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Abstract—The excessive formation of reactive oxygen and nitrogen species (RONS) in tissue has been implicated in
the development of various diseases. In this study we adopted ex vivo low temperature EPR spectroscopy combined with
spin trapping technique to measure local RONS levels in frozen tissue samples. CP-H (1-hydroxy-3-carboxy-pyrrolidine), a new nontoxic spin probe, was used to analyze RONS in vivo. In addition, nitrosyl complexes of hemoglobin
were determined to trace nitric oxide released into blood. By this technique we found that RONS formation in tissue of
control animals increased in the following order: liver ⬍ heart ⬍ brain ⬍ cerebellum ⬍ lung ⬍ muscle ⬍ blood ⬍ ileum
⬍ kidney ⬍ duodenum ⬍ jejunum. We also found that endotoxin challenge, which represents the most common model
of septic shock, increased the formation of RONS in rat liver, heart, lung, and blood, but decreased RONS formation
in jejunum. We did not find changes in RONS levels in other parts of gut, brain, skeletal muscles, and kidney.
Scavenging of RONS by CP-H was accompanied by an increase in blood pressure, indicating that LPS-induced
vasodilatation may be due to RONS, but not due to nitric oxide. Experiments with tissue homogenates incubated in vitro
with CP-H showed that ONOO⫺ and O2•⫺, as well as other not identified RONS, are detectable by CP-H in tissue. In
summary, low-temperature EPR combined with CP-H infusion allowed detection of local RONS formation in tissues.
Increased formation of RONS in response to endotoxin challenge is organ specific. © 2003 Elsevier Inc.
Keywords—Electron paramagnetic resonance, Oxidative stress, Free radicals, Endotoxin, Liver, Heart, Brain, Lung,
Muscle, Blood, Intestine, 1-Hydroxy-3-carboxy-pyrrolidine

INTRODUCTION

sive generation of RONS, particularly of superoxide
radical (O2•⫺) and peroxynitrite (ONOO⫺). iNOS dramatically increases the transformation of L-arginine to
nitric oxide (NO). If produced in excess, NO combines
with O2•⫺ to form ONOO⫺, a cytotoxic oxidant, causing
tissue injury during shock, inflammation, and ischemiareperfusion [6]. Additionally, it has been suggested that
ONOO⫺ may also be a signal transmitter and can mediate vasorelaxation, similarly as NO [7,8]. Apart from
ONOO⫺, other reactive nitrogen species such as nitrogen
oxides and nitryl chloride are believed to cause several
different pathophysiological events, including inflammation [9,10].
Inflammatory reactions play an important role in endotoxin-induced tissue injury. The latter is mediated by
adhesion and migration of leukocytes through the endo-

Reactive oxygen and nitrogen species (RONS) play an
important role in inflammatory processes as mediators of
injury. They could also be involved in signal transduction [1–3]. Endotoxin (lipopolysaccharide ⫽ LPS) is a
constituent of the outer membrane of gram-negative bacteria and evokes an inflammatory response by activation
of monocytes, macrophages, and endothelial cells [4,5].
The activation of those cells results in the expression of
inducible nitric oxide synthase (iNOS) and in an excesAddress correspondence to: Dr. Andrey Kozlov, Ludwig Boltzmann
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thelium, generation of RONS [11], stimulation, and release of several proinflammatory cytokines such as tumor necrosis factor by monocytes/macrophages [12,13].
Local generation of RONS by resident macrophages
contributes to tissue injury. Recent studies have demonstrated that activation of the nuclear enzyme poly(ADPribose) polymerase-1 by RONS-mediated DNA damage
is an important pathway of tissue injury in conditions
associated with oxidative stress [14]. The most susceptible organs to a challenge (sepsis, burn, trauma) are
heart [11,15], lung [14,16], kidney [12,17], and liver
[13,18]. In spite of the consideration of RONS as important mediators of tissue damage triggered by endotoxic
shock and by many other diseases, it is still very difficult
to determine tissue concentrations of RONS.
Due to the short lifetime, it is difficult to quantitate
RONS production precisely in vivo. Application of optical spectroscopy (e.g., fluorescence dyes selectively
reacting with RONS) is impossible because tissue is not
transparent for optical irradiation. Applications of spin
probes and electron paramagnetic resonance spectroscopy (EPR) is limited by fast reduction of spin adducts in
vivo. This is mainly due to endogenous reductants and
high toxicity because most of the spin traps have to be
applied at high concentrations.
Recently, two new spin probes, 2-(diethoxyphosphoryl)2-methyl-3,4-dihydro-2H-pyrrole 1-oxide (DEPMPO)
[19,20] and 1-hydroxy-3-carboxy-pyrrolidine (CP-H)
[21], have been synthesized and rather successfully
used for in vivo studies. The former, DEPMPO, is
selective for different types of RONS, but requires
high concentrations (10 mmole/kg) and its use is complicated by artifactual formation of sulfur-centered radicals [20]. The latter, CP-H, is not specific for different
kinds of radicals. The radicals formed with O2•⫺ and
ONOO⫺ are not distinguishable, but this spin probe is
used at low nontoxic concentrations (200 –300 mole/
kg) and its radicals are more stable in vivo than those of
DEPMPO. Therefore, this study was performed with
CP-H, which is a type of redox probe. The paramagnetic
CP-H- radical (CP• ⫽ 3-carboxy-proxyl) appears as a
result of a single electron transfer. This spin probe has
been used increasingly for RONS detection in blood
since it became commercially available. CP-H is used for
RONS detection because of its outstanding resistance to
endogenous reducing agents and its very low toxicity.
CP-H has been shown to detect O2•⫺ and ONOO⫺ in in
vitro experiments and in blood [22,23].
The aim of this study was to clarify whether CP-H can
be used to access the local RONS generation in vivo in
selected organs. Following this aim, we performed a
three-stage study. Firstly, we adopted EPR as the method
for routine ex vivo detection of CP•-radicals in tissues.
Subsequently, we applied this assay to the LPS shock

