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Abstract

Objective

We aimed to study whether tolerance to irrigation pressure could be modified by evaluating

the oxidative damage of obstructed kidneys based on rabbit models experiencing different

degrees of hydronephrosis.

Methods

A total of 66 rabbits were randomly divided into two experimental groups and a control

group. In the experimental groups, the rabbits underwent a surgical procedure inducing mild

(group M, n=24) or severe (group S, n=24) hydronephrosis. In each experimental group, the

rabbits were then randomly divided into 4 subgroups (M0-M3 and S0-S3) consisting of 6

rabbits each. Group 0 received no perfusion. Groups 1 through 3 were perfused with 20, 60

and 100 mmHg fluid, respectively. For the control group, after a sham operation was per-

formed, the rabbits were divided into 4 subgroups and were perfused with fluid at 0, 20, 60

or 100 mmHg of pressure. Kidney injuries was evaluated by neutrophil gelatinase associ-

ated lipocalin (NGAL). Oxidative damage was assessed by analyzing superoxide dismut-

ase (Mn-SOD) activity, malondialdehyde (MDA) levels, glutathione reductase (GR),

catalase (CAT) and peroxide (H2O2) levels, mitochondrial injuries was assessed by mito-

chondrial membrane potential (MMP), the mitochondrial ultrastructure and tubular cell

apoptosis.

Results

In the experimental groups, all results were similar for groups 0 and 1. In group 2, abnormali-

ties were observed in the S group only, and the kidneys of rabbits in group 3 suffered oxida-

tive damage and mitochondrial injuries with increased NGAL, decreased Mn-SOD, GR and

PLOSONE | DOI:10.1371/journal.pone.0127143 June 19, 2015 1 / 15

OPEN ACCESS

Citation: Cao Z, Yu W, Li W, Cheng F, Rao T, Yao X,
et al. (2015) Oxidative Damage and Mitochondrial
Injuries Are Induced by Various Irrigation Pressures
in Rabbit Models of Mild and Severe Hydronephrosis.
PLoS ONE 10(6): e0127143. doi:10.1371/journal.
pone.0127143

Academic Editor: Utpal Sen, University of Louisville,
UNITED STATES

Received: October 18, 2014

Accepted: April 12, 2015

Published: June 19, 2015

Copyright: © 2015 Cao et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This study was supported by a grant from
the National Science Fund Project of China (NO:
81200501) and Dr Research Fund Project of Wuhan
University of China (NO: 2012302020203). Weimin
Yu received the funding.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0127143&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


CAT,increased MDA and H2O2, lower levels of MMP, mitochondrial vacuolization and an

increased apoptotic index.

Conclusion

In rabbits, severely obstructed kidneys were more susceptible to oxidative damage and

mitochondrial injury than mildly obstructed kidneys when subjected to higher degrees of kid-

ney perfusion pressure.

Introduction
Flexible ureterorenoscopy and percutaneous nephrolithotomy are widely used for the treat-
ment of kidney stones and present several advantages over open procedures including reduced
post-operational pain, minimal scar tissue and shorter hospitalization time [1,2]. These
endourological procedures require effective fluid perfusion pressure to obtain a clear opera-
tional visual field and to flush out kidney stone fragments. Guohua [3] reported that when
intrapelvic pressure exceeds 30 mmHg, pyelovenous lymphatic backflow could occur. Venous
outflow obstruction decreases glomerular filtration rate [4] and, in some instances, can result
in severe renal injury or acute kidney injury [5,6]. However, current recommendations suggest
the maintenance of perfusion pressure between 50 mmHg and 300 mmHg [7,8], which
includes a lower limit that exceeds the 30 mmHg that can cause kidney injury. We speculated
that the high pressure itself might induce renal oxidative damage and secondary loss of renal
function due to insufficient venous flow and compression of microvessels. Moreover, most
patients diagnosed with kidney stones also present with some degree of hydronephrosis, which
may lead to reduced renal function over time [9,10]. Hydronephrotic kidneys may be more sus-
ceptible to damage from an increase in kidney pressure during endourological procedures. In
this study, we investigated whether tolerance to irrigation pressure differs based on the degree
of hydronephrosis by evaluating oxidative damage indicators in rabbit kidneys that were
obstructed to different extents.

