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The tetrapeptide-Cu(Il) complex H-(1-His-Gly),-OH/Cu(ID), indicated as L-Cu(Il), has
been investigated, as compared to the Cu(II) inorganic salt CuSO,, for its antioxidative and
anti-inflammatory properties under a panel of experimental conditions. Both inorganic and
organic Cu(Il) compounds showed comparable activities in vitro and ex vivo by: (i)
protecting, in a dose-dependent manner, rat brain homogenates from Fe(III) /ascorbate- or
haemoglobin-induced lipid peroxidation; (ii) inhibiting the superoxide-mediated ferricy-
tochrome ¢ reduction by activated macrophages. CuSO, and L-Cu(ID) also exhibited similar
anti-inflammatory effects in vivo by reducing significantly the extent of carrageenan-in-
duced edema in the rat paw. The activities of the two compounds diverged strikingly only in
the xanthine /xanthine oxidase system at low phosphate buffer concentration. L-Cu(IT)
decreased the rate of NBT reduction by superoxide in a true SOD-like fashion without
affecting urate production. Instead, Cu(Il) ions caused the rapid xanthine oxidase inactiva-
tion thus inhibiting both urate and superoxide production; this effect might be ascribed to
the superoxide-mediated generation of the strong oxidant Cu(III) and its interaction with
the enzyme. The administration of Cu(II), whether complexed with linear oligopeptides or
as an inorganic salt, to animals or tissue extracts, conferred protection against oxidation
and ought, conceivably, to interact with endogenous biological molecules and form highly
bioavailable complexes which serve, subsequently, as the real scavengers. Moreover, the
claimed prominent scavenger activities of Cu(ID-oligopeptide complexes over inorganic
copper ions could be realised only in very simple in vitro systems through mechanisms
which, although of biochemical interest, are unlikely to be of physiopathological signifi-

cance.

© 1998 The Italian Pharmacological Society
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INTRODUCTION

Reactive oxygen species are known to interact with
many of the cellular components and be widely
involved in a variety of physiopathological processes
[1, 2]. The first defence line of aerobic organisms
against the formation and propagation of active oxy-
gen derivatives is represented by superoxide dismu-
tases (SODs), a family of metalloenzymes which
catalyse the conversion of superoxide to molecular
oxygen and H,O, [3, 4].

* Corresponding author.
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In order to enhance cellular protection against
free radical injury, SOD has also been tentatively
employed as an anti-inflammatory agent [5, 6]. Un-
fortunately, the systemic use of SOD in therapy has
been hampered so far by its short half-life in the
circulation [7], poor capability to enter cell mem-
branes [8, 9], antigenicity [10] and potential sensitiv-
ity to inactivation by H,0, [11, 12]. To overcome
these inconveniences several low molecular mass
transition metal complexes with SOD-like properties
have been developed and those with copper received
special attention during past years [13—16] as conve-
nient SOD substitutes.

Copper bound to histidine-containing peptides
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(like in the active site of SOD) were assumed to
catalyse the dismutation of superoxide by a redox
reaction involving Cu(IT) and Cu(I) [17, 18]. The role
of histidine in these complexes should be that of
increasing the potential due to the imidazole nitro-
gen bond which stabilised low-valent transition met-
als including Cu(I)-complexes but the matter is still
controversial [18, 19].

However, as also pointed out by Czapski and
Goldstein [20] for a correct evaluation of activities of
SOD-mimetic compounds several questions should
be addressed concerning mainly their stabilities, in-
teraction with other molecules, bioavailability and
eventually mechanisms of action in relation to the
environment in which they were tested. All these
items are unlikely to be faced collectively due to the
fact that attention is often focused on in vitro exper-
imental systems, necessary to derive fine and reliable
information on the given drug but, actually, not
sufficient to cover the full range of its potentialities.

To this aim, the L-histidylglycyl-L-histidylglycine-
Cu(I) complex [L-Cu(Il)] was synthesised [21] and
tested further under in vitro, ex vivo and in vivo
conditions in comparison with Cu(II) ions, whose
activities were often neglected in the literature. Re-
sults presented herein concern mainly, but not ex-
clusively, the properties of this particular Cu(ID)-te-
trapeptide complex taken as the representative
member of histidine-containing Cu(II) coordination
compounds and exhibiting in vitro high SOD activity
in front of a low peroxidative potential [18, 19].
Indeed, L-Cu(II) was found to exert both antioxi-
dant and anti-inflammatory activities but these were
largely reproduced by replacing L-Cu(II) with Cu(II)
ions. Some important differences, however, could be
noticed in very simplified systems for superoxide
production such as the xanthine/xanthine oxidase
(X/XO) assay where the presence of either the
organic or inorganic Cu(ID)-complex led to different
chain reactions.

