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Previous studies of oxygen-derived free radicul generation based on spin-lrapping methods have shown a signal formed of six bands (sextet) using

electron spin resonance spectrometry (ESR) of coronary effluents collected during post-ischuemic reperfusion of isolated hearts perfused with

5.5-dimethyl-1-pyrroline N-oxide (DMPO). The origin of this signal has recently become controversial. In the present study we show that, in the

rai, this sextet and cytosolic iron release occur simultancously, and that this signal can be inhibited by the iron chelator desferrioxamine. It also

appears that the iron release is not protein bound, und could Iherefore have a marked catalytic activity. This may be responsible for the production
of an artefactural signal observed as the sextet,

ESR spin-trapping; Ischuemia: Reperfusion: Cytosolic iron; Desferrioxamine; 5.5-dimethyl-1-pyrroline N-oxide {DMPO)

1. INTRODUCTION

Since the description by Hearse et al. in 1973 [1] of
the ‘oxygen paradox’ it has been suggested [2-7] that
oxygen free radical production (mainly hydroxyl radi-
cals (OH®), superoxide anions (O.") and lipid peroxydes
(R®)) could increase at the moment of post-ischaemic
reperfusion of the heart. Formation of [ree radicals can
have adverse effects on myocardial function. There is as
yet, however, no conclusive evidence as to the real in-
volvement of these radical species in myocardial injury
associated with reperfusion. Until now, only indirect
methods of detecting oxygen free radicals, such as spin-
trapping and electron spin resonance spectroscopy
(ESR) have shown a sudden burst of formation of these
labile species at the moment of reperfusion in experi-
mental models of isolated hearts subjected to various
ischaemic conditions [8~12). Most of the spin-trapping
agents used in these experiments have a nitrone-type
group which is able to form a nitroxide (spin-adduct)
during the trapping of a free radical, making it detecta-
ble in ESR spectroscopy. Furthermore, the ultra-fine
splitting between the adduct and the spin-trap can
sometimes give precise information on the trapped rad-
ical [13]. Nitrones are, however, extremely reactive mol-
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ecules which, in addition to their ability to trap radicals,
can enter numerous reactions. Furthermore, it should
be noted that nitroxides can be produced from nitrone
through processes other than the trapping of radicals,
for example through the catalytic action of certain met-
als such as coppei or iron [13]. Thus, ferric iron (Fe*")
in an aqucous chloride solution can catalyse the oxida-
tion of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) into
hydroxamic acid and then into the corresponding ni-
troxide. Similarly it has been suggested [13] that the iron
present in trace amounts in buffers can produce the
dimerization of DMPO, generating an artefactual ESR
signal of 6 bands with splitting constants of aN = 15.31
G, and aH = 22.0 G. Several spin-trapping studies using
DMPO in isolated rat [8,9] or rabbit [12]} hearts have
described the occurrence of a sextet signal in coronary
effluents collected during post-ischaemic reperfusion.
This signal was attributed to the trapping of alkyl or
alkoxyl radicals formed during reperfusion. However,
when considering the splitting constants of this signal
(aN = 15.3 G and aH = 22.0 G) Pou et al. [14] suggested
that it could in fact be linked to a catalytic action of iron
on DMPO [13] in the perfusion liquid. In that case this
ESR signal would be entirely artefactual.

To assess the validity of this last hypothesis we have
used ESR spectroscopy to study the kinetics of appear-
ance of the various spin-adducts of DMPO in coronary
effluents of isolated rat hearts during post-ischaemic
reperfusion. In this same experimentai model we aiso
followed the time—course of changes in iron concentra-
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tion. Lactate dehydrogenase (LDH) activity was meas-
ured as an index of protein release.

Finally, we added desferrioxamine to the perfusate of
isolated rat hearts in order to verify whether iron chela-
tion is capable of inhibiting the appearance of the sextet
signal of coronary effluent sampled during post-is-
chaemic reperfusion with DMPO.

2. MATERIALS ANL: METHODS

Male Wistar rats, weighing between 300 and 340 g, keptin standard
laboratory conditions, were used.

The spin-trap used was 5,5-dimethyl-1-pyrroline N-oxide (DMPO;
Aldrich-Chimie. Frunce). purified through distillation, stored at
-20°C und protecled from light in an argon atmosphere to prevent
its spontaneous decomposition [15].

