
Introduction

Hyperhomocysteinemia (hHcys) is known as a critical patho-
genic factor in the progression of end stage renal disease
(ESRD) and in the development of cardiovascular complications
related to ESRD [1–5]. We and others have demonstrated that
oxidative stress mediated by NADPH oxidase is importantly
involved in progressive glomerular injury or glomerulosclerosis
associated with hHcys [6–8]. Although these results have indi-
cated that activation of ceramide/NADPH oxidase signalling path-
way contributes to homocysteine (Hcys) increased-superoxide
(O2

�.) production in glomeruli [7, 8], it remains unknown how
this ceramide-mediated signalling pathway is activated at an

early stage of hHcys and thereby stimulates NADPH oxidase
activity and produces local oxidative stress, ultimately leading to
glomerular injury.

It is well known that the glomerulus consists of three major
different cell components including endothelial, mesangial and
epithelial cells such as podocytes, which constitute filtration
membrane in glomeruli and determine glomerular filtration
[9–12]. Among them, the glomerular capillary endothelium
should be the first target tissue in the kidney during hHcys, and
therefore the injury or dysfunction of glomerular capillary
endothelial cells (GECs) may represent an early event in the
development of glomerular injury induced by this injury factor.
Indeed, there is considerable evidence that GEC damage under
conditions of haemolytic uremic syndrome, preeclampsia, dia-
betes and hypertension with the onset of microalbuminuria plays
an important role in the development of glomerular sclerosis and
ESRD [13, 14]. Recently, many studies have re-emphasized the
pathogenic role of injured GECs in progression of glomeruloscle-
rosis or ESRD [10]. In this regard, it has been reported that
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endothelial cell injury immediately leads to an increase in
glomerular capillary permeability and thereby enhances flux of
blood components such as albumin out of glomerular capillaries,
which inevitably causes mesangial cell injury, reactive mesangial
proliferation and excessive production of extracellular matrix,
resulting in the progression of glomerular injury or sclerosis
[10]. Therefore, increased glomerular endothelial permeability is
considered as an important early hallmark of pathological condi-
tions in ESRD. To our knowledge, it remains unknown whether
or how increased plasma Hcys damages GECs and thereby
increases glomerular permeability, thereby resulting in glomeru-
lar injury or sclerosis.

Given evidence that Hcys induces ceramide synthesis and
ceramide may promote cell membrane lipid rafts (LRs) clustering
and thereby aggregate many signalling molecules to form LR
redox signalling platforms in endothelial cells, mediate transmem-
brane signalling [15–17], we suggested that Hcys-induced
ceramide production may stimulate LR clustering on the mem-
brane of GECs to form redox signalling platforms by aggregation
and activation of NADPH oxidase subunits and enhances O2

.� pro-
duction, thereby leading to GEC dysfunction and ultimate
glomerular injury.

To test this hypothesis, we first determined whether Hcys
stimulates LR clustering to form redox signalling platforms by
aggregation and activation of NADPH oxidase subunits in GECs
using confocal microscopy and membrane fraction floatation. We
also determined the contribution of this LR redox signalling plat-
form formation to endothelial dysfunction associated with Hcys
by examining their actions on the permeability of GECs layer
preparations. Then, we went on to determine whether Hcys-
induced LR redox signalling platform formation is associated
with the regulation of microtubule network stability, a critical fac-
tor for the maintenance of endothelial barrier function. Our
results demonstrate that Hcys induces the formation of LR redox
signalling platforms in GECs, which contributes to Hcys-
enhanced endothelial cell permeability by disruption of micro-
tubule network.

Materials and methods

Cell culture

GECs were isolated and cloned as reported previously [18, 19]. GEC colony
used in the present study was a kindly gift from Dr. Masaomi Nangaku,
University of Tokyo School of Medicine and Dr. Stephen Adler, New York
Medical College. These cells were isolated from glomeruli of male
Sprague-Dawley rats and cultured and their characteristics are kept such
as positive staining with JG12, but negative labelling of podocalyxin,
nephrin, �-smooth muscle actin and ED-1. These cells were maintained in
RPMI 1640 containing 2000 mg/L glucose, supplemented with 10% foetal
bovine serum (FBS) (JRH Biosciences, Lenexa, KS, USA) and 10%
NuSerum (BD Biosciences, Bedford, MA, USA) at 37�C under a humidified
atmosphere of 5% CO2/95% air for use.

