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INTRODUCTION 

Sepsis is a major health problem at the level of morbidity, mortality, and economic burden to the 

healthcare system, impacting more than 1.5 million people/yr in the United States. The mortality 

rate is between 30% and 50% and is triggered particularly by the development of secondary 

conditions such as septic shock and multiple organ failure (3, 20). In addition, the healthcare 

costs associated with the treatment of sepsis exceed more than $20 billion per year, which is 

likely to continue to rise (50). Sepsis is currently defined as a life-threatening organ dysfunction 

condition caused by a dysregulated host response to infection and injury (18), in which 

homeostasis is not restored (21). Therapeutic interventions directed at neutralizing single factors 

have failed (3), probably due to the multifactorial characteristics of this condition, which is 

modulated by several factors, including the initial insult, sex, age, environment, and genetics 

(19). In addition, the therapeutic window for disease resolution is unclear. Supported therapy, 

such as the administration of antibiotics and fluids, remains the only clinical option. The 

Surviving Sepsis Campaign calls for early administration of supported therapy to ameliorate the 

disease (http://www.survivingsepsis.org), suggesting that early events may be responsible for 

triggering the condition. Indeed, prior studies using an experimental model of sepsis showed that 

the therapeutic window is restricted to early events after the insult (13). Consequently, the search 

for novel systemic interventions that could ameliorate sepsis at earlier stages is crucial to curbing 

this devastating condition. 

Sepsis is characterized by an increase in the inflammatory response and dramatic changes in 

systemic metabolism with an early hypermetabolic phase that progresses to a preterminal low-

flow shock condition (30, 45). Inadequate oxygen delivery to various tissue systems is likely to 
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contribute to organ failure during septic shock (46). Consequently, improving tissue oxygenation 

may ameliorate organ dysfunction and the return to homeostasis. In this regard, hyperbaric 

oxygen therapy (HBOT) that consists of exposure to 100% oxygen under increased atmospheric 

pressure is a potential intervention to prevent septic shock. HBOT was first used as a radio-

sensitizing agent during radiation therapy for cancer (16), but it has gained great interest as an 

agent for the treatment of decompression illness (28). HBOT has also been used as a remedy for 

many other conditions (48), including severe pancreatitis (15), diabetic foot ulcers, and radiation-

related tissue injuries (17). HBOT has also been shown to improve survival in preclinical animal 

models of infection (48, 49), endotoxemia (35), zymosan toxicity (37), and sepsis (9). In the 

present study, we tested the efficacy of HBOT in an acute experimental murine model of sepsis 

induced by cecal ligation and puncture (CLP). We found that early HBOT within 1 h of CLP 

improved survival after the insult. However, HBOT at later time points even within 6 h of CLP 

failed to improve the outcome. These observations are consistent with our prior observations that 

the therapeutic window to reverse the outcome from CLP is constrained to the first hours after 

the procedure (13), reflecting the surgical concept of the “golden hour.” 

METHODS 

Animals. 

Male CD-1 mice were obtained from Charles River Laboratories (San Diego, CA) and 

maintained in pathogen-free conditions at the University of California San Diego (UCSD) 

Animal Facility (La Jolla, CA). Experiments were conducted on 8-wk-old animals and approved 

by the UCSD Institutional Animal Care and Use Committee. 

Cecal ligation and puncture. 

Male CD-1 mice were fasted for 16 h before the procedure. Animals were anesthetized with 

isoflurane, and a 2-cm laparotomy was made exposing the cecum. The cecum was ligated 1.5 cm 

from the end with a silk suture, and a 16-G needle was used to make a single puncture at the tip. 

The cecum was placed back into the peritoneum. The peritoneal wall was closed, a temperature 

probe was placed under the skin, and the skin was closed over the probe. Mice were continuously 

monitored for changes in core body temperature and mortality for 72 h after surgery. We have 

previously shown that core body temperature after CLP is a reliable surrogate marker for 

survival. Animals that drop below 28°C in the postoperative period will expire shortly thereafter, 

and thus a drop below this temperature is used as a marker for mortality (13). 

Hyperbaric oxygen therapy. 

