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Abstract

Aims/hypothesis Peroxisome proliferator-activated receptor
(PPAR) v agonists are used increasingly in the treatment of
type 2 diabetes. In the context of renal disease, PPARy
agonists reduce microalbuminuria in diabetic nephropathy;
however, the mechanisms underlying this effect are
unknown. Glomerular podocytes are newly characterised
insulin-sensitive cells and there is good evidence that they
are targeted in diabetic nephropathy. In this study we
investigated the functional and molecular effects of the
PPARY agonist rosiglitazone on human podocytes.
Methods Conditionally immortalised human podocytes
were cultured with rosiglitazone and functional effects were
measured with glucose-uptake assays. The effect of
rosiglitazone on glucose uptake was also measured in
3T3-L1 adipocytes, nephrin-deficient podocytes, human
glomerular endothelial cells, proximal tubular cells and
podocytes treated with the NEFA palmitate. The role of the
glucose transporter GLUT1 was investigated with immu-
nofluorescence and small interfering RNA knockdown and
the plasma membrane expression of GLUT1 was deter-
mined with bis-mannose photolabelling.

Results Rosiglitazone significantly increased glucose up-
take in wild-type podocytes and this was associated with
translocation of GLUT1 to the plasma membrane. This
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effect was blocked with GLUT1 small interfering RNA.
Nephrin-deficient podocytes, glomerular endothelial cells
and proximal tubular cells did not increase glucose uptake
in response to either insulin or rosiglitazone. Furthermore,
rosiglitazone significantly increased basal and insulin-
stimulated glucose uptake when podocytes were treated
with the NEFA palmitate.

Conclusions/interpretation In conclusion, rosiglitazone has
a direct and protective effect on glucose uptake in wild-type
human podocytes. This represents a novel mechanism by
which PPARYy agonists may improve podocyte function in
diabetic nephropathy.

Keywords Diabetic nephropathy - Glucose transport -
Insulin resistance - Microalbuminuria - Nephrin - Podocyte -
PPARY agonist - Rosiglitazone

Abbreviations

PAN Puromycin aminonucleoside

PPAR  Peroxisome proliferator-activated receptor
siRNA  Small interfering RNA

Introduction

The peroxisome proliferator-activated receptors (PPARs)
are a family of nuclear receptors which were first described
in 1990 [1]. There are three subtypes («, 3/0 and y) with
diverse roles in cellular metabolism [2] and equally diverse
associations with disease states [3]. PPAR agonists are used
therapeutically and the thiazolidinedione group of PPARy
agonists have made an important contribution to the
treatment of type 2 diabetes over the past 10 years [4, 5].
A recent international clinical trial demonstrated that
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rosiglitazone in combination with lifestyle changes signif-
icantly reduced the risk of developing type 2 diabetes in
susceptible individuals [6].

In the context of renal disease, PPARYy agonists have
been shown to reduce microalbuminuria in patients with
diabetic nephropathy [7-10], although the mechanisms for
this are not fully understood. Regulation of renal filtration
occurs at the level of the glomerular filtration barrier, which
is comprised of endothelial cells, podocytes and an
intervening glomerular basement membrane. In diabetic
nephropathy there is disruption to this barrier with the
consequent loss of protein into the urine. An early marker
of this state is microalbuminuria. There is now good
evidence that glomerular podocytes are directly targeted in
diabetic nephropathy with loss of podocytes into the urine
[11] and reduced production of the key podocyte protein
nephrin [12]. These phenomena may be mechanisms that
lead to disruption of the glomerular filtration barrier and to
disease progression in diabetic nephropathy.

The clinical observations that PPARy agonists reduce
microalbuminuria in diabetic nephropathy indicate that
these agents have direct effects at the level of the
glomerular filtration barrier. Indeed, there is evidence of
direct effects of these agents on podocytes. It has been
shown that nephrin is upregulated in podocytes in response
to PPARY agonists [13] and that this effect occurs via direct
action of the peroxisome proliferator response elements on
the nephrin promoter. Furthermore, PPARYy agonists reduce
podocyte apoptosis [14] and have been shown to be
protective against the progression to glomerulosclerosis
[14, 15] that is a feature of advanced diabetic nephropathy.
More recently, the PPARYy agonist rosiglitazone was shown
to prevent diabetic nephropathy in a mouse model of
diabetes [16] and this was associated with a reduction in
markers of oxidative injury. Together these findings
indicate that PPARy agonists have diverse effects on
podocyte function; additional investigation is required to
further define the pathways involved.

