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Abstract
Background. Cellular insulin resistance is the hallmark
of type 2 diabetes and predominantly affects adipose and
muscle cells. The saturated free fatty acid palmitate is ele-
vated in insulin-resistant states and may directly contribute
to cellular insulin resistance. A spectrum of renal disease
is associated with increased markers of insulin resistance,
although direct causal mechanisms are not known. In the
kidney, glomerular podocytes are novel insulin-sensitive
cells that have the ability to rapidly transport glucose. In
this study, we tested the hypothesis that palmitate would
induce insulin resistance in podocytes.
Methods. Conditionally immortalized human podocytes
were cultured for up to 24 h with 375–750 µM palmi-
tate. Functional effects on glucose uptake and ceramide
production were measured. Gene expression was investi-
gated using a focused gene array, and protein signalling
and trafficking were studied with Western blotting and im-
munofluorescence.
Results. We found that palmitate blocked insulin-
stimulated glucose uptake in human podocytes. This was
associated with increased ceramide production, and use of
the ceramide inhibitors myriocin and fumonisin B1 partially
recovered the insulin sensitivity. At the level of transcrip-
tion, palmitate downregulated genes associated with several
pathways involved in insulin signalling. At the protein level,
phosphorylation of the insulin receptor, IRS1 and PKB was
reduced and there was impaired translocation of GLUT4 to
the cell surface.
Conclusion. This is the first study to demonstrate a direct
effect of saturated fatty acids on podocyte function. These
findings may represent a novel link between systemic in-
sulin resistance and the development of nephropathy.

Keywords: diabetic nephropathy; glucose uptake; insulin resistance;
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Introduction

The glomerular filtration barrier comprises fenestrated
endothelial cells, glomerular basement membrane and
podocytes. At this interface, plasma filtration is tightly con-
trolled to conserve macromolecules and allow the passage
of small solutes and water. Disruption of the barrier results
in loss of larger molecules, and if the disruption is persis-
tent, there is associated glomerular damage and reduction
in renal function.

Diabetes mellitus is strongly associated with disruption
of the glomerular filtration barrier, and type 2 diabetes
is a leading cause of renal failure worldwide. The global
incidence of type 2 diabetes is increasing dramatically in
parallel with the increasing prevalence of obesity [1]. In
addition to type 2 diabetes, insulin resistance is evident in
non-diabetic, obese patients [2] who are prone to renal le-
sions such as focal segmental glomerulosclerosis (FSGS)
[3]. Increased measures of insulin resistance have also been
reported in patients with mild renal impairment and this
has been termed the renal insulin resistance syndrome [4].
Furthermore, insulin resistance is increased in adults with
active nephrotic syndrome [5]. Therefore, the relevance of
insulin resistance applies across a wide spectrum of renal
disease. However, the underlying links between insulin re-
sistance and glomerular filtration barrier dysfunction are
not yet known.

Free fatty acids (FFA) are elevated in insulin-resistant
states and are thought to play a critical role in the progres-
sion to type 2 diabetes. Palmitate is the predominant circu-
lating saturated FFA. It is elevated in the insulin-resistant
states [6] and known to induce insulin resistance in vitro
[7]. Furthermore, high levels of palmitate correlate with
increased ceramide production, and both endogenous and
exogenous ceramide have been associated with the devel-
opment of cellular insulin resistance [8,9].

There is evidence that the podocyte is a direct target in
diabetes [10,11] with podocyte loss and widening of foot
processes [12]. In addition, a reduction in expression of
the key podocyte protein nephrin is described in diabetic
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patients [13]. We have recently shown that podocytes are
insulin-sensitive cells [14] and are able to rapidly transport
glucose via GLUT1 and GLUT4. We have also shown that
this function is dependent upon the expression of nephrin
in podocytes [15], thus conferring a unique specificity to
the mechanism of insulin sensitivity in these cells.

In this study, we investigated the effect of the FFA
palmitate on human podocytes by studying aspects of
podocyte function, gene expression, protein signalling and
trafficking.

Research design and methods

Cell culture plastics were from Greiner (Gloucestershire, England) and all
reagents were from Sigma (Poole, Dorset, UK), unless otherwise stated.

Cell lines

Wild-type human podocytes [16] additionally transfected with a telom-
erase construct [17] were used. The cells differentiated for 14 days at
the non-permissive temperature (37◦C) in the RPMI-1640 medium with
glutamine and glucose (11 mM) (R-8758; Sigma, St. Louis, MO, USA)
that was supplemented with 10% FCS (Life Technologies, Grand Island,
NY, USA) and insulin–transferrin–sodium selenite (Sigma I-1184; 1 ml/
100 ml).

