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detector-compound for oxidative stress
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Abstract Reperfusion of ischemic tissue disturbs the bal-
ance between reactive oxygen species (ROS) and the cellu-
lar antioxidative defense. This imbalance is known as
oxidative stress. In this study the spin trap 3-carboxy-
2,2,5,5-tetramethylpyrrolin-1-hydroxide (CP-H) with its
ESR-detectable paramagnetic analogue 3-carboxy-2,2,5,5-
tetramethylpyrrolin-1-oxyl (*CP) was analyzed in vitro and
in vivo. In preliminary in vitro experiments we studied the
interaction of CP-H with reactive compounds like hydroxyl
radicals (*OH) and alkylperoxyl radicals (ROO¢) which are
formed during organ reperfusion or tissue reoxygenation.
The increase in the peak intensity of the ESR signal of the
*CP-radical was used as a measure for CP-H oxidation by
the above-mentioned oxidizing radicals. It could be clearly
shown that *OH as well as ROOe induce CP-H oxidation.
The intensity of the ESR signal (*CP) depends on the con-
centration of the applied oxidant. In a further set of in vitro
experiments we analyzed some factors influencing the sta-
bility of the generated *CP. Cellular reductants are able to
interact with many radicals whereby their paramagnetic
signal intensity decreases. We could show that glutathione
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(GSH) up to 5 mM does not influence *CP concentration.
On the other hand, ascorbate at a concentration of 0.6 mM
significantly reduces 55% of *CP within 60 min to the ESR-
silent CP-H. At 1 mM ascorbate the *CP derived ESR sig-
nal is reduced within 60 min by 90%. Lower concentrations
of ascorbate (0.1-0.3 mM) do not significantly decrease
signal intensity within 1 h. Homogenization of ischemic rat
kidney in the presence of an air-equilibrated buffer obvi-
ously induces the formation of oxidizing radicals which in
turn are able to convert diamagnetic CP-H into paramag-
netic *CP. The intensity of the formed *CP was analyzed in
a 600 g supernatant with ESR spectroscopy at 25°C. It
could be demonstrated that at least 3.0 & 0.5 uM *CP is
formed 15 min after starting tissue homogenization and
reoxygenation. Subsequent measurements of the *CP con-
centration indicated that its signal intensity continuously
decreases. After 75 min a residual *CP concentration of
0.7 £ 0.3 pM was monitored. Removal of mitochondria
from the homogenate by centrifugation at 6,000g deceler-
ates the disappearance of *CP but does not block it com-
pletely. In summary it could be shown that the marker (CP-
H) is able to indicate the formation of oxidizing radicals
during reoxygenation of ischemic tissue. This method
underestimates the amount of produced oxidizing radicals.
One reason for this is the reduction of *CP by some cellular
reductants. Other reasons will be discussed. We assume
that the used method allows a nearly real-time determina-
tion of radical production during organ reoxygenation.

Keywords Radicals - Spin trap - Carboxyproxyl -
Oxidative stress - Rat kidney

Abbreviations

AAPH 2,2'-Azo-bis-2-amidinopropane hydrochloride
*CP 3-Carboxy-2,2,5,5-tetramethylpyrrolin-1-oxyl
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CP-H 3-Carboxy-2,2,5,5-tetramethylpyrrolin-1-
hydroxide

DMPO 5,5-Dimethylpyroline-1-oxide

ESR Electron spin resonance

GSH Glutathione

H,0, Hydrogen peroxide

HPLC High-pressure liquid chromatography

NADPH Nicotinamide adenine dinucleotide phosphate

*0,” Superoxide anion radical

*OH Hydroxyl radical

PMN Polymorphonuclear leukocytes

ROOe Alkylperoxyl radical

ROS Reactive oxygen species

Introduction

Due to the inability to cover the high demand on organs in
transplantation medicine, it has become more and more
important to prevent organ failure in the host. Primary tis-
sue alterations are a result of ischemia reperfusion injury,
which can also appear in organ-maintaining tumor surgery.
Reperfusion of an ischemic tissue increases ROS produc-
tion. ROS include superoxide anion radicals (¢O,"),
hydroxyl radicals (*OH), and hydrogen peroxide (H,0,) as
well as a variety of organic radicals such as alkyl and per-
oxyl radicals [1, 2]. The increasing imbalance between rad-
ical production and antioxidant defense, called oxidative
stress, characterizes this injury [3, 4]. Generation of ROS
and non-radical oxidants after reperfusion can directly
induce PMN activation and adhesion to vascular endothe-
lium triggering a subsequent leukocyte-mediated injury
which in turn amplifies and accelerates further organ dam-
age [5].

