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Gene expression profiling in glomeruli of diabetic nephropathy rat
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Abstract
Diabetic nephropathy (DN) remains the most common cause of end-stage renal disease (ESRD) as the burden of diabetes

increases worldwide. To find improved intervention strategies for this disease, it is necessary to investigate the molecular

mechanisms involved. To obtain more insight into processes that lead to DN, mRNA expression profiles of diabetic and

normal glomeruli from rat kidneys were compared. Rats were divided into a control group and a DN group randomly. The

DN group was injected with streptozotocin. Fasting blood glucose (FBG) and weight were measured monthly. On the 12th

week, blood samples were collected and analyzed for plasma creatinine and blood urea nitrogen (BUN). Glomeruli were

isolated and Illumina Rat Ref-12 V1.0 Expression Beadchip gene array was performed. Quantitative realtime polymerase

chain reaction (Q-RT-PCR) was used to confirm the results of gene array for a selected number of genes. We found FBG,

24-h urinary albumin, serum creatinine and BUN were significantly increased, while urinary creatinine and body weight

were significantly decreased in the DN group. Glomeruli from the DN group had 624 genes with differential expression.

DAVID (Database for Annotation, Visualization and integrated Discovery) analysis showed that the three most enriched

terms were ‘cytosol’ (GO:0005829), ‘translational elongation’ (GO:0006414) and ‘mitochondion’ (GO:0005739). Those genes

could be mapped to eight pathways. The most common type of enriched pathway was related to ‘extracellular matrix

(ECM)-receptor interaction’. Other pathways included those for ‘ribosome’, ‘focal adhesion’, ‘oxidative phosphorylation’,

‘transforming growth factor (TGF)-beta signaling pathway’, ‘Parkinson’s disease’, ‘Alzheimer’s disease’ and ‘renin–

angiotensin system’. Q-RT-PCR verified that Atp5b (F1-ATPase beta subunit), Col1a1 (collagen type 1 alpha 1), Cox6c

(cytochrome c oxidase subunit VIc), Ndufs3 (NADH dehydrogenase [ubiquinone] Fe-S protein 3) and Tgfb1 (transforming

growth factor b1) were significantly up-regulated in the DN group. The expressions of NDUFS3 and TGF-b1 in DN rats

were increased. Our findings suggested that the oxidative phosphorylation pathway, ECM-receptor interaction, TGF-b

pathway and renin–angiotensin system may be involved in the development of DN.
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Introduction

Diabetes mellitus (DM) is considered to be a metabolic dis-
order with different etiologies characterized by hyperglyce-
mia resulting from defects in insulin secretion and/or
action. In 2000, 171 million cases of DM worldwide were
estimated, and that number is expected to increase to 366
million cases in 2030.1 The increasing prevalence of DM
has led to a growing number of chronic complications,
including diabetic nephropathy (DN).2 Approximately
30% of patients with either type 1 or type 2 DM develop
DN.3 DN is the single most common cause of end-stage
renal disease (ESRD) in adults.4 The lifetime risk of develop-
ing DN with progression to ESRD is roughly equivalent in
type 1 and type 2 DM.5 The presence of DN heralds a

marked increase in patient morbidity and premature mor-
tality, and significantly impacts cost of care.6 While mor-
tality with diabetic renal disease can precede progression
to ESRD, diabetes in those with ESRD remains a significant
predictor for increased cardiovascular risk and mortality.4

DN is characterized by a set of diabetic pathophysiologi-
cal changes, which begin with glomerular hyperfiltration
and renal hypertrophy, and then progress to proteinuria
and glomerular filtration rate reduction. As the molecular
mechanisms leading to ESRD in DN are still unknown,
treatment of DN becomes complex and the therapeutic
goal is difficult to achieve.

Gene expression profiling using microarray analysis has
been used to study biological signaling pathways in many
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studies. Although gene-profiling studies have been
described in streptozotocin (STZ)-induced diabetic CD-1
mouse models7 and non-obese diabetic mouse models8

using whole kidneys, 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 glomeruli. Glomerular sclerosis and fibrosis
caused DN through the metabolic and hemodynamic
changes of DM. Microarray studies of glomeruli in STZ-
induced diabetic rats have not been reported.

