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Abstract

The proposed curative properties of Cu-based non-steroidal anti-inflammatory drugs (NSAIDs) have led to the development of
numerous Cu(II) complexes of NSAIDs with enhanced anti-inflammatory activity and reduced gastrointestinal (GI) toxicity
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compared with their uncomplexed parent drug. These low toxicity Cu drugs have yet to reach an extended human market, but are of
enormous interest, because many of today’s anti-inflammatory drug therapies, including those based on the NSAIDs, remain either
largely inadequate and/or are associated with problematic renal, GI and cardiovascular side effects. The origins of the anti-
inflammatory and gastric-sparing actions of Cu-NSAIDs, however, remain uncertain. Their ability to influence copper metabolism
has been a matter of debate and, apart from their frequently reported superoxide dismutase (SOD)-like activity in vitro, relatively
little is known about how they ultimately regulate the inflammatory process and/or immune system. Furthermore, little is known of
their pharmacokinetic and biodistribution profile in both humans and animals, stability in biological media and pharmaceutical
formulations, or the relative potency/efficacy of the Cu(Il) monomeric versus Cu(Il) dimeric complexes. The following review will
not only discuss the etiology of inflammation, factors influencing the metabolism of copper and historical overview of the
development of the Cu-NSAIDs, but also outline the structural characteristics, medicinal and veterinary properties, and proposed
modes of action of the Cu-NSAIDs. It will also compare the SOD, anti-inflammatory and ulcerogenic effects of various Cu-
NSAIDs. If the potential opportunities of the Cu-NSAIDs are to be completely realized, a mechanistic understanding and
delineation of their in vivo and in vitro pharmacological activity is fundamental, along with further characterization of their
pharmacokinetic/pharmacodynamic disposition. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The medicinal properties of both Cu and the anti-
inflammatory agent salicin, a glycoside of salicylic acid
(and prototype of many of today’s non-steroidal anti-
inflammatory drugs (NSAIDs)) (Fig. 1) have been
known for thousands of years [1-4]. Extracts of willow,
a source of salicin, were used for the relief of pain and
fever by the physicians Hippocrates ( ~460-377 BC)
and Dioscorides (~40-90 AD) [1,3,5,6]. Chewing
willow leaves was recommended for analgesia in child-
birth and a decoction of myrtle or willow leaves was a
therapeutic treatment for joint pain [5]. Salicylic acid
was first purified from salicin in 1838 [7]. Aspirin
(AspH = acetylsalicylic acid), the first commercially
available NSAID, was introduced into medicine by
Frederick Bayer & Company in 1889 [8,9].

As early as 3000 BC, the Egyptians used Cu as an
antiseptic to sterilize drinking water [10]. The Papyus
Ebers (~ 1550 BC) describes the medicinal use of Cu-
containing ointments [11,12] and the Cu bracelet has
long been used as a folk remedy for the treatment of
arthritis [13]. The curative properties of Cu-based
NSAIDs is not, therefore, without historical reference
and has led to the development of numerous Cu(Il)
complexes of NSAIDs [14-18]. These are reported to
have enhanced anti-inflammatory activity and reduced
gastrointestinal (GI) toxicity compared with the parent
constituents [10,19,20].

Despite the long history of the Cu-NSAIDs, they are
yet to make a significant impact on the human market.
Notwithstanding such intense interest, little is known

CH2OH

CH,OH
o o 2

o
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Fig. 1. Salicin.

about their mechanism(s) of action, pharmacology and
disposition in biological matrices. The following review
will, therefore, not only give an overview of the
development of the Cu-NSAIDs, including a brief
description of the etiology of inflammation, major
shortcomings with the clinical application of the tradi-
tional NSAIDs, e.g. GI and renal toxicity, mode of
action of the traditional NSAIDs and the role of Cu in
inflammation, but will also discuss the proposed phar-
macology and medicinal and veterinary properties of the
Cu-NSAIDs. A comparison of the superoxide dismutase
(SOD) activity, and the anti-inflammatory and ulcero-
genic effects of various Cu-NSAIDs will be described,
along with an outline of the solid-state structural
characteristics of the Cu-NSAIDs.

2. Background

2.1. NSAIDs

‘Non-selective’ cyclooxygenase (COX) inhibitors, of
the general arylalkanoic acid formula ArCRHCOOH,
(Ar =aryl or heteroaryl; R =H, CHj, alkyl) make up
the largest group of NSAIDs, e.g. salicylates, indoles,
propionic acids, and fenamates [8,21-23]. The oxicam
NSAIDs (carboxamides—enolic acids), e.g. piroxicam
(Pirx = 4-hydroxy-2-methyl-N-2-pyridyl-2H-1,2-ben-
zothiazine-3-carboxamide-1,1-dioxide), and tenoxicam
(Tenox =4-hydroxy-2-methyl-N-2-pyridinyl-2H-
thieno(2,3-e)-1,2-thiazine-3-carboxamide-1,1-dioxide),
were developed by Pfizer in the 1980s as non-carboxylic
acid NSAIDs designed to reduce the GI toxicity of the
NSAIDs [7]. The ‘specific’ COX-II inhibitor NSAIDs,
e.g. celebrex, (4-[5-(4-methylphenyl)-3-(trifluoromethyl)-
1H-pyrazol-1-yl]-benzenesulfonamide) and rofecoxib (4-
[4-(methylsulfonyl)phenyl]-3-phenyl-2(5H)-furanone)
[24,25] (Table 1) and ‘highly selective’ COX-II inhibitor-
type NSAIDs, e.g. meloxicam, (2H-1,2-benzothiazine-3-
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carboxamide) (Table 1) and ectodolac (1,8-diethyl-
1,3,4,9-tetrahydropyrano[3,4-bJindole-1-acetic acid)
[26,27], have also been shown to reduce GI toxicity
compared with traditional non-selective NSAIDs. De-
tails of the pharmacological basis for the action of the
COX inhibitors (including a discussion of their GI
toxicity) will be presented later in this review. A
schematic outline the ‘inflammatory cascade’, illustrat-
ing the major site of action of the NSAIDs, is shown in

Fig. 2. References that detail the historical and struc-
tural aspects of the development of the NSAIDs,
including their mode of action [5,7,8,23,28—31] and
structure—activity relationships [7,32-35], have ap-
peared and these aspects will not be discussed in detail
here.

There is now a wealth of literature documenting the
potential benefits of Cu(I)-NSAIDs and complexes and
several patents have also been issued, e.g. Cu(I)-

Table 1

Chemical classes of selected non-steroidal anti-inflammatory drugs

Class Generic IUPAC Name Structure
Salicylates Aspirin 2-(acetyloxy)benzoic acid (")
C—OH
O—(I'I:—CH;;
Diflunisal 2'4'-difluoro-4-hydroxy-[1,1'-biphenyl]-3-
carboxylic acid
F H
COOH
Salsalate 2-carboxyphenyl ester of salicylate (o]
1l
c_
HOO: :
H
Benorylate 4-(acetylamino)phenyl ester of salicylate

Phenylalkanoic acids Fenoprofen

Ibuprofen

Ketoprofen

Flurbiprofen

Naproxen

() 2-methyl-3-phenoxybenzeneacetic acid

(%) 2 -methyl-4-(2-methylpropyl)-

benzeneacetic acid

(+) 3-benzoyl-2-methylbenzeneacetic acid

() 2-fluoro-2-methyl-[1,1"-biphenyl]-4-

acetic acid

(%) 6-methoxy-2-methyl-2-

naphthaleneacetic acid

NHAc

CH;

|
PhO\O/CH_cooH
CHz<|=HCH3
on
HOOC—(I':

CH3
7 s
Ph—C. : _CH—COOH
g

: _.CH—COOH

Ph |
F
CH;

|
cncoou

CH;0
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Table 1 (Continued)

Class Generic IUPAC Name Structure
Tolmetin 1-methyl-5-(4-methylbenzoyl)-1H-pyrrole- (I:Hs °
2-acetic acid HOO%CHZWLO\
CH;
Sulindac (%) 5-fluoro-2-methyl-1-[[4-
(methylsulfinyl)phenyl]methylene]-1H-
indene-3-acetic acid
Indomethacin 1-(4-chlorobenzoyl)-5-methoxy-2-methyl- c (I:OOH
H -
1H-indole-3-acetic acid 3 | CH2
CH3
|
o
Cl
Diclofenac 2-[(2,6-dichlorophenyl)amino]- Cl HOOC—CH,
benzeneacetic acid
N
Cl
Carprofen (£)-6-chloro-2-methyl-9H-carbazole-2-
acetic acid
Etodolac (1)-1,8-diethyl-1,3,4,9-tetrahydro-
pyrano[3,4-b]indole-1-acetic acid
Ketorolac (£)-5-benzoyl-2,3-dihydro- IH-pyrrolizine- COOH
1-carboxylic acid
Ph
(o]
Oxicams Tenoxicam 2H-thieno[2,3-¢]-1,2-thiazine-3-
carboxamide
Piroxicam 2H-1,2-benzothiazine-3-carboxamide OH
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Table 1 (Continued)

Class Generic

IUPAC Name

Structure

Meloxicam

Anthranilic acids

Mefenamic acid  2-[(2,3-dimethylphenyl)amino]benzoic acid HOO
Q:N::O

2H-1,2-benzothiazine-3-carboxamide OH

CH;

CH;
Meclofenamate 2-[(2,6-dichloro-3-methylphenyl)amino]- Cl
sodium benzoic acid, monosodium salt

Cl CO00-
CH3
Na*
Sulfonamides Celecoxib

4-[5-(4-methylphenyl)-3-(trifluoromethyl)- N fl’
F
IH-pyrazol-1-yl]-benzenesulfonamide 3 /_ N_Q_S_NHZ

CHs
Furanones Rofecoxib 4-[4-(methylsulfonyl)phenyl]-3-phenyl- 0 D
2(5H)-furanone
O=?—CH3
o
Propanamide Parecoxib N-[[4-(5-methyl-3-phenyl-4- N
P yipheny o\, -Ph

isoxazolyl)phenyl]sulfonyl]-propanamide

H3

O=S—NH—$I:—Et

complexes of amino-acids, substituted steroids and
NSAIDs [37-41]. No Cu(Il) anti-inflammatory drug is
currently available for oral human use, although an
ethanolic gel-base of Cu-salicylate (Alcusal®) is avail-
able for topical temporal relief of pain and inflammation
in humans. A Cu(Il) dimer of indomethacin (IndoH = 1-
(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-Indole-3-

acetic acid) with low toxicity is commercially available
in Australasia [42], South East Asia and South Africa
[43] in a variety of oral pharmaceutical dosage forms for

veterinary use. These low toxicity Cu drugs are of
enormous interest, because many of today’s anti-inflam-
matory drug therapies, including the NSAIDs, remain
either largely inadequate and/or are associated with
problematic side effects, e.g. renal insufficiency and
failure [44—47], GI ulceration, bleeding or perforation
(‘NSAID gastropathy’) [48—54], exacerbation of hyper-
tension [21] and congestive heart failure (CHF) [55].
The commercial potential of safer NSAIDs is evi-
denced by the world-wide availability of over 35
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Functions (platelet aggregation, gastric
protection, renal function)

Fig. 2. The ‘Inflammatory Cascade’.

different NSAIDs [21]. Additional interest in NSAIDs
lies in their possible therapeutic benefits in the preven-
tion of various cancers including colorectal [56—62] and
lung cancers [63] and even in the treatment of Alzhei-
mer’s disease [64—67]. There is a wide and expanding
clinical use of NSAIDs, particularly in chronic diseases
of the elderly, in whom the GI [22,68—71], renal [72-75],
and cardiovascular [55] side-effects lead to significant
morbidity and mortality. The overall cost of NSAID
therapy in the US was estimated in 1992 to be increased
by ~40% due to the prevention and or treatment of
their GI toxicity alone [76,77]; with 20-30% of all
hospitalizations and deaths among patients over 65
years due to peptic ulcer disease attributed to the use
of NSAIDs [71,73,78]. The burden of illness resulting
from NSAID-related CHF, however, may even exceed
that resulting from GI damage [55].

Treatment of chronic arthropathies remains largely
symptomatic and there is yet no cure for inflammatory
diseases such as arthritis [79—-81]. The modern manage-
ment of such ailments relies principally upon the
alleviation of the symptoms, with the use of NSAIDs
being the mainstay in conjunction with other non-drug
treatments [79,80]. Arthritis and associated muscular
skeletal diseases do not dominate the mortality statistics,
but they account for substantial socioeconomic costs
[77,82—-88] and are a leading cause of long-term
disability [86,87,89]. There are no ‘world-wide’ figures
on the costs of inflammation, although the medical and
economic costs associated with arthritis in the USA

(1992) [86], Canada (1993) [90] and Australia (1997) [83]
are estimated to be ~ $(US)64.8B, $(CDN)17.8B and
$(AUS)1-5B pa, respectively. The cost of osteoarthritis
(OA) accounts for ~1-2.5% of the gross domestic
product (GDP) of the USA, Canada, UK, France, and
Australia. With an ageing population, the increasing
impact of arthritis on public health in the USA is
expected to increase to $(US)95B by 2020 and affect ~
22% of the population [91]. Interest in developing
NSAIDs is therefore related, to their ubiquitous use
and hence considerable commercial market and costs
associated with treating their various side-effects.

