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Ultrastructural alterations of podocytes are closely
associated with loss of glomerular filtration function.
In the present study, we explored changes at the
proteome level that paralleled the disturbances of
podocyte architecture in the early stages of puromy-
cin aminonucleoside (PA) nephrosis in vivo. Using
two-dimensional fluorescence difference gel electro-
phoresis and vacuum matrix-assisted laser desorp-
tion/ionization mass spectrometry combined with
postsource decay fragment ion analysis and high-
energy collision-induced dissociation tandem mass
spectrometry, 23 differentially expressed protein
spots, corresponding to 16 glomerular proteins that
are involved in various cellular functions, were un-
ambiguously identified, and a subset was corroborated
by Western blot analysis. The majority of these proteins
were primarily related to fatty acid metabolism and
redox regulation. Key enzymes of the mitochondrial
�-oxidation pathway and antioxidant enzymes were
consistently down-regulated in PA nephrosis. These
changes were paralleled by increased expression levels
of CD36. PA treatment of murine podocytes in culture
resembled these specific protein changes in vitro. In
this cell system, the modulatory effects of albumin-bound
fatty acids on the expression levels of Mn-superoxide dis-
mutase in response to PA were demonstrated as well.
Taken together, these results indicate that a disrupted

fatty acid metabolism in concert with an impaired
antioxidant defense mechanism in podocytes may
play a role in the early stages of PA-induced lesions in
podocytes. (Am J Pathol 2009, 174:1191–1202; DOI:

10.2353/ajpath.2009.080654)

The renal glomerulus is the site of plasma ultrafiltration,
allowing for the excretion of water and small molecules
while retaining cells and essential plasma proteins.1 The
glomerular filtration barrier that is based on size,2 shape,3

and charge2,4 selectivity is formed by fenestrated endo-
thelial cells, the glomerular basement membrane, and
visceral epithelial cells, known as podocytes. Alterations
of this barrier correlate closely with an increase in glo-
merular permeability to proteins that cause proteinuria
and eventually the nephrotic syndrome.5,6 A morpholog-
ical hallmark of many forms of renal proteinuric diseases,
in general, is a change in podocyte architecture, includ-
ing effacement and retraction of podocyte foot processes
and dislocation of slit diaphragms.7–10 In children, mini-
mal change disease (MCD) is the most common form of
nephrotic syndrome and in adults MCD accounts for 15
to 25% of nephrotic syndrome.11 MCD is characterized
by highly selective proteinuria, mainly albuminuria. His-
topathological changes are restricted to podocyte foot
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processes that become extensively flattened and are not
associated with glomerular inflammatory cell infiltrations.
To study the molecular mechanisms underlying the ultra-
structural alterations of podocytes, the injection of puro-
mycin aminonucleoside (PA) in rats induces severe
podocyte damage that closely resembles the human id-
iopathic MCD, both morphologically and functionally.12,13

In this experimental disease several molecules were
identified that play essential roles in the stability of the
functional glomerular filtration barrier. These include
podocyte-specific membrane proteins14 as well as cy-
toskeletal proteins or cytoskeleton linking molecules.15–17

Furthermore, reactive oxygen species (ROS) play a crit-
ical role in podocyte foot process effacement and glo-
merular dysfunction,18–20 and enhanced lipid peroxida-
tion (LPO) was reported in puromycin aminonucleoside
nephrosis (PAN) as well as with other experimental and
human glomerular diseases.7,21–23 Recently, condition-
ally immortalized mouse podocytes24 were used to inves-
tigate the effect of PA in vitro.25,26 However, precise in-
formation on the intracellular molecular events that link
the disturbances of podocyte architecture and increased
glomerular permeability with any of these effector mech-
anisms is still incomplete.

Currently, the global study of proteins, their expression
and/or their localization in normal as well as in patholog-
ical conditions is widely used to provide more information
of pathogenic mechanisms.27,28 Previous proteomic
studies have been conducted to analyze changes in the
glomerular proteome in a diabetic animal model29 or in
sclerosis.30 We already applied proteomic methods in-
cluding two-dimensional gel electrophoresis (2-D GE) to
investigate cell surface proteins on glomerular cells.31,32

The purpose of the present study is to characterize
changes in protein expression accompanying early
changes in PAN and thus to expand our understanding of
the intracellular processes leading to podocyte injury
related to proteinuria.

Materials and Methods

Primary Antibodies

Rabbit polyclonal IgG specific for superoxide dismutase
2 (Mn-SOD, used 1:5000) and rabbit polyclonal anti-
peroxiredoxin-3 (PRDX3, used 1:10,000) IgG were ob-
tained from Abcam (Cambridge, UK). Rabbit poly-
clonal anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, used 1:3000) antibody was obtained from
Trevigen (Gaithersburg, MD). Rabbit polyclonal anti-
CD36 (used 1:300 unless otherwise stated) was obtained
from Cayman Chemical (Ann Arbor, MI). Mouse mono-
clonal IgG specific for CD68 (used 1:200) was obtained
from Serotec (Oxford, UK) and polyclonal IgY antibody
specific for short-chain L-3-hydroxyacyl CoA dehydroge-
nase (HCDH, used 1:400) was obtained from Genway
Biotech (San Diego, CA). Rabbit polyclonal specific for
mitochondrial uncoupling protein 3 (UCP3, used 1:500)
was purchased from Novus Biologicals (Littleton, CO)
and mouse monoclonal specific for �-dystroglycan (�-

DG, used 1:250) was obtained from Upstate Biotechnol-
ogy (Lake Placid, NY).

