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一、中文摘要 
腎臟移植或缺血灌流造成自由基的釋放可能是造成腎細胞死亡之主因。為

驗證此一假說我們已利用不同時間之腎缺血觀察腎自由基與細胞凋亡的產生。

我們也以超冷光儀偵測活體腎臟及離體腎小管與全血之自由基表現，TUNEL 免

疫染色, DNA 階梯生化證據及西方墨點法探討致死基因 bax/bcl-2, CPP32, and 
PARP 的細胞凋亡的分子機轉。結果發現增加缺血再灌流引發自由基的釋放量增

加, 增加 TUNEL 正染色細胞(apoptotic cell), 與 DNA 階梯之表現。此機轉是因

活化 bax/bcl-2, CPP32, and PARP的細胞凋亡的分子機轉有關。我們亦發現 Mn 
SOD, CuZn SOD與 catalase 會隨著缺血與再灌流時間的增加而逐漸降低。為進

一步探究自由基的增加與抗氧化酵素的降低是造成腎細胞凋亡與腎功能的產生

主因。我們以添加抗氧化物 SOD, C60(FC4S)或以缺氧預處理誘發內源性抗氧化

酵素來評估腎細胞凋亡的反應。結果發現內源性或外源性抗氧化物的誘發可降

低腎細胞凋亡數目, DNA階梯現象與 Bax/Bcl-2, CPP32 , PARP的反應。此結果

證明內、外源性抗氧化物的添加可以改善腎細胞凋亡與自由基的清除是正相關。  
關鍵詞：自由基；細胞凋亡; 缺血再灌流  

Abstract 
We have examined ischemia-induced oxidative damage to the reperfused kidney. A 
modified chemiluminescence (CL) method, an in situ nitro blue tetrazolium (NBT) 
perfusion technique, and a DNA fragmentation/apoptosis-related protein assay were 
adapted for demonstration de novo and co-localization of reactive oxygen species 
(ROS)  production a nd  a p o p t o s is  formation in  r a t  k id n e ys  su b je c t e d  t o  
ischemia/reperfusion (I/R) injury. The results showed that prolonged ischemia 
potentiated proapoptotic mechanisms, including increases in the Bax/Bcl-2 ratio, 
CPP32 expression, and PARP fragments, and subsequently resulted in severe 
apoptosis, including increases in DNA fragmentation and apoptotic cell number in 
renal proximal tubules (PT) and distal tubules (DT) in a time-dependent manner. The 
increased level of ROS detected on the renal surface was correlated with that in blood 
and was intensified by a prolonged interval of ischemia. The source of ROS synthesis 
was mainly the PT epithelial cells. Furthermore, three important endogenous 
antioxidant enzymes including Mn superoxide (MnSOD), Cu-Zn SOD, and catalase 
were all decreased after I/R injury. We found that the ROS and apoptotic nuclei 



detected in the PT cells can be ameliorated by exogenous SOD and C60(FC4S) and 
upregulation of endogenous Mn superoxide (MnSOD), Cu-Zn SOD, and catalase by 
hypoxia preconditioning, indicating a therapeutic potential of antioxidants for I/R 
injury.  
Key words: Reactive Oxygen Species, Apoptosis, Kidney, Ischemia, Reperfusion 
injury  

 二、緣由與目的 

Complete or partial cessation (ischemia) followed by restoration of blood flow 
(reperfusion) is a serious event that affects many organs, such as the heart, brain, liver, 
and kidney [1-7]. Ischemia/reperfusion (I/R) contributes to abnormal signal 
transduct ion o r ce llu lar  dysfunct ion [8,9] and init ia t es t he cascade o f 
apoptosis/necrosis, with subsequent inflammatory infiltration [6,7,10].  

