
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

 Original Paper 

 Kidney Blood Press Res 2010;33:193–199 
 DOI: 10.1159/000316704 

 Knockdown of Cyclophilin D Gene
by RNAi Protects Rat from Ischemia/
Reperfusion-Induced Renal Injury 

 Wei Hu    a     Zhiqiang Chen    a     Zhangqun Ye    a     Ding Xia    a     Zhongyu Xia    a     
Jiefeng Ma    a     Min Zhu    b     Gang Chen    b  

  a    Department of Urology, and  b    Institute of Organ Transplantation, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology,  Wuhan , PR China 

 Introduction 

 Arterial occlusion, shock and transplantation lead to 
renal ischemia, which is a common cause of renal cell 
death, delayed graft function and acute renal failure. Al-
though reperfusion is essential for the survival of isch-
emic renal tissue, it causes additional damage and con-
tributes to the renal dysfunction and injury associat-
ed with ischemia/reperfusion (I/R) injury of the kidney 
 [1, 2] .

  Mitochondria are critical in I/R-induced injury by 
their pivotal role in energy production, the generation of 
reactive oxygen species and the initiation of apoptosis  [3–
5] . Mitochondrial permeability transition (mPT), which 
is Ca 2+ -dependent and increases the permeability of the 
mitochondrial membrane, leads to a loss in mitochon-
drial membrane potential, mitochondrial swelling and 
rupture of the outer membrane  [6] . The mPT is also im-
plicated in the remodeling of mitochondrial structure 
with mobilization of cytochrome c stores in cristae dur-
ing apoptosis  [7] . It is thought that the mPT occurs after 
the opening of the permeability transition pore, a chan-
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 Abstract 

  Background/Aims:  Mitochondrial permeability transition 
has a critical role in ischemia/reperfusion (I/R)-induced kid-
ney injury. It is thought that mitochondrial permeability 
transition occurs after the opening of the permeability tran-
sition pore, a channel which putatively consists of a voltage-
dependent anion channel, adenine nucleotide translocator 
and cyclophilin D (CypD). Much evidence shows that CypD 
plays an important role in I/R-induced injury.  Methods:  To 
evaluate the role of CypD following I/R renal injury, we tested 
the hypothesis that knockdown of CypD gene by RNA inter-
ference (RNAi) protects rat from I/R-induced renal injury.  Re-

sults:  Our data show that knockdown of CypD by RNAi pro-
tects normal rat kidney cell line from hypoxia-induced ne-
crotic death. Infection of lentivirus expressing CypD RNAi 
sequence produces a significant reduction of CypD at both 
mRNA and protein levels. Both pathologic and biochemical 
analyses show that knockdown of CypD by RNAi protects rat 
kidney from I/R-induced renal injury.  Conclusion:  Our study 
provides the evidence that CypD may be a potential target 
for protecting I/R-induced renal injury. 
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nel which putatively consists of a voltage-dependent an-
ion channel, adenine nucleotide translocator (ANT) and 
cyclophilin D (CypD)  [3, 8] .

  CypD, a member of the cyclophilin family, is located 
in mitochondria. It is a peptidylprolyl  cis-trans  isomerase 
and has a crucial role in protein folding  [9] . It is reported 
that CypD is involved in regulating the mPT, on the basis 
of the observation that cyclosporine blocks the mPT  [10] . 
Ppif (the gene of CypD) null mice are resistant to mito-
chondrial swelling and permeability transition in vitro 
 [11] . Moreover, primary hepatocytes and fibroblasts iso-
lated from Ppif null mice are largely protected from Ca 2+  
overload and oxidative stress-induced cell death, whereas 
CypD overexpression mice show mitochondrial swelling 
and spontaneous cell death  [11] .

  Ppif null mice are protected from I/R-induced cell 
death in vivo. The defect of Ppif showed a high level of 
resistance to I/R-induced cardiac injury and displayed a 
dramatic reduction in brain infarct size after acute mid-
dle cerebral artery occlusion and reperfusion  [11–13] . 
CypD gene ablation offers both functional and morpho-
logical protection in mice following ischemic renal injury 
by decreasing necrotic cell death possibly via the inhibi-
tion of mitochondria permeability transition pore and 
ATP depletion  [14] . Genetic ablation of CypD rescues mi-
tochondrial defects and prevents muscle apoptosis in col-
lagen VI myopathic mice  [15] . Downregulation of CypD 
by RNA interference (RNAi) provides the evidence that 
therapeutic interventions designed to inactivate CypD 
may be a promising strategy for reducing cardiac injury 
against myocardial I/R  [16] .

  To evaluate the role of CypD following I/R-induced 
renal injury, we tested the hypothesis that knockdown of 
CypD gene by RNAi protects rats from I/R-induced renal 
injury.