Animals

Male Sprague-Dawley rats weighing 250 to 300 g were
obtained from the Central Animal Laboratory of the Med-
ical University of Vienna. The experimental use of animals
was authorized by the Austrian Ministry of Science.

Induction of PAN

Rats fed with standard chow and free access to water
were randomly divided into an experimental group (n �
6) and a control group (n � 6). PAN was induced by daily
subcutaneous injection of 1.67 mg/100 g body weight of
PA (P-7130; Sigma Aldrich, St. Louis, MO)33,34 in Hanks’
balanced salt solution (Gibco BRL, Paisley, UK) for 5
days. The control group received equal volume of Hanks’
balanced salt solution. Rats were sacrificed under anes-
thesia 2 days after the last injection.

Histological Confirmation of Glomerular
Alterations

Part of the kidney cortex was fixed in 4% paraformalde-
hyde in 0.1 mol/L phosphate buffer. After washing and
postfixing in 1% OsO4 the material was dehydrated and
embedded in Epon resin. Ultrathin sections were pre-
pared and stained with uranylacetate and lead citrate.
Sections were examined under a JEM 1010 electron mi-
croscope (JEOL, Tokyo, Japan).

Two-Dimensional Fluorescence Difference Gel
Electrophoresis (2-D DIGE) of Glomerular
Proteins

Kidneys from animals in the control group and in the PAN
group were perfused with Hanks’ balanced salt solu-
tion and glomeruli were obtained by graded sieving of
minced kidney cortex suspensions on ice as described
previously35 with minor modifications. Briefly, small
pieces of minced kidney cortex were flushed through a
100-�m nylon strainer (BD Falcon, San Jose, CA) and
the flow-through was further filtered through a 70-�m
strainer. The purified glomeruli were then collected on the
70-�m strainer. The preparation consisted of �95% glo-
meruli when examined by phase-contrast microscopy.
Glomeruli isolated from both kidneys of one individual
animal were mixed and used as one sample of glomeru-
lar proteins. The sample complexity of the glomerular
proteome was reduced by Triton X-114 phase separa-
tion.36 Hydrophilic proteins recovered in the aqueous
phase were used for further quantitative analysis. The
protein concentration was determined using the 2-D
Quant kit (GE Healthcare, Uppsala, Sweden). Fluores-
cence labeling of extracted proteins with CyDye DIGE
fluors minimal dye (GE Healthcare) was performed ac-
cording to the manufacturer’s instructions and as de-
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scribed previously.37 Supplemental Table S1 at http://
ajp.amjpathol.org illustrates the study design for the 2-D
DIGE experiment. Briefly, protein extracted from normal
individuals (n � 4) and from PA-treated animals (n � 4)
were minimally labeled with Cy5 and Cy3 fluorescent
dyes (50 �g of protein/400 pmol of dye), respectively, for
30 minutes at 4°C. Additionally, pooled equal aliquots of
glomerular extracts from control and PAN animals were
labeled with Cy2 fluorescent dye. The reaction was then
quenched by the addition of 1 �l of 10 mmol/L lysine.
Cy2-, Cy3-, and Cy5-labeled samples were mixed and
the volume of the protein mixture was adjusted to 340 �l
by adding rehydration buffer containing 7 mol/L urea, 2
mol/L thiourea, and 4% CHAPS. Finally, 15 mmol/L dithio-
threitol and 0.5% IPG-buffer were added. Commercial
immobilized pH gradient gels (IPG strips, pH 3 to 10
nonlinear, pH 4 to 7, 18 cm; GE Healthcare) were rehy-
drated with the sample solutions for 12 hours at 20°C and
processed as described previously.36 Each glomerular
protein extract was separated twice using IPG strips with
a pH range from 3 to 10 nonlinear as well as a pH range
from pH 4 to 7 in the first and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in the
second dimension.

Image Acquisition and Visualization of Protein
Spots

The Cy2, Cy3, and Cy5 images for each gel were
scanned at 488/520-, 532/580-, and 633/670-nm exci-
tation/emission wavelengths, respectively, at 100-�m
resolution, thus obtaining a total of 12 images (4 � 3)
using a fluorescence imager (Typhoon 9400, GE
Healthcare). PDQuest V7.1 image analysis software
(Bio-Rad, Hercules, CA) was used for raw data image
analysis of the sample sets including spot detection,
matching, and comparison of the protein extracts from
control and PAN glomeruli to the pooled standard.
Briefly, original images of Cy2, Cy3, and Cy5 images
for each gel were cropped, smoothed, and filtered to
clarify spots. The Gaussian spots were then created
from filtered images and all subsequent spot quantita-
tion and other analyses were done on the Gaussian
image. A MatchSet was created for comparing and
analyzing spots from all 12 Gaussian images, and a
master image, which contains the spot data from all of
the gels in the MatchSet, was then generated. The Cy5
and Cy3 spot data from each gel were normalized
using respective Cy2 signals of the internal standard.
The spot maps of the individual DIGE gels were then
used to calculate average abundance changes. The
differences were assumed to be significant if the spots
were present in all of the gels, with a P value �0.05
performing the Student’s t-test. For subsequent vac-
uum matrix-assisted laser desorption/ionization mass
spectrometry (vMALDI) mass spectrometric analysis
the gels were silver-stained according to Blum and
colleagues38 and only protein spots that were visible
by silver staining and unambiguously matched to the
fluorescence image were picked manually.

