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Background: Acute kidney injury and its central pathology, renal ischemia reperfusion injury (IRI), have 
been studied in many animal models. Although renal IRI has been induced in pig models in many ways, 
simultaneous bilateral ischemia or unilateral ischemia along with contralateral nephrectomy models only 
provide data on the renal response to a single ischemia time. Moreover, it has been reported that prolonged 
renal ischemia time in pigs for 120 min or more can cause irreversible renal damage and increase animal 
mortality.
Methods: We developed a model that induces prolonged ischemia time and subsequent reperfusion injury 
without threatening the lives of pigs by subjecting the left and right kidneys to ischemia for 120 and 60 min, 
respectively. Using this novel model, we investigated whether hydrogen gas inhalation could alleviate renal IRI.
Results: All animals (n=4) survived until the end of the observation period of 3 months in this model. 
Evaluation of the left and right kidneys immediately before and after IRI could be performed separately 
by blood sampling from each renal vein and renal biopsy during surgery, although the results of peripheral 
blood sampling during the follow-up were the mixed results of bilateral kidneys. The release of degraded 
DNA from the kidneys immediately after IRI and subsequent renal fibrosis at 3 months increased in response 
to ischemia time. Although the effect of hydrogen gas on pathological findings was not obvious, the release 
of degraded DNA from the kidney, an acute marker of IRI, appeared to be suppressed.
Conclusions: We have developed a novel model in which IRI of different ischemia times is induced in the 
bilateral kidney that provides two-fold information and allows for safe long-term observation experiments in 
pigs. Using this model, hydrogen gas inhalation appeared to reduce acute renal IRI, although the effect was 
not statistically significant.
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Introduction

Many animal models have been used for the research of 
renal ischemia reperfusion injury (IRI), a major condition 
of acute kidney injury. Renal IRI occurs in several 
situations represented by decreased circulating blood 
volume, circulatory arrest, or ischemia time during kidney 
transplantation. During renal IRI, damage-associated 
molecular patterns (DAMPs), including degraded DNA 
from necrotic tubular cells, stimulates the innate immune 
system and activates neutrophils, leading to NETosis and 
the further release of DNA and other DAMPs, causing 
a vicious cycle of necroinflammation (1). In addition, 
prolonged inflammation of macrophages, which recognize 
necrotic tubular cells and DAMPs, may lead to fibrosis and 
the development of chronic kidney disease (2,3).

Hydrogen gas is known to have anti-oxidative or anti-
inflammatory effects, and its function as a reactive oxygen 
species (ROS) scavenger (4), platelet adhesion inhibitor (5), 
and inhibitor of IRI in several organs have been reported 
in several rodent models (6), although very few studies 
have been conducted on human-equivalent models. We 
have shown in a porcine kidney transplantation model 
that storage in hydrogen-containing perfusate improves 
the short-term function of ischemic kidney grafts (7) and 
inhibits long-term rejection (8). Based on these findings, we 
investigated whether hydrogen gas inhalation can reduce 
renal IRI and prevent long-term renal fibrosis using a 
porcine renal IRI model. However, experiments to confirm 
the long-term outcomes are very costly in terms of breeding 
and other expenses, and the risk of animal death during 
the observation periods due to IRI increases. Therefore, a 
model that can safely induce IRI and provide a large amount 
of data with a small number of experimental animals is 
needed.

Renal IRI in pig models has been induced in many ways, 
including cardiac arrest (induced ventricular fibrillation) (9),  
aortic occlusion (10), and renal vascular clamping (11,12). 
Simultaneous bilateral kidney ischemia or unilateral 
ischemia along with contralateral nephrectomy models 
only provide data on the renal response to a single ischemia 
time. Moreover, renal vascular clamping for 120 min 
or more, along with contralateral nephrectomy, causes 
irreversible damage to the kidney and increases mortality 
in animals (13).

In this study, we developed a novel porcine IRI model 
that allowed us to induce prolonged ischemia time for  

120 min and subsequent reperfusion injury without 
threatening the lives of pigs and to observe different 
renal responses to two ischemia times from a single pig 
by subjecting the left and right kidneys to ischemia for 
120 and 60 min, respectively. In this model, the release of 
DAMPs (DNA) from the kidneys immediately after IRI and 
subsequent long-term renal fibrosis increased in response 
to ischemia time. Using this novel model, we investigated 
whether hydrogen gas inhalation could alleviate IR kidney 
injury. We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://tau.
amegroups.com/article/view/10.21037/tau-21-1164/rc).

