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 Abstract 
 p53 plays a major role in apoptosis through activation of pro-apoptotic gene Bax. It also regulates apurinic/apyrimidinic 
endonuclease (APE) expression in the base excision repair pathway against oxidative DNA damages. This study investigated 
whether p53-dependent apoptosis is correlated with APE using an experimental rat model of hydronephrosis. Hydroneph-
rosis was induced by partial ligation of the right ureter. Animals were sacrifi ced on scheduled time after unilateral ureteral 
obstruction and the expression of 8-OHdG,   γ  -H2AX, apoptotic proteins and APE was determined. The accumulated p53 
activated Bax and caspase-3 7 days after hydronephrosis induction and the resulting high levels of p53-dependent apoptotic 
proteins and   γ  -H2AX tended to decrease APE. The intensities of 8-OHdG and caspase-3 immunolocalization signifi cantly 
increased in obstructed kidneys than in sham-operated kidneys, although APE immunoreactivity increased after hydrone-
phrosis induction. These results suggest that oxidative DNA damages in obstructed kidneys may trigger p53-dependent 
apoptosis through repression of APE.  

  Keywords:   APE  ,   apoptosis  ,   hydronephrosis  ,   p53   
  Introduction 

 Obstructive uropathy refers to any obstruction of 
urinary fl ow. An established animal model of obstruc-
tive uropathy can be created by unilateral ureteric 
obstruction, which causes hydronephrosis (HN) [1,2], 
while the intact contralateral kidney undergoes com-
pensatory growth [3,4]. HN may cause cell injury 
and death in all components of the nephron. Tubular 
apoptosis is a principal consequence of HN [2] and 
proximal tubular cells undergo necrosis also [5,6]. 
Reactive oxygen species (ROS) produced during the 
development of HN are thought to be at least partially 
responsible for apoptosis [7,8]. Caspase-dependent 
apoptosis in renal tubular cells has been linked to 
increases in oxidative stress [9]. 
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 The initial response to oxidative DNA damage is 
to repair the damage; however, with increasing levels 
of DNA damage the affected cell may switch to cell 
cycle arrest or apoptosis [10]. Recently, DNA double-
strand breaks (DSB) were suggested to be the main 
mechanism of HN [11]. In that study, the expression 
of   γ  -H2AX, a DSB marker, increased with the level 
of the pro-apoptotic factor p53 3 weeks after the ini-
tiation of HN. Apoptotic responses did not prevent 
the development of HN, although similar results were 
also observed with non-homologous end joining 
(NHEJ), Ku70 and Ku80. The expression of these 
proteins in the tubules exceeded that in the glomeruli. 
However, the effi ciency of NHEJ in DSB repair is 
poor in rat kidney and liver [12] and this could cause 
Medicine, Jeju National University, Jeju-Do 690-756, Republic of 
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DNA damage in experimental HN. Thus, we hypoth-
esized that a more effective DNA repair system should 
work against oxidative DNA damages in the kidney. 

 Base excision repair (BER) is a major DNA repair 
pathway protecting cells against single-base DNA 
damage due to oxidative stress [10]. In response to 
ROS-induced DNA damage, 8-oxo-deoxyguanine 
(8-oxodG) is produced and the damage is repaired 
primarily via 8-oxoguanine-DNA glycosylase (Ogg1). 
An apurinic/apyrimidinic (AP) site can also be gener-
ated by oxidative stress and AP endonuclease (APE 
or redox factor-1) is involved in BER. APE is a multi-
functional protein that acts as a transcriptional regu-
lator of p53 [10,13] and as a  trans -acting factor in 
repression of the human renin gene [14]. A recent 
study [15] of human embryonic kidney 293 cells sug-
gested that APE is required for cellular defense 
responses and that silencing of APE increases apop-
tosis following oxidative stimulation. 