Materials and Methods

Animals and Groups
A total of 66 New Zealand white rabbits (weight 2.2±0.2 kg) were purchased fromWuhan
Institute of Biological Products Co., Ltd. (Wuhan, China). Our study protocol was approved by
the institutional review board of Wuhan University. Animal care and treatment were con-
ducted in accordance with the National Institutes of Health Guidelines for ethical animal
research.

Rabbits were randomly assigned to one of two experimental groups or one control group.
For the experimental groups, a surgical procedure inducing mild (group M, n = 24) or severe
(group S, n = 24) hydronephrosis was performed. After the procedure, the rabbits were ran-
domly assigned to one of 4 subgroups (M0 to M3 and S0 to S3) with each subgroup consisting
of 6 rabbits. Group 0 received no perfusion, whereas Groups 1 through 3 were perfused with
fluid at pressures of 20, 60 and 100 mmHg, respectively. For the control group (n = 18), rabbits
were randomly assigned to one of 3 subgroups (Ctrl 1, Ctrl 2 and Ctrl 3) with each group con-
sisting of 6 rabbits. After a sham operation was performed, the control rabbits were perfused
with fluid at a pressure of 20, 60, or 100 mmHg. Kidney injuries was assessed by the expression
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of neutrophil gelatinase associated lipocalin (NGAL). Kidney oxidative damage was assessed
by analyzing superoxide dismutase (Mn-SOD) activity, malondialdehyde (MDA) levels, gluta-
thione reductase (GR) levels, catalase (CAT) and peroxide (H2O2) levels. Kidney mitochondrial
injuries was assessed by mitochondrial membrane potential (MMP), mitochondrial ultrastruc-
tural changes, and tubular cell apoptosis.

Surgical manipulation
Hydronephrosis was induced as previously described by Wen et al. [11]. Briefly, the rabbits
were anesthetized via the marginal vein of the ear (30 mg/kg pentobarbital, iv). Animals were
fixed in a supine position on an electric warming blanket to maintain normal body tempera-
ture. The left ureter, left lumbar vein and psoas muscle were exposed by a midline abdominal
incision. For the mild hydronephrosis group, the upper fourth of the left ureter was buried in
the psoas muscle, and the edges of the muscle were then sutured over the ureter. For the severe
hydronephrosis group, a similar procedure was performed using the upper two-thirds of the
left ureter. The rabbits in the control group underwent the midline abdominal incision to
expose the left ureter, left lumbar vein and psoas muscle without burying the ureters. Two
weeks after the surgery, B-ultrasonography was used to confirm hydronephrosis. In The M and
S groups respectively, pyelic distention was 0.95±0.27 cm and 1.69±0.34cm and thickness of
parenchyma was 0.33±0.09 cm and 0.22±0.05 cm. These parameters were statistically different
between (p<0.05). After hydronephrosis was confirmed, a second laparotomy was performed.
The hydronephrotic kidney was surgically exposed, and a 0.7-gauge intravenous pediatric scalp
needle was inserted into the renal collecting system through the parenchyma to a depth of 4–5
mm. A physiological recorder (Biopac, MP150, US) was connected to the needle to record the
intrapelvic pressure. Another 4-5-mm-deep tract was dilated, and then a 1 mm diameter steel
needle was inserted into the tract, to which a pressure pump was connected (Laborie,
UDS64-III, Switzerland). A 37°C isotonic saline solution was used for perfusion. The M0
group and the S0 groups were punctured but were not perfused. Before perfusion, the intrapel-
vic pressures were measured in mild and severe hydronephrosis kidneys, they were respectively
10.48±1.95 mmHg and 15.86±2.87 mmHg. These differences were statistically significant
(p<0.05). Then groups 1, 2 and 3 were perfused at 20, 60 and 100 mmHg, respectively, for 8
minutes. After 8 minutes, the perfusion was stopped for 2 minutes. This cycle was repeated 4
times. After the perfusion, the psoas muscle obstruction was relieved, and the abdomen was
sutured closed. Rabbits were sacrificed using 150 mg/kg pentobarbital (20%) through the ear
marginal vein injection after 48 h, and the left kidneys were collected for biochemical and his-
tological evaluation.

