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CHAPTER 1

Introduction












1.2

1.2.1

There is a suggestion (Weber, 1984) that a potassium deficiency disrupts the copper

metabolism of the body, which leads to an inappropriate requirement for copper. In people

‘with marginal copper reserves, this demand may be met at the expense of other copper

dependent enzymes, such as lysyl oxidase and superoxide dismutase. The absence of

these enzymes can result in the tissue damage which accompanies rheumatoid arthritis.

The condition is usuaﬂy treated with drugs initially. These include non-steroidal anti-
inflammatory drugs (NSAIDs), eg aspirin or d-penicillamine. Anti-rheumatoid preparations,

slow-acting anti-inflammatory drugs (SAARDSs) eg gold and immuno-suppressive drugs.

Cortisone and derivatives are used extensively, and when first used were extremely

effective. The deleterious side effects of cortisone have, however, limited its use. Gold

based drugs prevent further degradation, but will not repair damage that has already

- occurred in the joints. They can be toxic to skin, kidney, liver and bone marrow. They affect

the inflammatory cells and reduce the inflammation; and reduce the rheumatoid factor.
In patients with advanced disease, surgery has-been successfully used. Knee and hip

replacement procedures have restored mobility to many sufferers, but these methods of

treatment are costly.
Physiology of copper
Normal Physiology

Copper is an essential element in human physiology, and occurs throughout the body. it

has been established that copper is required for haemoglobin synthesis, growth,

‘keratinisation, pigmentation, bone formation, -reproduction, fertility, development and

function of the central and peripheral nervous systems, cardiac function extracellular

- connective tissue formation and regulation of monoamine concentrations (Underwood,

1977) Copper is deeply involved in a number of biochemical pathways associated with
inflammation, for example prostaglandin biosynthesis, as well as connective tissue
metabolism. it is stored in the liver, and released homoeostatically to meet the normal
requirements of body tissues. Increased copper release occurs in response to many
disease states (Sass-Kortsak, 1967).



1.2.2 Altered physiology of copper in disease

Altered copper levels have been reported in rheumatoid arthritis (Sorenson, 1978), cancers
(Hrgovicic et al, 1973) and seizures (Brunia and Buyze, 1972). " Rheumatoid arthritis
patients have higher mean serum or plasma copper concentrations. Concentrations return
to normal with disease remission. It has beeh suggested that the increased concentration
of copper-containing compounds indicates a ‘putative modulator’ role of these compounds
in inﬂammation (Bon\ta}, 1977). Normal or low serum copper'concentrations found in some
~ patients could be. due’ to failure of this mechanism as a result of depleted liver copper

stores.

1.3 Copper and'Rheumatoid arthritis

Several folklore remedies for the treatment of arthritis are associated with copper. These
include foodstuffs rich in copper, such as shellfish and nuts. Copper jewellery, including the
copper bangle, are also believed to have beneficial effects in the control of arthritis
(Whitehouse, 1976). It has been shown that . m.w. copper complexes liberated from

albumin by penicillamine are pharmacoactive ( Whitehouse et-al, 1975).

1.4 Clinical Anti-inflammatory activity of copper

Severalreviews have been published on the anti-inflammatory activity of copper complexes
(Sorenson, 1979 ; Bonta, et al 1980; Sorenson, 1981). It has been suggested that copper
complexes of clinically used antiarthritic drugs were formed in vivo and that they were
| responsible for the beneficial effects of these drugs ( Sorenson,1976; Sorenson, 1976;
Sorenson;1981). This suggestion was supported by observations that copper complexes
of many non anti-inflammatory complexing agents had anti-inflammatory activity in animal
models of inflammation. In a comparison .of the effectiveness of copper, gold and silver
thiomalate and thiosulphate in models of inflammétion, the copper complexes were

effective, while the activity of the gold and silver complexes was much lower.

Clinical studies conducted from 1940 to 1950 showed various copper complexes to be

effective in treating a variety of arthritic diseases ( Sorenson and Hangarter, 1979). The



advent of hydrocortisone as an apparent cure for arthritis led to the disuse of the copper

agents.

