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Abstract

Background: Renal ischemia/reperfusion (I/R) injury remains a major cause of acute kidney injury (AKI), in addition to I/R injury-
induced tissue inflammation, necrosis and apoptosis. Hyperbaric oxygen therapy (HBO) is defined as a treatment in which a patient is 
intermittently exposed to 100% oxygen pressurized to a pressure above sea level (> 2.0 atmospheres absolute (ATA), 1.0 ATA = 760 mmHg). 
It has been used in a number of medical conditions with a proven efficacy in a limited number of disorders. However, the effects of HBO 
therapy on apoptosis and proliferative activity after I/R injury have not been fully understood.
Objectives: We studied the possible beneficial effects of HBO therapy on apoptosis and tubular cell regeneration after renal I/R injury in 
rats.
Materials and Methods: Sprague-Dawley (SD) rats were randomized into three groups: Sham (Sham-operated rats); I/R (animals submitted 
to I/R); and I/R + HBO (I/R rats exposed to HBO). Tubular cell apoptosis was confirmed by DNA laddering and the terminal deoxynucleotidyl 
transferase-mediated uridine triphosphate nick end labeling (TUNEL) assay. Cellular proliferation activity was determined using the anti-
Ki-67 antibody.
Results: A significant decrease in apoptotic cells and increase in proliferative reaction were observed in the I/R + HBO group compared to 
the I/R group.
Conclusions: We demonstrated that HBO suppressed apoptosis, which caused inflammation after renal I/R, and promoted tubular cell 
regeneration. HBO has protective effects against AKI caused by renal I/R through the inhibition of apoptosis.
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1. Background
Renal ischemia/reperfusion (I/R) injury, whether caused 

by shock, or during surgery or transplantation, remains 
a major cause of acute kidney injury (AKI). Reperfusion 
after ischemia initiates a complex and interrelated se-
quence of events that results in injury, causing mitochon-
drial swelling and loss of membrane potential and the 
eventual death of renal cells, as a result of a combination 
of both apoptosis and necrosis (1).

Apoptotic cell death has been documented in animal 
models and human biopsies after renal I/R (2), and inhibi-
tion of apoptotic signaling and cell death ameliorates the 
associated injury and inflammation in a murine model (3). 
Wen et al. demonstrated, in a study using the monoclonal 
antibody Ki-67, that tubular cell regeneration and prolifer-
ation were important elements of renal recovery in AKI (4).

Hyperbaric oxygen therapy (HBO) (5) is defined as a 
treatment in which a patient is intermittently exposed to 
100% oxygen, while the treatment chamber is pressurized 
to a pressure above sea level (> 1 atmospheres absolute, 

ATA, 760 mmHg). HBO therapy has been used in a num-
ber of medical conditions with a proven efficacy for a lim-
ited number of disorders (6). However, the effects of HBO 
therapy on apoptosis and proliferative activity after I/R 
injury have not been fully understood. 

2. Objectives
We studied the possible beneficial effects of HBO thera-

py on apoptosis and tubular cell regeneration after renal 
I/R injury in rats.

3. Materials and Methods

3.1. Animals
Animals were maintained on regular rodent chew and 

water ad libitum prior to the experiments. The experi-
ments were conducted according to the guidelines of the 
institutional Animal Use and Care Committee.
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3.2. Experimental Design
Male Sprague-Dawley (SD) rats (n = 30), weighing 250-

280 g were randomized into three groups: Sham (Sham-
operated rats); I/R (animals submitted to I/R); and I/R + 
HBO (I/R rats exposed to HBO).

Renal ischemia was induced by unilateral occluding of 
the left renal artery for 30 minutes with non-traumatic vas-
cular clamps after right nephrectomy in rats. HBO therapy 
was delivered using an hyperbaric chamber (Model P-5100, 
Hanyuda Iron Works, Tokyo, Japan) at 2.5 atmospheres ab-
solute (ATA). Animals underwent one session of 60 minutes 
each at one hour after initiation of ischemia. Sham-operat-
ed rats received similar operative procedures, however, the 
renal artery, after isolation, was not occluded and the inci-
sion was closed; these were defined as the control group.