MATERIALS AND METHODS

Materials

Rat haemoglobin, 1,1,3,3,tetramethoxypropane,
bovine serum albumin, carrageenan, ketamine-HCI,
ferricytochrome ¢, N-formyl-methionyl-leucyl-phen-
ylamine, xanthine, xanthine oxidase and nitroblue
tetrazolium were from Sigma Chemical Co., MO,
USA. Bovine erythrocyte CuZn-superoxide dismu-
tase and beef liver catalase were products of
Boehringer Manneheim, Germany. RPMI 1640 and
Hank’s solution were purchased from GIBCO BRL,
Paisley, Scotland, UK. All other reagents were of
the highest analytical grade commercially available.

Measurement of lipid peroxidation
Experiments carried out in vitro involved the in-
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duction of lipid peroxidation in rat (Wistar, 150—200
g; Morini, Italy) corticocerebral homogenate, in the
absence (control) or in the presence of either Cu(IT)
ions, oligopeptides L and AcL [H-(L-His-Gly),-OH
and Acetyl-(L-His-Gly),-OH, respectively] or their
Cu(I) complexes, L-Cu(Il) and AcL-Cu(Il) [H-(L-
His-Gly),-OH/Cu(I) and Acetyl-(L-His-Gly),-
OH /Cu(Il), respectively] with concentrations vary-
ing from 107> to 10~* M. For ex vivo studies, lipid
peroxidation was induced in cortex homogenates of
rats which had been previously injected i.p. with
equivalent doses of the CuSO,-5H,0 (3.4 mgkg™ 1),
L-Cu(II) (8 mg kg~ ') or AcL-Cu(ID) (8.6 mg kg™!)
and killed 2 h later. Sham-operated rats (control)
received an equal volume of distilled water. In both
in vivo and ex vivo experiments, the brains from
decapitated rats were sectioned along a horizontal
plane at the level of the corpus callosum to obtain
cortex samples. These were homogenised in 50 mm
phosphate buffer pH 7.4 (10% w/v) and subjected
to lipid peroxidation by the addition of either FeCl,
(1073 M) and ascorbic acid (10~ M) or haemoglobin
(107> ™). Tissue extracts were incubated at 37°C in
a shaking water bath for 30 min. The extent of lipid
peroxidation was assessed by measuring the levels of
conjugated dienes and thiobarbituric reactive subs-
tances (TBARS) as follows.

Conjugate-diene assay [22]

Tissue homogenates (0.1 ml) were extracted with
four volumes of a mixture of chloroform and
methanol (2:1), then centrifuged for 10 min at 1900
g and aliquots of the chloroform phase were evap-
orated under an argon stream. The total lipid extract
was redissolved in 1.5 ml of cyclohexane, and a
spectrum was scanned between 220 and 350 nm
(against a cyclohexane blank) in a Perkin-Elmer
Spectrophotometer. The digitised raw spectra were
corrected in order to eliminate the background due
to Rayleigh scattering and the amounts of conju-
gated dienes were estimated at 232 nm by the dif-
ference between the sample and control absorbance
values using a molar absorption coefficient of 2.52 X
10 M~ em™.

Determination of TBARS [23]

A volume of 0.1 ml of brain cortex homogenate
was mixed with 0.5 ml of thiobarbituric acid (1%
w/v) in 0.05 M NaOH followed by 0.5 ml of 25%
HCI (v/v). The mixtures were placed into test tubes
sealed with screw caps and then boiled for 10 min.
After cooling, the chromogen was extracted with 3
ml of n-butanol and the organic phase was sepa-
rated by centrifugation at 2000 g for 10 min. Changes
in absorbance were monitored at 532 nm and O.D.
values were expressed either as percentages of con-
trol or converted to nanomoles of malondialdehyde
(MDA) per milligram of protein using a curve with
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1,1,3,3,tetramethoxypropane as the standard refer-
ence.

Protein assay

The concentration of proteins in tissue extracts
was determined according to Lowry ef al. [24] using
bovine serum albumin as the standard.

Induction of paw edema by carrageenan [25]

Male Wistar rats (150-200 g) were selected ran-
domly, divided into two groups (four to five rats for
each group), and starved for 18 h prior to treatment.
Drugs, CuSO, (3.4 mg kg~') or L-Cu(ID (8 mg
kg™!), in equimolar doses, were administered i.p. 30
min before the injection of 50 ul of carrageenan
suspension (1% in 0.9% NaCl) in the plantar tissue
of the right hind paw of anaesthetised rats (keta-
mine HCI 20 mg kg~ !, i.p.) to induce edema. Unin-
jected rat paw served as controls. The paw thickness
was measured by water displacement plethysmogra-
phy, immediately prior to injection and after 15, 30,
60, 90, 120 and 150 min from carrageenan injection.
The results were expressed as percentages of in-
crease in thickness as compared to the uninjected
paw.

