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ABSTRACT
PURPOSE: To analyze the role of hyperbaric oxygen therapy as hepatic preconditioning in rats submitted to hepatic ischemia and 
reperfusion.
METHODS: Wistar rats were randomly divided into three groups: SHAM, rats submitted to surgical stress without hepatic ischemia and 
reperfusion, I/R, rats submitted to total hepatic pedicle ischemia for 30 min, followed by 5 min of reperfusion; HBOI/R, rats submitted to 
60 minutes of hyperbaric oxygen therapy at 2 atm and immediately submitted to the experimental protocol of ischemia and reperfusion. 
Liver function was assessed by measuring serum alanine aminotransferase and aspartate aminotransferase, as well as mitochondrial 
function by determining states 3 and 4 of mitochondrial respiration, respiratory control rate and mitochondrial permeability transition 
(mitochondrial swelling). The results were analyzed by the Mann-Whitney test and all P-values <0.05 were considered significant.
RESULTS: There were significant differences in serum aspartate aminotransferase values in groups SHAM vs. HBOI/R, I/R vs HBOI/R, 
alanine aminotranferase in groups SHAM and I/R; State 3 in SHAM groups vs. I/R, SHAM vs. HBOI/R, State 4 in I/R vs HBOI/R 
groups, respiratory control rate in SHAM vs I/R groups; mitochondrial swelling in SHAM vs. I/R groups, and SHAM vs HBOI/R.
CONCLUSION: Hyperbaric preconditioning improved hepatic mitochondrial function and decreased serum markers of liver injury in 
the ischemia and reperfusion process.
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Introduction

Hyperbaric oxygen (HBO) therapy is indicated in some 
disorders such as decompression sickness, gas embolism and 
carbon monoxide poisoning since it increases the partial pressure 
of oxygen in plasma in molecules dissolved in it, and also increases 
the saturation of circulating hemoglobin1.

HBO appears to improve other conditions both in animals 
and in human beings, especially when pathophysiology events 
occur such as hypoxia, ischemia and reperfusion2-3.

It is known that the ischemia and reperfusion process, 
experienced in various clinical conditions/surgeries such as 
transplants 4, causes serious local and systemic damage, especially 
during reperfusion due to exacerbation of oxidative stress 
promoted mainly by the large quantity of neutrophils migrating 
toward the ischemic organ 5-8. Despite its relevance, this issue is 
the source of many controversies in favor of  9-10 and against 11 
the association between HBO and ischemia and reperfusion. Such 
controversies are mainly due to a lack of studies that explore the 
basic biochemical aspects of this association 4,12.

In this respect, hypoxia is the main factor triggering 
injury processes in the ischemic phase13. After interrupting HBO, 
the partial pressure of oxygen in serum rapidly falls. However, the 
tissue pressure of this gas can remain elevated for up to several 
hours depending on the tissue and exposure time 14-17. Therefore, 
we have assumed that hyperbaric preconditioning would 
decrease the suffering of the hypoxic liver tissue, attenuating the 
biochemical cascade of ischemic injury and thus promoting a 
lower inflammatory response with lower content of neutrophils in 
the reperfusion process and greater tissue preservation. We have 
also questioned whether hyperoxia itself favors an increase of 
local oxidative stress at two times, i.e., in the pre-ischemic and 
the ischemic phase, which would promote cell damage and hence 
injury due to ischemia and hepatic reperfusion.

 We adopted mitochondrial function as a parameter because 
it is widely used scientifically as a reference area of hepatic tissue 
preservation after I/R injury 13,18. Therefore our aim is to analyze the 
role of hyperbaric oxygen therapy as hepatic preconditioning in rats 
submitted to hepatic ischemia and reperfusion.

Methods

Twenty four male Wistar rats weighing 200 to 300 g 
were randomized into 3 groups: SHAM - rats submitted to surgical 
stress without exposure to HBO and without hepatic pedicle 
clamping, I/R - rats submitted to 30 min of ischemia followed 

by 5 min of reperfusion without HBO exposure; HBOI/R - rats 
submitted to 60 min of HBO at 2 absolute atmospheres (ATA) 
and immediately submitted to 30 min of ischemia followed by 
5 min of reperfusion. The animals had free access to laboratory 
chow (Purina Nutrimentos Ltda.) and water. The rats were kept 
at the animal house of FMRP-USP at room temperature on a 12-
hour light-dark cycle according to the guidelines of the Ethics 
Committee for Animal Experimentation of FMRP-USP.

Operation techniques

Clean and sterilized surgical materials were used in a 
standardized way. The animals were anesthetized with a xylazine 
hydrochloride solution (20 mg/ml) and ketamine hydrochloride 
(50 mg/ml) at a 1:2 ratio and at a dose of 100 mg/kg/weight. The 
anesthetic was applied to the right superficial gluteal muscle. The 
surgical procedure began with medial laparotomy which extended 
from the lower third of the xiphoid process to the pubis, followed 
by exploration of the abdominal cavity and delicate dissection of 
the round ligament of the liver and identification of the hepatic 
pedicle. Total hepatic pedicle clamping was carried out for 30 
minutes using a home-made clamp. The rat was then submitted 
to 5 minutes of reperfusion. The animal was sacrificed by total 
exsanguination of the inferior vena cava soon after its exposure, 
with manipulation of the abdominal viscera.

