucidated.
Burkitt’s lymphoma cell lines have been shown to lack Smac/DIABLO expression.
As BL grows at an extremely rapid rate and demonstrates frequent mitotic figures and cell
death, lack o f SMAC expression suggests that such a high apoptotic rate in BL is most
likely regulated by apoptotic mechanisms other than the lAP/Smac/DlABLO pathway. This
suggest that some Smac/DIABLO activators may be useful in the treatment o f patients with
BL (Ren et a l, 2006). The majority o f BL cell lines are resistant to the chemotherapeutic
drug, etoposide and many display cell-cycle deregulation. Recently it has been shown that
the BL cell line, Raji displays a novel mechanism o f chemoresistance. In this cell line, the
adaptor molecule APAF-1 is sequestered to the plasma membrane resulting in defective
cytochrome-c dependent activation o f caspases (Karpova et al., 2006). It has also been
reported that Burkitt’s lymphoma cells lacking the pro-apoptotic Bcl-2 family member,
Bax are relatively resistant to apoptosis (Brimmell et a l, 1998).

1.9 Burkitt’s lymphoma and SERT
Burkitt’s lymphoma and a broad range o f B-cell lymphomas have been shown to
express the serotonin transporter (Meredith et al., 2005). It has been proposed that the
presence o f SERT on BL could act as a novel pro-apoptotic target for SERT targeting
drugs (Meredith et al., 2005, Serafeim et al., 2002, Serafeim et a l, 2003). SERT has been
implicated in the mechanism o f cytotoxicity associated with the amphetamine analogues,
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fenfluramine and MDMA and SERT-targeting antidepressants (Hayat et al., 2006, Meredith
et al., 2005, Simantov and Tauber, 1997, Bengel et a l, 1998). The effect o f these SERT
ligands in BL has been found to be

incompatible with their SERT pharmacology

(Ramamoorthy et al., 1993) and appears to involve downregulation o f the genes that
support the uncontrolled cell division normally associated with BL (Serafeim et al., 2003).

1.10 Objectives
The future development o f new apoptotic agents for anticancer therapies relies on
the identification and exploitation o f unique targets on individual malignancies. Presently,
the majority o f conventional chemotherapeutic agents target more than one type o f cancer
due to the drug targeting some broad characteristic o f all cancer cells such as rapid cell
division. Such characteristics are found not only on cancer cells but are also found on the
normal cells o f the body too leading to the deleterious side effects associated with
chemotherapy. The future o f anticancer drug design is therefore to identify a distinctive
characteristic o f a malignancy that can be targeted by a suitable agent. This agent must be
able to convince the cancer cell to commit to programmed cell death. Programmed cell
death, the most characterised being apoptosis is a highly effective, clean way for a rogue
cell to be eliminated by the body. The development o f such selective pro-PCD agents is
imperative for the future o f safe, yet highly effective anticancer drugs that eliminate the
cancer cell and leave the other cells o f the body alone. The identification and exploitation
o f such novel targets is the basis o f this study, whereby the idea that the monoamine
transporter, SERT acts as a pro-apoptotic target on Burkitt’s lymphoma cells for SERTtargeting ligands such as the amphetamines or SSRI antidepressants will be investigated.
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2. Materials and Methods
2.1 Materials
2.1.1 Source of materials
T h e m a jo rity o f m a te ria ls w e re lo c a lly so u rc e d (D u b lin , Ire la n d ) u n le ss o th e rw ise
stated . A ll re a g e n ts a n d c h e m ic a ls o b ta in e d w e re o f a n a ly tic a l g ra d e a n d stan d ard .

Material
96-well Sterile Plates

Supplier
(Corning)

Address

Cruinn D iagnostics Ltd

AEBSF

Sigm a-Aldrich

A lam ar Blue (Invitrogen)

Bio Sciences Ltd

Alexa A nti-R abbit Secondary AB (Invitrogen) Bio Sciences Ltd
A lpha-thioglyceroi

Sigma-AIdrich

Am m onium Persulphate

Sigm a-Aldrich

Am itryptiline

Sigm a-Aldrich

A nti-FLA G ® M2 m onoclonal AB

Sigm a-Aldrich

Anti-M ouse Ig secondary A B (O ncogene)

M erck B iosciences Ltd

N ottingham , UK

A nti-rabbit Ig secondary AB (O ncogene)

M erck Biosciences Ltd

N ottingham , UK

BAPTA-AM

Sigm a-Aldrich

Bathocuprione disulphonic acid

Sigm a-Aldrich

Anti-Bak (N -20) A ntibody (Santa-Cruz)

Fannin healthcare

A nti-Bax (N -20) A ntibody (Santa-Cruz)

Fannin Healthcare

BCA assay (Pierce)

M edical Supply C om pany Ltd

Blasticidin

Sigm a-Aldrich

p-Actin

M erck Biosciences Ltd

p-M ercaptoethanol

Sigm a-Aldrich

B rom ophenol Blue

Sigm a-Aldrich

Tissue Culture Plates (G reiner)

Cruinn Diagnostics Ltd

Caspase Inhibitor II cpm (C albiochem )

M ERCK Biosciences Ltd

Calcium C hloride

Sigm a-Aldrich

CHAPS

Sigm a-Aldrich

Citalopram Hydrochloride

Sigm a-Aldrich

CKS-1 antibody (Santa Cruz)

Fannin Healthcare Ltd

c-M yc antibody (Santa Cruz)

Fannin Healthcare Ltd

C ryostat tubes (N unc)

Cruinn D iagnostics Ltd
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Material

Supplier

DAT (c-20) A ntibody (SantaCruz)

Fannin H ealthcare Ltd

Deepwell (96well 1ml) Plates +Lids (N unc)

Cruinn D iagnostics Ltd

DMEM

Bio Sciences Ltd

DMSO

Sigm a-Aldrich

Donkey anti-G oat IgG H P(Santa C ruz)

Address

Fannin H ealthcare Ltd

Dopam ine H ydrochloride

Sigm a-Aldrich

DTT

Sigm a-Aldrich

ECL

M illipore

EDTA

Sigm a-Aldrich

EGTA

Sigm a-Aldrich

EPPEN DORF tip tub

AGB

Ethanol

Trinity College

Etoposide

Sigm a-Aldrich

FACS tubes

Becton Dickinson

FCS

Sigm a-Aldrich

Fenfluram ine Hydrochloride

Sigm a-Aldrich

Fluoxetine

Sigm a-Aldrich

FURA-2

Bio Sciences Ltd

Geneticin G418 (Invitrogen)

Bio Sciences Ltd

Gentam ycin

Sigma-Aldrich

G lutam ine (Gibco)

Bio Sciences Ltd

G lutaraldehyde

Sigm a-Aldrich

Glycine

Sigm a-Aldrich

HEPES

Sigm a-Aldrich

HSP-60 antibody

AbCam

Kodak X-ray Film

Sigm a-Aldrich

Lead Citrate

CM A. TCD

Lym phoPrep

Bio Sciences Ltd

M agnesium C hloride

Sigm a-Aldrich

M EM -PER extraction Kit (Pierce)

Medical Supply Com p Ltd

M annitol

Sigm a-Aldrich

M ethysergide M aleate

Tocris

M icro Pipette Tips

Cruinn D iagnostics Ltd

M icroscope Slides

Sigma-Aldrich

Cork, Ireland

O xford, UK

C am bridge, UK

Bristol, UK
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M aterial

Supplier

Mitotracker ROS (Invitrogen)

Bio Sciences Ltd

N-acetyl-cysteine

Sigma-Aldrich

Nerve growth factor

Bio Sciences Ltd

Neutral Red Solution

Sigma-Aldrich

NonidetN P40

Sigma-Aldrich

Noradrenaline Transporter Antibody

MAB technologies

Osmium Tetroxide

CMA, TCD

P27 antibody (Santa Cruz)

Fannin Healthcare Ltd

PAGE-PREP kit (Pierce)

Medical Supply Comp Ltd

p-AKT antibody (Santa Cruz)

Fannin Healthcare Ltd

Paraformaldehyde

CMA, TCD

Paroxetine

Sigma-Aldrich

PBS Tablets (Oxoid)

Fannin Healthcare Ltd

Pen ic i11in/Streptomyc in

Sigma-Aldrich

Phenylenediamine

Dr.Orla Hanrahan ,TCD

Pipettes (sterile) (Sterilin)

Cruinn Diagnostics

Poly-L-lysine Solution

Sigma-Aldrich

PMSF

Sigma-Aldrich

Propidium Iodide

Sigma-Aldrich

Propylene hydroxide

CMA, TCD

Protease Inhibitor Cocktail

Fannin Healthcare Ltd

Proteinase K

Sigma-Aldrich

Protogel

Sigma-Aldrich

PVDF membrane (0.45um pore size)

Sigma-Aldrich

RapiDiff staining kit

Sigma-Aldrich

RNAase A

Sigma-Aldrich

RPMI 1640 medium (Gibco) (Invitrogen)

Bio Sciences Ltd

SDS

Becton Dickinson

Serotonin Hydrochloride

Sigma-Aldrich

Sodium Azide

Sigma-Aldrich

Sodium Pyruvate

Sigma-Aldrich

ST(c-20) hSERT antibody (Santa Cruz)

Fannin Healthcare Ltd

Stripping Buffer

Sigma-Aldrich
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Material

Supplier

Sucrose

Sigma-Aldrich

Syringe disposable-1ml

Sigma-Aldrich

Syringe Needle 21G

Sigma-Aldrich

Taxol

Sigma-Aldrich

TEMED

Sigma-Aldrich

Tetracycline

Sigma-Aldrich

TeT-System FBS (Clontech)

Unitech Ltd

TLCK

Sigma-Aldrich

TPCK

Sigma-Aldrich

Transfer Blot kit (BioRad)

Alpha-Technologies

Tris (Trizma base)

Sigma-Aldrich

Triton-X 100

Sigma-Aldrich

Trypsin EDTA

Sigma-Aldrich

TWEEN

Sigma-Aldrich

Uranyi Acetate

CMA, TCD

Zeocin (Invitrogen)

Bio Sciences Ltd

Address

Wicklow, Ireland

2.1.2 C ell L ines

DG-75, MUTU-I ( c l79) and BJAB Burkitt’s lymphoma cell lines were gifts
from Dr. Dermot Walls (School o f Biotechnology, Dublin City University, Ireland) and
Prof. Martin Rowe (Division o f Cancer Studies, The University o f Birmingham, UK).
Daudi, H929, and CEM-Neo plus CEM-Bcl-2 cell lines were gifts from Prof. Mark
Lawler (School o f Medicine, Trinity College Dublin (TCD)), Dr. Clair Gardiner and Dr.
Daniela Zisterer (School o f Biochemistry & Immunology, TCD) respectively. The
SHSY-5Y cell line and the MCF-7, MDA-MB231 and 4TI cell lines was purchased
from the European Collection o f Cell Cultures and the TREx (+rSERT) cell line was
created as in (Tate et a i, 2003) and a gift ft'om Dr. Chis Tate (MRC Laboratory of
Molecular Biology, Cambridge, UK). The human embryonic kidney (HEK293) cell
lines stably overexpressing the human SERT was a gift from Dr. Patrick Schloss
(Central Institute for Mental Health, Mannheim, Germany). PC -12 cells were a kind gift
from Dr. Gabriele Schmuck (Bayer HealthCare AG).
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2.2 Cell Culture
2.2.1 B urkitt’s lym phom a Cell Lines

The DG-75 cell line is a B-lymphocyte, Burkitt’s lymphoma line derived from a
metastatic pleural effusion (lung) of a sporadic case of EBV negative Burkitt’s
lymphoma that has been reported to express low levels of Bcl-2 (Lazar et a l, 1981,
Ben-Bassat et a l, 1977, Hummel et a l, 2006). The MUTU-I (c l79) cell line is an
isogenic stable group-1 BL cell line derived from a BL-biopsy that was EBV positive
and expresses low levels of Bcl-2 (Baker et a l, 1998, Gregory et a l, 1990, Henderson
et al., 1991, Milner et a l, 1992). The Daudi cell line is an EBV positive peripheral
blood B-lymphoblast BL cell line derived from a 16yr old patient with BL (Klein et a l,
1968) and the BJAB cell line is an EBV negative lymphoblastoid cell line derived from
a patient with African BL (Menezes et a l, 1975). The above cell lines were cultured in
RPMl-1640 medium containing phenol red and supplemented with 10% (v/v) foetal
bovine serum (FBS), L-glutamine (2mM), penicillin and streptomycin (100|ag/ml). The
MUTU-I c l 79 cell line required the additional supplements of alpha-thioglycerol (5mM
in PBS with 20(j.M bathocuprione disulphonic acid), sodium pyruvate (lOOmM) and
HEPES (ImM). Cells were maintained in a 72cm 2 tissue culture flasks at 37°C in a
•

humidified atmosphere of 95% oxygen, and 5% carbon dioxide.

2.2.2 TREx-SERT Cell Line

The TREx (-) and TREx (SERT) cell lines were derived from HEK293 cells
stably expressing the TetR protein (Tate et al., 2003) that turns off rat SERT-FLAG
expression. TREx cells were cultured in DMEM containing 10% (v/v) Tet-System
approved FBS, L-glutamine (2mM), gentamycin (100p,g/ml), blasticidin (5fo,g/ml) and
zeocin (200^g/ml). SERT-FLAG expression was induced by adding tetracycline
(l^g/m l) and incubating for l6-24h.

2.2.3 H929, CEM -Neo, CEM -Bcl-2 and SHSY-5Y

The H929 cell line is a multiple Myeloma line from B-lymphocytes in bone
marrow derived from a malignant effusion in a patient with Myeloma. The CEM-Neo
and CEM-Bcl-2 cell lines are acute peripheral blood T-lymphoblastic leukaemia cell
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lines with the CEM-BCl-2 cell line stably transfected to express high levels o f Bcl-2
protein. The above cell lines were cultured in RPMI 1640 medium containing phenol
red

and

supplemented

with

10%

(v/v)

FBS,

L-glutamine

(2mM)

and

penicillin/streptomycin (100|j,g/ml).
The SHSY-5Y cell line SH-SY5Y is a thrice cloned (SK-N-SH -> SH-SY ->
SH-SY5 -> SH-SY5Y) subline o f the human neuroblastoma cell line SK-N-SH
established from a metastatic bone tumour (Biedler et al., 1978). SHSY-5Y cells were
cultured in DMEM/F12 (1:1) supplemented with 10% (v/v) FBS, sodium pyruvate
(Im M ),

L-glutamine

(2mM),

non-essential

amino

aids

(0.1 mM)

and

penicillin/streptomycin (lOO^g/ml)

2.2.4 HEK293, HEK293 (SERT), HEK293 (DAT), HEK293 (NET)
HEK293 cells lines stably overexpressing the human catecholamine transporters
SERT, DAT and NAT were cultured in DMEM supplemented with 10% (v/v) FBS, Lglutamine (2mM), penicillin/streptomycin (lOO^g/ml) and geneticin (500|a,g/ml). Stable
expression was valid up to 30 passages.

2.2.5 Breast cancer-derived cell lines
The MDA-MB231 cell line is an estrogen receptor (ER) negative breast
adenocarcinoma derived from a metastatic pleural effusion (Brinkley et a l, 1980,
Siciliano et a l, 1979). MDA-MB231 cells were cultured in DMEM, 10% (v/v) FBS, Lglutamine (2mM) with penicillin and streptomycin (100|ig/ml). The MCF-7 cell line is
an ER positive breast adenocarcinoma derived from a metastatic pleural effusion
(Sugarman et al., 1985, Brandes and Hermonat, 1983). MCF-7 cells were cultured in
MEM supplemented with

10% (v/v) FBS, L-glutamine (2mM), penicillin and

streptomycin (100|j,g/ml) and 1% (v/v) non-essential amino acids. The 4TI is a cell line
derived from a mouse mammary gland tumour (Aslakson and Miller, 1992) that is
commonly xenografted to create disease models for breast carcinomas. 4TI’s were
cultured in DMEM supplemented with 10% (v/v) FBS, L-glutamine (2mM), penicillin
and streptomycin (100|j,g/ml) and HEPES (ImM).
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2.2.6 PC-12 Cell Line

The PC-12 cell line was derived from a transplantable rat pheochromocytoma
(Greene and Tischler, 1976). Undifferentiated PC-12 cells were cultured in DMEM/F12
(1:1) supplemented with 10% (v/v) Horse serum, 5% (v/v) FBS, L-glutamine (2mM)
and penicillin/streptomycin (100|Lig/ml) and were grown on collagen-coated plates.
Cells were cultured for seven days in DMEM/F12 (1:1) supplemented with 1% (v/v)
horse serum, 5% (v/v) FBS, L-glutamine (2mM), penicillin/streptomycin (100|ag/ml)
supplemented with lOOng/ml of Nerve growth factor (NGF) with media changed every
two days. After seven days, all cells displayed a differentiated morphology and a static
population was obtained for an additional seven days thereafter. Treatment with NGF
allowed the PC-12 cells to cells respond reversibly to NGF and differentiate their
phenotype from a proliferating cell to a post-mitotic, neurite bearing neuron (Greene
and Tischler, 1976).

2.3 Cell Maintenance

Growth media was stored at 4°C and when required was heated to 37°C in a
water bath before being used on the cells. The cells were maintained in a 72cm tissue
culture flasks at 37°C in a humidified atmosphere of 95% oxygen, and 5% carbon
dioxide. Cells were split/sub-cultured three times weekly depending on cell viability
and growth. When required for an experiment, cells were centrifuged at 300 xg for 5min
in a Sorvall T 436 centrifuge, the pellet resuspended in 5ml of growth medium and
counted using a haemocytometer. The specified amount of cells for each experiment
was seeded accordingly in the relevant medium.

2.4 Cell Storage-Cryopreservation

Cells were stored at -180°C in liquid nitrogen. 6-7 million cells were suspended
in 60% growth media, 30% (v/v) FBS and 10% (v/v) DMSO and aliqoted into cryotubes
each containing 1.5ml. The cryotubes were incubated in a polycarbonate container
containing isopropyl alcohol (provides the critical, repeatable, 1 °C/min cooling rate
required for successful cryopreservation of cells) in a -70°C freezer overnight before
transferring to long-term storage at -180°C. When required, an aliquot of cells was
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removed and quickly thawed, followed by suspension in 9ml o f 37°C growth medium.
Cells were centrifuged at 300 xg for 5min in a Sorvall T 436 centrifuge to remove the
DMSO. The supernatant was discarded and the cells resuspended in 20ml o f growth
medium in a sterile 25cm flask. Once confluent, the cells were maintained in a 72cm
tissue culture flask at 37°C in a humidified atmosphere o f 95% oxygen, and 5% carbon
dioxide.

2.5 Generation of human peripheral blood mononuclear cells (PBMC)
Blood was obtained either directly from a healthy donor or taken from the blood
bank at St. James hospital. Blood was transferred into a 50ml falcon tube and diluted
1:2 with phosphate buffered saline (PBS). LymphoPrep® was used to separate the
blood into red blood cells, white blood cell ring and serum. The blood was slowly added
to 20ml o f LymphoPrep®. The tubes were centrifuged at 1700xg for 30min. The white
blood cell ring was transferred into a new 50 ml tube using a Pasteur pipette. The
volume was adjusted to 50ml and the samples were centrifuged again at 1700xg for
lOmin. The supernatant was removed. This step was repeated again, the pellet was then
resuspended in 10ml o f RPMI media (10 % FBS, penicillin/streptomycin (lOOfag/ml)).

2.6 Preparations of Stock solutions
0.2mM to ImM stock solutions o f the various drugs were prepared in their
relevant solvents, aliqoted and stored at -20°C. Working stocks o f each drug were
prepared accordingly.

2.7 Propidium Iodide flow cytometry analysis to detect Apoptosis
2.7.1 Background to PI fluorescent-activated cell sorting (FACS) analysis
Flow cytometry is a means o f measuring some physical and chemical
characteristics o f cells or particles as they travel in suspension one-by-one past a
sensing point. The measurement of the DNA content o f cells was one o f the first major
applications o f flow cytometry as the DNA content o f the cell cycle can provide a great
deal o f information about the cell cycle and consequently the effect o f the cell cycle o f
added stimuli. Propidium iodide (PI) is the most common dye used for DNA content
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cell cycle analysis. PI intercalates into the major groove o f DNA and produces a highly
fluorescent adduct that can be excited at 488nm and has an emission centred around
600nm. This type o f DNA analysis allows cells in the G2 and M phases to be easily
distinguished from other phases o f the cell cycle. When cells enter G2/M phase the
DNA contracts and occupies less space resulting in a lower fluorescence release. On the
other hand, cells entering the G1 and S phases have a greater amount o f loosely
associated DNA and thus release greater fluorescence. The stage at which the cell is at
in its cell cycle will have a characteristic DNA profile consisting o f a series o f different
peaks (Fig.2.1).

2.7.2 PI FACS analysis
750.000 cells were seeded in 5ml o f media and treated with the appropriate amount o f
compound and incubated for a specified time at 37°C in a humidified atmosphere o f
95% oxygen and 5% carbon dioxide. Cells were harvested by centrifugation at 300xg
for 5 min and washed with 5ml o f ice cold PBS. The pellet was resuspended in 200|j.l
PBS and 2ml o f ice-cold 70% ethanol was added. The cells were left to fix overnight at
4°C. After fixation, the cells were pelleted by centrifugation at 300 xg for 5min and the
ethanol was carefully removed as so not to disturb the pellet. The pellet was
resuspended in 400^1 o f PBS in FACS microtubes and to it 25(0.1 o f RNAse A (lOmg/ml
stock) and 75fxl o f Propidium iodide (1 mg/ml) were added. The tubes were incubated at
37°C in the dark for 30min. Cell cycle analysis was performed using appropriate gates
counting 10,000 cells and analysed using CELLQUEST software package.

2.8 Western Blot Analysis
2.8.1 Preparation of Whole Cell lysates.
2.8.1.1. Cell lysis with sample buffer
5x10^ cells were harvested by centrifugation at 500 xg for 5min and the pellet
washed with ice-cold PBS. The pellets were resuspended in 60|ol PBS and 60|j,l lysis
buffer (Laemmli buffer; 62.5mM Tris-HCl, 2% w/v SDS, 10% glycerol, 0.1% w/v
bromophenol Blue supplemented with protease inhibitors) and sonicated for 15s to
shear DNA and reduce sample viscosity. The protein concentration o f each sample was
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determined (Section 2.8.3) and the samples diluted in lysis buffer (with 5% DTT) so
that each sample contained an equal amount o f protein (SO^g) and heated at 95°C for
5min.

2.8.1.2 Preparation of Whole Cell lysates. Cell lysis with RIPA buffer
5x10^ cells were harvested by centrifugation at 500 xg for 5min and the pellet
washed with ice-cold PBS. The pellets were resuspended in 50-150|li1 o f RIPA buffer
(50mM Tris pH7.4, 150mM NaCl, 2mM EDTA, 1% NP-40, 0.1% SDS containing,
50mM DTT and IX Pro tease inhibitors) and left on ice for Ih. Following incubation,
lysed cells were centrifuged at 14,000xg for 15min. Supernatants were removed and
place in clean eppendorfs.

2.8.2 Production o f membrane-enriched lysates
Cells were grown as described in section and seeded at 5x10^ cells/flask.
Membrane fractions were isolated according to the Mem-PER Eukaryotic Membrane
Protein Extraction Reagent Kit (Pierce Cat. No. 89826). Following treatment with the
appropriate compound or vehicle for the outlined time, cells were harvested by
centrifugation at 850 xg for 5min followed by washing in PBS. The supernatant was
removed and 150^1 o f Reagent A was added to the cell pellet. A homogeneous cell
suspension was obtained by pipetting up and down and the cells were then incubated
forlOmin at room temperature with occasional vortexing. Lysed cells were put on ice
and 450|il of diluted Reagent C was added and the cell suspension at incubated for
30min vortexing every 5min. Reagents B and C were kept at 4°C or on ice at all times.
Post-incubation cells were centrifuged at 10,000xg for 3 min at 4°C. The supernatant
was transferred to new tubes and incubated at 37°C for lOmin to separate the membrane
protein fraction. Cells were then centrifuged at room temperature (RT) for 2min at
10,000 Xg to isolate the hydrophobic fraction from the hydrophilic fraction. The
hydrophilic phase (top layer) was carefully removed from the hydrophobic protein
phase (bottom layer) and transferred to a new tube. Phase separations were performed
as quickly as possible as the interface between the layers slowly disappeared at RT. The
separated fractions were then placed on ice. The hydrophobic layer contains membrane
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protein o f interest and was dissolved in Tris-Buffered saline (TBS) (lOmM Tris,
150mM NaCl) containing protease inhibitors.
For efficient separation on SDS-gel electrophoresis membrane lysates were
prepared according to PAGEprep Advance Kit (Pierce Cat No. 89888) protocol. 20(il o f
well-vortexed resin was pipetted into a spin cup using a cut pipette tip. 50|u,l o f the
extracted membrane sample was added to the resin and vortexed. 50|j.l o f 100% DMSO
was added and incubated at room temperature for 5min with occasional vortexing to
ensure maximum protein adsorption. Samples were centrifuged at 2000xg for 2min and
the flow though discarded. The collection tube was emptied by blotting on a paper towel
and the spin cup reinserted into the original collection tube. 300|j,l o f wash solution (6ml
DMSO + 6ml water) was added to the resin and vortexed until a homogenous
suspension was obtained and the samples centrifuged at 2000 xg for 2min. The flow
though was emptied again by blotting on a paper towel and the spin cup reinserted into
the original collection tube. A second wash was carried out and the spin cup transferred
to a new collection tube with 50|u.l o f elution buffer. Samples were vortexed and
incubated at 60°C for 5 min before centrifuging at 2000 xg for 2min. The collection tube
containing the eluate was retained and a portion assayed for protein content. The
appropriate sample volume was combined with 5X sample buffer and DTT or (3mercapthoethanol and heated at 95°C for 5min.

2.8.3 Protein concentration determination
The BCA assay from Pierce for protein concentration determination was used to
determine the amount o f protein in each o f the prepared samples. The BCA^’’^ Protein
Assay is a detergent-compatible formulation based on bicinchoninic acid (BCA) for the
colorimetric detection and quantitation o f total protein. This method combines the wellknown reduction o f Cu

+2

to Cu

1

by protein in an alkaline medium (the Biuret reaction)

with the highly sensitive and selective colorimetric detection o f the cuprous cation
(Cu^') using a unique reagent containing bicinchoninic acid. The purple-coloured
reaction product o f this assay is formed by the chelation o f two molecules o f BCA with
one cuprous ion. This water-soluble complex exhibits a strong absorbance at 562 nm
that is nearly linear with increasing protein concentrations over a broad working range
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(20-2,000 |ig/m l). All fractions were kept on ice. For each protein determ ination carried
out, 2-5^1 o f each sample was diluted into 20|_il o f distilled water. 200^1 o f BCA reagent
(1:50dilution o f BCA reagent A in BCA reagent B) was added to 20)j.l o f diluted protein
samples in triplicate and incubated at RT for 30min. A range o f bovine serum albumin
(BSA) standard protein concentrations (0.0625m g/m l-2m g/m l) were also incubated with
BCA reagent and left to incubate at RT for 30min. The absorbance o f all samples was
read at 650nm and unknow n diluted samples were compared to known BSA standards.

2.8.4 Sodium dodecyl sulphate -polyacrylamide gel electrophoresis (SDS-PAGE)
Sodium dodecyl sulphate -polyacrylam ide gel electrophoresis was carried out on
a 10% resolving gel and a 5% stacking gel. The 10% resolving gel consisted of; H 2 O
(4ml), ProtogelTM (Ultra-Pure 30% (w/v) acrylamide and 0.8% (w/v) bisacrylamide)
(3.3ml), 1.5M Tris pH 8.8 (2.5ml), 10 % (w/v) SDS (100|il), 10% (w/v) ammonium
persulphate (lOOfil), and N, N, N ’, N ’-tetram ethylethylenediam ine (TEM ED) (4|al). The
5% stacking gel consisted o f H 2 O (6.8ml), Protogel™ (1.7m l), IM Tris pH6.8 (1.25ml),
10%(w/v) SDS (lOOfxl), 10% (w/v) am m onium persulphate (100|^1) and TEM ED( 4|al).
When the gel had polym erised, it was placed in an ATTO electrophoresis Unit (Model
AE6540) containing IX running buffer (5X= 25mM Tris, 192mM glycine and 0.1%
SDS). 25|J,1 (roughly 20|j,g protein) o f each sample was carefully loaded into the wells
o f the stacking gel. A prestained protein m arker (10|j,l) was loaded into a single well o f
the stacking gel to allow the m olecular weight o f any resolved proteins to be
determined. The proteins were resolved though the stacking gel at 80V and 120mA.
Once the samples had m oved into the resolving gel, the current was increased to 11OV
until the dye front had reached the bottom o f the resolving gel.

2.8.5 Transfer of Proteins to PVDF membrane
Proteins resolved by SDS-PAGE were transferred onto a methanol activated
polyvinylidene difluoride (PVDF) m em brane using a w et transfer BioRad Mini Trans
Blot Unit. The PDVF m em brane (pore size 0.45^m ) was cut to size (slightly larger than
the gel size) and soaked in 100% methanol for 10s then washed for a few min in
distilled water. The membrane, along with the two sponges, 6 pieces o f W hatm ann filter
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paper and the gel were allowed to equilibrate/soak for 15min in transfer buffer (25mM
Tris-HCl, 192mM glycine, 10% (v/v) methanol. Placing the various components in the
following order from the black side o f the Blot unit; 1 sponge, 3 sheets o f filter paper,
gel, PVDF membrane, 3 sheets o f filter paper, finally the second sponge assembled the
transfer sandwich. The sandwich was clamped shut and placed in a power pack
saturated with transfer buffer. Proteins were transferred onto the PVDF membrane using
a wet transfer apparatus (Biorad mini trans blot) at 60V (150mA) for 90-120min at RT
or overnight at 4°C.

2.8. 6 Blocking the membrane
The membrane was soaked in blocking solution (5% (w/v) Marvel Milk in 0.1%
TBS Tween (lOmM Tris, 150mM NaCl plus 1ml Tween 20/L TBS)) overnight at 4°C
or for 2h at RT. The membrane was washed twice in TBST for 3min at a time.

2.8.7 Antibody Incubation
I'he membrane was incubated for Ih at room temperature with the primary
antibody of interest at 1:100 to 1:100 dilution in TBST containing 5% dry milk
depending on the particular antibody. The membrane was washed again in 0.1% TBST
four times for 5min at a time before incubating in the appropriate associated IgG-HP
secondary antibody for Ih at room temperature. The membrane was then washed in
TBST (2x5min, IxlOmin, 2x5min) before a final 5min wash in TBS.

2.8.8 Visualisation of Membranes
Membranes were developed using electrochemiluminescence (ECL) detection,
which detects the secondary antibody by means o f HP-catalysed oxidation o f luminol
under alkaline conditions. Results were recorded on Kodak X-Omat LS film and
developed using an X-ray processor (Fuji).

2.8.9 Stripping and Re-Probing of Blots
Membranes were incubated with stripping buffer for 10-15min at 50°C followed
by several washes in TBS at RT. The membrane was blocked by incubation with gentle
agitation in blocking buffer (5% dry milk in TBST (0.1%v/v) Tween 20 in TBS) for 2h
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at room temperature or overnight at 4°C followed by incubation with desired antibody.
P-Actin primary (1:5000 in 5% TBST) antibody was incubated with a membrane for Ih
at room temperature followed by three 10-min washes with TBST. The membrane was
then incubated with goat anti-mouse horse radish peroxidase (HP)-conjugated
secondary antibody (1:1000) in TBST (2x5min, IxlOmin, 2x5min) before a final wash
in TBS. Membranes were developed using ECL detection as described in section 2.8.8.

2.9 In silico studies
2.9.1 Flexible alignment study
MOE’s [MOE (Molecular Operating Environment) Version 2007.09, Chemical
Computing Group Inc. http://www.chemcomp.com] flexible alignment algorithm is
based on several similarity terms including hydrogen bond donor and acceptor,
aromaticity, and partial charge. Flexible alignment uses a stochastic search procedure to
superimpose similar functionality in these structures as defined by the similarity terms
while allowing each structure full conformational flexibility. The flag “Randomly Invert
Unconstrained Chiral Centres” was turned o ff and the remaining default settings were
utilised. The RMSD tolerance was set to 0.5 and the MOE implementation o f MMFF94
was used to measure the internal strain o f each molecule.

2.9.2 WOMBAT Analysis -T arget Identification
Investigating SARs (Structure-activity relationships) by integrating phenotypic
information from high-content screening (HCS) databases with chemical knowledge
from profiles o f chemical similarity and predicted targets is increasingly used to
facilitate both target and lead characterisation (Young et a l, 2008, Nettles et a l, 2006).
Large compilations o f chemical and biological data such as the database, WOMBAT are
searched by a process called ‘Target-Fishing'. ‘Target-fishing’ identifies the molecular
target for a single chemical entity based on similarity o f a new compound to structures,
whose activities against a broad panel o f targets is already known (Nettles et al., 2006).
WOMBAT 2008.1 contains 220,733 entries (192,529 unique SMILES), representing
1,979 unique targets.
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WOMBAT database (Tudor Oprea, Sunset Molecular Discovery) for compounds that
are chemically and structurally similar to the molecule o f interest.
A similarity search comparing fluoxetine and maprotiline to all o f the molecules
in the WOMBAT database was carried out by Dr. Andrew Knox (Molecular Design
Group, TCD). A list o f potential ‘hits’ were generated for fluoxetine and maprotiline
based on a similarity score. Scores above 0.6 using Tanimoto co-efficient as a similarity
metric were retained. The basis o f the similarity is from the calculation o f fingerprints (
using ecfp4 from Scitegic's Pipeline Pilot) for all molecules and comparing those
fingerprints for each molecule with one another (Liu and Zhou, 2008).

Molecular

fingerprints can be considered as another class o f molecular descriptors (e.g. clogP
values). They have been successfully used in molecular similarity searches (Kogej et
a i, 2006) indicating they can give more accurate description o f molecular structures.
Molecular fingerprints encode the presence or absence o f a structural feature as well as
the number o f overlapping structural features. For all ranked similar compounds to
fluoxetine and maprotiline, associated targets in the wombat database that are
experimentally known were found and classified as potential targets.

2.9.3 ADME TOX
ADME is an acronym in pharmacokinetics and pharmacology for Absorption,
Distribution,

Metabolism,

and

Excretion,

and

describes the disposition

of a

pharmaceutical compound in vivo. The four criteria all influence the drug levels and
kinetics o f drug exposure to the tissues and hence influence the performance and
pharmacological activity o f the compound as a drug. ADME Tox Box 4 is a software
that predicts; overall oral bioavailability, pKa, logD, P-gp substrate and inhibitor
specificity, solubility in pure water and in buffer, active transport properties, absorption,
physicochemical properties, acute toxicity (mouse and rat), genotoxicity, health effects
(blood, cardiovascular, gastrointestinal, kidney, liver, lungs). All o f these factors are
predicted using independent algorithms and experimental data sets (Japertas et a i,
2003). If the obtained results are consistent with probabilistic predictions, that can help
make dependable conclusions prior to running costly experiments. These predictions
help to explain the reasons why a compound is bioavailable or not.
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ADME Tox Box predicts the bioavailability of a novel compound based on its
structure (Zmuidinavicius et a i, 2003a). ADME Tox Boxes is a high quality toxicity
prediction software. The software provides predictions for three basic toxicity
endpoints: acute toxicity, genotoxicity and organ-specific health effects. Toxic effects
of molecules are predicted solely from the chemical structure. Tox Boxes v 2.0 employs
large and validated databases, robust Structure-Activity Relationship (C-SAR, QSAR)
models in combination with expert knowledge in organic chemistry and toxicology
(Didziapetris R., 2006, Zmuidinavicius et a l, 2003b). Some of the lead novel
compounds identified in this study were entered into this software as SMILES
structures and the results were assessed and analysed.

2.10 Alamar Blue assay to detect antiproliferative activity
2.10.1. Alamar Blue Background

Alamar Blue™ is a safe, non-toxic, soluble, aqueous dye that is stable in culture
medium (to allow continuous monitoring) that is used to assess cell viability and cell
proliferation, ft has been shown to be a rapid and simple non-radioactive assay
alternative to the [H^] thymidine incorporation assay, ft consists of an oxidationreduction (REDOX) indicator that yields a colorimetric change and a fluorescent signal
in a response to a metabolic activity. The oxidized form of the Alamar Blue (AB) enters
the cytosol and is converted to the reduced form by mitochondrial enzyme activity by
accepting electrons from NADPH, FADH, FMNH, NADH as well as from the
cytochromes. This redox reaction is accompanied by a shift in colour of the culture
medium from indigo blue to fluorescent pink, which can be easily measured by
colourimetric or fluorometric reading. Viable cells will therefore take up the dye and
allow the redox reaction to occur. The number of viable cells correlates with the
magnitude of dye reduction and is expressed as percentage of AB reduction (Ahmed et
a l, 1994, Nociari et a i, 1998).

2.10.2 Alamar Blue Protocol

1-5x1 O'* cells/ well were seeded in a 96-well plate and treated with the respective
drug for 48h. After 42h, each well was treated with lOfil of Alamar Blue (pre-warmed
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to 37°C), the plate covered with tinfoil and left to incubate at 37°C for 6h. Fluorescence
was read using an em ission o f 590nm and an excitation o f 544nm. The background
fluorescence o f the m edia w ithout cells + Alam ar Blue was taken away from each
group, and the control cells represented 100% cell viability.

2.10.3 Alamar Blue Data Analysis
Each drug was screened over a l|j,M -lm M concentration range in triplicate on
two independent days with activity expressed as percentage cell viability com pared to
vehicle treated controls. The antiproliferative potency o f each com pound was
determ ined

by

non-linear

regression

analysis

o f sigmoidal

log

concentration-

dependence curves calculating an approxim ate EC50 ([Dose] when response is equal to
50% cell viability). All data points (expressed as means ± S.E.M .) were analysed using
G RAPHPAD Prism (version 4) software (G raphpad software Inc., San Diego, CA).

2.11 Cytospin preparation and RapiDiff staining of cells
2.11.1 Cell preparation and Cytospinning
Cells were seeded at a density o f 3x10^ cells/m l treated with the indicated
com pounds for the relevant time. An aliquot o f cells (150|jl) was cytocentrifuged onto
poly-l-lysine coated slides at 500 xg for 2m in using a Cytospin 3 (Shandon). The slides
were removed and left to air-dry at room tem perature for 2min.

2.11.2 Staining and Visualisation o f cells to assess programmed cell death
morphology
Staining was carried out using the R apiD iff kit containing solution A (100%
methanol), solution B (Eosin Y) and solution C (m ethylene blue). The cells were fixed
by dipping them ten times in solution A. The nucleus o f the cells was stained pink by
dipping the slide ten tim es in solution B and the cytoplasm stained blue by dipping eight
times in solution C. Excess dye was washed o ff with dH 20. After allowing the slides to
air dry cells were exam ined under a light m icroscope using a 40x magnification.
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2.12 Caspase Inhibition and FACS analysis
750,000 cells were seeded in 5ml and treated with 150fxM general caspase
inhibitor, z-VAD-fmk for Ih before treatment with the appropriate amount o f drug and
incubated for a specified time at 37°C in a humidified atmosphere o f 95% oxygen and
5% carbon dioxide. Cells were harvested as described previously (Section 2.7.2).

2.13. Detection of DNA Fragmentation by agarose gel electrophoresis
2.13.1 Isolation of DNA
1x10^ cells were treated with indicated compound for 48h, harvested by
centrifugation at 500 xg for 5min and the pellet resuspended in 1ml o f lysis buffer
(20mM EDTA, lOOmM Tris pHS.O, 0.8% (w/v) sodium lauryl sarcosinate). Cells were
and incubated at 37°C for Ih before the addition o f 0.5mg/ml o f RNAse A. After 2h at
37°C, 6mg/ml o f proteinase-K was added and cells incubated overnight at 37°C.
Aliquots o f DNA (45|al) were mixed with 5p.l loading dye (0.25% bromophenol blue,
30% glycerol in Tris borate EDTA (TBE) and samples)

2.13.2 Agarose gel electrophoresis
In order to visualise isolated DNA from treated and control samples a 1.5%
agarose gel was made. 2.25g Agarose was dissolved in 150ml Ix TAE (Tris-acetateEDTA) (lOmM Tris-HCl pH 7.4, ImM EDTA) using low heat with constant stirring.
Once dissolved, the agarose solution was cooled and 5|al ethidium bromide added. The
agarose mixture was poured into a gel box tray, a comb place in the tray and allowed to
set for 15-30min. When set, the comb was removed and the gel box filled with TAE
running buffer (40mM Tris acetate, ImM EDTA). 50|o.l o f each sample were added to
the pre-formed wells and DNA was electrophoresed at a constant voltage o f 55V for 4h.
The DNA laddering pattern was visible under UV light using a UVP gel documentation
system
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2.14 Transmission Electron Microscopy (TEM)
2.14.1 Cell Fixation
10-20x10^ cells treated with the indicated com pound were harvested by
centrifugation, fixed with 4% glutaraldehyde in m edia for Ih. Pellets were washed twice
in 0.5M phosphate in E ppendorf tubes. An equivalent volum e o f 2% warm agarose
solution (2g in H 2O) was added to each pellet, an applicator stick was added into the
agarose and the pellet allowed to solidify at 4°C for 30min. The solid pellet was
removed using the applicator stick and on a dental or wax plate and the agarose pellet
was cut into small slices. Slices were suspended in 0.05M -phosphate buffer and each
sample was washed on a rotor for 1Omin. After this tim e, 2% Osm ium tetroxide (O2O4)
solution (2% solution in 0.05M potassium phosphate buffer) was added to each sample
and left to fix for 45min on the rotor. O2O4 was aspirated o ff the samples and cells were
dehydrated using an increasing alcohol series (30% to 95% aqueous ethanol solutions
for lOmin intervals) before incubating overnight in 100% ethanol.

2.14.2 Cell Embedding
Ethanol was removed and each pellet was subsequently washed tw ice (15min at
RT) in propylene oxide solution (100%). Pellets were em bedded in a 50% Resin
solution for 2-3h at room temperature on a rotor. Rem oving the 50% solution, pellets
were then embedded in 100% Epoxy Resin, left for 2-3 h at room tem perature before a
final em bedm ent in 100% iresh Epoxy Resin. Each pellet was subsequently transferred
into a mould and each sample covered by fresh 100% Epoxy Resin. The mould was
subsequently placed in a 50°C oven and de-gassed for Ih, before placing in a 60°C oven
overnight.

2.14.2 Generation and preparation ultra thin sections.
This section was carried out by a TCD CM A technician; Mr. N Leddy. Ultra
thin sections were cut on an ultram icrotom e and collected on copper grids. Each grid
was counterstained with uranyl acetate and lead citrate and stored for ultrastructural
examination.
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2.14.3 Ultrastructural examination
Ultrastructural examination was carried out in a JOEL

1210 electron

microscope. Images were taken with an X I500-3000 objective (2|j.M scale bars). A
number o f images were obtained as a representative o f each sample.

2.15 Investigation on the involvement of reactive oxygen species in fluoxetine- and
maprotiline- induced cell death.
750.000 cells were seeded in 5ml and treated with N-acetyl cysteine (NAC)
(5mM in sterile water) for Ih before treatment with the appropriate amount o f drug and
incubated for a specified time at 37°C in a humidified atmosphere o f 95% oxygen and
5% carbon dioxide. Cells were harvested as described previously (Section 2.7.2).

2.16 Investigation on the involvement of serine proteases in fluoxetine- and
maprotiline-induced cell death.
4-(2-Aminoethyl)benzenesulphonyl

fluoride

hydrochloride

(AEBSF)

permanently inactivates serine proteases such as proteinase K, trypsin and plasmin by
sulphonylation o f a functional group in the active centre o f the enzyme. N-a-tosyl-Llysinyl-chloromethylketone (TLCK) and N-tosyl-L-phenylalaninyl-chloromethylketone
(TPCK) are irreversible serine protease inhibitors. TLCK inactivates trypsin and
trypsin-like proteases but does not affect chymotrypsin whereas TPCK inhibits
chymotrypsin and chymotrypsin-like proteases and it is not active against trypsin
(Harper and Powers, 1985, Kostka and Carpenter, 1964).
750.000 cells were seeded in 5ml and pre-treated with either AEBSF (500|aM),
TPCK (20|xM) or TLCK (20uM) followed by treatment with the appropriate amount o f
drug and incubated for a specified time at 37°C in a humidified atmosphere o f 95%
oxygen and 5% carbon dioxide. Cells were harvested as described previously (Section
2.7.2).
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2.17 Morphological examination of mitochondria by confocal microscopy
2.17.1 Preparation of Cells
Cells were seeded at 750,000 cells in 5ml and treated with the appropriate drug
for the desired time. After incubation with drug, cells were washed in medium before
resuspending in fresh medium containing lOOnM Mitotracker Red CMX ROS. After
15-30min incubation with Mitotracker, cells were pelleted and washed twice in pre
warmed fresh media. Cells were then fixed in 4% paraformaldehyde ( in PBS) at 37°C
with gentle agitation. Cells were then rinsed thee times in PBS before final suspension
in PBS with 15mM sodium azide. Fixed cells were stored at 4°C until required.

2.17.2 Fixation and Immunostaining
10|il o f each cell suspension was placed in the middle o f microscope slides pre
coated with 1mg/ml poly-L-lysine washed with 70% ethanol. Cells were left to adhere
to the slide for lOmin at RT. Cells were then permeabilised by the addition o f 10j.il
100% methanol at -20°C for 3min, followed by 10|il o f 0.15% Triton-X (in PBS) for
15min at RT. The slide was blocked for 30min at RT in 5% BSA (PBS, ImM azide,
0.15% Triton-X), before washing three times with PBS.
Slides were incubated overnight in primary HSP-60 antibody (1:250 dilution in
5% BSA) at RT in covered moist Petri dishes to prevent drying out.

Slides were

washed twice with PBS before incubating with secondary antibody (Alexa-anti rabbit
1.500 in 5% BSA) for Ih at RT. Cells were washed twice in PBS and kept moist until
mounting.

2.17.3 Mounting and Viewing of cells
Excess suspension was removed and cells mounted in 3|al mounting solution
(50% glycerol in PBS and sodium azide, with 0.2% w/v anti-bleaching agent, pphenylenediamine) containing 0.2|o,g/ml DAPI. A coverslip was applied over the
mounted cells and the edges sealed with nail varnish. Cells were viewed with Dr. Orla
Hanrahan using a an Olympus FVIOOO point scarming microscope. Images were taken
using a 60x oil immersion lens with an NA (numerical aperture) o f 1.42. The software
used to collect images is FluoView Version 7.1 software. The sample was excited with
a 405 nm laser diode and the 543nm line o f a Green Helium-Neon laser.
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2.18 Investigation on the involvement of calcium in fluoxetine and maprotiline cell
death.
2.18.1 FACS Analysis
750,000 cells were seeded in 5ml and pre-treated for Ih with EGTA ( ImM
pH7.4) or BAPTA-AM (l,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
tetrakis(acetoxymethyl ester) (25|aM) followed by treatment with the appropriate
amount o f drug and incubated for a specified time at 37°C in a humidified atmosphere
o f 95% oxygen and 5% carbon dioxide. Cells were harvested as described previously
(Section 2.7.2).

2.18.2 Instant ratiometric measurements of cytosolic calcium levels using FURA-2
Cytosolic Ca^"^ concentration was measured by a previously described method
(Grynkiewicz et a l, 1985). Cells (20x10^) were washed twice in HEPES buffered
solution (HBS) (140mM NaCl, 5mM KCl, ImM M gCb, lOmM glucose, 20mM
HEPES) containing 1mg/ml BSA. Cells were resuspended in fresh basal salt solution
containing ImM CaClj and loaded with 2|u,M FURA-2 /purionic acid for 30m in-lh at
37°C. Cells were washed twice in HBS containing Img/ml BSA to remove any
extracellular dye. The pellet was resuspended in 3ml Ca^^ containing medium and left
on ice during measurements. 20x10^ o f FURA-2 loaded cells were suspended in 3ml of
HBS + Ca^^ and maintained in a cuvette at 37°C. FURA-2 fluorescence measurements
(339nm £ind 380nm excitation/500nm emission) were performed in a water-jacketed
cuvette with continuous stirring. Maximum and minimum fluorescence values were
obtained by adding 0.1% Triton-X 100 and 3mM EGTA (pH 7.4) sequentially at the
end o f each experiment respectively. Ca

dependent FURA-2 fluorescence was

calibrated using standard techniques (Dubyak, 1986, Kamada et al., 2000).

2.18.3 Measurement o f cytosolic calcium levels using FURA-2
1.5x10^ cells/well were seeded in a 96 well plate and left for 18-24h. Plates were
centrifuged at 1200rpm for 5min and the media removed. 200|j,l o f FURA-2 loading
solution (4|aM FURA-2) was added to each well and left for 2-3h in the dark at room
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temperature. Cells were washed twice in pre-w arm ed H BS-BSA and left to incubate for
30m in at 37°C. Plates were read on a GEM fNI SpectraM AX plate reader at 340nm and
380nm em ission at 495nm.

2.18.4 Calculating intracellular calcium concentrations using FURA-2
The [Ca

]j was calculated from the 340/380nm fluorescence ratio using FL

W inlab software according to (G rynkiew icz et al., 1985). A ccording to the formula;

r

r

Kd

A

R-Rmin

Ff^380

Rmax -R

Fb^380

V

J

V

J

[Ca^^ ] i = Intracellular calcium concentration (nM)
Kd

= 224nM (G rynkiew icz et al., 1985)

R

= Ratio o f 340nm /380nm FURA-2 fluorescence

Rmin

= M inimum R (cells in HBS Ca^^with 5mM EGTA)

Rmax
FfA.380

= M aximum R (cells in HBS Ca^^ (Im M ) with Im M Triton-X)
Fluorescence o f calcium -free form o f FURA-2 at 380nM (Cells with FURA-

2 +H BS+ EGTA + Triton-X -instant measurement)
Fb

^380

= Fluorescence o f calcium -bound form o f FURA-2 at 380nm (Cells with

FURA-2 +HBS + Ca^^ +Triton-X -incubated for 30min for 2-3h in the dark at RT).

2.18.5 Calcium-free media experiments to determine growth dependency
Cells were grown in M inim um Essential M edium (M EM ) containing no calcium
and

supplem ented

streptom ycin

w ith

10%

(v/v)

FBS,

L-glutam ine

(2mM ),

penicillin

and

(100}o.g/ml). The M UTU-I c l 79 cell line required the additional

supplem ents o f alpha-thioglycerol (5mM in PBS with 20|j,M bathocuprione disulphonic
acid), sodium pyruvate (lOOmM) and HEPES (Im M ). A range o f calcium chloride
solutions were made up in sterile w ater and A\i\ o f each working stock solution was
added to a specified well correcting the calcium concentrations in that well to 0.1 nM,
InM , lOOnM, InM , 10|j.M, 100)j,M and Im M . After 24h and 72h an aliquot o f cells was
taken and counted suing a haem ocytom eter calculating the am ount o f cells in 1ml.

63

Chapter 2. M aterials and Methods

2.18.6 The effect of calcium levels on cell death using FACS analysis
750,000 cells were seeded in 5ml and pre-treated for Ih w ith EGTA (Im M ) or a
range o f different calcium concentrations followed by treatm ent w ith the appropriate
am ount o f drug and incubated for a specified time at 37°C in a hum idified atmosphere
o f 95% oxygen and 5% carbon dioxide. Cells were harvested as described previously
(Section 2.7.2).

2.19 Low-Throughput Screening using the Neutral Red assay for In vitro
cytotoxicity
2.19.1 Preparation of 96 well drug stock plates for Low-Throughput screening
A series o f novel 4-M TA and M D M A derivatives were w eighed and made up to
0.2M in DMSO. SOOfil o f each drug was placed in triplicate into a 1ml 96 well plate and
stored at -80°C. A series o f seven 96 well plates were created, each one containing 30
drugs in triplicate. A series o f secondary stock 96 well plates w ere created by diluting
down the initial stock 0.2M plates with a m ixture o f 50% H 2O and 50% DMSO to create
plates with drug concentrations o f 5mM, 2mM , 50|iM and 5^iM. Each secondary stock
plate was stored at -80°C until ready to use.
5x10"^ cells per well (200|ul) were seeded in a 96 well plate until sub-confluent
(24-36hs) and treated with 50|.il o f each drug, ensuring that the final concentration o f
DMSO in the m edia did not exceed 0.5%. A system was set-up, whereby, 50|j 1 o f drug
could be taken from a secondary stock plate using a m ulti-channel pipette and
transferred straight into the 96 well plate containing cells.

2.19.2 Neutral Red Assay
The Neutral Red (NR) assay system is a m eans o f m easuring living cells via the
uptake o f the vital dye neutral red. The Neutral Red assay was originally developed by
Borenfreund and Puem er and is a sim ple, accurate reproducible system. The key
com ponent is vital dye, neutral red. Viable cells will take up the dye by active transport
and incorporate the dye into lysosomes, w hereas non-viable cells will not take up the
dye. After the cells have been allowed to incorporate the dye they are briefly washed or
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fixed. The incorporated dye is then liberated from the cells in an acidified ethanol
solution. An increase in the number o f cells or their physiological state results in a
concomitant change in the amount o f the dye incorporated by the cells in the culture.
This indicates the degree o f cytotoxicity caused by the test material. The retention o f
NR in the lysosom es is an energy dependent process. The loss or failure to retain NR
could reflect m echanism s such as loss o f membrane integrity and/or loss o f ATPregeneration capacity (Borenfreund and Puem er, 1985).
5x10“^ cells per well (200^1) were seeded in a 96 w ell plate until sub-confluent
(24-36h) and treated with the appropriate compound for 48h. Follow ing exposure o f
cells to drug the supernatant was removed and the cells incubated for 3 + Ih with 2 5 0 |j 1
NR dye solution (stock 3.3|ig/m l-pre-w arm ed to 37°C

in media) under sterile

conditions. Neutral Red solution was rem oved carefully and the cells washed with
2 00|il o f pre-warmed PBS. Upon removal o f all the PBS lOOfil o f Neutral Red assay
Solubilisation solution (50% ethanol- 1% acetic acid solution in dH 20) was added to
each w ell, the plate covered in tinfoil and left to incubate for 20-30 min at room
temperature with gentle shaking. The absorbance o f each plate was read at 540nm and
at 690nm (background) within 1 hour o f neutral red addition. Relative cell viability was
expressed as percent o f vehicle treated cells.

2,19.3 Data Analysis o f Neutral Red Screen
Each com pound was screened over a l|j,M -lm M concentration range in
triplicate on two independent days with activity expressed as percentage cell viability
compared to vehicle treated controls. The cytotoxic potency o f each compound was
quantified by a pECso value determined by non-linear regression analysis o f sigmoidal
log concentration dependence curves whereby pECso is -[-logECjo] ± SE (log EC 50 is
the log [D ose] when response is equal to 50% cell viability). A ll data points (expressed
as means ± S.E.M .) were analysed using G RAPH PA D Prism (version 4) software. The
selective

cytotoxic

potency

o f each

com pound

toward

the

H EK 293,

hSERT

overexpressing H EK293 cell line, the D G -75 and SH SY -5Y cell lines were determined
via non-linear regression analysis o f sigm oidal log concentration dependence curves. To
determine if the pECso values calculated for each drug differed significantly in each cell
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line, statistical analysis was carried out using a one way ANOVA Test comparing each
pEC50 value. A P value o f <0.05 was considered to reflect a significant difference. The
means for different treatment groups were then compared using a two-way ANOVA test
with no matching followed by a Bonferroni Post Test to compare replicate means by
row to the control cell line HEK293. P values o f <0.05 were considered to reflect a
significant difference.

2.20 Data analysis
2.20.1 Statistical Analysis
2.20.1.1 Drug-treated cells versus control cells
Experiments were carried out on three independent days. The mean +
SEM (standard error o f the mean) was calculated for control cells and for drug-treated
cells. These values were then compared using a two-tailed unpaired T-Test using
GRAPHPAD Prism 4 software. A P value o f <0.05 represented a significant difference.

2.20.1.2 Comparison of the effectiveness of a range of drugs on one cell line
Experiments were carried out on three independent days. The mean +
SEM (standard error o f the mean) was calculated for each drug-treatment group. These
values were then compared using a one-way ANOVA statistical test with no matching
followed by the Bonferroni Multiple comparison test comparing all columns using
GRAPHPAD Prism 4 software. A P value o f <0.05 represented a significant difference.
The Bonferroni post hoc test can be used to determine the significant differences
between group means in an analysis o f variance setting.

2.20.1.3 Comparison of the effects of two variables in a cell line
Experiments were carried out on three independent days. The mean +
SEM (standard error o f the mean) was calculated for each drug-treatment group. These
values were then compared using a two-way ANOVA statistical test with no matching
followed by the Bonferroni Multiple comparison test comparing all columns to the
control column using GRAPHPAD Prism 4 software. A P value o f <0.05 represented a
significant difference.
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2 .20.2 Data Manipulation
2.20.2.1 Non-Linear Regression analysis
Regression analyses the relationship between two variables, X and Y. N onlinear
regression fits a curve through the specified set o f data. It fits data to any equation that
defines Y as a function o f X and one or more parameters. Non-linear regression analysis
o f sigm oidal log concentration/tim e dependence curves were calculated using six (one
data point in triplicate on two independent days) data points (expressed as means ±
S.E.M .) using GRAPHPAD Prism (version 4) software calculated using the following
Sigmoidal dose-response (variable slope) equation;

Y=Bottoni + (Top-Bottom)/(l+10^((LogEC50-X)*HillSlope))

X= the logarithm o f concentration. Y is the response
Y starts at Bottom and goes to Top with a sigmoid shape.

Prism determines and graphs the best-fit linear regression line, optionally
including a 95% confidence interval or 95% prediction interval bands. Constraints were
added to aid in the generation o f the ‘best-fit’ curve, setting x > 0% and x < 100%. The
goodness o f fit o f a particular data set to non-linear regression analysis was quantified
using an R^ value. When R^=l .0, all points lie exactly on the curve with no scatter.
The cytotoxic potency o f com pounds used in this com pound were quantified by
a pECso value whereby pECso is -[-logECso] ± SE (log EC 50 is the log [DoseJ when
response is equal to 50% cell viability). To determ ine if the pECso values calculated for
each drug differed significantly in each cell line, statistical analysis was carried out
using a one w ay ANOVA Test com paring each pEC50 value. A P value o f <0.05 was
considered to reflect a significant difference. The m eans for different treatm ent groups
were then com pared using a tw o-w ay A NO V A test with no m atching followed by a
Bonferroni Post Test to com pare replicate means by row to a control cell line. P values
o f <0.05 were considered to reflect a significant difference.
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CHAPTER 3

INVESTIGATION INTO THE APOPTOTIC EFFECTS OF SERT LIGANDS IN
BURKITT’S LYMPHOMA
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3.1 Introduction

The serotonin and noradrenaline transporters (SERT and NAT) transport
serotonin (5-hydroxytryptamine, 5-HT) and noradrenaline respectively from central and
enteric nervous system synapses back into pre-synaptic neurons determining the
duration and magnitude of serotonergic and noradrenergic responses. SERT and NAT
are high affinity targets in vivo for tricyclic antidepressants such as desipramine and for
nonselective stimulants including cocaine and amphetamines (Owens et al., 1997). NAT
has a high affinity for the NSRI (noradrenaline-selective reuptake inhibitors) class of
antidepressants, whereas SERT has high affinity for the SSRI (serotonin-selective
reuptake inhibitors) class of antidepressants (Blakely etai, 1998, Tatsumi etai, 1997).
Despite their abundance in the nervous system, NAT and SERT are also expressed in a
wide range of specialised non-neuronal cells (Wade and Westfall, 1985, Gershon, 2003,
Rudnick, 1977, Bryan-Lluka et al, 1992, Ramamoorthy et ai, 1993, Cleary et al,
2005). More recently, SERT has been found in a number of B cell malignancies
including diffuse large B cell lymphoma, multiple myeloma and Burkitt’s lymphoma
(BL) (Meredith et ai, 2005) and NAT has been found in neuroblastoma (Mairs et ai,
1994), gliomas (Streich et ai, 1996) and on number of tumours of neuroendocrine
origin (Binderup et ai, 2008, Huynh et ai, 2005).
Some antidepressants have been reported to selectively target SERT-expressing
transformed cell lines and induce apoptosis (Serafeim et al, 2003). SERT has also been
implicated in serotonin-mediated apoptosis in Burkitt’s lymphoma (Serafeim et al,
2002) and in the mechanism o f cytotoxicity associated with the amphetamine
analogues,

fenfluramine

(Bengel

et

al,

1998)

and

3,4

methylenedioxymethamphetamine (MDMA) (Schmidt and Taylor, 1988, Azmitia et ai,
1990).
There has been much speculation on the involvement of SERT in the cytotoxic
mechanism of action o f antidepressants with a number of publications disputing their
potential therapeutic potential and a number of studies carried out to deduce any target
based pro-apoptotic. mechanisms (Schuster et al, 2007, Barnes and Gordon, 2008,
Chou et al, 2007, Karlsson et al, 1998, Levkovitz et ai, 2005, Meredith et ai, 2005,
Reddy et al, 2008, Serafeim et al, 2003, Xia et ai, 1999a, Xia et ai, 1999b, Xia et ai.
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1998, Krishnan et a i, 2008). Shuster et a i, (2007) assert that the pro-apoptotic effect of
the SSRIs does not occur through SERT implying that the SSRI class of antidepressants
offer no therapeutic potential. Conversely, Gordon et al., (2008) have found that some
antidepressants induce apoptosis in BL and offer great promise to reach a clinical
setting even though their ‘primary target is unlikely to be SERT itself. Nonserotonergic effects of fluoxetine have been reported and it has been proposed by some,
that there is an alternative molecular target for the SSRIs on Burkitt’s lymphoma lines
with the possibility that SSRIs preferentially target the proliferating B cell having little
effect on normal cells (resting and cyclic) (Serafeim et a i, 2003). Despite the high
affinity of many antidepressants for the noradrenaline transporter, the involvement of
NAT in such antidepressant-mediated cell death of Burkitt’s lymphoma is unknown.
Burkitt’s lymphoma accounts for 30-50% of lymphomas in children and remains
a serious health problem in areas where it is endemic. In some regions of equatorial
Africa and other tropical locations between latitudes 10° South and 10° North, incidence
is 100 per million children (Hanxian Huang, 2005, Harris and Homing, 2006, Burkitt
and O'Conor, 1961). Despite its incidence in such developing countries, it is also rapidly
increasing in developed countries. Burkitt’s and Burkitt’s-like/atypical Burkitt’s
lymphomas make up the largest group of HIV-associated non-Hodgkin lymphomas,
comprising up to 35-50% of these neoplasms (Spina et a i, 1998) with the relative risk
of non-Hodgkin lymphoma increased 60-200 fold in HIV-infected patients (Grogg et

a i, 2007, Biggar et al., 1994, Rabkin, 1994). The need for the development of selective,
potent economical alternatives in the treatment of Burkitt’s lymphoma is therefore
worthy of flirther exploration and interest and the concept of using readily available
antidepressants or amphetamine-based drugs to selectively target or treat B cell
malignancies has great therapeutic potential.
The aim of this chapter is to attempt to a) evaluate the role of the noradrenaline
transporter in antidepressant-mediated cell death of Burkitt’s lymphoma cells and b)
confirm or refute reports that serotonin and serotonin-like SERT targeting compounds
induce cell death independently o f SERT in Burkitt’s lymphoma and related
malignancies.
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3.2 Results
3.2.1 Cell lines

Working on the theory that SERT has the potential to act as an apoptotic target
for amphetamine-like analogues particularly in B cell malignancies (Serafeim et ai,
2002, Serafeim et a l, 2003), it was of interest to attempt to reproduce such effects in
cell lines readily available (Table 3.1). A number of cell lines were obtained. The
properties and reasons each cell line was chosen are presented in Table 3.1 A number of
Burkitt’s lymphoma cell lines were acquired; MUTU I cell line, an EBV positive group
I Burkitt’s lymphoma cell line (Baker et ah, 1998, Gregory et a l, 1990, Henderson et

a i, 1991, Milner et a i, 1992), the DG-75 cell line, an EBV negative cell line derived
from metastatic pleural effusion (lung) (Lazar et a i, 1981, Ben-Bassat et a i, 1977,
Hummel et a i, 2006), the Daudi cell line, an EBV positive peripheral blood Blymphoblast BL cell line derived from a 16yr old patient with BL (Klein et a i, 1968)
and the BJAB cell line, an EBV negative lymphoblastoid cell line derived from a
patient with African BL (Menezes et a i, 1975). The MUTU-I cell line has been shown
to express SERT and displays apoptotic sensitivity to 5-HT (Meredith et ai, 2005,
Serafeim et al., 2002).
The multiple Myeloma cell line, H929 was chosen as it has also been shown to
express SERT (Meredith et a i, 2005), Acute peripheral blood T-lymphoblastic
leukaemia cells (CEM), were chosen along with their stably transfected Bcl-2
counterpart CEM-Bcl-2 to investigate if elevated levels of Bcl-2 would have any effect
on the activities of SERT ligands. Using a tetracycline-inducible system in HEK293
cells allowing tetracycline stimulated cells to stably express the SERT-FLAG protein,
the effect of the test compound analogues on SERT-overexpressing versus cells
expressing

basal

levels

of

SERT

could

be

tested.

3.2.2. SERT substrates induce apoptosis in a range of cell line, but only at high
concentrations

To investigate the hypothesis of SERT acting as a pro-apoptotic target in BL, a
number o f SERT substrates were investigated for cell death activity. This study reports
that serotonin and the amphetamine analogue, MDMA did not induce any apoptosis in a
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C E LL
LINE

PRO PER IIE S

TESTABLE THEORY

SOURCE

MUTUIcl79

Burkin’s lymphoma
EBV positive (Gregory e /a /., 1990)
Low Bcl-2 (D'Souza et a l, 2000)
SERT expressing (Meredith et al.,
2005)

Used in (Serafeim et al., 2002, Serafeim
el al., 2003) reported to be susceptible to
5-HT induced apoptosis
SERT expressing (Meredith el al., 2005)

Dr.Dermot Walls, D.C.U.
ProfM artin
Rowe-Division
o f Cancer Studies, University
of Birmingham, UK.

DG-75

Burkitt’s lymphoma
EBV Negative (Ben-Bassate/a/., 1977)
Low Bcl-2 (Meredith et al., 2005)

Similar to EBV negative cell line used in
(Serafeim et al., 2003, Serafeim et al.,
2002) that was reported to be 5HT,
amphetamine and SSRI sensitive

Dr.Dermot Walls, D.C.U

Daudi

Burkitt’s lymphoma EBV positive

Another EBV positive cell line. Similar to
MUTU-I

BJAB

Burkitt’s lymphoma
EBV Negative

Another HBV negative cell line. Similar
to DG-75

ProfM artin Rowe.Division of
cancer Studies, University of
Birmingham, UK.

TREx SERT

SERT over expression inducible system
(Tate et al., 2003)
HEK293
cells
transfcctcd
with
tetracycline controlled SERT-FLAG

Will excess amounts o f SERT have an
effect on pro-apoptotic abilities of 5-HT
/amphetamine-like analogues?

Dr.
Chris
Cambridge.

H929

Multiple Myeloma

Used in (Serafeim et al., 2002, Serateim
el a/., 2003)
Reported to express SliR T

Prof Mark Lawler-Associate
St James's Hospital, TCD

CEM-Neo

Acute peripheral blood T-lymphoblastic
leukaemia

Reported in (Serafeim el al., 2003) as
being insensitive to apoptotic induction
by SSRIs

Dr. Daniela Zisterer, TCD

CBM-Bd-2

Acute peripheral blood T-lymphoblastic
leukaemia Manipulated to overexpress
Bcl-2

Different efTect to CEM-Neo cells

Dr. Daniela Zisterer, TCD

Dr. Clair Gardiner TCD

Tate,

MRC

T a b le 3.1 C ell lines used in th is stu d y .
The properties, reasons for use and the source o f the cell lines used in this study.
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variety o f malignant cell lines (Table3.2). This was in contrast to studies by Serafeim et
al., (2002) and Meredith et al., (2005) which reported serotonin and MDMA inducing
apoptosis in group I BL cells. The amphetamine analogue, fenfluramine was found to
induce apoptosis in the multiple myeloma cell line H929 and in the BL cell lines DG-75
and MUTU-I, but only at high concentrations (Im M ) (Table 3.2 ) with this death
unaffected by the SERT
inhibitor, citalopram and the 5-HTR antagonist, methysergide (Table 3.2) suggesting a
non-specific mechanism o f toxicity. These findings are consistent with the reports o f
Meredith et al., (2005) who found that high concentrations o f fenfluramine (500|j,M)
were able to inhibit DNA synthesis in a range o f malignant cell lines
A constructed SERT-overexpressing cell line was also used to test the
hypothesis that SERT could act as a pro-apoptotic target for SERT substrates. Using
this model, serotonin (250|aM) was found to induce apoptosis in the SERToverexpressing cell line (P<0.05) but not in the control TREx cell line (Fig.3.1). Both
citalopram and methysergide separately reduced the amount o f apoptosis induced by 5HT in the SERT-overexpressing cell line suggesting a partial SERT-dependent
cj^otoxic effect (Table 3.2). Similarly, MDMA had no effect on SERT-overexpressing
cell lines and 250^M fenfluramine was found to induce apoptosis in both the TREX cell
lines (Fig. 3.2), with this death substantially unaffected by citalopram or methysergide,
suggesting that these effects are non-specific to SERT (Table 3.2).
Propidium iodide was chosen as the preferred method to detect apoptosis to
allow rapid FACS analysis to occur allowing us to identify easily any pro-apoptotic
effects and to investigate a wide range o f SERT ligands. Propidium iodide binds to
loosely contracted segments o f DNA. The pre-Gl peak detected by PI FACS analysis is
based on the phenomenon that apoptosis produces fragmented pieces o f DNA; such
fragments bind to PI easily and thus give a characteristic fluorescent peak. Annexin V
staining as an indicator o f apoptosis was avoided as phosphatidyl serine exposure can
result from multiple activation pathways in the cell, is calcium dependent and is not the
best indicator o f apoptosis to use in B cell lines from its cross reactivity with the B cell
receptor (Holder et a l, 2006).
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Pre-G l cells as a percentage o f total
Compound

Vehicfc

5-HT

Concentration

F enfluram ine

2 50fA i

Time (h)

MDMA
Im M

250^M

24

72

24

72

24

72

24

4.14-0.7

17.8+ 6.6

7 .5 + 2.1

19.5+4.2

13.4+ 6.5

121.8+3*1

l74.0+3.7|

72

Etoposide
Im M

250^M
24

72

4.1+0.6

l21 7+7 4|

72

20 0 tM
24

72

B u rk itt's lymph oma

M U nj-l cl7 9
Daudi
DG-75
BJAB

4.7+0.6
1.04 0.1

5.3+ 0,6
1.4±0.3

6 9 + 1.9

l.0± 04

5,1+0.9
0.9+0 1

0 8+0 1

15.5+0.5
1.0+0.1

67+0.4

9.0+34

4.3+ 1
|51.K+14|

l26.9+26|

1.3+07

166.2+10.d
5.1+1.0

0 9 + 0 .2

7.3+25

183+1.2

3.4+2

106+4.3

9.2+1.9

|61 8+4(]|

15.0+7,6

M ultiple Myeiom*
H929

3.0±1.0

2.6+0.4

2.6+0.3

6.1 + 1.0

3.5+0.7

t Methysergide

2.9+08

l27.8+3.7|

5,5+ 1,6

l3J. t« .9 |
4 .0 ^ 0 9

' Citalopram

\34.3>8li

3 .I H .3

Acute peripheral bl >od T-lym phoblastic leu kaem ia
CEM-Nco
CEM-Bcl2

4.3+1.0

1.5+0.6

2.5+0.91

1.4+05

4 8+1 8

1 5+0.6

52+2.2

1,0+04

|58.1+2.71 |58.1+2.7|

3.7+07

2.2+0.5

4,7+1 6

4 7+3.3

3.I+0.5

5.6+1.7

4.2+0.9

2.0+0.3

k 0 3 + L 4 | |403+l.4l

H um an N euroblastom a
SHSY-5Y

34+ 06

3 3+0.5

2.5+0,1

I8 .8 t8 9

TR Ex C d ls
+ SERT-FLAG
5.9+0.6

63+13

97+1,0

|22.6t 3.2*1

7.9+1.3

' Melhysergide
t Citalopram

-rSE R T
^ Melhysergide
* Citalopram

I

5.6+1.7

7.0±0.3

N 3j_0.3*

9 9 U .2

I2.5i_2.4*

5.9+0.9

6.9+2.0

5.1+0.2

134.9+5.7*1

5.0+0.7

5.6+0.2

5.9+0.6

5.2+I.8

[2 2 .7 i6 .l'\
\ 3 3 .0 : 6 i

98+3.5

t24.5+3.0|

6 .8 ± J J

8.7 ± L 8

I3 .4 * 3 .6 '

6 .5 ± /.6

10.5^3.2

n I ± 2 .9 '

1= >20% cells in the Pre-G l phase o f the cell cycle.

Table 3.2 SE R T ligands induce apoptosis in a range o f cell lines only at high concentrations.
Cells were seeded at a density o f 7x10^ cells/5m l, incubated with compound for the indicated times,
harvested by centrifugation and fixed overnight in 70% ethanol. FACS analysis was carried out upon
incubation with propidium iodide and RNase A. 10,000 cells were counted using appropriate gates.
Values represent the mean + SEM o f three independent experiments. *P<0.05 [Based on a one-way
ANOVA Test follow ed by the Bonferroni Multiple Comparison Test, comparing all columns using
GRAPHPAD Prism4 software].
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50I

5

40-

Q.
C

30-

m
"o
O O

20-

IW ild ly p e

H S E R T

0)

o

100-

Vehicle

5-HT

Fig. 3.1 High levels o f SERT increase the apoptotic potency o f 5-HT.
Percentage TREx (wild ty p e ) a n d TR E x (SERT) cells in th e p re -G l p h ase o f th e cell cycle
upon trea tm e n t with 250nM 5-H T a n d vehicle (0 .1 % d H 2 0 ). TREx (-) an d T R Ex (SERT)
cells were seeded a t a density o f 7x10^ cells/5m l, harv ested by centrifugation a n d fixed
overnight in 70% ethanol. FACS analysis w as carried o u t upon incubation with Propidium
Iodide a n d R N ase A. 10,000 cells were counted using ap p ro p riateg a tes. V alues represent
th e m e a n + SEM o f three independent experim ents. *P<0.05 [B ased on an unpaired T-test
using G RAPHPAD Prism4 softw are].
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50-j

OI

I

IWildtype

HSERT

40-

0)

I-

« Q.
0) c
Q
(0

o
O

d>
O

302010

-

0

- -

Vehicle

Fenfluramine

Fig. 3.2 High levels of SERT do not increase the apoptotic potency of fenfluramine.
Percentage TREx (w ild type) and TREx (SERT) cells in the pre-G 1 phase o f the cell cycle
upon treatment w ith 250nM fenfluramine and vehicle (0.1% dH jO ). TREx (-) and TREx
(SERT) cells were seeded at a density o f 7x10^ cells/5ml, harvested by centrifugation and fixed
overnight in 70% ethanol. FACS analysis was carried out upon incubation w ith Propidium
Iodide and RNase A. 10,000 cells were counted using appropriate gates. Values represent the
mean + SEM o f three independent experiments. *P<0.05 [Based on an unpaired T-test using
GRAPHPAD Prism4 software].
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3.2.3 Some transporter-specific antidepressants induce apoptosis in Burkitt’s
lymphoma derived cell lines.
A range o f antidepressants, from the TCA, SSRI and NSRI classes were tested
for pro-apoptotic activity against a range o f cell lines, including four BL cell lines. It
was found that at micromolar concentrations (50|o,M), only some antidepressants
induced cell death in the BL cell lines (Table 3.3). Whereas the antidepressants,
fluoxetine, maprotiline and sertraline all induced apoptosis in a range o f cell lines,
including the four BL cell lines,
other antidepressants had little effect. For example, the SSRI, citalopram was found by
this study to have no apoptotic effect in any o f the cell lines analysed (Table 3.3),
paroxetine was found to have an apoptotic effect in only the MUTU-I BL cell line and
the HL-60 leukaemia cell line (Table 3.3), imipramine and amitryptiline were found to
exert an effect only in the MUTU-I c l 79 primary BL cell line and desipramine was
found to have an effect in both the DG-75 cell line and in the HL-60 leukaemia cell line.
The inhibitory activities (Ki) o f all antidepressants on NAT and SERT (Table 1.1) did
not to correlate with the ability o f each agent to induce cell death.
Fluoxetine, maprotiline and sertraline were the most effective pro-apoptotic
antidepressants

inducing apoptosis in a range o f cell lines at low micromolar

concentrations (Table 3.3) consistent with previous reports (Meredith et a l, 2005,
Schuster et a l, 2007, Serafeim et a l, 2003, Reddy et a l, 2008). The MUTU-I cell line
was the most susceptible BL cell line to these agents and the DG-75 was only
susceptible after 72h o f treatment. As fluoxetine, maprotiline and sertraline had a potent
effect on the BL derived cell lines these agents were investigated further.

3.2.3.1 The MUTU-I cl79 BL cell line was more sensitive to fluoxetine, sertraline
and maprotiline than the DG-75 cell line
In an initial screen of various cell lines fluoxetine, maprotiline and sertraline
showed the most potent apoptotic activities in BL cell lines compared to the other
antidepressants studied and to other known pro-apoptotic stimuli (Table 3.3). As a result
further studies were carried out to characterise their effects. Dose-dependencies and
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Pre-G l cells as a percentage o f total
T ricyclic

Fluoxetine

Sertraline

Citalopram

Paroxetine

Maprotiline

Nisoxetine

Reboxetine

Desipramine

Imipramine

Amitryptiline

70 1+3.71

7.5+1.7

102±2.9

51.5±4.3|

t22.2±l 9|

|64.8±8 2|

1051+2.5

11.4+28

4.3+0.8

1,4+03

15.9+4.9

8.6+0.8

B u r k i t t's L y m p h o m a

MUTU-1

7.5±2,3

i2.2±2.4

|54.0±3.{|

14.0+1.0

t)8.0±5.4|

Daudi

4.7+0.6

23.6±2.{|

|23.6±0 5|

5.5+14

18.1+1.1

DG-75

1.4±0.26

52.3+5.31

|4«.6+3 t|

2 1±1.0

8.6+28

BJAR

6 9±19

25 8±7 8|

[21 4+6.01

8 5+2.7

11.4+3.2

57.6+8.71

0.6+0.1

0.8+0.1

45.1 +1.7|

L eukaem U

Human promyeUxytic
HL-60

4 1+2.3

82.7+3.11

150.1 ±4.6|

3.1±2.4

|60.8±9.l|

3.3+04

13.0+4.7

|27 4 +4.3|

4.2 + 1 6

[21.4 +3.0|

t hSKRT

9.8+3.5

3 0 .6 i5 .9 |

- hSBRT

,. . ^ c

6 3 .0 + n .a

1.5±0.8

1.010.02

81 9 iq .2 |

4 .H 2 .6

17.2+113

2.8+0.8

3 0+2 1

H u m a n N e u ro b la s to m a

SIIS Y -5Y

27 4 +8.71

31 4+8 l|

}= > 20% cells in the Pre-Gl phase o f the cell cycle.

Table 3.3 Transporter-specific antidepressants induced apoptosis by a transporter-independent
mechanism.
Cells were seeded at a density o f 7x10^ cells/5tnl incubated with 50nM antidepressant for 24h except for
the DG-75 cell line which was incubated for 72h. Cells were harvested by centrifugation and fixed
overnight in 70% ethanol. FACS analysis was carried out upon incubation with propidium iodide and
RNase A. 10,000 cells were counted using appropriate gates. Values represent the mean + SEM o f three
independent experiments. *P<0.05 [Based on a one-way ANOVA Test followed by the Bonferroni
Multiple Comparison Test, comparing all columns using GRAPHPAD. Prism4 software (Graphpad
software Inc., San Diego, CA)].
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time courses showed that MUTU-I cells were much more sensitive to fluoxetine,
maprotiline and sertraline (Figs.3.3-3.5), where within experimental error all three
compounds had similar potencies achieving their effects in the micromolar range.

3.2.3.2 Fluoxetine had a dose- and time- dependent effect on both BL cell lines
Fluoxetine was found to induce apoptosis in the MUTU-I cell line from 2h,
reaching 50% apoptosis after 12h and approximately 60-70% at 24h (Fig.3.3A). An
approximate EC 50 value for fluoxetine on the MUTU-I cell line was estimated to be 1530|^M (Fig.3.3C).
In the DG-75 cell line, an apoptotic effect for fluoxetine was not detected until
20h with maximum effect o f 60% at 72h (Fig.3.3B). An approximate EC 50 value for
fluoxetine on the DG-75 cell line was estimated to be 25^M (Fig.3.3D).

3.2.3.3 Maprotiline had a dose- and time- dependent effect on both BL cell lines
Maprotiline was found to induce apoptosis in the MUTU-I cell line from 2h,
reaching 50% apoptosis after 12h and approximately 60-70% at 24h (Fig.3.4A). An
approximate

E C 50

value for maprotiline on the MUTU-I cell line was estimated to be

15-30^M (Fig.3.4C). In the DG-75 cell line, an apoptotic effect for maprotiline was not
detected until 30h with maximum effect o f 50% at 72h (Fig.3.4B). An approximate
E C 50

value for maprotiline on the DG-75 cell line was estimated to be 30-50|o.M

(Fig.3.4D).