In the present study, we used the Illumina Rat Ref-12
V1.0 Expression Beadchip gene array on glomeruli of STZ-
induced diabetic rats to study the genes with differential
expressions and their function categories for diabetic and
normal rats in glomeruli. Our present study provides
further information on the pathogenesis of DN and offers
specific molecular targets for DN diagnosis, prevention,
clinical treatment and drug design.

Materials and methods

Experimental DN rats

Twenty male Sprague-Dawley rats, weighing 200–250 g
(from the Institute of Laboratory Animal Sciences, Chinese
Academy of Medical Sciences & Peking Union Medical
College, Beijing, China; SCXK-2011-0010) were randomly
divided into two groups: a DN group and a control group
(n ¼ 10 in each group). Following the study of Onozato
et al.,9 the DN group was administered a single dose of
STZ, 60 mg/kg, via the tail vein, formulated in 0.1 mmol/L
citrate buffer, pH 4.5 (Sigma-Aldrich, St Louis, MO,
USA). A week after the injection, the six-hour fasting
blood glucose (FBG) concentration of the DN rats was
measured to confirm hyperglycemia. All animals were
housed in an environmentally controlled room at 258C in
a 12-h light/dark cycle and given free access to food and
water throughout the experimental period. The body
weight, blood glucose and 24-h urine tests were measured
every four weeks. Fasting animals were allowed free
access to water. Twelve weeks after the injection of STZ,
blood samples were taken from the rats under anesthesia.
The rats were then sacrificed and their left kidneys were
weighed. An index of renal hypertrophy was estimated by
comparing the weight of the left kidney to the body
weight. Then some kidney tissues were collected.
Glomeruli were isolated by using a conventional sieving
method.10 In brief, kidneys were minced well on ice and
forced through sequential steel sieves, and glomeruli were
collected with the use of cold phosphate-buffered saline
(PBS), transferred to a tube and pelleted for one minute at
1200 g. The supernatant was removed, and then glomeruli
were stored in dry ice to perform the microarray and quan-
titative realtime polymerase chain reaction (Q-RT-PCR)
experiment. Some kidneys were fixed in 10% neutralized
formalin for histology. All procedures involving animals
were approved by the Animal Care and Use Committee of
the Peking Union Medical College Hospital (Beijing,
China, MC-07-6004) and were conducted in compliance
with Guide of the Care and Use of Laboratory Animals

(NIH publication No. 23–86, revised 1996). All surgery
was performed under sodium pentobarbital anesthesia,
and all efforts were made to minimize suffering.

Body weight and FBG concentrations

The body weight was monitored every four weeks. The
six-hour FBG concentration was measured every four
weeks by using a BREEZE 2 glucometer (Bayer,
Leverkusen, Germany) with blood from a tail bleed.

Urine tests

The 24-h urine samples were collected at the 12th week.
The rats were housed in metabolic cages for 24 h to collect
urine samples. Urine samples were centrifuged at 3000 g
for 10 min (Heraeus Varifuge 3.0; Hamburg, Germany) to
remove any suspended particles and stored in aliquots at
2808C. Urine protein and creatinine levels were measured
with an Olympus AU 5400 analyzer (Olympus Diagostica,
Hamburg, Germany).

Serum biochemistry analysis

At the 12th week, after euthanasia, blood samples
were taken. The blood samples were centrifuged at 3000 g
for 10 min (Heraeus Varifuge 3.0), and serum was stored
in aliquots at 2808C. Serum creatinine and blood urea nitro-
gen (BUN) were measured with an Olympus AU 5400
analyzer.

Renal histological analysis

The kidneys from the control and DN groups (n ¼ 10 in each
group) were removed and embedded in paraffin to prepare
4 mm tissue slices. The tissue slices were stained with peri-
odic acid-Schiff for histological evaluation. The mesangial
expansion index was scored in four levels from 0 to 3,
with the index scores defined as follows:11 0, normal glo-
meruli; 1, matrix expansion occurred in up to 50% of a
glomerulus; 2, matrix expansion occurred in 50–75% of
a glomerulus; 3, matrix expansion occurred in 75–100%
of a glomerulus from kidney slices of each rat, and then
the means were calculated.

