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The effects of Cu(Il) and the stable nitroxide radical
4-OH-2, 2, 6, 6-tetramethyl-piperidine-1-oxyl (TPL)
on reperfusion injury following global myocardial
ischemia have been studied using the isolated rat
heart model in the Langendorff configuration. Hearts
were equilibrated with Krebs-Henseleit buffer
(KH-buffer) for 10 min and subjected to 18 min of
normothermic global ischemia. After 20 min reper-
fusion, hemodynamic parameters recovered as fol-
lows: ventricular developed pressure (77%), dP/dt
(71%) and -dP/dt (80%), heart rate (91%), and work
index (70%). End-diastolic pressure was 16 mm Hg.
When 10uM Cu-nitrilotriacetate or Cu-(histidine),
was included in the perfusate before, during, and fol-
lowing ischemia, the heart injury was more extensive
and the work index only recovered to 17% of the
preischemic value. The inclusion of 100pM TPL dur-
ing reperfusion abolished the copper-induced sensi-
tization. In the absence of copper, TPL did not
provide any protection against ischemia-reperfusion
damage to the heart. The inclusion of 100uM
1,4-dihydroxy-2,2,6,6-tetramethylpiperidine (TPL-H)
during reperfusion, partially abolished the copper-
induced sensitization. Since conversion between TPL
and TPL-H takes place, the fact that both forms pro-
vide protection can increase their protective efficacy.

Keywords: Transition Metals, Oxidative damage, Ischemia,
Antioxidants, Hemodynamic parameters

Abbreviations: DP, developed pressure; EDP, end diastolic
pressure; TPL, 4-OH-2,2,6,6-tetramethylpiperidine-1-oxyl;
TPL-H, 14-dihydroxy-2,2,6,6-tetramethylpiperidine; SOD,
superoxide dismutase; NTA, nitrilotriacetate; KH-buffer,
Krebs-Henseleit buffer; WI, work index; dP/dt and -dP/dt,
rate of contractility and relaxation, respectively; EPR, elec-
tron paramagnetic resonance.

INTRODUCTION

Transition metals like iron and copper play a
complex role in ischemia-reperfusion cardiac
injury. On one hand, copper complexes were
found to inhibit the oxidative stress. Hearts of
spontaneously hypertensive rats were better pre-
served if they were perfused with KH-buffer con-
taining 0.5 mM Cu(Il),(aspirinate),.l"’ On the
other hand, redox-active transition metals cat-
alyze ‘OH production through the Haber-Weiss
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reaction. The copper-induced increase of myocar-
dial injury induced by reactive oxygen-derived
species should be considered in view of reports
that cardiomyopathy and arrhythmias are a
component of Wilson’s disease, the major recog-
nized clinical syndrome of copper overload.>
This is the first reason, why copper, rather than
iron, has been chosen in this study. Secondly, in
chemical, biochemical and cellular systems, cop-
per has been demonstrated to be up to 60-fold
more reactive than iron in catalyzing ‘OH forma-
tion and associated oxidative damage.®! Lastly,
Powell et al. recently demonstrated that copper-
loading of hearts increases severity of postis-
chemic injury, release of lactate dehydrogenase
and ‘OH formation, demonstrating the impor-
tance of this metal in mediating oxidative injury
to the postischemic heart.'!

Various therapeutic strategies have attempted
to reduce biological damage either by scaveng-
ing free radicals already formed or by interven-
ing in their formation process. Varying degrees
of protection have been obtained using ‘OH
scavengers,” 8! spin traps,! chelators of iron
and copper,'®1! inhibitors of lipid peroxida-
tion, 12 antioxidant enzymes such as superoxide
dismutase and catalase!”®! and zinc to displace
redox-active metal ions.[*>13 The practical
application of these compounds is limited, how-
ever, by their side effects, low solubility, phar-
macokinetics and cell infiltrability, the
requirement for preischemic loading of the tis-
sue, and the incomplete degree of protection
they provide even under the best conditions.

Nitroxides are stable cyclic radicals which
readily enter cells and exhibit superoxide dismu-
tase-mimicking activity,"* oxidize reduced met-
als, and react with carbon- and oxygen-centered
free radicals." Such activities suggest a prime
role for nitroxides in the prevention of biological
damage induced by radicals. Furthermore, the
low toxicity of nitroxides makes them good can-
didates for in vivo use. So far, nitroxides have
been shown to prevent oxidative damage in cell
cultures™ and laboratory animals.['¢-17]

This study focuses on the antioxidative activity
of TPL in an experimental model of isolated rat
heart and the elucidation of the mechanisms
underlying its protective and potential adverse
effects.