Enzymatic Digestion of Proteins and Sample
Preparation

In-gel tryptic digestion of selected protein spots and
afterward sample purification of ZipTip RP-18 (Millipore,
Bedford, MA) purified peptides was performed based on
a previously described procedure.36

vMALDI Mass Spectrometry—Peptide Mass
Fingerprinting (PMF), Postsource Decay (PSD),
and High-Energy Collision-Induced Dissociation
(CID) Time-of-Flight (TOF)/RTOF

The vMALDI PMF, PSD fragment ion analysis, as well as
high-energy CID experiments were performed on a
vMALDI time-of-flight (TOF)/curved field reflectron mass
spectrometer equipped with a differential pumped high-
energy (ELab � 20 keV, collision gas He) CID cell (Axima
TOF,2; Shimadzu Biotech, Kratos Analytical, Manchester,
UK) applying a nitrogen laser (337 nm), as has been
previously described.36 The generated PMF spectra
were processed using the company-supplied Savitzky-
Golay algorithm and the PSD as well as true high-energy
CID spectra were smoothed using the company-supplied
algorithm. In all cases the baseline was subtracted. Peak
annotation was performed automatically using software
provided by the instrument manufacturer (Launchpad,
Version 2.7.1.200060929; Shimadzu Biotech, Kratos
Analytical).

Database Search for Protein Identification

The peptides of the PMF spectra were manually selected
(S/N �2/1 and a plausible isotopic pattern had to be
observable), omitting those peptides derived from tryptic
autodigestion and matrix-related ions. The generated
monoisotopic peptide mass lists were searched using
the Mascot search algorithm (www.matrixscience.com).
Searches were performed using either the SwissProt
protein sequence database (version: 46.1, 5148 se-
quences assigned to Rattus) or the NCBI-nonredun-
dant protein sequence database (version: 20050226,
33,598 sequences assigned to Rattus) with the follow-
ing parameters: peptide molecular mass tolerance:
�0.15 Da; two missed cleavages; cysteine modified by
carbamidomethylation; possible modification included
oxidation of methionine; taxonomy: Rattus. Searches
were performed without restriction of protein molecular
weight or pI. Raw datasets of the PSD or CID spectra
were exported as ASCII files and peaks were manually
selected after visual inspection of the spectra. The
peptide sequence tags were analyzed by applying two
different public available search algorithms, namely
Mascot and MS-Tag (ProteinProspector, version 4.0.5,
http://prospector.ucsf.edu). The search parameters for
the PSD and CID data were described previously.36

The proteins were considered to be positively identi-
fied with significant MOWSE scores (P value �0.05)
using the PMF data and/or with the unambiguously
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identification (P value �0.05) of at least one peptide
sequence using the PSD and/or high-energy CID spec-
tra of selected precursor ions (see Supplemental Fig-
ures S1 to S23 at http://ajp.amjpathol.org).

Cell Culture

Conditionally-immortalized murine podocytes24 were
cultured in RPMI 1640 medium (Gibco BRL) supple-
mented with 10% fetal calf serum (FCS) and 1% peni-
cillin/streptomycin (Gibco BRL) in the presence of 10
U/ml recombinant mouse interferon-� (R&D Systems,
Minneapolis, MN) at 33°C in 5% CO2/95% air. To in-
duce differentiation, podocytes were maintained at
37°C in RPMI 1640 supplemented with 10% FCS and
1% penicillin/streptomycin for 10 to 14 days. Cells were
seeded in 6-well or 12-well culture dishes for the
experiments.

Cell Treatments

For the in vitro experiments podocytes were exposed to
PA (final concentration, 5 �g/ml; Sigma-Aldrich) for vari-
ous time periods. In addition, cells were kept unstimu-
lated by adding only carrier to the cells for the same time
periods. For some experiments the regular medium was
replaced by RPMI 1640 medium containing 1% penicillin/
streptomycin and 0.1% FCS supplemented with either
0.1% essentially fatty acid-free BSA (FA-free BSA, 05468,
stock solution: 100 mg/ml in phosphate-buffered saline
(PBS); Fluka, Buchs, Switzerland) or 0.1% linoleic-oleic-
arachidonic acid-albumin from BSA (FA-BSA, stock so-
lution: 100 mg/ml in DPBS, 2 mol each of linoleic acid,
oleic acid, and arachidonic acid per mol of albumin,
L0163; Sigma-Aldrich).

Sample Preparation and Western Blot Analysis

Preparations of isolated glomeruli from control and PA-
treated rats were suspended in 1% Nonidet P-40 buffer
(50 mmol/L Tris-buffered saline, 1% Nonidet P-40, and 8
mmol/L ethylenediaminetetraacetic acid) containing pro-
tease inhibitors (Complete Protease Inhibitor Cocktail
Tablets; Roche Diagnostics, Mannheim, Germany) and
were sonicated for 10 minutes at 4°C. Podocyte cell
lysates were prepared by homogenization of washed
cells in 1% Nonidet P-40 buffer. The glomerular and
podocyte cell extracts were purified by centrifugation
at 16,000 � g for 10 minutes and the supernatants
were used for further analysis. Proteins solubilized in
SDS sample buffer, containing 60 mmol/L Tris, pH 6.8,
10% (v/v) glycerol, 1% SDS, and 100 mmol/L dithio-
threitol were used for further analysis. Cell surface
proteins of podocytes were labeled and purified by
means of the cell surface biotinylation kit (Cell Surface
Protein Isolation kit, 89881; Pierce, Rockford, IL) ac-
cording to the manufacturer’s instruction. Briefly, cells
cultured in 75-cm2 flasks were washed in PBS and then
incubated with freshly prepared Sulfo-NHS-SS-Biotin
(0.25 mg/ml, 2.5 mg per flask) for 30 minutes at 4°C on