We have recently reported that human glomerular podo-
cytes are insulin-sensitive cells and are able to rapidly
transport glucose using the glucose transporters GLUT4 and
GLUTI [17]. In addition, we have shown that this effect
depends on the production of nephrin, which is required for
GLUT!]1 translocation, in podocytes, [18]. These observations
demonstrate that insulin sensitivity in podocytes is uniquely
controlled at a molecular level. We hypothesise that, in
insulin-resistant states such as type 2 diabetes, the insulin
sensitivity of podocytes is disrupted leading to adverse
effects on podocyte function that predispose to nephropathy.

In this study we investigated the effect of rosiglitazone
on podocyte glucose uptake and insulin sensitivity. We
investigated the roles of the glucose transporter GLUT1 and
the key podocyte protein nephrin. To relate these studies to

a disease state, we used the NEFA palmitate to induce
insulin resistance in podocytes.

Methods

Materials Cell culture plastics were from Greiner (Stone-
house, UK). All reagents were from Sigma (Poole, UK)
unless otherwise stated.

Cell lines Several conditionally immortalised human cell lines
were used. These were derived by incorporating a temperature-
sensitive SV40 gene, which enables cells to proliferate at the
permissive temperature (33°C) and to differentiate at the non-
permissive temperature (37°C). The characteristics of the wild-
type human podocyte cell line have been reported [19]. The
cells have additionally been transfected with a telomerase
construct [20]. A podocyte cell line derived from a patient
with Fin Major nephrin mutation was used and the character-
istics of these podocytes have also been reported previously
[17, 19, 21]. Cells were cultured for 14 days at the non-
permissive temperature (37°C) in RPMI 1640 medium with
glutamine (R-8758; Sigma, St Louis, MO, USA) supple-
mented with 10% (vol./vol.) FCS (Life Technologies, Grand
Island, NY, USA) and insulin transferrin sodium selenite
(Sigma I-1184; 1% [vol./vol.]). Conditionally immortalised
human glomerular endothelial cells were also used. The
characteristics of these cells have been reported elsewhere
[22]. In addition, murine 3T3-L1 fibroblast clones were
obtained from LGC Promochem (Teddington, UK). They
were differentiated to adipocytes as previously described [23].
Finally, an immortalised human proximal tubular epithelial
cell line (HK2) was used [24].

Stimulation of cells Cells were stimulated for 24—48 h with
rosiglitazone (donated by GlaxoSmithKline). Rosiglitazone
was dissolved in DMSO, 5 mg in 1 ml, and added to RPMI
to give a final concentration of 10 umol/l and 0.01% (vol./
vol.) DMSO. The vehicle control for rosiglitazone was
RPMI with 0.01% (vol./vol.) DMSO (termed vehicle). The
dose of rosiglitazone was taken from previously published
studies of cells in vitro [25, 26]. For palmitate treatment,
podocytes were stimulated for 24 h with 750 pmol/l
palmitate. The preparation of media containing palmitate
was based on a previously published method [27]. Briefly,
20% fatty-acid-free BSA was heated to 37°C before the
addition of palmitate dissolved in ethanol. The solution was
heated to 37°C until clear and diluted with RPMI to give a
final concentration of 5% (wt/vol.) BSA, 750 pmol/l
palmitate and 1% (vol./vol.) ethanol. Solutions were filter
sterilised and, if required, rosiglitazone was added before
cells were incubated in appropriate solutions. The control for
palmitate was 5% (wt/vol.) BSA and 1% (vol./vol.) ethanol
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(termed BSA). The dose of palmitate was based on
previously published studies [27, 28]

2-Deoxyglucose uptake assay The methods used were as
previously reported [17]. Briefly, cells in six-well plates were
pre-incubated accordingly before being serum starved in
medium containing the required treatment for 2 h. For the
final 15 min, cells were incubated in pre-warmed Krebs—
Ringer phosphate buffer after washing three times in PBS.
Where appropriate, cells were then treated with insulin
(100 nmol/l) for 15 min at 37°C. Glucose uptake was
quantified by exposing the cells to 2-deoxy-p-[*H]glucose at
a concentration of 50 pmol/l (37 kBg/ml) for 5 min. At the
end of this incubation, the cells were washed rapidly three
times in ice-cold PBS and lysed in 0.5 ml of PBS containing
1% (vol./vol.) Triton X-100. The cell-associated 3 emissions
were then determined by liquid-scintillation counting. All
experiments were carried out in triplicate.

