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Abstract
Our recent studies have indicated that hyperhomocysteinemia (hHcys) may induce podocyte damage,
resulting in glomerulosclerosis. However, the molecular mechanisms mediating hHcys-induced
podocyte injury are still poorly understood. In the present study, we first demonstrated that an intact
NADPH oxidase system is present in podocytes as shown by detection of its membrane subunit
(gp91phox) and cytosolic subunit (p47phox). Then, confocal microscopy showed that gp91phox and
p47phox could be aggregated in lipid raft (LR) clusters in podocytes treated with homocysteine (Hcys),
which were illustrated by their co-localization with cholera toxin B, a common LR marker. Different
mechanistic LR disruptors, either methyl-β-cyclodextrin (MCD) or filipin abolished such Hcys-
induced formation of LR-gp91phox or LR-p47phox transmembrane signaling complexes. By flotation
of detergent-resistant membrane fractions we found that gp91phox and p47phox were enriched in LR
fractions upon Hcys stimulation, and such enrichment of NADPH oxidase subunits and increase in
its enzyme activity were blocked by MCD or filipin. Functionally, disruption of LR clustering
significantly attenuated Hcys-induced podocyte injury, as shown by their inhibitory effects on Hcys-
decreased expression of slit diaphragm molecules such as nephrin and podocin. Similarly, Hcys-
increased expression of desmin was also reduced by disruption of LR clustering. In addition,
inhibition of such LR-associated redox signaling prevented cytoskeleton disarrangement and
apoptosis induced by Hcys. It is concluded that NADPH oxidase subunits aggregation and consequent
activation of this enzyme through LR clustering is an important molecular mechanism triggering
oxidative injury of podocytes induced by Hcys.
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1. Introduction
Hyperhomocysteinemia (hHcys) has been known as an independent pathogenic factor in the
progression of cardiovascular diseases [1–3]. There is also experimental evidence that
homocysteine (Hcys) induces endothelial dysfunction, stimulates the proliferation of vascular
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smooth muscle cells and disturbs the extracellular matrix metabolism [4–7]. These pathological
changes constitute the molecular basis for the development of sclerotic process in vessel walls
and other tissues [8]. In recent studies, we have reported that continuous hHcys could induce
extracellular matrix accumulation in mesangial cells, which ultimately leads to
glomerulosclerosis and causes the loss of renal function, resulting in end-stage renal disease
[9–11]. Despite extensive studies, the precise mechanism mediating hHcys-induced
glomerulosclerosis is still poorly understood. More recent studies in our laboratory and by
others have shown that nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
activation and subsequent superoxide (O2

·−) generation importantly contribute to hHcys-
induced glomerular injury [12,13]. However, it remains unknown how renal NADPH oxidase
is activated by Hcys to produce local oxidative stress, in particular, how the subunits of this
enzyme are aggregated or assembled in renal glomerular cells.

Podocytes are unique glomerular epithelial cells that comprise the outermost layer of the
glomerular filtration barrier and serve as the final defense against urinary protein loss [14]. It
has been reported that podocyte injury is an important early event leading to glomerulosclerosis
in both genetic and non-genetic glomerular diseases [15]. Recently, we have demonstrated that
hHcys may cause damages of podocytes and their slit diaphragm, leading to proteinuria and
glomerulosclerosis [10]. However, it remains unknown whether hHcys-induced podocyte
injury is associated with NADPH oxidase activation. In some recent studies, NADPH subunits
were indeed detected in primarily cultured podocytes, which may mediate the pathogenic
effects of high glucose- and angiotensin II-induced podocyte injury [16–18]. In the present
study, we first characterized the expression and function of NADPH oxidase in a mouse
podocyte cell line. Then, the mechanisms mediating NADPH oxidase activation in these
podocytes in response to Hcys are explored. In such mechanistic studies, we focused on the
possible driving force resulting in aggregation and assembling of NADPH oxidase subunits
and thereby leading to its activation, which is associated with lipid raft (LR) clustering in the
cell membrane of podocytes.

LRs are membrane lipid microdomains containing dynamic assemblies of cholesterol and lipids
with saturated acyl chains such as sphingolipids and glycosphingolipids. These membrane LRs
are able to cluster and thereby change their size, composition and specific protein-protein
interactions upon various intra- or extra-cellular stimuli and result in the activation or
amplification of signaling cascades [19,20]. The present hypothesis being tested to clarify
NADPH activation in podocytes is that Hcys stimulates LR clustering, which drives
aggregation and assembling of NADPH oxidase subunits to form a redox signaling platform
or complex on podocyte membrane, whereby a local oxidative stress is produced and podocyte
dysfunction and even apoptosis occur. A number of cellular and molecular approaches were
used to test this hypothesis, and our results confirmed that LR clustering indeed plays a critical
role in driving aggregation of NADPH oxidase subunits in podocytes, which results in O2

·−

production and subsequent podocyte injury.