Hyperbaric oxygen therapy

HBO was applied in a collective chamber (simultaneous 
exposure of 4 rats) (Sechrist model 2500 B) directly pressurized 
with oxygen. Each session lasted 60 minutes: 15 minutes for 
compression and 15 minutes for decompression inside the 
chamber. Hence, the animals underwent 30 minutes of continuous 
HBO at 2 ATA. Exposure to presurgical HBO was performed at 
the same time of day.

Liver function

Liver function was determined based on the 
determination of blood (alanine aminotranferase - ALT, aspartate 
aminotransferase - AST) (19) and tissue parameters (liver median 
lobe samples were collected after exactly 5 minutes of reperfusion 
when the animal was sacrificed) Next, the animals were sacrificed 
for analysis of the following parameters of mitochondrial function: 
states 3 and 4 of mitochondrial respiration, respiratory control rate 
- RCR - and mitochondrial permeability ransition) 20-21.
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Statistical analysis

The results were analyzed statistically by the nonparametric 
Mann-Whitney test, with the level of significance set at 5% (P 
<0.05). Statistical analyses were performed with the GraphPad 
Prism 4.0 software (GraphPad Software Inc, La Jolla, CA).

Results

Regarding the quantification of serum enzymes, a 
significant difference in AST levels was observed between the 
SHAM and HBOI/R groups and also between the I/R and HBOI/R 

groups (Figure 1A). There was also a significant difference in ALT 
levels between the SHAM and I/R groups (Figure 1B). There was 
no significant difference in other associations between groups.

The oxygen consumption rate in state 3 of mitochondrial 
respiration differed significantly  between the SHAM group and 
the I/R and HBO/R groups (Figure 2A). The oxygen consumption 
rate in state 4 of mitochondrial respiration differed significantly  
between the I/R and HBO I/R groups (Figure 2B). RCR differed 
significantly between the SHAM and I/R groups (Figure 2C). 
Mitochondrial swelling was differed significantly between the 
SHAM group and the I/R and HBO I/R groups (Figure 2D). There 
was no significant difference in other associations between groups.

FIGURE 1 - Serum enzymes: SHAM (rats submitted to surgical stress without exposure to Hyperbaric Oxygen Therapy - HBO - and without liver 
pedicle clamping), I/R (rats submitted to 30 min of ischemia followed by 5 min of reperfusion without exposure to HBO),and HBOI/R (rats submitted 
to 60 min of HBO at 2 ATA and immediately submitted to 30 min of ischemia followed by 5 min of reperfusion). (A) Aspartate aminotransferase (AST): 
SHAM vs HBOI/R (p <0.05), I/R vs HBOI/R (p <0.05). (B) Alanine aminotranferase (ALT): SHAM vs I/R (p <0.05).

FIGURE 2 - Hepatic mitochondrial function in the groups studied: SHAM (rats submitted to surgical stress without exposure to hyperbaric oxygen therapy 
- HBO - and without hepatic pedicle clamping), I/R (rats submitted to 30 min of ischemia followed by 5 min of reperfusion without exposure to HBO), 
and HBOI/R (rats submitted to 60 min of HBO at 2 ATA and immediately after submitted to 30 min of ischemia followed by 5 min of reperfusion). (A) 
State 3 of mitochondrial respiration: SHAM vs I/R (p <0.05); SHAM vs HBOI/R (p <0.05). (B) State 4 of mitochondrial respiration: I/R vs HBOI/R (p 
<0.05). (C) Respiratory Control Rate (RCR): SHAM vs I/R (p, 0.05). (D): Mitochondrial swelling: SHAM vs I/R (p, 0.05); SHAM vs HBOI/R (p <0.05.).
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Discussion

The injury caused by hepatic ischemia and reperfusion 
has been extensively  quantified in the literature by measuring 
tissue parameters of mitochondrial function 13,18 and serum ALT 
and AST 6, 11,16.

The energy produced by mitochondria can be assessed 
by studying respiration and mitochondrial membrane potential 
13. In our study we assessed mitochondrial respiration through 
the oxygen consumption rate in state 4 (basal respiration), rate 
of oxygen consumption in state 3 (ADP-activated respiration) 
and RCR, which indicates the degree of coupling between 
oxygen uptake and ADP phosphorylation. Furthermore, the inner 
mitochondrial membrane permeability was measured by osmotic 
swelling of the mitochondria, related to Ca2+ homeostasis.