Palmitate stimulation of cells

Palmitate treatment was based on a published method [9]. 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% BSA, 750µM
palmitate and 1% ethanol. The solutions were filter sterilized before being
added onto the cells. The control for palmitate was 5% BSA and 1%
ethanol, and the dose of palmitate was based on previous in vitro studies
[9,18]. This is two to three times higher than normal circulating levels of
palmitate [19] and more representative of elevated NEFA levels seen in
subjects with insulin resistance [20]. With ceramide inhibitors, dose ranges
were based on previous studies [21–23], and podocytes were pre-treated
with either 10 µM myriocin (a serine palmitoyl-transferase inhibitor) or
10 µM fumonisin B1 (a ceramide synthase inhibitor) for 30 min before
being incubated with 750 µM palmitate and 10 µM myriocin or 10 µM
fumonisin B1 for 24 h.

2 deoxy-glucose uptake

The cells in six-well plates were incubated for 24–48 h with control or
treatment medium containing 10% FCS before being serum starved in
the corresponding medium for 2 h. For the final 15 min, the cells were
incubated in a pre-warmed Krebs–Ringer phosphate (KRP) buffer after
washing three times in PBS. Glucose uptake assays were performed as
previously described [14].

Cytotoxicity assays

Differentiated wild-type podocytes were treated with control or palmitate
over a 24 h time course. The MTT reagent in PBS was added to the cells
in a 12-well plate (final concentration of 0.5 mg/ml) and the cultures were
incubated for 4 h at 37◦C. The reaction was stopped by the addition of
100% DMSO, and the tetrazolium crystals were dissolved by mixing on a
Titertek plate shaker for 20 min at room temperature. The samples were
measured on a Biorad 450 plate reader at a test wavelength of 595 nm
and a reference wavelength of 650 nm. The ATPLite assay (PerkinElmer,
Boston, MA, USA) involved adding a 50 µl lysis solution to each well
of a 96-well plate followed by a 50 µl substrate solution. The plates were
dark-adapted, and luminescence was measured giving comparative adeno-
sine triphosphate (ATP) levels. The Cytotoxicity Detection Kit (Roche
Applied Science, Indianapolis, USA) involved incubating the cellular su-
pernatant in the 96-well plates with the substrate mixture before reading
in a colorimetric plate reader giving comparative LDH activity.

Ceramide production

Differentiated podocytes were stimulated for 24 h with control or
medium containing either 375 µM or 750 µM and with the addition of

14C-radiolabelled palmitate. Lipid extraction was performed using a Folch
extraction procedure [24], and lipid extracts were then separated by thin
layer chromatography on silica plates. The plates were dried and the sil-
ica scraped from the Rf region 0.6–0.7 (which has been shown to contain
D-e-C16:0/D-e-C18:0 ceramide phosphate and D-e-C16:0/D-e-C18:0 dihy-
droceramide phosphate using this solvent system [25]). The silica from
each treatment was then thoroughly mixed with 5 ml of scintillation fluid
before 14C counts were determined using a Beckman LS 6500 multipur-
pose scintillation counter. The final counts were corrected for the quantity
of the total cellular protein in each sample.

Protein extraction and Western blotting

Wild-type podocytes were incubated with control or treatment medium,
serum starved and stimulated for 5–15 min with insulin (100 nM) and glu-
cose (25 µM) as required. The cells were washed twice with ice cold PBS
and scraped into a NP40 extraction buffer [50 mM Tris/HCl, pH 7.5, con-
taining 1 mM EDTA, 120 mM NaCl, 50 mM NaF, 1 mM benzamidine, 1%
NP40, 1 µM microcystin, 7.2 mM 2-mercaptoethanol, 5 mM orthovana-
date and 10 µl/ml protease and phosphatase inhibitor cocktails (Sigma)].
The cell extracts were centrifuged at 10000 g for 10 min at 4◦C and
following protein quantification, as determined by a bicinchoninic acid-
based (BCA) assay (Pierce, Rockford, IL, USA), the supernatants were
stored at −80◦C. SDS–PAGE using 7.5% acrylamide gels was performed,
and the protein was transferred onto polyvinylidene fluoride membranes
(Millipore, MA, USA). The membranes were blocked with 5% BSA and
incubated overnight with the following primary antibodies: PI3 kinase,
Nck1 (Cell Signaling Technology, MA, USA), VEGF-A (R&D systems,
Abingdon, UK), phospho-PKB serine 473 (Cell Signaling Technology,
Danvers, MA, USA) and 4G10 (Upstate, Billerica, MA, USA). Secondary
HRP antibodies (Amersham Biosciences, Little Chalfont, UK) were used
and luminescence was created with Femto SuperSignal luminal (Pierce,
Rockford, IL, USA) before imaging and analysis with a ChemiDoc-It
imaging system (UV products, Upland, CA, USA).