GLUT! small interfering RNA transfection As previously
reported [17], a combination of two sequences was used with
the following sense target sequences: CCAAGAGUGUG
CUAAAGAAUU and CAUCGUGGCUGAACUCUUCUU.
In addition, a non-specific control small interfering RNA
(siRNA) sequence was used (Dharmacon, Lafayette, CO,
USA). Cells were transfected using Lipofectamine 2000
(Invitrogen, Paisley, UK). Lipofectamine and siRNA were
separately diluted in serum-free RPMI and the two solutions
were combined and allowed to stand for 30 min before being
added to cells in normal culture conditions. The final
concentration of sSiRNA was 60 nmol/l. After 48 h, cells were
serum starved for 2 h for 2-deoxyglucose-uptake experiments.

Bis-mannose photolabelling Bis-mannose labelling is a
method whereby bis-labelled mannose is covalently linked
to cell-surface glucose transporters which can then be detected
and quantified by western blotting. This method was
performed as previously described [17, 29], but with some
modifications. Briefly, stimulated podocytes were incubated
with and without 100 nmol/l insulin for 12 min and
then incubated for a further 3 min in the presence of
200 wmol/l PEG-biotincap-ATB-BMPA (Toronto Research
Chemical, Toronto, ON, Canada). Cells were then irradiated
for 1 min in a CL-1000M crosslinker (UVP, Cambridge,
UK) using 302 nm wavelength lamps. Cell protein concen-
tration was quantified using an assay based on the
bicinchoninic acid assay (Pierce, Rockford, IL, USA) and
protein was extracted for western blotting.

Western blotting For whole-cell lysates, cells were washed
twice with ice-cold PBS and then scraped into ice-cold NP40
extraction buffer (50 mmol/l Tris/HCI, pH 7.5, containing
1 mmol/l EDTA, 120 mmol/l NaCl, 50 mmol/l NaF,
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1 mmol/l benzamidine, 1% (vol./vol.) NP40, 1 pmol/l micro-
cystin, 7.2 mmol/l 2-mercaptoethanol, 5 mmol/l orthovanadate
and 1 pl/ml protease inhibitor cocktail (Sigma)). Cell extracts
were centrifuged at 10000g for 10 min at 4°C and the
supernatant fractions were saved. Whole-cell membrane
fractions were prepared as previously described [30] with
the final membrane pellet being resuspended in NP40
extraction buffer. SDS PAGE using 7.5% (wt/vol.) acryl-
amide gels was performed and protein was transferred onto
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA). Membranes were blocked with 5% (wt/vol.)
BSA and then incubated with the following primary anti-
bodies: rabbit anti-PPARYy (Santa Cruz SC-7196; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit polyclonal
anti-GLUT]1 (a kind gift from G. Holman, Bath University,
Bath, UK) and anti-nephrin antibody 50A9 (a kind gift from
K. Tryggvason, Karolinska Institute, Stockholm, Sweden).
Secondary horseradish-peroxidase-conjugated antibodies
(Amersham Biosciences, Little Chalfont, UK) were used and
luminescence was created with Femto Supersignal luminal
(Pierce) before imaging in a ChemiDoc-it imaging system
(UV Products, Cambridge, UK).

Immunofluorescence Immunofluorescence of cells was per-
formed using a modified protocol as previously described [19].
Podocytes on cover slips were stimulated accordingly, washed
with ice-cold PBS and then fixed with 2% (vol./vol.)
paraformaldehyde. Cells were permeabilised and blocked with
0.1% (vol./vol.) saponin and 3% (wt/vol.) BSA in PBS. They
were incubated with anti-GLUT1 (a kind gift from G.
Holman, Bath University, UK) and FITC secondary antibody
in the blocking solution. Cells were imaged using an inverted
fluorescence microscope (AF6000LX; Leica Microsystems,
Mannheim, Germany). GLUT1 images of wild-type podo-
cytes were scored by two independent blinded observers who
scored at least 100 cells per condition for cytoplasmic or
peripheral localisation.