a rocking platform. The biotinylation reaction was ter-
minated by adding 500 �l of quenching solution and
the cells were harvested and washed with Tris-buffered
saline (0.025 mol/L Tris, 0.15 mol/L NaCl, pH 7.2). The
cell pellet was resuspended in lysis buffer containing
protease inhibitors, sonicated, incubated on ice for 30
minutes, and centrifuged for 10,000 � g for 2 minutes
at 4°C. The supernatant containing the solubilized and
labeled proteins was further incubated with immobi-
lized NeutrAvidin gel for 1 hour at room temperature
with end-over-end mixing. Unbound proteins were re-
moved by four washes with the wash buffer containing
protease inhibitors. Biotinylated proteins were then re-
leased by incubating with SDS sample buffer, contain-
ing 62.5 mmol/L Tris-HCl, pH 6.8, 10% (v/v) glycerol,
1% SDS, and 50 mmol/L dithiothreitol, for 5 minutes at
95°C and subsequent centrifugation. Proteins were re-
solved by SDS-PAGE using 10% vertical gels and then
transferred onto nitrocellulose membranes (Schleicher
& Schuell, Dassel, Germany). After blocking with 20%
FCS in Tris-buffered saline-T (50 mmol/L Tris, pH 7.6,
150 mmol/L NaCl, 0.02% Tween-20) the membranes
were incubated with the respective primary antibodies
overnight at 4°C, if not mentioned otherwise, followed
by incubation with the appropriate horseradish perox-
idase-conjugated secondary antibody, diluted 1:2500
and incubated for 1 hour at room temperature. Detec-
tion was performed using an enhanced chemilumines-
cence assay (GE Healthcare) on a LumiImager work
station (Roche). For internal normalization the mem-
branes were reused to detect the expression of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH, in-
cubated 1 hour at room temperature). All blots were
quantified using the LumiImager software package
v3.0 (Roche) and the presented values indicate protein
expression levels relative to controls normalized to
GAPDH. Statistical analyses were performed using
two-tailed Student’s unpaired t-test. Significance was
rejected at P values �0.05 and P values �0.01 were
separately noted.

Immunofluorescence Analysis

Cells were fixed in 4% paraformaldehyde for 10 minutes
and permeabilized with 0.1% Triton X-100 in PBS for 5
minutes at room temperature. Nonspecific binding sites
were saturated by 1% FCS/PBS for 30 minutes at room
temperature. Paraformaldehyde-fixed, permeabilized,
and blocked cells as well as 2-�m-thick paraffin-embed-
ded kidney sections from control animals (n � 6) and
PAN rats (n � 6) were then incubated with the primary
antibody for 1 hour at room temperature. After washing,
the primary antibody was detected with the appropriate
secondary antibody (Alexa Fluor 488 goat anti-rabbit
IgG, Alexa Fluor 488 goat anti-mouse IgG; Molecular
Probes, Eugene, OR). As control whole rabbit IgG or
whole mouse IgG (Accurate Chemical and Scientific,
Westbury, NY) was used instead of the primary antibody
and the cells or tissue sections were also incubated with
the secondary antibody alone. After immunostaining, the
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cells were incubated with 4�,6-diamidino-2-phenylindole
(DAPI).

Quantitative Real-Time Polymerase Chain
Reaction (PCR)

Rat glomeruli from PA-treated as well as control rats (n �
2) were isolated and total RNA was subsequently pre-
pared with AllPrep RNA/protein kit (Qiagen, Duesseldorf,
Germany). TaqMan gene expression assays for rCD36
(assay ID: Rn00580728_m1) and rGAPDH (assay ID:
Rn99999916_s1) were obtained from Applied Biosys-
tems (Foster City, CA). Random primer-based reverse
transcription of mRNA to cDNA was done using the Su-
perScript kit from Invitrogen (Carlsbad, CA) according to
the manufacturer’s instructions. Real time PCR was per-
formed on a Chromo4 instrument (Bio-Rad) using Taq-
Man gene expression master mix (Applied Biosystems)
and the relative expression level of rCD36 mRNA was
normalized to the amount of rGAPDH in the same sample.

Results

PAN Is Associated with Perturbation in Fatty
Acid Metabolism and a Disturbed Antioxidant
Defense Mechanism

Electron microscopic examination revealed ultrastruc-
tural alterations of the glomerular capillary wall after PA
administration as has been described previously39 and
illustrated in Figure 1A. To reduce the sample complexity,
glomerular proteins were subjected to Triton X-114 phase
separation and proteins recovered in the aqueous phase
from isolated normal control glomeruli were then com-
pared with that from PAN glomeruli using 2-D DIGE. This
technique includes the differential labeling of samples
with fluorescent dyes that can be co-separated on one
single 2-D gel. An example is shown in Figure 1A. Hy-
drophilic proteins from isolated control glomeruli were
labeled with Cy5 and an extract from PAN glomeruli was
labeled with Cy3. Both samples were separated on a

