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Hyperglycemia is a causative factor in the pathogenesis
of diabetic nephropathy. Here, we demonstrate the
transcriptional profiles of the human proximal tubule
cell line (HK-2 cells) exposed to high glucose using
cDNA microarray analysis. Thioredoxin-interacting
protein (Txnip) was the gene most significantly in-
creased among 10 strongly up-regulated and 15 down-
regulated genes. Txnip, heat shock proteins 70 and 90,
chemokine (C-C motif) ligand 20, and matrix metallo-
proteinase-7 were chosen for verification of gene ex-
pression. Real-time reverse transcriptase-polymerase
chain reaction confirmed the mRNA expression levels
of these five genes, consistent with microarray analysis.
The increased protein expression of Txnip, CCL20, and
MMP7 were also verified by Western blotting and en-
zyme-linked immunosorbent assay. Increased expres-
sion of Txnip and of nitrotyrosine, as a marker of oxi-
dative stress, were confirmed in vivo in diabetic Ren-2
rats. Subsequent studies focused on the dependence of
Txnip expression on up-regulation of transforming
growth factor (TGF)-�1 under high-glucose conditions.
Overexpression of Txnip and up-regulation of Txnip
promoter activity were observed in cells in which the
TGF-�1 gene was silenced in HK-2 cells using short
interfering RNA technology. High glucose further in-
creased both Txnip expression and its promoter activity
in TGF-�1 silenced cells compared with wild-type
cells exposed to high glucose, suggesting that high
glucose induced Txnip through a TGF-�1-indepen-

dent pathway. (Am J Pathol 2007, 171:744–754; DOI:

10.2353/ajpath.2007.060813)

Hyperglycemia is recognized to be the key factor driving
renal functional and pathological changes in diabetic
nephropathy. However, the molecular mechanisms un-
derpinning the development of nephropathy are compli-
cated because of multiplicity of genetic, biochemical,
and hormonal abnormalities coexisting in patients with
either type I or type II diabetes mellitus. Proximal tubule
cells constitute the bulk of the renal cortical cells and their
central role in tubulointerstitial injury in diabetic nephrop-
athy has been extensively studied.1,2 Hence the proximal
tubule cells are an ideal model in which to unravel the
cellular mechanisms underpinning the tubulointerstitial
changes in diabetic nephropathy that ultimately predict a
progressive decline in renal function. Furthermore, we
and others3,4 have determined that exposure of these
cells to elevated glucose concentrations has an impor-
tant priming effect on the cells that may facilitate the
generation of a profibrotic response.

Reactive oxygen species (ROS) are produced by var-
ious stressors as well as endogenous metabolic activi-
ties, including glucose metabolism. High glucose-in-
duced ROS have been directly implicated in diabetic
nephropathy. Thioredoxin functions as a cellular antioxi-
dant, whereas thioredoxin interacting protein (Txnip),
also known as vitamin D3, up-regulated protein-1 or thi-
oredoxin binding protein-2, is the endogenous inhibitor of
cellular thioredoxin, inactivating its anti-oxidative function
by binding to the redox-active cysteine residues. The
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Txnip gene is located on human chromosome 1q21, a
region with a high frequency of genomic instability, and it
expresses a 46-kd protein ubiquitously present in many
tissues. It has recently been recognized in vascular tis-
sues that hyperglycemia promotes oxidative stress
through inhibition of thioredoxin function by increased
expression and activity of Txnip,5 leading to a functional
inhibition of anti-oxidative thioredoxin function. This spe-
cific interaction results in a shift of the cellular redox
balance that promotes increased intracellular oxidative
stress.6,7

Transforming growth factor (TGF)-�1 is a well-recog-
nized profibrotic and inflammatory cytokine in the kidney
playing a central role in progressive kidney diseases
including diabetic nephropathy.8–10 TGF-�1 has been
reported to generate ROS in NRK-52E cells, rat immor-
talized renal proximal tubular cells, and MvlLu cells.11–13

However, the role of TGF-�1 in regulating Txnip expres-
sion is unknown.