Liquid chromatography–electrospray ionization
tandem mass spectrometry (LC-ESI-MS-MS) for
quantitation of ceramide

Separation, identification and quantitation of ceramide in GECs were per-
formed by LC/MS. The HPLC equipped with a binary pump, a vacuum
degasser, a thermostated column compartment and an autosampler
(Waters, Milford, MA, USA). The HPLC separations were performed at
70�C on a RP C18 Nucleosil AB column (5 �m, 70 mm � 2 mm i.d.) from
Macherey Nagel (D¸ren, Germany). The mobile phase was a gradient mix-
ture formed as described [20]. The cell lipids were extracted according to
previous studies [7]. To avoid any loss of lipids, the whole procedure was
performed in siliconized glassware. MS detection was carried out using a
Quattro II quadrupole mass spectrometer (Micromass, Altrincham,
England) operating under MassLynx 3.5 and configured with a Z-spray
electrospray ionization source. Source conditions were described as pre-
viously [20].

Confocal microscopy of LR clusters and 
its co-localization with NADPH oxidase 
subunits in GECs

For confocal microscopic detection of LR platforms or LR-associated pro-
teins, GECs were grown on poly-L-lysine-coated glass cover slips and then
treated with Hcys (50–200 �M, 30 min.) to induce LR clustering. In 
additional group of cells, the LR disruptors, nystatin (10 �g/ml, Sigma, 
St. Louis, MO, USA) and methyl-�-cyclodextrin (MCD, 1 mM, Sigma) were
added to pretreat cells for 20 min. before Hcys stimulation.

Detection of LR clusters were performed as we described previously
[21–23]. In brief, GM1 gangliosides enriched in LRs were stained with FITC-
labelled cholera toxin (CTX; 1 �g/ml, 30 min., Molecular Probes, Carlsbad,
CA, USA). The patch formation of FITC-labelled CTX and gangliosides 
complex represented the clusters of LRs. Clustering was defined as one or
several intense spots of fluorescence on the cell surface, whereas unstim-
ulated cells displayed a homogenous distribution of fluorescence throughout
the membrane. In each experiment, the presence or absence of clustering
in samples of 200 cells was scored by two independent observers. 
The results are given as the percentage of cells showing a cluster after the
indicated treatment as described. For dual staining detection of the co-
localization of LRs and ceramide or NADPH oxidase subunits anti-
gp91phox, anti-p47phox, GECs were incubated for 1 hr at room temperature
with indicated primary monoclonal mouse anti-ceramide (1 : 100, Sigma),
anti-gp91phox or anti-p47phox (1 : 100, BD biosciences, San Jose, CA USA)
followed by incubation with 5 �g/ml Texas red-conjugated antimouse anti-
body for an additional 2 hrs at room temperature. FITC-CTX staining was
then performed as described above. Negative control staining was per-
formed with irrelevant monoclonal antibodies.

Isolation of LR membrane fractions from GECs 
by gradient centrifugation

LR fractions were isolated as we described previously [22]. GECs were
lysed in 1.5 ml MBS buffer containing (in �M): morpholinoethane sulfonic
acid, 25; NaCl, 150; ethylenediaminetetraacetic acid, 1; PMSF, 1; Na3VO4,
1; and a mixture of ‘complete’ protease inhibitors (Roche, Nutley, NJ, USA)
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and 2% Triton X-100 (pH 6.5). Cell extracts were further homogenized by
10 passages through a 25-gauge needle, and then homogenates were
adjusted with 60% OptiPrep Density Gradient medium (Sigma) to 40% and
overlaid with equal volume (4.5 ml) of discontinuous 30% to 5% OptiPrep
Density Gradient medium. Samples were centrifuged at 32,000 rpm for 30
hrs at 4�C using a SW32.1 rotor (Beckman, Fullerton, CA, USA). Thirteen
fractions were collected from the top to the bottom (fraction numbers 1 to
13), which were ready for immunoblot analysis.

Immunoprecipitation and 
immunoblotting analysis

The homogenates, cytosol, or membrane of GECs were prepared as we
reported previously [24]. In brief, 20 �g proteins or 50 �l of resuspended
proteins (for immunodetection of LR-associated proteins) were subjected
to SDS-PAGE, transferred onto a nitrocellulose membrane and blocked as
described previously. The membrane was probed with primary antibodies
anti-flotillin-1, anti-gp91phox, anti-p47phox, anti-p67phox (1 : 1000, BD
Biosciences), anti-p22phox (1 : 500 dilution, Santa Cruz Biotech, Santa Cruz,
CA, USA) and anti-Rac (1 : 1000 dilution, Upstate, Lake Placid, NY, USA)
overnight at 4�C followed by incubation with horseradish peroxidase-
labelled antimouse overnight at 4�C followed by incubation with horserad-
ish peroxidase-labelled antimouse IgG or anti-rabbit IgG (1 : 5000, Sigma).
The immunoreactive bands were detected by chemiluminescence methods
(Pierce, Rockford, IL, USA) and visualized on Kodak Omat film.

