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Preface

The role of trace metals, especially copper and zinc, in the pathogenesis of
rheumatic conditions has continued to receive much interest following the
initial upsurge of research activity in the 1970s. Meantime also copper and
zinc complexes receive continued attention for their potential anti-inflam-
matory actions. Since the previous major titles were published in this field
some years ago (e.g. 1,2) it was considered timely to consider progress which
has been made in the interceding period. Thus in this volume aspects are re-
viewed of the metabolism and biodisposition of copper and zinc, especially
as they may be influenced by inflammatory processes, the mode of action of
copper and zinc compounds in inflammatory states, and the actions of some
newer copper complexes. While we still understand relatively little about
how copper and zinc complexes work in inflammation, and indeed what the
fate of the ligands and their complexed ions is in inflammation, it is hoped
that this volume will be useful for giving a current view of the “state of art”
in the field.

Special thanks are given to the valued efforts of the contributors, Dr
Peter Clarke (Publishing Director, Kluwer Academic Publishers) and Mrs
Veronica Rainsford-Koechli for her help in proof-reading the manuscripts.

K D Rainsford
Hamilton, Ontario, Canada
February 1989
References
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1
Copper and zinc in inflammation

CW Denko
Rheumatology Division
Department of Medicine

Case Western Reserve University
Cleveland, Ohio 44106, USA

I. INTRODUCTION

Inflammation is a desirable complex process by which the organism controls
and repairs effects of noxious stimuli. Efficacy of the organism in ameliora-
ting the undesirable effects of inflammation is measured by decreases in the
four cardinal features of inflammation, pain, redness, heat and swelling, is
with the ultimate aim of preventing loss of function. Experimental studies
teach that copper and zinc are fundamentally involved in the expression and
control of inflammation. How copper and zinc metabolism changes in inflam-
matory states and how inflammation modulates the organism’s fluctuating
copper and zinc levels are discussed using examples from laboratory experi-
ments and from natural experiments such as rheumatoid arthritis.

Il. EXPERIMENTAL STUDIES

Animals made deficient by restricting dietary copper and dietary zinc1-3 react
with increased inflammation when challenged by injections of carrageenan
and by injections of monosodium urate crystals. Replenishment of deficient
diets with copper and with zinc before challenge resulted in reduced inflam-
mation. Injection and dermal applications of diverse copper compounds, e.g.
caeruloplasmin, copper salts of amino acids, copper aspirinate and dietary
zinc1-3, into animals with experimental inflammation resulted in lessened in-
flammation*-7. Since hypercupremia is a common finding in inflammation
why should adding more copper help control the inflammation? Probably it
is not due alone to the level of copper which is responsible for therapeutic
effectiveness but to the form of copper and its interaction with tissue pro-
teins and trace metals. Exogenous copper given in treatment could re-estab-
lish endogenous copper equilibria. Copper forms an integral part of many

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
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COPPER AND ZINC IN INFLAMMATION

proteins as Cut or Cu* * or both with shifts back and forth during enzymic
actions. In the early inflammatory phase of adjuvant disease, five days after
adjuvant administration, daily injections of zinc intraperitoneally stimulated
serum caeruloplasmin and liver metallothionein production®. Serum copper
levels also rose. Inflammation in the rat paw diminished when these bio-
chemical changes took place.

How caeruloplasmin acts as an anti-inflammatory agent is difficult to
isolate and may relate to more than one physiological function. Caeruloplas-
min is an acute phase reactant and like other acute phase reactants increases
in the inflamed organism. Caeruloplasmin action is influenced by environ-
mental factors with the result that test comparisons are difficult especially
when there are variations in proteins, metals, ascorbic acid, thiol groups and
oxygen free radicals during testing10. The transport function of caeruloplas-
min in carrying copper to needed sites is unlikely to account entirely for its
anti-inflammatory action. In the cases of two other transport proteins which
decrease during inflammation, namely albumin and transferrin, increases in
their levels induce greater inflammation!1. Caeruloplasmin has a local action
which may relate to its enzymic or oxidase function since it is an effective
anti-6inflammatory agent when injected directly into the site of inflamma-
tion®.

lil. CLINICAL STUDIES

In rheumatoid arthritis, a common human form of inflammation, we find sa-
lient features of inflammation, pain, swelling, redness and heat, along with
loss of function and perturbations of copper metabolism. With the advent of
emission spectroscopy, Niedermeier and co-workers!2 undertook extensive
studies of copper and other trace metals in patients with chronic rheumatoid
arthritis. Mean serum concentrations of copper, molybdenum, manganese,
tin, barium and cesium were elevated in rheumatoid patients when compared
to normal controls. Zinc and iron levels were lower in rheumatoids than in
controls. Copper levels rose following treatment with gold. Zinc and iron le-
vels were not changed by treatment. Levels of two other essential trace me-
tals: molybdenum and manganese, dropped after treatment as did levels of
the non-essential trace metals: tin, barium and cesium.

A role for zinc in inflammation is suggested by this report of Nieder-
meier and co-workers showing serum zinc levels to be low in rheumatoid
arthritis patients. Their zinc levels remained low after treatment, suggesting
zinc levels may not be as accurate a measure of response as copper levels.
Simkin!3 has reported zinc sulfate to be effective in improving patients with
rheumatoid disease in Northwest USA. My experience in East Central USA
in treating patients with rheumatoid arthritis with zinc sulphate does not in-
dicate zinc to be effective in patients. Results were variable; some patients
improved for a short time, then relapsed. In those that improved, improve-
ment was gradual and not as pronounced as that occurring with other treat-
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ments. There may be differences in the degree of zinc deficiency between
persons living in Northwest USA and East Central USA. Dietary intake may
vary.

In studies of serum copper in another form of inflammation, ankylos-
ing spondylitis, Pshetakovskyl# reported copper levels to rise during the
acute phase and to diminish with the chronic phase. Similar findings are noted
in rheumatoid arthritis1%16, One of the mechanisms used to explain the pro-
tective action of copper compounds is the scavenging of oxygen-centred free
radicals by the copper—zinc enzyme, superoxide dismutasel” and by caerulo-
plasmin®.

In the familial disorder known as Wilson’s disease or hepatolenticu-
lar degeneration, perturbations of copper metabolism occur. Whether the
disease actually begins in the liver or in the brain remains unsettled. Initially
the liver fills with copper because of inadequate excretion via the biliary sys-
tem; then the liver degenerates, slowly releasing copper that accumulates in
brain and kidney. Usually serum copper and serum caeruloplasmin levels are
low. Abnormal bony changes are common on X-ray. Premature osteoarth-
ritis occurs with biopsies of symptomatic joints showing chronic inflamma-
tory cell infiltrates. Removal of excess copper from the body is an effective
treatment usually done by administration of penicillamine!8.

Table 1 Serum caeruloplasmin levels in normal men and normal women

Group Age Number Caeruloplasmin p<
(years) (mg/dl)

Women 20-81 75 41 =13 0.002

Men 20-93 50 35«8

Based on data in Reference 19

Serum caeruloplasmin levels are higher in normal women thanin age-
matched normal men, Table 119, Patients with common rheumatic disorders
- rheumatoid arthritis, systemic lupus erythematosus (SLE), gout and os-
teoarthritis — show elevated caeruloplasmin along with changes in other acute
phase proteins when compared with age- and sex-matched controls (Table
2)20, The greatest increases in caeruloplasmin occur in the patients with acute
gout, the most severe inflammation. Usually these patients seek medical at-
tention quickly after the onset of this urate-crystal-induced disorder. How-
ever, after the pain, redness, heat and swelling subside, the gout is controlled
and enters the chronic phase. The serum caeruloplasmin drops to approach
normal levels. Women who have higher normal values attain higher respon-
ses.
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Table2 Serum caeruloplasmin in rheumatic disorders

Group Sex Number Average Caeruloplasmin p<
(age) (mg/dl)

Rheumatoid

arthritis w 115 55 47 + 15 0.01

Normal w 76 47 41 =13

Rheumatoid

Arthritis M 37 56 46 = 13 0.01

Normal M 40 50 36 +8

SLE w 38 43 48 + 20 0.01

Normal w 67 41 40 + 13

SLE M 10 46 47 + 8 0.00

Normal M 37 37 33+8

Osteoarthritis w 107 65 49 + 18 0.02

Normal w 41 54 43 + 11

Osteoarthritis M 39 65 40 + 12 0.07

Normal M 32 58 36 + 8

Gout - acute w 9 66 60 + 13 0.01

Gout - chronic w 20 62 49 + 14 0.08

Normal w 32 57 43 + 11

Gout - acute M 16 57 50 + 15 0.01

Gout — chronic M 50 56 39+ 14 0.09

Normal w 43 50 36 +8

Based on data in Reference 20

Caeruloplasmin is a fairly sensitive marker for inflammation since it
increased significantly in women with osteoarthritis at a time when the trans-
port proteins, albumin and transferrin, do not change significantly20, Al-
though osteoarthritis encompasses inflammation in its constellation, the
driving force is a metabolic one rather than an inflammatory action. The con-
sensus on causes of osteoarthritis is that there is failure of cartilage repair. In
women with rheumatoid arthritis and in women with SLE serum caeruloplas-
min undergoes comparable increases. In men patients with rheumatic disor-
dersincreases in serum caeruloplasmin were more variable. Perhaps this may
relate to the fact that men normally have lower values than do women.

In summary, investigators have demonstrated that endogenous cop-
per, especially serum caeruloplasmin, rises during the acute phase of inflam-
mation and falls during the chronic phase. Serum caeruloplasmin is a fairly
sensitive indicator for inflammation. The more acute the inflammatory pro-
cess in patients the greater is the increase in serum caeruloplasmin.
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2
Copper proteins and their role
as antioxidants in human
inflammatory conditions.
J Lunec
Department of Biochemistry

Selly Oak Hospital
Birmingham B29 6JD, UK

. INTRODUCTION

Redox (oxidation-reduction) reactions are ubiquitous in virtually all bio-
chemical processes associated with human metabolism, and metals such as
Fe, Cu, Mo, Mn, and Co have an essential role. Fe and Cu as transition me-
tals are particularly suited to catalyse redox reactions, mainly because they
possess labile d-electron configurations and thus have a range of accessible
oxidation states enabling them to transfer electrons.

Il. COPPER AND IRON AS PRO-OXIDANTS

Copper and iron have emerged during the evolutionary process as the two
dominant metals involved in the reduction of oxygen to water. This process
is fundamental to aerobic life and the basic mechanism by which we obtain
energy. However, though both are essential elements for the functioning of
many important enzyme systems, in high concentrations, and particularly
when dissociated from carrier proteins, they are paradoxically highly toxicl-
3. Both the toxicity and protection they confer relate to their reactivity with
oxygen.

Oxygen is a powerful oxidant, yet it is kinetically inert. This paradox
allows us to come to terms with oxygen in the atmosphere and control its use
in essential biochemical processes. In order to survive we tread the fine line
between activating oxygen sufficiently for reaction while at the same time en-
suring that dangerous by-products are not allowed to propagate their adverse
effects.

Oxygen has an almost unique electronic configuration - it has two

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
Inflammation and Drug Therapy Series, Volume IV
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electrons located in its outer bonding orbital. Electrons find it energetically
more favourable to pair if their spins are antiparallel, i.e. in the opposite di-
rection. In the case of oxygen their spins are parallel and for energetic rea-
sons kept apart. Oxygen with its two unpaired electrons seeks other electrons,
and this need for electrons explains its oxidizing power. However, the one
electron reduction of Oz to superoxide O2* - is thermodynamically unfavour-
able, requiring a reducing couple of =330 mV. Transition metals such as Fe
and Cu will react with O2 in various ways by virtue of their labile d-electron
configurations. If Cu or Fe salts are added to tissue slices or cultures they
promote O2 toxicity, while in vivo they are pressed into service as cofactors
to control its reactions and destroy its dangerous by-products. An important
agent of O2 toxicity is thought to be the superoxide O2* - ion, which may be
formed by the uncontrolled autoxidation of low potential cytochromes, iron-
sulphur proteins and flavoproteins®>.

(1) The generation of superoxide during inflammation

During the process of inflammation, migratory neutrophils, eosinophils, or
monocytes are stimulated by surface contact with foreign particulate matter,
such as immune complexes, complement, superoxide itself or invading
micro-organisms. Irrespective of whether particles are phagocytosed, surface
stimulation causes the activation of an NADPH oxidase situated within the
surface of the cell membrane. This enzyme provides the reducing potential
for addition of one electron onto oxygen to generate O2* - during the respir-
atory burst6-10,

Superoxide is a powerful reducing agent, capable of removing che-
lated Fe and perhaps Cu from their respective binding sites on proteins11,

MDD+ __ complex] + O~ - M™* + 02 + complex
Also Oz*- will dismutate slowly to generate H2O2
02~ +02- - H202 + O2

In the presence of reduced metal ions removed from protein complexes,
H202 can then undergo Fenton reactions, as follows, to generate the highly
reactive and destructive hydroxyl radical (OH®)

FeZ+ + H202 — Fe3* OH™ + OH*®
similarly for Cu*. In addition for Cu2+
Cu2* + H202 - Cut +2H* + O2'-

thus regenerating the O2° - anion.

The hydroxyl radical will react with almost all known molecules found
inliving cells, with an extremely high rate constant, in particular - amino acids,
sugars, DNA bases, organic acids and phospholipids; i.e. almost anything at
or close to its site of formation1213,
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The reactivity of the hydroxyl radical relates to its ability to abstract
anelectron from a nearby molecule; however, by gaining an electron another
radical species is created. One of the best examples of secondary radical re-
actions is the process of lipid peroxidation!4. Biological membranes contain
polyunsaturated fatty acids (PUFA) which possess methylene interrupted
double bonds. The methylene position in PUFA is particularly sensitive to
OH?" attack resulting in hydrogen abstraction. The removal of H* from the
PUFA in conjunction with oxygenation will result in peroxy radical forma-
tion (ROO?"®). This peroxy radical can then go on to react further by H ab-
straction and perpetuate this process, thus weakening and eventually
destroying the cell membrane. Cu and Fe may also promote lipid peroxida-
tion directly by decomposition of primary peroxides. Reduced complexes
(e.g. Fe2* and Cu *) react with lipid hydroperoxides (LOOH) to give alkoxy
radicals (LO®).

LOOH + Fe2+ (Cu*)— LO* + Fe3+ (Cu2+)
LO® + LH— LOH + L*

L* + O2 - LOO*

(2) Catalytic Cu and Fe in inflammation

Copper and iron have recently received considerable attention with regard
to their presence in extracellular fluids in forms which can catalyse radical
reactions16:17,

Total plasma or serum copper has three principle forms. Caeruloplas-
min (Cp), an ap-globulin (which is elevated as an acute phase protein during
inflammation) accounts for 80-90% of serum copper. The remaining non-Cp
copper is present in equilibrium between albumin or small amino acid com-
plexes. This non-Cp copper is also thought to be elevated during acute in-
flammation19,

Lorber et al.20 were the first to report a statistically significant elev-
ation of serum copper concentrations in rheumatoid arthritis (RA) when
these patients were compared with age-matched normal individuals. How-
ever, they found that almost the entire copper content could be attributed to
that bound to serum caeruloplasmin, though discrepancies concerning the
elevations of this copper in sera were attributed to differences in activity of
the patient’s disease. Later groups have established that copper is elevated
in serum and also in the synovial fluid of RA patients21:22, However, the sy-
novial fluid has been found by various workers to contain a proportionately
larger amount of non-Cp bound copper?3, It has been suggested that this non-
Cp copper can also serve as a deleterious sulphydryl group oxidising agent20,
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SH S
2cu?t + membrane/ - 2Cut + membrane/ +2H"
SH S

It has also been speculated that the beneficial effects of certain antirheumatic
drugs such as pencillamine could be attributed to chelation of copper and
promotion of its excretion?4,

The increase of synovial fluid (SF) copper was confirmed by Bone-
brake et al.25 and Scudder et al.21:23 who found that, in addition to an increase
in total serum copper, total SF copper from RA patients contained two com-
ponents compared to only one in the synovial fluid from non-inflamed joints.
The non-Cp component was tentatively identified as a Cu/albumin complex.
The possibility that the latter results from proteolytic action during inflam-
mation cannot be ruled out, however, since caeruloplasmin is proteolytically
cleaved into several fractions, one a 60,000 Cu-containing fraction resem-
bling albumin.

(3) Measurement of catalytic iron and copper

Assays with the potential to measure copper or iron in a form capable of pro-
moting free radical damage through the Fenton reaction have recently been
described by Gutteridge and co-workers16:17,

Gutteridge has developed assays which attempt to measure the avai-
lability of catalyticiron and copper complexes in the human body. Both meth-
ods are based on the catalytic degradation of DNA by the antitumour
antibiotic bleomycin. Bleomycin will only degrade DNA in the presence of
aniron salt, but in the case of the copper assay, bleomycin-dependent degra-
dation of DNA will only occur when Cu is complexed with the chelating re-
agent 1,10-phenanthroline. Both methods require a suitable reducing agent
such as ascorbic acid in the iron assay, or, in the case of the Cu assay, mercap-
toethanol. Degradation of DNA results in production of thiobarbituric acid-
reactive material (Abs 532 nm) which is the end-point measurement made
in the assay.

The ‘phenanthroline’ assay detects copper bound to the high-affinity
site of albumin and to histidine but not to caeruloplasmin. Copper ions at-
tached to albumin and to amino acids may still interact with O2* - and H202
to form hydroxyl radical or some similar reactive species. Is the binding of
Cu by albumin a biologically important mechanism for diverting low mole-
cular weight Cu complexes away from binding to sensitive sites, e.g. cell mem-
branes? OH® production may be confined to the copper binding site, and
because of the large amounts of albumin in sera, and particularly SF, this may
be useful as a protective mechanism at sites of inflammation. In practice
therefore copper-amino acid complexes may show up positive on the bleo-

10
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mycin assay but depending on the free radical generating system used such
complexes may also have antioxidant activity and hence offset the inflamma-
tory response. The addition of copper salt and hydrogen peroxide to proteins,
in particular IgG, results in fluorescence formation and degradation of the
protein3. Free radical degradation of IgG may be important in the pathogen-
esis of RA through the formation of immune complexes26:27, However, Cu
histidine complexes resembling those thought to occur in vivo are not effec-
tive in stimulating IgG denaturation. Likewise copper salts have also been
shown to degrade hyaluronic acid, the viscous lubricating component of sy-
novial fluid, though again the relevance to copper complexes in vivo is ques-
tionable. One major criticism of the phenanthroline Cu assay is that
caeruloplasmin is highly labile when separated from blood and undergoes
proteolytic degradation under normal storage conditions (i.e. 4 °C, — 25 °C).
Catalytic Cu may therefore be an artefact of long-term storage of speci-
mens29:30,

lll. ANTIOXIDANT COPPER PROTEINS

Earlier in this chapter the concept of superoxide production from activated
phagocytic cells during inflammation was introduced. McCord and others
have shown that the pattern of degradation of hyaluronic acid observed in sy-
novial fluid in vivo can be reproduced by exposing purified hyaluronic acid
to an O - system in vitro31,32, This was the first evidence, albeit indirect, that
implicated radical reactions in the aetiology of inflammatory joint disease. If
these reactions occur during inflammation and cell activation how do we pro-
tect ourselves from such important physiological events? Paradoxically these
reactions are controlled by important copper-containing enzymes which may
have considerable antioxidant properties in vivo.

(1) Superoxide dismutase (SOD)

In 1969 McCord and Fridovich33 clearly established that almost all oxygen
metabolising organisms contain an enzyme which catalyses the dismutation
of O2* - to hydrogen peroxide. These results were later confirmed by Bannis-
ter3* and many others. SOD enzyme, previously known as erythrocuprein,
was later renamed superoxide dismutase (SOD), and isolated from erythro-
cytes as the Cu-Zn form of the enzyme which is cyanide-sensitive and found
in the cytosol: a second cyanide-insensitive copper manganese enzyme has
beenidentified in mitochondria. Both enzymes appear to have identical spe-
cificities for superoxide anions, though it has been recently reported that
superoxide dismutase may also react catalytically with peroxy radicals35.
SOD catalyses most effectively the disproportionation of the super-
oxide radical by a mechanism that is presumed to involve the alternate re-
duction and oxidation of the copper ion at the active sites. There are two
active sites which are thought not to interact with each other, and each con-
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tains 1Cu + 1Zn bridged by a histidine ligand. The Fe and Mn series of pro-
teins are homologous in sequence but unrelated to the cupreins.

Cu2t + O Cut + O2
Cut + 02" > Cu?2t + H2O2

net effect: 202°- — M+ 02 + H202

(2) SOD and inflammation

The anti-inflammatory nature of the blue-green Cu-Zn SOD was discovered
long before its enzymic nature had been detected. Palosein (a mixture of bo-
vine SOD and sucrose) has been on the market since 1968, and has been
shown by various workers to be an effective anti-inflammatory agent36:37, In
tests on model inflammation systems, Palosein was shown to reduce swelling
of the inflamed joint by 50% in 4 days as compared to a placebo which af-
fected the same in 8 days. No clinically adverse effects were noted in 1000
patients despite a few allergic reactions which were reversible.

SOD is an enzyme whose synthesis can be induced. Exposure to in-
creased concentrations of oxygen elicits increased synthesis of SOD. The
same may be true of the inflammatory situation where O2° - is produced libe-
rally. In an attempt to determine whether a deficiency of SOD can have some
relation to disease process, several workers have shown that a diet iow in cop-
per enhances the inflammatory reaction in laboratory animals (for a review
see ref. 38). This is in complete contrast to iron deficiency which inhibits in-
flammation39, Although, Rister has shown SOD to be deficient in the child-
hood form of rheumatoid arthritis*0, In the adult form of the disease SOD
levels in the intracellular compartment are elevated above those of age- and
sex-matched controls41, This could be interpreted as an in vivo response to
an increase in oxidative stress during inflammation.

(3) Extracellular superoxide dismutase

When McCord3! first proposed that radical generation in the synovial com-
partment could have serious consequences for both the extracellular fluid
and the connective tissue of the joint, he formed this hypothesis on the basis
that there was little significant SOD activity in normal joint fluid. Hence, he
suggested that a radical flux generated into the extracellular space would un-
leash its denaturing effects on biomolecules in an unprotected environment.
Blake et al. have observed the SOD activity of synovial fluid in RA and re-
ported it to be virtually non-existent, though other workers produce conflict-
ing results4243,
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Table 1 A comparison of major Cu-containing antioxidant enzymes in inflammation

Superoxide Caeruloplasmin Extracellular
dismutase SOD
Molecular wt 32,000 132,000 132,000,
80,000
Active centre Cu/Zn (Mn) Cu Unknown
No. of active 2/2(4) 6-8 4
centre atoms
Reactivity 2x10° M1 s? 7x10°0MP1st  125x10° MI" s
Location cytosol liver, blood extracellular/
mitochondria intracellular
all cells
Anti-inflammatory Yes Yes Yes
activity
Stability Very stable Labile ?Stable

Recently Marklund has observed a new type of SOD activity in ex-
tracellular fluids (EC SOD). This protein has now beenisolated and purified.
It has a molecular weight of 132,000 and contains 4 Cu atoms per mole of
protein#45, It has been found in all extracellular fluids including synovial
fluids taken from patients with inflammatory joint disease, but as Table 1
shows it is many times less efficient at dismutating the O2* - anion than the
intracellular enzyme. Marklund has investigated levels of EC SOD in rheu-
matoid synovial fluids versus age- and sex-matched osteoarthritic (non-in-
flammatory) fluid controls#. Controls had approximately twice as much
SOD as synovial fluids: 63 + 39 (U/ml) versus 29 + 9 (U/ml) in a study of 15
in each group. One unit corresponds to 8.3 ng of human Cu Zn SOD. Plas-
ma had a level of 20 units/ml. The results certainly indicate an insufficient
level of protection within the environment of the inflamed joint, where le-
vels of O2° - may reach the pmol range?’.

The extracellular space has very little protection against toxic pro-
ducts of oxygen reduction. In addition to a low SOD activity, the content of
reduce glutathione is very low, and the catalase activity is negligible. Ascor-
bate has a high reactivity with the superoxide radical 2.7 x 10> mol 1-1, s-1,
Normal plasma concentrations of 50 umol/l have sufficient capacity to
remove O2* - but will be quickly oxidized in the process to dehydroascorbic
acid. RA ascorbic acid levels are very low in the plasma and virtually absent
in synovial fluids, particularly in fluid from inflammatory types of arthritis,
suggesting increased oxidative stress in this disease4S.

(4) Caeruloplasmin: antioxidant activity

Caeruloplasmin is the blue-coloured copper-containing az-globulin of mam-
malian plasma. It has recently been identified as a single polypeptide with a
molecular weight of 132,000 containing 6 or 7 copper atoms per molecule18,
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The copper in caeruloplasmin has been shown to exist in three dis-
tinct states: type 1 Cu2*, which is responsible for the blue colour absorbing
maximally at 610 nm (this absorbance is characteristic of tetrahedral com-
plexes of Cu2* with nitrogenous ligands such as histidine); type 2 which, like
type 1, is paramagnetic but colourless; and type 3 which is not paramagnetic
but absorbs at 330 nm. (Reviewed by Gutteridge and Stocks!8.)

(5) Ferroxidase activity

Invitro, caeruloplasmin catalyses the oxidation of a wide variety of polyamine
and polyphenol substrates but, with the possible exception of bioamines,
these oxidations have no known biological significance. Caeruloplasmin’s bi-
ological role has been suggested to be that of a ‘ferroxidase’9:50. This
property may be linked to the incorporation of iron onto transferrin (by vir-
tue of the oxidation of Fe2+ to Fe3+). Caeruloplasmins oxidase activity is
associated with an active centre involving histidine. It is thought to be, at least
in part, by virtue of this activity that Cp can function as an extracellular anti-
oxidant, inhibiting Fe?*-catalysed reactions such as lipid peroxidation and
the Fenton reaction31-53 (Figure 1).

Fe?™* CpCu?* +~ 02
Ferroxidase

Fe3* CpCu™t = H,0

Figure 1 Inhibition of: (a) lipid peroxidation; (b) Fenton reaction

Caeruloplasmin therefore catalyses oxidation of Fe2* and conse-
quently produces a rapid four-electron reduction of molecular oxygen to
water, with no intermediate formation of O2° - or peroxides. Stocks et al.51
and Al-Timmini and Dormandy>2 found that the major antioxidant protein
of serum was caeruloplasmin. Al-Timmini and Dormandy52 further estab-
lished that this antioxidant activity was related to caeruloplasmin’s ability to
inhibit the catalytic potential for oxidation of peroxidizing brain phospholi-
pids. (It is worth noting here that in another system in which peroxy radicals
are generated independently of iron, albumin is by far the most important
antioxidant of human sera.)

(6) O2*-scavenging activity

A second important antioxidant activity of human caeruloplasmin is its ability
to scavenge O2* - radicals. This property is a non-enzymic property and re-
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sults in a stoichiometric reaction of Cp with O2° -. It has been mistakenly cited
as an SOD-like activity, but of course it is not. In contrast to SOD, caerulo-
plasmin reduced the yield of H20? expected from the dismutase reaction by
almost 50%. The dismutation of O2* - by caeruloplasmin was only 1/3000 of
that by SOD. Is Cp a significant scavenger in vivo, particularly during inflam-
mation? The answer must be no, because to be an effective O2°- radical
scavenger it needs to be available in excess of 200 mg/l1 >4, The mean level of
Cp present in ‘inflammatory’ types of fluids is 80 mg/l. However, at this level
caeruloplasmin does provide considerable protection against iron-catalysed
radical reaction due to its ferroxidase activity.

Table 2 In vitro models of free radical damage

Source of radicals System Damage Protection
Hypoxanthine Cultured bovine  Synthesis of Catalase protects
+ Xanth ox articular proteoglycans
cartilage inhibited
Hypoxanthine Human Chromosomal SOD catalase
+ Xanth ox lymphocytes damage, Desferrioxamine
cell death
Systemic activation ~Ratlunginvivo ~ Oedema cell SOD
of complement injury, death Catalase
Cigarette smoke ;-antitrypsin Partial SOD
inactivation Catalase
Hypoxanthine Infected into Oedema SOD
+ Xanth ox hind foot of rats Catalase
Mannitol
UVe-irradiation IgG ~ Aggregation, SOD partial
activated antigenic, Catalase main
neutrophils reactive with Desferrioxamine
rheumatoid
factor
Hypoxanthine Collagen Degradation, SOD
+ Xanth ox failure of
gelation
Hypoxanthine Hyaluronic acid ~ Depolymerization, SOD
+ Xanth ox loss of viscosity Catalase
activated OH" scavengers
neutrophils Metal chelators

Xanth ox = xanthine oxidase, SOD = superoxide dismutase

(7) Caeruloplasmin in Inflammation

Caeruloplasmin has been widely used as a measure of ‘acute phase reactiv-
ity’ in inflammation3556, Like all other ap-globulins it tends to be raised
whenever there is active tissue damage. Though there is no specificity con-
cerning the elevation of caeruloplasmin it is often quoted as being raised in
rheumatoid inflammation. It has been postulated that caeruloplasmin is
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raised as are antiproteases by virtue of an increased synthesis during inflam-
mation.