The search for safer and more effective anti-inflam-
matory drug treatments continues [92—98]. This includes
the search for less GI toxic NSAIDs [28,99-104],
investigations of the specific COX-II inhibitors
[29,105-109], nitric oxide (NO) releasing NSAIDs
[110—114], leukotriene pathway inhibitors [115-121],
SOD mimetics [122—124], zwitterionic phospholipids
[125,126], metal (in particular Cu(IT) and Zn(II)) com-
plexes of NSAIDs [10,17,19,38,39,127-140], and sus-
tained release and enteric coating formulations of
traditional NSAIDs [141-144]. This review will concen-
trate only on the medicinal and veterinary properties of
Cu(Il) complexes of NSAIDs.

2.2. Inflammation

As the pharmacology and pharmacokinetics of Cu-
NSAIDs remain currently uncertain, it is appropriate to
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review briefly the inflammation process, and the sig-
nificance and disadvantages of the use of NSAIDs in
medical and veterinary practice. This will be followed by
a discussion of the pharmacology of some Cu-NSAIDs,
including their SOD, anti-inflammatory, and ulcero-
genic activities.

Inflammation is a disease condition in which body
tissues are affected by heat, redness, swelling and pain
[145]. John Hunter (1728—1793), one of the early
English physicians to scientifically study the reaction,
described inflammation as such [146]:

This operation of the body termed inflammation
requires our greatest attention, for it is one of the
most common and most extensive in its effect of
any in the animal body.

The etiology of inflammation has been a subject of
much research and debate over the years [147—150].
However, the inflammatory response is a normal and
essential response of the body to a harmful stimulus and
may vary from a localized reaction in an affected tissue
or joint to a more generalized whole-body reaction [151].
While inflammation may be a normal response, chronic
inflammation results in destruction of normal connec-
tive tissue due to the activities of catalytic enzymes and
cytokines [149,150,152—158]. This destruction is due to
activation of the immune response, the release of
hydrolytic enzymes, e.g. collagenases, proteases, gelati-
nases, matrilysin, and the subsequent degradation of
collagen and other extra-cellular components found in
body joints and connective tissues [81,151,159—163].

There is a plethora of reviews and textbooks outlining
the pathology of inflammation, including the sequence
of events, network of mediators, e.g. prostaglandins
(PGs), leukotrienes and cytokines, and the complex
molecular mechanisms involved [3,95,119,164—171].
This follows the discovery in the mid-1930s of PG
[172] and the reporting of its structure in 1962 [173].

Following the recognition of PGs as an integral
component of the body’s inflammatory cascade, came
the development of immune modulators of inflamma-
tion, e.g. matrix metalloproteinase (MMP) inhibitors
[121,174,175], anti-leukotriene drugs/5-lipooxygenase
inhibitors [95,176], recombinant anti-inflammatory cy-
tokines, proinflammatory cytokine antagonists, and
even gene therapy [177]. Inflammation is a key feature
of a number of diseases—and the clinical features of
these diseases are described in standard medical text-
books [151]. Whilst inhibition of PG synthesis has long
been recognized as the mode of action of NSAIDs
[150,170,178], it is also suggested that NSAIDs act at
additional sites in the inflammatory cascade, e.g.
NSAIDs may block tumor necrosis factor-alpha
((TNF)-o) augmentation of PGs [121]. There are sig-
nificantly higher levels of TNF-o and TNF-a convertase

enzyme and an increased expression of TNF-« receptors
in OA cartilage compared with normal cartilage [121].
Up-regulation (promotion) by TNF-a and interleukin
(IL)-1 of the expression of the MMP gene is also
reported [121]. Agents that inhibit TNF-o and IL-1
may, therefore, offer alternate drug strategies for the
treatment of inflammatory diseases such as OA [121].
Inhibition of the release of TNF-a and IL-1 (or IL-2)
down-regulates (reduces) PG and leukotriene produc-
tion and, consequently, results in a reduction of the
inflammation process [179]. Whilst the mode of action
of the NSAIDs is still described as uncertain [22], it is
attributed primarily to the inhibition of PG synthesis
[21,168,170,178,180], and more specifically inhibition of
the COX enzyme system [29,107,169,181-183]. How-
ever, there remain a number of other potential sites of
action for anti-inflammatory agents.

2.3. Cyclooxygenase (COX) inhibition: proposed mode
of action of NSAIDs

Inhibition of the COX-I and COX-II enzyme systems,
and subsequent down-regulation (inhibition) of PG
synthesis, is the well-accepted mode of action of
NSAIDs [184,185]. COX is a membrane-bound enzyme
containing COX and peroxidase catalytic sites respon-
sible for the oxidation of arachidonic acid to PG [186].
In the COX catalytic site, arachidonic acid is converted
into the cyclic endoperoxide PGG,, while in the
peroxidase catalytic site, PGG, is converted into
PGH, [170]. The endoperoxides are further metabolized
to form additional PGs, e.g. PGI, (prostacyclin), PGD,,
PGE,, PGF»,a, and thromboxane with a variety of
physiological effects (Fig. 3) [7,167]. PGs, thromboxane
and leukotrienes are known collectively as eicosanoids.

COX-Iis believed to be expressed constitutively in the
body and so regulates ‘house-keeping functions’, i.e.
maintenance of essential physiological functions, such as
platelet aggregation, gastric protection and renal func-
tion [187]. COX-I also leads to the production of
prostacyclin (PGI,) which, when expressed by the
endothelium, is anti-thrombogenic and when expressed
by the gastric mucosa is gastric protective [169]. COX-II
is inducible at sites of inflammation by, e.g. endotoxins,
TNF-a, interferon (INF)-y, IL-1a, IL-1B, and growth
factors, with the anti-inflammatory cytokine IL-10
reportedly down-regulating COX-II [169,186,188,189].

It is not possible to identify all the roles of COX-II,
although it is also reportedly expressed constitutively in
the brain and kidney [190]. This diverse in roles of COX-
IT suggests it may play a part in the fine modulation of
cellular and organ function and this may help explain
the gastric [191] and renal toxicities [46,192] (particularly
in sodium-restricted patients) [75,193] of the specific
COX-II inhibitor NSAIDs [190].
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Fig. 3. The structure of (a) arachidonic acid and the PGs (b) PG,, (c) PGH,, (d) PGL,, (e) PGD., (f) PGE, and (g) PGF,a (h) thromboxane.

Structures generated by CHEMwINDOW [36].

The structures of COX-I [194] and COX-II [182] are
similar, with the COX-II active site accommodating
larger substrates than the active site of COX-I [195].
Elevated expression of COX-II is found in synovial
tissue of patients suffering from rheumatoid arthritis
(RA) [196], with both COX-I and COX-II reportedly
expressed by synovial fluid cells of patients suffering
acute and chronic arthritis [197].

The COX-I and COX-II active sites are described as
hydrophobic channels of amino acids, culminating with
serine (Ser) 530, arginine (Arg) 120, and tyrosine (Tyr)
385 at the apex [29]. The known inhibitors of COX can
be classified into four types [185]. Aspirin, the first type,
reportedly binds irreversibly (to Ser 530 of COX-I and

Ser 515 of COX-II) [198] by acetylation, leaving the
peroxidase activity unaffected [170] but preventing
access of arachidonic acid to the COX site. The second
type, e.g. ibuprofen (IbuH = a-methyl-4-(2-methylpro-
pyl)benzeneacetic acid) and mefanamic acid (MefH = 2-
[(2,3-dimethylphenyl)amino]benzoic acid), reportedly
bind sterically and reversibly to Tyr 385 or Arg 120,
competing with arachidonic acid for the COX site, and
blocking the COX action of the enzyme [29,185]. Slow
and time-dependent binding of NSAIDs by a carb-
oxylate bridge, e.g. IndoH (Fig. 4) and flurbiprofen
(FlurH = 2-fluoro-a-methyl-4-biphenylacetic acid),

Arg 120 of both the COX-I and COX-II enzymes is
proposed for the third class of NSAIDs [185]. For
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Fig. 4. Binding of the ‘non-selective’ COX-II inhibitor IndoH.[185]
Generated by the molecular visualization program RAsMoOL [199].

example, S-FlurH interacts through its carboxylate
group with the Arg 120, which allows its second phenyl
ring to come within van der Waals contact of the Tyr
385 [185]. S-Enantiomers have much greater activity in
blocking PG synthesis than the R-enantiomers of
NSAIDs [8]. Specific inhibition of COX-II, e.g. by
celebrex, represents the fourth class of NSAIDs [185].

It is suggested that there are a number of sub-sites for
binding within the narrow COX channel by the selective
COX-II NSAIDs [170,195]. These sites include the
binding by celecoxib or rofecoxib through a phenysul-
fonamide group to a side-pocket present in COX-II, but
not in COX-I [185], or to the apex of the more flexible
COX-II channel, e.g. by the * selective’ COX-II inhibitor
meloxicam [185]. It is the presence of a smaller valine
(Val 523) in COX-II as opposed to isoleucine (Ile 523) in
COX-I [200] that allows access to the side pocket and
binding by either a sulfonyl, sulfone or sulfonamide
group, which is characteristic of the currently marketed
selective COX-II inhibitors [185,195].

Most currently available NSAIDs are preferential
inhibitors of COX-I over COX-II [29,187,201]. COX-I
is the main isoform throughout the GI tract and
maintains mucosal integrity [28,202]. It is the highly
selective inhibition of COX-I by the common NSAIDs
that is believed to be crucial in the pathology of NSAID
induced GI toxicity [28,29,113,202]. IndoH is among the
most selective of the NSAIDs for COX-I [109], which
provides some understanding of its potential for GI
toxicity in animals and humans.

Two specific COX-II inhibitors, celecoxib (by Searle-
Monsanto) and rofecoxib (by Merck) have recently been
approved by the US Food and Drug Administration
(FDA) for human use [24,25], although a number of
other compounds, e.g. nimesulide (N -(4-nitro-2-phenox-
yphenyl)methanesulfonamide) and flosulide (N-[6-(2,4-
difluorophenoxy)-2,3-dihydro-1-oxo-1H-inden-5-yl]-
methanesulfonamide) are in development [195,201]. This
includes parecoxib (N-[[4-(5-methyl-3-phenyl-4-isoxazo-
lyDphenyljsulfonyl]propanamide), which is an injectable
COX-II inhibitor in phase 3 clinical trials, valdecoxib (4-
[5-methyl-3-phenylisoxazol-4-yl]-benzenesulfonamide),
which is a highly specific COX-II inhibitor with an
active selective COX-II metabolite [203], and etoricoxib
(5-chloro-6"-methyl-3-[4-(methylsulfonyl)phenyl]-2,3’-
bipyridine), which is reportedly the most selective coxib
in current clinical development (Phase 3 clinical trials)
[204].

Celebrex and rofecoxib are as effective anti-inflam-
matory agents as the non-selective NSAIDs, with less
ulcerogenic effects [205]. Following its release on the US
market in 1999 and the filling of an initial 2.5 million
prescriptions, celecoxib had been linked to ten deaths
and 11 cases of GI hemorrhage [206]. It appears to have
a markedly safer GI toxicity profile compared with
traditional non-selective NSAIDs, reportedly resulting
in a 50- to 100-fold lower incidence of serious GI
hemorrhaging compared with the traditional NSAIDs
[207].

Questions have been raised, not only about the safety
of selective COX-II inhibitors in the presence of pre-
existing GI inflammation, but also their potential to
retard ulcer healing or cause ulcers in patients with pre-
existing ulceration [195]. Furthermore, the selective
COX-II inhibitors have the ability to increase the
incidence of thrombosis in chronic dosing and induce
asthma in aspirin-sensitive asthmatics [106], elevate
blood pressure and leukocyte adherence [46] and
compromise renal function [46,75,192,208]. The com-
mercial success of celecoxib and rofecoxib is evident,
none-the-less, by their combined worldwide sales in 1999
of over S$US2B [188]. Excellent reviews are available
detailing the pharmacology, biochemistry and rationale
for the use of selective COX-II inhibitors for the
treatment of inflammation [209-211].

Of interest is the selective COX-II inhibitory activity
of the IndoH derivative L-748780 [108]. Merck achieved
the conversion of IndoH into a selective COX-II
inhibitor by an increase in the steric bulk of the 4-
chlorobenzoyl group in IndoH with two chlorine sub-
stituents. The increase in steric bulk was proposed to
take advantage of the larger size of the COX-II
compared with the COX-I active site. Furthermore,
derivatization of the carboxylato group in IndoH, as
well as in fenamate- and phenylalkanoic acid-NSAIDs,
into the ester or secondary amide analogue, reportedly
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alters specificity of NSAID into a specific COX-II
inhibitor [212-214]. Primary and secondary amides of
IndoH are more potent COX-II inhibitors than the
corresponding tertiary amide [212,213], and the in-
creased length of the methyl ester analogue of IndoH
leads to increased potency and COX-II selectivity [212].
Replacement of the 4-chlorobenzoyl group of IndoH in
IndoH esters or amides with a 4-bromobenzyl group, or
exchange of the 2-methyl group on the indole ring in the
ester and amides with a hydrogen atom affords an
inactive compound [213]. The selective COX-II activity
of these agents is proposed to arise from binding at the
opening and apex of the COX-binding site [214,215]. A
review of the molecular and structural basis for these
selective COX-II inhibitors has been published
[216,217]. No studies have, as yet, been reported on
the COX-II activity of Cu-NSAIDs.