2. Materials and methods
2.1. Cell culture

Conditionally immortalized mouse podocyte cell line was kindly provided by Dr. Paul E
Klotman (Division of Nephrology, Department of Medicine, Mount Sinai School of Medicine,
New York, USA). The cells were immortalized by a temperature-sensitive variant of the simian
virus (SV40) which contains a large T antigen (tsA58) that is inducible by interferon–γ and
stable at 33°C but rapidly degraded at 37°C [21]. At 33°C, the large T antigen allows for cellular
proliferation. These cells were maintained on collagen-coated flasks or plates in RPMI 1640
medium supplemented with 10% fetal bovine serum, 10 units/ml recombinant mouse
interferon–γ, 100U/ml penicillin and 100mg/ml streptomycin at 33°C. When the cells reached
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confluence, they were passaged and allowed to differentiate at 37°C for 2 weeks without
interferon–γ. Then, differentiated podocytes were used for experiments in different protocols
as stated below. To determine the response of podocytes to high level of Hcys, L-Hcys, a
pathogenic isoform of Hcys, was prepared and used as we and others described previously
[22,23].

2.2. Animal procedures
To identify the expression of gp91phox and p47phox in mouse kidneys, 6-week old male C57BL/
6J mice (Harlan Laboratories, Indianapolis, IN, USA) were used in this study. After
anesthetized with 50 mg/kg pentobarbital intraperitoneally, the mice were sacrificed and the
kidneys were excised. Then, the renal cortex were separated and saved for mRNA or protein
detection. All animal protocols were approved by the Institutional Animal Care and Use
Committee of Virginia Commonwealth University.

2.3. Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA from podocytes or mouse renal cortex was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the protocol described by the manufacturer.
RNA samples were quantified by measurement of optic absorbance at 260 nm and 280 nm in
a spectrophotometer, with the A260/A280 ratio ranging from 1.8 to 2.0 which indicated a high
purity of the extracted RNA. The concentrations of RNA were calculated by the intensity read
at 260 nm. Aliquots of total RNA (1 µg) from each sample were reverse-transcribed into cDNA
according to the instructions of the first strand cDNA synthesis kit of the manufacturer (Bio-
Rad, Hercules, CA, USA). Equal amounts of the reverse transcriptional products were
subjected to regular PCR amplification or using SYBR Green as fluorescence indicator on a
Bio-Rad iCycler system (Bio-Rad, Hercules, CA, USA). The mRNA levels of target genes
were normalized to the β-actin mRNA levels. The primers used in this study were synthesized
by Operon (Huntsville, AL, USA) and the sequences were: gp91phox sense
TGGCACATCGATCCCTCACTGAAA, antisense GGTCACTGCATCTAAGGCAACCT;
p47phox sense GCCATCGAGGTCATTCATAA, antisense
CTGCAGATACATGGATGGGA; nephrin sense CCCGGACACCTGTATGACGAG,
antisense CCGCCACCTGGTCGTAGATT; podocin sense TGGCACATCGAT
CCCTCACTGAAA, antisense AGGTCACTGCATCTAAGGCAACCT; desmin sense
CAGTCCTACACCTGCGAGATT, antisense GGCCATCTTCACATTGAGC; β-actin sense
TCGCTGCGCTGGTCGTC, antisense GGCCTCGTCACCCACATAGGA.

2.4. Immunocytochemistry detection of gp91phox and p47phox in podocytes
Immunocytochemistry was performed to determine the expression pattern of gp91phox and
p47phox in differentiated podocytes. Podocytes were cultured in 4-well chambers. After the
cells were washed with PBS, 4% PFA was used to fix the cells for 15 min. Then, the cells were
washed with PBS and blocked with 1% bovine serum albumin (BSA) for 30 min. After washing
with PBS, these cells were incubated with mouse anti-gp91phox (1:50; BD biosciences, San
Jose, CA, USA) or anti-p47phox primary antibody (1:50; BD biosciences, San Jose, CA, USA)
for 2 h at room temperature. After washing, the cells were incubated with goat-anti mouse IgG
for 1 h. Then, the cells were incubated with streptavidin-HRP for 30 min at room temperature
and stained with diaminobenzidine tetrahydrochloride (DAB) for 1 min. The slides were
mounted and observed under a microscope in which photos were taken.