MATERIALS AND METHODS

Materials

4-OH-2,2,6,6-tetramethylpiperidine-1-oxyl (TPL),
copper(ll) chloride, nitrilotriacetic acid-disodium
salt, histidine, chelating resin (iminodiacetic acid),
conalbumin were obtained from Sigma Chemical
Co. 1,4-dihydroxy-2,2,6,6-tetramethylpiperidine
(TPL-H) was prepared by catalytic reduction of
TPL using H, bubbling in the presence of the cata-
lyst platinum for 45 min,"® or by bubbling HCl
gas through an ethanolic solution of TPL followed
by drying. Because TPL-H is readily oxidized to
TPL, it was kept frozen and fresh solutions were
prepared daily right before the experiment.

Animals

Sprague-Dawley male rats (250-350 g) were used
and allowed ad libitum access to standard labo-
ratory stock diet and water. Rats were injected
with sodium heparin (500 units, i.p.), 30 min
prior to anesthesia with sodium pentobarbital
(60 mg/kg, i.p). Hearts including a segment of
ascending aorta attached were rapidly excised,
put in ice-cold heparinized saline, and then
orthogradely perfused in the Langendorff config-
uration. The aorta was ligated to a plastic can-
nula, rather than to a metal piece, and connected
to a water-jacketed column which maintained the
heart and perfusate at 37°C. The perfusate
entered the hearts at a pressure of 85 cm H,O.
Unless otherwise stated, perfusion was per-
formed with freshly prepared “blood-free” mod-
ified Krebs-Henseleit (KH) buffer, containing
118 mM NaCl, 4.6 mM KCl, 2.5 mM CaCl,,
1.2 mM MgSO,, 25 mM NaHCO;, 11.1 mM glu-
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cose and 1.2 mM KH,PQOj. In certain experiments
phosphate was omitted from the buffer. To
remove adventitious redox-active iron the buffer
was treated overnight with 50g/1 conalbumin
followed by dialysis and with 40g/1 chelating
resin (iminodiacetic acid) to remove adventitious
redox-active copper.!'! Copper, when desired,
was added together with 2-fold excess of NTA or
histidine. Once in the water jacketed column, the
perfusate was continuously gassed with 95%
0,/5% CO,, maintaining pH7.4. The hemody-
namic parameters of cardiac function were con-
tinuously monitored.

Experimental Protocol

The typical experiment included preischemic
perfusion of 10-30 min, to allow stabilization of
the hemodynamic parameters. Then, 18 min of
no-flow normothermic global ischemia was pro-
duced by cutting off the flow to the aorta, fol-
lowed by 20 min of reperfusion (Fig. 1). Unless
otherwise stated, additives such as copper
and/or TPL were added 10-20 min before
ischemia and included in the perfusate through-
out the whole experiment.

Control hearts

Stabilization
with
KH-buffer

Experimental hearts

o Perfusion
Stabilization ’ with

with i
KH-buffer KH+Additive

Indexes of Cardiac Function

Six indicators of cardiac function were deter-
mined: ventricular developed pressure (DP), rate
of contractility and relaxation dP/dt and -dP/dt
respectively, heart rate, end-diastolic pressure
(EDP) and work index (W), which equals to: DP
x heart rate.

Electron Paramagnetic Resonance
(EPR) Measurement

To determine nitroxide concentrations, samples
were drawn by a syringe into a long capillary. The
EPR spectra were recorded on a JEOL JES-RE3X
ESR spectrometer working at X-band with center
field set at 3292 G field, modulation amplitude
0.2 G, and 4 mW incident microwave power.

Statistical Analysis

All data are presented as mean *SEM. Statistical
analysis was performed using the Student test
and, in the cases of abnormal distribution,
Mann-Whitney test. P < 0.05 was considered
significant.

Reperfusion

Global Rep

ischemia KH-buffer

Reperfusion
with
KH+Additive

Global
ischemia

FIGURE 1  Schematic Representation of Schedule for Normoxia, Ischemia and Reperfusion of Isolated Rat Hearts.
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RESULTS

The Effect of Copper on Reperfusion Injury

In control experiments, hearts were subjected to
ischemia (18 min) and reperfusion (20 min) using
metal-free perfusate. Under such conditions most
of the heart function, impaired during 18 min
ischemia, was restored upon reperfusion, as
shown in Figs. 2 & 3. The addition of 10uM Cu-
NTA or 40uM Cu-bis-histidine to the perfusate,
significantly aggravated the reperfusion injury, as
manifested by an increase in EDP and a decrease
in the recovery of DP, dP/dt and -dP/dt, heart
rate, and WI. Figure 2 displays the mean (+SEM)
of the recovered hemodynamic parameters as %
of their respective pre-ischemic values, whereas
Figure 3 shows the EDP value measured follow-
ing reperfusion. Control experiments showed
that unless the heart was subjected to ischemia/
reperfusion, copper exerted no adverse effect on
the cardiac function whether or not phosphate

was included in the perfusate under normoxia
(data not shown).