2.4. Gastrointestinal and renal toxicity

Gastropathy and renal toxicity are major side-effects
of NSAIDs [22] and are, consequently, of great interest
when developing alternative NSAIDs. The following
section discusses some of the proposed mechanisms
involved in these toxicities, including the roles of the
COX isoenzymes, reactive oxygen species (ROS), SOD
and NO. Much work is published on the gastric-sparing
effects of Cu-NSAIDs [10,19,218,219], although there is
a lack of published studies on their renal (or cardio-
vascular) side effects.

2.4.1. Gastric toxicity

Damage to the GI mucosa by NSAIDs can occur via
several mechanisms. These include direct topical irrita-
tion to the GI epithelium, impaired barrier properties of
the mucosa, reduced gastric mucosal blood flow, inter-
ference with the repair of superficial injury, and
suppression of gastric PG synthesis [202,220]—in parti-
cular, inhibition of the COX isoenzyme system
[169,186]. Whilst COX-1 appears to function as a
house-keeping enzyme, COX-II is primarily induced
by inflammatory stimuli and mitogens in various cells,
including macrophages and synovial cells [77]. Accord-
ingly, the inhibition of COX-II results in anti-inflam-
matory effects, whereas gastro duodenal ulceration is
thought to be related to the inhibition of COX-I [77].

The regulatory relationship between growth factors
and PGs in the gastric mucosa is not well characterized
[221]. Elevated levels of COX-I and COX-II mRNA
occur during ulcer healing [222]. Gastric healing in rats
is reportedly associated with up-regulation of mRNA
expression of COX-II, along with up-regulation of
inducible nitric oxide synthetase (iNOS), cytokine-
induced neutrophil chemoattractant (CINC)-1, epithe-
lial growth factor (EGF), hepatocyte growth factor
(HGF), epidermal growth factor (ECG), transforming

growth factor (TGF)-beta 1, and basic fibroblast growth
factor (bFGF)) [223]. Furthermore, the up-regulation of
iNOS and these cytokines is attributed to the expression
of endogenous IL-1 from the macrophages and fibro-
blasts in the ulcerated tissue [223]. However, there is a
report that delayed healing of chronic gastric ulcers in
arthritic rats is unrelated to either NO or PGs [224]. The
use of selective COX-II inhibitors may still, therefore,
have deleterious GI effects, with recent reports of
delayed gastric ulcer healing [225-227] and exacerbation
of chronic inflammation [190,228].

COX-II has been implicated in both the early stages
of the inflammatory response and the healing phase ( ~
48 h after an inflammatory injury) [227]; with both
COX-I and COX-II proposed to contribute to the
healing of gastric ulcers [222]. Treatment of rats with
the selective COX-II inhibitor L-745337 at doses that do
not inhibit COX-I reportedly causes significant inhibi-
tion of mucosal PG synthesis and a marked exacerba-
tion of colonic damage [229]. Treatment for 1 week
resulted in perforation of the bowel wall and death [229].
Furthermore, treatment of mice with the selective COX-
IT inhibitor NS-398 reportedly results in a reduction in
mucosal PG synthesis and significant inhibition of ulcer
healing [230], and treatment of rats with the selective
COX-II inhibitor L-745337 shows a marked inhibition
of gastric ulcer healing [231].

It is proposed that COX-II aids the resolution of
inflammation at a mononuclear cell-dominated phase by
generating PGs [106], which bind to and activate
peroxisome-proliferator-activated receptor PPAR-y
[227,232,233]. The NSAIDs IndoH and IbuH are
reported to bind to and activate PPAR-y [234].

The release of NO from NO-releasing NSAIDs also
protects the stomach against damage [110,235] despite
inhibiting both COX-I and COX-II [236]. It is proposed
that NO-releasing NSAIDs are a new class of NSAID,
possessing an anti-inflammatory mechanism indepen-
dent of COX, with the IL-1p converting enzyme (ICE) a
possible target for NO-releasing NSAIDs [237]. Inhibi-
tion of ICE reportedly prevents endothelial cell damage
induced by pro-inflammatory drugs [238], by causing
intracellular NO formation and inhibiting the intracel-
lular release from monocytes of a number of the ILs
(including TNF-a, which induces apoptosis) [237].

2.4.2. Renal toxicity

Whilst the use of NSAIDs is associated with a wide
range of tubular, interstitial, glomerular and vascular
renal lesions [72,239], the long term renal effects of the
Cu-NSAIDs are yet to be assessed. Preliminary investi-
gations demonstrate that the Cu(Il) complex of Indo is
safer than IndoH in animal studies [240]. One potential
mechanism is the effect of Cu on PG synthetase [241].
ROS play a role in chronic renal injury and glomerulo-
sclerosis [242], whereas SOD is renal protective [243—
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245]. SOD reportedly decreases lipid peroxidation,
following renal ischemia and reperfusion, as restoration
of oxygen supply to the kidney results in the production
of ROS and hence renal damage [245]. ROS [242,246]
and decreased catalase gene expression are reported to
also play a role in renal injury [242,247].

NO purportedly regulates glomerular ultrafiltration,
tubular reabsorption, and intrarenal renin secretion,
with defective renal iINOS claimed to play a key role in
the complex renal hemodynamic and non-hemodynamic
disorders associated with renal disease [248]. Drugs
capable of enhancing renal NO activity may be renal
protective [248]. Somewhat contradictory studies pro-
pose that NO plays a role in the progression of renal
diseases in animals, but few studies are available in
humans [248].

Maintenance of normal renal function reportedly
depends mainly upon PGs derived from COX-I [249].
COX-1II, however, is also constitutive in renal tubular
cells in the cortex, outer medulla, and thick ascending
limb, and is proposed to be involved in the handling of
electrolytes via the local production of PGs [250].
Targeted disruption of the COX-II allele in mice results
in severe renal problems [75]. Renal dysfunction caused
by selective COX-II inhibitors has been reported in
patients with compromised renal function [192].

3. Biological roles of Cu

Issues pertaining to the absorption, transport, and
function of Cu in the body may be relevant to an
investigation of the pharmacology and biodistribution
of Cu-NSAIDs. The following section briefly discusses
the various biological roles of Cu, its biodistribution and
its function in inflammation.

Copper was first shown to be an essential biological
element in the 1920s when anemia was found to result
from Cu-deficient diets in animals [251] and addition of
Cu salts corrected this affliction [251,252]. It is now
recognized as an essential trace element for many
biological functions [253,254]. It serves as a catalytic
component in many enzymes, e.g. it is an important
constituent of metalloproteins (exhibiting oxidative
reductase activity, e.g. oxidases or hydroxylases) [255],
and in such enzymes as lysyl oxidase (required for
connective tissue) and cytochrome oxidase (electron
transport protein) [256].

Copper also influences specific gene expression in
mammalian cells [257,258], nerve myelation and endor-
phin action [259], with Cu deficiency impairing immu-
nity [260—262]. The role of trace metallic elements, such
as Cu in inflammation, is of great interest given their
function as co-factors in metabolic processes involving
articular/connective tissue and the immune system [263]
and their effect on PG synthesis [241,264-267].

3.1. Biodistribution of Cu

The general bioavailability and metabolic fate of
dietary Cu in humans are well understood [257,268—
270]. The daily intake of Cu in humans is ~ 1.5-3 mg
per day [256]. Whilst whole-body Cu metabolism is
difficult to study, isotope tracers have enabled direct
measurements. The isotopes **Cu (7, =12.8 h) and
7Cu (11, = 58.5 h) are most commonly used for such
metabolic and bio-distribution research [268]. The body
of an average healthy adult male (70 kg) contains ~ 110
mg of Cu, much of which is in the skeleton (46 mg),
skeletal muscle (26 mg), liver (10 mg), brain (8.8 mg) and
blood (6 mg) [271]. Copper is the third most abundant
transition metal element in biological systems [255]. The
normal human body contains 80-120 mg of Cu
compared with 4-5 g of Fe and 1.4-2.3 g of Zn [255].
Normal human Cu concentrations in various biological
media and daily excretion levels are given in Table 2.

In humans, Cu absorption varies inversely with diet-
ary Cu intake [269,273], and occurs from the stomach
through to the small intestine [270], predominantly in
the stomach and jejunum [274]. The presence of Zn, Fe
and Mo reportedly decrease Cu absorption, and high
protein diets increase Cu absorption [270,275]. The low
pH value of the gastric juices is also claimed to
contribute to the freeing of Cu bound to foodstuffs
prior to GI absorption [270]. This may be important
when investigating the fate of Cu-NSAIDs and the
development of veterinary and pharmaceutical formula-
tions of these complexes. Once absorbed, ~ 70—80% of
plasma Cu is in a non-exchangeable form, bound to
ceruloplasmin (CP). The remainder is bound to albu-
min, transcuprien, metallothionein (MT) and low-mo-
lar-mass (I.m.m) complexes, e.g. 1L-His-Cu(II)-L-Ser, L-
His-Cu(IT)-L-Thr, as the exchangeable Cu fraction in
blood [272,276].

Transfer of Cu across the cell membrane of the
intestinal mucosa reportedly occurs by diffusion and
carrier-mediated systems [272], e.g. Cu-transporting P-
type ATPases [277-280]. Little is known about these
enzymes, as mammalian genes encoding for Cu-trans-

Table 2
Copper concentrations in various biological fluids and daily excretion
in humans

Tissue Humans Daily excretion (pg)

Whole blood 800-1300 pg L™ " [254]

Serum/plasma 800—1750 ug L~ [254]

Urine 12-80 pg L~ ' [254] 30-70 [272]
Gastric juice 0.39 ug g~ ' [272] 1000 [272]
Bile 4.0 ug g~ ' [272] 2500 [272]

0.13-0.9 ug g~ ' [272]
0.17 pg g~ ' [272]
0.2-0.5 pg g~ ' [272]

Pancreatic fluid
Duodenal fluid
Synovial fluid

400-1300 [272]
400-2200 [272]
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porting P-type ATPases have only been identified
recently [277,278]. The P-type ATPase enzymes are
defective in Menkes disease—an inherited degenerative
disease of the central nervous system involving Cu
deficiency [254,272,281]. Once in the cytosol of the
cell, ~80% of the Cu is bound to MT [272]. The
intestinal mucosal cells then transfer Cu into the portal
blood, with some of the Cu being released into the
portal system with MT [282].

Very little is known, as yet, about the absorption and
distribution of Cu-NSAIDs [283,284]; however, it is
proposed that the lipophilic nature of the Cu-NSAID
may facilitate absorption of the metal complex across
the GI tract [285]. A more detailed discussion of the
proposed absorption of Cu-NSAIDs will be outlined
later in this review.

3.2. Copper transport and binding in the blood and
biofluids

Each step of the Cu transport pathway requires
specific cell receptors and membranes, and intracellular
transport proteins. Recent papers have reviewed these
intracellular processes [256,281]. Albumin and CP
appear to be the primary Cu carrier proteins in the
body—they transfer a large amount of exchangeable Cu
in the circulatory system and release it for specific cell
uptake [271]. Albumin is the major drug binding protein
in the body [286], particularly for acidic xenobiotics such
as NSAIDs.

About 40 pg of Cu can bind to the albumin contained
in 1 ml of human plasma [271]. The Cu(II) transport site
of serum albumin is one of the most extensively studied
binding sites of any protein [287] and is well character-
ized in a number of animal species [276]. There is
interspecies variation in the binding of Cu to albumin,
e.g. the reported absence of specific Cu(Il) binding sites
in dog serum albumin (DSA) [288,289] and the increased
sensitivity of dogs to Cu intake compared with humans
[272,276,290,291]. This may be an important considera-
tion when investigating/developing the pharmacoki-
netics and pharmaceutical formulations of Cu-NSAIDs.

The proposed structure of the major Cu(Il) binding
site in HSA involves the N-terminus of albumin (L-Asp-
L-Ala-L-His), which provides four N ligands: i.e. the
terminal amino group, two deprotonated peptide nitro-
gens (of Ala2, and NH of His3), and a 1-His imidazole
nitrogen of His3 in a square-planar arrangement (Fig. 5)
[287,291-293]. Up to 20 different Cu(II) binding sites in
HSA have been reported [294], with X- and S-band
electron paramagnetic resonance (EPR) spectroscopy
and optical spectroscopy used to help characterize the
nature of the major Cu(Il) binding site [291,295]. Cu(Il)
may also form ternary complexes with l.m.w. proteins,
or small endogenous ligands, in plasma [296,297]. These
ternary complexes of Cu(Il) may provide a mechanism
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Fig. 5. The proposed Cu binding site of Cu(Il) in human serum
albumin.

whereby Cu(Il) is transferred between the various Cu
binding substances in plasma [296,298]. Trace amounts
of Cu are also bound to transcuprien [256]. Copper
binding to MT does not form a significant proportion of
plasma Cu as it has a half-life of only a few minutes
[276].