2.5. Confocal microscopic detection of LR and their colocalization with NADPH oxidase
subunits in podocytes

For confocal microscopic detection of LR clusters and their associated proteins, podocytes
were seeded on poly-L-lysine-coated chambers. The cells were treated with L-Hcys (80 µM,
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a dose demonstrated to be most effective in inducing glomerular damage [22,23]) or vehicle
for 30 min. In additional groups of cells, the LR disruptors, methyl-β-cyclodextrin (MCD) at
1 mM (Sigma, St. Louis, MO, USA) and filipin (1 µg/ml, Sigma, St. Louis, MO, USA), were
added to pretreat cells for 30 min before addition of L-Hcys. LR clusters detection under
confocal microscope was performed as previously described [24]. Briefly, podocytes were
washed with cold PBS, fixed for 15 min in 4% paraformaldehyde (PFA) and then blocked with
1% BSA in PBS for 30 min. GM1 gangliosides enriched in LRs were stained with Alexa488-
labeled cholera toxin B (Alexa488-CTXB) at 0.5 µg/mL (Molecular Probes, Eugene, OR,
USA) for 30 min. For detection of the colocalization of LR and NADPH oxidase subunits
gp91phox and p47phox, podocytes were incubated overnight with indicated primary monoclonal
mouse anti-gp91phox or anti-p47phox at 1:100 (BD biosciences, San Jose, CA, USA) followed
by incubation with 5 µg/mL Texas Red-conjugated anti-mouse IgG for an additional 1 h at
room temperature. After mounting, the slides were observed using a confocal laser scanning
microscope (Fluoview FV1000, Olympus, Japan). In each slide, the presence or absence of
clustering in 100 cells was scored by an unwitting researcher after specifying the criteria for
positive spots of fluorescence. Cells that displayed a homogenous distribution of fluorescence
were indicated as negative. Results were given as the percentage of cells showing one or more
overlaid fluorescent spots or patches in each protocol.

2.6. Flotation of membrane LR fractions
Podocytes pretreated with vehicle or filipin for 30 min were stimulated by addition of L-Hcys
(80 µM) to the serum-free medium and incubated for 30 min. To isolate LR fractions from the
cell membrane, these cells were lysed in 1.5 ml MBS buffer containing (in micromoles per
liter) morpholinoethane sulfonic acid, 25; NaCl, 150; EDTA, 1; PMSF, 1; Na3VO4, 1; and a
mixture of protease inhibitors and 1% Triton X-100 (pH 6.5). Cell extracts were homogenized
by 5 passages through a 25-gauge needle. Then, homogenates were adjusted with 60% OptiPrep
Density Gradient medium (Sigma, St. Louis, MO, USA) to 40% and overlaid with an equal
volume (4.5 mL) of discontinuous 30%-5% OptiPrep Density Gradient medium. Samples were
centrifuged at 32,000 rpm for 24 hours at 4°C using a SW32.1 rotor. Fractions were collected
from the top to bottom. Then, these fractions were precipitated by mixing with an equal volume
of 30% trichloroacetic acid and incubated for 30 min on ice. Precipitated proteins were spun
down by centrifugation at 13,000 rpm at 4°C for 15 min. The protein pellet was carefully
washed twice with cold acetone, air dried, and resuspended in 1 mol/L Tris-HCl (pH 8.0),
which was then ready for Western blot analysis.

2.7. Western blot analysis
Western blot analysis was performed as we described previously [25]. In brief, proteins from
the mouse renal cortex or cultured podocytes were extracted using sucrose buffer containing
protease inhibitor. After boiled for 5 min at 95°C in a 5× loading buffer, 50 µg of total proteins
or 25 µL of resuspended proteins (for detection of LR-associated proteins) were subjected to
SDS-PAGE, transferred onto a PVDF membrane and blocked. Then, the membrane was probed
with primary antibodies of anti-flotillin-1, a non-caveolar LR marker (1:1000, BD Biosciences,
San Jose, CA), anti-gp91phox (1:500, BD Biosciences, San Jose, CA), anti-p47phox (1:500, BD
Biosciences, San Jose, CA), anti-nephrin (1:500, Zymed, South San Francisco, CA, USA),
anti-podocin (1:1000, Sigma, St. Louis, MO, USA), anti-desmin (1:1000, BD Biosciences, San
Jose, CA, USA) or anti-β-actin (1:3000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
overnight at 4°C followed by incubation with horseradish peroxidase–labeled IgG (1:5000).
The immuno-reactive bands were detected by chemiluminescence methods and visualized on
Kodak Omat X-ray films. Densitometric analysis of the images obtained from X-ray films was
performed using the Image J software (NIH, Bethesda, MD, USA).
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2.8. Electromagnetic spin resonance (ESR) analysis of O2·− production in podocytes
Podocytes pretreated with vehicle, apocynin (100 µM, a methoxy-substituted catechol that
blocks NADPH oxidase assembly, but does not inhibit mitochondrial dehydrogenases [26]),
MCD or filipin were incubated with L-Hcys (80µM) for 30 min. After treatment, cell proteins
were extracted with a sucrose buffer and resuspended with modified Kreb's-Hepes buffer
containing deferoximine (100 µM) and diethyldithiocarbamate (5 µM). The NADPH oxidase-
dependent O2