RNA preparation and microarray experiments

Glomeruli were taken from the DN and control groups (n ¼ 3
in each group) to perform the microarray experiments. Before
the microarray experiment, each total RNA was processed
with RNase-free DNase (Qiagen, Valencia, CA, USA). RNA
was reverse-transcribed by superscript II (Invitrogen,
Carlsbad, CA, USA). The Illumina RatRef-12 Expression
BeadChip contains 22,524 probes for a total of 22,228 rat
genes selected primarily from the NCBI RefSeq database
(Release 16; Illumina, San Diego, CA, USA), and was
used in accordance with the manufacturer’s instructions.
All reagents were optimized for use with Illumina’s
Whole-Genome Expression platform. Total RNA of 200 ng
was used for cRNA in vitro transcription and labeling with
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the TotalPrepTM RNA Labeling Kit using Biotinylated-UTP
(Ambion, Austin, TX, USA). Hybridization was carried out
in Illumina Intellihyb chambers at 588C for 18.5 h, followed
by washing and staining, in accordance with the Illumina
Hybridization System Manual. The signal was developed
by staining with Cy3-streptavidin. The BeadChip was
scanned on a high resolution Illumina BeadArray reader,
using a two-channel, 0.8 mm resolution confocal laser
scanner.

Data extraction and normalization

Illumina BeadStudio software (Version 2.0) was used to
extract and normalize the expression data (fluorescence
intensities) for the mean intensity of all arrays. Genes
expressed in all arrays were selected for analyses.
Normalized data were analyzed using the t-test and logistic
regression.

Gene array data analysis

Subsequently, signals were averaged for glomeruli from the
DN and control rats. DiffScore and Illumina Custom from
the BeadStudio software package were used to determine
the differentially expressed genes. The DiffScore was
defined using the following formula: 10 � sgn (mcond 2

mref ) � [log 10( p)]. We established the following two cri-
teria, based on the instructions of the Illumina platform,
to identify the differentially expressed genes: (1) detection
P value ,0.01 in either of the two sample groups;
(2) DiffScore .13 (corresponding to P value ,0.05), under
the Benjamini & Hochberg false discovery rate (FDR) correc-
tion for multiple tests.12 Cluster analysis (Stanford
University, Palo Alto, CA, USA) was done using software
developed by Eisen et al.13 To assign biological meaning
to the group of genes with changed expression, the subset
of genes which met the above criteria was analyzed with
the gene ontology (GO) classification system, using
Database for Annotation, Visualization, and integrated
Discovery (DAVID) software (http://david.abcc.ncifcrf.
gov/),14 as well as Kyoto Encyclopedia of Genes and
Genomes (KEGG). All thresholds in our analyses were
set to 0.001. Over-representation of genes with altered
expression within specific GO categories was determined
using the one-tailed Fisher exact probability modified by
the addition of a jack-knifing procedure, which penalizes
the significance of categories with very few (e.g. one or
two) genes and favors more robust categories with larger
numbers of genes.15

Q-RT-PCR analysis

For validation of the microarray results, five genes from
the gene list were selected for Q-RT-PCR analyses. Each
Q-RT-PCR assay was repeated using three biological repli-
cates and each analysis consisted of three technical repli-
cates. Before PCR, each total RNA was processed with
RNase-free DNase (Qiagen, Valencia, CA, USA). RNA was
reverse-transcribed by Superscript II (Invitrogen). The
primers were designed using Applied Biosystems (Foster
City, CA, USA) Primer ExpressTM design software.
Primers were purchased from Applied Biosystems. The reac-
tion production could be accurately measured in the expo-
nential phase of amplification by the ABI prism 7700
Sequence Detection System, with the following cycling con-
ditions: an initial denaturation at 488C for 30 min, 958C for
15 min, 40 cycles of 958C for 15 s, 558C for one minute
and a final unlimited 48C hold. The sequences of the
primers used are listed in Table 1. The signal of the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase
was used for normalization. Relative quantification of the
mRNA between DN and control rats was calculated by
the comparative Ct method.16

Immunohistochemistry staining

Renal tissues from the control and DN groups (n ¼ 10 in each
group) were fixed in 10% neutral buffered formalin, cast in
paraffin, sliced into 4 mm sections and placed onto micro-
scope slides. After removal of the paraffin by xylene and
dehydration by graded alcohol, slides were immersed into
distilled water. Kidney sections were then transferred into
a 10 mmol/L citrate buffer solution (pH 6.0) and heated at
808C for five minutes for antigen retrieval. After washing,
3.0% peroxide was applied for 20 min to block the activity
of endogenous peroxidase. To avoid non-specific staining,
the sections were incubated in blocking solution (5%
bovine serum albumin) for one hour at room temperature,
followed by treatment with rabbit polyclonal anti-NADH
dehydrogenase (ubiquinone) Fe-S protein 3 (NDUFS3) anti-
body (1:50, 15066–1-AP; Proteintech Group, Chicago, IL,
USA) or rabbit polyclonal antitransforming growth factor
beta 1 (TGF-b1) antibody (1:50, 18978–1-AP; Proteintech
Group), where indicated overnight at 48C. Negative
control sections were stained under identical conditions
by substituting the primary antibody with equivalent con-
centrations of normal rabbit IgG. After washing with PBS,
the slides were incubated with the labeled streptavidin
biotin reagent, following the manufacturer’s instructions.