*OH appears to be one of the most aggressive and
destructive radicals formed in biology [6, 7]. Under aerobic
conditions *OH are generated mainly by the Haber—Weiss
reaction (Eq. 3), whereby hydrogen peroxide is reductively
split into *OH and OH™ by ferrous ions (Fenton reaction,
Eq. 1). In the presence of superoxide anion radicals (O, ")
or other reductants (e.g., ascorbate) the ferric ions can be
re-reduced to ferrous ions which in turn are able to generate
more *OH (Eq. 2) [4, 6].

H,0, + Fe’" — eOH + OH™ + Fe*" (1)
Fe’t 4 0, — Fe’t +0, (2)
H,0, + ¢O;, — eOH + OH™ + O, (3)

Superoxide anion radicals and hydrogen peroxide can be
produced by a variety of cellular reactions. Xanthine oxi-
dase, NADPH oxidase, monoamino oxidase, as well as the
respiratory chain of mitochondria are important sites of cel-
lular *O,~ and H,0O, formation [6-10]. *OH is strongly
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electrophilic and so it is able to oxidize nearly every sub-
stance in its immediate vicinity, e.g., enzymes, nucleic
acids, lipids, antioxidants, as well as some marker mole-
cules used for detection of oxidative stress. For the mea-
surement of radical formation during tissue reoxygenation a
variety of different methods has been developed. Some
studies used spin traps like 5,5-dimethylpyroline-1-oxide
(DMPO) [8] or alpha-phenyl N-tert-butyl nitrone [10],
while others analyzed the so-called footprints of oxidative
stress. Such footprints are often more or less stable end
products formed after interaction of ROS with nucleic acids
or lipids like 8-hydroxydeoxyguanosine [11], deoxyribose
degradation products [12], or malondialdehyde [13, 14].
Further methods described the formation of hydroxylated
aromatic compounds [15]. None of the cited methods
appears to be optimal to reflect adequately the ongoing oxi-
dative stress during reperfusion. Especially some of the
footprint methods need time-consuming sample prepara-
tions, sometimes are not specific, or do not always form sta-
ble products [16]. The use of DMPO for measurement of
*O," is limited by the short half-life of the adduct [17] and
hydroxyl radical adducts of DMPO are highly vulnerable
against cellular reductants [2].

The aim of this study was to analyze the suitability of
CP-H as a marker for oxidative stress. We studied the influ-
ence of in vitro generated hydroxyl- and alkylperoxyl radi-
cals on CP-H, investigated the stability of the formed *CP
against cellular reductants like GSH and ascorbate, and
characterized the application of this marker in experiments
of reoxygenation of ischemic rat kidney tissue.

Materials and methods

3-Carboxy-2,2,5,5-tetramethylpyrrolin-1-oxyl (¢CP) was
supplied by Sigma—Aldrich (Taufkirchen, Germany). 3-
Carboxy-2,2,5,5-tetramethylpyrrolin-1-hydroxide (CP-H)
was obtained from Prof. Kirilyuk, Institute of Organic
Chemistry (Novosibirsk, Russia). Ascorbic acid (sodium
salt) was obtained from Fluka Chemie AG (Buchs, Switzer-
land). Except 2,2’-Azo-bis-2-amidinopropane hydrochlo-
ride (AAPH) supplied by Polysciences (Warrington, USA)
all other chemicals were purchased from Sigma—Aldrich
(Taufkirchen, Germany).