CP contains eight Cu sites (of which two sites are
labile) (Fig. 6) [299-302]. CP delivers Cu to specific
receptors on the surfaces of cells of target tissues [303].
On binding to the receptor, conformational changes in
the protein lead to the release of the Cu in the target cell
where its fate will be dependent upon the cell type
[303,304]. The reduction of Cu(II) to Cu(I) seems to be a
necessary step in the membrane transport of Cu into the
cell [304].

The metabolism, turnover and conservation of in-
tracellular Cu are highly organ specific. Most intracel-
lular Cu is recycled, with cells adapting to reduced
bioavailability of Cu by reduced cellular release [277].
The brain and heart, for example, are able to conserve
Cu following minor decreases in total plasma Cu
concentration [277]. The sensors that activate this
conservation have not, as yet, been identified [277].
The cellular pools of free Cu are miniscule, with
metallochaperone proteins within cells, e.g. Cu chaper-
one for SOD (CCS), inserting Cu into the appropriate
protein receptor [305,306]. Whilst little is known about
the structure and function of the specific chaperone
proteins, the crystal structure of yCCS derived from
yeast shows two SOD-like domains forming a dimer
[307]. It is reported that CCS is necessary for the
expression in vivo of SOD, despite the high affinity of
SOD for Cu (Kp =6 fM) and high intracellular con-
centrations of both SOD (10 uM in yeast) and copper
(70 UM in yeast) [280]. CCS reportedly directly inserts
Cu into SOD (via Cu(I)-yCCS protein in yeast) and so
protects the metal ion from binding to other intracel-
lular ligands [279]. This insertion is postulated to involve
the cooperation of three distinct regions of yCCS,
whereby domain 1 recruits cellular Cu; domain II
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Labile Cu

Fig. 6. Carbon-chain representation of CP generated by the RAsSMoOL molecular visualization program [199] showing the two labile Cu-sites. Data

taken from ref. [302].

facilitates target recognition and domain III (in concert
with domain I) mediates Cu insertion into apo-SOD
[279]. Yeast CCS exhibits no SOD activity [308].

3.3. The anti-inflammatory role of Cu

A potential scientific basis for the anti-inflammatory
Cu bracelet remedy emerged when it was shown that
metallic Cu can dissolve in sweat and be absorbed
through skin [309]. Copper is believed to possess anti-
inflammatory activity [10,14]. Patients with RA and
oesteoarthritis exhibit changes in the Cu distribution in
the blood [310,311]. For instance, there is an observed
increase in total serum Cu in arthritis sufferers com-
pared with controls. This is observed as an increase in
CP-bound Cu and a decrease in albumin-bound and
low-molecular-weight Cu effectively resulting in lower
levels of bioavailable Cu, in the blood [310,311]. Altered
Cu concentrations have also been observed in the
synovial fluid of RA and OA patients [10]. There is
some debate as to the reasons for these observations;
some researchers have suggested that the alterations in
Cu are a cause of the disease while others believe that it
is a physiological response to the disease and that Cu
plays a pertinent role in its control [311].

Whilst the roles of Cu in inflammation are still a
matter of debate, a change in its metabolism is observed
in acute and chronic inflammatory conditions. In acute
inflammation, there are significant increases in both
total Cu(Il) and CP concentrations in serum, without
notable changes in the Cu concentration in the liver
[254]. Likewise, in chronic inflammation, Cu serum

concentrations are increased during the active phase,
with appreciably higher than normal CP levels found in
the synovial fluid of patients with RA [253] and a net
accumulation of Cu in inflamed areas [312-314]. It is
proposed that there is increased demand for Cu during
inflammatory conditions, which is compensated for by
enhanced intestinal absorption and/or decreased intest-
inal excretion of Cu [314]. Moreover, a Cu deficiency is
reported to have a pro-inflammatory effect [314]. It has
long been suggested that the mode of action of
salicylates and other such anti-inflammatory drugs
may involve the chelation of bioactive metal ions such
as Cu(Il), so facilitating the transfer of the metal to and
from a site of inflammation or pain [20,315,316].

The beneficial role of Cu in minimizing inflammation
has been attributed to its redox activity—in particular,
the ability of Cu in such enzymes as SOD to remove the
highly reactive pro-inflammatory superoxide radical
anion O * [317,318]. Indeed, SOD has been used
clinically in the treatment of inflammation in animals
[319,320]. The Cu(Il)-Cu(I) redox cycle can be sum-
marized as follows [255]:

Cu(l) + 0O,=CuO; (1)
CuO; + H" =Cu(Il) + HO, 2)
Cu(I) + HO,=Cu(Il) + HO, (3)
H* + HO;, =H,0, 4)

with the reduction of O, to water (O,+4e” +4H" =
2H,0) and an accompanying transfer of oxygen to a
substrate [255]. Hence, many Cu enzymes are either
hydroxylases or oxidases [321]. The dismutation of O5 *
by Cu in SOD is summarized as follows [317,318]:
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Cu(I)+ O, * - Cu(l)+ O, Q)
Cu()+ O, * +2H" - Cu(Il) + H,0, (6)
Net: 20, °+4+2H" - H,0,+0, (7)

Superoxide, generated in biological systems by the
one-electron reduction of O,, is capable of tissue
damage by virtue of its ability to act as a weak base
(undergoing protonation (pK, =4.8)) to HO,* and as a
one-electron reductant of oxidized metal enzymes, e.g.
ferricytochrome ¢ [317]. The damaging effects of H,O,
in cells are minimized by its conversion to water by such
enzymes as catalase (CAT) and glutathione-peroxidase
(GSSH) [322]. CAT dismutates two H,O, molecules to
0O, and two H,O molecules [319]:

2H,0, — 2H,0 + 0, 8)

and GSSH reduces H,0, to two H,O molecules and
disulfide-bridged oxidized glutathione (GSSG):

2GSSH + H,0, — 2H,0 + GSSG ©)

H,0, is not a radical, but it can cross cell membranes
(unlike its precursor O, *) and is postulated to produce
more potent oxidants, such as OH®, via the metal-
catalyzed Haber—Weiss (or Fenton) reaction or, alter-
natively, highly oxidizing Cu(IIl) or Fe(IV) species
[323,324]. The transition metals implicated in this

catalysis are  Cu(Il)/Cu(I) and  Fe(III)/Fe(Il)
[317,318,320] e.g.:
O, * + Fe’*chelate — O, + Fe?* chelate (10)
Fe’ " chelate + H,0, — Fe’ " chelate +

OH™ +OH" (11
Net: O;°+H,0, > O,+OH +OH" (12)

where the transition metal is reduced and subsequently
re-oxidized by H,O,, yielding deleterious entities such as
OH"* or FeH,03 ", Fe(IV) and FeO? ™, or the equivalent
Cu compounds (CuH,05", Cu(III) or CuO**)[323,324].
NO dramatically inhibits this O, °-driven Fenton reac-
tion in vitro [325,326]. While such equations are often
used to imply the presence of OH® radicals in such
cycles, it is not clear whether OH* exists as an oxidizing
intermediate or whether high metal oxidation states are
involved since these metal ions produce the same
products with spin traps as OH* [327,328]. It has been
suggested that NSAIDs and other selected ligands
inactivate the OH* radical and contribute to an anti-
inflammatory action [329-331], but they could equally
react with high oxidation states of metal ions.

It is contradictory that Cu(Il) and Cu(Il)-complexes
exert anti-inflammatory activity yet, at the same time,
are capable of contributing to the production of pro-
inflammatory species OH* or Cu(Ill) via the Fenton
reaction [320,329]. Furthermore, treatment of collagen
with Cu(Il)-H,O, gives rise to degradation and frag-
mentation of collagen [332,333]. However, under phy-

siological conditions, there may be insufficient free
Cu(II) to catalyze the pro-oxidant pathways, due to its
avid binding to such biological proteins as CP, albumin
and l.m.w. proteins [334]. It is postulated that the nature
of the ligand bound to the active Cu ion may also
determine the nature of the biological effect observed,
with the ligand either enhancing or affording protection
against Cu-induced oxygen free radical damage [329].
Despite apparently conflicting roles for Cu in inflam-
mation, the toxicity and inflammatory response to
oxidants in the cell wall is due to damage of the lipid
membrane of the cell by the production of lipid super-
oxide radicals (lipid-O,) and peroxides (lipid-O,H)
[317,334-336]. Lipid peroxides may also augment the
inflammatory process by promoting chemotaxis of
immune cells [337].

Copper(II)-complexes, including Cu-NSAIDs, exhibit
significant anti-inflammatory activities as well as SOD-
mimetic activity [134,338,339]. Some researchers pro-
pose that NSAIDs, in addition to their inhibitory effects
on the synthesis of PGs [3,170,184], may also inhibit the
production, or act as scavengers of free radicals in vivo
[147]. Whatever the mechanism of anti-inflammatory
action of Cu(Il)-complexes in vivo, their beneficial
function has long been recognized and their clinical
effect has been investigated extensively over the last 50
years [15,148,253,340—342]. Whilst the effect of Cu(Il)
on PG synthesis in tissues has been reported [241,264—
267], there are conflicting reports on the effects of
Cu(Il)-complexes, e.g. of amino acids and NSAIDs, on
PG production [129,343,344]. A review of the proposed
modes of action of Cu-NSAIDs will be presented later in
this paper.

4. Copper complexes of NSAIDs
4.1. Copper NSAIDs as anti-inflammatory agents

Some of the earliest trials of the efficacy of Cu-
complexes for the treatment of arthritis included the use
of intravenous Cupralene Na[Cu'(3-(allythiouredo-1-
benzoate)] [345] (19% Cu content) [10] and intravenous
Dicuprene (a mixture of diethylamine:bis(dihydrogen 8-
hydroxy-5,7-quinolinedisulfonato)copper(Il) (4:1) con-
taining 6.5% Cu content) [10,346,347] in the 1940s. This
research followed on from the hypothesis that arthritis
was bacterial in nature and may respond to treatment
with heavy metals, e.g. Cu and Au [10,348]. Promising
evidence of the benefit of Permalon, (an intravenous
solution of 12.5 mM sodium salicylate and 3.9 mM
CuCl,) [10] was reported in 1952 [340] and 1977 [17].
There was a decline in experimental work on Cu anti-
inflammatory agents from the 1950s, which is attributed
to the appearance of the corticosteroids and later the
NSAIDs [10,348].
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Interest in the possible beneficial effects of Cu-
complexes was renewed by Sorenson’s report in 1976
that the active forms of anti-inflammatory drugs may
well be the Cu(Il) complexes of such drugs in vivo [20].
Sorenson reported that Cu-complexes of these anti-
inflammatory drugs were more active in animal models
than either their parent inorganic Cu(Il) salt or the
parent NSAID [20]. The pharmacological activity was
proposed to be due to the inherent physico-chemical
properties of the complex itself rather than just that of
its constituents, since the amount of Cu in such
complexes does not correlate with anti-inflammatory
activity [14,338]. Sorenson reported that a salicylate
complex of Cu(Il) was ~ 30 times more effective than
aspirin as an anti-inflammatory agent [218]. In addition,
Cu(Il) complexes of many non-anti-inflammatory
agents exhibited anti-inflammatory action [10]. Soren-
son reported extensively on the anti-epileptic, anti-
cancer, anti-diabetic, radiation injury protective, anti-
bacterial [10,14], and, most significantly for NSAIDs,
the gastric sparing activities of Cu(Il) complexes
[10,41,218]. The enhanced potency of Cu-NSAID com-
plexes, compared with their individual components, was
corroborated in 1989, when a Cu-salicylate complex was
reported to be significantly more active than Cu(NO3),
mixed with Na-salicylate [19].

The findings of Sorenson on the potential of metal
chelates in medicine follow others from the 1950s and
1960s [349—-353]. It was suggested as early as 1966 that
salicylates may deliver Cu to target cells in the body
[349]. The commitment of early researchers to the
beneficial use of Cu-salicylate for the treatment of
arthritis [347] is evidenced by the comments of Hang-
arter on his comparison of Permalon therapy with
NSAIDs, corticosteroids and gold [17]: ‘In general,
Permalon therapy was superior to all of these’.

In two previous reviews, Sorenson reported over 140
Cu(Il) complexes with anti-inflammatory activity
[10,15]. These included [Cu,(CH3COO)4(OH»),] and
Cu(Il) complexes of amino acids, aromatic carboxylic
acids, salicylates, corticoids, tetrazoles, histamines, and
penicillamines, and were described as effective ‘anti-
ulcer agents’ in animals [10]. A recent overview (1995)
included Cu complexes of the newer enolic acid NSAIDs
(piroxicam and tenoxicam), amino acid and the anti-
ulcer histamine antagonists ranitidine (N-[2-[[[5-[(di-
methylamino)methyl]-2-furanyljmethyl]thio]ethyl]-N -
methyl-2-nitro-1,1-ethenediamine) and cimetidine (N-
cyano-N'-methyl-N"-[2-[[(5-methyl-1H-imidazol-4-
yl)methyl]thio]ethyl]-guanidine) [15]. However, limited
information is available on the nature of the Cu
complexes of NSAIDs in biological matrices and in
pharmaceutical formulations. SOD activity, redox be-
havior, lipophilicity and stability constants may be
useful parameters in evaluating the biological activity
of these Cu compounds [16].