At the end of the study, the rats were sacrificed under anes-
thesia with sodium pentobarbital (50 mg/kg intraperitone-
ally) at 24 hours and 48 hours following initiation of isch-
emia. The left kidney was harvested for analysis, since the 
apoptotic positive cells and proliferative reaction after I/R 
injury were well expressed at 24 and 48 hours, respectively.

3.3. Animal Care
These animal experiments were in compliance with the 

law and management of animal welfare in Japan (No. 105, 
1973 Law) and the national institutes of health. Animals were 
given standard rat chow, and the animals had access to water 
ad libitum. They were housed in cages with controlled tem-
perature (24-26°C) and with a 12 hour light/dark cycle. Rats 
used in the experiment were euthanized by deep anesthesia.

3.4. Renal Histology
The kidney were perfused in site, excised and prepared as 

two mid-coronal sections for embedding in paraffin. Sec-
tions were stained with hematoxylin-eosin and analyzed.

3.5. Immunochemistry Analysis

3.5.1. TUNEL Positive Nucleus
Paraffin-embedded renal biopsy specimens were pro-

cessed for immunochemistry. We examined apoptotic cells 
by TdT-mediated dUTP nick end labeling (TUNEL method). 
The TUNEL assay was carried out according to the method 
of Gavrieli et al. with a slight modification as described pre-
viously. Paraffin-embedded tissues were cut into 5 μm thick 
sections and placed onto silane-coated slide glasses. Then, 
sections were deparaffinized with toluene and rehydrated in 
serially-graded ethanol solutions. After washing with PBS, the 
sections were treated with 10 μg/mL proteinase K in PBS for 
15 minutes at 37°C. The sections were then incubated with 1 
× TdT buffer (25 mM Tris-HCl buffer, pH 6.6, containing 0.2 M 
potassium cacodylate and 0.25 mg/mL BSA) alone for 30 min-
utes at room temperature. After incubation, the slides were 
reacted with 800 units/mL TdT dissolved in TdT buffer, sup-

plemented with 1.5 mM CoCl2, 0.5 μM biotin-16-dUTP, 20 μM 
dATP, and 0.1 mM dithiothreitol for 90 minutes at 37°C. The 
reaction was terminated by washing with 50 mM Tris-HCl buf-
fer (pH = 7.4), and endogenous peroxidase activity was inhib-
ited by immersing the slides in 0.3% H2O2 in methanol for 15 
minutes at room temperature followed by washing with PBS. 
After incubation with 500 μg/mL normal goat IgG in 5% BSA 
in PBS for 60 minutes at room temperature, the sections were 
incubated with HRP goat anti-biotin antibody (1: 100) diluted 
with 5% BSA in PBS for 60 minutes at room temperature. After 
washing with 0.075 Brij L23 in PBS, the HRP sites were visual-
ized with DAB and H2O2 in the presence of cobalt and nickel 
ions. As a negative control, adjacent sections were subjected 
to reaction without TdT in every experiment (7-10).

3.5.2. Ki-67 Positive Cells
Cellular proliferation activity was determined with an 

antibody using anti-Ki-67 antibody (NB600-1252, Novus 
Biologicals, CO, USA). Ki-67 is one of the nuclear proteins 
related to the cell cycle. It is expressed in the G1-phase, S-
phase, G2-phase, and M-phase, as seem by the existence of 
proliferating cells, and is not expressed in the G0-phase, 
when the cell stops proliferating. Samples were blocked 
by the solution (1% bovine serum albumin and PBSTN 
containing 0.5% gelatin), and secondary antibody (Alexa 
Fluor 488 anti-Rabbit) was added and stained after wash-
ing thoroughly with PBS, after an overnight incubation 
at 4°C. Cell nuclei were counterstained and sealed with 
DAPI (Dojindo Laboratories Co., Ltd., Japan) (11). 