Analysis of gene expression by focused gene array

Messenger RNA was extracted from differentiated podocytes treated for
24 h with control or palmitate using an Array Grade mRNA purification kit
(SuperArray Inc., Bethesda, MD, USA). Gene expression was determined
using the human insulin signalling pathway gene array kit (GEArray Q
series, HS-030, SuperArray Inc.). Each array was a 3.8 cm × 4.8 cm ny-
lon membrane spotted with cDNA of 96 marker genes in quadruplicate.
In addition, there were four positive controls including glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and a negative control. The protocol
used 0.5 µg of mRNA as a template for synthesis of a biotinylated cDNA
probe. mRNA was reverse transcribed using gene-specific primers, and
the cDNA was amplified and labelled with biotin-16-deoxyuridine triphos-
phate using an AmpoLabelling-LPR kit (SuperArray Inc.). Biotinylated
cDNA probes were denatured and hybridized to the prepared array mem-
branes overnight. The membranes were then washed, blocked and then
incubated with alkaline phosphate-conjugated streptavidin. Chemilumi-
nescence was produced by incubating membranes with CDP-Star (Super-
Array Inc.), and images were acquired and analysed using a ChemiDoc-It
imaging system (UVP, Upland CA, USA).

Statistical analysis

For glucose uptake, ceramide production and densitometry with more
than one group, one-way ANOVA was performed and the groups were
compared with the post hoc Bonferroni multiple comparison test. For
densitometry of two groups, an unpaired t-test was used. The Graph-
Pad Prism 4 program was used for analysis. P-values <0.05 were
deemed significant. The standard error of the mean is shown for all
experiments.

Results

Palmitate blocked insulin-stimulated glucose uptake in
podocytes

Conditionally immortalized human podocytes had signif-
icantly increased glucose uptake in response to insulin
as demonstrated previously [14]. The same effect was
observed with vehicle-treated cells. However, after 24 h of
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Fig. 1. (A) 2-DOG uptake in differentiated, wild-type human podocytes. Cells were cultured in six-well plates supplemented with 5% BSA (vehicle)
or 750 µM palmitate for 24 h followed by 2 h in the corresponding serum-free medium. 2-DOG uptake over 5 min was measured following stimulation
with or without 100 nM insulin for 15 min. Control and vehicle-treated cells showed a significant increase in glucose uptake in response to insulin∗ and
this effect was blocked when the cells were treated with palmitate∗∗ (one-way ANOVA with post hoc Bonferroni, P < 0.001). A time-course is shown
in panel (B). Data are expressed as % of control basal uptake and the SEM is shown of n = 6 independent experiments each performed in triplicate.

treatment with 750 µM palmitate, insulin-stimulated glu-
cose uptake was blocked (Figure 1A). This finding demon-
strates that palmitate has a direct effect on podocyte insulin
responsiveness. The effect of palmitate on glucose uptake
over a time course is shown in Figure 1B, which also shows
a gradual reduction in insulin sensitivity with a block in
insulin-stimulated glucose uptake at 24 h.

Palmitate did not increase cytotoxicity

To assess palmitate, cytotoxicity MTT, lactate dehydroge-
nase (LDH) and ATP assays were performed. At 24 h, there
was no difference in cell viability between vehicle- and
palmitate-treated cells using the MTT assay (Figure 2A).
In addition, the LDH concentration in the supernatant was
the same with vehicle and palmitate treatment (Figure 2B)
indicating no enhanced cell death. Furthermore, ATP assays
demonstrated no differences between vehicle and palmitate
treatments (Figure 2C). There was a decline in comparative
ATP levels over a 24 h time course in both groups that may
have been due to the serum-free conditions used in this
assay.