To test whether Cu-induced aggravation of
reperfusion injury requires long exposure to the
metal, the experiment was repeated (n = 6)
wherein 10uM Cu-NTA was included in the
perfusate only at the first 5 min of reperfusion.
The mean recovery, presented as percent of the
pre-ischemic value (shown in parentheses)
1SEM, of the hemodynamic parameters after
reperfusion was: DP = 13 £ 5% (104.4 = 3.7
mmHg), dP/dt = 23 + 8% (2228 * 27
mmHg/sec), -dP/dt = 35 £ 13% (1557 * 62
mmHg/sec), Heart rate = 56 + 20% (214 + 7.6
min™), WI = 16 + 6% (2.19 + 0.1 - 10* mmHg -
min~) while EDP was 61 * 4 mmHg.
Comparing these results with those shown in
Figures 2 and 3 shows that the recovery of the
hemodynamic parameters of this group was
similar to that observed when copper was
included throughout the entire experiment.
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FIGURE 2 Aggravation by Copper of Impairment of Post-ischemic Hemodynamic Parameters of Isolated Rat Heart and the Protection by
Nitroxide and Hydroxylamine. Isolated rat hearts were perfused with KH-buffer in the absence and the presence of 10 uM Cu alone or
Cu with 100 uM nitroxide (TPL) or hydroxylamine (TPL-H), subjected to 18 min of global ischemia and then reperfused for 20 min.
The perfusate was continuously gassed with 95% O,/5% CO,, maintaining pH7.4. The hemodynamic parameters DP, dP/dt, -dP/dt,
heart rate and work index were measured, the recovery was presented as % of their respective preischemic values and expressed as
mean + SEM from 7-20 independent experiments. * significantly lower than control. ** significantly higher than Cu-treated group.

RIGHTS

ir



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/17/11
For personal use only.

EDP, mmHg

COPPER AND NITROXIDE AFFECT REPERFUSION INJURY 631

80

—
*

60 L

: ///
7*/

40

v
=1 1 :;f

Control Cu Cu & TPL Cu & TPL-H

FIGURE 3  The Effect of Nitroxide (TPL) and Hydroxylamine (TPL-
H) on End-Diastolic Pressure (EDP). Isolated rat hearts were
perfused with KH-buffer in the absence and the presence of
10 uM Cu alone or Cu with 100 uM nitroxide (TPL) or
hydroxylamine (TPL-H), subjected to 18 min of global ischemia
and then reperfused for 20 min. The perfusate was continuously
gassed with 95% O,/5% CO,, maintaining pH7.4. The end-
diastolic pressure (EDP) was measured and expressed as mean £
SEM from 7-20 independent experiments. * significantly higher
than control. ** significantly lower than Cu-treated group.

This further indicates that the critical injury
takes place during the first 5 min of reperfusion.

The Effect of TPL on Reperfusion Injury

TPL in the perfusate in the absence of copper did
not provide any protection against ischemia/
reperfusion damage (data not shown). On the
other hand, TPL prevented the Cu-induced aggra-
vation of reperfusion injury. Statistically, the
recovery of normal function of hearts perfused
with Cu in the presence of 100-200uM TPL was
significantly higher (1-tail t-test), than that of hearts
perfused with Cu alone (Fig. 2). Accordingly, EDP
was significantly lower in the presence of TPL than
that measured in hearts treated with copper alone.

To check if TPL fully protects against post-
ischemic damage or only against the Cu-induced
aggravation of reperfusion injury, the recovery of
hemodynamic parameters of hearts treated with
Cu+TPL was compared with that determined for
control. No statistically significant difference (2-
tail t-test) was found (see Fig. 2). The EDP mea-
sured for the Cu+TPL treated group was

significantly higher (1-tail Mann-Whitney), than

that found for the control group. It can be con-
cluded, that TPL modifies the Cu-induced aggra-
vation of reperfusion injury but does not fully
prevent the damage.