Induction of macrophage oxidative burst and
measurement of superoxide-mediated
ferricytochrome c reduction

The SOD-inhibitable reduction of ferricy-
tochrome ¢ by activated macrophages was employed
to compare in vitro scavenger activities of L-Cu(II)
and Cu(ID) ions. Lung macrophages were harvested
from guinea pigs (Nossam, Italy) according to the
procedure of Myrvik et al. [26]. Briefly, the tracheas
of anaesthetised (pentothal, 80 mg kg~ ! i.p.) animals
were intubated and 60 ml of 0.9% NaCl solution
were injected in aliquots of 5 ml. Cells were col-
lected by centrifugation (700 g for 10 min) of the
fluids and submitted to hypotonic lysis with 0.87%
NH,Cl to eliminate erythrocyte contamination.
Mononuclear cells (10° cells) were then incubated in
culture dishes for 2 h in RPMI 1640 medium at 5%
CO, and 37°C to allow cell attachment and spread-
ing. The plates were then washed with Hanks’
balanced salt solution and macrophages were in-
cubated for 1 h with 10 nM chemotactic N'-formyl-
methionyl-leucyne-phenylalanine (fMLP) and ferri-
cytochrome ¢ (1 mg ml™!) in the absence (control)
and presence of either CuSO,, the ligand or its
Cu-adduct (107° and 10~* m). Changes in absor-
bance were detected at 550 nm and the values,
expressed as nanomoles of superoxide/10° cells,
were calculated using an extinction coefficient of
21x10* M~ em™!

Xanthine /xanthine oxidase assay
The assay was carried out basically according to
the procedure of Beauchamp and Fridovich [27] in
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either 10 or 2 mM phosphate buffer pH 7.4 at 25°C
in the presence of 47 wMm xanthine and 0.1 mm
nitroblue tetrazolium (NBT) as also reported by
Bonomo et al. [28]. The reaction was started by the
addition of a diluted XO solution (final concentra-
tion in cuvette was approx. 4.5 ug of protein corre-
sponding to 5.4 mU of enzyme) that caused a change
in absorbance, due to NBT reduction, of 0.024 O.D.
min~! at 560 nm and 25°C and followed over a
period of 5 min. The measurement of uric acid
production [29] in the X /XO system was carried out
under the same conditions as above (apart from
NBT solution that was omitted and replaced by an
equal volume of buffer) in the presence of an in-
creasing concentration of either Cu(Il) ion or
Cu(ID-oligopeptide complexes within the range of
0-1.5 mM. Increases in absorbance were monitored
at 293 nm and 25°C for 5 min after XO addition.
CuZn-SOD and catalase have been also used in
these experiments at the concentration of 0.1 ug
and 10 ug ml™! in cuvette, respectively.

Statistical analysis

Data were reported as the average values + SEM.
Student’s t-test (suitably computed by means of the
paired or grouped data method) was used and a
probability value of P < 0.05 was regarded as statis-
tically significant.

RESULTS

The potential scavenging activities of Cu(I)-com-
plexes were first evaluated in vitro by measuring
their effects on induced lipid peroxidation in rat
corticocerebral homogenates. Basal levels of peroxi-
dated products were greatly enhanced upon the ad-
dition of Fe(IIT) and ascorbate to the homogenates
(Fig. 1) to promote peroxidation by a Fenton-type
reaction. However, induced increases in TBARS
were abolished when homogenates had been also
added with 107* M Cu(ID-containing compounds
including namely L-Cu(ID), its diastereomer H-(D-
His-Gly-L-His-Gly)-OH /Cu(Il), the derivative of L-
Cu(ID) [AcL-Cu(ID)] (acetylated on terminal NH, to
improve the liposolubility of the copper) and, inter-
estingly, CuSO,. The tetrapeptide ligands alone and
its acetylated derivative yielded no significant varia-
tion in comparison to control.

Further investigation on the antioxidative effects
of Cu(ID-peptide complexes vs CuSO, have been
carried out mainly on L-Cu(II). This choice was
justified by the fact that, among the several Cu(Il)-
peptide complexes, L-Cu(I1): (i) showed high SOD-
like activity in front of low peroxidative potential
[19]; (i) it has been well characterised for its
physico—chemical properties at different pH values
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In vitro effects of CuSO, and Cu(ID-oligopeptide complexes (10™* M) on the induced formation of TBARS in rat

corticocerebral homogenates incubated with or without copper compounds. (A), control (no additions); (B), + CuSO,; (C),
+L-Cu(D); (D), +diastereomer L-Cu(ID); (E), + AcL-Cu(Il). Values + sEM were expressed as percentages of basal TBARS
levels (O.D. mean = 0.240 at 532 nm) in uninduced homogenates. *P < 0.05; **P < 0.02 vs iron-induced control homo-

genate (no additions).

by means of spectroscopic and potentiometric tech-
niques (manuscript in preparation).