·− production was examined by addition of 1 mM NADPH as a substrate in 50
µg protein and incubated for 15 min at 37°C in the presence or absence of SOD (200 U/ml),
and then supplied with 1 mM O2

·− specific spin trap 1-hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine (CMH, Sigma, St. Louis, MO, USA). The mixture was loaded in glass
capillaries and immediately analyzed for O2

·− production kinetically for 10 min. The ESR
settings were as follows: biofield, 3350; field sweep, 60 G; microwave frequency, 9.78 GHz;
microwave power, 20 mW; modulation amplitude, 3 G; 4,096 points of resolution; receiver
gain, 20; and kinetic time, 10 min. The results were expressed as the fold changes vs. control
group.

2.9. Direct fluorescence staining of F-actin
To determine the role of LR clustering and NADPH oxidase activation in Hcys-induced
cytoskeleton changes, podocytes were cultured in 8-well chambers. After pretreatment with
different inhibitors for 30 min, the cells were treated with L-Hcys (80 µM) or puromycin
aminonucleoside (PAN, 100 µg/mL, Sigma, St. Louis, MO, USA) for 24 h. After washing with
PBS, the cells were fixed in 4% paraformaldehyde for 15 min at room temperature,
permeabilized with 0.1% Triton X-100, and blocked with 3% bovine serum albumin. F-actin
was stained with rhodamine-phalloidin (Invitrogen, Carlsbad, CA, USA) for 15 min at room
temperature. After mounting, the slides were examined by a confocal laser scanning
microscope (Fluoview FV1000, Olympus, Japan). Cells with distinct F-actin fibers were
counted as described previously [27]. Scoring was obtained from 100 podocytes on each slide
in different groups.

2.10. Flow cytometry detection of podocyte apoptosis
The apoptosis rate of podocytes was detected using an Annexin V-propidiu iodide (PI) double
staining kit (Sigma, St. Louis, MO, USA) according to the manufacturer’s instructions. After
the podocytes were pretreated with apocynin, MCD or filipin, the cells were incubated with
L-Hcys (80 µM) for 48 h. PAN (100 µg/mL) was used to treat the cells for 48 h serving as a
positive control to induce podocyte apoptosis. After treatment, podocytes were trypsinized and
collected by centrifugation at 500 g for 8 min at room temperature. The cells were washed in
cold (2–8°C) PBS and then subjected to another centrifugation. Then, the cells were
resuspended in the Annexin V-PI reagent for 10 min at a concentration of 1 × 106 cells/100
µL. After washing with the reaction buffer and resuspension, the cells were detected using a
flow cytometer (GUAVA, Hayward, CA, USA) within one hour.

2.11. Statistical Analysis
Data was presented as mean ± SEM. Significant differences among groups were assessed by
one-way ANOVA test followed by a Duncan’s multiple comparison post test using SigmaStat
3.5 software (Systat Software, Inc. Chicago, IL). χ2 test was used to determine the significance
of ratio and percentage data. P<0.05 was considered statistically significant.
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3. Results
3.1. Characterization of gp91phox and p47phox expression in podocytes

Previous studies demonstrated that mRNA of NADPH oxidase subunits were detected in
primarily cultured human podocytes [16], but the expression pattern of these subunits in mouse
podocytes remains unknown. In the present study, we first examined the expression of two
major NADPH oxidase subunits, gp91phox and p47phox, in a well-established mouse podocyte
cell line. RT-PCR demonstrated that gp91phox and p47phox mRNAs were expressed in these
cultured podocytes as well as in the normal mouse renal cortex which served as a positive
control (Figure 1A). By Western blot and immunocytochemical analyses, we further confirmed
the protein expression of these two NADPH oxidase subunits in podocytes (Figure 1B, 1C).