Methods

Experimental animals and ethics

The animal experiment was approved by the Jikei Medical 
University Animal Research Ethics Committee (approval 
No. 2021-014) and the Research Council and Animal Care 
and Use Committee of Keio University (approval No. 
20005). The experiment was performed in the facility of 
Fuji Micra Inc. (Shizuoka, Japan). Animals were treated 
according to Guidelines for Proper Conduct of Animal 
Experiments, Science Council of Japan, 2006 (14). Four 
male micro-miniature pigs aged 24–32 months and 
weighing 26.5–29.0 kg were used. The pigs were housed in 
cages under temperature and light-controlled conditions 
(12-h light/dark cycle) and were provided with food and 
water ad libitum.

Anesthesia and euthanasia methods

The pigs were fasted for 12 h prior to surgery, with free 
access to water. Sedation with an intramuscular injection of 
xylazine (2.0 mg/kg) was followed by anesthetic induction 
with 5% inhalational isoflurane and 3.0 L/min oxygen. 
Anesthesia was maintained with 1–3% inhalational 
isoflurane. At the end of the observation period, phlebotomy 
from the inferior vena cava, under general anesthesia, was 
performed for euthanasia.

Experimental protocol

The experimental protocol is shown in Figure 1. After 
laparotomy via midline abdominal incision under general 
anesthesia, the parietal peritoneum was incised to expose 
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the left renal artery and vein. The left renal artery and vein 
were clamped together to initiate a warm ischemia injury 
for 120 min. The right renal vessels were clamped, and the 
right kidney was exposed to warm ischemia injury 60 min 
after the left kidney. During this time difference between 
the onset of ischemia time in the left and right kidneys, 
pre-IRI venous blood samples were obtained directly from 
the inferior vena cava by puncturing with a 21 G needle. 
Hemostasis was achieved only by compression of the 
puncture point of the vessel wall. Arterial blood samples 
could also be withdrawn directly from the catheter inserted 
into the internal carotid artery or the abdominal aorta by 
puncturing with a 21 G needle in the same way. After warm 
ischemia time for 120 min in the left kidney and 60 min 
in the right kidney, both renal vessels were unclamped to 
induce reperfusion injury. Post-IRI venous blood samples 
from the left and right kidneys with different ischemia 
times were obtained separately by puncturing the left and 
right renal veins directly. After renal cortical wedge biopsy 
specimens were obtained, the surgical incision was closed. 
On day 7, renal cortical wedge biopsy and venous blood 
sampling from renal vein puncture were performed under 
general anesthesia via midline abdominal incision in the 
same way as day 0. Venous blood samples were drawn from 
the subclavian vein on days 1, 3, 5, 7, 35, 56, and 84, and 
euthanasia was performed on day 84.

Hydrogen gas inhalation

Two of the four pigs were randomly assigned to the 
hydrogen gas group (n=2 in hydrogen group and n=2 
in control group). Pigs in the hydrogen group received 
intranasal hydrogen gas inhalation from 10 min before to 
30 min after unclamping the renal vessels. Pure hydrogen 
gas (100%) at 250 mL/min was inhaled from a handmade 
nasal cannula for pigs inserted under the veterinary 
anesthesia mask. In our previous study, we confirmed that 
the concentration of hydrogen gas was 8.3% of the inhaled 
volume and that the blood hydrogen saturation was 6.7–9.9% 
after 10 min of administration (7). Pigs in the control group 
were treated similarly to those in the hydrogen gas group 
except that they did not receive hydrogen gas inhalation.

Histological evaluation

Samples of renal cortical wedge biopsies and whole kidneys 
were fixed in 3.7% neutral formaldehyde solution, paraffin-
embedded, stained with hematoxylin eosin (HE) and 
Masson trichrome (MT), and histologically evaluated by 
two external pathologists (YT and HK; Septosapie Co., 
Ltd., Tokyo, Japan).

