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ABSTRACT
Objective: To assess the possible effect of hyperbaric oxygen (HBO) in preventing hypoxic-ischemic 
damage in cold-preserved organs.
Methods: Visceral organs of white male New Zealand rabbits (n=6) were removed and examined in two 
groups: right kidneys (n=6), right lungs (n=6), right lobe of livers (n=6) and the hearts of three animals 
constituted the HBO group and left kidneys (n=6), left lungs (n=6), left lobe of livers (n=6) and the 
hearts of the remaining animals (n=3) formed the control group. After excision, organs in the HBO group 
were immediately placed in 100% oxygen at 2.5 atmosphere absolute for 2 h while those in the control 
group were kept in room air during this period. All tissues were kept in University of Wisconsin (UW) 
solution, 4 °C, at the end of the experiment. Tissue sections were obtained at 2 h after removal (T1, early 
stage) and at 125% of the maximal acceptable ischemic time determined for each tissue (T2, late stage). 
Histopathological evaluation was made by blinded pathologists using semiquantitative scoring systems 
and scores were compared between the HBO and control groups.
Results: Tissue injury in the lungs and kidneys of the HBO group was milder compared to controls at 
both the early and late stages, but the difference was not statistically significant. Heart tissue in both the 
HBO and control groups demonstrated signs of ischemic injury at T2, while liver tissue did not change 
significantly from T1 to T2.
Conclusion: These preliminary results suggest that further studies with larger sample sizes, particularly 
involving lung and kidney tissue and conditions applicable to clinical settings, are needed to determine 
any effect of HBO during cold storage.
Keywords: Hyperbaric oxygen therapy, cold preservation, solid organ, transplantation, transportation

ÖZ
Amaç: Bu çalışmada soğuk saklamadaki organlarda hipoksik-iskemik hasarı önlemede hiperbarik 
oksijenin (HBO) etkisini değerlendirmek amaçlanmıştır.
Yöntem: Beyaz erkek Yeni Zelanda tavşanlarının (n=6) visseral organları çıkarıldıktan sonra sağ böbrek 
(n=6), sağ akciğer (n=6), karaciğer sağ lobu (n=6) ve 3 hayvanın kalpleri HBO grubunda yer alırken sol 
böbrek (n=6), sol akciğer (n=6), karaciğer sol lobu (n=6) ve geri kalan hayvanların kalpleri (n=3) kontrol 
grubunda yer aldı. Eksizyon sonrası HBO grubundaki organlar 2 saat boyunca 2,5 ATA’da %100 oksijende 
bekletildi. Kontrol grubundakiler ise bu süre zarfında oda havasında tutuldu. Tüm dokular, deneyin 
sonuna kadar Wisconsin Üniversitesi (UW) çözeltisinde, 4 °C’de tutuldu. Doku kesitleri, çıkarıldıktan 
2 saat sonra (T1, erken evre) ve her doku için belirlenmiş maksimum kabul edilebilir iskemik sürenin 
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INTRODUCTION
Solid organ transplantation represents a definitive 
treatment for many patients with end-stage organ failure. 
However, increasing demand and shortage of donor 
organs significantly restrict this possibility. Therefore, the 
preservation of any available organs and in particular, the 
prevention of ischemia after surgical removal from donors 
become crucial issues. Cold storage represents a simple 
and effective way to preserve and transport organs and 
is currently is currently a standard measure. It can reduce 
metabolic requirements, attenuate the effect of ischemia 
and preserve the viability of organs although complete 
prevention of cold ischemic injury is usually not achievable.1 

Hyperbaric oxygen (HBO) therapy involves the application 
of 100% oxygen under pressure greater than one 
atmosphere absolute (ATA). It has been successfully 
used for treating carbon monoxide (CO) poisoning, 
decompression sickness, arterial gas embolism, and 
various diseases accompanied by tissue ischemia.2 Its 
mechanisms of action and effects on various organs 
and tissues have been studied experimentally. However, 
methodological differences between those studies and 
the frequent involvement of prolonged and repetitive HBO 
exposures limit their application to clinical conditions and 
particularly to the transportation of organs. We intended to 
evaluate the effect of HBO on organs in cold preservation 
under achievable physiological conditions and during a 
transportation process. 