3.2.3.4 Sertraline had a dose- and time- dependent effect on both BL cell lines
Sertraline was found to induce apoptosis in the MUTU-I cell line from 2h,
reaching 50% apoptosis after 12h and approximately 60-70% at 24h (Fig.3.5A). An
approximate

E C 50

value for sertraline on the MUTU-I cell line was estimated to be 15-

30^M (Fig.6 C). In the DG-75 cell line, an apoptotic effect for sertraline was not
detected until 30h with maximum effect o f 50% at 72h (Fig.3.5B). An approximate
E C 50

value for sertraline on the DG-75 cell line was estimated to be 30-50|^M

(Fig.3.5D).
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T h e MUTU-1 c l 79 BL c ell lin e show ed in crea sed sen sitiv ity to flu o x etin e o v e r the

DG-75 c ell line

MUTU-I (A and C) and DG-75 (B and D) cells were seeded a ta density o f7xl0^ cells/5ml and
treated with (■) or without ( A) fluoxetine (SOnVI, A and B)(0-100|aM C and D) for24h (C), 72h
(D) or various times (A and B, 0-72h). Cells were harvested by centrifugation and fixed overnight
in 70% ethanol. FACS analysis was carried out upon incubation with propidium iodide andRNase
A. 10,000 cells were counted using appropriate gates. Values represent the mean + SEM o f three
independent experiments.
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Fig.3.4 The MUTU-1 c l 79 BL cell line showed increased sensitivity to m aprotiiine over the
DG-75 cell line
M UTU-I (A an d C )a n d DG-75 (B an d D) cells w ere seeded a t a density o f 7x10^ cells/5m l an d
treated with (■ ) o r w ithout ( A ) m aprotiiine (5 0nM , A an d B) (O-lOOuM C an d D) fo r 24h (C),
72h (D) o r various tim es (A and B, 0-72h). Cells were harvested by centrifugation and fixed
overnight in 70% ethanol. FACS analysis w as carried o u t upon incubation with propidium iodide
and RN ase A. 10,000 cells w ere counted using ap p ro p riate gates. V alues represent th e m ean ±
SEM o f three independent experim ents.
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F ig.3.5 T he M UTU-I c l 79 BL cell line show ed in crea sed sen sitivity to sertra lin e o v e r the DG75 cell line

MUTU-I (A a n d C )a n d DG-75 (B an d D ) cells were seeded a t a density o f 7 xl0^cells/5m l and
treated with (■) or w ithout ( A ) sertraline (50p.M, A an d B) (0-100|jM C an d D) for 24h (C), 72h
(D) o r various tim es (A and B, 0-72h). Cells were harvested by centrifugation an d fixed overnight
in 70% ethanol. FACS analysis w as carried out upon incubation with propidium iodide an d R N ase
A. 10,000 cells were counted usingappropriate gates. Values represent the m ean + SEM o f three
independent experim ents.
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3.2.4 The resistant Burkitt’s lymphoma DG-75 ceil iine is sensitive to apoptosis
induced by antidepressants
As the MUTU-I cell line was found to be more sensitive to the effect o f the
antidepressants fluoxetine, sertraline, maprotiline over the DG-75 cell line, the effect o f
other known pro-apoptotic agents were tested to see if the DG-75 cell response was celltype specific or a delayed response to the antidepressants in question. Using a number
o f agents, including TNF-a (lOng/ml), etoposide (200^M), hydrogen peroxide
(0.5mM), taxol (1|^M), UV (5min exposure followed by 4h incubation) and vincristine
(IfiM ), it was found that the DG-75 cell line is insensitive to the majority o f proapoptotic agents (Fig.3.6) in agreement with previous observations o f (Brimmell et a l,
1998). However, in this study, the DG-75 cell line was found to be more sensitive to the
effects o f fluoxetine, maprotiline and sertraline after 72h than to other known proapoptotic agents (Fig3.6).
3.2.5 Fluoxetine, sertraline and maprotiline have no obvious arresting effect on the
cell cycle of DG-75 and MUTU-I cells
As previously described in section 2.6.1, propidium iodide intercalates into the
major groove o f DNA and produces a highly fluorescent adduct that can be excited at
488nm and has an emission centred at around 600nm. This sort o f DNA analysis allows
cells in the G2 and M phases to be easily separated from other phases o f the cell cycle.
When cells enter G2/M phase the DNA contracts and occupies less space resulting in
less fluorescence. On the other hand cells entering the G1 and S phases have a greater
amount o f loosely associated DNA and thus release greater fluorescence. The stage at
which the cell is at in its cell cycle will have a characteristic DNA profile consisting o f a
series o f different peaks (Fig.2.1). PI FACS analysis was used to test to see if
fluoxetine, sertraline or maprotiline arrested the cells in the G l, S or G2/M phases o f the
cell cycle by comparing the percentage o f cells in each phase upon treatment with
fluoxetine, maprotiline or sertraline compared to controls.
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F ig .3 .6 T h e r e sista n t B u rk itt’s ly m p h o m a D G -7 5 c e ll lin e w a s se n s itiv e to a p o p to s is
in d u ced by an tid ep ressa n ts
Cells were seed ed at a density o f 7x10^ cel!s/5m l and treated for 72h with veh icle, citalopram
(50|^M ), flu oxetin e (5 0 | j M), m aprotiline (5 0 |iM ), p aroxetin e (5 0 |iM ), sertraline (50|aM ),
im ipram ine (50(xM ), am itryptiline (SOfxM), T N F -a (lO ng/m l), eto p o sid e, (2 0 0 n M ), H 2 O2
(0.5m M ), T a x o l (l|iM ), U V (5 min exp osu re) and vincristine ( l|iM ) . C ells were h arvested by
centrifugation and fixed overnight in 70% eth a n o l. FA C S a n a ly sis w as carried ou t upon
incubation with propidium iodide and R N ase A. 1 0 ,0 0 0 cells w ere cou n ted using appropriate
gates. V alues represent the m ea n + SE M o f three independent experim ents. *P <0.05 [B ased
on a one-w ay A N O V A T est fo llo w ed by the B onferroni M ultiple C om parison T est, com paring
all colu m n s using GRAPH PAD Prism4 softw are].
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3.2,5.1 Fluoxetine, sertraline and maprotiline reduced the amount of cells in the G1
and G2/M phases of the cell cycle.
All three antidepressants reduced the number o f cells in the G1 and G2/M
phases o f the cell cycle in a time dependent manner (Figs.3.7 and 3.8). Such a reduction
correlated with an increase in the pre-Gl phase. In the DG-75 cell line, the appearance
o f cells in the Pre-Gl phase at ~20h correlated with a reduction in the amount o f cells
going though the G1 and G2/M phases (Figs.3.7 A, C, E and 3.8 A,C, E). The same
observation was noted in the MUTU-I cell line, whereby, upon the appearance o f a preGl population after 2h, there was a noticeable decrease in the amount o f cells going
though the G1 and G2/M phase (Figs.3.7 B, D, E and 3.8 B, D, E).
Fluoxetine, sertraline and maprotiline did not have an effect on the S-phase o f
the cell cycle (Fig.3.9). As fluoxetine, maprotiline and sertraline have no obvious
arresting effect on the cell cycle of BL cells implying no stabilisation or induction o f a
cell cycle checkpoint response. No perturbation o f cells going through S phase implies
that these agents are not having an effect on the ability o f the cells to
replicate/synthesise DNA. A reduction in the amount o f cells going through G1 and
G2/M in response to these drugs implies these antidepressants target the growth and cell
division o f BL cells. Further investigations into the mechanisms o f action these agents
will be discussed in the proceeding chapters.

3.2.6 SERT expression
In order to determine the expression levels o f SERT outside the CNS and ENS
and in a range o f malignancies other than BL, a preliminary study o f gene expression
profiles o f hSERT expression was carried out using a known microarray database. Such
a preliminary study into SERT expression was followed by an investigation into hSERT
levels in the cell lines mentioned in Section 3.2.1 using Western blot analysis. These
experiments were carried out to deduce if hSERT has the potential to be a unique target
outside its expression in the CNS and ENS on a range o f different malignancies. Such a
unique property would allow for the creation o f SERT specific agents that would target
a SERT expressing malignancy without penetrating the blood-brain barrier.
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Fluoxetine, sertraline and m aprotiline reduce the num ber o f cells in the G I phase

DG-75 (A,C, E) and MUTU-I (B, D, F) cells were seeded at a density o f 7x10^ cells/5ml and treated
with (■ ) or w ithout ( A ) fluoxetine (A, B), maprotiline (C, D ) or sertraline (E, F) (50|aM,) over 0-72h.
Cells were harvested by csaitrifugation and fixed overnight in 70% ethanol. FACS analysis was carried
out upon incubation with propidium iodide and RNase A. 10,000 cells were counted using appropriate
gates. Values represent the m ean± SEM o f three independent experiments.
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Fig.3.8

Fluoxetine, sertraline and maprotiline reduce the number of cells in the G 2M

phase
DG-75 (A,C, E) and MUTU-1 (B, D, F) cells were seeded at a density o f 7x10^ cells/5ml and
treated w ith (■) or without ( A ) fluoxetine (A, B), maprotiline (C, D)

or sertraline (E,F)

(50|uM,) over 0-72h. Cells were harvested by centrifugation and fixed overnight in 70% ethanol.
FACS analysis was carried out upon incubation w ith propidium iodide and RNase A. 10,000
cells were counted using appropriate gates. Values represent the mean + SEM o f three
independent experiment
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Fluoxetine, sertraline and m ap ro tilin e reduce the num ber o f cells in the S- phase

DG-75 (A,C, E) and M U T U -I (B, D, F) cells were seeded at a density o f 7x10^ cells/5ml and
treated with (■) or without ( A ) fluoxetine (A, B), maprotiline (C, D) or sertraline (E F) (50|aM,)
over 0-72h. Cells were harvested by centrifugation and fixed overnight in 70% ethanol. FACS
analysis was carried out upon incubation with propidium iodide and RNase A. 10,000 cells were
counted using appropriate gates. Values represent the mean + SEM o f three independent
experiments.
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3.2.6.1 In silica predictions of SERT expression
SymAtlas

is

a

web-application

for

publishing

experimental

gene

functionalisation datasets integrated with a flexibly searchable gene-centric database o f
public and proprietary annotations developed by the Bioinformatics Team at GNF (©
Genomics Institute o f the Novartis Research Foundation). Gene expression levels from
91 human and mouse samples across a diverse array o f tissues, organs, and cell lines
were profiled and assembled into a database (Su et a l, 2002). Human tissue samples
and cell lines were obtained from commercial sources and previously published
research collaborations. Samples were labelled and hybridised to human high-density
oligonucleotide arrays (Su et al., 2004).
In order to assess the selective potential o f potential SERT targeting agents for
hSERT expressing malignancies a search was carried out on hSERT expression levels
using this database. In a variety o f microarrays o f human gene data sets there was found
to be high levels o f hSERT in the placenta, lung cerebellum, superior cervical ganglion,
caudate nucleus and adrenal gland (Fig.3.10). Outside the CNS, 5-HT is a plateletstored vasoconstrictor that is also present in lymphocytes, monocytes, macrophages,
mast cells, pulmonary neuroendocrine cells and enterochromaffm cells (produce the
majority o f 5-HT outside the central nervous system) (Mossner and Lesch, 1998).
A search o f hSERT expression in a primary tumour (U95) array revealed high
SERT expression levels in a range o f primary lung, colon and breast carcinoma cells
(Fig.3.11). Finally a search was carried out using the cell line based microarray from the
National Cancer Institute (NCI) group o f tumour cell lines (NCI60 on U133A). This
search revealed a number o f cell lines displaying high levels o f hSERT (Fig.3.12),
including a human hepatocellular liver carcinoma cell line (HEPG2), a human breast
carcinoma cell line (ZR-75-1) and the human rhabdomyosarcoma (soft tissue sarcoma)
cell line (A204). These results identify the expression o f SERT on a number o f
malignant cell lines, which may also be sensitive to SERT ligands. However, hSERT is
also expressed on a number o f non-malignant cells which could present problems in the
future development of pro-apoptotic SERT ligands.
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Fig.3.10 E xpressio n levels o f hSER T using h u m an HG-U 133A M icro A rra y Chip
Human tissue sam p les and cell lines were obtained from com m ercial sources and previously
published research collaborations. Sam ples were labelled and hybridised to human (U I3 3 A ) highdensity oligonucleotide arrays (Su et al., 20 0 4 ).
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3.2.6.2 SERT expression in various cell lines
To determine if any of the cell lines listed in Table.3.1 expressed hSERT,

Western blot analysis for SERT expression was carried out on membrane-enriched
lysates. The positive control samples from HEK293-hSERT and TREx-rSERT cells
showed a typical staining pattern of fully glycosylated SERT at ~70-80kD (Fig.3.13
Aand B). The Burkitt’s lymphoma cell lines DG-75 and MUTU-I were found to express
low levels of human SERT. The other cell lines used in this study, H929, CEM-Neo and
CEM-Bcl-2 cell lines were found not to express SERT at detectable levels (Fig.3.13A).
This is consistent with previous reports demonstrating that the MUTU-I c l 79 cell line
expresses hSERT (Serafeim et a l, 2002) but is contrary to reports that the H929 cell
line expresses hSERT (Meredith et a l, 2005). The TREx SERT cell line also expresses
high levels of rSERT upon induction by tetracycline (Fig.3.13B).

3.2.7 SERT is not involved in fluoxetine- or maprotiline-induced apoptosis in BL

To investigate further if SERT was the pro-apoptotic target of fluoxetine and
maprotiline, cells were pre-incubated with a potent SERT inhibitor, citalopram (K| of
SERT inhibition 8.9+0.07nM) or serotonin at excess concentrations to block the
interaction of fluoxetine and maprotiline with SERT. To assess any involvement of 5HT receptors in fluoxetine- and maprotiline- mediated cell death, cells were also preincubated with the 5-HTR antagonist, methysergide to block any interaction of
fluoxetine and maprotiline with 5-HT-receptors. Using PI FACS analysis, it was found
that neither fluoxetine- or maprotiline-induced cell death in the DG-75 and MUTU-I
cell lines could be blocked by the SSRI ligand or by serotonin or by the 5-HTR
antagonist (Fig.3.14), results consistent with neither SERT nor 5-HTRs being the target
for these agents.
In addition, the effects of fluoxetine or maprotiline were also assessed in a
constructed SERT overexpressing cell line to further test the hypothesis that SERT
could act as a pro-apoptotic target for fluoxetine or maprotiline. Using this model,
neither fluoxetine nor maprotiline were found to induce apoptosis in the SERToverexpressing cell line, results consistent with these agents not targeting SERT and
inducing cell death (Table 3.3).
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Fig.3.11 Expression levels o f hSER T using hum an Prim ary T um our (U 95) M icro A rray Chip

Human tissue samples and cell lines were obtained from commercial sources and previously published
research collaborations. Samples were labelled and hybridised to human (U95) high-density
oligonucleotide arrays. (Su et al., 2004).
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Fig.3.12 Expression levels o f hSERT using human NCI60 -o n U133A Micro Array Chip
Human tissue samples and cell lines were obtained from commercial sources and previously
published research collaborations. Samples were labelled and hybridised to human (U133A)
high-density oligonucleotide arrays. (Su, Wiltshire e ta l.,2004).
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3.2.6.2 SERT expression in various cell lines

To determine if any of the cell lines listed in Table.3.1 expressed hSERT, Western blot
analysis for SERT expression was carried out on membrane-enriched lysates. The
positive control samples from HEK293-hSERT and TREx-rSERT cells showed a
typical staining pattern of fully glycosylated SERT at ~70-80kD (Fig.3.13 A and B).
The Burkitt’s lymphoma cell lines DG-75 and MUTU-I were found to express low
levels of human SERT. The other cell lines used in this study, H929, CEM-Neo and
CEM-Bcl-2 cell lines were found not to express SERT at detectable levels (Fig.3.13A).
This is consistent with previous reports demonstrating that the MUTU-I c l 79 cell line
expresses hSERT (Serafeim et a i, 2002) but is contrary to reports that the H929 cell
line expresses hSERT (Meredith et a i, 2005). The TREx SERT cell line also expresses
high levels of rSERT upon induction by tetracycline (Fig.3.13B).

3.2.7 SERT is not involved in fluoxetine- or maprotiline-induced apoptosis in BL

To investigate further if SERT was the pro-apoptotic target of fluoxetine and
maprotiline, cells were pre-incubated with a potent SERT inhibitor, citalopram

( K j

of

SERT inhibition 8.9+0.07nM) or serotonin at excess concentrations to block the
interaction of fluoxetine and maprotiline with SERT. To assess any involvement of 5HT receptors in fluoxetine- and maprotiline- mediated cell death, cells were also preincubated with the 5-HTR antagonist, methysergide to block any interaction of
fluoxetine and maprotiline with 5-HT-receptors. Using PI FACS analysis, it was found
that neither fluoxetine- or maprotiline-induced cell death in the DG-75 and MUTU-I
cell lines could be blocked by the SSRI ligand or by serotonin or by the 5-HTR
antagonist (Fig.3.14), results consistent with neither SERT nor 5-HTRs being the target
for these agents.
In addition, the effects of fluoxetine or maprotiline were also assessed in a
constructed SERT overexpressing cell line to further test the hypothesis that SERT
could act as a pro-apoptotic target for fluoxetine or maprotiline. Using this model,
neither fluoxetine nor maprotiline were found to induce apoptosis in the SERToverexpressing cell line, results consistent with these agents not targeting SERT and
inducing cell death (Table 3.3).
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L ysedcell m e m b ran es were prepared from sub-confluent H -929, DG-75, C EM -Bcl-2, MUTUl,C E M -N eo a n d HEK293-HSERT cell lines (A) an d from TREx (-) an d TREx (+SERT) cell
lines (B). Polypeptides were resolved by SDS-PAGE an d probed with anti-hSE R T an tib o d y (A)
orw ith anti-FLA G an tib o d y (B). Blots were stripped an d re-probed with p-actin a s a loading
control. Results are representative o f three se p arate experim ents.
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Fig.3.14

SE R T and the 5H T receptors are not involved in fluoxetine- and m aprotiline-

induced apoptosis
DG-75 (A) and M UTU-I (B) w ere seeded at a density o f 7x10^ cells/5m l and treated with
m aprotiline (M ap, 50|iM ) or fluoxetine (Flu, 50|aM ) with or w ithout m ethysergide (M eth, IfxM),
citalopram (Cit, 10|iM ), serotonin (5-H T, 250|ilVl) and incubated for 24h (B ) or 72h (A). Cells
w ere harvested by centrifugation and fixed overnight in 70% ethanol. FACS analysis w as carried
out upon incubation with propidium iodide and RN ase A. 10,000 cells w ere counted using
appropriate gates. V alues represent the m ean + SEM o f three independent experim ents. *P<0.05
[Based on a one-w ay A N O V A Test follow ed by the B onferroni M ultiple Com parison Test,
com paring all colum ns using G R A PH PA D Prism 4 softw are]
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3.2.8 The involvement o f the noradrenaline transporter in fluoxetine- and
maprotillne-mediated cell death

As maprotiline had a selective apoptotic effect on BL cell lines (Table 3.3) and
as it is a strong inhibitor of noradrenaline re-uptake in the brain (Kd of 11.1 + 0.3nM)
and peripheral tissues (Tatsumi et a l, 1997), the involvement of NAT in fluoxetine and
maprotiline mediated cell death was investigated.

3.2.8.1 hNAT expression in BL cell lines.

To assess the levels of hNAT in the cell lines used in Table 3.1, Western blot analysis
for NAT expression was carried out on membrane-enriched lysates. The control sample
HEK293-hNAT (Fig.3.15A) showed a typical staining pattern of fully glycosylated
NAT at ~70-80kD. For the BL cell lines no staining was found for the fully
glycosylated form of hNAT and for these cell lines (DG-75, MUTU-I cl 79 and BJAB)
where stained bands were found, only low molecular weight (~50-55kDa) forms
appeared stained consistent the presence of degraded or partly glycosylated forms of
NAT which would be consistent with non-functional NAT (Fig.3.15).
3.2.8.2 NAT is not involved in fluoxetine- and maprotiline-induced apoptosis in BL
cells.

Nisoxetine binds to and inhibits the noradrenaline transporter (Kd 0.7nM)
(Tejani-Butt et a l, 1990, Wong and Bymaster, 1976) with little or no affinity for a
range of neurotransmitter receptors (Richelson and Nelson, 1984). To investigate if
NAT was the pro-apoptotic target of fluoxetine and maprotiline, cells were pre
incubated with nisoxetine and noradrenaline at excess concentrations to block any NAT
activity. Using PI FACS analysis, it was found that neither fluoxetine- or maprotilineinduced cell death in the DG-75 and MUTU-I cell lines could be blocked by the NSRl
ligand nisoxetine, or noradrenaline (Fig.3.16), results consistent with NAT not being the
target for these agents.
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Fig.3.15 hNAT ex p ressio n levels In BL cell lines
M em brane fractions were prepared from sub-confluent IX}-75, B JA B , M U T U -I, D audi an d H EK 293hNAT cells. Protein w as resolved by 10% SD S-PA G E an d probed with anti-hN A T an tib o d y . Blots were
stripped an d re-probed with P-actin a s a loading control. Results are representative o f three separate
experim ents
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F ig .3 .l6 NAT is not involved in flu oxetin e-a n d m aprotiline-induced apoptosis
DG-75 (A ) and M UTU-I (B) were seeded a t a density o f 7x10^ cells/5m l a n d trea ted with
m aprotiline (M ap, 50|iM ) o r fluoxetine (Flu, SOfxM) with or w ithout nisoxetine (Nis, 10|iM )
and noradrenaline (NA 250^IV!) (pre-treated fo r 1h) an d incubated fo r2 4 h (B) o r 72h (A ). C ells
were harvested by centrifugation and fixed overnight in 70% ethanol. FA C S an aly sis w as
carried o u t upon incubation with propidium iodide a n d RN ase A. 10,000 cells w ere cou n ted
using appropriate gates. V alues represent the m ean + SEM o f three in d ep en d en t experim ents.
*P<0.05 [Based on a one-w ay A N OVA Test follow ed by th e Bonferroni M ultiple C o m p ariso n
Test, com pa ring a II co lum nsusing GRAPHPAD Prism4 softw are]
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3.2.S.3 Not all noradrenaline selective reuptake inhibitors induce apoptosis in BL
cell lines
In the initial PI FACS screen carried out on a range o f antidepressants (Table
3.3) it was found that not all o f the NSRI antidepressants were able to induce cell death
in the BL cell lines. Reboxetine, found as a racemic mixture o f RR- and SS-([2-[a[2ethoxyphenoxy] benzyl]-morpholine sulphonate]) is a potent, selective, and specific
noradrenergic reuptake inhibitor (Ki 11 + 1 nM) (Wong et a l, 2000). Desipramine is a
more potent NAT inhibitor (Ki 4.5+ 2 nM)(Wong et a l, 2000).
In this study it was found that out o f the NSRIs investigated for pro-apoptotic activity,
only desipramine and maprotiline were found to have an effect on BL cell lines (Table
3.3). The other NSRIs tested for activity, namely, nisoxetine and reboxetine did not
mimic the apoptotic effect o f maprotiline or desipramine (Table 3.3). As all o f the
NSRIs are structurally similar and display similar NAT binding activities, a structureactivity relationship (SAR) study was carried out comparing the structures o f the active
NSRIs, desipramine and maprotiline to the inactive NSRIs, reboxetine and nisoxetine.

3.2.9 Initial Structure-Activity Relationship (SAR) analysis shows that proapoptotic antidepressants have a number of analogous structural moieties that are
not found in the other inactive antidepressants.
An in silico study was carried out using MOE comparing maprotiline by 3D
flexible alignment analysis to fluoxetine, sertraline, desipramine and the other NAT
inhibitors (Fig.3.17) to determine any potential structure-activity relationship. All the
compounds were able to overlay the secondary amine group so this is not viewed as the
reason for their different biological profiles. However, it was found that maprotiline,
fluoxetine, sertraline and desipramine had a number o f common structural moieties not
present in the non-apoptotic NAT inhibitors (Fig.3.17A-D), whereby in the cases o f
fluoxetine, desipramine and sertraline, the central carbon cores o f the compounds
overlaid well on the maprotiline core (Fig.3.17D). Both nisoxetine and reboxetine were
found to contain an ortho ether moiety attached to a phenyl ring, which does not map to
the maprotiline, fluoxetine, desipramine or sertraline structures and this may be
responsible for the inability of these compounds to induce programmed cell death

101

Chapter 3. Results

F ig. 3.17

M a p ro tilin e , flu o x etin e, s e rtra lin e a n d d e sip ra m in e d isp lay a n u m b e r o f com m on

s tru c tu ra l m oieties n o t p re se n t in the o th e r NAT in h ib ito rs
Flexible alignm ent top-view s o f desipram ine (brown) (A ), (S) nisoxetine (grey) (B ) and (S,R)
reboxetine (purple) (C), (R) an d (S) fluoxetine (orange) (D I an d II respectively) an d (IS , 4S)
sertraline (turquoise) (E) were overlaid upon m aprotiline (green) (A -E ) by flexible alignm ent.
N itrogen ato m s are shown in blue, oxygen ato m s in red, fluorine ato m s in light green an d
chlorine a to m s in dark green.
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(Fig.3.17 B, C). (S) nisoxetine and (S, R) reboxetine were shown to have the best
overlay on maprotiline and were therefore chosen as representatives overlays in
Figure.3.17(B,C).
3.2.10 Target identification-‘Target-Fishing’ using WOMBAT analysis
As previously mentioned, WOMBAT is a database that correlates information
from high-content screening databases with chemical knowledge from profiles o f
chemical similarity and predicted targets. Using the ‘Target-Fishing’ approach as
explained in Section 2.9.2, predicted molecular targets for a drug are identified based
on the similarity o f the compound to structures, whose activities against a broad panel
o f targets are already known. A similarity search comparing fluoxetine and maprotiline
to all o f the molecules in the WOMBAT database was carried out by Dr. Andrew Knox
(Molecular Design Group, TCD). A list o f potential ‘hits’ were generated for fluoxetine
and maprotiline based on a similarity score. Scores above 0.6 using Tanimoto co
efficient as a similarity metric were retained. Similar compounds to fluoxetine and
maprotiline were found, ranked and classified as potential targets (Tables. 3.4-3.9).
Extracting only the human targets predicted for fluoxetine and maprotiline a
number o f targets were identified for fluoxetine and maprotiline (Tables. 3.4-3.9).
Identification o f any potential targets common to both fluoxetine and maprotiline
resulted in number o f possible targets. These targets included; DAT, NAT, 5-H TlB, 5HTIA and a K^ channel (voltage gated potassium channel subfamily H -KCHl). From
previous work using NAT antagonists and methysergide, the 5-HT receptor antagonist,
the targets NAT, 5HT1B and 5HT1A were excluded from interest. DAT, although
known to be present on lymphocytes (Marazziti et a l, 2008) was also eliminated from
investigations as preliminary studies using 250(j.M dopamine showed no effect on
lymphoma proliferation (data not shown). This leaves the K^ channel as a potential
target.
The sigma-like receptor (sigma- receptors o f the type 1 subtype) was also
identified by WOMBAT analysis as being a potential target for fluoxetine and the
NMDA/PCP receptor was identified by WOMBAT analysis as being a potential target
for maprotiline.
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5-HTT
5-HTT
NK!
K(+) channel
5-HTT
AChE
5-HTT
5 -H T lA
sigm a-like
DAT
alpha!
5-HTT
5-H TI'
5-HTT
5-HTT
5-HTI A
5-HTT
5-HTT
5-H 'IT
5-HTT
DAT
5 -H lT
DAT
5-H TI'
5-HTT
5-HTI A

Ki
Ki
Ki
Ki
Ki
IC50
IC50
IC50
IC50
IC50
IC50
IC50
IC50
Ki
Ki
Ki
Ki
Ki
IC50
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Ki

5-Hrr
5-HTT
5-HTI A
5-H TI A
5-HTT
5-HTI A
5-H T IA
5-HTI A
5-H T IA
5-H T IA

5-HTr
5 -H lT
5-HTT
5-HTT
5 -H lT
5-H T IA
5-H T IA
5-H TIA
5-HTT
5-HTT

B inding V alue

Biospecies

5.3391
7.655
7.655
8.5654
7.3188
inactive
5.82
6.8861
<5.0000
7.8239
<6.0000
6.07
<5.3468
5.4
9.0969
8.8962
6.6925
7.5229
<6.0000
9.5229
9.1612
8.3979
7.8416
5.8383
5.8239
6.15
7.6003
7.7212
<5,3010
7.8827
7.767
6.3468
<5.3010
8.6198
<5.3010
<5.3010
5.7959
<5.3010
5.7959
8.4559
9.1871
7.857
8.2418
8.2857
7.4724
<5.3010
6
9.0223
8.6576

rat
rat
rat
rat
human
human
human
rat
m ouse
rat
rat
guinea pig
rat
rat
rat
rat
porcine; pig
human
rat
rat
rat
rat
rat
human
human
rat
rat
human
rat
rat
rat
rat
rat
human
rat
rat
rat
rat
rat
human
rat
rat
rat
rat
rat
rat
rat
human
human

BioeiTeet
[3H ]dopam ine uptake; antagonist
antagonist
[3H]-5-HT uptake; antagonist
antagonist
antagonist
antagonist
inhibitor; [3H]-5-HT uptake
inhibitor
antagonist; 5-HT uptake
antagonist
antagonist
antagonist; [3H]dopam inc uptake
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
[3H]dopamine uptake; antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist

Table 3.4 W OMBAT analysis results for fluoxetine
A n in silic o search using the W O M B A T database for flu oxetin e produced a list o f p o ssib le targets ranked
in order o f highest target biding probability (T O P).T arget name; the nam e o f the target flu o x etin e is
predicted to bind to, B inding Type; w hether its binding is Ki or IC50, B inding V alue; the binding value.
B iosp ecies; w hether its rat/human etc, B ioeffect; Predicted effect on target. T he higher the rank and
frequency that each target nam e appears is m ore likely to be an interacting protein w ith flu oxetin e.
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T a rg e t N am e

Binding
Type

5-HTT

Ki
Ki
IC50
Ki
Ki
Ki
Ki
Ki
Ki
Ki
IC50
Ki
KI
IC50
Ki
IC50
IC50
IC50
IC50
IC50
IC50
IC50
Ki
Ki
Ki
IC50
EC50
EC50
IC50

5-HTr
5-H TIA
5-HTT
5-HTT
5-HTT
5-HTT
5-H TlA
DAT
5-H Tl'
DAT
5-H TIA
5-HTT
5-H TIA
5-H TIA
5-H TIA
5-HTIA
AChE

NKI
NKl
5-H TlA
5-H TlA
5-HTT
5-HTT
5-HTT
5-H TlA
HI
HI
AChli
NET
5-H TIB
DAT
DAT
5 -H IT
DAT
5-H T lA
5-H T lA
CA-I
sigma I
D(a
5-H TlA
nAChR
5-HTT
5-H TIB
5-H T lA
PTP-IB
5-H T lA

IC50
Ki
IC50
Ki
Ki
Ki
Ki
Ki
Ki
Ki
Kd
IC50
Ki
Ki
Ki
Ki

IC50
IC50

B inding V alue
8.4202
7,8268

<6.0000
7.4584
8 6778
8.3872
8.3979
659 3 5
6.25
8 1192
626 3 6
5,8386
8.9586
<6 0000
70458
<6,0000
<6,0000
<6,0000
8.7
7.97

<6.0000
<6.0000
8.3372
8.8539
8 0555
<6.0000
7.24
7.24
6.2426
6.0706
5 2248
5.6655
6.1972
8.699
6.2
7.0287
7.1568
6.433
8.699
4.9543
<6.0000
5.8239
9.1549
5.4622
7.699
5.8861
<6.0000

Biospecies

Bioeffect

human
rat
rat
rat
human
human
human
rat
rat
human
rat
rat
human
rat
rat
rat
rat
mouse

antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
inhibitor; [3H]dopamine uptake
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
inhibitor
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
antagonist
contraction
contraction
inhibitor
antagonist; [3H]noradrenaline uptake;
[3H]norepinephrine uptake
antagonist
antagonist; l3H)dopamine uptake
antagonist
antagonist
antagonist
antagonist
antagonist
inhibitor
antagonist
inhibitor
antagonist
antagonist
antagonist
antagonist
antagonist
inhibitor
antagonist

rat
rat
human
human
human
rat
guinea pig
guinea pig
mouse
human
human
rat
rat
human
rat
rat
rat
human
guinea pig
human
rat
rat
human
human
rat
human
rat

Table 3.5 WOMBAT analysis results for fluoxetine
A n in s ilic o search using the W O M B A T database for flu oxetin e produced a list o f p o ssib le targets ranked
in order o f h ighest target biding probability (T O P).T arget nam e; the nam e o f the target fluoxetine is
predicted to bind to. B inding T ype; w hether its binding is Ki or IC50, B inding V alue; the binding value,
B iosp ecies; w hether its rat/human etc. B ioeffect; Predicted effect on target. The higher the rank and
frequency that each target nam e appears is m ore lik ely to be an interacting protein w ith fluoxetine.
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T a rg e t Name

B inding
ly p e

5-HT2A
5-HT2A
DAT
NET
K(+) channel
HI
NET
DAT
sigma I
sigma 1
NMDA/PCP
sigma 1
NMDA/PCP
NMDA/PCP
5-H TlB
NMDA/PCP
NMDA/PCP
NMDA/PCP
sigmal
DAT
DAT
NMDA/PCP
NMDA/PCP
NMDA/PCP
NMDA/PCP
Dl
sigma
sigma
sigma
NMDA/PCP
NMDA/PCP
NMDA/PCP
NMDA/PCP
NMDA/PCP
NMDA/PCP
NMDA/PCP
Dl
Dl
HI
Cyt-P450-2D6
Cyt-P450-2D1
sigma
5-HT2A
NMDA/PCP
5-H TIA
5-H TIA
NMDA/PCP
NMDA/PCP
D2
NMDA/PCP
5-H TlA
D3
NMDA/PCP
NMDA/PCP
NMDA/PCP
sigmal

Ki
Ki
Ki
Ki
IC50
K0.5
IC50
Ki
Ki
Ki
IC50
Ki
IC50
IC50
Ki
IC50
IC50
IC50
Ki
IC50
IC50
1C50
1C50
1C50
IC50
Ki
Ki
Ki
Ki
IC50
IC50
IC50
IC50
IC50
IC50
IC50
Ki
K0 5
K0.5
IC50
IC50
Ki
Ki
IC50
Ki
Ki
IC50
IC50
Ki
1C50
Ki
Ki
IC50
IC50
1C50
Ki

Table 3.6

B inding V alue

Biospecies

BioefTect

6.1135
5.1688
<5.3979
9.3098
5.86
7.3429
5.7696
<5.0000
6.3788
6.3788
6.4989
8.1675
5.8268
4.6819
5.4622
8.1267
7.8327
7.382
6.8297
6.1273
6.4841
6.7011
6.9469
3.9706
64559
6.9747
6.3288
6.7986
6.8182
7.9469
7.9957
6.9469
6.9706
8.0044
7.5229
7.9469
7.1209
6.86
7.821
5.585
3.6904
6.5768
6.4815
6.2941
<6.0000
6.7595
5.4051
6.1163
6.2757
3.93
6.3872
7.1549
6.2774
7.5638
7.2581
8.1739

rat
rat
rat
human
human
guinea pig
rat
human
guinea pig
guinea pig
rat
guinea pig
rat
rat
human
rat
rat
rat
guinea pig
rat
rat
rat
rat
rat
rat
rat
guinea pig
guinea pig
guinea pig
rat
rat
rat
rat
rat
rat
rat
rat
rat
guinea pig
human
rat
guinea pig
rat
rat
bovine
bovine
rat
rat
rat
rat
bovine
human
rat
rat
rat
rat

antagonist
antagonist
antagonist
antagonist
antagonist
inhibitor; [3H]noradrenaline uptake;
[3H]dopamine uptake; antagonist
antagonist
antagonist
antagonist; ionotropic
antagonist
antagonist; ionotropic
antagonist; ionotropic
antagonist
antagonist; ionotropic
antagonist; ionotropic
antagonist; ionotropic
antagonist
antagonist
antagonist
antagonist; ionotropic
antagonist; ionotropic
antagonist; ionotropic
antagonist; ionotropic
antagonist
antagonist
antagonist
antagonist
antagonist; ionotropic
antagonist; ionotropic
antagonist, ionotropic
antagonist; ionotropic
antagonist; ionotropic
antagonist, ionotropic
antagonist; ionotropic
antagonist
antagonist
antagonist
inhibitor
inhibitor
antagonist
antagonist
antagonist; ionotropic
antagonist
antagonist
antagonist; ionotropic
antagonist; ionotropic
antagonist
antagonist; ionotropic
antagonist
antagonist
antagonist; ionotropic
antagonist; ionotropic
antagonist; ionotropic
antagonist

W O M B A T analysis results for m aprotiline

An in silico search using the W OM BAT database for maprotiline produced a list o f possible targets
ranked in order o f highest target biding probability (TOP).Target name; the name o f the target maprotiline
is predicted to bind to. Binding Type; whether its binding is Ki or

IC 5 0 ,

Binding Value; the binding value,

Biospecies; whether its rat/human etc. Bioeffect; Predicted effect on target. The higher the rank and
frequency that each target name appears is more likely to be an interacting protein with maprotiline
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T a rg e t N am e

B inding
ly p e

B inding V alue

Biospecies

BioefTect

NM DA/PCP
sigma3
HI
sigma-like
NM DA/PCP
NM DA/PCP
sigm al
NM DA/PCP
NM DA/PCP
NM DA/PCP
NM DA/PCP
NM D/VPCP
NM DA/PCP
NM DA/PCP
N M D /yPC P
5 -H T lA
5-HT2A
5 -H T lA
5 -H T lA
5-HT2A
5-H TIB
5 -H T lA
sigm al
sigm al
5-H TIA
5-H TIA
m3
5-H TIA
5-H TIA
NM DA/PCP
DAT
sigm al
NM D/UPCP
NMDA
NMDA/PC'P
NM DA/PCP
NM DA
NMDA
NM DA/PCP
NMDA
NM DA/PCP
NM DA/PCP
NMDA
NMDA
5-HT2A

IC50
K0.5
K0.5
IC50
IC50
IC50
Ki
IC50
IC50
1C50
IC50
IC50
IC50
IC50
IC50
IC50
Ki
IC50
IC50
Ki
Ki
IC50
IC50
Ki
KI
Ki
Ki
IC50
Ki
IC50
IC50
IC50
IC50
Ki
Ki
Ki
Ki
Ki
Ki
IC50
IC50
IC50
Ki
Ki
Ki

7.0223
6.9208
6.9508
7.1
4.4318
6.1844
8.3279
6.7011
6.301
7.5229
7.2076
5.3696
6.9245
6.8508
6.5686
8
6.9586
7.4685
8
6.9508
5.2248
8.1549
8.1612
7.7399
<6.0000
7.3098
6.9208
7.2757
9.2676
6.2815
7.2007
6.5986
8.5346
8.1675
8.6198
8.6576
8.7696
8.8386
8.699
8.0506
8.8539
8.2757
8.8861
8.6576
6.1135

rat
guinea pig
guinea pig
guinea pig
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
human
rat
rat
rat
rat
rat
human
rat
rat
rat
rat
rat
rat
human
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat
rat

antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon
antagon

Table 3.7

ionotropic

ionotropic
ionotropic
ionotropic
ionotropic
Ionotropic
ionotropic
ionotropic
Ionotropic
ionotropic
ionotropic

ionotropic

ionotropic
ionotropic
ionotropic
ionotropic
ionotropic
Ionotropic
ionotropic
Ionotropic
ionotropic
ionotropic
ionotropic
ionotropic

W O M B A T analysis results for m aprotiline

An in silic o search using the W O M B A T database for m aprotiline produced a list o f p o ssib le targets
ranked in order o f highest target biding probability (T O P).T arget nam e; the nam e o f the target m aprotiline
is predicted to bind to, B inding T ype; w hether its binding is Ki or IC50, B in d in g V alue; the binding value,
B iosp ecies; w hether its rat/human etc. B ioeffect; Predicted effect on target. The higher the rank and
frequency that each target nam e appears is more lik ely to be an interacting protein w ith m aprotiline.
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Name

5-HTT

K(+) channel
hEAGl

Function

Serotonin reuptake Transporter

Substance-P receptor

NAT

Noradrenaline transporter

5-HTlB

5-hydroxytryptamine receptor IB

CA-I

I’ransports 5-HT from CNS and ENS synapses back into
pre-synaptic neurons determining the duration andj,
magnitude of 5-H'f responses (Rudnick and Wall, 1993).
'" ’'a*'

Potassium voltage-gated channeU
^
■u x
r
i.
. j
.
,
Pore-forming (alpha) subunit of voltage-gated
subfamily H member 1
j i
j
.
, •
u
■
inactivating delayed rectitier potassium channel.

NKI

Carbonic anhydrase 1

Origin

non-,,
Human

A receptor for the tachykinin neuropeptide substance P. It is
probably associated with G proteins that activate a
phosphatidylinositol-calcium
second
messenger Human
system(Nishitoh et al., 2002)

Amine transporter. Terminates the action o f noradrenaline
by its high affinity sodium-dependent reuptake
presynaptic terminals.

This is one of the several different receptors for 5HT. The
activity o f this receptor is mediated by 0 proteins
inhibit adenylate cyclase activity.

Reversible hydration o f carbon dioxide

Human

Factor Xa is a vitamin K-dependent glycoprotein that
converts prothrombin to thrombin in the presence o f
Va, calcium and phospholipid during blood clotting.

fXa

Coagulation factor X

PTP-IB

Tyrosine-protein phosphatase non
May play an important role in CKII- and p60c-src-inducedj^^^^
receptor type 1
signal transduction cascades

T able 3.8

P otential hum an targets for fluoxetine

W OM BAT analysis was carried out on fluoxetine with targets o f human origin only. Targets are ranked
in order o f probability with those targets most likely to bind to fluoxetine.
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F unction

N am e

NAT

K(+) channcl
hE A G l

Amine transporter. Term inates the action o f noradrenaline by
Noradrenaline Reuptake its high affinity sodium -dependent reuptake into presynaptic
transporter
terminals.

Potassium voltage-gated
channel subfam ily H Pore-form ing (alpha) subunit o f voltage-gated
m em ber 1
inactivating delayed rectifier potassium channel.

DAT

Dopamine
Transporter

5 -H T lB

5-hydroxytryptamine
receptor 1B

Cy1-P450-2D6

D3

m3

N M DA

T able 3.9

O rig in

Reuptake

Cytochrom e P450 2D6

D(3) dopam ine receptor

non-

Am ine transporter. Term inates the action o f dopamine by its
high affinity sodium -dependent reuptake into presynaptic
terminals.
Human

This is one o f the several different receptors for 5-HT. The
activity o f this receptor is m ediated by G proteins that inhibit Human
adenylate cyclase activity.

Responsible for the m etabolism o f many drugs and
environm ental chem icals that it oxidizes. It is involved in the
m etabolism o f drugs such as antiarrhythm ics, adrenoceptor
antagonists, and tricyclic antidepressants.

This is one o f the five types (D1 to 0 5 ) o f receptors for
dopamine. The activity o f this receptor is mediated by G
proteins which inhibit adenylyl cyclase.

The m uscarinic acetylcholine receptor m ediates various
cellular responses, including inhibition o f adenylate cyclase.
M uscarinic acetylcholine breakdown o f phosphoinositides and m odulation o f potassium
receptor M3
channels through the action o f G proteins. Primary
transducing effect is Pi turnover

NM DA receptor subtype o f glutam ate-gated ion channels
Glutam ate
|N M D A ] possesses high calcium perm eability and voltage-dependent
receptor subunit epsilon- sensitivity to m agnesium. Activation requires binding o f
1
agonist to both types o f subunits.

Potential hum an targets for m aprotiline

W OM BAT analysis was carried out on maprotiline with targets o f human origin only. Targets are ranked
in order o f probability with those targets most likely to bind to maprotiline
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3.2.11 The involvement o f potassium channels in fluoxetine- and maprotiiinemediated cell death
3.2.11.1 Potassium Channels

Potassium channels are important for both excitable and non-excitable cells. They are
integral membrane proteins that allow the selective diffusion of potassium ions across
biological membranes. Over 80 potassium channels have been identified and are
grouped on their transmembrane topologies. The most important of these channels and
their relevance to tumourigenesis are presented in Table 3.10.

channels are involved

in the regulatory mechanisms of neoplastic cell proliferation and survival. Among the
various types of

charmels known, those that express an inwardly rectifying current

(mainly the types named

K ,r,

EAG and HERG) appear to favour cancer progression in

vivo and they have been shown to confer a selective advantage to cancer cells in an
hypoxic microenvironment (Conti, 2004).
by mediating through

channels can also participate in apoptosis

loss, the cell shrinkage that is an early sign of PCD (Maeno et

a i, 2000). The progression of the G1 phase during cell division has also been shown to
be dependent on tightly regulated expression of various
Crociani et a i, 2003) with the in vitro application of

channels (Lang et al., 2000,
channel blockers able to

provoke cell cycle arrest in various cancer cell lines (Pancrazio et a l, 1993, RouzaireDubois and Dubois, 1998, Wang el al., 1998).
The KCHl (KCNHl) is a voltage-gated potassium channel found on the plasma
membrane otherwise known as EAGl, h-eag, KvlO.l or MGC 142269. EAGl is not
detected easily in normal tissues outside the CNS, but is aberrantly expressed in tumour
cells from many origins (Mello de Queiroz et a l, 2006, Hemmerlein et a l, 2006).
Inhibition of EAGl function using anti-EAG-1 monoclonal antibodies and non-specific
inhibitors reduces tumour growth. There are no specific-small molecule inhibitors of
EAGl. Interestingly, the TCAs imipramine and amitryptiline have been shown to be
non-selective inhibitors of EAGl (Pardo et a l, 1999, Weber et a l, 2006, GavrilovaRuch et a l , 2002).
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Type

Examples

Function

Tissue expression

C ancer
Relevance

Inward rectifier

Kir (KCNJ)
1.1-7.1

Electrolyte
balance,
cardiac electrical activity,
resting membrane

Heart,
Pancreas

CNS,

Human astrocytic tumours(Tan et
al.,
2008),
malignant
gliomas(Olsen and Sontheimer,
2004), neuroblastomaxglioma(Ma
elal., 1999)

Insulin
sectretion,
svascular smooth muscle
tone

CNS,
pancreas

heart,

Gliomas (Huang et al., 2009)

Neuronal
excitability,
cold
sensation,
hypoxia/acidosis
sensation

ubiquitous

General Tumourigenesis

ATP sensitive

2-P Domain

6

KCNK
1,3,5,7,10,
16

13,

Voltage gated

Kv

Action potentials, oxygen
sensing
T
cell
proliferation
and
cytokine production

Brain,
skeletal
muscle,
lymphocytes, heart,
pancreas,
liver,
spleen

Breast (Brevet el at., 2008), colon
(Ousingsawat et al., 2007), ovarian
(Zhanping el al., 2007), B cell
lymphoma (Wang et al., 2007a)

Calcium
Activated

BK
(large
conductance)

Vascular tone, neuronal
excitability,
hormone
secretion,

Smooth
muscle,
pancreas,
leukocytes,
ear,
brain

IK (intermediate
conductance)

r cell proliferation and
cytokine
production,
myogenesis

Erythrocytes,
lymphocytes,
vascular
smooth
muscle,
skeletal
muscle,
lung,
placenta, colon

Prostate (Eallet-Dahcr et al., 2009),
breast (Brevet et al., 2008),
osteosarcoma (Cambien et al.,
2008), B cell lymphomas (Wang et
al., 2007a), endometrial cancer
(Wang et al., 2007b)

KCNQ

Small
conductance
SK I-3

Neuronal
aflcrhypcrpolarisation,
hormone secretion, spike
frequency

Eye, brain, heart,
adrenal
gland,
skeletal muscle

IIHRG

KCNQ 1-5

Cardiac action potential.
Cl- absorption in colon,
K+ recycling in inner ear,
neuronal excitability

Heart, ear, colon,
lung,
kidney,
placenta,
CNS,
testis,
spleen,
skeletal muscle

KCNHl-8
HERG,
BAG,
ELK

Cell cycle regulation,
resting
membrane
potential, cardiac action
potential, oxygen sensing

Heart,
smooth
muscle,
CNS,
neuroendocrine

medullablastoma(Carignani et al.,
2002)

Renal cell carcinoma (Wadhwa et
al., 2008) Breast (Roy et al., 2008),
leukaemia (Li et al., 2008), gastric
(Shao
el
al.,
2008),
glioblastoma(Masi et al., 2(X)5)

Table 3.10 Potassium Channels, their function, tissue expression and relevance to tumourigenesis
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3.2.11,2 Potassium Channels are not involved in fluoxetine- or maprotiiinemediated cell death in BL
KCHNl was found to be a common possible target (Tables 3.4-3.7) for
fluoxetine and maprotiline, creating the hypothesis that fluoxetine and maprotiline, like
imipramine may inhibit EAGl function.

There are no readily available specific

inhibitors o f EAG. However, the HERG potassium channel is closely related to EAGl
and inhibitors for HERG are readily available. rBeKm-1 is a toxin from the venom of
the Central Asian scorpion Buthus eupeus that has been shown to specifically block
HERGl

channels (Korolkova et al., 2001), E-4031 selectively blocks hERG

channels (Spector et a l, 1996), Ergtoxin is a novel ERGl (KVl 1.1)

channel blocker

(Gurrola et a l, 1999) and chromanol 293B is a blocker o f the slow delayed rectifier
KCNQl channels (Seebohm et a l, 2001).
Alone, these agents were found to have no deleterious effect on both the MUTU-I and
DG-75 BL cell lines and so were therefore used in combination with fluoxetine or
maprotiline to assess if KCNH-like HERG-like or the KCNQ channels are involved in
the mechanism o f fluoxetine- and maprotiline-induced cell death. DG-75 and MUTU-1
cells were pre-incubated with a number o f potassium channels inhibitors before
treatment with fluoxetine and maprotiline. It was found that neither E-4031 (lOO^M),
Ergtoxin (lOOnM), rBeKm-1 (lO^M ) nor chromanol 293B (100|j M) were able to
prevent fluoxetine- or maprotiline-induced cell death in both the DG-75 and MUTU-I
cell lines (Fig.3.18) after 72h or 24h respectively.

Assuming that these agents also

inhibit the EAGl potassium channels, these results imply that fluoxetine and
maprotiline do not induce PCD o f BL cells via the EAGl receptors.

3.2.12 The involvement of the sigma-receptors in fluoxetine- or maprotilinemediated cell death in BL
3.2.12.1 Sigma Receptors
A potential target found for fluoxetine using the WOMBAT screen was the
sigma non-opioid intracellular receptor-1 otherwise called the opioid receptor, sigm a-1
or the sigmal-receptor.The sigma-1 receptor subtype is related to sterol isomerase
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Fig.3.18 Potassium Channels were not involved in flu oxetin e-an d m aprotiline-induced
apoptosis
DG-75 (A a n d C ) a n d M U T U - l ( B a n d D ) w e r e seeded a t a d e n s ity o f 7 x l0 ^ c e lls/5 m l a n d tre ate d
with maprotiline (Map, 5 0 |liM) (C a n d D ) or fluoxetine (Flu, 5 0 n M )(A an d B) with or without E4031 (lOOnM), Ergtoxin (lO O nM ), rBekm (1 OOnM) an d c h ro m a n o l2 9 3 B (100(iM)(pre-treated
for 1h) and incubated for24h (Band D) or 72h (A an d C). Cells were harvested by centrifugation
an d fixed overnight in 70% ethanol. FACS analysis was carried out upon incubation with
propidium iodide and RNase A. 10,000 cells were counted using appropriate gates. Values
represent the m e a n + SEM o fth re e independent experiments.
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(involved in cholesterol biosynthesis) and is normally found localised to the ER but can
also be found on the plasma membrane.
Sigma receptors are 24kDa receptors with one to two predicted membranesparming domains (Harmer et a l, 1996). A variety of specific physiological functions
have been attributed to the sigma-1 receptors including, modulation of Ca
inhibition of voltage gated

release and

channels (Aydar et a l, 2002, Zhang and Cuevas, 2005).

Selective sigma-1 receptor ligands have been suggested to represent a new class of
therapeutic agents for neuropsychiatric disorders, although none have yet been
introduced into therapeutic use. Sigma receptors have high affinity for numerous drugs
in clinical use, including psychotherapeutic agents such as antipsychotics (Su, 1982)
and more interestingly, the selective serotonin reuptake inhibitors (Narita et a l, 1996).
A number of preclinical studies have shown that selective agonists of sigma-1 receptors
affect higher-ordered brain functions such as learning and memory, cognition and mood
indicating that these agents may exert therapeutic effects in depression and senile
dementia (Hayashi and Su, 2004).
A number of studies have shown the presence of high densities of sigma-1
receptors in tumour cells (Aydar et al., 2006, Renaudo et a l, 2004) with their
expression positively correlated with the proliferating status of cancer cells. The sigma1 receptor is also a target of the oncogene c-myc (Fernandez et al., 2003). Sigma-1
receptors therefore could act as potential targets for therapeutic ligands that induce a
cell cycle arrest (Renaudo et al., 2004).

3.2.12.2 Sigma Receptors are not involved in fluoxetine and maprotiline BL cell
death

1,3-di-o-tolyl-guanidine (DTG)

is a pan-selective sigma-1/sigma-2 receptor

agonist (Lever et al., 2006). If fluoxetine and maprotiline were eliciting their proapoptotic activity through the sigma-1 receptor, in the presence of DTG, such death
should be reduced. DTG (lOO^M) was found to have no deleterious effect on both the
MUTU-I and DG-75 BL cell lines and so was therefore used in combination with
fluoxetine or maprotiline to assess if sigma-receptors are involved in the mechanism of
fluoxetine and maprotiline action. DG-75 and MUTU-I cells were pre-incubated with
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DTG (100|iM) before treatment with fluoxetine or maprotiline. It was found that DTG
was not able to counter-act fluoxetine or maprotiline cell death in both the DG-75 and
MUTU-1 cell lines (Fig.3.19) after 72h or 24h respectively. These result simply that the
sigma-1-receptors are not involved in fluoxetine- and maprotiline-induced cell death o f
BL cells.

3.2,13 The involvement of the NMDA receptor in fluoxetine- or maprotilinemediated cell death
3.2.13.1 NMDA receptors
NMDA receptors are activated by glutamate,

an essential amino acid and a

transmitter in the mammalian nervous system (Watkins and Evans, 1981) and are key
mediators o f excitatory synaptic transmission in the brain (Mayer et a l, 1984).
Glutamate and glutamate receptors are implicated in neuronal proliferation and
migration during development (Komuro and Rakic, 1993, Ikonomidou et a l, 1999)
where NMDA receptors have been shown to trigger massive apoptotic neuronal death in
the developing rodent brain (Ikonomidou et al., 1999).

3.2.12.1 NMDA receptors are not involved in fluoxetine- and maprotiline-induced
BL cell death
As the NMDA/PCP receptor appeared frequently in the WOMBAT analysis
results for maprotiline, investigation into the involvement o f this receptor in
maprotiline-, as well as fluoxetine- mediated cell death was investigated. Phencyclidine
(PCP) is a o opioid receptor agonist and a psychostimulant (Jin et a l, 1997). PCP also
inhibits NMDA glutamate receptor activation by binding to an allosteric site within the
ion channel (Porter and Greenamyre, 1995).
PCP (5|^M) was found to have no deleterious effect on both the MUTU-1 and
DG-75 BL cell lines and so were therefore used in combination with fluoxetine or
maprotiline to assess if the NMDA/PCP receptor is involved in the mechanism o f
fluoxetine- and maprotiline-induced cell death. If fluoxetine and maprotiline were
eliciting their pro-apoptotic activity through the NMDA receptor, in the presence o f
PCP, such death should be reduced. DG-75 and MUTU-1 cells were pre-incubated with
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Fig.3.19 Sigm a R eceptors are not involved in fluoxetine- and m aprotiline-induced
apoptosis
M UTU-I (A ) and DG -75 (B) cells w ere seeded at a density o f 7x10^ cells/5m l and treated with
m aprotiline (M ap, 50|J.M) or fluoxetine (Flu, 50|aM ) with or w ithout DTG (lOOuM ) (pre
treated for 30m in) and incubated for 24h (A) or 72h (B). Cells w ere harvested by centrifugation
and fixed overnight in 70% ethanol. FACS analysis w as carried out upon incubation with
propidium iodide and RN ase A. 10,000 cells w ere counted using appropriate gates. Values
represent the m ean + SEM o f three independent experim ents.
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PCP (5|iM) before treatment with fluoxetine or maprotiline. It was found that PCP was
not able to counter-act fluoxetine or maprotiline cell death in both the DG-75 and
MUTU-1 cell lines (Fig.3.20) after 72h or 24h respectively results consistent with the
NMDA/PCP receptor having no involvement in fluoxetine- or maprotiline-mediated BL
cell death.

3,3 Discussion

The original rationale behind this study was to confirm or contradict previous
observations that some SERT ligands induce apoptosis in SERT-expressing Burkitt’s
lymphoma and related malignancies. It is herein reported that the antidepressants
fluoxetine, sertraline and maprotiline are effective pro-apoptotic agents in both resistant
and primary (biopsy-like) Burkitt’s lymphoma cell lines consistent with previous
findings (Serafeim et al., 2003, Meredith et a i, 2005, Schuster et a i, 2007).
Such an effect was shown to be dose- and time- dependent for Burkitt’s lymphoma cells
(Figs. 3.3-3.5). It was found that the primary biopsy BL cell line MUTU-I (cl79) was
more sensitive to these antidepressants compared to the resistant DG-75 BL cell line.
I ’his is consistent with previous reports from Serafeim et a i, (2003) who report that
‘biopsy- like’ Burkitt’s lymphoma cells reveal a heightened sensitivity to the proapoptotic actions of some antidepressants (Serafeim et a l, 2003). It was also found that
fluoxetine, sertraline and maprotiline were more effective at inducing programmed cell
death in the chemoresistant BL cell line, DG-75 over other known death inducing
agents (Fig. 3.6).
Despite the expression of SERT in a number of the cell lines studied, we
confirm that SERT is not the pro-apoptotic target of these antidepressants as a) not all
SSRIs had a pro-apoptotic effect, b) serotonin, citalopram and a 5HT-receptor inhibitor
were unable to prevent the observed programmed cell death induced by fluoxetine and
maprotiline, c)

the SERT ligands, serotonin, fenfluramine and MDMA had no

significant pro-apoptotic effects in any o f the malignant cell lines and c) no selective
cytotoxic effects toward a SERT-overexpressing cell line were observed.
Investigations into the involvement of NAT in the apoptotic mechanism exerted
by maprotiline or fluoxetine showed that out of three other well-known NAT inhibitors.
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Fig.3.20 T he NIMDA receptor is not involved in fluoxetine- and m aprotiiine-induced apoptosis

MUTU-I (A) and DG-75 (B) cells were seeded at a density o f 7x105 cells/5ml and treated with
maprotiline (Map, SG^M) or fluoxetine (Flu, SO^M) with or without PCP (5^M ) (pre-treated for Ih) and
incubated for 24h (Band D) or 72h (A and C). Cells were harvested by centrifugation and fixed overnight
in 70% ethanol. FACS analysis was carried out upon incubation with propidium iodide and RNase A.
10,000 cells were counted using appropriate gates. Values represent the mean + SEM o f three
independent experiments.
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only the TCA, desipramine had an apoptotic effect similar to that o f maprotiline in the
BL cell lines. This study also revealed for the first time the expression o f a partially
degraded form of the noradrenaline-transporter in Burkitt’s lymphoma cell lines.
However, noradrenaline itself had no apoptotic activity in these cell lines and both
maprotiline and fluoxetine were still able to exert an apoptotic effect in the presence of
noradrenaline or nisoxetine, a known NAT inhibitor implying that NAT is not the
apoptotic target used by these ligands.
It was found that maprotiline, fluoxetine, sertraline and desipramine had a
number o f common structural moieties not present in the other NAT inhibitors and may
prove usefiil in the future identification o f the target pharmacophore and the ability o f
these drugs to induce apoptosis. Primarily, the presence o f a carbon bridge-like structure
in all active molecules could confer some structural specificity for the yet unidentified
pro-apoptotic target. Also o f note is the observation that both nisoxetine and reboxetine
contain an ortho ether moiety attached to a phenyl ring that does not map to the
maprotiline, fluoxetine or sertraline structures and could be responsible for the observed
lack o f programmed cell death activity. These results add further support to the
hypothesis that maprotiline, fluoxetine, sertraline and desipramine could ‘hit’ the same
target and elicit a PCD response. Further analysis o f such structural requirements from
this work for a pro-apoptotic effect has allowed for the synthesis o f novel analogues o f
maprotiline and fluoxetine that are currently under investigation.
Finally, another in silico test was carried out with the intention o f identifying a
novel target for fluoxetine and maprotiline that could be attributed to their PCD effect.
WOMBAT analysis was carried out screening fluoxetine and maprotiline though a
number o f known pharmacophore databases. A range o f possible targets for fluoxetine
and maprotiline were identified, narrowed down and subsequently investigated. The
EAGl class o f potassium charmels was identified as common human target for
fluoxetine and maprotiline. Using a range o f inhibitors for potassium channels it was
found that the KCNH-like or the KCNQ-like channels were found not to be involved
fluoxetine- and maprotiline- mediated cell death in BL (Fig.3.18). Investigation into the
involvement o f the sigma-1 receptor in fluoxetine-and maprotiline- mediated cell death,
found that fluoxetine and maprotiline were still able to induce cell death in the presence
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o f a sigma-1/2 receptor agonist. If the sigma-1 receptor was involved in antidepressant
mediated cell death, the presence o f a sigma-1 receptor agonist would have protected
the cells from demise. Finally, the involvement o f the NMDA/PCP receptor in such
death was investigated, as it was a recurrent target for maprotiline. It was also found to
not be involved in any target-based mechanism o f action o f these antidepressants. One
caveat worth noting about the above collection o f experiments was the important
observation that all experiments were carried out using a single dose o f inhibitor and at
considerably lower concentrations than fluoxetine or maprotiline. Whilst fluoxetine or
maprotiline at such high concentrations may saturate or preferentially bind to the
proposed target and still elicit their effect even in the presence o f the low does inhibitor,
if the proposed targets were involved in the tumourogenic capabilities o f the cell lines in
question, then using an inhibitor for the proposed oncogenic target should result in the
death o f the cell line using the inhibitor alone. Thus these experiments offer a quick way
o f testing if the proposed targets are involved in BL tumourigenesis.
A comparison to other effective anticancer agents o f the potencies o f the SSRIs
and maprotiline to induce apoptosis would place them in middle range between anti
metabolites and receptor targeted agents. The therapeutic dose o f such antidepressants
can vary from 20 to 40 mg per day, depending on the treatment achieving plasma levels
from 80 to 300 ng/ml, respectively (Ferguson and Hill, 2003, Watanabe et a i, 1980,
Serafeim et a l, 2002). Although such concentrations are significantly lower than those
employed by this study, one o f the promising features o f the SSRI/ NRI class o f
antidepressants is that very large doses are well tolerated in humans. Non-fatal intake
doses as large as 1500 mg have been reported with consequent in vivo levels ranging
from 232 to 1390 ng/ml (Borys et al., 1992, Borys et al., 1990, Sabbioni et al., 2004)
making them safe to administer as discussed by Gordon et a/.,(2008) at the desired proapoptotic effective concentrations or at lower concentrations in combination with other
chemotherapeutic agents.
From the activity o f these drugs in the chemoresistant cell line DG-75, it could
also be said that these drugs not only offer potential in the treatment o f relapsed or
refractory BL but also for resistant forms o f BL, such as cases o f BL associated with
patients suffering from HIV infection and other forms o f immunosuppression and
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perhaps in other malignancies associated with such diseases. This not only gives them
the potential to be tested further in animal models encouraging their use in a small phase
11 clinical trial in refractory BL as suggested by Gordon et a/.,(2008) but also warrants
further investigation by improving their potency through the development o f novel
structural analogues.
The findings o f this study, showing that the antidepressants fluoxetine and
maprotiline have the ability to induce apoptosis in Burkitt’s lymphoma without the
involvement of the noradrenaline or the serotonin transporters provides additional
knowledge in the exploration o f their mechanism o f action. The search for the targetbased mechanism o f action o f these drugs is important to their future development as an
economical alternative for the treatment o f Burkitt’s lymphoma.
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CHAPTER 4

THE ROLE OF APOPTOSIS AND AUTOPHAGY IN FLUOXETINE- AND
MAPROTILINE- INDUCED CELL DEATH
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4.1 Introduction

Antidepressants were developed therapeutically to treat depression by inhibiting
monoamine reuptake, and thus increasing synaptic concentrations of noradrenaline,
serotonin and dopamine in the synaptic cleft. The recent discovery that some
antidepressants may have the potential to act as pro-apoptotic agents in the treatment of
cancer {in vitro) adds greatly to their diverse pharmacological application.
The SSRI antidepressants, fluoxetine, paroxetine and citalopram have been
shown to inhibit DNA-synthesis in biopsy-like BL cultures with evidence of caspase
activation and DNA fragmentation. In agreement with the conclusions made in the
previous Chapter, the induction of this apparent apoptotic mode of cell death was found
to be incompatible with their pharmacology at the serotonin transporter (Serafeim et al,
2003, Meredith et a l, 2005). In Chapter 3 of this study, it was found that some
antidepressants induce programmed cell death in a number of BL cell lines
independently of SERT and of the noradrenaline transporter. Such cell death was also
shown not to be related to other possible targets of the antidepressants including the
potassium channels, sigma and 5-HT receptors. Further investigations into how such
cell death occurs in BL will be discussed in this Chapter.
Programmed cell death implies that a cell possesses the genes and proteins for
its own destruction to allow cell death to be a ritualistic rather than chaotic stage of
events. There are a number of models of programmed cell death proposed including
Type 1 PCD or apoptosis (intrinsic, extrinsic, receptor-dependent, death-domain, and
caspase-dependent). Type II PCD or autophagy, as well as a number of variants
(Fig. 1.1). These variants involve multiple responses by the same cell to different
inciting agents and include parapoptosis (necrapoptosis), ubiquitin-proteosome
pathway, responses by the endoplasmic reticulum to stress, and caspase-independent
forms of PCD, some of which merge with necrosis.
The various types of programmed cell death have in common that they are
executed by active cellular processes that can be intercepted by interfering with
intracellular signalling. Caspases, calpains, cathepsins, endonucleases and other
proteases can execute programmed cell death and they can be directed by several
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cellular organelles including mitochondria, lysosomes and the ER which can either act
independently or collaborate with each other. Caspases orchestrate the apoptotic
phenotype including DNA fragmentation, nuclear condensation, phosphatidyl serine
extemalisation, plasma membrane blebbing and other events but they are not
necessarily required for cell death. Caspase-independent cell death may occur as a
consequence o f mitochondrial failure and/or mediators released from the mitochondria
following MOMP. Studying such caspase-independent cell death pathways is important
in the future for the development of new cancer therapies and is reviewed recently by
Kroemer (Kroemer and Martin, 2005).
In the previous Chapter, a range of antidepressants including fluoxetine and
maprotiline were found to induce dose- and time-dependent apoptosis in Burkitt’s
lymphoma cell lines. In the past, fluoxetine has been shown to induce or enhance
programmed cell death in vitro in a range of B cell malignancies, gliomas,
neuroblastomas, prostate cancer and in neuronal and pheochromocytoma cell lines
(Serafeim et a i, 2003, Abdul et a i, 1995, Levkovitz et a i, 2005, Spanova et a i, 1997,
Bartholoma et a i, 2002). Such PCD activities display many of the features of classical
apoptosis including caspase-3 activation and cytochrome c release (Levkovitz et a i,
2005, Spanova et a i, 1997). Fluoxetine has been shown to penetrate the cell membrane
and bind mostly to mitochondria (with evidence of mitochondrial permeability
transition pore blockade though modification of VDACl (voltage dependent anion
channel 1) conductance and perturbation of Fl/Fo ATPase function), along with
synaptosomes and other cell organelles (Mukherjee et a i, 1998).

Fluoxetine also

affects mitochondrial bioenergetics by interfering with the physical state of the
mitochondrial inner membrane (Curti et al., 1999) and inhibits the multi-drug resistance
extrusion pump enhancing response to chemotherapy (Peer et a l, 2004). Conversely,
fluoxetine has been shown to have proliferative and anti-apoptotic activities in vivo (Lee
et al., 2001) and in vitro (Wright et al., 1994) implying a cell-type selective mechanism
of cell death.
Maprotiline is a tetracyclic antidepressant that is both mechanistically and
functionally similar to the tricyclic antidepressants (Coccaro and Siever, 1985). It is a
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strong inhibitor of noradrenaline re-uptake in the brain (K d of 11.1 + 0.3nM) and
peripheral tissues and is a weak inhibitor of serotonergic uptake (Kq of 5800nM)
(Tatsumi et a l, 1997). In addition, it displays strong antihistaminic action, weak
anticholinergic action and acts as an antagonist at central presynaptic a2 adrenergic
inhibitory autoreceptors and hetero-receptors (Wishart et al., 2006). It is also a cationic
amphiphilic drug that has been associated with lipidosis in a range of experimental
systems (Xia et a i, 2000). Maprotiline has been implicated in BL cell death but its
mechanism of action is unclear.
The apoptotic activities of the TCA class of antidepressants on various
malignant cell lines have also been well studied and are thought to be associated with
caspase activation, cell cycle arrest at either GO/Gl-phase or G2/M phase displaying
many of the features of classical apoptosis (Arimochi and Morita, 2006, Xia et al.,
1996, Xia et a l, 1999a). The involvement of intracellular reactive oxygen species
(ROS) in the observed cell death is controversial and is possibly cell-type specific
(Bartholoma et a l, 2002). There seems to be wide variation in the abilities of individual
TCAs to induce apoptosis or cytotoxic-like effects. Recently, the TCA chlorimipramine
was found to induce apoptosis in rat glioma and human neuroblastoma cell lines with
concurrent release of cytochrome c, caspase-3-like activity, DNA fragmentation and
activation of MAPK genes. However, in the same cell lines another TCA, imipramine
was found to be ineffective at inducing apoptosis suggesting the effect seen by
chlorimipramine is selective (Levkovitz et a l, 2005). Chlorimipramine has been shown
to inhibit complex I and complex 11 bioenergetics in cultured glioma cells consequently
leading to apoptosis-like features including caspase activation and mitochondrial
dysfunction (Daley et a l, 2005). The most interesting developments into the
investigation of such antiproliferative effects of the TCAs consider the actions of
desipramine on the HT29 colon carcinoma cell line where the TCA arrested cell-cycle
progression and apoptotic induction seemed to be independent of reactive oxygen
species and mitochondrial membrane potential changes (Arimochi and Morita, 2006)
suggesting an alternative mode of cell death.
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The mechanisms by which some o f these antidepressants can induce apoptosis
in Burkitt’s lymphoma are still unclear. Because o f its growing association with HIV,
Burkitt’s lymphoma is becoming one o f the more common malignancies in humans
(Gaidano and Carbone, 1995). A variety o f chemotherapeutic drugs are used in the
treatment o f BL tumours , however, the long term survival rates in response to
chemotherapy for older adults and HIV infected patients is as little as a 25% survival
rate (Evens and Gordon, 2002) and in parts o f the developing world where BL is
endemic, access to chemotherapeutic regimens is limited.
In the previous Chapter it was found that that fluoxetine and maprotiline were
shown to have a potent effect in the MUTU-I c l 79 cell line, an EBV positive group I
biopsy-derived Burkitt’s lymphoma cell line with the appearance o f apoptosis after as
little as 2h o f treatment. It was also demonstrated that these drugs have a powerful
effect in the highly resistant BL cell line, DG-75. The DG-75 cell line is an EBV
negative Burkitt’s lymphoma cell line derived from a metastatic pleural effusion that is
thought to represent the sporadic form o f the disease. The induction o f apoptosis by
these drugs in the DG-75 cell line was observed from 48h and was found to be more
potent than other known chemotherapeutic drugs at this time point. The aim o f this
Chapter is to investigate any differential effects o f the antidepressants fluoxetine and
maprotiline on the BL cell lines MUTU-I and DG-75 cell lines by investigating the
mechanism by which these cells die.

4.2 Results
4.2.1 Fluoxetine and maprotiline inhibit the proliferation of Burkitt’s lymphoma
and breast cancer- derived cell lines with ECso values between 1 and 50|aM.
In order to determine if the antidepressants fluoxetine and maprotiline could
have an effect on malignancies other than Burkitt’s lymphoma, their antiproliferative
potential was tested in three breast-derived malignancies. The Alamar Blue® assay was
used to deduce the antiproliferative potency o f fluoxetine on an ER positive (MCF-7),
ER negative (MDA-MB-231) and a cell line derived from a mouse mammary gland
tumour (Aslakson and Miller, 1992) that is commonly xenografted to create disease
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m odels for breast carcinom as (4T1 ). Dose response curves for the antiproliferative
activities o f fluoxetine and maprotiline in the Burkitt’s lym phom a derived cell lines,
M UTU-I and DG-75 and for the breast cancer cell lines, M CF-7, MDA-M B231 and 4TI
were evaluated after 24h o f treatm ent and are presented in Fig.4.1. EC 50 values were
calculated from sigmoidal curves and are also presented in Figure 4.1. Interestingly,
both fluoxetine and m aprotiline showed antiproliferative activity against the resistant
BL cell line, DG-75 after 24h whereas in the previous Chapter, apoptotic activity (as
classified by PI FACS analysis) was not detected until 48h.
It was found that both fluoxetine and m aprotiline displayed antiproliferative
activities with apparent EC50 values o f between 10 and 30|nM in all o f the cell lines.
These results show that both fluoxetine and m aprotiline have potent antiproliferative
effects in a malignancy other than Burkitt’s lym phom a implying that fluoxetine and
m aprotiline could be used in the treatm ent o f other cancers apart from B urkitt’s
lymphoma. These results are consistent with previous publications suggesting the use o f
some antidepressants in malignancies other than BL (Stepulak et al., 2008, Krishnan et
a/., 2008).

4.2.2. The effects of fluoxetine and maprotiline on peripheral blood mononuclear
cells (PBMCs)
In the previous Chapter, fluoxetine and m aprotiline were found to have an
equipotent apoptotic effect on hum an em bryonic kidney cells (HEK) (31.4+8.1% and
33.8 +12.8% apoptosis for fluoxetine and maprotiline respectively) and on HEK cells
shown to express the serotonin transporter (HEKhSERT) (30.6 +5.9% and 27.4 +8.7%
apoptosis for fluoxetine and maprotiline respectively) (Table 3.3). However, as these
cells are not o f m alignant origin and are a transform ed, immortal cell line, they are not a
true representation o f the ‘normal cells’ o f the body. In order to assess the selectivity o f
fluoxetine and maprotiline tow ards proliferating malignant cells over the ‘norm al’ cells
o f the body, the effects o f fluoxetine and m aprotiline were assessed in peripheral blood
m ononuclear cells (PBM Cs).
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Fig.4.1 IMaprotiline and fluoxetine have an tip roliferative activity in B urkitt’s lym phom a and
Breast C ancer -derived cell lines.
1-5x10'* cells/ w ell w ere seeded and treated with the fluoxetine (A ) or m aprotiline (B ) for 24h. IO|il
o f pre-w arm ed A lam ar Blue reagent w as added to each well and left to incubate in the dark for 36h. Fluorescence w as read as em ission 590nm /excitation 544nm . The background fluorescence o f
the m edia w ithout cells + A lam ar blue w as subtracted from each group, and the control cells
represented 100% cell viability. D ata points represent the m ean value + the S.E.M error bar. o f six
data values (recorded in triplicate on tw o independent days). Points w ere fitted to Sigm oidal Log
concentration curves w here the E C jq and

values for each cell line w ere calculated using

G R A PH PA D Prism softw are.
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After 24h, it was found that from 0.1 to 50|iM fluoxetine, there was no effect on the
viability o f PBMCs (Fig.4.2) compared to the effect o f fluoxetine on a range of
malignant cells lines (EC50 value range from 4-30^M, Fig. 4.1 A), implying that
fluoxetine is selectively toxic to cells o f malignant origin over the ‘normal cells’ o f the
body (Fig.4.2). This is in agreement with previous reports, demonstrating that PBMCs
and tonsil B cells are resistant to the effects o f fluoxetine (Serafeim et al., 2003). In the
case o f maprotiline, after 24h, it was found that from 0.1 to lO^M maprotiline, there
was no effect on the viability o f PBMCs. At 50|aM, maprotiline was found to reduce the
viability o f PBMCs to approximately 65% (Fig.4.3). As maprotiline had a potent effect
on the viability o f a range o f malignant cells lines with EC50 values ranging from 125|^M (Fig. 4 .IB), it appears that maprotiline is selectively toxic to cells o f malignant
origin over the ‘normal cells’ o f the body.

4.2.3 Fluoxetine and maprotiline induce apoptosis in the BL cell line MUTU-I.
In the previous Chapter, we reported that fluoxetine and maprotiline induce time- and
dose-dependent apoptosis in the BL cell lines MUTU-1 and DG-75. This was classified
by an increase in the pre-Gl phase population using PI FACS analysis. Fluoxetine and
maprotiline were found to induce apoptosis in the MUTU-I cell line from 2h, reaching
50% apoptosis after 12h and approximately 60-70% at 24h (Fig.3.3B and 3.5B). In the
DG-75 cell line, an apoptotic effect for fluoxetine and maprotiline was not detected
until 20h with maximum effect o f 60% at 72h (Fig.3.3A and 3.5A). It was therefore
decided to investigate further the mechanism o f antidepressant-induced cell death in
these two BL cell lines.

4.2.3.1 Fluoxetine and maprotiline display classical morphological features of
apoptosis in the group I BL cell line MUTU-I.
Investigation into the morphology associated with fluoxetine- and maprotiline-induced
cell death in the biopsy-like MUTU-I cell line revealed that after as little as 4h o f
treatment, fluoxetine and maprotiline provoked a number o f the classical morphological
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Fig.4.2 The effects of fluoxetine on peripheral blood mononuclear cells (PB M C s)

Bar Chart (A ) and log-sigmoidal dose response curve (B ) for the effects o f fluoxetine on PBMCs. 1-5x 1O'* cells/
200ml were seeded and treated with 0.1-100|iM fluoxetine for 24h. 10|il o f Alamar Blue reagent was added to
each well, fluorescence was read as emission 590nm/excitation 544nm and values represent the mean value + the
S.E.M. o f six data points (recording in triplicate on two independent days). Sigmoidal-dose non-linear
regression analysis was carried out using GRAPHPAD Prism Software.
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F ig.4.3 T he effects o f m ap rotilin e on perip h eral blood m on on u clear cells (P B M C s)

B ar Chart (A) and log-sigmoidal dose response curve (B) for the effects o f maprotiline on PBMCs. 1-5x1 O'* cells/
200ml were seeded and treated with 0. l-100|iM maprotiline for 24h. lOjil o f A lam ar Blue reagent was added to
each well, fluorescence was read as emission 590nm/excitation 544nm and values represent the mean value + the
S.E.M. o f six data points (recording in triplicate on two independent days) . Sigm oidal-dose non-linear
regression analysis was carried out using GRAPHPAD Prism Software.
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features o f apoptosis. Cells were examined using the cytospinning technique described
in Section 2.10 (Fig.4.4).Cells were cytospun onto slides, nuclei stained pink using
eosin Y and cytoplasm stained blue with methylene blue so as to clearly detect any
changes in cell morphology upon treatment with fluoxetine, maprotiline or sertraline.
Membrane blebbing, chromatin condensation, DNA fragmentation and the appearance
o f numerous cells in secondary necrosis were visible after 4h and 24h treatments (Fig.
4.4).

4.23.2 Fluoxetine and Maprotiline cell death is prevented by the general caspase
inhibitor zVAD-fmk in the group I BL cell line MUTU-I.
In order to further delineate the mechanism o f action o f fluoxetine and
maprotiline in the MUTU-1 cell line; cells were pre-incubated with the general caspase
inhibitor z-VAD-fmk (150|iM) to determine if caspases are involved. It was found that
fluoxetine and maprotiline failed to induce apoptosis in the MUTU-1 cell line in the
presence o f the general caspase inhibitor zVAD-fmk (Fig.4.5) consistent with fluoxetine
and maprotiline inducing apoptosis in the MUTU-1 BL cell line.

4.2.3.3 Fluoxetine and Maprotiline induce DNA fragmentation in the group I BL
cell line MUTU-L
DNA fragmentation by endonucleases is one o f the final hallmarks o f apoptosis.
Isolated DNA from MUTU-I cells treated with fluoxetine and maprotiline was
electrophoresed on an agarose gel to detect for the characteristic ladder effect observed
in the final stages o f apoptosis. It was found that the DNA from MUTU-I cells treated
with fluoxetine and maprotiline had this characteristic laddering effect comparable to
HL-60 cells treated with etoposide which acted as the positive control for apoptotic
DNA cleavage (Fig.4.6).
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Fig.4.4 [Maprotiline and fluoxetine induce programmed cell death in the biopsy-like Burkitt’s lymphoma
cell line, MUTU-1.
Morphological features o f MUTU-1 cells (A+B) treated with fluoxetine (50|o.M) (C+D) maprotiline (50(xM) (E
+F) and with taxol ( I |J.M) (G+H) for 4h (A, C, E, G) and 24h (B, D, F, H). Following treatment, cells were
centrifuged onto a glass slide and stained using the RapiditTKit. Nuclei were stained pink by dipping the slide
in eosin Y and cytoplasm were stained blue by dipping the slide in methylene Blue. Untreated cells are
characterised by a continuous plasma membrane and an intact nucleus. As indicated by arrows, cells treated
with SSRl display features o f serious toxic insult as characterised by cells with condensed, dark nuclei,
disappearance o f cytoplasm and an irregular plasm a membrane
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<n 30O 20-

Fig.4.5 F lu o x etin e a n d m a p ro tilin e ind u ce c a sp a se -d e p e n d e n t cell d e a th in th e biopsy-like
B u r k itt’s ly m p h o m a cell line, M U T U -I.
M U TU -I cells w ere pre-treated for Ih with the general caspase inhibitor z-V A D -fm k (150nM )
follow ed by treatm ent w ith fluoxetine (fluox) (50n M ) or m aprotiline (m apro) (50nM ) for 24h. Cells
w ere harvested by centrifugation and fixed overnight in 70% ethanol. FACS analysis w as carried out
upon incubation with propidium iodide and RN ase A. 10,000 cells w ere counted using appropriate
gates. V alues represent the m ean + SEM o f three independent experim ents. *P<0.05 [Based on a
one-w ay A N O V A T est follow ed by the Bonferroni M ultiple C om parison Test, com paring all
colum ns using G R A PH PA D Prism 4 softw are].
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F ig.4.6 M a p ro tilin e and flu o x e tin e ind uce DNA fra g m en ta tio n in the M U TU -I c ell but not in the
D G -75 cell line.