Table 1 Oligonucleotide sequences for quantitative realtime polymerase chain reaction analysis

Gene symbols Forward primer Reverse primer

Atp5b ACCACCAAGAAGGGCTCGAT GCATCCAAATGGGCAAAGG

Col1a1 TGGCAAGAACGGAGATGA AGCTGTTCCAGGCAATCC

Cox6c CAGCTTTGTATAAGTTTCGTGTGG ACCAGCCTTCCTCATCTCCT

Ndufs3 GGCTTCGAGGGACATCCTTT CCFCTTCACCTCATCGTCAT

Tgfb1 ATACGCCTGAGTGGCTGTCT TGGGACTGATCCCATTGATT

Gadph GACCCCTTCATTGACCTCAAC CGCTCCTGGAAGATGGTGATG

Atp5b, F1-ATPase beta subunit; Col1a1, collagen type 1 alpha 1; Cox6c, cytochrome c oxidase subunit VIc; Ndufs3, NADH dehydrogenase (ubiquinone) Fe-S

protein 3; Tgfb1, transforming growth factor beta 1; Gadph, glyceraldehyde-3-phosphate dehydrogenase
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Immunoreactive products were made visible by diamino-
benzidine reaction. Sections were counterstained with
hematoxylin for 15 s. Brownish-yellow granular or linear
deposits were interpreted as positive areas. To evaluate
the immunostaining, a total of more than 30 randomly
chosen glomeruli per rat was coded and graded in a blind
manner. Each score reflects changes in the extent rather
than the intensity of staining and depends on the percentage
of positive glomeruli. The degrees of NDUFS3 and TGF-b1
expression in 10 rats from each group were graded as
follows: 0, absent or less than 25% staining; 1, 25–50% posi-
tive staining; 2, 50–75% positive staining; 3, more than 75%
positive staining.17

Statistical analysis

All results are expressed as mean+ standard deviation
(SD). Statistical analysis was performed with analysis of
variance followed by a Student’s t-test. P , 0.05 was con-
sidered statistically significant. Analysis was done with
SPSS 11.0 (SPSS, Inc., Chicago, IL, USA).

Results

Body weight loss and fasting hyperglycemia in DN rats

On the day of injection of STZ, no significant differences
were noted between the initial body weight of the DN
group and the control group. However, the mean
body weight of DN rats decreased significantly compared
with the control rats at one month (P , 0.05), two months
(P , 0.01) and three months (P , 0.01) after injection of
STZ (Table 2). The FBG concentrations of the DN group
were significantly higher than those of the control group
at one month (P , 0.01), two months (P , 0.01) and three
months (P , 0.01) after injection of STZ (Table 3).

Kidney dysfunction in DN rats

Three months after injection of STZ, urinary creatinine
of the DN group was significantly suppressed (P , 0.05),
whereas 24-h urinary albumin, serum creatinine and BUN
in the DN group became significantly elevated compared
with the control group (P , 0.05, Figure 1).

Table 2 Body weight (g) of rats during three months

Groups Zero month One month Two months Three months

Control 223.5+16.3 252.1+16.0 248.3+14.1 293.8+17.9

DN 239.2+15.7 257.3+14.6� 246.1+14.6�� 264.5+11.6��

Data represent mean+SD (n ¼ 10). �P , 0.05 versus the control group, ��P , 0.01 versus the control group