A 10 mM stock solution of *CP or CP-H dissolved in
HPLC grade water was freshly prepared every day. 100 mM
stock solutions of Fe** and H,0, and all other chemicals
were freshly dissolved every day in HPLC grade water.
Sodium ascorbate was dissolved in HPLC-grade water to
give a final concentration of 100 mM. In the absence of cata-
lytic metals (Fe** or Cu™) ascorbate does not autoxidize [18].
Dilutions from the stock were done immediately before use.
The measurements were performed at 25°C.
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Male Wistar rats (body weight 200-250 g) were pur-
chased from Harlan Bioservice for Science GmbH (Wals-
rode, Germany), housed in a temperature-controlled room
with 12 h light and darkness per day, free access to water,
and standard rat chow. Rats were anesthetized i.p. with
1.5 ml/kg Rompun (20 mg/ml) and 2 ml/kg Ketavet
(100 mg/ml). Additionally 1,000 U Heparin were given i.p.
After full anesthesia the abdomen was opened and the left
kidney was excised by cutting the distal Arteria and Vena
renalis. Thereafter the kidney was incubated for 20 min at
37°C in 0.9% NaCl (warm ischemia). Subsequently the
weight of the kidney was recorded, the organ was cut into
small slices, and transferred into a glass tube of a 20 ml
Potter—Elvehjem homogenisator containing the eightfold
volume of the organ weight of an air-equilibrated homoge-
nization buffer (0.25 M saccharose, 25 mM potassium chlo-
ride (KCl), 50 mM tristhydroxymethyl)-aminomethane
(TRIS) pH 7.4, and 0.5 mM ethylene-diamine-tetraacetate
(EDTA)). An appropriately sized Teflon pestile was placed
in the tube of the homogenistor and the dissected kidney
tissue was carefully homogenized by 10 strokes over 5 min.
During homogenization the ischemic tissue was vigorously
mixed with the air-saturated buffer. Residual cell debris as
well as nuclei but not the organelles were removed by cen-
trifugation (10 min at 25°C and 600g) before the resulting
supernatant was used for ESR-measurements. In another set
of experiments mitochondria were additionally removed by
centrifugation at 6,000g.

An ESR spectroscope MS100 from Magnettech GmbH
(Berlin-Adlershof, Germany) was used for monitoring the
formation of *CP. Glass capillaries purchased by Brand
(Wertheim, Germany) containing 50 pl of the sample were
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Fig. 1 CP-H and radicals. a CP-H and *OH. All batches contain 10 pl
of CP-H (10 mmol/l) dissolved in water. The first bar shows measure-
ments with 10 pl of Fe?* (10 pmol/1), 10 pl H,0, (10 pmol/l) and 70 pl
water, the second bar shows the same batch with 10 pl Fe?*
(100 mmol/l) and 10 ul H,O, (100 mmol/l). All samples were mea-
sured at 25°C. Data are given as mean &= SEM, n =5, p <0.001. b CP-
H and R¢/ROO- (originated from AAPH). The batch contains 10 pl of

sealed with plasticine and the ESR spectra were analyzed at
the following instrument settings: center field 3,368 G,
sweep width 100 G, sweep time 60 s, modulation amplitude
1,000 mG, receiver gain 50, and power attenuation 6 db.
Since the cavity of the ESR spectrometer cannot be heated
to 37°C, kidney homogenization as well as the ESR mea-
surements was performed at ambient temperature
(25 £ 2°C). The ESR signal of *CP was analyzed using the
peak-to-peak amplitude of the low-field line (/,). According
to SchoBler et al. [19] calculation, the *CP concentration
was done using *CP as spin standard.

Data are presented as mean =+ standard error of mean
(SEM) of at least 3-8 independent measurements. Data
were considered to be significant at p < 0.05 (z-test).

Results

Fenton-generated *OH are able to oxidize CP-H to *CP in
vitro. The formation of *CP can be easily monitored by
ESR spectroscopy. As a result of the oxidation of CP-H a
three-lined ESR spectrum appears. Its signal intensity is a
measure of the formed *CP (insert in Fig. 1b). The extent of
CP-H oxidation depends on the amount of the formed *OH
which in turn depends on the concentration of transition
metals and hydrogen peroxide. Increasing the concentration
of Fe?* increases the quantity of the formed eCP
(p <0.001). In the absence of either H,0, or Fe** CP-H
cannot be oxidized (not shown).

