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ABSTRACT

The current study aims to characterize the alterations of in vivo tissue redox status, oxygenation, formation of
reactive oxygen species (ROS), and their effects on the postischemic heart. Mouse heart was subjected to 30
min LAD occlusion, followed by 60 min reperfusion. In vivo myocardial redox status and oxygenation were
measured with electron paramagnetic resonance (EPR). In vivo tissue NAD(P)H and formation of ROS were
monitored with fluorometry. Tissue glutathione/glutathione disulfide (GSH/GSSG) levels were detected with
high-performance liquid chromatography (HPLC). These experiments demonstrated that tissue reduction
rate of nitroxide was increased 100% during ischemia and decreased 33% after reperfusion compared to the
nonischemic tissue. There was an overshoot of tissue oxygenation after reperfusion. Tissue NAD(P)H levels
were increased during and after ischemia. There was a burst formation of ROS at the beginning of reperfu-
sion. Tissue GSH/GSSG level showed a 48% increase during ischemia and 29% decrease after reperfusion. In
conclusion, the hypoxia during ischemia limited mitochondrial respiration and caused a shift of tissue redox
status to a more reduced state. ROS generated at the beginning of reperfusion caused a shift of redox status to
a more oxidized state, which may contribute to the postischemic myocardial injury. Antioxid. Redox Signal. 9,
447–455.
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INTRODUCTION

MYOCARDIAL ISCHEMIA and acute infarction arise sec-
ondary to atherosclerosis, followed by plaque rupture

and thrombosis. Current treatments aim to terminate isch-
emia by re-establishing blood flow as soon as possible. How-
ever, reperfusion may cause new damage, reperfusion injury,
to the area at risk (7, 21, 28). Several mechanisms have been
proposed, such as rapid entry of sodium ions and water into
myocardial cells producing intracellular edema during isch-
emia. Rapid entry of calcium ions produces the contraction
bands and mitochondrial granules. Loss of vascular integrity

results in hemorrhage into the infarct. Finally, the production
of reactive oxygen species (ROS) is responsible for the perox-
idation of membrane lipids and disruption of membrane in-
tegrity (45, 46). Further, ischemia and reperfusion may alter
the myocardial redox status and therefore the ability to detox-
ify ROS. In postischemic myocardium, increased generation
of nitric oxide (NO) and superoxide (O2

•�) occurs, resulting
in formation of peroxynitrite (ONOO�), and these reactive
nitrogen species (RNS) have been reported to suppress oxy-
gen consumption on mitochondrial respiratory chain (38, 40).

It has been demonstrated that NO generated from endothe-
lial NO synthase (eNOS) inhibits mitochondrial respiration
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by ONOO� mediated nitration of complex I and IV (18, 19,
34, 36, 37, 40). The inhibited mitochondrial respiration in-
creases tissue oxygenation (PO2) after reperfusion (40). This
increased tissue PO2 may potentiate the increase of ROS
through electron leakage on mitochondrial respiratory chain
(10, 20, 23, 25, 29, 35). On the other hand, mitochondrial res-
piration controls tissue redox balance by controlling the uti-
lization of reduced substrates such as NAD(P)H. Inhibition of
electron flux of mitochondrial subcomponents will switch
cellular redox status to a more reduced state with excessive
accumulation of NAD(P)H (4, 8, 20). This reduced state may
also potentiate formation of ROS/RNS upon reoxygenation
(2, 15, 44). Therefore, alterations in tissue redox status, oxy-
genation, and formation of ROS/RNS occur in ischemic and
reperfused myocardium and are of central importance in the
pathogenesis of postischemic injury.

Therefore, there is a need of in vivo techniques to measure
tissue redox status, oxygenation, and formation of ROS. Sev-
eral other techniques, such as cytochrome c reduction and lu-
cigenin-enhanced chemiluminescence, lack the potential of in
vivo capability. We used localized electron paramagnetic res-
onance (EPR) spectroscopy to measure in vivo tissue redox
status and tissue PO2 by introducing bioreducible spin probe
nitroxide (11, 13, 33, 40, 47) and oxygen-sensitive probe lith-
ium phthalocyanine (LiPc) (14, 17, 31). EPR spectroscopy
has advantages over other techniques. The implanted/injected
probes can move freely with the beating heart, and myocar-
dial redox status and PO2 can be monitored repetitively after
the chest is closed (40). We used localized fluorometry to
measure in vivo tissue NAD(P)H level and formation of ROS
(30, 39, 41). Autofluorescence spectroscopy is an accepted
method for measuring NAD(P)H in isolated hearts and myo-
cardial tissue (5, 22, 26, 30). The majority of measured
NAD(P)H is believed to originate from the tricarboxylic acid
cycle (TCA) (3, 9, 22). This technique has been used to mon-
itor relative NAD(P)H concentration and thus mitochondrial
redox status. The dye hydroethidine (HE) is a noncharged flu-
orescent probe specifically sensitive to O2