Table 3 Fasting blood glucose (mmol/L) of rats during three months

Groups One week One month Two months Three months

Control 6.7+0.5 6.2+0.3 6.4+0.3 6.4+0.2

DN 19.7+3.6�� 18.3+4.0�� 19.9+5.4�� 20.4+6.3��

Data represent mean+SD (n ¼ 10). ��P , 0.01 versus the control group

Figure 1 At the 12th week, 24-h urinary albumin (a), urinary creatinine

(b), serum creatinine (c) and serum urea nitrogen (d) in rats. Urinary creatinine

of the diabetic nephropathy (DN) group (n ¼ 10 in each group) was signifi-

cantly suppressed, whereas 24-h urinary albumin, serum creatinine and

serum urea nitrogen of the DN group became significantly elevated compared

with the control group (n ¼ 10 in each group). Data represent mean+SD

(n ¼ 10). �P , 0.05, ��P , 0.01 versus the control group
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Kidney hypertrophy in DN rats

At the end of the study period, the mean left kidney weight
and the ratio of left kidney weight to body weight of
DN rats were significantly increased compared with the
control group (P , 0.05, Table 4).

Renal histology in DN rats

The control group had normal histology (Figure 2a),
while histological examination of the diabetic rats’ kidneys
revealed marked histological changes in the glomerular
and tubular structures (Figure 2b and c).

Genes differentially expressed between DN and
control groups

In this study, gene expression profiles in glomeruli from the
rats were determined using whole genome-wide
gene expression microarray analyses. Both the diabetic

and control group contained three biological replicates,
and therefore, a total of six microarrays were analyzed.

As a result, 624 differentially expressed genes were ident-
ified in glomeruli (Supplementary Table 1; please see
http://ebm.rsmjournals.com/lookup/suppl/doi:10.1258/
ebm.2012.012032/-/DC1). Clustering based on similarity
in gene expression using all differentially expressed genes
highlighted the difference in the transcriptional profiles
between the DN and control groups.

To evaluate the pathophysiological associations of gene
expression profiles, the most significantly enriched biologi-
cal functions among differentially expressed genes were
identified. DAVID analysis of all changed genes yielded
21 GO categories (cut-off FDR , 0.001, Table 5). The most
enriched three term was ‘cytosol’ (GO:0005829), ‘transla-
tional elongation’ (GO:0006414) and ‘mitochondion’
(GO:0005739). There were 88 (FDR ¼ 4.25E-11), 23 (FDR ¼
5.22E-11) and 93 (FDR ¼ 1.82E-10) genes from glomeruli
associated with these terms, respectively.

The aforementioned DAVID annotation tool was used for
identification of putative KEGG pathways. The genes could
be mapped to eight pathways (FDR , 0.001, Table 6). The
most common type of enriched pathways was related to
‘extracellular matrix (ECM)–receptor interaction’ (FDR ¼
3.89E-13). The second most abundant category was related
to ‘ribosome’ (FDR ¼ 7.49E-09). Other pathways included
those for ‘focal adhesion’ (FDR ¼ 3.67E-06), ‘oxidative

Table 4 Hypertrophy-related parameters in DN rats

Groups

Left kidney

weight (g)

Left kidney weight/body

weight (mg/g)

Control 1.7+0.1 3.2+0.3

DN 3.6+0.2� 8.2+0.4�

DN, diabetic nephropathy

Data represent mean+SD (n ¼ 10). �P , 0.05 versus the control group

Figure 2 Histological staining with peridic acid-Schiff in glomeruli (a–c, original magnification, 200�) shows the glomerular and tubuloiterstitial structure of the

control group (a) and diabetic nephropathy group (b). Expansion of the glomerular matrix was scored using four levels and an average value was obtained from

analyses of more than 30 glomeruli per rat (c). The images were taken at the same size. Data represent mean+SD (n ¼ 10). ��P , 0.01 versus the control group.

(A color version of this figure is available in the online journal)
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phosphorylation’ (FDR ¼ 4.91E-06), ‘TGF-beta signaling
pathway’ (FDR ¼ 7.11E-06), ‘Parkinson’s disease’ (FDR ¼
2.35E-04), ‘Alzheimer’s disease’ (FDR ¼ 3.28E-04) and
‘renin–angiotensin system (RAS)’ (FDR ¼ 6.38E-04). In the
‘oxidative phosphorylation’ pathway in particular,
95 genes were represented on the chips, out of which
24 genes were differentially expressed.

