
Abstract. Using a mouse model, we tested the hypotheses that
severe burn trauma causes metabolic disturbances in skeletal
muscle, and that these can be measured and repeatedly fol-
lowed by in vivo electron paramagnetic resonance (EPR). We
used a 1.2-GHz (L-band) EPR spectrometer to measure partial
pressure of oxygen (pO2) levels, redox status and oxidative
stress following a non-lethal burn trauma model to the left hind
limbs of mice. Results obtained in the burned mouse gastroc-
nemius muscle indicated a significant decrease in tissue pO2

immediately (P=0.032) and at 6 h post burn (P=0.004), com-
pared to the gastrocnemius of the unburned hind limb. The
redox status of the skeletal muscle also peaked at 6 h post burn
(P=0.027) in burned mice. In addition, there was an increase in
the EPR signal of the nitroxide produced by oxidation of the
hydroxylamine (CP-H) probe at 12 h post burn injury, indicat-
ing a burn-induced increase in mitochondrial reactive oxygen
species (ROS). The nitroxide signal continued to increase
between 12 and 24 h, suggesting a further increase in ROS gen-
eration post burn. These results confirm genomic results, which
indicate a downregulation of antioxidant genes and therefore
strongly suggest the dysfunction of the mitochondrial oxidative
system. We believe that the direct measurement of tissue
parameters such as pO2, redox and ROS by EPR may be used
to complement measurements by nuclear magnetic resonance
(NMR) in order to assess tissue damage and the therapeutic
effectiveness of antioxidant agents in severe burn trauma.

Introduction

Electron paramagnetic resonance (EPR) is a magnetic
resonance-based technique that detects species with unpaired
electrons, such as free radicals (organic or inorganic) and
transition metal ions. The development of low frequency
(1200 MHz and below) EPR spectrometers has led to the
in vivo application of the technique in a variety of animal
models. The most extensive applications of in vivo EPR have
been repeated non-invasive measurements of oxygen, nitric
oxide, free radicals, pH and tissue redox status (1-9). EPR
in vivo has significantly contributed to the understanding of
various pathological changes, and has the potential to
become an important clinical tool (4,9). Often, it may also be
complementary to nuclear magnetic resonance (NMR) (1).

NMR is a useful method for measuring biomarkers
in vivo, and has already shown relevance in the study of the
metabolism and bioenergetics of skeletal muscle (10-25). In
addition to NMR spectroscopy, the development of high-
throughput microarray systems, capable of simultaneously
measuring the expression of thousands of genes, has also
greatly advanced our ability to detect and measure biomarkers.
By exploring the expression of certain organ-specific candidate
genes, the biological relevance of NMR data can be validated
in microarray experiments examining the same specimen
(22,23,25). For assessing oxidative damage after burn trauma,
in vivo EPR using nitroxides is complementary to NMR since
NMR cannot measure redox status and reactive oxygen species
(ROS), while EPR can.

Here, for the first time, we report tissue partial pressure of
oxygen (pO2), redox status and ROS measurement by in vivo
EPR in intact proximal skeletal muscle tissue following burn
trauma in mice. The potential significance of our findings
include the in vivo non-invasive nature of the EPR measure-
ments, which can serve to follow tissue pathology and to
monitor the effectiveness of antioxidant agents in order to
alleviate the symptoms of severe burn trauma. With the devel-
opment and application of in vivo EPR oximetry in clinical
settings (4,9), its potential application in the clinical manage-
ment of burn injury, alongside NMR, might also prove to be
very useful.
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Materials and methods

Study design. Due to the in vivo repetitive nature of EPR
measurements, the EPR experiments followed a longitudinal
random-effects study design. This is powerful since each
mouse contributed information at each of the time points, and
the clustered data were modeled by a compound symmetry
correlation structure (26). The genomics followed a cross-
sectional study design.