Immunoprecipitation followed by immunoblotting analysis was per-
formed to detect the phosphorylation status of p47phox as described by
previous studies [25]. Immunoprecipitation was performed by incubating
cell lysate with goat polyclonal anti-p47phox (Upstate) for 2 hrs, followed by
precipitation with agarose-immobilized protein A. The immunoprecipitated
proteins were then subjected to Western blot analysis using a mouse mon-
oclonal anti-phosphoserine antibody (R & D system, Minneapolis, MN,
USA). The protein levels of p47phox in the immunoprecipitates were also
determined by Western blot analysis using goat polyclonal anti-p47phox

antibody. Phosphorylated p47phox protein levels were normalized to the
total p47phox detected in the immunoprecipitates.

Detection of O2
.� production in intact GECs 

and LR fractions

Dynamic changes in O2
.� production in intact GECs were determined by

fluorescent microscopic imaging of single cells as we described previously
[26]. This method is based on the DNA binding characteristic of oxidized
dihydroethidium product ethidium within cells when they were stimulated
by Hcys. To further confirm Hcys-induced NADPH oxidase activity in LR
fractions, O2

.� production in both LR fractions and non-raft fractions was
measured by electromagnetic spin resonance (ESR). O2

.� production was
normalized by protein concentration and detailed procedures were
described in our previous studies [22].

Cell permeability assay

The permeability of GECs layer was measured according to the methods
described as previous studies [27, 28]. Briefly, GECs were seeded in the
upper chambers of 0.4 �m polycarbonate Transwell filters of a 24-well

 filtration microplate (Whatman Inc., Florham Park, NJ, USA). After reaching
confluence, the culture medium was replaced with fresh phenol red-free
RPMI 1640 in the presence of Hcys and 70 kD FITC-dextran (2.5 �mol/l) in
the upper chambers. After Hcys-treatment for 4–24 hrs, the filtration
microplate was removed and the medium from the lower compartment was
collected, then fluorescence was measured in a spectrofluorimeter at 494 nm
excitation and 521 nm emission. The relative permeable fluorescence inten-
sity was indicated as relative cell permeability.

Immunofluorescent microscopic analysis 
of GEC microtubule network

For microtubule network analyses, GECs were treated with Hcys and
related LR disruptor and inhibitors, washed with phosphate-buffered saline
(PBS; pH � 7.2), and then fixed. Then, these cells were stained with anti-
�-tubulin antibody (1 : 100; Abcam, Cambridge, MA, USA) after blocking
with 1% bovine serum albumin (Sigma) in PBS for 30 min at room tem-
perature, which was followed by washing cells four times with PBS. Finally,
FITC-labelled secondary antibody was added and cells were embedded into
gelatine solution. Microtubule staining was analysed using a Nikon
ECLIPSE E 800 fluorescence microscope attached to a digital imaging sys-
tem (Nikon, Tokyo, Japan). Quantitative analysis of assembled microtubule
was performed with MetaVue 4.6 (Universal Imaging, Downington, PA,
USA). To assess microtubule assembly or network, individual GECs were
outlined first and then images were differentially segmented between
cytosol (black) and microtubules (highest grey value) based on image
greyscale levels. The ratio of the area covered by microtubule within cells
to the whole cell was determined [29].

Data analysis

Data are presented as mean 	 S.E. Significant differences between and
within multiple groups were examined using ANOVA for repeated measures,
followed by a Duncan’s multiple-range test. Student’s t-test was used 
to evaluate the significant differences between two groups of observations.
P 
 0.05 was considered statistically significant.

Results

Quantitation of ceramide levels in 
Hcys-treated GECs

Previous studies in our laboratory have demonstrated LR cluster-
ing trigged by ceramide occurs in coronary endothelial cells to
form the redox signalling platform on the cell membrane, which
mediates NADPH oxidase activation, resulting in increased O2

.�

production endothelial dysfunction. However, it remains unknown
whether Hcys increases ceramide production in GECs and initiates
the formation of redox signalling platforms. Using LC/MS analy-
sis, we identified and quantified seven different major ceramides
(C14, C16, C17, C18, C20, C22 and C24) in GECs with or without
Hcys stimulation. Among them, C24 ceramide is the most
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 abundant species. As summarized data in Table 1, Hcys signifi-
cantly increased total ceramide levels by 40.2%.

No effect of Hcys on NADPH 
oxidase expression level

Our preliminary results indicated that Hcys enhanced O2
.� pro-

duction in GECs, to determine whether increased NADPH oxidase-
mediated O2

.� production is associated with an increase in the
protein levels of NADPH oxidase, Western blot analysis was per-
formed. It was found that there was no change in the protein lev-
els of NADPH oxidase subunits including p47phox, p67phox,
p22phox, gp91phox and Rac in Hcy-treated GECs (Fig. 1A). These
results indicated that activation of NADPH oxidase in Hcy-treated
cells was not due to an increase in enzyme protein levels.