Table 3 Efficacy of SOD in inflammation

Rheumatism - mainly oestoarthrosis
Conarthrosis
Coxarthrosis
Periarthritis
Epicondylitis
Rheumatoid arthritis
Chronic cystitis
Peyrone’s disease
Lupus erythematosus
Crohn’s disease
Cardiac ischaemia/arrhythmias

arthritis

} autoimmune

HEYOXNANRRN R

o

Elevated levels of copper and caeruloplasmin can be measured in both rheu-
matoid sera and synovial fluids; this has been confirmed by several wor-
kers21,23,38,54 [ evels were always found to be higher in serum than in the
corresponding fluid, and it was assumed that caeruloplasmin enters the site
of inflammation in RA because of an increased permeability of the synovial
membrane. However, one unconfirmed report by Gitlin and co-workers de-
scribes the ability of human synovial cells to produce caeruloplasmin in
vitroS7. Like oy-antitrypsin and rat a,-macroglobulin, caeruloplasmin has anti-
inflammatory properties. Denko reported such activity against urate-induced
rat paw oedemaS. Previously when the observation was made that caerulo-
plasminwas elevated in synovial fluid from inflammatory joint disease, Scud-
der et al.23 noted that there was a disproportionate amount of copper for the
caeruloplasmin content of the fluid. The implications were that SF caerulo-
plasmin existed in at least two separate forms, one form possibly being in-
duced by oxidation. Caeruloplasmin can be measured in at least two different
ways: (1) by immunochemical assay using anti-human Cp antibody; (2) by vir-
tue of its oxidase activity using either paraphenylene-diamine or Fe salt as
substrate (ferroxidase assay)39-61,

Previously we have measured both activities in synovial fluid in joint
inflammation. We found that the ferroxidase activity was disproportionate-
ly depressed relative to the amount of immunochemically determined Cp.
This is in agreement with the results of Conforti et al.92. Their suggestion was
that about 10% of caeruloplasmin contained in serum is present as the
apoenzyme. However, we have shown that this disproportionate effect can
be simulated by damaging caeruloplasmin using various forms of free radi-
cal generating system. We were thus able to impair the antioxidant activity
of the protein by generation of O2°*-. This paradoxical effect would suggest
that caeruloplasmin may have limited use as an antioxidant in vivo because
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it is easily damaged by OH® radicals. Goldstein ef al.53 have shown that Cp
itself scavenges O2* - : OH® may be produced in a site-specific manner on the
metalloprotein. Oxidized biomolecules have been identified in a variety of
pathological extracellular fluids, where free radicals are thought to be in-
volved, and where caeruloplasmin would be expected to play a protective
role®465; for example oxidized «;-antitrypsin in the serum of patients with
emphysema and adult respiratory distress syndrome®67, It is possible that
the oxidation of these biomolecules may be secondary to the inactivation of
antioxidants such as caeruloplasmin.

IV. SUMMARY

The toxicity of Cu and Fe in biological systems is intimately linked to the bio-
chemistry of oxygen and free radicals. The reaction of biomolecules with
oxygen is restricted because oxygen can receive electrons only one at a time.
Transition metals such as Cu and Fe are found at the active sites of most ox-
idases and oxygenase enzymes, providing them with an efficient mechanism
for accepting and donating electrons. This property allows them to overcome
the spin restriction of oxygen. During inflammation we are protected from
the onslaught of metal-catalysed free radical reactions paradoxically by anti-
oxidant metalloenzymes such as superoxide dismutase and caeruloplasmin.
Clearly, therefore, advancing our present knowledge about the anti-inflam-
matory effect of these copper-containing enzymes may lead to the thera-
peutic intervention of many diseases driven by inflammatory reactions which
are ‘out of control’.
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I. INTRODUCTION

There is an increasing body of evidence which suggests that in mammals cop-
per and zinc metabolism is subject to hormonal regulation. The specific hor-
mones involved include those that control key pathways of intermediary
metabolism, e.g. glucocorticoids, glucagon, insulin and catecholamines. Fur-
thermore, hormonal factors associated with the host defence system, e.g. in-
terleukin-1, have similar regulatory effects. A significant factor in the
regulation of these metabolic effects is directly related to control of metal-
lothionein gene expression. In this brief review we will describe aspects of
the metabolism of both trace elements as related to metallothionein as a
functional entity, and how this is influenced by inflammatory conditions.

ll. GENERAL CHARACTERISTICS OF METALLOTHIONEIN

Metallothionein (MT) has been characterized as a low molecular weight
zinc- and copper-binding protein which functions in the homeostasis of these
trace metals. The protein has been isolated from numerous species. Its amino
acid sequence is highly conserved, which points to an important structure—
function relationship. The occurrence of MT in both plant and animal phyla
demonstrates its primitive evolution. MT has been found in all mammalian
tissues assayed to date. However, the liver, kidney, and intestine appear to
have the highest concentrations. Two major isoforms of MT are produced in
most species. Separate genes control the production of these isoforms, which
have been designated MT-1 and MT-2. Subforms have been identified in tis-
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sues of some species, particularly humans. Nevertheless, MT-2 usually com-
prises the major form. MT concentrations in cells or tissues can be estimated
by gel filtration and ion-exchange chromatography or measured by Cd?+*
saturation, radioimmunoassay or ELISA methods. MT has been the subject
of extensive reviews1-5,

Mammalian MT contains 61 amino acids and has no histidine or aro-
matic amino acids. Twenty of the 61 amino acids are cysteine residues. How-
ever, all 20 are fully titratable with silver or 5,5'-dithiobis-(2-nitrobenzoic
acid) indicating the absence of disulfide bondsl. MT is divided into two dis-
tinct metal-binding domains®. Domain A is the carboxyl half of the molecule
representing amino acids 30 to 61. This domain contains 11 cysteine residues
and binds four atoms of zinc, cadmium, or mercury (or six copper atoms).
This half is resistant to EDTA metal chelation and subtilisin proteolysis. Do-
main B is the amino-terminal end of the molecule. This domain contains nine
cysteine residues and binds three metal atoms of zinc, cadmium, or mercury
(or six copper atoms). This half is the more labile portion of MT and is sus-
ceptible to EDTA metal chelation and subtilisin degradation®’. The g do-
main may be more reactive for physiological aspects of MT since it exhibits
greater ligand exchange. Metal exchange reactions can occur on the order of
minutes8,

MT exhibits binding affinities to elements from Groups I through V,
and 22 of the transition elements!,3, Various procedures have been employed
to determine the ranking of affinities which MT has for metals. There is a di-
rect correlation between binding affinity and pH®. Those metals with a higher
binding affinity dissociate from MT at a lower pH. The following order of
binding affinities have been reported: Hg, Pd, Pt >Bi>Ag>Cu>Cd>In,
Sb, Pb, Ru> Zn > Os > Ni > Co, Furthermore, these results are in agreement
with established association constants published for metals and cysteine10,
From a physiological perspective, only copper and zinc are relevant to nor-
mal cellular processes. Cu(I) binds in trigonal geometry with an affinity that
is 10° times greater than the tetrahedral binding of Zn(II). However, on a
particular basis zinc appears to be the most abundant metal associated with
the protein except in fetal liver and adult kidney where significant amounts
of copper and cadmium, respectively, are foundl.

1. Metallothionein inducibility by metals

A hallmark of interest in MT has centred on its unique, multifaceted induci-
bility. Regulation of MT gene expression is of particular significance because
it is induced by metals which it in turn can tenaciously bind. Transcriptional
control appears to account for most, if not all, of MT inducibility associated
with metals1L. This has been reviewed in detail®4, Structural MT genes con-
tain specific nucleotide sequences in the promoter region, viz. metal regula-
tory elements (MRE), that exist as multiple copies upstream from the TATA
box and exert metal inducibility!2. The most effective MRE sequence is
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CTCTGCACTCCGCCCGA. A conserved MRE core TGCACC is necessary
for metal regulation. How the MREs are able to exert their action is not clear,
but it appears that trans-acting factors (presumably proteins) are able to in-
teract with specific metal atoms that induce MT and then bind to the MRE
sequence to allow transcription to proceed. Without a bound metal the fac-
tor(s) may act as a repressor. Within this conceptual framework it is under-
standable how MT is expressed to a greater extent in some tissues than others.
Furthermore, manipulation of these factors or the genes that control them,
could have significant therapeutic potential.

Under experimental conditions, administration of zinc, copper and
other metals has been shown repeatedly to induce MT. The normal steady-
state levels of the protein can be raised by orders of magnitude following
acute or chronic administration of these metals to intact animals1-5. The level
of MTmRNA is increased as the result of enhanced transcription rates11, Ac-
cumulation of the inducing metal accompanies increased synthesis13. Reple-
tion of a dietary deficiency of zinc by refeeding can also produce marked
increases in MT gene expression1415, Recently, using oligonucleotide probes
for the gene, MTmRNA levels observed in rats (fed purified diets with nor-
mal levels of zinc and copper) were higher in certain tissues compared to le-
vels found when lower dietary levels were fed16, This suggests that MT
structural genes in some tissues are normally expressed above basal levels
under normal dietary conditions.

2. Metallothionein inducibility by hormones

Various types of stress increase hepatic MT levelsl’. Rats administered in-
flammation-producing agents, e.g. turpentinel8 or isopropanol9 exhibit in-
creased MT synthesis. The latter was shown to be correlated to increased
MTmRNA. The effector molecules for MT induction by stress and organic
molecules are probably activated by hormones rather than shifts in cellular
metal content?. Glucocorticoid hormones increase zinc uptake by isolated
hepatocytes via a process that increases cellular retention but not turn-
over20.21, Similarly, glucocorticoid administration increases MTmRNA and
total MT levels in the liver22. The rate of transcription increases 90-fold over
control levels within 2 h after administration of the hormone23, The promoter
region for the glucocorticoid hormones has been identified and the DNA se-
quence of the MT-2 promoter region has been determined?4. In human sub-
jects glucocorticoid therapy significantly alters the kinetics of plasma to
hepatic zinc transfer2S, This response occurs in a fashion which suggests that
hepatic uptake is subsequent to MT induction in response to therapy. In view
of the use of glucocorticoid hormones as agents to treat specific disorders,
including inflammation, the MT-linked effects it produces may explain some
of the beneficial effects of therapy.

Evidence from data on a variety of inducible proteins demonstrates
that multihormonal regulation is frequently involved. Food restriction is suf-
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ficient to cause MT induction26,27, Given the nature of the complex hormonal
factors involved in fasting, hormonal control is the most likely explanation
for the induction. Glucagon, epinephrine and the intracellular mediator
cAMP were tested for their effects on MT gene expression28. Each agent pro-
duced anincrease in the number of MTmRNA molecules per hepatocyte and
total liver MT. Of particular relevance was the finding that depression of
serum zinc concentration was inversely related to hepatic MT levels. Sub-
sequent kinetic data have shown that when hepatic MT is induced by dibutyl
cAMP, as shown by elevated MT gene transcription, the transfer of zinc
(65Zn) from the plasma to liver MT is increased?’. Experiments at the cellu-
lar level have been shown a classical gluconeogenic type of regulation for
MT, viz, glucagon stimulates, but insulin inhibits, the response30.

Acute infection has been shown to increase hepatic levels of both MT-
1 and MT-2 concomitantly with hypozincaemia3l. Depending on the infec-
tious agent, Salmonella typhimurium (severe) or Francisella tylanensis (mild),
the apparent half-life was altered 19 h vs. 38 h, respectively. Those rates of
degradation agree favourably with those calculated from data with zinc-in-
duced MT32, In the hamster, E. coli endotoxin administration produces
marked depressions in serum zinc and elevated hepatic liver zinc concentra-
tions within 4 h of administration. Liver copper did not change but serum
copper exhibited a biphasic response with peaks at 8 h and 72 h after endo-
toxin33, This appeared to reflect changes in serum caeruloplasmin. The de-
cline inliver zinc paralleled MT half-life. Maximum MTmRNA was observed
6 h after endotoxin, which places the induction sequence within the same
time frame as observed with metals or glucocorticoid hormones. Injection
with endotoxin from Bacteroides melaninogenicus prepared from dogs with
gingivitis, had a greater effect on stimulation of serum copper and copper
content of gingival tissue and less of an effect on hepatic MT than E. coli en-
dotoxin. These findings suggest that different endotoxins may have differen-
tial tissue responses with respect to liver MT and zinc and copper metabolism
during acute infection and subsequent inflammation.

Acute endotoxaemia and turpentine-induced inflammation are ac-
companied by increases in circulating glucagon34. It was proposed that glu-
cagon is a factor that accounts for the MT-related changes in zinc metabolism.
As described above, glucagon and the intracellular mediator of its action,
cAMP, are able to elevate MT gene expression to a sufficient degree to pro-
duce hypozincaemia. Hepatic MT and MTmRNA levels increased by 10 h
following the administration of dibutyl cAMP, epinephrine or glucagon to le-
vels compared to those found with endotoxin28. In adrenalectomized animals
these agents were less effective. However, they regained their potency when
administered along with dexamethasone. In contrast, endotoxin-induced syn-
thesis of MT was found to be independent of glucocorticoid regulation in
transgenic mice35. These mice carry a fusion gene where the mouse MT-I
promoter is linked to the Herpes simplex virus thymidine kinase structural
gene. This fusion gene responds to heavy metal administration but not to glu-
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cocorticoid hormones. Injection of endotoxin induced thymidine kinase to a
level comparable to cadmium administration in these mice. Based on the re-
sults of DiSilvestro and Cousins36, however, the hepatic MT in the transgenic
mice may be responding to endotoxin-induced glucagon secretion or to other
factors that increase cellular cAMP.

Endotoxin-induced changes in zinc metabolism are mimicked by in-
terleukin-1 (IL-1). Administration of IL-1 causes a depression of serum zinc
levels and increases in liver zinc MT36-38, IL-1 causes increased accumula-
tion of zinc into the liver and spleen of mice3%. Furthermore, the incubation
of cultured human cells#0 (including kidney and liver tumour cells) with IL-
lincreases the expression of the human MT-2A. It is interesting that only the
MT-24 gene exhibited expression. In this cell line significant amounts of MT-
1A mRNA were not produced following IL-1 incubation. Human IL-1« pro-
duced by recombinant technology#! stimulates MT production in intact rats
(unpublished results). This IL-1 preparation contains the carboxyl-terminal
154 amino acids of the complete protein (271 amino acids). The temporal re-
lationship is such that depression of the serum zinc concentration occurs con-
comitantly with elevation of MTmRNA and a 3-fold increase in total MT,
but well in advance of the eventual 9-fold increase in liver MT. Both the
spleen and kidney respond markedly to IL-1a and produce significant
amounts of MT38, The serum zinc concentration became depressed and the
liver zinc concentration increased following endotoxin injection into turkey
embryos42.

3. Metallothionein and metal metabolism

Hormonally regulated changes in cellular MT levels appear to involve zinc
rather than copper2. Williams has proposed that, given a choice of appropri-
ate ligands, cells should discriminate in descending order of preference
Cu>Zn>Ni>Co>Fe>Mn>Mg>Ca®. Therefore, if zinc is to be
utilized, the effect of copper binding must be minimized. This is probably ac-
complished through the incorporation of copper into apocaeruloplasmin.
During inflammation this process is increased through the hormonal regula-
tion of caeruloplasmin synthesis/secretion by hepatocytes?4.

Cellular zinc uptake/exchange has been characterized for hepato-
cytes. The turnover of zinc was about 15 h, suggesting that some ligands ex-
hibit very rapid exchange rates2l. Saturability of uptake is at the normal
plasma zinc concentration, 9.5 .M, and the maximum exchange rate is 9.9
pmol Zn - min~1. mg protein-1. To drastically alter the plasma zinc pool new
zinc binding sites need to be generated. When hepatocytes are stimulated
with glucocorticoid uptake/exchange is increased, probably because efflux is
reduced, thus favouring uptake rather than the exchange process. It is high-
ly likely that all cells in which MT genes are expressed will respond to appro-
priate inducers and influence zinc metabolism in the intact animal.
Analogous experiments suggest that copper metabolism in hepatocytes in-
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volves a balance between binding to MT and incorporation into apocaerulo-
plasmin#45, Cellular copper uptake/exchange also involves binding to MT
but, at normal levels of exchangeable copper in plasma, considerably more
zinc than copper would be expected to be transported into hepatocytes and
bound to MT.

Kinetic experiments to measure changes in zinc and copper metabo-
lism during the inflammatory process have not been conducted. These are
essential, however, for a full appreciation of how metabolic fluxes of these
elements are altered during inflammatory disease. Stimulation of MT gene
expression with Bt2cAMP produces a significant shift in the rate constant for
transfer of zinc from the plasma to liver compartments??. The increase in he-
patic uptake is accompanied by an increase in uptake by the bone marrow.
Other metabolic compartments were notsignificantly affected by cAMP. The
metabolically active nature of zinc in bone marrow is of interest because of
the ability of the resident reticulum cells to remove toxins, and act as precur-
sors for leukocytes. The expression of MT in the marrow progenitor cells has
recently been demonstrated (unpublished data).

lll. FUNCTIONAL IMPLICATIONS OF METALLOTHIONEIN
RELATED TO INFLAMMATION

The well-documented regulation of metallothionein gene expression sug-
gests that an important consideration for function rests on the ability of cells
to rapidly produce large amounts of the protein. All potential functions of
the protein could use that characteristic to advantage. From the standpoint
of inflammatory disease, MT-related redistribution of copper and zinc be-
tween organs or within cellular compartments is its most likely role. This
should be considered as host defensive in nature. A hypothetical scheme
showing the integration of metallothionein in inflammation and its regula-
tion is presented in Figure 1.

Donation of copper and zinc to apometalloenzymes is a logical func-
tion of the protein. This could be extended to include all metalloproteins that
require copper or zinc. Experiments designed to demonstrate ligand ex-
change of copper or zinc to the apoprotein must be interpreted with caution.
An equilibrium will be established between any apoprotein and an appropri-
ate donor molecule, e.g. MT. Nevertheless, within cells the particularly high
binding constant of MT for both copper and zinc, 1019 to 1017 and 101 to
101, respectively3, may provide a controlled transfer of metal atoms into spe-
cific proteins or other components providing ligands. Of recent interest
relative to inflammation was the in vitro evidence showing that MT donates
Cu(I) to apocaeruloplasmin when mediated by activated leukocytes*. This
is supported by evidence in rats showing that induction of caeruloplasmin
and reduction in acute adjuvant inflammation by 13-cis-retinoic acid is ac-
companied by increased liver MT47.
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Figure 1 Hypothesis for the roles of metallothionein in inflammation.Bacterial infection and
subsequent release of endotoxin (lipopolysaccharide) stimulate leucocytes. Monocytes are
transformed into macrophages and invade the area of injury (contribution to inflammation)
and secrete interleukin-1. This lymphokine stimulates metallothionein gene expression in
many cells. This action may be direct or may require the combined effect of glucagon,
glucocorticoids and/or catecholamines. Glucocorticoids also stimulate macrophages to pro-
duce metallothionein, which protects them from endotoxin toxicity. In the liver acute-phase
proteins are induced, including caeruloplasmin and metallothionein. By donating zinc and
copper, metallothionein may affect aproprotein activation. Caeruloplasmin is secreted into
the circulation, resulting in increases in serum Cu. Hormonally stimulated metallothionein
synthesis in the liver results in increased zinc binding and decreased serum zinc. The protein
scavenger may detoxify free radicals in liver cells. Caeruloplasmin detoxifies free radicals at
the site of injury. The effectiveness of treatment for chronic inflammatory disease may be in-
fluenced by control of metallothionein induction.

Cells with elevated MT levels appear to be able to resist a variety of
stresses. The presence of MT in root systems of plants and in the gastrointes-
tinal tracts of animals suggests that limitation of entry of heavy metals into
other organ systems is a function of MT. As has been reviewed elsewhere,
cells that lose the ability to produce MT are very sensitive to heavy metals®.
Conversely, cells that over-produce MT are more resistant to specific metals
than their counterparts that express MT genes normally. With intact animals,
susceptibility to copper toxicosis, inherited or dietary, is also related to the
ability to produce MT. Degradation of MT is directly related to the species
of metal bound. Since MT containing copper is virtually undegraded it ap-
pears to accumulate in lysosomes as polymeric MT. Bound zinc appears to
be removed from the protein during degradation as amino acids are returned
to the cellular supply for reutilization2. It should be emphasized that while
metals have differing rates of removal during degradation of the protein, li-
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gand exchange reactions involving these metals occur for the entire life of
the metalloprotein.

There is an increasing body of evidence that links the nutrient metals
copper, iron and zinc to specific disease processes including inflammation.
These areas have been reviewed in detail by Willson® and Halliwell and Gut-
teridge#9. Briefly, Fe(II) is believed to participate in Fenton’s reaction (Fe2 +
+ H202- Fe3+ + OH- + OH®). H202 is produced in cells through super-
oxide dismutase activity. Cu(I) can substitute for Fe(II) in Fenton’s reaction.
However, within cells this potentially deleterious property of copper is
limited or prevented through binding to MT and removal from liver cells as
caeruloplasmin. The latter has demonstrated superoxide radical scavenging
activity>0, Dietary copper deficiency may contribute to inflammation because
of a loss of this free radical scavenging activity of caeruloplasminSl. Never-
theless, production of superoxide radicals is a characteristic of activated neu-
trophils and macrophages, and is essential for destruction of evading
bacterial cells and foreign substances. Induction of MT at a time when this
host defence activity is maximised has a number of potential contributing
functions that have a teleological basis of support. As will be discussed below,
MT could: (1) stabilize cells from the hostile conditions produced, (2) con-
tribute to activation of specialized cells and/or (3) act as a free radical
scavenger.

The ability of cells to withstand metal toxicity after MT induction has
been discussed above. However, MT induction is correlated to resistance to
other conditions as well. Cultured cells that are stimulated with cadmium to
produce large amounts of MT are resistant to platinum, gold and X-ray or
UV radiation52-55, X-Irradiation and administration of gold to intact rats in-
duces MT56,57, Pretreatment with zinc increased the binding of gold to MT38,
This aspect of MT induction could limit the effectiveness of gold as a thera-
peutic agent for some inflammatory disorders3. Cultured murine macro-
phages were found to withstand the lethal effects of endotoxin (LPS) if they
were pretreated with either glucocorticoid or metals that induce MT9. Pro-
tection was directly related to cellular MT levels. Similarly the natural killer
activity of mononuclear cells from patients with AIDS was stimulated when
they were incubated with zinc and o-interferon®. Both agents induce MT.
Zinc ions have many reported actions that may affect the metabolic response
of the host to inflammation®l, It is conceivable that the secretion of IL-1 by
macrophages induces hepatic MT production and the transient hypozin-
caemia that occurs is sufficient to further activate phagocytic cells. Chvapil
has proposed that zinc inhibits macrophage migration and phagocytic activ-

ity62.

A key aspect of the cellular function of MT could relate to free radi-
cal scavenging activity. A variety of literature suggests that dietary deficien-
cies of both copper and zinc can lead to lipid peroxidation. Evidence suggests
that this effect could be related to depressed superoxide dismutase activity
since the cytosolic form of the enzyme contains both metals. However, three
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independent lines of evidence suggest that MT may act as a free radical
scavenger, and in this way prevent deleterious cellular oxidative damage.
Purified MT was shown to scavenge both hydroxyl (OH*) and superoxide
radicals (O2™) in vitro%3, Spin trapping studies showed that the rate constant
of MT for OH* was 106 times greater than for O2™. Scavenging was accom-
panied by metal loss and oxidation of thiolate groups, which could be
reversed by reduced glutathione and the appropriate metal. It was proposed
that MT acts as a renewable protector against OH* mediated oxidations.
Since MT is involved in uptake exchange reactions of cells?!, and ligand ex-
change is rapid8, this concept is attractive. These observations are supported
by other in vitro evidence showing an MT-related reduction in lipid peroxi-
dation of erythrocyte membranes®4. In vivo evidence supports this role.
Chemically induced lipid peroxidation in isolated rat hepatocytes was in-
duced by a variety of pro-oxidant conditions30. Supplementing the culture
medium with zinc induced a proportional concentration-dependent increase
in MT and decrease in lipid peroxidation. Spin trapping data showed that
fewer free radicals were formed in MT-containing hepatocytes.

IV. SUMMARY

Evidence is accumulating that metallothionein has a relationship, perhaps
functional in nature, to the inflammatory process. Inducibility of the protein,
its characteristic metal-dependent degradation and participation in ligand
exchange reactions provide for regulated copper and zinc metabolism at the
cellular level. Expression of metallothionein genes is increased by hormones,
particularly interleukin-1, that are involved in the response to inflammation.
Metallothionein may act as an inducible free radical scavenger to help cells
handle the elevated amounts of active oxygen species, particular hydroxyl
radicals, produced during inflammation. The involvement of interleukin-1in
the regulation of metallothionein gene expression supports this complex in-
volvement of the protein in inflammation.
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of lipoproteins at inflammatory sites: potential
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Summary

Oxygen-derived free radicals generated during inflammatory responses con-
tribute to tissue injury by a number of mechanisms including the initiation of
lipid peroxidation. This process may directly cause cellular damage or gener-
ate toxic intermediates that alter cell function. Rheumatoid arthritis is a
chronic inflammatory disease in which the presence and action of free radi-
cals can be examined by studying the contents of the synovial fluid. In rheu-
matoid synovial fluid there is evidence of lipid peroxidation as indicated by
the finding that low-density lipoproteins (LDL) isolated from the fluid con-
tain elevated levels of thiobarbituric acid-reactive substances. Both the
mechanism of lipid peroxidation of LDL and the possibility that the altered
LDL might contribute to tissue damage were investigated. Similar lipid per-
oxidation of LDL occurred when plasma LDL was incubated with micromo-
lar concentrations of iron or copper. Peroxidation of LDL was diminished by
superoxide dismutase, indicating that the process involved the action of the
superoxide anion. The possibility that the altered LDL inhibited cellular
function was examined by studying its effect on mitogen-induced lymphocyte
proliferation. Marked inhibition of lymphocyte function was noted, that
could be correlated with the concentration of thiobarbituric acid-reactive
substances in the LDL preparation. The inhibitory effect of the altered LDL
was not prevented by superoxide dismutase. The possibility that immunologi-
cal reactivity might contribute to the peroxidation of LDL was also examined.
In these studies a marked increase in copper-dependent superoxide-medi-
ated lipid peroxidation was noted when LDL was incubated with mitogen-
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activated lymphocytes. This finding suggested that lipid peroxidation of sy-
novial fluid LDL may be greatly facilitated by the action of the local immu-
nological activity in the joint space. The results suggest that lipoproteins may
have a complex modulatory influence on inflammation. Low levels of LDL
may undergo peroxidation, but not to a sufficient degree to become inhibi-
tory of cell function. In this manner LDL may protect other tissues by serv-
ing as a terminal ‘sink’ for free radical reactivity. With more intense
inflammation lipid peroxidation of LDL proceeds, causing the altered lipo-
proteins to become inhibitory of cellular function.

. INTRODUCTION

Free radical generation is part of many biochemical reactions necessary for
normal cell functionl. Free radicals, however, also have the potential to de-
nature or modify biological moleculesl4. In particular, oxygen-derived free
radicals, generated during inflammatory responses, have been implicated in
the tissue injury associated with acute and chronic inflammationl.24. One
potential mechanism of tissue damage by oxygen-derived free radicals is by
the formation of lipid peroxides within cell membranes!-24, Experimental
evidence suggests that lipid peroxidation of membranes leads to structural
alterations and abnormal function!. In addition, free radicals may alter a var-
iety of normal host constituents, thereby generating peroxy derivatives with
inhibitory activityl-4,

A number of investigators have hypothesized that lipid peroxidation
may contribute to the development or progression of inflammatory injury in
rheumatoid arthritis3-8. Neutrophils, monocytes and tissue macrophages that
participate in rheumatoid inflammation are capable of generating oxygen-
derived free radicalsl,9. These inflammatory cells produce the reactive
oxygen species superoxide and hydrogen peroxide during the "respiratory
burst" that follows activation by phagocytic stimuli or soluble mediators,9.
When traces of metal ions such as iron or copper are present, oxygen-derived
free radicals may initiate lipid peroxidation1%-14, In support of this mechan-
ism of tissue injury, Lunec and co-workers have detected lipid peroxidation
products in synovial fluid of rheumatoid arthritis patientsS. Furthermore,
Rowley and colleagues have demonstrated that synovial fluid from rheuma-
toid patients contains thiobarbituric acid-reactive substances (TBARS), in-
dicative of lipid peroxidation, although the specific nature of the oxidized
molecules was not identified8. The amount of TBARS in rheumatoid syno-
vial fluid correlated with both the concentration of iron in the synovial fluid
and with the activity of the inflammatory synovitis8. Free radical oxidation
products are also significantly elevated in the serum of patients with rheuma-
toid arthritis, compared to normal controls7. Moreover, the levels decline
after treatment with anti-inflammatory agents, suggesting a correlation with
disease activity’.
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The free radical oxidation products in the serum of rheumatoid arth-
ritis patients are associated with lipoproteins’. The possibility that synovial
fluid lipoproteins may undergo lipid peroxidation and contribute to disease
activity has not previously been considered. Synovial fluid normally contains
only trace amounts of cholesterol and phospholipid in lipoproteins15.16,
However, inflammatory processes lead to a marked increase in the concen-
tration of lipoproteins in synovial fluid16-19, Levels of low-density lipopro-
tein (LDL), the most abundant species, are equivalent to 40-60% of normal
serum LDL concentrations16,18,19, The current studies were undertaken to
examine the possibility that lipoproteins in synovial fluid may undergo lipid
peroxidation during inflammation and to explore possible mechanisms and
consequences of these changes.

Il. LIPID PEROXIDATIVE REACTIONS
1. Lipid peroxidation of synovial fluid lipoproteins

In the initial studies, synovial fluid was obtained from patients with rheuma-
toid arthritis and LDL isolated by sequential ultracentrifugation as described
previously20. Evidence of lipid peroxidation was detected by measurement
of TBARS content and expressed as malondialdehyde (MDA) equivalent
content per milligram of lipoprotein cholesterol?l. As seen in Table 1, there
was minimal lipid peroxidation of LDL prepared from normal plasma. In
contrast, the TBARS content of synovial fluid LDL was increased by more
than 20-fold. This difference is unlikely to result from changes in the lipopro-
teins occurring during isolation, since EDTA was added to both synovial fluid
and plasma before ultracentrifugation. Chelation of trace metals by EDTA
has been shown to prevent lipid peroxidation during preparation of lipopro-
teins11,12, Thus, synovial fluid obtained from patients with rheumatoid arth-
ritis contains LDL that has undergone lipid peroxidation in vivo.

