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ABSTRACT 

Peroxisome proliferator-activated receptor-alpha (PPAR-α) is a transcription factor and 

has been reported to inhibit cisplatin-mediated proximal tubule cell death. Additionally, 

Adriamycin-induced nephrosis in rats is a commonly used experimental model for 

pharmacological studies of human chronic renal diseases. In this study, we investigated 

the protective effect of PPAR-α on adriamycin-induced apoptosis and its detailed 

mechanism in NRK-52E cells and animal models. The mRNA level of PPAR-α was 

found to be reduced by adriamycin treatment in NRK-52E cells. PPAR-α 

overexpression in NRK-52E cells significantly inhibited adriamycin-induced apoptosis 

and the quantity of cleaved caspase-3. Endogenous prostacyclin (PGI2) augmentation, 

which has been reported to protect NRK-52E cells from adriamycin-induced apoptosis, 

induced the translocation and activation of PPAR-α. The transformation of PPAR-α 

siRNA was applied to silence PPAR-α gene, which abolished the protective effect of 

PGI2 augmentation in adriamycin-treated cells. To confirm the protective role of 

PPAR-α in vivo, PPAR-α activator docosahexaenoic acid (DHA) was administered to 

adriamycin-treated mice, and it has been shown to significantly reduce the 

adriamycin-induced apoptotic cells in renal cortex. However, this protective effect of 

DHA didn’t exist in PPAR-α-deficient mice. In NRK-52E cells, the overexpression of 

PPAR-α elevated the activity of catalase and superoxide dismutase, and inhibited 

adriamycin-induced ROS. PPAR-α overexpression also inhibited the 

adriamycin-induced activity of NF-κB, which was associated with the interaction 

between PPAR-α and NF-κB p65 subunit as revealed in immunoprecipitation assays. 

Therefore, PPAR-α is capable of inhibiting adriamycin-induced ROS and NF-κB 

activity, and protecting NRK-52E cells from adriamycin-induced apoptosis. 
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Introduction 

Adriamycin is the anti-tumor anthracycline antibiotic of choice for the treatment of 

many solid malignancies and lymphomas. Rats treated with adriamycin develop heart 

failure as well as a self-perpetuating glomerular nephropathy. Even in the absence of 

continued adriamycin exposure, the glomerular damage progresses and tubular lesions 

are observed (Bertani et al., 1982; Scholey et al., 1989). A long-term study of this 

pathological change in rats demonstrated severe renal damage with characteristic 

features of chronic progressive renal diseases in humans (Okuda et al., 1986). 

Adriamycin-induced nephrosis in rats, therefore, is a common experimental model used 

for pharmacological studies of human chronic renal diseases. Induction of apoptosis is 

an important cytotoxic mechanism of adriamycin (Muller et al., 1998). The apoptosis of 

renal tubular cells has been reported in adriamycin-treated rats (Zhang et al., 1996) and 

thought to be a key feature of tubular atrophy, which is a hallmark of chronic renal 

diseases (Khan et al., 1999; Schelling et al., 1998). 

Peroxisome proliferator-activated receptors (PPARs) are transcription factors 

belonging to the superfamily of ligand-activated nuclear receptors (Issemann and Green, 

1990). PPAR-α is a target for various long-chain fatty acids (Lin et al., 1999) and is 

found predominantly in tissues that exhibit high catabolic rates of fatty acids, such as 

liver, heart, kidney, and muscle (Kliewer et al., 1994). In the renal proximal tubule, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 1, 2007 as DOI: 10.1124/mol.107.037523

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #37523 
 

 5

PPAR-α heterodimerizes with the retinoic X receptor (RXR) and regulates gene 

transcription by binding to PPAR response elements (PPRE) located in the regulatory 

regions of target genes involved in lipid metabolism (Kliewer et al., 1994; Smirnov, 

2002; Yang et al., 1999). Besides lipid metabolism, PPAR-α also exerts 

anti-inflammatory activities by trans-repressing inflammatory signaling pathways 

(Duval et al., 2002). Recently, the activation of PPAR-α by fibrate treatment has been 

found to inhibit cisplatin-mediated renal tubular injury by preventing the activation of 

various cellular mechanisms that lead to proximal tubule cell death (Nagothu et al., 

2005). These data imply the therapeutic potential of PPAR-α for renal tubule damage. 

PPAR-α is also a potential nuclear receptor for prostacyclin (PGI2). PGI2, one of 

the major prostaglandins (PGs), is originated from arachidonic acid by the 

cyclooxygenase (COX) system coupled to the action of PGI2 synthase (PGIS) (Vane 

and Botting, 1995). The classical signaling pathway of PGI2 uses a G protein-coupled 

cell surface receptor termed IP (Lim and Dey, 2002). Recent reports show that PPARs 

are potential nuclear receptors for PGs (Lim and Dey, 2002). For example, cPGI and 

iloprost, the agonists of PGI2, can effectively induce the activity of PPAR-α and 

PPAR-δ (Forman et al., 1997). Interestingly, treatment of cells with extracellular PGI2 

didn’t activate both PPARs, possibly because the chemical instability of this PG 

precluded it to reach the nuclear target. We have found that selectively augmented 
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prostacyclin (PGI2) production protects rat renal tubular cells from the apoptosis 

induced by adriamycin (Chen et al., 2006). In our study system, selectively intracellular 

PGI2 augmentation is able to be obtained with adenovirus-mediated transfer of genes for 

COX-1 and PGIS (Chen et al., 2006). There is still a chance for endogenous PGI2 to 

interact with and activate PPAR-α. The activation of PPAR-α may be important for 

PGI2 protection function on adriamycin-induced apoptosis in renal tubular cells. 