Q-RT-PCR validation

We used Q-RT-PCR assays to verify some of our microarray
results. Five genes (Atp5b [F1-ATPase beta subunit]; Col1a1
[collagen type 1 alpha 1]; Cox6c [cytochrome c oxidase
subunit VIc]; Ndufs3 [NADH dehydrogenase [ubiquinone]
Fe-S protein 3] and Tgfb1 [transforming growth factor
beta 1]) were selected for verification because of their
central positions in the most significantly enriched path-
ways. The expression ratios of these five genes, as deter-
mined through microarray and Q-RT-PCR, are shown in
Table 7. All five genes were significantly increased in the
DN group. Strong agreement between the microarray and
Q-RT-PCR results was observed in all five genes, indicating
the reliability of our microarray assays.

Renal expression of NDUFS3 and TGF-b1

Renal immunostaining for NDUFS3 and TGF-b1 expression
in DN rats (Figures 3b and d) were elevated compared with
the control group (Figure 3a and c). The expressions of
NDUFS3 and TGF-b1 in the kidneys of DN rats were

elevated. The semiquantitative score of NDUFS3 and TGF-
b1 protein expressions in the DN group was increased sig-
nificantly compared with those in the control group (P ,

0.05, Figure 3e and f).

Discussion

DN is characterized by a set of diabetic pathophysiological
changes.18 In mammalian tissues, mRNA expressions are
in a state of dynamic turnover in various development
and pathophysiological states. In view of these consider-
ations, we employed an expression profile gene array.
This study represents the first attempt to understand the
gene expression profiles in glomeruli from STZ-induced
DN rats.

In our gene array research, DAVID analysis of all changed
genes in the DN group yielded 21 GO categories. The third
most enriched term was ‘mitochondrion’ (GO:0005739).
After KEGG pathway analysis, all differentially expressed
genes could be mapped to eight pathways. The fourth
most significant pathway we found in the DN group was
‘oxidative phosphorylation’ (FDR ¼ 6.77E-13). The results
of Q-RT-PCR showed that Atp5b, Cox6c and Ndufs3 were
significantly increased in the DN group. The expression of
NDUFS3 in the kidneys of DN rats was elevated. These find-
ings suggest that the ‘oxidative phosphorylation’ pathway
in the mitochondrion may play an important role in the
development of DN.

In eukaryotic cells, mitochondria are important orga-
nelles. Through oxidative phosphorylation pathway, most

Table 5 Gene ontology groups with significant over-representation among genes with significantly changed expression in diabetic nephropathy
(fold enrichment . 2, FDR , 0.001)

GO classification GO term GO ID Count
Fold
enrichment FDR

Biological process Translational elongation GO:0006414 23 8.223 5.22E-11

Translation GO:0006412 40 3.174 4.84E-07

Generation of precursor

metabolites and energy

GO:0006091 25 3.567 2.36E-04

Cellular Constituent Cytosol GO:0005829 88 2.323 4.25E-11

Mitochondrion GO:0005739 93 2.196 1.82E-10

Mitochondrial part GO:0044429 54 3.095 2.98E-10

Mitochondrial inner membrane GO:0005743 35 3.651 1.37E-07

Mitochondrial envelope GO:0005740 41 3.127 3.03E-07

Mitochondrial membrane GO:0031966 39 3.180 5.72E-07

Organelle inner membrane GO:0019866 35 3.432 7.30E-07

Ribosome GO:0005840 36 3.201 2.60E-06

Envelope GO:0031975 47 2.518 1.40E-05

Organelle envelope GO:0031967 46 2.482 3.19E-05

Organelle membrane GO:0031090 65 2.039 5.00E-05

Ribonucleoprotein complex GO:0030529 41 2.382 6.60E-04

Ribosomal subunit GO:0033279 15 5.335 8.63E-04

Molecular function Monovalent inorganic cation

transmembrane transporter activity

GO:0015077 18 6.587 2.04E-06

Hydrogen ion transmembrane

transporter activity

GO:0015078 17 6.559 7.05E-06

Structural constituent of ribosome GO:0003735 30 3.573 7.62E-06

Inorganic cation transmembrane

transporter activity

GO:0022890 20 5.035 2.07E-05

Structural molecule activity GO:000519 42 2.579 5.80E-05

FDR, false discovery rate; GO, gene ontology
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of the ATP is generated from mitochondria. Mitochondria
are also a major cellular source for reactive oxygen species
(ROS). Some evidences have shown that increased oxidative
stress contributes to DN development.19 – 21 Hyperglycemia
increases ROS production through the mitochondrial elec-
tron transport chain in mesangial cells.22 When primary
renal proximal tubule cells (PTCs) were cultured in the pres-
ence of high glucose, H2O2 was increased. Apocynin, diphe-
nylene iodonium (NADPH oxidase inhibitors) and rotenone
(inhibitor of complex I of the mitochondrial electron

transport chain) effectively block the high glucose-induced
generation of H2O2 in renal PTCs.23 Moreover, hyperglyce-
mia increases the production of ROS inside cultured
bovine aortic endothelial cells.21 This increase in ROS is pre-
vented by an inhibitor of electron transport chain complex
II, by an uncoupler of oxidative phosphorylation, by uncou-
pling protein-1 and by manganese superoxide dismutase.
Normalizing levels of mitochondrial ROS with each of
these agents prevents the development and progression of
diabetic complications.21