•�, ONOO�, and
hydroxyl radical (.OH) but not to H2O2 (1, 6). After reacting
with O2

•�, HE forms oxyethidine and probably by reacting
with other oxidants to form ethidine (ET) (39).

Finally, with localized in vivo EPR spectroscopy and fluo-
rometry, we demonstrated that while tissue oxygenation was
limited as in ischemia, tissue redox status shifted to reduced
state, tissue formation of ROS was low, and tissue NAD(P)H
content was high. Upon reperfusion, tissue redox status
shifted to oxidized state, tissue formation of ROS was high,
and tissue NAD(P)H content was low. The elevated level of
NAD(P)H during ischemia and hyperoxygenation after reper-
fusion may potentiate the burst formation of ROS that may
contribute to the postischemic myocardial injury.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice were purchased from Jackson Labo-
ratory (Bar Harbor, Me). All surgery procedures were per-
formed with the approval of the Institutional Animal Care and

Use Committee at The Ohio State University, Columbus,
Ohio, and conformed to the Guide for the Care and Use of
Laboratory Animals (NIH publication No. 86–23, revised
1985).

In vivo ischemia reperfusion mouse model

The in vivo ischemia reperfusion mouse model was per-
formed with a technique similar to that described previously
(40). Mice were anesthetized with ketamine (55 mg/kg) plus
xylazine (15 mg/kg). Atropine (0.05 mg SC) was adminis-
tered to reduce airway secretion. Animals were intubated and
ventilated with room air (tidal volume 250 µl, 120 breath/
min) with a mouse respirator (Harvard Apparatus, Holliston,
MA). Rectal temperatures were maintained at 37°C by a
thermo heating pad. After thoracotomy, the left anterior de-
scending (LAD) coronary artery was ligated with an 8–0 silk
suture. After 30 min of ischemia, the occlusion was released,
and reperfusion was confirmed visually.

To further confirm the LAD occlusion, myocardial tissue
blood flow was monitored. After thoracotomy, an optic suc-
tion probe (P10d, Moor Instruments, Wilmington, DE) con-
nected to a laser Doppler perfusion monitor (Moor Instru-
ments) was placed on the area at risk and blood flow was
monitored before, during, and after coronary occlusion (40).

Measurement of in vivo tissue redox 
status with localized EPR 

In vivo EPR measurements of tissue redox status were per-
formed using 2,2,5,5-tetramethyl-3-carboxylpyrrolidine-N-
oxyl (PCA) (Sigma Chemical Co., Milwaukee, WI) as the
spin probe with a three-line EPR spectrum. The nitroxide so-
lutions were prepared in PBS and kept frozen until use. About
5 µl 10 mM PCA solution was intramuscularly injected as a
bolus into the area at risk. Then EPR spectra were acquired
before, during, and after ischemia with a surface loop res-
onator placed on top of the heart. The lower field peak-height
was monitored with time to determine the rate of reduction.

In vivo localized EPR oximetry

Lithium phthalocyanine (LiPc) was used as the probe for
EPR oximetry (13, 32). The O2 response of LiPc showed good
linearity from 0 to 150 mm Hg with a sensitivity of 7.25
mG/mm Hg. After thoracotomy and exposure of the heart,
~10 µg of LiPc crystals loaded in a 27-gauge needle was im-
planted into the mid-myocardium in the area at risk. After 30
min equilibration, the mouse was placed into the custom-
made L-band EPR spectrometer with its heart under the res-
onator loop (12). EPR spectra of LiPc crystals were acquired
with following parameters: frequency 1.1 GHz, microwave
power 16 mW, modulation field 0.0045 mT, and scan width
0.2 mT. The position of the implanted crystals was confirmed
by histology.