In this study, besides the protective effect of PPAR-α on adriamycin-induced 

apoptosis and its detailed mechanism in rat renal tubular cells and animal models, we 

also intended to evaluate the essential role of PPAR-α in the protective mechanism of 

PGI2 using the adenovirus-mediated bicistronic COX-1/ PGIS transfection. 

 

Materials and Methods 

Materials. Dulbecco's modified Eagle's medium (DMEM), fetal calf serum, and 

tissue culture reagents were from Invitrogen Corporation (Carlsbad, CA, USA). All 

other chemicals of reagent grade were obtained from Sigma (St. Louis, MO, USA). 

Antibodies used in this research were purchased from LabFrontier Co. Ltd., Seoul, 

Korea (anti-GAPDH, Cat. No. LF-PA0018), Cell Signaling Technology, Inc., Danvers, 

MA, USA (Anti-Caspase-3, Cat. No. 9662; Anti-NF-κB p65, Cat. No. 3034) and Santa 

Cruz Biotechnology, Santa Cruz, CA, USA (Anti-PPAR-α, Cat. No. sc-1985; 
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Anti-PPAR-δ, Cat. No. sc-7197; IP receptor neutralizing antibody, Cat. No. sc-34043). 

Cell culture. We purchased rat proximal renal tubular cells (NRK-52E) from 

Bioresource Collection and Research Center (Taiwan), and cultured in DMEM culture 

medium supplemented with antibiotic/antifungal solution and 10% fetal calf serum. 

They were grown until the monolayer became confluent. The medium for the cultured 

cells was then changed to the serum-free medium, and the cells were incubated 

overnight before the experiment. 

RNA extraction and the real-time PCR analysis. Total RNA was extracted from 

NRK-52E cells using the TRIzol method according to the protocol recommended by the 

manufacturer (Invitrogen Corporation). After treatment at 37 °C for 30 min with 20-50 

U of RNase-free DNase I (Invitrogen Corporation), oligo-dT primers (Invitrogen 

Corporation) were used to synthesize single stranded complementary DNA. PPAR-α 

mRNAs were quantified using SYBR Green Master Mix (QIAGEN GmbH, Hilden, 

Germany) with specific primers in a GeneAmp ABI prism 7000 (Applied Biosystems, 

Foster City, CA, USA). The primers of PPAR-α were as follows: anti-sense 5’-CCA 

CCA TCG CGA CCA GAT-3’, sense 5’-GAC GTG CTT CCT GCT TCA TAG A-3’. 

Calibrated and nontemplate controls were included in each assay. Each sample was run 

in triplicate. SYBR Green dye intensity was analyzed using the ABI prism 7000 SDS 

software (Applied Biosystems). All results were normalized to GAPDH. All 
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quantifications were performed in triplicate samples for three separate experiments. 

Preparation of replication-defective recombinant adenoviral vectors. We 

constructed the replication-defective recombinant adenoviral vector with two separate 

human phosphoglycerate kinase (HPGK) promoters to drive COX-1 and PGIS 

(Ad-COX-1/PGIS), and a HPGK alone to serve as control (Ad-HPGK) as previously 

described (Chen et al., 2006; Lin et al., 2002). 

Western blot analysis. A total of 30 µg of NRK-52E lysate proteins were applied 

to each lane and analyzed by Western blotting. Peroxidase-conjugated anti-rabbit or 

anti-goat IgG (1:5000 dilution) was used as the second antibody to detect PPAR-α, 

PPAR-δ, caspase-3, NF-κB p65 and GAPDH bands by enhanced chemiluminescence 

(Amersham Biosciences Corp, NJ, USA). The preparation of nuclear protein extracts 

has been described previously (Chen et al., 2006). The data of cleaved caspase-3 were 

also analyzed with Image-Pro software (Media Cybernetics Inc., MD, USA). 

PPAR-α activity assay. The rat malonyl-CoA decarboxylase (MCD)/Luc reporter 

genes were constructed according to the procedure described in Lee’s report (Lee et al., 

2004). 5’-Flanking region of rat MCD spanning -2240/+158 bp was cloned into pGL3 

basic vector. PPAR-α transcriptional activity was measured using the pGL3-MCD-Luc 

reporter construct. Ad-COX-1/PGIS or Ad-HPGK transfected NRK-52E cells grown in 

6-well plates were transiently transfected with 4 µg of reporter construct and 0.5 µg of 
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RSV-β-galactosidase (β-gal) plasmid as an internal control using the Lipofectamine 

reagent (Invitrogen, Carlsbad, CA, USA) for 6 hours under serum-free conditions. After 

6 hours, medium was replaced with DMEM medium supplemented with 5% FCS. 