A great deal of data shows four main hypotheses on
how hyperglycemia causes DN, and several trials based
on specific inhibitors support these mechanisms. The four
hypotheses are: increased polyol pathway flux; increased
advanced glycation end-product formation; activation of
protein kinase C isoforms; and increased hexosamine
pathway flux. Recently, Brownlee24 proposed a unified
mechanism that overproduction of superoxide by the mito-
chondrial electron-transport chain activates the four path-
ways despite the absence of hyperglycemia.

The most significant pathway we found was the ‘ECM–
receptor interaction’ (FDR ¼ 3.89E-13). The result of
Q-RT-PCR showed that Col1a1 was significantly increased
in the DN group. Key features of DN include the

Table 6 KEGG pathway (fold enrichment.2.0, FDR , 0.001)

KEGG_ID Term Count

Total number
of genes in

the pathway

Fold

enrichment FDR Genes

rno04512 ECM–receptor

interaction

26 72 7.869 3.89E-13 Col3a1, Itgb4, Vtn, Sdc4, Sdc2, Gp9, Sdc3, Hmmr, Lamb2,

Gp1bb, Tnr, Itgb6, Col6a2, Col6a1, Col11a1, Sv2c, Col4a2,

Itga2, Itga3, Col5a3, Col5a2, Vwf, Lama1, Itga7, Lamc2,

Col1a1

rno03010 Ribosome 22 81 6.498 7.49E-09 Rgd1566002, Rgd1563124, Rpl39, Rps25, Loc687780, Rpl30,

Rps27, Rgd1561086, Rgd1560979, Arbp, Rps27a,

Loc684988, Rpl35a, Rgd1565732, Rgd1562929,

Rgd1563311, Rpl26, Rps6, Rgd1564744, Rgd1559574,

Loc364236, Rgd1565370, Rgd1562601, Loc687298,

Loc367923, Rgd1563543, Rgd1564423

rno04510 Focal adhesion 29 98 3.646 3.67E-06 Col3a1, Itgb4, Vtn, Pdpk1, Lamb2, Tnr, Itgb6, Ilk, Col6a2,