In vivo fluorescence measurement 
of tissue NAD(P)H content

In vivo autofluorescence of the sum of tissue NADH and
NADPH, NAD(P)H, in the area at risk were measured within
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a black box that excluded the ambient light (30). A 6-mm di-
ameter fiberoptic bundle that contained both excitation and
emission fibers was carefully positioned adjacent to and di-
rected toward the area at risk. To avoid noise from other or-
gans, the whole body of the mouse was covered with a black
cloth with one small opening (3 � 3 mm) at the area at risk.
The proximal end of the fiberoptic cable was connected to a
ratiometric fluorometer (Radnoti Glass, Monrovia, CA). Flu-
orescence was excited using a 150-W xenon arc lamp filtered
through one of four alternating excitation filters. A single ex-
citation filter with a specific designated ultraviolet range was
used to excite NAD(P)H at 330 nm with a band width of 80
nm. The emission range for NAD(P)H was 470 ± 5 nm. The
signals were averaged over 5 sec, recorded and graphed using
a modified program (IOTECH with software from Straw-
berry Tree, Cleveland, OH).

HPLC analysis of NAD(P)H levels

To quantify NAD(P)H levels measured from autofluores-
cence, HPLC analysis of tissue NAD(P)H levels were fol-
lowed on tissues collected from the area at risk before isch-
emia, at the end of 25 min ischemia, and at the end of 20 min
reperfusion. Then heart samples were ground to fine powder
under liquid nitrogen and extracted and homogenized in ice-
cold perchloric acid (0.4 mol/L). The denatured protein was
pelleted and reserved for protein analysis. The acid extract
was neutralized with equal volumes of 0.4 mol/L KHCO3.
Each extract was subjected to nucleotide analysis using gra-
dient ion-pair reversed-phase liquid chromatography. HPLC
separation was performed using an ESA (Chelmsford, MA)
solvent delivery system with a 3-µm symmetry C18 column
(3.9 x 150 mm inner diameter, Waters Corporation, Milford,
MA). Separation was performed by reverse-phase chro-
matography using an isocratic mobile phase consisting of
buffer A (35 mmol/L KH2PO4, 6 mmol/L tetrabutylammo-
nium hydrogensulfate, pH 6.0, 125 mmol/L ethylenedi-
aminetetraacetic acid) and buffer B (a mixture of buffer A
and HPLC-grade acetonitrile in a ratio of 1:1, vol/vol), fil-
tered through a 0.2-µm membrane filter and helium de-
gassed. The flow rate was set at 1.0 ml/min and detection
was performed at 260 nm using an ESA variable wavelength
UV/V absorbance detector.

In vivo localized fluorescence 
measurement of ROS

HE stock solution was made in N,N-dimethylacetamide
(Acros Organics, Morris Plains, NJ). About 20 µl 200 µM HE
in PBS solution was injected intramuscularly as a bolus into
the area at risk 5 min before ischemia. The fluorescence
measurements were followed immediately after the injection.
The ET excitation filter was set at 515 ± 20 nm, and the ET
emission at 590 ± 25 nm.

HPLC measurement of tissue GSH/GSSG

At the end of 30 min ischemia and 60 min reperfusion, an-
imals were euthanized and myocardial tissue in the area at
risk were excised and weighed. Heart tissue was ground in
liquid nitrogen and homogenized in 0.5 ml 200 mM methane-
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sulfonic acid containing 5 mM diethylenetriaminepentaacetic
acid (pH < 2.0) using a Dounce glass homogenizer. Then tis-
sue homogenate was centrifuged for 30 min at 14,000 rpm at
4°C. The supernatant was diluted 1:1 with mobile phase and
stored frozen at -80°C for GSH assay. The GSH assays were
performed with HPLC (16). Samples were separated on a Po-
laris 5 µm, 0.4 x 20 cm C-18 column eluted with a mobile
phase of 50 mM NaH2PO4, 0.05 mM octanesulfonic acid, and
2% acetonitrile adjusted to pH 2.7 with phosphoric acid and a
flow rate of 1 ml/min. An ESA CoulArray detector was used
with the guard cell set at +950 mV, electrode 1 at +400 mV,
and electrode 2 at +880 mV. Full-scale output was set at 100
µA and peak areas were analyzed using the CoulArray soft-
ware (ESA, Chelmsford, MA). A standard curve was obtained
using a 10 µM-to-1 mM solution of GSH, from which GSH
concentrations were determined. The GSH values were ex-
pressed as nmols/g of tissue wet weight.