Immunoreactive stained areas were observed using an Olym-
pus BX51 brightfield microscope (Olympus, Tokyo, Japan) with 
attached CCD camera. Apoptotic positive cells and positive 
cellular activity against anti-Ki-67 antibody were observed and 
determined in the area of the cortex and the outer stripe of the 
medulla (OSOM) under magnification ×20 and ×200, respec-
tively. For each section, 10 microscopic fields were randomly 
examined. Quantitative histomorphometric analysis was de-
termined by means of image analysis software (ImageJ, U. S. 
National Institutes of Health, Bethesda, Maryland, USA).

3.6. Statistical Analysis
The results are expressed as Mean ± SD. Comparisons 

between the three groups with the software StatMate IV 
(ATMS Co., Ltd., Tokyo, Japan) was performed using one-
way analysis of variance (ANOVA) and Tukey-Kramer test. 
A P < 0.05 was defined as a significant difference.

4. Results

4.1. Histopathological Findings
The I/R group demonstrated necrosis characterized by 

interstitial swelling and epithelial cell shedding and hol-
lowing in the proximal and distal tubules of the cortex 
and the medulla. However, the I/R + HBO group partially 
attenuated the histological changes after renal I/R.
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4.2. Immunochemistry Findings
Apoptosis characterized by TUNEL positive staining was 

frequently observed in the distal tubule of the cortex and 
the outer stripe of the medulla (OSOM). On the other hand, 
a remarkable decrease in TUNEL positive cells was observed 
in the I/R + HBO group (Figure 1). Figure 2 summarizes the 
immunohistological data of TUNEL positive nucleus in 
the cortex and OSOM of the Sham-operated and I/R groups 
with or without HBO therapy. There was a marked increase 
in the number of TUNEL positive nuclei in the I/R group 
compared to the Sham group. However, HBO therapy sig-
nificantly attenuated the effects of I/R injury on the appear-

ance of apoptotic nucleus in both the cortex and the OSOM. 
Figure 3 summarizes the results of immunostaining for 
anti-Ki-67 antibody positive cells, a marker for proliferative 
cell reaction, in the cortex and the OSOM. HBO therapy sig-
nificantly increased the proliferative reaction after renal I/R 
compared with the Sham and I/R groups. Ki-67 positive cells 
were observed in the cortex (1.9 ± 2.1, 17.7 ± 3.9/field) and the 
outer stripe of the medulla (5.2 ± 3.7, 10 ± 4.3/field) in the I/R 
and I/R + HBO groups, respectively. A significant increase in 
Ki-67 positive cells was found in the I/R + HBO group in both 
the cortex and the OSOM (Figure 3).

Figure 1. Effects of Hyperbaric Oxygen (HBO) on Apoptosis After Renal I/R

Sections in the cortex and the outer stripe of the medulla (OSOM) are shown at the top and bottom, respectively. A and D, issue sections obtained 24 hours 
after sham surgery in the cortex  and OSOM, respectively.; B, E, C, F, The I/R group showed a remarkable increase in apoptotic positive nucleus (arrow in B 
and E) in both the cortex and the OSOM, compared to the Sham and I/R + HBO groups (C and F).

Figure 2. Number of TUNEL-Positive Nucleus in The Cortex and The Outer Stripe of The Medulla (OSOM)

50

45

40

35

30

25

20

15

10

5

0

50

45

40

35

30

25

20

15

10

5

0

Cortex OSOM

Sham                     I/R                     I/R+HBO Sham                     I/R                     I/R+HBO

P < 0.01 ** P < 0.01 **

N
um

be
r o

f T
UN

EL
 - P

os
iti

ve
 N

uc
le

us
(p

er
 2

0 
X 

fie
ld

)

N
um

be
r o

f T
UN

EL
 - P

os
iti

ve
 N

uc
le

us
(p

er
 2

0 
X 

fie
ld

)

N.D. N.D.