H L -60(H ), MUTU-I (M) and DG-75 (D) cells were treated with etoposide (Et) (2 0 (iM ), fluoxetine (fix)
o r(5 0 n M ) m aprotiline (m p) (50nM ) for 24, 48 an d 72h. Whole cell lysates were isolated by
centrifugation, lysed, DNA resolved on an agarose gel and visualised using UV light. Results are
representative o f three separate experim ents.
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4 .23.4 Fluoxetine and Maprotiline induce PARP cleavage in the group 1 BL cell
line MUTU-I.
Another hallmark o f apoptosis is the cleavage o f the Poly (ADP-ribose)
polymerase (PARP), a protein involved in DNA repair, strongly activated by DNA
strand breaks. During apoptosis, PARP is cleaved by caspases to yield an 85kDa and a
25kDa fragment. PARP cleavage is considered to be one o f the classical characteristics
o f apoptosis. To further confirm that fluoxetine and maprotiline induce apoptosis in the
biopsy-like MUTU-I cell line, cell lysates were isolated, electrophoresed on an 8% SDS
polyacrylamide gel transferred onto PVDF membrane and probed using a PARP
antibody that detects both the full 113kDa length and 85kDa cleaved form o f PARP.
PARP cleavage was evident in MUTU-I cells treated with both fluoxetine and
maprotiline comparable to HL-60 cells treated with etoposide which acted as the
positive control (Fig. 4.7).

4.2.4 Fluoxetine and maprotiline induce type-II autophagic programmed cell death
in the DG-75 Burkitt’s lymphoma cell line.
In the previous Chapter it was found that (Section 3.2.7 and 3.2.8) fluoxetine
and maprotiline did not induce apoptosis (as detected by PI FACS analysis) in the
highly resistant DG-75 cell line until at least 48h o f treatment (Fig.3.3 and 3.5). In this
Chapter using the Alamar® Blue assay, it was found that fluoxetine and maprotiline
have a potent antiproliferative effect at 24h in DG-75 cells (Fig.4.1). Further
experiments were carried out to determine if DG-75 cells were dying by a programmed
mechanism o f cell death.

4.2.4.1 Fluoxetine and maprotiline induce signs of programmed cell death in the
DG-75 cell line.
Investigation into the morphology associated with fluoxetine- and maprotilineinduced cell death in the DG-75 cell line after 72h o f treatment, revealed that the
majority o f cells had gone though secondary necrosis (data not shown). Cells were
examined using the cytospining technique described in Section 2.10. Cells were
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F ig . 4 .7 M a p r o t i l i n e a n d f l u o x e t i n e i n d u c e P A R P c l e a v a g e in the M U T l f - I cell l in e b u t n o t in the I X i7 5 c e l l line.

MUTU-I (A) and DG-75 (A a n d B ) cells were treated with m aprotiline (m p) (50^M ) or fluoxetine (fix)
(5 0 n M )fo r2 4 ,48 and 72h. W hole cell lysates were prepared, protein resolved by SDS-PAGE and probed
with PARP-antibody. Blots were stripped and re-probed with p-actin a s a loading control. Results are
representative o f three separate experiments.
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cytospun onto slides, their nuclei stained pink using eosin Y and their cytoplasm stained
blue with methylene blue so as to clearly detect any changes in cell morphology upon
treatment with fluoxetine, maprotiline or sertraline.
Examination o f earlier time points (4h and 24h) o f fluoxetine- and maprotilinetreated DG-75 cells show some o f features o f programmed cell death including cell
shrinkage and intact but irregular plasma membranes (Fig.4.8). There also appeared to
be a number o f cells undergoing secondary necrosis characterised by cells with a
‘ghost-like’ appearance. Furthermore, examination o f the morphology o f the treated
cells at early time points revealed the existence o f vesicle or vacuole like organelles in
the cell cytoplasm and with the cytoplasm appearing to diminish along with the nucleus.
The discrepancy between the injury o f DG-75 cells as early as 4h treated with
the above drugs in question and the lack o f detection a pre-Gl population by Pl-FACS
until after 48h can be attributed to the lack o f involvement o f DNA fragmentation in a
non-classical (non-apoptotic or caspase-independent)

pathway o f programmed cell

death. Examination o f fluoxetine- and maprotiline- treated DG-75 cells after 4h
morphology revealed no clear signs o f DNA fragmentation (Fig.4.6) compared to
MUTU-I treated cells (Fig.4.6). The morphology and extent o f the programmed cell
death observed is also different to the G2/M arrest observed when these cells have been
treated with taxol or vincristine (Fig.4.8C and D). As propidium iodide binds to loosely
contracted segments of DNA. The pre-Gl peak detected by PIFACS analysis is based
on the phenomenon that apoptosis produces fragmented pieces o f DNA. Such fragments
bind to PI easily and thus give a characteristic fluorescent peak. So the method o f PI
FACS analysis only detects cells that undergo DNA fragmentation or late stage
apoptosis. These results suggest that an alternative mechanism o f programmed cell
death is occurring in the DG-75 cell line in response to fluoxetine and maprotiline. Such
observations are in agreement with previous reports that the DG-75 cell line can
undergo an alternative form o f cell death with a delayed apoptotic response in reaction
to cytotoxic stimuli (Maria B. Karpova, 2006) most likely to compensate for the lack of
activation o f classical pathways o f apoptosis (Brimmell et a l, 1998).
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Fig.4.8 M aprotiline and fluoxetine induce program m ed cell death in the DG-75 Burkitt Lym phom a
cell line.
M orphological features o f DG-75 cells (A +B ) treated with taxol (l(iM ) (C+D), fluoxetine (50(xM) (E+F),
m aprotiline (SOjiM) (G+H ) for 4h (A, C, E, G) and 24h (B, D, F, H). Following treatm ent, cells were
centrifuged onto a glass slide and stained using the R apidiff Kit. N uclei were stained pink by dipping the
slide in eosin Y and cytoplasm stained blue by dipping the slide in methylene Blue. Untreated cells are
characterised by a continuous plasm a m em brane and an intact nucleus. As indicated by arrow s, cells treated
w ith SSRI display features o f serious toxic insult as characterised by cells with condensed, dark nuclei,
disappearance o f cytoplasm and an irregular plasm a membrane.
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4.2.4.2 Fluoxetine and maprotiline cell death is not prevented by the general
caspase inhibitor zVAD-fmk in the DG-75 BL cell line.
In order to determine the mechanism o f action o f fluoxetine and maprotiline in the DG75 cell line, cells were pre-incubated with the general caspase inhibitor z-VAD-ftnk
(150|j,M) to determine if caspases are involved. It was found that in the presence of
zVAD-fmk, DG-75 cells still underwent programmed cell death after 72h o f treatment
(Fig.4.9) consistent caspases having no involvement in fluoxetine- and maprotilinemediated cell death of DG-75 cells.

4.2.43 Fluoxetine and maprotiline do not induce DNA fragmentation in the DG-75
BL cell line.
Further experiments were carried out to clarify if the mechanism o f cell death
was caspase-dependent apoptosis. Isolated DNA from DG-75 cells treated with
fluoxetine and maprotiline was electrophoresed on an agarose gel to detect for the
characteristic ladder effect observed in the final stages o f apoptosis. It was found that
DNA from DG-75 cells treated with fluoxetine and maprotiline (48h and 72h) did not
show this characteristic laddering effect comparable to HL-60 cells treated with
etoposide which acted as the positive control for apoptotic DNA cleavage (Fig.4.6).

4.2.4.4 Fluoxetine and maprotiline fail to cleave PARP in the DG-75 cell line.
To further confirm that fluoxetine and maprotiline do not induce apoptosis in the DG-75
cell line, cell lysates were isolated, electrophoresed on an 8% SDS polyacrylamide gel,
transferred onto PVDF membrane and probed using a PARP antibody to detects both
the full 113kDa length and 85kDa cleaved form o f PARP. PARP cleavage was not
present in DG-75 cells treated with both fluoxetine and maprotiline comparable to
MUTU-I cells treated with fluoxetine or maprotiline or to HL-60 cells treated with
etoposide which acted as the positive control (Fig. 4.7).

141

Chapter 4. Results

70q
-6 0 O

J 50-

£

®

4^

w

CO ^

M f\
®
40Q .E
= <0 30-

o> =
O

^

O 20-

'> 5

^ 10-

/■

i/

V

F ig.4.9 F lu oxetine and niap rotiline induce caspasc-indcpendcnt cell death in the resistant B urkitt’s
lym phom a cell line DG -75.
DG-75 cells were p re -tre a te d fo r Ih with the general c asp a se inhibitor z-V A D -fm k (1 5 0 n M ) follow ed by
tre a tm e n t with fluoxetine (fluox) (SOjiM) o r m aprotiline (m ap ro ) (5 0 n M ) fo r 7 2h. Cells were h a rv este d by
centrifugation a n d fixed overnight in 7 0 % eth a n o l. FACS a n aly sis w as carried o u t upon incubation with
propidium iodide a n d R N ase A. 10,000 cells were co u n ted using ap p ro p ria te gates. V alues represent the
m ca n + SEM o f three in d ep en d en t experim ents. *P<0.05 [B ased on a on e-w ay ANOVA T est follow ed by
the B onferroni M ultiple C o m p ariso n T est, c o m p a rin g a ll co lu m n s using G RA PH PA D Prism 4 softw are].
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4.2.4.5 Fluoxetine and maprotiline up-regulate Beclin-I in the resistant DG-75 cell
line.
As

previously

discussed

in

Section

1.3,

Beclin-I

is

a

class

III

phosphatidylinositol 3-kinase interacting protein that has been shown to promote
autophagy in vitro (Liang et a l, 1999). In order to determine if an autophagic mode of
cell death is involved in the response o f DG-75 cells to fluoxetine and maprotiline,
levels o f Beclin-I, a Bcl-2 interacting protein were investigated. Western blot analysis
revealed that DG-75 cells treated with fluoxetine and maprotiline show increased levels
o f Beclin-I after 72h o f treatment (Fig.4.10). No apparent increase o f Beclin-I was
evident after 48h treatment with fluoxetine or maprotiline. This observation will be
discussed at the end o f this Chapter.
In MUTU-I cells, it was found that after 24h o f treatment, levels o f Beclin-I
protein were reduced in response to fluoxetine and maprotiline treatment (Fig.4.10B),
consistent with fluoxetine and maprotiline inducing apoptosis in MUTU-I cells through
the activation o f caspases, which have been previously reported to cleave Beclin-I (Cho
et al., 2009).

4.2.4.6 Examination of cytoplasmic vacuoles in fluoxetine and maprotiline treated
DG-75 cells by transmission electron microscopy.
Type II autophagic programmed cell death is associated with the appearance o f
cytoplasmic vacuoles or early autophagosomes. Examination o f the morphology o f DG75 cells treated with fluoxetine and maprotiline using a lOX objective on a light
microscope at early time points revealed the existence o f vesicle or vacuole-like
organelles in the cell cytoplasm and the cytoplasm seemed to diminish along with the
disappearance o f the nucleus (Fig.4.8). In order to characterise these vesicles further,
transmission electron microscopy was carried out.

Ultrastructural morphological

examination o f fluoxetine and maprotiline treated DG-75 cells revealed the presence o f
vacuole-like structures in the cytoplasm consistent with autophagic vesicles (Fig.4.1 ICH) and intact nuclei with evidence o f damaged mitochondrion. Ultrastructural
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F lu o x e t i n e an d M a p r o t i l i n e up r e g u l a t e B e clin -I in the D G - 7 5 cell lin e, but n ot in the

M U T U -I cell line

W hole cell lysates were prep ared from su b -co n flu en t DG-75 (A) a n d M UTU-I (B ) cell lines trea te d with
m aprotiline (50nM ) a n d fluoxetine (SOjiM) f o r4 8 a n d 72h. Protein w as resolved by SDS-PAGE a n d p robed
with anti-Beclin-1 a n tib o d y . B lots were stripped a n d re-probed with P-actin a s a loading control. R esults are
representative o f three se p a ra te experim ents.
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4.11

Identification o f cytoplasm ic vacuoles in fluoxetine- and m aprotiline- treated D G -75 cells by

transm ission electron m icroscopy.
Ultrastructural transm ission images o f DG-75 cells untreated (A -B) or treated with fluoxetine (SOfiM) (C,
E, G) or m aprotiline (50nM ) (D, F, H) for 72h. Cells w ere fixed, dehydrated, em bedded in Epoxy resin,
ultra-sliced, m ounted on a copper grid and stained with uranyl acetate and lead citrate before
ultrastructural exam ination on a JEM -2100 transm ission electron m icroscope. Im ages w ere taken with an
X I 500-3000 objective (2^M scale bars). Arrows indicate the presence o f cytoplasm ic vacuoles and cell
organelles surrounded by m em brane enclosed autophagosom es.
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examination of MUTU-I cells treated with fluoxetine or maprotiline did not show any
evidence o f such autophagosomes (Fig. 4.12).

4.2.4.T Early autophagosomes are involved in fluoxetine- and maprotilinemediated cell death in DG-75 cells.
3-methyladenine (3-MA) is an inhibitor o f phosphatidylinositol 3-kinase that has
previously been shown to inhibit autophagy in vitro (Seglen and Gordon, 1982). In
order to determine if early autophagosome formation was involved in fluoxetine- and
maprotiline- mediated cell death, cells were pre-incubated with 3-MA before a 72h
treatment with fluoxetine or maprotiline. PI FACS analysis was carried out to detect for
PCD. Although PI FACS analysis may not the most suitable detection in this case, in
the presence o f 3-MA, the amount o f cell death observed to be induced by fluoxetine,
and maprotiline after 72h was significantly reduced (approximately a 40% reduction)
(Fig.4.13A). 3-MA was found to have no effect on fluoxetine- or maprotiline-induced
cell death o f MUTU-I cells consistent with the lack o f early autophagosome formation
in antidepressant-mediated MUTU-I cell death (4.13B).

4.2.4.S Late autophagosomes-early lysosomes are not involved in fluoxetine- and
maprotiline- mediated cell death in DG-75 cells.
Bafilomycin AI (B FA l) is a vacuolar H^-ATPase inhibitor thought to be
involved in the fusion between the autophagosomes and the lysosome in the normal
autophagic process (Yamamoto et a l, 1998). This inhibition o f fusion between
autophagosomes and lysosomes has been suggested to promote an “inhibition” of
autophagy, as demonstrated by the ability o f BFAI to raise lysosomal pH and inhibit
autophagosome-lysosome fusion thereby inhibiting the degradation o f autophagic
vacuole contents (Yamamoto et a l, 1998). There is also speculation that BFAl may
affect interactions o f Bcl-2 family proteins with lysosomes and/or mitochondria that
help preserve mitochondrial and lysosomal membrane integrity in the face of
autophagic stress, with a resultant decrease in Bax-dependent apoptosis. In order to
determine if late autophagosome-early lysosome formation was involved in fluoxetine-
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F i g 4 .1 2

F lu o x e tin e a n d m a p r o tilin e d id n o t in d u c e a u to p h a g y in the M IJTIJ-I c e ll lin e.

U ltrastru ctu ral transm ission im ages o f M UTU-I cells u n tre a te d (A ) o r tre a te d with fluoxetine (50(oM) (B) o r
m ap ro tilin e(5 0 p .M ) (C) for 24h. Cells were fixed, d e h y d ra te d ,e m b e d d e d in E poxy resin, ultra-sliced, m o u n te d o n
a c o p p er grid a n d sta in e d with u ra n y la c e ta te a n d lead citrate befo re ultra stru c tu ra le x a m in a tio n on a JE M -2 100
tran sm issio n electron m icroscope. Im ag es w ere ta k e n with a n X I 5 0 0 -3 0 0 0 ob jectiv e (2|iM scale bars).
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Fig.4.13 T he ea rly en d osom al phosp h atid ylin ositol 3-kin ase in h ibitor, 3-M A prevented PCD in DG-7S
cellstrea ted with flu oxetin e o r m aprotilin e w h ereas the late en d osom al-lysosom al in h ibitor B F A l had no
e ffe c to n flu o x e tin e -o r m ap rotilin e- m ediated cell death o fD G -7 5 cells

DG-75 (A) andM UTU-I (B) cells were pre-treated with 3-MA (lm M )o r3 -B fa l (lOjiM ) followed by treatm ent
with fluoxetine (fluox) (50(iM) or maprotiline (m apro) (50nM ) fo r2 4 h (B) or 72h (A). Cells were harvested by
centrifugation and fixed overnight in 70% ethanol. FACS analysis w as carried out upon incubation with
propidium iodide and RNase A. 10,000 cells were counted using appropriate gates. Values represent the m ean +
SEM o f three independent experiments. * P 0 .0 5 [Based on a one-way ANOVA Test followed by theB onferroni
Multiple Com parison Test, com paring all colum ns using GRAPHPAD Prism4 software].
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and maprotiline- mediated cell death, cells were pre-incubated with B FA l, before a 72h
treatment with fluoxetine or maprotiline.
PI FACS analysis was carried out to detect for PCD. It was found that in the
presence o f B FA l, there was no change in the amount o f cell death induced by
fluoxetine and maprotiline after 72h (Fig.4.13A). In order to see if late autophagosomeearly lysosome formation was involved in MUTU-I cell death, MUTU-I cells were preincubated for 24h with B FA l, but upon treatment with fluoxetine and maprotiline no
effect on the extent of cell death occurred (4.13B). These results imply that lateendosome early lysosome formation is not involved in the mechanism o f cell death
induced by fluoxetine or maprotiline in the DG-75 cell line or implies that after 72h,
BFAl has no inhibitory effect and is required at 24h, 48h and 72h to exert a consistent
effect.

4.2.5 Reactive Oxygen Species are not involved in fluoxetine- and maprotilinemediated cell death in Burkitt’s lymphoma.
Reactive oxygen species (ROS) are molecules or ions formed by the incomplete
one-electron reduction o f oxygen. Reactive oxygen species are known mediators of
intracellular signalling cascades. These reactive species are responsible for culmination
o f cellular oxidative stress (OS). OS, once turned on, results in the demise o f the
majority o f

vital intracellular macromolecules, such as glutathione, DNA, RNA,

proteins, enzymes, lipids and ATP (Ray et a i, 2004). Because concentration gradients
o f such components are delicately balanced for normal cellular functioning, a gross
perturbation leads to cell injury and cell death. Excessive production o f ROS may lead
to oxidative stress, loss o f cell function, and ultimately apoptosis or necrosis. Previous
investigations into the antiproliferative abilities o f antidepressants have disregarded the
involvement o f ROS (Arimochi and Morita, 2006) while others have shown that the
hypergeneration o f ROS precedes such cell death (Zhenlei Xia, 1998, Xia et al., 1999a,
X ia et al., 1999b).
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4.2.5.1 Fluoxetine- and maprotiline -induced BL cell death was insensitive to the
antioxidant N-acetyl-cysteine (NAC).

N-acetyl cysteine is an antioxidant which affects both cell cycle and cell death
pathways. NAC blocks proliferation of several cell types in vitro (Ferrari et a i, 1995,
Irani et a i, 1997, Lee et a l, 1998). NAC (ImM-lOmM) also protects cells against death
induced by a variety of stimuli (Mayer and Noble, 1994, Ferrari et a l, 1995,
Hockenbery et a l, 1993, Lin et a l, 1995, Johnson et a l, 1996). In order to determine if
the production of reactive oxygen species are involved in fluoxetine- and maprotilinemediated cell death in Burkitt’s lymphoma, cells were pre-incubated with NAC (5mM)
before treatment with fluoxetine or maprotiline. Analysis by PI FACS revealed that the
extent of fluoxetine- and maprotiline- mediated cell death did not change in both the
biopsy-like and chemoresistant BL cell lines (Fig.4.14) in the presence of NAC
consistent with reactive oxygen species having no role in this process. It is worth noting
that there is one important caveat to the above experiment regarding the MUTU-I cell
line; MUTU-I cell lines are supplemented with a-thioglycerol which may act as an
antioxidant in the growth medium which may dampen down any ROS-mediated cell
death pathway. As the cell-death induced by fluoxetine and maprotiline still occurs in
the presence of a-thioglycerol, ROS are unlikely to be involved in the mechanism of
action of these agents in the killing of BL cell lines.

4.2.6 The involvement of serine-like proteases in fluoxetine- and maprotilinemediated cell death in Burkitt’s lymphoma.

AEBSF( 4-(2-Aminoethyl)-benzenesulfonylfluoride) has been shown to inhibit
trypsin, chymotrypsin, plasmin kallikrein and thombin-like proteases (Baker and Cory,
1971). It inhibits by acylation of the active site of the enzyme. N-a-tosyl-L-lysinylchloromethylketone

(TLCK)

and

N-tosyl-L-phenylalaninyl-chloromethylketone

(TPCK) are irreversible serine protease inhibitors. TLCK inactivates trypsin and
trypsin-like proteases but does not affect chymotrypsin whereas TPCK inhibits
chymotrypsin and chymotrypsin-like proteases and it is not active against trypsin
(Harper and Powers, 1985, Kostka and Carpenter, 1964). TLCK and TPCK have been
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Fig.4.14 R eactive O xygen Species a re not involved in fluoxetine- o r m ap ro tilin e-m ed iated cell death in
B u rk itt’s lym phom a
DG-75 (A) and MUTU-I (B) cells were pre-treated with NAC (5mM ) followed by treatment with fluoxetine
(50fiM) or maprotiline (50nM ) for 24h (B) or 72h (A). Cells were harvested by centrifugation and fixed
overnight in 70% ethanol. FACS analysis was carried out upon incubation with Propidium iodide and
RNase A. 10,000 cells were counted using appropriate gates. Values represent the mean + SEM o f three
independent experiments. *P<0.05 [Based on a one-way ANOVA Test followed by the Bonferroni Multiple
Comparison Test, comparing all columns using GRAPHPAD Prism4 software].
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shown to prevent activation of pp70(s6k), a mitogen-regulated serine/theonine kinase
involved in the G1 to S phase transition of the cell cycle (Grammer and Blenis, 1996)
and have also been shown to suppress some biochemical and morphological changes
associated with apoptosis in HL-60 and JURKAT cells, including nucleosomal DNA
fragmentation, cell shrinkage, and nuclear collapse (Bruno et a l, 1992, Weis et ai,
1995, Shimizu and Pommier, 1997). TLCK and TPCK have been shown to block
apoptosis by inhibiting the processing of caspases in some experimental models (PC-12
cells and mouse hepatocytes) (Stefanis et a l, 1997, Jones et a l, 1998) and have been
reported to induce cell death themselves in B cell lymphomas and leukaemias (Wu et
a l, 1996, Drexler, 1997, Jemej Mum, 2004, Mlejnek, 2005) or enhance the apoptosis
induced by other cytotoxic agents (King et al, 2004, Okada et a l, 2004) in
haematopoietic malignancies.

4.2.6.1 Serine Proteases are not involved in fluoxetine- or maprotiline- mediated
cell death in resistant Burkitt’s lymphoma cell line, DG-75.

In order to determine if the serine proteases were involved in fluoxetine- and
maprotiline- mediated cell death in resistant Burkitt’s lymphoma, DG-75 cells were pre
incubated with each of the serine protease inhibitors AEBSF, TPCK and TLCK before
treatment with fluoxetine or maprotiline. Analysis by PI FACS revealed that the extent
of fluoxetine- and maprotiline- mediated cell death was not reduced in the presence of
any of these inhibitors (Fig.4.15) consistent with serine proteases having no role in this
process. Interestingly, in the presence of TLCK which inhibits trypsin and trypsin-like
proteases, the amount of cell death induced by maprotiline was increased (Fig.4.15B).

4.2.6.2 Serine Proteases are not involved in fluoxetine- and maprotiline- mediated
cell death in biopsy like- Burkitt’s lymphoma cell line, MUTU-I.

In order to determine if the serine proteases were involved in fluoxetine- and
maprotiline- mediated cell death in biopsy-like Burkitt’s lymphoma, MUTU-I cells
were pre-incubated with the serine protease inhibitors AEBSF, TPCK and TLCK before
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F ig.4.15

Serine P roteases are not involved in flu oxetin e- or m ap rotilin e- m ediated cell death in

resistan t B u rk itt’s lym phom a
D G -75 cells w ere pre-treated w ith A EB SF (5 0 0 n M ), T PC K (2 0 |iM ) o r T LC K (20uM ) follow ed by
treatm ent w ith fluoxetine (50|xM ) (A ) or m aprotiline (5 0 n M ) (B ) for 72h. C ells w ere harvested by
centrifugation and fixed ov ern ig h t in 7 0 % ethanol. FA CS analysis w as carried o u t upon incubation w ith
P ropidium iodide and R N ase A. 10,000 cells w ere counted using appropriate gates. V alues represent the
m ean + SEM o f three independent experim ents. *P<0.05 [B ased on a one-w ay A N O V A T est follow ed by
the B onferroni M ultiple C om parison T est, co m p arin g all colum ns using G R A P H P A D Prism 4 softw are].
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treatment with fluoxetine or maprotiline. Analysis by PI FACS revealed that all three
serine protease inhibitors had a pro-apoptotic effect in MUTU-I cells after 24h. It was
found that the extent o f fluoxetine- and maprotiline- mediated cell death was reduced in
the presence o f the chymotrypsin and chymotrypsin-like proteases inhibitor TPCK
(Fig.4.16) however; this effect is confounded by TPCK itself having a pro-apoptotic
effect. Similarly AEBSF reduced the amount o f cell death induced by fluoxetine
(Fig.4.16A) but failed to have a significant effect on maprotiline-mediated cell death
(Fig.4.16B) despite AEBSF having a pro-apoptotic effect itself. It is therefore difficult
to assess the role o f serine proteases in fluoxetine- and maprotiline- mediated cell death
o f MUTU-I cells.

4.2.7 Differential expression of Bcl-2 proteins in biopsy-like and resistant Burkitt’s
lymphoma.
As mentioned in Section 1.2, the mitochondrial pathway o f apoptosis relies on
caspases and on the activities of a number o f members o f the Bcl-2 family o f proteins.
They are the central mediators o f mitochondrial integrity in normal circumstances and
during programmed cell death. Investigating interactions between the pro-and antiapoptotic members o f the Bcl-2 family and emerging evidence that the Bcl-2 proteins
are also involved in autophagy and mitochondrial morphology is o f great importance to
the understanding of PCD pathways. In this study, the involvement o f the Bcl-2 family
o f proteins in the differential response o f the DG-75 and MUTU-I cell lines to
fluoxetine and maprotiline was investigated. The DG-75 cell line has been reported to
lack a number o f apoptotic pathway controls and mediators like the Bax (Gutierrez et
a i, 1999) or APAF-I-related pathways (Karpova et a l, 2006).

The lack o f such

classical apoptotic pathways could be responsible for the unique response o f DG-75
cells to fluoxetine and maprotiline.

4.2.7.1 The DG-75 cell line does not express Bax or Bak
The pro-apoptotic Bcl-2, B H 1/2/3 domain proteins, Bax and Bak are important
regulators o f entry into apoptosis. It is thought that Bax oligomerises with Bak to
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Fig.4.16

Serine Proteases are not involved in fluoxetine- or m aprotiline-m ediated cell death in

biopsy-like Burkitt’s lym phom a.
M UTU-I cells w ere pre-treated with AEBSF (A ) (500nM ), TPC K (B) (20nM ) or TLCK (C) (20uM )
follow ed by treatm ent with fluoxetine (50nM ) (A) or m aprotiline (50nM ) (B) for 24h. Cells were
harvested by centrifugation and fixed overnight in 70% ethanol. FACS analysis was carried out upon
incubation with Propidium iodide and RNase A. 10,000 cells w ere counted using appropriate gates.
Values represent the mean + SEM o f three independent experim ents. *P<0.05 [Based on a one-way
A N OV A Test followed by the Bonferroni M ultiple Com parison Test, com paring all colum ns using
G RA PH PA D Prism4 softw are].
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facilitate the release of proteins from the mitochondrial inner membrane space
(Desagher et a l, 1999, Wei et a l, 2001), eliciting the traditional caspase-dependent
pathway of apoptosis. Autophagy is thought to occur in cells that cannot die by normal
apoptotic mechanisms (Tsujimoto and Shimizu, 2005) such as in cells deficient in
Bax/Bak (Buytaert et a l, 2006), in the absence of functional caspase-dependent
pathways such as APAF-1 (Chautan et al., 1999, Oppenheim et a l, 2001) and other
Bcl-2 proteins.
In order to determine if Bax and Bak are differentially expressed in the biopsy
like BL cell line MUTU-I compared to the resistant BL cell line, DG-75 and could,
therefore be responsible for the differential response of both of these cell lines to
fluoxetine and maprotiline, levels of Bax or Bak protein expression were investigated.
Western blot analysis revealed Bax or Bak are not expressed in DG-75 cells
compared to MUTU-I and HL-60 cells which express the 21kDa Bax and 23kDa Bak
proteins (Fig.4.17A, B).

4.2.7.2 The DG-75 and MUTU-I cell lines does not express Bcl-2.

Fluoxetine, paroxetine and citalopram have been shown to induce programmed
cell death in biopsy-like BL cultures with the overexpression of the anti-apoptotic
protein Bcl-2 protecting these BL SSRI-sensitive cell lines against SSRI-induced cell
death (Serafeim et al., 2003). In order to determine if Bcl-2 is differentially expressed in
the biopsy-like BL cell line MUTU-I compared to the resistant BL cell line, DG-75,
levels of Bcl-2 were investigated. Western blot analysis revealed that neither the DG-75
cell nor MUTU-I cell line expressed Bcl-2 compared to GEM and GEM-Bcl-2 cell lines
which express the 26kDa Bcl-2 protein (Fig.4.18).

4.2.8 Examination of mitochondrial morphology using Confocal Microscopy

Mitochondrial morphology is cell type-dependent and reliant on the metabolic
demands of a cell, where mitochondria can be found as filamentous or thread- like
structures (long form), forming an integrated network or as small grain or tubular-like
(short form) structures. The morphology of mitochondria varies from cell to cell
ranging from interconnected filamentous tubular networks as seen in COS-7,
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endothelial or HELA cells, to the round punctuated structures evident in hepatocytes
(Collins et al, 2002). The long and short forms of mitochondria are in dynamic
equilibrium as they frequently fuse (fusion) and divide (fission), with the relative rates
of these two processes dictating the average size and degree of connectivity of the
mitochondrial system (Youle and Karbowski, 2005). Mitochondria morphology is
hence controlled by the balance between the two processes of fusion and fission.
Fusion of mitochondria promotes a tubular filamentous net-like network, whereas
fission fragments mitochondria into short rods or spheres (Okamoto and Shaw, 2005).
The fission/fusion process appears to function in the repair of defective mitochondria,
proper segregation of mitochondria into daughter cells during cell division as well as
the efficiency of oxidative phosphorylation and intramitochondrial calcium signalling
(Szabadkai et al, 2004, Chan, 2006, Okamoto and Shaw, 2005, Chen and Chan, 2005).
It is not very clear how these processes occur or are controlled in the cell,
however it is known that, during apoptosis mitochondrial networks become fragmented
into smaller more numerous organelles in a caspase-independent manner (Nechushtan et
al, 2001, Sheridan et al, 2008) and inhibition of the mitochondrial fission machinery
also inhibits cell death (Youle and Karbowski, 2005). The process of mitochondrial
fission is thought to be important in the programmed demise of the cells occurring
early in the cell-death pathway, around the time that Bax translocates from the cytosol
to the mitochondria but before caspase activation (Frank et al, 2001, Capano and
Crompton, 2002, Karbowski et al, 2004).
Bax and Bak are known to promote mitochondrial fission (Amoult et al, 2005,
Brooks and Dong, 2007) and are essential to mitochondrial morphogenesis in normal
healthy cells, where they combine with DRPl (dynamin-related GTPase) and Mfn-2
into distinct foci at the sites of mitochondrial fission (Karbowski et al, 2002,
Karbowski et al, 2006). Bax/Bak-deficient cells have been shown to have constitutive
defects in mitochondrial morphology and contain mitochondria that are shorter than
normal (Karbowski et al , 2006). As stated previously, the DG-75 cell line lacks a
number of apoptotic pathway controls and mediators including Bax (Gutierrez et al,
1999). In Section 4.2.6, it was confirmed that the DG-75 cell line does not express Bax
or Bak compared to the MUTU-I cell line (Fig.4.I7). In order to evaluate if the
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W hole cell ly sa te sw e re p re p are d from su b -c o n flu en t H L -60,D G -75 a n d M U T U -I cell lines. Protein w as
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I'hc D G -75 a n d M IIT IJ-I cell lines do n o t e x p re ss B el-2.

W hole cell lysates were p re p are d from su b -c o n flu en t DG-75 andM U T U -1 cell lines. Protein w as resolved
bySD S-P A G E a n d p ro b ed with a n ti-B a x a n tib o d y . B lots were stripped a n d re-probed with p - a c t in a s a
load in g control. R esults are re p re se n tativ e o f three s e p a ra te exp erim en ts.
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mitochondrial morphology o f DG-75 cells is different to those in the MUTU-I cell line,
confocal microscopy was carried out using the mitochondria-specific dye Mitotracker
Red CMX ROS. MitoTracker® probe passively diffuses across the plasma membrane
and accumulates in active mitochondria. MitoTracker® contains a mildly thiol-reactive
chloromethyl moiety that is responsible for keeping the dye associated with the
mitochondria after fixation. Once their mitochondria are labelled, the cells can be
treated with aldehyde-based fixatives to allow further processing o f the sample.
MitoTracker® probes are retained after permeabilisation with the sample continuing to
exhibit the fluorescent staining during subsequent processing steps.

4.2.8.1 DG-75 cells have punctate rod-like m itochondria

DG-75 cells were incubated with Mitotracker Red CMX ROS and visualised
under a confocal microscope. Images o f a stack o f optical sections known as a Z-series
were taken. Such images were scanned sequentially along the vertical (z) axis allowing
for a final image that consisted of stacked layers o f the image at many different levels
within the cell which could then be stacked to produce a 3D image. Cell nuclei were
also stained with 4'-6-Diamidino-2-phenylindole (DAPI). DAPI is known to form
fluorescent complexes with natural double-stranded DNA, showing fluorescence
specificity for AT, AU and IC clusters, therefore staining cell nuclei blue.
It appears after such 3D imaging, that the DG-75 cell line contains constitutively
punctate rod-like mitochondria (Fig.4.19) suggesting an over-active fission process. It
was also observed that the distribution o f such rod-like mitochondria within in the cell
was localised or polarised to one side o f the cell.

4.2.5.2 M UTU-I cells have filam entous networks o f m itochondria

MUTU-I cells were also incubated with Mitotracker Red CMX ROS and DAPI
and visualised under a confocal microscope. It appears from such 3D imaging that the
MUTU-I cell line contains a filamentous network of mitochondria distributed equally
throughout the cell (Fig.4.20).
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E xam ination o f DG-75 m itochondrial m o r p h o lo g y using C onfocal Microscopy

DG-75 cells were in cu b a ted with M ito tra c k er Red C M X ROS (1 OOnM), fixed a n d m o u n te d o n to poly-L lysine c o a te d slides. Cells were m o u n te d in m o u n tin g solution c o n ta in in g 0 .2 n g /m l DAPl a n d covered with
a co v e rslip . Cells were view ed with using a an O lym pus FV l 0 0 0 p o in t scan n in g m icroscope. Im ag e s were
ta k e n u sin g a 60x oil im m ersion lens with a n NA o f 1.42. T he sa m p le w as excited with a 405 nm laser diode
a n d th e 543 nm line o f a Green H elium -N eon laser. Im ag e s represent cells stained with M ito tra c k er (A) a n d
DAPI (B). T he softw are used to collect im ages w as FluoV iew Version 7.1 softw are.
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E xam ination o f MUTU-I mitochondrial m orphology using C onfocal M icroscopy

MUTU-I cells were in cu b ated with M ito tra c k er R ed C M X ROS (lOOnM ) fixed, a n d m o u n te d o n to poly-L lysine c o a te d slides. Cells were m o u n te d in m o u n tin g solution c o n ta in in g 0 .2 n g /m lD A P I a n d co v ered with
aco v erslip . Im ag e s were ta k e n using a 60x oil im m ersion lens with a n N A o f 1.42. using a n O lym pus
FVI 000 po in t sc a n n in g m icro sc o p e .. T he sam p le w as excited with a 405 nm laser diode a n d the 543 nm line
o f a Green H elium -N eon laser. Im a g e s represent cells stained with M ito tra c k er (A) a n d D A P I (B). The
softw are used to collect im ages w as FluoView Version 7.1 softw are.
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4.2.9 Examination o f mitochondrial morplioiogy in response to fluoxetine and
maprotiline using confocal microscopy

.

During apoptosis, mitochondrial networks have been reported to become extensively
fissioned into smaller, more numerous, organelles in a caspase-independent manner
(Nechushtan et a i, 2001) where it is thought that a the morphological dynamics o f the
mitochondrion switches from fusion to fission (Brooks and Dong, 2007). As the DG-75
cell line appears to already display mainly fissioned mitochondria and the MUTU-I cell
line mainly a filamentous network o f mitochondria indicative o f a normal fission-fiision
dynamics, the effects o f fluoxetine and maprotiline on the mitochondrial morphology of
both cell lines was investigated.

,,

4.2.9.1 Examination of DG-75 cell mitochondria in response to fluoxetine and
maprotiline
After 4h, 8h and 24h treatment with fluoxetine or maprotiline, DG-75 cells were
incubated with Mitotracker Red CMX ROS , fixed, permeabilised and then incubated an
antibody for another mitochondrial-specific marker, anti-HSP60 recognised by the
fluorescent secondary antibody anti-rabbit Alexa-488. Cells were then visualised under
a confocal microscope using Z-sectioning. Mitochondria treated with fluoxetine or
maprotiline (2h) in the DG-75 appear smaller, forming distinctive rod-like punctate
structures (Fig.4.22 and 4.23 respectively) compared to controls (Fig.4.21).Their
distribution throughout the cell also changes from a polarised conjugated distribution to
smaller mitochondria equally distributed around the cytoplasm. After 8h, HSP-60
detection was observed to be not as strong as control cells (Fig.4.24-26). Mitochondria
again appear fissioned and distributed over the whole cell These results could be
indicative o f a) damaged or dysfunctional mitochondria being sequestered by
autophagosomes, leading to the consequent demise o f the cell or b) an excessive fission
process. The result o f 24h treatment appeared similar (not shown) to 8h treatment with
the exception o f less cells observed. Throughout the 4h, 8h, 24h and 72h time points, any
visualised cells appeared to be stained with DAPl owed intact nuclei with no obvious
signs o f DNA fragmentation indicative o f the absence o f the apoptotic response. DG-75
cells incubated with fluoxetine or maprotiline for 72h and incubated with Mitotracker
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M i t o c h o n d r i a e x i s t a s s m a l l ro d - l ik e f r a g m e n t s , p o l a r i s e d to o n e sid e o f the cell, in D G - 7 5

cells

D G -75cells were in cu b a ted with M ito tra c k er Red C M X ROS (1 OOnM), fixed a n d m o u n te d o nto poly-L lysine c o a te d slides. Cells were p erm eabilised, btocked a n d e x p o se d to prim ary-H S P-60 a n tib o d y follow ed
by incubation with se co n d ary a n tib o d y (A le x a-a n tira b b it). Cells were m o u n te d in m o u n tin g solution
c o n ta in in g 0 .2 n g /m l DAPII a n d c overed with a co v e rslip . Im a g e s were ta k e n using a 60x oil im m ersion lens
with a n N A o f 1.42. using an O lym pus FVIOOO p o in t sc a n n in g m icroscope.T he sam p le w as excited with a
405 nm laser diode a n d the 543 nm line o f a G r e e n H elium -N eon laser. Im ag e sre p re se n t cells sta in e d with
red M ito tra c k er (A) , green HSP-60 ( B ) , a m erge o f M ito tra c k e ra n d H Sp-60 (C) a n d a m erge o f A a n d B
including blue DAPI (D). T he so ftw are u sed to collect im ages w as FluoView Versfen 7.1 softw are.
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Fig. 4.22

DG-75 cells become sm aller and more punctate In response to fluoxetine treatm ent (4h)

DG-75 cells w ere treated with 50)iM fluoxetine for 4h,before incubating with M itotracker Red CMX ROS
(lOOnM), fixed and mounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primary-HSP-60 antibody followed by incubation with secondary antibody (Alexa-anti rabbit).
Cells were mounted in mounting solution containing 0.2ng/ml DAPII and covered with a coverslip. Images
were taken using a 60x oil immersion lens with an NA o f 1.42. using an Olympus FVIOOO point scanning
microscope.The sample was excited with a 405 nm laser diode and the 543 nm line o f a Green HeliumN eon laser. Images represent cells stained with red M itotracker ( A ) , green HSP-60 ( B ) , a merge o f
M itotracker and HSp-60 (C) and a merge o f A and B including blue DAPI (D). The software used to
collect images was FluoView Version 7.1 software.
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Fig. 4.23 DG-75 cells become smaller and more punctate in response to maprotiline treatm ent (4h)
DG-75 cells were treated with 50nM maprotiline for 4h before incubating with Mitotracker Red CM X ROS
(lOOnM)., fixed and mounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primary-HSP-60 antibody followed by incubation with secondary antibody (Alexa-anti rabbit).
Cells were mounted in mounting solution containing 0.2ng/ml DAPII and covered with a coverslip. Images
were taken using a 60x oil immersion lens with an NA o f 1.42. using an Olympus F V 1000 point scanning
microscope.The sample was excited with a 405 nm laser diode and the 543 nm line o f a Green HeliumNeon laser. Images represent cells stained with red Mitotracker ( A ) , green HSP-60 ( B ) , a m erge o f
Mitotracker and HSp-60 (C) and a merge o f A and B including blue DAPI (D). The software used to
collect images was FluoView Version 7.1 software.
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F ig. 4.24 E xam in ation o f DG -75 m itoch ondrial m orp h ology a fter 8h using H SP-60 and C on focal
M icroscop y
DG-75 cells were in cu b a ted with M ito tra c k e rR e d C M X R O S (lOOnM ), fixed a n d m o u n te d o n to poly-Llysine c o a te d slides. Cells were perm eabilised, bfocked a n d ex p o sed to p rim ary-H S P-60 a n tib o d y follow ed
by in cu b atio n with se co n d ary a n tib o d y (A lexa-anti rabbit). Cells were m o u n te d in m ou n tin g solution
c o n ta in in g 0 .2 )ig /m l DAPII a n d covered with a co v e rslip . Im ag e s were ta k e n using a 60x oil im m ersion lens
with a n N A o f 1.42. using an O lym pus FVIOOO point scan n in g m icroscope.T he sa m p le w as excited with a
405 nm laser d iode a n d the 543 nm line o f a G r e e n H elium -N eon laser. Im ag e s represent cells sta in e d with
red M ito tra c k er (A) , green H SP-60 ( B ) , a m erge o f M ito tra c k e ra n d H S p-60 (C) a n d a m erge o f A a n d B
including blue DAPl (D). T h e so ftw are used to collect im ages w as FluoView Versksn 7.1 softw are.
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Fig. 4.25 DG-75 cells becom e smaller and more punctate in response to fluoxetine treatm ent (8h)
DG-75 cells were treated with 50^M fluoxetine for 8h incubated with Mitotracker Red CMX ROS
(lOOnM), fixed and mounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primary-HSP-60 antibody followed by incubation with secondary antibody (Alexa-anti rabbit).
Cells were mounted in mounting solution containing 0.2|ig/m l DAPIl and covered with a coverslip. Images
were taken using a 60x oil immersion lens with an NA o f 1.42. using an Olympus FVIOOO point scanning
microscope.The sample was excited with a 405 nm laser diode and the 543 nm line o f a Green HeliumNeon laser. Images represent cells stained with red M itotracker ( A ) , green HSP-60 ( B ) , a merge o f
M itotracker and HSp-60 (C) and a merge o f A and B including blue DAPl (D). The software used to
collect images was FluoView Version 7.1 software.
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Fig. 4.26 DG-75 ceils become smaller and more punctate in response to maprotiline treatm ent (8h)
DG-75 ceils were treated witli 50|iM maprotiline for 8h before incubating with Mitotracker Red CMX ROS
(lOOnM) fixed and mounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primary-HSP-60 antibody followed by incubation with secondary antibody (Alexa-anti rabbit).
Cells were mounted in mounting solution containing 0.2ng/ml DAPIl and covered with a coverslip. Images
w ere taken using a 60x oil immersion lens with an NA o f 1.42. using an O lym pus FVIOOO point scanning
microscope.The sample was excited with a 405 nm laser diode and the 543 nm line o f a Green HeliumN eon laser. Images represent cells stained with red M itotracker ( A ) , green HSP-60 ( B ) , a merge o f
M itotracker and HSp-60 (C) and a merge o f A and B including blue DAPl (D). The software used to
collect images was FluoView Version 7.1 software.
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Red CMX ROS and DAPI were found to have mitochondria that were no longer visible
using the Mitotracker Red CMX ROS (data not shown). This was assumed to be as a
direct result o f damaged or absent mitochondria after the 72h treatment.

4 .2 .9.1 MUTU-I cell mitochondria in response to fluoxetine and maprotiline
MUTU-I cells were incubated with Mitotracker Red CMX ROS, fixed, permeabilised
and then incubated with anti-HSP60. Cell nuclei were also stained with DAPI. It was
found that MUTU-I cells treated with fluoxetine and maprotiline for as little as 2h begin
to display signs o f fission (Figs.4.28 and 4.29) compared to controls (Fig.4.27) with
mitochondria forming smaller rod-like shapes. After 4h o f treatment with fluoxetine or
maprotiline, mitochondria again appear smaller and rod-like, with Mitotracker CMS
ROS staining less intense, distributed around the whole cell in ‘dot’-like localisations
(Figs.4.30-4.33). Throughout the 2h, 4h and 24h time points, the cell nuclei, stained
with DAPI-I showed increasing signs o f fragmented condensed chromatin, associated
with an apoptotic mode o f PCD.

4.2.10 Examination of HELA ceil mitochondrial morphology using confocal
microscopy
As' previously stated, the morphology o f mitochondria varies from cell to cell ranging
from intercormected filamentous tubular networks as seen in COS-7, endothelial or
HELA cells, to the round punctuated structures evident in hepatocytes (Collins et al,
2002)

In order to allow a comparison to be made from the confocal microscopic
i

examination o f the B cell lymphoma cells, DG-75 and MUTU-I to cells that have a
larger volume o f cytoplasm and have been previously more easily shown to have a
filamentous network o f mitochondria, images o f Mitotracker Rd CMX ROS stained
HELA cells were obtained from Patti Hayes (School o f Biochemistry and Immunology,
TCD).
An identical protocol for the preparation and visualisation o f these HELA cells
was used by Hayes as was used in Sections 4.2.8 and 4.2.9. These results show that
cytoplasm in Burkitt’s lymphoma cell is considerably smaller volume than those
observed in the HELA cell line. The appearance o f a filamentous network o f
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F ig .4 .2 7 A fila m e n to u s m ito c h o n d ria l n e tw o rk ex ists In IVIIITU-I cells
M UTU-I cells were in cu b a ted with M ito tra c k e r Red C M X ROS (lOOnM ) fixed, a n d m o u n te d o nto poly-L lysine c o a te d slides. Cells were m o u n te d in m o u n tin g solution c o n ta in in g 0 ,2 n g /m l DAPII a n d covered with
a co v e rslip . Im ag e s were ta k e n using a 6 0 x oil im m ersion lens with a n N A o f 1.42. using a n O lym pus
FV l 0 0 0 p o in t scan n in g m icroscope.T he sam p le w as excited with a 405 nm laser diode a n d the 543 nm line
o f a G reen H elium -N eon laser. Im ag e s represent cells stained with red M itotracker(A ) a n d a m erge o f A
with blue DAPI ( B ) . T he softw are used to collect im ages w as FluoV iew Version 7.1 softw are.
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Fig. 4.28 M U TU -I cells becom e sm aller an d m o re p u n c ta te in response to fluoxetine tre a tm e n t (2h)
MUTU-1 cells were treated with 50nM fluoxetine for 2hr incubated with Mitotracker Red CM X ROS
(lOOnM) fixed and mounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primary-HSP-60 antibody followed by incubation with secondary antibody (Alexa-anti rabbit).
Cells were mounted in mounting solution containing 0.2(ig/ml DAPII and covered with a coverslip. Images
were taken using a 60x oil immersion lens with an NA o f 1.42. using an Olympus FVIOOO point scanning
microscope. The sample was excited with a 405 nm laser diode and the 543 nm line o f a Green HeliumNeon laser. Images represent cells stained with red M itotracker ( A ) , green HSP-60 ( B ) , a merge o f
M itotracker and HSp-60 (C) and a merge o f A and B including blue DAPI (D). The software used to
collect images was FluoView Version 7.1 software.
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Fig. 4.29

M UTU-I cells become sm aller and more punctate in response to maprotiline treatment

(2h)
MUTU-I ceils were treated with SOfiM m aprotiline for 2hr incubated with M itotracker Red C M X ROS
(1 OOnM). fixed and mounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primary-HSP-60 antibody followed by incubation with secondary antibody (Alexa-anti rabbit).
Cells were mounted in mounting solution containing 0.2|ig/m l D A Pll and covered with a coverslip. Images
were taken using a 60x oil immersion lens with an NA o f 1.42. using an Olympus FVIOOO point scanning
microscope.The sample was excited with a 405 nm laser diode and the 543 nm line o f a Green HeliumNeon laser. Images represent cells stained with red M itotracker ( A ) , green HSP-60 ( B ) , a merge o f
Mitotracker and HSp-60 (C) and a merge o f A and B including blue DAPI (D). The software used to
collect images was FluoView Version 7.1 software.
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A

F ig.4J0 A filamentous mitochondrial network exists in MUTU-I cells
MUTU-I cells were incubated with M itotrackerR ed CM X ROS (lOOnM) fixed, an d m ounted onto poly-Llysinc coated slides. Cells were m ounted in m ounting solution containing0.2ng/m lD A PII an d covered with
acoverslip. Im ages were ta k en using a 6 0 x oil immersion lens with an N A o f 1.42. using a n Olympus
FVIOOO point scanningm icroscope.The sam ple w as excited with a 4 0 5 nm laser diode and the 543 nm line
o fa G re e n Helium-Neon laser. Im ages represent cells stained with red M itotracker(A ) an d am erge o f A
with blue DAPI ( B ) . The softw are used to collect images w as FluoView Verswn 7.1 software.
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F ig .4 3 1 A filam en tou s m ito ch o nd rial n etw ork exists in M UTU-I cells
MUTU-I cells were incubated with M itotrackerR ed CM X ROS (1 OOnM), fixed an d m ounted onto poly-Llysine coated slides. Cells were permeabilised, blocked and exposed to primary-HSP-60 antibody followed
by incubation with secondaiy antibody (A lexa-antirabbit). Cells were m ounted in m ounting solution
co n taining0.2n^m lD A P II an d covered with acoverslip. Im ages were taken using a 60x oil immersion lens
with anN A o f 1.42. using an Olympus FVIOOO point scanning m icroscope.The sam ple w as excited with a
405 nm laser diode and the 543 nm line o f a Green Helium-Neon laser. Im ages represent cells stained with
redM itotracker(A ) , green HSP-60 (B) , am erge o f M itotrackerandH S p-60 (C) and a m e rg e o f A an d B
including blue DAPI (D). The software used to collect images w as FluoView Version 7.1 software.
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lOtNn

Fig. 4 3 2 M itochondria appear excessively fragm ented and damaged in response to fluoxetine
treatment (4h)
MUTU-I cells were treated with 50(iM fluoxetine fo r4 h r, incubated with M itotracker Red CM X RO S
(lOOnM), fixed an d m ounted onto poly-L-lysine coated slides. Cells were perm eabilised, bfockedand
exposed to primaiy-HSP-60 antibody followed by incubation with secondary antibody (A lexa-antirabbit).
Cells were m ounted in m ountingsolution containing 0.2ng/m lD A PII an d covered with a coverslip. Im ages
were taken using a 6 0 x oil immersion lens with an N A o f 1.42. using an Olympus FVIOOO point scanning
microscope.The sam ple w as excited with a 405 nm laser diode an d the 543 nm line o f a Green HeliumNeon laser. Im ages represent cells stained with red M itotracker (A) , green HSP-60 (B) , a merge o f
M itotrackerand HSp-60 (C) and a merge o f A an d B including blue DAPI (D). The softw are used to
collect images w as FluoView Version 7.1 software.
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Fig. 4.33

M itochondria ap p ear ex ce ssiv e ly fragm en ted and dam aged in response to m aprotiline

treatm ent (4h)

MUTU-I cells were treated with 50nM maprotiline fo r 4hr, incubated with M itotrackerR ed CM X ROS
(lOOnM) fixed and m ounted onto poly-L-lysine coated slides. Cells were permeabilised, blocked and
exposed to primaiy-HSP-60 antibody followed by incubation with secondaiy antibody (A lexa-antirabbit).
Cells were m ounted in m ounting solution containing 0.2ng/m l DAPII and covered with a coverslip. Im ages
were taken using a 60x oil immersion lens with an N A o f 1.42. using an O lympus FVIOOO point scanning
microscope.The sam ple was excited with a 405 nm laser diode an d the 543 nm line o f a Green HeliumNeon laser. Im ages represent cells stained with red-M itotracker(A ) , green HSP-60 ( B ) , a merge o f
M itotrackerand HSp-60 (C) and a merge o f A an d B including blue DAPI (D). The software used to
collect images w as FluoView Version 7.1 software.

,
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mitochondria in HELA cells is also more obvious than that seen in the MUTU-I cell
line.
It is more difficult to assess the fission/fusion state of the mitochondria in DG75 and MUTU-I cells (Figures 4.34 and 4.35) than in the classically used HELA cells.
However, this study has identified a difference in the morphological state of the
mitochondria in DG-75 cells compared to MUTU-I cells. MUTU-I cells possess a more
‘normal’ filamentous-like network of mitochondria where DG-75 cells have punctated,
rod-like aggregated mitochondria possibly due large amounts of fissioned mitochondria.
This study also assessed the response of DG-75 cells and MUTU-I cells to fluoxetine
and maprotiline showing that the MUTU-I cell line undergoes fission earlier than the
*v

DG-75 cell line in response to fluoxetine and maprotiline to, form ‘dot’-like
mitochondria. In order to assess the effects of fluoxetine and maprotiline on the
mitochondrial fission/fusion process further, experimentation is required in more
suitable cell lines, such as the HELA or COS-7 cell lines.
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A
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mM
F ig.4 J 4 Extensive mitochondrial networks are visible in the HELA cell line
HELA cells were incubated with M itotrackerR ed CM X ROS (lOOnM) fixed and m ounted onto poly-Llysine coated slides. Cells were m ounted in m ounting solution containing0.2(ig/m lD A PII an d covered with
a coverslip. Im ages were tak en using a 6 0 x oil immersion lens with an N A o f 1.42. using an Olympus
FV l 000 point scanningm icroscope.The sam ple w as excited with a 4 0 5 nm laser d k )d e a n d th e 5 4 3 n m line
o f a Green Helium-Neon laser. Im ages represent cells stained with red M itotracker (Red) and DAPI
(Blue). The softw are used to collect images was FluoView Version 7.1 software.
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Fig. 4 3 5 E xtensive m ito ch o n d rial netw orks a re visible in the H ELA cell line
HELA cells were incubated with M itotrackerR ed CM X ROS (lOOnM) fixed an d m ounted onto poly-Llysine coated slides. Cells were m ounted in m ounting solution containing0.2ng/m lD A PII an d covered with
acoverslip. Im ages were taken using a 6 0 x oil immersion lens with an N A o f 1.42. using an Olympus
F V I000 point scanningm icroscope.The sam plew as excited with a 405 nm laser diode and the 543 nm line
o f a Green Helium-Neon laser. I m ages represent cells stained with red M itotracker (Red) and DAPI
(Blue). The softw are used to collect images w as FluoView Version 7.1 softw ate.

180

Chapter 4. Results

4.3 Discussion

In this Chapter, the mechanisms associated with fluoxetine- and maprotiline*

y

mediated ceir death in Burkitt’s lymphoma were further elucidated. It was found that
fluoxetine and maprotiline induced Type I PCD or apoptosis in the biopsy-like BL cell
line MUTU-I as confirmed by caspase-dependent activity, DNA fragmentation and
PARP cleavage. Fluoxetine- and maprotiline- mediated MUTU-I cell death did not
involve the generation of ROS or serine proteases.
In the past, the term programmed cell death was held synonymous with
apoptosis and its activation has long been held responsible for the cell killing potential
of anticancer drugs. Recent evidence suggests that there are forms of chemotherapyinduced cell death that cannot readily be classified as apoptosis or necrosis (Brown and
Attardi, 2005) and alternative models of programmed cell death have been proposed
including autophagy, parapoptosis and mitotic catastrophe.
In the previous Chapter, the BL cell line DG-75 was shown to be less sensitive
to the effects of fluoxetine and maprotiline compared to the MUTU-I cell line. Evidence
generated using PI FACS analysis revealed no apparent apoptotic effect in the DG-75
cell line until 48h of fluoxetine or maprotiline treatment.

In this Chapter,

morphological examination o f DG-75 cells treated with fluoxetine and maprotiline
showed signs of a stress response after as little as 4h treatment and investigations into
antiproliferative effects revealed that fluoxetine and maprotiline were potent antitumour
agents, inhibiting Burkitt’s lymphoma and breast cancer-derived cell growth in vitro
after 24h.
Further investigations were carried out to evaluate why DG-75 cells appeared to
be ‘dying’ from as early as 4h, but that no ‘apoptotic’ response could be detected in
these cells until 48h. It was found that, fluoxetine and maprotiline induced an
alternative mechanism of programmed cell death in this ‘resistant’ BL cell line. Such
cell death was found not to involve DNA fragmentation, caspases or PARP cleavage
and was associated with the development of numerous cytoplasmic vacuoles. Neither
ROS nor serine proteases were involved in fluoxetine- and maprotiline- mediated DG75 cell death.

181

Chapter 4. Results

Autophagic Type-II programmed cell death has been observed in cancer cell
lines from various tissues in response to various cancer therapies (Levine and Yuan,
2005, Kondo et a l, 2005). Autophagy is a mechanism regularly used within cells to
dispose o f their own components though lysosomal machinery where it is an
evolutionary conserved tightly regulated process that plays a role in cell growth,
development, and homeostasis. The term ‘autophagic cell death’ or Type-II cell death is
mainly a morphologic definition and has been characterised as the formation o f large
cytoplasmic autophagic vacuoles, substantial expansion o f the lysosomal compartment
with belated collapse o f the nucleus. It is thought that these autophagic vacuoles capture
organelles and particles and target them to the lysosome for degradation. Once all the
cytoplasm has been removed by autophagy the cell appears to then manifest many o f
the criteria o f apoptosis (Lockshin and Zakeri, 2004). In some cells there is considerable
autophagy prior to or instead o f apoptosis (Lockshin and Zakeri, 2004), where it is
thought that the autophagic response is an initial attempt o f the cell to recover from
stress, however, in the Type II PCD response, excessive autophagy appears to lead to
the eventual demise o f the cell . It is thought that such a process occurs in cells that
cannot die by normal apoptotic mechanisms (Tsujimoto and Shimizu, 2005, Buytaert et
a/., 2006).
Further investigations into fluoxetine- and maprotiline- mediated cell death were
carried out to determine if fluoxetine- and maprotiline- mediated DG-75 cell death
involved a Type-II autophagic mechanism o f cell death. Transmission electron
microscopy (TEM) was carried out to detect for the appearance o f cytoplasmic
autophagosomes. It was found that treatment o f DG-75 cells with fluoxetine and
maprotiline increased the amount o f these ‘vacuole-like’ entities in the cell cytoplasm
(Fig.4.11) compared to untreated controls and to the MUTU-I treated cell line
(Fig.4.12). It also appears that a number o f these vacuoles contained cellular organelles
such as mitochondria (Fig.4.11D, E, F).
Particular signalling molecules are thought to be necessary for autophagic cell
death. In yeast a number of autophagy-related genes have been identified that regulate
autophagy induction (Levine and Klionsky, 2004). The mammalian orthologue o f yeast
Atg6, Beclin-I is a Bcl-2 interacting (Aita et al., 1999, Pattingre et al., 2005) coiled coil
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protein that is up-regulated upon autophagic induction. Beclin-I was also one o f the first
indications linking autophagy and tumourigenesis (Liang et a l, 1999) where it has been
found to be mono-allelically deleted in 40-70% o f sporadic human breast and ovarian
cancers (Aita et a l, 1999). DG-75 cells treated with fluoxetine and maprotiline for 72h
showed increased levels o f the autophagic protein, Beclin-1 (Fig.4.10) consistent with a
Type II autophagic response. After 48h of treatment in DG-75 cells, increased levels of
Beclin-I were not detected implying that a) after that autophagosome formation may not
occur until later on in the response o f DG-75 cells to fluoxetine or maprotiline or b) that
autophagosome formation coincides the programmed cell death response,

i.e.

fluoxetine/maprotiline induce PCD death in DG-75 cells, as detected by PI FACS
analysis from 50-72h.
3-methyladenine (3-MA) is an inhibitor o f phosphatidylinositol 3-kinase that has
previously been shown to inhibit autophagy in vitro (Seglen and Gordon, 1982). In the
presence o f 3-MA, fluoxetine- and maprotiline-mediated cell death in DG-75 cell lines
was significantly reduced (4.13B). As the detection method for cell death was PI FACS
analysis, the amount o f cell death recorded was dependent on the occurrence o f DNA
fragmentation. In the presence o f the vacuolar H^-ATPase inhibitor, bafilomycin Al
there was no change in the amount o f cell death induced by fluoxetine and maprotiline
after 72h (Fig.4.13A) implying late-endosome early lysosome formation is not involved
in the mechanism o f cell death. These results could also suggest that after 72h, BFAl
has no inhibitory effect and is required at 24h, 48h and 72h to exert a consistent effect.
In the presence o f the general caspase inhibitor z VAD-fmk, the amount o f cell death
induced by fluoxetine and maprotiline was increased. This result is in agreement with
previous observations that have shown that caspases cleave Beclin-I inactivating its
autophagic inducing activity and thus overall cell death (Cho et a l, 2009).
The results described herein are consistent with DG-75 cells undergoing an
autophagic mode o f programmed cell death, which may lead to the overall demise of
the cell or allow the DG-75 cells to undergo late-stage apoptosis. Autophagy has been
classified as the most frequent caspase-independent form o f cell death (Perez-Galan et
a l, 2002, Roberts et a l, 1999) and can occur at the same time as apoptosis in the same
cells suggesting a common regulatory mechanism; however the precise crosstalk
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between these two processes remains to be thoroughly elucidated. It is also suggested
that autophagy can amplify apoptosis when associated with a cell death signal.
Induction o f alternative cell death pathways can be an important tool for therapy of
cancer cells evading apoptosis.
The reason for the differential responses o f both o f these cell lines to fluoxetine
and maprotiline was next investigated. Fluoxetine, paroxetine and citalopram have been
shown to induce programmed cell death in biopsy-like BL cultures with the
overexpression o f the anti-apoptotic protein Bcl-2 protecting these BL SSRI-sensitive
cell lines against SSRI induced cell death (Serafeim et a i, 2003). In order to evaluate if
the Bcl-2 status o f the MUTU-I or DG-75 cell lines was responsible for the differential
response to fluoxetine and maprotiline expression levels, i.e. whether the DG-75 cell
line had increased levels o f Bcl-2 which could contribute to its chemoresistance, levels
o f Bcl-2 were investigated. It was found that neither the DG-75 nor the MUTU-I cell
line expressed the 26kDa protein, results consistent with Bcl-2 status irrelevant to DG75 resistance or MUTU-I sensitivity.
It has been shown that cells deficient in the pro-apoptotic Bcl-2 proteins Bax
and Bak do not undergo Type-I programmed cell death (Buytaert et a l, 2006, Lindsten
and Thompson, 2006) and commonly die by a Type-II mechanism. In this study, it was
found that the DG-75 cell line lacked Bax and Bak whereas the MUTU-I cell line
contained Bax and Bak (Figs.4.16 and 4.17).
As Bax and Bak are thought to be involved in determination o f mitochondrial
morphology, mitochondria were examined using confocal microscopy. In line with
previous observations on other cells, Bax/Bak deficient cells (DG-75) display rod-like,
punctate shortened mitochondria compared to Bax/Bak positive cell lines (MUTU-I)
which display filamentous networks o f mitochondria dispersed all around the cells
cytoplasm. In response to fluoxetine and maprotiline treatment, DG-75 and MUTU-I
cell mitochondria became smaller and more rod-like than controls. In comparison to
Bax, Bak is uniquely involved in the regulation o f mitochondrial morphological
dynamics during apoptosis possibly though its interaction with mitofusins, the proteins
involved in mitochondrial fusion, suggesting that Bak contributes to early mitochondrial
fission by inhibiting the fusion process and Bax is probably more important for
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subsequent development o f porous defects in the outer membrane (Brooks and Dong,
2007).
In conclusion, the proposal that the orally available, pharmacologically defined
drugs fluoxetine and maprotiline induce a novel form o f programmed cell death in
resistant Burkitt’s lymphoma whilst having little effect on normal peripheral blood
mononuclear cells, indicates their potential to act as therapeutic agents in the treatment
of Burkitt’s lymphoma. The ability o f fluoxetine and maprotiline to induce Type-I and
Type-II autophagic cell death in the resistant BL cell line also builds a useful model for
studying the cross-talk between apoptosis and autophagy as well as delineating
differences between the major identified PCD pathways or their variants.
It appears that the ability o f fluoxetine and maprotiline to induce Type-II cell
death is cell-type specific, unique to the DG-75 cell line where the DG-75 cell line does
not possess the necessary controls to initiate the classical mode o f PCD, namely
apoptosis. The lack o f the Bcl-2 proteins, Bax and Bak are suggested to be the major
determinants in the differential response of the DG-75 cell line compared to the MUTU1 cell line to fluoxetine or maprotiline. The absence o f Bax and Bak is thought to leave
DG-75 cells with mainly fissioned mitochondria, where they are unable to elicit the
release o f certain pro-apoptotic proteins from the mitochondrial inner membrane, in turn
rendering the cells insensitive to the apoptotic response.
Fusion is a selective process that results in a repetitive process that segregates
less active mitochondria from the networking population. Fission produces depolarised
mitochondria. Fusion recruits dysfunctional mitochondria into the active pool, whereas
autophagy targets depolarised mitochondria for digestion and elimination with the
mechanism determining the two competing fates still unclear (Elmore et a l, 2001,
Priault et a l, 2005). Reduced fission or increased fusion inhibit autophagy (Twig et a l,
2008, Gomes and Scorrano, 2008). Bax/Bak deficient cells are unable to undergo the
fusion process, therefore promoting the fission process perhaps encouraging the
autophagic response.
Investigating autophagy as a cell death mechanism is becoming increasingly
important for anticancer drug development with a number o f mTOR inhibitors
including rapamycin (sirolimus) and the related derivatives temsirolimus (CCI-779),
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everolimus (RADOOl), and AP23573 are under evaluation in clinical trials and (Lefranc
et a i, 2007). Chemoresistance to therapeutic drugs by numerous cancers is thought to
be attributed to the autophagic response, whereby cells activate autophagy to promote
survival. Both inhibitors o f such a response and agents that induce excessive autophagy
(leading to autophagic Type-II PCD) are becoming important candidates as therapeutic
agents in the treatment o f cancer as sole agents or in combination with existing
chemotherapeutic agents. Further insights into the autophagic response and the
involvement o f a number o f key signalling modulators will be investigated and
discussed in the next Chapter, using fluoxetine- and maprotiline- mediated cell death in
BL as a model system.
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CHAPTER 5

INVESTIGATIONS INTO THE ROLE OF CALCIUM, c-MYC AND THE
mTOR PATHWAY IN FLUOXETINE- AND MAPROTILINE- MEDIATED
CELL DEATH
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5.1 Introduction
Calcium levels in the cell control a plethora o f cellular processes from
proliferation and metabolism to gene transcription, ultimately determining the fate o f
the cell towards life or death. In resting cells, cytosolic free calcium concentrations
[Ca^^]i are estimated at approximately lOOnM (Pozzan et a l , 1994) which can increase
to >l|o,M upon the mobilisation o f intracellular calcium stores (from the endoplasmic
reticulum, the Golgi or lysosomes) (Berridge et a l , 2000, Berridge et al., 2003,
Clapham, 2007). A number o f calcium sensors within the cell and on the plasma
2+

membrane, summarised in Fig.5.1, control cytosolic calcium levels [Ca ]i with the ER
and mitochondria the principal locations for signalling cell-fate choices.
The ER contains the largest calcium reserve in the cell (Berridge, 2002, Van
Coppenolle et al., 2004). Agonist-induced ER calcium release occurs through Ca^^
channels such as the inositol triphosphate

(IP3)

and ryanodine receptors (Clapham,

2007, Bezprozvanny et al., 1991) (Fig.5.1). Ca^^ uptake into the ER occurs when these
Ca^^ channels are closed and is performed by the sarcoplasmic reticulum /ER associated
calcium activated ATPase pumps (SERCA) (Roderick and Cook, 2008). In the resting
state, the Ca^^ content o f the ER reflects a balance between active uptake by the SERCA
and passive or basal leakage through other Ca

channels (Kim et al., 2008).

Calcium signalling is required for cell proliferation in all eukaryotic cells. It is
important in the Gl-S and G2/M transitions (Fig.5.2) where depleting intracellular
calcium levels results in the cessation o f cell proliferation (Lewis, 2007, Kahl and
Means, 2003, Takuwa et al., 1993, Rasmussen and Means, 1989). This is thought to
happen through inhibition o f CaMK (Calmodulin Kinase) resulting in the loss o f cyclin
D l, increase in p27*^'''' levels and inhibition o f CDK4 (Tombes et al., 1995, Morris et
al., 1998) (Fig.5.2).

It has been shown that some transformed cells and tumour cell

lines display a reduced dependency on Ca^^ to divide and grow (Whitfield, 1992, Cook
and Lockyer, 2006) and a number o f components o f calcium signalling pathways have
been implicated in tumourigenesis.
Ca^^ signalling is also important in the activation and execution o f cell death
(Orrenius et a l , 2003) where increases in [Ca

]i have been observed during apoptosis

and in some cases have been necessary for apoptosis to take place
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SMOC

InsPaR

Nucleus

Lysosome

F ig .S .I. C alciu m S ig n allin g in the cell
In response to a change in their environm ent, intracellular

levels control cell physiology through receptor-operated

channels (RO Cs), voltage-operated channels (V O Cs), second-m essenger-operated channels (SM O C s), store-operated
channels, or release thorough intracellular stores through the inositol 1,4,5 triphosphate receptors (InsPs) o r ryanodine
receptors (RyRs). C a^+channels are expressed on lysosom es a n d the Golgi. Ca^* signals return to norm al through cytosolic
C a^^b u ffer proteins (C aB Ps), m itochondria, SERCA, plasm a m em brane (PM CA) an d the N a^-C a^*exchanger (NCX).
DAG, diacylglycerol; GPCR, G-protein coupled receptor; PIP2, phosphatidylinositol bisphosphate; PLC phospholipase C;
RTK., receptor tyrosine kinase; VDAC, voltage dependent ion channel.
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ORAIl
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F ig .5 .2 . C a lc iu m d e p e n d e n t s ig n a llin g p a th w a y s c o n tr o llin g th e G l / S tr a n s itio n
G l to S re q u ire s th e a c tiv a tio n o f C D K 2 a n d C D K 4 , re sp o n sib le f o r re tin o b la sto m a p ro te in p h o sp h o ry la tio n re le a sin g E 2 F .
A c tiv a tio n o f C D K s is re g u la te d b y g ro w th fa c to r-d e p e n d e n t sig n allin g p a th w a y s th ro u g h G P C R s a n d R T K s, w hich in turn
a c tiv a te R as a n d R a s e ffe c to rs lik e th e R A F -M E K -E R K .I p a th w a y . S u c h p a th w a y s a c tiv a te tra n scrip tio n fa c to rs th a t d rive
C D K 4 a n d cyclin D l a c tiv a tio n . Ca^^ is re q u ire d fo r th e G l to S tra n sitio n . P h o s p h o lip a se C a c tiv a tio n by p lasm a
m e m b ra n e re c e p to rs p ro m o te s in o s ito l-1,4,5 -tr ip h o s p a h te (In sP 3 ) re le a se o f C a ^ ^ fro m th e E R into th e c y to s o l a n d C a^^m ay
a lso e n te r th ro u g h c h a n n e ls like O R A I l(a s to re -o p e ra te d ch an n el), S M O C (e .g .T R P V 6 ) a n d V O C s. In c re a s e s in c y to so lic
p ro m o te a c tiv a tio n o f c a lc iu m -d e p e n d e n t sig n allin g e n z y m e s su ch a s c a lm o d u lin k in a s e (C A M K ), w hich a re
re sp o n sib le fo r c y c lin D l e x p re ssk )n a n d th e e x p re ssio n o f n u m e ro u s tra n s c rip tio n fa c to rs .
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(Szado et a i, 2008, Miyamoto et a i, 2005, Gerasimenko et a i, 2002, Boehning et a l,
2003, Dowd et a i, 1992). Calcium released from the ER can act as a potent death signal
(Rong and Distelhorst, 2008, Pinton et a l, 2001) targeting the mitochondrial network
(Csordas et al., 2006, Rizzuto et al., 1993, Hanson et a i, 2004), where ERmitochondrial Ca^^ flux stimulates apoptosis. Calcium is a modulator of mitochondrial
permeability controlled by the MPTP (Bemardi, 1999) where the ability of
mitochondria to acutely sense Ca^"^ release from the ER might allow them to act as
cellular sentinels of ER-mediated apoptotic signals (Roderick and Cook, 2008).
Released Ca^^ from the ER in response to stress is taken up by mitochondria sensitising
them to apoptotic stimuli (Breckenridge et a i, 2003a, Moenner et a i, 2007, Delom et
al., 2007, Breckenridge et al., 2003b). ER stress can also activate the SAPKs (Stress
activated protein kinases) which in turn activate the JNK pathway (Nishitoh et al.,
2002). Increases in cytosolic calcium can also activate death effectors like the calpains
and activation of apoptosis-linked gene 2 (ALG2) (Gomez-Vicente et a l, 2005,
Nakagawa and Yuan, 2000, la Cour et a l, 2003).
The Bcl-2 family of proteins have also been shown to play an important role in
the regulation of calcium signals. The anti-apoptotic proteins, Bcl-2 and Bcl-xL can
inhibit apoptosis by reducing Ca^^ fluxes coming from the ER (Scorrano et a l, 2003).
Bcl-2 and Bcl-xL can bind to and inhibit InsPsRs (Foyouzi-Youssefi et a l, 2000, Chen
et a l, 2004, Pinton et a l, 2000) and Bcl-2 can inhibit SERCA2 (Dremina et a l, 2004)
as well as decreasing the sensitivity of the mitochondrial uptake process (Murphy et a l,
1996). Reduced stored-calcium levels have been reported in apoptosis-resistant Bax and
Bak k/o mouse embryonic fibroblasts (Scorrano et al., 2003) and increasing ER Ca 2
•

+

levels rescuing their sensitivity to death stimuli (Oakes et a l, 2006, Scorrano et a l,
2003). BIK has also been shown to initiate an early release of Ca^^ from the ER, a
mechanism that appears to be dependent on the presence of Bax and Bak (Mathai et al.,
2005) triggering the recruitment of DRP-1, as previously mentioned in Chapter 4, a
protein that is responsible for scission of the outer mitochondrial membrane during
mitochondrial fission and fusion and in the absence of fusion, converts the tubular
mitochondrial network into fragments. DRP-1 is also important for several apoptotic
pathways where it seems to be necessary for cytochrome c release (Breckenridge et al.,
2003a, Frank et a l, 2001).
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AMP-activated protein kinase (AMPK) is activated by CaMKK in response to
an increase in cytosolic free calcium (Hawley et a l, 2005, Shaw et a l, 2004, Woods et
a l, 2005). mTOR is negatively regulated by AMPK and autophagosome formation is
mediated by the ATG proteins and inhibited by mTOR (Fig. 1.3). As previously
mentioned in Chapter 1, cellular homeostasis is dependent on the balance between
biosynthesis and degradation and this role is carried out by a process called autophagy.
Autophagy also associated with non-apoptotic Type-Il PCD where the accumulation o f
autophagosomes in dying cells represents a failed rescue effort in response to external
stress. Ca^^ is thought to regulate autophagy via CamKK, AMPK, mTOR signalling
with ER-located Bcl-2 inhibiting this pathway (Hoyer-Hansen et a l, 2007). Autophagy
appears to depend on intracellular calcium stores rather than an increase in cytosolic
calcium per se, as autophagy has been shown to be dependent on the presence o f
intracellularly sequestered calcium (Gordon et a l, 1993). Beclin-1 inhibition by Bcl-2
has also been shown to be dependent on the location o f Bcl-2, whereby, Bcl-2 can only
inhibit Beclin-1 when it resides in the ER (where it has been suggested to regulate
cellular Ca2+ homeostasis) (Ferrari et al., 2002, Oakes et al., 2006).
The majority o f antidepressants have been shown to increase cytoplasmic
calcium levels (Zima et al., 2008, Chang et al., 2008, Hsu et al., 2004b, Joshi et al.,
1999, Jagadeesh and Subhash, 1998, Juneja et al., 1994). Maprotiline increases [Ca ]i
in prostate cancer cells (Hsu et al., 2004a) and has inhibitory effects on the GABA-,
NMDA- and high-K^-induced [Ca^"^]i increases (Takebayashi et al., 2000). Fluoxetine
has been shown to inhibit voltage-gated Ca^^ charmels (Hahn et al., 1999, Deak et al.,
2000, Pacher et a l, 2000, Wang et a l, 2003), calcium-activated potassium channels
(Farrugia, 1996, Terstappen et al., 2003) and has been shown to inhibit the ATPinduced [Ca^^Ji increase in PC -12 cells by inhibiting both extracellular Ca^^ influx and
Ca^^ release from intracellular stores (Kim et al., 2005). As the DG-75 and MUTU-I
cell lines have differential responses to fluoxetine and maprotiline and these agents have
been associated with calcium signalling, the role o f calcium in DG-75 and MUTU-I cell
death will be investigated in this Chapter.
As

previously

described,

human

tumours

frequently

show

deregulated

expression o f the c-myc oncogene (Dang, 1999, Cole, 1986, Spencer and Groudine,
1991). In the case o f Burkitt’s lymphoma, this deregulation involves the translocation o f
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c-myc from its normal position on chromosome 8 to a location close to the enhancers of
the antibody heavy chain genes on chromosome 14 (Hanxian Huang, 2005) leading to
overexpression o f c-myc messenger RNA

(Dalla-Favera et a l, 1982, Davis et a l,

1984). Although some mutations can increase MYC gene stability and transforming
activity in vitro their impact on the pathogenesis o f Burkitt’s lymphoma is unclear
(Henriksson et al., 1993, Hoang et a l, 1995, Westaway et al., 1984, Salghetti et al.,
1999, Chang et al., 2000, Sears, 2004, Frykberg et al., 1987, Yeh et a l, 2004).
Translocated MYC genes are subject to hypermutation in vivo that can also alter non
coding sequences raising the possibility that these mutations are a consequence and not
a cause o f tumour development.
myc protein is overexpressed in a large percentage o f human tumours, including
cancers o f lymphoid, mesenchymal and epithelial origin (Hoffman and Liebermann,
2008). myc controls the expression o f a number o f target genes, including, genes that
participate in cell cycle, survival, protein synthesis, cell adhesion and cytoskeleton and
metabolism, and different target genes are regulated under specific conditions for
specific cell types and to date, the downstream targets responsible for normal
physiological compared with tumourigenic functions have not been distinguished (Dang
et a l, 2006). myc is also involved in the apoptotic response (Askew et a l, 1991, Evan et
a l, 1992) controlling tumour growth and progression (Hoffman and Liebermann, 2008).
Ca^^ is important for the expression o f c-myc (Takuwa et al., 1993) and other
immediate-early genes. This is thought to happen through nuclear factor o f activated T
cells (NEAT) proteins. NEATs are activated in response to increased [Ca^^^i levels
allowing them to become activated, enter the nucleus and regulate the expression of
their target genes. NEAT has been shown to bind directly to an NEAT site in the myc
promoter (Eig.5.2) (Buchholz et a l, 2006). In Burkitt’s lymphoma, expression o f MYC
transgene can stimulate B cell proliferation in part by decreasing expression of
I

PMCA4b (also known as ATP2B4), the Ca

efflux pump resulting in sustained

increases in [Ca^^]i and enhanced nuclear accumulation o f NEAT (Habib et a l, 2007).
Eluoxetine has been previously shown to reduce c-myc RNA levels in vitro
(Serafeim, Holder et al. 2003 (Stepulak et a l, 2008, Lee et a l, 1994) whereas it is not
known if maprotiline has the same effect. In B cell systems, down-regulation o f c-myc
has been closely correlated with the actions o f several agents that cause apoptosis
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(Fischer et a l, 1994, Kaptein et a l, 1996). c-myc protein levels in both the DG-75 and
MUTU-I cell lines will therefore be investigated in this Chapter.
myc mutants retain the ability to activate the pl9'^'^^-p53 pathway and efficiently
promote proliferation (Hemann et al., 2005). Apoptosis triggered or sensitised by c-myc
can be either p53-dependent or p53-independent, determined by the cell type and
apoptotic trigger. The p53 tumour suppressor is a major mediator of cell-cycle arrest
and/or apoptosis in the response of mammalian cells to stress stimuli and is often
referred to as the ‘guardian of the genome’. A number of insults that induce DNA
damage result in the activation of p53. p53 promotes apoptosis through the direct
activation of Bax, and has been demonstrated to induce the BH3-family members, Noxa
and PUMA. Apaf-1 has also been demonstrated as being a direct target of p53 (Ashe
and Berry). Several p53 downstream target gene products can promote apoptosis;
however significant cell death is only observed when several of these genes are
expressed in concert, suggesting that p53 apoptotic target genes may need to activate
parallel apoptotic pathways to induce programmed cell death. p53 protein is expressed
at low levels in cells at all times and is elevated in response to stress. The ARF-Mdm2
(mouse double minute-2)-p53 regulatory loop controls the level of p53 protein. Mdm2
is a negative regulator o f p53, ultimately causing p53 degradation by the proteasome.
ARF inhibits Mdm2 function, myc activation leads to increased ARF expression
resulting in increased p53 protein (Zindy et al., 1998). p53 can cause either growth
arrest or apoptosis, and the choice involves a complex interplay of numerous factors.
p53 activation is accompanied by downregulation of c-myc expression and growth arrest
(Guillouf et a l, 1995) . As p53 appears to have an important role in the responses of
MYC-transformed cells, the presence of p53 in both the DG-75 and MUTU-I cell lines
will be investigated to evaluate if p53 expression is involved in the differential
responses of these cell lines to fluoxetine and maprotiline.
One way by which myc accelerates cell proliferation is through the
downregulation of the CDK inhibitor, p27*^''’' (Fig.5.2). myc suppresses p27*^'’’'
transcription through the ubiquitin-proteasome pathway (Yang et a l, 2001). Mutation
or silencing of p2?'^‘'’' is rare but loss of p2?'^‘'’' protein is a common event due to
enhanced proteolysis and has been associated with an aggressive phenotype and a poor
prognosis (Sgambato et a l, 2000, Slingerland and Pagano, 2000, Catzavelos et a l.
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1997, Masciullo el a l, 2000, Yang et a i, 2001, Esposito et a i, 1997, Han et a l, 1999,
Tae Kim et a l, 2000). How reductions in p27'^‘'’' expression occur in malignancies are
largely unknown. Agents that have the ability to increase p27'^‘'’' levels include
proteosome

inhibitors,

and

agents

that

inhibit

the

ubiquitin-Skp2

pathway.

