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Abstract
Introduction—The purpose of this study was to determine if inhaled carbon monoxide (CO) can
ameliorate skeletal muscle injury, modulate endogenous heme oxygenase-1 (HO) expression,
improve indices of tissue integrity and inflammation following hind limb ischemia
reperfusion(IR).

Methods—C57BL6 mice inhaling CO (250ppm) or room air were subjected to 1.5 hrs of
ischemia followed by limb reperfusion for either 3 or 6 hours (total treatment time of 4.5 or 7.5
hrs). After the initial period of reperfusion, all mice breathed only room air until 24 hours after the
onset of ischemia. Mice were sacrificed at either the end of CO treatment or at 24 hours
reperfusion. Skeletal muscle was subjected to histologic and biochemical analysis.

Results—CO treatment for 7.5 hours protected skeletal muscle from histologic and structural
evidence of skeletal muscle injury. Serum and tissue cytokines were significantly reduced
(p<0.05) in mice treated with CO for 7.5 hours. Tubulin, Heme Oxygenase, and ATP levels were
higher in CO treated mice.

Conclusions—Inhaled CO protected muscle from structural injury and energy depletion
following IR.
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Introduction
Acute limb ischemia is a complication of advanced peripheral vascular disease. Therapeutic
interventions are geared toward restoration of blood flow to the affected extremity and can
result in the development of ischemia reperfusion injury (I/R). The local manifestations of
extremity I/R injury often results in limb loss or dysfunction. Systemic manifestations of I/R
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injury include cardiopulmonary dysfunction and shock associated with release of metabolic
byproducts and proinflammatory mediators from skeletal muscle. I/R injury is a complex
physiologic scenario which is initially triggered by stasis, depletion of energy substrates and
acidosis in skeletal muscle during ischemia. Upon reperfusion, there is a paradoxical
increase in muscle injury which results in ongoing metabolic dysfunction, local thrombosis
and a severe inflammatory response. Despite major improvements in the diagnosis of limb
ischemia and interventions to successfully reperfuse ischemic extremities, the incidence of
limb loss and mortality following acute limb ischemia have remained relatively unchanged
over past decades. Pharmacologic interventions to ameliorate the local and systemic injury
have been confined to thrombolytic, anticoagulant and anti-platelet agents.

Recent data suggest that non-toxic concentrations of inhaled carbon monoxide (CO) can
reduce IR mediated injury in the heart (1), liver (2), and the kidney (3, 4). It has been
proposed that CO activates cytoprotective pathways including expression of
hemeoxygenase, which can decrease inflammation, thrombosis and atherosclerosis.

These experiments were designed to test the hypothesis that inhaled CO may reduce tissue
injury in a murine model of hind limb ischemia reperfusion (8). Since there is substantial
evidence to indicate that the basis for successful CO therapy for reperfusion injury is based
on its pleiotropic effects, these experiments utilized biochemical analysis of inflammation,
metabolism and morphologic evidence of muscle injury. Biochemical analysis of
metabolism was confined to skeletal muscle ATP levels. To assess local skeletal muscle
inflammation, skeletal muscle extracts were assayed for Keratinocyte chemoattractant
protein (KC, a murine chemokine analogue of human IL-8)(9–11) and Interleukin-6 (IL-6) a
cytokine known to mediate tissue injury in humans(12–14). Serum levels of KC and tail
blood pressure monitoring were used to detect evidence of systemic stress and hypotension
during skeletal muscle reperfusion. Tissue myeloperoxidase (MPO) levels were also
assessed as an index of neutrophil infiltration and activation. Muscle levels of
hemeoxygenase -1 protein were evaluated to determine whether exogenous administration
of CO could increase expression of this cytoprotective protein during reperfusion. α-Tubulin
expression in skeletal muscle was assessed to determine whether CO treatment preserved
skeletal muscle levels of this important structural protein during reperfusion.