Palmitate-induced ceramide production in podocytes

There was a significant increase in the production of in-
tracellular ceramide in podocytes following treatment with
750 µM palmitate for 24 h (P < 0.05) (Figure 3A), and this
effect was dose dependent. Furthermore, the inhibitors of
ceramide production, myriocin and fumonisin B1 resulted
in a significant recovery of insulin-stimulated glucose up-
take at 24 h in cells treated with palmitate (P < 0.001 and
P < 0.01, respectively) (Figure 3B).

Palmitate reduced the expression of genes associated with
insulin sensitivity

Using a focussed gene array, messenger RNA analysis
demonstrated broadly similar patterns of gene expression
with vehicle and palmitate treatment (Figure 4), and this

reproducibility has also been seen in four further insulin-
signalling arrays performed from podocytes (data not
shown). The analysis quantified the difference between ve-
hicle and palmitate treatment. Palmitate reduced the expres-
sion of genes associated with insulin sensitivity including
those associated with insulin receptor signalling (CAP1,
CRK). These molecules have been described in an alterna-
tive insulin-signalling pathway leading to translocation of
GLUT4 [26]. The adaptor protein Nck1 was also downreg-
ulated with palmitate and this molecule has recently been
described in the context of nephrin and actin interactions
[27]. This finding was also validated by Western blotting
(Figure 5A). Two targets of PI3 kinase signalling showed
reduced expression, namely SERPINE1 (also known as
plasminogen activator inhibitor-1 or PAI-1) and vascular
endothelial growth factor A (VEGF-A). The downregula-
tion of both PI3 kinase and VEGF-A gene expression was
further validated by Western blotting (Figure 5B and C).
The fatty acid transporter SL27A4 was reduced by palmi-
tate, and this may represent a negative feedback mecha-
nism. Beta-3-adrenergic receptor (ADRB3) was the only
gene upregulated >2 fold by palmitate, and this gene has
been associated with obesity [28] and type 2 diabetes [29].
These findings indicate that palmitate treatment interferes
at the RNA level with a wide range of molecules involved
in insulin signalling.

Palmitate reduced activation of insulin signalling
molecules

There was a significant reduction in insulin-stimulated
phosphorylation of PKB at the serine 473 (S473) phoshory-
lation site following palmitate treatment (Figure 6A). Simi-
larly, there was a reduction in tyrosine phosphorylation fol-
lowing insulin stimulation in cells treated with palmitate.
In particular, this was evident at the molecular weight of
the insulin receptor and insulin receptor substrate 1 (IRS1)
suggesting a proximal interruption of insulin signalling in
cells treated with palmitate.
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Fig. 2. MTT, LDH and ATP assays were used to assess toxicity. Differentiated podocytes were cultured in 96-well plates supplemented with 5% BSA
(vehicle) or 750 µM palmitate in the serum-free medium. Data are representative of n = 2 experiments each with eight repeats for each condition.
(A) There was no difference in cell viability measured by the MTT assay. (B) There were no significant differences in LDH production between
palmitate- and vehicle-treated cells. (C) There was a reduction in ATP over 24 h in both vehicle- and palmitate-treated cells. This may have been due
to the length of time in serum-free conditions.

Fig. 3. (A) Differentiated podocytes were cultured in the control medium or supplemented with 5% BSA (vehicle), 375 µM or 750 µM palmitate for
24 h. Ceramide production was determined by lipid extraction and thin layer chromatography. There was a significant increase in ceramide production
in podocytes treated with 750 µM palmitate compared to control (one-way ANOVA, overall P = 0.0137, with post hoc Bonferroni, P < 0.05∗). These
data represent n = 2 repeats with each experiment performed in triplicate. (B) Differentiated podocytes were treated for 24 h with 5% BSA (vehicle),
750 µM palmitate or a combination of 750 µM palmitate with either fumonisin B1 or myriocin. 2-DOG uptake over 5 min was measured following
stimulation with or without 100 nM insulin for 15 min. Both fumonisin B1 and myriocin significantly increased insulin-stimulated glucose uptake in
palmitate-treated cells (one-way ANOVA, overall P < 0.0001 with post hoc Bonferroni, P < 0.001 with palmitate and fumonisin B1∗ and P < 0.01 with
palmitate and myriocin∗∗). Data are expressed as % of vehicle basal uptake and the SEM is shown of n = 3 independent experiments each performed
in triplicate.
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Fig. 4. Focused gene array images obtained from mRNA extracted from podocytes treated with 5% BSA (vehicle) (A) or 750 µM palmitate (B) for
24 h. Each square contains four replicates of 96 genes associated with insulin signalling. The overall pattern of expressed mRNA is similar. Densitometry
of each square was normalized to the control gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1). Palmitate treatment resulted in a 2- to
8-fold reduction in expression of 10 genes associated with insulin signalling. These include CAP1 (2), CRK (3), G6PD (4), GRB2 (5), Nck1 (6), PI3
Kinase (7), PRKCI (8), SERPINE1 (9), VEGF (10) and the fatty acid transporter SL27A4 (11). ADRB3 (∗) was upregulated by palmitate. A comparison
of relative expression is shown in (C).