model. Finally, we tried to identify the species giving
rise to the formation of CP•-radicals.
MATERIALS AND METHODS

Animals
Adult male Sprague Dawley rats weighing 430 – 460 g
(Animal Research Laboratories, Himberg, Austria) were
used in this study. The study was approved by the local
Committee on Animal Experiments of Vienna, Austria,
and all experiments were performed under the conditions
described in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (publication NIH 86-23; revised 1985).
In vivo experimental procedures
One group of animals (LPS group, n ⫽ 8) received 10
mg of endotoxin (E. Coli 026:B6, Difco, Detroit, MI,
USA)/kg body weight intraperitoneally. The control
group (n ⫽ 9) was treated similarly but received the same
volume of saline. Four hours after endotoxin challenge,
animals were anesthetized by intramuscular injection of
a mixture of ketamine/xylazine (112/15 mg/kg body
weight) and maintained under anesthesia with 0.2% of
isoflurane for the duration of the acute experiment on a
temperature-controlled surgical board (36.0 ⫾ 0.4°C). A
silicone catheter was inserted in the jugular vein for
infusion of CP-H (9 mg/kg bolus; 0.225 g/kg/min infusion) or the vehicle phosphate-buffered solution (PBS)
at the same rate. CPH was obtained from Noxygen
Science Transfer & Diagnostics (D-79211, Denzlingen).
A second silicon catheter was inserted in the femoral
artery for measuring blood pressure (Cardiosys, Budapest, Hungary) and withdrawing blood samples. CP-H
solution (5 mg/ml) was freshly prepared in 50 mM
sodium PBS as described previously [24]. After 120 min
CP-H infusion, blood and tissue samples (left cerebral
hemisphere without cerebellum, cerebellum, gastrocnemius muscle, heart, kidney, liver, lung, duodenum, jejunum, and ileum) were collected. The samples were
placed in 1 ml syringes (B. Braun Melsungen AG),
frozen, and kept in liquid nitrogen until they were used
for EPR measurements.
Ex vivo experimental procedures
To elucidate the origin of RONS detectable by CP-H
in liver and heart, the samples from three control and
three LPS-treated animals were homogenized in sucrose
buffer (0.25 M sucrose, 10 mM TRIS-HCl, 1 mM
EDTA, pH ⫽ 7.4) at a ratio of 1:6 liver/buffer (w/v),
using Potter-Elvehjem homogenizer. After filtration
through three layers of surgical gauze, aliquots of 1 ml
were frozen in liquid nitrogen until use in experiments.
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Rat liver mitochondria (RLM) were prepared as we described previously [25]. Homogenates or RLM were
incubated for 20 min at room temperature with CP-H in
a buffer containing 10 mM Hepes, 140 mM KCl, 1.5 mM
CaCl2, 4 mM KH2PO4. Fifty microliters of homogenate
was mixed with 400 l of buffer. Gas exchange between
samples and air was facilitated using a shaking table. At
the end of incubation the amount of CP•-radicals formed
was determined. The experiments on interaction between
CP-H and NO or ONOO⫺ (obtained from Alexis Co.
CH-4415, Lausen) solutions were performed anaerobically under nitrogen. Enzyme inhibitors and substrates
were used at the following final concentrations: 1 mM
NG-Monomethyl-L-arginine monoacetate (L-NMMA);
2.5 mM L-arginine plus 170 M BH4; 200 U/ml superoxide dismutase (SOD). Additionally, the effects of 826
M desferal (Desferrioxamine B), 900 U/ml catalase,
and 300 mM ethanol on the formation of CP•-radicals in
homogenates were tested in order to elucidate the involvement of iron ions, hydrogen peroxide, and hydroxyl
radical, respectively. However, none of those substances
had an effect (data are not shown).
EPR measurements
The samples were pressed out of the syringes (see
above) and moved to a finger-tip liquid nitrogen dewar
for EPR measurements. The EPR spectra were recorded
at liquid nitrogen temperature with a Bruker EMX EPR
spectrometer (BioSpin GmbH Rheinstetten/Karlsruhe,
Germany). The general settings low temperature measurements were: microwave frequency 9.431 GHz, modulation frequency 100 kHz, modulation amplitude 5 G;
gain 105. At room temperature the following settings
were applied: microwave frequency 9.776 GHz, modulation frequency 100 kHz, modulation amplitude 2 G;
power 5 mW. Other parameters are indicated in figure
legends.
Calibration of EPR signals
In order to quantify NO levels in blood, the nitrosyl
hemoglobin (NO-Hb) signals observed in blood were
compared with those obtained from NO-Hb standards.
NO-Hb standards were prepared using NO2⫺ solutions
reduced by dithionite in the presence of Hb similar to
that described by Tsuchiya at al. [26]. Briefly, 100 mg of
dithionite was mixed with 400 l of Hb solution and 10
l of NO2⫺ solution. Calibration was carried out either
with an excess of Hb (5mM) and a range of NO2⫺
concentrations (0 to 25 M), or with an excess of NO2⫺
(5 mM) and a range of Hb concentrations (0 –25 M).
Both calibrations gave identical results. Upon reaction
with RONS CP-H is transformed into a stable CP• radical
(3-carboxy-proxyl). Therefore, standard solutions of