Antiperoxidative activities of either the L-Cu(II)
or CuSO, have been compared in dose—response
experiments where the Fe(III)/ascorbate-induced
formation of conjugated dienes in corticocerebral
homogenates was measured (Fig. 2). The addition of
increasing amounts (from 0 to 10~* M) of the two
copper solutions to tissue extracts caused a propor-
tional decrease in the levels of induced conjugated
dienes. Inhibition curves were not identical since
CuSO, seemed slightly less effective than L-Cu(ID);
these differences, however, proved to be not statisti-
cally significant. Full protection against peroxidation
occurred at the concentration of 10™* M, but an
appreciable inhibition was exerted even at 107> M.
Neither the sulfate anion nor the tetrapeptide ligand
alone or its acetylated derivative yielded significant
variations over control values.

Ex vivo experiments were also performed to mea-
sure the bioavailability of either CuSO, or L-Cu(II)
and AcL-Cu(II). Equimolar amounts of these com-
pounds were injected ip. into rats 1 h prior to
killing; thereafter, rat cortical homogenates were
prepared and incubated with iron compounds to
trigger lipid peroxidation. The system Fe(IIl)/
ascorbate, as compared to haemoglobin, showed it-
self to be a better inducer of both conjugated dienes
and TBARS in control homogenates. However, in-
duced lipid peroxidation was decreased significantly
in both groups of treated vs untreated animals to
reach in some cases levels which were below the
basal values (Table I). Values concerning the acety-

0.5 1

Conjugated diences
(pumol/g wet weigth)
%

\% "

sk

0.0 T 1
0 25 50 75 100
Concentration (M)

Fig. 2. Conjugated diene formation in rat corticocerebral
homogenates following iron-induced lipid peroxidation in
the absence or in the presence of increasing concentra-
tions of CuSO, (a) or L-Cu(Il) (O). Data were the
means + SEM of four separate experiments (each assay has
been carried out in triplicate). Basal levels of conjugated
dienes in uninduced homogenates (O.D. mean = 0.189 +
0.01) were subtracted. *P < 0.005; **P < 0.001 vs control
iron-induced homogenate (O) (no copper compounds
added).

lated complex were quite comparable to those of
L-Cu(ID) (data not shown).

The same protocol of L-Cu(II) and CuSO, admin-
istration was also employed to evaluate in vivo po-
tential anti-inflammatory properties of the two com-
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Table I
Ex vivo effects of CuSO, (3.4 mg kg ™! i.p.) and L-Cu(Il) complex (8§ mg kg ~! i.p.) on either Hb or Fe(IID)-induced
formation of conjugated dienes and TBARS in rat corticocerebral homogenates

Control rats CuSO streated rats L-Cu(Il)-treated rats
8 (6) (7)
Lipid conjugated diene
( wmol g*1 wet wt.)T
Homogenate + Hb 0.36 £ 0.12 0.12 + 0.04* 0.08 + 0.04*
Homogenate + Fe(ITI) 1.04 +0.08 0.51 + 0.06* 0.40 + 0.07*
TBARS
( wmol MDA mg ™" protein)
Homogenate 2.72 £ 0.05 2.79 + 0.06 2.90 £ 0.07
Homogenate + Hb 3.85+0.15 2.17 £ 0.08* 2.00 + 0.12*
Homogenate + Fe(I1I) 5.45+0.11 3.33 £ 0.90* 3.48 £ 0.10*

*P < 0.001 significant vs controls (Student’s t-test: grouped data evaluation).
tExpressed as the difference between the average values of the respective corticocerebral homogenates without Fe(IIT)
or Hb (extinction mean values of control, Cu(Il) and L-Cu(II)-treated rats were: 0.172 + 0.003, 0.0179 + 005; and

0.165 + 0.004, respectively).

Each brain cortex was tested in triplicate and values were the means + SEM. The numbers of rat brain cortices analysed

were indicated in parentheses.

50

40

20+ \i/
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Paw edema (% of increase)

0 50 100 150
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Fig. 3. Time-course of CuSO, (a) and L-Cu(ID) (O)
inhibitory effects on carrageenan-induced paw-edema in
the rats. Each value + SEM represented the percentage of
increase in paw thickness of carrageenan-injected vs the
uninjected rats (n=4). *P <0.05; **P<0.02 vs un-
treated (O) rats (Student’s t-test: grouped data evalua-
tion).

pounds. The time-course of paw edema formation in
untreated rats, upon carrageenan injection, showed
that the plantar swelling increased progressively to
reach a plateau within 2 h (Fig. 3). Instead, edema
development in treated rats was reduced by approx.
50% or less. Anti-inflammatory effects occurred with
some delay (more pronounced in the case of CuSO,)
and then maintained throughout the middle phase
of induced inflammation.

