
Expression profiles of podocytes exposed to high
glucose reveal new insights into early diabetic
glomerulopathy
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Podocyte injury has been suggested to have a pivotal role in the pathogenesis of diabetic glomerulopathy. To glean
insights into molecular mechanisms underlying diabetic podocyte injury, we generated temporal global gene transcript
profiles of podocytes exposed to high glucose for a time interval of 1 or 2 weeks using microarrays. A number of genes
were altered at both 1 and 2 weeks of glucose exposure compared with controls grown under normal glucose. These
included extracellular matrix modulators, cell cycle regulators, extracellular transduction signals and membrane transport
proteins. Novel genes that were altered at both 1 and 2 weeks of high-glucose exposure included neutrophil gelatinase-
associated lipocalin (LCN2 or NGAL, decreased by 3.2-fold at 1 week and by 7.2-fold at 2 weeks), endothelial lipase
(EL, increased by 3.6-fold at 1 week and 3.9-fold at 2 week) and UDP-glucuronosyltransferase 8 (UGT8, increased by
3.9-fold at 1 week and 5.0-fold at 2 weeks). To further validate these results, we used real-time PCR from independent
podocyte cultures, immunohistochemistry in renal biopsies and immunoblotting on urine specimens from diabetic
patients. A more detailed time course revealed changes in LCN2 and EL mRNA levels as early as 6 hours and in UGT8
mRNA level at 12 hours post high-glucose exposure. EL immunohistochemistry on human tissues showed markedly
increased expression in glomeruli, and immunoblotting readily detected EL in a subset of urine samples from diabetic
nephropathy patients. In addition to previously implicated roles of these genes in ischemic or oxidative stress, our results
further support their importance in hyperglycemic podocyte stress and possibly diabetic glomerulopathy pathogenesis
and diagnosis in humans.
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Diabetic nephropathy, a clinical syndrome of persistent mi-
croalbuminuria and a common complication of diabetes, is
currently the leading cause of end-stage renal disease (ESRD)
in the United States. Albuminuria indicates excessive albu-
min filtration from the glomerulus into the tubules, which
overwhelms their metabolic capacity promoting local in-
flammation and tubulointerstitial scarring known as diabetic
nephropathy. A central initial event in the albuminuria–
ESRD sequence is the podocyte injury.1–3 The podocyte
consists of a cell body, primary and secondary foot processes,
and the slit diaphragm (filtration barrier). It is proposed that
hyperglycemia causes podocyte oxidative stress—defined as
the damage caused by reactive oxygen species—which leads

to foot process effacement, followed by podocyte apopto-
sis.4,5 For example, in the Akita model of type 1 diabetes, or
the leptin receptor-deficient db/db mouse model of type 2
DKD, podocytes lose nephrin expression (the major com-
ponent of the slit diaphragm), foot processes become effaced
and eventually detach from the glomerular basement mem-
brane, undergoing death by apoptosis.4,5 Podocyte apoptosis
is in part mediated by transforming growth factor-b (TGFb)
signaling and possibly epithelial–mesenchymal transforma-
tion.6–8 For example, Li et al8 show that TGFb under con-
ditions of high glucose (HG) suppresses expression of key slit
diaphragm proteins, induces extracellular matrix protein
expression (eg, fibronectin and collagen I) and leads to
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secretion of matrix metalloproteinase-9 (MMP-9). However,
activation of other metabolic pathways, eg, the polyol path-
way,9 protein kinase C,10 the hexoamine pathway,11–14 also
has a role in diabetic nephropathy. Recently, VEGF-mediated
signaling has also been implicated in this process,15,16 and
hyperglycemia mimicking hypoxic injury to endothelial cells
is proposed.17,18 These studies demonstrate that the mole-
cular pathogenesis of diabetic podocyte injury is likely
multifactorial involving a number of interrelated signaling
pathways that have yet to be well understood. Understanding
the molecular milieu of diabetic podocyte injury, an early
event in diabetic nephropathy, remains a primary target
in identifying novel avenues for early intervention and pre-
vention of severe late complications of this increasingly
prevalent disease.

We have previously found that BMP7 confers podocyte
resistance to hyperglycemic injury by restoring major podo-
cyte proteins such as synaptopodin and podocin.19 Identi-
fying new molecular changes and integrating them to known
pathways are important in obtaining deeper insights into the
mechanism of diabetic nephropathy, early diagnosis and
possible new therapies. One approach towards this end is
using high-throughput methods that detect multiple mole-
cular changes simultaneously. For example, microarray
technology enables one to measure gene expression in whole
genomes to identify new genes and pathways associated with
a disease. Microarray studies on whole diabetic kidney and/or
on mesangial cells have found altered gene expression in the
early phases of diabetic injury in mice.20–24 Although these
studies provide initial insights into early global changes in the
diabetic kidney, little is known about the molecular and
temporal events occurring specifically in podocytes. Recently,
early global changes due to HG were reported in podocytes.25

Information regarding molecular changes in podocytes due
to prolonged high-glucose exposure will help derive
important insights into how these may lead to diabetic
nephropathy, a disease that develops over a long time. This
will also enhance the possibility of discovering biomarkers
that can help discern podocyte dysfunction over broad range
of this disease.