Figure 1. Proteomics study. A: Transmission electron micrographs
showing a normal rat glomerular capillary (left) and a PAN glomerular
capillary (right). Arrows indicate the podocyte foot processes and
arrowheads mark the presence of large vacuoles in podocytes after
PA administration. Proteins extracted from isolated normal control and
PAN glomeruli were then labeled with Cy5 and Cy3, respectively, and
further separated on one 2-D gel and detected by fluorescence scan-
ning of the gel according to the appropriate wavelengths. B: Silver-
stained 2-D pattern of extracted glomerular proteins separated on a pH
range from 3 to 10 nonlinear in the first dimension. The second
dimension was performed on a 3.6 to 15% self-made gradient SDS-PAA
gel. The numbered protein spots were identified by vMALDI mass
spectrometry. The identified proteins are listed in Table 1. C: Verifi-
cation of the DIGE results by Western blot analysis using antibodies
against HCDH, PRDX-3, and Mn-SOD. Total glomerular lysates from
normal control and PAN animals were separated by 1-D SDS-PAGE
and then transferred onto a nitrocellulose membrane. Representative
Western blots are given in the left panels and the data presented in the
right panels are means � SD. The expression of GAPDH was used for
normalization. The ratios in the control group were considered as 1.
*P � 0.05 with respect to control. Abbreviations: cl, capillary lumen;
us, urinary space.
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single 2-D gel and the images were obtained by fluores-
cence scanning of the gel according to the appropriate
wavelengths. In addition an internal standard labeled
with Cy2 that consists of a pool of the samples was
integrated. This quantitative proteomic approach re-
vealed differential expression (P value �0.05) of 23
protein spots between these two groups that were
unambiguously identified by vMALDI-MS/MS analysis
and subsequent database searches (Table 1 and Figure
1B). Supplemental Figures S1 to S23 at http://ajp.amjpathol.

org show the data of the MS and MS/MS analysis of each
of these 23 protein spots.

The vast majority of the proteins were identified with
significant score values using the PMF spectra and with
at least one peptide, which was fragmented using high-
energy CID and/or PSD (Table 1). For some proteins
different pI isoforms were picked up (eg, spots 5 and 6).
The expressions of 12 proteins were decreased, with
expression ratios of 0.79 to 0.31, and 4 were increased
with expression ratios of 1.58 to 8.82 in PAN to normal

Table 1. Identification of Differential Expressed Hydrophilic Glomerular Proteins by Means of vMALDI Mass Spectrometry

PMF PSD and/or HE CID

ID
Expr.
ratio*

Accession
no.† Protein name Score‡ %

Precursorion
�MH�	§

Identified peptide
sequence¶ Score

Fatty acid metabolism
1 0.67 P14604 Enoyl-CoA hydratase,

mitochondrial
precursor

135 36 2111.08 AQFGQPEILLGTIPGAGGTQR 90

2 0.61 P1380 Electron transfer
flavoprotein subunit
�, mitochondrial
precursor

96 27 1812.84 LLYDLADQLHAAVGASR 58

3 0.35 Q68FU3 Electron-transfer-
flavoprotein subunit
�, mitochondrial
precursor

66 21 2156.05
1339.61

GIHVEVPGAEAENLGPLQVAR
VSVISEEPPQR

90,
49

4 0.58 Q9WVK7 Hydroxyacyl-coenzyme
A dehydrogenase,
mitochondrial
precursor

56 20

5/6 8.82, 7.78 P02770 Serum albumin
precursor

97/77 17/13 1465.66
1465.68

LGEYGFQNAVLVR 34,
29

Oxidative stress and detoxification
7 0.72 Q9Z0V6 Peroxiredoxin-3,

mitochondrial
precursor

100 28 1206.72
1476.90

HLSVNDLPVGR
DYGVLLESAGIALR

68,
65

8/9 0.75/0.79 P07895 Superoxide dismutase (Mn),
mitochondrial
precursor

102/86 24/28 1004.64
1028.70

NVRPDYLK
GELLEAIKR

26/26,
44

10 0.76¶ P04906 Glutathione
S-transferase P

76 40 1351.80 PPYTIVYFPVR 57

Cytoskeleton
11 0.39 P31977 Ezrin/moesin 94 24 1182.62 APDFVFYAPR 30
12 5.39 O35763 Ezrin/moesin 41 6 1182.70 APDFVFYAPR 47
13 0.56 Q9EPT8 Chloride intracellular

channel 5
95 33 1574.74 HRESNTAGIDIFSK 16

14 1.67 Q4V7C7 Actin-related protein 3
homolog

64 16 1768.85 DREVGIPPEQSLETAK

15/16/17 0.36/0.37/
0.31

P60711
P63259

Actin, cytoplasmic
1/cytoplasmic 2

236/
223/108

42/41/
32

1198.66
1791.04
1954.20

AVFPSIVGRPR
SYELPDGQVITIGNER
VAPEEHPVLLTEAPLNPK

32/55/66
44/69/73
76/59/


Protein folding
18/19 0.62/0.79 P63039 Heat shock protein 60

kDa, mitochondrial
precursor

57/66 25/28

20 0.79 P06761 78-kDa glucose-
regulated protein
precursor

278 40 1566.89
1588.97

ITPSYVAFTPEGRKSDIDEIV
LVGGSTR

43, 51

Others
21/22 6.78/2.88 P02767 Transthyretin precursor 104/113 62/45 1556.71

2517.10
FTEGVYRVELDTK

ALGISPFHEYAEVVFTANDSGHR
33/30

74
23 1.58 Q64565 Alanine-glyoxylate

aminotransferase 2
88 16 1433.73 LRDEFDIVGDVR

*Based on PAN/control, derived from the normalized spot volume standardized against the intra-gel standard provided by PDQuest software
analysis (n � 4, P � 0.05).