METHODS
Six male white New Zealand rabbits weighing between 
2800 and 3200 g were obtained from the standard care 
unit of the Refik Saydam Institute, Ankara, Turkey. Rabbits 
were kept in a room at a constant optimal temperature 
(20-24 °C) under 12 h of darkness and 12 h of sunlight. 

Procedure 
The rabbits were anesthetized with intramuscular 
ketamine (35 mg/kg) and xylazine (5 mg/kg). The surgery 
was performed by two pediatric surgeons. After a midline 
incision, the abdominal aorta and inferior vena cava 
were cannulated immediately. Organs were flushed with 
refrigerated University of Wisconsin (UW) solution (200 

mL/kg) in situ and recovered in the order of right and left 
kidneys, liver, right and left lungs, and heart. Organs were 
divided into two groups: the HBO group consisted of right 
kidneys (n=6), right lungs (n=6), right lobe of livers (n=6) 
and hearts of three randomly selected animals. The control 
group included left kidneys (n=6), left lungs (n=6), left lobe 
of livers (n=6) and remaining hearts (n=3). Organs in the 
HBO group were placed in a small hyperbaric chamber 
pressurized to 2.5 ATA with 100% oxygen for 2 h, and then 
kept in UW solution in room air at 4 °C. The control group 
was kept to room air and UW solution at 4 °C during the 
same period. 

Tissue sampling was performed at 2 time points: T1 (early 
stage) at 2 h after removal, and T2 (late stage) at 125% of the 
predefined acceptable ischemic time (AIT) for each organ. 
T2 was 30 h for the kidney (AIT: 24 h); 15 h for the liver (AIT: 
12 h); 7.5 h for the lung (AIT: 6 h); and 5 h for the heart (AIT: 
4 h).3

Histopathological Examination
The specimens were fixed in 10% formaldehyde and 
embedded in paraffin. 3 µm-thick sections were stained 
with hematoxylin and eosin. Additionally, kidney samples 
were stained with Periodic Acid Schiff and heart samples 
were stained with masson trichrome. At least two different 
sections of each specimen were examined and scored by 
two examiners who were blinded to the study. 

Scoring of kidneys was modified from Goujon et al.’s4 
technique, which grades the typical morphological 
patterns of proximal tubular injury including vacuolization 
of apical cytoplasm, tubular necrosis, tubular dilatation, 
cell detachment, brush border integrity, intracellular 
edema, denuded basement membrane on a 5-point scale 
as follows: 1, no abnormality; 2, mild lesion affecting 10% or 
less of the field of view; 3, lesions affecting 10-25% of the 
field of view; 4, lesions affecting 25-50% of the field of view; 
5, lesions affecting 50% or more of the field of view. A total 
injury score was obtained by summing the scores of each 
morphological pattern. 

Cardiac tissues were graded for the severity of myocardial 
damage according to a previously established grading 
system;5 grade 0: normal appearance of myocytes without 
hydropic changes, interstitial edema, or cell disruption; 

