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Protective effects of hyperbaric oxygen and iloprost
on ischemia-reperfusion injury in rabbit kidneys

G. ILHAN |, M. AKSUN 2, 8. BOZOK !, H. B. OZPAK 3, T. GUNES * M. E. DURAKOGLUGIL 4, H. KARA 3,

A.KUPELI 5, E. SENER !

Aim. The aim of the study was to demonstrate protective ef-
fects of hyperbaric oxygen (HBO) and iloprost (IL) on renal
ischemia-reperfusion (IR) injury using histopathological and
biochemical methods.

Methods. Fourty New Zealand white male rabbits were ran-
domly allocated into one of four study groups. HBO group
{N.=10) received a single session of HBO treatment (120 min
at 2.5 atm); IL group (N.=10) received an infusion of 25 ng/
kg/min IL; HBO+IL group (N.=10) received both HBO and
IL; control group (N.=10) received only 0.9% saline. Renal
ischemia-reperfusion was established by clamping abdomi-
nal aorta for 1h. Levels of pH, PO,, PCO,, HCO,, Na+, K+,
lactate dehydrogenase, blood urea nitrogen and creatinine,
plasma and renal malondialdehyde, myeloperoxidase, glu-
tathione and superoxide dismutase were measured at onset,
the end of ischemia period and the 24% hour of reperfusion.
The kidneys of the sacrificed rabbits were evaluated his-
topathologically.

Results. Even though blood urea nitrogen and creatinine
levels were significantly higher in control group, there were
not any differences between other groups. Blood PO,, pH,
and HCO; concentrations were significantly elevated and
malondialdehyde levels were lower in control group com-
pared to HBO, IL and HBO+IL groups. Histopathological
changes including tubular necrosis, atrophy, hydropic degen-
eration and regenerative atypia that reflect renal injury were
also significantly higher in control group.

Conclusion. We suggested that both HBO and IL, either alone
or in combination significantly reduced biochemical and his-
topathelogical signs of renal ischemia-reperfusion injury.
Key worps: Reperfusion injury - Hyperbaric oxygenaytion -
Hoprost.
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ascular surgical procedures requiring transient

clamping of abdominal aorta or peripheral ar-
teries due to aneurysm, aortoiliac occlusive disease,
thromboembolectomy, and transplantation: hypoten-
sion, hypovolemic shock, and cardiac arrest causes
ischemia-reperfusion (IR) injury of the lower ex-
tremities and visceral organs. Consequently, injury
of the either ischemic organ or tissue (local injury)
or non-ischemic areas away from ischemic tissue (re-
mote organ injury) may ensue. Inflammmatory response
characterized by increased tumor necrosis factor-a
(TNF-a), and interleukin-1p levels; activation of pol-
ymorphonuclear leukocytes has the most important
role in this injury.! Reactive oxygen species, produced
initially during reperfusion, aggravate this damage.>
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The severity of renal IR increases with longer
ischemia duration. Therefore, a spectrum of clinical
conditions ranging from prerenal azotemia without
tissue injury to acute renal failure due to cortical
necrosis is observed.’ Despite new therapeutic op-
tions, acute renal failure is associated with high mor-
bidity and mortality.*

Recently, some studies demonstrated that hyper-
baric oxygen (HBO) treatment reduces the conse-
quences of I-R 'injury in various tissues, including
the brain, myocardium, skeletal muscle, musculo-
cutaneous flap, small intestine, liver, and testis.57
The beneficial effects of HBO in IR stem from lower
endothelial adhesion molecule expression and de-
creased PML activation and migration. Moreover,
HBO stabilizes lysosomal enzymes and promotes
nitric oxide production.® On the other hand, iloprost
(IL), a vasodilator prostaglandin, decreases oxygen
consumption and production of superoxide anions,
especially in IR studies.® IL decreases neutrophil ac-
tivation and aggregation, in addition to inhibition of
ROS production and release of lysosomal enzymes.®
Natori et al. demonstrated that PGE1 lowered IR in-
jury by inhibiting leukocyte adhesion, in hepatic IR
setting. This action was mediated by down regulation
of intercellular adhesion molecule-1 (ICAM-1).10

The purpose of this experimental study was to in-
vestigate and compare the effectiveness of HBO and
IL treatment on renal injury induced by IR.