Table 1 Lipid peroxidation of synovial fluid lipoproteins

TBARS content*™
LDL (nmol MDA/mg cholesterol)
Plasma 0.15+0.02
Synovial fluid No.1 35
Synovial fluid No.2 63

*Lipid peroxidation of low-density lipoprotein (LDL) was measured by quantitating the thiobarbituric acid reac-
tive substances (TBARS) content as described?!. The data are expressed as malondialdehyde (MDA) equivalent
content per milligram of lipoprotein cholesterol. Results are mean of triplicate determinations for synovial fluid
and mean * SEM of nine preparations of plasma LDL.
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2. Trace metals promote lipid peroxidation of LDL

The next series of experiments examined possible mechanisms of lipid per-
oxidation of LDL. Trace metals such as iron and copper are known to pro-
mote lipid peroxidation10-14, Since elevated levels of iron and copper have
been detected in rheumatoid synovial fluid?2-24, experiments were carried
out to determine whether these could initiate lipid peroxidation of LDL.
Plasma LDL was incubated with varying concentrations of iron or copper for
24 h at 37°C and then assayed for TBARS content. As shown in Table 2, in-
cubation of LDL with FeCl3 resulted in lipid peroxidation, as evidenced by
amarked increase in TBARS content. Lipid peroxidation was observed with
the addition of as little as 10 uM FeCl3 and reached a maximum with 20-
25 uM FeCl3. Copper was also able to induce lipid peroxidation of LDL and
at high concentrations (> 10 .M) was as effective as iron. These results sug-
gested that lipid peroxidation of LDL may be promoted in vivo by trace met-
al ions such as Cu or Fe in synovial fluid. Of importance, the degree of lipid
peroxidation induced in vitro by incubation of LDL with iron or copper was
comparable to that detected in LDL isolated from rheumatoid synovial fluid.

Table 2 Iron and copper promote lipid peroxidation of LDL

TBARS content of LDL*

Incubation (nmol MDA/mg cholesterol)
Nil 0.0
FeCl3 SuM 0.0
10 uM 22
20 pM 29.6
Nil 0.0
CuCl; 0.5 uM 0.0
5uM 34
10 uM 6.4

*LDL (200 p.g cholesterol/ml) was incubated for 24 h at 37°C with and without varying concentrations of FeCl3 or
CuClI2 before measurement of TBARS content. TBARS was measured as described in the legend of Table 1. Re-
sults represent mean of triplicate determinations.

3. Iron- and copper-modified LDL inhibits lymphocyte responses

In the next series of experiments the capacity of LDL which had undergone
iron-promoted lipid peroxidation to alter cellular function was examined.
Since persistent immunological activity is thought to perpetuate rheumatoid
inflammation25, the model of mitogen-induced lymphocyte proliferation was
utilized as a means to examine the capacity of altered LDL to affect cellular
function. The effect of iron-preincubated LDL on lymphocyte growth was
examined initially. Peripheral blood mononuclear cells (PBM) were isolated
and cultured as previously described?0. PBM were stimulated with the mi-
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togenic lectin phytohaemagglutinin (PHA) and the response was measured
by assaying lymphocyte DNA synthesis as the incorporation of [3H]thymidine
after a 4-day incubation as detailed20,26, The addition of control LDL had no
effect onlymphocyte DNA synthesis (Table 3). However, when an equal con-
centration of iron-preincubated LDL was added, responses were complete-
ly inhibited. The iron-preincubated LDL had undergone lipid peroxidation,
as demonstrated by the elevated TBARS content, suggesting that the inhibi-
tory effect was related to free radical-induced alteration of LDL.

Table 3 Iron-preincubated LDL inhibits lymphocyte responses

PHA-induced lymphocyte

Addition to culture [3H Jthymidine incorporation*
(cpm x 1072)

Nil 2063+1.9

Control-preincubated LDL 205.5+9.7

FeCl3-preincubated LDL 0.2+0.0

*Peripheral blood mononuclear cells (PBM) were cultured with or without phytohaemagglutinin (PHA) and LDL
(100 pg cholesterol/ml) as indicated. Before addition to culture, LDL was preincubated for 24 h at 37°C with or
without 100 WM FeCl3. TBARS content was 0.4 nmol MDA/mg cholesterol for control LDL and 10.5 nmol
MDA/mg cholesterol for iron-preincubated LDL. Lymphocyte DNA synthesis was measured after 4 days by the in-
corporation of [*H]thymidine. Unstimulated cultures incorporated <500 cpm. Results are mean * SEM of tripli-
cate determinations.

The next series of experiments examined whether copper was similar
to iron in its capacity to generate an altered LDL and inhibit lymphocyte
growth. Preincubation of LDL with 10 M CuCl2 for 24 h at 37°C resulted in
lipid peroxidation (Table 2). When copper-preincubated LDL was added to
cultures of mitogen-stimulated PBM, lymphocyte DNA synthesis was in-
hibited in a manner similar to that caused by iron-preincubated LDL (data
not shown). The inhibitory effect was dependent on the concentration of ox-
idized LDL added, and correlated with the degree of lipid peroxidation as
measured by TBARS content.

4. Role of superoxide in the iron-mediated generation of
inhibitory LDL

Additional experiments examined the mechanism whereby iron generated

an inhibitory LDL. The oxygen-derived free radical superoxide has been

shown to initiate lipid peroxidation of LDL in the presence of iron and cop-
14

perl4,
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Table 4 Generation of inhibitory LDL by iron: protection by superoxide dismutase

PHA-induced lymphocyte

Addition to culture [PH]thymidine incorporation*
(cpmx 1072)

Nil 181.0+10.1

Control-preincubated LDL 185.5+6.7

Iron-preincubated LDL 9.6+1.1

Iron and SOD-preincubated LDL 89.0+12.1

*Before addition to culture, LDL was preincubated for 24 h at 37°C with saline (control), FeCl13 (100 wM) or FeCl3
and superoxide dismutase (SOD 300 U/ml). After dialysis, the various LDL preparations (40 p.g cholesterol/ml)
were added to cultures of PHA-stimulated PBM. TBARS content per mg cholesterol were 0.2 nmol MDA (con-
trol), 12.6 nmol MDA (iron) and 4.2 nmol MDA (iron and SOD). After 4 days, PHA-induced lymphocyte DNA
synthesis was measured by the incorporation of [3H]thymidine. Unstimulated cultures incorporated <400 cpm. Re-
sults are mean * SEM of triplicate determinations.

Table § Inhibition of lymphocyte response by iron-preincubated LDL: lack of protection by
superoxide dismutase

PHA-induced lymphocyte [3H Jthymidine

LDL added to culture incorporation*
w.g cholesterol/ml nmol MDA/ml Medium SOD
(cpm x 10‘3; percentage inhibition)
No LDL 176.1+3.3 184.2+139
Iron-preincubated
18 0.2 171.8+3.7 1879 +17.1
(2%) (0%)
36 04 126.3+8.1 1358 +124
(28%) (26%)
54 0.6 84+16 11427
(95%) (94%)
72 0.8 0.1+0.0 03+0.1
(100%) (100%)
Control-preincubated
72 0.04 188.7+9.4 196.4+13.5
(0%) (0%)

*LDL was preincubated for 24 h at 37°C with 100 M FeCl3, dialysed, and TBARS content of the LDL was deter-
mined. Various concentrations of LDL were added to PHA-stimulated cultures in the presence and absence of SOD
(300 U/ml). Control LDL was not inhibitory. PHA-induced lymphocyte DNA synthesis was measured after 4 days
by the incorporation of [3H]thymidine. Unstimulated cultures incorporated < 300 cpm. Results are mean *+ SEM
of triplicate determinations.
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The role of superoxide in the generation of inhibitory LDL was there-
fore investigated by using the enzyme superoxide dismutase (SOD) to block
its effect. As shown in Table 4, LDL preincubated in saline (control) had no
effect on lymphocyte DNA synthesis, whereas LDL preincubated in FeCl3
completely inhibited responses. When LDL was preincubated with iron in
the presence of SOD the inhibitory effect was partially abrogated. Inhibition
of lymphocyte proliferation by LDL was directly correlated with evidence of
lipid peroxidation. Thus, iron pre-incubated LDL had markedly increased
TBARS content (12.6 nmol MDA/mg cholesterol) whereas control LDL did
not (0.2 nmol MDA/mg cholesterol), and this increase was partially
prevented by SOD (4.2 nmol MDA/mg cholesterol for LDL incubated with
iron and SOD). These results suggested that superoxide contributed to iron-
mediated generation of inhibitory LDL.The role of superoxide in the inhibi-
tion of lymphocyte responses by altered LDL was also investigated. For these
experiments, iron-preincubated LDL was added to cultures in the presence
or absence of SOD. As shown in Table 5, there was a concentration-depend-
ent suppression of mitogen-stimulated DNA synthesis with the addition of
iron-preincubated LDL. SOD had no significant effect on the capacity of ox-
idized LDL to inhibit lymphocyte responses. Therefore, superoxide con-
tributed to the lipid peroxidation of the LDL, but was not involved in the
inhibition of cell growth by the altered LDL.

5. Cellular enhancement of lipid peroxidation

It has previously been suggested that lipid peroxidation of LDL in the
presence of trace metal ions is increased by the presence of cultured cells
that release superoxidel4. The next series of experiments was undertaken
with the aim of exploring the influence of proliferating lymphocytes on cop-
per-dependent lipid peroxidation of LDL and the generation of inhibitory
products. The initial experiments utilized PHA-stimulated lymphocytes to
examine the inhibitory effects of mixtures of copper and LDL. Neither cop-
per nor LDL alone had any effect on PHA-stimulated lymphocyte DNA syn-
thesis (Table 6). In contrast, when both were added, there was marked
inhibition of lymphocyte responses. The addition of LDL (100 ug choleste-
rol/ml) to cultures containing 0.5 uM CuClz resulted in 74% inhibition of
PHA-induced lymphocyte DNA synthesis. Inhibition by lower concentra-
tions of LDL also occurred, but required higher concentrations of copper.
Of importance, marked LDL-dependent inhibition of responsiveness was
noted with concentrations of copper (0.5 .M) that failed to generate lipid
peroxidation when incubated with LDL in the absence of PBM (Table 2).
These results suggested that the PBM had conferred additional inhibitory ef-
fects.

39



COPPER AND ZING IN INFLAMMATION

Table 6 Copper-dependent inhibition of lymphocyte responses by LDL

LDL Copper concentration (uM)
(g cholesterol/ml)
Nil 0.05 0.5 5

PHA-induced lymphocyte DNA synthesis* (cpm x 10'3)

0 1455+44 149.1+121 1343+80 149.2+7.5

10 151.0+26 138.7+6.2 123.0+4.0 120.0+3.0

50 1303+25  1292+50 1202+48 136+2.1

100 158.8+43 117.8+5.7 351+30 0.1+0.0

500 161.1+83 1023 +4.2 0.1+0.0 0.1+0.0

*PBM were incubated with or without PHA and varying concentrations of CuCl2 and LDL as indicated. After 4
days PHA-induced lymphocyte DNA synthesis was measured by the incorporation of [*H]thymidine. Unstimulated
cultures incorporated <300 cpm and were unchanged by additions. Results are mean = SEM of triplicate determi-
nations.

In order to confirm that the generation of inhibitory LDL was en-
hanced by cellular participation, LDL was preincubated for 24 h at 37°C with
varying concentrations of CuClz and dialysed before measuring its effect on
lymphocyte responses. When added to cultures, neither control-preincu-
bated LDL nor copper-preincubated LDL inhibited mitogen-induced lym-
phocyte DNA synthesis (Table 7). The lack of an inhibitory effect related to
the finding that the degree of lipid peroxidation generated by copper in the
absence of cells was insufficient to cause inhibition of lymphocyte growth.
Thus, the TBARS content of LDL preincubated with 0.5 and 5.0 uM copper
was 0.08 and 0.15 nmol MDA/m, respectively. The addition of similar con-
centrations of oxidized LDL generated by iron preincubation (0.2 nmol
MDA/ml) likewise did not cause inhibition of lymphocyte responses (Table
5).

Table 7 Preincubation with low concentrations of copper does not generate inhibitory LDL

PHA-induced lymphocyte
[3H Jthymidine incorporation*

Addition Preincubation (cpm x 10™)

Nil - 203.8+3.4

LDL Control 208.7+3.1
CuCh 0.5 uM 197.1£12.0
CuCl2 5.0 uM 219.7+9.0

*LDL was preincubated for 24 h with or without CuCl2 and extensively dialysed before addition to culture. LDL
(100 pg cholesterol/ml) was then added to cultures of PHA-stimulated PBM. TBARS content was 0.5 nmol
MDA/mg cholesterol for control LDL and 0.8 and 1.5 nmol MDA/mg cholesterol for copper-preincubated LDLs.
PHA-induced lymphocyte DNA synthesis was measured after 4 days by the incorporation of [*H]thymidine. Un-
stimulated cultures incorporated <400 cpm. Results are mean * SEM of triplicate determinations.

The role of PBM in promoting lipid peroxidation of LDL by low
concentrations of copper was examined in the next experiments. LDL was
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incubated with PBM and copper for varying lengths of time before the
measurement of TBARS content of the LDL-containing supernatant. As
shown in Table 8, lipid peroxidation of LDL was increased by incubation with
PBM. The greatest effect was observed after 48 h in PHA-stimulated cul-
tures, at which time TBARS content was increased 4-fold and was equival-
ent to 10 nmol/mg cholesterol. In contrast, preincubation of LDL with copper
alone resulted in 0.8-1.5 nmol MDA/mg cholesterol (Table 7). These find-
ings indicated that PHA-stimulated PBM promoted copper-dependent lipid
peroxidation of LDL, and that the generation of inhibitory LDL paralleled
the degree of lipid peroxidation.

Table 8 Copper-mediated lipid peroxidation: augmentation by PHA-stimulated peripheral
blood mononuclear cells

Addition to supernatant Length of incubation

PHA-stimulated PBM 24h 48h
Supernatant TBARS content*

(nmol MDA/ml)

Nil 0.2 0.0

cuZ+ 0.0 01

LDL 0.0 0.4

Cu2+ + LDL 0.6 20

*PBM were incubated in medium with PHA, CuCl12 (0.5 M) and LDL (200 p.g cholesterol/ml) as indicated. After
24 or 48 h, supernatants were harvested and TBARS content assayed. Results are mean of triplicate determinations.

Table 9 Inhibition of lymphocyte responses by LDL and copper: the role of superoxide

Addition PHA-induced lymphocyte [3H Jthymidine incorporation*
Control LDL
Medium c?t Medium cu?t
cpm X 103

Nil 2133+243 158.0+4.8 2104+6.2 48+1.0
SOD 187.9+9.3 1445+1.6 219.9+10.3 2049115
Ethanol 1429+23.1 1209+104 1525115 40+0.2
BHT 128.4+1.0 99.4+6.1 1742+79 1356+113
Nil 1216 +5.1 114.7+4.6 1576 £0.6 01+0.0
Catalase 111.8+2.6 99.9+10.0 136.7x7.9 01+0.0

*PBM were incubated in medium with or without PHA, CuCI2 (0.5 uM), LDL (200 p.g cholesterol/ml) as indicated
and with or without BHT (200 M), SOD (300 U/ml) and catalase (100 U/ml). After 4 days, PHA-induced lympho-
cyte DNA synthesis was measured by [*H]thymidine incorporation. Unstimulated cultures incorporated <200 cpm.
Results are mean * SEM of triplicate determinations.

The combination of copper and LDL inhibited lymphocyte responses
by a superoxide-dependent mechanism. Thus, superoxide dismutase and bu-
tylated hydroxytoluene, a free radical scavenger, completely blocked the
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suppressive effect (Table 9). In contrast, catalase was ineffective. In sum-
mary, the results indicate that copper-dependent superoxide-mediated lipid
peroxidation of LDL and the generation of an inhibitory lipoprotein was en-
hanced by immunologic activity.

lll. INFLAMMATION AND LIPID PEROXIDATION OF LIPOPROTEINS

The current studies indicate that lipid peroxidation of synovial fluid lipopro-
teins occurs during rheumatoid inflammation. LDL isolated from synovial
fluid of patients with rheumatoid arthritis had increased levels of TBARS as
evidence of lipid peroxidation. In normal synovial fluid there are only trace
amounts of lipoproteins!%16, With inflammation, however, the permeability
of the synovial membrane increases and the lipoprotein concentrations
rise16-19, Lipoprotein levels in rheumatoid synovial fluid are 10-20-fold elev-
ated when compared with normal synovial fluid, reaching 40-60% of serum
levels16,18,19 The elevation is not specific for rheumatoid arthritis. Similar
increases in synovial fluid lipoproteins have also been observed in osteoarth-
ritis and traumatic arthritis17.18,

The observation that the lipoproteins in rheumatoid synovial fluid
undergo lipid peroxidation suggests that they may play a role in modulating
inflammatory responses. Lipid peroxidation is one of the primary mechan-
isms proposed to explain free radical-mediated cell and tissue injury. Free
radicals, produced during inflammation by neutrophils, monocytes and
macrophages, initiate lipid peroxidation by interaction with polyunsaturated
fatty acids1,2. The reaction is propagated by the generation of additional radi-
cals and terminated by the formation of end-products such as MDA and vo-
latile hydrocarbonsl,2, The formation of lipid peroxides within cell
membranes and organelles alters membrane functionl.2. Moreover, free
radicals can be transferred from the lipids to proteins and nucleic acids, caus-
ing denaturation and eventual tissue damagel2.

Free radical reactions have been implicated in the development of
rheumatoid arthritis by a number of investigators-827-29, McCord proposed
that superoxide produced in an inflamed arthritic joint by activated neutro-
phils degraded synovial fluid?’. In addition, superoxide and its metabolites
have been shown to denature cartilage proteoglycan and collagen?3. The cur-
rent studies indicate that superoxide produced in an inflamed joint causes
lipid peroxidation. Each of these free radical reactions may contribute to the
disease process.

Evidence of lipid peroxidation in rheumatoid arthritis has been dem-
onstrated by other investigators>-8, Lunec and co-workers found fluorescent
degradation products of free radical oxidation in synovial fluid and serum,
but were unable to detect thiobituric acid-reactive compoundsS. However,
Rowley and colleagues were able to detect thiobarbituric acid-reactive ma-
terial in serum and synovial fluid of rheumatoid patients8. The current studies
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clearly indicate that the lipid peroxidation products previously identified in
synovial fluid were lipoproteins.

1. Role of iron

The mechanism of lipid peroxidation of synovial fluid LDL remains specu-
lative. However, the present experiments demonstrate that either copper or
iron can cause lipid peroxidation of LDL by a mechanism involving superox-
ide. Blake and colleagues have proposed that iron which accumulates inrheu-
matoid synovial membrane and fluid contributes to the inflammatory process
by promoting lipid peroxidation30. The iron in synovial fluid is stored pre-
dominantly as ferritin24, In rheumatoid arthritis the synovial ferritin may be
20 times the corresponding serum value?4. Protein-bound iron may be un-
able to catalyse lipid peroxidation3l. However, superoxide derived from
stimulated neutrophils is able to mobilize iron from ferritin32. Furthermore,
unlike other forms of protein-bound iron, ferritin has been shown to stimu-
late lipid peroxidation33, Since there are superoxide-producing cells and iron
mobilized from ferritin in synovial fluid during inflammation, the conditions
are suitable for lipid peroxidation of synovial fluid LDL.

Iron may also cause lipid peroxidation by a mechanism that is inde-
pendent of superoxide. Thus, SOD only partially abrogated the effect of
preincubation of LDL with iron (see Section I1(4)). Similar results have been
reported by Heinecke and colleagues!4. They found that lipid peroxidation
of LDL incubated with smooth muscle cells was dependent on the addition
of trace metals13:14, SOD diminished but did not completely prevent lipid
peroxidation catalysed by iron, whereas copper-mediated lipid peroxidation
was entirely blocked by SOD14, There are a number of other mechanisms to
account for iron-mediated superoxide-independent lipid peroxidation2-10,30,
Thus, iron could directly promote lipid peroxidation by reacting with per-
formed lipid hydroperoxides10. The current studies suggest that such lipid
hydroperoxides may be present in plasma LDL, as indicated by the small but
detectable amount of thiobarbituric acid-reactive material in plasma LDL
immediately following isolation. Stable lipid hydroperoxides can become re-
active in the presence of iron and initiate further lipid peroxidation10, Such
a mechanism may account for iron-generated superoxide-independent lipid
peroxidation of LDL. Alternatively, iron may react with hydroxyl radicals to
initiate lipid peroxidation230, Like superoxide, hydroxyl radicals are pro-
ducts of stimulated phagocytes®. Although iron catalyses hydroxyl radical for-
mation from the combination of superoxide and hydrogen peroxide, it can
also catalyse hydroxyl radical formation directly from hydrogen perox-
ide1,210, Once formed, the highly reactive hydroxyl radicals are able to in-
itiate lipid peroxidation,210, Therefore, iron-mediated lipid peroxidation
independent of superoxide may result from reactivity with preformed lipid
hydroperoxides or as the consequence of hydroxyl radical formation. Either
of these mechanisms may contribute to lipid peroxidation in synovial fluid.
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2. Copper-dependent reactions

Alternatively, synovial fluid LDL may be oxidised by superoxide in a copper-
dependent mechanism. Of note, very low concentrations of copper generated
inhibitory LDL in the presence of immunological activity. Patients with rheu-
matoid arthritis have elevated levels of copper in serum and synovial fluid
which may promote lipid peroxidation2234-36, Although most of the elevated
copper is associated with caeruloplasmin, elevated urinary copper values sug-
gest that non-protein-bound copper may also be abnormally high in rheuma-
toid arthritis3, The current studies demonstrate that non-protein-bound
copper is able to promote superoxide-mediated lipid peroxidation of LDL in
agreement with other investigators13:14, The capacity of copper in caerulo-
plasmin to substitute for non-protein-bound copper in this system has not
been determined. Caeruloplasmin copper is able to replace free copper in
the generation of reactive oxygen species that modulate lymphocyte function
in other systems3’. Thus, Lipsky has shown that D-penicillamine and other
thiols markedly suppressed lymphocyte function when copper ions were
present37. Copper complexes and caeruloplasmin were also able to inhibit
lymphocyte responses when added with D-penicillamine3’. The effect of D-
penicillamine and copper on lymphocyte responses was somewhat different
from that described in the current report, since hydrogen peroxide was the
toxic species although superoxide was an intermediary. In other systems,
caeruloplasmin has been shown to protect against lipid peroxidation3s,
Therefore copper may be active in catalysing lipid peroxidation of synovial
fluid LDL in rheumatoid arthritis; alternatively, iron or both metal ions may
be responsible for promoting the free radical reaction.

3. Effects of oxidized LDL

Oxidized LDL, once generated, may contribute to disease progression. LDL
that has undergone lipid peroxidation has been shown to be cytotoxic for a
number of different cultured cells, including lymphocytes, fibroblasts and
vascular cells11,39:40, Synovial cells may be similarly affected. In the current
studies the altered LDL suppressed proliferation of cultured lymphocytes.
Large numbers of lymphocytes are present in rheumatoid synovial fluid and
tissue, suggesting they play an important role in the chronic inflammation
that is a hallmark of rheumatoid arthritis. Prevention of lymphocyte prolife-
ration by the altered LDL may modulate this inflammatory response. Soluble
mediators and cytokines released by proliferating lymphocytes may contrib-
ute to the resolution of the inflammatory response and be important in re-
pair mechanisms*!, Suppression of lymphocyte proliferation by altered LDL
may therefore exacerbate chronic inflammation by interfering with produc-
tion of these factors.

The current studies indicate that superoxide is no longer involved
once the inhibitory LDL has been generated. In addition, the inhibition of
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lymphocyte function by iron-preincubated LDL is not prevented by other
free radical scavengers. Thus, altered LDL has the capacity to continue to
cause cell damage after the lipid peroxidation reaction has terminated.
Alternatively, the altered LDL may act as an intermediate in the free radical
reactions and contribute to the denaturation of other structures. Lunec and
colleagues?® have detected the evidence of free radical reactions involving
synovial fluid immunoglobulin G. They were able to produce similar changes
in immunoglobulin G with peroxidized arachidonic acid?®. Arachidonic acid
is found in the phospholipid fraction of LDL and is likely to be peroxidized
by free radical reactions. Immunoglobulin G altered by peroxidizing lipid
may then stimulate additional superoxide generation with subsequent tissue
damage?. Therefore, lipid peroxidation of LDL may serve as a marker and
indicate the presence of other oxygen-derived free radical damage.

Finally, the possibility that lipid peroxidation of LDL may have
beneficial effects cannot be completely excluded. Oxidation of LDL may re-
sult in termination of a lipid peroxidation reaction by formation of malon-
dialdehyde and other conjugates, without denaturation or damage of other
structures. If the lipid peroxidation reaction was terminated when the con-
tent of thiobarbituric acid-reactive material was low, the current studies sug-
gest that there would be no deleterious effect. Oxidized LDL could therefore
be protective by absorbing oxygen radicals and effectively terminating lipid
peroxidation. Tissue damage would not be expected if the concentration of
altered LDL remained low. Alternatively, if high concentrations of oxidized
LDL are generated they might suppress inflammatory responses and modu-
late disease activity by inhibiting lymphocyte function. Treatment of rheu-
matoid arthritis by modalities that inhibit lymphocyte proliferation can lead
to remission of disease activity37:42-45, Thus, D-penicillamine is an effective
anti-inflammatory agent in rheumatoid arthritis and may act by inhibiting
lymphocyte responses3%. In addition, cytotoxic drugs and other therapies that
inhibit cell proliferation are efficacious in the treatment of rheumatoid arth-
ritis#2-43, Inhibition of lymphocyte proliferation by oxidized LDL may also
be beneficial in a similar manner. The correlation of lipid peroxidation pro-
ducts with disease activity renders this alternative less likely’”. However, a
small or incomplete beneficial effect may be masked in the setting of severe
disease.

IV. CONCLUSIONS

In conclusion lipid peroxidation of LDL occurs in synovial fluid in rheuma-
toid arthritis. Potential mechanisms resulting in lipid peroxidation of LDL
include reactions dependent on superoxide and micromolar concentrations
of iron and/or copper. Moreover, lipid peroxidation of LDL is likely to be fa-
cilitated by the action of a number of cell types participating in the chronic
inflammation. LDL that has undergone lipid peroxidation inhibits cell
growth as evidenced by suppression of mitogen-stimulated lymphocyte re-
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sponses. Oxidized LDL may contribute to the pathogenesis of rheumatoid
arthritis by inhibiting cell function or by transferring free radical activity to
other target molecules.
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I. INTRODUCTORY HISTORY

There is a resurgence of interest in the essential metals, particularly copper
and zinc, in the treatment of the rheumatic diseases.

Mankind has been fascinated with the ‘healing’ properties of copper
for thousands of years. Copper bracelets were known in Mesopotamia and
Egypt and were worn by patients in ancient Greece seeking relief of arthritis
several thousands of years ago. Even in those times, the mines of Cyprus sup-
plied the metal in such large amounts that the island, Kypros itself, gave its
name to copperl.