Apoptosis, or programmed cell death, which can be distinguished based on 
morphologic and biochemical criteria, is different from necrosis [11-13]. The 
mechanism responsible for post-I/R apoptosis is attributed to the burst release of 
reactive oxygen species (ROS) [1-3,14-16]. ROS induce apoptosis by causing DNA 
damage, oxidation of lipid membranes, and/or direct activation and expression of the 
genes/proteins responsible for apoptosis [17]. For example, increases in the Bax/Bcl-2 
ratio [18], expression of caspase and its activity [19,20], and caspase-mediated 
cleavage of poly-(ADP-ribose)-polymerase (PARP) [21] have been found in organs 
subjected to I/R injury or in cells after a cytotoxic insult.  

The sources of ROS generated after I/R may be circulatory macrophages/neutrophils 
[22] or the resident cells [23]. In the liver, the sources of ROS appear to be Kupffer 
cells, sinusoidal cells, and infiltrating leukocytes [24]. In the kidney, we have 
demonstrated increased renal and renal venous ROS after I/R by an ultrasensitive 
chemiluminescence method [Chien et al., 2001]. and the efficacy of antioxidants or 
free-radical scavengers in minimizing I/R injury [7,14,16] suggest a role of ROS in 
I/R injury. However, the precise origin of ROS in the I/R kidney has yet to be defined. 

     In this study, we adapted a modified chemiluminescence (CL) method for direct 
measurement of the amount of ROS produced from the kidney surface and from renal 
veins in I/R kidneys. CL emission when specific chemical compounds {e.g., 
N,N'-dimethyldiacridinium ( luc i g e n i n )  a n d  
2-Methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo-[1,2-a]-pyrazin-3-one 
hydrochloride (MCLA)} react with ROS is a well-established method for monitoring 
ROS production in vitro [25] and in vivo [26,27]. In addition, we determined the 
cellular location of de novo ROS synthesis in the I/R kidney by employing an in situ 
vascular perfusion technique, whereby nitro blue tetrazolium (NBT) was perfused 



through the kidney for depicting cells in which superoxide was formed [28]. The 
onset of apoptosis and its severity in the I/R kidney were determined by examination 
of the presence of DNA fragmentation and an increase in cellular proteins associated 
with apoptosis. Our study showed that prolonged ischemia resulted in severe 
apoptosis in the reperfused kidney in a time-dependent manner. Cells in both proximal 
(PT) and distal tubules (DT) were subjected to I/R injury, whereas only PT cells 
produced measurable ROS by the NBT method. Not unexpectedly, the apoptosis in 
vivo and in vitro induced by I/R and hypoxia/reoxygenation (H/R) in PT cells, but not 
in DT cells, can be prevented by superoxide dismutase (SOD) or a novel free-radical 
scavenger, hexa(sulfobutyl)fullerene (FC4S) [14]. 
三、方法  

Surgery 

      Female Wistar rats (200-250 g) were housed at the Experimental Animal 
Center, National Taiwan University, at a constant temperature and with a consistent 
light cycle (light from 07:00 to 18:00 o'clock). The animal care and experimental 
protocol were in accordance with the guidelines of the National Science Council of 
the Republic of China (NSC 1997). On the day of the experiments, all rats were 
anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and were tracheotomized. 
Catheters were placed in the left carotid artery for blood sampling and in the left 
femoral vein for anesthetic supplement and blood administration. After surgery, the 
left renal artery was cannulated by introduction of a length of stretched PE10 tubing 
from the left femoral artery via the aorta. A catheter was placed in the left renal vein 
for blood sampling. The rat was then placed on its right side, and the left kidney was 
exposed via a flank incision and dissection from the surrounding tissue.  

Induction of unilateral renal ischemia  

SOD treatment or hypoxic preconditioning  

Some rats were subjected to 10% altitude hypoxia for 1-4 weeks. Another set 
experimental rats (n=4 for each ischemic group) was treated with intravenous SOD 
(500 U per rat, Sigma, St. Louis, MO, USA) after the ischemic period (before 
reperfusion). In this experiment, all ischemic kidneys were reperfused for 4 h. The 
experiment was intended for confirmation of the role of ROS in apoptosis formation 
in the I/R kidney.  