 Previous studies have suggested that renal tubular 
apoptosis and APE are associated with experimental 
HN, because APE is expressed ubiquitously at a rela-
tively high level in the rat kidney [16]. Transforming 
growth factor-  β  1 (TGF-  β  1) mediates the injurious 
effects of obstructive uropathy [17] through p53, 
which is a major protein involved in cellular apoptosis 
via activation of the pro-apoptotic gene, Bax [18,19] 
and also regulates APE expression [20]. Therefore, we 
hypothesized that there is a close relationship between 
APE and p53 in the development of HN. We investi-
gated whether p53-dependent apoptosis is correlated 
with the appearance of APE and in which cells oxida-
tive damage, apoptosis and APE appear in response 
to obstructive nephropathy.   

 Materials and methods  

 Animals and treatments 

 The experiments were performed using 3-month-old 
male Sprague-Dawley rats (Experimental Animal 
Center, Chosun University, Gwangju, Republic of 
Korea). The animals were housed under standard 
conditions in a controlled environment with a 12-h 
dark – light cycle, with free access to food and water 
 ad libitum . All experimental procedures and care of 
animals were conducted in accordance with the 
guidelines of Chosun University ’ s Animal Care and 
Use Committee. 

 An HN model was created as previously described 
[11,21]. Briefl y, rats were anaesthetized by intraperi-
toneal injection with sodium pentobarbital (30 mg/
kg) before midline laparotomy. The right ureter was 
exposed and partially ligated to an external diameter 
of 50% of its original size with a 3-0 silk suture, which 
was made by a metal probe of 0.8 mm in diameter 
and placed at the transition of the proximal to distal 
ureter. After tying the ligature, the probe was carefully 
removed and the ureter was allowed to expand against 
the loop of the suture. 

 A sham-operation was performed in the same way, 
except for the ligation. The kidneys of the sham-
operated rats and the contralateral kidneys of the rats 
with obstructive uropathy served as controls. The 
results were evaluated 1 week after the induction of 
HN by Western blotting and immunohistochemistry. 
The time course of developing HN was established 
by sacrifi cing rats 3, 5 and 7 days after the surgery.   

 Antibodies 

 The primary antibodies used in this study were: poly-
clonal anti-p53 (1:500; Santa Cruz biotechnology 
Inc., Santa Cruz, CA), polyclonal anti-Bax (BD 
Bioscience Pharmingen, San Diego, CA), polyclonal 
anti-cleaved caspase-3 (Cell Signaling Technology Inc. 
Danvers, MA), monoclonal anti-Ku70 (BD Biosci-
ence Pharmingen), monoclonal anti-phospho-Histone 
H2AX (  γ  -H2AX, Millipore, Billerica, MA), monoclo-
nal anti-APE (Santa Cruz Biotechnology Inc.), mono-
clonal anti-8-hydroxy-2 ’ -deoxyguanosine (8-OHdG, 
JaICA, Shizuoka, Japan) and polyclonal anti-  β  -actin 
(1:1000; Santa Cruz Biotechnology Inc.).   

 Western blotting 

 Isolated kidney sections were suspended in 1 ml of 
cold homogenizing buffer (20 mM HEPES (pH 7.4), 
2 mM EGTA, 50 mM glycerol phosphate, 1% Triton 
X-100, 10% glycerol, 1 mM dithiothreitol, 1 mM 
phenylmethylsulphonyl fl uoride, 10 g/ml leupeptin, 
10 g/ml aprotinin, 1 mM Na 3 VO 4  and 5 mM NaF) 
containing a protease inhibitor cocktail (Roche 
Diagnostics, Mannheim, Germany) and homogenized 
three times using an ultrasonic cell disruptor (Branson 
Ultrasonics Co., Danbury, CT) for 30 s in 30 s inter-
vals, then centrifuged at 10 000  �   g  for 10 min at 
4 ° C. The protein concentrations of the supernatants 
were determined using a Bio-Rad protein assay kit 
(Bio-Rad, Hercules, CA). An aliquot of the superna-
tant (30  μ g protein) was then suspended in 20  μ l 
loading buffer composed of a 1:1 mixture (v/v) of 
the above homogenizing buffer and sample buffer 
(50 mM Tris – HCl (pH 6.5), 0.5 mg/ml bromophenol 
blue, 10% glycerol, 10% SDS and 1%   β  -mercapto-
ethanol). This was then boiled for 5 min at 100 ° C, 
subjected to 10% SDS-PAGE and transferred to 
polyvinyldifl uoridine membranes (GE Healthcare 
Bio-Sciences Corp., Piscataway, NJ). 