Immunohistochemical staining and evaluation
Tissues were fixed in 10% buffered formalin overnight. Then, the tissues were embedded in
paraffin blocks from which 5-μm-thick sections were cut. The tissue slides were deparaffi-
nized by submerging the slides in xylene and then were rehydrated by using a graded ethanol
series. After microwave antigen retrieval and inactivating endogenous enzymes, slides were
incubated with primary antibodies NGAL (Santa Cruz Biotechnology, CA) over night in a
humidified chamber at 4°C. Then biotinylated secondary antibodies, horseradish peroxidase
and 3,30-diaminobenzidine (Zhongshan Golden Bridge Biotechonlogy, Beijing, China) were
added as the manufacture’s introduction. After being counterstained with hematoxylin, the
sections were purified with hydrochloric acid alcohol, dehydrated in a graded ethanol series,
cleaned in xylene, and mounted in gelatin. Immunostaining scores were evaluated by adding
the density and intensity scores [12]. The density score was obtained as the percentage of
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positive staining cells on each section. Sections were graded as follows: 0 (no staining), 1
(staining<25%), 2 (staining between 25% and 50%), 3 (staining between 50% and 75%), and
4 (staining>75%). The intensity score was graded as follows: 0 (no staining), 1 (weak but
detectable staining), 2 (distinct staining), and 3 (intense staining). All slides were imaged and
quantified by 3 pathologists in a blinded manner through Olympus IX 70 microscope (Olym-
pus Optical, Tokyo, Japan).

Superoxide dismutase, glutathione reductase, catalase
malondialdehyde and peroxide measurement
Tissues were homogenized by an Ultra-Turrax (T25, IKAH-Labortechnik, Staufen, Germany)
in 20 mmol/L Tris buffer (pH 7.4) containing 5 mM butylated hydroxytoluene (BHT) to pre-
vent new lipid peroxidation that can occur during homogenization. The homogenate was cen-
trifuged at 12000 × g at 4°C (Heraeus Biofuge Primo R, Karlsruhe, Germany), and the
supernatant was used to measure Mn-SOD and MDA activity levels. Mn-SOD, GR, CAT,
MDA and H2O2 were examined using standard assay kits (Nanjing Jiancheng Bioengineering
Institute, Jiangsu, China) according to the manufacturer’s instructions. One unit of Mn-SOD
was defined as enough protein for 50% inhibition of the rate of reduction based on the condi-
tions of the assay. The activity of Mn-SOD was expressed as U/mg. The level of GR, CAT,
MDA, and H2O2 were calculated based on the absorbance coefficient of the supernatant com-
plex and was expressed as mg/L, U/ml, μmol/g and nM/mg�ml-1.

Mitochondrial membrane potential detection
Mitochondrial membrane potential (MMP) was determined by using the 5,5’,6,6’-tetrachloro-
1,1’,3,3’-tetraethylbenzimidazolycarbocyanine iodide (JC-1, Beyotime Institute of Biotechnol-
ogy, Jiangsu, China). Briefly, renal tissue was digested in a trypsin-EDTA solution (Beyotime
Institute of Biotechnology, Jiangsu, China), and then the digestion was terminated by adding
bovine serum. Suspension cells were harvested and were loaded with 1×JC-1 at 37°C for 20
min, then the cells were washed and analyzed by flow cytometry (FACS Aria III, BD, New Jer-
sey, US). JC-1 is a membrane-permeable lipophilic dye that exists as J-aggregates in the mito-
chondrial matrix (red fluorescence) and as monomers in the cytoplasm (green fluorescence).
During mitochondrial depolarization, the red J-aggregates form green monomers due to a
change in ΔC. Thus, mitochondrial membrane potential can be measured as an increasing
green fluorescent/red fluorescent intensity ratio. When MMP levels are low, JC-1 exists mainly
as a monomer, which emits green fluorescence (excitation wavelength of 490 nm and emission
wavelength of 540 nm). When MMP levels are high, JC-1 exists mainly as a polymer, which
emits red fluorescence (excitation wavelength of 525 nm and emission wavelength of 590 nm).
[13–15] The value of MMP was expressed as the ratio of red fluorescence intensity to green
fluorescence intensity.