The aim of this study was to examine the effect of pro-
longed high-glucose exposure on mRNA expression profiles
in mouse podocytes. Using expression microarrays, we dis-
covered genes that are strongly and consistently associated
with hyperglycemic podocyte stress in a time-course analysis.
The in vitro podocyte injury alterations were also detected in
renal biopsies and urine samples from patients with diabetic
nephropathy, suggesting that these may be relevant to the
pathogenesis of diabetic glomerular disease in humans.

MATERIALS AND METHODS
Cell Culture
Experiments were performed using a thermosensitive SV-40-
transfected immortalized mouse podocyte cell line (gift from
Peter Mundel, Mount Sinai School of Medicine, New York).

Podocytes were cultured in RPMI 1640 supplemented with
10% fetal bovine serum, 100U/ml penicillin, and 100 mg/ml
streptomycin. Cells were grown at 33 1C and were treated
with 10U/ml of mouse recombinant g-interferon (Sigma,
St Louis, MO, USA), as previously described.19 At confluence,
podocytes were maintained on a bed of type I collagen at
37 1C for 14 days without g-interferon to allow differentia-
tion.26 These conditionally immortalized cells were then
either exposed to media containing normal glucose (NG) as a
control (5.5mmol/l D-glucose) or HG (25mmol/l D-glucose)
for 6, 12, 18, 24 and 72 h, and 1 or 2 weeks. Experiments were
performed in duplicate.

To account for the osmotic effect of HG, podocytes were
starved for 24 hours with media containing mannitol. In this
model, 1-week exposure to HG was considered an arbitrary
representation of sub-acute HG stress, and an arbitrary
representation of sustained stress was taken as HG exposure
for 2 weeks. Exposure of podocytes to HG from 6–72 hours
was performed to study temporal alterations and to
independently validate the microarray results.

RNA Extraction
Total RNA was extracted with TRIzol reagent according to
manufacturer’s protocol (Invitrogen Inc.). An additional
cleanup step was used by employing an RNeasy Mini Kit
(QIAGEN Inc., Valencia, CA, USA). RNA concentration and
purity was assessed by spectroscopy (Nanodrop) with the
A260/A280 ratio in the range 1.77–2.08. RNA samples were
used immediately or stored at �80 1C for subsequent mi-
croarray analysis or for real-time PCR.

Microarray Hybridization and Data Analysis
Total RNAs (1–5mg) extracted from podocytes cultured in
HG for 1 or 2 weeks and in NG for 2 weeks (in duplicate)
were reverse transcribed into cDNA, and biotin-labeled
cRNA targets were generated. The cRNA was fragmented and
hybridized to Affymetrix GeneChip Mouse Genome 430 2.0
microarrays (Affymetrix, Santa Clara, CA, USA) at the
Laboratory of Translational Pathology Microarray Core Fa-
cility of Washington University, as previously described.27

Quantitative analysis of hybridization patterns and intensities
was performed by Affymetrix software, and the resulting data
were analyzed by Affymetrix Microarray Suite software
(Version 5.0). The entire raw data are available at http://
bioinformatics.wustl.edu. The data were scaled to 1500 units
of signal intensity for comparisons across samples and
imported into dCHIP for analysis. The data were filtered to
exclude genes that were not expressed or did not vary, using
the coefficient of variation (s.d./mean) and percentage of
presence calls in the arrays. First, the genes were filtered such
that the coefficient of variation across samples was 40.5 and
o1000.28,29 Second, only the genes that had a presence call
percentage of Z20% across the arrays were included for
analysis. After filtering, a list of 1790 genes was used to
identify differentially expressed genes in the data set. Using
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the replicate NG arrays as the baseline (B), the replicate 1W
or 2Warray experiments (E) were each compared for changes
in gene expression using a threefold cutoff (B/E or E/B43),
absolute signal difference 4100 (B-E or E-B4100) and a
presence call percentage of Z20% in each of the baseline and
experimental data sets. The raw signal intensity data for the
resulting differentially expressed genes were reviewed, and
only those genes that showed close agreement between the
duplicates were pursued.