Downregulation of c-myc results in the increase of p27'^''’' which in turn results in the
G1 arrest of proliferating cells (Carey et a i, 2000). p27'^'^'-dependent cell killing has in
the past been associated with a caspase-independent mode of cell death involving the
activation of autophagy (Chen et al., 2008). It is of interest that sigma-1 receptor
targeting agents induce a cell cycle arrest in the G1 phase through accumulation of the
cell cycle inhibitor p27'^''’' (Renaudo et al., 2004). As p27'^''’' is associated with myc and
with autophagy, levels of p27*^''’' will be investigated in this Chapter to evaluate if
p27Kipiexpression is involved in the differential responses of the DG-75 and MUTU-I
cell lines to fluoxetine and maprotiline.
Akt, also referred to as Protein Kinase B (PKB) or Rac, plays a critical role in
controlling survival and apoptosis (Franke et a l, 1997, Burgering and Coffer, 1995,
Franke et a i, 1995). It is activated by insulin and various growth and survival factors by
phospholipid binding and activation loop phosphorylation at Thr308 by PDKl (Alessi et
a i, 1996) and by phosphorylation within the carboxy terminus at Ser473 (Jacinto et al,
2006, Sarbassov et a l, 2005). Akt also promotes cell survival by inhibiting apoptosis by
phosphorylating and inactivating several targets, including Bad c forkhead transcription
factors (8), c-Raf (9) and caspase-9 (Cardone et a l, 1998, Brunet et al, 1999,
Zimmermann and Moelling, 1999). Akt is also involved in the regulation of glycogen
synthesis through phosphorylation and inactivation of glycogen synthase kinase (GSK)3a and P (Hajduch et a l, 2001, Cross et a l, 1995). It is also involved in cell cycle
regulation by preventing GSK-3P mediated phosphorylation and degradation of cyclin
D1 (Diehl et a l, 1998) and by negatively regulating the cyclin dependent kinase
inhibitors p27'^‘P' (Gesbert et a l, 2000) and p21 Wafl/CIPl (Zhou et a l, 2001). Akt
directly phosphorylates mTOR (Nave et a l, 1999) and TSC2 (Inoki et a l, 2002). The
PI3-K/Akt pathway is putatively involved in various malignancies (Vivanco and
Sawyers, 2002) and has been shown to be over-activated in a number of BL cell lines,
irrespective of EBV status (Mori and Sairenji, 2006). Evaluating the role of p-AKT in
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fluoxetine and maprotiline mediated cell death o f resistant and biopsy-like BL in vitro
will be investigated in this Chapter.
An accessory protein, Cdc kinase subunit 1 (CSK-1) interacts with p27'^‘'’'
Degradation o f p27’‘‘‘’' (and p21) is mediated by the proteasomal machinery and
involves SCF skp2 ubiquitin ligase. This E3 ligase requires association o f CKS-1 for its
activity (Spruck et a i, 2001, Bomstein et a i, 2003).Myc has been shown to induce
CKS-1, thereby inhibiting p27'^‘'’'. myc suppresses p27’^''’' expression, accelerates cell
proliferation and promotes tumourigenesis at least in part through its ability to
selectively induce CKS-1 (Keller et a i, 2007). Recently it was found that fluoxetine
showed the potential to disrupt skp2-CKS-l assembly required for ubiquitination and
proteasomal degradation of p27*^‘'’' and p21 (Krishnan et al., 2008). Fluoxetine was
shown to accumulate p27'^‘^', p21 and cyclin-E whereby the accumulation o f these
proteins was thought to result from the defects in their protein degradation machinery.
Krishnan et al., (2008) speculate that as there was no significant change in CKS-1
expression at early intervals o f 12 and 24h, whereas both p27*^‘’’’ and p21 were found to
accumulate during that period, fluoxetine may be considered as a functional antagonist
to CKS-1, without imparting a direct effect on its degradation but implying a direct
involvement in fluoxetine mediated GO/Gl arrest (Krishnan et al., 2008).
The aims o f this Chapter are to elucidate further the differential responses o f the
two BL cell lines, MUTU-I and DG-75 to fluoxetine- and maprotiline- induced cell
death. Calcium, c-myc, p27*^''’', p-AKT and CKS-1 will be investigated for involvement
in this antidepressant- induced cell death. Such investigations will also elucidate the
functional role o f these parameters in apoptosis and autophagy, perhaps providing an
insight into the differential responses o f cancer cells in vivo to some chemotherapeutic
agents.
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5.2 Results
5.2.1 Calcium Involvement
As previously mentioned in Section 5.1, the majority o f antidepressants have the
ability to increase cytosolic calcium levels in vitro. The involvement o f [Ca^^]i was
therefore investigated in fluoxetine- and maprotiline- mediated cell death in the two
Burkitt’s lymphoma cell lines, DG-75 and MUTU-I.
The

calcium

chelators

EGTA

and

BAPTA-AM

(l,2-bis(o-

aminophenoxy)ethane-N,N,N',N'-tetraacetic acid) inhibit extracellular Ca^^ influx and
intracellular release o f calcium respectively and were therefore used

to evaluate if

extracellular or intracellular calcium was involved in fluoxetine- and maprotilinemediated cell death. To assess if fluoxetine and maprotiline could increase cytosolic
calcium levels in cells, cytosolic Ca^^ concentrations were measured by a previously
described method using FURA-2-AM (Grynkiewicz et al., 1985). FURA-2 is a UV
light-excitable ratiometric Ca^^ indicator. Upon binding Ca^^, FURA-2 exhibits an
absorption shift that can be observed by scanning the excitation spectrum between
300nm and 400nm, while monitoring emission at 510nm. The carboxylate group of
FURA-2 is derivatised as an acetomethyl (AM) ester, rendering the indicator permeant
to cell membranes and insensitive to ions. Once inside the cell these derivatives are
hydrolysed by ubiquitous intracellular esterases, releasing the ion-sensitive indicator
and thus allowing for accurate measurements o f cytosolic calcium levels in cells.

5.2.2 Calcium involvement in fluoxetine- and maprotiline- induced MUTU-I cell
death
5.2.2.1 Intracellular calcium levels are important for fluoxetine and maprotiline
MUTU-I cell death
To evaluate if intracellular calcium was involved in fluoxetine- and maprotilinemediated cell death o f MUTU-I cells compared to DG-75 cells, MUTU-I cells were
incubated with EGTA (Im M ) and BAPTA-AM (25|aM) before the addition of
fluoxetine or maprotiline. After a 24h incubation period (to coincide with maximum cell
death activity), it was found that in the presence o f BAPTA-AM neither fluoxetine nor
maprotiline was unable to induce PCD in the MUTU-I cell line (Fig.5.3) consistent with
intracellular calcium release being important in antidepressant-mediated cell death.
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I n t r a c e l l u l a r c a l c i u m l e v e l s a r e I m p o r t a n t f o r f l u o x e t i n e a n d m a p r o t i l i n e MIITIJ-I c e ll d ea th

MUTU-I cells were pre-treated for Ih with EGTA (Im M ) or BAPTA-AM (25nM ) followed by treatm ent with
fluoxetine (fluox) (50nM )

(A) o r maprotiline (m apro) (50nM ) (B) for 24h. Cells were harvested by

centrifugation and fixed overnight in 70% ethanol. FACS analysis w as carried out upon incubation with
propidium iodide and RNase A. 10,000 cells were counted using appropriate gates. Values represent the m ean +
SEM o f three independent experiments. *** P<0.001 [Based on a one-way ANOVA Test followed by the
B onferroniM ultiple Com parison Test, com paring all colum ns using GRAPHPAD Prism4 software].
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EGTA had no effect on fluoxetine- and m aprotiline- mediated cell death o f MUTU-I
cells consistent with extracellular Ca

2^ "

influx having no role.

5 2 .2.2 MUTU-I cells were not dependent on calcium for growth
As intracellular levels o f calcium were found to be im portant for fluoxetine- and
m aprotiline- mediated cell death in M UTU-I cells, we wished to evaluate if a)
fluoxetine and maprotiline were dependent on calcium influx to induce cell death o f
M UTU-I cells or b) whether it is the M UTU-I cells that are dependent on calcium
forproliferation and hence in the absence o f intracellular calcium, cease to grow,
rendering them insensitive to fluoxetine or maprotiline treatment.
R PM I-1640 contains 0.42mM calcium (Sigma-Aldrich). Therefore, in order to
determ ine if M UTU-I cell growth is dependent on the levels o f cytoplasm ic calcium in
vitro, experim ents were carried out in M inim um Essential Medium containing no
calcium (with 10% (v/v) FBS, L-glutamine, penicillin and streptomycin, alphathioglycerol, sodium pyruvate and H EPES) supplem ented with C aC b, so that final
calcium concentrations could be adjusted to 0.1 nM, InM , lOOnM, InM , 10|^M, 100)aM
and Im M respectively. After 24h o f treatm ent, an aliquot o f cells was counted and
expressed as the total am ount o f cells in 2ml. It was found that the growth o f MUTU-I
cells in m edia containing O.lnM , InM , lOOnM, l|xM , IO|xM, 100|iM and Im M CaC^,
was sim ilar to cells grown in RPMI (0.42m M ) (based on a one-way ANOVA test
com paring all data sets using the Bonferroni M ultiple Comparison Test) consistent with
extracellular calcium influx having no role in M UTU-I cell growth (Fig.5.4).

S.2.2.3 Fluoxetine- and maprotiline- induced MUTU-I cell death was not
dependent on calcium influx
To assess if extracellular calcium levels had any effect on the extent o f cell
death in cells treated with fluoxetine or maprotiline, cells were grow n in MEM
containing no calcium then supplem ented

with various concentrations o f

CaCh

(O.lnM , InM , lOOnM, InM , 10|o,M, 100|j.M and Im M ) before treatm ent w ith fluoxetine
or m aprotiline (50|iM ). It was found that, extracellular calcium levels (between O.lnMIm M ) had no effect on fluoxetine- or m aprotiline- induced M UTU-I cell death (Fig.
5.5).
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Fig.5.4 IMUTU-I cells w ere not dep en d en t on calcium fo r gro w th
MUTU-I ceil grow th in various concentrations o f calcium . MUTU-I cells were seeded in R PM l-1640
(0.42m M calcium ) or MEM (no calcium ) containing phenol red and supplem ented with 10% (v/v) foetal
bovine serum (FBS), L -glutam ine (2mM), penicillin an d streptom ycin (100(ig/m l) with ( I mMO o r w ithout
EGTA. Cells were counted after 24h using a haem ocytom eter. V alues represent the m ean j^S E M o f three
independent experim ents.
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M U TU -I cell d e a th in response to fluoxetine a n d m aprotiline in v a rio u s concentrations o f calcium .Cells were
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S.2.2.4 Fluoxetine and maprotiline increased initial cytosolic calcium release in the
MUTU-I cell line
In this study, ratiometric measurements o f calcium release in the cytoplasm o f cells
using spectrofluorimetry o f isolated cells in a cuvette were used to determine if
fluoxetine and maprotiline treatment o f MUTU-I or DG-75 cells resulted in a release of
cytoplasmic calcium. However, using this methodology, it was found that the results
obtained were difficult to reproduce within experimental error. In order to generate
more consistent and reproducible results, it was decided to perform the same
experiments in a 96 well format in triplicate wells on two independent days.
For both methods, cells were loaded with FURA-2 (4nM) and fluorescence
measurements read (339nm and 380nm excitation/5OOnm emission) upon the addition
o f fluoxetine, maprotiline, ionomycin and thapsigargin. [Ca

]i can be calculated from

the 340/380nm fluorescence ratio o f FURA-2 using FL Winlab software according to
•y,

^

(Grynkiewicz et al., 1985). Six data points ([Ca ]i in nM) were obtained for fluoxetine
and maprotiline, measuring the [Ca2 + ]i after 1, 3 and 5min using the formula described
in 2.18.4. Both methods allow for instant (O-lOmin) readings o f [Ca ]i, as
measurements are dependent on the integrity o f cells in an isolated environment. In all
cases, cells were first treated with ImM EGTA so that any increase in intracellular
calcium observed could be attributed to intracellular store release and not from
extracellular influx. Thapsigargin is a tight-binding inhibitor o f a SERCA, blocking the
cells ability to pump calcium into the sarcoplasmic and endoplasmic reticula causing
these stores to become depleted whilst raising cytosolic calcium concentration. Storedepletion can secondarily activate plasma-membrane calcium channels, allowing an
influx o f calcium into the cytosol. Ionomycin is an ionophore that causes direct entry o f
Ca

into the cell. Thapsigargin and ionomycin act as positive controls for evaluating

the efficiency o f calcium signalling in DG-75 and MUTU-I cells.
A number o f experiments using FURA-2 loaded cells in a cuvette were carried
out on independent days and a number o f traces were created for fluoxetine- and
maprotiline-treated MUTU-I cells. As previously mentioned, a number o f limitations to
this particular experimental methodolgy were identified, including inconsistent readings
2'+'

(variability in basal and maximum [Ca ]i levels), lack o f reproducibility, and the
inability to calculate convincing error bars. Despite these limitations, the results
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presented in Figures 5.6-5.8 are a representative o f the m ost frequent observations for
MUTU-I cells treated with fluoxetine, maprotiline, ionom ycin and thapsigargin. From
these results it appears that fluoxetine and m aprotiline increase [Ca ]j levels in M UTUI cells.
In order to confirm such results, the experimental design was m odified to allow
for better reproducibility. Cells were incubated with FURA-2 in a 96-well format with
or without EGTA followed by treatm ent with fluoxetine and m aprotiline using
ionomycin and thapsigargin as positive controls. From these experim ents, it was found
that fluoxetine and m aprotiline increased [Ca ]j levels (Fig.5.9). lonom ycin-treated
2+

•

•

•

cells displayed reduced [Ca ], levels, a result consistent with Figure 5.8A, where
ionom ycin-treated cells show a rapid increase in [Ca^"^]i followed by a rapid decline.
This observation is thought to be attributed to the com pensatory mechanism that occurs
in the cells in response to rapid increases in [Ca^^]i.
These results are consistent w ith the ability o f BAPTA-AM to prevent
fluoxetine- and m aprotiline- mediated cell death in MUTU-I cells supporting the
hypothesis that intracellular calcium release is essential for fluoxetine-and maprotilineinduced program m ed cell death o f M UTU-I cells.

5.2.3 Calcium involvement in fluoxetine- and maprotiline- induced DG-75 cell
death
5.2.3.1

Removal

of extracellular

calcium

influx

prevents

fluoxetine-

and

maprotiline- induced DG-75 cell death.
To evaluate if intracellular calcium

changes were involved in fluoxetine and

maprotiline-m ediated cell death o f DG-75 cells com pared to M UTU-I cells, DG-75
cells were incubated with EGTA (Im M ) and BAPTA-AM (25|xM) before the addition
o f fluoxetine or maprotiline. Afl;er a 72h incubation period (to coincide w ith m aximum
cell death activity), it was found that in the presence o f EGTA, fluoxetine or maprotiline
were unable to induce PCD in the DG-75 cell line (Fig.5.10). In the presence o f
BAPTA-AM ,

fluoxetine

and

m aprotiline

had

a

more

potent

effect,

killing

approxim ately 70% o f DG-75 cells.
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Fig.S.6 F lu oxetine increased in tracellu lar calcium levels in M IJTIJ-I cells
Two representative ex p erim en ts (A + B ) m easu rin g intracellular Ca^* levels usin g FU R A -2 sp ectrofluorim etry in
response to fluoxetine treatm ent. 20x10* o f FU RA -2 toaded cells were su sp en d e d in H B S + C a ^ ^ a n d m aintained
in a cuvette a t 37°C.FU RA -2 fluorescence m easu rem en ts (340nm and 380nm excitation/500nm em ission) were
perfo rm ed in a w ater-jacketed cuvette with c ontinuous stirring. SOjiM fluoxetine w as add ed a f te r approx 250s.
M axim um and m inim um fluorescence values were o b tain e d by a d d in g 0.1% T riton-X 100 a n d 3 m M EGTA (pH
7.4) sequentially a t the end o f eac h experim ent. Ca^^ d ependent FURA-2 flu o resce n ce w as c a lib ra te d using
standard tec h n iq u es calculating th e 340/380nM fluorescence ratio using F L W inlab softw are assum ing a Kd
v alu e o f 2 2 4 n M . E x perim ent w as carried o u t a t least three tim es on in d ep en d en t d ay s.
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Fig.5.7 Maprotiline increased intracellular calcium levels in MUTU-I cells
Two representative experiments (A + B ) measuring intracellular

levels using FURA-2 spectrofluorim etry in

response to maprotiline treatment. 20x10* o f FURA-2 loaded cells were suspended in HBS + Ca^^ and
maintained in a cuvette at 37°C.FURA-2 fluorescence measurements (340nm and 380nm excitation/SOOnm
emission) were performed in a water-jacketed cuvette with continuous stirring. SOjiM maprotiline was added
after approx 250s. M axim um and m inim um fluorescence values were obtained by adding 0.1% T riton-X 100
and 3m M EG I'A (pH 7.4) sequentially at the end o f each experiment. Ca^^ dependent FURA-2 fluorescence was
calibrated using standard techniques calculating the 340/380nM fluorescence ratio using FL W inlab software
assuming a Kd value o f 224nM . Experiment was carried out at least three times on independent days.
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Fig^.8

lonomycin and thapsigargin Increased intracellular calcium levels in M U T II-I cells

Representative experiments measuring intracellular Ca^* levels using FURA-2 spectrofluorim etry in response to
ionomyein ( l| iM ) ( A ) and thapsigargin (2 n M ) (B) treatment. 20x10^ o f FURA-2 loaded cells were suspended in
HBS + Ca^* and maintained in a cuvette at 37°C.FURA-2 fluorescence measurements (340nm and 380nm
excitation/5OOnm emission) were perform ed in a water-jacketed cuvette with continuous stirring. ln M
ionomyein

or 2 n M thapsigargin was added after approx 250s. Maximum and minimum fluorescence values

were obtained by adding 0.1% T riton-X 100 and 3m M EG TA (pH 7.4) sequentially at the end o f each
experiment. Ca^"^ dependent FURA-2 fluorescence was calibrated using standard techniques calculating the
340/380nM fluorescence ratio using FL W inlab software assuming a Kd value o f 224nM . Experiment was
carried out at least three times on independent days.
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Fig.S.9 F lu o x e tin e , a n d m a p ro tilin e in c re a s e d c y to so lic c a lc iu m levels in IMIITU-I cells
l . 5 x 10® cells/w ell w ere seeded i n a 9 6 w e l l plate. A fter 18-24h, th e m edia w as rem oved and 200(xl o f FURA-2
loading solution (4^iM FU R A-2) w as a d d e d to each w ell a n d left fo r 2 -3h in the d ark a t room tem perature. C ells
were w ash ed tw ice in p re-w arm ed H B S-B SA a n d left to incubate fo r 30m in a t 37°C . Plates were read a t Omin
be fo re th e addition o f EGTA (3m M ), C a C l 2 (lm M ), ionom ycin {l|xM ), thapsigargin (IjiM ) (th ap ) fluoxetine
(5 0 |iM ) (fix), m aprotiline (50fiM ) (m a p ) a n d then read again a t 1 ,3 a n d 5min on a G EM IN I SpectraM A X p la te
re a d e r a t 340nm and 380nm excitation and em ission a t 5 10nM . M axim um and m inim um fluorescence v alu es
were o b ta in e d by a d d in g 0.1% T riton-X 100 a n d 3m M EGTA (pH 7.4). T he [C a2+ ]j w as c alcu la te d from the
340/380nM fluorescence ratio c alib ra ted using sta n d ard techniques. V alues represent the m e a n + SEM o f tw o
in d ep e n d en t e x p erim e n ts with eac h v a lu e in triplicate.
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Removal o f extracellular calcium influx prevents fluoxetine- and m aprotiline- induced DG-7S

cell death.
DG-75 cells were pre-treated for Ih with EGTA ( I mM) o r BAPTA-AM (25|xM) followed by treatm ent with
fluoxetine (fluox) (50nM ) (A) or maprotiline (m apro) (SO^M) (B) for 72h (A). Cells were harvested by
centrifugation and fixed overnight in 70% ethanol. FACS analysis was carried out upon incubation with
propidium iodide an d RNase A. 10,000 cells were counted using appropriate gates. Values represent the m ean ±
SEM o fth re e independent experim ents. *** P<0.001, *P<0.05 [Based on a one-w ay ANOVA Test followed by
theB onferroni Multiple C om parison Test, com paringall colum ns using GRAPHPAD Prism4 software].
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5.23.2 DG-75 cells were not dependent on calcium for growth
As extracellular influxes o f calcium were found to be important for fluoxetineand maprotiline- mediated cell death in DG-75 cells, we wished to evaluate if the deathinducing effects o f fluoxetine and maprotiline were dependent on extracellular calcium
influx to induce cell death o f DG-75 cells or whether it was calcium-dependent cell
proliferation. RPMI-1640 contains 0.42mM calcium (Sigma-Aldrich) and so, in order to
determine if DG-75 cell growth is dependent on the levels o f cytoplasmic calcium in
vitro, experiments were carried out in MEM containing no calcium (with 10% (v/v)
FBS, L-glutamine, penicillin and streptomycin, alpha-thioglycerol, sodium pyruvate and
HEPES) supplemented with CaCli, so that final calcium concentrations were adjusted to
0.1 nM, InM, lOOnM, InM, lOp-M, 100)J,M and ImM respectively (Fig.5.11).
From these experiments, it was found that DG-75 cells were not dependent on
extracellular calcium for growth.

5.2.33 Calcium Influx is important for fluoxetine- and maprotiline-induced DG-75
cell death
To assess if fluoxetine and maprotiline were able to induce PCD in the DG-75
cell line in the presence o f various amounts o f calcium, cells were grown in MEM
containing no calcium supplemented with CaCb so that final calcium concentrations
were adjusted to O.lnM, InM, lOOnM, InM, 10|j.M, lOOp-M and ImM respectively,
before treatment with fluoxetine or maprotiline (50|iM ) for 72h (to coincide with
maximum cell death effect). Again, it was found that, in the presence o f EGTA, neither
fluoxetine nor maprotiline could induce PCD in the DG-75 cell line. It was found that,
as the extracellular calcium levels increased (from between O.lnM -lmM ), the amount
o f cell death induced by fluoxetine and maprotiline also increased (Fig. 5.12).

5.2.3.4 Fluoxetine and maprotiline did not increase initial cytosolic calcium levels
As described in 5.2.1, intracellular cytosolic Ca

concentration can be measured using

FURA-2 loaded cells. This method only allows for instant (O-lOmin) readings of
[Ca^^]i, as measurements are dependent on the integrity o f cells in the cuvette. As in
section 5.2.2.4, ratiometric measurements o f calcium release in the cytoplasm o f cells
using spectrofluorimetry o f isolated cells in a cuvette were initially used to determine if
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C ontrol
Fluoxetine
^ ^ ■ M a p r o tilin e

F ig ^ .l2

In cr easin g levels o f e x t r a c e llu la r calcium increased f lu o x e tin e - a n d m aprotilin e-in d u ced D G -7S

c e l l d ea th

O G -75 cells in response to fluoxetine a n d m aprotlline in various c o n ce n lra tio n s o f calcium . D G -75 cells were
seeded in R P M I-1 6 4 0 ( n o r m a l) o r M EM (no c alciu m ) follow ed by trea tm e n t with E G T A (Im M ). fluoxetine
(50jiM ) o r m aprotiline (5 0 |iM ) fo r 72h. C ells were h a rv este d by c entrifugation and fixed overnight in 7 0%
ethanol. FACS a n aly sis w as c arried o u t u p o n in cu b atio n with propidium iodide a n d R N ase A. 10,000 cells were
c ounted using a p p ro p ria te gates. V alues represent the m e a n ± SEM o f three in d ep e n d en t experim ents.
***P<O.OOI, ** P<0.01, * P<0.05 [B ased o n a tw o-w ay A N O V A T est follow ed by th e B onferroni M ultiple
C o m p ariso n re st,d ru g tre a te d co lu m n s to controls G RA PH PA D Prism 4 softw are].
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fluoxetine and maprotiline treatment o f MUTU-I or DG-75 cells resulted in a release of
cytoplasmic calcium. However, using this methodology, it was found that the results
obtained were difficult to reproduce with small error bars. It was therefore decided to
perform the same experiments in a 96 well format in triplicate wells on two independent
days.
A number o f experiments were carried out on independent days. From these
experiments, in general it was found that fluoxetine and maprotiline did not increase
[Ca^”^]i in DG-75 cells compared to ionomycin (Figs.5.13-5.15). A plot o f [Ca^^]i in
response to fluoxetine treatment is displayed in Figure 5.13 (A and B). The same
experiment was carried out for maprotiline and is presented in Figure 5.14 (A and B).
In order to confirm such results, the experimental design was modified to allow
for better reproducibility. Cells were incubated with FURA-2 in a 96-well format with
or without EGTA followed by treatment with fluoxetine and maprotiline. From these
experiments it was found that both fluoxetine and maprotiline did not increase [Ca ]i
by intracellular release in the DG-75 ccll line (Fig. 5.16). These results are consistent
with the intracellular calcium chelator, BAPTA-AM having no effect on fluoxetine- or
maprotiline- induced DG-75 cell death and the insensitivity o f fluoxetine- and
maprotiline- induced DG-75 cell death to various [Ca ], supporting the hypothesis that
fluoxetine and maprotiline do not induce PCD in DG-75 cells by releasing intracellular
calcium stores. Ionomycin was found to have a similar effect as that found for the
MUTU-I cell line, in that ionomycin-treated cells show a decrease in [Ca ]j followed by
a gradual increase after 5min. Interestingly, using the 96-well method to detect
intracellular calcium release, thapsigargin was found not to release o f calcium into the
cytoplasm o f DG-75 cells. However, in the spectrofluorimetric cuvette experiment,
thapsigargin was found to release intracellular calcium. As the 96-well methodology
consisted of two separate experiments carried out in triplicate, these results show,
within experimental error that thapsigargin does not release intracellular calcium in DG75 cells consistent with either a) thapsigargin having no effect in DG-75 cells or b) with
DG-75 cells having low stored ER calcium.
In the present study, inhibition o f extracellular calcium influx prevented
fluoxetine- and maprotiline-mediated cell death o f DG-75 cells. Fluoxetine and
I

maprotiline did not increase [Ca ]j levels in DG-75 cells when extracellular calcium
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Fig.S.13 Fluoxetine did not increase in tra c e llu la r calcium levels in DG-7S cells

Two representative experiments (A + B ) measuring intracellular Ca^^ levels using FURA-2 spectrofluorimetry in
response to fluoxetine treatment. 20x10* o f FURA-2 loaded cells were suspended in HBS + Ca^’^ and maintained
in a cuvette at 37°C.FURA-2 fluorescence measurements (340nM and 380nMexcitation/500nM emission) were
performed in a water-jacketed cuvette w itli continuous stirring. SOjiM fluoxetine was added afterapprox 250s.
Maxim um and m inim um fluorescence values were obtained by adding 0.1% T riton-X 100 and 3m M EGTA (pH
7.4) sequentially at the end o f each experiment. Ca^^ dependent FURA-2 fluorescence was calibrated using
standard techniques calculating the 340/380nM fluorescence ratio using FL W inlab software assuming a Kd
value o f 224nM . Experiment was carried out at least three times on independent days.
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Fig.S.14 M aprotiline did not increase intracellular calcium levels in DG-75 cells
Two representative experiments (A + B ) measuring intracellular

levels using FURA-2 spectrofluorimetry in

response to maprotiline treatment. 20x10^ o f FURA-2 loaded cells were suspended in HBS + Ca^* and
maintained in a cuvette at 37°C.FURA-2 fluorescence measurements (340nM and 380nMexcitation/500nM
emission) were performed in a water-jacketed cuvette with continuous stirring. SOjiM maprotiline was added
after approx 250s. M axim um and m inim um fluorescence values were obtained by adding 0.1% T riton-X 100
and 3m M EGTA (pH 7.4) sequentially at the end o f each experiment. Ca?* dependent FURA-2 fluorescence was
calibrated using standard techniques calculating the 340/380nM fluorescence ratio using FL W iniab software
assuminga Kd value o f2 2 4 n M . Experiment was carried ou tatlea st three times on independent days.
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Fig .5.1 5 Ionomycin and thapsigargin increased intracellular calcium levels in DG-7S cells
R ep resentative ex p erim en ts m easuring intracellular

levels usin g FU RA -2 spectrofluorim etry in response to

ionom ycin ( l n M ) ( A ) a n d thapsigargin (2 n M ) (B )tre a tm e n t. 2 0 x I 0 * o f FURA-2 loaded cells were su sp en d ed in
H BS + Ca^^ and m aintained

in a cuvette a t 37°C .FU R A -2

fluorescence m easu re m e n ts (340nM

and

380nM excitation/500nM em ission) w ere p e rfo rm e d in a w a ter-jac k ete d cuvette with c o n tin u o u s stirring. IjiM
ionom ycin

o r 2 |iM thapsigargin w as a d d e d a fte r ap p ro x 250s. M axim um and m inim um fluorescence values

were o b ta in e d by adding 0.1% T riton-X 100 a n d 3m M E G TA (pH 7.4) sequentially a t the end o f e a c h
experim ent. Ca^^ d ep en d en t FlJRA-2 fluorescence w as c alib ra ted using standard techniques calculating the
340/380nM fluorescence ratio using FL W inlab so ftw are assu m in g a Kd valu e o f 2 2 4 n M . E x perim ent w as
carried o u t a t least three tim es on in d ep en d en t d ay s.
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Fig.S.16 Fluoxetine and m a p ro tilin e did not increase cytosolic calcium levels in DG-7S cells

1.5

X

10^ cells/well were seeded in a 96 w ell plate. A fte r 18-24h, the media was removed and 200)il o f FURA-2

loading solution (4)iM FU R A-2) was added to each w ell and left fo r 2-3h in the dark at room temperature. Cells
were washed twice in pre-warmcd HBS-BSA and left to incubate fo r 30min at 37°C. Plates were read at Omin
before the addition o f EGTA (3m M ), CaCl 2 (lm M ), ionom ycin (I|jM ) , thapsigargin ( l( iM ) (thap) fluoxetine
(50 nM ) (fb i), m aprotiline (5 0 |iM ) (m ap) and then read again at 1 ,3 and 5m in on a G E M IN I Spectra M A X plate
reader at 340nm and 380nm excitation and emission at 5IOnm. Maximum and m inimum fluorescence values
were obtained by adding 0.1% T riton-X 100 and 3m M EGTA (pH 7.4). The [Ca2+]| was calculated from the
340/380nm fluorescence ratio calibrated using standard techniques. Values represent the mean + SEM o f two
independent experiments with each value in triplicate. ***P < 0 .0 0 l (Based ona two-way A N O V A Test follow ed
by the Bonferroni M ultiple Comparison Test, drug treated columns to controls GRAPHPAD Prism4 software].
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influx was blocked (using EGTA) or available (Fig.5.16). These results support the
hypothesis that extracellular calcium influx is involved in the mechanism o f fluoxetine
and maprotiline DG-75 cell death.

S.2.3.5 Calcium is differentially required for fluoxetine and maprotiline MUTU-I
and DG-75 cell death
The above results allude to the involvement o f calcium in the Type-1 and Type11 PCD responses to the antidepressants fluoxetine and maprotiline. Intracellular
calcium changes are essential for a MUTU-I cell death response (Type-I, apoptotic),
whereas extracellular calcium influx is important in the DG-75 cell line response (TypeII, autophagic). It is worth noting, that [Ca’‘^]j in response to fluoxetine and maprotiline
treatment could only be measured after a O-lOmin time scale and not over a 0-24h or a
0-72h time scale relative to fluoxetine- and maprotiline- induced cell death o f MUTU-I
and DG-75 cells respectively.
The implications o f such findings and an attempt to explain a possible reasoning
for these observations will be discussed in Section 5.3. Further experimentation on the
long-term effects o f fluoxetine and maprotiline on calcium signalling will be required to
further deduce the differential role o f calcium in the DG-75 Type-II autophagic or
MUTU-I apoptotic cell death responses to fluoxetine and maprotiline.

5.2.4

c-myc levels in selected cell lines
The protein encoded by c-myc in normal circumstances is a multifunctional,

nuclear phosphoprotein that plays a role in cell cycle progression, apoptosis and cellular
transformation. It functions as a transcription factor that regulates transcription o f
specific target genes. Burkitt’s lymphoma is characterised by consistent reciprocal
chromosomal translocations involving chromosome segment 8q24, which joins the
proto-oncogene c-myc and one o f the chromosome segments bearing the bearing the
immunoglobulin genes. These chromosomal translocations have been presumed to
activate the c-myc gene by disturbing its regulated expression and several models have
been proposed that suggest mechanisms by which this deregulation may be produced.
(Murphy et a l, 1986). There is evidence to show that alternative translation initiations
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from an upstream, in-frame non-AUG (CUG) and a downstream AUG start site result in
the production of two isoforms of c-myc (64kDa and 67kDa) with distinct N-termini.
In order to confirm previous findings that BL cell lines express c-myc. Western
Blot analysis for c-myc detection was carried out. Mouse monoclonal IgGl c-myc sc-40
antibody from Santa Cruz was first used to probe for c-myc expression. This antibody
recognises an epitope corresponding to amino acids 408-439 within the carboxy
terminal domain of c-myc of human origin. This antibody is recommended for detection
of c-myc p67 of mouse, rat and human origin. Over a series of blots using this antibody,
analysing c-myc levels in DG-75 and MUTU-I cells in response to fluoxetine and
maprotiline, the acquirement of a clean blot for detection of the full c-myc oncoprotein
(67kDa) was difficult. It was found that a number of bands for c-myc appeared with the
most prominent bands found at approximately, 64-67kDa and 27-30kDa. Non-specific
bands have been observed by others for c-myc oncoprotein detection (Kuttler et a l,
2001, Ruf et al., 1999) and published sequence data of the human c-myc gene have
indicated a coding capacity of c-myc polypeptide to generate two proteins of 32kDa and
58kDa respectively both of which have been detected in extracts of human cells (Gazin
et a l, 1986).
Figure 5.17 shows a number of representative images from Western Blot
analysis detection of the c-myc protein in MUTU-I cells either untreated or treated with
fluoxetine (SO^iM) or maprotiline (50|nM). Detection of the full length c-myc protein
was difficult, because a prominent band at ~30kDa consistently appeared upon instant
exposure, before the detection of the 67kDa band could be recognised. These results
appear to be consistent with a number of previous publications reporting changes in cmyc levels by measuring RNA instead of detecting the c-myc oncoprotein by Western
blotting.
A band at 62-67kDa was evident in the majority of MUTU-I cell lysates. At 24h
of treatment with fluoxetine and maprotiline, the amount of c-myc protein was found to
be substantially reduced in response to fluoxetine treatment, as well as reduced in
response to maprotiline treatment. As a time of 24h represented the maximal amount of
cell death activity (Sections 3.2.3.2 and 3.2.3.3), it was difficult to obtain protein from
fluoxetine- and maprotiline- treated MUTU-I lysates. An earlier incubation period (8h)
(Fig.5.17B) with fluoxetine or maprotiline treatment also showed reductions in c-myc
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F ig.5.17 F luoxetine and m aprotiline reduce c-myc protein levels in MUTU-I cells

c-myc detection in M UTU-I cells tre a te d with o r w ithout fluoxetine (5 0 |iM ) o r m aprotiline (50|iIVI). W hole
cell lysates were prepared from su b-confluent MUTU-I cell treated with m aprotiline (50^iM ) a n d fluoxetine
(SO^M) for 24h (A, B , D ) an d 8h (C). Protein w as resolved by SDS-PAGE an d probed with a n ti-c - w c
antibody (Santa-C ruz). B lots w ere stripped a n d re-probed w ith p -actin a s a loading control. R esults are
representative o f three sep arate experim ents.
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levels. Figure 5.17B was included, despite the lack of loading control to demonstrate the
possible appearance of a doublet band for c-myc at 60-67kDa.
Figure 5.18 shows a number of representative images from Western Blot
analysis detection of the c-myc protein in DG-75 cells, untreated or treated with
fluoxetine (50|a,M) or maprotiline (50|aM). Bands at 62-67kDa and ~30kDa were
evident in the majority of DG-75 cell lysates probed for c-myc. At 72h of treatment with
fluoxetine and maprotiline, the intensity of this band was found to be reduced in the
majority of cases in response to fluoxetine and maprotiline treatment. As 72h
represented the maximal amount of cell death activity (Sections 3.2.3.2 and 3.2.3.3), it
was difficult to obtain protein from fluoxetine and maprotiline treated DG-75 cell
lysates. An earlier incubation period (48h) (Fig.5.18C) with fluoxetine or maprotiline
treatment also showed reductions in c-myc levels perhaps with the presence of two
isoforms of c-myc in MUTU-I cells.
To assess if the above results were antibody- specific, another antibody was used
to probe for c-myc. Sigma antibody (M4439) is an antibody that has specificity for the
residues 408-439 (same epitope as Santa Cruz antibody) on c-myc. The use of this
antibody was shown in Figure 5.19 to detect c-myc levels in DG-75 and MUTU-1 cells.
Using this antibody, again, more than one band for c-myc appeared with the most
prominent bands found at approximately, 64-67kDa and 27-30kDa in DG-75 cells and
bands at approximately 50kDa and 27-30kDa in the MUTU-I cell line (Fig.5.19). In
order to see if it was just the BL cell lines that display multiple bands for c-myc, the HL60 cell line was also tested for c-myc expression. It was found that HL-60 cells show a
strong intensity band at approximately 64kDa consistent with c-myc protein expression.
However, the existence of another band at 25-30kDa, similar to that seen in the BL cell
lines is also present, implying perhaps a non-specific binding effect (Fig.5.19) or
alluding to another gene product of translocated MYC.
Using Western Blot analysis, these results show that c-myc protein levels are
reduced in both the MUTU-I and DG-75 cell lines in response to fluoxetine and
maprotiline treatment consistent with previous reports that fluoxetine reduces c-myc
RNA levels in A549, HT29 (Stepulak et al., 2008) and in Burkitt’s lymphoma cells
(Serafeim et al., 2003).

220

Chapters. Results

16(> kD a-*^
105kD a<W

62kDi) i T ^
1 5 k D |^

-

47.2kDi^
32.1kDaj—
25kD a

I_

D
OSkDa
75kDa
5U(Da

15kDa
2SkDa
LSkDa

SOkDa
35kDa

72h

Fig.5.18

Fluoxetine and m aprotiline reduce c-myc protein levels in DG-751 cells

c-myc detection in DG-75 cells treated with o r w ith ou t fluoxetine (SOjiM) o r m aprotiline (5 0 |iM ) fo r4 8 h (A )
o r 72h(B ,C ,D ). W hole cell lysates were prepared from su b -confluent M UTU-I cell treated with m aprotiline
(50|iM ) a n d fluoxetine (50|iM ) fo r 48h (A ) a n d 72h (B, C a n d D). Protein w as resolved by SD S-PA G E an d
probed with an ti-c-» ^ c antibody (Santa-C ruz). Blots were stripped a n d re-probed with P-actin as a loading
control. Results are representative o f three sep arate experim ents.
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Fig.5.19 L evels o f c-myc in BL cells treated with fluoxetine or m aprotiline and in the H L-60 cell line
W hole cell lysates were prepared from sub-confluent DG-75(DG) a n d MUTU-I (M ) cell lines tre a te d with
m aprotiline (50|iM ) an d fluoxetine (SOfiM) f o r 2 4 h (M )and 72h (DG) a n d from sub-confluent H L-60 cells.
Protein w as resolved by SD S-PA G E a n d probed with anti-c-w yc (Sigm a-A ldrich A ntibody) an tib o d y . B lots
were stripped and re-probed with P-actin as a loading control. R esults are representative o f three sep arate
experim ents.
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5.2.5

p53 levels in selected cell lines

As previously mentioned, apoptosis triggered or sensitised by c-myc can be
either p53-dependent or p53-independent, determined by the cell type and apoptotic
trigger. p53 promotes apoptosis through the direct activation o f Bax (Ashe and Berry,
2003). c-myc also appears to functionally activate Bax (Hoffman and Liebermann,
2008).The ARF-M dm2-p53 regulatory loop controls the level o f p53 protein, c-myc
activation leads to increased ARF expression resulting in increased p53 protein (Zindy
et al., 1998). As p53 appears to have an important role in the responses o f MYCtransformed cells, the presence of p53 in both the DG-75 and MUTU-I cell lines will be
investigated to evaluate if p53 expression is involved in the differential responses o f
these cell lines to fluoxetine and maprotiline.
It was found that both the MUTU-I and DG-75 cell lines express p53 protein
(Fig.5.20), with the MUTU-I cell line appearing to have more p53 than the DG-75 cell
line. As p53 is expressed in both the DG-75 and MUTU-I cell lines, it is unlikely to be
involved in the differential responses o f these two cell lines to fluoxetine and
maprotiline.

5.2.6 Fluoxetine and m aprotiline increased p27 levels in the DG-75 cell line but not
in the MUTU-I cell line.

As previously mentioned, c-myc accelerates cell proliferation through the
downregulation o f p27*^''’'. Downregulation o f c-myc results in the increase o f p27'^'’’'
which in turn results in the G1 arrest o f proliferating cells (Carey et al., 2000).
p27Kip Idependent cell killing has in the past been associated with a caspase-independent
mode of cell death involving the activation o f autophagy (Chen et al., 2008). To
evaluate a difference in role for p27'^'’’' in MUTU-I and DG-75 cell lines, levels o f
p27K.ipiprotein were investigated. It was found that DG-75 cells appear to contain more
p

2

7

Kipi

MUTU-I cells relative to loading controls (Fig.5.21B) and this might be

associated with the resistance o f DG-75 cells to chemotherapeutic agents.
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SOkDa
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Fig.5.20

Levels o f p-53 protein in BL and oth er cell lines used in this study

W hole cell lysates were p rep ared from sub-confluent cell lines.Protein w as resolved by SD S-PA G E an d
probed with anti- p-53 antibody. Blots were stripped a n d re-probed with p-actin a s a loading control.
R esults are representative o f three se p arate experim ents.
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F lu o x e tin e an d m a p r o tiiin e in c re a se d p27 lev e ls in the D G -7 5 c ell lin e but n ot in th e

IVIUTU-I c e ll lin e.

W hole cell lysates were p rep ared from sub-confluent MIJTU-I (A ) a n d DG-75 (B) cell lines an d treated
with fluoxetine (5 0 |iM ) o r m aprotiiine (5 0 |iM ) for 24h (A) o r 72h(B ). Protein w as resolved by SDS-PAGE
and probed with anti-p27 antibody. Blots were stripped and re-probed with P-actin a s a loading control.
R esults are representative o f three se p a ra te experim ents.
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In order to assess if p27*^'‘’' was involved in the differential response o f DG-75
and MUTU-I cells to fluoxetine and maprotiline, levels o f p27*^'’’' were investigated by
Western blot analysis. After 24h o f treatment with fluoxetine or maprotiline, the levels
o f p27

in the MUTU-I cell line were reduced, compared to control treated cells

(Fig.5.21A). However, after 72h o f treatment with fluoxetine and maprotiline, levels
ofp27

significantly increased in the DG-75 cell line compared to controls

(Fig.5.21B). This result suggests that upregulation o f p27

in DG-75 cells might be

involved in the autophagic Type-II PCD death response o f DG-75 cells to fluoxetine
and maprotiline indicating a differential role for p27'^'’’' in the autophagic and apoptotic
cell death responses. It is also worth noting that p27 may be phosphorylated in DG-75
cells as indicated by the existence of a band at a molecular weight o f between 3035kDa.

5.2.7 Fluoxetine and maprotiline reduced pAKT levels in both the DG-75 and
MUTU-1 cell lines
Akt also promotes cell survival by inhibiting apoptosis by phosphorylating and
inactivating several targets. As p-AKT has been found to be upregulated in BL and is
involved in PCD including Type-II PCD, the effects o f fluoxetine and maprotiline on
the two BL cell lines, MUTU-I and DG-75 were investigated. p-Akt 1/2/3 (Ser 473)
antibody recognises an epitope corresponding to phosphorylated Ser 473 o f A ktl of
human origin. This antibody detects active phosphorylated Aktl (Ser 473) and
phosphorylated Akt2 and Akt3.
It was found that the MUTU-I cell line contained higher p-AKT compared to the
DG-75 cell line. It was also found that in both the MUTU-I and DG-75 cell lines,
treatment with fluoxetine or maprotiline reduced the expression levels o f p-AKT
(Fig.5.22).

5.2.8 CKS-1 levels in response to fluoxetine and maprotiline
c-myc suppresses p27*^‘'’' by inducing CSK-1. CSK-1 was previously speculated
to be the target for fluoxetine, where fluoxetine was thought to act as a functional
antagonist o f CKS-1, reducing its abilities to inhibit p27'“'’'(Krishnan et al., 2008). It
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F l u o x e t i n e a n d m a p r o t i l i n e r e d u c e d p A K T l e v e l s in b o th the IMUTU-I a n d D G - 7 5 c e l l li n e s

W hole c ell ly sa te s w ere p re p a re d from s u b -c o n flu e n t M U TU -I (A ) a n d D G -75 (B ) c e ll lines a n d trea te d
with flu o x e tin e (5 0 |iM ) o r m ap ro tilin e (5 0 n M ) FO R 2 4 h (A ) o r 7 2 h (B). P ro te in w a s re so lv e d by SD SPA G E a n d p ro b e d w ith a n ti-p A K T a n tib o d y . B lo ts w ere strip p e d a n d re -p ro b e d w ith p -a c tin a s a lo ad in g
co n tro l. R e su lts a re re p re se n ta tiv e o f th ree s e p a ra te e x p e rim e n ts.

227

Chapter 5. Results
was therefore decided to measure CKS-1 levels in the MUTU-I and DG-75 cell lines in
response to fluoxetine and maprotiline. The antibody used was the C K Sl/2 (FL-79)
antibody that recognises an epitope corresponding to amino acids 1-79 o f full length
CKS-1 p9 o f human origin commonly used to detect CKSl and Cks2. CKS-1 is a 9kDa
protein and was therefore run on a 15% SDS gel, transferred for 20min before probing
for CKS-1.
Figure 5.23 consists of two representative Western Blots for CKS-1 detection (A
and B) in MUTU-I and DG-75 cells in response to fluoxetine and maprotiline. The
images shown are equivocal, as CKS-1 detection was difficult. However, CKS-1
appeared to be expressed in the MUTU-I cell line and appeared to be reduced upon
treatment with fluoxetine and maprotiline (Fig. 5.23). CKS-1 was also expressed in the
DG-75 cell line but appeared not to change in response to fluoxetine and maprotiline
(Fig.5.23). Further experimentation using >15% SDS-PAGE electrophoresis is needed
to obtain cleaner, more consistent results. However, from the results o f this study, it is
unlikely that fluoxetine and maprotiline target CKS-1, with the observations of
Krishnan et al., (2008) most likely attributed to a downstream effect o f c-myc reductions
in fluoxetine/maprotiline- treated cells. This will be discussed further in Section 5.3.

5.3 Discussion
The results of this current Chapter provide a further insight into the differential
response o f the Burkitt’s lymphoma cell lines, MUTU-I and DG-75 to the actions o f the
antidepressants fluoxetine and maprotiline. In this study, it was found that calcium
signalling has a role in both the response o f the MUTU-I and DG-75 cell lines to
fluoxetine and maprotiline, with extracellular influx o f Ca

and intracellular Ca

release being important for DG-75 (Fig.5.10) and MUTU-I (Fig. 5.3) cells respectively.
In the current study, it was found that fluoxetine and maprotiline increased
cytosolic calcium levels in MUTU-I cells with intracellular calcium identified as
essential for fluoxetine- and maprotiline- induced cell death o f MUTU-I cells. These
results are consistent with previous studies where fluoxetine has been shown to trigger
Ca

flux in BL cells (Serafeim et al., 2003) and maprotiline has been shown to increase

intracellular calcium levels in human prostate cancer (Hsu et al., 2004a) and
neuroblastoma cells (Hsu et al., 2004a).
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F ig.5.23

CKS-1 levels in MUTU-I and DG-7S cells treated with flu oxetin e or m aprotiline

I'wo sep arate experim ents (A, B )

fo r C K S-I detection. W hole cell lysates were prepared from sub

confluent MUTU-1 an d DG-75 cell lines an d treated with fluoxetine (Fix) (50|iM ) o r m aprotiline (M ap)
(50|iM ) for 24h (M ) or 72h(D). Protein w as resolved by SDS-PAGE an d probed with anti-CKS-1 antibody.
Blots w ere stripped a n d re-probed with P-actin a s a loading control. R esults are rep resentative o f three
sepa ra te ex perim ents.
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Fluoxetine and maprotiline were unable to increase cytoplasmic calcium levels in the
DG-75 cell lines. However, extracellular calcium influx was found to be important for
fluoxetine- and maprotiline-induced DG-75 cell death. The DG-75 cell line was found
by this study to have lower ER stored calcium (based on thapsigargin treated DG-75
cells Fig.5.9) than the MUTU-I cell line (Fig.5.9), consistent with previous observations
that show that; a) cells with defective intracellular calcium stores are unable to elicit the
apoptotic response and undertake an alternative mechanism o f cell suicide accompanied
by excessive amounts o f autophagy b) Bax Bak deficient cells have a reduced resting
concentration o f calcium in the ER resulting in a decreased uptake o f Ca

') +

by

mitochondria from the ER (Scorrano et al., 2003). As fluoxetine- and maprotilineinduced DG-75 cell death is sensitive to EGTA, a calcium chelator, preventing the
extracellular influx o f calcium into the cell, it is speculated, that such extracellular
influxes may be needed for the autophagic stress response o f these cells to fluoxetine
and maprotiline. Intracellular calcium chelators have been shown to suppress
constitutive autophagy in hepatocytes (Gordon et al., 1993) implying a role for calcium
cell signalling in the autophagic Type-II cell death response. In the case o f the DG-75
- ^1

cell line, sequestered intracellular calcium may result in low ER Ca

levels and could

explain the increase in cell death upon sequestering more Ca^^ using BAPTA-AM.
Ca^^ is important for the expression o f c-myc (Takuwa et al., 1993) and in
Burkitt’s lymphoma, high expression o f c-myc can result in sustained levels o f [Ca^^Ji .
Therefore, a perturbation in calcium signalling may render BL cells sensitive to cell
death. Based on the results from this Chapter and previous studies o f c-myc involvement
in antidepressant cell death, downregulation o f the c-myc protein appears to be
important in the responses of both cell lines. Although not easily detected by Western
blotting, c-myc was found to be reduced in MUTU-I and DG-75 cells in response to
fluoxetine and maprotiline. These results are consistent with previous studies that have
shown that the amount o f c-myc RNA is reduced in biopsy-like BL cell lines in response
to fluoxetine (Serafeim et al., 2003). Further confirmatory experiments using RT-PCR
to measure c-myc RNA levels in MUTU-I and GDG-75 cells in response to fluoxetine
and maprotiline would be useful. It is not clear if such reductions in c-myc are from a
downstream effect o f some other perturbation in cell signalling, like cytosolic calcium
levels, or whether, c-myc is the initiating point for the activation o f PCD in response to
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fluoxetine and maprotiline. In addition, loss o f p53 does not appear to be responsible for
the differential response o f these cell lines to fluoxetine or maprotiline and p-AKT
appears to play a role in both DG-75 and MUTU-1 cell death responses conclusive with
fluoxetine

and

maprotiline

affecting

some

part

of

the

PI3K/mTOR/growth

receptor/calcium regulated pathways.
In order to dissect such responses further, levels o f the CDK inhibitor protein,
p27'^'P' were investigated, myc suppresses p27’^‘’’' transcription. Downregulation o f cmyc results in the increase o f p27'^''’' which in turn results in the 01 arrest of
proliferating. In this study, levels o f p27*^'^' were increased in the DG-75 cell line on
treatment with fluoxetine and maprotiline. These results are consistent with

the

association between increased expression o f p27'^''’' with caspase-independent cell death
involving autophagy (Chen et al., 2008).
As mentioned previously, degradation o f p27'^''’' requires CKS-1 and c-myc has
been shown to induce C K Sl, thereby inhibiting p27'^‘’’'. Recently it was reported that
fluoxetine showed the potential to disrupt skp2-CKS-l

assembly required for

ubiquitination and proteasomal degradation o f p27'^''’' and p21 (Krishnan et al., 2008).
Fluoxetine was shown to increase p27'^''’', p21 and cyclin E. Krishnan et al (2008)
propose that fluoxetine may be considered as a functional antagonist to CKS-1, without
imparting a direct effect on its degradation but implying a direct involvement in
fluoxetine mediated GO/Gl arrest (Krishnan et al., 2008). In this current study, CKS-1
appeared to be expressed in the MUTU-I cell line and reduced upon treatment with
fluoxetine and maprotiline (Fig. 5.23). CKS-1 was also expressed in the DG-75 cell line
but appeared not to change in response to fluoxetine and maprotiline (Figs. 5.25 and
5.26). If CKS-1 inhibits p27'^''’' as proposed by Krishnan et al (2008) and fluoxetine
(maprotiline) directly targets CKS-1, then you would expect both cell lines treated with
fluoxetine to have a reduction in p27'*"''’'. In addition, it was claimed that CKS-1
inhibition results in cell death after a long-incubation period. The results presented in
Chapter 3 contradict such a proposal as MUTU-I cell death induced by fluoxetine and
maprotiline occurs from as early as 2h. Whether, such a discrepancy is due to the
differential response o f DG-75 and MUTU-I cells to CKS-1 inhibition or whether the
proposed theory o f CKS-1 inhibition is in fact a downstream effect o f another targetbased cell cycle perturbation requires further investigation.

Measurements o f c-myc.
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CKS-1,

mTOR pathway modulators and p-AKT RNA levels using RT-PCR

would help confirm the above results.
The results of this Chapter herein provide an insight into the differential
responses o f the two BL cell lines, DG-75 and MUTU-I to fluoxetine- and maprotilineinduced cell death (summarised in Figures 5.24 and 5.25), not only provides some
information on the role of calcium in programmed cell death pathways but also provides
more information to support the use o f these agents whether alone or in combination
with other agents in the treatment of haematopoietic malignancies.
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Fig.5.24 Response o fD G -7 5 cells to fluoxetine and m aprotiline
C alcium in flu x is im portant for flu o x e tin e - and m a protilin e- induced cell death

H ow ever, in the absence o f the pro-

apoptotic proteins, Bax and Bak , DG-75 cells are unable to elicit an apoptotic signal from the ER to the m itochondria
(th oug ht to be attributed to reduced stored-calcium levels in the E R ) . This, in com binatio n w ith reduced c-m yc levels and
a ctiva tio n o f p -A K T , p2 7 kip 1 levels increase p ro m o tin g G1 -S arrest o f DG-75 cells. Such an arrest elic its a stress response
on the cell, activa tin g excessive autophagy and m itochondrial fra gm entation eventually le a d in g to T y p e -ll program m ed cell
death.
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CHAPTER 6

ANTICANCER ACTIVITIES OF AMPHETAMINE ANALOGUES AND THEIR
ASSOCIATED SYNTHETIC IMPURITIES
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6.1 Introduction
6.1.1 Amphetamines
'‘Amphetamine remains the chem ist’s “Cinderella" molecule. No other compound has
displayed such a plethora o f pharmacological, biochemical and physiological
effects

nor have many other molecules served as so versatile a starting base fo r the

synthetic elaboration o f a host o f novel therapeutic agents” (Biel and Bopp, 1978,
Keating, 2001).
Amphetamine (AMPH) is the parent compound o f its own structural class,
comprising

a

broad

range

of

psychoactive

derivatives,

e.g.,

3,

4-

methylenedioxymethamphetamine (MDMA) (Ecstasy) and the N-methylated form,
methamphetamine (METH). Amphetamine is a homologue o f phenethylamine and is a
simple molecule o f only nine carbon atoms with one chiral centre (Fig.6.1).
Amphetamine and its many neurotoxic derivatives are recognised as substrates for
biogenetic amine transporters and promote non-vesicular release o f serotonin, dopamine
and noradrenaline. Amphetamines are o f great interest as relatively minor structural
changes can alter the pharmacology o f the molecule significantly. Simple changes in the
aromatic substitution pattern lead to compounds that may have potent actions on
presynaptic neuronal amine carriers and stores o f dopamine, noradrenaline, or serotonin
(Sulzer et al., 2005, Keating, 2001).
Synthetic amphetamine was first synthesised in 1887 by Lazar Edeleanu at the
University o f Berlin and was introduced commercially in 1932 by Smith Kline and
French as Benzedrine to be used as a clinical treatment for narcolepsy. Amphetamine,
methamphetamine and methylphenidate are still widely prescribed for weight control,
narcolepsy and ADHD. The first report on AMPH abuse and induction o f psychosis
followed soon after its commercial introduction in 1938, with its addictive potential
documented in 1937. The initial reports o f central nervous system neurotoxicity
appeared in the 1960s. As o f 2000, the U.S. Drug Enforcement Agency states that
METH is the most prevalent illicitly manufactured controlled substance and that 4% of
the American adult population have used amphetamines at least once (Sulzer et al.,
2005). Prior to strict control measures, amphetamine misuse was a significant problem
in Ireland. The non-availability o f legal amphetamines has dramatically reduced the
misuse o f amphetamines in Ireland until recently. In recent years, there has been a
236

Chapter 6. Results

Amphetamine

4-MTA

MDMA

MBDB

NH;

PCA

MDA

MDEA

HN-

NH;

PMA

Fig.6.1

PMEA

S tructures o f am phetam ine and its substituted analogues,

M D A , PCA and P M A and its related analogues, P M E A and P M M A .

PMMA

4 -M T A , M DIVIA, M B D B , M D E A ,

Chanter 6. Results
gradual increase in amphetamine use, recent surveys showed that 8.8% o f 18-24 year
olds have used amphetamines (2004), with 7.1% o f 15-34 year olds admitting to taking
Ecstasy at some stage in their lives, a statistic 1.7% higher than the E.U. average of
5.4% (O’Keefe, 2005 , Corrigan., 1994). Throughout the 1990’s, new ring-substituted
amphetamines began to appear on the illicit drug market. The motivation for these
newer analogues was bom out o f attempt to elude legislative control. The main
analogues

were

methylenedioxyethamphetamine

(MDEA),

N-methyl-1-

(3,4-

methylenedioxyphenyl)-2-butanamine (MBDB) and 4-methylthioamphetamine (4MTA) (Fig.6.1). As these drugs appeared, however, new drug legislation appeared
simultaneously in an attempt to halt the manufacture, trafficking and sale o f these drugs
on the black market. As a result o f the constant modification o f the amphetamine
backbone in an attempt to evade conviction, ‘Ecstasy’ has become a generic name for
tablets sold on the illicit drug market containing any o f the above compounds and other
non-amphetamine type compounds as adulterants and cutting agents. It is also possible
that the combined use o f amphetamine with MDMA/MDA could add to the risks (such
as toxicity and accident injury/death) associated with taking Ecstasy alone (Kavanagh et
a/., 2001).

For the purpose o f this study, the most important class o f amphetamines that will
be discussed are those that have a monosubstitution o f amphetamine at position four
(Fig.6.1).Amphetamines itself is a weak serotonin releasing agent (Keating, 2001),
however, substitution o f AMPH at position 4 ( para position) results in the significant
increase o f extracellular serotonin. Two classical examples include p-chloro- (PCA) and
/?-methoxyamphetamine (PMA) which both increase the release o f serotonin from rat
brain synaptosomes (Keating, 2001). The addition o f an or/Zzo-methoxy group at
position 4 decreases neuronal serotonin release (Fig.6.1) (Keating, 2001) but a 3trifluoromethyl substituent as in fenfluramine or a 3,4-disubstitution pattern gives a
relatively selective serotonin-releasing agent. If this substitution takes form o f a dioxole
ring,

as

in

MDA

or

MDMA

(Fig.6.1),

the

compounds

have

appreciable

catecholaminergic effects. Halogens or methoxy groups at this position induce
appreciable adrenergic properties.
Another selective serotonin releasing agent is 4-methylthioamphetamine (4MTA). 4-MTA is twice as potent as PCA at inhibiting synaptosomal uptake o f serotonin
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and it releases more serotonin than PCA (at equimolar concentrations) (Keating, 2001).
4-MTA was first synthesized in 1963 as an anorectic agent (Holland et a l , 1963) and
became the subject o f abuse when, in 1997, the first underground laboratory involved in
its manufacture was identified in the Netherlands. It is recognized as an MDMA-like
drug o f abuse (Dukat et a l , 2002, Khorana et a l , 2004) and is sold as tablets marked as
“Ecstasy” or “fiatliners” (Groombridge, 1998).

Seizures o f the drug reached over

25,000 tablets containing 4-MTA being confiscated in the United Kingdom. It is
classified as a Schedule

1 controlled substance (Poortman and Lock,

1999,

Communities, 1999, (EMCDDA), 1999). 4-MTA is reported to be a potent serotonin
releasing agent in brain synaptosomes (Huang et a l , 1992) with low affinity for
noradrenaline and dopamine sites and inhibits 5HT reuptake (Li et a l , 1996). 4-MTA
is also a selective reversible monoamine oxidase-A inhibitor (Li et al., 1996, Scorza et
a l , 1997, Hurtado-Guzman et a l , 2003).
The most exclusively studied 3,4-disubstituted compounds are those with a 3,4ethylenedioxy ring. The most well known o f these compounds o f the series include, 3,
4-methylenedioxyamphetamine

(MDA)

methylenedioxymethamphetmaine

and

two

(MDMA,

N-alkyl

Ecstasy,

derivatives,
E)

and

3,
3,

44-

methylenedioxyamphetmaine (MDEA, MDE, Eve).
The major metabolite o f MDMA, MDA serves as a chemical progenitor to
MDMA and is a psychedelic hallucinogenic drug o f the phenethylamine family with
some o f its pharmacological features retained in MDMA. MDA began to appear on the
recreational drug scene around 1963 to 1964. It was then inexpensive and readily
available as a research chemical from several scientific supply houses. Although now
illegal, MDA continues to be bought, sold, and used for recreational purposes, often in
the form o f tablets purporting to contain MDMA. The R-enantiomer o f MDA has
hallucinogenic-like pharmacology, presumably by acting directly at postsynaptic 5 -HT2
receptors and the S-enantiomer induces the release o f endogenous stores o f serotonin
and catecholamines (Nichols, 1994).
The N-methyl derivative o f MDA, MDMA is a commonly abused amphetamine
analogue was originally developed by MERCK in

1912 and was used by

psychotherapists until 1985 when it was assigned Schedule I status. MDMA induces the
release o f serotonin most likely through SERT and decreases intracellular serotonin
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levels in the brain (Steele et al., 1994, Rudnick and Wall, 1993). It is well known that
MDMA is selectively neurotoxic to brain 5-HT neurons in rats, guinea pigs and
primates as a function o f dose and dosing regimen (Ricaurte et al., 1985, Insel et al.,
1989, Green et al., 2003, Schmidt et al., 1986, Schmued, 2003, Capela et al., 2006b).
The exact mechanisms underlying the toxicity of MDMA are unknown but are thought
to depend on SERT activity. MDMA and its related metabolites have been found to be
toxic to numerous cell lines (Capela et al., 2006b, Capela et a l, 2006a, Carvalho et a l,
2002, Milhazes et a l, 2006, Carvalho et a l, 2004) and high concentrations of MDMA
(ImM) have also been shown to induce SERT-independent cytotoxic effects in a
number of cell lines (COS-7 wildtype, C0S-7-SERT overexpressing cells and SERT
expressing JAR cells) (Hayat et al., 2006).
The amphetamine analogues, 4-MTA, MDMA, MDA and PC A have been
previously shown to inhibit SERT activity with IC50 values of 74nM (4-MTA) (Holland
et al., 1963) , 425nM (MDMA) (Scorza et al., 1997), 478nM (MDA) (Huang et al.,
1992) and 182nM (PCA) (Higgs and Glennon, 1990) respectively. These amphetamines
also inhibit the activity of the noradrenaline transporter (2,375nM (4-MTA), 405nM
(MDMA), 266nM (MDA) and 207nM (PCA) ) and inhibit the activity of the dopamine
transporter (DAT) (3,073nM (4-MTA) , l,442nM (MDMA), 890nM (MDA) and
424nM (PCA) )(Holland et al., 1963, Scorza et al., 1997, Huang et al., 1992, Higgs and
Glermon,

1990). Amphetamines in general are thought to release stores of

catecholamines from nerve endings by converting the respective molecular transporters
into open channels (Sulzer et al., 2005). They are thought to compete with substrate for
the transporters, reversing the transport of monoamines by either binding as a substrate
or binding without being transported (Schonn et al., 2003). It has been difficult to
determine if amphetamines are genuine substrates of SERT, due to their lipophilic
nature and to the lack of a crystal structure of human SERT.

6.1.2 Amphetamines and anticancer drug development

In line with the general theme of the previous chapters, the original rationale
behind the contents of this Chapter was based upon the discovery that some SERT
ligands have the potential to act as pro-apoptotic agents in the treatment of cancer
(Meredith et al., 2005, Serafeim et al., 2002, Serafeim et al., 2003). As discussed in the
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preceding Section (6.1), amphetamine substitutions at position four result in the creation
of selective ligands for SERT over other monoamine transporters.
In the present chapter, a series (230 drugs) of novel amphetamine analogues
were obtained from Prof Mary Meegan (School of Pharmacy, TCD). These derivatives
included, 4-MTA analogues, with or without N-alkyl and /or C-a methyl or ethyl groups
and the structurally related 4-thioethyl series, chemical modifications of MDMA at C-6,
chemical modifications of MBDB at C-6, chemical modifications of MDMA based on
N-1 structure type and the isoquinolines. In this study, the potential anticancer activity
of these novel amphetamine analogues will be assessed. The concept of using
amphetamine-based drugs as a structural scaffold to selectively target or treat B cell or
other malignancies has high potential. Not only are these drugs water-soluble but also
they offer the potential as being selective for some malignancies. This selectivity has
been associated with the serotonin transporter in the past but could also be attributed to
other novel targets on the cancer cells (Serafeim et al., 2003).

6.1.3 A m phetam ine toxicity

In the UK, from 1996-2006, there was an average of around 50 drug-related
deaths per year involving Ecstasy and it was the sole drug implicated in around 10 cases
per year. Two major syndromes are most commonly reported as the immediate cause of
death in fatal cases: hyperthermia and hyponatraemia (sodium concentration in the
plasma is lower than normal) (Rogers et al., 2009). As previously mentioned, it is well
known that MDMA is selectively neurotoxic to brain 5-HT neurons in rats, guinea pigs
and primates as a function of dose and dosing regimen (Ricaurte et al., 1985, Insel et al.,
1989, Green et al., 2003, Schmidt et al., 1986, Schmued, 2003, Capela et al., 2006b).
MDMAs neurotoxicity is species-dependent, and the mechanism by which it exerts its
neurotoxic effects is unclear (Verrico et al., 2005). Chronic abusers of MDMA have
been reported to suffer from serotonergic neurotoxicity (McCann et al., 1998) and
memory impairment (Bolla et a l, 1998), although evidence for the occurrence of
MDMA-induced neurotoxic damage remains a matter of debate (Green et al., 2003).
The exact mechanisms underlying the toxicity of MDMA are unknown but are thought
to depend on SERT activity. However, it has been found that high concentrations of
MDMA (ImM) induce SERT-independent cytotoxic effects in a number of cell lines
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(COS-7 wildtype, C0S-7-SERT overexpressing cells and SERT expressing JAR cells)
(Hayat et al., 2006). Carrier-dependent transport of MDMA, metabolic toxic products,
oxidative stress, hyperthermia, apoptosis, and increased cellular concentrations of DA
and 5-HT are all postulated as underlying causes of MDMA toxicity (Simantov and
Tauber, 1997). It is also interesting to note that mutant mice deficient in SERT prove
insensitive to MDMA (Bengel et al., 1998). This effect again could be a species-specific
event or suggest the involvement of metabolites of MDMA being responsible for SERT
activation, those of which are not fully present in in vitro systems.
There have been six reported fatalities associated with 4-MTA in the UK and
Netherlands together with one death and seven non-fatal cases of 4-MTA intoxication in
Belgium (De Letter et al., 2001). Such fatalities are thought to be associated with large
doses (21.3-9800mg/kg) (Huang et al., 1992, Elliott, 2000), the use of other drugs and
to inter-individual differences in metabolism (Capela et al., 2006b, Carmo et a l, 2007).
4-MTA has previously been shown to be toxic to rat hypothalamic cultures (HurtadoGuzman et al., 2002) and to CYP2D6 expressing cells (Carmo et al., 2007).

6.1.4 Impurities associated with amphetamine synthesis

Assessing toxicity in human subjects who have taken illegal amphetamines is
complex because of variations in the quality and purity of the sample used.
Amphetamine samples often contain by-products of uncontrolled, illegal and
clandestine synthetic processes (Renton et a l, 1993, Bohn et a l, 1993, Palhol et a l,
2002). These impurities are present in variable quantities, depending on the reaction
conditions and purification procedure used (if any), and may be composed of synthetic
precursors, intermediates and various reaction by-products.
Little information is known about the specific toxic effects of 4-MTA and its
structurally related synthetic by-products on cells expressing SERT, DAT and NAT.
There have been previous reports of activity on the interactions of ecstasy synthesis by
products with recombinant human monoamine transporters which show that these
compounds interact with the transporters at a similar potency to MDMA and do not
seem to display any neurotoxic effects (PifI et al., 2005). The second objective of this
study is therefore to evaluate the in vitro monoamine transporter toxicity of MDMA, 4MTA and PMA synthetic impurities which may arise from clandestine synthesis.
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A substance can be defined as neurotoxic when it or its metabolites produce
adverse effects on the chemistry, structure and function o f the nervous system during
development or at maturity. Nerve cells are unique in that they are not capable of
regeneration after lethal damage leaving the nervous system particularly vulnerable to
toxic insult. Assessing the neurotoxicity o f a compound in vivo is very difficult because
o f the complexity o f the nervous system, multiple functions o f individual cells, lack of
available models and limited knowledge o f biochemical processes involved in
neurotoxicity. It is therefore not known how well any in vitro system would recapitulate
any in vivo system. In vitro systems have been proposed as a method to assess the
neurotoxicity o f compounds in an efficient and rapid manner. Such tests are desired
both for pharmaceuticals and environmental agents and are well suited to the study o f
biological processes in a more isolated context helping to elucidate mechanisms of
toxicity at the cellular and molecular level. Using an in vitro screen for cytotoxicity on
human embryonic kidney cells (HEK293) stably expressing each o f the human
monoamine transporters, SERT, NAT and DAT and on a primary differentiated
neuronal cell line model provides a quick and economical method for assessing some
aspects o f the potential in vitro neurotoxicity o f amphetamines and their related
synthetic derivatives and impurities. An in vitro assay indicates the degree o f
cytotoxicity caused by the test material. Such an endpoint does not conclude that a
chemical is neurotoxic, rather only cytotoxic. To classify a drug as neurotoxic requires
further experimentation such as the use o f animal models or release o f neurotransmitters
such as glutamate and serotonin. However, any evidence o f selective cytotoxicity
toward either one or more o f the monoamine transporters compared to the control HEK
cell line implies that such a chemical may have an in vivo serotonergic, dopaminergic or
noradrenergic toxic effect and provides useful information for studying further the
possible mechanism o f action o f such compounds.
A comprehensive study o f the laboratory synthesis and impurity profiles o f
methylenedioxyamphetamines and related methoxy derivatives was carried out by Dr.
JJ Keating formerly o f TCD (Keating, 2001). Such a study provided a library o f
compounds from a number o f different categories including; synthetic impurities o f 4MTA, synthetic impurities o f MDMA, miscellaneous amphetamines o f abuse and Paramethoxyamphetamine (PMA) related synthetic impurities. These agents will be tested
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for a selective cytotoxic effect on cell lines expressing SERT, NAT and DAT. This will
not only allow for identification o f potentially toxic impurities associated with
clandestine amphetamine synthesis but will also deduce o f any toxic impurity is
selective for SERT, NAT or DAT. These synthetic impurities will also be tested for
activity as novel antiproliferative agents. This will not only allow for the development
and synthesis o f more potent, selective analogues that offer the potential to be used as
future anticancer agents but will also help confirm or contradict reports o f SERTs
potential role as a pro-apoptotic target.

6.1.5 Objectives
The objectives o f this Chapter are threefold.
1. To explore the antiproliferative effects o f a number o f amphetamine analogues
based on the original rationale that SERT ligands can act as pro-apoptotic agents
in the treatment o f Burkitt’s lymphoma.

Approximately 230 drugs,

of

amphetamine origin will be tested for cytotoxic activity in the Burkitt’s
lymphoma cell line, DG-75 and in the neuroblastoma cell line, SHSY-5Y. The
DG-75 cell line has been shown by this study to express SERT and the SHSY-5Y
cell line has been previously shown not to express the 5-HT transporter (Lode et
a l, 1995).
2. To explore the cytotoxic effect o f these derivatives towards catecholaminergic
transporter-expressing cell lines in order to determine if any o f these derivatives
could have possible in vivo cytotoxic effects on SERT, NAT or DAT expressing
neurons. Approximately 230 drugs will be tested for cytotoxic activity to SERT,
NAT and DAT expressing HEK cells and assessed for a selective cytotoxic effect.
3. To explore the cytotoxic effects o f a number o f impurities associated with the
clandestine synthesis o f amphetamines and its related analogues. A number of
impurities associated with the clandestine synthesis o f 4-MTA and MDMA will
be tested for cytotoxic activity in SERT, NAT and DAT expressing HEK cells and
in a neuronal cell line model. Such investigations will identify potentially harmful
impurities that may be present in street-drugs sold as Ecstasy.
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6.2 Results
6.2.1 The HEK (hSERT), HEK (hNAT) and HEK (hDAT) cell lines constitutively
express the catecholamine transporters SERT, NAT and DAT respectively.
To confirm that the cell lines used in the present study over-express their
respective transporters, Western blot analysis was carried out. It was confirmed that the
HEK SERT line over-expresses the serotonin transporter (Fig. 6.2A), where, HEK293hSERT cells showed a typical staining pattern o f fully glycosylated SERT at ~70-80kD.
The HEK293 wildtype cell line, the HEKhNAT and HEKhDAT do not express
detectable levels o f hSERT.
It was confirmed that the HEK DAT line over-expresses the dopamine transporter (Fig.
6.2B), where HEK293-hDAT cells showed a typical staining pattern o f fully
glycosylated DAT at ~70-80kD with aggregated forms at high apparent molecular
weight. The HEK293 wildtype cell line expressed undetectable levels o f hDAT
compared to the HEKhSERT cell line cell which expressed hDAT and the hNAT cell
line which had low levels o f hDAT.
It was confirmed that the HEK NAT line over-expresses the noradrenaline
transporter (Fig. 6.2C), where HEK293-hNAT cells showed a typical staining pattern of
fully glycosylated NAT at ~70-80kD with an aggregated form at high apparent
molecular weight and unglycosylated and/or degraded forms at apparent lower
molecular weights. The HEK293 wildtype cell line and HEKhDAT cell line expressed
hNAT, whereas the hSERT cell was found not to express hNAT.

6.2.2 Structural Analogues of 4-MTA and MDMA
6.2.2.1 Selective toxicity to monoamine transporters
To assess the potential monoamine-dependent toxic effects o f 4-MTA, MDMA
and their related analogues, the cytotoxicity o f the series was determined in HEK cells
shown above to stably express the human monoamine transporters, hSERT, hNAT and
hDAT using an in vitro cytotoxicity assay. The Neutral Red assay is a simple,
economical, accurate reproducible system where viable cells will take up the dye by
active transport and incorporate the dye into lysosomes, whereas non-viable cells will
not take up the dye. An increase in the number o f cells or their physiological state
results in a concomitant change in the amount o f the dye incorporated by the cells in the
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The HEK (hSER T), HEK (hN AT) and HEK (hDAT) cell lines constitutlvely over-express the

transporters SERT, NAT and DAT respectively..
M em brane protein cell lysates were prepared from sub-confluent H EK293, H EK (hN AT), H EK (hD AT) and
H EK (hSERT) cells.Protein w as resolved by SDS-PAGE and probed with anti-hSERT (A), anti-N AT (B) or antiDAT (C) antibody. Blots w ere stripped and re-probed with p-actin as a loading control. Results are
representative o f three separate experim ents
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culture. This indicates the degree o f cytotoxicity caused by the test material. Each drug
was exposed at four different concentrations in triplicate in two independent
experiments for 48h to HEK cells overexpressing the monoamine transporters. Activity
was expressed as percentage cell viability and was analysed to estimate an approximate
EC 50 value for the cytotoxic effect as described previously (Section 2.19.2). A semiquantitative evaluation o f the concentration o f drug at which 50% cell viability was
reached was calculated for each drug and along with its structure and was plotted on a
bar chart to serve as a direct comparison o f the efficacy or possible selectivity o f each
drug. EC50 values were then analysed using a Two-Way ANOVA test comparing the
effect each drug had to all cell lines to the HEK293 cell line.

6.I.2.2 Cytotoxic activity of a series of 4-Methylthioamphetamine (4-MTA)
derivatives (category A)
The majority o f category A derivatives displayed similar low micromolar
cytotoxic potencies to all o f the monoamine transporter expressing cell lines compared
to

2

% (derivative 18 had no effect on all cell lines with an EC 50 value in the high

micromolar range) o f derivatives having no effect on any o f the cell lines (Figs. 6.36.4). Derivative 45 was found to be cytotoxic to the hSERT cell line only (Fig.6.4B);
however, the EC50 for this selective effect was high at approximately 350 |iM . No other
derivatives displayed any significant selective cytotoxic effects to any o f the
transporters. It was found that the hDAT cell line was completely insensitive to
derivatives 29 and 45 (P < 0 .05 ) but, derivative 46 was only cytotoxic to the hDAT cell
line (at high concentrations) (Fig.6.4B).
Statistical analysis o f mean values for each concentration group revealed that at
l|aM, 4-MTA (33) and derivative 32 showed a selective cytotoxic effect to SERT
expressing cells (P<0.05) (data not shown). Although 4-MTA is highly selective for
serotonin uptake inhibition compared to dopamine (ratio o f IC50 value for serotonin
versus dopamine: 3.07x10^) (Huang et al., 1992) and noradrenaline (ratio IC50 value for
serotonin versus noradrenaline: 2.37x10^) (Huang et al., 1992), the cytotoxic effect o f 4MTA on HEK cells overexpressing the dopamine transporter and noradrenaline
transporter proteins was also determined and found to be very similar indicating that the
cytotoxicity observed for the compounds cannot be directly related to SERT activity.
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(For 33 pECjo values for HEK cells, 4.73+0.14; SERT-expressing HEK cells,
4.65+0.15; DAT-expressing HEK cells, 4.64+0.14; NAT-expressing HEK cells,
4.46+0.14). It therefore appears that SERT expression alone may not be sufficient to
confer 4-MTA-toxicity to HEK cell lines.

6.2.2.3 Cytotoxic activity of a series o f MDMA and related analogues (category C)
The majority of category C derivatives displayed similar low micromolar cytotoxic
potencies to all monoamine transporter expressing cell lines compared to 8% (derivative
130 had no effect) o f derivatives having no effect on any o f the cell lines (Fig.6.5).
MBDB (130) had no effect on any o f the cell lines. MDMA (128) had a selective effect
to the hSERT expressing cell line; however this effect was dependent on high
concentrations o f MDMA. MDA had a slight toxic effect to the HEK cell line, but again
this was only observed at high concentrations o f MDA (129). No derivative displayed
any selective cytotoxic effect to any of the transporters. Derivatives 131, 137 and 139
all had no effect on the hDAT cell line (Fig.6.5).