Col6a1, Rhoc, Col11a1, Prkca, Col4a2, Flt1, Map2k1,

Itga2, Prkcg, Itga3, Col5a3, Col5a2, Lama1, Vwf, Mapk1,

Ccnd1, Vegfa, Itga7, Lamc2, Col1a1

rno00190 Oxidative

phosphorylation

24 95 4.295 4.91E-06 Ndufb3, Loc688869, Cox6c, Ndufa5, Atp6ap1, Cox8a,

Rgd1563463, Cox4i1, Atp5g2, Cox7a2l, Uqcrfs1, Ndufa1,

Cox6c, Atp6v1c1, Sdha, Sdhb, Atp6v0e2, Uqcrh, Sdhc,

Ndufv1, Atp6v1e1, Atp5c1, Ndufs3, Atp5j, Atp5b

rno04350 TGF-beta signaling

pathway

19 76 5.416 7.11E-06 Ltbp1, Smad6, Bmpr2, Rps6kb2, Rps6kb1, Smad2, Skp1,

Tgfb1, Rbx1, Mapk1, Acvr2b, Ep300, Sp1, Id1, Zfyve9,

Lefty2, Rhoc, Bmpr1b, Bmp7

rno05012 Parkinson’s

disease

22 97 3.798 2.35E-04 Ndufb3, Loc688869, Cox6c, Ndufa5, Cox8a, Rgd1563463,

Cox4i1, Atp5g2, Cox7a2l, Uqcrfs1, Ndufa1, Vdac3, Cox6c,

Sdha, Sdhb, Uqcrh, Gp1bb, Sdhc, Ndufv1, Atp5c1, Ndufs3,

Atp5j

rno05010 Alzheimer’s

disease

26 144 3.235 3.28E-04 Ndufb3, Rgd1560581, Cox6c, Hsd17b10, Rgd1563463, Mme,

Atp5g2, Cox7a2l, Uqcrfs1, Rgd1565137, Rgd1565891,

Cabc1, Ndufs3, Rgd1562758, Atp5j, Loc688869, Ndufa5,

Cox8a, Cox4i1, Loc361841, Ndufa1, Rgd1565368, Cox6c,

Sdha, Mapk1, Sdhb, Rgd1565238, Uqcrh, Sdhc, Ndufv1,

Rgd1559704, Atp5c1, Calm3

rno04614 Renin–angiotensin

system

9 23 11.032 6.38E-04 Agtr2, Ace, Agtr1b, Agtr1a, Agt, Thop1, Ace2, Cpa3, Mme

FDR, false discovery rate; ECM, extracellular matrix; KEGG, Kyoto Encyclopedia of Genes and Genomes

Table 7 Fold change in gene expression measured by gene array
and Q-RT-PCR

Gene

symbols

Fold change

(microarray)

Fold change

(Q-RT-PCR)

P value

(Q-RT-PCR)

Atp5b 4.553 3.9 0.039

Col1a1 4.833 4.3 0.003

Cox6c 7.127 7.2 0.004

Ndufs3 3.989 3.2 0.013

Tgfb1 2.907 3.1 0.001

Atp5b, F1-ATPase beta subunit; Col1a1, collagen type 1 alpha 1; Cox6c,

cytochrome c oxidase subunit VIc; Ndufs3, NADH dehydrogenase

(ubiquinone) Fe-S protein 3; Tgfb1, transforming growth factor beta 1;

Q-RT-PCR, quantitative realtime polymerase chain reaction

................................................................................................................................................
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accumulation of ECM proteins, such as Col1a1. Previous
studies have shown that Col1a1 and other ECM genes are
regulated in mesangial cells by TGF-b via Smads.25,26

The present study also identified disruptions in TGF-b
signaling in DN rats. Q-RT-PCR and renal immunostaining
have verified this result. TGF-b is a cytokine which
belongs to a large superfamily of activins/bone morphogen-
etic proteins.27 This mediator plays an active role in pro-
liferation, wound healing28 and synthesis of ECM
molecules.29 The TGF-b level is elevated in the kidneys of
insulin-dependent diabetic animals during both early and

late stages of disease.30,31 Treatment of the STZ-diabetic
rat with sufficient insulin to reduce hyperglycemia sup-
pressed the enhanced expression of TGF-b and matrix com-
ponents in the glomeruli. In the STZ-diabetic rat and
mouse, the expression of TGF-b increased in the renal
cortex and glomeruli early after the onset of diabetes.30

The db/db mouse, a model of type 2 diabetes, characterized
by hyperglycemia, obesity, and insulin resistance, develops
increased amounts of TGF-b1 localized in the glomerular
compartments.32

Nine of 23 genes were differently expressed in the ‘RAS’
pathway. The RAS plays crucial roles in cardiovascular
and renal pathophysiology. Angiotensin II (Ang II) binds
to its two major high-affinity receptors, designated AT1
and AT2. Signaling through the AT1 receptor results in
vasoconstriction and sodium reabsorption, and also pro-
motes cellular growth, hypertrophy, activation of fibro-
blasts, and ECM deposition in the kidney. Recently,
randomized clinical trials have demonstrated that an AT1
receptor antagonist, losartan, has significant renoprotective
effects on non-diabetic as well as diabetic nephropathy.33

Ang II seems to play one of the central roles in the pathogen-
esis of renal interstitial fibrosis.34 An analysis of AT1a gene
knockout mice demonstrated the inhibitory effect of AT1
blockade on renal interstitial fibrosis.35 Several experimental
studies suggest that the concentration of Ang II in the renal
interstitium may be 60–100-fold higher than that in the cir-
culation.36 Therefore, RAS may have an important role in
the progression of DN.

In summary, our studies provide the evidence that
DN may be involved with the oxidative phosphorylation
pathway, ECM-receptor interaction, TGF-b pathway and
RAS. These results provide molecular information for
further investigation of the mechanisms of DN develop-
ment. Furthermore, these results could be important in
devising mechanism-based and targeted therapeutic strat-
egies for DN and kidney dysfunction.
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