Methods
Hind Limb Ischemia Reperfusion

All experimental procedures were approved by the Massachusetts General Hospital’s
Institutional Review Board and were in accordance with Principles of Laboratory Animal
Care. Male C57BL6 mice (23–28 g) (Jackson, Bar Harbor, ME) were anesthetized via
intraperitoneal administration of pentobarbital solution (60 mg/kg in 0.5 ml normal saline).
Mice were warmed to 36±1 ºC on a warming blanket. An Orthodontic rubber band (ORB)
was applied to the left hind limb to induce ischemia as previously described using a
McGivney applicator (8). After induction of ischemia, the anesthetized mice were then kept
in an airtight chamber breathing 20% oxygen and 80% nitrogen with or without 250 ppm
CO. CO levels in the chamber were continuously monitored using a CO detector (T40
Rattler; Industrial Scientific Corporation, PA). Limbs were reperfused after 90 minutes by
cutting the ORB. During reperfusion, mice recovered from anesthesia while they were kept
in their respective chambers for either an additional 3 or 6 hours of either CO or room air
therapy resulting in a cumulative CO treatment time of either 4.5 or 7.5 hours. After CO or
room air therapy in the airtight chamber, one set of mice were sacrificed at 4.5 or 7.5 hours;
another set of identically treated mice were then returned to their cages and allowed free
access to water and food. The second set of mice were euthanized at 24 hours of reperfusion.
Mice were euthanized with a lethal dose of pentobarbital. Serum was collected from whole
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blood for ELISA analysis. Skeletal muscle was harvested from the posterior calf
compartment of injured and control hind limbs; the tissue was either fixed for histologic
evaluation or snap frozen in liquid nitrogen, then stored at −80°C for biochemical analysis.
Frozen muscle samples were homogenized in test tubes containing 1 mL Radioimmunoassay
Precipitation Assay Buffer and 10-μL of protease inhibitor cocktail (Sigma, St. Louis, MO).
Each homogenate was sonicated for 20 seconds and then centrifuged at 13,000 × g for 10
minutes. The supernatant (skeletal muscle protein extract) was aspirated, dispensed into test
tubes and frozen at 80°C until ELISA analysis for cytokines and myeloperoxidase.

Blood gas measurement
To determine whether inhalation of 250 ppm CO resulted in increased blood
carboxyhemoglobin levels, a group of non-ischemic animals was subjected to 20% oxygen,
balance nitrogen with and without 250 ppm CO for a total of either 4.5 or 7.5 hours. These
time intervals were chosen to reflect CO treatment during hind limb ischemia of 1.5 hours
and either 3 or 6 hours CO treatment during reperfusion. Whole blood samples were
collected and subjected to blood gas analysis using OSM3 blood gas analyzer (Radiometer;
Copenhagen, Denmark).

Histology
Limbs from mice exposed to 90 minutes of ischemia reperfusion in the presence of air or
CO ( a total of 4.5 or 7.5hrs treatment) were harvested at 24 hours of reperfusion, then fixed
in 4% paraformaldehyde for at least 4 hours. The gastrocnemius muscle was dissected out,
rinsed in Dulbecco’s phosphate buffered saline (PBS) for 1 hour and dehydrated. The
samples were embedded in Jb-4 glycomethylmethacrylate, cut in cross-section at 2 μm
thickness and stained with Masson’s trichrome stain. Slides were examined under
microscopy at x200 magnification (NikonE600 upright microscope). Images were acquired
from the entire muscle section and assigned a serial number using SPOT Insight microscope
camera (Diagnostic Instruments, Sterling Heights, MI). A random numbers generator was
used to obtain unique set of field numbers. Images were then processed with imaging
software (Diagnostic Instruments, Sterling Heights, MI). A minimum of 1600 total fibers
were counted per tissue section by an observer blinded to the treatment regimen. Muscle
fibers were scored as uninjured or injured based on the morphology of the individual fibers
and reported as percent injured muscle fibers(15).