Experimental animals. Male 6-week-old CD1 mice weighing
20-25 g were purchased from the Charles River Laboratory
(Boston, MA). The animals were maintained on a regular
light-dark cycle (lights on from 8:00 to 20:00 h) at an ambient
temperature of 22±1˚C and had free access to food and water.
All animal experiments were approved by the Subcommittee
on Research Animal Care of the Massachusetts General
Hospital, Boston, MA, and by the Institutional Animal Care
and Use Committee of Dartmouth Medical School, Hanover,
NH.

Hind limb burn model. Mice were anesthetized by intraperi-
toneal (i.p.) injection of 40 mg/kg pentobarbital sodium and
were randomized into burn or control groups. The left hind
limb of all mice in both groups (control and burn) was shaved,
and each mouse in the burn group was subjected to a non-
lethal scald injury of 3-5% total body surface area (TBSA)
by the immersion of its left hind limb in 90˚C water for 3 sec,
as previously described (27). The TBSA of each mouse was
calculated using Meeh's formula: A = k x W2/3, where A is the
surface area in cm2, k is a proportionality constant of 12.3,
and W is the weight of the mouse in grams. Mice were resus-
citated with 2 ml of 0.9% saline i.p. The gastrocnemius muscle
was excised from the hind limbs of both control and treated
mice and was immersed in 1 ml TRIzol® (GibcoBRL,
Invitrogen, Carlsbad, CA) for RNA extraction at 6 h, 12 h,
1 day and 3 days post burn, with n=3 measurements at each
time point. After injury, the animals were given analgesia in
the form of buprenorphine 0.05-0.1 mg/kg SQ, as needed.

Non-invasive in vivo EPR. EPR measurements were carried
out with a 1.2-GHz EPR spectrometer equipped with a micro-
wave bridge and external loop resonator specially designed
for in vivo experiments. The optimal spectrometer parameters
were: incident microwave power, 10 mW; magnetic field
center, 400 gauss; modulation frequency, 27 kHz. Modulation
amplitude was one-third of the EPR line width, with a scan
time of 10 sec. The methods described here are well estab-
lished and routinely used in the EPR Center for Viable Systems
at Dartmouth Medical School, Hanover, NH (1-9).

Measurement of pO2 using in vivo EPR. Repeated non-invasive
measurements of the tissue pO2 of the gastrocnemius muscle
of 4 control mice and 4 burned mice were carried out using
in vivo EPR oximetry. Approximately 80-100 μg of sterilized
EMS char (charcoal powder) was injected in the gastrocnemius
muscle of the left hind limb of each mouse using an 18-gauge
needle and plunger. The mice were allowed to recover for
one week after char implantation. Once implanted, the para-
magnetic material remains at the site and allows repeated tissue
pO2 measurements without further invasion (3,4,28).

For in vivo EPR oximetry, mice were anesthetized by
1.5% isoflurane with 30% O2 and were gently placed in the
magnet of the 1.2-GHz EPR spectrometer for pO2 measure-
ments. Rectal temperature was continuously monitored and
maintained at 37±1˚C using a warm air blower and warm
water pad. After a 30-min baseline measurement (pre-burn),
the left hind limb of the mouse was exposed to hot water
(90˚C) for 3 sec. For control experiments, the left hind limbs
of the mice were exposed to 37˚C water for 3 sec. The mice
were immediately transferred back to the EPR magnet, and
the tissue pO2 was measured for another 30 min (post-burn
pO2) and at time points as indicated in the results.

Redox status measurements using nitroxides by in vivo EPR.
Nitroxides exist in biological systems as a redox pair, namely
the nitroxide free radical form and the diamagnetic hydroxy-
lamine (one-electron reduction product of the nitroxide free
radical). Nitroxides are reduced to the corresponding hydrox-
ylamine in cell suspensions as well as in vivo by cellular
reducing equivalents. Consequently, the pharmacology of
nitroxides reports the redox status of the tissue (7,29,30).
Mice were anesthetized using 1.5% isoflurane with 30% O2