The aim of this work was firstly to determine the tran-
scriptional profiles of human proximal tubule cell line
(HK-2 cells) exposed to prolonged high glucose using
cDNA microarray technology. Txnip was the gene highly
induced by high glucose. Hence, further studies were
done to determine the in vivo expression levels of ROS
and Txnip in diabetic Ren-2 rats and the role of TGF-�1
on the expression of Txnip and its promoter activity under
high-glucose conditions.

Materials and Methods

Cell Culture

HK-2 cells, a proximal tubule cell line from American
Type Cell Collection (Rockville, MD), were used in this
study. HK-2 cells were 10% subconfluent when seeded
on 10-cm Petri dishes and cells were maintained in me-
dium containing 5 or 30 mmol/L D-glucose or 30 mmol/L
L-glucose for 11 days. Medium was changed every 2
days to maintain glucose levels in the desired range. On
day 10, 10 ml of treatment medium was added to each
10-cm Petri dish. Conditioned media were collected on
day 11 and centrifuged at 3000 rpm and 4°C for 10
minutes to remove cell debris and then stored at �80°C
for measurement of CCL20 and MMP7 protein levels
using enzyme-linked immunosorbent assay (R&D Sys-
tems, Minneapolis, MN). RNA was collected for cDNA
microarray analysis and verification of interested gene
expression. Cell lysate was collected for measurement of
Txnip protein level using Western blotting. To determine
the levels of Txnip mRNA expression at different time
points, HK-2 cells were 10% subconfluent when seeded
onto a six-well plate, and cells were maintained in me-
dium containing 5 and 30 mmol/L D-glucose. RNA was
collected on days 1, 2, 4, and 11 after HK-2 cells were
exposed to 5 and 30 mmol/L D-glucose. HK-2 cells were
exposed to 10 ng/ml TGF-�1 for 0, 1, 2, 4, and 6 days,
and Txnip mRNA and protein expression were measured
by real-time reverse transcriptase-polymerase chain re-
action (RT-PCR) and Western blotting.

Thirty nmol/L TGF-�1 short interfering RNA (siRNA)
(Ambion, Austin, TX) was introduced into HK-2 cells us-
ing Lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions. In parallel,
cells were transfected with 30 nmol/L of nonspecific
siRNA, which served as the control data set. Cells were
then treated with or without 30 mmol/L D-glucose for 72
hours. RNA was extracted using RNeasy mini kit (Qiagen,
Valencia, CA) and cell lysate was collected for the mea-
surement of Txnip mRNA and protein expression. To
determine further if TGF-�2 and TGF-�3 account for the
increased Txnip in TGF-�1 silenced cells, HK-2 cells
were transfected with TGF-�1 siRNA and 30 �g/ml of
pan-specific TGF-� antibody or rabbit IgG as negative
control (R&D Systems) was added 6 hours after transfec-
tion. Cell lysate was collected at 24 hours for measure-
ment of Txnip protein.

cDNA Microarray Analysis

On day 11, when cells were maintained in medium con-
taining 5 and 30 mmol/L D-glucose or 30 mmol/L L-glu-
cose as described above in the cell culture section,
supernatant was removed and cells were washed once in
phosphate-buffered saline (PBS). Total RNA was ex-
tracted using TRIzol reagent (Invitrogen) and cleaned up
with RNeasy mini kit (Qiagen) according to the manufac-
turer’s instructions. Intact RNA was analyzed through
1.5% denaturing agarose gel. Poly(A)-containing RNA
was purified from total RNA using the Oligotex mRNA
midikit (Qiagen) and quantified using the Ribo-Green
RNA quantification kit (Molecular Probes, Eugene, OR).
Complementary DNAs were then generated from mRNAs
obtained from treated and control cells and labeled with
Cy3 and Cy5 fluorescent dyes, respectively, in one ex-
periment and with the dyes in reverse in a second exper-
iment. Fluorescent-labeled cDNAs were hybridized to the
gene chips (Compugen 19k v. 3), which consisted of
19,000 genes (Clive and Vera Ramaciotti Centre, Sydney,
NSW, Australia). The sample labeling and hybridization
were repeated once. Microarray analysis was performed
in Microarray Workstation at the Pharmacogenomics Unit
at St. Vincent’s Hospital, Melbourne, VIC, Australia. The
slides were scanned on Gene Pix 4000A Axon scanner
(Axon Instruments, Sunnyvale, CA). A confocal micro-
scope attached to a detector system recorded the emit-
ted light from each of the microarray spot, allowing high-
resolution detection of the hybridization signals. The raw
data were generated with Microarray Image Analysis
software GenePix Pro 6.0 (Axon Instruments). Acuity 4.0
software (Axon Instruments) was used for data analysis
such as normalization, statistical analysis, and filtering.