ATP assay
200mg of frozen skeletal muscle samples were homogenized with a polytron homogenizer
in 10% trichloroacetic acid. Samples were centrifuged for 10 minutes at 10,000 x g and
supernatants were diluted in PBS. ATP levels were measured using ATPlite Luminescence
Assay according to the manufacturer’s protocol (PerkinElmer Life, Boston, MA). Top
counts were read using 1450 MicroBeta plate reader (PerkinElmer Life, Boston, MA).
Concentrations of the unknowns were extrapolated off the standard curve and expressed as
nmole per mg tissue weight. ATP levels of the ischemic limbs were then divided by ATP
levels of the respective contralateral limbs and expressed as percent of contralateral limb
ATP level.

IL-6, KC, Myeloperoxidase and Hemeoxygenase -1 Assays
KC, IL-6, Hemeoxygenase-1 (Quantikine mouse, R&D Systems, Minneapolis, MN), MPO
(mouse MPO, Cell Sciences, Canton, MA) ELISA, employing quantitative sandwich
enzyme immunoassay techniques were used to determine levels of KC, IL-6 and MPO
levels. The ELISA plates were read with Spectromax-250 plate reader (Molecular Devices,
Sunnyvale, CA). Values were extrapolated from the standard curve and normalized to the
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total protein concentration, which was determined with another assay using the BCA Protein
Assay Reagent Kit (Pierce Biotechnology, Rockford, IL).

Total p38MAPK expression and activity (Thr180/Tyr 182 phosphorylation). Need methods,
extraction buffer

Frozen skeletal muscle tissues were homogenized on ice with lysis buffer containing 20 nM
Tris, pH 7.4, 100mM NaCl, 1mM EDTA, 1mM EGTA, 1mM NaF, 20mM sodium
pyrophosphate, 2mM sodium orthovanadate, 1% Triton X-100, 10% glycerol, 0.1% SDS
and 0.5% deoxycholate and protease inhibitor cocktail (Sigma-Aldrich, St Louise MO).
tissue lysates were centrifuged at 10000xg at 4°C for 10 min. The total p38 MAPK and the
phosphorylated 180 Threonine and 182 Tyrosine p38 MAPK residues were quantified using
ELISA (Invitrogen Corporation, Camarillo, CA) data was normalized to total protein levels
in each sample.

Western Blot for α-Tubulin
40 μg of total protein was solubilized with equal volume of Laemmli sample buffer, boiled
for 5 min, loaded onto lanes in a 12% density Tris-HCl polyacrylamide/sodium dodecyl
sulfate gel (BioRad, Hercules CA). Samples were subjected to electrophoresis followed by
electro blotting transfer to a 0.45μm nitrocellulose membrane (BioRad, Hercules, CA). The
blots were incubated with 1:1000 rabbit anti-mouse tubulin IgG peroxidase-conjugated IgG
(Abcam, Cambridge, MA) in blocking buffer for one hour at room temperature. The
membranes were then washed four times and incubated with peroxidase-conjugated goat
anti-Rabbit IgG (Amersham) at 1:4000 dilutions in blocking for 1 hour at room temperature.
Membranes were washed with PBS-T and developed with the advanced western blotting
detection reagents enhanced chemiluminescence detection system (GE, Healthcare,
Piscataway, NJ) at 1/20 dilution. Chemiluminescence light was visualized by exposing the
blots into a BioMAX x-ray film. The generated specific proteins were quantified using and
Integrated Data Viewer (IDV) gel-imaging system (Alpha Innotech Corporation, San
Leandro, CA).

Tissue Edema
Immediately after harvest, posterior calf muscle samples were blotted, weighed and placed
in a drying oven at 55°C until a constant weight was obtained. Muscle edema was
determined by calculating the wet to dry weight ratio.

Analysis of Blood Pressure and Heart Rate
On three separate 20 minute intervals 48 hours prior to the IR experiments, mice were
acclimatized to measurement of tail blood pressure without anesthesia by placing them
inside the heated holder (37°C) of the Coda2 blood pressure system (Kent Scientific,
Torrington, CN). Using this system, murine blood pressure was recorded non-invasively
utilizing a tail blood pressure cuff at 6 and 24 hours reperfusion.