The animals were anuesthetized with sodium pentobarbital (40 mg/
kg, i.p.. 1 ml/kg) and heparinized (100 1U/100 g in femoral vein).
Following thoracotomy the heart wasexcised and perfused ex vivo via
the aorta. The heuart was first perfused for 10 min at constant flow (11
ml/min) using a modified Krebs-Henseleit buffer [16] (Ca** 2.4 mM:
K* 5,6 mM; glucose 5.0 mM. pyruvate 5,0 mM: pyruvate 5.0 mM)
equilibrated with a gas mixture of 95% O, and 5% CO, at 37°C, pH
7.4, The iron concentration in the perfusate, measured with flame
atomic absorption spectroscopy, wis 357 = 50 mM, After the control
normoxic perfusion period the heart was perfused for 1 min with a
similar buller containing, in addition, DMPO ut a final concentration
of 80 mM Lo obtain baseline values for spin-adduct formution under
standard conditions (iron concentration in the perfusate after DMPO
addition: 410 £ 62 nM). To prevent the degradation of the spin-trap
it was introduced conlinuously into the perfusion bulfer via the aortic
cannula using an infusion syrine (1 mi/min), and the heart was kept
in the dark. At the end of this period | ml of coronary effuent was
collected and immediately frozen in the dark using liquid nitrogen.
The heart was then subjected to a further 10 min of perfusion under
control conditions (without DMPQO), followed by 30 min of total
global ischaemia in normothermia. After this, reperfusion for 3 min
in the presence ol DMPO 80 mM was initiuled, during which time
period coronrary effluent samples were collected lor each 15 s period
and (rozen, lron concentration in coronary effluents was determined
using flame atomic absorption specirometry and LDH aclivity was
assessed using the method of Wroblewski and la Due [17].

A second set of experiments was performed using the above proto-
col with the addition of deslerrioxamine (Cibua-Geigy, France) (v = 5)
at a concentration of 0,15 mM to the perfusate used throughout.

Immediately after thawing in the dark the coronary effluent samples
were analyzed in ESR speciroscopy using a Brucker ER 100D spec-
trometer with parameters set as follows: modulation lrequency 100
kHz: modulation amplitude 2.5 G; microwave [requency 9.4 GHz;
microwave power 10 mW.

Relative concentrations of spin-adducts in coronary effluent were
cvaluated by measuring the amplitude of ESR signals,

Results are expressed as the mean * standard error of the mean
(SEM).

3. RESULTS

The ESR spectrum recorded at the end of the control
normoxic perfusion period (Fig. 1a) in coronary efflu-
ent enriched with DMPO (80 mM) did not exhibit any
signal. However, three signals appeared during post-
ischaemic reperfusion: (i) a signal showing as a triplet
{(signal C, Fig. 1b), which cannot correspond with any
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Fig. 1. ESR spectra of coronary effluent collected rom isolaled rat

hearts perfused with DMPO (80 mM), (a) At the end of the control

normozic perfusion period. (b) At 15 s of reperfusion. (c) At 2 min of
reperfusion.

of the DMPO spin-adducts as it comprises only the
three bands of the nitrogen of the spin-trap; (ii} a signal
showing as a quartet (signal A, Fig. 1b and ¢) with
relative amplitudes of 1:2:2:1 and splitting constants of
aN = aH = 15.02 £ 0.15 G. This signal appeared pro-
gressively in coronary effiuent from 15 s of reperfusion,
and its amplitude decreased after 2 min (Fig. 2); finally,
(iii) a signal showing as a sextet (signal B, Fig. 1b) with
relative amplitudes of 1:1:1:1:1:1, aN = 15.5320.11 G
and aH = 22,12 £ 0.16 G, present in coronary effluents
as soon as reperfusion was initiniated and whose inten-
sity decreased exponentially during reperfusion (Fig. 3)
was observed.

Iron concentration in coronary effiuent collected dur-
ing reperfusion peaked in the first samples, then de-
creased very quickly to reach a plateau by 45 s of reper-
fusion. The mean value of the plateau was not signifi-
cantly different from the initial concentration of iron in
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Fig. 2. Evolution of the amplitude of signals A and B of coronary
effluent (see Fig. 1) during posi-ischaemic reperfusion of isolated rat
hearts (perfused with DMPO 80 mM).



Volume 302, number 3

IRON LDH
12001 r 300
1
1000 ~
p [ |
- 200
E 800 ~ E
4 L j-
800 +
Lo 4
400
J i
200 T y r—— 0
v} 50 100 180 200

Reperfusion (seconds)

® LD activity
© IRON ccntent

Fig. 3. Evolution of iron concentration and LDH uclivity in coronury
cffluents during post-ischaemic reperfusion of isolated rat hearts.

the perfusion buffer (respectively, 398 = 12 vs. 410 = 62
nM: ns).

LDH activity increased rapidly during reperfusion to
peak at 3 min.