Real-Time PCR
Total RNA extracted from podocytes cultured (duplicates) in
NG or HG in various time intervals (6 hours to 2 weeks) was
converted into cDNA and amplified by real-time PCR in
‘one-step’ reaction (Qiagen, OneStep RT-PCR, Germantown,
MD, USA). The SYBR Green was used as fluorogenic probe
system. PCR kinetics and data quantification were performed
with 4000 Multiplex Quantitative PCR System Software
(Stratagene, La Jolla, CA, USA). Quantification of the target
gene was performed according to the standard curve method.30

mRNA levels were normalized to b-actin. Experiments
were performed in triplicate. We used the following primers:
UDP-glucuronosyltransferase 8 (Ugt8) 50-CCCACTGCCAGA
AGATCTGC-30; 30-TGGAATAGCAAGGGCTGCTAA-50; en-
dothelial lipase (EL) 50-GAGCGAGCCGTACACCTCTT-30,
30-TGGATACGCTGGCAACTTTG-50; LCN 50-GATGCGCAG
AGACCCAATG-30, 30-AGGAACGTTTCACCCGCTTT-50.

Human Tissue Studies
Paraffin-embedded tissue blocks or fresh cryopreserved tissue
from renal biopsies from patients (n¼ 8) with diabetic glo-
merulosclerosis were randomly retrieved from the files of the
Department of Pathology and Immunology at Washington
University in St Louis or George M. O’Brien Center for
Kidney Disease Research Kidney Translational Research Core
at Washington University. All specimens used for the research
were collected under protocols approved by the Institutional
Review Board of Washington University School of Medicine.
Light microscopy, routine immunofluorescence and electron
microscopy were retrospectively reviewed to ascertain diag-
nosis. Seven controls consisted of histologically normal non-
diabetic kidneys.

Immunohistochemistry
Immunohistochemistry on formalin-fixed paraffin-em-
bedded sections (4 mm) was performed using antigen
retrieval for 15minutes (10mM sodium citrate, 0.05%
Tween20, pH 6.0) and peroxidase method. Hematoxylin–
Eosin was used for counterstaining. For cryopreserved tissue,
immunofluorescence was performed on 10-mm sections that
were post-fixed in PBS containing 4% paraformaldehyde,
washed and blocked with Image-iTt FX signal enhancer
(Invitrogen Inc.) for 30minutes and were then incubated
with the primary antibody. The primary and secondary an-
tibodies used were anti-EL (1:50, Cayman chemical company

Cat# 100030) and biotinylated anti-rabbit (1:200, Jackson
Immunoresearch Inc.), respectively. WT1 antibody (1:10,
Santa Cruz Biotechnology Inc.) was used to label podocytes
in biopsies. The signals were visualized using streptavidin-
HRP (1:400, JacksonImmunoresearch Inc.) for paraffin em-
bedded tissue, streptavidin-alexa594 (molecular probes) for
EL immunofluorescence and strepatavidin-alexa488 for WT1
immunofluorescence. Slides were incubated with bis-benza-
mide (Sigma) for 5minutes to visualize nuclei. Nikon 80i
upright microscope (Nikon) equipped with CoolSnapES
camera (photometrics) was used to capture the images, and
Nikon Elements (Nikon) and Adobe Photoshop (Adobe)
softwares were used for image processing.

Immunoblotting
SDS-PAGE (10%) was performed on urine specimens (15 ml
each) of four patients with diabetic nephropathy and three
individuals with no known kidney disease (controls) using
standard procedures. The proteins were transferred to PVDF
membrane using Bio-Rad semi-dry apparatus. After washing
twice with TBS buffer, the PVDF membrane was blocked
using 2% non-fat milk and 2% BSA in TBST buffer for
1 hour at room temperature, and then incubated with rabbit
anti-EL (1:100) and mouse anti-albumin (1:2000, Invitrogen
Cat#03-0700) antibodies for 16 hours at 4 1C. After washing
with TBST, the membranes were incubated for 1 hour at
25 1C with IRDye800CW-conjugated goat anti-rabbit IgG
(1:2000, red) and IRDye680-conjugated goat anti-mouse IgG
(1:2000, green) secondary antibodies (LI-COR Biosciences).
After washing, the respective antigens were visualized on an
Odyssey Infrared Imaging System (LI-COR Biosciences) with
both 700- and 800-nm channels. For confirming the speci-
ficity of EL antibody, different amounts of purified human
Albumin (Sigma) ranging from 0.1–50 mg were blotted on
two separate nitrocellulose membranes, and immunoblotting
and detection was performed as described above for albumin
and EL.

Statistical Analysis
In real-time PCR experiments, a two-way analysis of variance
was used to compare control with experimental groups. Re-
sults are shown as the mean±s.d. Po0.05 was considered
statistically significant.