Kidney ultrastructure by electron microscopy
Dissected tissues were fixed with 2.5% glutaraldehyde, rinsed three times in 0.1 M phosphate
buffer, postfixed in 1% buffered osmium tetroxide and then rinsed in 0.1 M phosphate buffer.
Subsequently, tissues were dehydrated by incubating the tissue in graded alcohol, and the dehy-
drated tissue was embedded in epoxy resin. Thin tissue sections were cut by using an ultrami-
crotome (LKB, Bromma, Kista, Sweden) and were stained with uranyl acetate and lead citrate.
Ultrastructural changes were observed and were photographed using a transmission electron
microscope (H-600, Hitachi, Tokyo, Japan).
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Apoptosis detection
Tissues were fixed in 10% buffered formalin overnight. Then, the tissues were embedded in
paraffin blocks from which 5-μm-thick sections were cut. The tissue slides were deparaffinized
by submerging the slides in xylene and then were rehydrated by using a graded ethanol series.
Apoptosis was assessed by using the terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate-biotin nick-end labeling (TUNEL) with the In Situ Apoptosis Detection kit
(Roche Applied Science, Basel, Switzerland). The apoptotic index was calculated based on the
percentage of positive apoptotic nuclei in five high-power fields of view per tissue section).

Statistical Analysis
All data are expressed as the means ± SD. Statistical significance was assessed by ANOVA with
subsequent S-N-K test using SPSS (19.0) software. For all analysis, p-values less than 0.05 were
considered statistically significant.

Results

NGAL Expression of hydronephrotic kidneys after perfusion
Significant cytoplasmic expression of NGAL was induced by high perfusion (Fig 1A). In M
group, NGAL expression was similar at 0, 20 and 60 mmHg (Fig 1B, p>0.05), but increased at
100 mmHg (Fig 1B, p< 0.05). In S group, NGAL expression was similar at 0 and 20 mmHg
(Fig 1C), but increased at 60 and 100 mmHg (Fig 1C). No significant difference in NGAL
expression were observed between S2 and S3 groups (p>0.05).

Effect of perfusion of hydronephrotic kidneys on Mn-SOD GR, CAT,
MDA and H2O2 content in tissues
High perfusion resulted in decreased levels of Mn-SOD, GR, CAT and increase levels of MDA
and H2O2 in renal tissues of group M3, S2 and S3(Fig 2A and Fig 2B). Mn-SOD, GR, CAT,
MDA and H2O2 levels were comparable in Ctrl 1, Ctrl 2 and Ctrl 3, and thus, we combined
these groups for our analysis. Mn-SOD, GR, CAT, MDA and H2O2 levels levels in the rabbits
with mild hydronephrosis perfused with fluid at pressures of 0 mmHg, 20 mmHg and 60
mmHg were also comparable, They were also comparable in rabbits with severe hydronephro-
sis perfused with fluid at pressures of 0 mmHg and 20 mmHg (p>0.05, Fig 2B). In rabbits with
mild hydronephrosis, Mn-SOD, GR and CAT levels decreased when the perfusion pressure
increased to 100 mmHg (p<0.05, Fig 2A), however, the MDA and H2O2 levels increased in
this group when subjected to a perfusion pressure of 100 mmHg (p<0.05, Fig 2A). In rabbits
with severe hydronephrosis, the Mn-SOD, GR and CAT levels decreased when subjected to
perfusion pressure of 60 mmHg or 100 mmHg (p<0.05, Fig 2B); however, the MDA and H2O2

levels in this group increased when subjected to perfusion pressure of 60 mmHg or 100 mmHg
(p<0.05, Fig 2B).