†Accession number from Swiss Prot database.
‡MASCOT probability-based MOWSE (molecular weight search) score calculated for PMF and PSD/HE CID results: score � 
10 � log10P where P

is the absolute probability that the given hit is a random event. Significance (P � 0.05) is reached at scores �54 (PMF) and �25 (PSD or HE CID)
when searching the NCBI protein database.

§m/z derived from vMALDI PMF analysis.
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control. The proteins were assigned into groups on the
basis of their major cellular functions (based on SwissProt
database annotation). Significant differences in protein
expression were found related to fatty acid metabolism.
Quantitative expression analysis of glomerular proteins
defined down-regulation of four key enzymes of the mi-
tochondrial �-oxidation pathway. This group of proteins
includes enoyl-CoA hydratase, short chain 3-hydroxyla-
cyl-CoA dehydrogenase (HCDH), electron-transfer fla-
voprotein �-subunit, and electron-transfer flavoprotein,
�-polypeptide. These changes were paralleled with ele-
vated abundance of serum albumin in PAN glomeruli
(Table 1). Three key enzymes, ie, peroxiredoxin-3
(PRDX3), Mn-superoxide dismutase (Mn-SOD), and glu-
tathione S-transferase P that participates in cellular redox
balance were consistently decreased in PAN. Expression
of four proteins that play a role in the assembly or main-
tenance of F-actin-based structures was altered. The
same peptide from ezrin/moesin was identified from two
different spots, one of them was up-regulated and the
other down-regulated. Concomitant with podocyte injury
expression of two chaperones were decreased as well.
Other proteins affected in PAN were transthyretin, a se-
creted protein and alanine-glyoxylate aminotransferase 2

precursor, a protein involved in the glyoxylate metabo-
lism. Western blot analyses using appropriate antibodies
against selected proteins, namely PRDX3, HCDH, and
Mn-SOD, confirmed without exception the MS- and DIGE-
based data obtained by the applied proteomic approach
by a biological test (Figure 1C). These changes in the
glomerular proteome occurred in the absence of a sig-
nificant difference in the numbers of intraglomerular mac-
rophages in the early PAN rats compared with the control
animals (Figure 2).

PA Increases CD36 Expression

The proteomic study points out that PA modulates the
expression of enzymes involved in fatty acid metabolism
of glomeruli. Therefore we further explored the expres-
sion of CD36 that plays a crucial role in the uptake and
transport of fatty acids.40,41 Using a polyclonal antibody
against CD36, two different variants with molecular
weights of 88 kDa and 53 kDa, corresponding to the
glycosylated and the nonglycosylated form, respec-
tively,42– 44 were detected by Western blot (Figure 3A).
Quantitative Western blot analysis revealed that both vari-

Figure 2. Detection of infiltrating macrophages/
monocytes in glomeruli. A: Phase contrast micro-
graphs and the corresponding fluorescence mi-
crographs of a representative normal rat kidney
section and a representative kidney section after PA
treatment. Two-�m sections were stained for mac-
rosialin (CD68), a macrophage-specific protein. Nu-
clei were stained with DAPI. Arrowheads mark the
localization of CD68-positive cells. B: Number of
intraglomerular CD68-positive cells. The data pre-
sented are means � SD. Original magnifications,
�20.

Figure 3. Effect of PA on CD36. Western blot
analysis of CD36 expression using glomerular
lysates from control normal as well as PA-treated
animals. A representative Western blot is given
in A and the data presented in B are means (n �
3 in each group) � SD. The expression of
GAPDH was used for normalization. The ratios
in the control group were considered as 1. *P �
0.05 with respect to control.
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ants of CD36 were significantly (P � 0.05) increased in
early stages of PAN. The 88-kDa form was increased
1.43-fold and the lower molecular weight variant was
increased 2.63-fold (Figure 3B). Quantitative real-time
PCR indicated also an increased CD36 mRNA level in
PAN glomeruli (213.4 � 104.7) compared with control
glomeruli (100.0 � 29.9).

PA Modulates the Expression of Proteins
Involved in Fatty Acid Metabolism in Podocytes
in Vitro

To confirm that these changes were related to podocytes,
and not to other glomerular cell types, we next analyzed
the expression of proteins that handle fatty acids in vitro
using conditionally immortalized mouse podocytes that
were exposed to 5 �g/ml of PA for different time periods.
As shown in Figure 4A, HCDH was already reduced
2.4-fold after 24 hours and further decreased after 48
hours of PA treatment.

CD36 protein expression was induced in response to
PA treatment (Figure 4B). The glycosylated form was
increased 2-fold after 24 hours and increased further to
3.2-fold (P � 0.01) after 48 hours, when compared with
untreated cells. The protein level of the nonglycosylated
form was increased already up to fourfold (P � 0.01) after
48 hours exposure to PA. Furthermore, the protein ex-
pression of mitochondrial uncoupling protein 3 (UCP3), a
member of the mitochondrial carrier family,45,46 was re-
duced in response to PA treatment. Already after 24
hours the UCP3 content decreased 2.5-fold and re-
mained lowered after 48 hours of incubation with PA
compared with control untreated cells (Figure 4C).