 Immunoblotting was carried out with each primary 
antibody. The horseradish peroxidase-linked second-
ary antibodies (GE Healthcare Bio-Sciences Corp.) 
were diluted 1:4000. The blotted proteins were then 
detected using the iNtRON Biotech Enhanced 
Chemiluminescence Detect System (Seoul, Republic 
of Korea) and quantifi ed using ImageQuant 350 
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(GE Healthcare Korea, Seoul, Republic of Korea). 
The data expressed as densitometric units of each 
primary antibody relative to   β  -actin and in reference 
to the value of the control sample for each gel.   

 Cytoarchitecture and immunohistochemistry 

 After fi xation with 4% paraformaldehyde, the kidneys 
were embedded in paraffi n wax (Tissue-Tek, Sakura, 
Japan) using standard procedures. Next, 5- μ m-thick 
serial sections were cut using a Leica RM 2155 rotary 
microtome (Nussloch, Germany) and mounted on 
slides coated with 3-aminopropyl-tri-ethoxy-silane 
(Sigma-Aldrich, St Louis, MO). Randomly selected 
samples were stained with the Harris ’ s haematoxylin 
and eosin (Sigma-Aldrich) for 4 min and 20 s, respec-
tively, using a routine protocol. 

 Immunohistochemical staining was carried out by 
the routine method. In brief, incubation with pri-
mary antibodies was performed for 48 h at 4 ° C. 
The binding was visualized using an ImmPRESS TM  
avidin-biotin-peroxidase kit (Vector Laboratories 
Inc., Burlingame, CA) according to the manufactur-
er ’ s instructions. Omission of incubation with the 
primary or secondary antibody served as a control for 
false-positives. Immunolabelled images were cap-
tured directly using a C-4040Z digital camera and 
Olympus BX-50 microscope (Olympus Corp., Tokyo, 
Japan). The captured images were saved and subse-
quently processed using Adobe Photoshop (Adobe 
System, San Jose, CA). The brightness and contrast 
of the images were adjusted only for the purpose of 
background consistency.   

 Statistical analysis 

 Three independent densitometric results are expressed 
as mean  �  SE. Statistical signifi cance was assessed 
by one-way analysis of variance (ANOVA) with 
Bonferroni test between time courses. All statistical 
analyses were conducted using SPSS, version 12.0 
(SPSS, Chicago, IL). A  p -value of less than 0.05 was 
taken as statistically signifi cant.    

 Results 

 Experimental HN resulted in cyst formation in 
ipsilateral kidney (Figure 1A) with tubular dilatation, 
fl attening of the epithelium and deterioration of the 
glomeruli (Figure 1C). No signifi cant changes were 
  Figure 1.     Macroscopic and microscopic features of experimental hydronephrosis. Partial ureteric obstruction caused cyst formation 
(arrows in A) in the ipsilateral kidney but had little effect on the contralateral kidney (A) 1 week after surgery. Compared to control kidneys 
(B), obstructed kidneys showed degenerative changes in the glomeruli (arrows in B and C) and tubules of the renal cortex. Note 
the dilated lumen of distal tubules and collecting ducts (C). Cell deaths (dotted line) were the main fi nding 3 weeks after surgery (D). 
SB  �  100  μ m.  
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noted 1 week after surgery in the sham-operated and 
contralateral kidneys (Figure 1B). Time-dependent 
cystic changes were not observed until 3 weeks 
after the induction of experimental HN, but cell 
deaths in all components of the nephron were noted 
(Figure 1D). 