Effect of perfusion of hydronephrotic kidneys on MMP levels
A decrease in MMP levels is considered an event of early apoptosis. To better illustrate the dys-
function of mitochondria in kidneys subjected to high perfusion pressure, MMP was measured
in kidneys by using flow cytometry and JC-1 staining. A decrease in MMP is indicated by a
decreased in the ratio of red fluorescence (JC-1 polymer) to green fluorescence (JC-1 mono-
mer). Fig 3A shows the ratio of red fluorescence and green fluorescence of renal cells as deter-
mined by flow cytometry. Red fluorescence decreased and green fluorescence increased as the

Kidney Injury Induced by Irrigation Pressure

PLOS ONE | DOI:10.1371/journal.pone.0127143 June 19, 2015 5 / 15



Fig 1. Expression of NGAL in the kidneys perfused at different pressures in rabbits with mild and severe hydronephrosis. A: NGAL expression
(×400), the brown fields in the cytoplasm represented NGAL expression. B: Immunostaining scores of NGAL with different perfusion pressure in mildly kidneys
(M group). C: Immunostaining scores of NGAL with different perfusion pressure in severely obstructed kidneys (S group). The bars represent means±SE;
5p<0.05 compared with the M0 group. #p<0.05 compared with the S0 group. Ctrl: normal kidneys perfused with 20mmHg, 60mmHg or 100 mmHg. M0, M1,
M2, and M3 represent rabbits with mild hydronephrosis subjected to perfusion pressure of 0 mmHg, 20mmHg, 60mmHg and 100mmHg, respectively. S0, S1,
S2, S3 represent rabbits with severe hydronephrosis subjected to perfusion pressure of 0 mmHg, 20mmHg, 60mmHg and 100 mmHg, respectively.

doi:10.1371/journal.pone.0127143.g001
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perfusion pressure in obstructed kidneys increased. MMP was higher in the control group than
in all mild and severe hydronephrosis groups (p<0.05). Furthermore, all control groups were
similar with respect to MMP; thus, we grouped them together. In rabbits with mild hydrone-
phrosis, the MMP levels were similar at 0 mmHg, 20 mmHg, and 60 mmHg (p>0.05) but were
significantly lower at 100 mmHg (p<0.05, Fig 3B). In rabbits with severe hydronephrosis, the
MMP levels were similar at 0 mmHg and 20 mmHg but were significantly lower at 60 mmHg
and 100 mmHg (p<0.05, Fig 3C). In rabbits with severe hydronephrosis, the MMP levels were
similar between the 60 mmHg and 100 mmHg subgroups (p>0.05, Fig 3C).

Changes in the ultrastructure of the mitochondria
To investigate the mitochondrial damage in the tubular cells in kidneys stimulated by perfusion
pressure, the percentage of swollen and vacuolar mitochondria were counted in five random
fields of view for each section. Fig 4A shows the swollen and vacuolar mitochondria at different
perfusion pressures in rabbits with mild and severe hydronephrosis. In the control groups, the
amount of swollen and vacuolar mitochondria was much lower than in all other groups, Fur-
thermore, all of the control groups were comparable, and thus we grouped them together for
our analysis. In rabbits with mild hydronephrosis, the percentage of swollen and vacuolar
mitochondria was similar at 0 mmHg, 20 mmHg, and 60 mmHg (p>0.05) but was significantly
increased at 100 mmHg (p<0.05, Fig 4B). In rabbits with severe hydronephrosis, the percent-
age of swollen and vacuolar mitochondria was similar at 0 mmHg and 20 mmHg but was sig-
nificantly increased at 60 mmHg and 100 mmHg (p<0.05, Fig 4C).