TUNEL-positive nucleus number in the cortex (21.2 ± 8.5/field) and the outer stripe of the medulla (OSOM) (47.9 ± 18.0/field) were observed in the I/R group. 
The I/R + HBO group showed the number in the cortex (1 ± 0.1/field), OSOM (1.5 ± 0.2/field). A significant reduction in positive cells was observed in the I/R 
+ HBO group (P < 0.01). No TUNEL positive nuclei were not found in the Sham group. ND: not detected.
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Figure 3. Number of Ki-67 Antibody Positive Cells in The Cortex and The Outer Stripe of The Medulla (OSOM)
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Significant increases in Ki-67 antibody positive cells in the cortex and the OSOM were observed in the I/R + HBO groups compared to the Sham and I/R 
groups (P < 0.01 and P < 0.05, respectively).

5. Discussion
In this study, we demonstrated that early hyperbaric ox-

ygen (HBO) therapy suppressed apoptosis with prolifera-
tive reaction after renal ischemic reperfusion injury (I/R) 
in rats. Renal I/R is a common factor in the development 
of acute kidney injury (AKI), which has been recognized 
as resulting in high morbidity and mortality. Reperfu-
sion is vital for the ischemic renal tissue but has the po-
tential to aggravate tissue injury (12). Several studies have 
shown the beneficial effects of HBO on the histopatho-
logical changes after renal I/R (13, 14). Cellular death that 
occurs after I/R injury was morphologically divided into 
apoptosis and necrosis, both of which are positioned as 
different types of cellular death (15, 16). There were no re-
ports about the effects of HBO on apoptosis and repaired 
pathway after renal I/R, to the best of our knowledge.

The apoptotic cells showed the various morphological 
changes as chromatin aggregation, fragmentation of 
DNA, and cell membrane blebs (projections) in the early 
stage and finally, disappearance by phagocytosis. Mean-
while, necrosis develops as degradation of the nucleus, 
the cytoplasm and lysosomal membrane in the cells and 
causes an inflammatory response. Schumer et al. (16) de-
scribed morphologically that sustained necrosis devel-
oped just by renal ischemic injury, and reperfusion after 
renal ischemia significantly induced apoptosis.

By continuing the death of two types of cells, renal fail-
ure is sustained and leads to poor prognosis. In the cas-
pase cascade, the initiator and effector are stimulated to 

cause activation of the cascade and induce irreversible 
apoptosis (17, 18). That the distal tubule is easily injured 
by I/R is consistent with a previous study by Kreisberg et 
al. (19) however, the exact mechanism might not be fully 
explained at the moment. 

Apoptotic cells, 24 hours after I/R injury, were signifi-
cantly observed by the TUNEL method in the distal tubule 
of the cortex and the medulla in the I/R groups, but were 
not observed in the I/R + HBO group, suggesting that HBO 
treatment inhibited the activity of caspases. 

The following studies support our findings regarding 
inflammation, apoptosis and proliferation after the in-
jury.

Sharples et al. reported, biochemically and histological-
ly, that erythropoietin prevented caspase-3,-8 and -9 acti-
vation in vivo and reduced apoptotic cell death caused by 
renal I/R in rats (1). 

Wang et al. showed that netrin-1, a diffusible laminin-
related protein, protected renal tubular epithelial cells 
against renal I/R by suppressing apoptosis and increas-
ing proliferation in transgenic mice (20). In addition, 
suppression of apoptosis induced by renal I/R prevented 
inflammation using a murine model (2).