Measurement of myocardial 
hemodynamics and infarct size

After anesthesia, the right common carotid artery was can-
nulated with a 1.4F Millar tip transducer catheter (model SPR-
261) connected to a PowerLab (ADInstruments, Inc., Col-
orado Springs, CO) system for monitoring of mean arterial
blood pressure (MABP) and heart rate (HR). Rate pressure
product (RPP) was calculated as: RPP = MABP � HR (mm
Hg/min). In all groups, similar basal heart rates were observed
with values around 300 bpm, typical for anesthetized mice.

To measure the infarct size, mouse heart was subjected to
30 min LAD occlusion and 24 h reperfusion. Then mice were
reventilated and LAD was reoccluded. About 1.5 ml of 4.0%
Evans blue (Sigma) was injected from the inferior vena cave
to delineate the nonischemic myocardium from that of the is-
chemic myocardium. Then mice were euthanized and hearts
were excised and cut into four transverse slices. The slices
were stained with 1.5% 2,3,5-triphenyltetrazolium chloride
(TTC, Sigma) to determine the infarct area (NEC). Then the
slices were photographed under a microscope (Nikon) to de-
termine area of LV, area at risk (AAR), and NEC by comput-
erized planimetry. Infarct size was expressed as percentage of
the AAR in LV.

Statistical analysis

Two-way ANOVA was used for data analysis of blood
flow, reduction rate of nitroxide, PO2, NAD(P)H level, and
GSH/GSSG levels followed by Newman–Keuls multiple-
comparison test among the groups. Data were represented as
mean ± SEM. A value of p < 0.05 was considered significant.

RESULTS

In vivo myocardial tissue reduction capability

After injection of PCA into the area at risk, EPR spectrum
before, during, and after ischemia was collected every 60 sec
for up to 1 h. The peak-height of the lowest field EPR line
was monitored with time. The time-dependent profile of the
EPR signal is shown in Fig. 1 as the open circles. A faster
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decay of the EPR signal was observed in the ischemic tissue
and a slower decay was observed in the postischemic tissue
compared to that of the preischemic tissue.

To confirm that the decay of EPR signal was due to the re-
duction of the applied probe, 5 µl 10 mM potassium ferri-
cyanide (K3Fe(CN)6) was injected to the same spot 10 min
after the injection of PCA. K3Fe(CN)6 was a known standard
oxidant to oxidize the reduced form of PCA, hydroxylamine,
back to its nitroxide form. It was observed that after injection
of K3Fe(CN)6, nearly 90% of the reduced PCA signal was re-
stored (Fig. 2). This confirmed that the decay of PCA signal
was mainly due to tissue reduction of this probe.

Then the decay of EPR signal intensity was fitted with a
single exponential curve as the solid line shown in Fig. 1. The
reduction rate constants of PCA in the preischemic, ischemic,
and postischemic myocardium in the area at risk were 0.042 ±
0.004, 0.084 ± 0.015, and 0.028 ± 0.004 min�1 as shown in
Fig. 3.

In vivo myocardial tissue PO2

After LAD occlusion, tissue blood flow was decreased to
14.4 ± 3.9% at the end of 30 min ischemia compared to preis-
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chemic value. Upon reperfusion, blood flow was restored to
68.8 ± 5.4% of the baseline level during the first 5 min reper-
fusion. This indicated that there was no reactive hyperemia
after reperfusion.

As shown in Fig. 4, the baseline tissue PO2 was measured as
16.4 ± 0.7 mm Hg. At the end of 30 min ischemia, tissue PO2

dropped to 1.0 ± 0.2 mm Hg. Upon reperfusion, there was an
overshoot of tissue PO2 in the first 12 min (33.1 ± 2.8 mm Hg)
followed by a slight increase to a level of 38.3 ± 0.6 mm Hg at
the end of 60 min reperfusion. Interestingly, the level of tissue
PO2 corresponded inversely to tissue reduction rate of
PCA:low PO2 to fast reduction, high PO2 to slow reduction.

Variation of tissue NAD(P)H levels

Tissue NAD(P)H level was increased from 38.3 ± 4.5
nmol/mg protein before ischemia to 90.0 ± 9.6 nmol/mg pro-
tein at the end of 25 min ischemia, and 50.9 ± 6.5 nmol/mg
protein after 20 min reperfusion (Fig. 5). This data, together
with the measurement of redox status, strongly suggest that
during ischemia, tissue redox status shifted to a reducing
state, which could be due to high tissue NAD(P)H content
and low tissue PO2.