6.2.2.4 Cytotoxic activity of a series of MDMA analogues modified at position C-6
(Category E-I)
The majority o f category E-II derivatives displayed similar low micromolar cytotoxic
potencies to all monoamine transporter expressing cell lines compared to 21% o f
derivatives having no effect on any o f the cell lines. No derivative displayed any
significant selective cytotoxic effect to any o f the transporters. However, it was found
that the hDAT cell line was completely insensitive to derivatives 55, 57, 62, 63, 64, 88,
93 and 96 (P <0.05) (Fig.6.6-6.7).

6.2.2.5 Cytotoxic activity of a series of MBDB analogues modified at position C-6
(Category E-II)
The majority o f category E-II derivatives had cytotoxic effects to the
monoamine transporter expressing cell lines and to the control HEK cell line. 25% of
the derivatives had no effect on any o f the cell lines (Figs.6.8-6.9). No derivative
appeared to display any selective cytotoxic effect to any o f the transporters. However,
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derivatives 87 and 104 and 105 were found to be toxic to the HEK293 cell line (P<0.05)
but had no effect on any o f the other cell lines.

6.2.2.6 Cytotoxic activity of a series of MDMA analogues based on N-1 structure
(Category F)
The majority o f category F derivatives had cytotoxic effects to the monoamine
transporter expressing cell lines and to the control HEK cell line. 9% o f the derivatives
had no effect on any o f the cell lines (Figs. 6.10-6.11). Derivative 112 appeared to
display a significant selective cytotoxic effect to hSERT expressing cells compared to
the HEK cell line (P<0.001). Derivatives 65 and 114 displayed a significant selective
cytotoxic effect to hNAT and hDAT expressing cell lines respectively compared to the
HEK cell line (P<0.001). Derivative 115 displayed a significant selective cytotoxic
effect to hSERT and hDAT expressing cells compared to the HEK cell line (P<0.001).
Whereas derivative 11 had a cytotoxic effect to all o f the transporter expressing cell
lines compared to HEK controls (<0.01). Derivatives 113, 121, 122, 123 and 148 were
found to be toxic to the HEK293 cell line (P<0.05) but had no effect on any o f the
transporter expressing cell lines.

6.2.2.7 Cytotoxic activity of a series of isoquinoline analogues (Category G)
Isoquinoline is a heterocyclic aromatic organic compound. Quinoline and its
structural isomer, isoquinoline are benzopyridines, which are composed o f a benzene
ring fused to a pyridine ring. As compounds derived from the isoquinoline structure
have been previously associated with inhibition o f SERT (Butler, 2004) a number o f
novel isoquinoline analogues were included in the library and tested for cytotoxic
activity.
It was found that the majority o f category G derivatives had cytotoxic effects to
the monoamine transporter expressing cell lines and to the control HEK cell line. 17%
o f the derivatives had no effect on any o f the cell lines (Figs.6.12-6.13). Derivative 170,
was found to be toxic to the HEK293 cell line (P<0.05) having no effect on any o f the
transporter expressing cell lines. The hDAT and hNAT cell lines were found to be
insensitive to derivative 192 whereas derivative 155 has no effect on the hDAT cell line
only (P <0.001).
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6.2.3 Impurities and synthetic derivatives of 4-MTA and MDMA
6.2.3.1 Selective toxicity to monoamine transporters and to the PC-12 neuronal cell
line
To assess the potential m onoam ine-dependent toxic effects o f the synthetic
im purities o f 4-M TA and M DM A and their related analogues, the cytotoxicity o f the
series was determined in HEK cells shown above to stably express the hum an
monoamine transporters, hSERT, hN AT and hD AT using the N R assay for in vitro
cytotoxicity. As described in Section 6.2.2.1, using the N R assay, a sem i-quantitative
evaluation o f the concentration o f drug at which 50% cell viability was reached was
plotted on a bar chart to serve as a direct com parison o f the efficacy or possible
selectivity o f each drug. EC 50 values were then analysed using a Two-W ay ANOVA
test com paring all cell lines to the HEK293 cell line.
Impurities formed from the clandestine synthesis o f am phetam ines may already
be present in the starting materials, reagents or solvents could contam inate the final
yield o f drug being produced. A ssessing the potential in vivo toxicity o f such impurities
using an in vitro screen for cytotoxicity in the PC-12 cell line is a good model for
assessing potential toxicities towards neuronal cells. The P C -12 cell line has been
previously used as an in vitro model o f the nervous system (M artin and Grishanin,
2003, Rubenstein and Price, 1983). It is a cell line derived from a transplantable rat
pheochrom ocytom a that when supplem ented with N erve Growth Factor (NGF) displays
a differentiated morphology differentiating phenotype from a proliferating cell to a post
m itotic, neurite bearing neuron (Greene and Tischler, 1976). The P C -12 cell line, along
w ith the hSERT, hN AT and hDAT cell lines were used to test to toxicity o f a range o f
synthetic im purities o f 4-M TA and M DM A.

6.2.3.2 Cytotoxic activity o f a series of synthetic impurities o f 4-MTA (category B)
The majority o f category B com pounds had cytotoxic effects to the m onoamine
transporter expressing cell lines and to the control HEK cell line. Impurity 43 was the
only derivative to have no effect on any o f the cell lines (Fig.6.14). Impurity 202 was
found to be cytotoxic to all o f the m onoam ine transporter expressing cell lines
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5 x l( y H E K 2 9 3 , H E K 2 9 3 (hS E R T ), H E K 2 9 3 (h N A T ), H E K 2 9 3 (h D A T ), D G -75 and S H S Y -5 Y cells were
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solution. Absorbance was read at 540nm (690nm background). Relative cell viability was expressed as percent
o f vehicle treated cells. The cytotoxic potency o f each compound was quantified by an E C 5 0 value determ ined
by non-linear regression analysis o f sigmoidal log concentration dependence curves where EC50 is the dose at
5 0 % cell v ia b ility .* = Com pound had no effect
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compared to the HEK control cell line (P<0.05). Impurity 181 was found to be cytotoxic
to the hSERT and hDAT cell lines com pared to the HEK cell line (P<0.05), whereas
impurity 204 was found to be cytotoxic to the hD AT cell line only (P<0.05) (Fig.6.14).
Impurities that showed cytotoxic activity were then tested using the N R assay on
the NGF differentiated P C -12 cell line. It was found that all o f the im purities were
cytotoxic to the P C -12 cell line at high concentrations, in particular im purities 199, 200
and 202 which displayed sigmoidal does response curves. As only four
concentrations (over three decades o f concentrations) o f each drug w ere used in the
initial screen, a single site displacem ent curve (10-90% ) was hard to fit. The data was
therefore fit using GRAPH PAD prism sofi;ware, w hereby concentrations on the X-axis
were transformed to Log values and the data analysed by non-linear regression analysis
using a sigmoidal dose-response curve-fit. These log-sigmoidal dose response curve fits
are presented in Fig. 6.15. A bar chart for the effect o f each drug at each concentration
is also presented in Fig.6.16.
At lOjaM concentration im purities 199, 200 and 202, cell viability was close to 100%,
with apparent EC 50 values for cytotoxicity at approxim ately 40(aM. Impurities44, 181,
201 and 203 showed apparent EC 50 values for cytotoxicity at approxim ately 500|iM ,
ImM , 700|xM and 300|aM respectively (Figures 6.15 and 6.16).

6.2.3.3 Cytotoxic activity o f synthetic im purities o f M DM A (category D)
The majority (69% o f com pounds) o f category D compounds had no cytotoxic
effects to the monoam ine transporter expressing cell lines or to the control HEK cell
line. Impurity 196 was the only derivative found to have an effect on all o f the cell lines
(Fig.6.17). Impurities 185 and 186 were found to be cytotoxic to all o f the monoamine
transporter expressing cell lines com pared to the HEK control cell line (P<0.05).
impurity 188 was found to be cytotoxic to the H EK cell line only (P<0.05) (Fig.6.17B).
These im purities were then tested using the N R assay on the NGF differentiated
PC-12 cell line. As only four concentrations (over three decades o f concentrations) o f
each drug were used in the initial screen, a single site displacem ent curve (10-90% ) was
hard to fit. The data were therefore fitted using G RAPHPAD Prism software, whereby
concentrations on the X-axis were transform ed to Log values and the data analysed by
ron-linear regression analysis using a sigmoidal dose-response curve-fit.
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Approximate EC^g determination using sigmoldal-dose response curve fits for the cytotoxic

activity o f Category B;Synthetic Im purities of 4-lVITA derivatives on the PC-12 cell line

SxlO"* PC-12 cells were seeded and stimulated with NGF for 7 days until evidence o f neurite bearing cells. When
cells were 60% confluent, cells were treated with the appropriate compound for 48h. Cells were incubated for 3
+ I h with 250(j.i Neutral Red dye solution. Absorbance was read at 540nm (690nm background). Relative cell
viability was expressed as percent o f vehicle treated cells. The cytotoxic potency o f each compound was
quantified by an EC jq value determined by non-linear regression analysis o f sigmoidal log concentration
dependence curves where EC jq is the dose at 50% cell viability.
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over a range o f con cen tration s

5x10'* PC-12 cells were seeded and stimulated with N G F for 7 days until evidence o f neurite bearing cells. When
cells were 60% confluent, cells were treated with the appropriate com pound for 48h. Cells were incubated for 3
+ 1 h with 250|il N eutral Red dye solution. Absorbance was read at 540nm (690nm background). Relative cell
viability was expressed as percent o f vehicle treated cells.
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These log-sigmoidal dose response curve fits are presented in Fig. 6.18. A bar
chart for the effect o f each drug at each concentration is also presented in Fig.6.19.
It was found that all o f the impurities were cytotoxic to the PC -12 cell line at
high concentrations. Impurities 196, 197 and 198 displayed sigmoidal dose response
curves with EC 50 values o f approximately 100|j,M. The EC 50 values for all o f the other
impurities appear to be a lot higher, ranging from approximately 500|aM to ImM
(Figures 6 .18 and 6 .19).

6.2.3.4 Cytotoxic activity of a series o f miscellaneous amphetamines of abuse
(category H)
The majority o f category H compounds had cytotoxic effects to the monoamine
transporter expressing cell lines and to the control HEK cell line. Amphetamine 178
was the only derivative to have no effect on any o f the cell lines (Fig.6.20A).
Amphetamines 174 and 176 had a more potent cytotoxic effect to all o f the cell lines
compared to 177, 178 and 179.

6.2.3.5 Cytotoxic activity of a series of 4 Para-methoxyamphetamine (PMA) and
related synthetic impurities (category K)
PMA (para-methoxyamphetamine, p-methoxyamphetamine or 4-methoxyamphetamine)
is a synthetic phenethylamine drug, psychostimulant and hallucinogen that is commonly
sold as "Ecstasy", even though PMA and MDMA are distinctly different. PMA is often
synthesized from anethole, the flavor compound o f anise and fennel, mainly because the
starting material for MDMA, safrole, has become less available due to law enforcement
action, causing illicit drug manufacturers to use anethole as an alternative (Waumans et
al., 2003). It is classified as a Schedule I hallucinogen under the Controlled Substances
Act in the United States. Internationally, PMA is a Schedule I drug under the
Convention on Psychotropic Substances. PMA has been associated with numerous
adverse reactions including death (Martin, 2001, Becker et a l, 2003) .The effects o f
PMA also seem to be much more unpredictable and variable between individuals than
those of MDMA (Smets et a l, 2005). There are approximately twice as many deaths
caused by PMA as by MDMA, even though the actual proportion o f PMA on the
market is only a fraction o f that o f MDMA. While PMA alone may cause significant
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toxicity, the com bination o f PM A with M DM A has a synergistic effect which seems to
be particularly hazardous (Lora-Tam ayo et a l , 2004). Since PM A has a slow onset o f
effects, several deaths have occurred where individuals have taken a pill containing
PM A, followed by a pill containing M DM A some tim e afterwards due to thinking that
the first pill was not active (Dams et al., 2003). Analogues o f PM A have been reported
to be sold on the black m arket include PM M A, PM EA and 4-M TA (Fig.6.1).
The cytotoxicity o f four analogues or synthetic im purities o f PM A were assessed
in this study. Out o f the four com pounds in this category (K), two com pounds had
cytotoxic effects to the m onoam ine transporter-expressing cell lines and to the control
HEK cell line (184 and 188) (Fig.6.20B). Com pounds 182 and 207 had a potent
cytotoxic effect to the HEK cell line (Fig.6.20B) but had no effect on the transporter
expressing cell lines.

6.2.4 Lead Anti C ancer Com pounds
6.2.4.1

Selective Cytotoxicity to B urkitt’s lym phom a and to the SHSY-5Y

neuroblastom a cell line
The DG-75 cell line has been shown by this study to express SERT (Figure
3.13). The SHSY-5Y cell line is a neuroblastom a cell line established from a metastatic
bone tum our (Biedler et al., 1978) that was chosen to use in the screen as it has been
shown not to express SERT (Lode et al., 1995). All o f the drugs in the categories
mentioned in Sections 6.2.2 and 6.2.3 were also screened for cytotoxicity against the
DG-75 and SHSY-5Y cell lines to assess if any o f the 230 drugs had a cytotoxic effect
to m alignant cell lines.
It was found that a num ber o f com pounds had a cytotoxic effect on the DG-75
cell line and on the SHSY-5Y cell line. These com pounds were identified as ‘L ead’
com pounds and are presented in Table 6.1.
In particular, the Category A derivatives, structural analogues o f 4-M TA,
showed potent cytotoxic activity tow ard the chem oresistant SERT-expressing BL cell
line, DG-75 and to the SHSY-5Y cell line with an approxim ate EC 5 0 range o f between
IfxM and 5)^M. Every category had a representative derivative active against the DG-75
cell line except for the category F series (chem ical m odifications o f M DM A based on
N-1 structure type).
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No.

Derivative

Category

EC,
NR'
DG-75

ECs,

M lJT lJ-l

NR*
SHSY-SY

24hr
% Death'

luM

696(iM

DG-75
72hr
% Death'

IHM

20^M

199

8 mM

60-70%

30-40%

3^M

60%

30%

luM

20%

202
lOuM

50^M

60%

lOOfiM

40-50%

\ : ho

134
l(iM

186

IHCH.

IfiM

593pM

54nM

103

Eli

168

SfiM

132
5(iM
HN.

Table 6.1 Lead Compounds from NR screen
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As the original rationale for the study was to find a drug that targets SERT on
malignant cells and induce programmed cell death o f these cells, the correlation
between any drug having a toxic effect to HEKhSERT cells and to DG-75 cells was
assessed. It was found that no drug that had a DG-75 cytotoxic effect as well as having
a SERT-selective cytotoxic effect.

6.2.4.2 Characterisation of cytotoxic activity
To investigate if the cytotoxic effects o f the derivatives presented in Table 6.1
were due to programmed cell death, further investigations were carried out in the BL
cell line DG-75 and in the biopsy-like BL cell line, MUTU-I. Propidium iodide (PI) was
chosen as the preferred method to detect for PCD to allow rapid FACS (Fluorescentactivated cell sorting) analysis to occur allowing any PCD and cell cycle effects to be
easily identified. Armexin V staining was selectively avoided as an indicator of
apoptosis as phosphatidyl serine exposure can result from multiple activation pathways
in the cell, is calcium dependent and is not the best indicator o f apoptosis to use in B
cell derived cell lines from its cross reactivity with the B cell receptor (Holder et al.,
2006). PI FACS analysis was carried out initially using 50|xM concentration o f each
compound. From these experiments, three lead compounds (34, 35 and 202) were
identified which had an effect in both the DG-75 and MUTU-I cell lines.

6.2.4.3 Antiproliferative Activity
Although no SERT-selective cytotoxic effect was observed for compounds 34, 35 and
202, they all had a cytotoxic effect to malignant cell lines. If an agent is found to be
cytotoxic to malignant cells it will most likely have an antiproliferative effect on these
cells. If an agent is found to be antiproliferative, it does not necessarily mean it will be
cytotoxic to cells. To assess if the observed cytotoxicity o f the three lead compounds
was due to an antiproliferative effect, each compound was tested using the Alamar Blue
assay for antiproliferative activity in a range o f malignant cell lines.
Compound 35 was found to have potent antiproliferative activity in two BL cell
lines (MUTU-I and DG-75). After 24h (MUTU-I) and 72h (DG-75) Only 10% o f cells
were found to be viable upon treatment with 50|iM o f 35, implying 90% o f the cells did
not continue to grow (Fig. 6.21 A). Derivative 35 was also found to have a potent
273

Chapter 6. Results

B

>

60-

cf

cf^

C>V

o'"

A iV
M D A -M B 2 31 24h

DV e h ic le

5 ®®
£ £ 50
s “•
c
a® -=

135
■ Vehicle
* 35

= J2 30^

O

20-

^

10-

0>

X ^—

—
ojP—ojjL
1.0

10.0

■7£

>7.0

<6J

-«.0

-« J

-6.0

-4.S

-4.0

-3.6

L o g [M l

[jiRfl
70D V ehicle
”

<D

60-

135

o 50>

=

■ Vehicle
* 35

-9
a
o
S.£

S s ^ '
0) 30-

o =

^ O 20*

■•a
£
0.1

1.0

10.0

50.0

100.0
-7.0

[^Ml

HI

-63

-6.0

-5.5

-6.0

<4.5

-4.0

L o g [M ]

3 V e h ic le

135

•
*

Vehicle
35

20-

£ 20-

100.1

1.0

10.0

50.0

100.0

[^M]

Fig.6.21

j . -------------------j -------------------7.0

.&S

.6.0

SJS
S .0
L o g [M l

-■ i— i
-4,6

0 .0

D erivative 35 was a potent a n tip ro life ra tive pro-apoptotic agent

1-5x10''ceils/ 200ml (A and B) and 7x10^ cells/5ml (C) were seeded and treated with lO ^M , 50|iM (A and B) or 0.1lOOuM (C) 35 for the indicated times. lO jil o f Aiamar Blue reagent was added to each w ell (A and B), fluorescence
was read as emission 590nm/excitation 544nm and values represent the mean value + the S.E.M. o f six data points
(recording in triplicate on two independent days) (A and B). HL-60 (C 1), DG-75 (C 11) and M U T U -I (C III) cells
were harvested by centrifugation and fixed overnight in 70% ethanol. FACS analysis was carried out upon incubation
w ith propidium iodide and RNase A. 10,000 cells were counted using appropriate gates (C). Values represent the
mean + SEM o f three independent experiments.
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antiproliferative effect in three breast carcinoma cell lines (MCF-7, MDAMB231, 4TI) (Fig. 6.21B) having a potent effect (-90% antiproliferative activity) in the
4TI and MDA-MB321 cells at 50|j,M and leaving only 40% o f MCF-7 cells viable after
24h treatments (Fig.6.21B).
Derivative 34 was found not to have an antiproliferative effect in any o f the cell
lines analysed. This was unusual as derivative 34 had a positive effect using PI FACS
analysis (6.22A and B). This discrepancy may be attributed to the instability o f
derivative 34. Further investigations are needed to confirm this observation.
Derivative 202 was found to have potent antiproliferative activity in two BL cell
lines (MUTU-I and DG-75). After 24h (MUTU-I) and 72h (DG-75) Only 30% o f cells
were found to be viable upon treatment with 50|liM o f 202, implying 70% o f the cells
ceased to grow (Fig.6.23A). Derivative 202 was found to have a less potent
antiproliferative effect in three breast carcinoma cell lines (MCF-7, MDA-MB231, 4TI)
(Fig.6.23B) having little effect in the 4TIs,MDA-MB321 and MCF-7 cells at 50|j,M
(Fig.6.23B).

6.2.4.4 Pro-Apoptotic Activity
The pro-death effects o f compounds 35, 34 and 202 in two BL cell lines and in the
human promoeolytic leukaemia cell line (HL-60) was further investigated using PI
FACS analysis. It was found that all three showed strong pro-apoptotic activity at 50|iM
(40-65% cell death) in all o f the cell lines analysed. Further characterisation o f these
effects using sigmoidal-dose concentration curves revealed approximate

E C 50

values

(Figs.6.21C-6.23C) for the pro-apoptotic effects o f derivatives 35, 34 and 202 in the
micromolar range (Table 6.2).

6.2.5 The effect of derivatives 34, 35 and 202 on peripheral blood mononuclear
cells
In order to assess the selectivity o f these derivatives towards proliferating malignant
cells over the ‘normal’ cells o f the body, the effects o f 35 and 34 and 202 were assessed
in peripheral blood mononuclear cells (PBMCs). After 24h, it was found that at lOjiM,
derivatives 35 and 34 had little effect on the viability o f PBMCs
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Fig.6.22 Derivative 34 was a potent antiproliferative pro-apoptotic agent
1-5x10“’ cells/ 200ml (A and B) and 7x10^ cells/5ml (C) were seeded and treated with lOjiM, SOjiM (A and B) or 0.1100)J.M (C) 34 for the indicated times. lOjil o f Alamar Blue reagent was added to each well (A and B), fluorescence
was read as emission 590nm/excitation 544nm and values represent the mean value + the S.E.M. o f six data points
(recording in triplicate on two independent days) . HL-60 (C I), EX3-75 (C II) and MUTU-I (C III) cells were
harvested by centrifugation and fixed overnight in 70% ethanol. FACS analysis was carried out upon incubation with
propidium iodide and RNase A. 10,000 cells were counted using appropriate gates (C). Values represent the mean J_
SEM o f three independent experiments.
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D erivative 202 w as a potent antip roliferative pro-ap op totic agent

1-5x10'' cells/ 200m l (A and B) and 7 x l0 ^ c e lls/5 m l (C ) w ere seeded and treated w ith lOjiM , SOjiM (A and B) o r 0.1100(iM (C) 202 for the indicated tim es. lOfil o f A lam ar Blue reagent w as added to each well (A and B), fluorescence
was re ad as em ission 590nm /excitation 544nm and values represent the m ean value + the S.E .M . o f six data points
(recording in triplicate on tw o independent days) (A and B). H L -60 (C I), D G -75 (C II) and MUTU-1 (C 111) cells
w ere harvested by centrifugation and fixed overnight in 70% ethanol. FA CS analysis w as carried out upon incubation
with propidium iodide and R N ase A. 10,000 cells w ere counted using appropriate gates (C). V alues rep resen t the
m ean + SEM o f three independent experim ents.
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ECsn Values (uM)
Compound

B urkitt’s lymphoma

35

DG-75
72h
23.68

MUTU-C179
24h
14.21

Human-promyelocytic
Leukaemia
HL-60
24h
19.61

34

33.76

21.02

29.50

202

12.94

9.80

10.86

Table 6.2 Compounds 35,34 and 202 induce dose dependent apoptosis in a range of haematopoietic
malignancies.
Cells were seeded at a density of 7x10^ cells/5ml treated with 35 and 34 for the indicated time, harvested
by centrifugation and fixed overnight in 70% ethanol. FACS analysis was carried out upon incubation
with propidium iodide and RNase A. 10,000 cells were counted using appropriate gates. ECso values were
determined by non-linear regression analysis of sigmoidal log concentration dependence curves where
ECso is the dose at 50% apoptotic effect.
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compared to the effect o f 10|iM 35 on a range o f malignant cells lines (Figs.
6.24A, B and 6.21 A, B).At 50|aM, derivative 35 reduced the viability o f these PBMCs
to approximately 50% (compared to <10% in the DG-75, MUTU-I, and breast cancer
derived cell lines) (Fig.6.21A). Derivative 34 had less o f an effect in the PBMCs at
50(iM (Fig.6.24B) compared to its pro-apoptotic effect in the MUTU-1, HL-60 and DG75 cell lines. Finally derivative 202 was found to have no effect ton the viability of
PBMCs over a 0.1 to 100|a,M concentration range (6.24C) compared to its effects on
cells o f malignant origin (6.23A-C). Such results are consistent with these agents
selectively targeting cells o f malignant origin over ‘normal cells’ o f the body.

6.2.6 Assessment of Drugability
6.2.6.1 ADME Tox Box
In order to asses the potential o f the three lead compounds identified by this
study, the ADME predictions of each compound were calculated using software called
ADME Tox Boxes (version 4). ADME is an acronym in pharmacokinetics and
pharmacology for absorption, distribution, metabolism, and excretion, and describes the
disposition o f a pharmaceutical compound in vivo. The four criteria all influence the
drug levels and kinetics o f drug exposure to the tissues and hence influence the
performance and pharmacological activity o f the compound as a drug. ADME Tox Box
4 (Pharma Algorithms - Europe) is a software that predicts; overall oral bioavailability,
pKa, logD, P-gp substrate and inhibitor specificity, solubility in pure water and in
buffer, active transport properties, absorption, physicochemical properties, acute
toxicity

(mouse

and

rat),

genotoxicity,

health

effects

(blood,

cardiovascular,

gastrointestinal, kidney, liver, lungs). All o f these factors are predicted using
independent algorithms and experimental data sets (Japertas et al., 2003). If the obtained
results are consistent with probabilistic predictions, that can help make dependable
conclusions prior to running costly experiments. These predictions help to explain the
reasons why a compound is bioavailable or not.
Absorption critically determines the compound's bioavailability. ADME Tox
Box predicts the bioavailability o f a novel compound based on its structure
(Zmuidinavicius et al., 2003a). Drugs that absorb poorly when taken orally must be
administered in some less desirable way, like intravenously or by inhalation. Before a
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Fig.6.24 The efTects o f derivatives 35, 34 and 202 on p eripheral blood m ononuclear cells (PBM Cs)
Bar Charts (i) and log-sigmoidal dose response curves (ii) for the effects o f derivatives 35, 34 and 202 on PBMCs. 15x10'’ cells/ 200ml were seeded and treated with O.l-lOOuM 35(A), 34 (B) or 202(C) for 24h. 10^1 o f A lamar Blue
reagent was added to each well, fluorescence was read as emission 590nm/excitation 544nm and values represent the
mean value i_ the S.E M. of six data points (recording in triplicate on two independent days) . Sigmoidal-dose non
linear regression analysis was carried out using GRAPHPAD Prism Software.
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compound can exert a pharmacological effect in tissues, it has to be taken into the
bloodstream. Factors such as poor compound solubility, chemical instability in the
stomach, and inability to permeate the intestinal wall (Reynolds et a i, 2009) can all
reduce the extent to which a drug is absorbed after oral administration. The compound
then needs to be carried to its effector site (distribution), most often via the bloodstream.
ADME Tox 4 predicts plasma protein bound fraction, equilibrium binding constant to
blood serum albumin, and the apparent volume o f distribution for a compound dissolved
in blood plasma, giving a good indication o f how a compound will be distributed in the
body. From there, the compound may distribute into tissues and organs, usually to
differing extents (Didziapetris et a i, 2003). ADME Tox Boxes is a high quality toxicity
prediction software. The software provides predictions for three basic toxicity
endpoints: acute toxicity, genotoxicity and organ-specific health effects. Toxic effects
o f molecules are predicted solely from the chemical structure. Tox Boxes v 2.0 employ
large and validated databases, robust Structure-Activity Relationship (C-SAR, QSAR)
models in combination with expert knowledge in organic chemistry and toxicology
(Didziapetris R., 2006, Zmuidinavicius et al., 2003b).

6.2.6.2 Prediction of Bioavailability
Using the ADME Tox Box software, the bioavailability o f compounds 34, 35
and 202 could be calculated. It was found that all o f the derivatives were predicted to be
absorbed by the small intestine through a transcellular route (Table 6.3), not involving
the Pep (oligopeptide) or ABS (bile acid) transporters. Compound 202 was predicted to
have the worst probability o f being bioavailable, as the chances o f it being >30% orally
bioavailable compared to >70% orally available were 0.811 to 0.205. Derivatives 34
and 35 were predicted to be between >30% and >70% bioavailable. The distribution o f
all o f these compounds was predicted as being good with all displaying potential to bind
blood plasma proteins.
The gastrointestinal tract is lined with epithelial cells. Drugs must pass through
these cells in order to be absorbed into the circulatory system. The lipid bilayer o f the
cell membrane may prevent absorption o f a given drug as pure lipid bilayers are
generally permeable only to small, uncharged solutes. Hence, whether or not a molecule
is ionized will affect its absorption, since ionic molecules are considered charged
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34

35

202

Bioavailability
Probability that
compound has >%
Oral Bioavailability

poor <30%
moderate 30-70%,
good >70%

% F>30% 0.811
% F > 70% 0.629

% F > 30% 0.811
%F > 70% 0.785

% F > 30% 0.811
%F > 70% 0.205

Active transport
by PepTl and
ASBT

Predicts if compounds
will be taken up into the
intestine

PepTl not transported

PepTl not transported.

PepTl not transported.

ASBT not transported

ASBT not transported

ASBT not transported

Passive Absorption

Estimate o f intestinal
passive absorption

100 % Transcellular

100 % Transcellular

100 % Transcellular

Estimated human
jejunum permeability,
calculated intestinal
passive absorption rate
&permeability across
Caco-2 cell monolayer

Jejunum 3xlO''cm/s
ka
0.091 min*
Caco-2 154.45X 10
‘cm/s

Jejunum 2.92x 10"* cm/s
ka
0.088min'
Caco-2
137.69xl0'*’cm/s

Jejunum
cm/s
ka
Caco-2

PPB
Estimates the fraction of
the compound bound to
the blood plasma
proteins (%PPB)
LogKa
Predicts the equilibrium
binding constant to
human serum albumin in
the blood plasma

%PPB
76%
LogKa(HSA) 3.39
Strong base ( pKa >=
8.5).
In plasma most o f these
drugs bind to alpha 1acid glycoprotein while
some o f them also
interact with albumin.

%PPB
73%
LogKa(HSA)3.61
Strong base (pKa >= 8.5).
In plasma most o f these
dnigs bind to alphal-acid
glycoprotein while some of
them also interact with
albumin

%PPB
97%
LogKa(HSA) 4.50
Neutral compound (no
acid or base groups).
These drugs mainly bind
to lipoproteins and to a
lesser extent to albumin.

No acid pKa.
pKa(Base) 9.4 ± 0.4
Total number of
ionogenic groups 1

No acid pKa,
pKa(Base) 9.4 ±
0.4
Total number o f ionogenic
groups
1

No acid pKa.
No base pKa.
Total number of
ionogenic groups

p H - 1 .7 0.32
pH = 4.6 0.32
pH = 6.5 0.73
pH = 7.4 1.44
pH = 8.0 2.01

pH = 1.7 0.18
pH = 4.6 0.19
pH = 6.5 0.60
pH = 7.4 1.31
pH = 8.0 1.87

p H - 1 .7
pH = 4.6
pH = 6.5
pH = 7.4
pH = 8.0

4.6
4.08
4.08
4.0
4.08

LogP

LogP

LogP

4.08

Drug binding to
plasma proteins

Ionisation
PKa and ion
fractions

LogD
pH dependent
distribution
coefficient

pH = 1.7 (Stomach)
pH = 4.6 (Duodenum)
pH = 6.5(iejunum
&ileum)
pH = 7.4 (Blood)
pH = 8.0 (Colon)

l^ g p

3.42

3.28

5.35x 10^
0.10 min *
SCO.OxlO"*

0

Physicochemical
properties

Molecular Weight

223.38
No. o f Hydrogen Bond
Donors
2
No. o f Hydrogen Bond
Acceptors 1
TPSA
51.32
No. o f Rotatable Bonds
6

243.37
No. of Hydrogen Bond
Donors
2
No. of Hydrogen Bond
Acceptors 1
TPSA
51.32
No. o f Rotatable Bonds 4

331.50
No. of Hydrogen Bond
Donors
1
No. o f Hydrogen Bond
Acceptors 2
TPSA
79.70
No. o f Rotatable Bonds
7

Solubility

Predicts solubility
(LogSw, mmol/ml) o f a
compound in pure water
at 25°C.

>10 mg/ml 0.004
>1 mg/ml 0.814
>0.1 mg/ml 0.999

>10mg/ml0.013
>1 mg/ml 0.022
>0.1 mg/ml 0.237

>10 mg/ml 0.000
>1 mg/ml 0.002
>0.1 mg/ml 0.050

Stability

Susceptibility to acid
hydrolysis in stomach

Chemically stable in
acidic conditions

Chemically stable in acidic
conditions

Chemically stable in
acidic conditions

Probability

Non-substrate.

Non-substrate.

Non-substrate.

Probability

Non-inhibitor

Non-inhibitor

No prediction

P-G p specificity
P-glycoprotein
substrate
P-glycoprotein
inhibitor

Table 6.3 ADME Predictions for Lead Compounds
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molecules by definition. Since non-ionic species diffuse more readily through cell
membranes, weak acids will have a higher absorption in the highly-acidic stomach. In
the basic environment o f the intestines—weak bases will diffuse more readily since they
will be non-ionic.
Both compounds 34 and 35 were found to be weak bases. All three compounds
were found to have no acid pKa values, however, all three were predicted to be
chemically stable in acidic conditions. These results imply that compounds 34 and 35
have a high chance o f being absorbed by the small intestine having survived the acidic
environment o f the stomach. P-glycoprotein (permeability glycoprotein, P-Gp) is an
ABC-transporter o f the MDR/TAP subfamily that is extensively distributed and
expressed in the intestinal epithelium, hepatocytes, renal proximal tubular cells, and
capillary endothelial cells comprising the blood-brain barrier (Dean et a l, 2001), P-Gp
transport various molecules across extra- and intra-cellular membranes and is
responsible for decreased drug accumulation in multidrug-resistant cells and often
mediates the development o f resistance to anticancer drugs. Using the ADME Tox Box
software, neither 34, 35 nor 202 were predicted to be P-Gp substrates or inhibitors.

6.2.6,3 Prediction o f solubility and stability
The solubility of each o f the compounds in water was predicted. It was found
that only compound 34 had a high probability o f being soluble in water (between 0.1
and 1 mg/ml), both 35 and 202 were predicted to be insoluble in water.
Since its publication in 1997, the empirically-derived Rule o f five (Ro5) has
become widely accepted by the pharmaceutical industry as a quick profiling tool for
drug-likeness for orally administered therapeutics that are passively transported to the
site o f action. The key factors used to describe drug-likeness in the Ro5 are molecular
weight <500; partition coefficient (log P) <5; <5 hydrogen bond donor atoms; and a
sum of nitrogen and oxygen atoms <10. Molecules that violate these rules, hence
showing poor pharmacokinetic properties for oral administration, are filtered out early
in discovery to allow efforts to be focused upon more promising candidates (Lipinski et
a/., 2001).
The molecular weights o f 34, 35 and 202 are all under 500Da, the number o f
hydrogen bond donor atoms in each o f these drugs was <5 and the number o f oxygens
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and nitrogens was <5, all satisfying Lipinski’s Rule of five. Lipophilicity is widely
accepted as having a significant impact on the absorption, distribution, metabolism, and
excretion (ADME properties) of compounds (Wenlock et a i, 2003). Compounds that
are too lipophilic are not only more likely to be rapidly metabolised and bioaccumulate,
they also have low aqueous solubility and often poor absorption properties. Early
determination of lipophilicity (either through experimental measurement or prediction)
highlights potential liabilities, and aids better decision-making both in hit-to-lead
identification and lead optimization. It has become standard practice to measure and
discuss lipophilicity in terms of log P (the partition coefficient), a descriptor of the
differential partitioning o f a neutral compound between two immiscible solvents, most
commonly octan-l-ol and water. The predicted LogP values of all three compounds
were estimated and indicated that 34, 35 and 202 all had a Log P value of <5, implying
that they are all moderate lipophilic-hydrophobic drugs.
Since the majority of drugs (approximately 80%) are ionisable, log P is not an
appropriate predictor of a compound's behaviour in the changing pH environments of
the body. The distribution coefficient (Log D) is the correct descriptor for ionisable
systems. All three drugs have a very similar logP values, but Table 6.3 illustrates how
their lipophilicity varies with pH due to the different pKa values, logP values and
acid/base character. It was predicted that compounds 34 and 35 show a pH dependent
lipophilicity compared to derivative 202 whose Log D did not change significantly
when varying the pH.

6.2.6.4 Prediction of toxicity
The AMES test is one o f the most popular tests for assessing mutagenic
properties of a compound. It is a short-term bacterial reverse mutation test. This test is
performed on various S.Thyphimurium and E.Coli bacteria strains. The Ames test is
used worldwide as initial screen to determine mutagenic properties of NCE (new
chemical entities) in Drug and Chemical Industry. Using ADME Tox Box 4 software,
the in silico AMES predictions o f a compound can be estimated. ADME Tox Box
compares the structure of the compound of interest to structures of other agents in the
database that have known AMES effects. Using this test on the three lead compounds, it
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was found that neither of the three were found to have a high probabiHty of being
mutagenic (Table 6.4).
Using ADME Tox Box 4 software, the health effect predictions of 34 , 35 and
202

were estimated. Health Effect predictions are calculated from long term toxicity

studies with adverse effects reported on particular organs or organ systems integrating
data from chronic, sub-chronic, acute and carcinogenicity studies, data from various
species and routes of administration. ADME Tox Box compares the structure of the
compound of interest to structures of other agents in the database that have knovsoi
health effects. Using this test on the three lead compounds, it was found that neither of
the three were found to have a high probability of being mutagenic (Table 6.4). From
these predictions, compound 2 0 2 appeared to be the least toxic compound, with
derivative 34 being the most toxic.
The “Acute systemic toxicity” of the chemical is defined as a dose that is lethal
to 50% of the treated animals. It is named lethal dose 50 (LD 50). The acute toxicity
(LD50) can be viewed as a “cumulative potential” to cause various acute effects and
death of animals. Calculates LD50 (mg/kg) for mouse under oral, intraperitoneal,
intravenous, subcutaneous administration and for rats under oral and intraperitoneal
administration methods. ADME Tox Box compares the structure of the compound of
interest to structures of other agents in the database that have known AMES effects.
Using ADME Tox Box 4 software, the acute systemic toxicity of 34 , 35 and 202 were
also estimated Using this test on the three lead compounds, it was found that neither of
the three were found to have a high probability of being mutagenic (Table 6 .4 ). From
these predictions, compound 2 0 2 appeared to be the least toxic compound, with
derivatives 34 and 35 which appeared to have similar toxic potential, but at high doses.
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34

35

202

Genotoxicity
Ames test
Assesses the
mutagenic
properties of
the
compounds

Calculated
probability
of compound
being
mutagenic

0.068

0.015

0.005

Health
Effects

Probability
of effect on:

Blood 0.55
Cardiovascular system 0.80
Gastrointestinal system 0.61
Kidney 0.13
Liver 0,17
l^n g s 0.81

Probability of effect on:
Blood 0.23
Cardiovascular system 0.69
Gastrointestinal system 0.52
Kidney 0.30
Liver 0.20
Lungs 0.83

Blood 0.22
Cardiovascular system 0.44
Gastrointestinal system 0.19
Kidney 0.70
Liver 0.22
Lungs 0.30

LD50
Intraperitoneal
Oral
Intravenous
Subcutaneous

LD50
Intraperitoneal 99 mg/kg
Oral
390 mg/kg
Intravenous
34 mg/kg
Subcutaneous 170 mg/kg

LD50
Intraperitoneal 430 mg/kg

Acute Toxicity
Acute
systemic
toxicity is
defmed as a
dose that is
lethal to 50%
o f the treated
animals.

Lethal dose
50 (LD50).
Mouse

89 mg/kg
440 mg/kg
31 mg/kg
180 mg/kg

Oral
Intravenous

630 mg/kg
89 mg/kg

Subcutaneous 390 mg/kg
Lethal dose
50 (LD50).
Rat

LD50
Intraperitoneal 81 mg/kg
Oral
490 mg/kg

LD50
Intraperitoneal
Oral

85 mg/kg
420 mg/kg

LD50
Intraperitoneal 410 mg/kg
Oral
700 mg/kg

Table 6.4 ADME Tox Box in silico predictions for the toxic potential of derivatives 34,35 and 202.
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6.3 Discussion
The objectives o f this Chapter were threefold;
1.To explore the antiproliferative effects o f a number o f amphetamine analogues
based on the original rationale that SERT ligands can act as pro-apoptotic
agents in the treatment o f Burkitt’s lymphoma.
2. To explore the cytotoxic effect of these derivatives towards catecholaminergic
transporter expressing cell lines in order to determine if any o f these
derivatives could have a possible in vivo cytotoxic effect to SERT-, NAT- or
DAT-expressing neurons.
3. To explore the cytotoxic effects o f a number o f impurities associated with the
clandestine synthesis o f amphetamines and its related analogues.

6.3.1 Anticancer Activities
The ultimate goal o f this Chapter was to attempt to uncover (a) novel anticancer
agent based on the structure of the

original rationale behind this study was to

investigate the cytotoxic effects o f a series o f potentially potent novel SERT ligands
based

on

the

structure

of

4-methylthioamphetamine

and

3,

4-

methylenedioxymethamphetamine. The original rationale o f this study was based the
hypothesis that SERT could act as a pro-apoptotic target in Burkitt’s lymphoma
(Meredith et al., 2005).
In the present work, it was found that a number o f compounds showed strong
cytotoxic effects (EC 50 values o f less than 10|j,M) toward the chemoresistant Burkitt’s
lymphoma cell line DG-75 which expresses SERT (Table 6.1). These derivatives also
had a potent effect on the neuroblastoma cell line SHSY-5Y which does not express
SERT (Lode et al., 1995) implying that these derivatives may not act through SERT. As
these compounds were also tested on the HEK and HEKhSERT expressing cell lines, no
correlation between SERT selective cytotoxicity and malignant cell line cytotoxicity
was found.
A number o f lead compounds were identified as initial ‘hits’; however, it was
only derivatives 34, 35 and 202 that were subsequently investigated for antiproliferative
activity. Derivatives 34 and 35 are analogues o f 4-MTA whereas derivative 202 is a
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synthetic impurity of 4-MTA. Derivatives 35 and 202 were found to show potent
activity in two Burkitt’s lymphoma and three breast cancer cell lines having an effect at
10|j,M and 50|j.M. 35 and 202 were further found to induce 60-70% apoptosis in two
BL cell lines and in a leukaemia cell line with the EC 50 values for such an effect
calculated to be in the low micromolar range (Table 6.2).
The selectivity o f these derivatives was assessed in ‘normal’ cells through the
generation of isolated PBMCs. It was found that derivative 202 was found to have no
effect on the viability o f PBMCs implying that it is only selective for cells of malignant
origin. Derivatives 34 and 35 were found to reduce the viability of PBMCs at high
concentrations (SO-IOO^M) but had no effect at lower concentrations or at their EC 50
range against malignant cell lines. The results for 34 and 35, although not as positive for
those of 202 imply that these 4-MTA analogues have a selective toxic effect to cells of
malignant origin. The exact mechanism of action of these derivatives requires flirther
investigation.
Finally, an in silico study was carried out on the three lead compounds in order
to asses the possible drug-likeness or drugability of these agents. It was found that
compounds 34 and 35 displayed very similar properties of solubility, bioavailability,
absorption, distribution and toxicity, with results in line with Lipinski’s rule of five.
Compound 202 was also found to satisfy Lipinski’s R05, but displayed a lower
probability of toxicity with its Log D not affected by varying the pH.
The pro-apoptotic abilities of these derivatives provide sufficient justification for
the fiirther development of more potent selective 4-MTA related analogues as
anticancer agents and to search for their possible target-based mechanism of action. As
derivative 202 was shown to have no effect on the HEK293 cell line from the NR
screen and derivative 35 did, analogues of 202 are now in development with Prof Mary
Meegan, whereby a number of 202 analogues have been synthesised and tested for
antiproliferative activity.
Using the 4-MTA scaffold as a base to design new SERT targeting ligands could
be disputed as these agents are derived fi'om drugs of abuse and are classified as
Schedule 1 controlled substances (Poortman and Lock, 1999, Communities, 1999,
(EMCDDA), 1999). There have been six reported fatalities associated with 4-MTA in
the UK and Netherlands together with one death and seven non-fatal cases of 4-MTA
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intoxication in Belgium (De Letter et al., 2001). However, such fatalities are thought to
be associated with large doses (21.3-9800mg/kg) (Huang et al., 1992, Elliott, 2000), the
use of other drugs and to interindividual differences in metabolism (Capela et al.,
2006b, Carmo et al., 2007). In vivo, reported fatal 4-MTA intoxications consist of blood
concentrations of 4-MTA between 8.27 and 29.6fj.M (Poortman and Lock, 1999,
Decaestecker et a l, 2001, Elliott, 2000, (EMCDDA), 1999) whereas in tissue such as
brain or liver concentrations have been found as high as 170-202)aM (Decaestecker et
al., 2001, De Letter et al., 2006, Garcia-Repetto et a l, 2003). Assuming the derivatives
used in this study behave in a similar way to 4-MTA at the concentrations (EC5 0 S in the
low micromolar range) used in this study, they could be compared to the in vivo toxic
concentrations (25-480)^M) (Elliott, 2000, Decaestecker et al., 2001) mentioned in the
reported fatalities. However as MTA is a relatively new amphetamine derivative and the
number of reported poisonings is limited, the pathology findings and the mechanism of
death due to this product have not yet been fully evaluated. Further safety-toxicology
studies these derivatives will assess such concerns.
The EC 50 values of the lead 4-MTA derivatives places them agents behind the
efficacy of other known chemotherapeutic agents (14-20^iM for the 4-MTA derivatives
compared to 10-40nM range o f the other agents). The use of 4-MTA derivatives as
anticancer agents poses the issue of CNS activity. However, derivatives 35 and 34 have
been shown to have very little SERT inhibitory activity ((IC5 o‘s of 14.33|J,M and
>25|.iM respectively compared to 4-MTA

(IC50

0.207^M) (REF submitted for

publication) implying possible differential pharmacological activity to 4-MTA and
hence a lack of CNS activity. Further safety-toxicology studies on these derivatives will
assess such concerns.

Alternatively, most anticancer agents have limited brain

penetration resulting in a greater need for new pharmacological approaches to enhance
delivery into the brain. Despite aggressive therapy, the majority of primary and
metastatic brain tumour patients have a poor prognosis with brief survival periods as
before systemically administered drugs can distribute into the CNS, they must cross two
membrane barriers, the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier
(BCB)(Motl et a l, 2006). Assessing the effects of these agents against primary and
metastatic brain tumour-derived cell lines is also worth further future exploration.
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As these derivatives are o f amphetamine origin, they may be having an indirect
SERT-mediated effect, whereby these agents may release 5-HT from intracellular
stores, initiating a variety of secondary effects, which could in turn induce PCD in the
malignant cell lines. These agents are also lipophilic (Log P <5) and may bind to
phospholipids within the cell directly affecting cellular metabolism and dynamics. As
these derivatives were found from an initial screen, with little information regarding
their suspected target-based mechanism of action, extensive further investigations are
required to develop more potent analogues and to identify their mechanism of action.

6.3.2 Effects on monoamine transporters

To explore the cytotoxic effect of these derivatives towards catecholaminergic
transporter expressing cell lines in order to determine if any of these derivatives could
have a possible in vivo cytotoxic effect to SERT, NAT or DAT expressing neurons each
drug was tested for cytotoxic activity in cell lines over expressing the human
monoamine transporters SERT, NAT and DAT,
No SERT-dependent cytotoxic effect was found for any of the MDMA
analogues modified at position C-6 (Category E-I), MBDB analogues modified at
position C-6, the isoquinoline analogues (Category G), the synthetic impurities of
MDMA or for any o f the PMA related synthetic impurities. The majority of these
derivatives displayed cytotoxic EC 50 values in the low micromolar range (l|u.M-50|iM)
against both the SERT over-expressing and wildtype HEK293 cell line. Some SERT
selective cytotoxic effects were observed for some derivatives in the 4-MTA related
analogues (category A) and MDMA and related analogues (category C). However, any
observed cytotoxicity was at concentrations higher than 500|aM and could therefore be
attributed to a non-specific effect.
A number o f derivatives, in particular the category E-I MDMA analogues
modified at position C-6 and a number of derivatives from other categories were found
to have no effect on the hDAT overexpressing cell line compared to the other HEK cell
lines that express hNAT and hSERT. This implies that these compounds either 1) do not
bind to hDAT or 2) they bind to hDAT and therefore protect the cell from death. The
latter could implicate these drugs in having a role as neuroprotective agents against
hDAT targeting agents. As the main objectives of this Chapter was to identify possible
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novel, selective SERT targeting antiproliferative agents, this observation was not
investigated any further.

6.3.3

Synthetic

am phetam ine

im purities

and

their

effects

on

m onoam ine

transporters
To final objective o f this study was to explore the cytotoxic effects o f a num ber
o f im purities associated w ith the clandestine synthesis o f am phetam ines and its related
analogues. A num ber o f im purities isolated from the clandestine synthesis o f M DM A,
4-M TA and PM A were obtained and were tested for a selective cytotoxic effects to cells
expressing the human serotonin, noradrenaline and dopam ine transporters, and to a
neuronal cell line model, perhaps providing a clue to w hether any o f the specific
im purities m ight display

selective toxicity tow ard a specific catecholam inergic

transporter in vivo. The identification o f such a selective toxicity by an impurity has
im plications for social am phetam ine abuse and the safety o f illegally manufactured
Ecstasy and this study is the first report com paring the cytotoxicities o f a range o f
different 4-M TA derivatives on a human serotonin, noradrenaline and dopam ine
transporter overexpressing cell lines.

6.3.3.1 4-M TA im purities
It was found that the majority o f 4-M TA im purities had cytotoxic effects to the
monoam ine transporter-expressing cell lines and to the control HEK cell line. Impurity
202 was found to be cytotoxic to all monoam ine transporter-expressing cell lines
com pared to the HEK control cell line im plying a selective effect o f this derivative for
m onoam ine transporters. Analysis o f the cytotoxicity o f this derivative to the neuronal
like cell line model, P C -12, found that 202 is toxic to these cells, with an EC 50 value for
the effect approxim ating to 100 |aM. However, as previously m entioned, derivative 202
has no effect on the viability o f peripheral blood m ononuclear cells im plying its
potential use in the treatm ent o f tum ours outside the CNS.
Impurity 181 was found to be cytotoxic to the hSERT and hD AT cell lines
com pared to the HEK cell line, whereas impurity 204 was found to be cytotoxic to the
hD A T cell line only (Fig.6.14). Further experim ents, such as serotonin release or in vivo
anim al studies would be required to affirm the speculations, that derivative 181 m ay be
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toxic to serotonergic and dopaminergic neurons, that 204 may be toxic to dopaminergic
neurons and that 202 may be toxic to all of monoaminergic neurons.
Conversely, the resistance o f the hNAT expressing cell line to derivatives 181
and 204 is also an interesting observation, whereby these impurities may act as ligands
for NAT. Again, further investigations into NAT reuptake or NA release experiments in
the presence of these impurities may confrim such speculations. As the main objectives
of this chapter was to identify possible novel, selective SERT targeting antiproliferative
agents, these observation were not investigated any further.

6.3.3.2 MDMA impurities
The majority o f MDMA synthetic impurities had no cytotoxic effects to the
monoamine transporter expressing cell lines or to the control HEK cell line. Impurities
185 and 186 were found to be cytotoxic to all monoamine transporter expressing cell
lines compared to the HEK control cell line, implicating that these impurities may target
the transporters in vivo. Again, further experiments, such as serotonin release or in vivo
animal studies would be required to affirm the speculations, that derivatives 185 and
186 may be toxic to all of monoaminergic neurons. There have been previous reports of
activity on the interactions of ecstasy synthesis by-products with recombinant human
monoamine transporters which show that these compounds interact with the transporters
at a similar potency to MDMA and do not seem to display any neurotoxic effects (Pifl
et al., 2005). Some of these published derivatives were used in this study and include
compound numbers 190, 196, 197 and 208. Pifl et a l, (2005) found that l,3-bis(3,4methylenedioxyphenyl)-2-propamine (196) had 5-HT uptake inhibitory effects similar
to MDMA but deduce that this derivative is not neurotoxic to SERT, NAT or
DAT(based on carrier-mediated release experiments). The resuhs of this study show
that derivative 196 is cytotoxic to HEK, hNAT and hDAT cell lines with EC50 values in
the low micromolar range. 196 was also found by this study to be toxic to differentiated
PC-12 cells with an approximate EC50 value for toxicity at lOO^M. Derivatives 190,
197 and 208 had no cytotoxic effect to any of the monoaminergic cell lines analysed, in
agreement with Pifl et al., (2005) who report that derivative 197 has SERT inhibitory
activity with derivative 190 and 208 having little effects on SERT activity.
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6.4 Conclusion
As the uhimate goal o f this study was to identify novel therapeutic agents for the
treatment o f Burkitt’s lymphoma, it is the conclusion o f this Chapter that the proapoptotic abilities o f a number o f 4-MTA derivatives provides sufficient justification for
the further development o f more potent selective 4-MTA related analogues as
anticancer agents and to search for their possible target-based mechanism o f action. As
Burkitt’s lymphoma accounts for 30-50% o f lymphomas in children (Harris and
Homing, 2006) and remains a serious health problem in areas where it is endemic
(Burkitt and O'Conor, 1961). In certain regions o f equatorial Africa and other tropical
locations between latitudes 10° South and 10° North, incidence is 100 per million
children (Hanxian Huang, 2005). Despite its incidence in developing countries it is also
rapidly increasing in developed countries. Burkitt’s and Burkitt’s-like/atypical Burkitt’s
lymphomas make up the largest group o f HIV-associated non-Hodgkin lymphomas,
comprising up to 35-50% o f these neoplasms (Spina et al., 1998) with the relative risk
o f non-Hodgkin lymphoma increased 60-200 fold in HIV-infected patients (Grogg et
al., 2007, Biggar et al., 1994, Rabkin, 1994). The need for the development o f selective,
potent economical alternatives in the treatment o f Burkitt’s lymphoma is worthy o f
further exploration and interest.
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“Science never solves a problem without creating ten more ”
George Bernard Shaw

7.1 Concluding Remarks
The search for new drugs to treat cancer ultimately revolves around identifying a
distinctive entity on a cancer cell and designing an agent that binds to this unique target
and instructs the cancer cell to die. Most chemotherapeutic drugs at the bedside today
do not possess such attractive qualities and consequently, there is a constant need to
develop more novel approaches to therapeutic anticancer drug design.
One such novel approach proposed in 2002, was that o f the group o f Gordon
(University o f Birmingham), who put forward the idea that the serotonin transporter,
found to be expressed on the malignancy Burkitt’s lymphoma could act as a novel pro
death target for drugs designed to bind to and inhibit it (Serafeim et al., 2002, Serafeim
et al., 2003). Such drugs included the amphetamines and the SSRI class of
antidepressants. The initial goals o f this study were therefore based on such proposals
and form the foundations by which the rest o f this study was carried out.
Initial findings o f the present study found that only some SERT ligands induce
programmed cell death in Burkitt’s lymphoma. A number o f anti depressants from both
the SSRI and TCA classes had a selective pro-death effect in a range o f Burkitt’s
lymphoma cell lines as well as in a number o f breast-cancer derived cell lines whilst
having little effect on peripheral blood mononuclear cells implying these agents are
selective for cells o f malignant origin. Despite the expression o f SERT in a number of
the cell lines studied, it was found that SERT is not the pro-apoptotic target o f these
antidepressants as a) not all SSRIs had a pro-apoptotic effect, b) serotonin, citalopram
and a 5HT-receptor inhibitor were unable to prevent the observed programmed cell
death induced by fluoxetine and maprotiline, c)

the SERT ligands, serotonin,

fenfluramine and MDMA had no significant pro-apoptotic effects in any o f the
malignant cell lines and d) no selective cytotoxic effects toward a SERT-overexpressing
cell line were observed. The amphetamines MDMA and fenfluramine and serotonin, the
natural substrate for SERT were found to offer no therapeutic potential as anticancer
agents as they failed to kill Burkitt’s lymphoma cells at micromolar concentrations.
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Despile the lack o f correlation o f SERT activity and anticancer activity, the
antidepressants, fluoxetine and maprotiline were found to be potent antiproliferative
agents. An in-depth search for an alternative target to SERT was carried out, identifying
a number o f potential targets for fluoxetine and maprotiline. Neither the noradrenaline
or dopamine transporters were found by this study to be involved in antidepressantmediated cell death, neither were the sigma receptors nor the EAG potassium channels.
The present study has therefore not identified a target for the cell death activity o f these
agents, assuming there is in fact a single target for these agents.
Although no target has been yet identified for these agents the mechanism o f cell
death elucidated by fluoxetine and maprotiline was investigated further. This anticcincer
effect was then found to be attributed to the ability o f these agents to induce both a
Type-I (apoptotic) and a Type-II (autophagic) programmed cell death response. Such
observations, not only reveal for the first time that the antidepressants fluoxetine and
maprotiline induced a Type-II autophagic mode o f programmed cell death in resistant
BL cell identifying a novel therapeutic application for these agents, but also provides a
good model for studying the delicate interplay between the two process o f apoptosis and
autophagy in the demise o f a cell.
Using the antidepressants, fluoxetine and maprotiline in the BL cell lines
MUTU-I and DG-75

identified the role o f the pro-apoptotic proteins Bax and Bak in

the apoptotic cascade, and how, in their absence, excessive autophagy occurs leading to
the eventual death o f the cell.

Calcium as well as mitochondrial dynamics also

appeared to play a role in the final response o f these cells to a stress response. It was
found that in the Bax/Bak positive MUTU-I cell line, cells died by an apoptotic mode of
PCD in response to fluoxetine and maprotiline. Caspases, DNA fragmentation, PARP
cleavage, cytosolic calcium, p-AKT and perturbations in mitochondrial dynamics were
all found by this study to be involved in fluoxetine and maprotiline mediated cell death
o f biopsy-like BL cells.
On the other hand, the Bax/Bak negative DG-75 cell line, shown by this study to
be resistant to a range o f chemotherapeutic agents does not undergo normal Type-I
apoptotic cell death. The DG-75 cell line was isolated from a metastatic effusion of
EBV negative BL, a type o f BL usually associated with HIV infection and therefore
represents a chemoresistant form of BL whose incidence is becoming increasingly
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common in western society. In response to fluoxetine and maprotiline, the DG-75 cell
line dies without the involvement o f caspases, DNA fragmentation, PARP cleavage and
proteases. The proposal made by this study is that the DG-75 cell line because o f
numerous defects in mitochondrial-ER dynamics due to the lack o f Bax and Bak
undergoes a heightened stress response to fluoxetine and maprotiline, initiating
excessive autophagy which ultimately leads to the demise o f the cell. Transmission
electron microscopy, up-regulation o f the ATG specific protein Beclin-I and inhibition
o f death by the autophagic inhibitor, 3-MA demonstrate a role for autophagy in
fluoxetine and maprotiline-mediated DG-75 cell death supporting the above hypothesis.
This heightened stress response through the over-activation o f autophagy is also thought
to involve extracellular calcium levels. It is not clear how exactly, the extracellular
calcium chelator EGTA prevents fluoxetine and maprotiline DG-75 cell death, but the
lack o f ER-stored calcium, and hence high basal cytosolic calcium levels may be
responsible for promoting this autophagic response.
The involvement o f p27*^''’' as a mediator o f caspase-independent cell death was
also identified as being important for DG-75 cell death as well as the mainly punctate
state o f DG-75 mitochondria. It is thought that a combination o f all these events, in
addition to the downregulation o f c-myc, the oncogenic pathological defect associated
with BL may also play a role. A summary o f events hypothesised for fluoxetine and
maprotiline induced cell death o f BL is presented in Figure 7.1.

Reactive oxygen

species were found not to be involved in either DG-75 or MUTU-I cell death in
response to fluoxetine and maprotiline.
In order to elucidate fully the role of Bax and Bak in the differential responses o f
MUTU-I cells and DG-75 cells to fluoxetine and maprotiline, and the interplay between
Bax, Bak, the ER, mitochondrion and their role in Ca

homeostasis, a number o f

studies would be worth carrying out in the fiiture. Transfection o f DG-75 cells with
fully active Bax and Bak and assessing the response o f these cells to fluoxetine and
maprotiline would confirm the speculative role for these pro-apoptotic proteins in
fluoxetine- and maprotiline-mediated cell death. It was initially proposed to use BL cell
lines in this study as a model to study the effect o f a number o f drugs, including
fluoxetine and maprotiline on the mitochondrial fission/ fusion process and to relate any
observations to Bax/Bak status o f the cells. However, due the limited volume o f BL
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cytoplasm and apparent aggregated forms o f mitochondria in BL cells compared to the
filamentous networks observed in HELA cells, these studies are unlikely. In addition,
the experimental methodology used in this study may not be appropriate to thoroughly
investigate the fission/fusion dynamics o f BL cells. Future experiments selectively
labelling individual mitochondrial networks within the intact living cell, using
mitochondrial matrix-targeted photoactivatable green fluorescent protein (GFPmt) may
be a more suitable methodology to allow for the observation o f mitochondrial
structures. The importance o f Bax and Bak in the response o f a cancer cell was also
found to be a major finding o f this study. Further work into the delicate interplay o f
Bax/Bak in autophagic cell death and in apoptosis, along with the role o f calcium and
mitochondrial fission and fusion is needed.
Cells defective in eliciting apoptosis can also be tricked into dying by an
alternative PCD mechanism. PTEN, PI3K. Akt mTOR and the ERK kinase
(MEK)/ERK signalling cascades play critical roles in the transmission o f signals from
growth factor receptors to regulate gene expression and prevent apoptosis. Deregulation
of

the

PTEN/PI3K/Akt

pathway

has

been

associated

with

resistance

to

chemotherapeutic drugs used in cancer therapy and the inhibition o f this pathway
restores or even augments the effectiveness o f chemotherapy. mTOR inhibitors are
currently under evaluation in clinical trials. It would be o f great interest to investigate
the ability of fluoxetine and maprotiline to inhibit mTOR or augment the potency of
other mTOR inhibitors.
The work presented herein show that the drugs maprotiline and fluoxetine are
potent apoptotic agents in Burkitt’s lymphoma. Not only does this study provide further
evidence to encourage the use o f fluoxetine in a small phase II clinical trial in refractory
BL as suggested by Gordon et al (Barnes and Gordon, 2008) but it also warrants further
investigation into the mechanism o f action o f these ligands to identify a potential novel
target or targets on BL cells. In vivo fluoxetine has also been previously shown to
inhibit tumour growth alone (Abdul et al., 1995) or in combination with other
chemotherapeutic agents (Argov et a l, 2009)and is has been shown not to act as a
tumour promoter (Bendele et a l, 1992). From the activity o f these drugs in the
chemoresistant cell line DG-75, it could also be said that these drugs not only offer
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promising potential in the treatment o f relapsed or refractory BL but also for resistant
forms o f BL, such as cases of BL associated with patients suffering from HIV infection
and other forms o f immunosuppression and perhaps in other malignancies associated
with such diseases. Further investigations should be carried out to evaluate the
combinatorial

role

of

these

agents

with

current

therapeutic

regimens.

An

epidemiological study assessing the incidence o f cancer in those patients taking
antidepressants and a study evaluating any possible positive benefits in administering
these antidepressants to patients already undergoing chemotherapy would also be of
great interest.
A comparison o f the potency of the SSRIs and maprotiline to induce apoptosis
to other effective anticancer agents would place them in middle range between anti
metabolites and receptor targeted agents. The therapeutic dose o f such antidepressants
can vary from 20 to 40 mg per day, depending on the treatment achieving plasmatic
levels from 80 to 300 ng/ml, respectively (Ferguson and Hill, 2003, Carvalho et al.,
2004, Serafeim et al., 2002) . Although such concentrations are significantly lower than
those employed by this study, one of the promising features o f the SSRI/ NRI class o f
antidepressants is that very large doses are well tolerated in humans. Non-fatal intake
doses as large as 1500 mg have been reported with consequent in vivo levels ranging
from 232 to 1390 ng/ml (Borys et al., 1992, Borys et al., 1990, Sabbioni et al., 2004)
making them safe to administer as discussed by Gordon et al., (2008) at the desired proapoptotic effective concentrations or at lower concentrations in combination with other
chemotherapeutic agents. This not only gives them the potential to be tested further in
animal models but also warrants further investigation by improving their potency
through the development o f novel structural analogues. From the work carried out in
this thesis a number o f avenues o f interest are being pursued. In collaboration with the
laboratory o f Prof. Mary Meegan (School o f Pharmaceutical Chemistry, TCD), a
number of novel maprotiline analogues have been synthesised and are currently being
tested for antiproliferative activity in Burkitt’s lymphoma.
Unfortunately, understanding these drugs as anticancer agents cannot truly be
assessed until the target for these agents is properly defined. However, there is a number
of promising theories that could promote the future research into the development o f

301

Chapter 7. Final Discussion
these anti depressants as anticancer agents. One o f these theories involves investigating
the effects o f fluoxetine or maprotiline on cellular glucose metabolism.
Normal cells produce most o f their ATP from glucose through mitochondrial
oxidative phosphorylation, whereas some tumour cells have the ability to remodel their
metabolism to use glycolysis with reduced oxidative phosphorylation, a phenomenon
known as the Warburg effect (Vander Heiden et a l, 2009), whereby cells produce large
amounts o f lactate upon consuming glucose which can result in acid-mediated matrix
degradation, invasiveness, and metastasis. The high rate o f metabolism o f glucose has
been shown to lead to reprogramming o f mitochondrial metabolism to support glucosedependent phospholipid synthesis and to stimulate activity o f TOR to redirect amino
acid metabolism, stimulating tRNA charging, and increasing protein synthesis (Tong et
a l, 2009).The PI3K/ AKT pathway is involved in stimulating glucose uptake and
metabolism, whereby activating mutations in PI3K and AKT induce a transformed cell
to take up glucose in excess of bioenergetic needs. Strategies to exploit glucose
addiction o f cells transformed by PI3K mutation for cancer therapy are being
investigated (Wise et al., 2008).
Transformed cells also consume large amounts o f glutamine which can also be
used to support anabolic synthesis. Glutamine metabolism provides cells with NADPH
as well as a carbon source for the production o f nonessential amino acid and lipids.
Recent evidence has shown that the oncogenic activation o f the PI3K/Akt and myc
pathways can directly affect cellular metabolism through effects on glucose and
glutamine uptake and catabolism. Activation o f the PI3K/Akt pathway induces
neoplastic cells to take up excessive glucose and to depend on high rate o f aerobic
glycolysis for continued growth and survival. In these glucose addicted cancer cells, the
high rate o f glycolysis supports glucose-dependent lipid synthesis and nonessential
amino acid production. Overexpression o f myc induces transformed cells to take up
glutamine in excess of their bioenergetic needs and increase the glutaminase flux. Myctransformed cells rely on glutamine to maintain the normal TCA cycle function and
become addicted to glutamine, despite the availability o f glucose (Wise et al., 2008).
Such an addiction may be ultimately exploited by drugs inhibiting the enzymes
involved in the glutaminolytic pathway or by drugs that alter the control o f glutamine
levels in the cell. Oncogenic aberrations in glucose and glutamine metabolism redirect
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glucose and glutamine metabolites into de novo nucleotide biosynthesis with the
majority o f tumour cells showing an altered nucleotide metabolism compared with
normal cells, as manifested by the larger size o f the nucleotide pool, higher activity of
the nucleotide anabolic pathway as well as lower activity o f the nucleotide catabolic
pathway (Tong et al., 2009). This allows for faster cell division and growth.
Various reports might support a role for fluoxetine and maprotiline affecting
glucose metabolism. In vivo, fluoxetine has been previously shown to reduce blood
glucose levels, and attenuate insulin sensitivity in diabetic patients (Chen et a l, 2007,
Poliak et a l, 2001). Both maprotiline and fluoxetine have been shown to increase
metabolic activities of the prefrontal cortex o f patients with impulsive aggression (New
et a l, 2004), however the relationship between antidepressants and glucose metabolism
is unclear. The in vitro effects o f fluoxetine on glucose metabolism in human blood
platelets (HBP) reduced the amount o f lactate produced, reduced the glucose
consumption,

increasing the aggregation properties o f HBP (Tassini et a l, 2002).

Fluoxetine has been found to reduce glutamine and glutamate levels in vivo
(Kucukibrahimoglu et a l, 2009). The hypothesis that fluoxetine and maprotiline may be
affecting the glucose/glutamine flux o f cells is promising and suggested future work
involves assessing whether the BL cell line used in this study display signs o f the
Warburg effect or an altered dependence on glutamine metabolism and whether
treatment o f these cells with fluoxetine or maprotiline changes these metabolic
processes.
Another theory involves the lipophilic nature o f fluoxetine and maprotiline.
Relatively small lipid-soluble substances are thought to distribute into the plasma and
intracellular membranes more likely than remain exclusively at the cell surface.
Fluoxetine has been reported to penetrate the cell membrane and bind mostly to
mitochondria, synaptosomes and other cell organelles (Mukherjee et al., 1998).
Fluoxetine also affects mitochondrial bioenergetics by interfering with the physical state
o f the mitochondrial inner membrane (Curti et al., 1999). Maprotiline is also a cationic
amphiphilic drug that has been associated with lipidosis in a range o f experimental
systems (Xia et al., 2000). Further work into the cellular fate o f fluoxetine and
maprotiline in BL cell lines is o f interest.
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In the final part of this study, investigation into the cytotoxic effects of a series
of potentially

potent

novel

SERT

ligands

based

on

the

structure

of 4-

methylthioamphetamine and 3, 4-methylenedioxymethamphetamine identified three
lead compounds that showed selective anticancer effects against Burkitt’s lymphoma
and other malignancies having little effect on ‘normal’ cells. Derivatives 34 and 35 are
analogues of 4-MTA whereas derivative 202 is a synthetic impurity of 4-MTA. The
pro-apoptotic abilities of these derivatives provide sufficient justification for the further
development of more potent selective 4-MTA related analogues as anticancer agents
and to search for their possible target-based mechanism of action. Consequently, a
number of 202 analogues have been synthesised by the group of Prof. Mary Meegan
(School of Pharmaceutical Chemistry, TCD) and are currently being tested for
antiproliferative activity.
In conclusion, such a selective, potent economical alternatives for the treatment
of Burkitt’s lymphoma is worth further exploration and interest. The search for the
target-based mechanism of action of these drugs is important to their future therapeutic
potential. The findings of this study, showing that fluoxetine and maprotiline have the
ability to induce potent PCD in Burkitt’s lymphoma, through the activation of both the
apoptotic cascade and through the activation of an autophagic type II cell death
response, provides additional knowledge in the exploration of their mechanism of
action. As these drugs are already currently in use for another purpose and hence have a
plethora of information regarding their toxicities and pharmacological actions, the time
consuming bench-to-bedside transition could be reduced allowing for the use of these
agents in the treatment of BL, especially in those areas where an oral, economical
alternative to invasive, expensive chemotherapy is greatly needed.
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The discovery th a t som e serotonin reuptake tran sp o rter (SERT) ligands have th e potential to act as
pro-apoptotic agents in th e treatm en t of cancer adds greatly to th eir diverse phaim acoiogical application.
4-M ethylthioam phetam ine (MTA) is a selective ligand for SERT over o th er m onoam ine transporters. In
this study, a novel library of structurally diverse 4-MTA analogues w ere synthesised w/ith or w ithout
N-alkyl a n d /o r C-a m ethyl or ethyl groups so th at their potential SERT-dependent antiproliferative
activity could be assessed.
Many of th e com pounds displayed SERT-binding activity as w ell as cytotoxic activity. W hile there was
no direct correlation betw een these tw o effects, a n um ber of derivatives displayed anti-tum our effects in
lym phom a, leukaem ia and breast cancer cell lines, show ing further potential to be developed as possible
chem otherapeutic agents.
© 2009 Elsevier Masson SAS. All rights reserved.
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1. Introduction
The serotonin transporter (SERT) transports 5-hydroxytryptamine (5-HT) from central and enteric nervous system synapses
back into pre-synaptic neurons determ ining the duration and
m agnitude of 5-HT responses. Alterations in SERT activity, binding
site density and polymorphisms of the SERT gene have implicated
the transporter in many psychiatric and neurodegenerative

Abbreviations: 4-MTA, 4-methylthioamphetamine; 5-HT, 5-hydroxytryptamine;
ALEPH-2. l-(2.5-dimethoxy-4-ethylthiophenyl)-2-aminopropane; AMPH, am phet
amine; BBB, blood-brain barrier; BCB. blood-cerebrospinal fluid barrier; BL, Burkitt’s lymphoma; DAT. dopamine transporter; EBV. Epstein barr virus; FACS,
fluorescent-activated cell sorting; HEK. hum an embryonic kidney cells; MDMA. 3,4methylenedioxymethamphetamine; NAT. noradrenaline transporter; NR. Neutral
Red; PBS, phosphate buffered saline; PCD. programmed cell death; PI. propidium
iodide; PMA, para-m ethoxyam phetam ine (4-methoxyamphetamine); SERT, sero
tonin transporter; SSRl, selective serotonin reuptake inhibitors; TCA, tricyclic
antidepressant.
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disorders such as depression, anxiety, substance abuse, suicide,
autism, Alzheimer’s and Parkinson’s disease [1].
The serotonin transporter is an im portant pharmacological
target th at has high affinity in vivo for tricyclic antidepressants
(TCAs) such as imipramine, serotonin-selective reuptake inhibitors
(SSRIs), like fluoxetine and nonselective stim ulants ^eluding
cocaine and am phetam ines [2]. Apart from its high expression in
the nervous system, SERT is expressed in a w ide range of speci
alised non-neuronal cells [3-5] and m ore interestingly, it has been
found in a num ber of B cell malignancies including diffuse large B
cell lymphoma, multiple myeloma and Burkitt’s lymphoma [6].
Recently, a new pharmacological application for SERT has been
reported, linking it w ith drug-induced apoptosis in lymphoma
[6-8], w here it is thought to act as a pro-apoptotic target for SERT
ligands. It has been implicated in the mechanism of cytt)toxicity
associated w ith the am phetam ine analogues, fenfluramine and
3,4-m ethylenedioxym etham phetam ine (MDMA) and SERT-targeting antidepressants [6,9,10]. The SSRl class of antidepressants
including, fluoxetine, paroxetine and citalopram have been repor
ted to induce apoptosis in a range of malignant cell lines [8,11-14]
and the tricyclic antidepressants have been implicated in apoptotic
activities over a range of cell lines both neuronal and malignant
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[12.15-17]. Some reports have questioned the role of SERT in such
y)optosis [18]. High concentrations of MDMA have been shown to
induce SERT-independent cytotoxic effects in a num ber of cell lines
[19] and non-serotonergic effects of fluoxetine have been reported
[20]. This suggests that (a) molecular target(s) other than SERT may
exist on the lymphoma cell w ith the possibility th at some
antidepressants preferentially target the proliferating B cell [8 ].
Because of its growing association w ith HIV infection, Burkitt’s
lymphoma (BL) is becoming a more common malignancy in
hum ans [21 ]. It is a tum our of B cells th at accounts for 30-50% of
lymphomas in children [22] and rem ains a serious health problem
in those areas w here it is endemic: namely the malarial belts of
equatorial Africa, north-eastern Brazil, and Papua New Guinea [23].
W ith combination and CNS chemotherapy, the survival rate of
patients w ith BL is reported to be at least 60%. Patients w ith bone
m arrow and CNS involvement have a poor prognosis and adults
w ith the disease, especially those in the advanced stage, do more
poorly than affected children w ith reoccurrence common. The
. developm ent of novel selective apoptotic drugs and drug targets is
, therefore imperative to the future of effective anticancer drug
• design.
I
Amphetamine analogues substituted at th e 4-position w ith an
alkylthio- group are a pharmacologically im portant class of
' compounds which dem onstrate potent biochemical activity in the
central nervous system. The parent m em ber of the series, 4-MTA
(4-m ethylthioam phetam ine) [24] (Fig. 1) is a ligand for SERT. It is
a potent inhibitor of serotonin reuptake in the rat brain [25],
a serotonin releasing agent in rat brain synaptosom es and has been
shown to have inhibitory effects on 5-HT-mediated vascular
contraction in isolated rat aortas [26]. It is also a selective reversible
m onoam ine oxidase-A (MAO-A) inhibitor [27].
In the present study w e report the synthesis of a series of novel
4-MTA analogues, w ith or w ithout N-alkyl and/or C-a methyl or
ethyl groups as well as the synthesis of the structurally related
4-thioethyl series. The aim of this study is to investigate the SERTbinding activity and the SERT-selective cytotoxic activity of these
derivatives. We wish to determ ine if any observed toxicity is related
to the ability of each com pound to bind to SERT. SERT binding will
be tested using an [^H] 5-HT uptake inhibition assay w ith the
specific structural requirem ents of these sulphur-substituted
a-alkyl phenethylam ines at the serotonin transporter examined
using a recently developed homology model for hum an SERT [28].
The results obtained from such experim ents can then be used in
molecular modelling studies to rationalise SERT-binding

CHg

NH2
M ethylenedioxyam phetam ine (MDA)

NH2
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requirem ents and to determ ine if there are any structural correla
tions relating to SERT binding and any observed toxicity.
Based on existing data linking SERT as a pro-apoptotic target
for SERT-targeting ligands [6- 8 ] in B cell malignancies, the ulti
m ate aim of the present study is to use the 4-MTA scaffold as
a starting point to synthesise a num ber of possible SERT-targeting
agents. We wish to evaluate these agents for activity as novel
antiproliferative agents. This will not only allow for the develop
m ent and synthesis of more potent, selective analogues th at offer
the potential to be used as future anticancer agents but will also
help confirm or contradict reports of SERTs potential role as a
pro-apoptotic target.

2. Results and discussion
2.1. Chemistry
The structures of the sulphur-substituted a-alkyl phenethyl
amines and related compounds investigated in the present study
are arranged in six distinct groups. Types l-VI (see Tables 1-4;
Schemes 1 -5):
Type I. Structures based on 4-MTA scaffold w ith N-alkyl, N,
N-dialkyl, N-hydroxyl or N-alkoxy substituents, compounds 4a-4r.
Type II. Structures based on thiomethyl substituted a-m ethylphenethylam ine scaffold w ith alkyl, aryl or benzyl type sulphur
substituent, compounds 9a-9e.
Type III. Structures based on ethylthio-substituted a-m ethylphenethylamines, compounds 15a-15d.
Type IV. Structures based on ethylthio-substituted a-ethylphenethylamines, compounds 15e-15i.
Type V. Structures based on thiomethyl substituted a-ethylphenethylam ine scaffold w ith N-alkyl, N,N-dialkyl, N-hydroxyl or
N-alkoxy substituents, compounds 19a-19q.
Type VI. Structures based on 1-phenylpropylamine, compounds
25a, 25b.
2.1.1. Type I compounds
The synthetic routes which w ere utilised to obtain the sulphursubstituted a-alkyl phenethylam ines are illustrated in Schemes 1-4
and are based on modifications of previously described processes
[27,29-33]. 4-MTA, (4a) together with the N -substituted analogues
4 b -r are obtained in good yield by a tw o step synthesis via the
nitropropene 2 which was obtained from a modified Henry
(Knovenegel) reaction of 4-m ethylthiobenzaldehyde (1) w ith
nitroethane and NJV-dimethylamine and KF (Scheme 1). The
nitropropene 2 was then reduced w ith Fe iron pow der to afford the
propanone 3 w hich was then treated w ith sodium cyanoborohydride and the appropriate amine to afford the Type 1 products
4a-4n. 4-MTA (4a) was also obtained in 80% yield by direct
reduction of the nitrostyrene 2 w ith UAIH4. N-Hydroxy and
N-alkoxy compounds 4 o -r w ere prepared by sodium cyanoborohydride reduction of th e corresponding oximes 5 a-d (isolated as
synjanti m ixture from the ketone 3 by reaction w ith the appro
priated amines). Oxidation of th e 4-MTA w ith mCPBA afforded the
sulfone 4s [34].

4-M ethylthioam phetam ine (4-UTA)

M ethylenedioxym etham phetam ine (MDMA)
Fig. 1. The structures o f m ethylenedioxyam phetam ine, (MDA), m ethylenediox
y m etham phetam ine (MDMA) and 4-m ethylthioam phetam ine (4-MTA).

2.1.2. Type II compounds
The required benzaldehydes 7 a -e for Type II compounds 9 a -e
w ere prepared by reaction of 4-fluorobenzaldehyde (6 ) w ith the
appropriate thiol in a sealed tube at 120 °C in high yield in
a modification of the m ethod of Tanaka [35] (Scheme 2). Conden
sation of the aldehydes 7 a -e w ith nitroethane afforded the nitrostyrenes 8 a -e w hich w ere then reduced w ith lithium alum inium
hydride
to
afford
the
desired
am ines
9a-e.
4-
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T ab le 1
The effects o f th e 4 -m e th y lth io am p h etam in e derivatives 4 a - i, 4 1 -p (Type I) o n SERT activity (IC50 ), on SERT ex p ressin g HEK cells (EC50 ) an d o n th e m a lig n a n t cell lines. DG-75
an d SHSY-5Y.