Mice selected for HBOT were placed in a hyperbaric chamber (Hyperbaric Technologies, 

Amsterdam, NY) that was pressurized with 98% oxygen to 2.4 atmospheres. The mice were kept 

at this pressure for 60 min. Three different treatment schedules were chosen for the experimental 

groups: 1, 6, and 21 h post-CLP, 1 h post-CLP (early treatment only), and 6 and 21 h post-CLP 

(delayed treatment only). 

Cytokine expression. 

A group of mice was selected for cytokine expression analysis. Control mice were subjected to 

CLP, and the liver was collected at 3 and 8 h after surgery. Three hours was chosen based on 
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previous experience with cytokine expression in this model (13, 29). Liver samples were 

collected from experimental animals at 3 h after a single HBOT exposure at 1 h after CLP or at 8 

h after two HBOT sessions at 1 and 6 h post-CLP. Liver tissue was homogenized using an Ultra-

turrax T25 (IKA, Wilmington, NC) in TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was 

purified using the manufacturer’s protocol, and DNA contamination was removed (DNA-free 

kit; Ambion, Austin, TX). RNA was then reverse transcribed to cDNA using the High Capacity 

Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The cDNA was then 

measured by quantitative real-time PCR (qPCR) using QuantiTect SYBR Green PCR kit 

(Qiagen, Valencia, CA) with QuantiTect-validated primer sets [IL-6: QT00098875; IL-10: 

QT00106169; TNFα: QT00104006 (all from Qiagen)]. The 7500 Fast Real-Time PCR System 

(Applied Biosystems) was utilized for all qPCR reactions. To ensure amplification specificity, 

melting curve analysis was utilized for each primer, and corresponding standard curves were 

added in each reaction. To normalize data to cDNA inputs, the housekeeping gene GAPDH 

(QT01658692; Qiagen) was used. Results are expressed as fold increase over control animals or 

as copy number of target gene per copy number of GAPDH. 

High-resolution mitochondrial respirometry. 

Mice were subjected to CLP and exposed to HBOT 1 h after, as described above, and euthanized 

at 3 h after the initial insult. Sham-operated mice were used as control. Liver samples were 

obtained immediately after euthanasia and placed in preservation solution (10 mM Ca2+EGTA 

buffer, 20 mM imidazole, 50 mM K+-4-morpholineothanesulfonic acid, 0.5 mM dithiothreitol, 

6.56 mM MgCl2, 5.77 mM ATP, and 15 mM phosphocreatine, pH 7.1) at 4°C until 

measurements were made within 2 h of euthanasia. Tissue samples (∼1 mg) were weighed using 

a microbalance and transferred into a calibrated respirometer (Oxygraph 2 k; Oroboros 

Instruments, Innsbruck, Austria) containing 2 ml of media in each chamber. Respirometry was 

performed in duplicate at 37°C in stirred media (MiR05) containing 0.5 mM EGTA, 3 mM 

MgCl2, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM 

sucrose, and 1 g/l bovine serum albumin essentially fatty acid free, adjusted to pH 7.1. Oxygen in 

the media was kept between 300 and 500 pmol/ml. A simplified substrate-uncoupler-inhibitor-

titration protocol was used to assess maximum ADP-stimulated oxidative phosphorylation 

(OXPHOS) (44), including 10 mM glutamate and 2 mM malate to support electron entry through 

complex I (GM; “leak” state), 5 mM ADP to stimulate OXPHOS, 10 mM succinate to maximize 

convergent electron flux at the Q-junction, and 10 μM cytochrome c to test for outer 

mitochondrial membrane integrity as a quality control (>15% cytochrome c response was 

excluded). 

Statistical analysis. 

Graphpad Prism (GraphPad Prism Software, San Diego, CA) was utilized for data analysis. The 

significance of survival curve results was determined through a log rank test, and a P value of 

<0.05 was used to determine statistically significant survival difference. Statistical analysis for 

the comparison between treatment groups was performed by one-way ANOVA followed by 

Tukey’s multiple-comparison test or two-way ANOVA followed by the Bonferroni’s multiple-

comparison test. A P value of <0.05 was considered statistically significant. 

RESULTS 
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Early HBOT improved survival from sepsis. 