Regarding acute IRI, the areas of tubular necrosis, loss 
of the brush border, degeneration, cast formation, and 
tubule dilation were scored using a semiquantitative scale 
designed to evaluate changes in the kidney after IRI, which 
were scored as follows: 0=0–5%, 1=5–10%, 2=11–25%, 
3=26–45%, 4=46–75%, and 5=>76% (15). Five fields (200× 
magnification) were analyzed in each kidney at random.

Regarding interstitial fibrosis, the ratio of fibrotic areas 
in the MT-stained sections was calculated as follows: a 
single hot spot of fibrosis in MT-stained specimens was 
photographed at 40× magnification, and the image was 
analyzed using Image J version 1.52 software (National 
Institutes of Health, Bethesda, MD, USA) to extract the 
blue area of fibrosis and determine the ratio of fibrotic area 
(pixels) to the examination field (pixels) of view (16). Three 
sections of each kidney were selected at random.

Quantification of cell free DNA

Plasma of venous blood samples from the pre-IRI inferior 
vena cava and post-IRI renal veins were collected and 
stored at −80 ℃. DNA content was measured using the 
Quant-iTTM PicoGreen dsDNA Assay Kit (Thermo 
Fisher Scientific, Waltham, MA, USA), according to the 
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Figure 1 Protocol of a novel porcine ischemia/reperfusion model 
that induces different ischemia times in bilateral kidneys and 
subsequent reperfusion injury without threatening the lives of pigs.
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manufacturer’s instructions.

Statistical analysis

Statistical analyses were not performed because of the small 
sample size in the large animal model. Instead of statistical 
data, the raw data were represented.

Results

Post-operative course and trajectory of renal function

All pigs survived until the end of the observation period. 
The following analysis was performed using all data from all 
animals (n=2 in hydrogen group and n=2 in control group). 
Serum creatinine and urea nitrogen levels are shown in 
Figure 2. Serum creatinine and urea nitrogen levels were 
elevated until days 1–3 and then reduced to normal levels. 
We observed a period of appetite loss for a few days 
after days 0 and 7 surgeries, but this recovered gradually. 
Trajectories in renal function measurements from blood 
tests in the hydrogen gas and control groups were similar.

Acute phase evaluation of IRI

The mean increase in plasma DNA levels released from 
the kidneys by IRI (difference between post-IRI renal vein 
level and pre-IRI inferior vena cava level) was higher in the  
120 min ischemia kidneys than in the 60 min ischemia 
kidneys and decreased in the hydrogen gas group (Figure 3A).

Representative images of HE staining of the kidney 
cortex on days 0 and 7 are shown in Figure 3B. Almost all 
HE-stained kidney cortex specimens on day 0 showed severe 

tubular damage, including loss of the brush border, cast 
formation, and tubular dilation or necrosis. These findings 
slightly improved by day 7 (Figure 4). There appeared to be 
no difference between 60 and 120 min groups, or between 
hydrogen gas and control groups.

Chronic phase evaluation of IRI

Representative images of MT staining of the kidney cortex 
on day 84 are shown in Figure 5A. The ratio of fibrotic areas 
on MT staining was elevated in the 120 min ischemia group 
compared to that in the 60 min ischemia group (Figure 5B). 
No fibrosis inhibition was observed in the hydrogen gas 
group. Since partial scarring was observed in the area where 
the biopsy was taken, it was excluded from the calculation 
of the fibrotic area (Figure 5C).

Discussion

The present study demonstrated the first porcine IRI model 
that induced prolonged ischemia time and subsequent 
reperfusion injury without threatening the lives of pigs by 
subjecting the left and right kidneys to different ischemia 
times. This model allowed us to observe the different renal 
responses to two ischemia times from a single pig.

In this model, the amount of degraded DNA released 
from the kidneys; a marker of acute injury and long-
term renal interstitial fibrosis; a marker of chronic injury, 
appeared to increase in response to the ischemia time 
although this difference was not statistically significant.