FIG. 1. In vivo measurement of tissue reduction rate of PCA. After thoracotomy and exposure of the heart, 5 µl of 10 mM
PCA PBS solution was injected into the area at risk and EPR spectroscopy was followed. The decay of EPR signal intensity was
shown as the open circles, while the single exponential decay fitting curves were shown as the solid lines: (a) before (0.042 ±
0.004/min); (b) during (0.084 ± 0.015/min); (c) after (0.028 ± 0.004/min) 30 min LAD occlusion; n = 7.

FIG. 2. In vivo measurement of the reappearance of EPR signal. About 5 µl 10 mM K3Fe(CN)6 was injected intramuscularly
to the same spot 10 min after the injection of PCA (a) before, (b) during, and (c) after 30 min LAD occlusion. Restoration of the
decayed EPR signal was observed; n = 7.
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Alterations of the formation of 
ROS in the area at risk

As shown in Fig. 6, there was a small peak (peaked at 7.5
min with a peak value of 1.07 ± 0.02 of the baseline) ob-
served during the first 5 min of ischemia and it was decreased
to baseline level after the burst. Upon reperfusion, a larger
peak was observed for a period of 7 min, with a peak value of
1.24 ± 0.20 of the baseline.

Tissue GSH/GSSG levels 
in the postischemic myocardium

GSH/GSSG level was increased 48% in the ischemic myo-
cardium and decreased 29% in the postischemic myocardium
compared to that of the preischemic tissue (Fig. 7 and Table
1). This data confirmed that tissue redox status shifted to a re-
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ducing state in the ischemic myocardium and to an oxidized
state in the postischemic myocardium.

Measurements of myocardial 
hemodynamics and infarct size

Myocardial RPP was considered as an index of cardiac tis-
sue oxygen demand. As shown in Fig. 8A, myocardial RPP was
decreased slightly from a value of 20.2 ± 2.3 x 103 mmH/min
before ischemia to 16.2 ± 2.1 � 103 mmH/min after 60 min
reperfusion. However, the difference was not significant since
RPP represented the global function of the heart, while the is-
chemic injury in our study was only in the area at risk. The mea-
surement of hemodynamics indicated that the postischemic
myocardial injury was only partially manifested by the global
function of the heart such as RPP. Infarct size was measured as
31.0 ± 2.5 % of the AAR 24 h after reperfusion (Fig. 8B).

FIG. 3. Reduction rate constants of PCA. The
decay of EPR signal in Fig. 2 was fitted with a
single exponential decay curve to obtain the re-
duction rate constants of PCA (a) before, (b) dur-
ing, and (c) after LAD occlusion; n = 7. *isch-
emia vs. normal, p < 0.01; **reperfusion vs.
normal, p < 0.01.

FIG. 4. Alterations of in vivo tissue PO2 in the
area at risk. After thoracotomy and exposure of
the heart, about 10 µg of LiPc crystals were im-
planted into the mid-myocardium. After 30 min
equilibration, EPR spectrum of LiPc was ac-
quired. Tissue PO2 was measured as 16.4 ± 0.7
mm Hg before ischemia, 1.0 ± 0.2 mm Hg at the
end of 30 min ischemia, 33.1 ± 2.8 mm Hg at 12
min reperfusion, and 38.3 ± 0.6 mm Hg at 60 min
reperfusion. N = 7, * reperfusion vs. preischemia,
p < 0.01.
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DISCUSSION

In summary, tissue reduction rate of nitroxide was in-
creased 100% during ischemia and decreased 33% after
reperfusion compared to baseline level. Tissue PO2 dropped
to 1.0 ± 0.2 mm Hg at the end of 30 min ischemia and over-
shot to a level of 33.1 ± 2.8 mm Hg in the first 12 min of
reperfusion and 38.3 ± 0.6 mm Hg at the end of 60 min reper-
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fusion. Tissue NAD(P)H level was increased from 38.3 ± 4.5
nmol/mg protein before ischemia to 90.0 ± 9.6 nmol/mg pro-
tein at the end of ischemia, and 50.9 ± 6.5 nmol/mg protein
after reperfusion. A small burst of ROS during the first 5 min
of ischemia and a large burst upon reperfusion were ob-
served. Since fluorescence measured only the production of
ET, the oxidized form of HE, the peak at the beginning of
reperfusion indicated that there was a burst formation of
ROS. Total tissue GSH/GSSG level was increased 48% at the
end of 30 min ischemia and decreased 29% at the end of 60
min reperfusion.