Since *OH can initiate lipid peroxidation some other oxi-
dizing radicals are formed during organ reperfusion also.
Thus AAPH at a final concentration of 50 mM produces

60 |
|
1

3 40 4 |
E —_—
=2 40 Gauss w
o
© 20

04 —0—0—0—0—0O0—0—0O0—0—O0—0O0—0—0

0 10 20 30 40 50 60
time (min)

CP-H (10 mmol/l) dissolved in water without AAPH (open circles) or
with 10 pl AAPH (500 mmol/l) (filled squares) and 90 or 80 pl water
at 25°C. At this temperature the thermal decay of AAPH to Re and in
the presence of oxygen to ROOe is of constant rate. Data are given as
mean £+ SEM, n =3, p <0.001. The insert documents the ESR spec-
trum of *CP
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alkyl- and peroxyl radicals by its thermal decay at a con-
stant rate of about 2 uM/min at 25°C [20]. Both AAPH
derived radicals are able to oxidize CP-H to *CP in vitro.
Figure 1b demonstrates that the rate of CP-H oxidation is
proportional to the rate of the decay of AAPH. As a result
*CP accumulates in the batch over time. Without AAPH
(open circles) no CP-H oxidation takes place.

In a further set of experiments we analyzed different cel-
lular reductants in relation to their ability to reduce *CP.
GSH up to a concentration of 5 mM was not able to rere-
duce *CP to CP-H (Fig. 2). Contrary to GSH, ascorbate
reduced *CP to an ESR-silent derivative (CP-H) at concen-
trations above 300 uM (Fig. 2). At 600 uM (filled triangles)
*CP is reduced to CP-H by 45% (p < 0.001) within 60 min.
I mM (open triangles) ascorbate reduces 90% of CP
within 50 min (p < 0.001).

Since kidney homogenate contains beside both reduc-
tants some other reducing systems, e.g., electron transport-
ing chains of mitochondria and of endoplasmic reticulum, it
can reduce added *CP (p < 0.001) in vivo. 15 min after the
addition of *CP to the homogenate, 27 &+ 0.8% of the radi-
cal were reduced, and about 46 &+ 1.4% after 60 min
(Fig. 3, open squares) (p <0.001). In the absence of
homogenate the concentration of *CP did not change within
60 min at 25°C. (Fig. 3, open circles). Depletion of mito-
chondria from homogenate by centrifugation at 6,000g sig-
nificantly diminishes its reducing capacity. After 60 min no
more than 34 + 2.6% of the initially present 90 pM *CP

were reduced (Fig. 3, filled squares) (p < 0.001).
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Fig.2 *CP and cellular reductants. The batch contains 9 pul *CP
(1 mmol/l) dissolved in water, and different concentrations of ascor-
bate or GSH measured at 25°C: filled circles control, *CP without
ascorbate or GSH,; filled diamonds *CP reduction by 0.1 mmol/l ascor-
bate; open circles *CP reduction by 0.3 mmol/l ascorbate; filled trian-
gles *CP reduction by 0.6 mmol/l ascorbate; Open triangles *CP
reduction by 1 mmol/l ascorbate; filled squares *CP reduction by
5 mmol/l GSH. Data are given as mean £ SEM, n =6, p <0.001
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Fig. 3 Influence of the reoxygenated rat kidney homogenate on *CP.
The batch contains 9 pl *CP (1 mmol/l) dissolved in water (open cir-
cles) with 91 pl of 600 g supernatant of rat kidney homogenate (open
squares) or 6000 g supernatant of rat kidney homogenate (open
squares) at 25°C within 60 min. Data are given as mean &= SEM, n = 6,

p <0.001

In an alternative experiment CP-H (1 mM) was added to
the oxygen equilibrated homogenization buffer before the
kidney was homogenized and therefore reoxygenated. As a
consequence radicals were produced and the transformation
of CP-H to *CP started (Fig. 4, short dash, rising part). As
homogenization, equilibration with air and centrifugation
took altogether 15 min, no measurements were possible
during this period of time. So the short dash line in Fig. 4
symbolizes the theoretical development of the concentration
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Fig. 4 Influence of the reoxygenated rat kidney homogenate on
CP-H. Oxidation of CP-H to *CP by radicals produced during reoxy-
genation of the ischemic rat kidney at 25°C. With homogenization of
an ischemic tissue, the amount of oxygen increases, therefore this has
to be seen as a reoxygenation. 10 pl of CP-H (10 mmol/l) was added
to 90 pl homogenate. Homogenization and measurements were done
at 25°C. Data are given as mean &= SEM, n = 8, p < 0.001. Theoretical
amount of *CP before and after measurements as short dashed line
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of *CP, whereby the supposed slope as well as the position
of the turning point can not be exactly determined. The first
determined concentration of *CP by ESR was 3.0 £ 0.5 uM
15 min after reoxygenation. In the following 75 min most
of the initially formed *CP was reduced by the homogenate
(Fig. 4) (p <0.001). With the kinetic of this homogenate
induced decline of *CP the maximal concentration can be
extrapolated. It appears to be about 5 uM.