Tissue preparation 

For evaluation of the effect of ischemic intervals on apoptosis formation and 
apoptosis-related protein expression, twelve rats in each ischemic group (I15, I45, and 
I60) were used. Four rats were sacrificed with an overdose of anesthetics at the end of 



ischemia (i.e., no reperfusion), and at 1 h or 4 h after reperfusion. For comparison, 
three control rats were used. The kidney was resected and divided into three parts. 
One part was stored in 10% neutral buffered formalin for routine histology and in situ 
apoptotic assay; another was prepared for DNA fragmentation electrophoresis, and the 

third was quickly frozen in liquid nitrogen and stored at –70C for protein isolation.  
In situ apoptotic assay (ISAA) 
The method for ISAA (i.e., terminal deoxynucleotidyl transferase-mediated nick-end 
labeling method, TUNEL) was performed according to the method of Gavrieli et al. 
[29] with minor modifications [30]. The distal tubules were recognized by their 
smaller (the nuclei are close together) and more regular cells [31]. The number of 
apoptotic cells was expressed per 100 of the PT or DT cells in each section.  

In vivo CL recording 

The method for detection of CL from the organ surface after intrarenal arterial 
MCLA (TCI-Ace, Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan) injection [2,26] was 
adapted for demonstration of ROS production in the I/R kidney. The rat was 
maintained on a respirator (tidal volume: 1.0-1.5 ml; rate, 80-90 cycles/min; 

inspiratory pressure, 20-30 cm H2O) and a circulating water pad at 37C during 
photon detection. For excluding photon emission from sources other than the kidney, 
the animal was housed in a dark box with a shielded plate. Only the renal window was 
left unshielded and was positioned under a reflector, which reflected the photons from 
the exposed kidney surface onto the detector area. 

A single dose (1 mM in 0.1 ml) of lucigenin (Sigma, St. Louis, MO, USA), or 
a continuous infusion (0.2 mg/ml/hr) of MCLA was administered into the control or 
I/R kidney via an intrarenal arterial catheter. The lucigenin- or MCLA-enhanced CL 
signal from the kidney surface was measured continuously during administration by 
use of a CL Analyzing System (CLD-110, Tohoku Electronic Industrial Co., Sendai, 
Japan). Eight rats (5 for lucigenin and 3 for MCLA treatment) in each ischemic group 
(i.e., I15, I45, and I60) were used in this part of the experiment.  

Preparation of whole-blood sample for lucigenin-enhanced CL determination 

Four groups of rats (I15, I45, I60, and control; 5 rats in each group) were used 
for measurement of ROS in whole-blood samples. A series of blood samples (0.2 ml) 
from the left renal vein or carotid artery was obtained immediately after reperfusion 
for various times. The blood samples were immediately wrapped in aluminum foil 
and kept on ice until CL measurement, usually done within 2 h [32].  

In situ demonstration of superoxide formation by NBT  
The vascular perfusion of NBT was performed as described previously by 



Chien et al. [32]. 

Immunoblot analysis for Bax, Bcl-2, CPP32, and PARP  

We measured the amounts of CuZn SOD, MnSOD, Catalase, Bax/Bcl-2, 
caspase 3, and PARP [18,19,21] in renal tissues of I/R rats. For protein analysis, left 
kidney samples were homogenized with a prechilled mortar and pestle in extraction 
buffer, which consisted of 10 mM Tris-HCl (pH 7.6), 140 mM NaCl, 1 mM PMSF, 

1% NP-40, 0.5% deoxycholate, 2% -mercaptoethanol, 10 g/ml pepstatin A, and 10 
g/ml aprotinin. The mixtures were homogenized completely by vortexing and kept at 
4C for 30 min. The homogenate was centrifuged at 12,000 g for 12 min at 4C, the 
supernatant was collected, and the protein concentrations were determined by BioRad 
Protein Assay (BioRad Laboratories, Hercules, CA, USA).  