  Material and Method 

 Animal Care 
 Rats about 8–9 weeks old were purchased from the Laboratory 

Animal Center of Tongji Medical College, Huazhong University 
of Science and Technology. They were cared for before and during 
the experimental procedures in accordance with the policies of 
the China Hubei Provincial Science and Technology Department. 
All animal procedures were approved by the same department.

  Cell Culture 
 A normal rat kidney (NRK) cell line was purchased from the 

China Center for Type Culture Collection. Cells were cultured in 
DMEM supplemented with 10% fetal bovine serum (Gibco-BRL, 
Gaithersburg, Md., USA). Cells were incubated at 37   °   C in hu-
midified air with 5% CO 2  and subcultured every 2 or 3 days.

  RNAi 
 We used lentivirus-generated siRNA to interfere with the ex-

pression of endogenous genes. Four targeted sequences for Ppif 
were chosen. For lentivirus-mediated RNAi, FG12, a lentivirus 
vector which has an independent open reading frame of green 
fluorescence protein (GFP), was used to produce small, double-
stranded siRNA to silence target gene expression. The informa-
tion about this vector system has been described in detail by Qin 
et al.  [17] . After transfection for 72 h, the viruses were harvested 
from the culture medium, concentrated by centrifugation, and 
used to infect cells. The infection efficiency was measured by 
counting GFP-positive cells with a  1 70% infection efficiency. The 
negative control sequence is 5 � -TTCTCCGAACGTGTCACGT-3 � .

  RNA Isolation and Real-Time PCR 
 RNA isolation, reverse transcription and real-time PCR were 

carried out as described  [18] . The sequence of primers are as fol-
lows: 5 � -GGAGTTAAAGGCAGATGTCGTG-3 �  and 5 � -GAAG-
TTCTCGTCAGGAAAGCG-3 �  for rat Ppif gene; 5 � -TTCAAC-
GGCACAGTCAAGG-3 �  and 5 � -CTCAGCACCAGCATCACC-
3 �  for rat GAPDH gene.

  Western Blot 
 NRK cells were infected with lentivirus (MOI = 20) for 120 h, 

washed 3 times in cold phosphate-buffered saline, and then lysed 
in buffer comprising 100 m M  Tris-HCl (pH 6.8), 2%  � -mercapto-
ethanol, 20% glycerol, 4% SDS with a mixture of protease inhibi-
tors and phosphatase inhibitors (Sigma-Aldrich). Samples from 
cell or tissue lysates were subjected to 95   °   C for 5 min, followed by 
Western blotting analysis with primary antibodies anti-CypD 
(Abcam Inc., Cambridge, Mass., USA) and anti-GAPDH (Santa 
Cruz Biotechnology, Santa Cruz, Calif., USA) and a horseradish 
peroxidase-conjugated secondary antibody (Amersham, UK) and 
enhanced chemiluminescence from Pierce (Rockford, Ill., USA).

  Model of Rat NRK Cell Line Hypoxia Injury and FACS 
Analysis 
 NRK cells were determined by flow cytometry using the An-

nexin V-FITC Apoptosis Detection kit following the manufac-
turer’s instructions. Briefly, 2  !  10 5  cells were treated with 95% 
N 2 /5% CO 2  for 60 min and then incubated in 95% air and 5% CO 2  
for another 48 h. The cells were then harvested, washed in PBS, 
and incubated with Annexin V and propidium iodide for staining 
in binding buffer at room temperature for 10 min in the dark. The 
stained cells were analyzed using the FACS Aria instrument.

  Model of Rat Kidney I/R Injury 
 Sixty male Sprague-Dawley rats with initial mean body weights 

between 200 and 220 g underwent sham operation or kidney I/R 
injury, which was induced as described previously  [19] . The rats 
were anesthetized by intraperitoneal administration of a cocktail 
containing ketamine (200 mg) and xylazine (16 mg) per kilogram 
of body weight. Ischemic injury was induced by bilateral renal 
pedicle clamping using microaneurysm clamps (Roboz Surgical 
Instrument Co., Gaithersburg, Md., USA). After 37 min of occlu-
sion, the clamps were removed, and the reflow (reperfusion) was 
verified visually. Sham-operated control animals underwent the 
same surgical procedures, except for the occlusion of the renal ar-
teries. All animals were given free access to food and water. Blood 
samples were collected at 1–5 days post-ischemic renal injury for 
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the measurement of serum creatinine (CR) and blood urea nitro-
gen (BUN). At the end of each experiment, tissue from the outer 
medullary region (rich in S3 segments) was obtained  [20, 21]  for 
real-time PCR, Western blot and histological analyses.