3.2. Colocalization of gp91phox and p47phox with LR clusters upon Hcys stimulation
To determine the association of gp91phox and p47phox with LRs, podocytes were stained with
Alexa Fluo 488-labeled CTXB (a LR marker) and anti-gp91phox or anti-p47phox antibody to
colocalize LRs and both NADPH oxidase subunits. As shown in Figure 2 and 3, CTXB was
evenly distributed on the membrane of podocytes treated with vehicle (control). Upon
stimulation with L-Hcys for 30 min, the LRs were detected by large and intense green
fluorescent patches or spots, which were colocalized with gp91phox or p47phox. To explore
whether these LR clusters are necessary for the recruitment of NADPH oxidase subunits, we
observed the effect of two different LR disruptors, MCD and filipin, on Hcys-induced effect.
It was found that both MCD and filipin significantly inhibited the colocalization of gp91phox

or p47phox with LRs (Figure 2, Figure 3).

3.3. gp91phox and p47phox are enriched in isolated LR fractions upon Hcys stimulation
To further confirm the formation of LR-NADPH oxidase redox signaling complex, LR
fractions were isolated and Western blot was performed to detect gp91phox and p47phox. As
shown in Figure 4A, a positive expression of flotillin-1 was present in fractions 4 to 6, which
suggested a successful isolation of LR fractions. gp91phox could be detected in non-LR fractions
from podocytes under normal condition. However, there was a marked increase of gp91phox

protein in LR fractions when cells were treated with Hcys. This increase was significantly
inhibited by pretreatment with a lipid raft disruptor, filipin (Figure 4B). Although p47phox, a
cytosolic NADPH oxidase subunit, was not present in the LR fractions in control podocytes,
it was found to be abundant in LR fractions upon L-Hcys stimulation, which was inhibited by
filipin (Figure 4B). The summarized data is shown in Figure 4C.

3.4. NADPH oxidase inhibitor and LR disruptors block Hcys-induced O2·− production
Next, we analyzed NADPH oxidase-dependent O2

·− generation in podocytes in the absence or
presence of different inhibitors related to LR clustering and NADPH oxidase activity using
ESR method. It was found that L-Hcys significantly increased NADPH oxidase-dependent
O2

·− generation (3.5 folds vs. control). This increased production of O2
·− induced by L-Hcys

was dramatically reduced when podocytes were pretreated with apocynin to inhibit the NADPH
oxidase activity. More importantly, we found that two LR disruptors, MCD and filipin, also
attenuated the increased O2

·− production in podocytes induced by L-Hcys (Figure 5),
suggesting that LR-associated NADPH oxidase is the main source of O2

·− production upon L-
Hcys stimulation.

3.5. Effects of NADPH oxidase inhibitors and LR disruptors on the expression of slit
diaphragm molecules

To explore the functional relevance of LR clustering-associated NADPH oxidase activation,
we examined the expression of two slit diaphragm molecules, nephrin and podocin, when
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podocytes were incubated with L-Hcys in the absence or presence of NADPH oxidase
inhibitors or LR disruptors. It was found that the mRNA levels of both nephrin and podocin
were significantly decreased after treatment with L-Hcys for 12 h, which could be blocked by
the pretreatment with NADPH oxidase inhibitors, diphenylene iodonium (DPI, 10µM ) and
apocynin (100µM), as well as with LR disruptors, MCD and filipin (Figure 6A). With a longer
incubation time (24 h), the protein expressions of these molecules were decreased in a similar
mode as mRNA expression (Figure 6B, 6C). However, a podocyte injury marker, desmin, was
found increased when podocytes were treated with L-Hcys. Such increased desmin expression
in podocytes treated with L-Hcys was substantially attenuated by either inhibition of NADPH
oxidase or disruption of LRs (Figure 6).

3.6. Hcys-induced cytoskeleton disarrangement is recovered by NADPH oxidase inhibitor
and LR disruptors

Under control conditions, most of the untreated podocytes showed distinct F-actin fibers along
the longitudinal axis of these cells, as demonstrated by phalloidin-rhodamine staining.
However, these fibers in podocytes treated with L-Hcys were reduced and reorganized to form
peripheral fibers at the cell border. A similar pattern of F-actin redistribution was recapitulated
by PAN treatment, which served as a positive control for inducing F-actin disarrangement in
podocytes. When apocynin was used to inhibit the activity of NADPH oxidase, the F-actin
staining was reversed to a normal pattern in L-Hcys-treated podocytes. Similarly, reduction
and disarrangement of F-actin in these cells induced by L-Hcys was also prevented by MCD
and filipin (Figure 7A). Summarized data in Figure 7B shows the ratio of cells retaining distinct
F-actin fibers in different groups.