In line with the potential anti-inflammatory activi-
ties of both organic and inorganic copper-com-
pounds, these proved to inhibit cytochrome ¢ reduc-

Table 11
Effects of CuSO,, L (ligand) and L-Cu(Il) on the O,
production by either unstimulated or fMLP-stimulated
macrophages

Superoxide productionf
Unstimulated cells fMLP-stimulated cells

Control 1.74 + 0.37 16.62 + 0.22
CuSO, 107°M  1.25+0.39 2.08 + 0.51*
107*M  136+045 1.82 + 0.43*
L 107°M 218+ 0.43 14.59 + 0.81
107*M 2274021 16.66 + 0.13
L-Cu(D 107°M  1.73+0.56 2.40 + 0.29*
107*M  1.19+0.78 1.24 + 0.17*

*P<0.001 significant vs controls (Student’s t-test:
grouped data evaluation).

+Expressed as nmoles O5 produced by 10° cells; each
value represented the mean + SEM of at least four experi-
ments.

tion by superoxide anion in an in vitro system where
rat alveolar macrophages were stimulated with
fMLP. The burst of superoxide anion by activated
macrophages was strongly quenched or even
abolished in the presence of each Cu(II)-compound
at the concentration of 1075 or 10™* M, respectively
(Table II). No scavenging effect occurred in the
presence of the tetrapeptide ligand alone.

SOD-like effects of CuSO, and L-Cu(Il) have
been eventually assessed in the X/XO system of
superoxide production. This assay served to measure
the rate of NBT reduction by superoxide anions and,
alternatively, to monitor the generation of urate that
was the other product of the X/XO reaction. Re-
sults in Fig. 4 showed that, indeed, both the Cu(II)-
compounds were capable of inhibiting NBT reduc-
tion by superoxide in a dose-dependent manner,
although CuSO, appeared more effective than L-
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Fig. 4. Effects of increasing concentrations of L-Cu(ID) (O), AcL-Cu(l) (m), and CuSO, (a) on the rate of NBT
reduction by superoxide in the X/XO system. Mean values + SD (from four separate assays) were expressed as the
percentages of control (no additions) and calculated over a period of 5 min at 25°C.

Cu(Il). The acetylated form of L-Cu(Il) was also
tested in the assay showing a remarkable inhibition
of NBT reduction. Values of ICy, for the L-Cu(I)
and its acetylated derivative were calculated to be
0.67 and 0.083 wM, respectively. The non-linear ki-
netic yielded by CuSO, did not allow reliable ICs,

calculations. Maximum inhibition of NBT reduction
by the three copper compounds was steadily reached
at approx. 1.5 uM. To monitor the effects of L-Cu(II),
AcL-Cu(Il) and CuSO, on the kinetics of urate
production these compounds were incubated in the
X/XO assay mixture at the fixed concentration of

Rate of urate formation (%)

Time (min)

Fig. 5. Kinetics of urate production by the X /XO system in the absence and in the presence of a fixed amount (1.575 uM,
final concentration in cuvette) of Cu(Il) compounds. O, control; X, CuSO, + SOD + CAT; a, CuSO,; A, CuSO, + SOD;
e, CuSO, + CAT; O, L-Cu(ID; m, AcL-Cu(ID. Values were expressed as the percentages of control rates (no additions).
CuZn-SOD (0.1 ug ml™!) and catalase (10 wg ml™'), when included, were delivered to cuvette prior to start the reaction
by xanthine addition. Assays were carried out at 25°C for 5 min.



Pharmacological Research, Vol. 38, No. 4, 1998

1.575 wM and the reaction was followed over a
period of 5 min. As shown in Fig. 5, L-Cu(I]) caused
no appreciable variation over control kinetics; in
turn, CuSO, exerted a striking inhibition of the rate
of urate production. Of note, the inhibition ap-
peared to be irreversible (data not shown) but it
could be fully prevented by the addition of CuZn-
SOD prior to starting the reaction. The protective
effect was exerted also by the combined addition of
CuZn-SOD and catalase, while catalase alone al-
lowed only a partial relief of inhibition. Eventually,
the rate of urate production in the presence of
AcL-Cu(Il) showed it to be partially and progres-
sively inhibited yielding a kinetic in between those of
L-Cu(I) and Cu(Il). The inhibitory effect of AcL-
Cu(ID) on urate production, however, was far from
being comparable to its exceedingly high efficacy on
the extent of NBT reduction seen in Fig. 4.