Materials and methods

Experimental procedure and study groups

Fourty New Zealand white male rabbits, weigh-
ing 2.5 to 3 kg, were randomly allocated into one of
four study groups. HBO group (N.=10) received a
single session of HBO treatment, IL group (N.=10)
received an infusion of 25 ng/kg/min IL, HBO+ IL
group (N.=10) received both HBO and IL; control
group (N.=10) received only 0.9% saline. HBO
treatment and IL infusion were administrated during
60 min. of ischemia and 60 min. of reperfusion in
the treatment groups. All procedures were performed
aseptically. Initial anesthesia was achieved with in-
tramuscular ketamine (50 mg/kg) and xylazine (5
mg/kg) without endotracheal intubation followed by
25 mg/kg fractionally in order to allow the animals to
have spontaneous respiration. All animals received a
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similar volume of maintenance fluids (0.9% sodium
chloride, 20 mL/h) for the whole procedure. An arte-
rial catheter (20-gauge) was placed in an ear artery
to monitor blood pressure (Petas KMA 800, Ankara,
Turkey).

Surgical procedure

Each animal received heparin (150 Ul/kg) intrave-
nously for anticoagulation. Animals were placed in
the supine position. Infrarenal abdominal aorta was
exposed through a midline laparotomy incision and
a transperitoneal approach, with the abdominal con-
tents reflected to the right. The aorta was exposed
from the left renal artery down to the aortic bifurca-
tion. In all animals, the aorta was cross clamped just
proximal to the aortic bifurcation above to the renal
artery using atraumatic arterial bulldog clamps (Vas-
cu-statt, Scanlan International, St. Paul, MN, USA).
The clamp was removed after 60 min and restoration
of blood flow was verified visually.

Twenty-four hours after the initiation of renal
ischemia, all animals were humanely killed by a le-
thal cardiac injection of pentobarbital (100 mg/kg);
left nephrectomy was performed and renal biopsies
were taken from the cortex of the kidneys for micro-
scopic and biochemical evaluation. The left kidney
was removed and stored at -70 °C until further test-
ing. Three animals died during the procedure, one in
the HBO group during anesthetic induction, one in
the IL group due to surgical intervention. They were
excluded from the study.

HBO trearment procedure

Animals received HBO therapy in an animal
monoplace chamber during 60 minutes of ischemia
and 60 minutes of reperfusion period at a pressure
2.5 atm. Before pressurization, 100% medical oxy-
gen was flushed through the chamber for 10 min to
.displace ambient air. The oxygen pressure was then
increased slowly and reached 2.5 atm in 5 min. The
chamber was ventilated during HBO therapy to avoid
carbon dioxide (CO,) accumulation. The concentra-
tion of CO, was not allowed to rise above 0.1%.
An environmental control system maintained inner
temperature and relative humidity at 25+1 °C and
50+20%, respectively. After 120 min at 2.5 atm, the
chamber was decompressed to normal atmospheric
pressure in 5 min.

-
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TasLe L—~FHistopathological scoring
i) 1 2 3
Tubular necrosis Absent Focal Multitocal Diffuse
Tubular atrophy Absent <25% 25-50% >50%
Regenerative atypia Absent Focal Muttifocal Diffuse
Hydropic degeneration/vacuolization Absent Focal Multifocal Diffuse
Interstitial fibrosis Absent Focal Multfocal Diffuse
Brush border disappearance Absent Focal Multifocal Duffuse

Serum and tissue biochemical evaluation

Blood oxygen-binding properties take part in the
antioxidant system by the establishment of oxygen
transport conditions and pO, values. Blood pH. PO,
(mmHg). PCO, (mmHg) and HCO, (mmol/L) val-
ues were determined at the end of the reperfusion pe-
riod. Blood pH. pO,, pCO, and HCO,. values were
determined using a blood-gas analyzer (Ciba-Corn-
ing Blood Gas Analyzer Model 860, Ciba Corning
Diagnostics Corp., Irvine, CA, USA). Venous blood
samples were processed in an automatic analyzer
(Hitachi 717; Boehringer Mannheim, Indianapolis,
IN, USA) to measure blood urea nitrogen (BUN) and
creatinine levels. BUN and creatinine levels were
measured at onset, the end of ischemia and the 24
hour of reperfusion to investigate renal functions.