3.7. NADPH oxidase inhibitor and LR disruptors attenuate Hcys-induced podocyte apoptosis
Podocyte apoptosis is an important event initiating glomerulosclerosis. Although incubation
of podocytes with L-Hcys (80 µM) for 24 h did not induce detectable apoptosis (data not
shown), a prolonged incubation of these cells with L-Hcys (48 h) induced a marked apoptosis.
We found that inhibition of NADPH oxidase using apocynin dramatically inhibited Hcys-
induced podocyte apoptosis. Similarly, pretreatment of podocytes with LR disruptors, MCD
and filipin, also protected them from Hcys-induced apoptosis (Figure 8).

4. Discussion
The major goal of the present study was to determine whether Hcys directly targets podocytes
to induce their injury or dysfunction and to explore whether LR-associated redox signaling
platforms play a critical role in Hcys-induced podocyte injury. Our results demonstrated that
exposure of podocytes to Hcys caused significant injury of these cells as shown in changes in
their structure and function such as reduced expression of slit diaphragm molecules,
cytoskeleton disarrangement and cell apoptosis. It was also shown that such Hcys-induced
podocyte injury was associated with the molecular trafficking and aggregation in LR clusters
on the cell membrane, which resulted in assembling and activation of NADPH oxidase subunits
leading to oxidative injury in these podocytes.

The NADPH oxidase family consists of membrane subunits gp91phox and p22phox, as well as
cytosolic subunits p47phox, p67phox p40phox, and Rac-1. Among these subunits, gp91phox is the
main catalytic and functional subunit, while p47phox is cytosolic, serving as one of the most
important regulatory subunits by translocation to cell membrane [28]. This NADPH oxidase
has been shown to function in many types of mammalian cells to mediate redox regulation
under physiological and pathological conditions [29–31]. However, little is known whether
such redox enzyme is functioning in podocytes exposed to Hcys, even though there was a report
that the mRNA of several NADPH oxidase subunits such as gp91phox, p22phox, p67phox and
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p47phox could be detected in the primary cultures of human podocytes [16]. In the present study,
we characterized the expression and function of this enzyme in murine podocytes and
investigated the contribution of NADPH oxidase activation in mediating Hcys-induced
podocyte injury. Indeed, we found that NADPH oxidase subunits are present in murine
podocytes as shown by remarkable expression of gp91phox and p47phox mRNA and proteins.
As measured by ESR, this NADPH oxidase produces O2

·− and participates in the action of
Hcys on podocyte structure and function.

Next, we tested how Hcys causes NADPH oxidase activation when it acts on podocytes. In
this regards, it has long been accepted that the translocation and binding of p47phox with
membrane complex of gp91phox and p22phox are the key events leading to the activation of
NADPH oxidase and generation of O2

·− [32,33]. However, it remains unclear what is the
determining factor, in particular, the driving force for the trafficking and aggregating of various
NADPH oxidase subunits to the membrane of podocytes. Given the accumulating evidence
showing that LR clustering is an early and rapid response to many pathological stimuli [19,
20,34], it is plausible that LR clustering on podocyte membrane may lead to aggregation and
recruitment of NADPH oxidase subunits; thereby, forming redox platforms or signalosomes
upon stimulation with Hcys. The present study did demonstrate that LR clustering is coupled
to NADPH oxidase subunits aggregation on podocyte membrane in response to Hcys
stimulation, as shown by gp91phox and p47phox colocalization with LRs on the cell membrane.
Since p47phox is normally located in the cytoplasma of cells, its detection on the cell membrane
within LR clusters indicates possible trafficking and translocation of this subunit onto the cell
membrane, which may be driven by LR clustering. This mechanism mediating NADPH
oxidase aggregation or translocation was further confirmed by the use of LR disruptors. For
example, treatment of podocytes with the cholesterol-sequestering agent, MCD, abolished this
Hcys-induced colocalization of NADPH oxidase subunits with LRs and blocked NADPH
oxidase-dependent O2

·− production. Another lipid raft disruptor, filipin, which binds to
cholesterol and disrupts the function of cholesterol-rich membrane, showed a similar effect to
MCD. All these results support the view that Hcys activates LR clustering which leads to
aggregation and assembling of NADPH oxidase subunits to form an active enzyme complex
to produce O2

·−.