Recently, serious attempts have been made to test the possible effects
of the copper bracelet on the rheumatic diseases. It has been shown that me-
tallic copper may dissolve in sweat and can be absorbed through the skinZ2.
Penetration of copper through the skin was demonstrated in cats, pigs, cattle
and humans. Walker et al. showed that milligram amounts of copper disap-
peared after wearing the bracelet?3, These interesting studies clearly showed
that metallic copper can be absorbed through the skin and can contribute to
increase body copper in a person wearing a bracelet. Wearers of copper
bracelets for a period of one month reported less severe degrees of suffering
than non wearers and previous users of the bracelet were significantly worse
when not wearing their copper bracelets. As to the clinical usefulness of the
copper bracelet in rheumatoid arthritis the issue remains unproven since the
diagnosis of the population of patients studied was uncertain and rheuma-
toid arthritis was probably not well represented in the sample4. Although
little is known about the fate and the possible action of dissolved copper ab-
sorbed through the skin, it has recently been shown in animal models of in-
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flammation that dissolved copper from implants possesses anti-inflammatory
activity>.

il. COPPER AND ITS COMPLEXES IN RHEUMATOID ARTHRITIS

In 1940 German investigators began to use organic copper compounds in the
treatment of tuberculosis®, and this work was followed by that of Fenz who
used the copper complex Cupralene, sodium-meta-(allylcuprothiocarba-
mido)-benzoate to treat rheumatoid arthritis’. At that time it was thought
that rheumatoid arthritis was probably an infectious process and patients with
this disease were examined in the trials of the effects of heavy metals. This
sequence of events was similar to the first reports of the use of gold for the
treatment of rheumatoid arthritis by Lande in 1927, following earlier reports
of the beneficial effects of this heavy metal in the treatment of tuberculosis®.
Forestier, who greatly stimulated the interest in chrysotherapy with his re-
port in 19299, also used organic copper compounds in the treatment of rheu-
matoid arthritis10. Forestier and Certonciny treated 50 patients with various
types of arthritis, two-thirds of whom may have had rheumatoid arthritis11,
Their results using Cupralene, which contained 19% of copper, were similar
in efficacy to those previously reported using gold salts® and largely com-
parable to those of Fenz’. Forestier et al. also used Dicuprene, diethylamine-
(cupro-oxyquinoline)-sulphonate, another copper complex containing 6.5%
copper, and reported that this treatment acted quicker and more effectively
than gold in relatively early cases of rheumatoid arthritis!2-15, Forestier used
copper salts in chronic cases of rheumatoid arthritis when gold failed or pro-
duced side-effects, and found that the tolerance of copper therapy was supe-
rior to that of gold salts. Conflicting data were reported by Kuzell et al.16,
who evaluated Dicuprene and Cupralene in patients with rheumatoid arth-
ritis and other rheumatic diseases. These authors reported that only 19.5%
of treated patients improved, fewer than those previously observed by Short
and Bauer to improve with simple supportive therapyl”. Thus, Kuzell et al.
could not confirm the beneficial effects of copper previously reported in
rheumatoid arthritis710-15, Later clinical studies reported that Hangarter and
Lubke18 partially supported the results of Fenz, and Forestier et al. Toxicity
from copper therapy was reported to be minimal in the studies of Fenz’, and
Forestier et al.10-15 as well as in those of Hangarter et al.18,19 and Kuzell et
al.16, Local pain was noted with the intramuscular injections of Dicuprene,
which could be avoided by adding a local anaesthetic. When Cupralene es-
caped from the vein, pain and local necrosis followed. Hangarter adminis-
tered Permalon, a copper salicylate preparation by i.v. route to more than
1000 patients with a variety of diagnoses including rheumatic fever, rheuma-
toid arthritis and sciatica. Rapid relief of symptoms was reported, and 65%
of these patients became symptom-free after treatment1®. Hangarter con-
cluded that the effect of Permalon was not due to salicylate alone, since much
higher doses of the latter were needed to achieve therapeutic improvement.
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Although the methods used in these early studies’10-16,18,19 reflected the
state of the art at that time, their evaluation has proven difficult because of
problems in the experimental design related to the selection and clinical
evaluation of the patients, the diagnostic criteria used, and the lack of con-
trols. In spite of these shortcomings and, in particular, the absence of con-
trolled observations, the fact remains that treatment of a number of patients
with rheumatoid arthritis with organic copper salts produced at that time
promising results and did merit further investigation. However, while con-
trolled studies subsequently established the beneficial effect of gold for rheu-
matoid arthritis, treatment with copper became extinct. The decline in the
experimental use of parenteral copper in the treatment of rheumatoid arth-
ritis coincided with the surge of corticosteroids and later with the extensive
use of non-steroidal anti-inflammatory drugs. The history of the use of cop-
per salts in the rheumatic diseases has been reviewed in detail by Sorenson
and Hangarter, who reported on the outcome of about 1500 patients with
various rheumatic disorders treated with copper complexes20.

lll. ACTIONS OF COPPER IN INFLAMMATORY CONDITIONS

In spite of the fact that copper complexes have not been used directly in the
treatment of rheumatoid arthritis for several decades, with the exception of
the experimental use of superoxide dismutase, there are good reasons for dis-
cussing how copper is involved in some forms of therapy presently used, and
why treatment with copper complexes is potentially a viable therapeutic al-
ternative for the future.

Copper is now recognized as an essential metalloelement2l. Ionic
copper has high affinity for certain ligands, and thus all measurable copper
in biological systems exists as complexes or chelates composed of copper
bonded to organic components of these systems22, In the past four decades
considerable experimental work has shown that changes in levels of circulat-
ing copper are consistently found in physmloglcal and pathological condi-
tions. The early discovery that serum copper rises durmg pregnancy23 was
amply confirmed by subsequent studies?4. The main reason for the rise of
serum copper in pregnancy is an elevation of the ceruloplasmin level?S, Preg-
nancy-associated remissions, as well as postpartum relapses, are common in
patients with rheumatoid arthritis26. The effect of pregnancy on the activity
of rheumatoid arthritis has been tentatively attributed to the temporal effect
of a fetal graft of suppressor cells2’. However, Denko has proposed that this
effect of pregnancy is the result of the protective anti-inflammatory action of
increased serum ceruloplasmin23, Small doses of estrogens were reported to
result in dramatic elevation in serum copper?? and significantly higher levels
of serum copper have been reported in women taking oral contraceptives
than in controls30, In this context, it is of interest that epidemiological studies
have suggested that the intake of oral contraceptives may prevent the devel-
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opment of rheumatoid arthritis31, although the results of this study need con-
firmation.

(1) Ceruloplasmin

It is well known that an elevated serum copper level is a feature of numer-
ous inflammatory conditions in animals and man32-47, Indeed, data show that
circulatory levels of copper rise significantly during the course of acute and
chronic inflammatory processes including rheumatoid arthritis. Large quan-
tities of copper complexes appear as part of acute-phase reactants in inflam-
matory conditions, resulting in an increase in blood copper complex
concentrations. The major portion of copper in plasma is tightly bound to ce-
ruloplasmin?®, This metalloprotein, which contains six to eight atoms of tight-
ly bound copper, accounts for up to 95% of the total copper concentration in
blood. It is of interest that increased plasma copper, almost entirely in the
form of ceruloplasmin, appears to be an intrinsic response to inflamma-
tion28,48, This consistent elevation of ceruloplasmin level found in inflamma-
tion suggests the intriguing possibility that the enzyme participates in the host
defence mechanism. Denko28, Laroche et al.*8, and Scudder et al.40 have re-
ported data supporting the anti-inflammatory role of ceruloplasmin. Milani-
no et al. suggested that copper, copper-zinc superoxide dismutase (SOD),
ceruloplasmin and low molecular weight copper chelates may act as scaven-
gers of free radicals, chiefly superoxide anions produced in vivo by activated
phagocytes. The scavenging action on free radicals may modulate the over-
all inflammatory process. Some of the contradictory findings reported on the
copper status of patients with rheumatoid arthritis?® may be explained in part
by differences in disease activity, concomitant drug administration or nutri-
tional status. Although ceruloplasmin-bound copper accounts for most of the
elevation of serum copper levels in patients with rheumatoid arthritis, non-
ceruloplasmin-bound copper also seems to be elevated353638, A large body
of experimental work supports the view that endogenous copper has an anti-
inflammatory activity, and that the elevation of serum copper and ceruloplas-
min concentrations observed in acute and chronicinflammatory disease, both
in man and animals, has a modulatory role on inflammation as a part of the
anti-inflammatory response of the organism23,33,40,50,51 The extensive lit-

erature on the role of copper in inflammation has recently been re-
viewed33,47,52-54

(2) Superoxide scavenging

In the past two decades considerable evidence has established the import-
ance of free radicals as mediators of the inflammatory response>>. It was rec-
ognized that the superoxide radical (O2*), can be produced in biological
reactions3%57. McCord showed that enzymatically generated superoxide
radical can depolymerize purified hyaluronic acid and bovine synovial
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fluid’. Since phagocytosing polymorphonuclear leukocytes produce super-
oxide radical, this reaction was shown to be quantitative feasible as one of
the in vivo mechanisms of synovial fluid degradation in an inflamed joint>7.
Products of lipid peroxidation have been demonstrated in the synovial fluid
of patients with rheumatoid arthritis, indicating a local action of free oxygen
radicals38. It was proposed that the superoxide radical is an important agent
of the toxicity of oxygen and that the enzyme superoxide dismutase con-
stitutes the primary defence against this radical36-5%-59, Copper and zinc are
components of the enzyme superoxide dismutase which detoxifies oxygen.
The superoxide dismutases are a group of metalloproteins whose function
appears to protect cells against the toxic effects of endogenously generated
superoxide radicals>. The enzymatic activity of superoxide dismutase was
described in 1969 by McCord and Fridovich®, but its anti-inflammatory ac-
tivity had been discovered empirically earlierSl. Rheumatoid arthritis has
been associated with decreased copper-zinc SOD activity in polymorphonu-
clear leucocytes62:63 and erythrocytes®4. These studies give support to the ex-
perimental use of superoxide dismutase and drugs with SOD-like activity in
the treatment of rheumatoid arthritis and other rheumatic disorders63-63,

Orgotein, the SOD preparation tested in human disease, can reduce
inflammation when injected intra-articularly. This protein has been reported
to be effective in controlling joint swelling in rheumatoid arthritis6%. SOD is
the only copper-containing drug currently used experimentally in man. The
anti-inflammatory properties of Orgotein have been evaluated in animals
and man®, and the safety of this enzyme has been demonstrated by acute,
subacute and chronic toxicological studies’0. The enzyme, which is a relative-
ly large molecule with a molecular weight of 32,000 daltons, has a short half-
life of 0.5 hours when injected intravenously in man. Injected Orgotein is
rapidly distributed throughout the body but is not taken up by cells. The half-
life of SOD injected intra-articularly is presumably longer, but it has not been
determined. Furthermore, its protein nature does not permit its oral admin-
istration, since the enzyme is susceptible to proteolysis in the gastrointesti-
nal tract. The possibility that the antigenicity of the enzyme may eventually
lead to loss of efficacy or to hypersensitivity reactions has not been a major
problem in previous work with SOD70, but long-term observations in humans
have not been reported. This is important because osteoarthritis and rheu-
matoid arthritis are chronic diseases which frequently require a life-long
treatment. For these reasons it is unlikely that the present type of SOD will
become a major therapeutic alternative in the treatment of the rheumatic
diseases in the future. However, the discovery of the involvement of super-
oxide radicals in inflammation35-57,58 and the role of superoxide dismu-
tase3%:60 have opened an attractive field of investigation.

Itis clear that the use of small molecular weight copper chelates could
theoretically be more advantageous than that of superoxide dismutase. It is
known that a number of amino acid-copper complexes can act as free-radi-
cal scavengers, and it has been established that hydrated copper ions and cop-
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per chelated by amino acids or bound to superoxide dismutase or ceruloplas-
min have the ability to catalyse the dismutation of superoxide radicals”1. Cop-
per chelates of some drugs and of amino acids have a small molecular weight,
are lipophilic and can rapidly enter cells. It has been reported that many anti-
rheumatic drugs are free radical scavengers or inhibitors of free radical
generation3,

Generation of free radicals is associated with inflammation at
multiple levels. They are produced by activated polymorphonuclear leuco-
cytes’2, and as a side product of prostaglandin biosynthesis?3. Oxygen-
derived free radicals can increase vascular permeability in vivo74, produce
chemotatic factors’> and trigger the arachidonic acid cascade” which con-
tributes to produce more free radicals as by-products of prostaglandin bio-
synthesis. Finally, free radicals may produce cellular damage causing the
release of lysosomal enzymes and endogenous antigens34. Free radicals may
be generated by radiation, enzymatic reactions or by the interaction of cop-
per and iron with reducing substances in the presence of oxygen. Prevention
of lipid peroxidation can be accomplished by decreasing the accessibility of
free radicals to lipids, or by the use of free radical scavengers, which react
with free radicals and render them less harmful.

(3) Ambivalence of copper in inflammation

The ambivalent role of copper in inflammatory disorders has been actively
investigated and discussed”’. In addition to the extensive literature suppor-
ting the anti-inflammatory role of copper there are reports implicating cop-
per as a destructive agent38,78, Whitehouse suggested that drugs, nutritional
factors and the disease process can affect the movement of copper between
inert, pharmacoactive and toxic forms”’. It has been proposed that Cu2+ and
H202 may contribute to the destruction of cartilage proteoglycan and col-
lagen in inflammatory joint diseases’. It is known that free uncomplexed
iron and copper ions are toxic, being able to catalyse the formation of hydrox-
yl radicals®0, Although copper has the capacity of generating free radicals,
paradoxically it can effectively be involved in the scavenging of superoxide
radicals in biological systems. Some labile Cu(II) complexes such as Cu(II)
bisglycinate are irritant, and can have proinflammatory effects, but copper
thiol complexes often have an anti-inflammatory action8L, It has been shown
that copper is a potent inhibitor of bane resorption in vitro8%83. The stimu-
lation of bone resorption by exogenous prostaglandins was decreased, and
the inhibition of bone resorption seen with indomethacin was increased, in
the presence of Cu2+. The action of Cu2+ in inhibiting bone resorption in
vitro appears complex but does not involve inhibition of prostaglandin syn-
thesis82.:83,

Bonta showed that copper compounds have anti-inflammatory effects
in animals34, and Sorenson confirmed and extended these findings52,54:81, As
indicated by Milanino et al.33, copper is active per se as an anti-inflammatory
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agent regardless of the chemical form in which it is administered inorganic
copper3, copper complexes with simple organic molecules with or without
anti-inflammatory properties of their own31:52, copper atoms bound to SOD
or SOD-like molecules36:90 and metallic copper implants>. The anti-inflam-
matory effect of copper complexes can, at least in part, be explained as sug-
gested by Bonta et al.8, During phagocytosis, superoxide radicals are
released by neutrophils87 and are also produced by the pathway of prosta-
glandin biosynthesis88. If these free radicals are not scavenged by the inade-
quate scavenging mechanisms normally present in the body (levels of
superoxide dismutase in the extracellular fluid are very low), they will react
with biologically important molecules, denaturing proteins and proteogly-
cans and reacting with membrane fatty acids, resulting in lipid peroxidation88.
Inhibition of superoxide-mediated lipid peroxidation at the inflamed site
leads to a decrease in chemotactic substances and proteolytic enzymes from
granulocytes and macrophages. This may explain some of the anti-inflamma-
tory effects of copper chelates which are effective superoxide scavengers.
Sorenson considered the possibility that salicylates, other NSAIDs
and some slow-acting drugs commonly utilized in the treatment of rheuma-
toid arthritis, such as D-penicillamine, owe part of their pharmacological ac-
tivity to interactions with metal ions and with copper in particular8l, He
demonstrated that copper chelates of low molecular weight have potent anti-
inflammatory properties, and discussed various possible mechanisms of ac-
tion for copper complexes in inflammation51,52, Certain metal ions such as
Cu2* and Zn2t are known to affect linioleic acid metabolism®, and are
thereby capable of altering the biosynthesis of prostaglandins, for which li-
noleic acid metabolites are essential precursors. Metal ions are also likely to
be involved in several dioxygenase reactions, and might therefore be ex-
pected to influence the synthesis of prostaglandins from arachidonic acid and
other similar substrates®. Sorenson reported that some copper complexes
of anti-arthritic drugs have more potent anti-inflammatory effect than the
parent drugs in experimental models of inflammation8l, and proposed the
interesting hypothesis that the active metabolites of the anti-arthritic drugs
are their copper complexes. Other studies have subsequently only in part con-
firmed the increased potency of the copper complexes over the parent com-
pounds in experimental models of inflammation91-94. The rationale behind
these apparently contradictory results has been ably discussed by Lewis?1 and
by Lewis et al.85. The anti-inflammatory effects of copper compounds are de-
pendent on the structure and stability of the complex, the species and the
model of inflammation used for testing, the route of administration, as well
as the vehicle. If we discount the examples of gastric inactivation and the
counterirritation phenomenon®, there are still a number of copper com-
plexes which appear to possess anti-inflammatory actions493, It is known
that D-penicillamine reduces the free copper fraction in the serum, and that
copper-D-penicillamine complexes have SOD-like activity%. Penicillamine,
like several other thiols, can form mixed disulphides with sulphur-containing
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proteins. Through these reactions, D-penicillamine can protect thiol groups
against the attack of free radicals?’. Formation of mixed disulphides can also
be involved in liberation of protein-bound glutathione within cells, and in
making the glutathione peroxidase/reductase system more effective8.

The interesting proposal that endogenous levels of trace metals can
be at the basis of the mechanism of action of slow-acting drugs in the treat-
ment of theumatoid arthritis deserves further investigation33, Clinical studies
in patients with rheumatoid arthritis have demonstrated a reduction of the
previously elevated levels of serum copper after corticosteroid, gold sodium
thiomalate and D-penicillamine therapy?0. Although results contradictory to
this were reported by Smith et al.%9, other studies have indicated that thera-
peutic agents can induce changes in uptake or organ distribution of trace me-
tals. Thus Niedermeier et al. reported that injectable gold salts induce a
redistribution of trace elements in the body, and can reduce serum concen-
tration of other metals such as tin, molybdenum, manganese, barium and
caesium, but not copper, iron or zinc#2. Thus, except for penicillamine, the
ability of the major slow-acting drugs used in the treatment of rheumatoid
arthritis to interfere with copper metabolism is controversial40:95:99,100_ Tt js
likely that studies describing the overall copper status of patients with rheu-
matoid arthritis, including the identification of low molecular weight copper
complexes present in the non-ceruloplasmin fraction of the serum, cerulo-
plasmin, and total amount of copper contained in the liver and synovial tissue,
could help to answer this question.

IV. COPPER MANIPULATION STRATEGIES

Since copper is a metalloelement essential for the function of endogenous
superoxide dismutase and ceruloplasmin, the potential role of these enzymes
in prevention of tissue damage and in the host defence mechanism is intri-
guing. Milanino et al.33 suggested two plausible therapeutic strategies in the
treatment of chronic inflammatory disorders: the administration of exogen-
ous copper and the in vivo manipulation of endogenous metal levels. These
principles cannot be immediately applied to the treatment of rheumatoid
arthritis because our knowledge of the copper status in this disease is still in-
adequate. A functional copper deficiency has been assumed but not demon-
strated in chronic inflammatory disease81,101, Sorenson has suggested that a
marginal nutritional deficiency of copper may exist in humans, leading to im-
paired function of copper-dependent enzymes critical for the host defense
mechanism. The studies of Milanino et al.3446, and that of Denko2® per-
formed in animals, strongly suggest that copper deficiency is an aggravating
factor of inflammation, and support the hypothesis that endogenous copper
may play a protective role in inflammation. In the particular case of rheuma-
toid arthritis, one could ask the question whether a marginal copper defi-
ciency could be a factor leading to chronicity of the inflammatory reaction.
In this vein, Rainsford has proposed that marginal copper deficiency, poss-
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ibly due to dietary and/or environmentally induced changes in the levels of
certain trace metals which influence the copper status, may be contributing
factors in the pathogenesis of rheumatoid arthritis101, Since it has been tradi-
tional to assume that measurement of copper in plasma can be used to assess
copper nutrition, the elevated values of copper found in patients with rheu-
matoid arthritis may indicate that the requirements for copper are met in this
condition. However, it has been pointed out that in the presence of chronic
inflammation the determination of plasma copper has little value in the nu-
tritional assessment of this trace element102, It has also been shown that
tissue depletion of copper can occur when plasma values are normall03, Bal-
ance studies performed in the past 40 years have suggested the adult require-
ment of copper of 2 mg/dayl®4, and it has been assumed that the average
American diet provides more than adequate copper for copper balance05,
However, there are reports suggesting that daily dietary intake less than 2 mg
of copper can occur in the United States103,106-108 and from previous sur-
veys it appears that the intake of zinc and copper in the US is below the rec-
ommended levels106, However, since there are no reports of balance studies
of copper in patients with theumatoid arthritis, the question whether margi-
nal copper deficiency is a feature of this disease remains to be answered.

(1) D-Penicillamine

Renewed interest in the role of copper in the treatment of rheumatoid arth-
ritis was stirred by a series of observations on the effect of D-penicillamine
on macroglobulins and rheumatoid factors109:110, A number of D-penicil-
lamine copper complexes, including Cu(1), Cu(II) and mixed valency states,
have been described, and it has been proposed that the formation of a stable
copper-D-penicillamine complex that possesses SOD activity is associated
with the antirheumatic action of the drugll. Interest in the possible effect
of copper in the treatment of rheumatoid arthritis was further stimulated by
the report of Lipsky and Ziff that D-penicillamine and copper salts have a
synergistic inhibitory effect on human lymphocyte proliferationl12, Several
studies had previously suggested that D-penicillamine may have some effect
on immune responsiveness!13-117, Although animal studies did not show a
consistent immunosuppressive action of D-penicillaminel18-121  clinical
trials122123 had previously demonstrated that treatment with this drug does
have a beneficial effect on the course of rheumatoid arthritis. Although the
administration of penicillamine is known to produce a variety of interesting
effects at the biochemical levels, such as the prevention of collagent cross-
linking1?4, deaggregation of macroglobulins including rheumatoid fac-
tor10%110  inhibition of DNA synthesis!25 and interference with
polymorphonuclear leucocyte chemotaxis126, the mechanism underlying its
therapeutic effect is not clearly related to any of the above-mentioned effects
of the drug. Most hypotheses attempting to explain the activity of D-penicil-
lamine in the treatment of rheumatoid arthritis assume that the active
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moieties are the free thiol form of the drug or a copper-penicillamine com-
plex. D-penicillamine is known to form complexes with various metal ions
including copper!27. Whitehouse et al. 128 and Sorenson’2 have suggested that
copper-penicillamine complexes are the active moieties underlying the ef-
fect of D-penicillamine treatment of RA. These authors proposed that peni-
cillamine may sequester copper in vivo, and that the circulating low molecular
weight complexes formed between copper and penicillamine may contribute
to the overall action of the drug. Whitehouse et al. further suggested a dual
action of penicillamine in transforming inert (protein-bound) copper into
pharmacoactive copper and Cu(II), which has the potential to promote in-
flammation, into innocuous copper!23,

As discussed above, Sorenson proposed that copper coordination
compounds may be responsible for the anti-inflammatory activity of antiarth-
ritic preparations32, Although this hypothesis has not received sufficient ex-
perimental support with the exception of D-penicillamine, Sorenson found
that while the parent compound is inactive in test models of inflammation
even at large screening doses, two copper coordination compounds obtained
with D-penicillamine were found to be active32,

The mechanism of action of D-penicillamine in Wilson’s disease is
clearly related to its ability to chelate and mobilize copper!29, but the mech-
anism of action of the drug in rheumatoid arthritis is not clear. D-penicil-
lamine is a trifunctional amino acid able to participate in oxidation-reduction
reactions, sulphydryl-disulphide interchange, and nucleophilic additions, as
well as metal binding130, Lengfelder et al. have shown that copper-penicil-
lamine complexes are able to catalyse the dismutation of superoxide radi-
cal131, Muijsers et al. have reported that copper-penicillamine complexes can
be formed in vivo during the treatment of patients with rheumatoid arthritis
with D-penicillamine leading to measurable plasma SOD activityl32, In
agreement with data previously reported117:120,133 the studies of Lipsky and
Ziff112 indicated that D-penicillamine alone has a modest inhibitory effect
on mitogen-induced human lymphocyte proliferation. However, the inhibi-
tion of mitogen responsiveness was markedly augmented by adding copper
salts to the culture medium containing D-penicillamine!12, In those experi-
ments no other divalent cation (zinc, iron, mercury or gold) could produce
the increase of the inhibition of mitogen responsiveness observed when cop-
per was added to the cultures along with D-penicillamine. Other thiols which
have been shown to be potentially effective in the treatment of rheumatoid
arthritis134-136 could also mediate the copper-dependent inhibition of mi-
togen responsiveness. Lipsky and Ziff suggested that a complex was formed
in culture between the thiol and the copper ion, and that this D-penicil-
lamine-copper complex is the inhibitory moiety112137,

A number of observations support the idea that humoral as well as
cell-mediated immune processes play an essential role in the maintenance
and chronicity of rheumatoid inflammation138-140, It has been suggested that
agents such as D-penicillamine, which can influence the activity of rheuma-
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toid arthritis, may be active because of their ability to modulate the persist-
ent immune response that characterizes the chronic inflammatory pro-
cess!12137, Data presented by Lipsky and Ziff suggested that
penicillamine-copper complexes interfere with the functional ability of T
lymphocytes, supporting the possibility that this drug selectively inhibits T
cell function through a complex with copperl4l. The inhibition of T cell re-
sponsiveness was induced by concentration of both D-penicillamine and cop-
per that might well be expected to be found in patients treated with
D-penicillaminel41,

A feature common to all slow-acting drugs used in the treatment of
rheumatoid arthritis is that only 50-70% of all patients will respond to the
drug. The rest of the patients develop adverse effects, or do not benefit from
the drug, for unknown reasons!40, Muijsers et al. reported that serum D-peni-
cillamine levels were the same for patients who responded well to treatment
and for those who did not respond. Measurement of penicillamine in serum
is complicated by the presence of metabolic products such as penicillamine
disulphide, mixed disulphides with both cysteine and protein thiol groups,
and S-methyl penicillamine!42, Muijsers et al.132 reported that half of the D-
penicillamine excreted in the urine of rheumatoid arthritis patients is in the
form of cysteine-penicillamine mixed disulphide, in agreement with the re-
port of Perrett et al.142, They observed a marked decrease in the total serum
cysteine plus cystine concentration132. Munthe et al. have found that some
non-responders to D-penicillamine treatment could be converted to respon-
ders by supplementation with L-cysteine%8,

Another interesting phenomenon which is common to all disease-
modifying drugs utilized in the treatment of rheumatoid arthritis is the sec-
ondary therapeutic failure after an initial success. It has been reported that
administration of D-penicillamine decreases the serum copper levels in pa-
tients with rheumatoid arthritis#0:100, supporting the possibility that a relative
copper deficiency induced by the increased excretion of copper may be in-
strumental in the secondary failure of the drug. Dormandy suggested that
perhaps the initial effect of the drug is due to the chelate of copper-penicil-
lamine, and once the mobilizable copper in the body has been exhausted the
drug ceases to be effective. He suggested that copper supplementation in
those patients may prolong the beneficial effect of penicillaminel43. Oster-
berg!# studied Cu(I) complexes of penicillamine in a model system for the
invivo reaction between penicillamine and copper (I). This study showed that
penicillamine interacts with Cu(I) ions in vivo, and that within a certain con-
centration range the therapeutic use of penicillamine will not disturb the nor-
mal Cu(I) metabolism. However, in view of the work of Lipsky and
Ziff112,137,141 it is likely that copper may be the limiting factor prevening the
formation of the active complexes. Balance studies of copper and zinc in pa-
tients with rheumatoid arthritis treated with D-penicillamine, as well as char-
acterization of penicillamine—copper complexes, could help to discover why
some patients with rheumatoid arthritis fail to respond to penicillamine or
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experience a reactivation after an initial response. Mery et al. have reported
that even the modest zinc supplementation of 5 mg of zinc per day inhibits
the clinical efficacy of D-penicillamine in the treatment of rheumatoid arth-
ritis145, The mechanism by which administration of zinc abrogates the effect
of D-penicillamine is not known, but it is probably not related to the anta-
gonistic effect of high levels of dietary zinc on copper absorption and
status146, However, it is of interest that even the ingestion of moderately high
amounts of zinc (50 mg/day) which are readily available over-the-counter in
pharmacies and food stores, has been shown to decrease the copper status as
assessed by erythrocyte Cu, Zn superoxide dismutasel47,

V. SUMMARY AND CONCLUSIONS

Insummary, the role of copper in the treatment of rheumatoid arthritis deser-
ves further investigation. Basic questions to be answered relate to the dis-
tribution of copper in the tissues and the involvement of copper in the
different compartments of the body, including liver and synovial tissue from
patients with rheumatoid arthritis before and after the activity of the disease
has been modified by the use of slow-acting drugs. Such studies could show
whether manipulation of endogenous copper levels in patients with rheuma-
toid arthritis is a viable therapeutic alternative. Balance studies of copper and
zinc in patients with rheumatoid arthritis and appropriate controls should
answer the question whether a marginal copper deficiency is a feature of
rheumatoid arthritis. If this is proven to be the case, carefully controlled
studies involving dietary or dermal supplementation could be of interest. The
interesting work on SOD has opened a new and fascinating field of research
in the treatment of rheumatic diseases, and the search for small molecular
weight copper complexes with superoxide dismutase activity can in the fu-
ture lead to major advances in therapy. The identification of low molecular
weight complexes present in the non-ceruloplasmin bound fraction of sera
from patients with rheumatoid arthritis and from normal sera can further our
understanding of the protective role of copper in inflammation. The anti-in-
flammatory action of some copper complexes, and the discovery of the ef-
fects of D-penicillamine-copper complexes on the immune system, suggest
that pursuing these lines of investigation can lead to an understanding of the
modulatory action of copper in chronic inflammation.
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Copper complexes in the treatment of
experimental inflammatory conditions:
inflammation, ulcers and pain
JRJ Sorenson
Division of Medicinal Chemistry
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4301 W Markham Street
Little Rock, Arkansas 72205, USA

I. INTRODUCTION

Copper, like sodium, potassium, magnesium, calcium, iron, zinc, chromium,
vanadium, and manganese, is an essential metalloelement and as such it is
required by all human cells for normal metabolism!. However, some cells
have greater metabolic needs than others and tissue content reflects this fact.
Amounts of copper found in various body tissues and fluids of individuals,
who died sudden accidental deaths2-3, are shown in Table 1.

The amount of copper in each tissue correlates with the number and
kind of metabolic processes requiring copper. In this regard, it is of interest
to point out that brain and heart contain more copper than all other tissues
except the liver, which is a major copper storage organ. Gall bladder and bile
also contain large amounts of copper which has been attributed to their sup-
posed roles in excretion. However, the gall bladder may also serve as a stor-
age tissue and bile may contain a mobile storage form of copper suitable for
intestinal reabsorption. The large kidney copper content, when compared
with the very small urine copper content, suggests a conservatory role for the
kidney. Gastric and intestinal tissues also have high copper contents, and this
reflects their high metabolic rates. Remaining tissues have lesser amounts of
copper because of their relatively lower metabolic activity but it is just as im-
portant for normal metabolism in these tissues as it is in all others.

Although bile may serve as the major excretory vehicle for excess cop-
per, significant but lesser amounts are lost via hair, stratum corneum, finger-
and toe-nails, sweat, and urine as end-products of metabolism. These losses

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
Inflammation and Drug Therapy Series, Volume IV
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point out the need for compensating daily intake of 3 mg and absorption to
replenish daily losses of this essential metalloelement.