We investigated the effect of HBOT on mortality after sepsis induced by CLP. Mice were 

exposed to HBOT (2.4 atm for 1 h) at 1, 6, or 21 h after CLP. Changes in core body temperature 

and mortality were continuously monitored for 72 h. There was a significant improvement in 

survival under HBOT after 1 h of CLP (52% survival) in comparison with mice after CLP 

without the treatment (13% survival; Fig. 1A). In contrast, there was no improvement in survival 

if HBOT was performed after 6 or 21 h post-CLP (Fig. 1, B and C). Repeated HBOT was 

performed to determine whether survival could be improved, including 1 and 6 h after CLP or a 

triple treatment (1, 6, and 21 h). These multiple treatments also resulted in a >50% survival 

increase, which was not significantly different from the effect observed after 1 h post-CLP single 

treatment (Fig. 1, D and E, respectively). These results illustrate the efficacy of HBOT in 

improving the outcome from sepsis, and they also delineate the importance of early therapeutic 

interventions in this experimental model of sepsis. 

HBOT did not reduce the bacterial load within the peritoneum and blood after 

CLP. 

It was likely that improved survival after HBOT and CLP could be due to reducing the bacterial 

load associated with the insult. Mice were exposed to HBOT or not after 1 h CLP, and bacterial 

counts were determined by colony-forming units (CFU) in samples obtained from the 

peritoneum as well as from blood at 6 h after CLP. No differences in CFU were observed 

between the two groups of mice (Fig. 2). Furthermore, bacterial cultures directly exposed to 

HBOT for 1 h did not show a significant decrease in the organism viability. 

HBOT did not affect mitochondrial function after CLP. 

There is extensive literature indicating mitochondrial dysfunction during late stages of sepsis that 

leads to the development of multiple organ failure (34). Part of this mitochondrial dysfunction 

has been associated with a decrease in oxygen delivery to cells and tissues. Because it is 

expected that HBOT will increase the input of oxygen into organs, we investigated whether 

mitochondrial function was affected by HBOT during sepsis induced by CLP. Mice were 

exposed to HBOT or not after 1 h of CLP, and liver samples were collected 3 h post-CLP. The 3-

h time point was selected based on the window of protection from CLP observed after HBOT. 

Mitochondrial function was then immediately assessed by high-resolution respirometry. Oxygen 

flux was determined after the addition of glutamate (10 mM) and malate (2 mM) to trigger 

electron transfer through mitochondria complex I. The process was followed by the addition of 

ADP (5 mM) to stimulate oxidative phosphorylation and continued with the addition of succinate 

(10 μM) to maximize convergent electron flux at the Q-junction. Exposure to cytochrome c (10 

μM) was used to test for outer mitochondrial membrane integrity as a quality control. We did not 

observe any significant differences in oxygen flux at any experimental conditions between mice 

that were exposed to HBOT or not after CLP and sham-operated animals (Fig. 3). Consistent 

with these observations, we did not detect any differences in citrate synthase activity, a 

component of the citric acid cycle, in mice under HBOT after CLP. These observations suggest 

that HBOT does not result in the formation of products that can adversely impact mitochondrial 

function. 
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Cytokine gene expression was altered in mice that underwent HBOT and CLP. 

The improvement in survival after CLP in mice exposed to HBOT could be due to a decrease in 

the inflammatory response. Prior studies have shown that measuring cytokine gene expression in 

target organs (e.g., liver) by quantitative (q)RT-PCR is a great indicator of the early 

inflammatory response correlating very well with the outcome from the insult (13, 29). Male 

CD-1 mice were exposed to HBOT or not 1 h after CLP, liver samples were harvested after 3 or 

6 h of CLP, TNF-α, and IL-6, and IL-10 expressions were measured by qRT-PCR, 

corresponding to the peak of cytokine expression levels in this model (29). A significant 

decrease in the expression of TNF-α, IL-6, and IL-10 was observed in liver samples in the 

HBOT group in comparison with mice that were not exposed to HBOT at 3 h after CLP (Fig. 

4A). TNF-α levels decreased 6 h after CLP and did not change in mice treated with HBOT (Fig. 

4, B and C). In contrast, both IL-6 and IL-10 increased in the HBOT group after 6 h of CLP, 

whereas these cytokines decreased after 6 h of CLP in the absence of HBOT (Fig. 4, B and C). 