  Histological Analysis and Histopathological Evaluation 
 The kidneys were removed from the rats at the end of the ex-

perimental period and were cut in a sagittal section into two 
halves. Renal tissue was fixed in 4% polyformaldehyde solution at 
4   °   C overnight, and then embedded in paraffin. Paraffin kidney 
sections (4  � m) were prepared and stained with hematoxylin and 
eosin. Evaluation of renal injury was performed in a blinded man-
ner by a pathologist of the Tongji Medical College, Huazhong 
University of Science and Technology, and renal sections were 
scored with a semiquantitative scale designed to evaluate the de-
gree of tubular necrosis. Injury was graded on a 5-point scale: 0 = 
normal kidney; 1 = minimal damage ( ! 5% involvement of the 

cortex or outer medulla); 2 = mild damage (5–25% involvement of 
the cortex or outer medulla); 3 = moderate damage (25–75% in-
volvement of the cortex or outer medulla), and 4 = severe damage 
( 1 75% involvement of the cortex or outer medulla).

  Measurement of CR and BUN 
 According to the manufacturer’s instructions, CR and BUN 

were measured to evaluate renal function using a Quantichrom 
Creatinine Assay Kit and Quantichrom Urea Assay Kit (BioAssay 
Systems, Hayward, Calif., USA), respectively.

  Statistical Analysis 
 Values are represented as means  8  SD. A sufficient number 

of animals was studied in each group to obtain valid results. One-
way analysis of variance (ANOVA) was used for comparison of 
animals with different operation, and statistical significance was 
established at p  !  0.05.
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  Fig. 1.  Ppif is effectively downregulated by RNAi.  a  Four target 
sequences are shown in the table.  b  NRK cells were highly infect-
ed with lentivirus expressing both GFP and Ppif RNAi as evi-
denced by representative bright-field or fluorescence photos.
 c  The mRNA levels of Ppif were downregulated to about 50%. 
NRK cells were infected with lentivirus expressing target se-

quence 1–4, respectively. After infection for 72 h, total RNA isola-
tion and real-time PCR were carried out. CON = Control; NC = 
negative control. Fold changes of Ppif mRNA compared with that 
of GAPDH are shown as mean  8  SD.  d  Lentivirus-mediated 
knockdown of Ppif in NRK cells was confirmed by Western blot-
ting. 
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  Results 

 Ppif Is Effectively Downregulated by RNAi 
 To knock down the endogenous expression of Ppif, 

four target sequences have been chosen ( fig. 1 a). Lentivi-
ruses that express negative control or Ppif RNAi sequence 
were packaged, concentrated and titrated. NRK cells were 
highly infected as evidenced by the expression of GFP 
( fig. 1 b). The knockdown effect was determined by real-
time PCR. As shown in  figure 1 c, the mRNA levels of Ppif 
were downregulated to 50–60%. Among the four se-
quences, the third one (KD3) is the most effective. To fur-
ther confirm the knockdown effect of KD3 target se-
quence, the endogenous protein level of Ppif was checked 
by Western blotting. As shown in  figure 1 d, the expression 
of Ppif was effectively reduced by RNAi. Therefore, the 
KD3 target sequence was used in our following analyses.

  Knockdown of Ppif Protects NRK Cells from
Hypoxia-Induced Necrosis 
 It was reported that CypD-dependent mPT regulated 

several forms of necrotic death, but not apoptotic death 
 [11]  and Ppif null mice were protected from I/R-induced 
cell death in vivo  [12] . To investigate whether knockdown 
of Ppif could protect NRK cells from hypoxia-induced 
cell death, we treated NRK cells with 95% N 2 /5% CO 2  for 
60 min and then incubated in 95% air/5% CO 2  for an-
other 48 h. Thereafter, we analyzed the cells with FACS. 
As shown in  figure 2 , in the control and negative control 
group, about 30% of the cells were necrotic. In contrast, 
about 17% of the cells were necrotic in the Ppif RNAi 
group (p  !  0.05). Therefore, knockdown of Ppif protects 
NRK cells from hypoxia-induced necrosis.
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  Fig. 2.  Knockdown of Ppif protects NRK cells from hypoxia-in-
duced necrosis.  a  FACS analysis of NRK cells infected with indi-
cated lentiviruses after I/R treatment. CON = Control; NC = neg-
ative control.  b  Statistical analysis of FACS results. Values are 
mean percentages from three independent experiments.  *  p  !  0.05 
compared with control. 
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  Downregulation of Ppif Protects Rat from
I/R-Induced Renal Injury 
 Next, we evaluated the knockdown effect of Ppif in rat 