Table 1 Mean concentrations® of Cu in tissue and fluids®®

Adrenal 210 Muscle 85
Aorta 97 Nails 23 ug/g
Bile 547 Oesophagus 140
Blood (total) 1.01 pg/ml Omentum 190
erythrocytes 0.98 pg/ml Ovary 130
plasma 1.12 pg/ml Pancreas 150
serum 1.19 pg/ml Pancreatic fluid 105
Bone 25 ng/g Placenta 4 1g/g
Brain 370 Prostate 110
Breast 6 ng/g Saliva 0.08 p.g/ml
Cerebrospinal fluid 0.22 ug/g Skin 120
Diaphragm 150 Spleen 93
Gallbladder 750 Stomach 230
Hair 19 pg/g Sweat 0.55 pg/ml
Heart 350 Testes 95
Intestine Thymus 4 ug/g
duodenum 300 Thyroid 100
jejunum 250 Tongue 4.6 ng/g
ileum 280 Tooth
cecum 220 dentine 2 uglg
sigmoid colon 230 enamel 10 png/g
rectum 180 Trachea 65
Kidney 270 Urinary bladder 120
Larynx 59 Urine 0.04 pg/ml
Liver 680 Uterus 110
Lung 130
Lymph node 60
Milk
colostrum 0.35-0.50 pg/ml
mature 0.20-0.50 p.g/ml

.
W.g/g of tissue ash or as shown

Ionic copper has a particularly high affinity for other molecules (ligands)
capable of bonding with it. A consequence of this is that all measurable cop-
per in biological systems exists as complexes or chelates composed of copper
bonded to organic components of these systems. Calculated amounts of ionic
copper suggested to be present in biological systems (10-18 M in plasma?)
are too small to be measured using the most sensitive instrumentation avail-
able. As a result, measurable tissue copper content reflects content of cop-
per complexes, and these complexes account for the absorption, distribution,
and biologically active forms, including copper-dependent enzymes.

70



ANTI-INFLAMMATORY, ANTI-ULCER AND ANALGESIC ACTIVITIES

Table 2 Recognized copper-dependent enzymes and their chemical function

Enzyme

Function

Cytochrome c oxidase

Superoxide dismutase

Tyrosinase

Dopamine-3-hydroxylasc
and extremely acidic

copper-containing protein

Lysyl oxidase

Amine oxidases

Caeruloplasmin

Factor V
Peptidyl a-amidating

Reduction of oxygen:
02— HO2 —» H202 - H20 + HO —- H20

Disproportionation of superoxide in prevention of its
accumulation:

207 +2HY - 02 + H202
Hydroxylation of tyrosine in melanin synthesis:

o o)
WOH HOWOH
NH, — NH
HO 2 HO 2

Hydroxylation of dopamine in catecholamine
synthesis:

OH
HOD/\ HO
NH, —> NH
HO 2 HO 2

Norepinephrine

Oxidation of terminal amino group of lysyl amino
acids in procollagen and proelastin to an aldehyde
group:

R-CH2-CH2-NH2 - R-CH2-CH=0

Oxidation of primary amines to aldehydes in
catecholamine and other primary amine metabolism:

R-CH2-NH2 —» R-CH=0

Mobilization and utilization of stored iron:
Ferroxidase Fe(II) — Fe(III)
"Angiogenin"

Blood clotting

Synthesis of neuroendocrine peptides (hypothalmic
thyrotropin releasing hormone, a-melanocyte
stimulating hormone from anterior pituitary, gastrin
from stomach, and choleocystokinin from the small
intestine):

Peptidyl-NH-CH2COOH — peptidyl-NH2 +
O=CHCOOH
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Culy (IN FOOD AND BEVERAGES)

INGESTION
AND
DIGESTION

Culy + Culz® + Culpb et
ABSORPT | ON

Culy + Culz® + Culyb + Culf + Culyd (Transcupeln?) etc,

SYSTEMIC ClRCUL,‘\’l’ION/‘SL LIVER STORAGE FXEXCRETION
AND TISSUE UTILIZATION AS CuTHIONEINE

1. HMEOSTASIS

B8LOCD
SERUM OR PLASMA 2. ACUTE PHASE RESPONSE

TO MANY DISEASE STATES

CERULCPLASMIN
Cu AMINO ACID COMPLEXES
Cu ALBUMIN COMPLEX
(Extracel lular
Superoxide
Dismutase)

Figure 1 Distribution of copper complexes following ingestion, digestion, and absorption.

Recognised and recently suggested copper-dependent enzymes>-14
are listed in Table 2, along with their functions. In addition, copper-depend-
ent processes appear to be required for modulation of prostaglandin syn-
theses, lysosomal membrane stabilization, and modulation of histaminic
activityl. Ingested copper complexes representing the recommended 3 mg
(47 pmol) daily intake of copper follow the pathway presented in Figure 1.
One of a large number of possible copper complexes that might be found in
foods and/or beverages (Cul2), following ingestion and digestion, would give
rise to the formation of other copper complexes as a result of exchange with
ligands (L) in the enzyme digest (amino acids, fatty acids, amines, etc.) or ter-
nary complexes of the original complex. Ternary complexes are complexes
formed by the addition of another ligand, such as a small peptide or amino
acid, to an existing complex to form a new complex having a larger molecu-
lar mass. It is important to remember that gastric digestion is enzyme cata-
lysed and not acid catalysed and, since gastric pH is likely to range from 6 to
3 with the ingestion of a meall6, as shown in Figure 2, some of the originally
ingested complex may be absorbed intact. Copper complexes in the duode-
nal chyme (pH 7.0), Figure 2, would also be expected to be absorbed intact.
It is also worth noting that pharmacological doses of copper complexes have
an antisecretory effect and thus prevent lowering of the normal empty sto-
mach pH (6.0).
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Additional complexes such as transcupreinl? (Figure 1), which may
be a ternary complex of an absorbed smaller complex, or a ternary albumin
complex may also be formed, without ligand exchange, following systemic ab-
sorption. Again, depending upon the concentration absorbed, some of the
original complex may remain intact in plasma. All of these copper complexes
then undergo systemic circulation to all tissues and are: (1) utilized by tissues
following ligand exchange with apoenzymes and apoproteins to form metal-
loenzymes and metalloproteins, (2) stored in the liver following ligand ex-
change with thioneine to form copper-thioneine, or (3) excreted in the event
tissue needs have been met and stores replenished. Since excessive copper
storage has never been reported in any normal population, and copper com-
plex absorption must vary in these populations, efficient homeostatic mech-
anisms must regulate retention and excretion of varying amounts of absorbed
copper complexes in all normal, non-Wilson’s disease, individuals.

—_

6.
5- —————
pH 41 —_———

0 30 60 90 120

Time (minutes)

O = N

Figure 2 Change in pH of chyme entering the duodenum ( - - - ) and leaving the duodenum
( —— ) following the ingestion of a pH 7.1 meal (*) (adapted from Davenport16).

Also shown in Figure 1, copper-thioneine-stored copper is released
from the liver as complexed forms; ceruloplasmin, copper amino acid com-
plexes, and a copper albumin complex, to meet normal metabolic needs. This
homeostatic release of copper complexes from the liver meets normal cop-
per-dependent physiological requirements of body tissues including de novo
synthesis of copper-dependent enzymes.

The essentiality of copper is now understood based upon its recog-
nized need for activation of copper-dependent enzymes. Complexed forms
of copper also facilitate absorption, tissue distribution, and tissue utilization.
In the non-disease state these forms of copper account for the physiological
regulation of copper-dependent homeostatic processes. Since copper is
needed for normal metabolism and prevention of disease, great care should
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be taken to assure that dietary intake provides required amounts of copper.
Unfortunately, many or nearly all modern diets studied!8 do not supply re-
quired amounts of this and other essential metalloelements. It is then rea-
sonable to suggest that marginal or deficient intakes or impaired absorption
may lead to decreased enzyme activity and manifestations of acute inflam-
matory disease in the short term as well as manifestations of chronic inflam-
matory disease in the long term.

Il. ANTI-INFLAMMATORY ACTIVITIES OF COPPER COMPLEXES

Larger than normal concentrations of blood copper complexes are associated
with various chronic inflammatory disease states5, and it is likely that this
association exists for acute and chronic gastrointestinal ulcer diseases which
are, in part, inflammatory diseases of gastric or intestinal tissues. The elev-
ation usually found in inflammatory diseases is generally two to three times
the normal concentration during the active disease phase. With disease re-
mission plasma copper complex concentrations return to normal.

The central question concerning this observation is whether the elev-
ation is a cause of the disease or a response to the disease. Many interpret
elevated concentrations of blood copper complexes as a cause of inflam-
matory disease. It is equally plausible that this elevation is a physiological re-
sponse to inflammatory disease. Since there is no evidence that elevation of
normal blood copper-containing components causes any of these diseases,
the hypothesis that elevation of plasma copper-containing components is a
general physiological response to inflammatory diseases merits serious con-
sideration. The fact that small molecular weight copper complexes have anti-
inflammatory activity in man!® and animal models of inflammation is offered
as evidence that the associated increase in blood copper-containing compo-
nents is a physiological response which has a role in mediating remission
when remission occurs.

To date, over 70 copper complexes have been studied as anti-inflam-
matory agents. Results of these studies, which have been reviewed15, confirm
as well as extend original observations that copper complexes are the active
metabolites of anti-arthritic drugs20.

As shown in Table 3, Cu(II)2(acetate)s was found to be active in the
initial test (carrageenan paw oedema) for anti-inflammatory screens (cotton
wad granuloma and adjuvant arthritis). Copper chloride had no activity in
any of these models of inflammation at the initial screening doses of 1.18,
0.59, and 0.18 mmol/kg respectively. Ligands such as anthranilic acid and 3,5-
diisopropylsalicylicacid (3,5-dips) which were anticipated to be inactive were
found to be inactive. However, their copper complexes were found to be po-
tent anti-inflammatory agents in all three models of inflammation. These ob-
servations support the notion that complexed copper is a more active
anti-inflammatory form of copper, and led to the suggestion that copper com-
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plexes of active anti-inflammatory agents might be more active than their
parent anti-inflammatory drugs.

Table 3 Anti-inflammatory activities of some copper complexes

Carrageenan  Cotton wad  Adjuvant Copper

Compound paw oedema  granuloma  arthritis (%)
Cu(I)2(acetate)sH20); AP a1 0.02 I° at 0.30 1at0089 318
anthranilic acid Iat 1.46 NT 1at0219
3,5-dips acid Iat0.90 NT I at0.135
Cu(II)(anthranilate) A at 0.02 A at0.07 Aat0.003 189
Cu(IT)(3,5,dips)2 Aat0.02 Aat001  Aat0002 125
Aspirin Aat036 Aat1.11(ig) A at0.033
Cu(II)2(aspirinate)s Aat0.01 A at0.01 Aat0.001 150
D-penicillamine Iat 134 Iat0.67 Iat0.201
Cu(I)(D-pen)(H20)1.5 A at 0.03 Aat0.04 NT 26.7
Cu(IT)2(D-pen disulfide)2(H20)2 A at 0.01 Aat003  Aat0.040° 154

aAll compounds were given by subcutaneous ilu'cction unless indicated as intragastrig (i.g.) and expressed as milli-
mole per kilogram of body weight (mmol/kg); ~lowest active dose tested; Cinactive; “not tested; “only dose of this
penicillamine complex tested.

Representative data from the original report comparing aspirin, a
standard in arthritis therapy, and D-penicillamine, an arthritic disease-mod-
ifying agent, with their copper complexes are also presented in Table 3. These
data show that Cu(II)2(aspirinate)4 is at least 30 times as effective as aspirin,
and copper complexes of penicillamine are many times more effective than
penicillamine. These results, along with data provided by many others13, sup-
port the hypothesis that active metabolites of anti-arthritic drugs are their
copper complexes. Since amounts of copper in these complexes (Table 3) do
not appear to correlate with activity, it is suggested that pharmacological ac-
tivity may be better correlated with the physicochemical properties of these
copper complexes.

Acute toxicity studies were done early in the course of this work20,21,
These studies demonstrated that anti-inflammatory copper complexes were
less toxic than inorganic forms of copper, as well as their parent anti-arthritic
drugs. The oral LDsg values for Cu (II)2(aspirinate)s were found to be
1.06+0.26 and 1.16+0.33 mmol/kg, respectively, for male and female
Sprague-Dawley rats. Chronic toxicity studies using 0.12 mmol (100 mg)/kg
given orally to Sprague-Dawley rats S days per week for 3 months did not af-
fect growth, survival, plasma copper or zinc concentrations, or copper and
zinc concentrations in 15 tissues including skin and fur?2. Histopathological
examination of all tissues, except skin and fur, at the light microscopic level
revealed no evidence of pathological changes except for an increase in Kupf-
fer cell number in the liver of those animals that were sacrificed at the end
of the 3-month treatment period. Kupffer cell number progressively de-
creased in liver of animals sacrificed at the end of the subsequent 2 months
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of this 5-month study. The projected human dose of Cu(II)2(aspirinate)4 is 3
to 6 umol/kg daily with a decrease to some maintenance dose with remission.
This regimen seems to be safe enough since the recommended safe intake of
copper is 47 umol/day.

Two general chemical mechanisms are immediately apparent possi-
bilities. Small molecular weight copper complexes may serve as transport
forms of copper that allow activation of copper-dependent enzymes, or they
may have chemical reactivities that facilitate correction of the chemical prob-
lem that led to the disease state. Activation of peptidyl lysyl oxidase which is
ultimately required to catalyze cross-linking of connective tissue components
in the tissue repair phase of anti-inflammatory action is an important mech-
anistic consideration in accounting for anti-inflammatory activity of copper
complexes!S, Activation of the copper-dependent superoxide dismutases
(Cu-ZnSOD) which are required to prevent accumulation of superoxide and
subsequent synthesis of oxyradicals, as a result of reduced Cu-ZnSOD activ-
ity, has been suggested as the cause of arthritic and other inflammatory dis-
eases13-15, Since small molecular weight copper complexes have been shown
to disproportionate superoxidel415 this chemical reactivity of copper com-
plexes has attracted a great deal of attention in accounting for anti-inflam-
matory activity of copper complexes!. Other less well understood possible
mechanisms involve modulation of inflammation mediators such as his-
tamine, lysosomal membrane stabilization, and prostaglandin syntheses15.

Anti-inflammatory activities of copper complexes partially explain
the earlier observations by Fenz, Forestier, Kuzell, and Hangarter that cop-
per complexes are effective in treating arthritic and other human degenera-
tive diseases!9. Another partial explanation comes from the observation that
copper complexes have potent analgesic activity.

lll. ANALGESIC ACTIVITIES OF COPPER COMPLEXES

It has very recently been reported that copper complexes of non-steroidal
anti-inflammatory agents are more effective analgesics that their parent
drugs?3, As shown in Table 4, copper complexes of salicylic acid, 3,5-dips, as-
pirin, niflumic acid, and indomethacin were more effective analgesics than
their parent compounds and copper chloride or copper acetate. In addition,
the copper complex of indomethacin was found to be as effective as mor-
phine in both pain models and the amount of copper in the 1 pmol dose of
Cu(II)2(indomethacin)4 is one-fiftieth the recommended safe daily intake of
copper. These data support the hypothesis that copper complexes are the ac-
tive forms, formed in vivo, of the non-steroidal anti-inflammatory agents and
the hypothesis that these complexes activate opioid receptors?3,
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Table 4 Analgesic effects of parent ligands and copper complexes on acetic acid-induced wri-
thing pain in mice and adjuvant-induced arthritis pain in rats

Writhing pain Arthritic pain
Doses® % EDso(mmol/kg) Doses® % EDsp (mmol/kg)
Compound (mmol/kg) inhib. (95% C.L.) (mmol/kg) inhib. (95% C.L.)
Salicylic acid 217 38* >2.17 0.72 33 1.83
144 43 (0.49-6.81)
2.88 60
Cu(II)2(salicylate)4 0.30 20 1.53 0.15 30 0.25
0.59 27 (0.61-3.80) 0.30 47 (0.13-0.48)
1.18 46* 0.59 90
3,5-Dips 022 19 04 0.45 27 >0.90
045 56** (0.29-0.67) 0.90 43
0.90 78***
Cu(I1)(3,4-dips)2 0.20 26 0.43 0.40 40 >0.40
0.40 56*  (0.20-0.91)
0.79 62%**
Aspirin 0.21 32 0.48 0.56 30 1.41
0.42 41*  (0.22-1.04) 111 40  (0.50-3.96)
0.84 67*** 222 63
Cu(Il)x(aspirinate)s  0.09 3+ 0.14 0.03 13 0.09
0.18 50** (0.09-0.25) 0.06 30 (0.04-0.21)
0.36 80*** 0.12 60
Niflumic acid 0.13 38* 0.21 0.18 23 048
0.27 51** (0.11-0.40) 0.35 43 (0.19-1.20)
0.53 80*** 0.71 60
Cu(II)2(niflumate)s 0.06 33* 0.10 0.16 37 >0.16
0.12 57*** (0.05-0.20)
0.24 T3*x*
Indomethacin 0.007 27 0.01 0.007 23 0.02
0.014 60** (0.01-0.03) 0.014 43 (0.01-0.03)
0.028 68*** 0.028 70
Cu(II)2(indomethacin)4 0.001 38 0.002 0.001 20 0.002
0.002 53** (0.001-0.003) 0.002 40  (0.001-0.003)
0.004 TS*** 0.003 87
Cu(II)(chloride): 224 0 >224
Cu(II)2(acetate)s 0.83 0 >0.83
Morphine HCI® 0.001 35 0.002 0001 20 0.002
0.002  44* (0.001-0.003) 0002 40 (0.001-0.005)
0.004 89*** 0.004 60

3administered orally in 5% propylene glycol and 1.4% polyvinyl alcohol in water; badministered subcutaneously in
saline; *p <0.05; **p <0.01; ***p <0.001 versus vehicle-treated group.
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IV. ANTI-ULCER ACTIVITIES OF COPPER COMPLEXES

Based upon observations that copper complexes appeared to facilitate the
synthesis of superior granuloma around cotton pellets in the cotton wad gra-
nuloma model of inflammation, it was hypothesized that these complexes
promoted connective tissue synthesis, as in wound repair, in response to in-
flammatory insults. To examine this possibility these copper complexes were
evaluated as anti-ulcer agents.

Copper complexes were subsequently found to be potent anti-ulcer
agents in the Shay and corticoid-induced models of ulcer?0. To date, over 60
copper compounds have been shown to have anti-ulcer activity in six differ-
ent models of gastric ulcer!S. Representative data from the original report20
are presented in Table S.

Table 5 Oral anti-ulcer activity of non-steroidal anti-inflammatory agent copper complexes

Compound Anti-ulcer activity Percentage
(wmol//kg) copper
Cu(II)2(acetate)s(H20)2 53 32
Cu(II)(anthranilate), 13 19
Cu(II)2(aspirinate)s 13 15
Cu(II)(salicylate)2.8H20 11 15
Cu(II)(fenamole)2(HCI)2 10 14
Cu(II)2(fenamole)2(acetate)s 7 19
Cu(II)(butazolidine)2 7 9
Cu(II)2(D-pen disulfide)2.3H20 6 16
Cu(II)(3,5-dips)2 5 13
Cu(II)2(niflumate)s 4 10
Cu(II)2(indomethacin)s 3 8

Copper(II)2(acetate)s had only very weak anti-ulcer activity. How-
ever, copper complexes of the non-steroidal anti-inflammatory agents were
found to be potent anti-ulcer agents. There are no more potent anti-ulcer
agents in this model of ulcer. From data presented in Table S it is also clear
that anti-ulcer activity is not directly related to copper content. It is most like-
ly that anti-ulcer activity is related to the physiochemical properties of these
complexes. It is also worth noting that the amount of copper in these ED50
doses represents one-fourth to one-fifteenth of the recommended daily in-
take of copper.
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A subsequent comparison of the relative anti-ulcer activities of three
different penicillamine complexes in the Shay ulcer model revealed that the
water-soluble mixed valence complex, NasCu(I)sCu(Il)s (penicil-
lamine)12Cl, was the most effective?4, Copper complexes of amino acids have
also been found to be effective in preventing Shay ulcers and reducing the
severity of the remaining gastric lesions2526, The copper complex of glycine
was the most effective of all of the amino acid complexes studied, and it was
essentially as effective as propantheline in reducing ulcer number as well as
ulcer severity25,

In our original report of anti-ulcer activity for copper complexes we
also reported that these copper complexes reduced gastric acid secretion in
the Shay rat20, The influence of copper complexes on histamine activity was
examined by studying the activity of the copper complex of histamine. Cop-
per(II)(histamine)(Cl2) was found to be a potent anti-ulcer and anti-secretory
agent. This observation was confirmed and extended by Marletta et al.27 and
Alberghina et al 28 with reports that the mixed copper complex of tryptophan
and phenylalanine, Cu(II)(Try)(Phe), inhibited histamine-, pentagastrin-,
and bethanacol-induced gastric acid secretion in the Shay rat. Its ED5g in re-
ducing gastric acid secretion in the non-stimulated Shay rat was 77 = 7
pmol/kg when it was administered intragastrically 1 h before ligation8.

Table 6 Comparison of Cu(II) (salicylate) 2 and cimetidine, given orally, in protecting against
gastric lesions produced by oral ulcerogenic doses of aspirin (2.22 mmol/kg), indomethacin
(56 pmol/kg), and cold-stress in rats

Ulcerogen Anti-ulcer agent Dose % inhibition
(nmol/kg) (M=SE)

Aspirin Cimetidine 148 19+5
297 16+4
Cu(IT)(salicylate)2 22 21+6
44 61+ 10
Indomethacin Cimetidine 148 10+3
297 24+6
Cu(II)(salicylate)2 22 377
44 50+5%
Cold-Stress Cimetidine 148 38+8?
297 61+9°
Cu(II)(salicylate)2 22 58 +8?
44 797

aSigniﬁcant at p<0.05 (when compared with values obtained for non-treated rats)

These observations were confirmed and extended by West and his col-
leages with reports showing that Cu(II)2(aspirinate)4 and Cu(II)(salicylate)2
were more effective in the aspirin-exacerbated Shay ulcer model than either
the Hi(mepyramine) or Hz(metiamide) histamine blockers?8. It was also

79



COPPER AND ZINC IN INFLAMMATION

shown that Cu(II)(salicylate)2 was more effective than these anti-histaminic
compounds and cimetidine in the cold-stress ulcer model2%,30 and Cu(II)(sal-
icylate)2 was more effective than cimetidine in preventing aspirin and indo-
methacin-induced ulcers (Table 6)30. Finally, Townsend demonstrated that
Cu(II)(tryptophan)z and Cu(II)2(aspirinate)s increased the rate of healing
of surgically placed glandular gastric ulcers using histochemical methods31.
These complexes prevented wound regression, increased the rate of re-epi-
thelialization, and replaced connective tissue components could not be dis-
tinguished from tissue of normal non-operated rats. Townsend also found
that treatment with these copper complexes prevented spleen, pancreas, and
liver adhesions to the stomach, a constant feature associated with non-treated
surgically placed glandular gastric ulcers.

The originally reported anti-secretory activity of copper complexes20
has, at least in part, been e)%)lained as anti-histaminic activity or as a modu-
lation of histamine activity 30 This suggestion is consistent with observa-
tions that copper markedly increases (50-fold) specific cimetidine bonding
to brain membrane Hz receptors32-34 and that copper decreases compound
48/80 and concanavalin-A induced releases of histamine from peritoneal
mast cells35. Further explanation of the anti-secretory effect comes from the
work of Boyle et al. 36 showing that the anti-ulcer anti-secretory activity of
non-steroidal anti-inflammatory agent copper complexes modulate syn-
theses of prostaglandins E2 and F2,, which is consistent with other reports of
copper complex modulation of prostaglandin syntheses37-41,

Superoxide dismutase-mimetic activity of anti-ulcer copper com-
plexes?2-30 also offers an accounting of the reduction in number of ul-
cers20:24,26,29,30 reduced severity of remaining ulcers?4-25, and the apparent
absence of wound regression in treated surgically placed gastric wounds™".
Superoxide dismutase mimetic activity of Cu(II)(3,5-dips)2 was also used to
account for its abolition of desoxycholate-induced colonic epithelial prolife-
ration, and to suggest an oxyradical aetiology for inflammatory bowel dis-
ease>l, Based upon these observations it seems reasonable to suggest that a
reduction in intestinal and gastric tissue copper-dependent superoxide dis-
mutase (Cu-ZnSOD) and the accumulation of superoxide and other oxyradi-
cals have an aetiologic or pathogenic role in gastric and intestinal ulceration.
Lipophilic copper complexes may be effective in crossing lipid cell mem-
branes and either inducing or facilitating de novo synthesis of Cu-ZnSOD or
dismutating superoxide as a result of their own chemical reactivity.

Maintenance and repair of duodenal and gastric collagen and elastin
connective tissue components also seems to be an important copper-depend-
ent enzyme function in preventing or repairing duodenal or gastric ulcers.
Induction or facilitation de novo synthesis of peptidyl lysyl oxidase by copper
complexes>2 merits consideration in accounting for the observed rapid and
normal replacement of connective tissue components in the surgically placed
gastric ulcer model3L,
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Recently recognised roles for copper-dependent peptidyl a-amida-
ting enzymes in intestinal and gastric tissues for syntheses of choleocystokinin
and gastrin, respectively, may also be important in understanding normal
gastrointestinal physiology as well as accounting for anti-ulcer activity of cop-
per complexes!l,

Potent anti-ulcer activity without ulcerogenic activity33 coupled with
potent anti-inflammatory and analgesic activities distinguishes copper com-
plexes as a unique class of anti-inflammatory agents since all other anti-in-
flammatory drugs do not have anti-ulcer activity but are ulcerogenic. A search
for more bio-effective copper complexes would seem to be a much more valid
approach to developing more effective anti-arthritic drugs rather than
searching for selective copper chelating agents54,55 which has in the past led
to the development of the currently used less effective and more toxic anti-
arthritic drugs. All of the above mechanistic considerations offer support for
the possibility that pharmacological uses of copper complexes represent a
physiological approach to treatment of inflammation, ulcers, and pain.
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. INTRODUCTION

The use of copper devices, especially bracelets, for anti-inflammatory/anti-
arthritic purposes goes back into folk-lore. Yet it is only of recent times that
any serious attempt has been made to assess the validity or otherwise of the
hypothesis that metallic copper can generate or promote anti-inflammatory
activity invivo. In providing some evidence for the probable therapeuticvalue
of the copper bracelet, Walker and Keats! suggested that the components of
sweat (especially amino acids) may act as cupriphores. Subsequently, the
dissolution of copper in sweat was reported by Walker and Griffin2. Further
evidence for the hypothesis was provided when Walker et al.3 observed that
64Cu-labelled bis(glycinato) copper(I) could permeate intact cat skin. In ad-
dition, the perfusion of human skin by copper(II) acetate has been reported
by Odintsova*. Some evidence for the reactivity of metallic copper may be
adduced from the observation that the crystalline solid bis(glycinato) cop-
per(II) monohydrate can be isolated from an aerated aqueous solution of gly-
cine containing metallic copperS.

Because of the haphazard bioavailability of Cu(II) from the copper
bracelet and the problems associated with other routes of administration, it
was logical to ask: Why not use a topical application of pre-formed Cu(II)?

Il. DEVELOPMENT OF A LIPOPHILIC COPPER SALICYLATE
COMPLEX: ALCUSAL®

Although the therapeutic properties of salicylic acid have been known for

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
Inflammation and Drug Therapy Series, Volume IV
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over a century®, the suggestion that its mode of action may involve the che-
lation of a bioactive metal ion is comparatively recent. While Chenoweth’
invoked chelation as relevant to the biological activity of salicylates, it was
Schubert89 who first suggested that salicylate delivered copper to the cells
of the body and that a copper salicylate was involved in the anti-pyretic ac-
tion of salicylates in rats. This suggestion essentially directs attention to the
salicylate ion acting as a monodentate/bidentate ligand which facilitates tran-
fer of a key metal - such as copper(II) - to (or from) an inflammatory focus.

As Cu(Hsal)2xH20 (where Hsal = salicylic acid) complexes ap-
peared to hydrolyse in aqueous solution forming ‘basic mixtures’, it was de-
cided to work in non-aqueous media. This also had the advantage of
emphasising the development of lipophilic compounds, which in themselves
are more readily absorbed transdermally. The complex Cu(Hsal)2.EtOH was
prepared by refluxing copper(II) hydroxide with salicylic acid in anhydrous
ethanol10. Early preparations of Alcusal were formulated by dissolving the
green crystalline complex (5.0 g) in an ethanol-glycerol mixture (1:1)
(100 ml). These solutions had limited ‘shelf-life’, as an insoluble polymer was
deposited. Reducing the amount of glycerol and increasing the concentra-
tion of free salicylic acid served to stabilise the complex in solution. Sub-
sequent preparations of the solution avoided isolation of the free compound,
while retaining the same concentration of the complex.

lll. EFFICACY OF TOPICALLY APPLIED COPPER(ll)
FORMULATIONS

A number of bioassays were employed in determing the anti-inflamma-
tory/anti-oedemic activity of a range of copper(II) formulations, including
the copper(II) salicylate formulation described above.

In investigating the efficacy of the copper(lIl) salicylate preparation,
awide range of alternative potential cupriphores were also assessed. As part
of this investigation, the copper(II) salicylate complex was prepared in a di-
methyl sulphoxide (DMSO)-glycerol (4:1) solution (Dermcusal)11. The use
of this solvent system also permitted comparisons between compounds which
were of limited solubility in the ethanol-glycerol solvent described above. Ir-
respective of the bioassay employed, the protocol for topical application in-
volved shaving an area of skin approximately 20 cm?2 on the dorsal surface of
arat, just below the neck10.