Apoptotic index analysis
Significant tubular apoptosis was induced by high-pressure perfusion (Fig 5). Apoptotic cells
were observed less frequently in the control groups (Fig 5A), and the apoptotic index of the
control groups was lower than all mild and severe groups (p<0.05). We observed no significant
differences among the control groups, and thus we grouped them together for our analysis. In

Fig 2. Levels of Mn-SOD, GR, and CAT, MDA and H2O2 in the kidneys perfused at different pressures in rabbits with mild and severe
hydronephrosis. A: Activity of Mn-SOD, GR, CAT, MDA, H2O2 in rabbits with mild hydronephrosis. B: Activity of Mn-SOD, GR, CAT, MDA, H2O2 in rabbits
with severe hydronephrosis.5p<0.05 compared with the M0 group. #p<0.05 compared with the S0 group. Ctrl: normal kidneys perfused with 20 mmHg, 60
mmHg or 100 mmHg. M0, M1, M2, and M3 represent rabbits with mild hydronephrosis subjected to perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and
100 mmHg, respectively. S0, S1, S2, S3 represent rabbits with severe hydronephrosis subjected to perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and
100 mmHg, respectively.

doi:10.1371/journal.pone.0127143.g002
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Fig 3. Mitochondrial membrane potential (MMP) of renal cells subjected to different amounts of pressure in mild and severe hydronephrosis. PE-A
Represented red fluorescence, FITC-A represented green fluorescence. MMP values were expressed as the ratio of red fluorescence intensity (Q2) to the
green fluorescence intensity (Q4). A: MMP analysis by flow cytometry in rabbits with mild and severe hydronephrosis. B: MMP of renal cells in rabbits with
mild hydronephrosis. C: MMP of renal cells in rabbits with severe hydronephrosis.5p<0.05 compared with the M0 group. #p<0.05 compared with the S0
group. Ctrl: normal kidneys perfused with 20 mmHg, 60 mmHg and 100 mmHg. M0, M1, M2, and M3 represent rabbits with mild hydronephrosis subjected to
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rabbits with mild hydronephrosis, the apoptotic index was similar at 0 mmHg, 20 mmHg and
60 mmHg (p>0.05) but was significantly increased at 100 mmHg (p<0.05, Fig 5B). In rabbits
with severe hydronephrosis, the apoptotic index was similar at 0 mmHg and 20 mmHg but
was significantly increased at 60 mmHg and 100 mmHg (p<0.05, Fig 5C). The tubular apopto-
tic index in rabbits with severe hydronephrosis was similar between the 60 mmHg and 100
mmHg groups (p>0.05, Fig 5C).

Discussion
High pressure is often used during endourological interventions, however, our results show
that oxidative damage can occur above a specific pressure threshold. Our results also show that
oxidative damage occurs more often in kidneys that show a greater extent of obstruction.
These results indicate that kidneys with severe hydronephrosis might have a decreased capacity
to withstand perfusion pressure and could more easily suffer oxidative damage during endour-
ological procedures.

In our study, the surgical conditions of endourological human procedures were imitated in
rabbits. Our models are especially representative of flexible ureterorenoscopy and percutane-
ous nephrolithotripsy; however, inherent limitations related to our animal models exist. A
potential limitation is that the perfusion pressures used in our study may not be physiologically
relevant to the kidney perfusion pressures that could be applied in humans due to differences
in kidney cell tolerance. Furthermore, the level of obstruction was not quantified in our study,
and the level of obstruction might be different from the obstruction observed in humans.
Whether certain kidney injuries due to perfusion can be reversed or whether perfusion injury
would result in a permanent decline in kidney function remains unknown. However, our
results demonstrated that kidney oxidative damage and mitochondrial injuries were more
likely to occur in obstructed kidneys and that these damage are more extensive as the obstruc-
tion becomes more severe. Our results also suggest that further studies should be conducted to
confirm the optimal kidney perfusion pressure that should be used to prevent kidneys from
experiencing oxidative damage while maintaining an adequate field of view and sufficient pres-
sure to remove kidney stones. Though a maintainence pressure of 50–300 mm Hg was recom-
mended human [7,8], rabbits kidneys oxidative damage and mitochondrial injuries could
occurred when the perfusion pressure exceeded 100 mmHg and 60 mmHg respectively in mild
and severe hydronephrosis kidneys of our study.