RESULTS
To identify podocyte-specific genes potentially regulated by
HG exposure, we treated podocytes in culture for 1 or 2
weeks with HG and compared their expression profiles with
controls grown in NG for 2 weeks using Affymetrix Mouse
Genome 430 2. 0 microarrays. A filtered set of 1790 genes was
examined for changes in gene expression. Compared with
NG, there were 19 transcripts that were significantly down-
regulated at 1 week of HG exposure (Tables 1 and 2, see
Materials and methods). These include: brain expressed gene 1
(Bex1), thyroid hormone receptor interactor 11 (Trip11) and
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Table 1 Genes downregulated and upregulated in podocytes treated with high glucose for 1 week compared with podocytes
cultured in normal glucose conditions

Probe set Downregulated gene Accession Fold change

1448595_a_at Bex1: brain-expressed gene 1 NM_009052 �6.61

1458729_at Mm.182696.1 AW552255 �5.32

1443153_at Trip11: thyroid hormone receptor interactor 11 BB306866 �4.21

1458269_at Pcdh9: protocadherin 9 AW048370 �3.97

1427747_a_at Lcn2: lipocalin 2 X14607 �3.82

1425339_at Plcb4: phospholipase C, beta 4 BB224034 �3.6

1442704_at Mm.214935.1 BM250739 �3.58

1450154_at Folh1: folate hydrolase NM_016770 �3.54

1445426_at Mm.42287.1 BB457090 �3.36

1444229_at Nr2f2: nuclear receptor subfamily 2, group F, member 2 BB053811 �3.34

1440488_at Mm.209825.1 BB416028 �3.28

1425338_at Plcb4: phospholipase C, beta 4 BB224034 �3.27

1444250_at Mm.133185.1 AI451553 �3.23

1456659_at LOC552902: hypothetical LOC552902 BM116906 �3.2

1424375_s_at Gimap4: GTPase, IMAP family member 4 BC005577 �3.19

1439224_at Mm.133637.1 BB373816 �3.17

1443145_at Apbb1ip: amyloid beta (A4) precursor protein-binding, family B,

member 1 interacting protein

BB153348 �3.12

1454589_at 9430006E15Rik: RIKEN cDNA 9430006E15 gene AK020405 �3.08

1459750_s_at Gpr123: G protein-coupled receptor 123 AU015577 �3.01

Probe set Upregulated gene Accession Fold change

1455930_at Mm.28870.2 BI651113 8.2

1422317_a_at Il1rl1: interleukin 1 receptor-like 1 NM_010743 5.59

1425843_at Mrpl33: mitochondrial ribosomal protein L33 BC027018 4.88

1430786_at 1110002E22Rik: RIKEN cDNA 1110002E22 gene BE991102 4.85

1449751_at Slc6a6: Solute carrier family 6 (neurotransmitter transporter, taurine), member 6 AA589629 4.37

1435330_at Pyhin1: pyrin and HIN domain family, member 1 BM241008 4.28

1437937_at Ccbp2: chemokine binding protein 2 AV220666 4.13

1442844_at A830052D11Rik: RIKEN cDNA A830052D11 gene BB271008 3.86

1431315_at Hyls1: hydrolethalus syndrome 1 BM570636 3.85

1447870_x_at 1110002E22Rik: RIKEN cDNA 1110002E22 gene BB099116 3.81

1418676_at Isl2: insulin related protein 2 (islet 2) NM_027397 3.79

1444199_at Mm.45087.1 AW046689 3.69

1425145_at Il1rl1: interleukin 1 receptor-like 1 D13695 3.58

1422691_at Sptlc1: serine palmitoyltransferase, long-chain base subunit 1 AF003823 3.36

1421262_at Lipg: lipase, endothelial BC020991 3.22

1419063_at Ugt8a: UDP galactosyltransferase 8A NM_011674 3.14

1449356_at Asb5: ankyrin repeat and SOCs box-containing 5 NM_029569 3.06

1449473_s_at Cd40: CD40 antigen NM_011611 3.04

1439043_at Tra2a: transformer 2 alpha homolog (Drosophila) BE982794 3.01

A cut off of threefold changes was used to filter the data (see Materials and Methods). Genes in bold were used for further studies, see Table 3 and Figures 1, 2.
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Table 2 Genes downregulated and upregulated in podocytes treated with high glucose for two week compared with podocytes
cultured in normal glucose conditions

Probe set Downregulated gene Accession Fold change

1427747_a_at Lcn2: lipocalin 2 X14607 �7.03

1459713_s_at Ano1: anoctamin 1, calcium activated chloride channel AU040576 �5.46

1434188_at Slc16a12: solute carrier family 16 (monocarboxylic acid transporters), member 12 AV220703 �5.01

1419728_at Cxcl5: chemokine (C-X-C motif) ligand 5 NM_009141 �4.49

1456078_x_at Tubb2c /// Tubb2c-ps2: tubulin, beta 2C /// tubulin, beta 2c, pseudogene 2 BB012080 �4.32