DISCUSSION

The antioxidative and anti-inflammatory properties
of the L-Cu(Il) complex, under in vivo, ex vivo, and
in vitro conditions, have confirmed and extended the
previously reported scavenger activities of this com-
pound [19] and, conceivably, of other histidine-con-
taining Cu(ID)-complexes [17]. However, it was also
shown here that, in most cases, quite similar SOD-
mimetic effects could be reproduced by Cu(ID-ions
whose biological effects were often overlooked in
the literature. Indeed, both the CuSO, and L-Cu(Il)
showed almost overlapping activities in protecting
rat cerebral homogenates from induced lipid peroxi-
dation in vitro and ex vivo and also in reducing the
formation of carrageenan-induced paw edema in
vivo. These findings might be explained by admitting
that Cu(Il), whether arising from the complex or
from the free aquoion, reacted with tissue compo-
nents to yield unknown compounds which served
subsequently as the real scavengers. The lability of
the Cu(ID-tetrapetide complexes made feasible the
release of Cu(ID) in the presence of tissue compo-
nents; therefore, the delivery of analogous metal-
oligopeptide complexes to animals did not seem to
offer special pharmacological advantages over the
simple injection of inorganic Cu(IT) solutions. Sev-
eral endogenous molecules such as ceruloplasmin,
albumin and aminoacids could complex and transport
copper [30, 31]. Moreover, these newly-formed active
Cu(Il) compounds seemed to possess a high degree
of bioavailability since they were transported away
from the site of injection to reach peripheral tissues
in the body and, eventually, cross the blood—brain
barrier with their effects lasting up to 1 h from
administration.

However, while in vivo biological effects of CuSO,
and L-Cu(II) were comparable, their biochemical
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activities in vitro differed strikingly. CuSO, de-
creased both superoxide and urate production to
suggest a progressive inactivation of XO; L-Cu(ID),
instead, was able to inhibit superoxide-driven NBT
reduction without interfering at all with XO activity
and the steady production of superoxide and urate
as we might expect for a true SOD-like compound.
To explain these discrepancies it must be mentioned
that in the presence of 10 mM Na-phosphate buffer
(as used for the X /XO reaction) most of the CuSO,
was promptly converted into the Cu(HPO,) complex
[32]. We may assume that Cu(I) in the Cu(PO,)
complex reacted with superoxide yielding the strong
oxidant species Cu(IIl), according to the following
equation proposed by Goldstein et al. [17]:

Cu(Il) + O; +2H * & Cu(Il) + H,0,

The interaction between XO, notably sensitive to
oxidation [33], and Cu(IIl) may cause the irre-
versible enzyme inactivation which, however, was
fully prevented by the addition of SOD prior to
starting the reaction, to imply that superoxide anions
were especially involved in the termination of the
reaction by CuSO,. Another chance of XO inactiva-
tion might potentially be represented by the pres-
ence of hydroxyl radical generated from a Fenton-
type reaction of Cu(I) with hydrogen peroxide and
this would explain the partial protective effect of
catalase on XO activity. On the other hand, L-Cu(Il)
was likely to remain practically unaltered, even at
low ligand-to-metal ratio (1:1, in this case) and act
probably in a SOD-like fashion through the turnover
Cu(D)/Cu(D) [34]. It was also worth mentioning that
L-Cu(ID) reacts only weekly with H,O,, formed dur-
ing the O,-reduction, to yield hydroxyl radical [19].
We have no data on the redox potentials of L-
Cu(I) and AcL-Cu(ID) to explain their notably dif-
ferent biochemical reactivities in vitro. However, the
acetylation of the NH, end group, that was known
to be involved in the complexation [21], may hamper
the formation of the amino—copper bond and change
the structure of the complex thus releasing some of
the [Cu(HPO,)] species in the solution to generate
Cu(IIl) species and inactivate XO. The moderate
decrease in urate production by AcL-Cu did not
match with its exceedingly high inhibition of super-
oxide-mediated NBT reduction. This fact would sug-
gest that some metal was released from the organic
complex to partially reproduce the effect of Cu(Il)
ions. The acetylation of L-Cu(Il) might have de-
creased the stability of the complex but, in turn,
greatly enhanced its true SOD-like activity.
Eventually, the inhibition of macrophage oxidative
burst by either Cu(Il) and L-Cu(I) could be ad-
dressed to the fact that the metal was trapped into
biomolecules released from macrophages to produce
scavenging effects similar to those observed in vivo
and ex vivo. However, on the basis of results of the
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X/XO assay, it was also possible that the metal,
whether deriving from Cu(ID) ions or displaced from
the L-Cu(I), might complex with highly concen-
trated phosphate anions in the Hank’s solution to
enter the above reported equation and generate
Cu(IID). In this case, the inhibition of cytochrome ¢
reduction rather than being ascribed to a superoxide
scavenger activity might rely on the inactivation of
NADPH-oxidase as also pointed out by Pellettier et
al. [35].