There are some advantages to applying different 
ischemia times to both kidneys. First, applying different 
ischemia times to the left and right kidneys could provide 

Figure 2 Postoperative (A) serum creatinine and (B) urea nitrogen levels. Serum creatinine and urea nitrogen levels were elevated until days 
1–3 and decreased thereafter. Cre, creatinine; BUN, blood urea nitrogen.
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Figure 3 Acute phase evaluation of IRI. (A) Increased plasma DNA levels released from the kid-neys by IRI (difference between post-
IRI renal vein level and pre-IRI inferior vena cava level). The lines and error-bars show the mean and standard deviation, respectively. (B) 
Representative images of HE staining of kidney cortex at days 0 and 7. There appeared to be no difference be-tween 60 or 120 min, or 
between the hydrogen gas and control groups. Tubular damage was slightly improved by day 7 (scale bar, 50 μm). IRI, ischemia reperfusion 
injury; HE, hematoxylin eosin.
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randomly analyzed in each kidney. The percentage of the area affected was estimated for the number of necrotic cells, loss of the brush border, 
degeneration, cast formation, and tubule dilation were scored as follows: 0=0–5%, 1=5–10%, 2=11–25%, 3=26–45%, 4=46–75%, and 5=>76%.
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two-fold information and halve the number of pigs needed 
for experiments compared to simultaneous bilateral 
ischemia models or unilateral ischemia models in which 
the contralateral kidney is removed or left untreated. Since 
experiments with pigs are expensive and most researchers 

cannot afford a large number of pigs, it is desirable to obtain 
a comprehensive amount of information from a limited 
number of pigs. Second, the two kidneys from the same 
pig were considered almost equal, and their outcomes were 
easy to compare. In fact, in this study, the left and right 

Figure 5 Chronic phase evaluation of IRI. (A) Representative images and (B) the ratio of fibrotic areas of MT staining of kidney cortex on 
day 84. Three sections in each kidney were selected at random. The lines and error-bars show the mean and standard deviation, respectively. 
The ratio of fibrotic areas in MT staining was elevated in the 120 min ischemia group compared to the 60 min ischemia group (scale bar,  
200 μm). (C) Representative image of partial scarring in the area from which the biopsy was taken (MT staining; scale bar, 1 mm). IRI, 
ischemia reperfusion injury; MT, Masson trichrome.
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kidneys with different ischemia times showed differences in 
acute and chronic markers of renal IRI. Third, this model 
can reduce the mortality rate of pigs despite the bilateral 
induction of renal IRI. In a previous review, it was reported 
that unilateral nephrectomy along with ischemia for  
120 min in the contralateral kidney results in irreversible 
damage and increased animal mortality (13). In the present 
study, all animals survived until the end of the observation 
period because the contralateral kidney was only mildly 
damaged. In the field of kidney transplantation, the use of 
marginal grafts with long ischemia time is increasing due to 
the global shortage of organs, and there are opportunities 
to use kidneys with more than 120 min of warm ischemia 
time (17). Therefore, models that can safely induce a 
prolonged ischemia time of more than 120 min are required 
for research targeting such clinical scenarios. In this study, 
the right and left kidneys were subjected to 60 and 120 min 
of ischemia, respectively, and it may be possible to subject 
them to ischemia for longer than 120 min. However, there 
are also disadvantages. It was difficult to interpret the 
mixed results of the left and right kidneys when following 
up with peripheral blood samples, including creatinine or 
blood urea nitrogen. However, the condition of each kidney 
immediately before and after IRI can be evaluated by 
collecting renal venous blood or kidney biopsy specimens 
separately, as in this study. It is difficult to accurately 
determine long-term outcomes only from blood samples 
taken immediately after IRI. However, looking at future 
therapeutic interventions for renal IRI, local blood flowing 
out of the IR-injured kidney can be used for research to find 
new biomarkers or molecular mechanisms as a therapeutic 
target. Therefore, it is necessary to choose an appropriate 
model depending on the purpose.