There are several possible mechanisms to account for the anti-inflammatory activity of

copper complexes.
a) - Induction of Lysyl oxidase

The repair of damaged tissue requires cross-linking and extracellular maturation of
the tissue components collagen and elastin. The copper dependent enzyme lysyl
oxidase is responsible for this process. It has been shown in animal studies that

lysyloxidase activity can be induced with copper(ll) sulphate (Harris, 1976).
b) Modulation of Prostaglandin synthesis.

Copper complexes have been shown to decrease the synthesis of pro—inﬂammatofy
prostaglandin, PGE,, andincrease the synthesis of anti-inflammatory prostaglandin,
PGF,,, (Boyle et al, 1976, Vargaftig ef al, 1975). Modulation of the biosynthesis by -

“copper complexes is an attractive mechanism for the action of copper.
c) Induction of Superoxide Dismutase and Superoxide Dismutase-Mimic Activity

Rheumatoid arthritis has been associated with decreased superoxide dismutase
activity (McCord, 1974). Superoxide dismutase is known to have anti-inflammatory
and antiarthritic activity (Huber and Menander-Huber, 1980). Many of the copper

complexes studied have SOD like activity. -
d) Stabilisation of Lysosomal Membrane

Copper is reported to decrease the permeability of human synovial lysosomes, thus

decreasing the release of free lysosomal enzymes (Chayen et al/, 1969).

e) Modulation of histamine

The modulation of the physiological effects of histamine may also be an important
biochemical role for copper. There is evidence to support the suggestion that a

copper-histamine complex is the active form of histamine (Sorenson, 1978)
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The evidence'presented in the literature suggests that there is a localised deficiency of
copper, which is associated with the disease (May and Williams, 1978). As most of the
serum copper is non-reversibly bbund to ceruloplasmin, the fraction of copper which will be
concerned with a localised deficier}cy is the labile component comprising the albumin and
low molecular weight (I.m.w.) bound copper and the free metal ions. The I.rﬁ.w. fraction is
‘ thought to be important in thé t'ransport of metal ions across cell membranes and between
biological sites (May and Williams, 1978). Their role in biological systems is not easy to
investigate, as the concentration of these complexes is genérally below the detection limits
of available analytical techniques, and the equilibria would be disturbed by attempts to
concentrate and extract the components for analysis. The concentration of ionic copper in
plasma has been estimated to be approximately 102 mol dm (May, Linder, and Williams,

1977). Copper thus occurs primarily in complex form.

A reliable way to overcome this analytical limitation i$ to use computer simulation to model
- the distribution of the metal ions in the plasma, and to determine the important complexes
present under plasma conditions. A blood plasma model developed by May et a/ (May,
Linder, and Williams, 1977), has been successfully used to account for several processes
in drug therapy. The model requires the thermodynamic formation constants for the
complexes present in plasma, as well as the overall component concentrations. Although
the metal ion - protein interactions have not been fully characterised, it is possible to use
these calculations to investigate aspects of the copper equilibria in the low molecular weight

fraction.

The design of a therapeutic generally requires knowledge of the difference between the
-health and diseased state at a molecular level. Althpugh there is no clear understanding
of this in the case of rheumatoid arthritis, the observed effect of copper on the inflammation
associated with the disease provides a basis for drug design. This approach is based on
- two assumptioné. Firstly, the therapeutic effect of copper arise-from an increase in the total
labile copper concentration in body compartments such as the synovial fluid, and secondly,
this increase is aided by the fofmation of complexesin plasma that can diffuse through the
separating membrane into the synovial fluid. This can be achieved by simply increasing the
labile copper concentration in the plasma. The most straight-forward way of administering
the copper is by injection, but this is unfortunately associated with several undesirable side
effects. The increase in the local concentration of copper complexes may be achieved by

. two-general routes, as illustrated in Figure 1.5.
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Figure 1.5: Routes forincreaéing the concentration of . m.w. copper complexes in blood

plasma

The one is based on the liberation of endogenous reserves, the other on copper

supplementation by oral or topical administration.