On the whole, our results may have reshuffled the
pharmacological potential of Cu(ID-oligopeptides,
but, in turn, they provided new information on the
role of Cu(II) ions and their complexes in biological
systems pointing to the differences in chemical reac-
tivity and stability between inorganic and organic
Cu(ID)-chelates. A great deal of low molecular weight
copper complexes have been developed during the
past 20 years for the treatment of inflammatory
diseases, but, at present, it is not known how much
and which kind of biologically active Cu compounds
actually reach the site of inflammation. We believe
that this work might be of help as a guideline to
develop and evaluate SOD-mimetic activities of cop-
per complexes in the view of their potential pharma-
cological use.

ACKNOWLEDGEMENTS

M.C. was supported by a grant from the University
of Florence (ex MURST 60%). F.P. was supported
by MURST (40%, Progetto: Patologia e Fisiopatolo-
gia Generale dell'Invecchiamento). The authors
thank Dr Ilaria Moricci and Mrs Daniela Bindi for
their excellent technical assistance.

REFERENCES

1. Halliwell B, Gutteridge JMC. Oxygen toxicity, oxygen
radical, transition metals and disease. Biochem J
1984; 219: 1-14.

2. Hall ED, Braughler JM. Central nervous system
trauma and stroke. (II) Physiological and pharmaco-
logical evidence for involvement of oxygen radicals
and lipid peroxidation. Free Rad Biol Med 1989; 7:
125-30.

3. McCord JM, Fridovich I. Superoxide dismutase: an
enzyme function for erythrocuprein (hemocuprein). J
Biol Chem 1969; 244: 6049-55.

4. Fridovich I. Superoxide dismutase.
Biochem 1975; 44: 147-59.

5. Michelson AM, Jadot G, Puget K. Treatment of
brain trauma with liposomal superoxide dismutase.
Free Rad Res Commun 1988; 4: 209-24.

6. Emerit J, Pelletier S, Tosoni-Verlinue D, Mollet M.
Phase 1II trial of copper zinc superoxide dismutase
(CuZnSOD) in treatment of Crohn’s disease. Free
Rad Biol Med 1989; 7: 145-9.

Annu  Rev

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pharmacological Research, Vol. 38, No. 4, 1998

Giri SN, Misra HP. Fate of superoxide dismutase in
mice following oral route administration. Med Biol
1984; 62: 285-9.

Huber W, Menander-Huber KB, Saifer MG, Willi-
ams LD. Fate of superoxide dismutase in mice fol-
lowing oral route administration. Agents Actions 1980;
7: 185-95.

Greenwald RA. Current approaches to the develop-
ment of oxygen radical scavengers. Drug Today 1990;
26: 299-307.

Nucci ML, Olejarczyc J, Abuchoski A. Immunogenic-
ity of polyethylene glycol-modified superoxide dismu-
tase and catalase. J Free Rad Biol Med 1986; 2:
321-5.

Yim MB, Chock PB, Stadman ER. Enzyme function
of copper, zinc superoxide dismutase as a free radical
generator. J Biol Chem 1993; 268: 4099-4105.
Koningsberger JC, van Asbeck BS, van Faassen E,
Wiegman LJJM, van Hattum J, van Berge Henegou-
ven GP, Marx JJM. Copper, zinc-superoxide dismu-
tase and hydrogen peroxide: a hydroxyl radical gener-
ating system. Clin Chim Acta 1994; 230: 51-61.
Brigelius R, Spottl R, Bors W, Lengfelder E, Saran
M., Weser U. Superoxide dismutase activity of low
molecular weight Cu(Il) chelates studied pulse radi-
olysis. FEBS Lett 1974; 47: 72-5.

Younes M, Lengfelder E, Saran M, Weser U. Pulse
radiolytically generated superoxide and Cu salicy-
lates. Biochem Biophys. Res Commun 1978; 81:
576-80.

Sorensen JRJ, Oberley LW, Crouch RK, Kensler
TW. Pharmacological activity of SOD-like copper
complexes. In: Bors W, Saran M, Tait D. eds. Oxygen
Radicals in Chemistry and Biology. Berlin: Walter de
Gruyter, 1984: 821-30.

Sorensen JRJ. Preparation of low molecular weight
copper complexes. In: Ellis GP, West GB. eds.
Progress in Medicinal Chemistry. Elsevier, Amsterdam.
1989: 437-568.