During ischemia, there was a lack of O2 and nutrients to the
tissue. Therefore, the mitochondrial respiration was limited,
leading to the accumulation of NAD(P)H. It was very inter-
esting to notice that there was a small burst of ROS at the be-
ginning of ischemia. With data presented in the current study,
we can not definitively derive a mechanism to explain how
ischemia may trigger this burst formation of O2

•�. However,
one of the possibilities could be that as an electron donor, the
fast accumulation of NAD(P)H at the beginning of ischemia
might be able to potentiate a burst of O2

•� given still suffi-
cient O2 at the onset of ischemia. The detailed mechanism re-
sponsible for this small burst formation of ROS is warranted
in the future studies.

Upon reperfusion, there was a burst of ROS and possibly
also RNS, which exerted a suppressive regulation on the mi-
tochondrial respiration and caused the hyperoxygenation sta-
tus in the tissue (40). The hyperoxygenation would further
potentiate more O2

•� generation after reperfusion. Therefore,
the burst of ROS/RNS would render the tissue to a more ox-
idative status. Under this oxidative insult, tissue antioxidant
defense system(s), such as glutathione, participated in the
detoxification of the insults (24, 27). This led to the high
level of GSH/GSSG during ischemia and low level of
GSH/GSSG after reperfusion. Myocardial hemodynamics

FIG. 5. Fluorescence and HPLC measurements of tissue
NAD(P)H content in the area at risk. Tissue NAD(P)H
level was increased from 38.3 ± 4.5 nmol/mg protein before
ischemia to 90.0 ± 9.6 nmol/mg protein at the end of ischemia,
and 50.9 ± 6.5 nmol/mg protein after reperfusion. N = 4, *isch-
emia vs. preischemia, p < 0.05.

FIG. 6. In vivo measurements of the burst formation of
ROS with fluorometry. After thoracotomy and exposure of
the heart, 20 µl of 200 µM HE injected intramuscularly in the
area at risk 5 min before ischemia. Then fluorescence was mea-
sured before ischemia, during 15 min LAD occlusion, and after
reperfusion. The measurements were repeated on 4 animals
and the averaged results are shown in the figure. There ap-
peared a burst formation of fluorescence signal within the first
5 min of ischemia. Upon reperfusion, there was another larger
burst of fluorescence signal.

FIG. 7. Measurements of tissue GSH/GSSG level with
HPLC. Myocardial tissues in the area at risk were excised
before ischemia, at the end of 30 min ischemia, and at the end
of 60 min reperfusion. Then HPLC measurements were fol-
lowed. GSH/GSSG level was increased from 50.0 ± 4.0 to 74.0
± 3.0 (48% increase) and decreased to 35.5 ± 3.5 (29% de-
crease) in the preischemic, ischemic, and postischemic myo-
cardium. N = 4, *ischemia vs. baseline, p < 0.05; **reperfusion
vs. baseline, p < 0.05.
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showed a slightly decreased cardiac function after reperfu-
sion. The reperfusion injury in the postischemic myocardium
as indicated by the injured myocardium was only partially
manifested by this global cardiac function. ROS/RNS after
reperfusion could be one of the causative factors to the
postischemic myocardial injury. Therefore, with this array of
techniques, we were able to measure a series of important pa-
rameters such as in vivo tissue redox status, in vivo tissue
oxygenation, in vivo NAD(P)H levels, and in vivo ROS for-
mation. With these measurements, we suggest that the burst
formation of ROS after reperfusion may act as a causative
factor to the hyperoxygenation status in the tissue thereby to
the postischemic myocardial injury (40). The injury caused
by the burst formation of ROS was converged on the degrada-
tion of mitochondrial enzymes (40).