Malondialdehyvde (MDA), an indirect parameter
of oxidative stress, and antioxidant peptide glutath-
ione (GSH) levels were measured in the kidney tis-
sue samples. Tissue levels of MDA and GSH were
measured as described previously.!! The activity of
superoxide dismutase, an enzyme that inactivates
superoxide (O,7). was determined in order to under-
stand level of oxidative stress, via methods of Spitz,
and Woolliams.'2 ' Myeloperoxidase (MPO) activ-
ity, a sensitive marker of PML infiltration in tissues
was calculated by hydrogen peroxide dependent oxi-
dation of tetrametylbenzidine, a reaction catalyzed
by myeloperoxidase. '

Histopathological evaluarion

Portions of the fixed renal biopsy materials were
examined microscopically (Nikon model Eclipse
E600W). The specimens were fixed in 10% forma-
lin. Paraffin blocks were cut at 5 um and stained with
hematoxylin eosin. Areas corresponding to the Kid-
ney specimens were graded for the degree of renal
damage based on cach of the following parameters:

No. 2
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tubular necrosis and atrophy, regenerative atypia,
hydropic degeneration, interstitial fibrosis, loss of
supranuclear cytoplasms and brush border disap-
pearance. Renal injury was scored semiquantatively
according to these characteristics as; grade O as nor-
mal, grade | as mild (focal), grade 2 as moderate
(multifocal) and grade 3 as severe (diffuse) patho-
logic changes (Table 1) by the same pathologist, who
was blinded to the study.?> Neutrophil infiltration was
determined by counting the number of neutrophils in
10 high-power fields (X 400) for each kidney slide. !¢

Statistical analvsis

Data were analyzed using the Statistical Package
for Social Sciences (SPSS) software (version 10.0 for
Windows). All differences associated with a chance
probability of 0.05 or less were considered statisti-
cally significant. All data are presented as mean %
SD. Statistical analysis was performed using analy-
sis of variance (ANOVA) test. One-way ANOVA test
was followed by posr-hoc Dunnett’s test.

Results

Biochemical findings and renal funciions

There were not any statistically significant differ-
ences between the groups according to the physi-
ological parameters in the preischemic and pos-
tischemic periods. Table Il presents mean values and
standard deviations of pH, pO2. pCO2, HCO3, BUN
and creatinine levels. Blood pO2 concentration was
significantly elevated in both HBO and HBO+ IL
groups. There were not any significant differences
in other parameters between HBO, IL and HBO+ IL
groups.

Malondialdehyde (MDA) levels of the medicated

»
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Tasig l—Blood pH, PO, PCO, HCO3 serum BUN and creatinine levels determined at the end of the reperfusion period.

Groups pH pO. (mmHg) pCO, (mmHg) HCO, (mmol/L) BUN (mg/dL) Creatinine img/dL)
HBO group 7.21x0.3 186.8x7.02%* 43.4+26 18.4%5.3 57.2+4 3 143x0.4
1L group 7.2320.50 86.7+6.35 40.7+3.3 17452 48,665 1 1.2£0.3
HBO + IL group 7.240.2 165.7+7.06%* 41.3x2.1 19.742.8 50.1+8.9 1.35+0.4
Control group 7.1£0.10* 54.10+6 5% 49.8+5 3+ 9.5+5.6* 136.1x£14.7+ 4.8+1.7+

*= Significantly lower than the treatment groups by ANOVA test (p=0.006). **= Significantly higher than the control, sham and IL groups by ANOVA test (P=0.001);
+= Significantly higher than the treatment groups by ANOVA test (P=0,002). BUN=blood urea nitrogen; HBO=hyperbaric oxygen: 1L =iloprost

TasLE Hl.—Tissue MDA, GSH; SOD and MPO levels.

Groups MDA ¢renal) (nmol/g) GSH {ymol/mg) SOD (U/mg protein) MPO (AA/dk/g)
Group HBO 58+8.2 22202 55%1.2 1.7+0.5
Group IL 3346 24403 4.2+0.9 1.5+03
Group HBO=+IL 38+7.3 2.9+0.6 3.9+0.8 1.620.5
Group Control 102.3212.6%# 1.220.1%# 7 8+22%4 53£1.3%#

*= P<0.05 vs. Sham group; #= P<0.05 vs and treatment groups by ANOVA test (P<0.05). MDA=malondialdehyde: GSH= glutathione: SOD=superoxidedismutase;
MPO=myeloperoxidase; HBO=hyperbaric oxygen: IL=iloprost.

TaBLE IV.—Histoparhological score of the groups and neutrophil count in kidnevs after 24 h data are expressed as mean + SEM.