Goldstein S, Czapski G, Meyerstein D. A mechanistic
study of the copper(ID)-peptide-catalyzed superoxide
dismutation. A pulse radiolysis study. J Am Chem
Soc 1990; 112: 6489-92.

Ueda J, Tkota N, Hanaki A. Copper(I)-complexes of
Histidylglycyl-L-histidylglycine and L-Histidylgly-
cylglycine: coordination mode of histidylresidues. In-
org Chim Acta 1987; 135: 43—6.

Ueda J, Ozawa T, Miyazaki M, Fujiwara Y. Activa-
tion of hydrogen peroxide by copper(II) complexes
with some histidine-containing peptides and SOD-like
activities. J Inorg Biochem 1994; 55: 123-30.

Czapski G, Goldstein S. Requirements for SOD
mimics operating in vitro to work also in vivo. Free
Rad Res Commun 1991; 1: 167-71.

Borghi E, Laschi FM, Occhiuzzi M, Chelli M, Ginan-
neschi M, Papini AM, Rapi G. Complexation proper-
ties of Histidyl-Glycyl-containing peptides. Part II.
An X-band EPR study of divalent paramagnetic metal
ions interacting in solution with H-(L-His-Gly)2-OH.
J Chem Res 1994; (S), 48.

Ciuffi M, Gentilini G, Franchi-Micheli S, Zilletti L.
Lipid peroxidation induced in vivo by iron-
carbohydrate complex in the rat brain cortex. Neu-
rochem Res 1991; 16: 43-9.

Aruoma OI, Halliwell B, Laughton MS, Quinlan GS,
Gutteridge JMC. The mechanism of initiation of
lipid peroxidation. Evidence against a requirement
for an iron (ID-iron (III) complex. Biochem J 1989;
258: 617-20.



Pharmacological Research, Vol. 38, No. 4, 1998

24.

25.

26.

27.

28.

29.

30.

Lowry OH, Rosebrough NJ, Far AL, Randall RJ.
Protein measurement with Folin phenol reagent. J
Biol Chem 1951; 193: 265-75.

Boughton-Smith NK, Deakin AM, Follenfant RL,
Whittle BJR, Garland LG. Role of oxygen radicals
and arachidonic acid metabolites in the reverse pas-
sive Arthus reaction and carrageenin paw oedema in
the rat. BrJ Pharmacol 1993; 110: 896—902.

Myrvik QN, Leake ES, Fabris B. Studies on pulmo-
nary alveolar macrophages from normal rabbit: a
technique to procure them in a state of purity. J
Immunol 1961; 86: 128—-32.

Beauchamps CO, Fridovich I. Superoxide dismutase:
improved assays and assay applicable to acrylamide
gels. Anal Biochem 1971; 4: 276-87.

Bonomo RP, Bonsignore F, Conte E, Impellizzeri G,
Pappalardo G, Purrello R, Rizzarelli E. Thermody-
namic and spectroscopic characterization and in vitro
O,-scavenger activity of copper (II) glycyl-L-histidyl-
glycyl-L-histidine complexes. J Chem Soc, Dalton
Trans 1993; 1295-300.

Kalckar HM. Differential spectrometry of purine
compounds by means of specific enzymes.l. Determi-
nation of hydroxypurine compounds. J Biol Chem
1947; 167: 429-43.

Hartter D, Barnea A. Brain tissue accumulates 67

31.

32.

33.

34.

35.

287

copper by two ligand-dependent saturable processes.
A high affinity low capacity and low affinity high
capacity process. J Biol Chem 1988; 263: 799—-805.
Naughton DP, Knappitt J, Fairburn K, Gaffney K,
Blake DR, Grootveld M. Detection and investigation
of the molecular nature of low molecular-mass cop-
per ions in isolated rheumatoid knee-joint synovial
fluid. FEBS Lett 1995; 361: 167-72.

Costanzo LL, DeGuidi G, Giuffrida S, Rizzarelli E,
Vecchio G. Determination of superoxide dismutase
activity of copper (II) complexes. Relevance of the
speciation for the correct interpretation of in vitro
O,-scavenger activity. J Inorg Biochem 1993; 50:
273-81.

Fridovich I. Xanthine oxidase. In: Greenwald RA.
ed. Handbook of Methods for Oxygen Radical Research
CRC Press, 1985: 51-3.

Ueda J, Sendo A, Mori A, Ozawa T. Generation of
hydroxyl radicals during dismutation of superoxide by
SOD model compounds. Arch Biochem Biophys 1994;
315: 185-9.

Pellettier O, Hill I, Birnboim HC. Inhibition by su-
peroxide dismutase-mimetic copper complexes of
phorbol ester-induced respiratory burst in human
granulocytes. Biochem Pharmacol 1992; 43: 1061-6.