Luciferase activity of cell lysates was then determined using a luciferase assay system 

(Promega, Madison, WI, USA) according to the protocol recommended by the 

manufacturer. Transfection efficiency was normalized to β-gal activity and expressed as 

fold induction of vehicle-treated control cells.  

PPAR-α cDNA and Short Interfering RNA (siRNA) Transfection. The 

PPAR-α cDNA in pcDNA3.1 was kindly gifted from Dr S.K. Shyue (Institute of 

Biomedical Sciences, Academia Sinica, Taipei, Taiwan), PPAR-α siRNA (Cat. No. 

sc-36308) and PPAR-δ siRNA (Cat. No. sc-36306) was purchased from Santa Cruz 

Biotechnology. Cells with or without Ad-COX-1/PGIS transfection were grown to 70% 

confluence, and PPAR-α cDNA construct, PPAR siRNA and their respective control 

oligonucleotides were transfected using the Lipofectamine reagent according to the 

manufacturer’s instructions. The final concentration of PPAR-α cDNA construct or 

PPAR siRNA for transfection was 5 nM and 100 nM, respectively. Transfected cells 

were washed and resuspended in new culture media for an additional 24 h for 

adriamycin treatment and Western blot assays. 

TUNEL stain. Adriamycin-mediated apoptosis in NRK-52E cells was detected by 
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enzymatic labeling of DNA strand breaks using terminal deoxynucleotidyl 

transferase-mediated deoxyuridine triphosphate nick end-labeling (TUNEL) stain. As 

described previously (Chen et al., 2006), TUNEL stain with a Cell Death Detection kit 

(Roche, Mannheim, Germany). To reveal total nuclei, we stained the same slides with 

DAPI (4'-6-diamidino-2-phenyindole) (1 µg/ml) in phosphate-buffered saline (PBS) 

plus 0.5% 1,4-diazabicyclo[2,2,2]octane. Additionally, we also processed kidney slides 

with an ApopTag Fluorescein in situ apoptosis detection kit (CHEMICON International, 

Inc., CA, USA) according to the manufacture’s instructions. TUNEL-stained kidney 

tissue slides were mounted with mounting solution containing DAPI and observed with 

fluorescent microscope. 

Determination of TNF-α. We cultured NRK-52E cells with or without 

transfection on 10-cm plates with 2 ml medium in each plate, and treated them with 

adriamycin at 3 µM for 8 hours. The cultured medium was collected and analyzed using 

the mouse TNF-α ELISA kit according to instructions provided by the manufacturers 

(RayBiotech, Inc., Norcross, GA, USA). 

Animals and treatments. The mouse strain 129S4/SvJae was kindly gifted from 

Dr C.C. Chen (Institute of Biomedical Sciences, Academia Sinica, Taipei, Taiwan). The 

PPARα-deficient mice (129S4/SvJae-Pparatm1Gonz/J) were purchased from JAX® Mice 

and Services (Bar Harbor, ME, USA). The mice weighting 20 to 25 g and aged eight 
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weeks were applied in this study. All animal experimentation obeyed the NIH Guide for 

the Care and Use of Laboratory Animals. The experimental group animals (n=6) for 

adriamycin treatment received intraperitoneal (IP) injection with adriamycin (30 

µg/Kg/d) for 7 days. The group animals (n=6) for adriamycin and docosahexaenoic acid 

(DHA) treatment received IP injection with DHA (200 mg/Kg/d) 30 minutes before the 

adriamycin treatment each time. Control groups mice received the IP injection with 

0.9% (w/v) saline for 7 days. Treated and control mice were killed 24 h after the last 

drug injection. Both kidneys were harvested by laparotomy and the renal cortex tissue 

was snap-frozen in dry ice and stored at -80°C until in situ TUNEL assays.  

The detection of intracellular ROS. The intracellular ROS in NRK-52E cells was 

determined by using 2’,7’-dichlorofluorescein (DCF) staining as described in the 

previous study (Cheng et al., 2006). We also detected the activity of catalase and 

superoxide dismutase in NRK-52E cells by using Catalase Assay kit and Superoxide 

Dismutase Assay kit according to instructions provided by the manufacturers (Cayman 

Chemical Company, Ann Arbor, MI, USA). 

Electrophoretic mobility shift assay (EMSA). The activity of NF-κB in 

NRK-52E cells was determined using electrophoretic mobility shift assay as described 

in the previous study (Chen et al., 2006). In brief, cultured NRK-52E cells were 

suspended in cold buffer A (containing KCl 10 mM, EDTA 0.1 mM, DTT 1 mM, and 
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PMSF 1 mM) for 15 min, lysed by adding 10% NP-40 and then centrifuged at 5000 x g 

to obtain pellets of nuclei. The nuclear pellets were resuspended in cold buffer B 

(containing HEPES 20 mM, EDTA 1 mM, DTT 1 mM and PMSF 1 mM, and NaCl 0.4 

mM), vigorously agitated, and then centrifuged. A double-stranded containing a high 

affinity sequence for NF-κB from the mouse kappa-light chain enhancer was 

end-labeled with [32P]ATP (Chen et al., 2006). Extracted nuclear proteins were 

incubated with 32P-labeled DNA for 15 min at room temperature in binding buffer 

containing 1 µg of poly (dI-dC). The mixtures were electrophoresed on 5% 

non-denaturing polyacrylamide gels. Gels were dried and imaged by autoradiography. 