1452014_a_at Igf1: insulin-like growth factor 1 AF440694 �4.18

1423611_at Alpl: alkaline phosphatase, liver/bone/kidney AW319615 �4

1435603_at Sned1: sushi, nidogen and EGF-like domains 1 BB487754 �3.91

1458536_at Ccni: Cyclin I BB097972 �3.69

1439364_a_at Mmp2: matrix metallopeptidase 2 BF147716 �3.67

1448595_a_at Bex1: brain-expressed gene 1 NM_009052 �3.6

1454296_at 4631402F24Rik: RIKEN cDNA 4631402F24 gene AA739023 �3.6

1450014_at Cldn1: claudin 1 NM_016674 �3.5

1453550_a_at Far1: fatty acyl CoA reductase 1 AK011187 �3.47

1449909_at 2010005H15Rik: RIKEN cDNA 2010005H15 gene NM_029733 �3.44

1429951_at Ssbp2: single-stranded DNA binding protein 2 AK005150 �3.36

1430097_at 8430436C05Rik: RIKEN cDNA 8430436C05 gene AU016566 �3.35

1437405_a_at Igfbp4: insulin-like growth factor binding protein 4 BB787243 �3.25

1459649_at Mm.150125.1 AI662750 �3.23

1416441_at Pgcp: plasma glutamate carboxypeptidase BB468025 �3.16

1440107_at Mm.131403.1 BB077622 �3.15

1421239_at Il6st: interleukin 6 signal transducer AA717838 �3.1

1429696_at Gpr123: G protein-coupled receptor 123 BE946247 �3.1

1417625_s_at Cxcr7: chemokine (C-X-C motif) receptor 7 BC015254 �3.09

1442254_at Mm.207501.1 BB366659 �3.04

Probe set Upregulated gene Accession Fold change

1455930_at Mm.28870.2 BI651113 13.95

1419063_at Ugt8a: UDP galactosyltransferase 8A NM_011674 5.26

1444199_at Mm.45087.1 AW046689 4.89

1431315_at Hyls1: hydrolethalus syndrome 1 BM570636 4.59

1449751_at Slc6a6: solute carrier family 6 (neurotransmitter transporter, taurine), member 6 AA589629 4.57

1422944_a_at Diap3: diaphanous homolog 3 (Drosophila) NM_019670 4.46

1430786_at 1110002E22Rik: RIKEN cDNA 1110002E22 gene BE991102 4.39

1426278_at Ifi27l2a: interferon, alpha-inducible protein 27 like 2A AY090098 4.37

1427184_at Tcrb-J: T-cell receptor beta, joining region BF318536 3.97

1421262_at Lipg: lipase, endothelial BC020991 3.95

1422155_at Hist2h3c2: histone cluster 2, H3c2 BC015270 3.79

1455730_at Dlgap5: discs, large (Drosophila) homolog-associated protein 5 BM250919 3.67

1441757_at 1190002F15Rik: RIKEN cDNA 1190002F15 gene AI120476 3.65

1430419_at 2310031A07Rik: RIKEN cDNA 2310031A07 gene AK009549 3.64

1421350_a_at Grip1: glutamate receptor interacting protein 1 NM_130891 3.58
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lipocalin 2 (Lcn2). There were 19 transcripts that were up-
regulated at 1 week including interleukin 1 receptor-like 1
(Il1rl1), EL (Lipg) and UDP galactosyltransferase 8A (Ugt8).
In all, 25 genes were downregulated in week 2, including
Lcn2, MMP2 and Cyclin 1 (Ccni). A total of 32 genes were
upregulated at 2 weeks in HG-treated podocytes, including
Ugt8 and EL (for detailed list and fold changes, see Table 1).

We next focused on identifying genes that were represented
by probe sets showing consistent changes in response to HG
at both 1 week (arbitrary representation of sub-acute
HG stress) and 2 weeks (arbitrary representation of sustained
HG stress) in our model. We were interested in this for two
reasons. First, these could represent potential biomarkers that
remain altered in diabetic glomerular disease. Second, these

1439040_at Cenpe: centromere protein E BG068387 3.57

1447870_x_at 1110002E22Rik: RIKEN cDNA 1110002E22 gene BB099116 3.57

1440862_at Mm.153468.1 BB629079 3.44

1434847_at Cnnm4: cyclin M4 BB432741 3.31

1421754_at AY036118: cDNA sequence AY036118 NM_133243 3.3

1452458_s_at Ppil5: peptidylprolyl isomerase (cyclophilin) like 5 BC022648 3.28

1417587_at Timeless: timeless homolog (Drosophila) BM230269 3.26

1449171_at Ttk: Ttk protein kinase NM_009445 3.26

1439510_at Sgol1: shugoshin-like 1 (S. pombe) BB410537 3.25

1417019_a_at Cdc6: cell division cycle 6 homolog (S. cerevisiae) NM_011799 3.23

1417938_at Rad51ap1: RAD51-associated protein 1 BC003738 3.2

1452912_at Dscc1: defective in sister chromatid cohesion 1 homolog (S. cerevisiae) AK011162 3.17