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/24/11/3288/1944444 by guest on 11 April 2024



Palmitate-induced insulin resistance in podocytes 3293

Fig. 5. Differentiated podocytes were treated with 5% BSA (vehicle) or 750 µM palmitate for 24 h. Expression of Nck-1 (A), PI3-kinase (B) and
VEGF-A (C) was significantly reduced, validating the gene expression data. The blots are representative images, and normalized densitometry was
calculated from n = 3 independent experiments and the SEM is shown.

Fig. 6. Differentiated podocytes were treated with 5% BSA (vehicle) or 750 µM palmitate for 24 h followed by 2 h in the corresponding serum-free
medium. Cells were then stimulated with or without 100 nM insulin and 11 mM glucose for 5 min. Cells were lysed and prepared for Western blotting.
(A) Phosphorylation of PKB at serine 473 (S473) increased 2-fold in response to insulin in vehicle-treated podocytes, and this effect was significantly
reduced in palmitate-treated cells (one-way ANOVA, overall P < 0.0001 with post hoc Bonferroni, P < 0.001 between vehicle with insulin and palmitate
with insulin∗). This is a representative blot for n = 6 independent experiments and the densitometry SEM is shown. (B) Tyrosine phosphorylation was
upregulated in vehicle compared to palmitate-treated cells, in particular at the level of IRS1 (180 kD) and the insulin receptor (90 kD) as indicated by
arrows.
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Fig. 7. Differentiated podocytes were treated with 5% BSA (vehicle) or 750 µM palmitate for 24 h, followed by 2 h in the corresponding serum-free
medium before stimulation with or without 100 nM insulin and 11 mM glucose for 15–30 min. Vehicle cells in the basal state demonstrated cytoplasmic
GLUT4 (A). Upon insulin stimulation, GLUT4 became more peripheral and increased at the leading edges of cells (arrow). Palmitate-treated cells in
basal conditions also demonstrated diffuse cytoplasmic GLUT4; however, following insulin stimulation, there was minimal GLUT4 relocalization.

Palmitate impairs GLUT4 translocation in podocytes

Vehicle-treated cells in the basal state showed cytoplas-
mic GLUT4 (Figure 7A). Following 15 min of stimu-
lation with insulin and glucose (11 mM), the vehicle-
treated cells demonstrated increased GLUT4 transloca-
tion with a greater distribution at the cell periphery
(Figure 7). Palmitate-treated cells in the basal state also
demonstrated cytoplasmic GLUT4 (Figure 7). Notably, in
the palmitate-treated cells after insulin and glucose stim-
ulation, GLUT4 translocation was less marked at the cell
periphery. These findings suggest that the pathway lead-
ing to GLUT4 translocation in podocytes is impaired when
cells are treated with palmitate.

Discussion

The role that podocytes play in maintaining the integrity of
the glomerular filtration barrier was highlighted by the dis-
covery of the podocyte protein nephrin in 1998. Mutations

of NPHS1 encoding nephrin result in congenital nephrotic
syndrome of the Finnish type [30]. Since then, a number
of mutated genes have been found in human nephrotic syn-
dromes or animal models, and these discoveries have given
significant insights into disease mechanisms [31]. We re-
cently reported the novel finding that human podocytes are
insulin-sensitive cells [14] and this function depends upon
nephrin expression [15]. The development of insulin resis-
tance in podocytes would therefore represent a direct link
between insulin action and the slit diaphragm. Further study
of the factors that control insulin sensitivity in podocytes
would lead to a better understanding of podocyte dysfunc-
tion in insulin-resistant states.