Immunoprecipitation. Control and transformed cells were starved overnight in 

serum-free culture medium and treated with or without 3µM adriamycin for 24h. The 

cells were lysed at 4oC in lysis buffer (50mM Tris, pH 7.5, 1% Nonidet P-40, 0.5% 

sodium deoxycholate, 150mM NaCl, protease inhibitors). PPAR-α was collected by 

using immunoprecipitation kit (Roche Diagnostics GmbH, Mannheim, Germany) with 

anti-PPAR-α antibodies (Santa Cruz Biotechnology), following the manufacturer’s 

instructions. 

Statistical analysis. Data were presented as the mean ± standard deviation (S.D.), 

and groups were compared using the analysis of variance (ANOVA). The differences 

were considered significant if the p-values were smaller than 0.05. 
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Results 

The mRNA Level of PPAR-α in Adriamycin-treated NRK-52E Cells. To 

investigate the role played by PPAR-α in adriamycin-induced apoptosis, we first 

monitored the mRNA level of PPAR-α in NRK-52E cells treated with or without 

adriamycin. Using quantitative real-time PCR, we found that the PPAR-α mRNA was 

significantly reduced by more than 50% in adriamycin-treated cells compared with that 

in control cells (Fig. 1). This result implies the inverse relationship between PPAR-α 

and adriamycin-induced apoptosis. Although endogenous prostacyclin (PGI2) 

augmentation via adenovirus-mediated bicistronic COX-1/ PGIS transfection has been 

found protecting NRK-52E cells from adriamycin-apoptosis (Chen et al., 2006), it 

didn’t influence the PPAR-α mRNA level as shown in Fig. 1.  

The Protective Function of PPAR-α on Adriamycin-induced Apoptosis in 

NRK-52E Cells. To probe into the function of PPAR-α on the adriamycin-induced 

apoptosis, PPAR-α cDNA construct was transfected into NRK-52E cells to overexpress 

PPAR-α protein. Compared with controls or vector transformants, PPAR-α protein level 

was significantly increased in PPAR-α construct-transfected cells (Fig. 2A). During 

adriamycin treatment, the quantity of cleaved caspase-3, an important apoptosis signal, 

was significantly reduced by PPAR-α overexpression (Fig. 2B). In TUNEL assays, 
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PPAR-α overexpression significantly reduced adriamycin-induced apoptosis by over 

50% compared with adriamycin-treated controls or vector transformants (Fig. 2C). 

The Induction of PPAR-α Activation by Ad-COX-1/PGIS Transfection. 

Because PGI2 is supposed to be a potential ligand of PPAR-α, it is possible that 

Ad-COX-1/PGIS-mediated endogenous PGI2 augmentation causes PPAR-α 

translocation and activation. To evaluate this possibility, the PPAR-α protein in cytosol 

and nuclei was monitored using Western blot assays. As shown in Fig. 3A, the quantity 

of PPAR-α protein in the cytosol of Ad-COX-1/PGIS-transfected cells was similar to 

that in Ad-HPGK-transfected cells. However, the nuclear PPAR-α protein in NRK-52E 

cells was significantly increased by the 12-hour transfection of Ad-COX-1/PGIS, and 

ascended along the transfection time. This result reveals that PGI2 generated by 

Ad-COX-1/PGIS transfection induces the translocation of PPAR-α. PPAR-α activity 

was also measured as luciferase activity of acetyl-CoA, and was increased by more than 

7 times when NRK-52E cells were transfected with 40moi of Ad-COX-1/PGIS for 2 

days, when compared to Ad-HPGK-transfected cells as shown in Fig. 3B. 

The Major Role of PPAR-α in The Protective Function of PGI2. Gene 

knockdown with short interference RNA (siRNA) was next applied to analyze the 

protective function of PPAR-α on adriamycin-induced apoptosis. NRK-52E cells were 

transfected with the PPAR-α siRNA, and the PPAR-α protein level was obviously 
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reduced (Fig. 4A). The adriamycin-induced cleaved caspase-3 generation was not 

affected by PPAR-α siRNA transfection (Fig. 4B). We further transfected 

Ad-COX-1/PGIS into the cells and evaluated the influence of siRNA transfection on the 

protective effect of Ad-COX-1/PGIS. As shown in Fig. 4B, the inhibition effect of 

Ad-COX-2/PGIS transfection on the cleaved caspase-3 generation was blocked by 

PPAR-α siRNA transfection. Additionally, the excretion of tumor necrosis factor-α 

(TNF-α), an important mediator for death receptor-mediated apoptosis, was elevated by 

adriamycin (Fig. 4C). This adriamycin-induced elevation was enhanced by PPAR-α 

siRNA transfection, but significantly suppressed in PPAR-α-overexpressed cells. 