Phosphorylation of p47phox and 
translocation of p47phox into cell membrane

To further investigate the mechanism by which Hcy treatment acti-
vated NADPH oxidase-dependent O2

.� production, the phosphory-
lation status of p47phox was examined. By immunoprecipitation
and immunoblotting analyses, we found that there was a signifi-
cant increase in serine phosphorylation of p47phox in Hcy-treated
GECs with time-dependent manner (Fig. 1B). The levels of p47phox

were also found to be increased in the membrane fraction of Hcy-
treated cells as compared with control cells (Fig. 1C and D). These
results indicated that Hcys-induced NADPH oxidase activation in
GECs is associated with increased phosphorylation and subse-
quent membrane translocation of p47phox.

LR clustering and aggregation or recruitment of
redox signalling molecules in the membrane of
Hcys-treated GECs

Previous studies have shown that increased ceramide production
results in LR clustering in endothelial cells [21] and therefore we
examined whether Hcys also induces LR clustering due to its
action on ceramide production. In these experiments, GECs were
treated with Hcys and stained with FITC-CTX, and then the distri-
bution of FITC-CTX (as LR marker) labelled LR patches was visu-
alized on the cell membrane. As shown in Fig. 2A, in control cells,
LRs were evenly spread throughout the cell membrane under con-
trol condition as indicated by weak diffuse green FITC fluores-
cence. Upon stimulation with Hcys, these LRs in the membrane of
GECs formed multiple platforms as displayed by large and intense
green fluorescence patches. The right panel of Fig. 2A summa-
rized the effects of Hcys on LR clustering in cell membranes by
counting these LR patches. In GECs, there were 15.2% of the cells
displayed with intense LR clusters under resting condition, while

52% of the cells showed clustering of LR after stimulation with
Hcys. This Hcys-induced LR clustering was substantially blocked
by nystatin and MCD, two well-known disruptors of LRs.

Furthermore, GECs were stained by an FITC-labelled CTX and
an anti-ceramide antibody labelled with Texas red. Under control
conditions, both FITC and Texas red staining was diffuse and their
co-localization in overlaid images was in diffuse or small yellow
dots. When the cells were stimulated by Hcys, a number of large
patches or spots with co-localization of both components (yellow
in overlaid image) on the cell membrane were detected.

To examine whether NADPH oxidase subunits are able to
aggregate or cytosolic subunits such as p47phox after phosphory-
lation, specific tanslocate into LR fractions to form a redox sig-
nalling platform on the cell membrane, we stained GECs with
both Texas red-conjugated anti-p47phox and FITC-CTX, and the
distribution of anti-p47phox within LRs clusters was visualized in
the GEC membrane by confocal microscopy. As shown in Fig. 2C,
p47phox evenly spread throughout the whole cell including mem-
brane and cytosolic parts under normal condition. When GECs
were treated with Hcys, p47phox translocated to membrane as
shown by red fluorescence spot or patches. When two sequen-
tially scanned images from the same cell with different wave-
lengths (for FITC and Texas red) were merged together, there
were a number of yellow areas either as dots or as patches
resulted from green CTX and Texas red-antibody (right images).
These yellow patches were considered as a co-localization of LR
components and p47phox. These results indicated that this
translocation of p47phox into cell membrane, specific located in
LR fraction. In addition, similar co-localization results were
obtained when GECs were stained with Texas red-conjugated
anti-gp91phox and FITC-CTX (data not shown). These results indi-
cated that these LR clusters with recruitment or aggregation of
NADPH oxidase subunits formed a number of LR-NADPH oxidase
complexes, now these LR-NADPH oxidase clusters or complexes
that possess redox signalling function have been referred to as
membrane LR redox signalling platforms.

There was a concern over the specificity of such Hcys-induced
LR redox signalling platforms to the kidney cells. To address this

© 2009 The Authors
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Table 1 Ceramide concentrations in Hcys-treated GECs (nmol/mg pro-
tein) measured by LC/MS spectrometry

Ceramide Control Hcys treated

C16 0.1967 	 0.016 0.3109 	 0.092*

C17 0.0075 	 0.003 0.0098 	 0.003*

C18 0.0258 	 0.006 0.0279 	 0.007

C20 0.01974 	 0.011 0.0298 	 0.012*

C22 0.1701 	 0.0310 0.1853 	 0.030

C24 0.7267 	 0.1138 1.0423 	 0.113*

Total 1.1466 	 0.1550 1.606 	 0.1295*

*P 
 0.05 versus control, n � 5
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issue, we compared the effect of Hcys on the LR redox signalling
platform formation with that in other endothelial cells such as
bovine coronary arterials endothelial cells (BCAECs). These addi-
tional experiments showed that, similar to GECs, Hcys induced LR
clustering in BCAECs. Furthermore, co-localization results were
also obtained when GECs were stained with Texas red-conjugated
anti-p47phox and FITC-CTX as shown in Fig. 2D, suggesting that
LR redox platform formation may be a general phenomenon dur-
ing Hcys treatment.