delivered through a nose cone. The animals were placed on
the warm water pad, and the tail vein was cannulated with a
heparin-filled 30-gauge catheter for infusion of the nitroxide
probe (3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxyl
free radical, Sigma-Aldrich). The nitroxide (150 mg/kg) was
injected slowly (over 1 min) through the tail vein cannula.
The left hind limb of the mice was immediately exposed to
90˚C water for 3 sec, and the mice were quickly moved to the
EPR magnet and positioned for the measurement of the signal
intensity of the injected nitroxide in the gastrocnemius muscle
of the left hind limb over time (Fig. 2A). The time difference
between the infusion of the nitroxide and the start of EPR
acquisition was 2 min. This time was maintained in all the
experiments. The change in signal intensity of the middle
component of the nitroxide was followed over time (Fig. 2B),
and data were fitted using exponential decay kinetics (Fig. 3)
to determine the rate constants. For control experiments, the
hind limb was exposed to 37˚C water for 3 sec, and the mea-
surements were repeated at identical time points. The same
procedure was followed to measure the decay kinetics of the
injected nitroxide at various time points, which indicated the
redox status of the muscle.

ROS measurement using nitroxides by in vivo EPR
spectroscopy. We measured ROS using EPR spectroscopy with
a spin trapping technique that has previously been used to
detect ROS production in vivo (31). The upregulation or down-
regulation of ROS was measured using a cyclic 1-hydroxy-3-
carboxy-2,2,5,5-tetramethylpyrrolidine probe (CPH, Alexis
Biochemicals). This EPR inactive probe is oxidized to the
corresponding nitroxide (CP •) by ROS. The increase in the
EPR signal intensity of the nitroxide provides an indirect
measure of the ROS in a tissue. Optimized spectrometer
parameters and procedures as described above were used for
these experiments. The CPH probe (50 mg/kg) was injected
intravenously and the formation of the CP• was followed over
time by the placement of the EPR resonator over the gastroc-
nemius muscle. The increase in the EPR signal intensity of
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the oxidized probe over time indicated the formation of ROS
in the gastrocnemius muscle of the control and burn mice.

RNA extraction. At 6 h, 1 day and 3 days post burn, 3 burned
and 3 control mice were anesthetized at each time point by i.p.
injection of 40 mg/kg pentobarbital, and the gastrocnemius
was excised. All mice were then administered a lethal dose of
pentobarbital (200 mg/kg i.p.), while the gastrocnemius muscle
was isolated and immediately immersed in 1 ml TRIzol for
RNA isolation. The muscle was homogenized for 60 sec using
a Brinkmann Polytron PT 3000 homogenizer (Brinkmann
Instruments, Westbury, NY) before the extraction of total
RNA. Chloroform (200 μl) was added to the homogenized
muscle and mixed by inverting the tube for 15 sec. After cen-
trifugation at 12,000 x g for 15 min, the upper aqueous phase
was collected and precipitated by adding 500 μl isopropanol.
Further centrifugation at 12,000 x g for 10 min separated the
RNA pellet, which was then washed with 500 μl 70% ethanol
and centrifuged at 7,500 x g for 5 min prior to air-drying. The
pellet was re-suspended in 100 μl DEPC-H20. An RNeasy Kit
(Qiagen, Valencia, CA) was used to purify the RNA according
to the manufacturer's protocol. Purified RNA was quantified
by UV absorbance at 260 and 280 nm and stored at -70˚C for
DNA microarray analysis.

Microarray hybridization. Biotinylated cRNA was generated
with 10 μg of total cellular RNA according to the protocol
outlined by Affymetrix Inc. (Santa Clara, CA). The cRNA
was hybridized onto MOE430A oligonucleotide arrays
(Affymetrix), stained, washed and scanned according to
Affymetrix protocol.