Insulin resistance is associated with renal disease and
also with significant changes in glucose and lipid home-
ostasis. Although one link between circulating adipokines
and the development of cellular insulin resistance has been
proposed [32], the direct links between insulin resistance
and nephropathy are unknown. Palmitate is the predomi-
nant circulating saturated FFA, and elevated plasma FFAs
have been identified in both adult and childhood obesity
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and are strongly implicated in the causation of insulin re-
sistance [33]. In skeletal muscles, palmitate has been shown
to decrease insulin signalling [34] through the generation
of ceramide. Our study demonstrates a novel functional ef-
fect of palmitate on podocytes. Insulin-stimulated glucose
uptake was abolished in podocytes treated with palmitate
for 24 h, and using similar doses of palmitate, other stud-
ies have reported a reduction in insulin-stimulated glucose
uptake in insulin-sensitive cells [7,35,36].

We went on to confirm that palmitate was associated
with a dose-dependent increase in ceramide production in
podocytes, and using the ceramide inhibitors myriocin and
fumonisin B1, it was possible to partially recover insulin-
stimulated glucose uptake. The association between ce-
ramide and insulin resistance has been reported previously
in insulin-sensitive cells [18,21,23], and in keeping with
these studies, we found that palmitate reduced the phos-
phorylation of PKB at serine 473, which is a key signalling
step in the cellular insulin response. Furthermore, Fabry
disease that results in cellular accumulation of the glycol-
ipid ceramide trihexoside, leads to glomerular proteinuria
renal failure with podocyte pathology [37]. Our study has
demonstrated that ceramide accumulation in podocytes is
associated with insulin resistance, and this may also be
relevant in the development of proteinuria in Fabry disease.

Palmitate treatment also reduced the tyrosine phospho-
rylation of proteins at the level of the insulin receptor and
IRS1. This suggests a proximal interruption of insulin sig-
nalling. Indeed, reduced tyrosine phosphorylation of both
insulin receptor and IRS proteins has been associated with
the development of insulin resistance [38] using in vitro and
in vivo models. In our study, we also demonstrated altered
translocation of GLUT4 in palmitate-treated cells, repre-
senting interruption in the distal insulin-signalling path-
way. However, it is unclear from our study whether the
insulin-signalling pathway is interrupted by one or several
mechanisms at different levels, and this will be important
to clarify in subsequent studies. In addition, we have not as-
sessed the mechanism of action of palmitate and although
we have used albumin to transport palmitate across the
plasma membrane, we have not studied the effect of palmi-
tate on plasma membrane proteins.

Analysis of gene expression demonstrated that genes as-
sociated with human insulin signalling were significantly
reduced with palmitate treatment. These involved a vari-
ety of genes associated with insulin receptor signalling,
the alternative and PI-3 kinase insulin signalling pathways.
The downregulation of VEGF-A gene expression was fur-
ther validated at the protein level where downregulation
was evident and significant at the molecular weight corre-
sponding to the VEGF-A145 isoform. The gene and protein
expression of the adaptor protein Nck1 was also downreg-
ulated by palmitate, and the importance of this molecule
in podocyte cell biology has been shown by a series of re-
cent studies that demonstrate that the Nck adaptor proteins
link the podocyte protein nephrin to the actin cytoskele-
ton [27,39,40]. Our own work demonstrated that nephrin
is required for podocyte insulin sensitivity [15], and per-
haps the interaction between nephrin and Nck is necessary
for podocyte insulin responsiveness. We speculate that this
may occur by impairing actin reorganization needed for

recycling of glucose transporters to the plasma membrane.
Overall, gene expression data suggest that palmitate affects
podocyte gene expression across several pathways involved
in insulin signalling, although a full investigation of the ef-
fect of these changes on protein translation needs to be
undertaken.

The spectrum of renal disease associated with insulin
resistance is broad and ranges from nephrotic syndrome
[5], mild renal dysfunction [4] and FSGS in obesity [3] to
diabetic nephropathy. Palmitate-induced insulin resistance
in podocytes may be a novel link between insulin resis-
tance and nephropathy. Indeed, if podocytes require optimal
insulin sensitivity for normal function, insulin-sensitizing
agents such as PPARγ agonists may have direct benefi-
cial effects on podocytes. These agents have already been
shown to reduce albuminuria [41] and podocyte loss [42]
in patients with type 2 diabetes. Therefore, there may well
be a role for these insulin-sensitizing agents across a wider
spectrum of renal disease.

Palmitate is just one of many molecules that correlate
with insulin resistance, and this study indicates a direct re-
lationship between high levels of palmitate and podocyte
dysfunction. Further study of other factors associated with
insulin resistance and their role in podocyte injury is re-
quired to identify pathways that could potentially be tar-
geted to reduce disease progression in proteinuric states.
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