The reduction in the inflammatory response could be due to a direct effect of HBOT on the 

pathway involved in the induction of the inflammatory response. First, we investigated whether 

HBOT altered the population of peritoneal cells in mice. Mice were exposed to HBOT for 1 h, 

and peritoneal cells were harvested by lavage after 1 h of the treatment and analyzed by flow 

cytometry. The normal peritoneal cell population is composed mainly of macrophages (CD19-

CD11b+F4/80+), B1 cells (CD19+CD11b+), B2 cells (CD19+CD11b−), and other cells, 

including T and mast cells (CD11b-CD19−). We did not observe any differences in cell 

populations in mice exposed to HBOT or not (Fig. 5). Then, we evaluated whether or not HBOT 

affected the expression of cell surface receptors involved in the recognition of agents that trigger 

the inflammatory response. Peritoneal macrophages were isolated by lavage from naïve mice that 

were exposed to HBOT or not (1 h), and the expression of Toll-like receptor 4 (Tlr4) and CD14 

was measured by flow cytometry. We did not observe any change in the expression of these 

receptors in macrophages isolated from mice exposed to HBOT or not (Fig. 6). 

Exposure of macrophages to HBOT resulted in a reduction of LPS-induced 

cytokine levels. 

To further evaluate the mechanism that HBOT influences the inflammatory response, we 

investigated the effect of this treatment in culture cells. Macrophages (J744 cell-line) were 

exposed to HBOT or not for 1 h in the presence of LPS (100 ng/ml), returned to normal culture 

conditions for an additional 2 h, and lysed for the determination of cytokine levels (TNF-α, IL-6, 

and IL-10) by qRT-PCR. A significant reduction in TNF-α, IL-6, and IL-10 levels was observed 

after HBOT in comparison with cells that were not exposed to HBOT (Fig. 7, A–C). 

DISCUSSION 

Sepsis remains a major health problem, the incidences of which have not declined during the last 

few years despite improvements in the clinical care of patients. Thus, supportive therapy, such as 

the use of antibiotics and fluids, remains the only available intervention in the critical care 

setting. Therefore, the development of novel therapeutic interventions to ameliorate sepsis is of 

critical importance. In the present study, we tested whether or not HBOT could be protective in 

an acute model of sepsis induced by CLP. We found that a single early treatment after the 
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induction of sepsis resulted in a dramatic improvement of survival that could not be obtained if 

the treatment is postponed until 6 h after the insult. Multiple treatments did not improve the 

outcome significantly. Buras et al. (9) previously evaluated multiple dosages of HBOT at various 

oxygen pressures, finding that 2.5 atmospheres every 12 h resulted in significant improvement in 

survival after CLP, whereas other treatments did not improve survival, and high oxygen 

pressures were toxic. Thus, our results are consistent with these prior findings. However, it 

should be noted that Buras et al. (9) exposed mice to HBOT multiple times, whereas we obtained 

a similar result with a single treatment early after CLP. In this regard, a recent report showed the 

lack of protection if HBOT was performed 24 h after CLP in rats (5), which is again consistent 

with our observations indicating that only an early HBOT alleviated the outcome from sepsis. 

The early protective effect of HBOT echoes a prior study defining the therapeutic window for 

sepsis resolution in this model of CLP within <6 h of the insult (13). In addition, a robust 

presence of neutrophils within the peritoneum before CLP reduced the bacterial load 

substantially and improved mouse survival, demonstrating that early source control is critical for 

sepsis resolution (12). Therefore, we have hypothesized that early events at the immunological 

and metabolic level are responsible for determining the final outcome of sepsis. Consequently, 

we suggest that sepsis resolution could be achieved by early robust interventions directed at 

eliminating pathogens, amending tissue damage and ameliorating the inflammatory response to 

restore homeostasis. Indeed, the “Sepsis Campaign” is calling for early interventions within 6 to 

72 h of diagnosis to improve the clinical outcome from this devastating condition 

(http://www.survivingsepsis.org). Thus, the protective effect of HBOT that we report in this 

study is consistent with the idea of early interventions to mitigate sepsis. However, the 

therapeutic window observed in this preclinical experimental model is likely to depend on the 

severity of the initial insult. 