Fig. 1. Detection of CP•-radicals and NO-Hb complexes in blood. (A)
EPR spectra of CP•-radical (spectrum a) and NO-Hb complex (spectrum b) recorded at liquid nitrogen temperature. (B) Separation of
NO-Hb and CP•-radical signals using power saturation. Pure NO-Hb
signal can be obtained at high power (32 mW or more) when CP• signal
is saturated (spectrum d). Pure CP• spectrum is obtained by subtraction
of spectrum d from mixed spectrum obtained at 1 mW (spectrum c). (C)
Power saturation curves of CP• and NO-Hb signals.

3-carboxy-proxyl were used to quantify RONS levels in
blood and tissues.
Blood parameters
For measurement of pH, base excess, glucose and
lactate, heparinized blood samples were analyzed using
ABL 625 System (Copenhagen, Denmark).
Statistics
Statistical parameters were calculated using ANOVA
(Excel 5.0 software, Microsoft Corp.). The data are presented as mean ⫾ SEM.
RESULTS

Separation of NO-Hb signal and CP• signal by power
saturation
At liquid nitrogen temperature the signal of the
CP•-radical appears as shown in Fig. 1. The middle
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Fig. 2. Generation of NO and RONS in blood of control animals (n ⫽
9) and animals receiving LPS (n ⫽ 8). (A) Generation of RONS was
followed by CP•-radical signal. The rate of RONS generation in control
and LPS challenged animals was 27 ⫾ 3 nM/min and 68 ⫾ 4 nM/min,
respectively. (B) Generation of NO was followed by detection of
NO-Hb signal. The rate of NO generation in control animals and in
animals receiving LPS was 1 ⫾ 3 nM/min and 89 ⫾ 8 nM/min,
respectively.