Statistical Analysis
All data was expressed as mean ± SEM and all analyses were performed with the Instat
software (version 3, Graph Pad, San Diego, CA). Comparisons between groups were
performed with parametric and non-parametric (Welch) unpaired, two-tailed Student’s t test.
A value of p< 0.05 was considered significant. One way ANOVA with Tukey’s post test
was used to analyze the carboxyhemoglobin levels.
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Results
Blood Gas Analysis

Mice subjected to inhaled CO had significantly higher carboxyhemoglobin levels compared
to mice breathing room air at 4.5 (4.5±0.7 vs 24.6±3.0 percent, p<0.001, n=4) and 7.5 (29.5
± 1.8 percent, p<0.001, n=5) hours.

Skeletal Muscle Injury
Histological evaluation of skeletal muscle in mice subjected to hind limb ischemia
reperfusion with inhalation of CO during 1.5 hours of ischemia and 3 hours reperfusion
(total 4.5 hours of CO treatment) showed no significant difference in injured fibers by 24
hours reperfusion( 39±7 vs 45±9 % injured fibers, p=0.61, n=6). In contrast, skeletal muscle
of mice subjected to CO treatment during 1.5 hours of ischemia and 6 hours of reperfusion
(i.e. total inhaled CO treatment interval of 7.5 hours)showed a marked reduction of injured
fibers at 24 hours reperfusion (16.8%±3 vs. 29.2%±2.7, p=0.01, n = 6). Based on these
findings, all further biochemical analysis of skeletal muscle response to CO treatment were
made in mice subjected to CO for 1.5 hours ischemia and 6 hours reperfusion.

Skeletal Muscle ATP Content
Skeletal muscle of mice subjected to CO treatment during 1.5 hours of ischemia and 6 hours
of reperfusion showed a marked preservation of ATP at 24 hours reperfusion (21.8±2.67 vs.
8.5%±2.7 percent contralateral, p=0.002, n=10–13).

Serum and Skeletal Muscle Cytokine Levels
The levels of pro-inflammatory cytokine KC was markedly reduced in serum and skeletal
muscle tissue from CO treated group when compared to Control: KC muscle at 24 hours
reperfusion- 11.6±1.5 vs. 26.3±3.7 pg/mg total protein,, p=0.01, n=6 Fig.1A.; KC serum
125.2±19.8 vs. 382.5±70.9 pg/ml, p=0.02, n=6, Figure 1B); Skeletal muscle levels of IL-6
muscle at 24 hours reperfusion were markedly decreased in CO vs. room air treated mice:
32±4 vs. 90±11 pg/mg total protein, p=0.0032, n=6 , Fig. 2.

Expression of Cytoskeletal Muscle Proteins
Ischemia reperfusion significant altered α-Tubulin expression in skeletal muscle in the
presence of CO (p=0.008 ANOVA) and inhaled room air (p=0.014 ANOVA). Under sham
conditions, 7.5 hours of inhaled CO increased α-Tubulin expression (CO: 60,077±5156 vs
Air: 42511±7469 IDV, *p=0.04) in skeletal muscle compared to mice exposed only to room
air after 24 hours. However, at 7.5hrs IR (CO:55,262±5118 vs Air:36,331±7,065 IDV,
**p=0.03, n=10, Figure 3) and 24hrs reperfusion (CO:32,741±6392 vs Air: 17,768±3.294
IDV, +p=0.04, n=10, Figure 3), α-Tubulin levels were relatively preserved in mice treated
with CO inhalation compared to mice exposed to room air.

Expression of Hemeoxygenase-1 Protein
After 7.5 hours of IR in the presence of inhaled CO or room air followed by 24 hours
reperfusion in room air, HO-1 protein expression was markedly increased by 24 hours
reperfusion compared to sham (CO: 1.4±0.2 vs CO sham: 0.19±0.01 ng/mg, **p<0.001,
n=10; Air: 0.83±0.13 vs air sham: 0.17±0.006 ng/mg protein, +p<0.001, n=10, Figure 4). At
this 24 hour reperfusion interval, there was greater HO-1 protein expression in mice that
inhaled CO during IR compared to mice that inhaled room air (CO: 1.4±0.2 vs. Air:
0.83±0.13, *p=0.03). Under 7.5 hour IR conditions, there was no difference in the level of
HO-1 expression in mice treated with CO vs room air (CO: 0.33±0.02 vs. Air: 0.33±0.02 ng/
mg protein, p=0.96, n=10). 7.5 hours of inhaled CO treatment under sham conditions did not
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alter levels of HO-1 expression when compared to levels measured in mice treated with
room air alone at 24 hours (CO: 0.19±0.011 vs. Air: 0.17±0.006 ng/mg protein, p=0.23,
n=10).