1. Acute anti-inflammatory/anti-oedemic activity

Carrageenan, zymosan and hydroxylapatite-induced paw oedema were vari-
ously employed in determining the efficacy of the copper formulations, where
the most effective showed the greatest inhibition of paw swelling. Significant
loss in body weight of animals, during or immediately following the experi-
ment, was used as a ‘marker’ of possible toxicity.
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Because the experimental protocol called for exposing skin which was
normally protected by hair, skin from the treated area was assessed for
general condition and hair regrowth over a period of at least 4 days following
the experiment.

The comparative activities of percutaneously applied copper(II) com-
plexes in acute anti-inflammatory assays have been reported10-12,

In summaryl0:11, copper(II) salicylate proved effective in suppressing
the acute inflammation associated with all the oedemogens indicated above.
The paw inflammation triggered by microcrystalline hydroxylapatite is gener-
ally much less responsive to standard anti-inflammatory drugs than the cor-
rageenan/yeast/kaolin oedemas. This inflammation was successfully
controlled with the copper(II) salicylate formulation.

Maximum suppression of paw oedema was consistently observed
when the oedema was initiated (by sub-plantar carrageenan injection) 6
hours after applying the ethanolic copper(II) salicylate preparation. There
was no ‘memory’ of applying the preparation 24 hours previously. This is in
distinct contrast to the ‘memory’ exhibited by more irritant Cu(II) formula-
tions, such as copper(Il) glycine administered subcutaneously: the anti-in-
flammatory effect being detectable up to 4 days thereafter.

In an attempt to draw some correlations between anti-inflammatory
activity and ligand structure, some 30 copper(II) complexes were prepared1?,
including phenols related to salicylic acid, metabolites of salicylic acid, short-
chain fatty acids and a range of anti-inflammatory drugs. These included ni-
flumic acid, phenylbutazone, diflunisal [5-(2,3-difluorophenyl) salicylic acid]
and fenamole (1-phenyl-5-aminotetrazole).

From the results, a number of conclusions could be drawn.

(i)  The presence of a 2-hydroxy group conferred useful drug activity,
while a free carboxyl group was not essential for activity to be shown
by copper complexes containing the 2-hydroxybenzoyl moiety.

(i)  Complexes involving the fatty acids exhibited little anti-inflammatory
activity when compared to salicylic acid.

(iii)  Percutaneously active copper(II) complexes were also formed with
certain anti-inflammatory drugs, such as niflumic acid, phenylbuta-
zone, that do not contain the hydroxybenzoyl moiety. When these
drugs were applied alone (i.e. without the Cu(II)), they were much
less effective than their respective copper complexes.

(iv)  Topically applied Cu(I) complexes, prepared by reacting CuCl with
various mercaptans (including 2-mercaptoethanol, N-acetylpenicil-
lamine, D-penicillamine and 2-mercaptobenzoic acid) in DMSO,
were uniformly devoid of anti-oedemic activity when assayed against
carrageenan paw oedema.
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2. Anti-arthritic activity

This was evaluated using an adjuvant-induced poly-arthritis. Rats developed
overt signs of arthritis 12 days after inoculation with the adjuvant (delipidated
Mycobacterium tuberculosis in squalane) into the tail near the base. At this
time the thickness of the rear paws, the maximum width of the tail and the
weight of animals were determined. An arbitrary score was assigned for in-
flammation in each front paw. Test formulations were applied daily for 4 days
(either one or three times per day) and the above measurements repeated
on day 16. The severity of the arthritis is reflected in the differences between
these measurements.

Because the regime for drug application was over a substantially
greater period of time than in the acute assays, the requirement to assess skin
(for hair re-growth and general condition) which had been exposed to the
topical application, was even more important. The anti-arthritic activity of
dermally applied copper(Il) salicylate and other copper(Il) complexes has
been reported10-12, From the results of these investigations, a number of sig-
nificant points emerge.

(i)  Application of the ethanolic copper(II) salicylate complex (in etha-
nol-glycerol) to the shaved dorsal skin of rats suppressed develop-
ment of further inflammatory signs in all four paws and tail with no
adverse effect on body weight. At the conclusion of the experiment
(day 16 from initial inoculation with adjuvant), the signs of inflamma-
tion increased in severity such that by day 20, the foot and paw swell-
ing was as great as that of the control group at day 16. This ‘rebound’
phenomenon resembles that observed for perorally administered
drugs, such as indomethacin and phenylbutazone, which only tempo-
rarily suppress signs of inflammation associated with severe polyarth-
ritis.

(i)  Of 28 copper(Il) complexes which were tested against rats with es-
tablished adjuvant-induced arthritis12, only the copper complexes of
phenylbutazone and niflumic acid were more potent than copper sal-
icylate in DMSO. However, both these preparations caused more skin
toxicity than the salicylate. While salicylic acid in DMSO shows little
anti-arthritic activity, phenylbutazone and niflumic acid were moder-
ately effective anti-arthritic drugs in this model.

IV. BIODISTRIBUTION OF COPPER IN RATS FOLLOWING TOPICAL
APPLICATION

While data are available on the distribution and route of elimination follow-
ing ingestion of copper salts13, such data were lacking for dermally assimi-
lated copper. Therefore the biodistribution of 64Cu in various tissues, organs
and excreta was investigated to assess (a) the extent of absorption and (b) the
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location and excretory pathway of radioactive copper internalised from the
superficial dermis!4. This study was subsequently extended to investigate the
biodistribution of radioactive copper in inflamed rats!5. This latter study was
designed to identify ##Cu-mobilisation in the rat in the presence of inflam-
mation.

1. Biodistribution in normal rats

The experiments undertaken in this investigation!4 were designed to study
transdermal uptake, biodistribution and route of elimination of the 4Cu-la-
belled copper(Il) salicylate complex in an ethanol-DMSO-glycerol (3:1:1)
solvent.

The 64Cu was extensively absorbed and excreted, primarily in faeces,
after application of the lipophilic complex. Within 48 hours of applying the
labelled copper salicylate complex, almost all of the *Cu had been cleared
from the body. This accords with previous findings that the acute anti-inflam-
matory activity of ethanolic copper salicylate was of limited duration10.

Topical application of a %4Cu-labelled copper—phenylbutazone prep-
aration revealed a similar pattern of 64Cu biodistribution and excretion.

From this study it was concluded that copper(II) can pass rapidly
through the dermal barriers when applied with an appropriate cupriphore
and presented in a medium with low water content.

2. Biodistribution in inflamed rats

Two forms of inflammation were adopted in this study!3. They were (i) a car-
rageen-induced acute paw oedema; and (ii) a chronic granulomatous re-
sponse to an implanted irritant (heat-killed Mycobacterium tuberculosis in a
polyurethane sponge).

Carrageenan was chosen as an acute inflammogen to determine
whether any changes in #4Cu biodistribution occurred due to a transient in-
flammatory stress. Overall, there was no difference between the inflammed
and control groups in this acute model.

The longer-term, more chronic inflammation associated with the
sponge granuloma significantly changed the biodistribution of endogenous
copper. Following topical application of the 4Cu-labelled copper(II) salicy-
late complex in ethanol-DMSO-glycerol (3:1:1) vehicle S days after implan-
tation, total copper and radioactive copper levels were determined in the
connective tissue capsule surrounding the sponge. The concentration of cop-
per in this connective tissue was similar to that of the serum, reflecting a
possible equilibrium. However, the activity of 4Cu in this tissue indicated
that all of the copper was probably due to copper from the labelled copper(II)
salicylate formulation. This result suggested that copper moved to inflam-
matory sites and furthermore that the copper in situ was readily ex-
changeable. This was particularly apparent in the %4Cu-salicylate treated
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animals, where there was a relatively low level of %4Cu in the serum, prob-
ably indicating targeting of this drug to inflammatory sites.

In addition, the concentration of copper in the sponge was higher than
in the corresponding samples of blood or granulomae capsules. The high
level of %4Cu radioactivity found in the sponge indicates that exogenous %Cu
— from the topically applied formulation — was sequestered at the inflamma-
tory sites.

This may in part explain how copper complexes elicit their anti-in-
flammatory effect when administered percutaneously.

V. MODE OF ACTION

While the possible mechanisms of action for the anti-inflammatory/anti-arth-
ritic activity of copper complexes are discussed elsewhere in this book, the
properties of this unique copper(II) salicylate formulation and its mode of
transfer warrant further comment.

In addressing the beneficial effects of topical copper(II) drugs, three
hypotheses were proposed:

@) the copper-facilitated transfer of an anti-inflammatory ligand/ cupri-
phore across the normal dermal barriers; or

(ii)  localirritancy of the copper(II) within the dermis, rapidly eliciting an
endogenous anti-inflammatory factor without necessarily requiring
absorption of the copper into the bloodstream; or

(iii)  percutaneous absorption of copper(II) within the dermis, which then
acts systemically.

The first hypotheses is unlikely to account for all the anti-inflammatory ac-
tivity, as the levels of anti-inflammatory drugs attained by this mode of de-
livery are significantly below normal pharmacological levels10.

The second hypothesis is unlikely, as data has been presented which
shows that adrenalectomised animals still exhibit a rapid anti-inflammatory
responsell,

Evidence adduced from the studies undertaken to date supports hy-
pothesis (iii). In addition, the lack of toxicity associated with the ethanolic
copper(II) salicylate is a significant feature. This may well arise because the
co-tranferred salicylate not only reinforces the anti-inflammatory activity of
the Cu(II) absorbed, but because it effectively minimises some of the com-
moner ‘toxic’ manifestations of applied Cu(II). In this novel complex, it would
appear that there is a synergism, where the salicylic acid is co-transferring
copper and the copper is co-transferring salicylic acid through the dermal
barriers, providing a unique anti-inflammatory compound.

In a recent study, the ethanolic copper(II) salicylate complex was in-
jected with the arthritogenic adjuvant. Following this injection, the normal
progression of polyarthritis in the rats was suppressed. This activity is quite
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unlike any conventional anti-inflammatory drug (personal communication
from M.W. Whitehouse).

VI. FUTURE DIRECTIONS

The majority of available studies which investigate the effect of copper in in-
flammation are based on assessment of total copper levels. It has become ap-
parent however, that studies which adopt a protocol which permits some
assessment of the dynamic changes in biodistribution of copper during in-
flammation provide a better understanding of the role of copper during in-
flammation. This approach will be extended to consider biodistribution of
64Cu in rats with polyarthritis as well as changes which arise with administra-
tion of non-steroidal anti-inflammatory drugs.
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INTRODUCTION

As discussed elsewhere in detaill2, the rationale for the “copper approach”
to the therapy of inflammatory disorders can be summarized as follows:

1.

The parenteral administration of copper compounds, can be con-
sidered to supplement copper that may sustain the natural response
to inflammatory insult. It should be noted that the oral dosing appears
to be often ineffective.

The administration of ligands selective for copper and capable, at the
same time, of forming stable complexes with the metal (“Cu-specific”
ligands), can be considered to achieve manipulation of the endogen-
ous copper ion in vivo to enhance its anti-inflammatory activity.

The use of complexes of copper and “Cu-specific” ligands, might also
be expected to overcome, at least in part, the problems concerned
with the oral treatment.

The evaluation of the anti-inflammatory/anti-arthritic activity of various cop-
per complexes including those formed with some classical non-steroidal anti-

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
Inflammation and Drug Therapy Series, Volume IV
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inflammatory drugs has been the subject of previous extensive studies3,
whereas the investigation of the anti-inflammatory properties of both “Cu-
specific” ligands, as suggested also by Jackson et al.%, and their copper
complexes, could be a promising novel approach, which, however, pose con-
siderable challenges.

For example, a simple model for exploiting the delivery of en-
dogenous copper, provides that the metal bound to plasma proteins is com-
plexed by an administered “Cu-specific” ligand, copper-albumin being the
most favourable target mainly because of its kinetic lability and pharmaco-
logical inactivity5-8, However, the low concentration of copper—albumin in
the plasma (1 pM), its stability (log Kf = 16.2), and the fact that albumin it-
self is present in large molar excess in the blood (700 M), would seem to
lead to a requirement for strongly complexing agents in order to effectively
mobilize significant quantities of copper into the low molecular weight frac-
tion. In contrast however, the more powerful a chelating agent the more like-
ly is to bind a variety of metals in vivo lacking selectivity. Moreover, such a
strongly complexing agent should possess several powerful electron donor
sites which are inclined to make the molecule polar, interfering with its ability
to cross biological membranes. In fact EDTA is a good example of this situ-
ation. (For a comprehensive review of the above topics see also reference 9).

On the other hand, the oral administration of copper complexes, al-
though formed with “Cu-specific” ligands, involves further problems, related
to their instability in an environment of the gastric acidity. Oral administra-
tion of copper chelates which have been shown to possess anti-inflammatory
activity when given parenterally, results in apparent lack of therapeutic ef-
fect. This lack of oral efficacy can be assumed to be due to the dissociation
of the copper complexes in the upper gastrointestinal tract, with the conse-
quence of a reduced copper absorption. The acidic environment in the sto-
mach and duodenum is probably responsible for this dissociation10-12, In fact,
in acidic media all basic donor groups of the ligands undergo some degree of
protonation, resulting in the hydrogen ions being competitive with the met-
alion (M) for the co-ordination by the donor groups of the ligand (L) [eq.
1], thus:

ML + Ht+ — M* + HL [Eq. 1]

The co-ordinating properties of simple bases, like amines and carboxyl ions,
are likely to be strongly affected by acidic media, and bases with low affinity
for protons should then be favoured in order to make the metal complexes
insensitive to changes in the pH. Unfortunately, the chemistry of copper(II)
with this second class of donors (among which ethers, thioethers and phos-
phines are the most representative members) is rather poor and scarcely en-
couraging. In fact, ethers and (to a minor extent) thioethers yield only very
unstable adducts!3:14, whereas phosphines usually promote fast reduction of

copper(II) to copper(I) with oxidation of the ligands to phosphorus(V) deri-
vatives!S,
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Il. CHOICE OF THE “Cu-SPECIFIC” LIGANDS

Inview of the extreme complexity connected with the problems summarized
above, and among the, nevertheless, almost countless approaches which
could be employed to overcome these problems, we initiated a screening pro-
gramme using the class of tridentate ligands outlined below, (Figure 7), which
were found to produce stable 1:1 copper(II) adducts!6.17,

Oi~x—h

HN NH

Y Y

Figure1 Tridentate ligands.

n=1 Y =H,X = O(NON-Cy), X = S(NSN-C1), X = NH(NNN-C31)
X = CH2(NCN-Cy)

n=2 Y =HX =S(NSN), X = CH2(NCN),
Y = CHj3, X = S(NSN-Me)
Y = Cl, X = S(NSN-CI)

Therationale for this choice, employing the lead structure bis(2-benz-
imidazoylyl)thioether (NSN), is summarized as follows.

1. The ligand contains imidazolyl and thioethereal groupings, which are
found ubiquitously in a variety of biomolecules and also in the chemi-
cal environments of copper in many metalloproteins and enzymes.

2. The presence in the molecule of strongly-coordinating bases (e.g..
imidazole nitrogen atoms) may favour both a successful competition
against endogenous complexes in biofluids, and the stability of the
copper(II) adduct.

3. On the other hand, the presence in the molecule of a thioethereal sul-
phur donor may accomplish the following tasks.

(i) It may give some degrees of selectivity with regard to com-
monly interfering cations, since R2S groups are definitely
poorer donors for “harder” (HSAB classification) ions (like
Mg, Ca and Mn), compared with copper(II).

(ii) It may favour the stability of the copper complex in acidic
media, being different to that of the imidazole nitrogen atoms,
a pH-insensitive donor.
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illl. CHEMISTRY OF NSN DERIVATIVES AND COPPER COMPLEXES

The lead NSN ligand yields stable copper(II) complexes, which have been
isolated in the solid state, of the type CuCl2(NSN) and Cu(ClO4)2(NSN).
Also, the NSN ligand does not form complexes with calcium or magnesium,
but does with zinc as ZnCl2(NSN)2. However, as expected from the Irving—
Williams trend the copper complexes are more stable than those of zinc. In-
deed, the water insoluble ZnCl2(NSN)2 adduct rapidly dissolves when in the
presence of increasing amounts of CuCly, giving, quantitatively, coloured sol-
utions of the CuCl2(NSN) species [eq. 2].

Zn(NSN22+ + 2 Cu2+ —» 2Cu(NSN)2*+ + Zn2+ [eq.2]
Competition experiments in aqueous solutions of CuCl2(NSN) with 20-fold
excess of calcium, magnesium, zinc or manganese perchlorates have largely
confirmed the remarkable higher stability of the copper(Il) adduct. The
UVYV spectra, particularly those in the near-UV (320-340 nm), yield diag-
nostic absorption peaks, due to Ligand-to-Metal-Charge-Transfer (LMCT)
o (S) — d(Cull) transition, which remain practically unchanged, once the
necessary corrections for the intrinsic acidity of the different competing met-
al ions have been taken into consideration (Figure 2).

0.6
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0.2 /

T T T
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Figure 2 Absorbance (330 nm) of aqueous solutions of CuCl, (NSN).H20 2.45 mM, in the
presence of NaClO4 1M. Dashed line = trend with pH (added HCI); solid squares = in the
presence of Mg(ClOas)2 50 mM (non buffered solution); open circles = in the presence of
Ca(ClO4)2 50 mM (non buffered solution); open squares = in the presence of Zn(ClO4)2 50
mM (non buffered solution); solid circles = in the presence of Mn(ClO4)2 50 mM (non buf-
fered solution)
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The copper(II) adducts with NSN, NSN-Cl and NSN-Me as ligands
are extensively soluble in water (up to S mM) without apparent decomposi-
tion. Once dissolved, both copper chloride and perchlorate derivative ad-
ducts undergo rearrangement of the type ([eq. 3],in which X = Cl~or ClO4"):

+ ++

/S\N N/S\N N/S\N1
N

NP NPT N/

cu - Cu _— Cu, [Eq. 3]

/7 \ X / \ X"

X X X OH, H,C OH,

A B

It should be noted that, particularly at lower concentrations and especially
for the copper perchlorate derivatives, the 2:1 electrolyte (B in [eq. 3]) is the
dominant species.

By addition of aq.HCI the copper complexes with the above NSN-Y
ligands progressively collapse (Figure 3), but significant amounts of intact
complexes are still present at definitely acidic pH values of about pH 3.0.
Moreover, no negligible amounts (up to 10%) of copper(II) are still present
in the complexed form, well over the addition of the stoichiometric quan-
tities of HCI (i.e. 2 equivalents) required for the complete protonation of the
ligands.

100

—+100

50—

|
6 pH

Figure3 Fraction (molar %) of complexed copper(II) with pH (added HCI) for aqueous 1

mM solutions of different NSN-Y ligands. = CuClz(NSN); --------- = CuCly(NSN-
Cl); —-—.—= CuCl (NSN-Me); *#**** = Cu(ClO4)2(NSN); «+--e-r = Cu(ClO4)2(NSN-
Cl);- .. — .. — = Cu(ClO4)2(NSN-Me); A = actual adsorbance values of the 320-340 nm

band; A° = adsorbance values of the 320-340 nm band at pH > 6.
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Finally, with the exception of the adducts with the amino-group con-
taining ligand (NNN-C1), that dissolve in water, all other reported complexes
are completely insoluble in water, where, by addition of HCI, progressively
decompose without dissolving. Therefore, the “resistance” to HCI addition
of these latter adducts, although measurable in some aprotic non-physiologi-
cal solvent (e.g. ethanol or acetone), has not been taken into consideration
in the present study.

IV. PHARMACOLOGY OF THE LIGANDS AND COMPLEXES

All the ligands synthesized (Figure 1) and their copper complexes prepared
from either CuClz or Cu(ClO4)2, were tested for acute anti-inflammatory ac-
tivity in the carrageenan-induced paw oedema model in rats. The results ob-
tained with the ligands alone, and with water soluble and insoluble complexes
are shown in Table 1, 2 and 3 respectively.

Table1 Anti-inflammatory activity in the carrageenan-induced paw-oedema test (CPO) of
the rat:ligands

Compound Number of rats 3h CPO (% Inhib.)
1) NSN 20 26**

2) NSN-CI 10 18

3) NSN-Me 10 23**

4) NCN 10 0

5)  NSN-C3 15 2

6) NNN-C; 10 7

7 NON-C; 10 0

8) NCN-C; 10 8

All compounds were orally administered, 1 h prior carrageenan injection, at the dose of 0.32 mmol/kg.
** P<0.01 (Student’s r-test), versus vehicle-treated inflamed animals (N = 70 rats).
Details of the methods, and comparisons with different reference compounds are given in Reference 2.

Table2 Anti-inflammatory activity in the carrageenan-induced paw-oedema test (CPO) of
the rat: Cu complexes soluble in water

Compound Number of rats 3h CPO (% Inhib.)
9) CuCI2NSN 20 37**

10)  Cu(ClOg)2NSN 70 46+

11) CuCl; NSN-CI 10 28**

12)  Cu(ClO4)2 NSN=CI 20 45+

13)  CuCl; NSN-Me 10 21*

14)  Cu(ClO4)2 NSN-Me 20 41%+*

15)  CuClz NNN-C; 10 0

16)  Cu(ClO4)2 NNN-C; 10 0

All compounds were orally administered, 1 h prior carrageenan injection, at the dose of 0.32 mmol/kg.
* P<0.05, ** P<0.01 (Student’s t-test), versus vehicle-treated inflamed animals (N = 70 rats).
Details of the methods, and comparisons with different reference compounds are given in Reference 2.
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Table3 Anti-inflammatory activity in the carrageenan-induced paw-oedema test (CPO) of
the rat: Cu complexes insoluble in water

Compound Number of rats 3h CPO (% Inhib.)

17) CuCl; NCN 10 0

18) CuCl2 NSN-C; 15 11

19) CuClO4) NSN-C; 15 0

20) CuCl; NON-C; 10 14

21)  Cu(ClOs) NON-C; 10 0

22) CuCl; NCN-C; 10 10

23)  Cu(ClOs) NCN-C; 10 10

All compounds were orally admini d, 1 h prior carrag injection, at the dose of 0.32 mmol/kg. Statistic was

made, using the Student’s t-test, versus vehicle-treated inflamed animals (N = 70 rats). Details of the methods, and
comparisons with different reference compounds are given in Reference 2.

In summary, the lead NSN ligand and its analogous NSN-Me showed
some, though weak, anti-inflammatory activity (Table 1). The complexes so-
luble in water, with the sole exception of copper NNN-C1 adducts, all showed
oral anti-inflammatory activity, particularly when administered as perchlor-
ate derivatives (Table 2). Finally, all those copper complexes insoluble in
water were inactive as oral anti-inflammatory agents (Table 3).

After thisinitial approach, the most interesting molecules, i.e. the per-
chlorate derivatives of Cu-NSN-Y complexes (structures 10, 12 and 14,
Table 2), and the NSN-Y ligands (structures 1, 2 and 3, Table 1), were fur-
ther examined in acute and chronic animal models of inflammation. The re-
sults, which are reported elsewhere in detail?, showed that one of the
complexes, i.e. CuNSN (structure 10, Table 2), had:

(a)  dose-related anti-inflammatory activity when given orally in the acute
carrageenan-induced paw oedema test of the rat2, and

(b)  significant activity when administered orally, following a prophylactic
regime, in the chronic adjuvant arthritis test in rats2.

The above activities were both totally dependent upon the bioavailability,
after oral administration, of some intact CaNSN complex into the gastroin-
testinal tract2,

In view of the established “acid-resistance” of this complex,. we pos-
tulated that the oral administration of CuNSN could favour a greater inflow
of copper within the inflamed organism, compared to that provided by the
administration of CuClz. This hypothesis was initially tested by comparing
the copper content of different key body compartments (i.e. plasma, liver,
kidneys, and inflamed tissue), in acutely inflamed rats (carrageenan paw
oedema), treated with equimolar amounts or oral CuClz, NSN, or CuNSN
compared with that in control animals. Surprisingly, the results obtained
(Table 4) contradicted the above theory, indicating that equal, and some-
times greater, amounts of copper are absorbed following a single oral admin-
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istration of CuCl2 than after CuNSN treatment, despite the latter showing
significant inhibition of acute paw-inflammation (Table 4). Moreover, the li-
gand NSN alone, not only is virtually inactive as an anti-inflammatory agent,
but also it does not appear to significantly modify, at least upon a single oral
dosing, the copper status in the examined compartments.

V. CONCLUSIONS

The results obtained studying the chemistry and pharmacology of the ligands
and copper complexes described in this paper, while preliminary, do allow
some conclusions to be drawn, namely:

The ligands examined (NSN-Y in particular) have shown both selec-
tivity for copper and capability of forming stable complexes with the metal
invitro. Nevertheless, the above chemical characteristics do not seem to have
relevance in vivo, as the oral administration of these ligands failed to show a
biologically significant anti-inflammatory activity, as well as to modify the
status of copper in some key body compartments of acutely inflamed rats.

However, more encouraging results were found evaluating for anti-
inflammatory activity, the copper(II) complexes of the above ligands. CuNSN
deserves particular attention because of its appreciable pharmacological
potential in both acute and chronic models of inflammation. The activity of
this structure was shown to be dependent upon the presence of some intact
copper(II) adduct in the gastrointestinal tract of administered ratsZ; yet, the
preliminary results obtained studying the copper status in CuCl2 and CuNSN
treated animals, apparently indicate that, after oral administration, CuNSN
is not capable of promoting a greater absorption of copper ions compared
with CuClz. These observations raise questions concerning the mechanism
of action of CuNSN in relation to its anti-inflammatory activity. Although the
superoxide dismutase-like activity of Cu complexes could be the most fa-
voured onel?, the mode of action of copper in the regulation of the inflam-
matory response is, however, not fully elucidated. As reviewed by Sorenson3,
other biochemical mechanisms (like the induction of lysyl oxidase, the modu-
lation of prostaglandin synthesis, the stabilization of lysosomal membranes,
etc.) may be invoked to account for the observed anti-inflammatory activity.

It goes without saying that the data and speculations summarized in
this paper are essentially preliminary, and further experimental work is
needed in order to draw safe conclusions. Nevertheless, the results are en-
couraging and do suggest a workable line to improve the effectiveness of
these systems.
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Zinc absorption and excretion in humans and
animals
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. INTRODUCTION

The existence of physiological controls on zinc metabolism may be inferred
from the relatively small variations in tissue zinc levels which are observed
in animals consuming diets varying widely in composition and zinc content.

Zinc metabolism is regulated by adjustments in both its absorption
and excretion. This review will discuss the processes of zinc absorption and
excretion and how they interact to achieve zinc homeostasis. Experimental
data on the effects of specific foods or dietary components on the efficiency
of zinc absorption will also be reviewed.

Il. THE PROCESS OF ZINC ABSORPTION
1. Anatomical site of zinc absorption

Most research dealing with the site of zinc absorption along the intestine has
been performed in the rat. Results have been conflicting, with some studiesl-
5 suggesting that the duodenum is the major site of Zn absorption, while
others suggest that Zn absorption is fairly uniform along the length of the
intestine or greater in the distal portion”:8, Thus Van Campen and Mitchelll
injected Zn with a 65Zn tracer into ligated segments of intestine, and
measured uptake of the radioisotope into various tissues 3 h later. Zinc ab-
sorption occurred from the duodenum, jejunum, and ileum, respectively, in
a ratio of about 7:1:3. In a similar experiment, Methfessel and Spencer? in-
jected 65Zn into ligated intestinal segments of non-fasted rats and found Zn
was absorbed in a ratio of 2:1:1 from duodenum, jejunum, and ileum, respec-
tively, after 2 h. Davies3 injected a test dose of Zn with 65Zn into the differ-

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
Inflammation and Drug Therapy Series, Volume IV
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ent regions of the intestine, closed the surgical wound, and determined Zn
absorption by measuring whole-body retention of 65Zn over 8 days. This ex-
periment showed Zn was absorbed in a ratio of 6:1:3 from the duodenum,
jejunum, and ileum. Tissue uptake of 65Zn 24 h after injection into various
parts of the intestine in non-fasted rats showed greatest absorption from the
duodenum and declining absorption along the length of the,intestine4. An
early study® employed incubation of intact strips of intestine in a 65Zn con-
taining medium, showed approximately equal Zn absorption from the duode-
num and ileum, with less absorption from the jejunum; however, no
correction was made for differing total lengths of the different parts of the
intestine. In contrast, Antonson ef al.’, using in vivo intestinal perfusion and
anon-isotopic technique, found greater Zn absorption from the ileum (60%)
than from the duodenum (19%) or jejunum (20%). They used non-fasted
rats, and the total Zn dose in the perfusate was 200 ng, whereas other wor-
kers1-3 used doses of 1 to 10 pg. These differences in experimental condi-
tions might substantially affect results. Transfer of Zn from mucosa to serosa
of everted sacs of intestine from rats, chickens, and hamsters was greater in
the distal four-fifths of rat intestine than in duodenum, maximum in the dis-
tal ileum of chickens, but in hamsters was highest in the proximal duode-
num!l, Matseshe et al.8 used a triple-lumen tube to measure intraluminal Zn
at the ligament of Treitz and the proximal and distal jejunum after test meals
in humans. They concluded that the site of Zn absorption was distal to the
duodenum because more Zn passed the distal duodenum than was contained
in any meal, and Zn disappeared from the two jejunal sites. The secretion of
Zn into the duodenum does not, however, preclude the occurrence of Zn ab-
sorption in the duodenum.