%125’inde (T2, geç evre) alındı. Histopatolojik değerlendirme semikantitatif skorlama sistemleri kullanılarak kör biçimde yapıldı ve skorlar HBO ve 
kontrol grupları arasında karşılaştırıldı.
Bulgular: HBO grubunda akciğer ve böbreklerde doku hasarı hem erken hem de geç dönemlerde kontrollere kıyasla daha hafifti, ancak aradaki 
fark istatistiksel olarak anlamlı değildi. Hem HBO hem de kontrol gruplarındaki kalp dokuları, T2’de iskemik hasar belirtileri gösterirken, karaciğer 
dokuları T1’den T2’ye belirgin değişim göstermedi.
Sonuç: Bu çalışmada edinilen sonuçlar, HBO’nun soğuk saklama sırasında özellikle akciğer ve böbrek dokuları üzerine etkisini belirlemek için daha 
büyük örneklemlerle ve klinik ortamlara uygulanabilir koşulları içeren ileri çalışmalara ihtiyaç olduğunu göstermektedir.
Anahtar Kelimeler: Hiperbarik oksijen, soğuk saklama, solid organ, transplantasyon, organ taşınması
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grade 1: weakly injured myocardium characterized by 
hydropic cardiomyocytes, low-grade interstitial edema, 
few contraction bands in single fields of view; grade 
2: moderately injured myocardium characterized by 
significant interstitial and cellular edema, regular presence 
of contraction bands in the field of view; and grade 3: 
severely injured myocardium characterized by prominent 
contraction bands and severe interstitial and cellular 
edema.

A liver tissue grading system was modified from Suzuki et 
al.6 which measures sinusoidal congestion, vacuolization 
of hepatocyte cytoplasm or ballooning, and parenchymal 
necrosis. Additionally, neutrophilic inflammation, 
sinusoidal dilatation and hydropic changes of the 
hepatocytes were evaluated and scored from 0 to 4 as 
follows: 0, no abnormality; 1, mild lesion affecting 5% or 
less of the field of view; 2, lesions affecting 6-20% of the 
field of view; 3, lesions affecting 21-50% of the field of view; 
4, lesions affecting 50% or more of the field of view. The 
sum of the six scores formed the total injury score.

Lung tissue were scored on the basis of the prominent 
histopathological findings of congestion, interstitial 
edema, alveolar damage, intraalveolar hemorrhage and 
inflammation defined in the literature as follows:7 0, no 
changes; 1, focal mild changes; 2, multifocal mild changes; 
3, multifocal prominent changes; 4, extensive prominent 
changes. A total injury score was obtained by summing the 
scores of each morphological pattern.

Statistical Analysis
Means of the total injury scores were used for the kidney, 
liver and lung, and actual scores were used for heart tissue. 
Statistical assessment was done with Mann-Whitney U 
and Wilcoxon tests, and significance was set at p<0.05 
(Statistical Package for the Social Sciences version 15.0).

RESULTS
Histopathological examination results of various tissues are 
shown in Figure 1. In the lungs, the most frequent finding was 
congestion followed by alveolar damage and inflammation 
at both T1 and T2. In the kidneys, vacuolization, cell 
detachment and edema was noticeable at T1, and tubular 
dilatation and necrosis at T2. Liver sections mainly showed 
vacuolization at both T1 and T2, and did not show any 
worsening at T2 in either group (Figure 1).

The mean injury scores of the lung, kidney and liver tissue 
are given in Table 1. Late stage (T2) scores were higher than 
early (T1) scores in lung and kidney tissue of both HBO and 
control groups: although the scores of the control group 
were higher than those of the HBO group, the difference 
was not significant (Table 1). 

The injury progression in the heart tissue was found to be 
slightly better in the HBO group compared to the control 
group (Figure 2).

DISCUSSION 
This study examined whether a 2-hour exposure to 
HBO could prevent or reduce ischemic injury, thereby 

Figure 1. Histopathological findings. Histopathology of the lung (20x) showed alveolar damage and congestion at early 
(1a) and late (1b) stages. Kidney tissue (20x) showed mild edema, vacuolization and cell detachment at early stage 
(2a) and remarkable tubular dilatation at late stage (2b). The prominent histopathological finding in liver tissue (40x) 
was hepatocyte vacuolization at both early (3a) and late stages (3b). Cellular and interstitial edema were shown in 
moderately (4a) and severely (4b) injured cardiac tissues (40x) (H&E)
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contributing to the optimal transportation of harvested 
organs. The effect of HBO in organs and tissues has 
been examined in numerous studies: in the majority, 
experimental conditions included extended periods 
and frequent, repetitive sessions of HBO.8-11 However, few 
hours’ exposure to HBO is more applicable during the 
transportation of organs and patients, as in mountain 
sickness. Indeed, such a device successfully used to transfer 
patients from high altitudes has been made commercially 
available.12 