1427004_at Fbxo2: F-box protein 2 BB311718 3.09

1440146_at Vps13a: vacuolar protein sorting 13A (yeast) BB829606 3.09

1420707_a_at Traip: TRAF-interacting protein AK012948 3.06

1421881_a_at Elavl2: ELAV (embryonic lethal, abnormal vision, Drosophila)-like 2 (Hu antigen B) BB105998 3.06

1418480_at Ppbp: pro-platelet basic protein NM_023785 3

A cut off of threefold changes was used to filter the data (see Materials and Methods). Genes in bold were used for further studies, see Table 3 and Figures 1, 2.

Table 2 Continued

Probe set Upregulated gene Accession Fold change

Table 3 Genes with altered expression both in 1W and 2W array data sets, compared with controls

Probe set Gene Accession Fold change NG NG 1W 1W 2W 2W

1419063_at Ugt8a: UDP galactosyltransferase 8A NM_011674 5.26 353.8 163.9 881.9 715.9 1327 1251.9

1421262_at Lipg: lipase, endothelial BC020991 3.95 584.9 748.7 2338.1 1872.4 2285.2 2882.8

1427747_a_at Lcn2: lipocalin 2 X14607 �7.03 5572.4 5442.6 1335.5 1546.3 958.8 563.5

1430786_at 1110002E22Rik: RIKEN cDNA 1110002E22 gene BE991102 4.39 531.2 467.5 2795.8 2011.6 1458.4 2842.1

1431315_at Hyls1: hydrolethalus syndrome 1 BM570636 4.59 212.3 85.9 691.4 386.7 642.2 581.3

1444199_at Mm.45087.1 AW046689 4.89 634.9 251 641.3 2593.8 555.9 3695.5

1447870_x_at 1110002E22Rik: RIKEN cDNA 1110002E22 gene BB099116 3.57 1318.4 1917 6276.8 5591.4 3453 8163

1448595_a_at Bex1: brain-expressed gene 1 NM_009052 �3.6 8614.8 18678.4 3023.9 1035 6905.6 569.2

1449751_at Slc6a6: Solute carrier family 6 (neurotransmitter

transporter, taurine), member 6

AA589629 4.57 679.1 271.1 548 3369.7 820.2 3314.8

1455930_at Mm.28870.2 BI651113 13.95 3317.7 2655.5 4788.1 49494.4 5569.2 89776

Columns on the right represent the raw signal intensity data for the probe sets for the indicated samples. The genes highlighted in bold were prioritized for
validation on the basis of consistency of replicate data across the arrays and available annotation.
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could provide insights into possible mechanisms underlying
HG-mediated podocyte dysfunction. Therefore, we generated
a gene list representing intersection of differentially expressed
genes at both 1 and 2 weeks of HG compared with NG ex-
posure (Table 3). Of the 10 genes that were differentially
expressed in both the 1 week and 2 week time points com-
pared with the NG control, only 3 genes showed consistent
changes in probe sets across replicates when the raw signal
intensity data were examined, and that had defined annota-
tion information. These include neutrophil gelatinase-asso-
ciated lipocalin (Lcn2 also known as Ngal1) expression of
which was decreased in response to HG, and EL and Ugt8,
expression levels of which increased in response to HG
(Figure 1).

To further understand the temporal dynamics of these
alterations, and independently validate microarray results, we
isolated RNA from podocytes exposed to HG at different
time intervals (6, 12, 18, 24 and 72 h, and 1 and 2 weeks) and
performed RT-PCR for Lcn2, EL and Ugt8 (Figure 2). Con-
sistent with our microarray data, we found that all three
genes were modulated by HG. Importantly, Lcn2 levels
decreased as early as 6 hours after HG exposure and were
significantly downregulated by HG at 18-hours. By 72 hours,
Lcn2 was barely detectable and remained low for the
remaining time points of this experiment and up to 1 and 2
weeks (Figure 2a). EL was upregulated as early as 6 hours by
HG and increased by 3- and 10-fold at 1 week and 2 weeks,
respectively, compared with control (Figure 2b). Ugt8 was
upregulated by HG as early as 12 hours and remained
elevated at 2 weeks of HG exposure (Figure 2c). These results
validate the microarray findings and demonstrate that per-
turbation in expression of these genes after high-glucose
exposure was a relatively early event (o18 hours after HG
exposure) and the expression remained downregulated (for
Lcn2) or upregulated (for EL and Ugt8) at longer times of
HG exposure.