The colon may play a minor part in the absorption of zinc. Sandstrom
et al.9 found 65Zn absorption of 1-7% in human subjects after instillation of
Zn into the colon. Davies3 reported about 3% absorption from the colon in
rats. A kinetic study of Zn absorption in adolescent rats> showed Michaelis—
Menten kinetics with K m values of 99, 45, and 50 .M and J max values of 3.4,
2.7, and 1.2 umol/h/g dry weight in proximal intestine, distal intestine, and
colon, respectively. Adjusting for differing tissue weights, transport rates
were 0.51, 0.37, and 0.20 wmol/h for proximal intestine, distal intestine, and
colon, respectively. The role of the colon in Zn absorption may be affected
by developmental changes. Net Zn absorption by adolescent rats in another
study was approximately equal in jejunum, ileum, and colon, but absorption
from the colon of suckling rats was four times greater than from jejunum or
ileum10,

Although the duodenum plays an important role in Zn absorption be-
cause of its faster rate of Zn transport than other parts of the intestine, it is
apparent that the absorptive capacities of the rest of the small intestine, and
the colon, are significant. Particularly when Zn doses are large, and because
residence time of digesta is greater in the more distal part of the intestine12,
the ileum is probably the major site of Zn absorption.
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2. Zinc absorption and transport into the circulation

There is some evidence that Zn absorption is an active process. Studies with
the metabolic inhibitors 2,4-dinitrophenol and iodoacetate showed that mu-
cosal to serosal Zn transport in everted intestinal sacs was reduced in their
presencell, Incubation of tissue strips with 2,4-dinitrophenol did not result
in reduction of tissue Zn uptake®, but this method is probably less sensitive
than the use of everted sacs.

Zinc absorption exhibits saturation kinetics when studied using a var-
iety of experimental approaches313-15, This implies that zinc uptake across
the brush border is a carrier-mediated process. Davies3 measured Zn absorp-
tion from ligated intestinal loops in vivo, and found that Zn absorption was
fairly linear for 15 min, and then declined. When the data were subjected to
a double-reciprocal plot, a relationship characteristic of enzymic or carrier-
mediated processes was observed. A K i value of 2.1 mM and aJ max of 33
nmol Zn/min were obtained using doses up to 200 pg Zn. Zinc absorption
measured in perfusion studies exhibited kinetics typical of a carrier-medi-
ated process, with K m values of 45 and 55 uM>13 and J max values of 3-6
nmol/min3.14, Using isolated brush border membrane vesicles, Menard and
Cousins14 reported saturation kinetics with a K m of 0.38 mM and J max of 5.4
nmol/min/mg protein in vesicles from zinc-adequate rats and a K m of 0.44
mM and J max of 12 nmol/min/mg protein in vesicles from Zn-deficient rats.
These datal4 and others13 suggest that the brush border transport system for
Zn is influenced by zinc status.

Kirchgessner and Weigand applied the Lineweaver—-Burke treatment
of data for Zn intake and true Zn absorption determined by isotope dilution
in rats15. A double-reciprocal plot yielded a straight line and a Michaelis—
Menten-type constant of 1.31 mg Zn/day, representing the Zn intake at half-
maximum absorption rate. This intake corresponds to a dietary Zn level of
about 115 ppm, far higher than the requirement for the growing rat, which is
about 12 ppm16,17, This indicates that, under normal conditions, the capac-
ity for zinc absorption is much greater than that which is observed, and that
saturation of absorptive capacity would not be reached with a normal diet.

Saturation kinetics were observed in one perfusion study with mice18,
but not in another!9, which also failed to show a difference in the rate of Zn
absorption between zinc-deficient and zinc-adequate mice. An intestinal
perfusion study in humans failed to show Michaelis-Menten kinetics. Zn ab-
sorption was linearly related to its intraluminal concentration over a range
0.1-0.9 mM Zn in the perfusion solution20. This probably approximates in-
testinal concentrations after meals containing moderate or high amounts of
Zn8. However, that study20 did show that glucose and glycyl-leucine, but not
glycine + leucine, enhanced Zn absorption, which implied a possibility of
carrier-mediated transport in humans despite the fact that saturation kine-
tics were not observed.

Carrier-mediated transport is not fully developed in the suckling rat;
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saturation kinetics were reported in the proximal intestine of suckling rats,
the proximal and distal intestines of weanling rats, and in the proximal and
distal small intestine and colon of adolescent rats.

The nature of the carrier is not known. However, in zinc-deficient rats,
brush-border proteins of approximately 43,000 and 63,000 daltons were more
abundant than in zinc-adequate rats?1. Wapnir and Stiel?2 recently investi-
gated structural characteristics of ligands which enhance Zn uptake at the
brush border in an effort to characterize the mechanism involved in Zn up-
take. They found that Zn absorption was greater in the presence of amino
acids than of amino acid homologues. Amino acids were involved in both
mediated and non-mediated Zn transport, but only non-mediated Zn uptake
was observed in the presence of homologues.

3. Effect of solutes in the lumen

Intestinal secretions and the digesta contain a variety of organic molecules,
such as amino acids, which have the potential to chelate zinc and to enhance
or inhibit its absorption. Many of these molecules originate from the diges-
tion of food, and their effects will be described in the section on zinc absorp-
tion from foods. There have also been proposals that certain small molecules
of physiological origin might not only enhance zinc absorption, but, indeed,
be required.

Hahn and Evans? first reported the association of zinc with a low
molecular weight ligand in the intestinal lumen and mucosa of rats after an
oral dose of 65Zn. Evans et al.24 reported that this ligand was of pancreatic
origin in rats and dogs, and that zinc absorption was markedly decreased in
rats after ligature of the common bile duct. Zinc absorption was restored to
normal when zinc was administered orally with a pancreatic extract to ani-
mals that had ligated common bile ducts?4. Subsequently, various investiga-
tors reported this zinc-binding ligand (ZBL) to be amino acid residues?5,26,
N,N,N'-trimethylaminediamine?’, prostaglandin E22829, and picolinic
acid3. The report of N,N,N'-trimethylaminediamine was shown to be an ar-
tefact of the purification procedure used3!. Cousins et al.32 showed that the
amino acid residues and the ZBL might be breakdown products of metallo-
thionein.

Prostaglandin E> increased mucosal-to-serosal zinc absorption by
everted jejunal sacs?933, whereas PGF24 had the opposite effect. Oral ad-
ministration of PGE3 to rats increased the 65Zn content of internal organs33,
Evans reported PGE2 in the ZBL-containing fraction of porcine duode-
num?3 and found that when rats were fed [14C]arachidonic acid, a precursor
of PGE, the 14C and 65Zn appeared in identical fractions, which reacted to
PGE antibodies. In addition, administration of aspirin, an inhibitor of PGE2
synthesis, inhibited 45Zn absorption in rats. However, many investigators be-
lieve prostaglandins to be unimportant in normal zinc absorption, since
oxygen-rich molecules are poor binders of zinc34, and prostaglandins are
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present in tissues in concentrations much lower than that of zinc. Most ex-
periments reported have been with very high levels of the prostaglandins.
However, these findings suggest that a role for prostaglandins in Zn absorp-
tion should not be overlooked.

Picolinic acid, a tryptophan metabolite, enhances zinc absorption
under certain conditions. Seal and Heaton35 reported that picolinic acid in-
creased the uptake of zinc by everted intestinal sacs. When they fed rats 50
ppm dietary Zn and a 50-fold excess of picolinic acid, turnover of 65Zn was
accelerated, Two studies37-38 employed intestinal perfusion techniques in
rats that had been fed diets with about 58 ppm Zn. Wapnir37 found that
PA:Zn ratios greater than 3:1 (approx. 450 uM PA) adversely affected the
rate of zinc absorption, and that picolinic acid was less effective than most
other ligands tested in promoting zinc absorption, but he made no compari-
son to a perfusate containing no ligand. Oestreicher and Cousins38 found no
difference in the rate of zinc absorption from perfusion solutions with a 17:1
PA:Zn ratio (110 uM PA) and a control solution containing no ligand. Jack-
son3? fed rats 30 ppm Zn and gavaged them with a solution of 55Zn and pi-
colinic acid having a PA:Zn ratio of 2.8. After 4 h, no increase in Zn
absorption was seen compared to rats given ZnCl2 alone. However, when
rats were fed a tryptophan-limiting diet containing 8 ppm Zn, the addition of
picolinic acid to the diet increased zinc absorption from 59% to 98%40:41,
The addition of picolinic acid to a 20% zein + lysine diet increased zinc
absorption from 59% to 98%40:41. In a study with men fed a tryptophan-limi-
ting diet and 2.9 mg Zn/d, addition of 10 mg picolinic acid/d to the diet re-
sulted in a significant increase in zinc absorption (Johnson, PE et al.,
unpublished). In general, picolinic acid does not seem to affect zinc absorp-
tion and metabolism when given in a single oral dose or perfusate, but only
when fed on a chronic basis as part of the diet. Its effects are most pronounced
when the zinc content of the diet is marginal.

Recently Wapnir and Stiel?2 investigated structural characteristics
that might be required for ligands to enhance zinc absorption. They observed
both mediated and non-mediated transport mechanisms for amino acids, but
only non-mediated zinc uptake for amino acid homologues. Blocking or dele-
tion of either the carboxyl group or the amino or the imino group of amino
acids seemed to interfere with Zn absorption. The effect was much less when
the homologue itself was a good chelator (i.e. imidazole).

Alow molecular weight ligand similar to that in intestine was observed
in human milk30:42-44, Evans and Johnson reported that it was picolinic
acid, while other investigators identified it as citrate46-48, The identity of
the ligand in human milk was of interest because of the efficacy of human
milk in treatment of acrodermatitis enteropathica®®, a genetic zinc-defi-
ciency disease4? in which a defect in zinc absorption has been reported30-52,
It was postulated that the ZBL was absent or low in neonatal rat intestine,
but present in the intestines of older rats#453, Thus the ZBL might be necess-
ary for Zn absorption during the neonatal period. Both picolinic acid and ci-
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trate have been reported to enhance or have no effect on Zn absorption35-
41 and picolinic acid has been reported to be efficacious in the treatment of
acrodermatitis enteropathica4. There was considerable controversy over the
identity of ‘the’ zinc-binding ligand in human milk and its role in normal zinc
absorption35-60, Apparently this was a case of not seeing the forest for the
trees. Neither citrate nor picolinic acid account completely for the reported
differences in zinc absorption®1-63 from human milk and cow’s milk or in-
fant formulas. Most likely both of these small molecules and others, as well
as peptides or small proteins in milk, are responsible for observed differen-
ces in zinc absorption from human milk and other milks. Further investiga-
tions of the effects of both citrate and picolinic acid on zinc metabolism are
warranted.

4. Intracellular events

Considerable efforts have been made to elucidate the nature of the protein(s)
or other ligands within the intestinal cell which are responsible for the ab-
sorption of zinc across the cell membrane and its transfer through the cell64-
67, This remains an area where only a general outline of the process is known.
Starcher%8 first showed in 1969 that Zn could displace %4Cu from a
protein of approximately 10,000 daltons in the duodenal mucosa of chicks.
Evans® found that Zn could displace Cu from metallothionein in bovine
duodenum. Subsequently, Van Campen and Kowalski’0 and Kowarski et al.11
reported that $Zn in rat intestinal mucosa was bound mostly to a high mole-
cular weight (HMW) fraction of about 105 daltons, as well as to a medium-
weight fraction (MMW) of 10,000-12,500 daltons. The MMW fraction was
purified and identified as metallothionein by Richards and Cousins’1.
Synthesis of metallothionein can be induced by feeding or injection
of Zn%%71-75, This finding led Cousins to propose that intestinal Zn absorp-
tion was regulated by the induction of metallothionein66,75,76, He suggested
that excess Zn induced metallothionein synthesis; this metallothionein would
bind Zn in intestinal cells. However, synthesis of metallothionein is induced
only by large amounts of Zn7577, and maximum response is observed 5-6 h
after the inducing Zn dose, although absorption takes place much more
quickly19. Brief exposure to zinc did not increase intestinal metallothionein
levels in mice8, Thus, although metallothionein may be involved in relative-
ly long-term modulation of Zn status, through involvement in zinc excretion,
metallothionein’s resistance to induction by normal levels of dietary Zn sug-
gests that it is probably not a zinc carrier molecule for the process of absorp-
tion. Metallothionein may function as a rapidly turned-over storage
protein’3, or as a buffering agent for Zn moving between HMW and LMW
ligands”. Coppen and Davies® found that when dietary Zn varied between
20 and 160 mg/kg, the biological half-life of body Zn stores appeared to be
inversely related to the metallothionein content of the duodenum. The regu-
lation of zinc absorption by metallothionein would not account for the sep-
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arate effects of Zn status and Zn dose in a meal on percentage Zn absorp-
tion80:81. The reciprocal relationship between metallothionein and Zn, which
is central to Cousin’s hypothesis, was not observed in mice19,

Intracellular proteins other than metallothionein are involved in zinc
absorption, but their roles are not well defined. Kowarski et al.11 found more
of a HMW protein (about 105 daltons) in homogenates of jejunal mucosa
than in duodenal mucosa. This corresponded to a higher rate of zinc trans-
port in the jejunum than in the duodenum. Zinc-deficient rats had relative-
ly more Zn bound to a HMW ligand than rats fed a normal diet?.
Chromatography of duodenal mucosa cytosol on Sephadex G-75 showed re-
duced incorporation of 65Zn into a HMW band of 55,000 daltons when KCN
and NaF were added to the incubation mixture82. Thus, transfer of Zn to the
HMW protein may be an active process.

lll. ZINC HOMEOSTASIS

The existence of controls on Zn metabolism can be inferred from the fact
that tissue and whole-body levels of Zn are nearly invariant within a wide
range of intakes above the requirement. Pallauf and Kirchgessner83 fed rats
diets containing from 2.2 to S00 mg Zn/kg, and found that whole-body Zn
was constant between intakes of 15 and 100 mg/kg and that bone zinc did not
change between intakes of 20 and 100 mg Zn/kg. Below intakes of 15 mg
Zn/kg and at 500 mg/kg, bone and whole-body Zn were related to Zn intake.
Deeming and Weber4 also found little change in bone or plasma Zn when
rats were fed diets with 12 or 68 mg Zn/kg, but values were lower when diets
contained 3 or 6 mg Zn/kg. Cotzias first showed that zinc homeostasis is con-
trolled by variations in both the absorption and the turnover of zinc85. He
found that turnover of 65Zn was accelerated by administration of a zinc salt,
and that zinc absorption decreased when an intraperitoneal Zn load was
given before the oral dose. Subsequently, many investigators reported a
generally inverse relationship between dietary Zn and Zn absorption in ro-
dents13,14,39,80,81,86-92 ryminants93:94, and humans?3:96 and increased excre-
tion or turnover of Zn with increased dietary Zn89-91.939497,98 A decrease
in percentage absorption with increasing dose in a meal has also been noted
in rodents19398081 and humans9>%9,

Coppenand Davies® found that percent absorption (y) of an oral dose
of 65Zn was inversely related to dietary Zn (x) in an exponential fashion, such
that

) = 4.488¢ (073) 12 = (.96,

They found a similar relationship between biological half-life (T 1/2)
of Zn (y) in hours and dietary Zn (x):

y = 135.5¢ (-0.18) »2 = (.95,

Thus, as dietary Zn increased, the absorption decreased and rate of
turnover of Zn increased (biological half-life decreased). Zn absorption
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changed most rapidly at low dietary Zn levels, while the biological half-life
changed more rapidly at higher levels of dietary Zn.

Weigand and Kirchgessner, using an elegant isotope dilution tech-
niquel®, have studied the dependence of endogenous faecal Zn excretion
on dietary intake. They reported that, in rats, when dietary Zn was below the
requirement, faecal Zn was entirely of endogenous origin®-91. Under these
conditions zinc absorption was close to 100%. As dietary zinc increased
above the requirement, percentage absorption decreased, and the amount of
endogenous faecal excretion increased. Urinary Zn was slightly lower in zinc-
deficient rats, but varied little with dietary zinc intakes above the require-
ment. They interpreted these data as showing that when dietary zinc is much
greater than the requirement, homeostatic control is exerted through vari-
ations in absorption, and when dietary Zn is near the requirement, control is
exerted through changes in endogenous faecal excretion. When dietary Zn
was 18.2 mg/kg, 93.3% of intake was absorbed, and endogenous faecal excre-
tion was 25.5 ng/d%. When dietary Zn was 10.6 mg/kg, 97.6% of intake was
absorbed, and endogenous excretion was only 6.3 ng/d. Thus, changes in en-
dogenous faecal Zn excretion played the primary role in regulation when Zn
intake was near the requirement, although even at that level of Zn intake,
percentage absorption changed with the dietary supply. When dietary Zn var-
ied from 39 to 141 mg/kg, a 3.6-fold change, Zn absorption decreased and
endogenous faecal excretion increased, both by a factor of about 2.5. There-
fore, Weigand and Kirchgessner’s conclusion that homeostatic control was
exerted by changes in absorption at high Zn intake was only partially correct,
because absorption and endogenous excretion varied in tandem.

Evans et al.92 likewise proposed that Zn metabolism was regulated by
Zn excretion into the intestine, and that reports by previous investigators
showing decreases in percent Zn absorption with increasing intake were
caused by dilution of orally administered isotope by endogenous Zn secre-
tion into the intestine. This argument is partially true, and substantiated by
the marked difference in absorption values between rats given oral and in-
tramuscular 65Zn that Evans observed. However, when the isotope dilution
technique was used to correct for endogenous Zn, Evans still observed a fall
in percentage Zn absorption from 91% to 71% when intake was increased
from 169 pg/d to 275 ng/d. It can be calculated from his data that endogen-
ous faecal Zn increased about 3-fold at the same time.

Data obtained in my laboratory support the concept that Zn ab-
sorption and excretion vary in tandem to control Zn metabolism, but suggest
that the controls on these two functions may differ. An experiment was done
to examine the effect of past diet or body Zn stores and current diet on Zn
absorption and endogenous excretion101, Rats were fed diets containing 1.5,
12, or 50 mg Zn/kg for 19 days (‘past diet’), and switched to diets containing
3, 12,20 or 50 mg Zn/kg (‘present diet’). Zn absorption, endogenous excre-
tion, and balance were measured using an isotope dilution technique after
21 days of the second dietary period. The results of this experiment are shown
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in Table 1. Percent absorption of Zn was affected only by the present diet,
but endogenous excretion was affected by both the past and present diet.

Table1 Zn balance, absorption and endogenous excretion

Dietary Zn Endog-
(mg/kg) enous Zn
—_—_— Urine faecal absorp-
Group First Second excretion  Balance excretion tion
period  period (hg/d)  (ng/d) (ng/d) (%)
Al 1.54 3.65 1 31 6 882
II 12.64 4 121 46 78.6
III 20.46 6 111 92 63.6
v 50.32 7 112 173 339
B I 12.64 3.65 3 33 11 89.2
II 12.64 8 81 64 73.0
III 20.46 7 76 121 628
v 50.32 8 48 224 335
C I 50.32 3.65 1 35 13 928
II 12.69 5 77 73 748
III 20.46 9 61 113 519
v 5032 6 75 217 339
Root MSE 4 52 19 9.6
ANOVA
Past diet
(A-C) NS (0.06) 0.0001* NS
Present
Diet (I-1V) 0.0001  0.0068 0.0001 0.0001
Past x present NS NS NS NS

*By Scheffe contrasts, Group A is significantly different from groups Band C (p = 0.0001), but B and C do not dif-
fer.

The past diet significantly decreased endogenous fecal Zn only in the group
which was fed a Zn-deficient diet during the first period. Furthermore, total-
body Zn and tissue Zn concentrations were decreased at the end of the first
dietary period in rats fed 1.5 mg Zn/kg, but groups fed 12 or S0 mg Zn/kg did
not differ. By the end of the second dietary period this difference in tissue
Zn concentration in rats fed 1.5 mg Zn/kg in the past diet had been mostly
made up, so that values in rats fed 1.5 mg Zn/kg in the past diet were similar
to those in rats fed 12 or 50 mg Zn/kg in the past diet. Because percentage
Zn absorption from the present diet was not affected by the past diet, this
catch-up in tissue Zn concentration had to have been caused by alterations
in endogenous Zn excretion. These data show that both Zn absorption and
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endogenous excretion are responsive to dietary Zn intake. In addition, there
is some internal mechanism for regulating excretion of Zn which responds
to the tissue Zn levels; by this means the body attempts to maintain tissue Zn
at a particular level.

Kinetic analysis of zinc metabolism in normal humans, using 65Zn,
identified five sites of regulation of zinc metabolism192, Tissue zinc con-
centrations were regulated by absorption of zinc from gut, excretion of zinc
in urine, secretion of zinc into gut, release of zinc by muscle, and exchange
of zinc with erythrocytes102,

Other aveanues of potential Zn losses are hair, sweat, menses, semen,
and milk. While the amount of Zn lost by these routes is usually small com-
pared to faecal losses, there is evidence that they are also subject to some ho-
meostatic control. Most milk Zn comes directly from the mother’s dietary
intake during lactation, and only about 10% from body Zn stores103, When
dairy cows or rats were fed diets low in Zn there was a corresponding de-
crease in milk Zn104-106_ Diets very high in Zn (1000-2000 mg/kg) resulted
inincreased milk Zn in cows107; however, within the range of normal dietary
intakes, dietary Zn was unrelated to milk Zn in women108,109 and supple-
ments of 2060 mg Zn/d failed to increase milk Zn110-112, When men were
fed diets containing only 3.6 mg Zn/d, zinc losses in sweat declined gradually
with time113, When diets contained 33.7, 8.3, and 3.6 mg Zn/d, average sweat
Zn losses were 0.62, 0.49, and 0.24 mg/d, respectively, suggesting that there
is some homeostatic control of sweat Zn. Others have reported similar re-
ductions in sweat Zn with decreased Zn intake114, The amount of Zn in hair
or wool of animals has been shown to be related to the Zn content of the
diet!15,116_ In humans, no correlation was observed between hair Zn and
either plasma or red cell Zn for a population consuming self-selected
diets!17, but exposure to high levels of Zn in an industrial setting (galvaniz-
ing) resulted in increased hair and toe-nail Zn118, Zinc loss in menses119-121
is approximately 0.2-0.4 mg/d. It is not known if this varies with dietary Zn.
Zinc in semen is in the range of 0.01 to 0.6 mg/ml, or 0.08 to 1.7 mg Zn per
ejaculum!22-125, Seminal zinc levels fell in men fed 0.3 mg Zn/day for 4-9
weeks125,

IV. ZINC ABSORPTION FROM FOODS AND FOOD COMPONENTS
1. Physiological factors affecting absorption

Although animal studies of Zn absorption have tended to employ male wean-
ling or adolescent rats, it is important to note that age, sex, growth, pregnancy,
and disease can all affect zinc absorption, albeit to different degrees. Aamodt
et al. reported that mean absorption of Zn decreased linearly with age, by
about a tenth of a per cent per year, over an age range of approximately 20
to 75 years of age126. This decrease, though small, was highly significant (r =—
0.934,p <0.001). Absorption decreased more rapidly with age in women than
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in men, but women absorbed more zinc than men in all but one age category.
This difference was also significant when subjects were compared by decade
using a paired ¢-test. Turnlund and co-workers127:128 found lower absorption
(17+3%) in men aged 65-74 than in young men (25 +6%) aged 21-33 on
diets containing 15-16.5 mg Zn/d.

In rats, zinc absorption was greater in suckling animals than in ado-
lescents>:10, This is probably because intestinal permeability is greater in the
suckling than in the more mature animal. Using isolated everted intestinal
sacs, Schwarz et al. found that Zn absorption increased during pregnancy in
the rat129 until, during the third trimester, it was significantly higher than in
non-pregnant, non-lactating controls. Absorption of zinc remained higher
during the first few days of lactation, and then fell to control levels. Using a
stable isotope of Zn, Swanson et al. measured Zn absorption in pregnant and
non-pregnant women, but found no increase in Zn absorption during preg-
nancy!30 when women at approximately 30 weeks gestation were fed a diet
containing about 17 mg Zn/d. It seems possible, however, that changes in zinc
absorption during pregnancy might be measurable under conditions of less
adequate dietary intake, or if longitudinal rather than cross-sectional
measurements could be made.

Various diseases have also been shown to affect zinc absorption and
excretion. Absorption of zinc is decreased in alcoholism!31, Crohn’s dis-
ease132, inflammatory bowel disease 133, pancreatic insufficiency!34, anore-
xia nervosal35, and acrodermatitis enteropathical36,:137, In cattle with Adema
disease, an inherited trait similar to acrodermatitis enteropathica, zinc ab-
sorption is impaired138:139, Mucosal zinc uptake is lower in diabetic rats140,
because of mucosal hyperplasia, but changes in zinc absorption in diabetic
humans have not been reported. Urinary excretion of zinc is increased in cir-
rhosis141, and massive losses of zinc occur in patients with severe burns!41,
Whole-body loss of zinc was several times greater than normal in man with
gluten enteropathy, although absorption of zinc was normal (GI Lykken and
PE Johnson, unpublished data).

2. Methodological considerations

The balance method has been the classical means of assessing zinc absorp-
tion in humans. However, because endogenous excretion via the faeces, as
well as absorption, can be affected by diet, it should be clear that zinc bal-
ance does not give an accurate indication of zinc absorption. Balance
measurements are useful because they show the net effect of both absorp-
tion and excretion, but they do not provide any mechanistic information.
Techniques for measurement of zinc absorption will be discussed briefly
here, because not all techniques yield the same kind of information.
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(a) Whole-body retention of zinc following a radioisotope dose

Heth and Hoekstral42 developed the now classic method for determining
zinc absorption using radioactive zinc. Briefly, animals are dosed orally with
radioactive zinc, and whole-body retention of the isotope is monitored for a
period of days or weeks. Another group of animals receiving a similar diet is
injected with the isotope and its retention determined. When a semi-log plot
of percentage retention versus time is made, the curve becomes linear after
3-5 days. The linear portions of these plots are extrapolated to the time of
dose, and true absorption is defined as the intercept of the oral retention plot
divided by the intercept of the injected retention plot. The data from the ani-
mals who received the isotope by injection are thus used to correct for en-
dogenous excretion of zinc. The slope of the semi-log plot gives an indication
of zinc turnover, and biological half-life can be calculated from the slope.
This approach is often used without a group receiving the isotope by
injection, when test meals differing from the basal diet are fed. In such cases
apparent absorption rather than true absorption is determined, but relative
differences among test meals are assumed to be the same as if the correction
for endogenous excretion had been made. Use of radioisotopes of zinc to
measure apparent absorption in this way has been extremely useful in human
studies143,144, The kinetics of zinc excretion have also been investigated using
whole-body measurements of 65Zn or 9mZn retention98,102,145-150,

(b) Dual isotope faecal collection procedure

Payton et al.151 have described a rapid method for measuring zinc absorption
in humans without the necessity for a whole-body gamma counter or pro-
longed periods of observation. It involves the simultaneous administration
of 65Zn and 51Cr, and the measurement of the ratio of the two isotopes in a
single faecal sample. The 5ICr serves as an inert, non-absorbable marker.
This method may be confounded by the administration of lactulose to pro-
mote defaecation as soon as possible after the 65Zn dose, thus shortening the
residence time of zinc in the gastrointestinal tract. It gives the same results
as whole-body retention measurements of zinc absorption in subjects who
are also given lactulose.

(c) Faecal monitoring of stable isotopes of zinc

Naturally occurring zinc is composed of five stable (non-radioactive) iso-
topes: %4Zn, 48.89%;%6Zn, 27.81%; 67Zn,4.11%; 68Zn, 18.56%; 10Zn, 0.62%.
If one of these isotopes is administered orally, the unabsorbed portion ap-
pears in the faeces, and the isotopic composition of the faeces differs from
normal. Absorption is calculated as the difference between the oral isotope
dose and the faecal isotope in excess of the natural abundance. The isotopes
which are naturally least abundant are the best ‘tracers’, because a small dose
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of highly enriched isotope will produce a fairly large change in the isotopic
abundanceratios. The least abundant isotopes are the most expensive, so that
methodological concerns usually must be balanced by financial consider-
ations. Faecal monitoring does not give a completely accurate measurement
of absorption because some excretion of absorbed isotope occurs during the
week or two that is required for faecal collection. For zinc, this is about 10%
of the isotope dose!43. Thus, values obtained by faecal monitoring are best
referred to as apparent absorption. Another factor which may affect inter-
pretation of data is that doses on the order of a few milligrams of isotope
must be used, so that this is not a tracer method in the usual sense.

Isotopic analysis of faeces or other samples can be done by two basic
techniques: neutron activation analysis152-154 or mass spectrometry (MS).
Only three of the stable isotopes of zinc, #4Zn, %6Zn, and 70Zn, can be ana-
lysed by neutron activation analysis. Mass spectrometric methods which can
be used include direct probe-MS of metal chelates155 or gas chromatography-
MS of metal chelates156, fast atom bombardment-MS157, and thermal ioni-
zation-MS158-160, Of these methods, thermal ionization is the most precise
and the slowest. In comparisons of thermal ionization-MS and neutron acti-
vation analysis, thermal ionization-MS was found to give superior results154.
Comparisons of absorption determined by faecal monitoring using stable iso-
topes or radioisotopes have been made in humans158 and rats161 and there
was no difference in absorption values with the method of analysis. Stable
isotopes have also been used for kinetic studies of zinc in blood162,

(d) Isotope dilution

An isotope dilution technique for measuring both true absorption and en-
dogenous excretion of zinc was developed by Weigand and Kirchgessner100,
Animals are injected with radioactive zinc, and after a period of equilibrium
(about 9 days), faeces are collected and food intake measured. At the end of
the balance period the specific activity of blood or tissue is determined and
compared to the specific activity of faeces. Absorption is calculated as:

I F + Sf/Sm(F)

A=
I

where A is fractional absorption, I is intake, F is faecal Zn, Sf is specific ac-
tivity of faeces, S is specific activity of tissues. The term Sf/Sm(F) represents
the endogenous faecal excretion. This method has the advantage of deter-
mining Zn absorption from the ad libitum diet over a period of several days,
and may provide a more accurate indication of absorption than methods
which employ a single test meal.