Enrichment of both p47phox and gp91phox

in LR fractions

To further confirm the LR redox signalling platform formation, LR
fractions were isolated by membrane flotation and related proteins
were probed in these LR fractions. As shown in Fig. 3A, Western
blot analysis showed a positive expression of flotillin-1 in fractions
5 to 6 (from top to bottom), which were referred to LR fractions.
NADPH oxidase subunits, gp91phox could be detected in most of

the membrane fractions from GECs; however, there was a distri-
bution change among these fractions with a marked increase in
gp91phox protein in LR fractions when GECs were stimulated by
Hcys. This Hcys-induced increase in gp91phox in LR fractions was
significantly inhibited by pre-treatment of GECs with MCD.
Similarly, p47phox was also found significantly increased in LR
fractions upon Hcys stimulation, which was also inhibited by
MCD. The summarized results were shown in Fig. 3B. Another LR
disruptor, nystatin, also blocked Hcys-induced enrichment of both
NADPH oxidase subunits in LR fractions (data not shown).

Inhibition of Hcys-enhanced NADPH oxidase
activity by disruption of LR clustering

Using high-speed wavelength-switching technique, we simultane-
ously monitored the fluorescence intensity of ethidium-DNA com-
plex within GECs. It was found that Hcys enhanced O2

.– produc-
tion by more than two folds, which was blocked by LR disruption
and inhibition of NADPH oxidase. Summarized results are presented

© 2009 The Authors
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Fig. 1 Effects of Hcys on NADPH oxidase
subunit protein levels, phosphorylation of
p47phox and the translocation of p47phox in
GECs. (A) Immunoblot for NADPH oxidase
subunits including p47phox, p67phox,
p22phox, gp91phox and Rac in the
homogenates of GECs with or without
treatment of Hcys for various time periods.
(B) Phosphorylation of p47phox subunits at
different time treatments. Cells were incu-
bated with Hcys (100 �M) or without Hcys
for various time periods. p47phox were
immunoprecipitated using anti-p47phox

antibody followed by Western blot analysis
(IB) using anti-phosphoserine antibody to
detect serine-phosphorylated proteins.
The immunoblots were analysed by 
densitometry. (C) Cells were incubated for
30 min in the absence (control) or pres-
ence of Hcy (100 �M). The membrane
fraction was prepared for detection of
p47phox protein by Western blot analysis.
Representative blots (upper) and summa-
rized results indicating the relative protein
level of p47phox protein in the membrane
fraction. *P 
 0.05 versus control (n � 5).
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in Fig. 4A, and a time-dependent increase in O2
.� production was

observed when Hcys was added to stimulate cells. In the presence
of LR disruptors or NADPH oxidase inhibitor (Apo, 100 �M),
Hcys-induced O2

.� production was substantially blocked.
We also analysed NADPH oxidase activity by measurement of

O2
�. production in both isolated LR-enriched and non-raft frac-

tions using ESR. As shown in Fig. 4B, we found that Hcys at least
doubled O2

�. production in LR fraction, which was inhibited by
nystatin, MCD and Apo. In non-LR fraction, only a 36% increase
in O2

�. production during Hcys stimulation was observed.

Blockade of Hcys-induced GEC monolayer
 permeability by disruption of LR clustering

To determine the role of LR clustering in mediating Hcys-induced
GEC dysfunction, we examined its effect on the permeability of
GEC monolayers to FITC-dextran. The possible effects of Hcys and
cysteine on the GEC permeability were examined. Hcys was tested
at 100 �M which was demonstrated to generate maximal action to
increase ceramide production, activate NADPH oxidase and induce
glomerular injury and cysteine as control. After a 16-hr treatment,
there was no significant increase in GEC permeability with cys-
teine, while Hcys induced a significant increase in GEC permeabil-
ity in a time dependent manner (Fig. 5A). This Hcys-induced
increase permeability was markedly reduced by pre-treatment
with NADPH oxidase inhibitor Apo or LR disruption compounds
nystatin and MCD as summarized in Fig. 5B. Compared to control,
there was no significant difference when GECs were treated these
inhibitors alone.