Wen et al. described tubular cell regeneration and pro-
liferation as an important element of renal recovery in 
acute renal injury. The mechanisms involved in the pro-
tection by HBO against renal I/R remain unclear. How-
ever, HBO therapy would suppress apoptosis through the 
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caspase cascade after I/R injury in the ischemic region (4).
Although biochemical analysis was not simultaneously 

determined in this study, we previously examined the 
values of serum creatinine (Cr) and blood urea nitrogen 
(BUN) in the same fashion, with or without HBO therapy 
in rat models (not published). Significant decreases in Cr 
(3.8 ± 0.2 vs. 2.7 ± 0.1 mg/dL) and BUN (120 ± 2.2 vs. 105 ± 
2.5 mg/dL) were found 24 hours after renal I/R injury be-
tween the I/R and I/R + HBO groups, respectively. These 
results were matched with another study of Ramalho et 
al. (14) describing the significantly lower levels of Cr and 
BUN, suggesting that HBO therapy ameliorated renal 
function after the injury. 

This study has some limitations because the number of 
animals was too small to understand fully the profiles of 
the histological benefit of HBO after the injury. Further 
studies will be necessary to elucidate the precise mecha-
nism of HBO therapy and repaired pathway, including 
apoptosis after renal I/R injury.

In conclusion, in this study, we have demonstrated that 
hyperbaric oxygen (HBO) therapy attenuated the expres-
sion of apoptosis induced by renal I/R injury and promot-
ed renal tubular regeneration.

Acknowledgments
We are deeply grateful to Dr. Kondo, for careful guidance 

of the actual surgery and animal experimental methods. 
Dr. Tobata and Dr. Takesawa gave insightful comments 
and suggestions. We hope, beginning with this report, 
we would like to continue our work.

Footnote
Authors’ Contribution:Study concept and design: 

Heihachi Migita, Shigenori Yoshitake, and Yoshitaka Hi-
shikawa; acquisition of data: Migita, Shigenori Yoshitake, 
Yoshihiro Tange, Narantsog Choijookhuu and Yoshitaka 
Hishikawa; analysis and interpretation of data: Heihachi 
Migita, Yoshihiro Tange, Narantsog Choijookhuu and Yo-
shitaka Hishikawa; drafting of the manuscript: Migita, 
Shigenori Yoshitake; critical revision of the manuscript 
for important intellectual content: Heihachi Migita and 
Shigenori Yoshitake;statistical analysis: Migita, Narant-
sog Choijookhuu; study supervision: Yoshitake.

References
1.       Sharples EJ, Patel N, Brown P, Stewart K, Mota-Philipe H, Sheaff M, 

et al. Erythropoietin protects the kidney against the injury and 
dysfunction caused by ischemia-reperfusion. J Am Soc Nephrol. 
2004;15(8):2115–24. doi: 10.1097/01.ASN.0000135059.67385.5D. 
[PubMed: 15284297]

2.       Daemen MA, van 't Veer C, Denecker G, Heemskerk VH, Wolfs TG, 
Clauss M, et al. Inhibition of apoptosis induced by ischemia-re-
perfusion prevents inflammation. J Clin Invest. 1999;104(5):541–9. 
doi: 10.1172/JCI6974. [PubMed: 10487768]

3.       Lieberthal W, Triaca V, Koh JS, Pagano PJ, Levine JS. Role of super-
oxide in apoptosis induced by growth factor withdrawal. Am J 
Physiol. 1998;275(5 Pt 2):F691–702. [PubMed: 9815127]

4.       Wen X, Murugan R, Peng Z, Kellum JA. Pathophysiology of acute 
kidney injury: a new perspective. Contrib Nephrol. 2010;165:39–45. 
doi: 10.1159/000313743. [PubMed: 20427954]

5.       Rubinstein I, Abassi Z, Milman F, Ovcharenko E, Coleman R, Wi-
naver J, et al. Hyperbaric oxygen treatment improves GFR in rats 
with ischaemia/reperfusion renal injury: a possible role for the 
antioxidant/oxidant balance in the ischaemic kidney. Nephrol 
Dial Transplant. 2009;24(2):428–36. doi: 10.1093/ndt/gfn511. 
[PubMed: 18799609]

6.       Tibbles PM, Edelsberg JS. Hyperbaric-oxygen therapy. N Engl J 
Med. 1996;334(25):1642–8. doi: 10.1056/NEJM199606203342506. 
[PubMed: 8628361]