 In the second part of the study, Western blot anal-
ysis (Figure 2) and immunohistochemistry (Figure 3) 
were done 1 week after surgery. p53, Bax and cleaved 
caspase-3 were higher in ipsilateral kidneys than in 
sham-operated and contralateral kidneys (Figure 2, 
left column). Similary   γ  -H2AX, Ku70 and APE were 
higher in ipsilateral kidneys during the development 
of HN (Figure 2, right column). Neither apoptotic 
proteins nor DNA repair proteins changed consider-
ably in contralateral kidneys after HN induction. 
Immunohistochemical markers for 8-OHdG, cleaved 
caspase-3 and APE were mainly seen in the distal 
tubules and collecting ducts of sham-operated kid-
neys (Figure 3, left column). Immunolocalizations 
were noted across the entire nephron, including the 
glomeruli and proximal tubules, in ipsilateral kidneys 
during HN (Figure 3, right column). 

 Lastly, we observed a trend toward a negative cor-
relation among apoptotic proteins (Figure 4, upper 
column),   γ  -H2AX and APE in developing HN 
(Figure 4, lower column). The level of p53 rose 
during the course of the experiment; however, the 
change was not statistically signifi cant. The level of 
Bax signifi cantly increased after 7 days (1.93  �  0.03) 
compared to the sham-operated kidneys. The cleaved 
caspase-3 level rose considerably 3 days (1.63  �  0.38) 
and 7 days (4.2  �  0.55) after HN surgery compared 
to sham-operated kidneys and 3 days compared to 
7 days after HN creation, respectively. As a conse-
quence, the level of p53-dependent caspase-3 activa-
tion was considerable 7 days after surgery, when 
APE decreased. Densitometric results showed that 
APE was signifi cantly elevated 3 days (1.63  �  0.09) 
after HN induction, but considerably lower 7 days 
(1.13  �  0.12) after HN surgery compared to 3 days 
after HN operation.   γ  -H2AX tended to increase until 
7 days (2.57  �  0.34) after HN surgery, signifi cance 
was observed compared to sham-operated kidneys 
and 5 days (1.17  �  0.23) after HN induction.   

 Discussion 

 This report is the fi rst to show that BER is associated 
with experimental HN, suggesting that repression of 
APE by augmented p53 level may play a role in 
obstructed rat kidneys. Elevated levels of   γ  -H2AX 
increase the likelihood of apoptosis by p53 augmenta-
tion, which showed a negative correlation with APE 
in developing HN. At the end of the experiment, 
the accumulated p53 activated pro-apoptotic factor 
Bax and effector caspase-3. With the high levels of 
p53-dependent apoptotic proteins and   γ  -H2AX, the 
expression of APE tended to decrease in developing 
HN. This result was reinforced by the immunohis-
tochemical fi ndings for 8-OHdG, caspase-3 and APE. 
Collectively, these results suggest that oxidative DNA 
damages in developing HN may trigger p53-depen-
dent apoptosis through the repression of APE. 

 Oxidative stress has been identifi ed as important in 
a variety of diseases. Major cellular strategies have 
evolved for coping with oxidative DNA damage, 
repair and removal [10]. Various DNA repair path-
ways are activated upon DNA damage. The DNA-
binding proteins Ku70 and Ku80 are centrally 
involved in NHEJ, which has been investigated in 
experimental HN and found to be ineffective at pre-
venting cellular injury [11]. Ogg1 and APE are major 
proteins in BER that protect cells against oxidative 
DNA damage [10,13]. A decrease in Ogg1 activity is 
accompanied by increased 8-oxodG production, 
resulting in degenerative changes in ischemia-reper-
fusion of the kidney [22], diabetic nephropathy [23] 
and renal tumours [24]. However, the protective 
effects of Ogg1 in obstructive uropathy have not 
been demonstrated. Contrary to Ogg1, the kidneys 
contain relatively high levels of APE [16]. In the 
present study, early during the development of HN, 
augmented APE was associated with relatively low 
levels of p53, Bax and caspase-3, whereas augmented 
  γ  -H2AX was observed. Hence, APE might have reno-
protective effects against developing HN by blocking 
p53-dependent apoptosis. 