Prior investigations have shown that HBOT provided a salutary effect after infections 

of Escherichia coli, Streptococcus faecalis, Bacteroides fragilis (49), and Pseudomona 

aeruginosa (53). However, our observations demonstrate that the protective effect of HBOT was 

not associated with a direct bactericidal effect. We did not observe a decrease in bacterial load 

within the peritoneum or their translocation into the blood after CLP, which is in contrast with 

prior observations after CLP (9) and in a model of intestinal obstruction (1). Moreover, we did 

not observe the direct killing of bacteria after HBOT in culture conditions. Other studies have 

demonstrated that HBOT did not affect phagocytosis (31). Thus, the protective effect of HBOT 

is a more complex phenomenon. 

Other studies have shown that HBOT improved renal function in a model of E. coli infection 

(22). In addition, HBOT has been reported to protect against LPS-induced mortality in rats (35), 

LPS-mediated kidney and liver injury (14), and a reduction of LPS-induced hypotension, 

acidosis, and NO production (43). HBOT preconditioning has also been shown to be protective 

in the case of ischemia-reperfusion injury (10, 54), ameliorating skin damage from UV radiation 

(24) and improving the resolution of diabetic foot ulcers and chronic wounds (25). Moreover, 

HBOT was shown to induce protection and promote repair of the endothelium (26) and reduce 

the damage of diabetic kidney disease (51). Despite the positive effect of HBOT in various 

disease conditions, the underlying protective mechanism is still unclear. HBOT has been shown 

to increase subcutaneous tissue oxygenation in naïve rats (33) and necrotizing fasciitis patients 

(32). It also elevated oxygen levels in hypoxic tissue (2, 4). However, it is unclear how an 

increase in oxygen tension is protective. For example, HBOT has been reported to increase the 
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production of reactive oxygen species (ROS) within the lung in an animal model (39, 40, 47) and 

in human blood (41). HBOT has also been proposed to mobilize cellular antioxidant responses 

(27, 39). HBOT has also been reported to display a protective role in mitochondrial function in 

the liver in ischemic-reperfusion injury (6). Nevertheless, we did not observe any changes in 

mitochondrial function after CLP in mice exposed or not to HBOT. In this regard, our analysis of 

mitochondrial function was performed on a whole organ (liver). Therefore, it is possible that 

different effects could be observed in specific cell types. 

An important result from our study is the significant initial reduction in the early expression of 

cytokines (TNF, IL-6, and IL-10) after CLP, which may explain the protective effect that was 

observed. However, it is important to notice that both IL-6 and IL-10 increase after 6 h of CLP in 

mice under HBOT in marked contrast with a decline of these cytokines in mice that were not 

exposed to HBOT. Whether the increase in these cytokines may contribute to improving the 

outcome remains to be determined. Perhaps the preservation of the innate immune response 

capability of confronting subsequent insults may be critical to restoring homeostasis during 

sepsis. In support of this assumption, it has been shown that the protective effect of HBOT after 

CLP is linked to the presence of IL-10, since the deletion of this gene in a mouse line reduced the 

protective effect of HBOT in sepsis (9). IL-10 may play a more extensive role since, in addition 

to its well documented anti-inflammatory effect, it has been shown to stimulate T cell 

proliferation (23, 38). Other studies have also shown that HBOT interfered with cytokine 

production and activity, attenuating the inflammatory response (2, 7, 36). HBOT was also 

reported to suppress MAPK signaling and apoptotic pathways in degenerated human disc cells 

(42). Moreover, HBOT reduced ICAM-1 expression, impacting the adhesion of peripheral 

polymorphonuclear leukocytes to endothelial cells in a model of hypoxia that was proposed due 

to an increase of NO production (11). However, we did not observe changes in the levels of key 

cell surface mediators of the inflammatory response, such as CD14 and Tlr4. 

In summary, we have confirmed that HBOT is a potential intervention to ameliorate sepsis if 

applied at the right time after the initial insult. However, there are many questions that arise from 

our study, including the limited reduction in mortality (50–60%) after a single treatment. It could 

be envisioned that protocols using different oxygen pressures, increasing the duration of the 

single treatment or combining HBOT with adjuvant interventions, such as antibiotics, fluids, and 

vasopressors, could improve the outcome from our model of sepsis. Thus, the protective 

mechanism remains to be fully elucidated, although our data and others (2, 7, 9, 36) pointed 

toward altering the inflammatory response, an aspect that requires further investigations. Finally, 

the main question is whether HBOT could be used to successfully treat human septic patients. 