 The signaling pathway of PGI2 was also involved with IP receptor and 

PPAR-δ (Lim and Dey, 2002). To identify the crucial role of PPAR-α in the protective 

function of PGI2, the neutralizing antibody for IP receptor and PPAR-δ siRNA were 

applied in Ad-COX-1/PGIS-transfected cells. The PPAR-δ protein level was obviously 

reduced as shown in Fig. 5A. The adriamycin-induced apoptotic cells were increased 

approximately 6% by PPAR-α siRNA transfection, and was not affected by IP receptor 

neutralizing and PPAR-δ siRNA transfection (Fig. 5B). The inhibition effect of 

Ad-COX-1/PGIS transfection on the adriamycin-induced apoptosis was reduced 

approximately 80% by PPAR-α siRNA transfection and approximately 40% by IP 

receptor neutralizing, and not affected significantly by PPAR-δ siRNA transfection. This 
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result reveals the major role of PPAR-α in PGI2 protection function on 

adriamycin-induced apoptosis in NRK-52E cells.  

The Protective Effect of PPAR-α on Adriamycin-induced Apoptosis in Vivo. 

The protective effect of PPAR-α on adriamycin-induced apoptosis was further proven 

with docosahexaenoic acid in vivo. Docosahexaenoic acid (DHA), a long-chain fatty 

acid, is known as one of the PPAR-α activators (Lin et al., 1999). Mice were treated 

with adriamycin (30µg/Kg/day) or saline as controls; the experimental groups were 

treated with DHA (200mg/Kg/day) in addition. At the end of the treatment period (7 

days), we examined kidney sections after the detection of DNA fragmentation using in 

situ TUNEL assay to analyze the adriamycin-induced apoptosis. As shown in Fig. 6, the 

scattered and bright nuclei stained by TUNEL staining could easily be detected over the 

entire cortex from adriamycin-treated animals, yet they were rarely detected in the 

specimens of the controls and adriamycin-DHA-treated animals (Fig. 6A). Most of the 

TUNEL-labeled nuclei were seen in proximal tubule epithelium. This result reveals that 

the PPAR-α activator DHA inhibits the adriamycin-induced cell apoptosis in the renal 

cortex in mice. In PPAR-α-deficient mice, however, TUNEL-labeled nuclei detected in 

the cortex from adriamycin-treated animals were much more than that in normal mice 

(Fig. 6B,C). The adriamycin-induced apoptosis was also rarely reduced by DHA 

treatment in PPAR-α-deficient mice.  
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The Influence of PPAR-α on The Adriamycin-induced Reactive Oxygen 

Species Concentration. Reactive oxygen species (ROS) derived from redox activation 

of adriamycin have been proposed to be responsible for adriamycin-induced 

cytotoxicity (Singal et al., 2000). To examine the influence of PPAR-α overexpression 

on adriamycin-induced ROS, NRK-52E cells were transfected with PPAR-α construct 

or the blank vector in the absence or presence of adriamycin. Adriamycin-induced 

increases of intracellular ROS were revealed by fluorescent intensities of 

2',7'-dichlorofluorescin (DCF) (Fig. 7A). PPAR-α overexpression significantly inhibited 

adriamycin-induced ROS concentration under the treatment of 3µM adriamycin for 6 h 

(Fig. 7A). In addition, the activity of catalase and superoxide dismutase was also 

increased in PPAR-α-overexpressed NRK-52E cells as revealed by ELISA assays (Fig. 

7B,C).  

The Inhibition Effect of PPAR-α on NF-κB Activation Caused by Adriamycin 

in NRK-52E Cells. NF-κB is known as an important transcriptional factor, and 

activated by adriamycin treatment in NRK-52E cells (Chen et al., 2006). The influence 

of PPAR-α on adriamycin-induced NF-κB activation was further investigated by using 

the Electrophoretic Mobility Shift Assay (EMSA) with nuclear extracts. NRK-52E cells 

were transfected with PPAR-α construct or the blank vector, and then incubated with 3 

µM adriamycin for 12h. As shown in Fig. 8A, the DNA binding activity of NF-κB was 
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increased by adriamycin treatment in control cells or vector transformants, and this 

increase was reduced markedly by PPAR-α overexpression. The reduction of 

adriamycin-induced NF-κB activity caused by PPAR-α may result from the inhibition 

of PPAR-α on adriamycin-induced ROS because the ROS serves as a stimulus for 

NF-κB activation (Bonizzi et al., 2000). However, it has been reported that a physical 

interaction exists between PPAR-α and the p65 subunit of NF-κB, and interferes with 

the activity of both transcription factors (Delerive et al., 1999; Delerive et al., 2000). 

Nuclear extracts isolated from NRK-52E cells were immunoprecipitated using 

anti-PPAR-α antibody coupled to protein G-agarose beads. Immunoprecipitates were 

then subjected to SDS-PAGE and immunoblotted with anti-p65 antibody. Data shown 

in Fig. 8B demonstrate that the quantity of co-immunoprecipitated NF-κB p65 with 

adriamycin treatment was similar to that without adriamycin in both control cells and 

vector transformants, but was significantly increased by adriamycin treatment in 

PPAR-α-overexpressed cells. We also found p65 translocated into nuclei was reduced 

in PPAR-α-overexpressed cells with adriamycin treatment (Fig. 8C). 