Renal venous outflow obstruction is more detrimental to kidneys than arterial obstruction
due to ischemia/reperfusion injury [6,16]. Standard perfusion pressure (50–300 mmHg) is typ-
ically used for endourological procedures, which might cause high intrapelvic pressure [3,
17,18]. However, intrapelvic pressure that exceeds 30 mmHg may induce pyelovenous back-
flow [3]. Pyelovenous backflow limits venous outflow to a certain extent, and renal microves-
sels become compressed by the perfusion pressure, which decreases the blood supply to the
renal parenchyma. Both of these factors lead to ischemia/reperfusion damage to the kidney.

NGAL is a sensitive biomarker during the process of acute kidney injury. It occurred in
proximal tubule within 3 h after kidney injury, then it relase to plasma within 12 h [19]. In our
study, increased NGAL expression were observed in rabbits with mild hydronephrosis sub-
jected to 100 mmHg perfusion pressure and in rabbits with severe hydronephrosis subjected to
60 and 100 mmHg perfusion pressure. These results suggest that the renal tubule was damage
when kidneys are severely obstructed relative to kidneys that are mildly obstructed.

perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and 100 mmHg, respectively. S0, S1, S2, and S3 represent rabbits with severe hydronephrosis
subjected to perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and 100 mmHg, respectively.

doi:10.1371/journal.pone.0127143.g003
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Fig 4. Ultrastructural changes of the mitochondria. A: Swollen and vacuolar mitochondria in rabbits with mild and severe hydronephrosis under different
perfusion pressures (×10000), the arrows showed the swollen and vacuolar mitochondria. B: Percentage of swollen and vacuolar mitochondria in rabbits with
mild hydronephrosis. C: Percentage of swollen and vacuolar mitochondria in rabbits with severe hydronephrosis.5p<0.05 compared with the M0 group.
#p<0.05 compared with the S0 group. Ctrl: normal kidneys perfused with fluid at 20 mmHg, 60 mmHg and 100 mmHg. M0, M1, M2, and M3 represent rabbits
with mild hydronephrosis subjected to perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and 100 mmHg, respectively. S0, S1, S2, and S3 represent
rabbits with severe hydronephrosis subjected to perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and 100 mmHg, respectively.

doi:10.1371/journal.pone.0127143.g004
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Fig 5. Apoptosis in rabbits with mild and severe hydronephrosis subjected to different perfusion
pressures. A: Apoptosis of renal cells in rabbits with mild and severe hydronephrosis after being perfused
with fluid at different pressures (×400). B: Percentage of apoptotic cells in rabbits with mild hydronephrosis.
C: Percentage of apoptotic cells in rabbits with severe hydronephrosis.5p<0.05 compared with the M0
group. #p<0.05 compared with the S0 group. Ctrl: normal kidneys perfused with 20 mmHg, 60 mmHg and
100 mmHg. M0, M1, M2, and M3 represent rabbits with mild hydronephrosis subjected to perfusion pressure
of 0 mmHg, 20 mmHg, 60 mmHg and 100 mmHg, respectively. S0, S1, S2, and S3 represent rabbits with
severe hydronephrosis subjected to perfusion pressure of 0 mmHg, 20 mmHg, 60 mmHg and 100 mmHg,
respectively.