4.2. Structures of Cu-NSAIDs

The structure of the Cu-NSAID is likely to be an
important factor for its biological activity. For example,
the anti-tumor activity of the monomeric Cu(Il) com-
plex of aspirin ([Cu(Asp),(Py),]) is reportedly more
effective than the dimeric [Cu,(Asp)s] complex [354].
The magnetic and electronic properties of Cu allow,
therefore, the application of a range of analytical
techniques to assist in the characterization of the
coordination around the Cu(Il) center of Cu-NSAIDs.
UV-Vis and IR spectroscopy are used to assign the d—d
transition of the Cu(Il) ion (~700 nm) and the
symmetric (Vsym) and antisymmetric (Vasym) stretches of
the carboxylato ligand, respectively [285,355—-359]. X-
band [130,285,355-360] and zero-field (ZF) [285] EPR
spectroscopy, electrochemistry [355,360], magnetic sus-
ceptibility [285,355,356,361] and the analysis of NMR
isotropic shifts of the coordinated ligand in solution
[140] are also used. The latter is used to assist in the
investigation of the contribution of solvent adducts to
the super-exchange mechanism of the dimeric Cu-
NSAIDs. Recently, X-ray absorption fine structure
(XAFS) analysis and X-band EPR spectroscopy have
been used to both determine the coordination geometry
around the Cu(Il) ion of [Cu,(Indo)4l,] (L =DMF,
DMA, NMP, OH,) and to quantify the Cu(Il) mono-
mer/dimer content of veterinary formulations, respec-
tively [362]. X-ray absorption spectroscopy (XAS) may
become an important additional technique for investi-
gating the nature of Cu-NSAIDs in biological and
pharmaceutical samples.

In the solid-state, Cu-NSAIDs (arylalkanoic
NSAIDs) are typically monomeric or dimeric (Table
3), with bonding to the Cu(Il) ion via the carboxylato
group. The structure of the Cu(II) complexes of the aryl-
alkanoate NSAIDs is dependent upon the electronic
properties of the carboxylate groups and the coordinat-
ing and steric properties of the added base [363]. A
review of the synthesis and crystal structures of a
number of anti-inflammatory compounds in metal
complexes has recently been reported [364].

4.2.1. Dimeric Cu-NSAIDs

The coordination of the Cu center in the Cu(Il)
dimers of the NSAIDs of the general formula ([Cu,(R-
COO)4L,] (R = aryl/phenyl alkanoic acid), containing
either CuO40” or CuO4N’ coordination environments
(L =0’ or N” axial adduct), is characteristically octahe-
dral and is typified by the Cu(ll) acetate structure
([Cux(CH3COO0)4(OH,),]) [365]. The carboxylato ions
act as bridging ligands (exhibiting a center of symmetry
midway between the Cu atoms) and the solvent used in
the synthesis binds in the position trans to the Cu---Cu
axis. To date, there are ~ 147 CuO4N’ and ~ 188
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Table 3
Some copper-NSAID complexes

Compound

Structure

[Cux(Asp)y] *

Dimer [358,374]

[Cu(Asp),L,] * L = benzimidazole, 2-methylbenzimidazole, metronidazole ® 2-methylimidazole, 1,2-dimethylimida- Monomer
zole, pyridine, 3-picoline, 4-picoline, imidazole, 1-methylimidazole, diethylamine, nicotinamide, N,N-dimethylsulf- [130,358,373,374,377]

oxide

[Cux(Sup)4(CH3CN),] ©

[Cua(Sup)4(OHy),]

[Cu(Tol),(pyridine)] ¢
[Cux(Tol)4(DMSO),]

[Cu(Nap)s(pyridine),] °
[Cuy(Nap)4(DMSO),]

[Cu(Ibu),(pyridine),]
[Cus(Ibu),(DMSO),4] !
[Cu(Ibu),(imidazole),]
[Cu(Ibu),(2-methylimidazole),]
[Cu,(Ibu),(caffeine),]
[Cuy(Ibu)4(metronidazole),]
[Cuy(Flufen)4L,] ¢ L = caffeine, papaverine
[Cu(Flufen),L,] L = nicotine, nicotinamide, N,N -diethylnicotinamide

[Cu(Nif),L] L,] * L = 3-pyridylmethanol, water, N, N -dimethylformamide

[Cus(Nif)(DMSO),] !

Dimer [355]

Dimer [361]
Monomer [356,360]
Dimer [356,360]
Monomer [356,360]
Dimer [356,360]
Monomer[356,360]
Dimer [356,360]
Monomer [357]
Monomer [357]
Dimer [357]

Dimer [357]

Dimer [359]
Monomer [359]
Monomer [132,379]
Dimer [132]

[Cuy(Indo)4L,] ' L = water, N,N-dimethylformamide, N,N -dimethylacetamide, N-methyl-2-pyrrolidone, dimethyl- Dimer [285,339,369]

sulfoxide )
[Cu(Pirx),(DMF)] ™

[Cuy(DicH)4L,] K L = water, N,N-dimethylformamide, ethanol, dimethylsulfoxide, methanol

Monomer [380]
Dimer [418,419]

& Aspirin = 2-acetylsalacylic acid (AsaH).
® Metronidazole = 2-methyl-5-nitrobenzimidazole.

¢ Suprofen = (+ )-a-methyl-4-(2-thienyl-carbonyl)phenylacetic acid (SupH).

Tolmentin = 1-methyl-5-(p -toluoyl)-1 H -pyrrole-2-acetic acid (TolH).
Naproxen = 6-methoxy-a-methyl-2-naphthaleneacetic acid (NapH).

" Ibuprofen = (4 )-o-methyl-4-(isopropylmethyl)benzeneacetic acid (IbuH).

¢ Flufenamic acid = N -((trifluoromethylphenyl)anthranilic acid) (FlufenH).

" Niflumic acid = 2-((3-trifluoromethyl)phenylamino)-3-pyridinecarboxylic acid (NifH).

! Indomethacin = 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic acid (IndoH).

J Piroxicam (Pirx) = 4-hydroxy-2-methyl-N -2-pyridyl-2H -1,2-benzothiazine-3-carboxamide-1,1-dioxide.

¥ Diclofenac = 2-[(2,6-dichlorophenyl)amino]phenylacetic acid (DicH).

! DMSO = dimethylsulfoxide.
™ DMF = N,N-dimethylformamide.

CuO40’ acetate-type structures deposited in the Cam-
bridge Crystallographic Database [366].

This ‘paddle-wheel’ dimeric Cu(II) structure typically
has a Cu- - -Cu distance of ~ 2.64 A; with an octahedral
stereochemistry tetragonally elongated along the Cu-
Cu-Oy, axis due to the Jahn—Teller effect [367,368].
The structure of the Cu(Il) dimer of Indo ([Cuy(In-
do)4(DMF),]) [285,369] is shown in Fig. 7. The rigid
geometry of the acetate-type Cu(Il) dimers is due to the
restricted bite of the bidentate carboxylate bridge and
allows little variation (~0.3 A) [255] in the Cu—Cu
distance of these carboxylato-bridged dimers. The Cu—
Cu distances in the dimeric Cu(II)-NSAIDs are only
slightly longer than that in Cu metal (2.56 A) [370];
consistent with a significant Cu—Cu bonding interaction
[285,355,357]. Hydrogen-bonding between the bridging
carboxylate oxygens of neighboring dimers may, how-
ever, distort the inverted center of symmetry, making the

four carboxylate oxygens coordinated to the Cu(II) ions
non-equivalent [132,285,355,356].

4.2.2. Monomeric Cu-NSAIDs

The electronic properties and stereochemistry of
mononuclear Cu(I) complexes of carboxylato-com-
plexes were reviewed as early as the 1970s [371], with a
number of subsequent studies that describe the factors
that influence monomer over dimer formation in Cu(II)
carboxylate complexes [358,372—376]. Increasing the
acid strength of the carboxylate groups, e.g. halogena-
tion of the alkyl group, and increased basicity, e.g.
pyridine and imidazole, of the other coordinating
ligands, favors the formation of the Cu(Il) monomer
over the Cu(Il) dimer [358,372—378], with steric effects
reportedly playing a less important role [373,374]. Cu(II)
carboxylate monomers can exist as cis or trans adducts.
The crystal structures of the monomeric Cu(II) arylalk-
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Fig. 7. The crystal structure of [Cu,(Indo),(DMF),] [285]. Generated by the molecular visualization program RAsSMOL [199].

anoic-type NSAIDs typically display a trans
[359,360,379] unidentate bis (carboxylato) binding.
Likewise, a structure with a trans bidentate bis(ligand)
binding [380] has been reported for the enolic-NSAID
piroxicam [380]. The coordination number around the
Cu(Il) center in the unidentate bis(carboxylato) Cu-
NSAID ranges from four to six (Fig. 8).

Both monomer and dimer Cu-NSAID complexes may
occur for a given NSAID, depending upon the electronic
properties of the added solvent. Both monomer
[130,358,373,377] and dimer [358] complexes of aspirin
have been reported (Table 3) and this may explain their
different anti-tumor effects [354]. The nature [358,374]
and structure [381] of dimeric Cu—Asp are typical of
Cu(Il) acetate monohydrate ([Cu,(CH,COO)4(OH>»),])
[367] with, a somewhat longer Cu-—Op =2.24(2) A
coordination to a neighboring acetyl residue, compared
with [Cuy(CH,COO)4(OH>),] (Cu—Op =2.156(4) A)
[365]. The crystal structure of the Cu(Il) monomer of
aspirin ([Cu(Asp),(Py),]) displays a CuN,O, core in a
trans square-planar arrangement with the N atoms of
the two pyridine molecules (Cu—N =2.003(4) A) and a
carboxylate oxygen from each of the two Asp moieties
(Cu-0 =1.949(3) A) (Fig. 8) [373]. Recently, a number
of Cu(Il) monomer and dimer [285,382,383] complexes
of Indo have been prepared, including Cu(Il)
dimer complexes of the metabolites of IndoH, i.e.
desmethyl- and desbenzoyl-IndoH [384]. An investiga-
tion of the structure—activity relationship of these
Cu(IT) monomer and dimer complexes of Indo is yet
to be undertaken.

4.3. Cu-NSAIDs and proposed modes of action

In a 1995 review, Sorenson discussed modes of anti-
inflammatory action of the Cu complexes, including
gastric sparing activities due to down-regulation (inhibi-
tion) of SOD activity [15]. Other proposed modes of
action of Cu-NSAIDs include down-regulation (and
stabilization) of  polymorphonuclear leukocytes
(PMNL), which are part of the immune system and
exert phagocyte activity, (including inhibition of O5 *
synthesized by PMNLSs), down-regulation of phosholi-
pase A, (which activates/releases membrane-bound
arachidonic acid prior to its conversion by COXs and
lipoxygenases to, e.g. PGs and leukotrienes, respec-
tively), inhibition of lipid peroxidation and microsomal
NADPH oxidation [10,15], and modulation of nitric
oxide synthetase (NOS) activity [385].

The amelioration of inflammation by Cu complexes
has been attributed to the role of free radicals in
disease [320]. Scavenging of free radicals [219,320] and
the activation of lysyl oxidases (collagen cross-linking
enzymes) [10,15] are proposed modes of action.
Inhibition of the release of tissue necrosis factor-alpha
(TNF-a), IL-1 and IL-2 from macrophages by Cu-
carboxylates (down-regulating the synthesis of pro-
inflammatory PGs and leukotrienes) is also reported
[179].

Whatever the actual mechanisms of action of Cu-
NSAIDs, they do exhibit a marked SOD-mimetic
activity and this is commonly proposed to account for
their anti-inflammatory activities [15,134,339,386,387].
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Fig. 8. The unidentate Cu(I1l) monomer structures of (a) aspirin ([Cu(Asp).(Py),] Py = pyridine),[373] (b) naproxen (Nap),[360] (c) niflumic acid

(Nif),[379] (d) flufenamate (Fen)[359] and (e) piroxicam (Pirx) [380].

The SOD activity of specific Cu-NSAIDs will be dealt
with separately in this review.

NO may also be important in the mode of action of
Cu-NSAIDs. NO has a variety of pharmacological and
pathophysiological actions in the body [388-391].
However, studies of NO release are hampered by the
short half-life of the molecule [392], with NO disappear-
ing in blood within seconds because of avid binding with
hemoglobin [392]. Reported values of the in vivo half-
life (in humans) of free NO range from ‘very short’,
‘only a few seconds’ [393-396] to 5 s [397], with an
estimated half-life of 1.8 ms in whole blood [398]. The
half-life of NO in vivo is also difficult to specify due to
its dependence upon both location and tissue vascularity
[398], and target, i.e. direct or indirect effects [318]. In
addition, the half-life of free NO depends upon its
concentration, because of second-order reactions [391].
Direct effects, e.g. NO interactions with metal-contain-

ing proteins or organic free radicals, reputedly occur at
lower concentrations or fluxes of NO, whereas higher
NO fluxes result in indirect effects, e.g. effects mediated
by reactive nitrogen oxide species derived from the
interactions of NO with O, or O5 *. The rapid and
spontaneous interaction between O, * and NO forms
the potent oxidants peroxynitrous acid (ONOOH) and
peroxynitrite (ONOO ™) (Equation 13) [325,396].

NO +0; * —» ONOO™ (13)

This is suggested to represent an important pathway
by which tissue may be injured during inflammation
[326,391,399]. Peroxynitrite is an inorganic toxin of
biological importance [400], implicated in the pathology
of several neuro-degenerative disorders [401] and pro-
grammed cell death [402].