Several studies have shown certain beneficial effects of 
long-term HBO application during cold storage.10,11 In 
earlier experiments, HBO pressures of 3 to 18 ATA were 
given for long periods (12 to 48 h). More recently, the 
optimal pressure for tissue oxygenation was determined 
as 2.5 ATA, where enough oxygen can be dissolved in 
plasma to meet physiological requirements of the organs, 
theoretically even without the need of hemoglobin.13 
Some of the previous studies were designed to evaluate 
the effect of HBO on cold ischemia, whereas some others 
investigated reperfusion injury in transplantation models.14 

In a recent study, histological changes in the rat liver after 
HBO given at phases of ischemia, reperfusion, or both were 
compared: histological injury was found to be significantly 
lower in the organs exposed to HBO in the early ischemic 
phase, while HBO given in late periods of reperfusion was 
associated with more severe liver damage, possibly through 
oxidative stress.15 Indeed, HBO treatment, especially in 
long and repetitive applications, increases oxidative stress 
markers like malondialdehyde, carbonylated protein levels 
and superoxide dismutase activity.16 Such adverse effects 
of HBO would be of significant concern in its clinical use 
for organ transplantation, myocardial infarction, traumatic 
injury, and wound healing. Such toxicity may be avoided 
by shorter applications.17 In our study, mean injury scores 
of the lungs and kidneys were slightly lower in the HBO 
group at both early and late stages compared to controls. 
However, the difference was not statistically significant. 

Our study was inspired by the clinical observation of two 
siblings who received HBO (4 h in 2 sessions under 2.5 ATA) 
for CO intoxication but progressed into brain death after 
72 h and became organ donors.18 Despite having suffered 
multiple cardiac arrest episodes, these patients’ harvested 
livers showed normal histology without any evidence of 
necrosis or inflammation on frozen biopsy and functioned 
normally after transplantation. This particular observation 
suggested a possible positive effect of the HBO given for CO 
intoxication in preventing tissue damage. In order to mimic 
these patients’ conditions, the experimental organs in our 
study underwent hypoxia-ischemia followed by HBO for 2 
h. We scored several parameters in the histopathological 
evaluation of liver and lung tissue including inflammation. 
HBO could have reduced or prevented inflammation 
through the regulation of proinflammatory cytokines 
and other mediators.19,20 However, we did not observe a 
prominent difference in inflammation between the HBO 
and control groups. 

Study Limitations
The main limitation of this study was the relatively small 
sample size reducing the statistical power. We investigated 
the effect of HBO on cold ischemic injury. However, 
when considering the clinical settings for transplantation, 

Figure 2. Grades of early (T1) and late (T2) stage injury in 
heart tissues
HBO: Hyperbaric oxygen

Table 1. Injury scores of lung, kidney and liver at early and late stages

Organs
T1, early stage (2 hours) T2, late stage (125% AIT)
Mean score 

p value
Mean score 

p value
HBO Control HBO Control

Lung 8.2 8.7 0.81 9.2 10.2 0.69
Kidney 10.8 11 0.81 15.8 16.2 0.69
Liver 5.8 5.6 0.93 5.6 5.8 0.81
AIT: Acceptable ischemic time, HBO: Hyperbaric oxygen
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evaluating solely the ischemic injury appears to be a 
limitation of this study instead of evaluating both ischemic 
and reperfusion injury through a transplantation model. 

CONCLUSION
In conclusion, two hours of HBO application showed a 
mild beneficial effect on short-term organ preservation. 
As a matter of fact, our findings promote further 
studies with larger sample sizes including biochemical 
markers (i.e., oxidative stress and apoptosis markers), 
immunohistochemistry and electron microscopical 
examinations to confirm this hypothesis. 
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