 

Discussion 

In our results adriamycin-induced apoptosis was reduced in 

PPAR-α-overexpressed NRK-52E cells (Fig. 2), and even more serious in renal tubular 
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cells in PPAR-α-deficient mice compared with that in normal mice (Fig. 6). These data 

indicate that PPAR-α is associated with the inhibition of adriamycin-induced apoptosis 

in renal tubular cells. Since some PPAR-α ligands, such as certain fatty acids, originally 

are present in cytosol, the overexpression of PPAR-α in NRK-52E cells is supposed to 

increase the active form of PPAR-α. Therefore, the protective function of PPAR-α on 

adriamycin-induced apoptosis may result from the activation of PPAR-α. In our 

previous study, the selective augmentation of PGI2 caused by Ad-COX-1/PGIS 

transfection was found to protect NRK-52E cells from adriamycin-induced apoptosis 

(Chen et al., 2006). COXs and PGIS mRNA were present in the whole kidney in vivo 

but PGIS not in any nephron segment. However, PGI2 synthesis along the nephron is 

quite significant despite the lack of PGIS detection throughout the nephron (Lim and 

Dey, 2002). PGI2 was able to cause PPAR-α translocation and activation, and lost the 

protective effect in PPAR-α siRNA-transfected cells (Fig. 4, 5). These data reveal that 

the activation of PPAR-α is essential for the protective function of PGI2 on 

adriamycin-induced apoptosis in renal tubular cells. 

 The detailed mechanism about PPAR-α activation protecting renal tubular cells 

from adriamycin-induced apoptosis is not clear yet. We found the overexpression of 

PPAR-α elevated the activity of catalase and superoxide dismutase, and reduced 

adriamycin-induced ROS concentration in NRK-52E cells (Fig. 7). This inhibition of 
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ROS concentration is supposed to be a crucial mechanism for the protective function of 

PPAR-α since ROS are a mediator in adriamycin-induced apoptotic injury (Singal et al., 

2000). ROS also serve as a stimulus for NF-κB activation (Bonizzi et al., 2000). In our 

study system, the activation of NF-κB was always associated with adriamycin-induced 

apoptosis, and was reduced by the overexpression of PPAR-α (Fig. 8A). This reduction 

of NF-κB activity may result from the inhibition of PPAR-α on adriamycin-induced 

ROS. However, there is another possibility about the reduction of NF-κB activity 

caused by PPAR-α. A physical interaction between PPAR-α and the p65 subunit of 

NF-κB existed in adriamycin-treated NRK-52E cells (Fig. 8B). In PPAR-α-expressed 

cells, a lot of NF-κB p65 bound to PPAR-α under adriamycin treatment. This 

interaction has been reported to interfere with the activity of PPAR-α and NF-κB 

(Delerive et al., 1999; Delerive et al., 2000). But the expression level of PPAR-α was 

significantly reduced by adriamycin treatment in control cells (Fig. 1). This will cause 

less PPAR-α to interact and interfere with activated NF-κB in adriamycin-treated 

NRK-52E cells. In fact, we also found the quantity of nuclear p65 in adriamycin-treated 

control cells was obviously higher than that of PPAR-α-overexpressed cells with 

adriamycin treatment (Fig. 8C). Therefore, the interaction between PPAR-α and NF-κB 

p65 is another possible mechanism for the protective function of PPAR-α in 

adriamycin-treated renal tubular cells. 
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Although PGI2 is supposed to be the ligand of PPARs, the connection between 

endogenous PGI2 and the activation of PPAR-α is still not conclusive (Lim and Dey, 

2002). The data in this study prove that Adv-COX-1/PGIS transfection induces the 

activation of PPAR-α in NRK-52E cells. Previous studies have shown that 

Adv-COX-1/PGIS transfection is effective in augmenting COX-1 and PGIS expression, 

and increases PGI2 without overproduction of other prostanoids in endothelial, cerebral 

and rat renal tubular cells (Chen et al., 2006; Lin et al., 2002; Shyue et al., 2001). It is 

possible that this endogenous augmented PGI2 is able to interact with and activate 

PPAR-α without the interference of other PGs. With PPAR-α signaling pathway, PGI2 

shows protective effect on adriamycin-induced apoptosis. However, several recent 

independent reports show that endogenously produced PGI2 indeed activates PPAR-δ in 

vivo (Gupta et al., 2000; Lim et al., 1999; Lim et al., 1997), and then uses PPAR-δ to 

modulate apoptotic process as well (Hatae et al., 2001; Lim and Dey, 2002). These data 

indicate that PGI2 plays a pro-apoptotic role, which is opposite to our finding. Actually 

in our study, PPAR-δ knockdown didn’t affect the protective function of PGI2 on 

adriamycin-treated NRK-52E cells (Fig. 5). Besides different kinds of experimental 

cells, the data on the pro-apoptotic effect of PGI2 are often obtained with COX-2/PGIS 

cotransfection, but not Ad-COX-1/PGIS transfection applied in this study. The 

difference between the physiological effects of COX-1 and COX-2 may cause the 
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experimental diversity of PGI2. So far, it seems like that PGI2 possesses pro-apoptotic 

and anti-apoptotic effects via the activation of PPAR-δ and PPAR-α respectively. The 

mechanism on how both opposite effects of PGI2 are regulated is still unknown. 