SOD competes with NO for O, * scavenging, and
hence promotes the vasodilatory action of NO [396].
NO is now recognized as a critical mediator of GI
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mucosal defenses [403,404], and may even account for
the GI sparing effect of Cu-NSAIDs. In addition, small
amounts of NO stimulate the production of PGs [405],
with O5 * reputedly inhibiting COX, and possibly other
enzymes involved in PG synthesis, by reducing the heme
iron in COX to its inactive Fe(Il) state [318]. It is
postulated that the presence of small amounts of NO
may prevent the reduction of heme by scavenging O5 °,
so maintaining the COX-associated heme iron in the
Fe(IIT) state and resulting in the formation of GI
protective PGs [318]. NO-releasing derivatives of
NSAIDs, e.g. NO-releasing naproxen (NapH = 6-meth-
oxy-a-methyl-2-naphthaleneacetic acid), are reported to
produce significantly less GI toxicity than the parent
NSAID [235].

Oxidation of NOS [385], as well as disproportionation
of O, * by the anti-inflammatory Cu(II) dimer of
diisopropylsalicylate (DIPS) ([Cu,(DIPS)4]) is reported
[10]. This observation by Sorenson adds weight to the
proposal that the anti-inflammatory, anti-convulsant,
anti-diabetic and other pharmacological activities of Cu-
NSAIDs may be due to NO-mediated events [385].
However, whilst NO is recognized as a mediator of
mucosal blood flow, mucus release, repair of mucosal
injury, and an inhibitor of neutrophil activation
[219,404], no significant difference is reported between
the NOS activities stimulated by IndoH (~0.06 mM
kg~ or [Cu,(Indo)s(DMF),] (~0.01 mM kg~ ') [219].

4.4. Stability of Cu-NSAIDs in biological media

Doubts over the stability of Cu-NSAIDs in biological
media arose from early computer simulations and in
vitro studies for salicylic acid that predicted that Cu-
NSAID could not exist in plasma [406]. Likewise,
simulations in 1997 on Cu(Il)—anthranilic acid (anthra-
nilic acid is not anti-inflammatory, whilst its Cu(Il)-
complex is) showed an insignificant fraction of Cu(Il)—
anthranilic acid in plasma [330]. A synergistic absorp-
tion of Cu(Il) and anthranilic acid from the alkaline
lower intestine (the major site of drug absorption) was
proposed, with re-formation of the Cu(Il)-anthranilate
complex in the acidic conditions of inflamed synovial
fluid [330]. However, there was no therapeutic difference
between the administration of the pre-formed complex
dissolved in solution, and a mixture of its individual
components at equivalent concentrations. The pre-
formed complex administered as suspensions was pos-
tulated to exhibit a greatly enhanced bioavailability
compared with the mixture of the individual reagents
[330]. The observations on the potency and efficacy of
Cu-complexes, along with the therapeutic use of the
Cu(Il) dimer of IndoH ([Cu,(Indo)4(DMF),]) in dogs
[42] (where free IndoH can be fatal) [407—409], indicate
some intact Cu-NSAID complex may survive in the
stomach and perhaps be absorbed into the plasma.

Consequently, the in vitro studies and computer simula-
tions may not mirror the fate of Cu-NSAIDs in vivo.

Absorption of Cu(Il) complexes of Indo from the
small intestine of rats has been reported [410]. Notwith-
standing poor aqueous solubility of Cu-Indo compared
with IndoH, comparable blood levels and rapid pene-
tration of Cu-Indo across the intestinal cell membrane
were reported [410]. Unfortunately, the analytical
method used to measure Cu-Indo in the blood was not
presented in detail [410]. This suggests that the Cu-
complex may have a distinctly different absorption
profile compared with IndoH with dissolution of the
complex not being a major controlling factor for
absorption, but rather a more important factor being
its excellent partitioning capability across the intestinal
cell membrane [410].

Whilst the percentage of a Cu-Indo dose absorbed
across the gut lumen is currently uncertain, even less is
known of its systemic disposition. A ternary human
serum albumin (HSA)-Cu(I) monomer or Cu(Il) dimer
complex of DIPS is proposed as the vehicle for
distribution of this anti-inflammatory drug throughout
the body [386,411]. A ternary complex is recognized as
the mode of Cu binding to albumin [290,296]. This
hypothesis was based upon changes in the observed
UV-Vis absorbance of HSA before and after the
removal of [Cu,(DIPS),] from a HSA sample by dialysis
[386]. Such direct interactions were not confirmed in
subsequent studies by EPR, NMR and UV -Vis spectro-
scopies, where 95% of both Cu and DIPS are reported to
be bound separately at different sites of the albumin
[411]. This dissociation of the Cu-complex on binding to
HSA, whilst retaining its potent therapeutic action, led
to the proposal that the action of the complex may be
due to only small ( <5%) amounts of either the mono-
nuclear or dinuclear complex being bound intact to
HSA [411]. Tt was concluded that either HSA delivers
Cu(II) and DIPS to the same cellular site, or that the
administration of the Cu(Il) complex of DIPS is
important only in facilitating intestinal absorption.
Moreover, it was proposed that chelates of Cu(Il)
formed with plasma/cellular proteins, e.g. r-histidine,
following ligand-exchange reactions, and that it was
these plasma/cellular Cu(II) chelates that accounted for
the drug’s pharmacological action, rather than
[Cuy(DIPS)4] [411]. Whereas little is known of the
binding of Cu-NSAIDs to HSA, the major NSAID
binding locations of HSA have been reported [412,413].
The crystal structure of HSA complexed with either
aspirin or ibuprofen identifies hydrophobic cavities in
HSA as the principal regions for NSAID binding [413].

A radio-labeled biodistribution study in inflamed rats
following the administration of the **Cu(II) complex of
aspirin reported sequestering of ®*Cu to the site of
inflammation [283]. The double-labeled ®’Cu(II) dimer
of DIPS (carboxy-'*C) is reported by Sorenson to
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rapidly distribute into the blood, liver, intestine, femur,
spleen, thymus, kidney, lung and brain within 0.5 h of
administration with persistence of the ’Cu and DIPS
(carboxy-'*C) in the tissues over the 5-day study period
[284]. Sorenson proposed that the Cu(IT) dimer complex
of DIPS is a bioavailable form of Cu and that ligand-
exchange reactions occur in the body [284].

Retention of the dinuclear [Cu,(DIPS),] in non-polar
solvents is postulated, but predominantly mononuclear
[Cu(DIPS),] is formed in polar solvents [411]. After 3
days, a DMF solution of [Cuy(Indo),(DMF),] (1 mg
ml ) contains < 2% Cu(II) monomer contaminant and
exhibits a distinctive Cu(II) dimer EPR signal [414].
Some new veterinary formulations of [Cu,(Indo)s-
(DMF),] retain the dimeric structure of the Cu(Il)
complex (with < 10% Cu(Il) monomer by-products)
over a 2—3 year period [414,415], compared with ~ 80%
Cu(II) monomer byproducts in carboxypolymethylene
pastes [414,415].

4.5. Commercial applications of Cu-NSAIDs

Topical applications of the Cu(II) alcohol adduct of
salicylic acid, Alcusal® [315], and the dimethylsulfoxide
(DMSO) adduct, Dermusal® [416], were developed and
used in Australia in the late 1970s and early 1980s as
human pharmaceuticals. Apart from the initial reports
of their anti-inflammatory activities, further character-
ization of these products has not been reported, nor
have oral preparations been marketed. Parenterally
administered Cu(Il) salicylate has been reported [347],
i.e. Permalon® but is not available commercially.
Alcusal® is still available commercially. The nature of
Cu(Il) salicylate in aqueous solutions reportedly de-
pends upon the pH value of the solution with both
neutral complexes, such as the pale blue crystals of
bis(salicylato)copper(Il) tetrahydrate and anionic com-
plexes, such as the olive-green sodium salicylatocupra-
te(Il) having been reported [40]. Furthermore, it is
proposed that the presence of water may result in the
formation of Cu salicylate polymers [40]. More detailed
analysis of aqueous samples of Cu-NSAIDs is required.

The quest for more effective, yet less toxic NSAIDs,
has led to several studies in the last 10 years on the
preparation, characterization, and veterinary and med-
ical use of divalent metal salts of IndoH, one of the most
potent of the NSAIDs [22], and a number of other
NSAIDs [39,130,334,339,356,357,360,417]. Table 3 lists
some of the monomeric and dimeric Cu-complexes of
arylalkanoic and enolic acids NSAIDs reported in the
literature.

Whilst a number of researchers have reported the
preparation and characterization of Cu(II)-complexes of
Indo [339,369,417,420], there were no clinical applica-
tions of these complexes to animals or humans prior to
patents issued in 1994 [39] and 1995 [18,38] for

bis(N,N’-dimethylformamide)tetrakis-p-(O,0’-Indo)di-
copper(Il) ([Cu,(Indo)4(DMF),]). The full advantage of
the gastric sparing activity of [Cu,(Indo);(DMF),] is
illustrated by its safe veterinary use [42]. In as much as
IndoH cannot be used in dogs because of fatal GI
hemorrhaging [407-409], [Cu,(Indo)4DMF),] (Cu-
Algesic®) can be used without side-effects [42]. Approxi-
mately 12 million doses of Cu-Algesic® have been safely
administered to dogs in Australia, South Africa and
South East Asia [43], although some gastro duodenal
irritation has been reported in dogs at doses higher than
therapeutic levels [421].

5. The pharmacology of some Cu-NSAIDs

Whatever the proposed mode of action of the Cu-
NSAIDs, they display a superior anti-inflammatory and
anti-ulcerogenic effect compared with the parent drug
[316,338]. A comparison of the SOD, anti-inflammatory
and ulcerogenic effects of some Cu-NSAIDs will now be
reviewed.

5.1. SOD mimetics

The use of SOD as a pharmaceutical has been
proposed for treatment of a number of diseases includ-
ing, hyperoxia, reperfusion injury, auto-immune defi-
ciency disease (AIDS), ulcerative colitis,
bronchopulmonary dysplasia in premature neonates,
as well as inflammation and inflammation-associated
diseases, such as RA and OA [123].

McCord implicated O, ° in the promotion of arthritis
due to its ability to degrade hyaluronic acid (HA) [422].
HA is an important component of synovial fluid that
maintains internal joint homeostasis by acting as a
lubricant. It assists with the nutrition of articular
cartilage and provides direct anti-inflammatory action
[319,423]. When O, * is added to synovial fluid, the
viscosity decreases, indicating depolymerisation of HA
[422]. Introduction of SOD provides complete protec-
tion against this degradation [422] by removing poten-
tially damaging O, ° from cells (Equations 5-7) [424].

An increase in SOD activity has been found in the
synovial fluid of RA and OA patients compared with
controls, with increased SOD activity occurring with the
progression of the disease [10]. While it has been
suggested that injection of SOD into arthritis patients
may have anti-inflammatory effects, there have been
conflicting results [422].

Unsurprisingly, as the catalytic role of SOD is based
on the cyclic Cu(Il)-Cu(I) redox reactions (Equations
5-7), it has been shown that many Cu-containing
complexes also exhibit SOD activity (Table 4). For
instance, Cu(Il) amino acid complexes, [Cu(tyr),] and
[Cu(lys),], produce a 50% inhibition of the reduction of



Table 4

SOD activity of Cu complexes [428,429]

Copper complex 1C50 (uM)
[Cu(tyr),] * 45 [425]
[Cu(lys),] ® 86 [425]
CuSO, 30 [427] 2 [426]
[Cus(valp)] © 10.4 [430]
[Cu(valp)»(2,2-bpy)] - H,O ¢ 4.2 [430]
[Cu(valp)>(phen)] © 4.5 [430]
[Cu(valp)»(dmph)] £ 6.3 [430]
[Cu(valp)>(u-4,4’-bpy)] 18.3 [430]
[Cuy(valp)y(n-4,4-bpy)] 5.0 [430]
[Cu(glygly)(2,2"-bpy)] - 3H,O & 25 [430]
[Cu(glygly)(phen)] - 3H,O 32 [430]
[Cu(cimetidine),(ClO4),] " 4.0 [430]
[Cuy(bpzbiap)Cly] * 0.255 [431]
[Cu(stz)(py)sCl] #* 1.31 [432]
[Cu(hstz),(MeOH)Cl,] ! 2.510 [432]
[Cu(hstz),(EtOH)Cl,] 5.170 [432]
[Cu(TAAB)P* ™ 0.144 [427]
[Cu(im)Zn(mbe)]* + ™° 0.5 [433]
[Cu(im)Cu(mbe)]* + 0.5 [433]

Derivatives of Cu(sal) P
Derivatives of Cu(1,10-phen)
SOD

0.97-1.17 [427]
1.7-28.8 [427]
0.04 [339]

& tyr = tyrosine.

® lys = lysine.

¢ valpH = valproic acid.

9 bpy = 2,2'-bipyridine.

¢ phen = 1,10-phenanthroline.

T dmph = 2,9-dimethyl-1,10-phenanthroline.

€ glygly = glycylglycine.

b cimetidine = N-cyano-N'-methyl-N "-[2-[[(5-methyl-1H-imidazol-
4-yl)methyl]thio]ethyl]guanidine.