We next determined whether the HG responsive genes
found from experiments in vitro were also altered in patients

with diabetic nephropathy. To obtain a clearer idea at a
cell-specific level, we resorted to immunohistochemistry in
kidneys from diabetic or non-diabetic patients (eight diabetic
and seven non-diabetic controls). Among the three
differentially expressed genes, we focused on EL2 as Ugt8
antibodies were not available and Lcn2 was barely detectable
in podocytes of non-diabetic patients (low abundance
expression), thus rendering it unsuitable for detecting
any further downregulation in situ in diabetic glomeruli.

Figure 1 Common genes (a) downregulated and (b) upregulated in

podocytes cultured in HG for 1 and 2 weeks compared with NG controls.

Among the differentially expressed genes, only three were consistently

altered at both time points. Refer to Table 1 for a detailed list of genes at

each time point.

Figure 2 Effect of HG on lipocalin (a), endothelial lipase (b) and UDP-

glucuronosyl transferase-8 (c) mRNA expression in podocytes. Cells were

incubated in NG RPMI 16 with/without 25 mM D-glucose for 6, 12, 18, 24, 48

and 72 hours, 1 week and 2 weeks. Cells were collected and assayed for

target gene mRNA levels by real time-PCR. The relative mRNA expression of

the target genes were normalized to b-actin control. Each point represents

the mean±s.d. of three independent experiments performed in triplicate.
*Pr0.05; **Pr0.01; ***Pr0.001; NS, not significant.
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Consistent with our cell-culture results, we observed mark-
edly higher EL2 expression in podocytes of almost all diabetic
nephropathy patients (seven out of eight) compared with
those from non-diabetics (normal; Figure 3). Immunostain-
ing with WT1 and EL antibodies using immunoperoxidase
or immunofluorescence methods confirms high expression
of EL in podocytes of diabetic glomeruli. Parietal cells of
diabetic glomeruli also exhibit high EL immunopositivity
compared with controls and non-diabetic kidneys, but the
significance of this is unclear.

We further examined whether these findings can have
potential utility in DN diagnosis and performed EL
immunoblotting in urine samples from diabetic nephropathy
and non-diabetic control patients. EL was readily detected in
urine samples of a subset of DN patients (2/4), whereas none
of the control patients (3/3) show EL expression (Figure 4).

DISCUSSION
We have employed microarray analysis to delineate potential
molecular pathways underlying podocyte injury in diabetic
glomerulopathy using an in vitro model and confirmed a
subset of the observed in vitro changes in independent time-
course experiments and in specimens from humans with
diabetic nephropathy. Out of a total of 95 transcripts that
were differentially expressed upon HG exposure of 1 or 2
weeks, we found that three remained altered at both 1 and 2
weeks (Lcn2, Ugt8 and EL), suggesting that these are pro-
mising candidates as biomarkers or potential contributors to
the pathogenesis of diabetic glomerular disease. Time-course
RT-PCR experiments revealed that changes in mRNAs of
these genes occur shortly after exposure to HG and remain
altered, which may have implications in early and late de-
tection and pathogenesis.

Figure 3 High endothelial lipase expression in kidney sections from diabetic patients compared with non-diabetic kidneys. EL immunostaining was

performed on formalin-fixed paraffin embedded (a) or cryopreserved (b) biopsies from patients with diabetic nephropathy (eight) or non-diabetics (seven)

(see Materials and Methods). The primary antibody was omitted in the control panel. All diabetic patients except one had increased EL immunopositivity in

podocytes. Representative images from three diabetic and two non-diabetic patients are shown. (a) Immunoperoxidase staining (brown) with anti-EL

antibodies show increased EL expression (red arrows) in podocytes and parietal cells of diabetic compared with non-diabetic glomeruli. (Scale bar¼ 50 mm.)

The high power images on the right (scale bar¼ 10 mm) are adjacent sections from a diabetic kidney stained with anti-EL or anti-WT-1 (as a podocyte

marker) that show colocalization of EL (red arrowheads) and WT-1 (dark-brown nuclear staining) in same cells (asterisks) supporting that EL and WT-1 are

expressed in the podocytes. (b) EL immunofluorescence (red) on non-diabetic and diabetic kidney tissues also shows increased EL expression in diabetic

glomeruli (lower panel), compared with non-diabetic glomeruli (upper panel). Control shows no glomerular staining. WT1 (green nuclear, arrowheads)

immunostaining confirms that EL-expressing cells (arrows, cytoplasm) are podocytes. (Scale bar¼ 50 mm.) The tubulointerstitial staining is non-specific, as it