Real-Time RT-PCR

Real-time PCR after reverse transcription was used to
assess transcript levels of Txnip, HSP70, HSP90, CCL20,
and MMP-7. Both water blank and nonreverse-tran-
scribed RNA samples were used as negative controls.
Briefly, total RNA (2 �g) was treated with DNase I (In-
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vitrogen), and then cDNA was synthesized using reverse
transcriptase Superscript II RT (Invitrogen). Specific
primers for the use of SYBR Green are shown in Table 1.
Primer specificity in real-time PCR reactions was con-
firmed using RT-PCR. A 25-�l real-time PCR reaction
included Brilliant SYBR Green QRT-PCR Master Mix ac-
cording to the manufacturer’s instructions (Stratagene,
La Jolla, CA). Real-time quantitations were performed on
the iCycler iQ system (Bio-Rad, Hercules, CA). The fluo-
rescence threshold value was calculated using the iCycle
iQ system software. The calculation of relative change in
mRNA was performed using the delta-delta method,14

with normalization for the housekeeping gene �-actin.

CCL20 and MMP-7 Enzyme-Linked
Immunosorbent Assay

Conditioned media were collected and centrifuged at
3000 rpm and 4°C for 10 minutes to remove cell debris
and then stored at �80°C. CCL20 and MMP7 were quan-
tified using enzyme-linked immunosorbent assays (R&D
Systems) according to the manufacturer’s instructions.

In Vivo Studies in Diabetic Ren-2 Rats

Eight-week old female, homozygous (mRen-2)27 rats (St.
Vincent’s Hospital Animal House, Melbourne, Australia)
weighing 170 � 20 g were randomized to receive either 55
mg/kg streptozotocin (Sigma, St. Louis, MO) diluted in 0.1
mol/L citrate buffer, pH 4.5, or citrate buffer (nondiabetic) by
tail vein injection after an overnight fast.8,15 Each week, rats
were weighed, their blood glucose was determined using
an AMES glucometer (Bayer Diagnostics, Melbourne, VIC,
Australia), and only streptozotocin-treated animals with
blood glucose �20 mmol/L were considered diabetic. Ev-
ery 4 weeks, systolic blood pressure was determined in
preheated conscious rats via tail-cuff plethysmography us-
ing a noninvasive blood pressure controller and Powerlab
(AD Instruments, Bella Vista, NSW, Australia). All animals
were housed in a stable environment maintained at 22 �
1°C with a 12-hour light/dark cycle commencing at 6 AM.
Diabetic rats received twice a week injection of insulin (2 to
4 U i.p., Humulin NPH; Eli Lilly and Co., Indianapolis, IN) to
reduce mortality and to promote weight gain. Experimental
procedures adhered to the guidelines of the National Health
and Medical Research Council of Australia’s Code for the
Care and Use of Animals for Scientific Purposes and were
approved by the Animal Research Ethics Committee of St.
Vincent’s Hospital.

Tissue Preparation and Immunohistochemistry

Rats were anesthetized (Nembutal, 60 mg/kg body
weight i.p.; Boehringer-Ingelheim, Sydney, NSW, Austra-
lia) and the abdominal aorta cannulated with an 18-
gauge needle. Perfusion-exsanguination commenced at
systolic blood pressure (180 to 220 mmHg) via the ab-
dominal aorta with 0.1 mol/L PBS, pH 7.4 (20 to 50 ml) to
remove circulating blood, and the inferior vena cava ad-
jacent to the renal vein was simultaneously severed al-
lowing free flow of the perfusate. After clearance of cir-
culating blood, 4% paraformaldehyde in 0.1 mol/L
phosphate buffer, pH 7.4, was perfused for a further 5
minutes (100 to 200 ml of fixative). Kidneys were then
excised, decapsulated, sliced transversely, immersed
into 4% paraformaldehyde in 0.1 mol/L phosphate buffer
for overnight fixation, and then paraffin-embedded for
subsequent light microscopic evaluation.8