Jackson et al.163 adapted this method to employ intravenous infusion
of a stable zinc isotope in human subjects.
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(e) Plasma tolerance curves

Several investigators have measured changes in plasma zinc after an oral zinc
dose134164-169 reasoning that increases in plasma zinc must be directly re-
lated to the zinc most recently absorbed. This method is attractive because
sample collection is complete in about 4 h, and only blood need be collected.
This makes it useful for field studies. However, most studits have used doses
of 25 mg or even 50 mg of elemental Zn. Use of these pharmacological doses
may result in findings which are not necessarily the same as would be ob-
tained with more normal Zn doses. Ingestion of meals which are not sup-
plemented with Zn often results in a decrease in postprandial Zn, rather than
an increasel70, Changes in postprandial Zn may reflect differences in rates
of Zn absorption rather than in total Zn absorption171,

(f) Slope-ratio assays: growth or bone Zn response

Differences in growth or incorporation of Zn into bone have been used to
assess Zn bioavailability in animals. Such methods necessarily employ young
growing animals that are fed suboptimal levels of Zn. Different concentra-
tions of dietary levels of Zn are achieved by incorporating different levels of
the test substance into the diet as the Zn source. Response to the different
amounts of the Zn source is compared to response to graded amounts of a
Zn salt. Growth is a particularly non-specific criterion, because the diets
which contain different amounts of Zn also contain different amounts of all
the components, nutritive and otherwise, which are in the test food. Bone Zn
concentrations in rats are not correlated with dietary Zn above 12 mg/kg of
diet4, Tibia zinc and tibia 65Zn were found72 to be correlated with whole-
body 95Zn retention in rats fed chicken or soy-based diets containing 9 mg

Zn/kg.

(g) Effect of testing conditions on absorption measurements

Testing conditions both before and after a meal can affect absorption
measurements. Zinc absorption was lower in unfasted animals than in fasted
ones, and the length of the fast was also important173,174, Absorption of Zn
was lower in animals whose diet was reintroduced 2 h after the test meal than
in animals refed 20 h later173, The Zn-content and general composition of
the diet before the test meal can affect Zn absorption. Dietary Zn after a test
meal affected Zn absorption by rats even when the meal was followed by a 7
h fast173. In humans, the volume of food in the meal, the volume of accom-
panying beverages, caloric content, whether food is solid or homogenized,
and smoking, can affect gastric emptying time, and digestive secretions!75-
178 and very probably affect intestinal transit time and mineral absorption.

"~ Asindicated elsewhere in this review, both the level of zinc in the diet
and the dose of zinc in a meal can affect percentage zinc absorption. A die-

116



ZINC ABSORPTION AND EXCRETION IN ANIMALS AND HUMANS

tary Zn—Zn dose interaction can affect the relative bioavailability of zinc from
foods. When rats were fed basal diets containing 12 or 35 mg Zn/kg and 0.25
or 1.5 umol Zn from zinc chloride, beef, chicken, peanut butter, milk, navy
beans, oysters, and soybean flour, there were significant effects on zinc
absorption of dietary Zn, Zn dose, Zn source, and a source—dose interac-
tion17, Under certain conditions, zinc from chicken, beef, and zinc chloride
was equally well absorbed, while under other conditions, zinc from chicken
and peanut butter was more available than zinc from beef or zinc chloride.
Likewise, zinc from navy beans was similar to, or significantly less available
than, zinc chloride, depending on the usual dietary Zn and the Zn dose.
Adaptation to other dietary components before the meal may also affect the
outcome of absorption measurements. Rats adapted to a chicken meat diet
absorbed more Zn from a soy test meal than rats adapted to a soy bean diet172,
The zinc content of the diet fed after a test dose can also affect zinc absorp-
tion from that dose. Rats gavaged with carrier-free 65Zn and subsequently
fed a diet containing 11.5 mg Zn/kg absorbed more zinc than rats fed a diet
containing 85 mg Zn/kg after the dose, when both groups were fed 85 mg
Zn/kg before the test dose180,

(h) Use of extrinsic labels

When isotopic tracers are used to measure zinc absorption from specific
foods one must consider the validity of using an extrinsic tracer instead of an
intrinsic tracer. An extrinsic tracer is an isotope which is added directly to the
food at the time of meal preparation or feeding. An intrinsic tracer is one
which is incorporated into a plant or animal during its normal growth before
harvest or slaughter. The production of intrinsically labelled foods, especially
with radioactive isotopes, is obviously cumbersome, and usually requires spe-
cial facilities for the labelling process. However, extrinsic tracers, though con-
venient, must be proven to give the same results as intrinsic tracers. In rats,
zinc absorption from intrinsic and extrinsic labels was comparable from rye
grass18L rat liver182, corn182, whole egg183, chicken!72, soybean hulls!83, soy-
bean flour172183,184 and neutralized soy concentrate184, Using an in vitro pro-
cedure, Sandstréom et al. concluded that extrinsic and intrinsic zinc were
equally available from human milk185, Absorption of intrinsic zinc by rats
was significantly lower than absorption of extrinsic zinc from acid-precipi-
tated soy concentrate!34, In humans, absorption of intrinsic zinc in chicken
meat was significantly higher than absorption of extrinsic zinc added to
chicken, although absorption of intrinsic and extrinsic zinc were significant-
ly correlated186, However, other investigators found no difference between
absorption of intrinsic and extrinsic zinc from turkey meat187, Absorption of
intrinsic and extrinsic zinc from beef did not differ83, Solomons and Jacob
used a plasma Zn tolerance procedure to compare the effects of different
forms of iron on Zn absorption166, They found that non-haem iron inhibited
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the plasma Zn increase when Zn was given as zinc sulphate, but not when Zn
was fed in the form of oysters. This raises the possibility that intrinsic and ex-
trinsic zinc may not mix completely in the intestine, and can be affected to
different degrees by substances which might enhance or inhibit Zn absorp-
tion.

3. Effects of foods and food components on zinc absorption
(@) Minerals

Other minerals in animal and human diets have been shown to interact with
Zn and to affect its availability from the diet. Calcium has been shown to in-
terfere with Zn absorption and retention by rats. Some investigators have ob-
served a calcium effect only when diets were high in phytic acid or inorganic
phosphorus87.142 while others have reported an effect on calcium alone in
reduction of zinc absorption189, Studies with humans have not shown an ef-
fect of calcium alone on zinc absorptionl43, Zinc absorption was reduced
when milk was added to soy protein meall%, but increased when milk was
added to a meal with bread'70. Both milk and cheese inhibited the rise in
plasma zinc when pharmacological doses of zinc were fed to humans!64,

Zinc absorption is inhibited in humans by large excesses of inorganic
iron over zinc1%6 when salts of iron and zinc are given. Zinc absorption from
food was not affected by large amounts of iron191-193, Haem iron did not af-
fect the plasma appearance of pharmacological doses of zinc1%, Inorganic
iron affected plasma zinc increases after doses of zinc sulphate, but not zinc
as oysters166,

Copper can interfere with zinc absorptionl®4, but because diets
usually contain much more zinc than copper, this effect is not usually con-
sidered important. A dose of S mg Cu did not interfere with absorption of 0.5
mg Zn as ZnClz by humans!93,

(b) Vitamins

Folic acid supplements of 400 pg/d were shownl%5 to increase faecal Zn
excretion and decrease urinary Zn in men fed 3.5 mg Zn/d. However, in an-
other study with men fed 8.5 mg Zn/d there was no difference in the absorp-
tion of Zn by men fed 200 or 400 pg folic acid/d, and an increase in Zn
absorption when 800 ng/d of folic acid was given. Although Zn absorption in-
creased at the high level of folic acid supplementation there was no change
in Zn balance, suggesting that the increase in absorption was accompanied
by a corresponding increase in endogenous fecal Zn excretion (PE Johnson
and DB Milne, unpublished observations).

When pyridoxine HCI at concentrations of 2, 4, 10 and 40 mg/kg was
added to rat diets, Zn absorption increased with increasing levels of dietary
pyridoxine, and Zn turnover decreased!%.
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Ascorbic acid had no effect on Zn absorption by human subjects197
and had no effect on the rise in plasma zinc after a 25 mg dose of zinc168,

(c) Proteins

The amount of protein in diets or meals affects the absorption and retention
of zinc. Zinc retention by rats was improved when diets were high in total
protein, and decreased when rats were fed low protein diets198.199, In hu-
mans, Sandstrém found that absorption of zinc was positively correlated with
the protein content of meals170.

The effect of protein sources on Zn absorption has been extensively
studied, but it has not always been clear if the observed effects were caused
by differences in the proteins themselves, or in other food components such
as phytic acid. The requirement for dietary Zn in the rat is 12 mg/kg when ca-
seinis used as the protein source, but 18 mg/kg when soy flour is used!”. Con-
flicting data on the effects of soy protein on zinc availability may reflect
differences in zinc levels in the chronic diet, prior adaptation to soy protein-
containing diets, the phytate: zinc molar ratio, the type of soy product
fed172,183,184,200-202_ (Phytic acid is present to some degree even in the pro-
cessed soy products.) In humans, zinc absorption from soy-based infant for-
mula was less than from human or cow’s milk6263, but addition of soy to a
milk formula did not depress zinc absorption62. Only 30% of zinc was ab-
sorbed from a soy bean sausage meal, but 41% was absorbed from a meal of
beef sausagel?’. Zinc absorption by humans fed a formula diet containing
chicken was 57-72%, at Zn intakes of 10.1 or 6.7 mg Zn/d186, and replace-
ment of half the chicken by soy did not affect Zn absorption. In contrast, re-
placement of meat or protein in bread by soy in bread by soy products
depressed Zn absorption from test meals203,

Zinc is better absorbed from human milk than from cow’s milk or
cow’s milk-based infant formula61-63, This difference has been attributed to
low molecular weight zinc binding substances in human milk which are ab-
sent or at low levels in cow’s milk30,42-44, Significantly more 5Zn was re-
tained by rats fed a whey-based diet (36.5%) than by rats fed a casein-based
diet (31.6%); femur zinc and 95Zn were also higher in rats fed the whey
diet204, In humans, zinc absorption from a ‘humanized’ cow’s milk infant for-
mula (whey/casein 60/40) was significantly higher than from a conventional
(whey/casein 20/80) formula (32% vs. 21%); however, absorption from a
100% casein formula (41%) was higher than from a 100% whey formula
(26.5%)02,

In rats, zinc was better absorbed from chicken than from beef17, but
in humans, zinc absorption from chicken and beef was similar when zinc was
added to chicken to equalize the amount of zinc in the chicken and beef
meals1%0, Human zinc absorption from beef, chicken, and turkey meals con-
taining 1.0-5.0 mg Zn ranged from 20 to 419%1%.
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Zinc availability is generally, but not always, better from foods of ani-
mal origin than from foods of plant origin. O’Dell first compared plant and
animal foods using growth-response as a criterion, and found zinc from egg
yolk, fish meal, oysters, and non-fat dry milk to be more available than zinc
from corn, rice, wheat, corn germ, sesame meal, or soybean meal205, Zinc ab-
sorption by rats from peanut butter was equal to or significantly higher than
that from zinc sulphate, depending on conditions of dose and dietary Zn17.
Zinc1 7:;bsorption by rats from egg or chicken was better than from soy pro-
tein! /7,

(d) Plantfoods

Breads and cereals, as well as legumes, have been studied extensively because
they are dietary staples. Human zinc deficiency was first recognized in the
Middle East where unleavened whole-wheat breads comprise much of the
diet206, These breads are rich in both fibre and phytate.

There is substantial evidence that phytate added to diets inhibits the
absorption of zinc by rats207.208, Dephytinization of bran reduces its inhibi-
tory effects on zinc absorption209. Reduction of phytates content of bread by
leavening also improves zinc availability for absorption210, Stable isotope
studies in humans showed a 50% reduction in Zn absorption when 3 g of so-
dium phytate/d were added to the diet211,

Fibre in the form of bran has been found to reduce zinc absorption
and retention212213 or to have no effect?14:215, The particle size of the bran
was suggested to be a factor in these conflicting results?16, but particle size
does not always have an effect?15, In humans, zinc absorption from whole-
meal bread was less than half (17%) of that from white bread (38%), but the
zinc content of the wholemeal bread was three times that of the white bread,
so that the total zinc absorbed was greater from the wholemeal bread70, Pe-
coud et al.164 found that brown bread inhibited the rise in plasma zinc to a
greater extent than did white bread. Addition of cellulose to a formula diet
did not affect zinc absorption in humans as measured with stable isotopes211.

Oxalic acid, found in leafy green vegetables, does not affect absorp-
tion of zinc by rats217,

(e) Beverages

Red wine enhanced zinc balance in humans?18, This effect was caused by the
congeners rather than the ethanol, as dealcoholized wine had the same ef-
fect. Wine, whiskey, or beer served with a turkey meal did not affect zinc ab-
sorption187, Ethanol-feeding studies in rats, which allow consumption at high
levels of alcohol for prolonged periods, have shown a reduction of zinc ab-
sorption and increased zinc excretion in ethanol-fed rats219,220,

Milk served with turkey caused a small but non-significant reduction
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in zinc absorption187. Milk added to a meal of wholemeal bread and egg re-
sulted in a small increase in zinc absorption170, Zinc is better absorbed from
human milk than from cow’s milk61-63,

Orange juice depressed zinc absorption from a meal of turkey!87, Cof-
fee inhibited plasma zinc uptake after a pharmacological dose of zinc211, but
tea taken with a meal of turkey did not affect zinc absorption by humans187,

SUMMARY

Although we know more about the absorption and excretion of zinc than
other other trace minerals, such as copper, knowledge of the mechanisms in-
volved is still fragmentary. From a practical standpoint much remains to be
learned about the bioavailability of zinc from foods consumed in ordinary
diets. Much of the existing data is conflicting or incomplete. Rapid advances
in methodologies with both stable and radioactive isotopes in the past de-
cade are beginning to give us information about zinc absorption by healthy
people.
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Concerning the potential therapeutic value of
zinc in rheumatoid and psoriatic arthritis

A Frigo, LM Bambara, E Concari*, M Marrella®, U Moretti*,
C Tambalo, GP Velo* and R Milanino®
Istituto di Patologia Medica and Istituto di Farmacologia®, Universita di
Verona, Policlinico Borgo Roma, 37134 Verona, Italy

l. RHEUMATOID ARTHRITIS (RA)
(1) Zinc status

Although less extensively studied than copper, the metabolism of zinc has
also been shown to be affected by rheumatoid arthritic conditions, a decrease
of plasma zinc concentration being the change most frequently observed.

Niedermeier and Griggs! have reported a significant decrease of plas-
ma zinc values in 68 RA patients, and found high levels of zinc, copper and
iron in the synovial fluids of most of them. Sorenson and Di Tommaso?
measured a 40% decrease of serum zinc concentration in RA patients whose
serum Mg levels were found to be normal; on the basis of these observations
the authors concluded that the fall of circulating zinc was a feature of rheu-
matoid arthritis rather than an epiphenomenon due to malabsorption poss-
ibly associated with the disease itself. Balogh and co-workers3 found a
reduced plasma zinc concentration in RA patients, and showed that plasma
zincwas directly correlated to serum albumin and inversely correlated to ery-
throcyte sedimentation rate (ESR) and serum globulins. These authors
failed, however, to find a significant correlation between plasma zinc levels
and the number of tender joints or theumatoid factor. In another study the
reduced plasma zinc concentration measured in RA patients was found to be
significantly correlated with the duration but not with the severity of the dis-
ease?,

Zinc concentrationin the peripheral blood cells has been recently stu-
died by Svenson and co-workers>, who found values lower than normal in pa-
tients with rheumatoid arthritis and other inflammatory connective tissue
diseases.

Copper and Zinc in Inflammation. Milanino, R, Rainsford, KD and Velo, GP (eds)
Inflammation and Drug Therapy Series, Volume IV
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The urinary output of zinc may also be influenced by rheumatoid arth-
ritis. An increase of urinary excretion of zinc in RA patients was indeed re-
ported by some authors6-8, but not confirmed by others.

In our laboratory we have in preliminary studies examined the plas-
ma concentration as well as the urinary excretion of zinc in 54 patients with
established rheumatoid arthritis. The results obtained (Table 1) have shown
a statistically significant decrease of plasma zinc, whereas no changes were
observed in the amounts of metal measured in the 24 h urine. Most interes-
tingly, however, we found a statistically significant correlation between plas-
ma zinc levels and some relevant markers of the disease such as duration of
the illness, ESR values, number of swollen joints, etc. (Table 2).

Table 1 Plasma and 24 h urine zinc status in normal individuals and in patients with
rheumatoid arthritis and osteoarthrosis (osteoarthritis)

Plasma zinc Urinary zinc
Group n pg/dl (SD) ng/24 h (SD)
Normal 29 106 (22) 458 (274)
Osteoarthritis 18 104 (13) 476 (216)
Rheumatoid arthritis 54 97 (15)* 451 (208)

The normal group (comprising healthy hospital personnel) was selected to have mean age and sex distribution com-
parable to those found in the RA group. Zinc determination were made by flame atomic absorption spectroscopy2.
* p < 0.010, Student’s z-test versus normal group.

Table 2 Rheumatoid arthritis: correlation coefficients (r) between plasma zinc con-
centration values and some classical parameters characterizing the disease status

Parameter r p

Duration of the illness -0.43 <0.001
Number of swollen joints -0.35 <0.050
Erythrocyte sedimentation rate (ESR) -0.44 <0.001
az2-globulins -0.34 <0.050
Haemoglobin 0.30 <0.050

Finally, the relevance of the anti-arthritic therapy on the zinc status
in RA patients has been scarcely investigated, and very few data are, at pres-
ent, available. Corticosteroid treatment seemed to exacerbate the plasma
zinc deficiency observed in RA patients4, whereas D-penicillamine has been
found to significantly increase the concentration of zinc in plasma and ery-
throcytes, as well as the amount of zinc in the 24 h urine of rheumatoid pa-
tients10. Gold therapy is capable of inducing an increase of hepatic and renal
zinc and metallothionein levels in the rat!! and thus may be assumed to in-
terfere with the zinc status of RA patients. In our hands, however, the plas-
ma zinc concentrations of 11 RA patients treated with gold preparations
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(99.9+11.9 ng/dl) was found to be comparable to that observed in the whole
population of RA patients examined (97.0+15.0 ng/dl).

(2) Zinc therapy

Simkinl2 was the first to carry out a controlled trial orally administering zinc
sulphate (220 mg three times daily) to a group of 24 middle-aged RA patients,
most of whom had active disease of long duration. The author described the
rationale of this study as follows: (1) rheumatoid arthritis may be charac-
terized by a zinc-deficiency status; (2) the efficacy of D-penicillamine in the
therapy of RA conditions may be partly due to its ability in promoting intes-
tinal zinc absorption; (3) zinc may have anti-inflammatory properties in vivo
being, in vitro capable of stabilizing lysosomal membranes as well as modu-
lating complement and macrophages activities. Of the 21 RA patients out of
the 24 initially enrolled, all completed the trial showing a statistically signifi-
cant improvement in joint swelling, severity of morning stiffness, 50-foot
walking time and patients’ overall impression of their well-being. In addition,
patients tolerated oral zinc sulphate well, leading Simkin to suggest that zinc
therapy deserves further study in active RA conditions. According to Sim-
kin13, zinc therapy was also successful in ameliorating significantly joint
swelling, joint tenderness, S0-foot walking time, morning stiffness, onset of
fatigue and global impression of general condition in 18 RA patients quoted
as having been studied in India by Dr Desai and colleagues.

Two later studies, however, failed to confirm the above observations.
Mattingly and Mowat14, in a double-blind trial versus placebo conducted on
27 RA patients, examined the efficacy of zinc sulphate (220 mg three times
daily) in controlling active rheumatoid arthritis. After 6 months of oral ther-
apy no differences, either on clinical and laboratory ground, were seen be-
tween zinc- and placebo-treated patients. Similar results were also reported
by Rasker and Kardaun!5 in an open trial on 22 patients affected by rheuma-
toid arthritis refractory to gold salt, D-penicillamine and anti-malarial ther-
apies. Cousins and Swerdell6 have recently shown that the parenteral
administration of zinc sulphate is capable of reducing the inflammatory re-
sponse inducing, at the same time, a further increase of serum caeruloplas-
min levels in treated compared with non-treated adjuvant arthritic rats, a
representative animal model of human rheumatoid arthritis. These latter ob-
servations may perhaps suggest further study of the potential therapeutic
value of zinc in RA conditions.

Il. PSORIATIC ARTHRITIS (PA)
(1) Zinc status

In the late 1960s plasma zinc concentration was evaluated in psoriatic pa-
tients and found to be normal by one group??, and decreased by another two
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groups!8.19 of researchers. The problem of plasma zinc levels in psoriatic pa-
tients was more recently re-examined by McMillan and co-workers20, who
observed a decreased concentration of circulating metal ion, also showing a
statistically significant inverse correlation between plasma zinc and the ex-
tent of cutaneous lesion. Clemmensen and co-workers2! found plasma zinc
concentration to be within normal range in patients with psoriatic arthritis
accompanied by mild psoriasis. In our laboratory we have done a preliminary
examination of zinc status, as well as the copper status, in 20 patients with ac-
tive psoriatic arthritis accompanied by a mild to moderate extent of cuta-
neous lesions. The results obtained are summarized in Table 3. Although
lower than normal, plasma zinc concentration was not significantly different
compared with that of healthy controls, whereas plasma copper levels proved
to be statistically significantly increased. No differences were observed, for
either copper and zinc, in the cell fraction of blood (Table 3) or in the uri-
nary excretion of metal ions (data not shown).

Table3 Copper and zinc status in blood control subjects and PA patients

BLOOD COPPER BLOOD ZINC
Group n Plasma Cells Plasma Cells
pg/dl wg/dl of blood wg/dl ng/dl of blood
(SD) (SD) (SD) SD)
Healthy blood donors 30 113 (14) 39.9 (4.9) 108 (10) 633 (66)
PA patients 20 141(31)*  395(46) 101(22) 621 (86)

The control group (healthy blood donors) was selected to have mean age and sex distribution comparable to those
found in the PA patient group. Copper and zinc determinations were made by flame atomic absorption spectros-
copy according to a previously published procedure22,

* p < 0.001; Student’s r-test versus healthy blood donors.

According to the above data, the lack of hypozincaemia might be
taken as a further parameter differentiating psoriatic from rheumatoid arth-
ritis, provided that the former is not associated with severe cutaneous lesions.

(2) Zinc therapy

Clemmensen and co-workers21 were the first, and to our knowledge the only,
group that has attempted to use zinc as a therapeutic agent in PA conditions.
Twenty-four patients with active psoriatic arthritis were admitted to a
double-blind cross-over trial carried out with oral zinc sulphate (220 mg three
times daily) versus placebo. In this study, after the first 6 weeks the zinc-
treated patients moved to placebo while the placebo-treated patients moved
to zinc for a second 6-week period. At the end of this first study, statistical
significance was attained only for the improvements recorded in joint pain
and non-steroidal anti-inflammatory drug (NSAID) consumption. The pa-
tients were then enrolled in a further 6-month open trial with zinc sulphate.
During this period morning stiffness, overall condition, joint tenderness and
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motility all appeared to improve significantly. Moreover, serum albumin in-
creased and serum immunoglobulin decreased. The therapy did not modify
the extent of patients’ cutaneous lesions. The authors concluded that oral
zinc sulphate may well be beneficial in psoriatic arthritis.

Encouraged by the above observations we decided to undertake a pre-
liminary uncontrolled study in Verona. Twenty patients (14 males and 6 fe-
males; mean age 48.4 years) affected by mild to moderate psoriasis and active
psoriatic arthritis (mono-arthritis in 2, oligoarthritis in 6 and poly-arthritis in
12 cases) whose duration ranged from 0.5 to 20 years, were enrolled in a 6-
month open trial with oral zinc sulphate (200 mg three times daily, equival-
ent to 120 mg/day of elemental zinc). Seventeen of the 20 patients were
treated with symptomatic drugs (13 with NSAIDs, 3 with NSAIDs plus cor-
ticosteroids, 1 with corticosteroids only), whereas none of them had been
treated with any disease-modifying antirheumatic drug during the year
preceding the beginning of the trial.

Two of the 20 patients were withdrawn from the trial because of gas-
tric intolerance to the drug, while another eight recorded mild nausea and
constipation, both of which regressed upon continuation of therapy. The re-
mainder tolerated zinc treatment very well.

The 18 patients who completed the trial showed, at the 6-month con-
trol (see Table 4), a statistically significant decrease in the number of both
swollen (p <0.050) and tender (p <0.010) joints as well as a significant reduc-
tion in Ritchie’s index (p <0.010) and of NSAID consumption (p < 0.001).
The final global evaluation of physician and patient concordantly recorded
two patients asymptomatic, 14 patients very improved or improved, and 2 pa-
tients stationary. By the end of the trial 11 of 18 PA patients have completely
stopped the symptomatic therapy. The laboratory parameters (Table 5)
showed, in addition to an increase above normal of plasma zinc values, a stat-
istically significant decrease of ESR (p <0.001), and a decrease of plasma
copper (p <0.001 at 6 months) whose levels, by the end of the trial, were
found comparable to those measured in the healthy controls (Table 3). No
statistically significant changes were observed in the blood-cell copper or zinc
status (Table 5), or in urinary copper excretion (data not shown). Converse-
ly, zinc levels in the 24 hurine dramatically increased by a factor ranging from
3 to 4 (data not shown). The therapy did not modify the extent of patients’
cutaneous lesions.

After the trial a group of 11 patients continued the follow-up, which
continued for over a year. Within this group 4 patients achieved remission,
while 3 who were classified as improved at the end of the trial are still in very
good overall condition with no changes since last visit and no need of symp-
tomatic drugs. The arthritis deteriorated in 5 patients following withdrawal
of zinc treatment. Three of these patients were submitted to one or two more
6-month cycles with oral zinc sulphate, again obtaining good clinical improve-
ment, while the other 2 patients resumed the symptomatic treatment. Finally,
1 patient, who was judged improved at the end of the trial, was placed on
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gold-salt therapy. After 1 year of gold treatment her overall condition was
found unchanged, and no further improvement was observed compared to
the results obtained with the previous zinc therapy.

In conclusion, the results summarized above may further suggest that
peroral zinc sulphate treatment is effective in controlling the articular symp-
tomatology due to to PA conditions, possibly acting as a disease-modifying
antirheumatic agent. In our hands a significant improvement of clinical, as
well as laboratory, parameters directly related to disease activity was ob-
served in over 80% of treated PA patients, and although the possibility of a
placebo effect cannot be neglected, some relevant evidence seems to contra-
dict this hypothesis. This includes: the very high percentage of improved pa-
tients; the extent of improvement itself, as well as its lasting beyond the
withdrawal of therapy; and, especially, the ESR values of PA patients found
to be dramatically (<70%) and highly significantly (p <0.001) reduced by the
zinc treatment. In our opinion it is unlikely that the observed results are ca-
sually related to the natural cyclic evolution of the studied disease. Indeed,
the follow-up carried out after the trial showed five patients to relapse and
three out these to improve again upon zinc sulphate therapy resumption.

Further work is in progress to verify more strictly, in a double-blind
cross-over 1-year trial versus placebo, the efficacy of oral zinc in the treat-
ment of psoriatic arthritis.

lll. CONCLUDING REMARKS

The results summarized in this paper, although certainly not conclusive, redi-
rect attention to the use of zinc in the therapy of inflammatory chronic auto-
immune diseases such as rheumatoid and psoriatic arthritis. The very low
toxicity of zinc preparations — especially in comparison to that exhibited by
NSAIDs and by disease-modifying antirheumatic agents like gold salts, D-
penicillamine or levamisole — may be a further relevant reason encouraging
such a novel approach. Amongst the side-effects produced by zinc adminis-
tration, however, is the possibility that prolonged use of oral zinc may event-
ually induce some degree of copper deficiency, inhibiting the intestinal
absorption of this latter trace element. Such an effect would be especially un-
welcome since a dietary or environmental-induced copper deficiency has
been suggested, in man, to be a contributory factor in the aetiology of arth-
ritic conditions23, Thus zinc inhibits intestinal copper absorption in the rat?4,
and this influence has been successfully exploited in the treatment of Wil-
son’s disease2%26, In man not affected by inherited disturbances of copper
metabolism, however, an excessive oral intake of zinc (150-450 mg/day, taken
for 2 years) was found to promote a copper-deficiency status revealed by hy-
pocupraemia and hypocaeruloplasminaemia, and associated anaemia usually
of the hypochromic microcytic type2’-29. According to Prasad and co-wor-
kers?7 this condition was easily corrected by oral copper supplementation.
Much lower doses of oral zinc, in healthy adult men, failed to produce either
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hypocupraemia or anaemia, but were shown to reduce the retention of die-
tary copper following 2 weeks on 18.5 mg/day zinc administration30, and to
slightly, yet significantly, decrease the erythrocyte Cu, Zn-superoxide dis-
mutase (SOD) activity after 6 weeks on a 50 mg/day zinc dosage31.

In our hands the 18 PA patients taking 120 mg/day of oral zinc for at
least 6 months did not show any sign of anaemia and, altHough erythrocyte
SOD activity has not been measured, the copper concentration in the cell
fraction of blood was found to be substantially unaffected by zinc therapy
(note that over 60% of total erythrocyte copper is bound to SOD32). As re-
ported above, we found the plasma copper levels to be significantly decreased
in treated PA patients who were hypercupraemic before therapy. At the pres-
ent time we do not know whether this latter result has been induced by an in-
hibition of copper absorption, by the success of oral zinc therapy, or possibly
by both. In our opinion all available evidence may suggest carefully follow-
ing the copper status in patients undergoing chronic or prolonged oral zinc
treatment, to ascertain possible need for copper supplements.
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