C om pound

Ri

R2

Yield (%)

c lo g P

SERT reu p tak e inhibition.
lCso(jiM )

HEK293.
pECso^ ± SE

HEK293 hSERT.
pECso"* ± SE

DC-75.
pECso^ ± SE

SH-SY5Y.
p E C s o 'iS E

4 a [4-MTA‘’)
4b
4c
4d

H
CHb
CH2 CH3
CH(CH3)2

H
H
H
H

85
49
35
36

230
2.45
2.98
3^9

0.207 ± 0 .0 2 9
0.417 ± 0 .0 3 1
0.963 ± 0.076
1.854 ± 0 .6 1 8

4.73 ± 0 .1 4
4.71 ± 0 .1 3
4 .79 ± 0 .1 0
4.51 ± 0 .1 6

4.65
4 .77
4 .90
4 .60

3.466 ± 0 .7 3
3.89 ± 0 .2 8
3.00 ± 0 .1 7
3.47 ± 0 .2 4

3.216 ± 0 .5 2
2.81 ± 0 .2 3
2.73 ± 0 .2 1
2.71 ± 0 .2 9

H

21

2.80

0.702 ± 0 .2 3 4

4.73 ± 0 .1 0

4.71 ± 0 .1 4

3.50 ± 0 .1 7

3.43 ± 0 .2 6

CH2 C = C H 2
-C = C H
CH2 CH2 OH
CH2 CH2OCH 3
CH3
OH
OCH3
OH
OCH 3

H
H
H
H
CH3
CH3
CH3
H
H

23
31

4.81
4.61
5.00
4 .64
4 .70
4 .62
3.28
4 .42
4 .96

4 .7 6 ± 0 .1 5
4 .62 ± 0 .1 7
4 .89 ± 0.089
4.68 ± 0 .1 8
4 .54 ± 0 .1 4
4 .53 ± 0 .1 1
2.61 ± 0 .2 4
4 .4 0 ± 0 .1 3
4 .55 ± 0.11
2.67 ± 0.58
3 3 1 ± 0 .2 1
3.16 ± 0 .3 4
2.97 ± 0.24

3.72
4.42
2.75
4.48
331
3.13

± 0.29
± 0 .2 0
± 0 .2 1
± 0 .2 1
± 0 .1 8
± 0 .1 7

3.91 ± 0 3 2
2.63 ± 0 .1 8
2.64 ± 0 .1 8
2.87 ± 0 .2 4
2.73 ± 0.29
3.64 ± 0 .1 4

<2

<2

3.4 ± 0 .1 6
2.74 ± 0 .2 0

3.24 ± 0 .2 9
2.61 ± 0 .2 1

-

0 .524 ± 0 .1 2 1
0 .6 8 8 ± 0 .1 1 0
0.868 ± 0 .1 1 7
3 .5 8 3 ± 0 .8 1 6
0.520 ± 0 .0 8 8
1.875"
25.06 ± 3.41
0.436 ± 0.040
0.6 6 4 ± 0 .0 5 7
1 0 0 % reu p tak e a t 1 0 0 mM
1.06
0.996
0.173

4e
4f
4g
4h
4i
41
4m
4n
4o
4p
4s
MDMA
MDA
PMA

73

3.22
3.05
1.97
2.60
2.99
1.82
2.96

68

1 .8 6

-

81
67

-

-

-

-

-

-

2.67
0.59
2.15
1.64
1.77

68

28
48
20

± 0 .1 2
± 0 .1 5
± 0.09
± 0 .1 3
± 0 .0 6
± 0 .1 2
± 0.24
± 0 .1 3
± 0 .1 0

<2

3.61 ± 0 .1 9
3.49 ± 0 .1 8
3 3 4 ± 0 .2 1

± 0 .1 5
± 0 .1 8
± 0 .1 0
± 0.11

<2

<2

4 .49 ± 0 .2 1
2.72 ± 0.25
4 .49 ± 0 .1 7

<2
<2
<2

The selective sero to n in reu p tak e inhibitor, citalopram w as u sed as a positive co n tro l for SERT u p ta k e inh ib itio n (IC50 o f 3.17 nM ), w h ereas so d iu m azid e (30 m M ) an dT rito n -X
(2%) ac ted as positive controls for cytotoxicity resu ltin g in 80-90% cytotoxicity to all cells.
TREx SERT-FLAG cells ( 1 x 1 0 ^ ) w e re incubated w ith d ru g an d I^H] 5-HT. After 2 m in. u p ta k e w as sto p p ed b y rem oving th e 5-HT so lution an d im m ed iately ad d in g cold buffer
co n taining 1 mM p aro x etin e (to in h ib it 5-HT tra n sp o rt). Cells w e re w ash ed , lysed an d rad io activ ity d e te rm in e d b y liquid scintillation counting. N on-specific up tak e w as
d efined as th e u p ta k e in th e presen ce o f 10 nM p aro x etin e su b trac ted from th e to tal u p ta k e to ob tain specific up tak e. For th e N eutral Red assay, 5 x 10^ cells/w ell w e re seeded
tre a te d for 48 h. S u p ern atan t w as rem oved and th e cells incubated for 3 ± 1 h w ith N eu tral Red dye solution. NR so lu tio n w as rem o v ed , w ash ed before th e add itio n NR assay
so lubilisation solution. A bsorbance w as read a t 540 n m (690 nm . backgrou n d ) w ith in 1 h. Cell viability w as ex p ressed as p e rc e n t o f v ehicle tre a te d cells.
* pECso ( - ( - l o g EC50 is th e log[D osel w h en resp o n se = 50%)) values w e re calcu lated from % Cell V iability v ersu s - lo g c o n c en tratio n curves, using 4 co n cen tratio n s in
trip lic ate on tw o in d e p e n d e n t days. D ata w as subjected to n o n -lin ear regressio n analysis u sin g a sigm oidal d o s e -re s p o n s e (Hill slo p e = 1) u sin g GRAPHPAD Prism 4 softw are
(G raphpad softw are Inc., San Diego, CA).
At 1 ^M. 4-MTA is selectively m o re toxic to th e hSERT cell line co m pared to th e control HEK293 cell line P < 0.05 b ased o n tw o -w ay ANOVA te st (GRAPHPad P rism 4) w ith
n o m atching follow ed by a Bonferroni Post T est to com pare replicate m ean s by ro w to th e control cell line HEK293 for each co n cen tratio n .
^ Single d eterm in atio n .

Ethylthioamphetamine (9a) [27] was also obtained by reductive
amination of the ketone 14a (Scheme 2).
2.1.3. Type III and IV compounds
The synthetic route to the Type III com pounds 15a-d and Type IV
com pounds 15e-i is illustrated in Scheme 3 and required the
common precursor ketones 12a, b. Henry condensation of nitroethane and nitropropane w ith 4-bromoben2aldehyde (10) afforded
the nitrostyrenes 11a, b w hich w ere then reduced to the corre
sponding ketones 12a, b. Quantitative conversion to the 1,3-dioxolanes 13a, b was followed by lithiation and reaction w ith diethyl
sulphide. Reductive amination of the ketones 14a, b w ith the
appropriate amines afforded the required products 15a, b, d-g, i. The
N-hydroxy compounds 15c, h w ere obtained via sodium cyanoborohydride reduction (at pH 3) of the oximes 16a, b respectively
(Scheme 3). In the ’H NMR spectrum of ISh, the OH and NH protons
are initially displayed as tw o broad singlets at d 5.20 and d 6.25; each
integrating for one proton. In subsequent 'H NMR spectra acquired
over a period of 480 s. a broad signal at i5 5.80, integrating for two
protons had replaced these two signals. This exchange may be due to
trace of acid present and is also observed for com pound 15c.
2.1.4. Type V compounds
Synthesis of the Type V com pounds 19a-q is illustrated in
Scheme 4. Ketone 18 was obtained by Henry condensation of
4-m ethylthiobenzaldehyde (1) w ith nitropropane and subsequent

reduction of the nitrostyrene 17. Reductive amination of the ketone
18 afforded the required products 19a-I and 19n. The N-hydroxy
derivative 19m, together w ith the N-alkoxy compounds 19o-q
w ere obtained via reduction of the oximes 20a-d which were
obtained from the ketone 18 by condensation reaction with the
appropriate am ines (Scheme 4).
2.1.5. Type VI compounds
Synthesis of the Type VI compounds 25a and 25b was achieved
in m oderate yield by reductive am ination of the ketones 22 and 24
respectively (Scheme 5). Treatm ent of the thioether 23 (obtained
by alkylation of m ethythiobenzene w ith n-butyl iodide and
sec-butyl lithium [36.37]) w ith propionyl chloride afforded the
ketone 24, while Grignard alkylation of 4-methylthiobenzaIdehyde
(1) provided the alcohol 21 which was oxidised to ketone 22
using PCC.
2.2. Inhibition o f SERT activity
Amphetam ines (AMPHs) are thought to release stores of
catecholam ines from nerve endings by converting the respective
molecular transporters into open channels (38]. They are thought
to com pete w ith substrate for th e transporters, reversing the
transport of m onoam ines by either binding to the transporter as
a substrate or binding w ithout being transported. It has been
difficult to determ ine if am phetam ines are genuine substrates of
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Table 2
The effects o f th e 4-m e th y lth io am p h etam in e derivatives 9 a -e (Type II) o n SERT activity (IC50 ). o n SERT ex p ressin g HEK cells (EC50 ) an d o n th e m alig n an t cell lines, DG-75 and
SHSY-5Y.

C om pound

R

9a
9b
9c
9d
9e

75
CH2 CH3
58
C(CH3)3
IV
CH2 C6 H 5
CH2CH2N(CH3b 52
47
CeHs

Yield (%) c lo g P

MDMA
MDA
PMA

-

-

-

-

2.83
3.69
3.87
2.23
4.09
2.15
1.64
1.77

SERT reu p tak e inhibition, IC50 (pM ) HEK293, pECso^ ± SE hSERT, pE C so '± S E
4 .82 ± 0 .1 0
5 .1 4 ± 0 .1 3
5.53 ± 0 .1 0
5.06 ± 0 .1 1
5.56 ± 0 .1 3
3.61 ± 0 .1 9
3.49 ± 0 .1 8
3.34 ± 0 .2 1

1.403 ± 0 2 5 0
1 0 0 % 1 0 0 nM
0.679 ± 0.025
43.29 ± 9 .1 5 4
14.33 ± 0 .3 5 5
1.06
0.996
0.173

4.85 ± 0 .1 2
5.4 ± 0 .1 5 6 3
5.43 ± 0 .1 5
5.09 ± 0 .1 3
5.60 ± 0.09
3.31 ± 0,21
3.16 ± 0 .3 4
2.97 ± 0.24

DG-75. pECso^ ± SE SH-SY5Y, pECso^ ± SE
4 .64 ± 0 .1 9
5.11 ± 0 .1 9
5 3 1 ± 0 .1 4
4 .76 ± 0 .1 8
5.53 ± 0 .1 2
4 .49 ± 0.21
2.72 ± 0 2 5
4 .49 ± 0 .1 7

4 .19 ± 0 .1 6
4 .69 ± 0 .1 6
4.71 ± 0 .1 4
3.62 ± 0 .1 6
4 .88 ± 0 .1 4
<2
<2
<2

The selective serotonin reu p tak e inhib itor, citalopram w as used as a positive control for SERT u p ta k e in h ibition (IC50 o f 3.17 nM), w h ereas so d iu m azid e (3 0 mM ) an d Triton-X
(2%) ac ted as positive controls for cytotoxicity resu ltin g in 80-90% cytotoxicity to all cells.
TREx SERT-FLAG cells ( 1 x 1 0 ^ ) w e re incubated w ith d ru g and (^H] 5-HT. A fter 2 m in, u p ta k e w as sto p p ed by rem oving th e 5-HT so lution an d im m ed iately ad d in g cold buffer
containing 1 mM p aro x etin e (to in h ib it 5-HT tra n sp o rt). Cells w e re w ash ed , lysed an d rad io activ ity d e term in ed b y liquid scintillation counting. N on-specific u p ta k e w as
defined as th e up ta k e in th e p resen ce o f 10 nM p aro x etin e su b trac ted from th e to tal u p ta k e to ob tain specific u p take. For th e N eutral Red assay, 5 x 10^ cells/w ell w e re seed ed
tre a te d w ith fo r 48 h. S u p ern atan t w as rem oved an d th e cells in c u b ated for 3 ± 1 h w ith N eutral Red d ye solution. NR so lution w as rem oved, w ash ed befo re th e ad d itio n NR
assay solubilisation solution. A bsorbance w as read a t 540 n m (690 nm , b ackgroun d ) w ith in 1 h. Cell viability w as ex p ressed as p e rc e n t o f v ehicle tre a te d cells.
* pECso (- ( - lo g E C s o is th e log(Dose) w h e n resp o n se = 50%)) values w e re calcu lated from % Cell V iability v ersu s - l o g co n cen tratio n curves, using 4 co n cen tratio n s in
trip licate o n tw o in d e p en d en t days. D ata w as subjected to n o n -lin ear regression analysis u sin g a sigm oidal d o s e -re s p o n s e (Hill slo p e = 1) using GRAPHPAD Prism 4 so ftw are
(G raphpad so ftw are Inc., San Diego, CA).

SERT, due to their lipophilic nature and to th e lack of a crystal
structure of hum an SERT [39]. The am phetam ine analogues,
4-MTA, MDMA, 3,4-m ethylenedioxyam phetam ine (MDA) and
para-chloroam phetam ine (PCA) have all been previously show n to
inhibit SERT activity w ith IC5 0 values of 74 nM (4-MTA) [29],
425 nM (MDMA) [40]. 478 nM (MDA) [25] and 182 nM (PCA) [25]
respectively. These am phetam ines also inhibit the activity of the
noradrenaline transporter (NAT) (2375 nM (4-MTA), 405 nM
(MDMA), 266 nM (MDA) and 207 nM (PCA)) and inhibit the

activity of the dopam ine transporter (DAT) (3073 nM (4-MTA),
1442 nM (MDMA). 890 nM (MDA) and 424 nM (PCA)) [25.29.41].
para-M ethoxyam phetam ine
(PMA)
is
another
common
substituted am phetam ine th at is thought to act in a sim ilar way to
MDMA, w ith evidence of PMA decreasing SERT-binding sites in rat
forebrains [42] and synpatosomal 5-HT uptake and content
[43.44].
To determ ine the potential SERT-binding activity of these
derivatives, the 4-MTA library of compounds synthesised was

Table 3
The effects o f th e 4-m eth y lth io am p h etam ln e derivatives 15a-d (Type 111), an d 15e-l (TVpe IV) on SERT activity (IC50 ), on SERT ex p ressin g HEK cells (EC50 ) an d o n th e m alig n an t
cell lines, DG-75 an d SHSY-5V.

15a-d

15e-i

Com pound Ri

R2

Yield (%) c l o g P SERT reu p tak e inhibition. IC50 (tiM ) HEK293. pECso* ± SE HEK293 SERT. pECso* ± SE DG-75. pECso* ± SE SH-SY5Y, p E C so '± SE

15a
15b
15c
15d
15e
15 f

CH3
CH2CH3
OH
CH3
H
CH2CH2
CH3
OH
CH3

H
H
H
OH
H
H
H
H
OH

34
17

-

-

-

-

-

-

15g
15h
15i
MDMA
MDA
PMA

86

35
73
27
28
73
62

2.99
3.50
2.39
2.35
336
4.03
3.50
2.92
2.89
2.15
1.64
1.77

0.724 ± 0 .1 0 4
0.478 ± 0 .0 3 6
0.625 ± 0 .1 6 5
1.575 ± 0 .0 3 0
1.290 ± 0 .2 4 7
1.804 ± 0 .0 3 5
> 1 0 0 ^iM*^
1.446 ± 0 .4 8 2
2.003 ± 0 .1 7 0
1.06
0.996
0.173

5.12
520
4.49
4.91
5.29
3.60
_c

± 0 .1 1
± 0 .0 7
± 0 .1 3
± 0 .0 9
± 0 .0 6
± 0 .1 7

4.71 ± 0 .1 3
4.78 ± 0 .1 3
4 .59 ± 0 .1 8
4 .62 ± 0 .1 5
5.23 ± 0 .1 0
4.2 1 3 ± 0 .1 4

3.88
3.85
3.91
4.73
4.16
3.45
_c

± 0 .1 2
± 0 .1 9
±032
± 0.21
±020
± 0 .1 6

3.55 ± 0 .1 9
3.52 ± 0 2 0
3 .1 5 ± 0 .1 2
4.36 ± 0 .1 5
4.27 ± 0 .1 8
3.61 ± 0 .1 7
_c

4.94
4.29
3.61
3.49
3.34

± 0.08
± 0 .1 5
± 0 .1 9
± 0 .1 8
± 0 .2 1

4.82 ± 0 .1 3
4 3 5 ± 0 .1 4
3 3 1 ± 0 .2 1
3.16 ± 0 .3 4
2.97 ± 0.24

4.11 ± 0 .2 7
3.40 ± 0 .1 5
4.49 ± 0.21
2.72 ± 0 2 5
4.49 ± 0 .1 7

2.74 ± 0 .1 3
3.68 ± 0 .1 3
<2
<2
<2

The selective sero to n in reu p tak e inhibitor, citalopram w as u sed as a positive control for SERT u p ta k e in h ibition (IC50 o f 3.17 nM), w h ereas so d iu m azid e (30 mM ) and Triton-X
(2%) acted as positive controls for cytotoxicity resu ltin g in 80-90% cytotoxicity to all cells.
TREx SERT-FLAG cells (1 x 10^) w e re in c u b ated w ith d ru g an d [^H] 5-HT. After 2 m in , u p ta k e w as sto p p e d b y rem o v in g th e 5-HT so lution an d im m ed iately ad d in g cold buffer
con tain in g 1 mM p aro x etin e (to Inhibit 5-HT tra n sp o rt). Cells w e re w ash ed , lysed and radioactivity d e term in ed b y liquid scintillation counting. N on-specific u p ta k e w as
defined as th e u p ta k e in th e p resen ce o f 10 nM p aro x etin e su b tra c te d from th e to tal u p ta k e to o b ta in specific u p tak e. For th e N eutral Red assay, 5 x 10^ cells/w ell w e re seed ed
tre a te d w ith for 48 h. S u p ern atan t w as rem oved an d th e cells Incubated for 3 ± 1 h w ith N eutral Red d ye solution. NR so lu tio n w as rem o v ed , w ash ed before th e ad d itio n NR
assay solubilisation solution. A bsorbance w as read a t 540 n m (690 nm . background ) w ith in 1 h. Cell viability w as ex p ressed as p e rc e n t o f v ehicle tre a te d cells. The cytotoxic
po ten cy o f each com pound w as quantified by a pECso value d e term in ed by n o n -lin e a r regression analysis o f sigm oidal log co n c en tratio n d ep e n d en ce curves w h ereb y pECso is
- [ - l o g EC50] ± SE (log EC50 is th e log[D osel w h e n resp o n se is equal to 50% cell viability).
^ pECso ( - ( - lo g E C s o is th e log(Dosel w h e n resp o n se = 50%)) values w e re calculated from % Cell viability v ersu s - l o g co n cen tratio n curves, using 4 co n cen tratio n s in
trip licate on tw o in d e p e n d e n t days. D ata w as subjected to n o n -lin ear regression analysis u sin g a sigm oidal d o s e -re s p o n s e (Hill slope = 1) using GRAPHPAD P rism 4 so ftw are
(G raphpad so ftw are Inc., San Diego, CA).
** 26% reu p tak e inhibition a t 1 ^iM.
,
^
' C om pound n o t included in N eutral Red cytotoxicity screen.
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Table 4
T h e e ffe c ts o f th e 4 -m e th y lth io a m p h e ta m in e d e r iv a tiv es 1 9 a - h , 1 9 r ti-n (T yp e V ) and rela ted a n a lo g u e s 2 5 a - b (T yp e VI) o n SERT a ctiv ity (IC5 0 ), o n SERT e x p r e ssin g HEK cells
(EC50) a n d on th e m a lig n a n t c ell lin es, D G -75 an d SHSY-5Y.

19a-h, 19m-n
C om poun d

Ri

R2

Y ield (%)

c lo g P

25a-b

SERT r eu p ta k e in h ib itio n ,

ICsoiiiM)
19a
19b
19c
19d
19e

H
CH3
CH2 CH 3
CH2 CH2 CH3
CH(CH3)2

53
77
28
26
15

2 .8 3
2 .9 9
3 .5 0
4 .0 3
3.81

0 .6 1 1
0 .4 3 7
0 .8 2 3
0 .6 2 1
1 .9 3 9

± 0 .1 2 4
± 0 .6 2 8

4 .3 0 ± 0 . 1 5
5 . 0 0 ± 0 .1 0
3 . 5 1 9 ± 0 .1 7
4 .7 6 ± 0 .0 8

H

30

3 .3 3

0 .8 7 2 ± 0 . 2 1 4

4 .9 7 ± 0 .1 1

3.5 8
3 .1 3
2 .3 9
2 .3 5
3.9 8
2 .3 2
2 .1 5
1.6 4
1.77

0 .3 9 9 ± 0 . 0 3 0
2 .8 2 1 ± 0 .081
0 .5 9 8 ± 0 . 1 9 9
0 .6 9 5 ± 0 .2 3 2
> 2 5 ^iM
65% reu p ta k e a t 1 0 ^M
1 .0 6
0 .9 9 6

4 .6 9
4 .7 9
5 .0 7
4 .9 2
5 .5 0
2 .5 7
3.61
3 .4 9
3 .3 4

-C l

19g
19h
19m
19n

CH2 CH2 OCH3
OH

H
H
H

OCH 3
-(C H 2 )4 CH3

-

25a
25b
MDMA
MDA
PMA

4 .8 3 ± 0 .1 1

H
H
H
H
H

19f

-C = C H

HEK293,
pECso^ ± SE

CH3

-

26
39
30
51
48
46

-

-

-

-

-

-

CH3

± 0 .0 1 6
± 0 .0 5 6

± 0274

0 .1 7 3

± 0 .1 2
± 0 .0 9
± 0 .0 7
± 0 .1 2
± 0 .1 2
± 0 .2 0
± 0 .1 9
± 0 .1 8
± 0 .2 1

H EK293 hSERT,
p E C s o 'iS E

D G -75.
p E C s o 'iS E

SH-SY5Y,
p E C so'± S E

4 .7 5 5
4 .2 6
4 .6 7 9
3 .5 7
4 .6 7

3 .8 7 ± 0 .2 7
433
3 .5 5
3 .5 9
3 .5 7

3 .3 6
3 .0 8
3 .8 2
2 .5 2
3 .4 7

± 0 .1 3
± 0 .1 0
± 0 .1 1
± 0 .2 7
± 0 .1 3

4 .6 8 ± 0 . 1 6

4 .7 2 4
4 .7 1 8
4 .9 8
4 .8 4
5 .5 9
2.71
3.31
3 .1 6
2 .9 7

± 0 .1 6
± 0 .1 4
± 0 .0 9
± 0 .1 3
± 0 .1
± 0 .1 5
± 0 .2 1
± 0 .3 4
± 0 .2 4

± 0 .2 3
± 0 .1 9
± 0 .3 6
± 0 .1 9

± 0 .2 0
± 0 .2 3
± 0 .1 3
± 0 .3 6
± 0 .1 9

4 .2 2 ± 0 .2 5

< 2

3 .8 0
2 .7 2
4.1 1
3.51
5 .3 2

3 .4 0 5 ± 0 . 1 6
2.41 ± 0 .2 1
4 .5 0 ± 0 .2 5
4 .0 2 ± 0 .2 8
4.71 ± 0 . 1 4

± 0 .1 8
± 0 .1 5
± 0 .2 0
± 0 .2 3
± 0 .1 3

< 2

< 2

4 .4 9 ± 0 .2 1
2 .7 2 ± 0 . 2 5
4 .4 9 ± 0 . 1 7

< 2
< 2
< 2

T he s e le c tiv e se r o to n in reu p ta k e inhib itor, cita lo p ra m w a s u se d a s a p o s itiv e c o n tro l for SERT u p ta k e in h ib itio n (IC5 0 o f 3 .1 7 nM ), w h e r e a s so d iu m a z id e (3 0 m M ) and T riton-X
(2%) a cted as p o s itiv e c o n tro ls for c y to to x ic ity r e su ltin g in 8 0 -9 0 % c y to to x ic ity to all c ells.
TREx SERT-FLAG c e lls (1 x 10^) w e r e in cu b a ted w ith d ru g a n d (^H] 5-HT. A fter 2 m in , u p ta k e w a s sto p p e d b y r e m o v in g th e 5-H T s o lu tio n a n d im m e d ia te ly a d d in g c old buffer
co n ta in in g 1 m M p a r o x e tin e (to in h ib it 5-H T tran sp ort). Cells w e r e w a s h e d , ly se d and r a d io a ctiv ity d e te r m in e d b y liquid scin tilla tio n c o u n tin g . N o n -sp e c ific u ptake w a s
d e fin e d as th e u p tak e in th e p r e s e n c e o f 1 0 [iM p a r o x e tin e su b tra cted from th e total u p ta k e to o b ta in sp e c ific u p ta k e. For th e N eutral Red a ssa y . 5 x 1 0 ^ c e lls /w e ll w e r e s e ed ed
tre a te d w it h for 4 8 h. S u p ern a ta n t w a s r e m o v e d a n d th e c e lls in cu b a ted for 3 ± 1 h w it h N eutral Red d y e so lu tio n . NR so lu tio n w a s r e m o v e d , w a s h e d b efo re th e a d d ition NR
assa y so lu b ilisa tio n s o lu tio n . A b so rb a n ce w a s read a t 5 4 0 n m (6 9 0 n m , b a ck g ro u n d ) w ith in 1 h . Cell v ia b ility w a s e x p r e ss e d a s p e r c en t o f v e h ic le trea ted cells.
^ pECso ( - ( - l o g E C s o is th e lo g [D o se ] w h e n r e sp o n se = 50%)) v a lu e s w e r e c a lc u la ted fro m % Cell V iability v e r su s - l o g c o n c e n tr a tio n cu rv es, u sin g 4 co n c e n tr a tio n s in
trip licate o n t w o in d e p e n d e n t d ays. D ata w a s su b je cte d to n o n -lin e a r r e g re ssio n a n a ly sis u sin g a sig m o id a l d o s e -r e s p o n s e (H ill s lo p e = 1) u sin g GRAPHPAD P rism 4 so ftw a re
(G raphpad so ftw a re Inc.. San D iego, CA).

screened using an [^H] 5-HT uptake inhibition assay w ith HEK293
(Human Embryonic Kidney) TREx cells stably expressing rSERT. The
percentage reuptake of [^H] 5-HT for the compounds w as initially
determ ined at concentrations of 1 nM and 100 nM. The IC50 value
for reuptake inhibition of the more potent compounds (>90%
uptake inhibition at 1 0 0 (iM) was then determ ined from the
appropriate sigmoidal dose-dependent curves. The SSRI citalopram
was used as a positive control and was found to have an IC5 0 of
3.17 nM, while the am phetam ines MDMA, MDA and PMA gave
inhibition of serotonin reuptake w ith IC5 0 values of 1.06 )xM,
0.996 (iM and 173 nM respectively (Tables 1-4). The results
obtained for the SERT reuptake experim ents for th e series of
com pounds synthesised together w ith the c log P values are given
in Tables 1-4. Compounds 4-MTA and PMA which are para
substituted w ith electron donating groups -SCH 3 and -OCH 3
respectively, show considerably more potent SERT activity than
3,4-methylenedioxy substituted MDA and MDMA.
Examination of the data from the Type I compounds (Table 1)
showed that 4-MTA (4a) was the m ost active com pound in the
series as a serotonin reuptake inhibitor w ith IC50 0.207 (iM
(previously reported SERT reuptake inhibition potency for 4-MTA
was hSERT K{ 0.45 + 0.10 |iM [45] and w hole rat brain synaptosome
determ inations IC50 0.074 ± 0.010 )iM [25]). It was found to be more
potent than MDMA (1.06 |iM) and MDA (0.996 |iM), had a similar
activity to PMA (173 nM) but was not as potent as the SSRI,
citalopram at SERT (3.17 nM).
Substantial SERT activity is preserved for small substituents
on th e prim ary am ine group e.g. com pounds 4b, 41,4o, 4p w hich
have IC50 values in the range 0.417-0.664 jiM. A dram atic

decrease in the binding capabilities of th e N-hydroxy, N-methyl
analogue 4n (IC5 0 25.06 |iM) w as observed com pared w ith 4a.
Oxidation of 4-MTA to th e sulfone product 4s resulted in very
low activity for SERT reuptake inhibition (100% reuptake at
100 mM), possibly due to poor solubility of the product. No clear
correlation w as observed betw een the calculated lipophilicity
(c log P) of th e com pounds 4 a -s and the SERT reuptake activity
(Table 1).
The effect of the nature and size of the sulphur substituent was
investigated in the Type II compounds (Table 2). Introduction of the
ethyl or benzyl substituent on the sulphur resulted in small
decrease in SERT activity (IC5 0 values of 1.403 nM and 0.679 nM
respectively for com pounds 9a and 9c) compared w ith 4-MTA (4a).
Introduction of th e t-butyl and aryl sulphur substituents in
compounds 9b and 9e and basic substituent in compound 9d
resulted in decrease in activity.
The effect of N-substitution in the S-ethyl compounds was next
examined (Type III compounds. Table 3). Small substituents such as
Me, (15a), Et (15b) and OH (15c) resulted in improved activity over
the unsubstituted compound 9a. In the series of 4-ethylthiosubstituted a-ethylphenethylam ines (Type IV compounds), the
prim ary am ine com pound 15e was the m ost potent, with
IC50 = 1.290 |iM. Introduction of single N-substituents (Et or OH) or
disubstituted (OH and Me) resulted in a small decrease in activity as
expected (Table 3).
The effect on SERT reuptake inhibition of the elongation of
am phetam ine carbon scaffold of 4-MTA to a 4 carbon chain was also
examined in Type V com pounds (Table 4). Most compounds in the
series displayed good SERT activity (IC50 values in the range
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CH3

(a)

NO;
2

(d )

•CH
S

"OR
5a
5b
5c
5d

R=H
R = CH 3
R = CH2 CH 3
R = CH 2 CH=CH2

4a
4b
4c
4d

NH2

H3 C . I

= R2 = H
=CH3 ,R2 = H
=CH2 CH3 ,R2 = H
=CH(CH3)2 ,R2 =H

4e Ri =— O . R 2 = h

CH3

(g)

Ri
Ri
Ri
Ri

4f
4g
4h
41
4i
4k
41
4m
4n
4o
4p
4q
4r

4s

Ri =CH2 CH=CH2 , R2 = h
Ri = — C=CH,R 2 = H
Ri =CH2CH20H ,R2 = H
Ri = H ,R 2 =CH 2 CH2 0 CHa
Ri =CH2 CH2 SH, R2 = H
Ri =CH2 CH2 CH 3 ,R2 = H
Ri = R2 = CH3
Ri =Ch 3 ,R2 = OH
Ri =CH3 ,R2 = OCH3
Ri =OH ,R2 = H
Ri =0CH3 ,R 2 = H
Ri =0CH2CH3 ,R2 = H
Ri =0 CH2 CH=CH2 , R2 = h

“Reagents and conditions; (a) CHjCHjNOj, (CH3 )2 NH.HC1, KF, reflux ; (b) Fe, CH3 COOH, 100°, 2h, (c)
NaCNBHj, NH4 OCOCH3 or RiRjNH.HCl, CH3 0 H,rt, 72h; (d) RONHjHCl, Pyridine, EtOH, reflux, 2h; (e)
NaCNBH3 , MeOH, rt, 72h; (f) UAIH4 , TOP, reflux, 12h; (g) mCPBA, CH2 CI2
Schem e 1. Synthesis of 4-methylthioamphetamine analogues Type 1. Reagents and conditions: (a) CH3 CH2 NO2 , (CH3 )2 NH HC1, KF, reflux; (b) Fe, CH3 COOH. 100 °C, 2 h ; (c)
NaCNBHj, NH4OCOCH3 or R.RzNH HQ. CH3OH, rt, 72 h; (d) RONHjHCl, pyridine, EtOH, reflux, 2 h; (e) NaCNBHj, M eOH, rt, 72 h; (f) UAIH4 , THF, reflux, 12 h; (g) mCPBA, CH2CI2.

0.399-2.821 )iM). The optim um activity for the series was displayed
by compounds having a methyl or propargryl nitrogen substituent,
e.g. compounds 19b (IC5 0 = 0.437 jiM) and 19g (IC5 0 = 0.399 |iM).
The related 1-am inophenethylam ines 25a and 25b w ere found to
be inactive at SERT w ith IC5 0 > 25 nM, indicating th a t the position
of the primary amine in the phenethylam ine structure is critical for
SERT activity.
The majority of derivatives inhibited th e uptake of 5-HT w ith
I C 5 0 values in the high nanom olar range, similar to the I C 5 0 values

CHO

of other known am phetam ines at SERT. These IC5 0 values w ere
found to be significantly higher than the IC5 0 value of a known
inhibitor of SERT (citalopram, 3.17 nM). We can therefore
hypothesise th at these derivatives are m ost likely acting in the
sam e way as other am phetam ines at SERT, by reversing the
transport of 5-HT, by either binding as a substrate or binding
w ithout being transported. Further experiments, such as 5-HTrelease experim ents or in vivo studies would be needed to verify
such speculations.

CH3

(b)
'S

(c)

CH3

NO2

NH2

8

7 c R = CH2C6H5

a R = CH2 CH3
b R = C(CH3 )3
8 c R = CH2 C6 H5

9a R = CH2 CH3
9bR = C(CH3 )3
9cR = CH2 CgH5

7dR = CH2CH2N(CH3)2

8dR = CH2CH2N(CH3)2

9dR = CH2CH2N(CH3)2

7eR = C6 Hs

8eR = C6Hs

9eR = C6 Hs

7aR = CH2 CH3
7bR = C(CH3 )3

8

“Reagents and conditions: (a) R-SH, KjCOj, DMF, 120°, 4h; (b) CH3eH 2N0 2 , (CHjjjNH.Ha, KF, reflux ; (b)
UAIH4 , THF, reflux, 12h.
Schem e 2. Synthesis of 4-methylthioamphetamine analogues Type II. Reagents and conditions: (a) R-SH, K2 CO3 , DMF, 120 ®C, 4 h; (b) CH3 CH2 NO2 , (CH3 )2 NH-HCI, KF, reflux; (c)
UAIH4 . THF. reflux. 12 h.
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(a)

(c)

(b )

Br

10

11a R = CHg
1 1 b R = CH2 CH3

1 2 a R = CH3
12b R = CH2 CH3

(d)

C--0

(f)
H,C

Br

S'

H,C
14a R = CH3
14b R = CH2 CH3

1 3 a R = CH3

1 3 b R = CH2CH3

16a R = CH3
16b R = CH2 CH3

(e)

15a
1 5b
15c
1 5d
1 5e
1 5f
1 5g
1 5h
1 5i

R = Ri =C H 3, R2 = H
R = CH3, Ri = CH2CH3, R2 = H
R = CH3 R i =O H , R 2 = H
R = R2 = CH3 R i = OH
R = C2H5 R i = R2 = H
R = R i = C2H5 R2 = H
R = C2H5, Ri = CH3, R2 = H
R = C2H5 R i = OH, R2 = H
R = C2H5' R i = OH, R2 =CH3

^Reagents and conditions: (a) CH3CH2N02or CH3CH2CH2NO2, (CH3)2NH.HC1, KF, reflux ; (b) Fe,
CH3COOH, 100“ 2h; (c) HOCH2CH2OH, p-TS A, toluene, reflux, 18h; (d) (i) n-BuLi, (CH3CH2S)2, THF, -7 S'’C
(ii) 20%aq HCl, EtOH, reflux, 2 h; (e) NaCNBH3, NH4OCOCH3 or R,R2NH.HC1, CH3OH, it, 72h; ( f )
NH2OH.HCI, Pyridine, EtOH, reflux, 2h; (g) NaCNBH,, MeOH, pH 3, rt, 72h.
S c h e m e 3 . S y n th e sis o f 4 - m e th y lth io a m p h e ta m in e a n a lo g u e s T y p e III a n d T y p e IV. R e a g e n ts a n d c o n d itio n s: (a) CH3CH2NO2 o r CH3CH2CH2NO2. (CHajaNH HCl, KF. reflu x; (b ) Fe.
CH3COOH, 100 °C, 2 h; (c) HOCH2CH2OH, p-TSA, to lu e n e , reflux, 18 h ; (d ) (i) n-BuLi. (CH 3 CH 2 S) 2 , THF, - 7 8 “C, (ii) 2 0 * a q . H Q , EtOH, reflu x , 2 h ; (e ) NaCNBH 3 , NH4OCOCH3 or
R,R 2 NH HCI, CH 3 OH, rt, 72 h ; [f) NH 2 OH HCI, p y rid in e . EtOH, reflux, 2 h ; (g) NaCNBHj. M eOH , pH 3, rt, 72 h.

2.3. M olecular modelling study
2.3.1. Homology m odel o f hSERT
To d a te no crystal stru c tu re of h u m an SERT (hSERT) exists to
avail o f in th e ligand binding site docking process. A recen t
hom ology m odel of hSERT w as c o n stru cted by Jorgensen e t al. [28]
using LeuT as a tem p late (w hich belongs to th e sam e tra n s p o rte r
fam ily as SERT] and co ntaining escitalopram as a b o und ligand.
H um an SERT is 92% hom ologous to th e ra t protein [46] (rSERT used
in SERT inhibition stu d y ) and has sim ilar residues involved in
ligand a n d sodium binding. S ubsequent investigation o f th e
flexibility o f th e binding site in com plex w ith th e natu ral su b stra te
(5-HT) w as u n d e rta k en to d e te rm in e key p ro tein -lig a n d in terac
tions th ro u g h MD sim ulation in a m em b ran e e n v iro n m en t [47].
In th e p re se n t stu d y FlexE [48] w as selected as a docking p lat
form to allow th ese binding site variations to be tak e n into account.
To establish th e key interactions th a t th e series o f 4-MTA analogues
m ake, it w as necessary to initially d e te rm in e th e b inding m o d es for
5-HT and th e related m eth y len e d io x y m e th a m p h etam in e (MDMA)
w ith in th e SERT hom ology m odel. Fig. 2 illu strates th e key in te r
actions th a t a re observed for 5-HT, 4-MTA a n d MDMA w ith in the
active site o f SERT w h e re th e cationic head is p a ra m o u n t to th ese
interactio n s and residues Ala96, A sp98 and Phe335 are com m on to
th e b inding m ode. If th e term in al n itrogen o f th e ligand is

u n su b stitu te d , it will in teract (H -bond) w ith all th ree residues,
Ala96, Asp98, Phe335 w hereas, if th ere is a su b stitu e n t on the
term in al nitrogen, as in MDMA, only interactions w ith Asp98 and
Phe335 occur. Interactions w ith Ala96, Asp98, Phe335 w ere also
found to be im p o rta n t for th e re p re se n tativ e 4-MTA derivative. 9a
b inding in th e 5-HT binding site (Fig. 2D). R ecent findings by
W alline e t al. from hSERT m u ta n t stu d ies o f tran sm e m b ra n e helix
III (TMHIII) indicate th a t key resid u e Ilel72 is involved in the
b inding in teractio n o f a m p h etam in es, w h ile Tyr95 and Ilel72 have
been previously rep o rte d as key residues [49-51 ]. These interac
tions are identified in o u r stu d ies o f 5-HT. MDMA. 4-MTA. and its
related analogue 9a. 5-HT also m akes additional interactions writh
T hr439 to e n su re efficacious binding o f th e endogenous ligand. The
interaction o f T hr439 is also p re se n t in, MDMA. 9a and escitalo
pram b inding to SERT b u t is n o t p re se n t in th e 4-MTA m odel.
R euptake in hibitors such as escitalopram a re th o u g h t to inhibit
SERT function by binding to th e su b stra te-b in d in g site, w h e re they
a re th o u g h t to in te rac t via th e p ro to n ated ligand am ine of escita
lopram a n d th e Asp98 residue on SERT. Several hydrophobic
co n tacts b e tw ee n aro m atic p a rts o f th e ligand and residues Ilel72.
Phe341. Gly442 a n d T yrl76 a re also th o u g h t to be im p o rta n t for
escitalopram binding to SERT [28]. It has also been recently
d e m o n stra te d by A nderson e t al.. th e im p o rtan ce o f a direct contact
b e tw ee n Ser438 a n d am inopropyl groups o f SSRIs a n d tricyclic
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R=H
R = CH3
R = CH2 CH3
R = CH2 CH=CH2

19a
19b
19c
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R,
Ri
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Ri
Ri
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= R2 = H
= CH3 , R2 = H
= CH2 CH3 , R2 = H
= CH2 CH 2 CH3 , R2 = H
= C(CH3 )3 , R 2 = H

19f Ri = — <C\ R 2 = H
1 9 g R i = H 2C - C = C H , R 2 = H
19h R i = CH2 CH 2 OCH3 , R2 = H
19i R i = C H 2C H =C H 2, R 2 = H

19j
19k
191
19m
19n
19o
19p
19q

R, = CH2CH20H,R2 = H
Ri = R 2 = CH 3
R i = OCH3 , R2 = CH3
Ri = OH, R2 = H
Ri = OH, R2 = CH3
Ri = 0 CH3 , R 2 = H
Ri = OCH2 CH3 , R2 = H
Ri = 0CH2CH=CH2, R2 = H

“Reagents and conditions: (a) CH3CH2CH2NO2, (CH 3)2N H .H a, KF, reflux ; (b) Fe, CH3COOH, 100", 2h, (c)
H2NOR.HCI, Pyridine, EtOH, reflux, 2 h; (d) NaCNBHj, MeOH, it, 72h, (e) NaCNBHj, NH4OCOCH3 or
R,R2NH.HC1, CH3OH, It, 72h;
Scheme 4. Synthesis of 4-methylthioamphetamine analogues Type V. Reagents and conditions: (a) CH3 CH2 CH2 NO2 . (CH3)2NH HCl, KF, reflux; (b) Fe, CH3COOH, 100 "C. 2 h; (c)
H2NOR HCI. pyridine. EtOH. rettux. 2 h; (d) NaCNBH3, MeOH. it. 72 h; (e) NaCNBHj. NH4OCOCH3 or RiRzNH HO. CH3 OH. rt. 72 h.

antidepressants as a critical determ inant for th eir potency at SERT
[52] and it is suggested that an overlap of substrate and inhibitor
sites in hSERT exists. This implies that, antidepressants may act by
a mechanism that involves direct occlusion o f the 5-HT site. In the
present study, a similar binding pattern was observed for escitalopram (Fig. 2E) as w ith 5-HT, 4-MTA, MDMA and 9a (Fig. 2A-D),
identifying key interartions of each ligand w ith residues Tyr95,
lle172, Asp98 and Phe335 on SERT, conclusive w ith previous
findings. The main difference observed is the presence of an aren ecation bond betw een escitalopram and Tyr95, an interaction th at is
absent in the MDMA, 5-HT, 4-MTA and 9a models (Fig. 2). In all
cases, it is im portant to note th at the interactions illustrated may
vary slightly depending upon the docking routine and subsequent
minimisation protocols chosen.
The im portance of a direct contact betw een Ser438 and aminopropyl groups of SSRIs and tricyclic antidepressants as a critical
determ inant for the potency observed [52] was found in our
modelling studies, w here the positioning of Ser438 ~ 4 .5 A from
the escitalopram aminopropyl group, effectively shapes the 5-HT
binding site. This interaction is also present in the 4-MTA, MDMA,
9a and 5-HT models supporting the theory th at antidepressants
may act by a mechanism that involves direct occlusion of the 5-HT
site. These results therefore appear to be consistent w ith the ability
of 9a and the other novel 4-MTA derivatives binding to SERT in the
5-HT binding site in a similar way to MDMA, 5-HT and 4-MTA.

2.3 J . Structure-activity relationship - SERT-binding and inhibition
A detailed molecular modelling study w as undertaken to
rationalise the observed SERT-binding activity for the 4-MTA type
com pounds synthesised. An initial examination o f the docked
structure of com pound 4a (4-MTA) w ith the internal vDW surface
of the cavity m apped shows th at there is ample space in the SERT
ligand binding site to accom modate the N-alkyl substituent of these
ligands (Fig. 2). Chemical analogues in the Type 1 series w ith
increasing chain length substitutions close to the cationic head of
4-MTA generate steric hindrance and in turn prevent interaction
other than salt bridge interaction w ith additional residues such as
Phe335 and Ala96. This translates to a sequential decrease in SERT
activity observed as the size of the alkyl or alkoxy nitrogen
substituent increases. The introduction of both hydroxyl and
methyl substituents rather than the cationic primary am ine in 4a
neutralises any positive charge at pH 7.4 and consequently may
interfere w ith the ability of 4in to form a salt bridge with Asp98
(Fig. 3A). As a result a w eaker H-bond is formed to Asp98 through
the oxygen of the hydroxylamine 4 m w hen compared w ith inter
actions proposed for prim ary amine 4a (Fig. 3A) and SERT reuptake
inhibition is reduced. This result underlines the fact th at a positive
charge at this position is a crucial determ inant of SERT reuptake.
The effect could also be explained by steric effects of the nitrogen
substituents which prevent the cationic nitrogen from interacting
w ith Asp98.
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CHO

(d)

25a R = CH3
25b R = (CH2 )4 CH3

“Scheme reagents and conditions: (a) CHjCHsMgBr, Et2 0 , 34°, 3h (b) PCC, CH 2 CI2 , 40”, 3h (c) (i)
HMDS, TiCU, CH 2 CI2 , 20h, rt (ii) MeOH, NaCNBHj, rt (d) secBuLi, CH 3 CH 2 CH 2 CH 2 I, THF, -78”,
3.5h, (e) CH 3 CH 2 COCI, AICI3 , CH 2 CI2 , 0°, 3h
S c h e m e 5. S y n th e sis o f 4 -m e th y Ith io a m p h e ta m in e a n a lo g u e s T y p e VI. R e a g e n ts a n d c o n d itio n s: (a ) CH 3 CH 2 MgBr, E t 2 0 , 3 4 °C, 3 h ; (b ) PCC, CH 2 CJ2 , 4 0 “C, 3 h ; (c) (i) HMDS. TiCl4 ,
CH 2 CI2 , 2 0 h, rt, (ii) IMeOH, NaCNBHa, rt. (d ) sec-B uU . CH 3 CH 2 CH 2 CH 2 I. THF. - 7 8 "C. 3.5 h ; (e ) CH 3 CH 2 C O a . AICI3 . CHjCla. 0 "C. 3 h.

The 2D depiction of the docked complex 9a (4-ethylthioam phetam ine, Type II) in the SERT-binding site is illustrated in
Fig. 2, w here the contact w ith Phe335 and Asp98 is clearly evident.
The decrease in activity observed on introduction of larger S
substituents, as in compounds 9b, 9d and 9e is possibly due to
increased solvent exposure correlating w ith substituent size. The
docked structure of the S-ethylsubstituted com pound 15c (Type III)
in the SERT-binding site is illustrated in Fig. 3B showing the key
interactions of the hydroxyl w ith AsnlOl and Asp98 and the
nitrogen w ith Asp98 and Tyrl76. Many of the compounds of Type V
w ith a-ethyl substitution retain SERT-binding activity. The docked
structure of com pound 19b in the SERT-binding site is illustrated in
Fig. 3C, which illustrating th at the contacts of the nitrogen w ith
Phe335 and Asp98 are preserved for this scaffold structure.
2.4. Biological activity
2.4.1. Cytotoxicity in HEK293 and hSERT overexpressing cell lines
4-MTA has previously been shown to be toxic to rat hypotha
lamic cultures [53] and to Cii'P2D6 expressing cells [54]. MDMA and
its related metabolites, including MDA have been found to be toxic
to num erous cell lines [19,55-59] while there is little information
on the in vitro cellular toxicity of PMA or PCA. Metabolic pathways
for 4-MTA have been dem onstrated in vivo in mice [60] and in vitro
in primary hepatocytes [61]. In humans, metabolism of 4-MTA
could involve the following: oxidative deam ination to a ketone
metabolite, that can be further reduced to the corresponding
alcohol or suffer degradation of the side chain into the 4-m ethylthiobenzoic acid metabolite, ring hydroxylation to a phenolic
structure or P-hydroxylation of the side chain to 4-m ethylthioephedrine, oxidation of thioether [54]. The m etabolism of the
new derivatives reported in the present study is m ost likely
the same.
To assess the potential SERT-dependent toxic effects of 4-MTA
and related analogues, the cytotoxicity of the series was deter
mined in HEK cells previously shown to stably express the hum an
m onoam ine transporter, hSERT (Supplemental Fig. 1) using an in
vitro cytotoxicity assay. The Neutral Red (NR) assay is a simple,
accurate reproducible system w here viable cells take up the NR dye

w ith any change in the am ount of the dye incorporated by the cells
indicating th e degree of cytotoxicity caused by the test material.
The cytotoxic potentials of a library of 4-MTA derivatives on
HEK293 and HEK293 hSERT cells are presented in Tables 1-4 and
Fig. 4. It was found th at MDMA, MDA and PMA did not show any
selective cytotoxic effects tow ard SERT expressing cells.
2.4.1.1. Selective toxicity o f 4-MTA derivatives 4 a -r (Type I) and
derivatives 19a-q (Type V) on hSERT overexpressing HEK cell lines in
vitro. All of the Type I and Type V derivatives displayed similar low
microm olar cytotoxic potencies implying th at neither show any
obvious selective cytotoxic activity toward SERT (based on an
unpaired T-test w ith P < 0.05 representing a significant difference)
(Tables 1 and 5, Fig. 4). Compounds 4n, 4s, 19b and 19d displayed
the least cytotoxic effect on both cell lines w ith EC5 0 values in the
high micromolar range. The N-hydroxy, N-methyl analogue 4n (IC50
25.06 |iM) showed decreased SERT-binding activity compared with
4a and oxidation of 4-MTA to the sulphone product 4s resulted in
very low activity for SERT reuptake inhibition. However, derivative
19b show ed optim um SERT-binding activity (IC50 = 0.437 )iM) for
the Type V series and 19d also had good SERT inhibitory activity
(IC5 o = 0.621 nM) compared to 4-MTA (IC5 o = 0.207 nM). These
results imply that there is no correlation betw een the SERT-binding
and inhibitory activities of these derivatives w ith their cytotoxic
activities.
Statistical analysis of m ean values for each concentration group
revealed th a t at 1 nM, 4-MTA (4a) and compound 19h showed
a selective cytotoxic effect to SERT expressing cells (P < 0.05) (data
not shown). Although 4-MTA is highly selective for serotonin
uptake inhibition com pared to dopam ine (ratio of IC5 0 value for
serotonin versus dopamine: 3.07 x 10^) [25] and noradrenaline
(ratio IC50 value for serotonin versus noradrenaline: 2.37 x 1 0 ^)
[25], the cytotoxic effect of 4-MTA on HEK cells overexpressing the
dopam ine transporter (DAT) and noradrenaline transporter (NAT)
proteins was also determ ined and found to be very similar indi
cating th at the cytotoxicity observed for the compounds cannot be
directly related to SERT activity. (For 4a pECso values for HEK cells,
4.73 ± 0.14; SERT expressing HEK cells, 4.65 ± 0.15; DAT expressing
HEK cells, 4.64 ±0.14; NAT expressing HEK cells, 4.46 ±0.14). It
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MDMA

Escitalopram

Fig. 2. Derivatives 4 a (4-MTA) and 9a display similar key interactions in th e 5-HT SERT-binding site to 5-HT, MDMA and escitalopram . 2-D rendering o f ligand-protein interactions
using LigX m odule of MOE w as used to a e a te docked structures o f 5-HT, 4-MTA, MDMA, 9a, and escitalopram in th e 5-HT binding site using a recen t homology m odel o f hSERT,
constructed by Jorgensen e t al. [28) containing escitalopram as a bound ligand. Clearly sim ilar contacts are observed in all cases w ith th e exception o f an aren e-catio n bond form ed
v«th Tyr95 in th e escitalopram docked structure.
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further proving the lack of correlation betw een cytotoxic effect and
SERT inhibitory activity.

A
2.9 A
2 .9 A
2.3 A

'2.6A

A «p98

3 .2 A

2 .7 A
2 .8 A

3 .8 A

C
Z.6A

Fig. 3. The interaction of 4-MTA analogues w ith Asp98 and Phe335 is im portant for
SERT inhibition activity. A positive charge a t Asp98 is a crucial d eterm inant of SERT
reuptake, w here a w eaker H-bond w ith Asp98 through th e oxygen o f th e hydroxylam ine 4 m w hen com pared w ith interactions proposed for prim ary am ine 4 a is
im p o rtan t for SERT inhibition (A). Interactions o f a hydroxyl group w ith AsnlOl and
Asp98 and th e nitrogen w ith Asp98 and T yrl76 are im portant for SERT-binding
activity, illustrated by the docked structure of th e S -ethylsubstituted com pound 15c
(Type 111) in th e SERT-binding site (B). The contacts of th e nitrogen w ith Phe335 and
Asp98 are preserved for th e 4-MTA analogues, contributing to th e ir SERT-binding
abilities illustrated by th e docked structure of com pound 19b in the SERT-binding site
(C). 2-D rendering of ligand-protein interactions using LigX m odule of MOE w as used
using a recent hom ology m odel of hSERT, constructed by Jorgensen e t al. |2B| con
taining escitalopram as a bound ligand.

therefore appears that SERT expression alone may not be sufficient
to confer 4-MTA toxicity to HEK cell lines. To the best of our
knowledge this study is the first report comparing the cytotoxic
ities of a range of different 4-MTA derivatives on a hum an serotonin
transporter overexpressing cell line hSERT HEK293.
2.4.12. Lack of selective toxicity o f 4-MTA derivatives 9 a -d (Type II),
15a-d (Type III) and ISe-i (Type IV) on hSERT overexpressing HEK
cell lines in vitro. All of the Type II and Type IV derivatives displayed
similar (P > 0.05) low microm olar cytotoxic potencies implying th at
there is no obvious selective cytotoxic activity toward SERT.
Compounds 15f and 15i had less of a general cytotoxic effect on
both cell lines w ith EC5 0 values in th e high micromolar range
{Tables 2 and 3) despite their m oderate SERT inhibitory activity
w ith IC5 0 values of 1.804 ^M and 2.003 nM respectively, again

2.4.1.3. Selective cytotoxicity toward SERT expressing Burkitt's lym
phoma. The DG-75 cell line is a B-lymphocyte, chemoresistant
Burkitt’s lymphoma cell line derived from a m etastatic pleural
effusion (lung) of a sporadic case of EBV (Epstein Barr Virus)
negative Burkitt’s lymphoma [62] th at has been shown to express
SERT (Supplemental Fig. 1). The SHSY-5Y cell line is a neuroblas
tom a cell line established from a m etastatic bone tum our [63] that
was chosen to use in the screen as it has been shown not to express
SERT [64]. In this study using the Neutral Red assay it was found
th at a num ber o f 4-MTA derivatives in particular th e Type Ila
derivatives show ed potent cytotoxic activity toward the chemo
resistant SERT expressing BL cell line DG-75 (Tables 1-5) and to the
SHSY-5Y cell line w ith approxim ate PEC5 0 values of 5 correlating to
an EC5 0 range of betw een 1 |iM and 5 |iM. These Type II derivatives
show ed a small decrease in SERT activity (IC50 values of 1.403 |iM
and 0.679 nM respectively for compounds 9a and 9c) compared
w ith 4-MTA (4a). The introduction of the t-butyl and aryl sulphur
substituents in compounds 9b and 9e and basic substituent in
com pound 9d resulted in decrease in activity. The lack of potent
SERT binding by 9e and the result th a t compound 9e was found to
have the m ost p otent cytotoxic effect on both the DG-75 and SHSY5Y as well as on the other cell lines (w ith no evidence of selective
activity tow ard the HEK293 hSERT) (Table 2) cell line implies that
SERT is m ost likely not involved in such cytotoxicity. MDMA and
PMA w ere also found to m ore cytotoxic to the DG-75 cell line,
compared to MDA and 4-MTA, w hereas 4-MTA was the only one of
these controls th at show ed cytotoxicity to the SHSY-5Y neuro
blastoma cell line.
2.4J. Antiproliferative activity
To assess if the observed cytotoxicity of these compounds was
due to an antiproliferative effect, compound 9e was chosen as
a representative example using the Alamar Blue assay for anti
proliferative activity in a range of malignant cell lines. 9e was
found to have potent antiproliferative activity in two BL cell lines
(MUTU-I and DG-75) (Fig. 5A). After 24 h (MUTU-I) and 72 h (DG75), only 10% of cells w ere found to be viable upon treatm ent with
50 nM of 9e, implying 90% o f the cells ceased to grow (Fig. 5A).
Derivative 9e was also found to have a potent antiproliferative
effect in three breast carcinoma cell lines (MCF-7, MDA-MB231,
4TI) (Fig. 5A and B) having a potent effect (~90% antiproliferative
activity) in the 4Tls and MDA-MB321 cells at 50 jiM and leaving
only 40% of MCF-7 cells viable after 24 h treatm ents (Fig. 5B). The
microtubule targeting agent, Paclitaxel (Taxol) was used as posi
tive control for antiproliferative activity as it has been shown to
have effects in BL cell lines w ith IC5 0 S of betw een 10 and 40 nM
[65,66]. In other cell lines IC5 0 values for Taxol have ranged from 4
to 35 ng/mL w ith cytotoxic effects greater on proliferating cells
over quiescent cells [67].
2.4.3. Apoptotic activity
Designing drugs th a t can induce programmed cell death (PCD),
namely apoptosis, of a cancer cell, w hilst ignoring the ‘normal cells’
of the body is imperative to th e future developm ent of safe effective
anticancer agents. A drug th at can induce PCD in vitro in malignant
cell lines has the potential to become an anticancer agent. In order
to determ ine if derivative 9e induces apoptosis in Burkitt’s
lymphoma propidium iodide (PI) FACS (fluorescent-activated cell
sorting) analysis was carried out. PI w as chosen as the preferred
m ethod to detect apoptosis to allow rapid FACS analysis to occur
allowing any pro-apoptotic and cell cycle effects to be easily iden
tified. Annexin V staining was avoided, as phosphatidyl serine

4873

S.M. Cloonan et a t / European Journal o f Medicinal Chemistry 44 (2009) 4862-4888

4-MTA derivatives
4a-r(Type1)

4-MTTAderivatives
9a-e, (Type lla)

4-MTA derivatives
15a-d (Type ilb)
15e-i (Type IV)

4-MTA derivatives.
19a-q(TypeV)
I

1HEK293

Compund Number
Fig. 4. The m ajority of 4-MTA derivatives are cytotoxic to hSERT and w ildtype HEK ceils w ith EC50 values in th e low m icrom olar range. 5 x 10'’ cells w ere seeded and treated for
48 h. Cells w ere incubated for 3 ± 1 h w ith N eutral Red dye solution. A bsorbance w as read a t 540 nM (690 nm background). Relative cell viability was expressed as percent of vehicle
treated cells. The cytotoxic potency of each com pound w as quantified by an EC50 value determ ined by non-linear regression analysis o f sigmoidal log concentration dependence
curves w h ere EC50 is th e dose a t 50% cell viability. Derivatives 4s. 15f, 15g and 2Sb w ere n o t included as EC50 values and w ere greater th an 100 nM.

exposure can result from multiple activation pathways in the cell
and is not the best indicator of apoptosis to use in B cell-derived cell
lines from its cross reactivity w ith the B cell receptor [6 8 ]. PI FACS
analysis was carried out initially using 50 nM concentration of
compounds 9e and 25a (as this also had a potent effect in the DG-75
cell line from the NR assay) in tw o BL cell lines and in the hum an
promoeolytic leukaemia cell line (HL-60). It was found th at both 9e
and 25a showed strong pro-apoptotic activity (40-65% cell death)
in all of the cell lines analysed (Fig. 5C). 10 hM Taxol was used as
a positive control for apoptosis as it has been previously shown to
induce apoptosis in HL-60 cells [69], Further characterisation of
these effects using sigmoidal dose-concentration curves (data not
shown) revealed EC5 0 values for the pro-apoptotic effects of both
derivative 9e and 25a in the low micromolar range (e.g. for
MUTU-C179 cell line. EC5 0 values of 14.21 nM and 21.02 (iM
respectively) (Table 5).
2.4.4. Selective anticancer activity
In order to assess the selectivity of these tw o derivatives toward
proliferating malignant cells over the ‘norm al’ cells of the body, the
effects of 9e and 25a w ere assessed in peripheral blood mono
nuclear cells (PBMCs). After 24 h, it was found th at at 10 |iM,
derivatives 9e and 25a had little effect on the viability of PBMCs
compared to the effect of 10 |iM 9e on a range of malignant cells
lines (Figs. 5 and 6 ). At 50 |iM, derivative 9e reduced the viability of

T ab le S
C om pounds 9 e an d 2 5 a induce d o se -d e p e n d e n t apoptosis in a ran g e o f h ae m ato 
poietic m alignancies.
C om pound

9e
25a

B urkitt's lym phom a

H um an-prom yelocytic leukaem ia

DG-75 (72 h)

M UTU-cl79 (2 4 h )

HL-60 (24 h)

23.68
33.76

14^1
21.02

19.61
29.50

EC50 v alues (mM).
Cells w e re seed ed at a d en sity of 7 x 10^ cells/5 mL tre a te d w ith 9 e and 2 5 a for th e
in d icated tim e, h arv ested by centrifugation an d fixed overn ig h t in 70% ethanol. FACS
analysis w as carried o u t u p o n incubation w ith propidium iodide and RNase A.
10.000 cells w e re c o u n ted using ap p ro p riate gates. EC50 values w e re d e term in ed by
n o n -lin ear reg ression analysis o f sigm oidal log concentration d ep e n d en ce curves
w h e re EC50 is th e dose a t 50% ap o p to tic effect.

these PBMCs to approximately 50% (compared to <10% in the DG75. MUTU-I, and breast cancer derived cell lines. Fig. 5). Derivative
25a had less of an effect in the PBMCs at 50 nM (Fig. 6 B) compared
to its pro-apoptotic effect in the MUTU-I. HL-60 and DG-75 cell
lines. Such results are consistent w ith these agents selectively tar
geting cells of m alignant origin over ‘normal cells' of the body.
To assess the anticancer therapeutic potential of these deriva
tives, a num ber of issues require discussion. The use of 4-MTA
derivatives as anticancer agents may pose the question o f these
agents having CNS activity or toxicity. Both derivatives 9e and 25a
have very little SERT inhibitory activity (IC5 0 S of 14.33 )iM and
>25 |iM respectively compared to 4-MTA (IC5 0 0.207 |iM)) implying
possible differential pharmacological activity to 4-MTA and hence
a lack of CNS activity. Further safety-toxicology studies on these
derivatives will assess such concerns. Alternatively, m ost anti
cancer agents have limited brain penetration resulting in a greater
need for new pharmacological approaches to enhance delivery into
the brain. Despite aggressive therapy, the majority of primary and
m etastatic brain tum our patients have a poor prognosis w ith brief
survival periods as before systemically adm inistered drugs can
distribute into the CNS, they m ust cross tw o m em brane barriers,
the blood-brain barrier (BBB) and blood-cerebrospinal fluid barrier
(BCB) [70]. Assessing the effects of these agents against prim ary and
m etastatic brain tum our derived cell lines is also w orth further
future exploration.
A comparison of the potency of these agents to induce apoptosis
to o th er effective anticancer agents would place them in middle
range betw een anti-m etabolites and receptor targeted agents. The
EC5 0 values of the lead 4-MTA derivatives places them agents
behind the efficacy of other known chem otherapeutic agents (1420 |iM for the 4-MTA derivatives compared to 10-40 nM range of
the other agents). As these derivatives are of am phetam ine origin,
they may be having an indirect SERT-mediated effect, whereby
these agents may release 5-HT from intracellular stores, initiating
a variety of secondary effects, w hich could in turn induce PCD in the
m alignant cell lines. As these derivatives w ere found from an initial
screen, w ith little information regarding their suspected targetbased mechanism of action, extensive further investigations are
required to develop more potent analogues and to identify their
mechanism of action.
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D G-75 24h

D G -75 7 2 h

4TI 24h

MUTU-I 24h

M DA-M B231 24h

HL-60

M CF-7 2 4 h

DG-75

Fig. 5. Derivative 9 e is a potent antiproliferative pro-apoptotic agent. 1 -5 x 10^ cells/200 {A an d B) and 7 x 10^ cells/5 mL (C) w ere seeded and treated w ith th e 10
or 50 jiM
( a ) 9 e and 25a (50 jiM) (ClI) for th e indicated tim es. 10 fil of Alamar Blue reagent w as added to each w ell (A an d B), fluorescence w as read as em ission 590 nm /ex d tatio n 544 nm
and values represent th e mean value ± S.E.M. of six data points (recording in triplicate on tw o in d ep en d en t days) (A and B). Cells w ere harvested by centrifugation and fixed
overnight in 70% ethanol (C). FACS analysis w as carried o u t upon incubation w ith propidium iodide and RNase A. 10.000 cells w ere counted using appropriate gates (C). Values
rep resen t th e m ean ± SEM o f th re e independent experim ents.

3. Conclusion
The original rationale behind this study w as to design and
synthesise a series of potentially potent novel SERT ligands based
on the structure of 4-MTA, working on th e hypothesis th at SERT
could act as a pro-apoptotic target in Burkltt's lymphoma. In the
present work, a series of 4-MTA analogues, w ith or w ithout N-alkyl
and/or C-a methyl or ethyl groups w ere synthesised and tested for
SERT binding. It was found th at the majority of these novel
com pounds w ere found to inhibit the reuptake of serotonin at

concentrations below 1 nM, implying th at they behave in a similar
w ay to 4-MTA and other amphetam ines. The structure-activity
relationship molecular modelling study of the SERT inhibition for
these compounds revealed similar specific molecular binding
requirem ents for 4-MTA and related analogues at the 5-HT binding
site, again implying these derivatives behave in similar way to
4-MTA and MDMA.
No SERT-dependent cytotoxic effect was found for any of the
compounds despite the ability of these 4-MTA derivatives to reduce
the viability of both HEK293 cells and HEK cells overexpressing
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the in vivo toxic concentrations (25-480 nM) [74,75] m entioned in
the reported fatalities. However as MTA is a relatively new
am phetam ine derivative and the num ber of reported poisonings is
limited, the pathology findings and the mechanism o f death due to
this product have not yet been fully evaluated. Further safetytoxicology studies on 4-MTA derivatives will assess such concerns.
In addition, both derivatives 9e and 25a have very little SERT
inhibitory activity (IC5 0 S of 14.33 nM and >25 nM respectively
compared to 4-MTA (IC50 0.207 nM)) implying possible differential
pharmacological activity to 4-MTA.
Burkitt’s lymphoma remains a serious health problem in areas
w here it is endem ic [23]. In certain regions of equatorial Africa and
other tropical locations betw een latitudes 10° South and 10° North,
incidence is 100 per million children [79]. Despite its incidence in
developing countries it is also rapidly increasing in developed
countries. Burkitt’s and Burkitt's-like/atypical Burkitt’s lymphomas
make up the largest group of HIV-associated non-Hodgkin
lymphomas, comprising up to 35-50% of these neoplasms [80] w ith
the relative risk of non-Hodgkin lymphoma increased 60- to
200-fold in HIV-infected patients [81], The need for th e develop
m ent of selective, potent economical alternatives in th e treatm ent
of Burkitt’s lymphoma is w orthy of further exploration and interest.
The pro-apoptotic abilities of derivatives 9e and 25a provide
sufficient justification for the further developm ent of more potent
selective 4-MTA related analogues as anticancer agents and to
search for th eir possible target-based mechanisms of action.

25a
Fig. 6. The effects of derivatives 9e and 25a on peripheral blood mononuclear cells. 15 X 10”*cells/200 mL were seeded and treated with 0.1-100 jiM 35 (A), 34 (B) for 24 h.
10 111 of Alamar Blue reagent was added to each well, fluorescence was read as emis
sion 590 nm/excitation 544 nm and values represent the mean value + S.E.M. of six
data points (recording in triplicate on two independent days).

hSERT. Despite this lack of correlation betw een SERT expression
and selective cytotoxicity, it was found th at a num ber of th e Type
11a compounds showed strong cytotoxic effects (EC5 0 values of less
than 10 (iM) toward the chem oresistant Burkitt’s lymphoma cell
line DG-75. which expresses SERT. These derivatives also had
a potent effect on the neuroblastom a cell line SHSY-5Y which does
not express SERT [64] further eliminating a pro-apoptotic role for
SERT
Derivative 9e was subsequently investigated for anti
proliferative activity and was found to show potent activity in two
Burkitt's lymphoma and three breast cancer cell lines having an
effect at 10 |iM and 50 jiM. 9e and 25a w ere further found to induce
apoptosis in tw o BL cell lines and in leukaemia cell line w ith EC5 0
values for such an effect in the low micromolar range (Table 5).
These derivatives w ere also shown to have little effect on peripheral
blood mononuclear cells implying the potential selectivity of these
agents for cells of m alignant origin.
Using the 4-MTA scaffold as a base to design new SERT-targeting
ligands could be disputed as 4-MTA is a known MDMA-like drug of
abuse and is classified as a Schedule 1 controlled substance [71].
There have been six reported fatalities associated w ith 4-MTA in
the UK and Netherlands together w ith one death and seven
non-fatal cases of 4-MTA intoxication in Belgium [72], However,
such fatalities are thought to be associated w ith large doses
(21.3-9800 mg/kg) [25,72], the use of other drugs and to interin
dividual differences in metabolism [54,55]. In vivo, reported fatal
4-MTA intoxications consist of blood concentrations of 4-MTA
betw een 8.27 and 29.6 |iM [73-76] w hereas in tissue such as brain
o r liver concentrations have been found as high as 170-202 nM
[74,77,78]. Assuming the derivatives used in this study behave in
a similar way to 4-MTA at the concentrations (EC5 0 S in th e low
micromolar range) used in this study, they could be com pared to

4. Experimental
4.1. Materials and methods
4.1.1. Chemistry
Uncorrected melting points w ere m easured on a Gallenkamp
apparatus. Infra-red (IR) spectra w ere recorded on a Perkin Elmer
FT-IR Paragon 1000 spectrometer, ’h ,
and
nuclear magnetic
resonance (NMR) spectra w ere recorded at 27 “C on a Brucker DPX
400 spectrom eter (400.13 MHz, ’H; 100.61 MHz, ’^C; 376.47 MHz,
'®F) in either CDCI3 (internal standard tetram ethylsilane (TMS)) or
CD3 OD. For CDCI3 , 'H NMR spectra w ere assigned relative to the
TMS peak at 0.00 3 and
NMR spectra w ere assigned relative to
the middle CDCI3 triplet at 77.00 ppm. For CD3 OD, ’H and
NMR
spectra w ere assigned relative to the center peaks of the CD3 OD
m ultiplets at 3.30 d and 49.00 ppm respectively. '®F NMR spectra
w ere not calibrated. Coupling constants are reported in Hertz. For
’H NMR assignments, chemical shifts are reported: shift value
(num ber of protons, description of absorption, coupling constant(s)
w here applicable). Electrospray ionisation mass spectrom etry (ESlMS) was performed in the positive ion mode on a liquid chrom a
tography time-of-flight mass spectrom eter (Micromass LCT, W aters
Ltd.. Manchester, UK). The sam ples w ere introduced into the ion
source by an LC system (W aters Alliance 2795, W aters Corporation,
USA) in acetonitrile/w ater (60:40% v/v) at 200 (il/min. The capillary
voltage of the mass spectrom eter was at 3 kV. The sam ple cone
(de-clustering) voltage was set at 40 V. For exact mass determ ina
tion. the instrum ent was externally calibrated for th e mass range
m/z 100 to m/z 1000. A lock (reference) mass (m/z 556.2771) was
used. Mass m easurem ent accuracies of < ± 5 ppm were obtained.
Low resolution mass spectra (LRMS) w ere acquired on a H ew lettPackard 5973 MSD GC-MS system in electron im pact (El) mode.
Elemental analyses w ere performed on an Exetor Analytical
CE4400 CHN analyser in the Microanalysis Laboratory, D epartm ent
of Chemistry, University College Dublin. Rf values are quoted for
thin layer chrom atography on silica gel Merck F-254 plates, unless
otherwise stated. Flash column chrom atography was carried out on
Merck 'K ieselgel 60 (particle size 0.040-0.063 mm). Aldrich
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alum inium oxide (activated, neutral, Brockmann I, 50 mesh) or
Aldrich alum inium oxide (activated, acidic. Brockmann I, 50 mesh).
Compounds 3 [31 ], 4s [34], 17 [82] w ere prepared according to the
literature methods.
4.12. General method A: reductive amination procedure
To a stirred mixture of l-(4-m ethylthiophenyl)-2-alkanones 3
or 18 (11.45 mmol) in dry m ethanol (50 mL) was added either
am m onium acetate (primary amines) or an appropriate alkylam ine HCl salt (80 mmol) and sodium cyanoborohydride
(15.92 mmol, 1.00 g) and the reaction was stirred at 20 °C for 72 h.
The pH of the reaction w as occasionally adjusted to pH 5 -6 by the
addition of 4 M methanolic HCl as determ ined by dam p universal
pH paper. Excess hydride was decomposed by the addition of 10%
aq. HCl (150 mL) and resulting aqueous phase w ashed with
dichlorom ethane (3 x 50 mL). The aqueous phase was basified
w ith 15% aq. NaOH solution and extracted w ith dichlorom ethane
(3 X 50 mL). The organic phases w ere combined, dried over
anhydrous Na2 S0 4 and volatiles removed in vacuo leaving the
product as an oil.
4.12.1. 2-Amino-l-(4-methytthiophenyl)
propane
(4-MTA)
(4a). Compound 4a was prepared from 3 and am m onium acetate
according to the general m ethod A. Colourless oil (85%) (lit. [29] bp
108-118 °C/0.6 mmHg). IR i-max (film) 3359,3285,1584,1093 cm~'.
'H NMR 5 (CDCI3 ) 1.10 (3H, d j = 6.5 Hz, CHCH3 ). 1.25 (2H, b rs. NH2 ),
2.46 (3H. s. SCH3 ). 2.48 (IH, dd. J = 8.0 Hz, J = 13.3 Hz, ArCHaCH),
2.67 (IH, dd, J = 5.0Hz,
13.3 Hz, ArCHzCH), 3.13 (IH, m,
ArCH2 CH), 7.10 (2H, d J = 8.0 Hz, ArH), 7.21 (2H, d j = 8.0 Hz. ArH).
'^C NMR ppm (CDCI3 ) 16.1,23.4,46.0,48.3,127.0,129.6,135.7,136.7;
MS m /z 181 (M+). HCl salt. Colourless solid, mp 187-189 °C
(ethanol/hexane) (lit [27,29] 190-191 °C).
4.12.2. 2-N-M ethylamino-l-(4-methylthiophenyl)
propane
(4b). Compound 4b was prepared from 3 and methylam ine HCl
according to the general m ethod A. Colourless oil (49%). IR Vmax
(film) 3318, 2789,1600,1094 cm “ ’. ’H NMR ppm (CDCI3 ) 1.04 (3H,
d ,J = 6.0Hz. CHCH3 ), 1.35 (IH, br s, NH), 2.39 (3H. s. NCH3 ), 2.47
(3H. s. SCH3 ). 2.57 (IH. d d .J = 6.5 Hz. 13.3 Hz. ArCH2 CH). 2.67 (IH.
dd,J = 7.0 Hz, 13.0 Hz, ArCHzCH), 2.76 (1H. m. ArCHzCH), 7.11 (2H, d.
J = 8 . 6 Hz. ArH). 7.20 (2H, d .J = 8 . 6 Hz. ArH). ’^C NMR ppm (CDCI3 )
16.1. 19.6, 33.9. 42.8. 56.2, 127.0, 129.7. 135.7. 136.5. MS m/z 195
(M"^); HO salt. Colourless solid, mp 161-162 °C (ethanol/hexane)
[27]. Anal. Calculated for CnHisClNS: C. 57.00; H. 7.83; N. 6.04; S.
13.83. Found: C. 56.81; H, 7.79; N, 6.05; S, 13.43%.
4.12.3. 2-N-Ethylamino-l-(4-rnethylthiophenyl)propane
(4c).
Compound 4c was prepared from 3 and ethylam ine HCl according
to the general m ethod A. Colourless oil (35%). IR (-max (film) 3306,
1600, 1093 cm “ ’. ’H NMR ppm (CDCI3 ) 1.04 (3H, d, J= 6 .0 H z ,
CHCH3 ), 1.06 (3H, t , ; = 7.0 Hz, NCH2 CH3 ), 1.26 (IH, b r s. NH). 2.47
(3H, s, SCH3 ), 2.53-2.75 (4H, m, CHCH3 . NCH2 CH3 ). 2.88 (IH, m,
ArCH2 CH), 7.10 (2H, d, 7 = 8.5 Hz, ArH), 7.20 (2H, d, J = 8.0Hz,
ArH). ^^C NMR ppm (CDCI3 ) 15.3,16.1, 20.1, 41.4, 43.0, 54.45,126.9,
129.7. 135.6. 136.5. HCl salt. Colourless solid, mp 176-179 °C
(ethanol/hexane) [27]. Anal. Calculated for C1 2 H2 0 CINS: C, 58.63;
H, 8.20; N, 5.70; S, 13.04. Found: C, 58.48; H, 8.10; N. 5.82; S.
12.64%.
4.1.2.4. 2-N-(lsopropyl)amino-l-(4-methylthiophenyl)propane (4d).
Compound 4d was prepared from 3 and n-propylamine HCl
according to the general m ethod A. Colourless oil (36%). IR Vmax
(film) 3304. 1599. 1092 c m 'I ’H NMR 6 (CDCI3 ) 0.97 (3H. d.
J = 6.0 Hz, NCH(CH3 )2 ), 1.00 (3H, d,J = 6.0 Hz, NCH(CH3 )2 ), 1.04 (3H,