Furthermore, we isolated membrane LR fractions by flotation of detergent-resistant membrane
preparations and confirmed that there was a marked increase in and gp91phox and p47phox

proteins in LR fractions when podocytes were exposed to Hcys. This increase in NADPH
oxidase subunits was abolished by a LR disruptor, filipin. These results further confirm a rapid
shift of these NADPH oxidase subunits between LR and non-LR fractions in the cell membrane
when podocytes were challenged by Hcys. It is the clustering of LRs that provide the driving
force for the recruitment of NADPH oxidase subunits such as p47phox to activate this enzyme
and form a redox signaling platform within the podocyte membrane.

To explore the functional relevance of LR redox signaling platforms in Hcys-induced podocyte
injury, we detected the expression of podocyte slit diaphragm molecules, nephrin and podocin
upon stimulation with Hcys. In this regard, the slit diaphragm between the neighbored foot
processes of podocytes has an important and direct role in regulating glomerular filtration and
preventing the leakage of plasma proteins [35]. Slit diaphragm proteins such as nephrin and
podocin have been reported to contribute to the regulation of cell polarity, cell survival and
cytoskeletal organization [36]; therefore, reduction of these slit diaphragm proteins may result
in glomerular injury or sclerosis [37,38]. The present study demonstrated that the expression
of nephrin and podocin was suppressed by Hcys both at mRNA and protein levels, which was
restored by NADPH oxidase inhibitors. This decreased expression of nephrin and podocin was
contrasted by an increase in desmin, a podocyte injury factor. These results were consistent
with our previous results from an in vivo hHcys animal model [10], suggesting that Hcys may
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cause podocyte damage by interfering with the composition and function of the slit diaphragm.
Importantly, both a decrease in slit diaphragm proteins and an increase in desmin in podocytes
induced by Hcys were found to be blocked by inhibition of LR clustering. Taken together,
these results demonstrate that Hcys may cause slit diaphragm disruption and subsequent
podocyte injury through LR-NADPH oxidase signaling platforms.

In differentiated podocytes, the actin cytoskeleton is organized into fibroblast-like stress fibers
extending into the foot processes, comparable to that of smooth muscle cells or pericytes
[21]. It has been assumed that stress fibers in cultured podocytes correspond to the filamentous
actin in podocyte foot processes in vivo and as such represent differentiation of podocytes
[39]. Foot process effacement, the hallmark of podocyte injury and proteinuric kidney disease,
is often accompanied by the disruption of these well-aligned filaments. It is now widely
accepted that stress fibers reflect various changes in intracellular signaling pathways and actin
dynamics is one of the useful tools in evaluating the functional changes of podocytes, especially
when combined with other markers. In the present study, we found that Hcys induced a dramatic
disarrangement of F-actin, which was comparable to a classic podocyte damage inducer, PAN.
Inhibition of NADPH oxidase activity and disruption of LR clustering substantially blocked
this Hcys-induced actin filament disarrangement. These results together with the changes in
the slit diaphragm molecules upon Hcys strengthened the important role of LRs in inducing
podocyte dysfunction by recruiting and activating NADPH oxidase and subsequent generation
of O2

·−.

It has been reported that depletion of podocytes in the glomeruli is the strongest predictor for
the progression of glomerulosclerosis, where fewer cells predict more rapid progression [40].
Recently, it has been demonstrated that podocyte apoptosis is a key mechanism leading to
podocyte loss in diabetic nephropathy [41], PAN-induced nephrosis [42], and transgenic mice
expressing transforming growth factor-β1 (TGF-β1) [43]. Until now, there is no evidence to
show whether Hcys could cause apoptosis in podocytes. Our cytometric analysis showed that
with a prolonged incubation time (48 h), Hcys increased the rate of podocyte apoptosis by 4
folds compared to vehicle-treated cells, which was blocked or attenuated by inhibition of
NADPH oxidase or LR clustering. Since podocytes are terminally differentiated cells in vivo
with a limited capacity to proliferate, it seems that LR clustering and consequent activation of
NADPH oxidase importantly contribute to podocyte loss and subsequent glomerulosclerosis
associated with hHcys through its action to induce apoptosis.