Statistical analysis ANOVA was performed for glucose-uptake
assays and densitometry and the groups were compared with a
post hoc Bonferroni multiple comparison test. For the GLUT1
scoring an unpaired ¢ test was used. GraphPad Prism, Version
4.00, was used for analysis (GraphPad Software, San Diego,
CA, USA). Significance was deemed to occur at p<0.05.
The standard error of the mean is shown for all experiments.

Results

Production of PPAR~ in cultured podocytes Production of
PPARY was confirmed by western blotting in proliferating
and differentiated podocytes (Fig. 1).
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3T3-L1 Podocytes 33 Podocytes 37

Fig. 1 Podocyte production of PPARy was confirmed by western
blotting. PPARy was produced in undifferentiated podocytes at 33°C
(Podocytes 33), differentiated podocytes at 37°C (Podocytes 37) and
also in control adipocytes (3T3-L1)

Rosiglitazone increased glucose uptake in podocytes and
adipocytes Rosiglitazone significantly increased basal and
insulin-stimulated glucose uptake in podocytes (Fig. 2a).
This effect was greatest at 48 h and at this time point the
increase in basal glucose uptake was equivalent in
magnitude to the glucose uptake seen with insulin stimu-
lation. Basal glucose uptake in 3T3-L1 adipocytes was also
significantly increased at 24 h following rosiglitazone
treatment (Fig. 2b) though this increase was of a lesser
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Fig. 2 a Rosiglitazone (Rosi) significantly increased basal and
insulin-stimulated (+) glucose uptake in podocytes at 48 h (one-way
ANOVA p<0.0001 with post hoc Bonferroni ~~ p<0.001 and “p<
0.05). Data are expressed as the percentage of vehicle basal uptake
and the SEM is shown of six independent experiments, each
performed in triplicate. b In 3T3-L1 adipocytes, rosiglitazone
significantly increased basal and insulin-stimulated (+) glucose uptake
at 24 and 48 h (one-way ANOVA comparing basal p=0.0095 with
post hoc Bonferroni “p<0.05 and comparing insulin-stimulated p=
0.0003 with post hoc Bonferroni ““p<0.01). Data are expressed as
percentage of vehicle basal uptake and the SEM is shown of three
independent experiments, each performed in triplicate. 2-DOG, 2-
deoxyglucose

magnitude than that in podocytes. In these adipocytes,
insulin-stimulated glucose uptake in adipocytes was also
enhanced by rosiglitazone, as previously reported [31].
Rosiglitazone did not increase basal glucose uptake in
either human glomerular endothelial cells (Fig. 3a) or
human proximal tubular (HK2) cells (Fig. 3b) after 24 h.

The increased glucose uptake in podocytes treated with
rosiglitazone was abolished with GLUTI siRNA GLUTI is
the predominant glucose transporter responsible for glucose
uptake under basal conditions in podocytes. We previously
used GLUTI-specific siRNA and demonstrated GLUTI
knockdown in differentiated podocytes by western blotting
at 48 h with no change in GLUT4 production [17]. In this
study the increased basal glucose uptake that occurred in
podocytes with rosiglitazone was significantly reduced with
GLUTI siRNA (Fig. 4). Vehicle-treated cells also demon-
strated reduced basal glucose uptake following GLUTI1
siRNA, consistent with GLUT 1 being the principal
transporter for basal uptake. GLUT1 siRNA altered
insulin-stimulated glucose uptake in both vehicle- and
rosiglitazone-treated cells compared with controls. In the
same experiment, rosiglitazone significantly increased basal
glucose uptake in podocytes treated with and without
control GLUT1 siRNA. These findings support a GLUT1-
dependent mechanism for the increased glucose uptake
seen in podocytes treated with rosiglitazone.

Q

110 q
100
90
80
70
60
50
40 1
30
20 1
10 1

2-DOG uptake
(% of vehicle basal uptake)

T T
Vehicle  Vehicle+ Rosi Rosi+

(o2

120 -
110 T
100
90
80
70
60
50
40
30
20
101

2-DOG uptake
(% of vehicle basal uptake)