component is centered at g ⫽ 2.0 and not suitable for
estimation of the CP•-radical concentrations because it
overlaps with many other free radical signals found in
biological systems. Therefore, a low field shoulder has
been chosen to quantify the CP•-radical in spite of its
lower intensity. Animals subjected to LPS also had an
intensive signal of NO-Hb complexes in blood. The
triplet characteristic of NO-Hb complexes overlapped
with the low field shoulder of CP• signal. To separate
these two signals we compared their power saturation
characteristics. As shown in Fig. 1 the NO-Hb signal
is not saturated below 100 mW. In contrast, the CP•
signal is already saturated at 4 mW. Using this difference in saturation, we separated the CP• signal by
subtraction of the spectrum obtained at 32 mW (pure
NO-Hb spectrum) from the spectrum obtained at 1
mW (CP• signal mixed with NO-Hb signal). The loss
of CP• signal intensity after subtraction was less than
3%. The integral intensity of the NO-Hb trough at g ⫽
2.019 (Fig. 1) was taken as the measure of NO concentration and integral intensity of CP• peak at g ⫽
2.021 (Fig. 1) was taken as the measure of the CP•
concentration. The absolute concentrations of NO-Hb
complexes and CP•-radicals were calculated as described in the Materials and Methods section.

Fig. 3. RONS generation in control rats (n ⫽ 9) and LPS-treated rats (n
⫽ 8). (A) Absolute concentrations of RONS generated in controls. (B)
Effect of LPS challenge on RONS levels in different organs. Control
values for each tissue was taken as 100%. # p ⬍ .05.

RONS in blood
Four hours after LPS challenge the rate of RONS
generation was 2.5 times greater than controls (Fig. 2).
The concentrations of NO-Hb complexes in control animals were close to the detection limit of the instrument
(100 –200 nM of NO). Injection of LPS resulted in approximately 100-fold increase of NO-Hb levels in blood
due to the well-known induction of iNOS in this model
[27]. Circulating NO levels increased gradually up to the
6th hour after LPS injection (Fig. 2).
RONS in tissue
The analysis of different tissues obtained from control
animals revealed that the rate of RONS generation in all
organs is sufficient to be measured by low temperature
EPR spectroscopy combined with CP-H infusion. We
found a great variation of the rates of RONS formation in
different organs. The average RONS generation rate
increased in the following order: liver ⬍ heart ⬍ brain ⬍
cerebellum ⬍ lung ⬍ muscle ⬍ blood ⬍ ileum ⬍ kidney
⬍ duodenum ⬍ jejunum. LPS challenge did not equally
influence RONS generation in the organs studied. In
heart, liver, and lung, RONS levels were significantly
increased (Fig. 3). The most pronounced increase (7-
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Table 1. Glucose, Lactate, and Blood Gases of Controls and
LPS-challenged Animals Prior to CPH Infusion

Glucose (mg/dl)
Lactate (mmol/l)
pH
pCO2 (mmHg)
pO2 (mmHg)
sO2 (%)
O2Hb (%)

Control
(n ⫽ 9)

LPS
(n ⫽ 8)

180 ⫾ 22
0.7 ⫾ 0.1
7.30 ⫾ 0.04
46.2 ⫾ 5.7
95 ⫾ 17
94.0 ⫾ 4.8
91.1 ⫾ 4.8

118 ⫾ 18*
1.2 ⫾ 0.3*
7.30 ⫾ 0.03
42.3 ⫾ 5.6
101 ⫾ 18
96.2 ⫾ 2.5
92.7 ⫾ 2.2

* p ⬍ .004.

fold) was observed in heart. RONS levels were significantly decreased only in jejunum. RONS levels in other
organs did not respond to LPS challenge (Fig. 3).
Effect of endotoxin and CP-H on blood pressure
Endotoxin challenge significantly increased plasma
lactate levels and lowered glucose concentration without
affecting pH, base excess, pO2, or pCO2 (Table 1). In the
LPS group mean arterial pressure (MAP) decreased
gradually before infusion of CP-H. Infusion of CP-H
induced an increase in MAP both in control and in
endotoxin-treated animals (Fig. 4), but did not influence
heart rate (data not shown). In control animals this effect
on MAP was temporary, returning to original values after
20 min. CP-H infusion abolished the gradual decrease in
blood pressure induced by LPS.

Fig. 5. Effect of NOS inhibitors/stimulators and SOD on the formation
of CP•-radicals in liver (A) and heart (B) homogenates, obtained from
control rats (n ⫽ 3) and rats subjected to LPS challenge (n ⫽ 3).
Homogenates were incubated for 20 min at room temperature with
CP-H, then EPR spectra were recorded at room temperature. 1 mM
L-NMMA; 2.5 mM L-arginine (L-arg); 170 M BH4, and 200 U/ml
SOD were used. # p ⬍ .05.