kidney tissue. Compared to the control or negative con-
trol group, the expression of Ppif in the kidney was sig-
nificantly reduced at both mRNA and protein levels 
( fig. 3 ). To further study the role of Ppif on the renal in-
jury caused by I/R, a rat kidney I/R animal modal was set 
up. As shown in  figure 4 a, rat after operation showed le-
sions in the kidney at 24 h after the reperfusion. Specifi-
cally, the most severe and pronounced injuries were ob-
served in the cortex and the outer stripe of outer medulla 
with a typical tubular necrosis pattern, which included 
widespread degeneration of tubular architecture, detach-
ment of epithelial cells from the basement membrane, tu-
bular cell necrosis, intratubular cast formation and lumi-
nal congestion with loss of brush border ( fig.  4 a). The
histological features of renal injury of the control and 
negative control groups were characterized as score 2 or 
3. In contrast, histopathological examination revealed 
that the Ppif RNAi group had much less injury after 24 h 
of reperfusion and its histological features of renal injury 
were characterized as score 0 or 1 ( fig. 4 b). Furthermore, 
the measurement of CR and BUN is consistent with the 
histopathological examination. Compared to the control 
group, BUN and CR of the Ppif RNAi group were sig-
nificantly decreased ( fig. 4 c). Collectively, the above data 
showed that knockdown of Ppif protected rat from I/R-
induced renal injury.

  Discussion 

 I/R-induced renal failure is associated with a high 
morbidity and mortality rate in hospitalized patients. 
The mechanisms underlying I/R-induced renal injury are 
complicated. Here, we evaluated the role of CypD follow-
ing I/R-induced renal injury. Our current study clearly 
demonstrates that knockdown of CypD protects the rat 
kidney in a model of I/R injury. According to our results, 
infection of lentiviruses that express a Ppif RNAi se-
quence before the onset of ischemia produces a signifi-
cant reduction in tubular injury, which was accompanied 
by a marked amelioration of renal functional impairment 
as assessed by biochemical parameters ( fig. 4 ). This cyto-
protective action seems to be associated with the biologi-
cal function of CypD, a peptidylprolyl isomerase F that is 
located in mitochondria  [10] . A genetic deficiency in 
CypD protects mice from Ca 2+ - and oxidative stress-in-
duced cell death, whereas CypD overexpression mice 
show mitochondrial swelling and spontaneous cell death 
 [11] . All these findings shed light on the role of CypD, 
which is required to mediate Ca 2+ - and oxidative stress-
induced necrotic cell death.

  In addition, knockdown of CypD resulted in a marked 
reduction of necrotic cell death, but had no visible effect 
on apoptotic death ( fig. 2 ). This finding is in agreement 
with previous studies reporting that CypD and the open-
ing of the PT pore are required to mediate calcium- and 
oxidative stress-induced necrotic cell death but are not 
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  Fig. 3.  Evaluation of the expression of Ppif in the kidney tissue after I/R injury.  a  The mRNA levels of Ppif in 
rat kidney tissue were downregulated to about 40%. CON = Control; NC = negative control. Fold changes of 
Ppif mRNA compared with that of GAPDH are shown as mean  8  SD.  b  Lentivirus-mediated knockdown of 
Ppif in rat kidney tissue was confirmed by Western blotting.     
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essential to Bax-induced apoptotic cell death  [11] . In fact, 
I/R-induced renal injury caused apoptotic cell death and 
led to an increased expression of Bax protein in distal, 
and especially in proximal tubular cells at 48 h of reper-
fusion. Based on the TUNEL method, only a slight de-
crease in apoptosis has been identified (data not shown). 
A possible explanation for this is that CypD alone is es-
sential for I/R-induced necrosis rather than apoptotic 
death.

  All these results gave us the hints that targeting CypD 
by RNAi may protect the kidney from I/R injury and our 
results indeed proved it. It is worth mentioning that
CypD-dependent mPT regulates several forms of necrot-
ic death  [12] . Therefore, loss of CypD through gene 

knockout may lead to cancer. However, knockdown of 
CypD gene by lentivirus-mediated RNAi technology 
avoids this risk. The present study provides the evidence 
that Ppif may be a potential target for protecting I/R-in-
duced renal injury. Especially therapeutic interventions 
designed to inactivate CypD may be a promising strategy 
for reducing I/R-induced injury.
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  Fig. 4.  Evaluation of renal histopathology and renal function in 
the control, negative control and Ppif RNAi rats after I/R injury. 
 a  Comparison of renal histopathology of normal and I/R injured 
rats. The kidney sections were stained with hematoxylin and eo-
sin. All sections are derived from the outer medullary region of 
the kidney. Left: sections derived from normal rats. Right: sec-
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I/R injury. CON = Control; NC = negative control.  c  Biochemical 
analyses of rat renal function in the control, negative control and 
Ppif RNAi groups. Renal function parameters are BUN (left) and 
CR (right) at 24 h after reperfusion. Each column and bar repre-
sents the mean  8  SD (n = 30).    *  p  !  0.05 compared with (i.v.) 
vehicle-treated acute kidney injury rats. 
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