For short term therapy endogenous rather than exogenous sources seem appropriate.

There are three ways of achieving this aim.

. By equilibrium.competition for the labile protein-bound copper.

< By decreasing the affinity of serum albumin for copper by allosteric effects '

. By extracting copper from inert metalloproteins



1.5

Objectives of the research

The research presented above indicates that increasing the local concentration of L. m.w. -
copper complexes (May and Williams, 1978) by means of an externally administered ligand
could be effective in relieving the symptoms of rheumatoid arthritis by stimulating anti-
inflammatory activity. It is also possible that the copper complex of this ligand may act in
some way against rheumatoid arthritis. The broad objectives of this research were to

develop and investigate such a ligand,I using the following methodoiogy.

. To use computer simulation techniques to design a ligand that would facilitate the
exogenous administration of copper(ll). The ligand would have to be highly
selective for copper(ll) so that it did not disturb the in vivo distribution of other metal
ions. It would also need to form a neutral complex with copper under in blood

plasma conditions, in order to enable passage across the cell membrane.
L Synthesise representative ligands which were designed in stage one.

. Measure the formation constants of these ligands with copper(il) and the two most

common blood plasma metal ions, zinc(ll) and calcium(ll).

. 'Use a computer model of blood plasma, together with the measured equilibrium

constants, to evaluated the plasma mobilising ability of the studied ligands.
. Substantiate the computer simulation results using ultra-filtration.

. Study the structure of the copper complexes with the selected ligands in solution

using UV/VIS spectroscopy.

. Measure the SOD activity of the copper complexes with the selected ligands using:

a simple in vitro assay.

. Finally, study the anti-inflammatory activity and toxicity of the most promising

complex using the adjuvant model of arthritis in rats.
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CHAPTER 2
Ligand design



2.1

2.2

Introduction

The invéstigation of large chemical systems such as the sea, lakes, aquifers and biological
fluids is difficult due to their complexity and the extremely low concentrations of the
constituents. The analytical techniques currently used perturb the system (May, Linder and
Williams,1976) and do not prca.vide information about the distribution of the components

amongst the various forms in which it occurs.

Simulation of the system is one of the techniques that has been used to investigate these
systems. Early examples of this techniquevare the studies on seawater by Sillén (Sillén,

1967), and blood plasma by Perrin and co-workers(Perrin, 1965; Hallman, Perrin, and Watt,

-+ 1971). While limitations to this approach exist in the form of inadequate desqription of the

system, lack of thermodynamic and kinetic data to describe the reactions taking place and
the extent and accuracy of component analysis (Jénne, 1979), it is an effective way to

increase the understanding the chemistry of the system and of the factors that may |
influencing it. The use of high speed computers has enabled workers investigating such

systems to use larger and more representative models.
Speciation modelling

In biological systems theré are many aspects that need to be considered. In muliticellular
organisms the solutions on either side of the cell membrane are usually different. An
example of this could be the gastric juices in the stomach, which are ata low pH, while that
of the cells lining the stoméch are near neutral pH. These differences influence the

chemistry and hence the bioavailability of metal ions.

The bioavailability of a species such'as a metal ion varies, depending on the type and

concentration of ligands in that solution (Sandstead, 1988).

The design of drugs has been dominated by a ‘black box’ approach, in which numerous
compounds were screened in the hope of finding an active substance. As this approach
is expensive and time consuming, alternative methods have been employed. These include
structure activity relationships, and molecular modelling approaches when the rﬁechanism
of action is known. These methods are not particularly successful where labile metal
complexes are concerned, as the active substance may not bear any relationship to the
administered drug. An alternative approach to this problem, speciation design, has

developed out of speciation modelling of biological systems.

13



2.3

The essential feature of speciation models is to define a series of chemical equilibria, which
represent as complete a description of the equilibria in the system under investigation as
possible. This series of equilibria, together with the concentrations of all components in the
s!‘ystem constitute the data base of the model. Computer models exist which can interrogate

such databases, and solve for individual species concentrations. -

Such models are often criticized because they are generally incomplete due to limitations

of our understanding of complex systems, such as blood plasma. However, provided
cognisance is taken of the restrictions, useful information can still be extracted from the

models. .