Total p38MAPK expression and activity (Thr180/Tyr 182 phosphorylation)
There was no significant difference in total p38 MAPK expression in mice treated with CO
or room air for 7.5 hours sham conditions or 7.5 hours I/R (Figure 5A). By 24 hours
reperfusion, there was significant preservation of total p38MAPK expression in the CO vs
room air treated mice (159.4 + 19.9 vs 51.6 + 8.8 pg/mg protein, p<0.05, n=7). Similarly, by
24 hours reperfusion, the pattern of Thr180/Tyr phosphorylation was significantly preserved
in the CO vs room air treated mice (Figure 5B, 41.4 + 5.7 vs 21.4 + 2.7pg/mg protein,
p<0.05 ,n=7).

Skeletal Muscle Myeloperoxidase Levels
Myeloperoxidase levels were markedly increased in CO treated mice as compared to mice
exposed to IR during ischemia reperfusion (48.8±6.3 vs 25.8±3.3 ng/mg total protein,
p=0.007, n=10, Figure 6).

Tissue Edema
CO treatment did not alter the amount of edema found in reperfused skeletal muscle 24
hours following limb ischemia (6.3±0.11 vs. 6.4 ± 0.3, p =0.75, n= 10).

Blood Pressure and Heart Rate
There was no difference in blood pressure or heart rate (Table One) in the CO vs. control
treated mice at 6 and 24 hours reperfusion.

Discussion
The central hypothesis of this study was that CO inhalation of 4.5 and 7.5 hours can improve
muscle damage caused by ischemia reperfusion in a hind limb model in the mouse. We
report that CO inhalation decreased markers of tissue injury and components of the local and
systemic inflammatory response. It is important to note that the CO protocol used for these
experiments was substantially different from the organ transplant IR models. In the
transplant models of liver and renal tissue IR, CO treatment has been usually initiated one
hour prior to the onset of tissue ischemia and is continued for up to 24 hours reperfusion
(16) . Such preemptive therapy is probably not relevant for patients at risk for acute hind
limb ischemia reperfusion since these individuals cannot be identified prior to the onset of
ischemia, whereas transplantation is an urgent life saving planned event. However, it seems
clinically feasible to begin CO inhalation therapy after the diagnosis of limb ischemia is
established, in a manner similar to beginning intravenous heparin therapy.

The level of carboxyhemoglobin in the blood of mice subjected to CO treatment in this
experimental protocol was comparable to levels reported in studies of rodent liver and
myocardial ischemia reperfusion where administration of CO proved to provide
cytoprotection (17, 18). There is a time dependent relationship between CO treatment and
protection against fiber injury since the 4.5 hour treatment protocol did not provide
protection, whereas a 7.5 hour treatment protocol did provide protection against fiber injury.
Since the 7.5 hour treatment protocol provided protection against I/R induced muscle fiber
injury, all subsequent biochemical analysis was performed using this duration of CO
treatment. Subsequent biochemical analysis in mice treated for 7.5 hours and confirmed that
CO treatment preserved tissue levels of ATP essential for maintaining cellular membrane
integrity and contractility. This finding may suggest that CO therapy provides some degree
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of metabolic rescue. ATP levels have been previously shown to be proportional to muscle
viability(19, 20). Work studying myocardial IR reported a marked improvement in
myocardial energetics associated with inhaled CO (1). Similarly, in a rodent model of
hemorrhagic shock, ATP levels in liver were preserved by treatment with inhaled CO (21).
Thus our findings showing preserved ATP levels in skeletal muscle following IR and CO
treatment are consistent with previous reports from other tissues.