The addition of desferrioxamine to the perfusate in-
hibited the production of all paramagnetic species in
coronary effluents during the first seconds of post-is-
chaemic reperfusion (Fig. 4b). However, the quartet
signal (A), appearing within the first minute of reperfu-
sion persisted (Fig. 4c).

4. DISCUSSION

Within the last 10 years experimental evidence has
accumulated to suggest that oxygen-derived free radi-
cals are involved in myocardial injury occurring upon
post-ischaemic reperfusion. Spin-trapping experiments
have a prominent place in these studies because of the
information they give on the nature of the radical spe-
cies produced. However, because of the high chemical
reactivity of the spin-trapping agents and the complex-
ity of the biological systems in which they are used,
artefacts can be created which must be taken into ac-
count.

In the present work two principal ESR signals (sig-
nals A and B) were observed in coronary effluents col-
lected during the post-ischaemic reperfusion of isolated
rat hearts. Blasig et al. in 1986 [9] and Zweier et al. in
1988 [12] described these signals using isolated rabbit or
rat hearts. Analysis of these signals led to the conclusion
that hydroxyl (OH®) or superoxide (O,7) radicals were
produced generating the quartet signal (signal A) char-
acteristic of the spin-adduct DMPO-OH. and radicals
of lipid nature (R°) derived from hydroxyl radicals were
responsible for the occurrence of a sextet signal (signal
B). However, the simple measurement of the splitting
constants of the sextet signal does not allow the identi-
fication of the specific spin-adduct produced. Indeed, it
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Fig. 4. ESR spectra of coronary efMuent collected from isolated rat

hearts perfused with DMPO (80 mM) and desferrioxamine (0.15 mM).

(a) At the end of the control normoxic perfusion period, (b) At 18 s
of reperfusion. (¢) At 2 min of reperfusion.

has been shown [13] that DMPO can be subjected to an
oxidation process in aqueous media in the presence of
EDTA-iron complexes (Fe** as well as Fe**), generat-
ing a similar sextet signal in ESR in the absence of lipid
radicals. More recently, Pou et al. [14] suggested that
the sextet signal observed by Zweier [12] during reperfu-
sion of isolaled rabbit hearts could either be linked to
the presence of EDTA (0.5 mM) which is able to com-
plex the residueal iron contained in the perfusion buffer,
or else could be observed because of a direct conse-
querice of ischaemia, that is, a possible increase in the
availability of iron for the catalysis of DMPO oxida-
tion. Morcover, it should be noted that the possible
release of iron upon post-ischaemic reperfusion has
been suggested to explain ischaemia reperfusion-in-
duced injury because of the ability of this metal ion to
catalyse the Haber-Weiss reaction, whereby O, and
H,0, give rise to the highly reactive OH® radical [18).
In the present study we have demonstrated that cy-
tosolic iron is released into the vasculature either during
ischaemia, of during the early phase of post-ischaemic
reperfusion, and the release of iron and the occurrence
of the sexiet signal appear as two simultanecus phe-
nomena (Figs. 2 and 3). Furthermore, iron release pre-
cedes the release of cellular proteins, as demonstrated
by the leakage of LDH (Fig. 3). These results suggest
that the iron pres¢nt in coronary effluent at this time is
not complexed to proteins, but rather to small biologi-
cal chelators such as ATP or citrate [19]. Non-protein-
bound iron, also called ‘free’ iron, is highly reactive [20]
and could therefore catalyse DMPO oxidation.
Finally, our ESR analysis indicates that desferri-
oxamine inhibits the appearance of the sextet signal
from coronary effluent collected at the onset of reperfu-
sion (Fig. 4). Desferrioxamine, a trihydroxamic acid, is
the most potent and the most specific chelator of iron.
This molecule chelates ‘free’ iron to form a chemically
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inert complex and thus can inhibit the catalytic proper-
ties of this metal [21]. Desferrioxamine has recently been
shown to be cardioprotective when administered to
dogs at the time of post-ischaemic reperfusion [22). This
observation sunports the concept that iron-catalysed
radical reactions occurring in the initial seconds of
reperfusion may play a major role in reperfusion injury.
However, according to our results, the release of ‘free’
iron may be a source of artefact in ESR studies with the
spin-trap DMPO.

In conclusion, the release of iron during ischaemia or
during the early phase of reperfusion reinforces the hy-
pothesis that the ESR signal originally attributed to the
trapping of lipid radicals is, in fact, produced by an
oxidation process of the spin-trap under the catalytic
action of iron. Further studies are required to assess the
physiological and/or pathophysiological role that this
transition metal with a high catalytic activity could play
in the development of myocardial injury during is-
chaemia and reperfusion.
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