7.       Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA 
fragmentation. J Cell Biol. 1992;119(3):493–501. [PubMed: 1400587]

8.       Hishikawa Y, Tamaru N, Ejima K, Hayashi T, Koji T. Expression of 
keratinocyte growth factor and its receptor in human breast 
cancer: its inhibitory role in the induction of apoptosis pos-
sibly through the overexpression of Bcl-2. Arch Histol Cytol. 
2004;67(5):455–64. [PubMed: 15781986]

9.       Carrera Baltuylle B, Carrera Gutierrez J. [Apropos of 2 cases of gi-
ant inguinal hernia]. Rev Esp Enferm Apar Dig. 1978;54(2):197–202. 
[PubMed: 725213]

10.       Choijookhuu N, Hino S, Oo PS, Batmunkh B, Mohmand NA, Kyaw 
MT, et al. Ontogenetic changes in the expression of estrogen re-
ceptor beta in mouse duodenal epithelium. Clin Res Hepatol Gas-
troenterol. 2015;39(4):499–507. doi: 10.1016/j.clinre.2015.01.004. 
[PubMed: 25726500]

11.       Brown DC, Gatter KC. Monoclonal antibody Ki-67: its use in his-
topathology. Histopathol J. 1990;17(6):489–503. doi: 10.1111/j.1365-
2559.1990.tb00788.x.

12.       Weight SC, Bell PRF, Nicholson ML. Renal ischaemia-reper-
fusion injury. British J Surg. 1996;83(2):162–70. doi: 10.1002/
bjs.1800830206.

13.       Solmazgul E, Uzun G, Cermik H, Atasoyu EM, Aydinoz S, 
Yildiz S. Hyperbaric oxygen therapy attenuates renal isch-
emia/reperfusion injury in rats. Urol Int. 2007;78(1):82–5. doi: 
10.1159/000096941. [PubMed: 17192739]

14.       Ramalho RJ, de Oliveira PS, Cavaglieri RC, Silva C, Medeiros PR, 
Filho DM, et al. Hyperbaric oxygen therapy induces kidney pro-
tection in an ischemia/reperfusion model in rats. Transplant 
Proc. 2012;44(8):2333–6. doi: 10.1016/j.transproceed.2012.07.020. 
[PubMed: 23026586]

15.       Allen J, Winterford C, Axelsen RA, Gobe GC. Effects of hypoxia 
on morphological and biochemical characteristics of renal 
epithelial cell and tubule cultures. Ren Fail. 1992;14(4):453–60. 
[PubMed: 1461996]

16.       Schumer M, Colombel MC, Sawczuk IS, Gobe G, Connor J, O'Toole 
KM, et al. Morphologic, biochemical, and molecular evidence of 
apoptosis during the reperfusion phase after brief periods of re-
nal ischemia. Am J Pathol. 1992;140(4):831–8. [PubMed: 1562048]

17.       Kantari C, Walczak H. Caspase-8 and bid: caught in the act be-
tween death receptors and mitochondria. Biochim Biophys Acta. 
2011;1813(4):558–63. doi: 10.1016/j.bbamcr.2011.01.026. [PubMed: 
21295084]

18.       Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE, Poirier GG. 
Specific proteolytic cleavage of poly(ADP-ribose) polymerase: an 
early marker of chemotherapy-induced apoptosis. Cancer Res. 
1993;53(17):3976–85. [PubMed: 8358726]

19.       Kreisberg JI, Bulger RE, Trump BF, Nagle RB. Effects of transient 
hypotension on the structure and function of rat kidney. Vir-
chows Arch B Cell Pathol. 1976;22(2):121–33. [PubMed: 827098]

20.       Wang W, Reeves WB, Pays L, Mehlen P, Ramesh G. Netrin-1 over-
expression protects kidney from ischemia reperfusion injury 
by suppressing apoptosis. Am J Pathol. 2009;175(3):1010–8. doi: 
10.2353/ajpath.2009.090224. [PubMed: 19700747]