Involvement of microtubule network in  
Hcys-induced GEC permeability

To assess the state of microtubule network in Hcys-challenged
GECs, we performed immunofluorescent microscopy utilizing
anti-�-tubulin antibody. It was found that there were significant
morphological changes in microtubule network appearance upon
Hcys stimulation, which was Hcys concentration dependent as
shown in Fig. 6A. Compared to control GECs, moderate micro-
tubule rearrangement and microtubule depolymerization were
shown at low concentrations of Hcys (50 �M) and when higher

© 2009 The Authors
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Fig. 2 LR clustering and aggregation or recruitment of signalling mole-
cules in the membrane of ECs by confocal microscopic analysis. (A)
Representative confocal microscopic images show the different extent of
LR clustering on the membrane of unstimulated (control) or stimulated
GECs (Hcys). Summarized data on the right panel showing the effect of
LR disruptors on the formation of LRs clusters. Panel bars displays mean
values 	 S.D. of five experiments with analysis of more than 1000 GECs.
(B) Representative confocal microscopic images of LR clusters in GECs.
FITC-CTX was shown as a pseudo green colour on the left; Texas red-
conjugated anti-ceramide shown as red colour in the middle; and over-
laid images shown on the right. Yellow spots or patches in overlaid
images were defined as LRs clusters. (C) Confocal microscopic images
of LRs in GECs (FITC-CTX green fluorescence on the left), p47phox (Texas
red-conjugated anti-p47phox in the middle) and overlaid images (right).
Yellow areas of overlaid images represent co-localization of p47phox and
CTX-labelled GM1 gangliosides. (D) Confocal microscopic images of LRs
in BCAECs (FITC-CTX green fluorescence on the left), p47phox (Texas red-
conjugated anti-p47phox in the middle) and overlaid images (right).
Yellow areas of overlaid images represent co-localization of p47phox and
CTX-labelled GM1 gangliosides. *P 
 0.05 versus control (n � 5).
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concentrations (100 and 200 �M) of Hcys were used, tubulins in
microtubule network were significantly reduced and remaining
microtubules appear disoriented and collapsed towards the cen-
trosome area (Fig. 6A). However, cysteine had no significant effect
of microtubule structure. TGF-�1, a detriment factor to disrupt
microtubule stability was used as a positive control [29]. In addi-
tion, similar changes with microtubule depolymerization and dis-
ruption were obtained when GECs were treated with xan-
thine/xanthine oxidase (X/XO), an exogenous O2

.– generating sys-
tem. This action of X/XO was blocked by SOD (300 U/ml), a O2

.�

dismutase, indicating Hcys-induced microtubule destabilization is
associated with oxidative stress associated with LRs. Quantitative
results from morphometric analysis are summarized in Fig. 6B,
which used a ratio of assembled microtubule network versus total

cell area to depict microtubule network area or stability in treated
GECs during different stimuli.

Moreover, NADPH oxidase inhibitor Apo and LR disruptors,
nystatin significantly attenuated Hcys-induced microtubule net-
work destabilization and damage which was similar to the results
obtained when GECs were treated by microtubule stabilizer taxol
(10 nM) (Fig. 7A).

To further confirm whether Hcys-induced microtubule net-
work disruption is associated with GEC permeability, we treated
the GEC monolayer with taxol and measured its permeability. It
was found that taxol improved Hcys-induced cell permeability
which was consistent with results obtained during NADPH oxi-
dase inhibition by Apo as described above. Summarized data are
shown in Fig. 7B.

© 2009 The Authors
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Fig. 3 Distribution and localization of p47phox and gp91phox in floated
membrane fractions from GECs. (A) Typical gel documents of Western
blot analysis showing distribution and localization of gp91phox and
p47phox in LR and non-raft membrane fractions from GECs. Numbers on
the top indicate membrane fractions isolated by gradient centrifugation
from top to bottom. (B) Summarized data depicting the enrichment of
NADPH oxidase subunits gp91phox and p47phox in LR fractions for GECs.
*P 
 0.05 versus control; #P 
 0.05 versus Hcys (n � 5).

Fig. 4 Effects of LR disruption on Hcys-induced increase in NADPH oxi-
dase activity in intact GECs and LR fractions. (A) Time-dependent con-
version of dihydroethidium into Eth-DNA for measurement of O2

.� level
by fluorescent microscopic imaging analysis in intact GECs under con-
trol condition and with Hcys stimulation before and after inhibition of
NADPH oxidase. (B) Summarized data depicting the effects of LR disrup-
tion on Hcys-induced increase in NADPH oxidase activity in LR- and non-
raft fractions. *P 
 0.05 versus control; #P 
 0.05 versus Hcys (n � 5).