Groups Grade 0 Grade | Grade 2 Grade3 Mean+SD Neutrophil infiltration
Group HBO 3 4 3 1.00£0.38 8.2+1.3
Group IL 3 6 i 0.85+0.42 7.3+1.1
Group HBO+IL 4 4 2 0.87+0.40 71209
Group Control 2 5 3 2.1220.88*# 18.7+3.4%#

*= Significantly higher than the Sham group by ANOVA test (P=0.001}; #= Significantly higher than the treatment groups by ANOVA test (P=0.01). HBO=hyperbaric
oxygen: [L=tloprost

groups were significantly lower than control group Histopathological findings
(HBO vs. IL, P=0.130; HBO vs. Control, P=0.01; . . R ; . )
IL vs. Control. P=0.005: HBO+IL vs. Control. Histological evidence of reperfusion injury was

P=0.001). Although statistically not significant, tis- h¢ presence of tubular necrosis and atrophy, regen-
sue MDA concentration was higher in HBO group. erative atypia. hydropic degeneration, interstitial
Interestingly, we observed a trend in tissue MDA fibrosis, loss of supranuclear cytoplasms and brush
concentrations, that were lower in HBO+ IL group Porder disappearance. Kidney samples from con-
compared to HBO (HBO+IL vs. HBO, P=0.085). trol group rabbits revealed severe damage, includ-

SOD and MPO levels were higher in control _ing tubular cell swelling, interstitial edema, tubular
group compared to other groups (P=0.005). Even dilatation, necrosis of the epithelium, and hyaline
though SOD and MPO concentrations were mildly casts. Mean histopathological scores of HBO, IL and
elevated in HBO, IL and HBO +IL groups, this did HBO+IL groups were significantly lower than con-
not reach statistical significance (p > 0.05). Even trol group (HBO vs. Control. P=0.005; IL vs. Con-
though GSH levels were elevated in HBO, IL and trol, P=0.001: HBO+IL vs. Control, P=0.002). There
HBO+IL rabbits compared to controls, this result was no significant difference between HBO and IL
was not statistically significant (P=0.15) (Table groups (P=0.331) (Table 1V). Neutrophil count was
D). This data supported that the IR model was well lower in HBO, IL. and HBO +IL group in compari-
formed in the animals. son to control group (P<0.05) (Table IV).

® "

92 THE ITALIAN JOURNAL OF VASCULAR AND ENDOVASCULAR SURGERY June 2013




PROTECTIVE EFFECTS OF HY PERBARIC OXYGEN AND [LOPROST

Discussion

Varying levels of non-immunologic tissue damage
occur after diminished or disrupted renal blood flow,
and reperfusion.? Severe reduction in renal blood flow,
depletion of high-energy phosphate products, and sub-
sequent impairment in cell membrane functions result
in cellular injury. The severity of this damage differs
with respect to ischemia duration and abundance of
collateral circulation. Paradoxically, restoration of
normal blood How causes more harm, called as reper-
fusion injury.’ The repertusion of endothelial cells re-
sults in production of reactive oxygen species, which
in turn leads to secretion of a systemic inflammatory
cytokines such as interleukin- 1. interleukin-8, platelet-
activating factor and TNF-a. This IR process causes
leukocyte dependent micro-vascular dysfunction, leu-
kocyte plugging, impaired endothelium-dependent
vasodilation, enhanced capillary fluid filtration, and
plasma protein extravasations all of which affect distal
organs.’” Evidently, an increase in vascular permeabil-
ity leads to reduction of renal cortical blood flow.!#

Both HBO and IL has shown protective effects on
renal IR injury in separate studies.® 1% To date. there
is not any information regarding the comparative and
additive influence of HBO and IL on renal IR.

HBO treatment involves inspiration of 100% oxy-
gen intermittently for 60-90 min at a pressure higher
than normal atmospheric pressure. Exposure to HBO
raises dissolved oxygen concentration in arterial
blood. The associated increase in oxygen tension en-
hances diffusion of oxygen into poorly perfused tis-
sues . Oxygen pressure may raise to 10 to 15 times
above its normal level when the patient breathes 100%
oxygen at 2.8 atm. HBO therapy is often used to treat
diseases related to hypoxia, including acute carbon
monoxide poisoning. decompression sickness, air em-
bolism, soft tissue infections and recalcitrant wounds.