Additional analysis of local and systemic cytokine release, which has been associated with
mortality and morbidity during vascular reconstruction in humans(22–24), revealed a
marked decrease in serum and skeletal muscle KC at 24 hours reperfusion(Figure 1AB).
There was also a significant decrease in muscle IL-6 (Figure 2). An important component of
this observation is the fact that the levels of cytokines were reduced in both serum and
skeletal muscle 18 hours after cessation of therapy, indicating the ability of CO to modulate
inflammation in tissue after therapy is stopped. The finding of decreased local and systemic
cytokines associated with inhaled CO treatment is also consistent with successful
experimental therapeutic interventions from our and other laboratories (25, 26).

α-Tubulin levels were preserved in the skeletal muscle of mice that inhaled CO during
ischemia reperfusion when compared to mice exposed to room air under the same conditions
(Figure 3). α-Tubulin is a major component of microtubules which are present in all
eukaryotic cells where they facilitate several biologic processes including mitosis,
intracellular transport and mechanical response to the environment. Decreases in the
cytoskeletal tubulin have been observed in atrophic skeletal muscle in rats (27). A specific
highly conserved isoform of α-Tubulin has been cloned and sequenced from a human adult
skeletal muscle cDNA library. Sequence comparison of these isoforms show that there is
cross species preservation of these genes, consistent with the functional importance of this
molecule (28). It has been proposed that Tubulin, a major component of muscle cytoskeleton
contributes to maintenance of cell structure during degenerative processes by providing a
cytostructural framework around which the regenerative processes may be initiated (29).
Preservation of α-Tubulin in skeletal muscle of mice treated with CO during ischemia
reperfusion suggests that the reparative characteristics and the functional capability of the
muscle to respond to mechanical stimuli, such as contraction may also be preserved.

After 7.5 hours of IR, there was no difference in the level of heme oxygenase-1 expression
in skeletal muscle of CO treated and untreated mice (Figure 4). By 24 hours reperfusion,
heme oxygenase-1 protein expression was markedly stimulated in CO treated and untreated
mice (Figure 4). In the CO treated mice, heme oxygenase-1 protein expression was
significantly greater than levels detected in mice breathing room air during 7.5 hrs IR. This
finding suggests that CO inhalation only during the 7.5 IR period stimulated ongoing
expression of heme oxygenase-1 during the next 17.5 hours of reperfusion after CO therapy
had ceased. Since CO is a product of HO-1 activity, it was possible that exogenous
administration of CO might have decreased the expression of HO-1 protein through negative
feed back. The fact that exogenous CO did not down regulate HO-1 protein expression is an
important observation since HO is known to suppress microvascular thrombus formation
(5). Thrombosis is a major component of reperfusion injury as it contributes to the no reflow
period (30). Increased HO expression during hind limb ischemia reperfusion may enhance
tissue healing since HO is also know to promote progenitor cell mobilization,
neovascularization and functional recovery after critical hind limb ischemia in mice (31). In
concert with increased expression of HO-1 at 24 hours reperfusion following inhaled CO
therapy, there was preservation of total p38 MAPKinase and phosphorylated p38
MAPKinase (Figure 5A and 5B). These observations provide additional evidence that CO
treatment influenced downstream signaling pathways know to be cytoprotective and
modulated by heme Oxygenase (17).
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Despite the decrease in muscle fiber injury, preserved cytoskeletal muscle protein, decreased
skeletal muscle and serum cytokines in mice exposed to IR in the presence of CO, skeletal
muscle MPO levels were actually higher in the CO treated mice than in the control mice
(Figure 6). Inadvertent CO exposure has been associated with activation of neutrophils in
lung tissue (16). Based on histologic assessment of skeletal muscle fiber injury, muscle ATP
and cytokine analysis, we were not able to identify solid macroscopic or biochemical signs
of skeletal muscle fiber cytotoxicity in the hind limbs of mice subjected to IR while
breathing CO. It appears that the increase in muscle MPO did not reflect an increase in
detectable tissue damage.

