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Background: Hyperbaric oxygen (HBO) mitigates ischemia-reperfusion (IR) injury via a nitric

oxide mechanism that is nitric oxide synthase (NOS) dependent. The purpose of this study

was to investigate this NOS-dependent mechanism by examining isoform-specific, tissue-

specific, and time-specific upregulation of NOS mRNA, protein, and enzymatic activity.

Methods: Weraised a gracilis flap inWistar rats thatwere separated into early and late phases.

Treatment groups included nonischemic control, IR, HBO-treated ischemia-reperfusion

(IR-HBO), and nonischemic HBO control. We harvested tissue-specific samples from gracilis,

rectus femoris, aorta, and pulmonary tissues and processed them by reverse transcription

polymerase chain reaction and Western blot to determine upregulation of isoform-specific

NOS mRNA and protein. We also harvested tissue for NOS activity to investigate upregula-

tion of enzymatic activity. Data are presented as mean � standard error of the mean with

statistics performed by analysis of variance. P � 0.05 was considered significant.

Results: There was no increase in NOSmRNA in the early phase. In the late phase, there was

a significant increase in endothelial-derived NOS (eNOS) mRNA in IR-HBO compared with

IR in gracilis muscle (79.4 � 22.3 versus 36.1 � 4.5; P < 0.05) and pulmonary tissues

(91.0 � 31.2 versus 30.2 � 3.1; P < 0.01). There was a significant increase in the late-phase

eNOS pulmonary protein IR-HBO group compared with IR (235.5 � 46.8 versus 125.2 �
14.7; P < 0.05). Early-phase NOS activity was significantly increased in IR-HBO compared

with IR in pulmonary tissue only (0.049 � 0.009 versus 0.023 � 0.003; P < 0.05).

Conclusions: The NOS-dependent effects of HBO on IR injury may result from a systemic

effect involving an early increase in eNOS enzymatic activity followed by a late-phase

increase in eNOS protein expression within the pulmonary tissues.

ª 2013 Elsevier Inc. All rights reserved.

1. Introduction

Ischemia-reperfusion (IR) injury is a common pathophysio-

logic process that can affectmultiple tissues after interruption

of perfusion, such as in myocardial infarction, cerebral

ischemia, crush injuries, acute vascular insufficiencies,

transplantation, replantation after traumatic amputation, and

free tissue transfer. Hyperbaric oxygen (HBO) is a treatment
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modality that has proven to be safe and effective for various

conditions including decompression sickness, osteor-

adionecrosis, and hypoxic wounds [1]. More recently, there

has been basic science and clinical evidence indicating

a beneficial effect of HBO in the treatment of myocardial

infarction and cerebral ischemia, as well as renal and skeletal

muscle ischemia [2e8]. The lack of a well-defined mechanism

of action, however, has prevented widespread acceptance of

HBO as a treatment for IR injury. Our research strives to help

further elucidate the mechanism of the beneficial effect of

HBO therapy on skeletal muscle IR injury.

Previous studies have demonstrated the deleterious effect

of IR injury on the microcirculation. In a morphologic analysis

of the skeletal muscle microcirculation after IR injury,

a significant increase in adherent neutrophils to the endo-

thelium of postcapillary venules was noted compared to the

microcirculation of nonischemic controls [9]. This increased

neutrophil adherence was reversed with HBO treatment

both during and immediately after the ischemic event. This

benefit of HBO on skeletal muscle IR injury has been shown in

other studies via significant reductions in skeletal muscle

edema and necrosis [6,10,11].

Multiple studies from various researchers have implicated

nitric oxide (NO) as an important regulator of cell surface

adhesion molecules via cytoskeletal alterations [12e15]. We

have confirmed the importance of NO and nitric oxide syn-

thase (NOS) in preventing skeletal muscle necrosis after IR

injury using an NOS substrate (L-arginine) and NOS inhibitor

(L-NAME) [16]. Our recent work further confirmed that the

HBO reduction of IR-induced neutrophil polarization of CD18

and adherence to intercellular adhesion molecule-1 is medi-

ated through an NO mechanism that is NOS dependent [17].