One limitation of present day speciation model!ing. is that no account is taken of the kinetics
of the system. The system is assumed to be at equilibrium, which is rarely the case in
biofluids. In cases where the complexes are kinetically inert, even though itis predicted that
at equilibrium the metal ion would be redistributed amongst the available ligands, in reality

the complex.is excreted before significant redistribution can occur.

Since speciation modelling is a quick and relatively easy way of predicting the in vivo

~ distribution of an administered ligand or complex, it is a useful too! in the design of new

~drugs aimed at influencing the distribution of metal ions. In this process the metal ion

coordinating characteristics of a ligand are varied and the effect of these changes on the

metal ion speciation are calculated using an appropriate model.

‘Blood plasma model

The blood plasma model used in this study was developed by May et al/ (May, Linder and
Williams, 1977). This model includes data for 10 metal ions and 43 ligands, giving rise to
nearly five thousand equilibria. The model also includes the important ternary complex:
equilibria. This database is efficiently and conveniently interrogated by the ECCLES

computer program.

One limitation of the model, or in fact a deliberate omission of the model, are protein

equilibria. Metal-protein equilibria are ill-defined, and cannot be effectively included’in
simulation models. For this reason the model uses the concept of a plasma mobilising
index, P.M.1, to obtain results that are largely independent of the protein equilibria (May and
Williams, 1977). In this approach the distribution of the metal ions in the low molecular

weight (ILm.w.) fraction is considered. This concept depends on the fact that while the

14



2.4

P.M.IL =

absolute concentration of the metal ions is dependent on the extent of protein binding, the

distribution amongst the L. m.w. ligands is not. - Owing to the very low free metal

* concentration, the amount of complex formed is negligible in comparison to the ligand

concentration. Consequently the free ligand concentrations are also not significantly -

- affected, they are ‘concentration buffered’. Under these circumstances the concentrations

of the complexes are dependent only on the free metal concentration. As this is the case

for all mononuclear species, the total concentration of each metal in the I.m.w. fraction is

also dependent on the free metal concentration. The percentage of metal appearing in a
given species is constant, regardiess of the exact free metal concentration, and is therefore

independent of the metal-protein equilibria that determines the free metal concentration.
The ability of different administered ligands, drugs in this case, to-move a metal ion from the
protein bound fraction to the I.m.w. fraction can be expressed as a Plasma Mobilizing Index

(P.M.1.), which is defined as:

Total concentration of I.m.w. metal complex species in the presence of the drug

Total concentration of I.m.w. metal complex species in normal plasma

‘It is the [.m.w. fraction of copper that is postulated to be involved in the transport of the ion.

across membranes and between active sites, and it is this fraction that can be most
effectively manipulated in an attempt to increase the availability of copper to anti-

inflammatory processes.
Ligand design

As outlined in Chapter One, the design of copper based anti-inflammatory drugs is based on
the assumption that (a) their therapeutic effect arises from an increase in the total labile
|.m.w. concentration of copper in the inflamed tissue and (b) that the labile concentration may

be increased by an increase in the tissue permeable neutral fraction of copper in plasma.

In thermodynamic terms what is required is a strong dianionic chelator which is specific for
copper, as it must be effective in competition with in vivo metal ions and ligands. Ultimately
the only way of testing a drugs efficiency .is with animal screens, but we can carry out
preliminary in vitro assessment with computer modelling. It is-not sufficient to just compare
the equilibrium constants of the different possible drugs, as this does not make allowances
for competition from other ligands and metal ions. The danger of ignoring this competition

is illustrated by Edta, in Figure 2.1. A concentration of 10® Edta causes a 10-fold increase
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important competitor metal ions  plasma, Zn(ll) and Ca(ll), are both hard, so a soft donor
ligand should favour copper. As the atom changes from O to S to N, the mobilizing
efficiency of the ligand increases dramatically- the nitrogen analogue being 10° times more
efficient than its sulphur counter i, Figure 2.2. Note that the thiol group, which is known
to form very stable copper complexes, was not considered for two reasons. Firstly, the

copper undergoes reductive che :ion with thiols, and secondly the thiol group is notoriously

toxic.
1 e
=
a 05 -
(o}
(=]
-
0 I
v 0 1 2 3
-5 -4
Log [Ligand]
Figure 2.2:  The effect of the donorat nuponthe F" in Mobi™ = Inc (of 12