In summary, the present study demonstrates a novel mechanism of Hcys-induced podocyte
injury, which may represent an early event initiating glomerulosclerosis during hHcys. This
mechanism is characterized by the clustering of membrane LRs, recruitment and assembling
of NADPH oxidase subunits, production of O2

·− and functional disturbance in podocytes.
Therefore, LR clustering as an early event in the cascade of podocyte apoptosis and
glomerulosclerosis may be a target for the development of therapeutic strategy for treatment
and prevention of hHcys-induced end-stage renal disease associated with hypertension,
diabetes or aging.
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Figure 1. gp91phox and p47phox are present in murine podocytes
A: A representative gel image shows mRNA expression of gp91phox and p47phox in mice renal
cortex and podocytes (RT-PCR); B: Western blot analysis of gp91phox and p47phox in the renal
cortex and podocytes; C: Immunocytochemistry staining of gp91phox and p47phox in podocytes
(Original magnification, ×400).
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Figure 2. Hcys induces LR-gp91phox clustering in podocytes, which is blocked by LR disruptors
A. Representative confocal microscopic images of LR-gp91phox clusters in podocytes.
Alexa-488-CTXB is shown as a green color on the left; Texas Red-conjugated gp91phox as a
red color in the middle; and the overlaid images on the right. Yellow spots or patches in the
overlaid images were defined as LR-gp91phox clusters (Original magnification, ×1000). B.
Summarized data shows the effect of Hcys on the formation of LR-gp91phox clusters in the
presence or absence of LR disruptors. Panel bars mean values ± SEM of 5 experiments with
the analysis of 100 podocytes on each slide. Ctrl: control; Vehl: vehicle. * P<0.05 vs. control;
# P<0.05 vs. Hcys.
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Figure 3. Hcys induces LR-p47phox clustering in podocytes, which is blocked by LR disruptors
Description of panels is the same as those in Figures 2 except that p47phox was substituted for
gp91phox.
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Figure 4. gp91phox and p47phox are enriched in isolated LR fractions upon Hcys stimulation
A: Podocytes were treated with Hcys (80 µM, 30min) alone or with a 30 min pretreatment of
filipin (1 µg/ml). Numbers (1–12) on the top indicate membrane fractions isolated by gradient
centrifugation from the top to bottom. Fractions 1–3 were very light fractions without proteins.
Fractions 4–6 were light fractions designated as LR fractions as indicated by detection of the
LR marker protein, flotillin-1. Other fractions from 7–12 were usually designated as non-raft
fractions including membrane and cytosolic proteins. B: Densitometric analysis of the ratio of
gp91phox or p47phox in LR fractions to the total amount (LR/Total). n=5. * P<0.05 vs. control;
# P 0.05 vs. Hcys.
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Figure 5. NADPH oxidase inhibitor and LR disruptors inhibit Hcys-induced O2
·− production as

detected by ESR analysis
A. Representative ESR spectra traces in different groups. B. Summarized data shows the fold
changes as compared with control group. Ctrl: control; Vehl: vehicle; Apo: apocynin. n=5. *
P<0.05 vs. control; # P<0.05 vs. Hcys.
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Figure 6. NADPH oxidase inhibitors and LR disruptors restore expression of nephrin, podocin,
and desmin altered by Hcys
A. Real-time RT-PCR detection of nephrin, podocin, and desmin mRNA expression induced
by Hcys (12 h) in the absence or presence of NADPH oxidase inhibitors (DPI and apocynin)
and LR disruptors. n=5. B. Western blot analysis of nephrin, podocin, and desmin protein
expression after the cells were incubated with Hcys for 24 h. C. Relative quantitation of protein
expression for Western blot analysis. n=5. Ctrl: control; Vehl: vehicle; Apo: apocynin. *
P<0.05 vs. control; # P<0.05 vs. Hcys.
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Figure 7. NADPH oxidase inhibitor and LR disruptors recover Hcys-induced actin cytoskeleton
disarrangement in podocytes
A. Representative microscopic images of F-actin using rhodamine-phalloidin staining
(Original magnification, ×1000). Ctrl: control; Vehl: vehicle; Apo: apocynin. B. Summarized
data shows the ratio of podocytes retaining distinct longitudinal stress fibers. Scoring is
from100 podocytes on each slide in different groups (n=6). * P<0.05 vs. control; # P<0.05 vs.
Hcys.
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Figure 8. NADPH oxidase inhibitor and LR disruptors attenuate Hcys-induced podocyte apoptosis
A. Flow cytometric recording shows the apoptosis rate of podocytes. Cells in the upper-right
and lower-right were considered as apoptotic cells. B. Summarized data shows the rate of
apoptotic cells as detected by flow cytometry (n=6). Ctrl: control; Vehl: vehicle; Apo:
apocynin. * P<0.05 vs. control; # P<0.05 vs. Hcys
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