The Effect of TPL-H

Nitroxides, such as TPL, are rapidly reduced in
cells to their respective hydroxylamines. To
check if the reduced form of TPL contributes to
the protective effect, TPL-H was substituted for
the nitroxide in the perfusate. Since air can grad-
ually oxidize TPL-H, the hydroxylamine was
added to the perfusate immediately before reper-
fusion. TPL-H at 100uM decreased, though less
effectively than TPL, the Cu-induced aggrava-
tion of reperfusion injury as reflected by the
improved recovery of dP/dt, -dP/dt, heart rate,
and WI. Yet, the values of DP and EDP did not
differ from those measured for Cu-treated group
(Figs. 2 & 3).

Since TPL-H is readily oxidized, the possibility
that its protective effect results from traces of
TPL, present in the perfusate, was examined. In a
parallel chemical experiment the extent of TPL-H
oxidation, under conditions similar to those used
in the Langendorff system, was examined by
EPR spectrometry. 100uM TPL-H was incubated
in perfusate, saturated with O,/CO, (95:5), and
samples were taken every 1 min and scanned for
TPL signal. The results demonstrated, that less
than 9uM of TPL-H were oxidized during 20 min.
When the effect of 10 uM TPL on Cu-induced
aggravation of reperfusion injury in the isolated
heart was studied, no protection was observed
(data not shown).

Phosphate Effect

To minimize effects of adventitious transition met-
als, which generally contaminate phosphate
salts,1%1%] several experiments were conducted
using phosphate-free KH buffer. By large, the func-
tion of hearts perfused with or without phosphate
was similar. However, in the absence of phosphate
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in the perfusate the heart exhibited enhanced sen-
sitivity to insults, such as ischemia. In fact, the nor-
mal function of isolated hearts treated with
phosphate-free perfusate lasted for shorter peri-
ods, possibly due to a progressive depletion of cel-
lular P; and subsequently an impairment of
oxidative phosphorylation. Interestingly, the inclu-
sion of 50-200 uM TPL in phosphate-free perfusate
during normoxia impaired the heart function
within 10 min (data not shown). Therefore, for
studying the TPL effect on ischemia/reperfusion
injury in the absence of phosphate, TPL (100uM)
was added to the perfusate only at the onset of
reperfusion rather than 10 or 20 min before
ischemia. Under such experimental conditions, the
protective effect of TPL against copper-induced
potentiation of ischemia/reperfusion injury was
similar to that exerted by TPL in KH buffer supple-
mented with phosphate.

Nitroxide Reaction With Copper

The possibility that the protective activity of
nitroxides against copper-induced aggravation
of reperfusion injury derives from their interac-
tion with Cu(ll) ions, was tested. An excess of
CuSO, was added to 20uM TPL and the EPR sig-
nal of the nitroxide was recorded. Neither the
shape nor the intensity of the EPR signal of TPL

TPL alone

aerated

+Cu(D)

was affected by Cu(ll), thus excluding the possi-
bility of reaction or complex formation.

To check for a reaction of the nitroxide with
copper(I), 20uM TPL was mixed with tetrakis
(acetonitrile)copper(I) hexafluorophosphate. This
salt is water-soluble, yet, despite the strict anoxia
maintained during preparation of the solution
and while adding TPL, the solution always con-
tained some Cu(ll). Figure 4 displays the EPR
spectrum of TPL measured under anoxia in the
absence and the presence of tetrakis(acetoni-
trile)copper(l) hexafluorophosphate (nominally
50 uM). The signal which immediately disap-
peared upon exposure to Cu(l), was restored
upon subsequent exposure of the reaction mix-
ture to air (Fig. 4) or after an addition of 1 mM
K;Fe(CN),.

DISCUSSION

The Role of Metals

The effect of transition metals, such as copper or
iron on reperfusion injury is well recognized.
Traces of soluble iron or copper can catalyze
the transformation of O3 to hydroxyl radical viz the
metal-catalyzed Haber-Weiss reaction. It has been
previously shown using a similar model, that iron
at 10uM increased injury to isolated rat hearts./*"!

10 GAUSS

FIGURE 4 The Reduction of TPL by Cu(I). The EPR spectrum of 20uM TPL in the absence and the presence of 50uM tetrakis
(acetonitrile)copper(l) hexafluorophosphate, prepared, mixed and recorded under anoxia, using a JEOL JES-RE3X ESR spectrometer
working at the X-band with center field set at 3292 G, 0.2 G modulation amplitude, and 4 mW incident microwave power. Later, air

was allowed into the solution and the spectrum was recorded again.
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Administration of an iron chelator, such as deferox-
amine, improved the postischemic myocardial
function,™! diminished separation of myofilaments
and mitochondrial swelling!®!! and preserved
membrane phospholipids in the ischemic heart.’”!