四、結果與討論 

 

Figure 1. Increased ischemic interval and reperfusion time decreased the expression 
in catalase, MnSOD, and CuZnSOD of rat kidneys subjected to I/R injury.  

 
Figure 2. Western blot analysis with specific antibodies to Bax, Bcl-2, CPP32, PARP, 

and -actin of homogenates of rat kidney subjected to I/R injury. Note the increased 
expression of Bax, CPP32 (32 kD proenzyme and 17 kD cleaved product), and PARP 
after reperfusion. The expression of Bcl-2 appeared to be decreased after ischemic 
insult, and returned to its pre-ischemic level after reperfusion. 15-min ischemia plus 
reperfusion was sufficient to cause an increase in the Bax/Bcl-2 ratio (see text). Equal 



protein loading was displayed by -actin. 
 
 

 

Figure 3. Increased endogenous expression in catalase, MnSOD, and CuZnSOD of 
rat kidneys subjected to hypoxic preconditioning. 
 

 
Figure 4. Increased ROS formation (blue deposits) as well as bax expression (brown 
color) in the I/R kidney (C), but not displayed in the control kidney (A). However, the 
enhanced ROS and bax expression are depressed by SOD treatment (B) and hypoxic 
preconditioning (D). 

 
DISCUSSION 
During the stage of prolonged ischemia during surgery or organ harvest for renal 
transplantation, hypoxia and the following reperfusion could initiate the cascade of 
cellular apoptosis, tissue necrosis, and subsequent inflammatory cell infiltration 
[6,7,10]. In this study, we explored the ant ioxidant  gene and enzymes on 
ischemia/reperfusion induced oxidative stress in the kidneys. Our study showed that 
prolonged ischemia resulted in severe apoptosis in the reperfused kidney in a 
time-dependent manner. This was demonstrated by increases in DNA fragmentation, 
in apoptotic cell number, and in “proapoptotic” proteins such as Bax, CPP32, and 
PARP. Prolonged ischemia appeared to potentiate the proapoptotic mechanisms. In 



addition, the endogenous antioxidants like catalase, MnSOD, and CuZnSOD were all 
decreased followed by ischemia/reperfusion injury. By employing an in situ vascular 
NBT perfusion technique, we showed that the cellular source of ROS synthesis was 
mainly the PT epithelial cells in the I/R kidney. The increased bax expression as well 
as ROS formation were consistently reduced by SOD or hypoxia preconditioning. 
Therefore, the apoptotic cell death as well as the ROS production in PT cells can be 
ameliorated by SOD treatment or hypoxia preconditioning, which can upregulate 
antioxidant gene expression. Our results indicate that, as in many organs, the 
increased Bax, CPP32, and PARP levels could contribute to apoptotic cell death in I/R 
kidneys. The expression patterns of these proteins in kidneys subjected to I/R as well 
as in PT and DT cultures subjected to H/R are similar.  

In summary, the present study indicates that ROS are produced in significant amounts 
in PT epithelium under reperfusion conditions and may therefore be responsible for 
the apoptotic death of these cells. Treatment with exogenous SOD and other 
free-radical scavengers as well as upregulation of endogenous antioxidant genes may 
be effective for the prevention of ROS-mediated apoptosis in renal tubules.  

五、成果自評 
本研究使用之技術及數據與實驗前之推論極為相近。本實驗提供直接證據

即自由基的數量與缺血時間成正相關同時造成細胞凋亡數目也成正相關。我們

的實驗結果證明內、外源性抗氧化物的添加可以改善腎細胞凋亡與自由基的清

除。給以抗氧化物於器官缺血或保存液以減低傷害是具有非常重要之醫學應用

價值。  
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