In the present study. both HBO and IL therapies
were administered at the beginning of ischemia and
continued during reperfusion period. Compared to
control group, tissue MDA, an indicator of IR injury
and lipid peroxidation, and MPO, a sign of PML in-
filtration, and renal histopathologic damage and neu-
trophil infiltration was lower in either IL, HBO, and
HBO +IL groups. Studies in amimal models showed
that HBO enhances fibroblast replication and collagen
formation in scar tissue, improves neovascularization
of ischemic tissue and decreases edema.!Y HBO also
lower leukocyte adherence to venular endothelium in
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IR of skeletal muscle, suggesting a reduction in in-
flammation of the postischemic tissue.> The mecha-
nisms behind this effect are not clarified, but the im-
ited amount of available experimental data indicates
that HBO, directly or indirectly, interacts with me-
diators that control the local inflammatory response.
Since HBO has been shown to exert anti-inflamnmato-
ry effects in experimental models of skeletal muscle
ischemia. it may also have anti-inflammatory effects
in other types of inflammation as well, although the
most probable explanation for the reduction in the
local inflammation in ischemia is a reduction in lo-
cal 1schemic tissue damage. In an intestinal IR injury
model, the rats underwent 90 min. of reperfusion after
a 2 hour-ischemia period. HBO was administered dur-
ing the reperfusion period and a significant reduction
in lung neutrophil sequestration was observed.® The
beneficial effect of HBO on lung neutrophil seques-
tration could be achieved when administered during
either the period of ischemia or the reperfusion. HBO
treatment after reperfusion had none of these effects.
Rossman er al. reported that perfusing the lumen of
the intestine with oxygenated perfluorocarbon during
ischemia reduced mucosal and associated lung inju-
ry.20 Ueno er al. showed that early post-hepatectomy
HBO treatment decreased neutrophil activation and
improved outcome.”! Convincingly. HBO should be
administered as early as possible during IR in order to
obtain a favorable effect.

In the present study, we started directly at the de-
finitive level in order to obtain the maximal physi-
ologic effect before aortic occlusion. We did not
perform a separate dose-response effect experiment.
IL infusion was administrated during 60 minutes
of ischemia and 60 minutes of reperfusion period
in the treatment groups. IL, a stable prostacyclin
analog, acts as a membrane stabilizator and inhibits
neutrophil functions which are potential mediators
of IR injury. IL also decreases white blood cell ag-
gregation and adhesion to vascular endothelium, su-
peroxide radical production from stimulated canine
and human neutrophils, and free radical formation in
myocardium subject to IR mjury. IL infusion dem-
onstrated protective effects during the clamping pe-
riod in previous studies. 2 We chose the dosage of IL
as used in a previous study by Katircioglu er al.22 In
that study, the administration was started at a lower
rate before the aortic occlusion, and increased to the
definitive dose of 25 ng/kg per minute.

There have been concerns regarding the use of

>
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HBO for IR, based on the hypothesis that providing
extra oxygen would increase free radical production
and tissue damage. Pablos er al. reported increased
lipid peroxidation products including MDA, higher
total and oxidized glutathione (GSH) levels, and de-
creased glutathione reductase (GR) and glutathione
peroxidase (GPx) activity in liver and brain tissue of
rats under 100% oxygen at 4 aun pressure.2* On the
contrary, Boadi ¢t al. demonstrated higher GSH, GR.
GPx and superoxide dismutase (SOD) concentrations
that increased even more after adding antioxidants to
medium (vitamin E, riboflavin, selenium) in brain,
lung, liver, brain and blood samples of rats undergoing
HBO at 4.5 atm.?* 25 Additionally, Puglia and cowork-
ers notified that HBO higher than 2.8 atm may cause
central nervous system toxicity which could occur
swiftly in the event of SOD inhibition.26 Moreover,
even at normal pressure, 100% O, has been shown
to induce SOD activity in lungs. On the other hand,
HBO has been shown to decrease lipid peroxidation
in a number of IR studies. Chen et al. reported that
HBO pretreatment decreased lipid peroxidation in he-
patic IR.7 Similarly, Gurer and coworkers presented
data indicating decreased production of free oxygen
radicals, and MDA, among animals pretreated with
HBO.27 The protective effect of HBO treatment was
proposed to be due to suppression of specific enzymes
that catalyze lipid peroxidation and through oxygen-
mediated termination reactions.

Even though Jamieson er al. showed that HBO in-
Creases reactive oxygen species, particularly superox-
ide and hydrogen peroxide, they could not demonstrate
a significant increase in MDA concentrations with
higher pressures in rat models.28 22 MDA, SOD, and
MPA concentrations were significantly lower in treat-
ment groups in comparison to controls. Another inter-
esting point was that these markers of oxidative stress
were lower in HBO+IL group compared to HBO only
group, although difference was not statistically signifi-
cant. We think that this issue is due to the fact that IL
prevented oxidative stress and lipid peroxidation.

Conclusions

In conclusion, combined HBO and IL treatment
may prevent renal IR injury both biochemically and
histapathologically by protecting against reactive
oxygen species, inhibiting neutrophil activation and
sequestration.
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