Donor strength

The strength of the ligand is measured by its basicity. Several N,N-disubstituted
ethylenediamine compounds were used to examine the effect of the nitrogen ligand used.
A comparison of 2-aminobenzyl-, 2-methyleneimidazolyl-, 4-methyleneimidazolyl-, 2-
methylenepyridyl- and 2-aminoethyl-substituents ( referred to in the Figure as An, 2-imid, 4-
imid, py and amine, respectively) is shown in Figure 2.3.

2-aminobenzyl is understandably poor, but in view of the wide biological use of histidine as

a chelating agent, it is surprisin how poorly 4-methyleneimidazolyl performs. Under

physiological conditions, it appears that the straight chain polyamine is the best mobiliser of
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Figure 2.7: The effect of the anionic substituents upon the Plasma Mobilizing Index of Cu*®

2.5

Based on the results of the com iter simulation studies, the characteristics giving rise to a
thermodynamically desirable mobilising agent for copper are a linear, diphenolate,
dicarboxylate or dialkyl phospha substituted polyamine. While a dianionically substituted
macrocycle would also have satisfied these thermodynamic conditions, they are unacceptable

on kinetic grounds (Jones, 1985).

This last pointillustrates one of I limitations of computer modelling. The absence of kinetic
data from the model can produce misleading results in situations where kinetics has a large
influence on the equilibrium. T : interpretation of the results must also include a critical

analysis of the effects of other chemical influences.
Ligand selection
From the characterisﬁcs identified above, a number of possible ligands were considered.

Two were selected for investigation, these being ttda and dtda. The structural formulae are

given below. Neither ligand hac een reported in the literature.

21



HOOC —

ttda

dtda

22

COOH



FF

7€



CHAPTER 3
Synthesis



n

e






e

ac






ur

mni

—















CHAPTER 4

Potentiometry












fill






e

arc

e

liec

re












of

e









Zbar

12 16 20

pa

3.61:1.62 1.92:1.79 1.92:1.79 3.35:1.64

Figure 4.6: Experimental and calculi :d formation curves for the Cu(ll)dtda system. The
symbols represent titrations with different concentrations (mM) and [dtda):[Cu] ratios.
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Figure 4.7: Experimental and calculated deprotonation curves for the Cu(ll)dtda system. The

symbols represent titrations with different concentrations (mM) and [ttda]:[Cu] ratios.
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Figure 4.9:  Experimental and calculated rmation curves for the Zn(ll) ttda system. The different

symbols represent titrations with different concentrations (mM) and [ttda]:[Zn] ratios.
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Figure 4.10: Experimental and calculated deprotonation curves for the Zn(ll) ttda system. The different

symbols represent titrations with different concentrations (mM) and [ttda]:[Zn] ratios.
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Figure 4.13: Experimental and calculate deprotonation curves for the Zn(ll) dtda system. The

symbols represent titrations with different concentrations (mM) and [dtda]:[Zn] ratios.
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Figure4.17: Experimental and calculated formation curves for the Mn(ll)ttda system. The symbols
represent titrations with dif ent concentrations (mM) and [ttda].[Mn] ratios.
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Figure 4.18: Experimental and calculate deprotonation curves for the Mn(ll)ttda system. The

symbols represent titrations with different concentrations (mM) and [ttda):.[Mn] ratios
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Experimental and calculated formation curves for the Mn(ll)dtda system. The

Figure 4.21:
symbols represent titrations with different concentrations (mM) and [dtda].[Mn] ratios.
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Figure 4.22:
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The values for the formation constants obtained for these ligands were compared with
literature values (Martell and Smith, 1974-1989) for similar compounds. These values are

given in Table 4.5 below.