! Hbpzbiap = 1,5-bis(1-pyrazoyl)3-[bis(2-imidazoyl)methylJazapen-
tane.

J stz = deprotonated form of sulfathiazole = 4-amino-N-2-thiazoyl-
bencenosulfonamide.

K py = pyridine.

! Hstz = protonated form of sulfathiazole.

™ TAAB = tetraanhydroaminobenzaldehyde.

" im = imidazole.
mbc = macrobicyclic ligand = 1,4,12,15,18,26,31,39-octaazapen-
tacyclo[13.13.13.1.1.1]tetratetracontane-6,8,10,22,24,33,35,37-non-
aene.

P sal = salicylic acid.

o

nitroblue tetrazolium (NBT) by the oxygen radical at
concentrations of 45 and 86 uM, respectively [425].
Similarly, CuSO,4 exhibits SOD activity with 1Cs, values
reported between 2 and 30 uM [426,427]. These values
compare to an ICsy of 0.04 uM for SOD [425].

A number of Cu-containing SOD mimics have been
developed to try to improve the efficiency of the natural
enzyme. For example, the compounds can be modified
to: (i) possess the required chemical stability in vivo; (ii)
provide access to intracellular space; and (iii) facilitate
oral administration. Furthermore, some drugs are more
advantageous than SOD itself, because they do not pose
potential immunogenetic complications and, depending
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on the drug, may be financially competitive compared to
SOD [123].

The SOD activity of the potential mimics can be
tested by a variety of methods using direct assays, e.g.
pulse radiolysis detection of O, °, EPR spectroscopy,
stopped-flow spectrometry, flash photolysis and polar-
ography; or indirect assays, e.g. electronic absorption
spectroscopic monitoring of the reduction of NBT to
blue formazan, inhibition of cytochrome ¢ reduction
and EPR analysis of spin traps [339,434,435]. Up to 20
assays for determining SOD activity have been listed
and referenced in a review by Gartner and Weser [434].

The indirect determination of SOD activity by
monitoring the reduction of NBT by O5 * involves the
generation of O, * in vitro. This can be afforded by a
variety of methods, including enzymatic production
using xanthine—xanthine oxidase, or simply using the
inorganic source, KO, [339]. A gelatin solution is added
to ensure that the blue formazan does not precipitate
and catalase is also added to remove H,O, from the
system [434,436]. As the reaction proceeds, there is a
color change from yellow to blue/mauve, which is
associated with an increase in the absorption spectrum
at 540 nm [339]. When a chemical inhibitor is added, the
reduction reaction proceeds slowly or is totally inhibited
in which instance the solution remains yellow. The rate
of absorption change is determined and the concentra-
tion required to produce 50% inhibition (ICs9) may be
obtained by graphing the rate of NBT reduction versus
the concentration of the test solution.

Inhibition of cytochrome ¢ reduction employs
xanthine—xanthine oxidase as the O, * source and
quantification is monitored by electronic absorption
spectroscopy at 550 nm. The increase in absorbance per
minute is determined and the rate obtained from the test
solutions is compared with that of the control to yield
the I1Csq value [429].

5.2. SOD activities of Cu-NSAIDs

Table 5 shows the ICsy results of the SOD studies
performed for a number of Cu-NSAID complexes using
the xanthine—xanthine-oxidase-generated O, * in the
NBT reduction assay [339,429,437,438].

A number of papers have been published on the O, °-
scavenging activity of Cu(Il) complexes of aspirin and
salicylate compounds [429,438,441]. An EPR spectro-
scopic study was performed for reactions of O; * with
Cu(II) salicylate with increasing O, °:Cu ratios [441]. A
reduction in the Cu(Il) signal (coincident with the
production of Cu(I)) was observed as the O5 * concen-
tration was increased [441]. Furthermore, there was a
significant difference in the reactions of anhydrous
[Cu(Sal),] (SalH = salicylic acid) and [Cu(Sal),(OH>),]
in dry DMSO. In the presence of a fourfold excess of
05 *, the reaction of O5 * with [Cu(Sal),] produced
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Table 5

SOD activity of Cu-NSAID complexes

Complex ICso (LM)

Cuprein 0.04 [429]

Cuprein 0.06 [429]

Cuprein 0.5-18 (solvent dependence study) [339]
[Cu(salicylate),] 16 [429]

[Cu(salicylate),] 1.3 [429]

[Cu(acetylsalicylate),] 23 [429]

[Cu(acetylsalicylate),] 2.15 [429]

[Cu(acetylsalicylate),] 11-60 (solvent dependence study) [339]
[Cu(p -aminosalicylate),] 28 [429]

[Cu(p -aminosalicylate),] 3.0 [429]

[Cu(DIPS),] * 73 (extrapolated value) [429]
[Cu(DIPS),] * 2.85[429]

[Cu(DIPS),] * 8.9 [437]

[Cuy(lonazolac)y] ° 1.5 [436]

[Cu(dMeTIM)] € monomer 16 [437]

[Cu(TIM)] ¢ monomer 210 [437]

[Cuy(Indo)4(DMF),] of 2-25 (solvent dependence study) [339]

[Cuy(Indo)4(DMF),] 0.23 [439]

Cu(Il)—penicillamine &" 32-140 (solvent dependence study)
[339,440]

Cu(IT)—penicillamine " 4.3 [438,440]

& DIPS = diisopropylsalicylate.

® Jonazolac = 3-(p-chorophenyl)-1-phenylpyrazole-4-acetate.

¢ dMeTIM = 2,9-dimethyl-3,10-diphenyl-1,4,8,11-tetraacylotetra-
deca-1,3,8,10-tetraene.

4 TIM = 2,3.9,10-tetramethyl-1,4,8,11-tetraazacylcotetradeca-
1,3,8,10-tetraene.

¢ Indo = indomethacin.

! DMF = N,N’-dimethylformamide.

¢ penicillamine = 3-mercapto-D-valine.

" There is controversy regarding the structure of the tested complex.
The complex is believed to be [Cuf'Cuf(p-penicillamine);,CI°~ but a
subsequent article suggests that there is also a Cu(Il)—penicillamine
disulfide contamination [440].

only 15% divalent Cu(Il) salicylate. The analogous
reaction of [Cu(Sal),(OH,),] resulted in an increase of
Cu(II) to 65%, which was attributed to the reoxidation
of Cu(I) to Cu(Il). This result was attributed to the
presence of the water ligand in [Cu(Sal),(OH,),] as was
necessary for the cycling of Cu(Il) to Cu(l) to Cu(Il)
(Equations 1-3) [441]. In aprotic solution, O5 * behaved
as a base for O3 :Cu ratios of 1:1 and 2:1 resulting in the
deprotonation of the phenol group of the salicylate to
produce two new Cu salicylate complexes [441]. No Cu-
superoxide complexes were observed [441].

The SOD activity of the Cu(Il) salicylate decreased in
the order of: [Cu(salicylate),] > [Cu(acetylsalicylate),] >
[Cu(p-aminosalicylate),] > [Cu(DIPS),] [429]. As shown
in Table 5, all four complexes exhibited SOD activity
with ICso values ranging from ca. 1 to 28 uM [429]. In
the reported study [429], a number of different assays
were performed, including the NBT reduction assay
using KO, as a source of O, * and the inhibition of
cytochrome ¢ reduction using xanthine—xanthine ox-
idase as the source of O5 *. All complexes exhibited

SOD activity in these assays but, interestingly, the order
of activity of the complexes was not preserved across the
different assays [429].

The SOD activity of [Cu,(Indo)4(DMSO),] was first
reported by Weser et al. using pulse radiolysis and the
NBT reduction assay using KO, as the superoxide
source [339]. Pulse radiolysis experiments were per-
formed in acetonitrile (to reduce the generation of other
radical species by side-reactions). Second-order rate
constants of 6x10° and 1.1 x10° M~ s~ were
obtained in aqueous and aqueous/aprotic solutions,
respectively, with the latter system being studied as a
‘lipid-mimicking system’ [339]. These values compared
with 1.8 x 10> M~ ! s~! for spontanecous superoxide
dismutation, 2.6 x 10° M~! s~! for IndoH and 2.6 x
10° M~' s=! for SOD, indicating that [Cus(In-
do)4(DMSO),] did, indeed, exhibit high SOD activity.
The ICsy values of [Cuy(Indo),(DMSO),] ranged from
25 uM in acetonitrile to 2 uM in DMSO solutions [339].
SOD activity of [Cuy(Indo)4(DMSO),] was also ob-
served in the NBT assay employing xanthine—xanthine
oxidase as the O, ° source, whereby 3 puM inhibited
NBT reduction by 60% [436]. This was consistent with
the ICsq value of 0.23 uM obtained using the NBT assay
with xanthine—xanthine oxidase. It was noted that the
ICs5y value for [Cu,(Indo)4(DMF),] lies at the high
activity region of the spectrum exhibited by these Cu-
NSAID complexes [439].

SOD activity was also observed for other Cu-
NSAIDS although ICsy values were not determined.
Underhill et al. [361] showed that (&) suprofen
(SupH = +oa-methyl-4-(2-thienylcarbonyl)benzeneacetic
acid) exhibited an absorbance increase of 27% at 560 nm
due to the reduction of NBT, whereas the monomeric
Cu(II) complex of Sup exhibited an increase of only 18%
in the absorbance at this wavelength compared with the
control [361]. Bury et al. studied the SOD activity of a
number of monomeric metal tenoxicam complexes and
showed that the monomeric Cu(II) complex exhibited
the greatest activity (2% absorbance increase at 540 nm),
followed by Mn(II) (19%), Co(II) (57%), Ni(II) (74%),
Fe(IIl) (78%) and finally the free ligand (79%) [442].
Interestingly, Frechilla et al. showed that the bis(2,4,6-
trimethylpyridinium), bis(2,4-dimethylpyridinium), and
bis(pyridinium) salts of tetrachlorocuprate(Il) inhibited
O5 * production in macrophages at sub-millimolar
concentrations [443].

SOD studies have also been performed in the presence
of EDTA and bovine serum. These were chosen as
competing chelating agents and were examined to
determine the degree of stability of the Cu(Il) complexes
in vivo [323,435]. Roberts and Robinson [435] deter-
mined the SOD activity of a number of Cu(Il) com-
plexes in the presence of 20 uM EDTA. Compounds
that exhibited SOD activity below 20 uM complex were
deemed active while those that only possessed activity at
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or above a concentration of 20 pM were defined as
inactive. Cu(Il) complexes of thiol-containing ligands,
including D-penicillamine, thiola (thiopronin, 2-(mer-
captopropionyl)glycine) and captopril (1-(3-mercapto-2-
methyl-1-oxopropyl)-L-proline) were active in the SOD
assay while those of salicylate, Indo, DIPS and
+carprofen (CarpH = +6-chloro-a-methyl-9H-carba-
zole-2-acetic acid) were inactive and behaved in a similar
manner to [Cu(gly),]. In SOD studies with albumin, the
SOD mimetic activity of [Cuy(DIPS)4]-[Cu(DIPS),]
decreased in the presence of increasing concentrations
of albumin [386], as had also been found for [Cu,(Sal)4],
[Cuy(Indo)y] and [Cuy(lonazolac)y] (lonazolac = 3-
(4-chlorophenyl)-1-phenyl-1H-pyrazole-4-acetic  acid)
[436]. If the Cu(Il) complexes are regenerated in vivo
at the site of inflammation, these “stability” SOD
studies may not be less relevant.

5.3. Anti-inflammatory activity

The anti-inflammatory properties of inorganic Cu
salts, while not as great as those of Cu-NSAID
complexes, have been observed. For example, Lewis
[135] showed kaolin paw edema inhibition ( <23%, <
27%) in the rat and guinea pig, respectively, by Cu(II)
salts (Cu,0, CuCl, and [Cuy(CH3COO)4(OH»),]). It has
also been reported that Cu complexes of NSAIDs
exhibit greater anti-inflammatory activity than the
parent drugs [10,19]. For instance, Cu(I) complexes of
salicylic acid, aspirin, 1-phenyl-5-aminotetrazole, 2-[3-
trifluoromethylphenyl]Jaminonicotinic acid, penicilla-
mine (3-mercapto-p-valine) and several corticoids are
more active than their parent drugs [10].

In contrast, a number of researchers have found that
some complexes show similar but not significantly
greater anti-inflammatory activity. For instance, Boyle
et al. [129] reported that the anti-inflammatory activities
of Cu(Il) complexes of (+)-ketoprofen (KetH = (+)-3-
benzoyl-a-methyl-benzeneacetic acid), Indo, (+)-na-
proxen (NapH = (+)-6-methoxy-a-methyl-2-naphthale-
neacetic acid), niflumic acid (NifH = 2-[[3-(trifluoro-
methyl)phenyllamino]-3-pyridinecarboxylic acid), clo-
pirac  (1-(4-chlorophenyl)-2,5-dimethyl-1H-pyrrole-3-
acetic acid) and aspirin were similar but not greater
than those of the parent drug following assessment using
the carrageenan-induced edema assay combined with
oral dosing. Unfortunately, no information is provided
for the characterization of the complexes except that the
structures were consistent with a 2:1 molar ratio of
organic carboxylate to Cu(Il). Nevertheless, there ap-
pears to be no doubt that Cu-NSAIDs exhibit anti-
inflammatory activity, which is at least equivalent to if
not more effective than the parent NSAID.