Regarding the effect of hydrogen gas inhalation on renal 
IRI, the release of DNA from kidneys immediately after IRI 
appeared to be suppressed in the hydrogen group, although 
this could not be determined definitively at n=2 in each 
group. This was thought to be due to the suppression of 
tubular cell necrosis and subsequent necroinflammation. 
The biopsy pathology focusing on the cortex in this study 
did not show a difference in the tubular damage score; 
however, our previous evaluation of samples from the 
medulla on day 3 with 60 min of ischemia showed a slight 
but significant decrease (Figures S1,S2). The present study 
could not statistically demonstrate the effect of hydrogen 
gas on long-term renal fibrosis after IRI. Hydrogen 
gas is known to scavenge ROS (4), inhibit platelet  
adhesion (5), and reduce IRI in certain organs in various 

rodent models (6). Some researchers believe that the 
difference in response to therapeutic agents to IRI in large 
and small animals is due to differences in the immune 
system, which is a major component of the inflammatory 
response in acute kidney injury (18). Further studies in large 
animals are needed to determine whether hydrogen gas 
has an inhibitory effect on renal IRI, and when and how it 
should be administered.

The present study had several limitations. First, due to 
the high cost, we were only able to use four pigs. Because 
of the small sample size, we were not able to perform 
statistical analyses of the changes in outcomes with ischemia 
time or hydrogen gas in this novel model. Second, since 
the biopsies on days 0 and 7 were performed by resecting 
the wedge-shaped renal parenchyma the specimen did 
not contain medulla, therefore we could not evaluate the 
medulla. Performing a needle biopsy instead of a wedge 
biopsy, would allow for the evaluation of the medulla, and 
may produce more thorough results in this regard as renal 
ischemia has been reported to affect the medulla more than 
the cortex. Third, it could be possible that the renal IRI of 
one side alleviates the simultaneously induced renal IRI of 
the other side, although the mechanism of remote ischemic 
preconditioning has not been fully revealed (19). Although 
this problem could be true for all models of bilateral renal 
IRI, the results in the present model, in which the left and 
right kidneys were subjected to different ischemia times, 
need to be interpreted more carefully. This study is the first 
step towards establishing a new renal IRI model. We hope 
that this preliminary model will be further developed and 
utilized to provide researchers around the world conducting 
pig experiments with limited funds and facilities with 
reliable data.

In conclusion, we developed a novel model of ischemia/
reperfusion of the kidneys in pigs. Applying different 
ischemia times between the right and left kidneys allows 
safe induction of prolonged ischemia time and reduces the 
animal burden and costs. Further studies are needed to 
verify the effects of hydrogen gas on renal IRI.
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Figure S1 Protocol of a conventional model where 60 min ischemia and subsequent reperfusion injury are induced in the left kidney along 
with contralateral nephrectomy. This conventional protocol in which 60 min ischemia is induced by clamping left renal vessels followed by a 
right nephrectomy was used in the previous reports (12,20).

Figure S2 Histological evaluation of tubular damages of kidney cortex and medulla in the conventional model. Five fields of 200× 
magnification were analyzed in each of the three samples in each kidney at random. The percentage of the area affected was estimated for 
the number of necrotic cells, loss of the brush border, degeneration, cast formation, and tubule dilation were scored as follows: 0=0–5%, 
1=5–10%, 2=11–25%, 3=26–45%, 4=46–75%, and 5=>76%.

Day 3

Pig number 1 2 3 4 5 6

Hydrogen Hydrogen Hydrogen Control Hydrogen Control Control

Ischemia time, min 60 60 60 60 60 60

Score of cortex

5 5 5 4 5 4 5 4 5 5 5 5 5 5 5 5 5 5

5 5 5 5 4 5 5 5 5 5 5 5 5 5 5 5 5 5

5 5 5 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5

5 5 5 5 5 5 5 4 5 5 5 5 5 5 5 5 5 5

5 5 5 3 3 5 4 4 5 5 5 5 5 5 5 5 5 5

Mean 5 5 5 4.2 4.2 4.8 4.8 4.4 5 5 5 5 5 5 5 5 5 5

Score of medulla

4 5 5 5 4 5 4 5 5 2 4 4 4 5 5 5 4 3

5 5 5 5 4 4 5 5 5 3 4 4 5 5 5 5 5 3

4 5 5 5 4 4 5 5 5 4 4 5 5 4 5 5 4 3

4 5 5 4 5 4 5 5 5 5 4 4 5 5 5 5 5 5

2 5 4 5 4 4 4 4 5 5 5 4 5 5 5 5 4 5

Mean 3.8 5.0 4.8 4.8 4.2 4.2 4.6 4.8 5.0 3.8 4.2 4.2 4.8 4.8 5.0 5.0 4.4 3.8