Although evidence exists for the logistical safety of HBOT in the care of critically ill patients 

(8, 52), it remains cumbersome for the critical care setting (52). However, we are optimistic that 

obstacles could be overcome to test whether HBOT could improve the outcome of septic 

patients. 

Perspectives and Significance 

Sepsis remains a major clinical challenge due to the lack of successful interventions to mitigate 

the disease that is aggravated by a poor understanding of the therapeutic window. Sepsis, like 

many other diseases, is the product of multiple factors that in conjunction could result in a 

negative outcome. Therefore, the search for systemic interventions is critical to diminishing this 
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multibillion-dollar health problem. Hyperbaric oxygen therapy (HBOT) that consists of exposure 

to 100% oxygen under increased atmospheric pressure is a potential systemic intervention to 

abate sepsis. In this investigation, we tested this possibility using a murine preclinical model. We 

indeed found a reduction in mortalities in this model that was correlated with a decreased 

inflammatory response. However, it is possible that this is not the only factor modulated by 

HBOT that could be having an impact on multiple organ systems at various cellular and 

metabolic events. Thus, we believe that we just scratched the tip of the iceberg. Nevertheless, the 

outcome of the use of HBOT in this animal model is significant. Then, the question that arises is 

whether this intervention may be suitable for the treatment of human sepsis. This is an important 

query since many successful interventions in animal models have failed in the clinical setting. 

Perhaps the complexity of human sepsis cannot be recapitulated in a murine model since the 

clinical approaches to treat human septic patients are not applied to a sick mouse. In addition, 

sepsis may be the product of particular responses modulated by specific human genes that are 

obviously not present in rodents. With these biases in mind, the success of HBOT in our murine 

model may still open the door for its use for the treatment of human sepsis. Indeed, HBOT has 

been safely and effectively utilized in the treatment of various clinical conditions in humans. 

However, much more work is needed to fully understand the mechanistic implication of HBOT 

in the context of a complex disease like sepsis, but we still hope that this intervention may one 

day save some lives. 
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Fig. 1. 

 

Early hyperbaric oxygen (HBO) therapy (HBOT) improved survival from sepsis. Male CD-1 mice (8 wk old) 

were subjected to cecal ligation and puncture (CLP) and treated by HBOT or not (2.4 atm. for 1 h) at 1 (n = 

23/group, *P = 0.0159; A), 6 (n = 10/group; B), 21 (n = 10 for CLP and n = 12 for CLP + HBOT; C), 1 + 6 

(n = 10 for CLP and n = 12 for CLP + HBOT, *P = 0.0396; D), or 1 + 6 + 21 h post-CLP (n = 24 for CLP 

and n = 36 for CLP + HBOT, *P = 0.0008; E). Survival was continuously monitored for 72 h. Statistical 

significance was analyzed by the log rank test. 

Fig. 2. 



 

Hyperbaric oxygen (HBO) therapy did not reduce the bacterial load within the peritoneum and blood after 

cecal ligation and puncture (CLP). Male CD-1 mice (8 wk old) were subjected to CLP (n = 5), CLP + HBO 

therapy (2.4 atm. for 1 h at 1 h post-CLP; n = 5), or sham operation (n = 3). Mice were subjected to peritoneal 

lavage and blood collection at 6 h post-CLP or sham operation. Peritoneal lavage and blood samples were 

serially diluted in PBS spread on trypticase soy agar plates containing 5% sheep blood. All plates were 

incubated for 24 h at 37°C. The no. of bacterial colonies was counted and expressed as colony-forming units 

(CFU)/ml blood or peritoneal lavage fluid. Values are means ± SE. Statistical analysis for the comparison 

between groups was performed by 1-way ANOVA, followed by Tukey’s multiple-comparison test. 

Fig. 3. 



 

Hyperbaric oxygen therapy (HBOT) did not impact mitochondrial function after cecal ligation and puncture 

(CLP). Liver tissues from male CD-1 mice subjected to sham operation (n = 8), CLP + HBOT (2.4 atm. for 1 h 

at 1 h post-CLP, n = 7), or CLP (n = 7) were collected 3 h post-CLP and immediately used to measure oxygen 

flux under saturating conditions of the following substrates: glutamate and malate (GM) to measure complex I 

respiration, ADP to measure state III respiration, complex II substrate succinate (Suc) to measure complex I, 

and complex II respiration combined and cytochrome c (Cyt c) as a quality control to ensure mitochondrial 

outer membrane integrity. Oxygen flux is expressed as pmol·s−1·mg−1 protein. Values are means ± SE. 