T T

Vehicle  Vehicle+ Rosi Rosi+

Fig. 3 There was no increase in basal or insulin-stimulated (+)
glucose uptake in either human glomerular endothelial cells (a) or
proximal tubular (HK2) cells (b) treated with rosiglitazone (Rosi) for
24 h. Data are expressed as percentage of vehicle basal uptake and the
SEM is shown of three to eight independent experiments, each
performed in triplicate. 2-DOG, 2-deoxyglucose
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Fig. 4 Podocytes treated with rosiglitazone or rosiglitazone with
control siRNA demonstrated a significant increase in basal and
insulin-stimulated glucose uptake. This effect was significantly
blocked by GLUT! siRNA (one-way ANOVA with post hoc
Bonferroni ~ p<0.001). Data are expressed as percentage of vehicle
basal uptake and the SEM is shown of three experiments. 2-DOG, 2-
deoxyglucose

Nephrin-deficient podocytes did not demonstrate increased
glucose uptake with rosiglitazone We proceeded to inves-
tigate the functional role of nephrin. Nephrin is a key
component of the podocyte slit diaphragm protein complex.
In keeping with our previous findings [18], we found in this
study that nephrin-deficient podocytes derived from a
patient with a Fin Major nephrin mutation did not increase
glucose uptake in response to insulin (Fig. 5a). Further-
more, we found that rosiglitazone did not increase glucose
uptake in nephrin-deficient podocytes.

Nephrin production was unchanged in wild-type podocytes
treated with rosiglitazone The production of nephrin
therefore appears critical for the increased glucose uptake
observed in podocytes treated with rosiglitazone. However,
we found there was no difference in nephrin production in
wild-type podocytes treated with rosiglitazone for 24—48 h
(Fig. 5b) and this is in keeping with results from a recent in
vivo study [16].

Rosiglitazone increased the translocation of GLUTI to the
plasma membrane in wild-type podocytes We further
examined the role of GLUTI. Podocytes treated with
rosiglitazone for 48 h had increased peripheral localisation
of GLUTI on immunostaining compared with vehicle-
treated cells (Fig. 6). By comparison, GLUT]1 translocation
to the plasma membrane was reduced in nephrin-deficient
podocytes. This finding is consistent with our previously
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published data demonstrating that nephrin-deficient podo-
cytes were unable to translocate GLUTI to the plasma
membrane following insulin stimulation [18].

In addition, we found that membrane fractions from
wild-type podocytes treated with rosiglitazone demonstrat-
ed increased GLUT1 compared with cytoplasmic fractions
and vehicle-treated controls (Fig. 7a). To further validate
these findings an assay of functional glucose transporters
was used. Bis-mannose photolabelling of cell surface
glucose transporters demonstrated increased GLUT]1 at the
plasma membrane in podocytes treated with rosiglitazone
(Fig. 7b). There was no difference in the total cellular
GLUT1 production between vehicle- and rosiglitazone-
treated podocytes (Fig. 7C) and this is in keeping with
findings from other studies [16, 32].

Rosiglitazone increased glucose uptake in podocytes
treated with palmitate Palmitate is the predominant circu-
lating saturated fatty acid and it is increased in insulin-
resistant states such as type 2 diabetes [33]. We used

palmitate to induce insulin resistance in podocytes. Treat-
ment of podocytes with palmitate for 24 h resulted in
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Fig. 5 a Unlike wild-type (WT) podocytes, there were no differences
in glucose uptake in nephrin-deficient podocytes (NDP) treated with
insulin (+) or rosiglitazone (rosi). Data are expressed as percentage of
vehicle basal uptake and the SEM is shown of three experiments. b
There was no change in nephrin expression in wild-type podocytes
treated with rosiglitazone. This blot is representative of three
independent experiments. 2-DOG, 2-deoxyglucose; Gloms, glomeruli
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Fig. 6 Differentiated wild-type podocytes were treated with a 0.01%
(vol./vol.) DMSO (vehicle) or b 10 umol/l rosiglitazone for 48 h.
There was a consistent increase in peripheral GLUT1 in rosiglitazone-
treated cells (arrow) compared with vehicle-treated cells. This was
scored by two blinded independent observers (¢) who found a
significant increase (p=0.0022) in peripheral GLUT1 localisation in

blocking of insulin-stimulated glucose uptake by compar-
ison with control cells (Fig. 8). When podocytes were co-
treated for 24 h with palmitate and rosiglitazone both basal
and insulin-stimulated glucose uptake were significantly
increased, although the increase in insulin-stimulated
glucose uptake was not equal to that in control cells. The
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wild-type cells treated with rosiglitazone (Rosi). By contrast,
compared with those treated with vehicle (d), there was no change
in the localisation of GLUT1 in nephrin-deficient podocytes treated
with rosiglitazone (e). The diffuse cytoplasmic staining seen in
vehicle-treated cells was not seen with rabbit IgG staining (f)