3310

Discussion

There are considerable evidence that Hcys-induced endothelial
dysfunction is an important pathogenic mechanism in the devel-
opment of atherosclerosis and thrombosis [30, 31], and endothe-
lial dysfunction or injury is considered as a critical initiating
mechanism to cause different vascular or systemic diseases such
as atherosclerosis, hypertension, diabetes and ESRD. However,
how endothelial injury occurs at the early stage is still poorly
understood. In recent studies, our laboratories have demon-
strated that LR clustering to form redox signalling platforms
importantly mediates the action of death receptor activation to
induce endothelial dysfunction [22, 23, 32]. In this process,
ceramide plays an essential role in initiating the formation of LR
redox signalling platforms by formation of ceramide-enriched
microdomains [15–17]. These ceramide-enriched microdomains
can spontaneously fuse to form larger ceramide-enriched

microdomains or platforms in response to death receptor activa-
tion, where NADPH oxidase subunits are assembled to produce
redox molecules. It is well accepted that p47phox translocation is
a key step, to some extent, a marker event, for the assembly and
activation of NADPH oxidase since it is first translocated during
the assembly process of these enzyme subunits. It has been
reported that p47phox translocation is initiated by the phosphory-
lation of this subunit at various phosphorylation sites by PKC,
PKA or MAPK. However, for a long time it is unknown how
p47phox translocation and subsequent assembly of other NADPH
oxidase subunits occur on the cell membrane. Given the role of
ceramide in LR clustering to form LR platforms and the early and
rapid response of LR platform formation to agonistic stimuli, it is
possible that this LR platform formation is a major initiating
mechanism this assembly or activation process of NADPH oxi-
dase for Hcys-induced endothelial dysfunction. In the present
study, we demonstrated that Hcys significantly enhanced
ceramide production in GECs. By confocal microscopy, increased
ceramide was found abundant in Hcys-induced LR platforms. It is
possible that this increased ceramide in GECs may trigger LR
clustering to form signalling platforms when these cells are
exposed high level of Hcys, which initiate an early event of
endothelial injury.

To test this hypothesis, we first confirmed that Hcys induced
p47phox phosphorylation and consequent translocation to mem-
brane. Then we detected whether this p47phox specifically translo-
cate into LR fractions on the membrane with other subunits
aggregation to form LR signalling platform. Using confocal
microscopic analysis of LR marker, FITC-CTX and Texas red-con-
jugated p47phox or gp91phox, we demonstrated that Hcys stimu-
lated LR clustering and p47phox or gp91phox co-localized with LR,
which was also confirmed by enhanced enrichment of NADPH
oxidase subunits p47phox and gp91phox in LR fractions isolated by
membrane floatation. These results provide evidence that NADPH
oxidase subunits can be aggregated on or translocated into LR
platforms (or ceramide-enriched microdomains) in response to
Hcys challenge. This LR clustering may provide a driving force to
promote the formation of NADPH oxidase-mediated redox plat-
form, which may be a prerequisite to initiate assembling of other
subunits and consequent activating cascade of this enzyme. To
provide direct evidence that aggregation or assembling of NADPH
oxidase components via LR clustering is involved in the activation
of this enzyme, we directly determined NADPH oxidase-derived
O2

.� production in isolated LR fractions from GECs using ESR
technique. It was found that Hcys indeed increased NADPH oxi-
dase activity in these LR fractions, which was also blocked by its
inhibitors and LR disruptors that were used to treat cells before
preparation of LR membrane fraction. In addition, LR-clustering
enhanced O2

.� production was also found to be stimulated or
boosted in intact single GECs as measured by fluorescent micro-
scopic imaging analysis. The Hcys-induced increase of NADPH
oxidase activity in intact GECs was substantially abolished by LR
disruptors. These results suggest that aggregated NADPH oxi-
dase subunits in LR platforms are functioning as an active
enzyme complex. To further address whether the formation of LR
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Fig. 5 Effect of Hcys on GEC permeability. (A) Summarized data showing
Hcys-induced increases in GEC monolayer permeability in a time-
dependent manner. (B) Effects of LR disruption and NADPH oxidase inhi-
bition on Hcys-induced enhancement of GEC monolayer permeability. 
*P 
 0.05 versus control; #P 
 0.05 versus Hcys (n � 5).
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redox signalling platforms is ubiquitous during Hcys-mediated
endothelial cell dysfunction, coronary endothelial cells were used
as comparison. It was found that Hcys also induced LR redox sig-
nalling platforms formation in these endothelial cells. Taken
together, our findings support the view that LRs clustering con-
tributes to Hcys-induced activation of NADPH oxidase by aggre-
gation and recruitment of its subunits to LR platforms in the cell
membrane of ECs, which produces redox molecules to regulate
downstream effectors’ response and ultimately results in
endothelial dysfunction.

To further explore the functional significance of LR redox sig-
nalling platforms in GECs, we determined the role of the forma-
tion of these LR redox signalling platforms in mediating Hcys-
induced enhancement of GEC monolayer permeability. It is well
known that the endothelium that regulates the passage of
macromolecules and circulating cells from blood to tissues is a
major target of oxidant stress and thereby endothelial dysfunc-
tion plays a critical role in the pathophysiology of many vascular
and renal diseases [33, 34]. In regard to the regulation of vascu-
lar permeability, there is substantial evidence that oxidant stress
increases vascular endothelial permeability [35, 36] and
increased endothelial and ultimate glomerular permeability
importantly contributes to the development of glomerular injury

and sclerosis. However, there is no direct evidence so far con-
cerning the effect of Hcys on GEC or glomerular permeability.
The present study has shown that Hcys increased the permeabil-
ity of GEC monolayer in a LR clustering-dependent manner. This
LR clustering and consequent formation of redox signalling plat-
forms may induce local oxidative stress and leads to increased
permeability of GEC monolayer. The results for the first time link
LR-mediated transmembrane signalling to glomerular perme-
ability through redox mechanism. NADPH oxidase associated
with LRs clustering plays an important role in mediating the
effects of Hcys on GEC permeability.