CO inhalation therapy in our model did not lower skeletal muscle edema. However,
decreased skeletal muscle edema is not always associated with decreased skeletal muscle
injury (25, 32). It is possible that the edema associated with CO treatment observed in these
studies is related in part to the activation of neutrophils(33) as suggested by the paradoxical
increase in MPO in CO treated mice (figure 6). However, the amount of edema detected in
CO treated mice was no different than untreated mice, even though the amount of MPO in
the muscle of reperfused mice treated with CO was twice that of untreated mice. This
finding seems to indicate that as a single variable, edema does may not contribute to muscle
fiber injury in the murine model.

Similar to the results of the analysis of skeletal muscle edema, there was no significant
difference in blood pressure in the CO treated vs. control treated mice at 6 and 24 hours
(Table One). It is possible that the blood pressure at earlier time points might have been
different, however the intervals of 6 and 24 hours were selected to be sure the data was not
complicated by the hemodynamic effects of anesthesia administered during ischemia and
early reperfusion. While there is evidence that administration of CO can reverse the effects
of shock and hemorrhage (21), the cytoprotective effects of CO on skeletal muscle ischemia
reperfusion do not appear to be related to a long lasting effect on the blood pressure and
heart rate associated with unilateral hind limb ischemia followed by reperfusion.

The precise mechanisms contributing to CO mediated cytoprotection of skeletal muscle
exposed to IR have not been defined at this point. The breakdown of heme via
hemeoxygenase naturally produces CO. CO has a variety of postulated effects including
vasorelaxation, anti-apoptotic, anti-proliferative, and anti-inflammatory effects (34–36). The
result of the experiments in this report indicates that exogenous CO preserved skeletal
muscle ATP, and induced a predominantly anti-inflammatory/cytoprotective response
following I/R injury. These findings parallel results reported in experimental transplantation
and shock models (21).

In summary, we conclude that CO inhalation may have therapeutic potential to protect
skeletal muscle from I/R injury in a model of acute hind limb ischemia reperfusion injury.
However, examination into the precise mechanisms on how CO protects skeletal muscle
from IR injury requires further investigation.
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Figure 1. Muscle and Serum KC levels
CO breathing markedly decreased KC levels in skeletal muscle (A,*p=0.01) and serum (B,
**p=0.02) as compared to mice breathing room air alone.

Patel et al. Page 12

Am J Surg. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Muscle IL-6 levels
CO breathing markedly decreased IL-6 levels in skeletal muscle (A,*p=0.003) as compared
to mice breathing room air alone.
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Figure 3. α-Tubulin in Skeletal Muscle
CO breathing for 7.5 hours of sham ischemia reperfusion increased skeletal muscle α-
tubulin level (*p=0.03). CO breathing preserved IR induced decreases in α-Tubulin at 7.5
hours ischemia reperfusion (**p=0.03) and 24 hours reperfusion (+p=0.04).
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Figure 4. Heme Oxygenase Expression during IR
IR stimulated HO expression in skeletal muscle by 24 hours reperfusion during IR (*,
+p<0.01). CO breathing during IR resulted in significantly greater HO expression by 24
hours reperfusion as compared to mice who breathed room air during IR(*p=0.03).
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Figure 5. Total p38MAPK expression and activity (Thr180/Tyr 182 phosphorylation)
CO treatment preserved total p38MAPK expression (5A, p<0.05) and phosphorylated
p38MAPK (5B, p<0.05) by 24 hours reperfusion.
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Figure 6. Skeletal Muscle Myeloperoxidase
CO breathing increased levels of skeletal muscle MPO as compared to mice breathing room
air alone(*p=0.007).
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Table One

Treatment 6 Hours Reperfusion 24 Hours Reperfusion

Heart Rate Beats/minute Blood Pressure mm Hg Heart Rate Beats/minute Blood Pressure mm Hg

Room Air 775.2 + 53.1 112.3 + 4.7 813.0 + 44.9 131.9 + 8.6

CO 716.9 + 41.2 118.9 + 3.2 727.3 + 17.9 134.2 + 4.7
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