effect of rosiglitazone on increasing basal glucose uptake
was, therefore, preserved in podocytes treated with palmi-
tate and this led to a corresponding increase in insulin-
stimulated glucose uptake. This may represent a mechanism
by which rosiglitazone preserves podocyte function in
insulin-resistant states.
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Fig. 7 Differentiated wild-type podocytes were treated with 0.01%
(vol./vol.) DMSO (vehicle) or 10 umol/l rosiglitazone (Rosi) for 48 h.
a In membrane preparations (M) of these cells there was increased
expression of GLUT1 with rosiglitazone treatment compared with
vehicle or cytoplasmic fractions. Whole-cell insulin-stimulated adipo-
cytes (3T3-L1) were used as a positive control. b The cell-surface
expression of GLUT1 was determined using bis-mannose photo-

Vehicle

Insulin Rosi

labelling. Podocytes treated with rosiglitazone (10 pwmol/l) or insulin
(100 nmol/l for 15 min) had significantly increased GLUT]I
production compared with vehicle-treated cells (~p<0.01). ¢ There
was no change in total cellular GLUTI in podocytes treated with
rosiglitazone. All blots shown are representative of three to five
independent experiments
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Fig. 8 Cells were cultured in six-well plates supplemented with 5%
(wt/vol.) BSA or 750 pumol/l palmitate with or without rosiglitazone
(10 pmol/1) for 24 h followed by 2 h in the corresponding serum-free
medium. 2-Deoxyglucose (2-DOG) uptake over 5 min was measured
following stimulation with or without 100 nmol/l insulin for 15 min.
Podocytes treated with palmitate had significantly reduced insulin-
stimulated glucose uptake. Co-treatment with rosiglitazone and
palmitate significantly increased both basal and insulin-stimulated
glucose uptake by comparison with palmitate alone (‘p<0.05), but
uptake did not fully recover to the insulin-stimulated uptake at 24 h.
Data are expressed as percentage of vehicle basal uptake and the SEM
is shown of five independent experiments, each performed in triplicate

Discussion

The role PPARYy agonists may play in the prevention and
treatment of renal disease is emerging. These agents have
recognised insulin-sensitising properties and therefore have
an important role in the treatment of type 2 diabetes and
insulin resistance. The reduction in microalbuminuria
observed in patients with type 2 diabetes treated with
PPARYy agonists raises important questions about the
potential mechanisms by which these agents work.

The importance of podocytes in maintaining the integrity
of the glomerular filtration barrier was encapsulated by the
discovery of the key podocyte protein, nephrin, in 1998.
Mutations in NPHSI, which encodes nephrin, result in
congenital nephrotic syndrome of the Finnish type [34].
Since the discovery of nephrin, a number of genes have
been found to be mutated in human nephrotic syndromes or
animal models and these discoveries have provided
significant insights into disease mechanisms [35].

This study reports a direct functional effect of rosiglita-
zone on podocytes. After treatment for 48 h, rosiglitazone
significantly increased basal glucose uptake and this effect
has been observed in other insulin-sensitive cells [31]. This
effect was not seen in glomerular endothelial cells suggest-
ing that, at this functional level, rosiglitazone is having an
effect on one component of the glomerular filtration barrier.
As rosiglitazone had an insulin-sensitising effect in podo-
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cytes and adipocytes, the role of the glucose transporter
GLUT1 was investigated as a potential mechanism for the
observed increase in both basal and insulin-stimulated
glucose uptake.

GLUT]1 is the predominant basal glucose transporter and
we have previously reported GLUT1 production in podo-
cytes, as well as a role for GLUT1 in insulin-mediated
glucose transport [17]. Using GLUTI1 siRNA it was
possible to block the increase in glucose uptake in
podocytes treated with rosiglitazone. The increase in
glucose uptake was not abolished completely, which may
be explained by incomplete knockdown or by the contri-
bution of other glucose transporters. We have demonstrated
the presence of GLUT2 in podocytes (M. A. Saleem,
unpublished data) and GLUTS has also been reported to
have high levels of production in the kidney [36].