One of the challenges in measuring tissue redox status is to
find an appropriate index to indicate the nonequilibrated/
time-dependent characteristics. NAD(P)H was reported to be
a redox indicator during myocardial ischemia/reperfusion (2,
41–43). However, our data demonstrated that NAD(P)H level
was higher in the postischemic state than that in the preis-
chemic state and this would imply that the redox status was
still on the reducing side after reperfusion if NAD(P)H was
considered as the redox indicator. Therefore, NAD(P)H can
only be considered as a redox indicator during the nonequili-
brated ischemic period. Formation of ROS was also consid-
ered as an indicator of redox status. Again our data indicated
that even during ischemia there was a burst of ROS, which
would imply that the tissue redox status was on the oxidative
side during ischemia. Therefore, ROS can only be considered
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as a redox indicator during the nonequilibrated reperfusion
period. These data may reflect the nonequilibration of tissue
redox status and oxygenation during ischemia and reperfu-
sion. However, if we take both NAD(P)H and ROS into con-
sideration, we came to the conclusion that during ischemia,
even though there was a burst of ROS, the NAD(P)H level
dominated the tissue into the reducing side. Similarly, during
reperfusion, even though the NAD(P)H level was slightly
higher than that of normal tissue, the larger burst of ROS
dominated the tissue into oxidative side. Actually, tissue
GSH/GSSG level and reduction rate of nitroxide gave a better
indication of the equilibrated tissue redox status.

There were several challenges of using EPR spin probes to
measure tissue redox status. One was to determine whether
the applied spin probes were reduced or oxidized. Another
was to determine the ratio of the reduction versus tissue
washout. From the reoxidation experiments, it was clearly
shown that the applied spin probes were reduced and the tis-
sue washout was at most 10% of the total applied amount,
which was within the range of the standard error (10% of
0.042/min was 0.004/min that was the SE value). The reduc-
tion rates of nitroxide were averaged over 30 min due to the
requirement of a period of time for the calculation. Therefore,
the time resolution was limited in the current experiments.
Future study is warranted to design such a redox probe with
fast decay rate and high cellular retention to allow redox mea-
surement in a narrow time window. One of the challenges of
localized spectroscopy was the limitation to a single point
site; therefore results were dependent on tissue heterogeneity.
By carefully implanting or injecting the EPR and fluores-

TABLE 1. GSH AND GSSG LEVELS IN THE MYOCARDIUM

Control Ischemia Reperfusion

GSH (nmols/g protein) 65.0 ± 2.6 111.0 ± 3.3* 53.5 ± 1.9†

GSSG (nmols/g protein) 1.3 ± 0.1 1.5 ± 0.1 1.5 ± 0.1

*Ischemia vs. control, p < 0.05; †reperfusion vs. control, p < 0.05.

FIG. 8. Measurements of hemodynamics and infarction. HR and MABP were monitored. Then MABP was calculated as:
MABP = arterial end diastolic pressure + (arterial systolic pressure – arterial end diastolic pressure)/3. RPP was calculated as:
RPP = HR � MABP (A). NEC was measured in mice subjected to 30 min LAD occlusion followed by 24 h of reperfusion (B).
RPP, rate pressure product; MABP, mean arterial blood pressure; HR, heart rate; AAR: area at risk; AAR/LV: area at risk per left
ventricular area; NEC/AAR, infarct size per area at risk. N = 7, *NEC/AAR vs. AAR/LV, p < 0.05.
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cence probes, one can obtain the localized information from
the core of the area at risk. Future development is warranted
to image the whole risk area to allow three-dimensional map-
ping of oxygen and fluorescence intensity.

In conclusion, in vivo EPR spectroscopy and fluorometry
provided direct evidence of the alterations of tissue redox sta-
tus, oxygenation, and formation of ROS in the ischemic and
reperfused myocardium. The high reduction rate of nitroxide
in the ischemic myocardium was consistent with the low tis-
sue PO2, low level of ROS, high NAD(P)H content, and high
level of GSH/GSSG. The low reduction rate of nitroxide in
the postischemic myocardium was consistent with the high
tissue PO2, high level of ROS, low NAD(P)H content, and
low level of GSH/GSSG. The limited mitochondrial respira-
tion due to hypoxia during ischemia caused an increase of tis-
sue NAD(P)H content and therefore shifted the tissue to a
more reduced state. The formation of ROS after reperfusion
contributed to the oxidative tissue redox status. The altered
redox status and formation of ROS/RNS may eventually con-
tribute to the postischemic myocardial injury.
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lithium phthalocyanine; MABP, mean arterial blood pressure;
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•�, superoxide; ONOO�, peroxynitrite; PCA, 2,2,5,5-
tetramethyl-3-carboxylpyrrolidine-N-oxyl; PO2, tissue partial
oxygen pressure; ROS, reactive oxygen species; RPP, rate
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