CD36 Is Expressed on the Cell Surface of
Podocytes in Vitro

Subsequently we studied the cellular localization of
CD36. Immunofluorescence staining exhibited that CD36
was predominantly localized to the plasma membrane
(Figure 5A). In addition staining of various intracellular,
vesicular structures throughout the cell was seen. The
surface localization of CD36 in podocytes was further
assessed by cell surface biotinylation and neutravidin
precipitation. As illustrated in Figure 5B, Western blot
analysis shows that the glycosylated form of CD36 was
highly enriched in the precipitate, revealing surface lo-
calization of the protein. To determine the purity of the
isolated cell surface fraction Western blots using antibod-
ies against Mn-SOD and against �-dystroglycan (�-DG)
were performed as well. Whereas Mn-SOD, a protein that
is localized to mitochondria,47 was not detectable in the
precipitated protein fraction and only found in the total
cell lysate, �-DG, a plasma membrane protein,48 was
highly enriched at the cell surface (Figure 5B).

Albumin-Bound Fatty Acids Affect Mn-SOD
Expression

Next we explored expression of Mn-SOD that is a major
mitochondrial antioxidant in cultured podocytes. Under
normal culturing conditions the protein content signifi-
cantly increased 1.35-fold after 24 hours of PA treatment,
but longer incubation resulted in a 1.55-fold down-regu-
lation of Mn-SOD (Figure 6A). Furthermore we investi-
gated the effect of albumin and albumin-bound fatty ac-
ids on protein expression. After exposure to PA for 24

Figure 4. Effect of PA on proteins involved in fatty acid metabolism in podocytes in vitro. Cultivated podocytes were either untreated or treated with 5 �g/ml
of PA for 24 or 48 hours and the protein expression of HCDH (A), CD36 (B), and UCP3 (C) was examined by Western blotting. In each case a representative
Western blot is given in the top panel and the data presented in the bottom panel are means � SD. The expression of GAPDH was used for normalization. The
ratios in the control group were considered as 1. *P � 0.05 and **P � 0.01 with respect to control.
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hours an induction of the protein level could be seen in
cells cultured with 0.1% FCS alone or supplemented with
either 0.1% FA-free BSA or 0.1% FA-BSA (data not
shown). But, after prolonged exposure of the cells to PA,
expression of Mn-SOD decreased in the presence of
albumin-bound fatty acids, whereas in the absence the
protein content remained elevated (Figure 6B).

Discussion

Podocytes play an important role in the maintenance of
the glomerular filtration barrier. Understanding of the mo-
lecular mechanisms leading to injury is therefore neces-
sary to prevent or to reduce loss of filtration function. To
elucidate cellular changes in association with podocyte
damage and glomerular dysfunction the investigation of a
well-established experimental renal disease provides an
excellent opportunity. The course of PAN and the alter-
ations that occur in the glomerular capillary wall in re-
sponse to daily injection of PA have been described by
a number of investigators.39,49 In this study animals
treated for 5 days were examined because they rep-
resent an early stage in the disease at which time the
glomerular changes are minimal and restricted to the
podocytes.13,49

To get a deeper insight into the cellular processes
occurring at this specific time point we used a proteomic-
based approach to characterize protein expression

changes in glomeruli. The presented data clearly indi-
cated that different functional groups of proteins are
linked to impairment of the filtration barrier induced by
PA. The key finding was that proteins involved in the
transport and oxidation of fatty acids were intimately con-
nected with early stages of PAN in vivo. Four enzymes of
the complex mitochondrial �-oxidation pathway were
down-regulated, suggesting defective degradation of
fatty acids. Albumin and CD36 were elevated in protein
extracts from PAN glomeruli. Divergent expression of
fatty acid-using proteins could be shown in cultured
podocytes exposed to PA in vitro as well. Moreover, we
demonstrated not only the coordinated down-regulation
of enzymes of the cellular antioxidant defense mecha-
nisms in PAN in vivo but the modulatory effects of albu-
min-bound fatty acids on the expression of Mn-SOD in
PA-induced podocyte lesions. These findings provide a
novel illumination of some cellular events leading to
podocyte dysfunction.

Fatty acids are ubiquitous substrates for a variety of
cellular processes including protein modification, mem-
brane biosynthesis, or generation of lipid-containing
messengers in signal transduction and are substrates for
mitochondrial energy conversion.50,51 On activation to
their respective coenzyme A (CoA) esters in cytoplasm,
fatty acids are degraded to acetyl-CoA in the mitochon-
drial matrix by �-oxidation, which functions either to di-
rectly produce ATP or to produce ketone bodies for ATP

Figure 5. Subcellular localization of CD36. A: Fluorescence micrograph of cultured podocytes that were exposed to PA for 24 hours. Cells were fixed,
permeabilized, and stained with CD36 (diluted 1:200 and incubated for 1 hour at room temperature) using an Alexa Fluor 488-conjugated secondary antibody
(diluted 1:1000 and incubated for 1 hour at room temperature). Nuclei were stained with DAPI. To verify the specificity of the antibody, cells were incubated with
unspecific rabbit IgG. B: Podocytes that were exposed to PA for 24 hours were biotin-labeled on the cell surface and protein extracts (TL) without and after
purification (P) with NeutrAvidin gel were separated by 1-D SDS-PAGE and transferred onto nitrocellulose. Western blotting was performed using antibodies
against CD36, Mn-SOD, and �-DG. The positions of molecular mass markers are indicated at the right. Original magnifications, �40.