It is well known that oxidant stress increases endothelial per-
meability and promotes leukocyte adhesion, which are coupled
with alterations in endothelial signal transduction and redox reg-
ulation of transcription factors such as activator protein-1 and
nuclear factor-�B [33]. These oxidative stress-induced changes
may cause intercellular gap formation, cell shape change and
actin filament reorganization, which are implicated in impairment
of cell contraction, cell-cell adhesion and consequently impair-
ment of the intercellular junction, resulting in increase in para-
cellular permeability [33]. Many of these morphological features
are considered as a primary determinant of increased permeability
in various types of microvasculature. In this regard, reorganization
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Fig. 6 Concentration-dependent
effect of Hcys on microtubule net-
work structure. (A) Representative
images showing the effects of Hcys
(50, 100, 150 and 200 �M), Cys
(200 �M as thiol control), TGF-�1

(10 ng/ml as positive control in
disturbing microtubule structure)
and X/XO (40 �M /0.1 U, a O2

.�

generating system) with or without
SOD (300 U/ml) pre-treatment on
microtubule network structure. 
(B) Morphometric data showing the
microtubule derangement induced
by Hcys before and after LR disrup-
tion. Data were expressed as percent
of control (non-stimulated cells).
Panel bars display the mean value 	
S.D. of five experiments with analy-
sis of more than 200 cells.
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of the endothelial cytoskeleton has been reported as a molecular
mechanism by which endothelial cells change in their shape and
intercellular gap to determine endothelial permeability [37].
Among endothelial cytoskeleton components (microfilaments of
actin, microtubules and intermediate filaments), the critical role
of microtubule cytoskeleton and its cross-talk with actin network
have been emphasized in many studies [29, 38]. In the present
study, therefore, we examined whether Hcys-stimulated LR
redox signalling platforms leads to increase in the permeability
in GEC monolayer by influencing the integrity of microtubule net-
work. Since microtubules are built from a basic �/�-tubulin
building block, the present study employed �-tubulin as a
marker to investigate the effect of Hcys on microtubule network
structure. It was found that in untreated cells, microtubules are
organized into a lattice network with extensions of microtubules
from the centre to the cell periphery. When GECs were treated
with Hcys, collapse and shortening of microtubules with 
reduction of assembled microtubule were observed. These

Hcys-induced alterations of microtubules could be blocked by
inhibition of LR redox signalling platform formation and by scav-
enging O2

.�, suggesting the involvement of LR redox signalling
platforms in the derangement of GEC microtubule network. This
view is further supported by the results obtained in GECs treated
with X/XO, an exogenous O2

.– generating system. This exoge-
nously produced O2

.� also induced microtubule depolymeriza-
tion and collapse which was blocked by application of SOD into
the culture medium. It is concluded that Hcys-induced increase
in GEC permeability is associated with oxidative stress produced
from LR redox signalling platforms. It should be noted that the
present study did not attempt to address how Hcys-enhanced
O2

.� production from redox signalling platforms leads to
derangement of microtubule network structure in GECs.
However, some previous studies have proposed that ROS
induced by NADPH oxidase may activate phospholipases (i.e.
phospholipase C, phospholipase D and phospholipase A2),
which in turn generates a multitude of cellular messengers and
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Fig. 7 Effects of microtubule network
stabilizer (taxol), LR disruptors and
NADPH oxidase inhibitors on Hcys-
induced increase in GEC permeability.
(A) Microscopic images showing the
effect of Hcys on microtubule net-
work structure in GECs before and
after the application of these effec-
tors. (B) Effects of these effectors on
Hcys-induced enhancement of GEC
monolayer permeability. *P 
 0.05
versus control; #P 
 0.05 versus
Hcys (n � 5).
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cofactors such as Ca2�, cAMP that are critical in the regulation
of cytoskeleton remodelling and microtubule structures [33].
Further studies are needed to address this issue.

In summary, the present study demonstrates a novel mecha-
nism of Hcys-induced GEC dysfunction at an early stage of hHcys.
This mechanism is associated with assembling and activation of
NADPH oxidase in ceramide-enriched domains in GECs, and the
formation of this LR redox signalling platform may mediate the

pathological actions of Hcys on the glomerular endothelium by
derangement of microtubule network in these cells.
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