Genomic data analysis. The scanned images of cRNA
hybridization were converted to cell intensity files (CEL files)
with the Microarray suite 5.0 (MAS, Affymetrix). Data were
scaled to a target intensity of 500, and for each time point all
possible pair-wise array comparisons of the replicates to control
mice were carried out (i.e., four combinations when the two
arrays from each time point were compared with the two
arrays from control mice) using a MAS 5.0 change call algo-

rithm. Probe sets that had a signal value difference ≥100 and
in which both samples were present were scored as differen-
tially modulated when i) the number of change calls in the
same direction were at least 3, 4 and 6 when the number of
comparisons were 4, 6 and 9, respectively, and ii) the other
comparisons were unchanged. Such scoring was to partially
compensate for biological stochasticity and technical variation.
Based on the ratios of 100 genes determined to be invariant
in most of the conditions tested (Affymetrix) in the hind limb
of burn and control animals, an additional constraint of a
minimum ratio of 1.65 was applied to control the known
false positives at 5% hind limb.

Statistical analysis. The Kolmogorov-Smirnov and Levene's
tests were used to assess the normality and homogeneity of
variances, respectively. Differences between control and
burn groups were evaluated at each time point using two-
way repeated-measures ANOVA (32) with time and group as
factors for pO2, and by the Student's t-test for the rest. Statistical
analysis was conducted using SPSS, version 15.0 (SPSS,
Chicago, IL), and a two-tailed α level of 0.05 was used as the
criterion for the statistical significance of all comparisons.

Results

Tissue pO2 alterations after burn. The changes in tissue pO2

observed at different time points post burn are shown in Fig. 1.
The decrease in tissue pO2 was significant immediately
(P=0.033) and at 6 h (P=0.004) as compared to the control
hind limbs, and returned to the initial tissue pO2 after 3 days
(n=4 mice per group). At day 3 and thereafter, the tissue pO2

of the burned group did not differ from the controls. The tissue
pO2 of the control hind limb was constant throughout the
experiments.

Burn injury affects the tissue redox status as measured by
EPR. The results obtained for redox measurements are shown
in Fig. 3. The control mice had the same skeletal muscle redox
status on day 0 and 3. Also, no significant difference was found
in the decay rates of the nitroxide at day 0 (immediately post
burn) and day 3 between the control and burn groups. The
decay rate of the nitroxide in the burn group at 6 h (0.000604±
0.00008 sec-1) differed significantly from the decay rate in
the control group at day 0 (0.00165±0.00024 sec-1, P=0.027)
and from the burn group at time 0 (0.00143±0.00151 sec-1,
P=0.018, t-test).

ROS production after burn. We measured ROS production
with EPR in vivo using of the oxidation of hydroxylamine
(CP-H). Before burn (baseline), a low-intensity EPR signal
was detectable from the mouse hind limb. Twelve hours after
burn, the oxidized CP-H signal increased, indicating an
increase in ROS generation by the burn. The oxidized CP-H
signal increased between 12 and 24 h, suggesting a further
increase in ROS formation (Fig. 4). No such increase in the
EPR signal of the nitroxide was observed in the control
group at all time points.

Expression of antioxidant genes after burn. In our transcrip-
tome studies, we compared the expression of all genes that
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Figure 1. Repeated in vivo tissue pO2 measurements of the gastrocnemius
skeletal muscle of the mice using EPR oximetry pre and post burn trauma at
different time points. The post-burn data were acquired immediately after
the burn followed by measurements at 6 h and on days 1-7. Values are the
means ± SE; *P<0.05, n=4. 
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might lead to metabolic dysfunction in skeletal muscle after
burn. We found the differential expression of three metabolic
genes at 3 time points following a localized, but severe, hind
limb burn (Table I). Slc25a4 or Ant1 gene expression was
downregulated at 1 and 3 days post burn, Sod2 expression
was downregulated at day 1, and the expression of Gpx1 was
moderately upregulated at 3 days post burn.

Discussion

In vivo EPR was successfully used to investigate changes in
tissue pO2, redox state and ROS generation after burn injury.
The downregulation of the antioxidant genes Ant1 and Sod2 in
skeletal muscle, which parallels the rise of mitochondrial ROS
as detected by in vivo EPR, suggests that insufficient oxidative
defense following local burn trauma may lead to mitochondrial
dysfunction via mtDNA oxidative damage due to ROS toxicity.
Our findings suggest that tissue pO2, redox state and ROS by
EPR in skeletal muscle could serve as markers of metabolic
changes for following the pathophysiology of burn trauma
and associated oxidative damage.