Elucidation of the nature of RONS resulting in
generation of CP•-radicals

Fig. 4. Effect of CP-H infusion on MAP in control (n ⫽ 9; A) and
LPS-challenged (n ⫽ 8; B) animals. # p ⬍ .05.

To elucidate the origin of RONS detectable by CP-H
we prepared homogenates from heart and liver of control
animals and animals subjected to LPS but without infusion of CP-H (Fig. 5). Incubation of these homogenates
in vitro with CP-H resulted in the formation of CP•radicals both in control and in LPS-pretreated homogenates, and the amount of CP• signal was higher in homogenates from LPS animals, reflecting the in vivo
situation. In liver homogenates from LPS-treated animals
the level of adducts was significantly decreased by LNMMA, but was not sensitive to BH4/L-arginine (Fig. 5).
In contrast, the inhibitors applied had no effect in heart
homogenates from either controls or LPS-treated animals. However, the introduction of BH4 and L-arginine
resulted in almost equal increase of CP• signal in both
cases. The signal increase in LPS animals was sensitive
to SOD but not sensitive to L-NMMA. In addition to
SOD and L-NMMA, we applied the following reagents:
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Fig. 6. EPR spectra of CP•-radicals detected after 20 min of incubation
at room temperature. Spectrum a: CP-H and buffer. Spectrum b:
Mitochondria incubated with 2 g/ml of Antimycin A. Spectrum c:
Mitochondria incubated with 2 g/ml of Antimycin A and 200 U/ml
SOD. Spectrum d: CP-H mixed with 20 M of ONOO⫺. Spectrum e:
CP-H mixed with 20 M of NO. Spectra a, b, c, and e were recorded
at the gain of 2 ⫻ 105, spectrum d at the gain of 105.

826 M desferal, an iron chelator, 900 U/ml catalase,
and 300 mM ethanol as a scavenger of hydroxyl radicals.
However, none of them influenced the levels of detectable RONS (data are not shown).
It is reported that mitochondria represent the main
O2•⫺ source in the cell. Figure 6 shows that CP-H detects
O2•⫺ produced by rat heart mitochondria and that CP•
signal is sensitive to SOD. A mixture of CP-H and
ONOO⫺ shows a clear signal. In contrast, a mixture of
CP-H and NO shows no signal.
DISCUSSION

Ex vivo low temperature EPR spectroscopy used here
for the detection of RONS can be used on animals of any
size since it measures tissue/blood samples. The steady
state concentration of free radicals in vivo is low. For
measurement, signals need to accumulate in tissue until
they reach a detectable threshold level. In the frozen