The effect of copper is more complex. The possi-
bility that the properties of a metal can be altered by
the complexing or chelating agent, has been previ-
ously discussed by many investigators. Chelates,
such as Cu(Il),(3,5-DIPS), were found to lower
reperfusion injury in a cat mesenteric model.”®! The
protective effect of Cu(Il)y(3,5-DIPS), was attrib-
uted to its SOD-mimetic activity.”® Pharmacologic
doses of copper complexes showed antisecretory
effect and thus prevent lowering of gastric pH
below 6.4 Furthermore, also EDTA-Cu(Il) demon-
strated SOD-mimic activity.” On the other hand, it
has been demonstrated, that copper-loading of
hearts increases severity of reperfusion injury, sug-
gesting the importance of this metal as a mediator
of oxidative injury to the postischemic heart.[1°!
Obviously, copper can act either as a pro-oxidant or
an antioxidant, depending on the ligand and the
test-system, thus explaining apparent previous dis-
crepancies between reports of protective and
adverse activities of copper.

H NO + Oy +2H' =2

The present results confirm previous conclu-
sions!®! that loading hearts with copper worsens
reperfusion injury. In the present study copper
was added chelated to NTA or histidine. These
ligands bind copper strongly enough to keep it in
the solution, yet enable its coordination to cellu-
lar components and, thus, its participation in the
process of site-specific injury.

The Effect of Nitroxide and Hydroxylamine

As shown in Figures 2 and 3, TPL and to a lesser
extent TPL-H, prevented the Cu-induced aggra-
vation of reperfusion injury, as reflected by the
improved recovery of the hemodynamic perfor-
mance of the heart during the reperfusion
phase.

Nitroxides constitute a unique class of anti-
oxidants. The mechanisms, which underlie
the protective effect, most likely include SOD-
mimicking activity of nitroxides. Unlike SOD,
nitroxides can enter the cell and act as intra-
molecular SOD-mimic which removes both
extra- and intracellular superoxide, through an
exchange between two oxidation states, namely:
nitroxide and oxo-ammonium cation.[?¢]

2°0y + 2H* — 0+ H,0,

In the present case, it is more likely that the
protective effect of TPL results from its reaction
with Cu(I) ions. Cu(II) is metabolically reduced
to Cu(l) in the cells, particularly under ischemic
conditions. TPL can oxidize Cu(I) to Cu(Il) as

H +N=0 + HO (1)
H NO + 0, )
(3)

evidenced by the loss of the EPR signal of the
nitroxide (Fig. 4). The restoration of the signal
by K3Fe(CN)g or air further indicates the forma-
tion of TPL-H from TPL through the oxidation
of Cu(I):
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H N-O +Cu(D+H' =

N-OH + Cu(l) (€))]

Thus, through reaction 4, TPL can pre-empt the
Fenton reaction and the formation of secondary
‘OH radicals.

Additional mechanisms contribute toward
protection because TPL-H, which cannot oxidize
Cu(I), inhibited the copper-potentiated reperfu-
sion injury (Figs. 2 & 3). The possibility that TPL-
H itself has no protective activity and protection
is due to traces of TPL, is excluded as 10uM TPL
failed to protect. Yet, the hydroxylamine can nei-
ther oxidize Cu(I) nor remove superoxide radi-
cals. It has been shown, using the same model,
that cyclic hydroxylamine protected against
reperfusion injury. This effect was attributed to
the antioxidative effect of hydroxylamine against
lipid radicals (L, LO, LOOY) and its ability to
reduce them.[”-2! It is possible that a similar
mechanism is operative also in the present exper-
imental model.

CONCLUSIONS

The present research shows that: a) copper
markedly potentiates the post-ischemic injury,
primarily during the first 5 min of reperfusion;
b) nitroxide antioxidants, such as TPL, protect
the isolated rat heart from ischemia-reperfusion
injury; c) nitroxides do not prevent cardiac dam-
age to heart perfused with metal-free solution.
Rather, it fully abolishes the copper-induced
injury; d) TPL-H, the reduced form of TPL, also
demonstrates protective activity, although lower
than that of TPL; e) the oxidation of the reduced
metal seems to be the major mechanism underly-
ing the protective activity of the nitroxide;
f) because exchange between TPL and TPL-H
takes place, the fact that both forms provide pro-
tection, can increase their protective activity.
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