Table 4.5: Formation constants for compounds similar to dtda
4 co-ordinate B I 5 co-ordinate | B |
4 N (trien) 10,9 5 N (tetren) [13.3
2N20 (edda) |11,2 3N20 (dtda) | 13,1

The values obtained for the ligands containing only nitrogen donor ligands are similar to
those obtained for the mixed donor ligand. It appears from these resuits that for the cobalt-
nitrogen or cobalt-oxygen systems the donor atom has little influence on the stability of the

complex.
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5.3  Super Ox :Dismutase (SOD) like activity
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Figure 5.4.2: Proton n.m.r. spectra of ttda as a function of pD
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The variation of the chemical shift of ttda with changing pD for 'H is given in Figure 5.4.3,
and for dtda in Figure 5.4.4.

40
35
“©
30
2 5 1 - A L - L [}
0 2 4 6 8 10 12

pD
Protons attached to
C2C13 C4C1‘ CSC1C C7C8

Figure 5.4.3: pD Dependence of the 'H n.m.r. chemical shifts for ttda

4.0
35 |
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30 |
2.5 2 1 " L 1 2 1 — 1 2 J
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C2C10 C4C8 C5C7

Figure 5.4.4: pD Dependence of the 'H n.m.r. chemical shifts for dtda
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5.6 Animal Studies
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The urine was frozen as soon as ossible after the samples were collec 1. Precipitate
formed in samples (a) and (b) on storage. The samples were analysed by UV spectroscopy,
for complex concentration on a Philips PU8700 UV/vis spectrophotometer. A base line
adjustment was made to accommodate for the absorption due to normal urine components.
AA analysis by graphite furnace on a Pye Unicam was performed to determine total copper.
The samples containing precipita were first digested with concentrated HNO, (Aristar,

spectroscopically pure) to solubilize the solid.

Post mortems were performed on  oups 1 - 4, immediately after they died or were culled at

the end of the screen.

Copper(ll) chloride dihydrate, sodium chloride and sodium hydroxide were obtained from
SAARCHEM Ltd and were of analytical grade. Acetyl salicylic acid (aspirin) was obtained
from BDH and was of reagent grade. Ttda tetrahydrochloride was synthesized in this
laboratory. Solutions were made up in glass distilled water and then passed through a
millipore microfilter (cat. No. SLGS ’50S) to remove microorganisms. Male Sprague-Dawley
rats, from an inbred colony, weighi | between 450 and 500 grams were used. The animals

were divided into groups of 5, and were fed on standard rat cubes.

Adjuvant arthritis was induced by injecting Freud's complete adjuvant (0.5 ml) into the right
hind paw pod. Attempts to induce the arthritis by injecting into the base of the tail failed. The
inflammation was allowed to develop for 14 days at which time the experiment was started.
Paw volume was monitored daily, with the animal's uninflamed left rear paw being used as

a control for that animal.

Solutions of Cu(ll)-ttda for injection were prepared by dissolving an appropriate quantity of
ttda and CuCl, in a volume of water calculated to give a solution with a total NaCl
concentration of 0.15M. The pH of the solution was adjusted to 7.4 using concentrated
sodium hydroxide. The selected dose was administered by injecting a specific volume of
solution, calculated on the mass of the animal. The copper chloride solutions were prepared
by dissolving the required amount of copper(ll) chloride, plus sufficient NaCl to give a final
concentration of 0.15M, in the cor ct volume of distilled water. The pH was left unadjusted
at about 5.5. The copper aspirinate solution was made by preparing separate solutions of
cop; (Ichloride and aspirinate. The pH of the aspirinate solution was raised to
approximately 5 to dissolve the compound. The solutions were mixed just prior to injection,

and the pH lowered again to prevent precipitation of the copper complex.
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Figure 4.44: Species distribution curves for [Mg(dtda)]; Total [Mg(ll)] = 1.6 mM = Total [dtda]
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