doi:10.1371/journal.pone.0127143.g005
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Reactive oxygen species (ROS) are mediators of tissue damage such as ischemic injuries and
inflammatory insults, and ROS accumulation is extremely detrimental to cellular health [20–
21]. Superoxide dismutase (SOD) is an antioxidant enzyme capable of transforming free radi-
cals or reactive oxygen species intermediates into non-radical products, which consequently
protects tissues against the toxic effects of superoxide radicals [22–23], Mn-SOD is highly
expressed in mitochondria. It is critical for mitochondria suppression of oxidative damage, it
could remove toxic superoxide anions in mitochondrial matrix and prevent superoxide anions
from damage electron transport chain [24–26]. The antioxidant potential in tissue may be
determined by using the Mn-SOD, GR, and CAT levels as a surrogate. Malondialdehyde
(MDA) is a product of oxidative stress-mediated lipid peroxidation in renal tissue,it causes sig-
nificant mitochondrial dysfunction by inhibition of respiration and inactivation of important
enzymes in the mitochondria, such as Pyruvate dehydrogenase (PDH), α-Ketoglutaric dehy-
drogenase (KGDH), complexes I and II. MDA could also increase mitochondrial decay, espe-
cially, oxidative mitochondrial damage, including lipid peroxidation, protein oxidation and
DNA damage [27,28] and the damage that ROS impart on tissue could be quantitatively shown
by using MDA levels as a surrogate [29]. During the process of oxidative stress, hydrogen per-
oxide (H2O2) is an important member of ROS, glutathione (GSH) reacts with H2O2 formed
glutathione disulfide (GSSG), glutathione reductase (GR) sustains the GSH/GSSG cycle to
facilitate the transfer of electrons from glucose to H2O2 to eliminate H2O2, thus preventing oxi-
dative damage [30]. Catalase is also is an important endogenous antioxidant enzyme that cata-
lyzes H2O2 detoxification [31]. In our study, decreased Mn-SOD, GR, CAT levels and
increased MDA, H2O2 levels were observed in rabbits with mild hydronephrosis subjected to
100 mmHg perfusion pressure and in rabbits with severe hydronephrosis subjected to 60 and
100 mmHg perfusion pressure. These results suggest that the ability to tolerate perfusion pres-
sure decreases when kidneys are severely obstructed relative to kidneys that are mildly
obstructed. However, the Mn-SOD, GR, CAT levels were higher and the MDA, H2O2 levels
were lower in all hydronephrotic groups relative to the control rabbits, suggesting that normal
kidneys show better tolerance for perfusion pressure.

Maintaining the mitochondrial membrane potential (MMP) is critical for cellular viability
[32]. A loss of MMP causes the opening of the mitochondrial permeability transition pore
(mPTP) and subsequent mitochondrial content leakage. Due to the opening of the mPTP, apo-
ptosis-activating factors such as cytochrome c are released, and the intrinsic pathway of apo-
ptosis is triggered [33–35]. A decrease in MMP is considered indicative of early apoptosis. In
our study, the MMP decreased in the mild hydronephrosis group upon exposure to perfusion
pressure of 100 mmHg, and the MMP decreased in the severe hydronephrosis group upon
exposure to perfusion pressure of 60 and 100 mmHg. These results are consistent with the apo-
ptosis indicators, the apoptotic index increased in the mild hydronephrosis group when sub-
jected to perfusion pressure of 100 mmHg, and the apoptotic index increased in the severe
hydronephrosis group when subjected to perfusion pressure of 60 and 100 mmHg.

We also observed an increase in mitochondria that were swollen and vacuolar in the mild
hydronephrosis group subjected to perfusion pressure of 100 mmHg, and we observed an
increase in damaged mitochondria in the severe hydronephrosis group subjected to perfusion
pressure of 60 and 100 mmHg. As cells lose the MMP, the influx of small molecules leads to
mitochondrial swelling and vacuolization, which induces mitochondrial collapse followed by
the leakage of cytochrome c, cell death and an ATP production decrease [36,37]. When accom-
panied by mitochondrial damage, the tolerance of obstructed kidneys to perfusion pressure
decreases due to an increase of apoptotic cells and a decrease in ATP production.

Our study suggests that normal kidneys are able to better tolerate perfusion pressure than
obstructed kidneys, and severely obstructed kidneys are more poorly tolerant of perfusion
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pressure than mildly obstructed kidneys. Hydronephrosis results in tubular dilatation, glomer-
ulosclerosis, a decrease in renal blood flow, inflammation and subsequent fibrosis [38–40]. We
speculated that differences in tolerance to perfusion pressure in obstructed kidneys was con-
nected with the extent of obstruction in the kidneys; thus, based on our results, the mechanisms
responsible for the decrease in tolerance to perfusion pressure should be further studied.

Conclusion
In rabbits, severely obstructed kidneys suffer more intense oxidative damage and mitochon-
drial injury than mildly obstructed kidneys in the presence of perfusion pressure. Pressure
should be maintained at the lowest effective level possible during processes such as flexible ure-
terorenoscopy or percutaneous nephrolithotripsy.

Supporting Information
S1 Excel. Original data. All of the original experiment data of the article were contained in the
S1 Excel.
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