The importance of CD18 and intercellular adhesion molecule-

1 in mediating the protective effect of HBO on IR injury has

been corroborated in separate rat skeletal muscle experi-

ments by other researchers [18].

The purpose of this study was to investigate the

NOS-dependent mechanism of HBO in IR injury by examining

isoform-specific, tissue-specific, and time-specific upregula-

tion of NOS mRNA, protein, and enzymatic activity. Nitric

oxide synthase is able to produce NO via two separate path-

ways. Increased NOmay result from either an increase in NOS

protein expression or an increase in NOS enzymatic activity.

We proposed to measure NOS expression by evaluating early-

and late-phase mRNA transcription via reverse transcription

polymerase chain reaction (RT-PCR) as well as subsequent

NOS protein expression via Western blot. In addition, we

measured NOS activity in vivo by means of a radioisotope

assay. Because the pathway of protein expression involves

numerous steps to raise overall NOS protein concentration,

whereas increasing NOS enzymatic activity may occur

rapidly, we hypothesized that HBO treatment for IR

injury would result in an early increase in NOS activity and

a late-phase increase in NOS expression.

2. Methods

The University of Nevada Institutional Animal Care and Use

Committee approved all experimental procedures as well as

the animal model and associated animal care during the

described study.

2.1. Rat gracilis muscle model

We anesthetized male Wistar rats weighing 275 � 30 g with

pentobarbital (50 mg/kg, intraperitoneally) with supplemen-

tation (10 mg/kg) as required to maintain anesthesia during

the surgical period. We raised the gracilis muscle flap as we

previously described [9]. Briefly, the right thigh musculature

and femoral vasculature were exposed, and the gracilis

muscle was dissected free on its vascular pedicle using stan-

dard microsurgical technique. Clamping the femoral artery

and vein for 4 h induced global muscle ischemia, after which

time the clampwas removed to initiate the reperfusionperiod.

2.2. Treatment groups

We randomly assigned the animals to either early-phase or

late-phase study groups. The early-phase group was further

subdivided into one of four experimental groups: (1) non-

ischemic control (NIC); (2) IR, consisting of 4 h ischemia and 30

min reperfusion; (3) IR-HBO, of 4 h ischemia and 30 min

reperfusion with HBO treatment during the last 90 min of

ischemia; or (4) HBO control (NIC-HBO) with HBO treatment

during the last 90 min of mock ischemia. We included the last

group to ensure that HBO treatment in normal controls did not

affect NOS expression or activity in the early phase.

We subdivided the late-phase group into one of three

experimental groups: (1) NIC; (2) IR, consisting of 4 h ischemia

and 24 h reperfusion; or (3) IR-HBO, consisting of 4 h ischemia

and 24 h reperfusion with HBO treatment during the last

90 min of ischemia.

2.3. Hyperbaric oxygen treatment

Hyperbaric oxygen treatment consisted of placing the animals

in a research-grade HBO chamber (Model 1300; Sechrist

Industries, Inc., Anaheim, CA) with 100% oxygen at 2.5 ATA

during the last 90 min of ischemia or NIC-ischemia.

2.4. Determination of early- and late-phase NOS
expression by reverse transcriptase polymerase chain
reaction

We divided Wistar rats randomized to the early-phase group

into treatment groups, as described above. For those stratified

to the early phase, we subjected the animals to their respec-

tive treatments. After 30min reperfusion ormock reperfusion,

we harvested samples from the experimental gracilis muscle,

contralateral rectus femoris muscle, abdominal aorta, and

pulmonary tissue for RT-PCR (n ¼ 8). We harvested samples

from four separate and unique tissues to examine whether

the changes were local or systemic. We examined the gracilis

tissue to assess whether mRNA transcription was elevated in

the muscle subjected to the IR injury. Conversely, we also

sampled from the contralateral nonischemic rectus femoris

muscle to examine whether the increase in NOS mRNA could

be seen in skeletal muscle not subjected to IR injury. We iso-

lated and processed the abdominal aorta as well, to determine
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