Regarding state 3 of mitochondrial respiration (Figure 
2A), a decrease in oxygen consumption rate was observed in the 
I/R group compared to the SHAM group (p <0.05). This shows a 
decrease in the ability of mitochondria to synthesize ATP, resulting 
in functional impairment in the group submitted to ischemia/
reperfusion, as also observed by other authors 13. In our study, 
considering the oxygen consumption in state 3 of mitochondrial 
respiration, there was no significant difference between the group 
that underwent ischemia and reperfusion with or without exposure 
to HBO. This result suggests that if there was exacerbation of 
oxidative stress by exposure to HBO, this factor was not enough 
to aggravate liver mitochondrial injury under these conditions. 
If HBO promotes aerobic metabolism when preserving ATP 
reserves, these reserves, theoretically, reduce injury during the 
ischemic phase of the injury process due to ischemia/reperfusion. 
Under these experimental conditions, this protective effect is not 
sufficient to prevent damage to the mitochondrial membrane.

Regarding state 4 of mitochondrial respiration (Figure 2B), 
we observed an increase in oxygen consumption rate by mitochondria 
in the I/R group compared to the SHAM group (p <0.05) in order to 
maintain the proton electrochemical gradient of the mitochondrial 
membrane, making it suitable for ADP phosphorylation when 
necessary. This increase suggests an uncoupling between oxygen 
consumption and ADP phosphorylation, as well as an alteration in 
permeability of the inner mitochondrial membrane, in agreement with 
other literature reports 13. In our study, hyperoxic preconditioning 
was effective regarding oxygen consumption in state 4, without 
significant differences between the group submitted to HBO and the 
SHAM group. This result, in association with the analysis of state 
3 parameters, suggests that exposure to HBO promoted a partial 
benefit for mitochondrial membrane preservation.

RCR analysis (Figure 2C) showed a significant difference 
between the I/R and SHAM groups (p <0.05), with decreased 
RCR in group I/R. Hyperoxia was favorable to the maintenance 
of mitochondrial coupling, corroborating the results obtained in 
states 3 and 4 and showing preservation of mitochondrial function 
in the SHAM and HBOI/R groups.

Osmotic mitochondrial swelling induced by Ca2+ and 
phosphate (Figure 2D) was decreased in the I/R and HBOI/R 
groups compared to the SHAM group (p <0.05), showing that the 
induction was effective only for the SHAM group and that the 
mitochondria of groups I/R and HBOI/R were already swollen 
and therefore showed altered mitochondrial inner membrane 
permeability. It is possible that high levels of the oxygen supply 
before the induction of ischemia causes plasma to be full of this 
ROS-forming substrate, an inducer of lipid peroxidation. It is 
known that the vasoconstriction which occurs after vasodilation 
during the ischemic period is perpetuated in reperfusion 22 and 
inhibited by HBO 12. Probably within the first five minutes of 
reperfusion the time for this effect to occur efficiently was not 
sufficient and therefore mitochondrial membrane injury was not 
prevented. Further studies regarding the generation of reactive 
oxygen species and nitric oxide production may elucidate the 
possible causes of this change.

Mitochondrial swelling, as a rule, occurs due to 
the increased ion influx into the cell compartment which 
simultaneously increases the flow of water to this intracellular 
space. On this basis, we assume that the imbalance in osmotic 
regulation may result from oxidative damage with functional 
damage of membrane transporters or lack of ATP to carry out 
active transport of these ions.

Considering the oxygen consumption in state 4 of 
mitochondrial respiration, it is possible to assume that membrane 
structural changes in the HBOI/R group possibly consisted only 
of a transient change in membrane permeability, as demonstrated 
by the study of mitochondrial osmotic swelling. Regarding the 
decreased oxygen consumption in state 3, there is evidence of a 
decreased rate of ATP synthesis.

Regarding serum ALT and AST values, it is known 
that their absolute values and/or the ALT/AST ratio may serve as 
indicators of hepatocellular integrity, with an association between 
increased serum levels of these enzymes and acute hepatic injury 5-6.

In this experimental condition of I/R, there was no 
increase in serum AST levels (Figure 1A) as observed by other 
authors 13. However, hyperoxic preconditioning was shown to 
be protective, with a significant difference between the I/R and 
HBOI/R groups, as also observed by other authors 23. A significant 
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difference was observed between the SHAM and HBOI/R 
groups, suggesting that stress caused by the surgical procedure 
could be mitigated by hyperoxic preconditioning through an 
increased systemic antioxidant response or through the action of 
inflammatory mediators on tissues sensitive to oxygen such as the 
lungs and liver, making injury more locoregional and less systemic. 
The hypothesis of antioxidant induction by HBO therapy has been 
raised by some authors 24 and the hypothesis of redirection of 
inflammatory mediators can also be found in other studies 12.

Serum ALT levels (Figure 1B) were increased in the I/R 
group compared to the SHAM group (p <0.05), in consonance with 
other studies in the literature 5,6,25. Our study shows that hyperoxic 
preconditioning is hepatoprotective, reducing the total level of this 
enzyme to levels close to those of the SHAM group. This result is 
scientifically conflicting since some authors have suggested that 
the HBO and I/R association is positive 24 while others claim it 
to be negative, suggesting that previous exposure to HBO would 
cause an increase in ALT levels 11.

Conclusion

Immediately after reperfusion, hyperbaric oxygen therapy 
attenuates the damage of liver ischemic/reperfusion injury in the rat.
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