In support of these functional findings, we found
increased peripherally localised and membrane-associated
GLUTI. Furthermore, there was increased cell-surface
expression of GLUT1 associated with rosiglitazone treat-
ment whereas total cellular GLUT1 was unchanged.
Increased production of GLUT1 has been associated with
diabetic nephropathy, although this may not be a feature of
early disease or animal models [16]. In line with our
findings, a study reported increased membrane production
of GLUT!1 in adipocytes following incubation with rosigli-
tazone without a change in total GLUT1 [32].

In our study, the role of nephrin was investigated with
nephrin-deficient podocytes derived from a patient with a
Fin Major nephrin mutation. The increased basal glucose
uptake seen with wild-type podocytes treated with rosigli-
tazone was absent in nephrin-deficient cells and in addition
these cells did not respond to insulin as previously reported
[18]. Furthermore, there was limited peripheral localisation
of GLUT! in nephrin-deficient podocytes following treat-
ment with rosiglitazone.

These findings indicate a critical role for nephrin in
mediating the increased glucose uptake in podocytes treated
with rosiglitazone. Nephrin has also been associated with
diabetic nephropathy, with reduced nephrin levels in human
biopsies from patients with diabetes and proteinuria [12]. It
has been proposed that this contributes to the development
of nephropathy. Therefore, restoration of nephrin produc-
tion could be a mechanism to reduce glomerular filtration
barrier dysfunction in proteinuric states, such as diabetic
nephropathy. Indeed pioglitazone, which has been shown to
reduce microalbuminuria in diabetic nephropathy [7], has
also been shown to restore nephrin mRNA and protein
levels in a Heymann nephritis model [13]. This study also
demonstrated that pioglitazone regulates the expression of
the gene encoding nephrin.

In our study, 48 h incubation with rosiglitazone did not
increase the production of nephrin in wild-type podocytes.
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This may have been due to the duration of rosiglitazone
treatment or to normal regulation of nephrin production. It
is plausible that nephrin production is maintained within
limits for sufficiency. Our finding is also in keeping with a
recent study that did not demonstrate changes in glomerular
nephrin, GLUT1 and Nephl (also known as Kirrel)
expression in diabetic mice following either 10 or 20 weeks
of rosiglitazone treatment [16].

Finally, to draw analogy to a disease state, we used the
saturated NEFA palmitate. This blocked insulin-stimulated
glucose uptake in wild-type podocytes but did not block the
effect of rosiglitazone on podocyte glucose uptake. There
was a significant increase in basal glucose uptake in cells
co-treated with palmitate and rosiglitazone compared with
palmitate alone and this was associated with a
corresponding increase in insulin-stimulated glucose up-
take.

We have also demonstrated that palmitate interrupts the
insulin signalling pathway leading to GLUT4 translocation
[37] and we propose that this mechanism is involved in the
development of nephropathy in insulin-resistant states.
Since the effect of rosiglitazone was preserved in cells
treated with palmitate, we suggest that is a means by which
PPARYy agonists are protective in nephropathy associated
with insulin resistance.

In addition to our study, other studies have reported
direct effects of PPARy agonists on podocytes. Pioglita-
zone was shown to be protective in a puromycin amino-
nucleoside (PAN) model of podocyte injury by reducing
podocyte apoptosis [14]. Furthermore, the related in vivo
study demonstrated a reduction in glomerulosclerosis in
PAN-injured rats following treatment with pioglitazone
[15]. PPARYy agonists, therefore, have diverse effects on
podocyte function and it will be important to further define
the pathways involved.

In conclusion, we have shown a direct functional effect
of rosiglitazone on podocytes and we have demonstrated
that the mechanism occurs via an effect on GLUTI
trafficking. Although we have not demonstrated the
mechanism of GLUT]1 translocation in this study, we have
previously shown that it is dependent upon nephrin and
actin in podocytes [18]. We propose that podocytes have a
high metabolic demand and as such they require a ready
supply of energy substrates. Insulin-resistant states such as
type 2 diabetes may adversely affect this substrate
provision. Clinically, PPARy agonists confer renal protec-
tion and the functional effect that we have observed may be
involved in the mechanism of protection. If PPARy
agonists are protective against progression of renal disease
across the spectrum of insulin resistance [38, 39], there are
potentially more applications for this group of drugs. The
effect of these drugs in reducing the progression of renal
disease requires further investigation.
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