is present in controls in both a and b.
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We discovered that Lcn2 expression exhibited a time-
dependent decrease in podocytes, beginning as early as
6 hours after HG treatment. LCN2 is a member of the lipo-
calin superfamily that forms a complex with iron-binding
siderophores. This complex has a role during nephrogenesis
by promoting the conversion of renal progenitors into tu-
bules.31 Further, it is also highly upregulated in tubular cells
after acute kidney injury.32 These results support the idea
that upregulation of Lcn2 is important for survival or re-
generation after injury from stress. This idea is further sup-
ported by the observation that recombinant Lcn2 reduces
proximal tubular injury in an ischemia–reperfusion injury
model by inhibiting apoptosis.33 The decreased expression
of Lcn2 observed in our study was unexpected considering
its upregulation in other injury models; however, our in-
dependent validation using quantitative RT-PCR at several
time points supported the observed Lcn2 downregulation
upon HG exposure . This observation suggests that failure of
podocytes to sustain normal or high levels of Lcn2 after HG
exposure may be a potential mechanism of podocyte injury
and apoptosis induced by HG. LCN2 also binds to MMP-9
and protects this extracellular matrix remodeling enzyme
from autodegradation.34 Whether reduced expression of

LCN2 contributes to GBM thickening and extracellular
matrix accumulation (hallmark lesions of diabetic glomer-
ulosclerosis) by increasing autodegradation of MMP-9 or
other metalloproteinases remains to be seen.

Our discovery of upregulation of EL in vitro and in human
samples has important clinical implications. EL, the most
recently discovered member of the lipase gene family, is an
important negative modulator of high-density lipoprotein
(HDL). EL is also involved in inflammatory state by pro-
moting monocyte adhesion to the vascular endothelium.35,36

Recent data indicate that HDL inhibits apoptosis, lipid oxi-
dation, cytokine and adhesion molecule production.37 As
in vitro and in vivo studies have linked HDL to both diabetes
mellitus and inflammation, it is possible that increased EL in
our study of podocyte HG exposure may be a mechanism of
HDL-mediated or cytokine-mediated effects in diabetic glo-
merulopathy. Further, HDL is thought of as protective
against formation of extrarenal vascular calcifications, a
common and serious complication in patients with chronic
kidney disease.38 Therefore, it is possible that elevated EL
in diabetic glomerulopathy mediates low HDL-associated
increased vascular calcifications. Importantly, we demon-
strate for the first time that podocytes may be a significant

Figure 3 Continued.
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source of EL, a protein normally secreted by vascular endo-
thelial and smooth cells or macrophages (cell types typically
not present in the glomerulus), after HG exposure. The fact
that EL can be readily detected in human urine samples in a
subset of diabetic patients also supports its potential use in
diabetic nephropathy diagnosis. Further large-scale studies
are warranted to determine the diagnostic utility of aberrant
EL expression in diabetic and non-diabetic nephropathy at
different stages of the disease.

Although LCN2 and EL can be potentially linked to HG-
mediated changes related to diabetic nephropathy, currently
no such information is available for UGT8. UGT8 consists
of a super family of enzymes that catalyze glucuronidation.39

In particular, UGT8 family catalyzes the transfer of galactose

to ceramide, a key enzymatic step in the the biosynthesis
of galactocerebrosides. Galactocerebrosides are abundant
sphingolipids of the myelin membrane of the central and
peripheral nervous system,40 and Ugt8 is also present in the
kidney during metanephric development.41 Ugt8 deficiency
results in a spectrum of neurological symptoms characterized
by tremors, ataxia, progressive hindlimb paralysis and
vacuole formation in ventral spinal cord.42 Increased cer-
amide levels have also been shown to increase apoptosis in a
number of systems.43 On the other hand, Ugt8 upregulation
is associated with increased metastatic potential to lung by
specifically enhancing the ability to metastasize to, colonize
and survive within the lung.44 It should be noted that po-
docytes have been touted as neuronal counterparts in the
kidney, and the increased Ugt8 levels may be protective
compensatory response to prevent podocyte degeneration by
enhancing their survival, perhaps similar to its role in the
nervous system by regulating lipid metabolism. Future
studies would be needed to explore a potential relationship of
Ugt8 to diabetic glomerulopathy or podocyte function.

In conclusion, our study identified podocyte specific genes
that are regulated by acute and sustained HG exposure.
Although some of these have been previously associated with
diabetic glomerulopathy thus validating our strategy, we
found several novel ones. We confirmed a subset of these that
may cause deranged lipid metabolism and impaired injury
response in podocytes and contribute to diabetic nephro-
pathy. Further, we show data for potential application of
these in diagnosis of diabetic nephropathy in human speci-
mens. Thus, these studies provide new molecular insights into
the role of podocytes in diabetic renal disease and support
the notion that diabetes with regard to the glomerulus is
another podocytopathy.45
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