samples sensitivity is decreased due to the broadening of
the spectrum bands, but can be compensated by timeunlimited accumulation of the signals during measurement. Similar attempts have already been made to detect
DEPMPO adducts by low temperature EPR spectroscopy
[28].
It has already been shown that the basal level of
RONS production in blood can be detected with CP-H
using room temperature EPR spectroscopy [24,29]. In
this study we found similar results by low temperature
EPR, demonstrating that this technique is sensitive
enough for in vivo measurements. Using EPR spectroscopy combined with CP-H infusion we have estimated
the absolute rates of RONS generation in most rat organs. It has been found that the concentrations of CP•radicals are tissue specific. The highest concentration has
been found in intestine and the lowest in heart and liver.
Using the calibration procedure described in Materials
and Methods, the rates of RONS generation were found
in a range of 3 to 100 pmole/cm3/min. These calculations
are based on the assumption that all RONS are transformed to paramagnetic adducts detectable by EPR and
all adducts have been detected by EPR. In reality, a
portion of RONS reacts with other molecules, and a
portion of paramagnetic adducts degrades to EPR silent
products. Thus, the real rates of RONS generation are
probably even higher. The data presented here are probably the lowest limit of RONS generation rates in control
tissue.
LPS is frequently used in experimental models of
septic shock initiating a cascade of complications and
multiple organ failure. LPS-induced shock is known to
be accompanied by excessive RONS formation, however
it was not clear whether this increase is tissue specific.
Our results show that only three organs, namely heart,
liver, and lung responded to LPS challenge with increased RONS generation, while a part of intestine (jejunum) showed even lower RONS generation after LPS
challenge compared to the controls. The highest increase
of RONS formation was observed in heart. These data
suggest that the failure in heart, liver, and lung often
reported in septic models is probably mediated by oxidative stress induced by elevated RONS generation in
these organs. In contrast, well-documented renal failure
is probably not mediated by RONS, since our experimental model did not show any increase in RONS
generation.
A substantial amount of literature indicates that LPS
activates microglial cells in the brain and that microglia
produce RONS, contributing to neurodegeneration
[30,31]. These results were obtained in cell culture and in
thin tissue slices. In vivo, however, we did not observe
any activation of RONS release in brain. This discrepancy could be due to nonadequate in vitro models used in
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previous studies or to lower LPS concentrations reaching
the brain in in vivo model.
LPS challenge has been shown to decrease MAP
[32–34]. A decrease in MAP upon LPS challenge was
also observed in our study (Fig. 4). Removal of RONS
by infusion of CP-H was accompanied by an increase in
MAP. The excessive NO formation is believed to be
responsible for low blood pressure during sepsis. In this
study we found a strong increase of NO generation
resulting in formation of NO-Hb complexes. We also
found that CP-H infusion temporarily increases blood
pressure in control animals and prevents the decrease in
blood pressure in LPS animals. This effect may be due to
interaction of CP-H with a species that has a vasodilatory
effect. It has been shown that exogenously added
ONOO⫺ induces vasodilation. The vasodilatory effects
of exogenously added ONOO⫺ are, in fact, due to the
formation of small amounts of S-nitrosothiols. This
could be a good explanation for the effects of CP-H in
LPS animals, which produce much more ONOO⫺ than in
controls. However, the effect can also be seen in control
animals when ONOO⫺ is present at very low concentrations, which do not promote vasodilation. Thus one can
expect that an unknown substance apart from ONOO⫺
and S-nitrosothiols may be involved.
To elucidate the origin of RONS trapped in tissues we
performed experiments with tissue homogenates. Effects
of L-NMMA and L-arginine plus BH4 in liver homogenates indicate that generation of NO is at least partly
involved in formation of CP•-related EPR signals. Since
NO itself does not produce CP•-radicals, one can conclude that derivatives of NO, like ONOO⫺, are involved.
The involvement of ONOO⫺ is supported by opposite
effects of BH4 and L-arginine and SOD in heart homogenates. In liver from LPS-treated animals excessive formation of RONS is almost completely inhibited by LNMMA but not by SOD. This fact can indicate either
that nitrogen species other than ONOO⫺ is predominantly formed in liver or that the nitrogen species formed
is ONOO⫺, but that its formation is not limited by O2•⫺
concentration. In the heart the situation seems to be the
opposite. Upon addition of BH4 and L-arginine, excessive amounts of NO in comparison to O2•⫺ are produced.
This could explain why only SOD but not L-NMMA has
an effect on RONS levels under these circumstances.
However, a significant part of the CP•-signal observed
after incubation of homogenates with CP-H is not sensitive to SOD and L-NMMA. We cannot identify the
origin of the metabolite responsible for this part of the
signal yet. However, the fact that the intensities of signals observed in homogenates were significantly higher
than those in tissue under in vivo conditions may indicate
that at least a part of this lack of response to inhibitor is
produced by homogenization of the tissue and in vitro
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incubation. In summary, we conclude that CP-H can be
used for detection of local RONS levels, but that additional efforts should be performed for the identification
of all species detectable by CP-H.
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ABBREVIATIONS

BH4—(6R)-5,6,7,8-Tetrahydrobiopterin dihydrochloride
CP•—3-carboxy-proxyl (3-carboxy-2,2,5,5-tetramethyl1-pyrrolidinyloxy)
CP-H—1-hydroxy-3-carboxy-pyrrolidine (1-Hydroxy-3carboxy-2,2,5,5-tetramethylpyrrolidine)
DEPMPO—2-(diethoxyphosphoryl)-2-methyl-3,4-dihydro-2H-pyrrole 1-oxide
EPR— electron paramagnetic resonance
L-NMMA—NG-Monomethyl-L-arginine monoacetate
LPS—lipopolysaccharide
MAP—mean arterial pressure
NO-Hb—nitrosyl hemoglobin
O2•⫺—superoxide radical
ONOO⫺—peroxynitrite
RONS—reactive oxygen and nitrogen species
SOD—Superoxide dismutase