Discussion

ROS are unavoidably produced after starting reperfusion/
reoxygenation of an ischemic organ. Furthermore, they are
at least partially responsible for tissue damage and might be
involved in organ failure [6, 21, 22]. A direct measurement
of generated radicals is complicated because of their high
reactivity and short half-life. Therefore, the search for
effective markers indicating the onset and the duration of
ROS production are of special interest not only for trans-
plantation medicine. A large variety of spin traps and so-
called footprints of oxidative stress has been already ana-
lyzed [16, 23]. But none of them fulfills all criteria
requested for an optimal marker [2].

ROS are often formed within cells but not all ROS can
leave the place of their production. A suitable detector
should reach the place of ROS generation. According to
Fink et al. [24] CP-H can cross membranes and hence pene-
trates into cells. Furthermore it has been shown that CP-H
appears to be able to interact with oxidizing radicals, at
least, in vitro [24-26].

Among others, hydroxyl radicals as well as alkyl- or
alkylperoxyl radicals are formed after the onset of reperfu-
sion [27-30]. Therefore, we analyzed primarily the interac-
tions of those formed radicals with CP-H in vitro (Fig. 1a,
b). The product of a hydroxyl-, alkyl-, or alkylperoxyl radi-
cal-initiated oxidation of the diamagnetic CP-H is again a
radical (*CP). Therefore, the time course of its appearance
can be recorded by ESR spectroscopy. As seen from
Fig. 1b the concentration of generated *CP is obviously a
function of the produced oxidizing radicals. Furthermore,
the half-life of *CP is considerably longer than that of *OH
or ROOe (Fig. 3, open circles).

In previous experiments we were able to show that ROS
generation reaches a maximum within the first 10 min after
initiating kidney reperfusion [13, 31, 32]. For that reason
we limited the time of reoxygenation during tissue homoge-
nization and centrifugation to about 15 min (see Fig. 4).
Homogenization of kidney tissue with an air-saturated
buffer brings oxygen into intense contact with the ischemic
tissue. At 25° C the oxygen concentration of an aqueous
buffer amounts to 260 umol/l as has been verified in ear-
lier experiments [33]. In principle, reoxygenation during

homogenization should be comparable to the onset of
reperfusion. A similar conclusion was made in a study with
ischemic rat hearts: they were homogenized and the content
of malondialdehyde was analyzed [34]. Every ROS genera-
tion during organ or tissue reoxygenation requires the pres-
ence of oxidizable substrates produced during ischemia
(see Scheme 1). This statement was supported in a former
study: we analyzed the accumulation of hypoxanthine in rat
kidneys as a function of the duration of ischemia. Within
60 min the content of hypoxanthine continuously increased.
After initiation of reperfusion this compound was almost
completely transformed to uric acid within 10 min by xan-
thine oxidase (XO), whereby molecular oxygen is reduced
to ROS. Based on these data we used an ischemic period of
20 min before homogenizing and reoxygenating the kidney
for 15 min. In reperfused rat kidneys XO appears to be
involved in ROS generation [35, 36]. In humans its role in
radical formation has been challenged [37].

The formation of oxidizing radicals during kidney
homogenization and the subsequent transformation of CP-
H to *CP is demonstrated in Fig. 4. Fifteen minutes after
starting homogenization, the *CP concentration in the
supernatant amounts to 3.0 & 0.5 pmol/l. Some possible
reasons for this low signal concentration are described
below.

GSH up to a concentration of 5 mmol/l and ascorbate up
to 0.3 mmol/l did not reduce *CP. However, at concentra-
tions between 0.3 and 0.6 mmol/l ascorbate started to
reduce *CP in a time depending manner and at 1 mmol/l the
ESR signal of *CP diminished within 45 min of exposure
by about 86 £ 0.6% (compare Fig. 2). Since the concentra-
tion of ascorbate in blood plasma is merely higher than
0.14 mmol/l [38, 39] extra-cellular *CP would not be influ-
enced by this reductant. However, its intracellular concen-
tration can range between 0.4 and 1.2 mmol/l [40, 41]. At
this level of ascorbate *CP can partially be transformed to
its ESR-silent derivative, as shown in Fig. 2. But this is, in
general, the fate of spin adducts used for detection of oxida-
tive stress which either have to compete with other cellular
material for oxidizing radicals or are vulnerable to cellular
reductants [2].