 Increased APE might protect the kidneys in devel-
oping HN through various pathways, including BER. 
The production of angiotensin in obstructed kidneys 
is thought to increase during oxidative stress and 
contribute to tubular cell death via the induction of 
TGF-  β  1 [1,2]. Anti-angiotensin treatment in rats 
with obstructive nephropathy has been shown to have 
positive effects [25,26] or no effect [21,27] on renal 
deterioration. Nonetheless, the anti-renin effect of 
APE [14] is worth noting. APE could suppress renin 
expression, resulting in inactivation of the renin-
angiotensin system and reduced hypoxic injury. 
  Figure 2.     Western blot analysis 1 week after experimental 
hydronephrosis (HN) induction. HN caused the up-regulation 
of p53, Bax, caspase-3 (left column),   γ  -H2AX, Ku70 and APE 
(right column). These proteins were not considerably affected in 
sham-operated and contralateral kidneys.  
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However, the time-dependent decrease in APE 
observed in HN may not repress renin expression. 
Therefore, increased angiotensin causes vasoconstric-
tion and hypoxia in obstructed kidneys as previously 
reported. In this context, the present study suggests 
that APE might play a role in maintaining renal func-
tion and that the induction of APE could be a useful 
treatment strategy in renal diseases. 

 A recent report [15] demonstrated that silencing of 
APE increases Bax, resulting in the activation of cas-
pase-3 in human embryonic kidney cells. Renal tubu-
lar apoptosis in experimental HN is also activated by 
a p53-dependent caspase pathway or enhanced by the 
down-regulation of survival factors [1,2]. Activated 
p53 mediates Bax [18,19] and APE expression [20], 
although APE is a regulator of p53 transcription 
[10,13]. Our results also supported the notion that 
p53 activated Bax, resulting in caspase cascades at the 
end of the experimental period. The intensity of 
8-OHdG immunolocalization was signifi cantly higher 
in the nephrons of the animals with HN compared to 
sham-operated kidney, although APE immunoreac-
tivity increased after surgery. This fi nding is reinforced 
by the fact that caspase-3 immunolocalization was 
only seen in the distal tubules and collecting ducts in 
sham-operated kidneys, compared to all parts of the 
nephron in HN. These results indicate that the level 
of APE was not suffi cient to repair the degree of 
oxidative DNA damage in HN. 

 In summary, this study demonstrated that p53-
dependent apoptosis is correlated with HN and that 
it causes increased 8-OHdG and cleaved caspase-3 in 
all components of the nephron. Apoptosis was stimu-
lated by suppressed APE activation contrary to the 
increases in p53, Bax, cleaved caspase-3 and   γ  -H2AX 
seen in HN. Although p53 and APE can be induced 
by oxidative stress, they might be inversely correlated 
with HN. This study might extend our understanding 
of the apoptotic responses induced by obstructive 
nephropathy; however, additional studies are needed 
  Figure 3.     Immunohistochemical analysis of 8-OHdG, caspase-3 and APE 1 week after experimental hydronephrosis (HN) induction. 
Oxidative damage (8-OHdG, A) and apoptotic signals (cleaved caspase-3, C) were mainly seen in the distal tubules (arrows) of normal 
renal cortex, whereas DNA repair activity (APE, E) was ubiquitously distributed. HN (B, D, F) caused increased immunolocalization of 
all the parameters in the distal tubules, proximal tubules and glomeruli (G). SB  �  100  μ m.  
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to elucidate the multifunctional roles of APE in 
various renal diseases.        
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