Figure 6. PA induced-changes in the protein
expression of Mn-SOD. A: Podocytes were ei-
ther untreated or treated with PA for 24 and 48
hours in regular culture medium containing 10%
FCS and the protein expression of Mn-SOD was
examined by Western blotting. B: Podocytes
cultured in medium containing 0.1% FCS either
alone or supplemented with 0.1% fatty acid
(FA)-free BSA or 0.1% FA bound to albumin
exposed to PA for 48 hours. The values are the
means � SD. The expression of GAPDH was
used for normalization. The ratio in the control
group was considered as 1. *P � 0.05 and **P �
0.01 with respect to control.

Proteomic Analysis of Podocyte Injury 1199
AJP April 2009, Vol. 174, No. 4



generation.52 Disturbances in fatty acid metabolism and
regulation, especially involving fatty acid synthesis and ox-
idation, can contribute to hyperlipidemia, obesity, and insu-
lin resistance.50 The uptake of fatty acids from the circu-
lation into cells consists of several steps the sequence
including the fatty acid dissociation from albumin fol-
lowed by binding to plasma membrane proteins or inte-
gration into the lipid bilayer and their transport across the
plasma membranes.53

Various studies have shown that CD36 that is a
multifunctional protein is a key molecule in the uptake
of long-chain fatty acids.54,55 So far CD36 was found
on several cell types, including platelets and macro-
phages,41,56 and has also been localized to human and
rat skeletal mitochondria.55,57 In this study we show by
immunofluorescence microscopy and Western blot anal-
ysis of cell surface biotinylated proteins that CD36 is
expressed on the cell surface of podocytes in vitro.

Changes in CD36 expression and subcellular distribu-
tion have been linked to FA uptake.40,58,59 Palanivel and
colleagues60 described that enhanced fatty acid uptake
mediated by increased CD36 expression together with a
depressed �-oxidation led to intracellular lipid accumu-
lation. Accumulated fatty acids that are trapped into the
mitochondrial matrix, which is the major site of mitochon-
drial ROS production, are targets for lipid peroxidation via
ROS and presumably result in LPO-induced mitochon-
drial damage and dysfunction.61,62

Thus, the PA-induced disturbances of fatty acid me-
tabolism including the up-regulation of CD36 linked to
decreased enzymes level of fatty acid degradation, may
be a critical cause of enhanced LPO. These are essential
findings as the importance of LPO in the production of
proteinuria in PAN has been demonstrated by a number
of studies.25,63,64 In addition, UCP3, a member of the
family of mitochondrial inner membrane anion carrier pro-
teins65 was decreased in podocytes exposed to PA. The
protein has been suggested to be involved in the trans-
port of fatty acid anions from the mitochondrial ma-
trix.45,46 Schrauwen and colleagues45 postulated that
UCP3 is in this way involved in the protection of mito-
chondria against accumulation of nonesterified fatty ac-
ids in the mitochondrial matrix and LPO. A previous study
showed also a direct association between elevated oxi-
dative stress and Ucp3
/
 mitochondria.66 Thus, a de-
creased expression on exposure to PA in association with
an increased CD36 level might additionally account for
LPO and oxidative stress in podocytes.

Accordingly the coordinated down-regulation of key
enzymes of the cellular antioxidant defense may contrib-
ute in part to oxidative stress, which occurs whenever an
imbalance between ROS production and detoxification
exists.67 Several studies provided evidence that ROS
play a pivotal role in PAN.18,20,68,69 Furthermore, Beaman
and colleagues70 suggested that superoxide anion and
hydrogen peroxide or their reaction products are in-
volved in glomerular injury. In the present study we dem-
onstrate that Mn-SOD that catalyzes the dismutation of
superoxide radical into oxygen and hydrogen peroxide71

and PRDX3 a mitochondrial protein that reduces hydro-

gen peroxide72 are decreased at the early stages of PAN
strongly supporting this observation.

We provide further evidence that the disturbed fatty
acid utilization is linked to the impaired antioxidant re-
sponse in podocytes exposed to PA. The presence of
fatty acids bound to albumin led to down-regulation of
Mn-SOD after sustained exposure to PA in podocytes,
closely resembling the in vivo situation. This may be a
result of increased fatty acid uptake in response to PA
because of enhanced CD36 protein expression. Accord-
ing to our in vivo and in vitro findings PA might be directly
responsible for increased expression of CD36 on the
protein but also on the mRNA level. We also observed the
immensely enriched abundance of serum albumin pre-
cursor that serves as main transporter of fatty acids in the
plasma73 in isolated PAN glomeruli and Ghiggeri and
colleagues74 demonstrated that in MCD the urinary albu-
min is defatted.

In conclusion, the proteomics strategy was an effective
approach to profile glomerular proteins and offered new
insights into the molecular mechanism of PAN. The pre-
sented data provide evidence that a disturbed transport
and oxidation of fatty acids paralleled by an impaired
antioxidant response contribute to the pathogenesis of
early stages of PA-induced podocyte and glomerular
lesions, possibly attributable to fatty acid accumulation
and lipid peroxidation in association with deficient anti-
oxidative response. These changes were observed in
isolated glomeruli in vivo, and also in cultured podocytes
in vitro, corresponding to the central role of these cells in
the maintenance of glomerular filtration function.
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