It is evident from the following studies that the animal
species, the route of administration, the stereochemical
configuration, the doses administered, and the assays

employed, all need to be considered when reporting the
anti-inflammatory activities of these compounds. The
anti-inflammatory activities of the Cu(II) complex of
aspirin (characterized as [Cu,(Asp)y]) and free aspirin
were similar in the paw edema assay following oral
administration of 50, 100 and 200 mg kg~ ' [444]. Using
this assay, Blahova et al. tested the anti-inflammatory
activity of a number of Cu(II) complexes of the structure
[Cu(ROCH,COO0),(H,0),] - mH,0 and found that the
anti-inflammatory activity decreased in the following
order: R =phenyl, 76%; R =2-naphthyl, 71%; Cu-
salicylate, 58%; R =4-chlorophenyl, 52%; R =4-chlo-
ro-2-methylphenyl, 40% (where the % represents change
in paw volume compared with rats treated with carra-
geenan only) [445]. When the Cu(Il) complexes were
compared with the free acids, the aryloxyacetato com-
pounds containing the aryl groups, phenyl, 4-chloro-
phenyl and 2-naphthyl, exhibited greater anti-
inflammatory activity compared with the Cu(II) deriva-
tives, while those of 2-naphthyl and salicylate exhibited
similar activities when complexed with Cu(II) [445].

Lewis [135] performed studies of the anti-inflamma-
tory effects of the Cu(Il) complex of aspirin in the rat
and the guinea pig. While anti-inflammatory activity
was observed for the Cu(Il) complex of aspirin, [135] no
difference was observed in the anti-inflammatory activ-
ity of the chelated and free drug when administered
orally to rats. In contrast, the Cu(II) complex of aspirin
exhibited greater anti-inflammatory activity than aspirin
in the rat following subcutaneous injection of the drugs
[135].

Mohan and Nagar [446] assessed the anti-inflamma-
tory activity of monomeric Cu(II), Ni(II), Co(II), Zn(II),
and Mn(II) complexes of N-pyridinobenzamide-2-car-
boxylic acid (PBCA) using the carrageenan-induced paw
edema test, the granuloma pouch assay, and the
adjuvant arthritis assay. Doses of metal chelates (200
mg kg~ ') were administered subcutaneously in a
carboxymethylcellulose (CMC) suspension. In the cot-
ton pellet granuloma test, the Cu(II)-PBCA complex
(26.5%) showed a greater decrease in inflammation
compared with free PBCA (20.2%). Interestingly, in
the adjuvant arthritis assay Zn(II)-PBCA (28.9 +5.6%)
showed greater anti-inflammatory activity than Cu(II)—
PBCA (20.6 +2.1%) and PBCA (18.1+1.6%) and, in the
carrageenan-induced assay, Co(II)-PBCA (32.8 +1.1%)
showed greater anti-inflammatory activity than Cu(Il)—
PBCA (22.6+2.6%) and PBCA (28.6+43.2%) [446].

Recently, Andrade et al. showed that the dimeric
Cu(II) complex of (+)-Ibu (IbuH = (+)-a-methyl-4-(2-
methylpropyl)benzeneacetic acid) (15.6 mg kg~ ') in-
hibited inflammation in the carrageenan-induced paw
edema assay [447]. The increase in paw volume follow-
ing carrageenan injection was similar for equivalent Ibu
doses of [Cuy(Ibu)y], 44.9+3.3%; a dimeric Ru(ILIII)
complex [Ru,Cl(Ibu)y], 46.0+2.7%; and Ibu, 452+
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1.9%. All compounds reduced inflammation compared
to the control (untreated group—carrageenan alone),
65.3+1.4% [447].

Bertrand et al. [219] reported that both Cu(II)-Indo
liposomes (15 mg kg~ ') and IndoH (15 mg kg
significantly reduced paw edema induced by carragee-
nan in male Sprague—Dawley rats. Interestingly, Cu(II)-
Indo liposomes exhibited similar anti-inflammatory
activity to that of IndoH [219]. This result was
confirmed by Dillon et al. [439], whereby similar anti-
inflammatory activities were observed for [Cu,(In-
do)4(DMF),] (11.7 mg kg~ ') and IndoH (10 mg kg ")
in 2% CMC solutions (equivalent molar IndoH doses) in
male Sprague—Dawley rats (n = 6 per group).

5.4. Ulcerogenic activity

Species specificity of the ulcerogenic properties of the
Cu-NSAID was shown by Lewis [135], whereby lower
gastric irritancy was observed in male Wister rats
treated with the Cu(Il) complex of Asp compared with
AspH, while significantly greater irritancy of the Cu(II)
complex was evident in the guinea pig. Not surprisingly,
it was also shown that the aspirin compounds induced
less gastric irritancy when administered subcutaneously
compared with orally [135]. Williams et al. [444] noted
no erosions of the stomach for rats treated with the
dimeric Cu(Il) complex of aspirin [Cuy(Asp)y] (100—
1200 mg kg~ '), compared with an average number of
erosions of 0.4—4.1 for aspirin-treated rats (50—300 mg
kg ~'). The comparatively lower number of ulcerations
observed for the dimeric Cu(Il) aspirin complex versus
aspirin were consistent with findings of other groups
[129,135]. However, the total number of erosions for
both groups of animals was quite low considering the
high doses used. This is consistent with the long (18 h)
period between dosing and examination of the stomach,
as epithelial restitution and healing would be evident
[448—-450].

Boyle et al. [129] showed increased ulcerations in
female Wistar rats treated with (+)-KetH (6 mg kg~ "),
IndoH (16 mg kg~ '), NapH (24 mg kg~ "), NifH (60 mg
kg™ 1), clopirac (150 mg kg~ ") and aspirin (300 mg
kg~ !). Significant decreases in the ulcerations were
observed only for the Cu(Il) complexes of NifH,
clopirac and aspirin (2:1 molar ratio of organic carbox-
ylate to Cu(Il)). Importantly, ulcerations were not
assessed as a degree of damage, i.e. a summation of
the ulcerated area, but were positively evaluated based
on evidence of one area of erosion.

Bertrand et al. [219] examined the ulcerogenic damage
in the small intestine of male Sprague—Dawley rats
following treatment with Cu(II)-Indo (20 mg kg~ ') or
IndoH (20 mg kg~ ') at 8 and 24 h after administration.
While the extent of damage was lower for Cu(Il)-Indo-
treated rats in both instances, only the 24 h result was

significantly lower [219]. Bertrand et al. [219] also
showed that the intestinal damage was highly dependent
on the form of administration of the Cu(Il)-Indo. For
instance, rats (n = 9-10) receiving 15 mg kg~ "' Cu(Il)-
Indo by oral dosing exhibited the following % ulcera-
tions: DMF solution/RPMI 1640 medium, 20.2 4+ 5.3%;
liposomes 2.9 +0.9%; nanocapsules, 11.5+4.2%. The
increase in ulcerations caused by Cu(Il)-Indo in DMF/
RPMI 1640 solution was likely to be associated with a
high amount of monomeric Cu(Il) and free IndoH. Low
temperature EPR studies indicated a rapid decay of
[Cur(Indo)4(DMF),] when the complex was added to
the growth media from organic solvents [439].

Gastric and intestinal damage was assessed in male
Sprague—Dawley rats following oral gavage of 2% CMC
suspensions of equivalent Indo doses and [Cu,(In-
do)4(DMF),] (11.7 mg kg~ ') induced less macroscopic
damage than IndoH (10 mg kg~ !). The degree of
damage was significantly different in the stomach as
noted by the summed area of ulcerations: IndoH =
40.5+11.24 mm?%  [Cuy(Indo)y(DMF),] = 14+6.95
mm? (P = 0.0012). The degree of damage was extremely
significant in the small intestine at 24 h where the
ulcerations induced by IndoH were 138 +13 mm? and
those by [Cux(Indo)4(DMF),] were 4.3+1.5 mm? (P <
0.0001) [439]. Consistently, the hemoglobin content of
the caecums from rats treated with Cu-Indo (1.38 mg
ml ') was significantly lower than that from rats treated
with IndoH (5.40 mg ml~!, P <0.0001) and was only
slightly greater than the control (0.94 mg ml~!, P=
0.045) [439].

Comparative studies of ulcerogenic damage in the rat
stomach were performed for a number of metal com-
plexes of PBCA, namely those of Cu(Il), Ni(II), Co(II),
Zn(II) and Mn(II), and it was found that the Cu(II)
complex exhibited the lowest ulcerogenic effects [446].
This was also observed for a number of monomeric and
dimeric complexes of Indo, namely [Zn(Indo),(EtOH),],
[Zn(Indo)>(OH>»)5], [Zn,(Indo)4(DMA),], [Co(Indo),-
(EtOH)z], [Nl(IndO)z(OHz)z] and [le(Indo)4(EtOH)2],
whereby [Cu,(Indo)4(DMF),] exhibited the lowest ul-
cerogenic damage in both the stomach and small
intestine of all the complexes studied [439]. Similar
protective effects were observed for [Cu,(Ibu)y] in the
rats stomach. For instance, rats treated with IbuH
exhibited a lesion index of 597 +43, while markedly
lower lesion indices were observed for rats treated with
the Ru(ILIIT) complex, [Ru,Cl(Ibu),] (17.3 mg kg "),
325+14, and [Cu,(Ibu),] (15.6 mg kg~ 1), 290 +31 [447].

Administration of Cu-Algesic® (containing [Cu,(In-
do)4(DMF),]) to dogs resulted in only mild GI lesions
when administered at anti-inflammatory doses while
equivalent doses of IndoH were toxic [421]. Hemor-
rhages and erosions were also less severe than those
produced by low dose aspirin [421]. Furthermore, doses
of [Cuy(Indo)4L,] five times the therapeutic levels were
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non-toxic in the GI tract and central nervous system of
horses while a similar supra therapeutic dose of IndoH
was toxic to the central nervous system [18].

The gastro-duodenal mucosa was examined endosco-
pically following treatment of dogs (n=6 per group)
with (+) ketoprofen (1 mg kg~ ! every 24 h), [Cuy(In-
do)4(DMF),] (0.2 mg kg~ ' every 12 h), prednisolone (1
mg) and cinchophen (2-phenyl-4-quinolinecarboxylic
acid) (200 mg per 20 kg every 12 h), aspirin (15 mg
kg ' every 12 h) and gelatin (one capsule every 12 h)
[421]. These were reportedly administered as anti-
inflammatory doses recommended by the manufacturer,
except in the case of aspirin, which was administered at
a ‘low-tolerated dose’ and [Cu,(Indo)4(DMF),], which
was administered at double the manufacturer’s recom-
mended dose. No ulcerations were observed in the
esophagus of any of the dogs examined. Aspirin induced
a greater severity of ulcerations overall and the highest
prevalence of ulcers was observed in the stomach
antrum, followed by equal ulcerations in the stomach
cardia/fundus and stomach body. Similarly, the highest
number of ulcerations was observed in the stomach
antrum for all other drugs tested including [Cu,(In-
do)4(DMF),]-treated dogs. It was concluded from the
study that ketoprofen, [Cuy(Indo)4(DMF),] and predni-
solone-cinchophen produced mild GI lesions in compar-
ison to aspirin.

Finally, local topical ulcerogenic effects have been
examined in human clinical trials following application
of a Cu(Il)—salicylate gel (1.5 g every 12 h; 4.3 mg g~ !
Cu) to the inner forearm of patients with OA [451].
Importantly, no ulcerogenic effects were observed,
although significantly more dermatological reactions
occurred in 17% of the Cu(Il)-salicylate-treated group,
compared with 1.7% in the placebo-treated group. This
was accompanied by insignificant decreases in pain
scores experienced by the group compared with the
placebo-treated group.

6. Conclusions

If the clinical opportunities presented by the Cu-
NSAIDs and other metallic NSAIDs are to be com-
pletely realized, much more information is required
about the pharmacometrics of the complexes in vivo as
well as in vitro. Much is known about the dimeric and
monomeric solid-state character of the Cu(IT) complexes
of the (primarily) carboxylato-type NSAIDs. However,
there appears to be limited reported testing and com-
parison of their pharmacological activity and pharma-
cokinetic disposition, or information of any structure—
activity relationship for such complexes. In addition, the
sample sizes used in reported pharmacological testing
have either been small and/or the exact nature of the
chemical and dosage form of the Cu-NSAIDs adminis-

tered have not been characterized. Whether or not the
mode of action of the Cu-NSAIDs is similar to that of
the traditional NSAIDs, i.e. inhibition of PG synthesis
via the COX isoenzyme system, or is related to the
modulation of SOD, NOS, or other elements of the
immune system in addition to COX inhibition, remains
unclear. What is irrefutable is the reduced GI toxicity of
such complexes, as evidenced by the successful long term
veterinary applications of the Cu(Il) complex of the
NSAID indomethacin [42]. The stability of Cu-NSAID
complexes has been shown to be a critical determinant
of their activity and toxicity. Investigations of the Cu-
NSAIDs in biological matrices are, therefore, essential,
if the opportunities of the Cu(Il)-complexes are not be
to missed and their application extended to the human
market.
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