The principal findings of the present study are complemen-
tary to findings by NMR, suggesting that a major factor in
the progression of mitochondrial skeletal muscle dysfunction
in burns results from defects in oxidative phosphorylation
(OXPHOS) (22-24,33,34). Indeed, findings with the same
mouse ‘local’ burn model (affecting the hind limb and repre-
senting 3-5% of total body surface area) demonstrated that
burn injury causes a significant dysregulation in OXPHOS and
a decrease in the ATP synthesis rate (23). Taken together,
NMR and the present EPR oximetry data suggest that the
decrease in ATP synthesis rate at day 3 previously observed
following burn trauma (23) might be preceded by a significant
reduction in tissue pO2 at 6 h, as observed in this study. Of
note, the ATP synthesis rate remains significantly low, even
after tissue pO2 have normalized, which indicates that the
dysregulation of OXPHOS in burn trauma is not tissue O2-
dependent. On the other hand, the dysregulation of OXPHOS
in burn trauma at 24 h and thereafter is preceded by the
downregulation of a key transcription factor, the peroxisome
proliferator-activated receptor γ coactivator 1, or PBC-1ß (23).
These are hypothesized to play a central role in regulating
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Figure 2. (A) Typical in vivo EPR spectra of the CPA (3-carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-yloxyl free radical, 150 mg/kg) nitroxide injected into
mice through the tail vein. The spectra were collected over the gastrocnemius muscle of the mice using a 1.2-GHz EPR spectrometer equipped with an external
loop resonator. (B) The middle component of the EPR spectrum was used to follow the reduction of the nitroxide over time to determine tissue redox status.

Figure 3. The decay kinetics of the nitroxide (CPA) in the gastrocnemius
muscle of the mice in control and burn groups. The redox status of the con-
trol group was measured at day 0 (0d) and day 3 (3d). The redox status of
the burn group was measured at day 0, 6 h and day 3. Values are means ± SE;
n=4. 

Figure 4. Typical in vivo EPR spectra of the oxidized CPH spin trap injected
via the tail vein, and the spectra collected over the gastrocnemius tissue of
the mice pre-, 12 h and 24 h post burn trauma. The oxidation of the hydrox-
ylamine to the nitroxide occurs due to its oxidation by ROS in the tissue. 
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energy homeostasis and metabolism (35) at 6 h post burn (23),
which coincides with significant changes in EPR-derived
parameters at the same time point as shown in this study. This
downregulation of PBC-1ß by 6 h post burn probably causes
the downregulation of the genes involved in OXPHOS (23) and
in detoxification, mainly Ant1 and Sod2 (Table I), since the
expression of such genes is downregulated by 24 h post burn.
As a result of this dysregulation, the balance of detoxification
and ROS generation, which has been detected as accumulating
as early as 12 h post burn, is prevented. To this end, the present
study confirms the notion that certain components of the
ROS scavenging pathway are linked by the PBC-1ß to mito-
chondrial OXPHOS, apparently enabling or disabling cells to
maintain normal redox status in response to changing oxidative
capacity (36).

Another major finding of this study is the effect of the
burn on skeletal muscle redox status, which coincided with
decreased expression in two major antioxidant systems; that is,
a decrease in Ant1 and Sod2 gene expression, and a moderate
increase in Gpx1 gene expression. The mitochondria are one
of the major sources of endogenous ROS in the cell, including
superoxide anions (O2