Ascorbate is able to neutralize many radicals. During
that reaction the ESR-detectable ascorbyl radical is pro-
duced. Its formation has been used as a measure of oxida-
tive stress [32, 42]. An advantage of this method is that
ascorbate is not toxic and may be added in vivo in consider-
ably high concentrations. Unfortunately the ascorbyl radi-
cal does not accumulate during reoxygenation, since it is
only a transiently formed intermediate. By dismutation it is
transformed back to ascorbate as well as to dehydroascor-
bate. The latter is a labile compound which itself rapidly
decays [42]. So the detectable low and transient ESR signal
of the ascorbyl radical can be used as a reliable marker of
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oxidative stress only under definite conditions. On the other
hand, ascorbate is also a pro-oxidative agent as it reduces,
e.g., Fe** to Fe?*. This enhances the Fenton reaction and,
therefore, can increase the generation of hydroxyl radicals
[43—45]. For all these reasons the ascorbyl radical appears
to be a possible but not an ideal marker for detecting oxida-
tive stress. In our experiments (Figs. 2, 4) we could not
detect the ascorbyl radical since its signal is completely
masked by the second line of the *CP signal.

To evaluate ROS production during reoxygenation of an
organ or tissue, the interaction of partially opposite effects
has to be taken into consideration (see reactions 1-4 in
Scheme 1). Strongly oxidizing radicals are non-selective.
That means they can be neutralized by nearly every cellular
compound including nucleic acids, lipids, proteins
(reaction 2), antioxidants, like GSH or ascorbate (reaction 1),
or exogenously added marker compounds, like, e.g., CP-H
(reaction 3). But in order to interact with radicals the target
compound has to be located in the immediate vicinity of
radical generation. Detoxification of dangerous oxidizing
radicals means that simultaneously a chemical modification
of the target takes place (oxidation, addition to double
bonds, etc.). A radical triggered target modification often
induces a decrease in their functionality which contributes
to cell damage. Basically the reaction rate constant as well
as the local concentration of individual detoxifying com-
pounds determines the probability of their interaction with
oxidizing radicals. Therefore, the concentration of the
transformed marker (e.g., *CP, reaction 3) reflects obviously
only a small fraction of all cellular targets hit by oxidizing
radicals. On the other hand, antioxidants like ascorbate are
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reductants. They can donate either an electron or a hydro-
gen atom to a radical (e.g., to *CP). As a consequence, the
intensity of the ESR signal of «CP will decrease in the same
extent as *CP is reduced to CP-H by a suitable reductant
(reaction 4). Therefore, the monitored concentration of *CP
represents only the resulting concentration of the four reac-
tions summarized in Scheme 1 and, hence, underestimates
the amount of originally generated oxidizing radicals dur-
ing reoxygenation.

This underestimation of radical formation is not a spe-
cific property of CP-H, but appears to be a general feature
of most spin traps such as DMPO. Nevertheless, CP-H and
the ESR method used were able to detect the onset of oxi-
dative stress as well as subsequent signal depletion.

We assume that the most effective interval to measure
the formation of ROS with CP-H appears to be between the
fifth and tenth minutes after reoxygenation because during
this time segment the generation of *CP is high enough to
be measured by ESR (Fig. 4).

In conclusion, it could be demonstrated that formation of
*CP from CP-H needs the presence of oxidizing radicals.
Strongly oxidizing radicals like hydroxyl- and alkylperoxyl
radicals are usually formed during reperfusion of ischemic
tissue or due to lipid peroxidation. So far the appearance of
*CP from added CP-H is a marker of oxidative stress. We
assume that the determined concentration of *CP inherently
underestimates the real amount of primarily formed ROS
because only a certain amount of the formed oxidizing rad-
icals will transform CP-H to *CP, and because the reduction
of *CP to its ESR-silent analogue will hold *CP at a low
level. Nevertheless, the method described can easily be
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performed, needs less time for preparation of samples and
enables the measurement of oxidative stress even in turbid
or colored solutions. We think that this method allows a
nearly real-time determination of radical production during
organ reoxygenation.
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