In summary, our present study presents the protective effect of PPAR-α on 

adriamycin-induced apoptosis in renal tubular cells. With adriamycin treatment, the 

expression level of PPAR-α was significantly reduced in NRK-52E cells, which may 

cause apoptotic signals to overcome the protective effect of PPAR-α. When we 

overexpressed PPAR-α or transfected Ad-COX-1/PGIS to activate PPAR-α in cultured 

cells, adriamycin-induced apoptosis was extensively inhibited. The PPAR-α ligand 

DHA also protected renal tubular cells from adriamycin-induced apoptosis in mice, but 

not in PPAR-α-deficient mice. Altogether these findings suggest that the activation of 

PPAR-α can ameliorate the adriamycin-induced injury in kidney. 
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Figure legends 

Fig. 1. The relative mRNA levels of PPAR-α in NRK-52E cells. NRK-52E cells were 

treated with or without 3 µM of adriamycin for 8 h. Adriamycin decreased PPAR-α 

mRNA levels more than 50% compared with controls by real-time RT-PCR. NRK-52E 

cells were also transfected with 40 moi of Ad-COX-1/PGIS or Ad-HPGK for 2 days, 

and then treated with or without adriamycin. The transfection did not influence the 

adriamycin-induced decrease of PPAR-α mRNA levels. All results were normalized to 

GAPDH mRNA. A bar is mean ± S.D. of 3 experiments. 

 

Fig. 2. Effects of PPAR-α overexpression on adriamycin-induced apoptotic 

signaling. (A) The PPAR-α expression level in NRK-52E cells with PPAR-α cDNA 

construct transformation. The level of PPAR-α protein in each sample was determined 

by Western blot analysis with anti-PPAR-α antibodies. (B) Protein levels of cleaved 

caspase-3 in transformed NRK-52E cells treated with adriamycin. Transformed 

NRK-52E cells were treated with 3 µM of adriamycin for 24 h, and then analyzed using 

western blotting with the specific antibody against cleaved caspase-3. Data are also 

presented as the difference relative to the data in untreated control groups. The results 

are shown as the mean ± S.D. (n = 5). *, p < 0.05 versus the results in blank vector 

transformants with adriamycin treatment. (C) The protective effect of PPAR-α 

overexpression against the adriamycin-induced apoptosis in NRK-52E cells. 
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Transformed NRK-52E cells were treated with 3 µM of adriamycin for 24 h, and then 

stained with TUNEL assay. Results are the mean±S.D. (n = 6). *, p <0.05 compared 

with the blank vector transformants with adriamycin treatment; C, untransformed 

controls; V, blank vector transformants; P, PPAR-α cDNA construct transformants. 

 

Fig. 3. Effects of Ad-COX-1/PGIS transfection on PPAR-α activation in NRK-52E 

cells. (A) The effect of Ad-COX-1/PGIS transfection on PPAR-α translocation. 

NRK-52E cells were transfected with Ad-COX-1/PGIS or Ad-HPGK at 40 moi for 

different periods. Cell nuclei in each sample were purified. Western blotting was carried 

out with the specific antibody against PPAR-α. GAPDH was detected as a loading 

control. C/P, Ad-COX-1/PGIS transfection; H, Ad-HPGK transfection; C, untreated 

control. (B) The luciferase activity assay of NRK-52E cells transfected with the 

full-length rat MCD luciferase reporter. The cells were co-transfected with 

β-galactosidase expression vector (as an internal control) and then transfected 

Ad-HPGK or Ad-COX-1/PGIS as indicated. After transfection, the cells were incubated 

for 48 h. Transfection efficiency was normalized to β-gal activity and expressed as fold 

induction of vehicle-treated control cells. Results are the mean±S.D. (n = 3). *, p <0.05 

compared with vehicle-treated control cells. 
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Fig. 4. Effects of PPAR-α knockdown on the protective effect of Ad-COX-1/PGIS 

transfection in NRK-52E cells. (A) The effect of PPAR-α siRNA transfection on 

PPAR-α protein expression level. NRK-52E cells were either transfected with control 

siRNA as mock controls (M) or transfected with PPAR-α siRNA (sPα) to obtain 

PPAR-α knockdown cells. Western blotting was carried out with the specific antibody 

against PPAR-α. GAPDH was detected as a loading control. (B) Protein levels of 

cleaved caspase-3 in siRNA-transfected NRK-52E cells treated with adriamycin. 

NRK-52E cells transfected with PPAR-α siRNA or mock control siRNA were 

transfected with or without Ad-COX-1/PGIS (Ad-C/P) at 40 moi for 2 days, treated 

with 3 µM of adriamycin for 24 h. Each sample was analyzed using western blotting 

with the specific antibody against cleaved caspase-3. Data are also presented as the 

difference relative to the data in untreated control groups. The results are shown as the 

mean ± S.D. (n = 5). *, p < 0.05 versus the results in mock controls with 

Ad-COX-1/PGIS transfection and adriamycin treatment. (C) The influence of PPAR-α 

on adriamycin-induced TNF-α excretion in NRK-52E cells. Transfected and control 

cells had been cultured on 10-cm plates with 2 ml medium in each plate, and treated 

with 3 µM of adriamycin for 8 h. The cultured medium was collected and analyzed 

using the ELISA kit for TNF-α. Data are expressed as the mean ± S.D. (n = 3). The 

TNF-α excretion was significantly reduced (p < 0.05) in PPARα-transformed cells. C, 
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untransfected control; P, PPAR-α cDNA transformants; V, blank vector transformants. 