d.J = 6.5 Hz, CHCH3 ), 1.18 (IH, br s, NH).2 .4 6 (3H. s. SCH3 ).2.51 (IH,
dd, J = 7.0 Hz, 13.5 Hz, ArCHzCH). 2.70 (1H, dd. J = 6.5 Hz, 13.5 Hz,
ArCH2 CH). 2.92 (IH. m. NCH(CH3 )2 ), 2.98 (IH. m, ArCH2 CH), 7.09
(2H, d. J = 8.0 Hz, ArH), 7.19 (2H, d, J = 8.0 Hz, ArH). '^C NMR ppm
(CDCI3 ) 15.9, 20.4, 22.7, 23.5, 43.0, 45.1. 51.0. 126.7, 129.6, 135.5,
136.4. HCl salt. Colourless solid, mp 147-148 °C (ethanol/hexane).
Anal. Calculated for C1 3 H2 2 CINS: C, 60.09; H, 8.53; N, 5.39; S, 12.34.
Found: C. 59.89; H. 8.41; N. 5.57; S. 12.17%.
4.12.5. 2-N-Cyclopropylamino-1-(4-methylthiophenyl)propane (4e).
Compound 4e was prepared from 3 and cyclopropylamine HCl
according to the general m ethod A. The resulting residue was
purified by flash chrom atography (eluent; hexane/ethyl acetate
60:40). Pale am ber oil (21%). IR j-max (film) 3313.1599,1094 cm '. 'H
NMR 6 (CDCI3 ) 0.26-0.51 (4H. m. NCH(CH2 )2 ), 1.09 (3H. d. J = 6.5 Hz,
CHCH3 ). 1.43 ( lH .b r s, NH). 2.06 (IH. m. NCH(CH2 )2 ). 2.47 (3H, s,
SCH3 ). 2.55 (IH, d d ,J = 6.5Hz, 13.6Hz, ArCH2 CH). 2.75 (IH. dd.
J = 7.0Hz. 13.6 Hz, ArCH2 CH). 3.01 (IH, m, ArCH2 CH). 7.11 (2H. d.
]= 8.0 Hz. ArH). 7.20 (2H. d ,J= 8.5 Hz. ArH). ’^C NMR ppm (CDCI3 )
5.8.7.0.16.1.20.4.28.6,43.0,55.3,127.0,129.7.135.7.136.6. HQ salt.
Colourless solid, mp 137-138 “C (ethanol/hexane). Anal. Calculated
for CisHzoClNS: C, 60.56; H, 7.82; N, 5.43; S, 12.44. Found: C, 60.86;
H, 7.59; N, 5.26; S, 12.21%.
4.12.6. 2-N-AUylarnino-1-(4-methylthiophenyl)propane ( ^ . Compound
4 f was prepared from 3 and allylamine HCl according to the general
m ethod A. The resulting residue was purified by flash chromatog
raphy (eluent; dichlorom ethane/m ethanol 90:10). Amber oil (23%).
IR i-max (film) 3310,1600,1092 cm ’. 'h NMR 6 (CDCI3) 1.06 (3H, d,
J = 6.5 Hz, CHCH3). 2.37 (IH. br s, NH). 2.46 (3H. s. SCH3). 2.58 (IH,
dd, J = 7.0 Hz, 13.3 Hz. ArCH2 CH), 2.77 (IH. dd, J = 6.5 Hz, 13.5 Hz,
ArCH2 CH), 2.95 (IH . m. ArCH2 CH). 3.23 (IH. d d .; = 6.0 Hz, 14.0 Hz,
NCH2 CHCH2 ). 3.34 (IH. d d ,J = 5 .5 Hz, 14.0 Hz, NCH2 CHCH2 ), 5.08
(IH. d. 7 = 10.5 Hz. NCH2 CHCH2 ). 5.15 (IH, d, ; = 17.0 Hz,
NCH2 CHCH2 ), 5.90 (IH. m, NCH2 CHCH2 ). 7.10 (2H, d . ; - 8.5 Hz,
ArH), 7.20 (2H, d .J = 8.5 Hz, ArH). ’^C NMR ppm (CDCI3) 16.0,19.6,
42.5, 49.4, 53.7, 116.2, 126.9, 129.7, 135.8, 136.0, 136.1. HO salt.
Colourless solid, mp 170-172 °C (ethanol/hexane). Anal. Calculated
for C,3 H2 oC1NS: C, 60.56; H, 7.82; N, 5.38; S, 12.44. Found; C, 60.16;
H, 7.74; N, 5.45; S, 13.23%.
4.12.7. 2-N-Propargylamino-l-(4-methylthiophenyl)propane (4g).
Compound 4g was prepared from 3 and propargylamine HCl
according to the general m ethod A. Colourless oil (31%). IR fmax
(film) 3291. 2104. 1600 cm “ l ’H NMR S (CDCI3 ) 1.05 (3H, d,
J = 6.5 Hz. CHCH3 ). 1.42 (IH. br s. NH). 2.18 (IH. m. NCH2 CCH). 2.47
(3H, s, SCH3 ), 2.59 (IH, dd, J = 6.5Hz, 13.6 Hz, ArCH2 CH), 2.66
(IH, d d , ; = 7.0 Hz, 13.6 Hz, ArCH2 CH). 3.13 (IH. m, ArCH2 CH). 3.40
(IH, dd, V= 2.0Hz. 17.3 Hz, NCH2 CCH). 3.47 (IH. dd. i = 2.5Hz,
17.3 Hz. NCH2 CCH), 7.12 (2H, d, J = 8.5Hz, ArH), 7.20 (2H. d,
J= 8 .0 H z , ArH). ’^C NMR ppm (CDCI3 ) 16.0, 19.4, 35.4. 42.7, 52.3,
71.2, 81.8, 126.8, 129.7, 135.8. 135.9. HCl salt. Colourless solid, mp
173-177 °C (dec.) (ethanol/hexane). Anal. Calculated for
C1 3 H1 8 CINS: C. 61.04; H. 7.09; N, 5.48; S. 12.54. Found: C. 60.37; H.
7.05; N, 5.66; S, 12.56%.
4.12.8. 2-N-(2-Hydroxyethyl)amino-l-(4-methylthiophenyl)propane
(4h). Compound 4h was prepared from 3 and 2-hydroxyethylamine HCl according to the general m ethod A. Colourless oil (6 8 %).
IR vmix (film) 3286, 3121,1597,1060 cm ’. 'H NMR 5 (CDCI3) 1.05
(3H, d ,J = 6.0Hz. CHCH3), 2.36 (2H, br s, NH, NCH2 CH2 OH), 2.46
(3H, s, SCH3), 2.56 (IH, dd,7 = 7.0 Hz. 13.3 Hz. ArCH2 CH). 2.68-2.82
(3H. m, ArCHjCH, NCH2 CH2 OH), 2.88 (IH, m, ArCHzCH), 3.59 (2H,
m, NCH2 CH2 OH), 7.09 (2H, d,J = 8.5 Hz, ArH). 7.19 (2H. d J = S.O Hz,
ArH). ’^C NMR ppm (CDCI3) 16.0, 20.1, 42.9, 48.4, 54.3, 61.1,126.9,
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129.7, 135.8, 136.2. HO salt. HRMS Calculated for C1 2 H2 0 NOS;
(M+ + 1) 226.1266; Found: 226.1265.
4.I.2.9. 2-N-(2-Methoxyethyt)amino- 1-(4-methylthiophenyl)propane
(4i). Compound 4i was prepared from 3 and 2-m ethoxyethylam ine
HCl according to the general m ethod A. The resulting residue was
purified by flash chromatography (eluent: dichlorom ethane/m ethanol 90:10). Colourless oil (28%). IR
(film) 3322,1600,1494 cm ” '.
’H NMR 5 (CDCI3 ) 1.05 (3H, d,J = 6.5 Hz, CHCH3 ). 2.39 (IH, br s, NH),
2.55 (IH, dd, j = 7.0 Hz, 13.6 Hz, ArCHjCH), 2.47 (3H, s, SCH3 ), 2.742.86 (3H, m,ArCH2CH,NCH2CH20),2.91 (IH, m, ArCH2 CH), 3.31 (3H,
s, OCH3 ), 3.48 (2H, t, J = 5.5 Hz, NCH2 CH2 O), 7.11 (2H, d, J = 8.5 Hz,
ArH), 7.20 (2H, d . ; = 8.0 Hz, ArH). '^C NMR ppm (CDCI3 ) 16.1,19.7,
42.6, 46.5, 54.6. 58.6, 71.8,126.9,129.7,135.7,136.2. HCl sa lt Col
ourless solid, mp 156-158 "C (ethanol/hexane). Anal. Calculated for
C1 3 H2 2 CINOS: C, 56.61; H, 8.04; N. 5.08; S, 11.62. Found: C, 56.63; H,
8.09; N, 5.04; S, 11.25%.
4.12.10. 2-N-(2-Ethanethiol)ammo-l-(4-meChylChiophenyl)propane
(4j). Compound 4j was prepared from 3 and 2-ethanethiolam ine
HCl according to the general m ethod A. The resulting residue was
purified by flash chrom atography (eluent: diethylether/m ethanol
50:50). Pale am ber oil (27%). IR i/^ax (film) 3302, 2848, 1599,
1093 cm ’. ’H NMR 5 (CDCI3 ) 1.05 (3H, d, J = 6.0 Hz, CHCH3 ), 1.57
(IH, br s, NH), 2.46 (3H, s, SCH3 ), 2.57 (IH, d d ,J = 6.5 Hz, 13.0 Hz,
ArCH2 CH), 2.66-2.96 (7H, m, ArCH2 CH, ArCH2 CH, NCH2 CH2 SH), 7.10
(2H, d ,; = 8.5 Hz, ArH). 7.19 (2H, d, J = 8.0 Hz. ArH). ’^C NMR ppm
(CDCI3 ) 16.0. 20.1. 38.8. 42.9. 45.2. 54.1.126.8.129.6.135.7.136.09.
HRMS Calculated for C1 2 H1 8 NS2 ; (M *) 240.0881. found: 240.0875.
4.1.2.11. 2-N-Cn-PropylJamino-1-(4-methylthiophenyl)propane (4i).
Compound 4i was prepared from 3 and n-propylamine HCl
according to the general m ethod A. Colourless oil (26%). IR Vmax
(film) 3312, 1600. 1092 cm ” ’. ’H NMR ppm (CDCI3 ) 0.86 (3H. t,
;= 7 .5 Hz. NCH2 CH2 CH3 ). 1.04 (3H. d . j = 6.0 Hz. CHCH3 ). 1.37-1.54
(3H, m, NH, NCH2 CH2 CH3 ), 2.46 (3H, s, SCH3 ), 2.50 (IH, m,
NCH2 CH2 CH3 ).2.55 (IH. dd,J = 7.0 Hz, 13.3 Hz, ArCH2 CH), 2.62 (IH,
m, NCH2 CH2 CH3 ), 2.69 (IH, d d ,J = 7.0Hz, 13.3 Hz, ArCH2 CH). 2.85
(1H. m, ArCH2 CH), 7.10 (2H, d j = 8.5 Hz, ArH), 7.19 (2H, d.J = 8.0 Hz.
ArH). ’^C NMR ppm (CDCI3 ) 11.6,16.0, 20.0. 23.2. 42.9. 49.1. 54.3,
126.8,129.6,135.6.136.4. HQ salt. Colourless solid, mp 160-162 °C
(dec.) (ethanol/hexane). Anal. Calculated for C1 3 H2 2 CINS: C. 60.09;
H, 8.53; N, 5.39; S, 12.34. Found: C, 60.35; H, 8.61; N, 5.08; S. 12.38%.
4.12.12. 2-N,N-Dimethylamino-1-(4-methylthiophenyl)propane (41).
Compound 41 was prepared from 3 and dim ethylam ine HCl
according to the general m ethod A. Colourless oil (48%). IR i/max
(film) 3073. 1600. 1094 cm ’. ’H NMR 6 (CDCI3 ) 0.91 (3H, d.
;= 6 .5 H z . CHCH3 ), 2.31 (6 H, s, N(CH3 )2 ), 2.34 (IH, m, ArCHjCH),
2.45 (3H, s, SCH3 ), 2.74 (IH, m, ArCHzCH), 2.91 (IH, d d ,; = 4.5 Hz,
13.0 Hz, ArCH2 CH), 7.09 (2H, d, J= 8 .0 H z , ArH), 7.19 (2H, d,
;= 8 .5 H z , ArH). ’^C NMR ppm (CDCI3 ) 13.7, 16.2. 38.5. 40.6. 61.2.
126.9.129.6.135.2.137.6. HCl salt. Colourless solid, m p 164-166 °C
(ethanol/hexane) [27]. Anal. Calculated for C1 2 H2 0 CINS: C, 58.63; H.
8.20; N. 5.70; S. 13.04. Found: C, 58.35; H, 8.09; N, 5.66; S, 13.37%.
4.1.2.13. 2-N-Hydroxy-N-methylamino-l-(4-methylthiophenyl)
propane (4m). Compound 4m was prepared from 3 and N-hydroxyN-methylamine HCl according to the general m ethod A. The
resulting residue w as purified by flash chrom atography (eluent:
diethylether). Colourless oil (20%). IR I'max (film) 3220, 1600,
1494 cm ’. ’H NMR 5 (CDCI3 ) 0.92 (3H, d, j = 6.5 Hz, CHCH3 ), 2.332.38 (1H, m, ArCH2 CH), 2.38 (3H, s, SCH3 ), 2.60 (3H, s, NCH3 ), 2.802.88 (IH, m, ArCH2 CH), 3.07 (IH. dd.J = 4.0 Hz, 13.3 Hz, ArCHaCH),
6.36 (IH. br s. NOH). 7.02 (2H. d. J = 8.5Hz. ArH). 7.12 (2H. d.
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J = 8.0Hz, ArH). ’^C NMR ppm (CDCI3) 16.2, 30.3, 38.7. 44.0, 65.0.
127.0.129.8.135.6.136.8. HO salt. Colourless solid, mp 115-116 °C
(ethanol/hexane). Anal. Calculated for CnHigClNOS: C. 53.32; H.
7.32; N. 5.65; S, 12.94. Found: C. 53.06; H, 7.24; N, 5.72; S, 12.65%.
4.1.2.14. 2-N-Methoxy-N-methylamino-l-(4-methylthiophenyl)
propane (4n). Compound 4n was prepared from 3 and N-methoxyN-methylamine HCl according to the general m ethod A. Colourless
oil (73%). IR I'max (film) 3060, 2781, 1599, 1045 c m '’. 'H NMR
d (CDCI3 ) 0.95 (3H, d, j = 6.5Hz, CHCH3 ), 2.41 (IH, d d ,J = 9.5Hz,
13.1 Hz, ArCH2 CH), 2.46 (3H, s, SCH3 ), 2.61 (3H, s, NCH3 ), 2.87 (IH,
m, ArCH2 CH), 3.10 (1H, d d j = 4.0 Hz, 13.1 Hz, ArCH2 CH), 3.54 (3H, s,
OCH3 ), 7.11 (2H, d ,J = 8.5 Hz, ArH), 7.19 (2H, d .J = 8.0 Hz. ArH). '^C
NMR ppm (CDCI3 ) 16.2, 38.9, 40.8, 60.1, 64.1, 127.0, 129.8, 135.4,
137.2. HCl salt. Colourless solid, mp 135-137 °C (ethanol/hexane).
Anal. Calculated for C,2 H2 oClNOS: C, 55.05; H, 7.70; N, 5.35; S, 12.25.
Found: C, 54.87; H, 7.67; N, 5.28; S. 11.93%.
4.1.3. General method B: HCl salt formation procedure
10 mmol of am ine was dissolved in propan-2-ol (IPA) (3 mL).
Concentrated HCl (15 drops) w as added and the resulting solution
diluted w ith diethylether until turbid. The mixture was allowed to
stand at room tem perature until crystal formation had occurred
and resulting solids isolated by gravity or vacuum filtration. The
crude HCl salt was recrystallised from a m ixture of ethanol and
hexane.
4.1.4. General method C: synthesis o f imines 5a-d, 2 0 a -d
A solution of the appropriate ketone 3 or 18 (8.32 mmol) and
amine HCl salt (29.93 mmol) in pyridine (7.5 mL) and ethanol
(7.5 mL) was refluxed for 2 h. After cooling, the m ixture was acid
ified w ith dilute HCl and extracted w ith dichlorom ethane
(3 X 50 mL). The extracts w ere combined, dried over anhydrous
Na2 S0 4 and solvent removed in vacuo to provide the required
imines as pale am ber oils requiring no further purification. Note.
The imines w ere isolated as mixtures of synjanti isomers (as
determ ined by ’H NMR. major isomer is indicated by “*”).
4.1.4.1. 1-(4-Methylthiophenyl)-2-propanone oxime (5a). Compound
5a was prepared from 3 (2.50 g. 12.87 mmol scale) according to
general m ethod C and chrom atographed on silica gel (eluent:
diethylether/hexane 35:65). providing a 25:75 m ixture of syn/anti
isomers. Colourless solid (85%). mp 57-59 °C (ethanol/water). Rf
0.75 (diethylether/hexane 80:20). IR i/^ax (KBr) 3260 (OH). 1668
(C =N ) c m -’. anri-(5a). ’H NMR S (CDCI3) 1.81 (2.25H. s. H-3'). 2.46
(3H. s, SCH3 ), 3.45 (1.5H, s, H-1'), 7.14, 7.20 (3H, 2d, J = 8.0Hz,
J = 8 . 6 Hz, H-2, H-3, H-5, H-6 ). ’^C NMR ppm (CDCI3) 16.0,19.6,41.5,
127.0, 129.4, 133.6, 136.7, 157.4. syn-(5a). ’H NMR 6 (CDCI3 ) 1.80
(0.75H, s, H-3'), SCH3 signal overlapping w ith anti-(5a), 3.70 (0.5H,
s, H-1'), 7.15,7.19 (IH, 2 d ,j = 8.5 Hz, 9.5 Hz, H-2, H-3, H-5, H-6 ). ’^C
NMR ppm (CDCI3 ) 16.0, 19.6, 34.2,127.1,129.6,133.4, 136.3, 156.7.
m/z 195, M^ (synjanti isomer mixture). Anal. Calculated for
C1 0 H1 3 NOS: C, 61.50; H. 6.71; N, 7.17. Found: C, 61.40; H, 6.71; N,
7.08%.
4.1.42. 2-N-M ethoxyimino-1-(4-methylthiophenyl)propane
(Sb). Compound 5b was prepared from 3 and methoxylamine HCl
according to general m ethod C as a 70:30 m ixture of isomers. Pale
am ber oil (97%). IR Xmax (film) 2898,2814,1636,1598,1093 cm “ ’. ’h
NMR 6 (CDCI3 ) 1.72*, 1.77 (3H, 2s, CCH3 ), 2.47 (3H, s, SCH3 ), 3.42*,
3.62 (2H. 2s. ArCH2 C). 3.87. 3.88* (3H. 2s. OCH3 ). 7.11. 7.14* (2H. 2d.
; = 8.0Hz, ArH). 7.19. 7.21* (2H. 2d. J = 8 .0 Hz. ArH). ’^C NMR ppm
(CDCI3 ) 13.5*, 15.9*. 16.0,19.6, 34.8, 41.5*, 61.1, 61.2*, 126.9*. 127.0.
129.4*. 129.5, 133.5, 133.8*, 136.2. 136.6*, 155.8, 156.3*. HRMS
Calculated for C „H , 5 N0 S (M+)208.0796; Found 208.0790.

4878

S.M. Cloonan et aL / European Journal of Medicinal Chemistry 44 (2009) 4862-4888

4.I.4.3. 2-N-Ethoxyimino-1-(4-methylthiophenyl)propane
(5c).
Compound 5c was prepared from 3 and ethoxylamine HCl
according to general m ethod C as a 70:30 m ixture of isomers. Pale
am ber oil (93%). IR
(film) 2878,1638,1597,1092 cm '. ’H NMR
6 (CDCI3 ) 1.27*, 1.28 (3H, 2 t j = 7 . 0 Hz, NOCH2 CH3 ), 1.73*. 1.77 (3H,
2s, CCH3 ), 2.46 (3H, s. SCH3 ). 3.42*. 3.63 (2H, 2s, ArCH2 C), 4.12,4.13*
(2H, 2 q ,J= 7 .0 Hz, NOCH2 CH3 ), 7.12, 7.14* (2H, 2d,J = 8.0 Hz, ArH),
7.19, 7.20* (2H, 2d, ; = 8.0 Hz, ArH). '^C NMR ppm (CDCI3 ) 13.6’,
14.6*, 14.6, 16.0*, 16.0, 19.6, 34.9, 41.6*, 6 8 .8 , 6 8 .8 *, 127.0*, 127.0,
129.3*. 129.5, 133.8, 134.0*, 136.1, 136.5*. 155.3, 155.9*. HRMS
Calculated for C1 2 H1 8 NOS: (M+ + 1) 224.1109: Found: 224.1120.

4.J.5.3. 2-N-Ethoxyamino-l-(4-methylthiophenyl)propane
(4q). Compound 4q was prepared from imine (5c) according to the
general m ethod D. Colourless oil (93%). IR
(film) 3238, 2866,
1599,1092 cm '. 'H NMR S (CDCI3 ) 1.05 (3H, d ,; = 6.5 Hz, CHCH3 ),
1.16 (3H, t. J = 7.0 Hz, NOCH2 CH3 ), 2.46 (3H, s, SCH3 ), 2.55 (IH, dd,
J= 6 .5 H z , 13.5 Hz, ArCH2 CH), 2.78 (IH, dd, J = 7.0Hz, 13.5 Hz,
ArCH2 CH), 3.19 (IH. m. ArCH2 CH). 3.73 (2H. q. j = 70Hz,
NOCH2 CH3 ). 5.34 (IH, s, NH), 7.11 (2H, d, J = 8.0 Hz, ArH), 7.20 (2H,
d ,J = 8.0Hz, ArH). ’^C NMR ppm (CDCI3 ) 14.1, 16.1, 177, 39.7, 57.2,
69.7, 127.0, 139.7, 135.8, 135.8. HRMS Calculated for C1 2 H2 0 NOS:
(M+ + 1) 226.1266; found: 226.1266.

4.1.4A. 2-(N-(0-AlIyl))imino-l-(4-methylthiophenyl)propane (5d).
Compound 5d was prepared from 3 and allyloxyamine HCl
according to general m ethod C as a 70:30 m ixture of isomers. Pale
am ber oil (92%). IR i-max (Aim) 2862,1644,1598,1093 c m " \ ’H NMR
S (CDCI3 ) 1.75*. 1.78 (3H. 2s, CCH3 ), 2.46 (3H, s, SCH3 ). 3.42*, 3.65
(2H, 2s, ArCHiC). 4.58-4.61 (2H. m. NOCH2 CHCH2 ), 5.20*, 5.21 (IH,
2d, j = 10.3 Hz, j = 10.6 Hz, NOCH2 CHCH2 ), 5.29. 5.30* (IH. 2d,
J = 17.6 Hz, J = 17.1 Hz, NOCH2 CHCH2 ), 5.97-6.07 (IH, m,
NOCH2 CHCH2 ). 7.13, 7.14* (2H, 2d,7 = 8 .0 H z,; = 8 .5 Hz, ArH). 7.19.
7.20* (2H, 2d. J = 8.0 Hz. J = 8.0 Hz. ArH). '^C NMR ppm (CDCI3 )
13.7*. 15.9*, 16.0, 19.6, 34.9, 41.5’, 74.2’, 74.2, 116.9’, 126.9*, 117.0,
127.0,129.3*, 129.5,133.5,133.8*, 134.5*, 134.5,136.2,136.6*, 156.0,
156.6*. HRMS Calculated for CnHisNOS: (M+ + 1) 236.1109. Found;
236.1104.

4.15.4. 2-(N-(0-Allyl))am ino-1-(4-methylthiophenyl)propane
(4r). Compound 4r was prepared from im ine 5d according to the
general m ethod D. Colourless oil (89%). IR Vmax (film) 3243, 2856,
1599,1094 cm “ '. 'H NMR S (CDCI3 ) 1.06 (3H, d ,J = 6.5 Hz, CHCH3 ),
2.46 (3H, s, SCH3 ). 2.56 (1H, dd,J = 6.5 Hz, 13.5 Hz, ArCH2 CH), 2.80
(IH. dd. J = 6.5H z, 13.5 Hz, ArCHjCH), 3.22 (IH, m, ArCHjCH),
4.20 (2H, d, i = 6.0H z, NOCH2 CHCH2 ). 5.17 (IH. d. J= 10.6H z,
NOCH2 CHCH2 ). 5.26 (IH , dd, j = 1.5 H z J = 17.3 Hz, NOCH2 CHCH2 ),
5.43 (IH . s. NH). 5.93 (IH . m. NOCH2 CHCH2 ). 7.11 (2H. d,
J = 8.0 Hz. ArH). 7.20 (2H. d. J = 8.0 Hz. ArH). '^C NMR ppm (CDCI3)
16.1, 17.7, 39.6, 57.3, 75.5, 117.3, 127.0, 129.8, 134.4, 135.8, 135.9.
HRMS Calculated for C,3 H2 oNOS: (M+ + 1) 238.1266; Found:
238.1261.

4.1.5. General method D: reduction o f imines: preparation o f 4 o -r
To a stirred mixture of an appropriate imine 5a-d, 20a-d
(4.78 mmol) in dry methanol (40 mL) was added sodium cyanoborohydride (15.92 mmol, 1.00 g) and the reaction was stirred at 20 °C
for 72 h. The pH of the reaction was occasionally adjusted to pH 3 by
the addition of 4 M methanolic HCl as determined by damp universal
pH paper. Excess hydride was decomposed by the addition of 10% aq.
HCl (150 mL) and resulting aqueous phase washed with dichloromethane (3 x 50 mL). The aqueous phase was basified w ith 15% aq.
NaOH solution and extracted w ith dichloromethane (3 x 50 mL). The
organic phases were combined, dried over anhydrous Na2 S0 4 , and
volatiles removed in vacuo leaving the product as an oil.
4.J.5.J. 2-N-Hydroxyamino-l-(4-methylthiophenyl)propane
(4o). Compound 4o was prepared from the oxime 5a according to
the general m ethod D. Colourless solid ( 6 8 %), mp 73-74 °C. IR Vmax
(film) 3243, 3126,1493,1093 cm "'. ’H NMR d (CDCI3 ) 1.08 (3H, d.
J = 6.0Hz, CHCH3 ). 2.47 (3H. s. SCH3 ). 2.58 (IH. dd. ; = 6.5Hz.
13.5 Hz. ArCH2 CH). 2.82 (IH. d d ./= 6.5 Hz. 13.5 Hz. ArCH2 CH). 3.17
(1H. m. ArCH2 CH). 5.15 (1H. br s. NH). 6.82 (1H. hr s. NOH). 7.12 (2H.
d. J = 8 .0 H z . ArH). 7.21 (2H, d, j = 8.0Hz, ArH). ’^C NMR ppm
(CDCI3 ) 16.1,17.4, 39.3, 58.3,127.0,129.8,135.5,136.0. Anal. Calcu
lated for CioHioNOS: C, 60.88; H, 7.66; N, 7.10. Found: C, 60.89; H,
7.57; N, 7.05%. HQ salt. Colourless solid, mp 124-126 °C (ethanol/
hexane). Anal. Calculated for CioHieClNOS: C, 51.38; H, 6.90; N,
5.99; S, 13.72. Found: C, 5139; H, 6.83; N, 6.10; S, 13.30%.
4A.S.2. 2-N-Methoxyamino-l-(4-methylthiophenyl)propane
(4p). Compound 4p was prepared from 5b according to the general
m ethod D. Colourless oil (81%). IR j>max (film) 3239, 2808, 1598,
1093 c m -'. 'H NMR d (CDCI3 ) 1.07 (3H, d ,J = 6.5 Hz, CHCH3 ), 2.47
(3H, s, SCH3 ), 2.57 (IH, d d ,J = 6.5 Hz, 13.5 Hz, ArCH2 CH), 2.79 (IH.
dd.7 = 6.5 Hz, 13.5 Hz, ArCH2 CH), 3.20 (IH. m, ArCH2 CH). 5.47 OH.
br s. NH). 7.13 (2H, d .J = 8.0Hz. ArH). 7.21 (2H. d .J = 8 .0 Hz. ArH).
’^C NMR ppm (CDCI3 ) 15.9,17.6, 39.5, 57.1, 62.3,126.8,129.7,135.5,
135.8. HQ salt. Colourless solid, mp 106-107 °C (ethanol/hexane).
Anal. Calculated for CnHigCINOS: C. 53.32; H, 732; N, 5.65; S, 12.94.
Found: C, 53.13; H. 7.16; N, 5.66; S, 12.99%.

4.1.6. General method E: synthesis o f nitrostyrenes 8h -e
The appropriate aldehyde 7 a -e (6.340 mmol) was dissolved in
absolute ethanol (20 mL). N itroethane (0.456 mL, 6.340 mmol) was
added followed by N,N-dimethylamine HCl or cyclohexylamine ( 8
drops) and potassium fluoride(1 mmol). The solution was heated at
reflux for 18 h, concentrated and the residue was chromatographed
on silica gel (eluent: 4:1 diethylether/hexane).
4.1.6.]. l-ten-BucyIsuifanyl-4-(2-nitropropenyl)-benzene (8b). The
product was obtained from 7b according to the general method E as
a yellow solid was purified on silica gel using a 4:1 hexane/diethylether mobile phase. The solid isolated was recrystallised from hot
ethanol to give the title com pound as yellow needles (75%), mp
6 0 -6 2 °C. IR (-max (KBr) cm ” ': 1511, 1318 (conj-N 0 2 ). 'H NMR
(CDCI3 ) d: 1.30 (s, 9H, C(CH3 )3 ), 2.45 (s, 3H, CH3 ), 7.37-7.39 (d,
J= 8.0 Hz, ArH), 7.58-7.60 (d, J = 8.0 Hz, ArH), 8.05 (s, IH, CH=C).
'^C NMR (CDCI3 ) i5: 13.7, 30.8, 46.5,129.7,132.3,132.5,1353,137.2,
1478. Anal. Calculated for C,3 Hi7 N0 2 S: C, 62.12; H, 6.82; N, 5.57.
Found C. 62.05; H. 6.78; N. 5.51%.
4.I.6.2. l-Benzylsulfanyl~4-(2-nitropropenyl)-benzene
(8c). The
product was obtained from 7c according to the general method E in
23% yield, yellow needles, (72%), mp 84 °C (lit 74-75 °C). IR i>niax
(KBr) cm ': 1518,1316 (NO2 ). 'H NMR (CDCI3) 6: 2.47 (s. 3H, CH3),
4.22 (s, 2H, SCH2 ), 7.28-739 (m, lOH, SCH2 C6 H5 , ArH), 8.06 (s, IH,
CH=C). '^C NMR (CD03) 5: 14.1, 376,1274,128.7,128.7,128.7129.2,
130.4, 133.0, 135.0, 136.4, 140.2, 147.1. Anal. Calculated for
Ci6 Hi5 N0 2 S: C, 67.34; H, 530; N, 4.91. Found C. 67.71; H, 5.14; N.
4.68%.
4.1.63. 1-(2-Dimethylamino-ethylsulfanyl)-4-(2-nitropropenyl)benzene (8d). The product was obtained from 7d according to the
general m ethod E as a yellow oil (73%), which was used in the
subsequent reaction w ithout further purification. IR Vrnax (KBr)
c m -': 1523, 1311 (conj-N 0 2 ). 'H NMR (CDCI3) d: 2.28 (s, 6 H,
N(CH3 )2 ), 2.44 (s, 3H, CH3 ), 2.58-2.62 (t, j = 7.0 Hz, 2H, NCH2 ), 3.073.11(t, j = 7.0 Hz, 2H, SCH2 ). 7.28-736 (m, 4H, CeH^l 8.02 (s, IH,
CH=C). '^C NMR (CDCI3 ) 6 :14.0,30.2,45.1,57.94,127.1,128.9,130.4,
132.9.140.4,146.8. MS m jz 267 (M+ + 1).

S.M. Cloonan et aL / European Journal of Medicinal Chemistry 44 (2009) 4862-4888

4.I.6.4. l-Phenylsulfanyl-4-(2-nitropropenyl)-benzene
(8e). The
product was obtained from 7e according to th e general m ethod E as
a yellow oil (46%), which was used in the subsequent reaction
w ithout further purification. IR Cmax (KBr) cm ': 1584,1300 (NO2 ).
'H NMR (CDCI3 ) 6: 2.47 (s, 3H, CH3 ), 7.27-7.29 (m, 2H, ArH), 7.347.36 (m, 2H, ArH), 7.41-7.44 (m, 3H, ArH), 7.50-7.52 (m, 2H, ArH).
8.05 (s, IH, CH=C). '^C NMR (CDCI3 ) ppm; 14.1,128.5,129.6,129.8,
130.6.132.6.132.9.133.3.140.8.147.2.
4.1.7. General method F: reduction o f nitrostyrenes 8 b -e
To a stirred suspension of LAIH4 (0.655 g, 17.26 mmol) in dry THF
(20 mL) was added very slowly the appropriate nitrostyrene
(3.45 mmol) in dry THF (10 mL) under a nitrogen atm osphere. The
suspension was heated to reflux for 1 2 h and then quenched by the
careful dropwise addition at 0 °C of 10 mL of 20:1 m ethanol/H 2 0
followed by the addition of 15% NaOH (50 mL). The inorganic salts
w ere removed by filtration and the filtrate was extracted w ith ethyl
acetate (3 x 75 mL). The organic layer was w ashed w ith 10% HCl
(4 X 50 mL), this acidic extract was basified w ith 15% NaOH to pH 8
and extracted w ith ethyl acetate (3 x 100 mL). The solvent was
removed in vacuo to leave a yellow oil th at was further purified on
a short silica column using a 1 0 0 % m ethanol eluent.
4.7.7. J. 2-(4-tert-Butylsulfanyl-phenyl)-1 -methyl-ethylamine
(9b). The product was obtained from 8b according to the general
m ethod F as a pale yellow oil, (58%). IR fmax (KBr-HCl salt) cm ^ ':
2956 (N-H), 1505, 797 (ArCH). ’H NMR (CDCI3) 5: 1.06-1.08 (d,
J = 6.0 Hz, 3H, CHCH3). 1.23 (s, 9H, CiCHsJs). 1.39 (s, 2H, NH2). 2.472.68 (2 x dd , Jgem=13Hz, 7vic = 8.0H z (CH2CH), 7gem = 13Hz,
7vic = 5.5 Hz (CH2CH), 2H, CH2CH), 3.09-3.17 (m, IH, CH2CH), 7.107.12 ( d ,i = 8.0Hz, 2H, ArH), 7.41-7.43 ( d ,J = 8 .0 Hz, 2H, ArH). '^C
NMR (CDCI3) S: 23.3, 30.7, 45.4,46.0,48.1,129.1,129.9,137.3,140.2.
HRMS Calculated for C13H22NS: (M+ + 1) 224.1473, found 224.1479.
4.1.7.2. l-(4-Benzylsulfanyl-phenyl)-propylamine (9c). The product
w as obtained from 8 c according to th e general m eth o d F as a pale
yellow oil [29] (71%). IR i-max (KBr-HCl salt) c m ” ’ : 2936 (N-H). 'H
NMR (CDCI3) 6: 1.12 (d, 7 = 6 .2 Hz, 3H, CHCH3), 1.58 (s, 2 H, NH2),
2.47-2.52 (dd, lH,;gem = 13.3 Hz, jvic = 8.0 Hz (CH2CH)), 3.11-3.19
(m, 1H, CH2CH), 4.11 (s, 2H, SCH2), 7.08-7.10 (d.J = 8.1 Hz, 2H, ArH),
7.25-7.32 (m , 7H, ArH). '^C NMR (CDCI3) d: 23.3, 39.3, 46.0, 48.3,
127.0,128.3,128.7,129.9,130.2,133.6,137.4,138.0. HRMS Calculated
for CieHigNS: (M^ + 1) 257.1238, found 257.1242.
4.1.73. 2-[4-(2-Dimethylamino~ethylsulfanyl)-phenyl]-l-methylethylamine (9d). The product w as obtained from 8 d according to
the general m ethod F as a pale yellow oil, (52%). IR ("max (film) cm ':
3438 (N-H). 'H NMR (CDCI3 ) 6: 1.10-1.12 (d ,; = 6.5 Hz, 3H, CHCH3 ),
1.26 (s, 2H, NH2 ), 2.26 (s, 6 H, N(CH3 )2 ), 2.45-2.51 (dd,
jgem = 13.0Hz,;vic = 8.0Hz, IH, (CH2 CH)), 2.53-2.57 (t,;= 7 .0 H z ,
2H, (NCH2 )), 2.64-2.69 (dd, Jgem = 13.0Hz, Jvic = 5.5Hz, IH,
(CH2 CH)). 2.98-3.03 ( t ,J = 7.0Hz. 2H, (SCH2 )), 3.09-3.18 (m, IH,
CH2 CH), 7.10-7.12 ( d ,; = 8.0Hz, 2H, ArH), 7.28-7.30 (d ,;= 8 .0 H z ,
2H, ArH). ’^C NMR (CDCI3 ) 6: 23.5,31.7,45.2,46.0,48.3, 58.5,129.2,
129.7. 133.7, 137.6. HRMS Calculated for C13H22N2S: (M+ + 1)
239.1582, found 239.1580.
4.J.7.4. 1-Methyl-2-(4-phenylsulfanyl-phenyl)-etbylamine (9e). The
product was obtained from 8 e according to the general m ethod H
as a pale yellow oil (47%). IR ["max (KBr-HCl salt) cm “’ : 2905 (N-H).
'H NMR (CDCI3 ) 5: 1.13-1.15 (d ,J = 6.5 Hz, 3H, CHCH3 ), 1.95 (s, 2H.
NH2 ). 2.52-2.73 (2dd, Jgem = 13.5Hz, 7vic = 7-5Hz (CH2 CH),
Jgem = 13.5 Hz,Jvic= 5.5 Hz (CH2 CH), 2H, CH2 CH), 3.14-3.20 (m. IH,
CH2 CH), 7.14-7.16 (d ,J = 8.0Hz, 2H, ArH), 7.25-7.32 (m, 7H, ArH).
’^C NMR (CDCI3 ) S: 23.2,45.8,48.2,126.7,129.0,130.0,130.4,131.4,
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132.8, 136.1, 138.7. HRMS Calculated for C1 5 H1 7 NS: (M+ + 1)
244.1160, found 244.1172.
4.1.8. General preparation C: J-(4-bromophenyl)-2-(],3-dioxyl)
alkanes (13a-b)
A m ixture of the appropriate 1-(4-bromophenyl)-2-alkanone
12a-b (92.67 mmol) and ethylene glycol (832 mmol, 67 mL) in
toluene (350 mL) was vigorously stirred. To this mixture was added
p-TSA (2.50 mmol, 0.50 g) and the reaction was refiuxed with
a Dean-Stark trap for 18 h. After cooling, the reaction phases w ere
separated. The toluene phase was w ashed w ith satd. aq. NaHCOs
(3 X 75 mL). The ethylene glycol phase was diluted w ith w ater
(450 mL) and extracted w ith toluene (3 x 50 mL). All toluene pha
ses w ere combined and w ashed w ith satd. aq. NaHC0 3 (3 x 50 mL).
The organic phases w ere dried over anhydrous Na2 S0 4 , and
concentrated in vacuo, providing the product as a colourless oil.
4.1.8.1. 1-(4-Bromophenyl)-2-(1,3-dioxyl)propane (13a). Compound
13a was prepared from 12a (19.75 g, 92.67 mmol scale) according
to the general m ethod G. Colourless oil (100%). IR Vmix (film) 1480
(ArH) cm ’. ’H NMR 8 (CDCI3 ) 1.30 (3H, s. H-3'), 2.87 (2H, s, H-1'),
3.71 (2H, m, OCH2 CH2 O), 3.87 (2H, m, OCH2 CH2 O), 7.14,7.39 (4H, 2d,
J = 8.5 Hz, 8.0 Hz, H-2, H-3, H-5, H-6 ). ’^C NMR ppm (CDCI3 ) 24.3,
44.7. 64.8,109.3,120.4,130.9,132.2,135.8. m/z 257 (M+. 1%). HRMS
Calculated for CnHi3 Br0 2 : (M+) 256.00989, found: 256.00958.
4.1.8.2. l-(4-Bromophenyl)-2-(1,3-dioxyl)butane (13b). Compound
13b was prepared from 12b (23.30 g, 102.60 mmol scale) according
to the general m ethod G. Colourless oil (100%). IR Vmax (film) 1481
(ArH) cm '. ’H NMR 5 (CDCI3 ) 0.93 (3H, t. J 4 ',3 ' = 7.5 Hz. H-4'), 1.62
(2H, q , j 3 '.4 ' = 7.5 Hz, H-3'), 2.84 (2H, s, H-1'), 3.65 (2 H, m, OCH2 CH2 O), 3.85 (2H, m, OCH2 CH2 O), 7.15,7.38 (4H, 2d,] = 8.0 Hz, 8.0 Hz,
H-2, H-3, H-5, H-6 ). '^C NMR ppm (CDCI3 ) 7.8,30.7,42.7, 65.2,120.2,
130.8, 132.2, 135.8. m/z 271 (M^ + 1. 1%). HRMS Calculated for
Ci2 H,5 Br0 2 : (M+) 270.02554, found: 270.02389.
4.1.9. General preparation H: l-(4-ethylthiophenyl)-2-alkanones
(14a-b)
A solution of th e appropriate 1-(4-brom ophenyl)-2-(l,3-dioxyl)alkane (13a-b) (33.38 mmol) in dry THF (60 mL) w as stirred
and cooled to - 7 8 °C under nitrogen. After 30 min at - 7 8 °C, nBuLi (2.5 M in hexanes, 36.00 mmol, 14.40 mL) was added and the
reaction was stirred for a further 1 h at - 7 8 °C. Diethyl disulphide
(36.00 mmol, 4.40 g, 4.13 mL) was then added and the reaction
was stirred for a further 1 h at 78 °C, then at 20 °C overnight. The
solution was then diluted w ith w ater (250 mL) and extracted w ith
dichlorom ethane (3 x 50 mL). The organic phases w ere combined
and volatiles removed in vacuo leaving an oil w hich was dissolved
in a m ixture of ethanol (100 mL) and 20% aq. HCl (50 mL) and
refluxed for 2 h. After cooling the reaction was diluted w ith w ater
(250 mL) and extracted w ith dichlorom ethane (3 x 50 mL). The
organic phases w ere combined, dried over anhydrous Na2 S0 4 and
volatiles removed in vacuo leaving an oil. This was purified by
flash chrom atography on silica gel followed by vacuum
distillation.
4.1.9.1. l-(4-Ethylthiophenyl)-2-propanone (14a). Compound 14a
was prepared from 13a according to the general m ethod H and
chrom atographed on silica gel (eluent: hexane/diethylether 60:40).
Amber oil (71%). IR (/max (film) 1713 (C = 0 ) cm "'. ’H NMR 8 (CDCI3 )
1.30 (3H. t J = 7.5Hz. SCH2 CH3 ), 2.14 (3H, s, H-3'), 2.93 (2H. q,
J = 7.6 Hz, SCH2 CH3 ), 3.65 (2H, s, H-1'), 7.11, 7.29 (4H, 2d,J = 8.5 Hz,
8.0 Hz, H-2, H-3, H-5, H-6 ). ’^C NMR ppm (CDCI3 ) 14.3, 27.6, 29.1.
50.3, 129.3, 129.8, 131.7, 135.4, 205.9. m/z 194 (M+, 59%). HRMS
Calculated for C1 1 H 1 4 OS: (M+) 194.07654; found: 194.07631.

4880

S.M. Ooonan ec aL / European Journal o f Medicinal Chemistry 44 (2009) 4862-4888

4.1.92. l-(4-Ethylthiophenyl)-2-butanone (14b). Compound, 14b
was prepared from 13b according to the general m ethod H. Col
ourless oil (6 8 %). IR ("max (film) 1712 (C = 0 ) cm “ '. 'H NMR 6 (CDCI3 )
1.03 (3H, t J 4 ',3 ' = 7.3 Hz, H-4'), 1.30 (3H, t j = 7.5 Hz, SCH2 CH3 ), 2.46
(2H, q,Jy, 4 ' = 7.5 Hz, H-3'), 2.92 (2H, q , j = 7.5 Hz, SCH2 CH3 ), 3.64
(2H. s, H -i'), 7.12, 7.28 (4H, 2d, J = 8 . 6 Hz, 8.0 Hz, H-2. H-3, H-5, H6 ). '^C NMR ppm (CDCI3 ) 7.7,14.3,27.7,35.2,49.1,129.3,129.8,132.0,
135.2, 208.5. m/z 208 (M+). HRMS Calculated for CuHisOS: (M+)
208.09219; found: 208.09247.
4.1.9.3. 2-Amino-1-(4-ethylthiophenyl)propane (4-ETA)
(9a).
Compound 9a was prepared from ketone 14a (1.50 g, 7.80 mmol
scale) and am m onium acetate according to the general m ethod A.
Colourless oil (75%). IR w (film) 3357, 3282 (NH2 ) cm "'. 'H NMR
5 (CDCI3 ) 1.10 (3H, d, J 3 '.2 ' = 6.5 Hz, H-3'), 1.30 (3H, t, j = 7.5Hz,
SCH2 CH3 ). 1.33 (2H, br s, NH2 ). 2.49 (IH, dd, Jgen, = 13.6 Hz,
Jy,2 ' = 8.0 Hz, H-1'). 2.66 (IH, dd,7gem = 13.0 Hz,Jv.2 ' = 5.5 Hz, H- 1 '),
2.91 (2H, q j = 7 .5 Hz, SCH2 CH3 ), 3.14 (IH, m. H-2'), 7.10, 7.27 (2H,
2s,J = 8.0 Hz,J = 8.0 Hz, H-2, H-3, H-5, H-6 ). '^C NMR ppm (CDCI3 )
14.3 (SCH2 CH3 ). 23.4, 27.9, 46.1, 48.3,129.5,129.6,133.9,137.5. m/z
195 (M+). HCI salt. Colourless solid, mp 176-178 °C (ethanol/
hexane) [27], IR Vmax (KBr) 2515 (NH^) cm “ '. Anal. Calculated for
CiiHisClNS: C, 57.00; H, 7.83; N, 6.04; S, 13.83. Found: C, 56.82; H,
773; N, 6.05; S, 13.52%.
4.1.9.4. 2-N-Methylamino-T-(4-ethylthiophenyl)propane
(15a).
Compound 15a was prepared from ketone 14a (1.50 g, 7.80 mmol
scale) and methylam ine HCI according to the general m ethod A.
Colourless oil (34%). IR
(film) 3321 (NH), 2788 (NCH3 ) cm ^ H
NMR d (CDCI3 ) 1.04 (3H, d ,j 3 ',2 ' = 6.5 Hz, H-3'), 1.28 (IH, br s, NH),
I.30 (3H, 1 7 = 7.5 Hz, SCH2 CH3 ). 2.39 (3H, s, NCH3 ), 2.57 (IH, dd,
Jgem=13.3Hz, ; r , 2 ' = 6.5Hz, H-1'), 2.68 (IH, dd, Jgem = 13.3 Hz.
Jr, 2 ' = 7.0Hz, H-1'), 2.77 (IH, m, H-2'), 2.92 (2H, q, ; = 7.5Hz,
SCH2 CH3 ), 7.10, 7.27 (2H, 2 s,J = 8.0 H z,J= 8.0 Hz, H-2, H-3, H-5, H6 ). ’^C NMR ppm (CDCI3 ) 14.4, 19.6, 27.9, 33.9, 42.9, 56.24, 129.4,
129.7,133.9,137.3. m/z 209 (M+). HCI salt. Colourless solid, m p 130132 °C (ethanol/hexane). IR Vmax (KBr) 2465 (NH'*') cm “ '. Anal.
Calculated for C1 2 H2 0 CINS: C, 58.63; H, 8.20; N, 5.70; S, 13.04.
Found: C, 58.57; H, 8.14; N, 5.79; S, 13.11%.
4.1.9.5. 2-N-Ethylamino-l-(4-ethylthiophenyl)propane
(15b).
Compound 15b was prepared from 14a (1.50 g, 7.80 mmol scale)
and ethylamine HCI according to the general m ethod A. Colourless
oil (17%). IR Kmax (film) 3307 (NH) cm” '. ’H NMR 5 (CDCI3 ) 1.04 (3H,
d ,j 3 ',2 ' = 6.0 Hz, H-3'), 1.06 (3H, t,J = 7.0 Hz, NCH2 CH3 ), 1.28 (IH, br
s, NH), 1.30 (3H, t,y = 7.5 Hz, SCH2 CH3 ), 2.55 (IH, dd,;gen, = 13.3 Hz,
Jr. 2 ' = 6.5 Hz, H-1'), 2.57-2.74 (3H, m, NCH2 CH3 , H-1'), 2.89 (IH, m,
H-2'), 2.92 (2H, q,J = 7.5 Hz, SCH2 CH3 ), 7.10,7.27 (2H, 2s,7 = 8.0 Hz,
J = 8.0 Hz, H-2, H-3, H-5, H-6 ). '^C NMR ppm (CDCI3 ) 14.4,15.4,20.2,
28.0, 41.4, 43.1, 54.4, 129.5, 129.7, 133.9, 137.4. m/z 223 (M+). HCI
salt. Colourless solid, mp 164-166 “C (ethanol/hexane). IR Vmax
(KBr) 2481, 2369 (NH") cm “ '. Anal. Calculated for C1 3 H2 2 CINS: C,
60.09; H, 8.53; N, 5.39; S, 12.34. Found: C, 59.84; H, 8.45; N, 5.36; S,
II.99%.
43.9.6. 2-(N-MeChyl-N-hydroxy)arnino- 3-(4-ethylthiophenyl)
propane (15d). Compound 15d w as prepared from 14a (1.50 g,
7.80 mmol scale) and N-methylhydroxylamine HCI according to the
general m ethod A. Colourless oil (35%). IR vmax (film) 3206 (OH),
2792 (NCH3 ) cm "'. 'H NMR d (CDCI3 ) 0.99 (3H, d jy .! ' = 6.5 Hz, H3'), 1.30 (3H, t,J = 7 .5 Hz, SCH2 CH3 ). 2.45 (IH, dd, jgem = 13.0 Hz,
J v .2 ' = 9-5Hz, h-1'), 2.68 (3H, s, NCH3 ), 2.91 (2H. q, 7 = 7 .5 H z.
SCH2 CH3 ), 2.92 (IH, m, H-2'), 3.13 (IH. dd, Jgem = 133 Hz,
Jr, 2 ' = 4.5 Hz, H-1'), 6.76 (IH, br s, OH), 7.10, 7.26 (2H, 2s,J = 8.0 Hz,
J = 8 .6 Hz, H-2, H-3, H-5, H-6 ), '^C NMR ppm (CDCI3 ) 14.4, 23.4,

28.0, 38.9, 44.2, 65.0,129.6, 129.8,133.7,137.8. m/z 225 (M+). HCI
salt. Colourless solid, mp 111-112 °C (ethanol/hexane). IR Cniax
(KBr) 2546, 2509 (NH') cm ” '. Anal. Calculated for C,2 H2 oClNOS: C,
55.05; H, 7.70; N, 5.35; S, 12.25. Found: C, 54.86; H. 7.58; N, 5.21; S,
12.46%.
4.J.9.7. 2-Amino-1-(4-ethylthiophenyl)butane
(15e). Compound
15e was prepared from 14b (1.50 g, 7.20 mmol scale) and
am m onium acetate according to the general m ethod A. Colour
less oil (73%). IR y m a x (film) 3367, 3293 (NH 2 ) cm “ \ ’H NMR
a (CDCI3 ) 0.97 (3H, t, J 4 ',3 ' =7.3 Hz, H-4'), 1.16 (2H, b r s. NH2 ), 1.30
(3H, t , J = 7.3 Hz, SCH2 CH3 ), 1.35 (IH , m, H-3'), 1.50 (IH, m, H-3'),
2.42 (IH, dd, J g e m = 13.3Hz, Jv,2 ' = 8.7H z, H-1'), 2.76 (IH, dd,
J g e m = 13.6 Hz,}v,2 ' = 4.5 Hz, H-1'), 2.88 (IH , m, H-2'), 2.92 (2H, q,
J = 7.5 Hz. SCH2 CH3 ), 7.11, 7.27 (2H, 2 s,J = 8.5 H z,J = 8.0 Hz, H-2,
H-3, H-5. H- 6 ). ’^C NMR ppm (CDCI3 ) 10.5.14.4. 28.0, 30.3, 43.7,
54.1. 129.5. 129.7, 133.9, 137.6. MS m/z 209 (M*). HCI salt. Col
ourless solid, mp 130-132 °C (ethanol/hexane). IR (" m a x (KBr)
2617,2526 (NH+) c m "'. Anal. Calculated for C,2 H2 oC1NS: C, 58.65;
H, 8.20; N, 5.70; S, 13.04. Found: C, 58.67; H, 8.14; N, 5.64; S,
12.70%.
4.I.9.8. 2-N-Methylamino-1-(4-ethylthiophenyl)butane
(15f).
Compound 15f was prepared from 14b (1.50 g, 7.20 mmol scale)
and methylam ine HCI according to the general m ethod A. Colour
less oil (27%). IR i / m a x (film) 3333 (NH), 2789 (NCH3 ) cm ’ ’. ’H NMR
S (CDCI3 ) 0.93 (3H, t,j 4 ',3 ' = 7.5 Hz, H-4'), 1.18 (1H, br s, NH), 1.30 (3H,
t,
7.3 Hz, SCH2 CH3 ), 1.35-1.52 (2H, m, H-3'), 2.37 (3H, s, NCH3 ),
2.53-2.71 (3H, m, H-1', H-2'), 2.92 (2H, q,J = 7.5 Hz. SCH2 CH3 ). 7.11,
7.26 (2H, 2s, J = 8.0 Hz,J = 8.0 Hz, H-2, H-3, H-5, H-6 ). ’^C NMR ppm
(CDCI3 ) 9.7,14.4,25.5,28.0, 33.7,39.3,62.0,129.5,129.7,133.8,137.6.
MS m/z 223 (M '). HCI salt. Colourless solid, mp 137-139 °C
(ethanol/hexane). IR V m a x (KBr) 2463 (NH"*") cm “'. Anal. Calculated
for C1 3 H2 2 CINS: C, 60.09; H, 8.53; N, 5.39; S, 12.34. Found: C, 59.90;
H, 8.49; N, 5.30; S, 11.94%.
4.J.9.9. 2-N-Ethylamino-l-(4-ethylthiophenyl)butane
(15g).
Compound 15g was prepared from 14b (1.50 g, 7.20 mmol scale)
and ethylamine HCI according to the general m ethod A. Colourless
oil (28%). IR i-max (film) 3317 (NH) cm “ '. 'H NMR 6 (CDCI3 ) 0.92 (3H,
t, j 4 '.3 ' = 7.3Hz, H-4'), 1.02 (IH, br s, NH), 1.03 (3H, t, J= 7 .0 H z,
NCH2 CH3 ), 1.30 (3H, t , ; = 7.3 Hz, SCH2 CH3 ). 1.37-1.46 (2H, m, H-3'),
2.52-2.73 (5H, m, H-1', H-2', NCH2 CH3 ), 2.92 (2H, q, J = 7.5Hz,
SCH2 CH3 ), 7.11, 7.26 (2H, 2s, 7 = 8 .0 Hz, 7 - 8 . 0 Hz, H-2, H-3, H-5,
H-6 ). ’^C NMR ppm (CDCI3 ) 9.9,14.4,15.4,26.2.28.0,39.8,41.3,60.3,
129.5, 129.7, 133.7. 137.7. MS m/z 237 (M*). HCI salt. Colourless
solid, mp 144-146 °C (ethanol/hexane). IR V m a x (KBr) 2476. 2378
(NH+) cm ’. Anal. Calculated for C1 4 H2 4 CINS: C. 61.40; H. 8.83; N,
5.11. Found: C. 59.79; H, 8.53; N. 5.45%.
4.1.9.10. 2-(N-Methyl-N-hydroxy)amino-1-(4-ethylthiophenyl)
butane (15i). Compound 15i was prepared from 14b (1.50g,
7.20 mmol scale) and N-methylhydroxylamine HCI according to the
general m ethod A. Colourless oil (62%). IR I 'm a x (film) 3226 (OH),
2 7 8 4 (NCH3 ) c m -'. 'H NMR6 (CDCI3 ) 0.9 0 (3H,
= 7.3 Hz, H-4'),
I.32 (3H, t,7 = 7 5 Hz, SCH2 CH3 ), 1.43-1.57 (2H, m', H-3'), 2.55 (IH,
dd,7gem = 13.6 H z.Jr, 2 ' = 9.0 Hz. H-1'). 2.69 (3H. s. NCH3 ), 2.80 (IH,
m, H-2'), 2.94 (2H, q, J = 7.5Hz. SCH2 CH3 ), 3.12 (IH, dd,
Jgem = 13.5 Hz.Jr,2 ' = 4.5 Hz. H-1'). 7.14 (IH. br s. OH). 7.15.7.29 (2H,
2 s ,J = 8.0 Hz.J = 8.0 Hz, H-2, H-3, H-5, H-6 ). ’^C NMR ppm (CDCI3 )
10.5,14.4, 22.6. 28.1. 34.8. 43.3. 70.8.129.6,129.7.133.5.138.4. m/z
225 (M+). HCI salt. Colourless solid, mp 87 -9 0 °C (ethanol/hexane).
IR I'max (KBr) 2597. 2524 (NH+) cm “ ’. Anal. Calculated for
C1 3 H2 2 CINOS: C. 56.61; H. 8.04; N. 5.08; S. 11.62. Found: C. 56.87; H.
8.03; N. 5.07; S. 11.33%.
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4.1.9.11. 1-(4-Ethylthiophenyl)-2-propanone
oxim e
(16a).
C om pound 16a w as p rep ared from 14a (2.50 g, 13.00 m m ol scale)
according to th e general m eth o d C a n d chro m ato g rap h ed on silica
gel (eluent; h ex an e /d ie th y le th e r 65:35), providing a 30:7 0 m ixture
of synjanti isom ers. Pale a m b e r solid (90%). m p 5 7 -6 0 °C (hexane).
IR Vmax (KBr) 3250 (OH) c m " ’. anti-(608) ’H NMR 6 (CDCI3 ) 1.80
(2.1H. s. H-3'), 1.30 (3H, t, J = 7 .3 H z , SCH2 CH3 ), 2.91 (2H. q.
7 = 7.6 Hz, SCH2 CH3 ), 3.46 (1.4H, s, H -1'), 7.14, 7.27 (2.8H, 2s, H-2,
H-3, H-5, H- 6 ), 7.27 (1.4H, s, ArH). ’^C NMR p pm (CDCI3 ) 14.0, 27.8,
41.6, 129.4, 129.5, 134.4, 134,9, 157,4. m /z 209 (M+). syn-(16a) ’H
NMR 5 (CDCI3) 1.81 (0.9H, s, H -3'), (SCH2CH3 signals overlap w^ith
anti-(16a)), 3.70 (0.6H, s, H-1'), 7.15, 7.26 (1.2H, 2s. H-2, H-3. H-5,
H-6 ). '^C NMR ppm (CDCI3) 13.1.27.9,34.2,129.5,129.6.134.2,134.5,
156.6. m /z 209 (M"^). Anal, {synjanti iso m er m ix tu re) calculated for
CiiHisNOS: C. 63.12; H. 7 2 2 ; N. 6.69. Found: C. 63.41; H. 7.27; N.
6.69%.
4.1.9.12. 1-(4-Ethylthiophenyl)-2-butanone oxim e (16b). C om pound
16b w as prep ared from 14b (2.50 g, 12.00 m m ol scale) according to
th e general m eth o d C and chro m ato g rap h ed on silica gel (eluent;
h ex an e/d ieth y leth er 70:30), providing a 45:5 5 m ix tu re of synjanti
isom ers. Colourless solid ( 8 6 %). IR
(film ) 3246 (OH) cm '. anti(16b) ’H NMR 6 (CDCI3 ) 1.05 (1.65H, t, > , y = 7.0H z, H-4'), 1.30
(1.65H, t , ; = 7.3H z, SCH2 CH3 ), 2.18 (1.65H, q, ; 3 -,4 ' = 7 .5 Hz, H-3'),
2.90 (2H, q, J = 7.5H z, SCH2 CH3 ), 3.47 (1.3H, s, H -1'), 7.16, 7.12
(2.20H, 2 d ,J = 8.0 H z,J = 8.0 Hz. H-2, H-3, H-5. H - 6 ). 9.29 (0.55H, s.
OH). ’^C NMR p pm (CDCI3 ) 10.0.14.3. 20.5, 27.9, 39.5,129.5*, 134.3,
134.7, 160.2. MS m jz 223 (M+). S y n -(1 6 b ) 'H NMR 5 (CDCI3 ) 0.99
(1.35H, t, J 4 ',3 ' = 7.5 Hz, H-4'), 1.29 (1.35H, t , J = 7.3 Hz, SCH2 CH3 ).
2.31 (1.35H, q , j 3 ^4 ' = 7.7H z, H -3'), (SCH2 CH3 signal overlaps w ith
anti-(16b)), 3.70 (0.7H, s, H -1') 7.15, 7.27 (1.80H, 2d, J = 8.5 Hz,
7 = 8.0 Hz, H-2, H-3, H-5, H - 6 ), 9.20 (IH , s, OH). ’^C NMR ppm
(CDCI3 ) 10.5,14.3, 20.5, 27.0, 33.0,129.5,134.4,134.5,161.6. MS m jz
223 (M+). Anal, {synjanti isom er m ix tu re) calculated fo rC i 2 H | 7 NOS:
C, 64.53; H, 7 6 7 ; N, 6.27. Found: C, 64.75; H, 7.73; N, 6.33%.
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101 °C (e thanol/hexane). IR i/max (KBr) 2519 (NH"'') cm '. Anal.
Calculated for C1 2 H2 0 CINOS; C, 55.05; H, 7.70; N, 5.35; S, 12.25.
Found: C. 55.30; H, 7.73; N. 5.35; S. 12.11%,
4.1.10. l-(4-M ethylthiophenyl)-2-butanone (18)
A su sp en sio n o f iron p o w d e r (57.3 m m ol, 3.20 g) in glacial
acetic acid (15 mL) w as h e ated on a steam b a th for 20 m in, stirrin g
occasionally. To th is m ixture, a solution o f th e n itro sty re n e 17 [82]
(3.19 g, 14.30 m m ol) in glacial acetic acid (15 mL) w as add ed over
20 m in, w hile stirrin g th e reaction occasionally. The reaction w as
h eated for a fu rth e r 2 h w h e n th e m ix tu re becam e a grey -w h ite
colour. The reaction w as allow ed to cool to a m b ie n t tem p e ra tu re
a n d ad d ed to a m ix tu re o f ice/w ater (120 mL). The p ro d u ct w as
e x tracted w ith d ich lo ro m eth an e (4 x 100 mL) a n d organic extracts
w ash ed w ith 15% aq. NaOH (3 xlO O m L ). The organic layer w as
th e n dried over anhydrous Na 2 S0 4 . c o n ce n tra ted in vacuo, and the
resulting resid u e v acuum distilled, producing th e d esired k eto n e as
a colourless solid (96%), m p 3 8 -3 9 °C; bp 116°C/0.25 m m H g (83).
IR ('max (KBr) 1711 ( C = 0 ) c m “ \ ’ H NMR 6 (CDCI3 ) 1.02 (3H, t,
J 4 '.3 ' = 7.3 Hz. H-4'), 2.26 (2H, q, ; 3 -,4 ' = 7.3 Hz, H -3'), 2.46 (3H, s,
SCHs), 3.63 (2H, s, H-1'), 7.12, 7.22 (4H. 2 d . ; = 8 .5 .J = 8.5 Hz. H-2.
H-3. H-5. H- 6 ). ’^C NMR p p m (CDCI3) 7.73, 15.95, 35.18, 49.11,
127.05. 129.81, 131.29, 137.04, 208.70. MS m jz 194 (M+). Anal.
C alculated for C |,H i 4 0 S; C, 68.00; H, 7.26. Found: C, 68.24; H,
7.40%.
4.1.10.1. 2-A m ino-l-(4-m ethylthiophenyl)butane (19a). C om pound
19a w as p rep ared from 18 and am m o n iu m ace ta te according to th e
general m eth o d A. Colourless solid (53%), m p 109-110 °C. IR Vmax
(film ) 3360, 3292, 159 7 ,1 0 9 4 c m '’. 'H NMR 5 (CDCI3 ) 0.97 (3H, t,
J = 7.5 Hz, CHCH2 CH3 ). 1.17 (2H. b r s. NHz). 1.36 (IH . m. CHCH2 CH3 ),
1.52 (IH , m, CHCH2 CH3 ). 2.41 (IH , dd. J = 8.5 Hz, J = 13.6 Hz,
ArCH2 CH), 2.47 (3H. s, SCH3 ), 2.75 (IH , dd, J = 4.5 Hz, J = 13.5 Hz,
ArCH2 CH), 2.88 (IH , m, ArCH2 CH), 7.12 (2H, d ,J = 8.0 Hz. ArH). 7.21
(2H. d. J = 8.5 Hz, ArH). '^C NMR p pm (CDCI3 ) 10.5,16.2, 30.3, 43.6,
54.1,127.1,129.7,135.7,136.8. MS m jz 195 (M+). HO salt. Colourless
solid, m p 154-155 °C (eth an o l/h ex an e) [27]. Anal. Calculated for
CiiHigClNS: C, 57.00; H. 7.83; N. 6.04; S. 13.83. Found: C. 56.90; H.
7.69; N, 5.78; S. 12.88%.

4.1.9.13. 2-N-H ydroxyam ino-1-(4-ethylthiophenyl)propane (15c).
C om pound 15c w as p repared from im ine 16a (0.80 g, 3.82 m m ol
scale) according to th e g eneral m eth o d D a n d ch ro m a to g ra p h e d on
silica gel (eluent: h e x an e /d ie th y le th e r 60:40). Colourless solid
( 8 6 %), m p 7 8 -7 9 °C (ethylacetate/hexane). IR Vniax (KBr) 3254, 3120
(NH, OH) cm '. 'H NMR 5 (CDCI3 ) 1.08 (3H. d . ; 3 ',2 ' = 6.5 Hz, H -3'),
1.30 (3H, t, J = 7 .5 H z , SCH2 CH3 ), 2.59 (IH , dd, Jgem = 13.3 Hz,
J ra ’ = 6.5 Hz, H -1'), 2.92 (2H, q , ; = 7.5 Hz, SCH2 CH3 ), 2.83 (IH , dd,
Jgcm = 13.3 H z,Jr, 2 ' = 6 . 8 Hz, H -1'), 3.17 (IH . m . H -2'). 5.18,6.87 (2H,
2br s, OH, NH), 7.11,7.27 (4H, 2 d J = 8.0 H z ,J = 7.5 Hz, H-2, H-3, H-5,
H-6). '^C NMR ppm (CDCI3 ) 14.8, 24.2, 28.1, 37.2, 64.3,129.6,129.8,
134.2.136.9. m jz 211 (M+). Anal. Calculated fo rC ,iH 1 7 NOS: C, 62.52;
H. 8.11; N. 6.63. Found: C. 62.22; H. 7.82; N. 6.54%. HCl salt.
Colourless solid, m p 100-101 °C (ethan o l/h ex an e). IR Vmax (KBr)
2542 (NH+) cm “ '. Anal. Calculated for CnHisClNOS; C. 53.22; H.
7.32; N. 5.65; S. 12.94. Found: C. 53.27; H. 7.17; N. 5.60; S. 13.09%.

4.1.10.2. 2-N -M ethylam ino-1-(4-m ethylthiophenyl)butane
(19b).
C om pound 19b w as p re p are d from 18 a n d m ethylam ine HCl
according to th e general m eth o d A. Colourless oil (77%). IR i/^ax
(film ) 3331, 2788. 1599.1091 c m " '. 'H NMR 6 (CDCI3 ) 0.93 (3H, t,
J = 7.5 Hz, CHCH2 CH3 ). 1.36-1.52 (2H. m . CHCH2 CH3 ). 1.55 (IH . b r s.
NH). 2.37 (3H, s. NCH3). 2.47 (3H. s. SCH3). 2.53-2.72 (3H. m.
ArCHiCH), 711 (2H, d j = 8.0 Hz. ArH). 7.20 (2H. d.y = 8.0 Hz. ArH).
’^C NMR p pm (CDCI3 ) 9 .7 5 ,1 6 .1 4 ,2 5 .4 8 ,3 3 .6 9 ,3 9 .2 3 ,6 2 .0 5 ,1 2 7 0 4 ,
129.74, 135.67, 136.70. MS m jz 209 (M+ + 1). HCl salt. Colourless
solid, m p 128-129 °C (ethanol/hexane). Anal, calculated for
C1 2 H2 0 CINS: C, 58.53; H. 8.20; N, 5.70; S, 13.04. Found: C. 58.50; H,
8.22; N, 5.78; S, 12.75%.

4.1.9.14. 2-N -H ydroxyam ino-1-(4-ethylthiophenyl)butane
(15h).
Com pound 15h w as p rep ared from im ine 16b (0.80 g, 3.58 m m ol
scale) according to th e general m eth o d D and c h ro m ato g rap h ed on
silica gel (eluent: h e x an e /d ie th y le th e r 65:35). Colourless oil (73%).
IR vmax (film ) 3249 (NH, OH) cm '. 'H NMR 6 (CDCI3 ) 0.96 (3H, t,
7 4 ,3 ' = 7.3 Hz, H -4'), 1.30 (3H. t. J = 7.0 Hz. SCH2 CH3 ), 1.45 (1 H, m, H3'i, 1.56 (IH , m . H-3'). 2.71 (IH , dd,Jgem = 13.5 H z,Jr, 2 ' = 6.0 Hz, H1'), 2.76 (IH , dd, Jgem = 13.5H z, Jv.2 ' = 7.5H z, H -l'j, 2.92 (2H, q.
J = 7.0 Hz, SCH2 CH3 ), 2.90 (IH , m, H-2'), 5.24, 6.23 (2H, 2 b r s, OH,
NH), 713.7.2 7 (4H. 2d.7 = 8.5 Hz,J = 8.0 Hz, H-2, H-3, H-5, H - 6 ). '^C
NMR p pm (CDCI3 ) 10.4, 14.4, 24.1. 28.0. 36.9. 64.2, 129.6. 129.8,
134.1.136.7. MS m jz 225 (M+). HQ salt. Colourless solid, m p 1 0 0 -

4.1.10.3. 2-N -E thylam ino-1-(4-m ethylthiophenyl)butane
(19c).
C om pound 19c w as p re p are d from 18 and ethylam ine HCl
according to th e general m eth o d A. Colourless oil (28%). IR Vmax
(film ) 3266. 2872. 1602 cm “ '. 'H NMR S (CDCI3) 0.92 (3H. t,
J = 7.5 Hz, CHCH2CH3), 1.04 (3H, t j = 7 . 0 Hz, NCH2CH3). 1.26 (IH . br
s. NH). 1.37-1.49 ( 2 H. m. CHCH2CH3). 2.47 (3H, s, SCH3), 2.53-2.70
(5H, m, NCH2CH3. ArCHiCH). 7.11 ( 2 H, d , ; = 8.0 Hz, ArH), 7.20 (2 H,
d. J = 8.0 Hz. ArH). '^C NMR p pm (CDCI3) 9.8.15.4. 16.1, 26.1. 39.7,
41.3. 60 .3 ,1 2 7 .0 ,1 2 9 .7 ,1 3 5 .5 ,1 3 6 .8 . H Q salt. Colourless solid, m p
130-132 °C (ethanol/hexane). Anal. Calculated for C1 3 H2 2 CINS: C,
60.09; H, 8.53; N, 5.39; S. 12.34. Found: C. 59.79; H. 8.53; N. 5.45; S.
12.28%.
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4.1.10.4. 2-N -(n-P ropyl)am ino-l-(4-m ethylthiophenyl)butane
(19d). C om pound 19d w as p re p are d from 18 and n-propylam ine
HCl according to th e general m eth o d A. Colourless oil (26%). IR I'mix
(film ) 3323, 1600, 1093 cm '. 'H NMR d (CDCI3 ) 0.92 (3H, t , ] = 7.5 Hz, CHCH2 CH3 ), 1.04 (3H, t, J = 7.0 Hz, NCH2 CH3 ), 1.26 (1H, br
s, NH), 1.37-1.49 (2H. m, CHCH2 CH3 ), 2.47 (3H, s, SCH3 ), 2.53-2.70
(5H. m , NCH2 CH3 , ArCHiCH), 7.11 (2H, d.J = 8.0 Hz, ArH), 7.20 (2H, d,
; = 8.0 Hz, ArH). ’^C NMR p p m (CDCI3) 9.8,15.4,16.1,26.1,39.7,41.3,
6 0 .3,127.0,129.7,135.5,136.8. HCl salt. Colourless solid, m p 1 34135 °C (e thanol/hexane). Anal. Calculated for C14H24CINS: C, 61.40;
H, 8.83; N, 5.11; S, 11.71. Found: C, 60.90; H, 8.69; N, 5.00; S, 12.30%.
4.1.10.5. 2-N -(Isopropyl)am ino-l-(4-m ethylthiophenyl)butane
(19e). C om pound 19e w as p re p are d from 18 a n d isopropylam ine
HCl according to th e general m eth o d A. Colourless oil (15%). IR i/max
(film ) 3323, 1600. 1093 cm
’H NMR 6 (CDCI3) 0.91 (3H, t,
j = 7.5 Hz, CHCH2CH3), 0.94 (3H, d , J = 6.5 Hz, NCH(CH3)2), 1.02 (3H,
d. J = 6.5H z, NCH(CH3 )2 ), 1.11 (1H, b r s, NH), 1.28-1.43 (2H, m,
CHCH2CH3), 2.47 (3H, s, SCH3), 2.59 (1H, dd, j = 7.5 H z ,J = 13.8 Hz,
ArCH2 CH). 2.65 (IH , d d ,J = 7.0 H z ,J = 13.8 Hz, ArCHjCH), 2.73 (IH ,
m. ArCHjCH), 2.85 (IH , m, NCH(CHa)2 ), 7.10 (2H, d , / = 8.0 Hz, ArH),
7.19 (2H, d, 7 = 8 .0 Hz, ArH). ’^C NMR p pm (CDCI3) 9.8, 16.1, 23.1,
23.5. 26.6, 40.1, 45.6, 57.2,126.8,129.7, 135.4,136.7. HCl salt. Col
ourless crystals, m p 150-151 °C (ethan o l/h ex an e). Anal. Calculated
for C1 4 H 2 4 CINS: C, 61.40; H, 8.83; N, 5.11; S, 11.71. Found; C, 61.28; H,
8.93; N, 5.08; S, 12.04%.
4.1.10.6. 2-N -C yclopropylam ino-l-(4-m ethylthiophenyl)butane
(19f). C om pound 19f w as p re p are d from 18 a n d cyclopropylam ine
HCl according to th e general m eth o d A. The resulting residue w as
purified by flash c h rom atography (elu en t: diethylether). Colourless
oil (30%). IR Vmax (film ) 3 2 9 0 ,1 4 9 3 ,1 0 9 3 cm
’H NMR 6 (CDCI3 )
0.26 (2H, m, NCH(CH2 )2 ), 0.42 (2H, m, NCH(CH2 )2 ). 0.92 (3H. t,
; = 7.5 Hz, CHCH2 CH3 ), 1.38-1.57 (2H. m, CHCH2 CH3 ), 1.63 (IH , b r s,
NH), 2.03 (IH , m, NCH(CH2 )2 ), 2.47 (3H, s, SCH3 ). 2.68 (2H. d,
; = 7.0 Hz, ArCH2 CH), 2.80 (IH , m, ArCH2 CH), 7.12 (2H, d ,J = 8.5 Hz.
ArH), 7.20 (2H, d j = 8.0 Hz. ArH). '^C NMR p pm (CDCI3 ) 6.1, 7.0,9.9,
16.1, 26.2, 28.6, 39.8, 61.0, 126.9, 129.7, 135.5, 136.9. HQ salt. Col
ourless solid, m p 136-137 °C (e thanol/hexane). Anal. C alculated for
Ci4 H2 2 ClNS: C. 61.85; H, 8.16; N, 5.15; S, 11.80. Found: C. 61.87; H,
8.11; N, 5.31; S. 12.19%.
4.1.10.7. 2-N-Propargylamino-l-(4-me[hylChiophenyl)butane (19g).
C om pound 19g w as p re p are d from 18 a n d propargylam ine HCl
according to th e general m eth o d A. Colourless oil (26%). IR ifmax (film )
3290. 1599, 1091 cm '. 'H NMR 6 (CDCI3) 0.93 (3H, t ,; = 7 . 5 H z ,
CHCH2 CH3 ), 1.40-1.48 (2H, m, CHCH2 CH3 ), 1.49 (IH , b r s, NH), 2.16
(IH , m, NCH2 CCH), 2.47 (3H, s, SCH3 ), 2.60 (IH , dd, J = 7.5H z,
J = 13.6 Hz, ArCH2 CH), 2.70 (IH , dd, J = 6 .0H z, J = 13.6 Hz,
ArCHzCH). 2.93 (1H, m, ArCHjCH), 3.40 (2H, d j = 2.5 Hz, NCH2 CCH),
7.13 (2H, d. J = 8.5 Hz, ArH), 7.20 (2H, d, J = 8.5 Hz, ArH). ’^C NMR
p pm (CDCI3) 9.5,16.1, 25.6, 35.6, 39.4, 58.2, 71.1, 82.1,127.0.129.7.
135.8.136.2. HCl salt. O range solid, m p 111-113 °C (dec.) (eth an o l/
hexane). Anal. C alculated for C1 4 H2 0 CINS; C, 62.32; H, 7.47; N, 5.19; S,
11.88. Found: C, 61.23; H, 7.35; N, 5.53; S, 12.33%.
4.1.10.8. 2-N -(2-M etho?cyethyl)am m o-l-(4-m ethylthw phenyl)butane
(19h). C om pound 19h w as p rep ared from 18 and 2-m eth o x yethylam ine HCl according to th e general m eth o d A. The resu ltin g
residue w as purified by flash ch rom atography (eluent: d ieth y leth e r/m eth a n o l 90:10). Pale a m b er oil (39%). IR Vmax (film ) 3327,
1599, 1092 c m “ ’. 'H NMR 5 (CDCI3) 0.93 (3H, t, J = 7.5Hz,
CHCH2CH3), 1.37-1.45 ( 2 H, m, CHCH2CH3), 1.74 (IH , b r s, NH), 2.47
(3H, s. SCH3), 2.6 3 -2 .6 9 (2H, m, NCH2 CH2 O). 2.70-2.81 (3H, m,
ArCH2 CH), 3.29 (3H. s, OCH3), 3.44 (2H, t ,J = 5 .5 Hz, NCH2CH2O),