Statistical analysis for the comparison between groups was performed by 2-way ANOVA followed by the 

Tukey’s multiple-comparison test. No statistical significance was found. 

Fig. 4. 



 

Inflammatory cytokine expression was altered in mice that underwent hyperbaric oxygen therapy (HBOT) and 

to cecal ligation and puncture (CLP). Male CD-1 mice (8 wk old) were subjected to CLP (n = 5), CLP + 

HBOT (2.4 atm. for 1 h at 1 h post-CLP; n = 5), or sham operation (n = 4), and liver tissues were collected at 3 

or 6 h post-CLP. A and B: cytokine mRNA levels (TNFα, IL-6, and IL-10) were measured by quantitative real-

time PCR (qPCR) in the liver samples obtained at 3 (A) or 6 h (B) post-CLP. C: kinetic expression of TNFα, 

IL-6, and IL-10 is depicted. Values are means ± SE, and statistical analysis for the comparison between groups 

was performed by 1-way ANOVA followed by Tukey’s multiple-comparison test (A and B) or 2-way ANOVA 

followed by the Bonferroni’s multiple-comparison test (C). *P < 0.05, comparing CLP and CLP + HBO 

groups. 

Fig. 5. 



 

Hyperbaric oxygen therapy (HBOT) treatment did not modify the peritoneal cellular composition. Male CD-1 

mice (n = 3/group) were subjected to HBOT treatment (2.4 atm. for 1 h) or left untreated, and peritoneal cells 

were obtained by lavage of the peritoneum at 1 h post-HBOT treatment. Cells were centrifuged for 10 min at 

300 g, resuspended in PBS without Ca2+/Mg2+ supplemented with 0.5% BSA, and counted. Cells were stained 

as described in METHODS, and flow cytometry was performed using a FACSCanto II flow cytometer with 

FACSDiva software. The data were analyzed using FlowJo software version 10.1. Representative FSC/SSC 

and CD11b/CD19 contour plots and Ly6G/F4/80 contour plots of CD19−CD11b+ gated viable cells are shown. 

Bar graph showing the proportion of the main cell populations within the peritoneum following HBOT 

treatment is also presented. Values are means ± SE. NT, not treated. 

Fig. 6. 
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Hyperbaric oxygen therapy (HBOT) treatment did not change the expression of CD14 and Toll-like receptor 4 

(Tlr4) on peritoneal macrophages. Male CD-1 mice (n = 3/group) were subjected to HBOT treatment (2.4 atm. 

for 1 h) or left untreated, and peritoneal cells were obtained by lavage of the peritoneum at 1 h post-HBOT 

treatment. Cells were centrifuged for 10 min at 300 g, resuspended in PBS without Ca2+/Mg2+ supplemented 

with 0.5% BSA, and counted. Cells were stained as described in METHODS, and flow cytometry was performed 

using a FACSCanto II flow cytometer with FACSDiva software. Data were analyzed using FlowJo software 

version 10.1. Representative CD14/Tlr4 contour plots in addition to CD14 and Tlr4 histogram plots are shown. 

Control staining (CTL) was obtained by using the appropriate isotype control for each antibody. Bar graphs 

showing the mean fluorescence intensity of CD14 and Tlr4 expressions on peritoneal macrophages obtained 

from mice treated or not treated (NT) with HBOT are also presented. Values are means ± SE. 

Fig. 7. 
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Hyperbaric oxygen therapy (HBOT) treatment of macrophages resulted in a reduction of LPS-induced 

cytokine levels. Macrophages (J744A.1 cell line) were exposed to HBOT (2.4 atm.) for 1 h or not (CTL) in the 

presence of LPS or not (100 ng/ml), and cells were harvested 3 h after treatment. Total RNA was isolated and 

reverse-transcribed, and levels of TNFα (A), IL-6 (B), and IL-10 (C) were measured by quantitative real-time 

PCR (qPCR). Values are means ± SE (n = 4), and statistical analysis for the comparison between groups was 

performed by 1-way ANOVA followed by the Tukey’s multiple-comparison test. *P < 0.05, comparing CTL 

and HBO groups in the presence of LPS. 
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