•-), hydrogen peroxide (H2O2), and
hydroxyl radicals (OH• ) (37). Since OH• is largely limited by
diffusion, it is more likely to cause damage directly to the
mitochondria, especially to the inner membrane where they are
generated. Additionally, ROS can initiate damage to nucleic
acids, proteins and lipids (38,39). Since mitochondrial DNA
(mtDNA) is located closer to the site of ROS generation, lacks
protective histones and has more limited base excision repair
mechanisms than the nucleus, it is more vulnerable to oxidative
damage than nuclear DNA (nDNA) (40,41). Moreover, due to its
proximity to OXPHOS in the mitochondrial inner membrane,
mtDNA has been hypothesized to be a major target for ROS
damage. Hence, inhibition of OXPHOS is predicted to result
in the progressive destruction of mtDNA. Since OXPHOS is
significantly inhibited in skeletal muscle post burn (23,24),
we hypothesized that the mitochondria should produce higher
levels of ROS post burn. This has been confirmed in this
study. The increased ROS should induce antioxidant defenses
and prevent damage to mitochondrial macromolecules; in the
absence of such defenses oxidative damage ensues. Based on
these findings, we suggest that increased ROS results in
oxidative damage of mitochondrial macromolecules, possibly

including mtDNA. Indeed, this is what happens in Ant1 knock-
out mice, the mitochondria of which produce increased levels
of ROS and show a striking increase in the accumulation of
mtDNA rearrangements (42). In agreement with this, increased
mitochondrial oxidative stress is reported in mice lacking the
glutathione peroxidase-1 gene (43).

In aging, where we also have mitochondrial dysfunction,
reports have indicated that somatic mtDNA mutations cause
OXPHOS dysfunction without affecting antioxidant systems
and ROS production, and that OXPHOS dysfunction is the
primary inducer of premature aging in mtDNA-mutated mice
(44). Others, however, have reported that electron leakage
from the electron transport chain causes specific damage to
their subunits and increased ROS generation as oxidative
damage accumulates (45). This leads to further mitochondrial
dysfunction in a cyclical process, which underlies the progres-
sive physiological decline of the aged mouse heart (45). In
another study, the DNA damage induced by acrolein in HepG2
cells was related to oxidative stress produced as a result of
increased ROS and the depletion of glutathione (GSH) (45,46).
Studies in heart muscle suggest that antioxidant vitamin
therapy following burn trauma provides at least partial cardio-
protection by inhibiting translocation of the transcription factor
NF-κB and by interrupting cardiac inflammatory cytokine
secretion (47). Additional studies by the same research group
support the hypothesis that oxidative stress critically influences
the heart following burn injury, suggesting that antioxidant
strategies designed to either inhibit free radical formation or
to scavenge free radicals may provide organ protection in
patients with burn injury (48). To date, there have been no
studies that stimulated mitochondrial production of ROS or
measured the resulting ROS and/or bioenergetic and oxidative
damage in the skeletal muscle.

Finally, our results indicate that EPR is a promising tool for
making an in vivo assessment of the consequences of burn
injury in well-established burn injury models. We also propose
that it is complementary to NMR, which has already shown
the consequences of bioenergetic and mitochondrial dysfunc-
tion in vivo (22-25). Thus, our results lead us to conclude that
bioenergetic dysfunction and insufficient oxidative defense
following local burn trauma may lead to oxidative damage.
In our future multidisciplinary studies, we plan to test this
hypothesis, to potentially assign physiological functions to

MOLECULAR MEDICINE REPORTS  1:  813-819,  2008 817

Table I. Differential expression of selected antioxidant genes at 6 h, day 1 and day 3 post burn trauma.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
GenBank accession no. Product Gene symbol 6 h Day 1 Day 3
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
AV327862 Solute carrier family 25 Slc25a4 or Ant1 / -1.41 -1.61

(mitochondrial carrier; adenine
nucleotide translocator), member 4

AW701319 Superoxide dismutase 2, Sod2 / -1.72 /
mitochondrial

BI219063 Glutathione peroxidase 1 Gpx1 / / +1.81
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Values represent the relative expression intensity in burn animals versus normal control animals. (/) not differentially expressed compared to
controls.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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key regulatory genes, and to demonstrate whether these genes
are involved in burn injury. These insights will lead to new
therapeutic strategies for the prevention of potentially fatal
complications in burn patients. We also believe that our
findings may be clinically relevant in molecular medicine. 
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