7.12 (2H, d, j = 8.5 Hz, ArH), 7.20 (2H, d .J = 8.0 Hz, ArH). ’^C NMR
p pm (CDCI3 ) 9.8,16.2, 26.0, 39.7, 46.5, 58.6, 60.4. 72.1.1270.129.7.
135.6, 136.7. HCl salt. C olourless solid, m p 112-114 °C (ethanol/
hexane). Anal. C alculated for C1 4 H2 4 CINOS: C, 58.01; H, 8.35; N,
4.83; S, 11.06. Found: C, 57.98; H, 8.20; N, 4.75; S, 10.69%.
4.1.10.9. 2-N -A U ylam ino-l-(4-m ethylthiophenyl)butane
(19i).
C om pound 19i w as p re p are d from 18 a n d allylam ine HCl
according to th e general m eth o d A. Colourless oil (33%). IR I'max
(film) 3342, 1641. 1493. 1092 c m “ ’. ’H NMR d (CDCI3 ) 0.93 (3H, t,
; = 7.5 Hz, CHCH2 CH3 ). 1.37-1.48 (2H, m, CHCH2 CH3 ), 1.56 (IH, br
s, NH), 2.47 (3H. s. SCH3 ). 2.61-2.76 (3H, m, ArCHiCH). 3.20 (IH,
dd. J = 6 .0 H z . 14.0H z, NCH2 CHCH2 ). 3.27 (IH . dd, ;= 5 .5 H z ,
14.4 Hz. NCH2 CHCH2 ), 5.05 (IH , dd. J = 1 .5 H z . J = 10.3 Hz,
NCH2 CHCH2 ), 5.11 (IH , d j = 1.5 H z ,J = 17.0 Hz, NCH2 CHCH2 ), 5.83
(IH , m, NCH2 CHCH2 ). 7.11 (2H, d, ; = 8 . 5 H z , ArH). 7.20 (2H. d,
J = 8 .5 H z . ArH). ’^C NMR p pm (CDCI3 ) 9.8. 16.1, 25.9, 39.5, 49.6,
59.5. 115.7, 126.9, 129.8, 135.6, 136.6, 136.9. HCl salt. Colourless
solid, m p 127-128 °C (e thanol/hexane). Anal. Calculated for
C1 4 H2 2 CINS: C, 61.85; H, 8.16; N, 5.15; S. 11.80. Found: C. 61.81; H,
8.12; N, 5.20; S, 11.73%.
4.1.10.10. 2-(N -2-H ydw xyethyl)am ino-1-(4-methylthiophenyl)butane
(19j). C om pound 19j w as prepared from 18 and 2-hydroxyethylam ine HCl according to th e general m ethod A. Colourless oil (43%). IR
i-max (film ) 3304, 2873, 1092 c m ''. ’H NMR d (CDCI3) 0.93 (3H, t
J = 7 .5 Hz. CHCH2CH3). 1.40-1.47 (2H, m. CHCH2CH3), 2.14 (2H, br s,
NH, NCH2 CH2 OH), 2.46 (3H, s, SCH3), 2.58-2.78 (5H. m. ArCH2CH,
ArCH2 CH, NCH2 CH2 OH), 3.54 (2H, m, NCH2 CH2 OH), 7.10 (2H, d,
J = 8.0 Hz, ArH), 7.19 (2H, d .J = 8.5 Hz. ArH). ’^C NMR ppm (CDCI3)
9.9,16.1, 26.3, 39.8, 48.2, 60.0, 61.1,126.9,129.6,135.7,136.5. HRMS
Calculated for C1 3 H2 2 NOS: (M *) 240.1422, Found 240.1432.
4.1.10.11. 2-N,N-Dimethylarnmo-l-(4-methylthiophenyl)butane(19k).
C om pound 19k w as p re p are d from 18 and dim ethylam ine HCl
according to th e general m eth o d A. Colourless oil (16%). IR i^max
(film ) 3072, 2817. 16 0 0 .1 0 9 4 cm
'H NMR d (CDCI3) 0.84 (3H. t.
; = 7.5H z. CHCH2 CH3 ), 1.28-1.47 (2H, m, CHCH2 CH3 ), 2.30 (6 H, s,
N(CHs)2 ), 2.32 (IH , d d ,J = 9.0 Hz, J = 13.3 Hz, ArCH2 CH), 2.46 (3H,
s, SCH3 ), 2.50 (IH , m, ArCH2 CH), 2.86 (IH , dd, J = 4.5Hz,
7 = 1 3 .3 Hz. ArCH2 CH), 7.09 (2H, d, J = 8 .5 H z , ArH), 7.19 (2H, d,
J = 8.5 Hz, ArH). '^C NMR p p m (CDCI3) 11.4, 16.3, 23.0, 34.0, 40.5,
67.7, 127.1, 129.6, 138.4, 139.4. HCl salt. Colourless solid, mp
150-153 °C (e thanol/hexane). Anal. Calculated for C1 3 H2 2 CINS; C,
60.09; H, 8.53; N, 5.39; S, 12.34. Found: C, 59.57; H, 8.42; N. 5.26;
S, 12.00%.
4.1.10.12. 2-(N -M ethoxy-N -m ethyl)am ino-1-(4-m ethylthiophenyl)
butane (191). C om pound 191 w as p rep ared from 18 and N-methoxyN -m ethylam ine HCl according to th e general m ethod A. The
resulting residue w as purified by flash chrom atography (eluent:
h e x an e /d ie th y le th e r 60:40). Colourless oil ( 6 8 %). IR Cmax (film)
3073, 1600, 1493, 1096 c m “ *. 'H NMR 5 (CDCI3) 0.88 (3H, t,
7 = 7.5 Hz, CHCH2CH3), 1.37-1.49 (2H, m, CHCH2CH3), 2.46 (3H,
s. SCH3), 2.49 (IH , d d ,7 = 8.5 Hz,7 = 13.6 Hz. ArCH2 CH), 2.60 (3H. s,
NCH3), 2.72 (IH , m, ArCH 2 CH), 3.01 (IH , d d ,7 = 4.5 H z,7=13.6H z,
ArCH2 CH), 2.50 (3H, s, OCH3), 7.12 (2H, d.7 = 8.0 Hz. ArH). 7.19 (2H,
d ,7 = 8.5 Hz, ArH). ’^C NMR p pm (CDCI3) 10.7,16.2, 22.7, 34.6,40.1,
59.7. 69.5.127.0, 129.7, 135.2, 137.9. HCl salt. Colourless solid, mp
115-116 °C (e thanol/hexane). Anal. Calculated for C1 3 H2 2 CINOS: C,
56.61; H, 8.04; N, 5,08; S, 11.62. Found: C, 56.91; H, 8.03; N, 5.05; S,
11.56%.
4.1.10.13. 2-N -hydroxy-N -m ethylam ino-1-(4-m ethylthiophenyl)
butane (19n). C om pound 19n w as p re p are d from 18 and N-hydroxy-
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N-methylamine HCl according to the general m ethod A. The
resulting residue was purified by flash chrom atography (eluent:
hexane/diethylether 60:40). Colourless oil (51%). IR Vmax (film) 3090,
1599, 1493cm~'.
NMR 5 (CDCI3 ) 0.87 (3H. t, J= 7 .5 H z ,
CHCH2 CH3 ), 1.38-1.55 (2H, m, CHCH2 CH3 ), 2.46 (3H, s, SCH3 ), 2.51
(IH. d d ,J = 9 .0 H z ,;= 1 3 .6 H z , ArCHzCH), 2.66 (3H, s, NCH3 ), 2.78
(1H, m, ArCHzCH), 3.11 (1H, dd,J = 4.5 H zJ = 13.6 Hz, ArCHzCH). 7.11
(2H, d,J = 8.0 Hz, ArH), 7.19 (2H, d j = 8.0 Hz, ArH), 7.66 (1H, s, NOH).
’^C NMR ppm (CDCI3 ) 10.5,16.2, 22.6, 34.3, 43.1, 70.8,127.0,129.6,
135.3, 137.5. HCl salt. Colourless solid, m p 115-116 °C (ethanol/
hexane). Anal. Calculated for C1 2 H2 0 CINOS: C, 55.05; H, 7.70; N, 5.35;
S, 12.25. Found: C, 54.98; H, 7.67; N, 5.42; S, 13.37%.
4.1.10.14. 1-(4-Methylthiophenyl)-2-butanone
oxime
(20a).
Compound 20a was prepared from 18 (2.50 g, 12.87 mmol scale)
according to the general m ethod C w ithout the need for flash
chromatography, generating a 60:40 m ixture of synlanti isomers.
Colourless solid (8 6 %), mp 77-79 °C (ethanol/water). Rf 0.36
(dichlorom ethane/hexane 80:20). IR Vmax (KBr) 3220 (OH), 1669
(C=N ) cm syn-(20a). ’H NMR 5 (CDCI3 ) 1.04 (1.8H, t.j 4 '.3 ' = 7.5 Hz,
H-4'), 2.18 (1.2H, q ,j 3 -,4 ' = 7.5 Hz, H-3'), 2.45 (3H, s, SCH3 ), 3.70 (1.2H,
s, H-1'), 7.13-7.21 (4H, m, H-2, H-3, H-5, H-6 ), OH signal not visible.
’^C NMR ppm (CDCI3 ) 10.6,16.0,27.0,32.9,127.1,128.5,133.6,136.1,
160.4. anti-(20a). ’ H NMR 6 (CDCI3 ) 0.99 (1.2H, t,j 4 ’,3 ' = 7.5 Hz, H-4'),
2.31 (0.8H, q,Jy,4‘ = 7.7 Hz, H-3'), SCH3 signal overlapping with syn(20a), 3.46 (0.8H, s, H-1'), H-2, H-3, H-5, H- 6 signals overlapping
with syn-(20a), OH signal not visible. ’^C NMR ppm (CDCI3 ) 10.0,
16.0,20.4,39.4,127.0,129.5,133.6,136.6,161.7. m jz {synjanti isomer
mixture) 209 (M *, 69%). Anal, calculated for C^HisNOS; C, 63.12; H,
7.22; N, 6.69. Found: C, 63.46; H, 7.11; N, 6.50%.
4.1.10.15. 2-N-Methoxyimino-l-(4-methylthiophenyl)butane (20b).
Compound 20b was prepared from 18 and m ethoxylam ine HCl
according to the general m ethod C as a 60:40 m ixture of isomers.
Pale am ber oil (96%). IR
(film) 2897, 2814,1598,1093 cm “ ’. ’H
NMR 5 (CDCI3 ) 0.93, 1.03* (3H, 2t, J = 7.5 H z ,j = 7.5 Hz, CCH2 CH3 ),
2.13*, 2.20 (2H, 2q,J = 7.5 Hz, j = 7.5 Hz, CCH2 CH3 ), 2.45*, 2.46 (3H,
2s, SCH3 ), 3.42, 3.63* (2H, 2s, ArCH2 C), 3.87, 3.88* (3H, 2s. OCH3 ),
7.11*, 7.16 (2H, 2d, J = 8.0Hz, J = 8.0 Hz, ArH), 7.18, 7.20* (2H, 2d,
7 = 8.0 Hz, J = 8.0 Hz, ArH). ’^C NMR ppm (CDCI3 ) 10.2, 11.0*, 15.9,
16.0', 20.7, 26.9*, 33.1*, 39.4, 61.1*, 61.2,126.8,127.0*, 129.4*, 129.4,
133.7, 133.9*, 136.0*, 136.5, 159.6*, 160.9. HRMS Calculated for
CuHigNOS: (M ' + 1) 224.1109: Found: 224.1105.
4.1.10.16. 2-N-EChoxyimino-l-(4-methylthiophenyl)butane
(20c).
Compound 20c was prepared from 18 and ethoxylamine HCl
according to the general m ethod C as a 60:40 m ixture of isomers.
Pale am ber oil (95%). IR j-max (film) 2876,1630,1493,1091 cm ’H
NMR 6 (CDCI3 ) 0.93, 1.03* (3H, 2t, J = 7.5 Hz, J = 7.5 Hz, CCH2 CH3 ),
1.27 (3H, t, J = 7.0Hz, NOCH2 CH3 ), 2.14*, 2.20 (2H, q, J = 7.5Hz,
; = 7.5 Hz, CCH2 CH3 ). 2.45, 2.46* (3H, 2s, SCH3 ), 3.42, 3.64* (2H, 2s,
ArCH2 C), 4.11,4.12* (2H, 2q,i = 7 0 Hz, NOCH2 CH3 ), 712*, 7.15 (2H, 2d,
J = 8.0 Hz, J = 8.5 Hz, ArH), 7.18*. 7.20 (2H, d ,; = 8.0 Hz, J = 8.5 Hz,
ArH). '^C NMR ppm (CDCI3 ) 10.2,11.0*, 14.6,14.6*, 16.0,16.1*, 20.9,
27.0*, 33.2*, 39.5.68.7, 6 8 .8 *, 126.9,127.0*, 129.4,129.4*. 134.0*, 134.1,
136.0*, 136.4, 159.2*, 160.5. HRMS Calculated for C1 3 H2 0 NOS:
(M ' + 1) 238.1266: found: 238.1267.
4.1.10.17. 2-(N-(0-Allyl))imino-l-(4-methylthiophenyl)butane
(20d). Compound 20d was prepared from 18 and allyloxyamine
HCl according to the general m ethod C as a 60:40 m ixture of
isomers. Pale am ber oil (91%). IR ^max (film) 2875. 1640, 1493,
1093 cm -'. ’H NMR 5 (CDCI3 ) 0.94, 1.03* (3H, 2 1 , J = 7.5Hz,
7 = 7.5 Hz, CCH2 CH3 ), 2.14*, 2.23 (2H, 2q, J = 7.5 Hz, J = 7.5 Hz,
CHCH2 CH3 ), 2.45*, 2.46 (3H, 2s, SCH3 ), 3.43, 3.67’ (2H, 2s,
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ArCH2 C), 4.59 (2H. d, j = 5.5 Hz, NOCH2 CHCH2 ), 5.20 (IH,
m, NOCH2 CHCH2 ), 5.30 (IH, m, NOCH2 CHCH2 ). 6.01 (IH, m,
NOCH2 CHCH2 ), 7.13', 7.16 (2H, 2d, J = 8.5 Hz, 7 = 8.5 Hz, ArH), 7.18*,
7.20 (2H, d, J = 8.0 Hz, J = 8.5 Hz, ArH). '^C NMR ppm (CDCI3 ) 10.2,
11.04*. 16.0*, 16.0, 21.0, 26.9*, 33.3*, 39.4, 74.2*, 74.2.116.7. 116.9*.
126.9. 127.0*. 129.4*, 129.4, 133.8*, 133.9, 134.5, 134.6*, 136.0*,
136.5, 159.9*, 161.2. HRMS Calculated for C1 4 H2 0 NOS: (M+ + 1)
250.1266: Found: 250.1260.
4.1.10.18. 2-N-Hydroxyamino-l-(4-methylthiophenyl)butane
( 19m). Compound 19m was prepared from oxime 20a according to
the general m ethod D. Colourless solid (30%). mp 50-51 °C
(hexane). IR Vmax (film) 3253. 2863. 1493. 1092 cm '. 'H NMR
5 (CDCI3 ) 0.95 (3H. t, J = 7.5Hz. CHCH2 CH3 ). 1.38-1.62 (2H. m.
CHCH2 CH3 ). 2.47 (3H, s, SCH3 ), 2.70 (IH, dd,7 = 6.0 Hz, J = 13.6 Hz,
ArCHjCH). 2.76 (IH, dd, J = 7.0 H z,J= 13.6 Hz, ArCH2 CH), 2.92 (IH,
m, ArCH2 CH), 5.27 (IH, s, NH), 6.52 (IH, s. NOH). 7.12 (2H, d,
; = 8.0 Hz, ArH), 7.20 (2H. d .] = 8.5 Hz, ArH). '^C NMR ppm (CDCI3 )
10.4,16.1, 24.0, 36.8, 64.2,127.1,129.8,135.8,135.9. HO salt. Col
ourless crystals, mp 114-115 °C (ethanol/hexane). Anal. Calculated
for CiiHigClNOS: C, 53.22; H, 7.32; N, 5.65; S. 12.94. Found: C, 53.18;
H. 7.11;N. 5.69; S. 12.88%.
4.1.10.19. 2-N-Methoxyamino-l-(4-methylthiophenyl)butane (19o).
Compound 19o was prepared from imine (20b) according to
the general m ethod D. Colourless oil (87%). IR Vmax (film) 3241,
2806, 1600, 1095 cm “\ ’H NMR 6 (CDCI3 ) 0.97 (3H, t,
J = 7.5Hz, CHCH2 CH3 ), 1.38-1.59 (2H. m. CHCH2 CH3 ). 2.46 (3H.
s. SCH3 ), 2.67 (IH, dd, j = 6.0Hz, J = 13.6Hz, ArCH2 CH), 2.71
(IH, dd, J = 7.0Hz, J = 13.6 Hz, ArCH2 CH), 2.93 (IH, m,
ArCHzCH), 3.52 (3H, s, OCH3 ), 5.50 (IH, br s, NH), 7.13 (2H, d,
J = 8.5Hz, ArH). 7.20 (2H, d. J = 8 .5 H z . ArH). ” C NMR ppm
(CDCI3 ) 10.4, 16.1, 24.3, 37.1, 62.2, 63.2, 127.0, 129.8, 135.8,
136.0. HRMS Calculated for C1 2 H2 0 NOS; (M+ + 1) 226.1266:
Found: 226.1274.
4.1.1020. 2-N-Ethoxyamino-1-(4-methylthiophenyl)propane (19p).
Compound 19p was prepared from imine 20c according to the
general m ethod D. Colourless oil (93%). IR i/max (film) 3238, 2866,
1599,1092 cm ’. 'H NMR 8 (CDCI3 ) 1.05 (3H, d ,J = 6.5 Hz. CHCH3 ).
I.16 (3H. t.J = 7.0 Hz. NOCH2 CH3 ). 2.46 (3H. s. SCH3 ). 2.55 (IH. dd.
J = 6 .5 H z . 13.5Hz, ArCH2 CH), 2.78 (IH, dd, J= 7 .0 H z , 13.5Hz,
ArCHaCH), 3.19 (IH. m, ArCHjCH). 3.73 (2H. q. J = 7.0Hz.
NOCH2 CH3 ). 5.34 (1H. s, NH), 7.11 (2H, d, J = 8.0 Hz, ArH), 7.20 (2H,
d, j = 8.0 Hz, ArH). '^C NMR ppm (CDCI3 ) 14.1,16.1, 17.7, 39.7, 57.2,
69.7, 127.0, 139.7, 135.8. 135.8. HRMS Calculated for C1 3 H2 2 NOS:
(M+ + 1) 240.1422, Found: 240.1430.
4.1.10.21. 2-(N-(0-Atlyl))amino-l-(4-methylthiophenyl)propane(19q).
Compound 19q was prepared from im ine 20d according to the
general m ethod D. Colourless oil (89%). IR I'max (film) 3243, 2856,
1599,1094 c m -’. ’H NMR 6 (CDCI3 ) 1.06 (3H, d ,/ = 6.5 Hz, CHCH3 ),
2.46 (3H, s, SCH3 ), 2.56 (IH, dd, J = 6.5 Hz, 13.5 Hz, ArCHzCH). 2.80
(lH .d d .J = 6.5 Hz. 13.5Hz, ArCH2 CH). 3.22 (1H. m, ArCH2 CH), 4.20
(2H, d, J = 6.0Hz, NOCH2 CHCH2 ), 5.17 (IH, d, J = 10.6 Hz,
NOCH2 CHCH2 ), 5.26 (IH, d d ,7 = 1.5 Hz, J = 17.3 Hz, NOCH2 CHCH2 ).
5.43 (IH. s. NH), 5.93 (IH. m. NOCH2 CHCH2 ). 7.11 (2H. d .J = 8.0 Hz.
ArH). 7.20 (2H, d , ; = 8.0 Hz, ArH). '^C NMR ppm (CDCI3 ) 16.1,17.7,
39.6, 57.3, 75.5.117.3.127.0.129.8.134.4.135.8.135.9. HRMS Calcu
lated for C1 4 H2 2 NOS: (M+ + 1) 252.1422: Found: 252.1411.
4.1.11. l-(4-Methybulfanyl-phenyl)-propylamine 25a
(i) A solution of 4-m ethylthiobenzaldehyde (10 g) in dry diethylether (20 mL) was added dropwise to a solution of ethylm agnesium brom ide (prepared by the dropwise addition of
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b ro m o eth an e (7.30 mL) to stirred Mg tu rn in g s (2.588 g) in 75 mL of
dry d ieth y leth er u n d e r N2 a tm o sp h ere), a n d th e m ix tu re w as
subseq u en tly refluxed for 3 h. The reaction w as quenched by th e
ad ditio n o f sa tu rated am m o n iu m chloride (200 mL). The organic
ph ase w as sep a ra ted a n d w ash ed w ith 10% HCl (3 x 75 mL). The
solvent w as dried over a n h ydrous sodium su lp h a te and rem oved
u n d e r vacuum to give l-(4 -m e th y lsu lfa n y l-p h e n y l)-p ro p a n -l-o l 21
a clear yellow oil (29%) w hich w as used w ith o u t fu rth e r purification
in th e n ext reaction, m /z 183 (M ^ + 1); ’H NMR(CDCl3 ) 5 : 0.91-0.94
( t .J = 7.5 Hz, 3H, CH2 CH3 ), 1.65-1.90 (m , 2H, CH2 CH3 ), 2.50 (s, 3H,
SCH3 ), 4 .5 6 -4 .6 0 (t, j = 7.0 Hz, IH , CHOH), 7 2 5 -7 .3 0 (m, 4H, ArH).
NMR (CDCI3 ) d: 10.21, 30.11, 33.18, 72.80,126.21,127.41,133.42,
143.39. (ii)T o a solution o f 21 (18.5 m m ol) in dry DCM (50 mL) and
ad d ed in o n e p o rtio n a su spension o f pyridinium chlorochrom ate
(33.20 g) in dry dich lo ro m eth an e (50 mL). The reaction m ixture
w as h eated to e n su re reflux for 3 h. The solvent w as d e can ted from
th e black gum w hich w as tritu ra te d w ith d ieth y leth er (5 x 100 mL).
The eth e rea l p o rtio n s com bined w ith DCM ex tract a n d solvent w as
rem oved u n d e r vacuum leaving a d ark b row n oil w hich w as pu ri
fied by flash colum n ch rom atography (65:35 h e x an e/d ieth y leth er)
to afford th e p ro d u ct 22 as colourless solid (ethanol/hexane, 90%)
w hich w as used w ith o u t fu rth e r purification in th e n e x t reaction,
m/z: 180, (M+); IR
film: 1672,1096, 792 cm~*. 'H NMR (CDCI3 )
6: 1.22-1.26 ( t ,J = 7 0 Hz, 3H, CH2 CH3 ), 1.65-1.90 (m , 2H, CH2 CH3 ),
2.53 (s, 3H, SCH3 ), 7.26-7.29 (d, J = 8.0 Hz, 2H, ArH), 7.88-7.90 (d,
j = 8.0 Hz, 2H, ArH).
NMR (CDCI3 ) 5: 8.28,14.74, 31.53, 124.93,
128.36, 133.17, 145.44, 199.85. (iii) To a solution of 24 (0.435 g,
2.414 m m ol) in d ry DCM (50 mL) u n d e r a nitro g en a tm osphere,
w e re ad d ed hexam ethyldisilazane (1.273 mL, 6.035 m m ol) and
TiCU (0.265 mL, 2.414 m m ol) d ropw ise and th e reaction m ixture
w as allow ed to stir for 2 0 h a fte r w hich tim e NaCNBH3 (0.80 g)
dissolved in freshly dried m eth an o l w as a d d ed dropw ise. The
reaction m ixture w as po u red slow ly over c ru sh ed ice. 200 mL of
15% NaOH w as add ed a n d th e m ix tu re w as extracted w ith DCM
(5 X 100 mL). The solvent w as d ried over anhydrous sodium
su lp h a te and rem oved u n d e r vacuum resulting In a residue th a t
w as purified by flash ch rom atography over silica gel (50:50
m eth a n o l/d ieth y le th er) to afford th e pro d u ct l-(4-m eth y lsu lfan y lphenyl)-propylam ine 25a as a w axy solid (46%). 'H NMR (CDCI3 ) 6:
0.81 ( t , ; = 8 Hz, 3H, CH2 CH3 ), 1.80-2.10 (m , 2H, CH2 CH3 ), 2.10 (bs,
2H. NH 2 I 4.26 (s, 3H, SCH3), 4.00-4.01 (IH , m, CHCH2 I 7.21 (d,
J = 6 Hz, 2H, H-2.H-6), 7.39 ( d , J = 6 Hz, 2H, H-3, H-5), ’^C NMR
(CDCI3 ) 6: 9.85, 14.84, 27.03, 56.82, 125.94, 127.75, 132.26, 139.21.
HRMS (El) Found 165.0736; C1 0 H 13 S requires 165.0738.
4.1.12. 1-(4-Pentylsulfanyl-phenyl)propylam ine 25b
(i) A solution o f thioanisole (0.497 g, 4.00 m m ol) in d ry THF
(20 mL) w as cooled to - 5 7 °C and sec-BuLi (5.714 mL (1.4 M in
C6 H i 2 ), 4.10 m m ol) w as ad d ed dropw ise. The solution w as stirred
for 1.5 h a fte r w hich, io d o b u tan e (0.478 mL, 4.00 m m ol) w as add ed
dropw ise. The reaction m ixture w as w a rm ed to room tem p e ra tu re
and w as stirred for 3.5 h before being poured slow ly o n to crushed
ice a n d extracted w ith DCM (4 x 100 mL). The organic extracts w ere
com bined, d ried over a n hydrous Na 2 S0 4 , filtered and rem oved in
vacuo. The resulting oil w as purified by flash c h ro m atography on
silica gel (95:5 h e x an e /d ie th y le th e r) to afford th e p ro d u ct 23 as an
oil (76%), w hich w as used w ith o u t fu rth e r purification in th e next
reaction, m /z 180 (M '); IR (/max (film ) cm ’ : 1514, 729. ’H NMR
(CDCI3 ) S: 0.9 2 -0 .9 6 ( t ,J = 7.0H z, 3H, CH3 CH2 ), 1.31-1.49 (m, 4H,
CH3C2CH2) 1.66-1.73 (m , 2H, CH2CH2S), 2.9 4 -2 .9 7 ( t j = 7.5 Hz, 2H,
CH2 SAr), 7.17-7.21 (m, IH , ArH), 7.28-7.38 (m, 4H, ArH). '^C NMR
(CDCI3) d: 13.9, 22.2, 28.7, 30.9, 33.4,125.5,128.7, 128.7,137.0. (ii)
Pentylsulfanylbenzene 23 (0.415 g, 2.31 m m ol) w as dissolved in dry
DCM (30 mL) and th e solution w as cooled to 0 °C in an ice bath.
AICI3 (0.401 g, 3.00 m m ol) w as added, follow ed by th e slow

dropw ise add itio n o f propionyl chloride (0.361 mL, 4.16 mmol).
After th e add itio n o f th e acid chloride th e reaction w as allow ed to
w a rm to a m b ie n t te m p e ra tu re and stirred for a fu rth e r 3 h. The
reaction m ix tu re w as d iluted w ith DCM (200 mL) a n d poured
slow ly Into 100 mL o f ice w ater. The organic ph ase w as w ashed
w ith w a te r ( 6 x 100 mL). The organic layer w as dried over anhy
drous Na2 S0 4 , filtered a n d th e solvent rem oved u n d e r vacuum . The
solid form ed w as recrystallised from h e x a n e /e th e r to yield l-(4 p e n ty lsu lfa n y l-p h e n y l)-p ro p a n -l-o n e 23 as colourless needles
(94%), w hich w as used w ith o u t fu rth e r purification In th e next
reaction. IR i-max film: 2931,1677,1592,822 cm ~ ’. ’H NMR (CDCI3 ) S:
0 .9 0 -0 .9 4 (t. J = 7.0 Hz, 3H, COCH2 CH3 ), 1.21-1.24 (t,J = 7 .5 Hz, 3H,
CH3C4H8), 1.32-1.48 (m . 4H. CH3CH2CH2) 1.68-1.75 (m, 2 H,
CH2CH2S), 2.94-3.01 (m , 4H, CHiSAr. COCH2 ), 7.29-7.31 (d,
J = 8 .5H z, 2H, ArH), 7.86-7.89 (d, j = 8.5H z, 2H, ArH). '^C NMR
(CDCI3) 6: 8.25, 13.89, 22.18, 28.38, 30.99, 31.50, 31.87, 126.19,
128.34, 133.36, 144.53, 199.81. (iii) To a solution o f 24 (0.270 g,
1.139 m m ol) in dry DCM (50 mL) u n d e r a n itrogen atm o sp h e re was
ad d ed hexam ethyldisilazane (0.95 mL, 4.50 m m ol) follow ed by
TIC14 (0.25 mL, 2.278 m m ol) and th e reaction m ix tu re w as allowed
to stir for 20 h a fte r w hich tim e NaCNBHs (0.50 g, 8.1 m m ol) dis
solved In freshly d ried m eth an o l w as add ed dropw ise. The reaction
m ix tu re w as po u red slow ly over c rushed ice. 2 0 0 mL o f 15% NaOH
w as a d d ed and th e m ix tu re w as extracted w ith DCM (5 x 100 mL).
The solvent w as d ried over a n h ydrous sodium sulp h ate and
rem oved u n d e r vacuum resulting in a residue th a t w as purified by
flash ch rom atography o ver silica gel (50:50 m ethanol/diethylether)
to afford th e p ro d u c t as an oil w hich solidified (48%). IR (<niax (film)
c m - ': 3433, 1528, 801. 'H NMR (CDCI3) d: 0.78-0.83 ( t J = 7.5Hz,
3H, CH3 ), 0.88-0.91 (t, J = 7 0 H z , 3H, CH3 ). 1.26-1.44 (m , 4H,
CH2 CH2 -). 1.61-1.72 (m , 4H, CH2 . CH2 ). 2.81 (s. 2 H, NH 2 ) 2.88-2.92
( t , ; = 7.5 Hz, 2H, SCH2), 3.73-3.76 ( t j = 7.0 Hz, IH , CH), 1 2 \- 1 2 Z
( d ,J = 8.0 Hz, 2H, ArH), 7.26-7.29 (d ,J = 8.0 Hz, 2H, ArH). '^C NMR
(CDCI3) 5: 10.73. 13.87, 22.14, 28.75, 30.89, 31.76, 33.59, 57.12,
126.94,128.87,135.27,142.92. HRMS (El) found 239.1597; C14 H2 5 NS
requires 239.1707.
4.2. Biochemistry
4J.1. Materials
DG-75 and MUTU-I (c179) BL cell lines w e re gifts from Dr.
D erm ot W alls (School o f Biotechnology, Dublin City University,
Ireland) a n d P ro f M artin Rowe (Division o f Cancer Studies, The
U niversity o f Birm ingham , UK) respectively. The SHSY-5Y cell line
w as p urchased from th e E uropean Collection o f Cell Cultures
(ECACC Lot04/c/011p17) a n d th e TREx (+rSERT) cell line was
created as in R ef (84] and a gift from by Dr. Chris Tate (MRC
Laboratory o f M olecular Biology, Cam bridge, UK). The HEK293 cell
line stably overexpressing th e h u m an SERT w as a gift from Dr.
Patrick Schloss (Central In stitu te for M ental H ealth, M annheim,
Germ any) a n d th e HL-60 cell line w as a gift from Dr. D. Zlsterer
(School o f B iochem istry and Im m unology, T rinity College, Dublin).
RPMI-1640, DMEM, FBS, HEPES, sodium pyruvate, gentam ycin
(G418) a n d g lu ta m in e w ere from Gibco (Invitrogen, Blosclences
Ltd., Ireland). A lam ar Blue a n d Lym phoPrep w ere from Blosclences
Ltd. a n d all o th e r chem icals w ere purchased th ro u g h Slgm aAldrich Inc., Ireland.
4.2.2. Cell culture
The DG-75 cell line is a B -lym phocyte, B urkitt’s lym phom a line
derived from a m eta static pleural effusion (lung) o f a sporadic case
of EBV negative B u rk ltfs lym phom a and has been th a t expresses
SERT [6 2 | (S upplem ental Fig. 1). The MUTU-I (c l7 9 ) cell line Is an
isogenic stab le gro u p I BL cell line derived from a BL biopsy th a t was
EBV positive and expresses SERT [85] (S upplem ental Fig. 1). The
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SHSY-5Y cell line SH-SY5Y is a thrice cloned (SK-N-SH -» SH-SY -►
SH-SY5 -> SH-SY5Y) subline of the hum an neuroblastom a cell line
SK-N-SH established from a m etastatic bone tum our [63]. The
HL-60 cell line is a promyelocytic cell line derived from a 36-yearold Caucasian female w ith acute promyelocytic leukaemia [86]. The
above cell lines w ere cultured in RPMl-1640 m edium containing
phenol red and supplem ented w ith 10% (v/v) foetal bovine serum
(FBS), L-glutamine (2 mM), penicillin and streptomycin (100 ng/
mL). The MUTU-I cl79 cell line required the additional supplem ents
of alpha-thioglycerol (5 mM in PBS w ith 20 jxM bathocuprlone
disulphonic acid), sodium pyruvate (100 mM) and HEPES (1 mM).
The TREx ( - ) and TREx (SERT) cell lines w ere derived from HEK293
cells stably expressing the TetR protein ]84] th at turns off rat SERTFLAG expression. TREx cells w ere cultured in DMEM containing 10%
(v/v) Tet-System approved FBS, L-glutamine (2 mM), gentamycin
(100 ng/mL), blasticidin (5 ng/mL) and zeocin (200 |ig/mL). SERTFLAG expression was induced by adding tetracycline (1 |i.g/mL) and
incubating for 16-24 h. The HEK293 cells lines stably over
expressing hum an SERT w ere cultured in DMEM supplem ented
w ith 10% (v/v) FBS, L-glutamine (2 mM), penicillin/streptomycin
(lOOmg/mL) and Geneticin (500m g/m L). Stable expression was
valid up to 30 passages. Cells w ere m aintained in a 72 cm^ tissue
culture flasks at 37 °C in a humidified atm osphere of 95% oxygen,
and 5% carbon dioxide.
42.3. Ceneration o f human peripheral blood mononuclear cells
Blood was obtained from a healthy donor, transferred into
a 50 mL falcon tube and diluted 1:2 w ith phosphate buffered saline
(PBS). LymphoPrep was used to separate the blood into red blood
cells, w hite blood cell ring and serum. The blood was slowly added
to 20 mL of Ficoll Pague plus. The tubes w ere centrifuged at 1700g
for 30 min. The w hite blood cell ring was transferred into a new
50 mL tube. The volume was adjusted to 50 mL and the samples
w ere centrifuged again at 1700g for 10 min. The supernatant was
removed. This step was repeated again, the pellet w as then resus
pended in 1 0 mL of complete IMDM media (IFCS, penicillin/
streptomycin (lOOmg/mL)). Cells w ere counted and seeded at an
appropriate concentration of cells/mL
4.2.4. 5-HT uptake assay
SERT inhibition was tested as previously described [84]. Briefly,
TREx cells (1 x 10^) w ere plated on poly-L-lysine coated (0.1 mg/
mL) plates. SERT-FLAG expression was induced by adding tetra
cycline (1 ng/mL) and incubating for 24 h. W hen confluent,
medium was removed from the cells and w ashed twice w ith
0.5 mL (per well) of TB buffer (10 mM HEPES, 150 mM NaCL 2 mM
KCl, 1 mM CaCb, 1 mM MgCb) pre-w arm ed to 37 °C. Cells w ere
incubated in TB buffer containing the drug of interest at various
concentrations or equal volum es of vehicle control for 5 min at
37 °C. Specific activity of ]^H] 5-HT was diluted w ith unlabelled 5HT. Cells w ere incubated w ith various concentrations of 5-HT
containing approximately 1 Ci/mmol [^H] 5-HT at room tem pera
ture. After 2 min uptake was stopped by removing the 5-HT
solution and immediately adding cold TB buffer containing 1 mM
paroxetine (to inhibit 5-HT transport). Cells w ere w ashed twice
w ith cold TB and then lysed in 2% SDS. Radioactivity in the lysates
was determ ined by liquid scintillation counting. The ^H isotope
was measured using a Packard Tricarb 2100 TR liquid scintillation
analyser. The cocktail used was the commercial scintillant Ecoscint™, for aqueous samples. Non-specific uptake w as defined as
the uptake in the presence of 10 nM paroxetine subtracted from
the total uptake to obtain specific uptake. Cells in the absence of
any test compound (untreated cells) represented the 100% reup
take and the SSRl, citalopram was used as a positive control for
SERT inhibition.
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4.2.5. Neutral Red assay for in vitro cytotoxicity
The Neutral Red assay was carried out as previously described
in Ref. [87j. Briefly, 5 x 10^ cells per well (200 (il) w ere seeded in
a 96-well plate until sub-confluent (24-36 h) and treated w ith the
appropriate com pound for 48 h. Following exposure of cells to
drug the supernatant was removed and the cells incubated for
3 ± 1 h w ith 250 ^1 Neutral Red dye solution under sterile condi
tions. NR solution was removed carefully and the cells washed
before the addition of 100 nl of NR assay solubilisation solution
(50% ethanol-1 % acetic acid solution in dH20). Plates w ere left to
incubate in the dark for 20-30 min at room tem perature with
gentle shaking. The absorbance of each plate was read at 540 nm
and at 690 nm (background) w ithin 1 h. Relative cell viability was
expressed as percent of vehicle treated cells. Sodium azide and
Triton-X w ere used as positive controls for cytotoxicity, w here
30 mM sodium azide and 1% Triton-X resulted in 80-90% cyto
toxicity on all cell lines. Untreated cells represented 0% cytotoxicity
(100% viability).
42.6. Data analysis o f NR assay
Each com pound was screened over a 1 )iM to 1 mM concen
tration range in triplicate on tw o independent days w ith activity
expressed as percentage cell viability com pared to vehicle treated
controls. The cytotoxic potency of each com pound w as quantified
by a pECso value determ ined by non-linear regression analysis of
sigmoidal log concentration dependence curves w hereby pECso is
- [ - l o g ECso] ± SE (logECso is the log[Dose] w hen response is
equal to 50% cell viability) (Tables 1-4). All data points (expressed
as m eans ± S.E.M.) w ere analysed using GRAPHPAD Prism (version
4) software (Graphpad softw are Inc., San Diego, CA). To determ ine
if the pECsoS calculated for each drug differed significantly in each
cell line, statistical analysis was carried out using a one way
ANOVA test comparing each pEC50 value. A P value of <0.05 w as
considered to reflect a significant difference. The means for
different treatm en t groups w ere then com pared using a tw o-w ay
ANOVA test w ith no m atching followed by a Bonferroni Post Test
to compare replicate m eans by row to the control cell line
HEK293. P values of <0.05 w ere considered to reflect a significant
difference.
4.2.7. Alamar Blue assay
1-5 X lO'' cells/well w ere seeded in a 96-well plate and treated
w ith the respective drug for the desired length of time. Each well
was then treated w ith 10 nl of Alamar Blue and left to incubate at
37 °C in the dark for 4 -6 h. Fluorescence w as read using an
emission of 590 nM and excitation 544 nm. The background
fluorescence of the m edia w ithout cells + Alamar Blue was taken
away from each group, and the control untreated cells repre
sented 100% cell viability and 10 |iM Taxol w as used as a positive
control.
42.8. Quantification o f apoptosis: propidium iodide FACS analysis
750,000 cells w ere seeded in 5 mL, treated w ith the appropriate
am ount of com pound and incubated for a specified time. Cells w ere
harvested by centrifugation at 300g for 5 min and w ashed with
5 mL of ice-cold PBS. The pellet was resuspended in 200 p,l PBS and
2 mL of ice-cold 70% ethanol and cells w ere fixed overnight at 4 °C.
Cells w ere pelleted by centrifugation at 300g for 5 min and resus
pended in PBS w ith 25 |il of RNAse A (10 mg/mL stock) and 75 |il of
propidium iodide (1 mg/mL). The tubes w ere incubated in the dark
at 37 °C for 30 min. Cell cycle analysis was performed using
appropriate gates counting 10,000 cells and analysed using CELLQUEST software package. Untreated cells had <5% cells in the preG1 phase of the cell cycle and 10 nM Taxol was used as a positive
control for cell death.
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4.3. Computational studies

To date no crystal structure of hSERT exists to avail of in the
docking process. A recent homology model of hSERT was
constructed using LeuT as a tem plate by Jorgensen et al. [28].
Subsequent investigation of the flexibility of the binding site in
complex w ith the natural substrate (5-HT) was undertaken to
determ ine key protein-ligand interactions through MD simulation
in a m em brane environment. FlexE [48] was selected as a docking
platform to allow these binding site variations to be taken into
account. The FlexE approach is based on flexibly docking a ligand(s)
into a united protein model generated from the superimposed
structures of an ensemble. Initially, from a 17 ns trajectory the set
was reduced to a more manageable size by selecting every 1000th
stable frame. Taking the first frame as a tem plate, the rem aining 30
structures w ere aligned and superposed in MOE v2007.09 [88] with
rm sd calculated for all residues of the binding sites (w ithin 6.5 A of
ligand). A set of three structures was chosen for the ensem ble from
a clustering based on the outputted rmsd. These structures w ere
converted to PDB using Babel3 [89], to ensure backbone and
side-chain atoms are ordered correctly. An ensem ble description
file was subsequently generated to allow autom ated docking
w ithin a script w ith all default values retained except set
INST_EXT_ACr_RADIUS = 0 and superposing of active sites only for
the creation of the united protein model. The top 20 docked
complexes w ere outputted and an svl script run w ithin MOE on
these complexes to determ ine key H-bonding interactions. The
highest ranking solution w ith appropriate H-bonding incorporating
Asp98 was then selected for further refinem ent using LigX (MOE
V2007.09).
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The antidepressants m aprotiline and fluoxetine have potent selective
antiproliferative effects against Burkitt’s lym phom a independently o f
the norepinephrine and serotonin transporters
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Abstract

The discovery that some selective serotonin transporter- (SSRI) and norepinephrine transporter- (NSRI) targeting
anddepressants have the potential to act as anticancer agents adds gready to their diverse pharmacological application.
We report that the SSRI fluoxetine and the NSRI maprotiline are potent antiproliferative agents against human Burkitt’s
lymphoma (BL), having little effect on normal blood cells. The results of this study show that although there is low-level
expression of the norepinephrine transporter (NET) in some BL cells, N E T is not involved in fluoxetine- or maprotilinemediated cell death, as neither norepinephrine nor other N E T inhibitors prevented this death. Of other N E T ligands
investigated for activity, only desipramine was found to have a similar effect to maprotiline and fluoxetine, suggesting the
existence of a common selective structural modality for cell death and aiding in the future development of more potent
analogs. In this study, we also show evidence to support previous reports that the serotonin transporter (SERT) has no
involvement in antidepressant-mediated cell death, as SERT-specific ligands were unable to prevent fluoxetine or
maprotiline cell death and not all SERT ligands could induce cell death. Although no target has yet been identified for
the action of these compounds, the cell death elicited is potent, selective, and worthy of future investigation.

Keywords: Cell death, Burkitt’s lymphoma, antidepressants, cancer, leukemia, serotonin transporter, norepinephrine
transporter
Introduction
The serotonin and norepinephrine transporters
(SERT and N E T ) transport serotonin (5-hydroxytryptamine, S-HT^ and norepinephrine, respectively,
from central and enteric nervous system sjrnapses
back into pre-synaptic neurons, determ ining the
duration and m agnitude of serotonergic and nora
drenergic responses. SE R T and N E T are high
affinity targets in vivo for tricyclic antidepressants
such as desipramine and for non-selective stimulants
including cocaine and am phetam ines [1]. N E T has a
high affinity for the N S R I (norepinephrine-selective
reuptake inhibitor) class o f antidepressants, whereas
SE R T has a high affinity for the SSRI (serotoninselective reuptake inhibitor) class of antidepressants
[2,3]. Despite their abundance in the nervous

system, N E T and SE R T are also expressed in a
wide range of specialized non-neuronal cells [4-9],
M ore recently, SE R T has been found in a num ber of
B-cell malignancies including diffiise large B-cell
lymphoma, multiple myeloma, and B urkitt’s lym
phom a (BL) [10], whereas N E T has been found in
neuroblastom a [11], in gliomas [12], and on a
num ber o f tum ors o f neuroendocrine origin [13,14].
SERT- and N ET-targeting ligands have been
shown to induce caspase-dependent apoptosis
(D NA fragmentation, poly(ADP-ribose) polymerase
[PARP] cleavage, cytochrome C release) in a num ber
of m alignant cell lines, including a num ber o f B-cell
malignancies [15-20], Some antidepressants have
also been reported to selectively target SERTexpressing transform ed cell lines and induce apop
tosis [IQJ. SER T has also been implicated in
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serotonin-mediated apoptosis in Burkitt’s lymphoma
(BL) [18] and in the mechanism o f cytotoxicity
associated with the amphetamine analogs, feijfluramine [21] and 3,4-methylenedioxymethampheta
mine (MDMA) [22,23].
There has been much speculation on the involve
ment o f SERT in the c5T;otoxic mechanism o f action
of antidepressants, with a number of publications
disputing their potential therapeutic potential and a
number o f studies carried out to deduce any targetbased pro-apoptotic mechanisms [10,16,17,19,2431]. Schuster et al. [24] assert that the pro-apoptotic
effect o f the SSRIs does not occur through SERT,
impljdng that the SSRI class o f antidepressants offers
no therapeutic potential. Conversely, Gordon et cd.
[25] have found that some antidepressants induce
apoptosis in BL and ‘offer great promise to reach a
clinical setting even though their primary target is
unlikely to be SERT itself.’ Non-serotonergic effects
of fluoxetine have been reported, and it has been
proposed by some that there is an alternative
molecular target for the SSRIs on Burkitt’s lympho
ma lines, with the possibility that SSRIs preferentially
target the proliferating B cell, having little effect on
normal cells (resting and cyclic) [19]. Despite the
high affinity o f many antidepressants for the nor
epinephrine transporter, the involvement of N E T in
such antidepressant-mediated cell death o f Burkitt’s
lymphoma is unknown.
Burkitt’s lymphoma accounts for 30-50% of
lymphomas in children and remains a serious health
problem in areas where it is endemic. In some
regions o f equatorial Afnca and other tropical
locations between latitudes 10° South and 10° North,
the incidence is 100 per million children [32-34].
Despite its incidence in such developing countries, it
is also rapidly increasing in developed countries.
Burkitt’s and Burkitt’s-like/atypical Burkitt’s lym
phomas make up the largest group o f human
immunodeficiency virus (HIV)-associated nonHodgkin lymphomas, constituting up to 35-50% of
these neoplasms [35], with the relative risk of
non-Hodgkin lymphoma increased 60-200-fold in
HIV-infected patients [36-38]. The need for the
development o f selective, potent economical alter
natives in the treatment o f Burkitt’s lymphoma is
therefore worthy o f further exploration and interest,
and the concept o f using readily available antide
pressants or amphetamine-based drugs to selectively
target or treat B-cell malignancies is attractive.
In this study we wish to investigate the proapoptotic activities o f a range of tricyclic (TCA),
SSRI, and NSRI antidepressants. As such, we wish
to evaluate the role of the monoamine transporters,
SERT and N ET , in any antidepressant-mediated cell
death of B-cell malignancies. We herein attempt to

(a) evaluate the role of the norepinephrine transpor
ter in antidepressant-mediated cell death of Burkitt’s
lymphoma cells and (b) confirm or refute reports that
serotonin and serotonin-like SERT-targeting com
pounds induce cell death independently of SERT in
Burkitt’s Ijrmphoma and related malignancies.

M aterials and m ethods
Materials
D G -75, M U TU -I c l 79, and BJAB Burkin’s lympho
ma cell lines were gifts fi-om Dr. Dermot Walls
(School o f Biotechnology, Dublin City University,
Ireland) and Prof. Martin Rowe (Division of Cancer
Studies, University o f Birmingham, UK). H929,
Daudi, and CEM -Neo cell lines were gifts from
Prof. Mark Lawler (School o f Medicine, Trinity
College Dublin [TC D ]), Dr. Clair Gardiner, and Dr.
Daniela Zisterer (School of Biochemistry & Immu
nology, T C D ), respectively. The SHSY-5Y, MCF-7,
M DA-M B231, and 4TI cell lines were purchased
from the European Collection of Cell Cultures, and
the TREx (-t- rSERT) cell line was created as given in
the literature [39] and was a gift from Dr. Chris Tate
(MRC Laboratory of Molecular Biology, Cambridge,
UK). The HEBC293 cell line stably overexpressing
human SERT was a gift fi-om Dr. Patrick Schloss
(Central Institute for Mental Health, Mannheim,
Germany). Anti-FLAG monoclonal antibody was
from Sigma-Aldrich Inc., Ireland (c-20), hSERT
(STc-20) and donkey anti-goat immunoglobulin G
(IgG) HRP antibodies were from Santa Cruz
Biotechnology Inc., USA, and the hNET primary
antibody was from MAB Technologies Inc., USA.
RPMI-1640, Dulbecco’s modified Eagle’s medium
(DM EM ), fetal bovine serum (FBS), HEPES,
sodium pyruvate, Lymphoprep, gentamycin (G418),
and glutamine were firom Gibco (Invitrogen Bios
ciences Ltd., Ireland). The MEM-PER and PAGEPrep kits were from Pierce Medical Supply (Thermo
Fisher Scientific Inc., Medical Supply Co. Ltd.,
Ireland) and methysergide maleate was from Tocris
Bioscience, UK. The general caspase inhibitor
z-VAD-fmk was from R&D Systems Europe Ltd.
All other chemicals were purchased through SigmaAldrich Inc., Ireland.
Cell culture
The D G -75 ceU line is a B-lymphocyte, BL line
derived fk>m a metastatic pleural effiision (lung) of a
sporadic case of Epstein-Barr virus (EBV)-negative
BL [40,41]. The M UTU -I c l 7 9 cell line is an
isogenic stable group I BL cell line derived firom a BL
biopsy that was EBV-positive [42,43]. The Daudi
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cell line is an EBV-positive peripheral blood Blymphoblast BL cell line derived fiom a 16-year-old
patient with BL [44], and the BJAB cell line is an
EBV-negative lymphoblastoid cell line derived from a
patient with African BL [45]. The H929 cell line is a
nmltiple myeloma line from B-lymphocytes in bone
marrow, and was derived from a malignant effusion
in a patient with myeloma [46], The CEM-Neo [47]
is an acute peripheral blood T-ljrmphoblastic leuke
mia cell line. The SHSY-5Y cell line is a subline of
the human neuroblastoma cell line SK-N-SH,
established from a metastatic bone tum or [48]. The
above cell lines were cultured in RPA^-1640
medium containing phenol red and supplemented
with 10% (v/v) FBS, L-glutamine (2 mM), penicUlin,
and streptomycin (100 /ig/mL). The M UTU-I cl79
cell line required the additional supplements of
alpha-thioglycerol (5 mM in phosphate buffered
saline [PBS] with 20 /xM bathocuprione disulfonic
acid), sodium pyruvate (100 mM), and HEPES
(1 mM). The MDA-MB231 cell line is an estrogen
receptor (ER)-negative breast adenocarcinoma de
rived from a metastatic pleural effusion [49]. The
4TI is a cell line derived from a mouse mammary
gland tumor [50] that is commonly xenografted to
create disease models for breast carcinomas. MDAMB231 and 4TI cells were cultured in DM EM , 10%
(v/v) FBS, and L-glutamine (2 mM) with penicillin
and streptomycin (100 /ig/mL). The MCF-7 cell line
is an ER-positive breast adenocarcinoma derived
from a metastatic pleural effusion [51]. M CF-7 cells
were cultured in M EM supplemented with 10% (v/v)
FBS, L-glutamine (2 mM), penicillin and streptomy
cin (100 /ig/mL), and 1% (v/v) non-essential amino
acids. The TREx (-) and TREx (SERT) cell lines
were derived from HEK293 cells stably expressing
the TetR protein [39] that turns off rat SERT-FLAG
expression. TREx cells were cultured in DMEM
containing 10% (v/v) Tet-Sjrstem approved FBS,
L-glutamine (2 mM), gentamycin (100 /ig/mL), blasticidin (5 /xg/mL), and zeocin (200 /xg/mL). SERTFLAG expression was induced by adding tetracycline
(1 /ig/mL) and incubating for 16-24 h. The HEK293
cell line stably overexpressing human SERT was
cultured in DM EM supplemented with 10% (v/v)
FBS, L-glutamine (2 mM), penicillin/streptomycin
(100 mg/mL), and Geneticin (500 mg/mL). Stable
expression was valid for up to 30 passages. Cells were
maintained in 72 cm^ tissue culture flasks at 37°C in
a humidified atmosphere of 95% oxygen and 5%
carbon dioxide.
Generation of human peripheral blood mononuclear cells
Blood was obtained from a healthy donor, trans
ferred into a 50 mL Falcon tube, and diluted 1:2

3

with PBS. Lymphoprep was used to separate the
blood into red blood cells, white blood cell ring, and
serum. The blood was slowly added to 20 m L of
Lymphoprep (Bio Sciences Ltd., Ireland) and the
tubes were centrifuged at 1700 x g for 30 min. The
white blood cell ring was transferred into a new 50
mL tube. The volume was adjusted to 50 mL and the
samples were centrifuged again at 1700 x ^ for
10 min. The supernatant was removed. This step
was repeated again, and the pellet was then resus
pended in 10 mL of complete Iscove’s modified
Eagle’s medium (IMDM) (10% fetal calf serum
[FCS], penicillin/streptomycin 100 mg/mL). Cells
were counted and seeded at an appropriate concen
tration of cells/mL.
Quantification of apoptosis: propidium iodide fluorescent
activated cell-sorting analysis
The method of detecting cell death or apoptosis in
this study was by flow cytometry based on the
measurement of DNA content. Propidium iodide
(PI) was chosen to detect cell death and to allow
rapid fluorescent activated cell-sorting (FACS) ana
lysis to occur, allowing us to investigate a wide range
of SERT ligands. PI intercalates into the major
groove of DNA and produces a highly fluorescent
adduct. The measurement of DNA can provide a
great deal of information about the cell cycle and
consequently the effect on the cell cycle of added
stimuli. DNA of the dead or apoptotic cells appears
to the left of the normal GO/Gl peak and can be
quantified as a percentage of total cells counted. The
use of annexin V staining as an indicator of cell death
was avoided, as phosphatidyl serine exposure can
result from multiple activation pathways in the cell, it
is calcium dependent, and it is not the best indicator
of apoptosis to use in B-cell derived cell lines from its
cross-reactivity with the B-cell receptor [52]. A total
of 750 000 cells were seeded in 5 mL, treated with
the appropriate amount of compound, and incubated
for a specified time at 37°C in a humidified atmo
sphere of 95% oxygen and 5% carbon dioxide. Cells
were harvested by centrifugation at 300 x g for 5 min
and washed with 5 mL of ice-cold PBS. The pellet
was resusp>ended in 200 ^L PBS and 2 m L of icecold 70% ethanol, and cells were fixed overnight at
4°C. After fixation, the cells were pelleted by
centrifugation at 300 x g for 5 min and the ethanol
was carefiilly removed. The pellet was resuspended
in 400 fiL of PBS in FACS microtubes with 25 fjL, of
RNase A (10 mg/mL stock) and 75 fiL of PI (1 mg/
mL). The tubes were incubated in the dark at 37°C
for 30^ min. Cell cycle analysis was performed using
appropriate gates counting 10 000 cells and analyzed
using the CELLQUEST software package.
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Detection o f D N A fragmentation by agarose gel
electrophoresis
Some 1 X 10^ cells were treated with indicated
com pound for 48 h and harvested by centrifugation
at 500 X g for 5 m in, and the pellet was resuspended
in 1 m L of Ijfsis buffer (20 m M ethylenediaminetetraacetic acid [ED TA ], 100 m M Tris pH 8.0, 0.8%
(w/v) sodium lauryl sarcosinate). Cells were incu
bated at 37°C for 1 h before the addition o f 0.5 mg/
m L o f RNase A. After 2 h at 37°C, 6 m g/m L of
proteinase-K was added and the cells were incubated
overnight at 37°C. Aliquots of D N A (45 /iL) were
mixed with 5 /xL loading dye (0.25% brom ophenol
blue, 30% glycerol in T ris borate E D T A [TBE], and
samples). In order to visualize isolated D N A ,
samples were loaded on a 1.5% agarose gel in TAB
running buffer (40 m M Tris acetate, 1 m M EDTA )
and electrophoresed at a constant voltage of 55 V for
4 h. T he D N A laddering pattern was visible under
ultraviolet (UV) light using a U VP gel docum enta
tion system.
Alamar Blue assay for antiproliferative activity
A total of 1-5 X 10"* cellsAvell were seeded in a 96well plate and treated with the respective drug for
48 h. After 42 h, each well was treated with 10 /iL of
A lam ar Blue (pre-warm ed to 37°C) and left to
incubate at 37°C for 6 h in the dark. Fluorescence
was read using an emission wavelength of 590 nM
and an excitation wavelength o f 544 nm . T he back
ground fluorescence o f the m edia w ithout cells and
A lam ar Blue was taken away from each group, and
the control cells represented 100% cell viability. Each
drug was screened over a 1 /iM -1 m M concentration
range in triplicate on two independent days, with
activity expressed as percentage cell viability com
pared to vehicle treated controls. T he antiproliferative
potency of each com pound was determ ined by
non-linear regression analysis of sigmoidal log con
centration dependence curves, calculating an approx
imate E C 5 0 ([Dose] when response is equal to 50%
cell viability) using G RA PH PA D Prism (version 4)
software (G raphpad Software Inc., San Diego, CA).
Measurement o f hSERT, SE R T-F LA G , hN E T, and
P A R P expression by Western blotting
Cells were seeded at 5 x 10® cells/25 m L. M em brane
fractions were isolated according to the M em -PER
Eukaryotic M em brane Protein Extraction Reagent
K it [53]. Samples were prepared for sodium dodecyl
suUate-polyacrylamide gel electrophoresis (SDSPAGE) resolved on a 10% loading gel and transferred
onto polyvinylidene fluoride (PVDF) m em branes.

M em branes were probed with anti-SERT-FLAG,
hSE R T , hN E T , and PARP (recognizes full length
113 kD a PARP as well as the 85 kD a cleaved form)
prim ary antibodies followed by incubation with the
corresponding IgG H R P conjugated secondary anti
bodies. M em branes were developed using electrochemiluminescence detection.
In silico flexible alignment study
In order to explore the conformational space
accessible by the ligands in this study, we wished to
overlay fluoxetine, sertraline, and desipramine upon
m aprotiline so as to ascertain any structural simila
rities and develop a rationale as to why they elicit
comparable biological responses. As nisoxetine and
reboxetine did n o t have program m ed cell death
(PCD ) activity and thus presum ably did not bind
to the P C D target, they were also overlaid on
maprotiline, and their ability to match the required
molecular features was examined. All enantiomers of
fluoxetine (/?, S), reboxetine (R,R, R ,S, S,R , S,S),
nisoxetine (R, S), and the active 15,45 enantiom er of
sertraline were m odeled. M O E ’s (M olecular Operat
ing Environm ent Version 2007.09, Chemical Com 
puting G roup Inc., http://www.chemcomp.com)
flexible alignm ent algorithm is based on several
similarity term s, including hydrogen bond donor
and acceptor, aromaticity, and partial charge. Flex
ible alignm ent uses a stochastic search procedure to
superimpose similar functionality in these structures
as defined by the similarity terms, while allowing
each structure full conformational flexibility. T he flag
“ Randomly Invert U nconstrained Chiral Centers”
was turned off and the remaining default settings
were utilized. T he root m ean square distance
(RM SD) tolerance was set to 0.5, and the M OE
im plem entation of M M FF94 was used to measure
the internal strain o f each molecule.

R esults
Some transporter-specific antidepressants induce apoptosis
in Burkitt’s lymphoma
A range of antidepressants from the T C A , SSRI, and
N SR I classes were tested for pro-apoptotic activity
against a range o f cell lines, including four BL cell
lines. It was found that at m icrom olar concentrations
(50 nM ), only some antidepressants induced pro
gram m ed cell death in the BL cell lines (Table I), as
shown by the detection of apoptotic bodies using PI
detection o f a p re-G l peak. W hereas the antidepres
sants fluoxetine, maprotiline, and sertraline all
induced apoptosis in a range of cell lines, including
the four BL cell lines, other antidepressants had little

T able I. T ransporter-specific antidepressants induce apoptosis by a transporter-independent m echanism .
SSRI
C om pound

Fluoxetine

Vehicle

Sertraline

Citalopram

Paroxetine

± 0.02
± 142

3.3 ± 0.03
1716 ± 151

8.9 ± 0.7
30 285

±
±
±
±

54.0
23.6
46.6
21.4

2.4*"
2.6'’
5.3*’
7.8"

± s.e*"
± O.S**
± 3.7*’
± 6 .0 "

14.0
5.5
2.1
8.5

± 1.0
± 1.4
± 1.0
± 2 .7

M aprotiline

Nisoxetine

Reboxetine

D esipram ine

0.83 ± 0.06
328 ± 25

5800
11.1 ± 0.3

11.1 ± 0 .3
1000

7280 ± 480
11 ± 1

163 ± 5
3.5 ± 0.6

38.0
18.1
8.6
11.4

70.1
11.9
57.6
15.7

7.5 ± 1.7

10.2 ± 2 .9

61.5 ± 4.3"

0.6 ± 0 .1

0.8 ± 0 .1

45.1 ± 1.7"

1.5 ± 0 .8

1.0 ± 0 .0 2

81.9 ± 9.2"

± 5.4"
± 1.1
± 2 .8
± 3 .2

± 3 .7 "
± 1.4
± 8.7"
± 5 .2

± 3.1^'

50.1 ± 4 .6 * ’

3.1 ± 2.4

60.8 ± 9.1"

63.0 ± 17.6"

± 4 .7

27.4 ± 4.3"

4.2 ± 1.6

21.4 ± 3 .0 "

3.1 ± 0 .4

Im ipram ine
20 ± 2
142 ± 8

22.2
10.51
4.3
15.9

±
±
±
±

1.9"
2.6
0.8
4.9

Am itryptiline
36 ± 1
102 ± 9

64.8
11.4
1.4
8.6

± 8.2"
± 2.8
± 0 .3
± 0 .8

4.1 ± 2 . 6

17.2 ± 11.3

2.8 ± 0.8

3.0 ± 2 .1

27.4 ± 8 .7
33.8 ± 12.8

± 5.9
± 8 .1

‘F rom reference 1.
’’ > 20% cells in the p re -G l phase of the cell cycle.
*p < 0.001
Cells were seeded a t a density o f 7 x lO’ cells/5 m L an d incubated with 50 nM antidepressant for 24 h except for the D G -75 cell line which was incubated for 72 h. Cells were harvested by
centrifugation and fixed overnight in 70% ethanol. FA CS analysis was carried o u t upon incubation w ith propidium iodide and RN ase A. 10 000 cells were co unted using appropriate gates. Values
represent the m ean ± SE M o f three independent experim ents. *p < 0.05 (based on a one-way analysis o f variance [ANOVA] test followed by the B onferroni m ultiple com parison test, com paring all
colum ns using G R A PH PA D Prism 4 software (G raphpad Software Inc., San Diego, CA).
SE R T , serotonin transporter; N E T , norepinephrine transporter; SSRI, serotonin-selective reuptake inhibitor; N S R I, norepinephrine-selective reuptake inhibitor.
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hS E R T , Ki (nM)*
20
h N E T , Ki (nM)*
2186
P r e - G i cells a s p e rc e n ta g e o f to ta l
B urkitt’s lymphom a
M U T U -1 c l7 9
7.5 ± 2.3
62.2
D audi
4.7 ± 0 .6
23.6
D G -75
1.4 ± 0 .2 6
52.3
BJAB
6.9 ± 1.9
25.8
H um an promyelocytic leukemia
H L -60
4.1 ± 2 .3
82.7
H um an neuroblastom a
13.0
SHSY-5Y
3.3 ± 0 .4
H EK 293
+ hSER T
^ .8 ± 3 .5
30.6
31.4
-h S E R T
11.3 ± 4 .5
*

T ricyclic

NSRI
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effect. F o r example, the SSRI citalopram was found
by this study to have no apoptotic effect in any of the
cell lines analyzed (Table I), paroxetine was found to
have an apoptotic effect in only the M U T U -I BL cell
line and the H L -60 leukemia cell line (Table I),
imipramine and amitryptiline were found to exert an
effect only in the M U T U -I c l 79 prim ary BL cell line,
and desipramine was found to have an effect in both
the D G -75 cell line and in the H L -60 leukemia cell
line. T he inhibitory activities
of all antidepres
sants on N E T and SE R T (Table I) did not correlate
with the ability of each agent to induce cell death. As
previously m entioned, the SSRI citalopram was
found by this study to have no apoptotic effect in
any o f the cell lines analyzed (Table I), in contrast to
a num ber of previous reports docum enting its proapoptotic activity in a range of malignancies and cell
lines [16,19,27,54]. In this study the SSRI parox
etine was found to have an apoptotic effect in a
num ber of cell lines (Table I), in agreem ent with
reports from Serafeim et al. [19], b u t its effect was
n o t as potent as that o f sertraline, maprotiline, or
fluoxetine. T he T C A s im ipram ine and amitryptiline
were found by this study to exert an effect only in the
M U T U -I c l 79 prim ary B L cell line, consistent with
other reports (Table I) [15-17]. These results
suggest that only some cell lines may be susceptible
to the effects of some antidepressants.
As fluoxetine and maprotiline were the more
potent apoptotic agents against the hematopoietic
malignancies, further studies using PI FACS analysis
were carried out to characterize their effects. To
investigate w hether these antidepressants activated
program m ed cell death, the general caspase inhibitor
z-VAD-frnk was added to M U T U -I cells before the
addition of m aprotiline and fluoxetine for 24 h. It
was found that both fluoxetine and m aprotiline were
unable to induce program m ed cell death (PC D ) in
the absence o f caspases, implying that these agents
induce an apoptotic m ode o f program m ed cell death
[Figure 1(A)]. Fluoxetine and m aprotiline were also
found to induce D N A fragm entation and PARP
cleavage of M U T U -I cells [Figures 1 (B) and 1(C)],
again providing evidence that these agents induce
apoptosis in the biopsy-like cell line. D ose depen
dencies and tim e courses showed that M U T U -I cells
were m ore sensitive than D G -75 cells to the
antidepressants (Figures 2 and 3). W ithin experi
m ental error, both com pounds had similar potencies,
achieving their effects in the microm olar range and
initiating an apoptotic effect after as little as 2 h.
Fluoxetine and m aprotiline both induced dose and
time dependent apoptosis in D G -75 cells, a known
chem oresistant cell line [55], with approximate IC 5 0
values o f between 10 and 50 /iM , initiating an
apoptotic effect after 36 h (Figures 2 and 3).

Antidepressants are selective potent antiproliferative
agents against other malignancies
In order to determ ine w hether the antidepressants
fluoxetine and maprotiline could have an effect on
malignancies other than Burkitt’s lymphoma, their
antiproliferative potential was tested in three breastderived malignancies. T he Alamar Blue assay was
used to deduce the antiproliferative potency o f fluo
xetine and maprotiline on an ER-positive (M CF-7)
cell line, ER-negative (M DA-M B231) cell line, and a
cell line derived fi-om a m ouse m am m ary gland
tum or [50] that is commonly xenografted to create
disease models for breast carcinomas (4TI). Doseresponse curves for the antiproliferative activities of
fluoxetine and maprotiline in the Burkitt’s lymphoma
derived cell lines, M U T U -I and D G -75, and for the
breast cancer cell lines, M C F-7, M D A -M B231, and
4TT, were evaluated after 24 h o f treatm ent and are
presented in Figure 4. It was found that both
fluoxetine and m aprotiline displayed antiprolifera
tive activities with approximate ECjo potencies of
between 5 and 30 fibA in all of the cell lines
(Figure 4).
In order to assess the selectivity of fluoxetine and
maprotiline toward proliferating malignant cells over
‘norm al’ cells of the body, the effects of fluoxetine
and m aprotiline were assessed in peripheral blood
m ononuclear cells (PBM Cs). After 24 h of treat
m ent, it was found that from 0.1 to 50 /iM
fluoxetine, there was no effect on the viability of
PBM Cs [Figure 5(A)], com pared to the effect of
fluoxetine on a range of m alignant cell lines, with
ECgo values ranging from 4 to 30 ^M [Figure 4(A)],
implying that fluoxetine is selectively toxic to cells of
malignant origin over the ‘norm al’ cells of the body.
T his is in agreem ent with previous reports, dem on
strating that PBM Cs and tonsil B cells are resistant to
the effects o f fluoxetine [19]. In the case of maproti
line, after 24 h, it was also found that from 0.1 to
1 0 /iM m aprotiline there was also no effect on the
viability of PBM Cs. However, at 50 ^M , maprotiline
was found to reduce the viability o f PBM Cs to
approximately 65% [Figure 5(B)]. As maprotiline
had a potent effect on the viability of a range of
malignant cell lines, with E C 5 0 values ranging fiom 1
to 25 /xM [Figure 4(B)], it also appears that maproti
line is selectively toxic to cells o f m alignant origin
over the ‘norm al’ cells of the body.
S E R T is not involved in SERT-ligand-mediated
apoptosis: S E R T ligands induce apoptosis in a range of
cell lines, but only at high concentrations
T o investigate the hypothesis o f SER T acting as a
pro-apoptotic target in BL, a num ber of SERT
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co unted using appropriate gates. Values represent the m ean ± SE M o f three independent experim ents. *p < 0.05 (based on a one-way
ANOVA test followed by the Bonferroni m ultiple com parison test, com paring all colum ns using G R A PH PA D Prism 4 software). (B) H L -60
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(50 f t M) for 24 h. W hole cell lysates were prepared, protein resolved by SD S-PA G E, an d probed w ith PA R P-antibody. Blots were stripped
an d re-probed w ith ^-actin as a loading control. Results are representative o f three separate experim ents.
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substrates were mvestigated for cell death activity.
We report that serotonin and the amphetamine
analog, MDMA, were found not to induce apoptosis
(D in a variety of malignant cell lines (Table II). The
amphetamine analog, fenfluramine, was found to
induce apoptosis in the multiple myeloma cell line
H929 and in the BL cell lines DG-75 and M UTU-I,
but only at high concentrations (1 mM) (Table II),
with this death unaffected by the SERT inhibitor,
citalopram, and the 5-HT receptor antagonist,
methysergide (Table II).
We also used a constructed SERT-overexpressing
cell line to test the hypothesis that SERT could act as
a pro-apoptotic target for SERT substrates. Using
this model, serotonin (250 fiM.) was foxmd to induce
apoptosis in the SERT-overexpressing cell line
(p < 0.05) but not in the control TREx cell line.
Both citalopram and methysergide separately re
duced the amount of apoptosis induced by 5-HT in
the SERT-overexpressing cell line, suggesting a
partial SERT-dependent cytotoxic effect. Similarly,
MDMA had no effect on SERT-overexpressing cell
lines, and 250 fiM fenfluramine was found to induce
apoptosis in both the TREx cell lines (Table II), with
this death substantially unaffected by citalopram or

methysergide, suggesting that these effects are non
specific to SERT.
SE R T levels in Burkin’s lymphoma cell lines
To determine whether any of the cell lines used in
this study listed in Table II expressed hSERT,
Western blot analysis for SERT expression was
carried out on membrane-enriched lysates. The
quality of Western blotting overall for SERT detec
tion is attributed to the different expression levels,
glycosylation patterns, and possible splice variants of
the transporter in cells of diverse origin. Obtaining a
representative blot, detecting SERT in each of the
cell lines, whilst attempting to display optimum
exposure, expression levels, and glycosylation pat
terns of SERT was difficult. In addition, as expres
sion levels of SERT were very low in some cell lines,
capturing the relative iatensity of expression was
difficult when compared to backgrounds. Such
difficulties have been well documented in the
literature [56]. In this study, the positive control
samples from H E K 293^S E R T and TREx-rSERT
cells showed a typical staining pattern of fiilly
glycosylated SERT al ~ 70-80 kDa (Figures 6(A)
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appropriate gates. Values represent die mean ± SEM of three independent experiments.

and 6(B)]. The Burkitt’s lymphoma cell lines DG-75
and M U TU-I were found to express low levels of
human SERT. The other cell lines used in this study,
H.929, CEM-Neo, and CEM-Bcl-2 cell lines, were
found not to express SERT at detectable levels
[Figure 6(A)],
SE R T is not involved in fluoxetine- and maprotilineinduced apoptosis of Burkitt’s lymphoma cells
To investigate further whether SERT was the proapoptotic target of fluoxetine and maprotiline, cells
were pre-incubated with a potent SERT inhibitor,
citalopram (AT; of SERT inhibition 8.9 + 0.07 nM),
or serotonin at excess concentrations to block the
interaction of fluoxetine and maprotiline with
SERT. To assess any involvement of 5-HT recep
tors in fluoxetine- and maprotiline-mediated cell
death, cells were also pre-incubated with the 5-HT
receptor antagonist, methysergide, to block any
interaction of fluoxetine and maprotiline with 5HT-receptors.

Using PI FACS analysis, it was found that neither
fluoxetine- or maprotiline-induced cell death in the
DG-75 and M UTU-I cell lines could be blocked by
the SSRI ligand or by serotonin, or by the 5-HT
receptor antagonist [Figures 6(C) and 6(D)], results
consistent with neither SERT nor 5-H T receptors
being the target for these agents.
In addition, the effects of fluoxetine or maprotiline
were also assessed in a constructed SERT-overexpressing cell line to further test the hypothesis that
SERT could act as a pro-apoptotic target for
fluoxetine or maprotiline. Using this model, neither
fluoxetine nor maprotiline were found to induce
apoptosis in the SERT-overexpressing cell line,
results consistent with these agents not targeting
SERT and inducing cell death.
N E T is not involved in fluoxetine- and maprotilineinduced apoptosis
As maprotiline is a potent inhibitor of norepinephrine
re-uptake
value of 1 1 .1 + 0 .3 nM) [3], the
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Figure 4. Maprotiline and fluoxetine have potent antiproliferative activity in Buridtt’s lymphoma and breast cancer-derived ceil lines.
1-5 X 10^ celk/well were seeded and treated with fluoxetine (A) or maprotiline (B) for 24 h. 10 /iL o f pre-warmed Alamar Blue reagent was
added to each weU and left to incubate in the dark for 3 -6 h. Fluorescence was read as emission 590 nm/excitation 544 nm. The background
fluorescence o f the media widiout cells plus Alamar Blue was subtracted from each group and the control cells represented 100% cell
viability. Data points represent the mean value + SEM o f six data values (recorded in triplicate on two independent days). Points were fitted
to sigmoidal log concentration curves where the EC 5 0 and
values for each cell line were calculated using GRAPHPAD Prism software.
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involvement of N E T in fluoxetine- and maprotilinemediated cell death was investigated. To determine
whether any of the BL cell lines in Table I expressed
the human norepinephrine transporter, Westem-blot
analysis for N E T expression was carried out on
membrane-enriched lysates. The control sample
HEK293-hNET [Figure 7(A)] showed a typical
staining pattern of fully glycosylated N E T at 7080 kDa. For the BL cell lines, no staining was found
for the fully glycosylated form of hN ET, and for

these cell lines (DG-75, M UTU-I cl79, and BJAB)
where stained bands were found, only low molecular
weight (--^ 50-55 kDa) forms appeared stained,
consistent with the presence of degraded or partly
glycosylated forms of N E T which in turn would be
consistent with non-functional N E T [Figure 7(A)].
The quality of Western blotting overall for NET
detection is attributed to the different expression
levels, glycosylation patterns, and possible splice
variants of the transporter in cells of diverse origin.
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A

fluoxetine- or m aprotiline-induced cell death in the
D G -75 and M U T U -I cell lines could be blocked by
nisoxetine or norepinephrine [Figures 7(B) and
7(C)], results again consistent with N E T not being
the target for these agents.
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Figure 5. Lack of toxicity of fluoxetine and maprotiline to
peripheral blood mononuclear cells. Log sigmoidal dose-response
ciuves for the eflfects of fluoxetine (A) and maprotiline (B) on
PBMCs. 1-5 X 10“* cells/200 mL were seeded and treated with
0.1-100 /iM fluoxetine (A) or maprotiline (B) for 24 h. 10 /iL of
Alamar Blue reagent was added to each well, fluorescence was read
as emission 590 nm/excitation 544 nm, and values represent the
mean value i SEM of six data points (recording in triplicate on
two independent days). Sigmoidal-dose non-linear regression
analysis was carried out using GRAPHPAD Prism software.

Obtaining a representative blot, detecting N E T in
each of the cell lines, whilst attem pting to display
optim um exposure, expression levels, and glycosylation patterns o f N E T was difficult. In addition, as
expression levels of N E T were very low in some cell
lines, capturing the relative intensity of expression
was difficult when com pared to backgrounds. Such
difficulties have been well docum ented with regard to
m onoam ine transporters in the literature [56].
Nisoxetine binds to and inhibits the norepinephr
ine transporter
0.7 nM ) [57,58] with little or no
affinity for a range of neurotransm itter receptors
[59]. T o investigate whether N E T was the proapoptotic target of fluoxetine and maprotiline, cells
were pre-incubated with nisoxetine or norepine
phrine at excess concentrations to block any inter
action o f fluoxetine and maprotiline with N E T .
Using PI FACS analysis, it was found that neither

Initial structure-activity relationship analysis shoius that
pro-apoptotic antidepressants have a number of analogous
structural moieties that are not found in the other inactive
antidepressants
In the initial PI FACS screen carried out on a range
of antidepressants (Table I), it was found that not all
of the N SR I antidepressants were able to induce cell
death in the BL cell lines. D esipram ine is a more
potent N E T inhibitor (Ki 4.5 + 2 nM ) [60], and was
found to have a similar apoptotic effect to maproti
line (Table I). As nisoxetine and reboxetine did not
mimic ± e apoptotic effect of maprotiline or desipra
mine (Table I), b u t yet are structurally similar and
display similar N E T binding activities, the structural
reasoning behind their lack of pro-apoptotic activity
was investigated.
An in silico study was carried out using M OE,
comparing m aprotiline by 3D flexible alignment
analysis to fluoxetine, sertraline, desipramine, and
the other N E T inhibitors (Figure 8) to determ ine any
potential structure-activity relationship. All the
com pounds were able to overlay the secondary amine
group, so this is not viewed as the reason for their
different biological profiles. However, it was found
that maprotiline, fluoxetine, sertraline, and desipra
mine had a num ber of com m on structural moieties
n o t present in the non-apoptotic N E T inhibitors
[Figures 8(A )-8(D )], whereby, in the cases of
fluoxetine, desipramine, and sertraline, the central
carbon cores o f the com pounds overlaid well on the
m aprotiline core [Figure 8(D )]. Both nisoxetine and
reboxetine were foimd to contain an ortho ether
moiety attached to a phenyl ring, which did n o t map
to the maprotiline, fluoxetine, desipramine, or
sertraline structures, and this may be responsible
for the inability of these com pounds to induce
program m ed cell death [Figures 8(B) and 8(C)].
(5)-Nisoxetine and (S,/?)-reboxetine were shown to
have the best overlay on m aprotiline and were
therefore chosen as representative overlays in Figures
8(B) and 8(C).
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D iscussion
In this study, it was found that the SSRI, fluoxetine,
and the NET-selective antidepressant, maprotiline,
had a potent selective cytotoxic effect against a
num ber o f malignant cell lines, including a num ber
of Burkitt’s lymphoma-derived cells. Such an effect

1 2 'SO

Table II. Some SERT substrates induce non-specific apoptosis in a range of cell lines.
Pre-Gl cells as percentage of total
5-HT
Vehicle
Compound
Burkitt’s lymphoma
M UTU-1 c l 79
Daudi
DG-75
BJAB
Multiple myeloma
H929
+ Methysergide
+ Citalcpram
Acute peripheral blood
CEM-Neo
Human neuroblastoma
SHSY-5Y
TREx cells
+ SERT-FLAG
+ Methysergide
+ Citalopram
- rSERT
+ Methysergide
+ Citalopram

72 h

4.1 ± 0.7
4.7 ± 0.6
I .0 ± 0 .1
6.9 ± 1.9

17.8 ± 6.6
1.4 ± 0 .3

3.0 ± 1.0

2.6 ± 0.4
4.0 ± 0 .9
3.1 ± 1.3
T-lymphoblastic leukemia
4.3 ± 1.0
1.5 ± 0.6

24 h
7.5
5.3
1.0
9.0

5.6 ± 1.7

6.3 ± 1.3
7.0 ± 0 .3
9.9 ± 1 .2
5.9 ± 0 .9
6.8 ± 1 .1
6.5 ± 1 .6

72 h

24 h
± 6 .5
± 0.9
± 0 .1
± 0.4

21.8 ±3.8*’

74.0 ± 3.7’’
15.5 ± 0 .5

2.6 ± 0.3

6.1 ± 1.0

3.5 ± 0.7

2.5 ± 0.91

1.4 ± 0 .5

4.8 ± 1.8

0.9 ± 0 .1

13.4
5.1
0.8
6.7

24 h

19.5 ± 4 .2

6.9 ± 2 .0

22.6 ± 3.2"^
14.3 ± 0.3*
12.5 ± 2 .4 *
5.1 ± 0 .2
8.7 ± 1 .8
10.5 ± 3.2

12 h

24 h

21.7 ± 7.4

27.8 ± 3.7*’
3 3 .7 ± 8 .9
34.3 ± 8 .8

2.9 ± 0.8

5.5 ± 1.6

1.5 ± 0 .6

5.2 ± 2 .2

1.0 ± 0 .4

5.0 ± 0 .7

5.6 ± 0 .2

5.9 ± 0 .6

5.2 ± 1.8

1.0 ± 0 .1

51.8 ± 14”
26.9 ± 2.6"

4.1
4.3
1.3
7.3

72 h

± 0 .6
± 1
± 0 .7
± 2 .5

3.4 ± 0 .6
9.7 ± 1.0

250 n U

1 mM
72 h

± 2 .1
± 0 .6
± 0 .4
± 3 .4

3.3 ± 0 .5

MDMA

250 nM

250 /iM

24 h

5.9 ± 0.6

Fenfluramine

0.9 ± 0.2

1 mM
72 h
N
5.1 ± 1.0
3.4 ± ?
9.2 ± 1 .9

18.8 ± 8.9
7.9 ± 1.3

9.8 ± 3.5

34.9
22.7
33.0
24.5
13.4
17.1

± 5.7“*
± 6 .1 *
± 6 .7
± 3.0*’
± 3 .6 *
± 2 .9 *

^ >20% cells in the pre-G l phase of the cell cycle.

*p< 0.001.
Cells were seeded at a density of 7 x lO’ cells/5 mL, incubated with compound for the indicated times, harvested by centrifugation, and fixed overnight in 70% ethanol. FACS analysis was carried
out upon incubation with propidium iodide and RNase A. 10 000 cells were counted using appropriate gates. Values represent the mean ± SEM of three independent experiments. *p < 0.05 (based
on a one-way ANOVA test followed by the Bonferroni multiple comparison test, comparing all columns using GRAPHPAD Prism4 software.
5-HT, serotonin; MDMA, methylenedioxymethamphetamine.
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Figure 6. SERT is expressed in two BL cell lines but is not involved in fluoxetine- and maprotiline-induced apoptosis. Lysed cell membranes
were prepared from sub-confluent H929, DG-75, CEM-Bcl-2, M U TU -I, CEM-Neo, and HEK293-HSERT cell lines (A) and from TREx
(-) and TREx (+ SERT) cell lines (B). Polypeptides were resolved by SDS-PAGE and probed with anti-hSERT antibody (A) or with antiFLAG antibody (B). Blots were stripped and re-probed with ^-actin as a loading control. Results arc representative of three separate
experiments. DG-75 (C) and M UTU-I (D) were seeded at a density of 7 x lO’ cells/5 m L treated with maprotiline (mapro, 50 ;iM) or
fluoxetine (fluox, 50 ;iM) with or vrithout methysergide (1 /iM), citalopram (10 /iM), or serotonin (250 /iM) and incubated for 24 h (D) or
72 h (C). Cells were harvested by centrifugation and flxed overnight in 70% ethanol. FACS analysis was carried out upon incubation with
propidium iodide and RNase A. 10 000 cells were counted using appropriate gates. Values represent the mean ± SEM of three independent
experiments. Statistical analysis was carried out using GRAPHPAD Prism software, using a one-way ANOVA test followed by the
Bonferroni multiple comparison test.

was shown to (a) be caspase-dependent, (b) be
associated with the development of apoptotic bodies
detected by PI FACS analysis, and (c) induce DNA
fragmentation and (d) induce PARP cleavage, imply
ing an apoptotic mechanism of action. Fluoxetine and

14 s

maprotiline were also found to be toxic to a number of
breast cancer-derived cell lines whilst having little
effect on peripheral blood mononuclear cells, imply
ing that fluoxetine and maprotiline are potent apop
totic agents selective for cells of malignant origin.
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Figure 7. h N E T is expressed in B L cells b u t is n ot involved in fluoxetine- and m aprotiline-induced apoptosis. M em brane fractions were
p repared from sub-confluent D G -75, BJAB, M U T U -I, D audi, an d H E K 2 9 3 -h N E T cells (A). Protein was resolved by 10% SD S-PA G E and
p robed w ith an ti-h N E T antibody (A). Blots were stripped and re-probed w ith ^-actin as a loading control. Results are representative o f three
separate experim ents. D G -75 (B) an d M U T U -I (C) were se e d e d a t a density o f 7 x lO’ cells/5 m L treated with m aprotiline (m apro, 50 /iM)
o r fluoxetine (fluox, 50 /iM ) widi o r w ithout nisoxetine (10 /<M) o r norepinephrine (250 fiM) (pre-treated for 1 h) and incubated for 24 h
(C) o r 72 h (B). Cells were harvested by centrifugation an d fixed overnight in 70% ethanol. FA CS analysis was carried o u t upon incubation
wirfi pro p id iu m iodide an d RN ase A. 10 000 cells were counted using appropriate gates. V alues represent the m ean + SEM o f three
indep en d en t experim ents. Statistical analysis was carried o u t using G R A PH PA D Prism software, using a one-way ANOVA test followed by
the B onferroni m ultiple com parison test.

Despite the expression of SERT in a number of the
cell lines studied, we confirm that SERT is not the
pro-apoptotic target of these antidepressants as (a)
not all SSRIs had a pro-apoptotic effect, (b)
serotonin, citalopram, and a 5HT-receptor inhibitor
were unable to prevent the observed programmed
ceU death induced by fluoxetine and maprotiline, (c)
the SERT ligands, serotonin, fenfluramine, and
MDMA had no significant pro-apoptotic effects in
any of the malignant cell lines, and (c) no selective
cytotoxic effects toward a SERT-overexpressing cell
line were observed.
Investigations into the involvement of N E T in the
apoptotic mechanism exerted by maprotiline or
fluoxetine showed that out of three other well-known
N E T inhibitors, only the TCA desipramine had an

apoptotic effect similar to that of maprotiline in the
BL cell lines. This study also revealed for the first
time the expression of an unglycosylated, partially
degraded form of the norepinephrine-transporter in
Burkitt’s Ijmtiphoma cell lines. It seems unlikely that
this unglycosylated form could be an active NET.
Norepinephrine itself had no apoptotic activity in
these cell lines, and both maprotiline and fluoxetine
were still able to exert an apoptotic effect in the
presence of norepinephrine or nisoxetine, a known
N E T inhibitor, implying that these studies thus show
that N E T is not the apoptotic target used by these
ligands.
It was found that maprotiline, fluoxetine, sertra
line, and desipramine had a number of common
structural moieties not present in the other NET
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Figure 8. M aprotiline, fluoxetine, sertraline, an d desipram ine display a n u m b er o f com m on structural m oieties n o t present in the o ther N E T
inhibitors. Flexible alignm ent top-views o f desipram ine (A), (5)-nisoxetine (B), and (5,i?)-reboxetine (C ), (R)- an d (S)-fluoxetine (D: I and
II, respectively), and (15,4S)-sertraline (E) were overlaid upon m aprotiline (black) (A -E ) by flexible alignm ent.

inhibitors, and may prove useful in the future
identification of the target pharm acophore and the
ability of these drugs to induce apoptosis. Primarily,
the presence of a carbon bridge-like structure in all
active molecules could confer some structural
specificity for the yet unidentified pro-apoptotic
target. Also o f note is the observation that both
nisoxetine and reboxetine contain an ortho ether
moiety attached to a phenyl ring that does n o t m ap to
the maprotiline, fluoxetine, or sertraline structures,
and could be responsible for the observed lack of

program m ed cell death activity. These results add
further support to the hypothesis that maprotiline,
fluoxetine, sertraline, and desipramine could ‘hit’ the
same target and elicit a PC D response. Further
analysis o f such structural requirem ents from this
work for a pro-apoptotic effect has allowed the
simthesis o f novel analogs o f m aprotiline and
fluoxetine that are currendy under investigation.
A comparison to other effective anticancer agents
o f the potencies of the SSRIs and maprotiline to
induce apoptosis would place them in m iddle range
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between anti-metabolites and receptor-targeted
agents. The therapeutic dose of such antidepressants
can vary firom 20 to 40 mg per day, depending on the
treatment, achieving plasma levels from 80 to
300 ng/mL, respectively [18,61,62]. Although such
concentrations are significantly lower than those
employed by this study, one of the promising features
(J) of the SSRI/NSRI class of antidepressants is that very
large doses are well tolerated in humans. Non-fatal
intake doses as large as 1500 mg have been reported,
with consequent in vivo levels ranging from 232 to
1390 ng/mL [63-65], making them safe to administer, as discussed by Gordon et al. [25], at the desired
pro-apoptotic effective concentrations or at lower
concentrations in combination with other chemo
therapeutic agents.
From the activity of these drugs in the chemoresistant cell line DG-75, it could also be said that
these drugs not only offer potential in the treatment
of relapsed or refractory BL but also for resistant
forms of BL, such as cases of BL associated with
patients suffering from HIV infection and other
forms of immunosuppression, and perhaps in other
malignancies associated with such diseases. This not
only gives them the potential to be tested fiirther in
animal models, encouraging their use in a small
phase II clinical trial in refractory BL as suggested by
(5) Gordon et al. [25], but also warrants further
investigation by improving their potency through
the development of novel structural analogs.
The findings of this study, showing that the
antidepressants fluoxetine and maprotiline have the
ability to induce apoptosis in Burkitt’s Ijmtiphoma in a
selective potent manner without the involvement of
the norepinephrine or the serotonin transporters,
provides additional knowledge in the exploration of
their mechanism of action. The search for the targetbased mechanism of action of these drugs is
important to their future development as an eco
nomical alternative for the treatment of Burkitt’s
lymphoma.
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