 

Fig. 5. Effects of PPAR-α and PPAR-δ knockdown and IP receptor neutralizing on 

the antiapoptotic effect of Ad-COX-1/PGIS transfection in NRK-52E cells. (A) The 

effect of PPAR-δ siRNA transfection on PPAR-δ protein expression level. NRK-52E 

cells were either transfected with control siRNA as mock controls (M) or transfected 

with PPAR-δ siRNA (sPδ) to obtain PPAR-δ knockdown cells. Western blotting was 

carried out with the specific antibody against PPAR-δ. GAPDH was detected as a 

loading control. (B) The influence of PPAR-α and PPAR-δ siRNA and IP receptor 

neutralizing antibody on the protective effect of Ad-COX-1/PGIS in NRK-52E cells. 

NRK-52E cells transfected with PPAR-α siRNA (sPα), PPAR-δ (sPδ) siRNA or mock 

control siRNA (M) were transfected with or without Ad-COX-1/PGIS (Ad-C/P) at 40 

moi for 2 days, treated with 3 µM of adriamycin for 24 h. For blocking IP receptor 

function, cells were pretreated with IP receptor neutralizing antibody (1µg ml-1) for 30 

minutes before incubation with adriamycin. The apoptosis level of each sample was 

revealed with TUNEL assays. Results are the mean±S.D. (n = 6). C, untransfected 

control; IP, IP receptor neutralizing cells. 

 

Fig. 6. The protective effect of DHA against adriamycin-induced apoptosis in 
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kidneys in vivo. Mice were injected with saline, adriamycin, or adriamycin and DHA. 

Apoptotic cells in kidneys of experimental animals were detected using in vivo TUNEL 

staining. (A) Apoptotic cells in the renal cortex of the adriamycin-treated normal mice. 

(B) Apoptotic cells in the renal cortex of the PPAR-α-deficient mice with adriamycin 

treatment. TUNEL-labeled nuclei were revealed as bright spots in cortex sections from 

untreated and treated mice. The identical fields stained for TUNEL were also stained 

using DAPI to reveal the positions of cell nuclei as bright spots. Scale bar = 100 µm. (C) 

The numbers of TUNEL-labeled cells per mm-square cortex area in each sample were 

compiled and demonstrated. Results are expressed as the mean
 ± S.D. (n = 6). *, 

p < 0.05 compared with the normal mice treated with adriamycin alone. 

 

Fig. 7. The influence of PPAR-α overexpression on adriamycin-induced ROS in 

NRK-52E cells. (A) The inhibition effect of PPAR-α overexpression on 

adriamycin-induced ROS. NRK-52E cells were transformed with PPAR-α construct or 

the blank vector, and then treated with 3 µM of adriamycin for 6 h. Adriamycin-induced 

increases of intracellular ROS were revealed by fluorescent intensities of DCF. 

Fluorescence intensities of cells are shown as the relative intensity of experimental 

groups is compared with untreated control cells. Results are the mean±S.D. (n = 6). *, p 

<0.05 compared with the blank vector transformants with adriamycin treatment. (B,C) 
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The influence of PPAR-α overexpression on the activity of SOD and catalase in 

NRK-52E cells. After adriamycin treatment for 24 h, the transformed cells were 

harvested, and the activity of SOD and catalase was analyzed using ELISA assay. 

Results are the mean±S.D. (n = 6). *, p <0.05 compared with the blank vector 

transformants group with adriamycin treatment; C, untransfected controls; V, blank 

vector transformants; P, PPAR-α cDNA transformants. 

 

Fig. 8. The influence of PPAR-α on adriamycin-induced NF-κB signaling pathways 

in NRK-52E cells. (A) The DNA-binding activity of NF-κB in adriamycin-treated 

NRK-52E cells. The nuclear proteins were extracted and analyzed by EMSA with 

NF-κB binding nucleotides. (B) The interaction between PPAR-α and NF-κB p65. 

NRK-52E cells were transformed with PPAR-α construct or the blank vector, and then 

treated with 3 µM of adriamycin for 8 h. PPAR-α in each sample was 

immunoprecipitated with an anti-PPAR-α antibody. Co-immunoprecipitated NF-κB p65 

was detected by using western blotting with an anti-p65 antibody, and significantly 

elevated in PPAR-α-transfected cells with adriamycin (ADR) treatment. (C) The levels 

of nuclear NF-κB p65 in adriamycin-treated cells. After adriamycin treatment, nuclear 

protein was also extracted and detected by Western blotting assay with the specific 

antibody against NF-κB p65. The nuclear NF-κB p65 was significantly reduced in 
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PPAR-α-transfected cells. C, untransfected controls; V, blank vector transformants; P, 

PPAR-α cDNA transformants. 
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