Immunohistochemistry for Nitrotyrosine and TXNIP

In brief, 4-�m tissue sections were placed into histosol to
remove the paraffin wax, rehydrated in graded ethanol, and
immersed into tap water before being incubated for 20
minutes with normal swine serum diluted 1:10 with 0.1 mol/L
PBS, pH 7.4. Sections were then incubated with rabbit
anti-nitrotyrosine (Upstate Technology, Lake Placid, NY) di-
luted 1:500 with PBS and anti-Txnip (Zymed Laboratories,
South San Francisco, CA) diluted 1:50 overnight (18 hours)
at 4°C. The following day the sections were thoroughly
washed in PBS (3 � 5 minute changes), incubated with 3%
hydrogen peroxide for 10 minutes to block endogenous
peroxidase, then rinsed with PBS (2 � 5 minutes), and
incubated with biotinylated swine anti-rabbit IgG antibody
(DAKO, Carpinteria, CA), diluted 1:200 with PBS. Sections
were rinsed with PBS (2 � 5 minutes) followed by incuba-
tion with an avidin-biotin peroxidase complex (Vector Lab-
oratories, Burlingame, CA), diluted 1:200 with PBS. After
rinsing with PBS (2 � 5 minutes), localization of the perox-
idase conjugates was achieved by using diaminobenzidine
tetrahydrochloride as a chromogen, for 1 to 3 minutes.
Sections were rinsed in tap water for 5 minutes to stop
reaction and then counterstained in Mayer’s hematoxylin,
differentiated in Scott’s tap water, dehydrated, cleared, and
mounted in Depex. Sections incubated with 1:10 normal
swine serum, instead of the primary antiserum, served as
the negative controls.8 All of the slides were blinded, and
five random nonoverlapping fields from three rats in each
experimental group were chosen. The positive immuno-

Table 1. Real-Time RT-PCR Primers

Gene name Accession no. Sense Anti-sense Size (bp)

TXNIP NM_006472 5�-CGCCACACTTACCTTGCCAATG-3� 5�-GCTCTTGCCACGCCATGATG-3� 111
HSP70 NM_006597 5�-CAGGGAAACCGAACCACT-3� 5�-ATTCTTTGCGGCATCACC-3� 75
HSP90 X15183 5�-CAGAGCCCTTCTATTTGT-3� 5�-ATCCTCCGAGTCTACCAC-3� 169
CCL20 NM_004591 5�-AGAGTTTGCTCCTGGCTG-3� 5�-GGATGAAGAATACGGTCTGTG-3� 114
MMP7 Z11887 5�-GGATGGTAGCAGTCTAGGGATTAACT-3� 5�-GGAATGTCCCATACCCAAAGAA-3� 79
�-Actin AY582799 5�-ATCGTGCGTGACATTAAG-3� 5�-ATTGCCAATGGTGATGAC-3� 135
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staining of ROS and Txnip in dilated tubules was counted
separately and normalized to the total tubules counted in
each chosen field.

Txnip Western Blotting

Western blotting was performed on cell lysate collected
from HK-2 cells and whole rat kidney tissue for detection
of Txnip. In brief, equal amounts of protein from each
sample were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis under reducing condi-
tions. Proteins were then transferred to Hybond ECL ni-
trocellulose membrane (Amersham Pharmacia Biotech,
Buckinghamshire, UK). Nonspecific binding sites were
blocked for 1 hour (5% nonfat milk and 0.1% Tween 20 in
PBS) after which the membranes were exposed to Txnip
primary antibody at a concentration of 3 �g/ml in 5%
nonfat milk and 0.1% Tween 20 in PBS (Zymed Labora-
tories) overnight at 4°C, followed by washing four times,
after which they were incubated with peroxidase-labeled
secondary antibodies (Amersham Pharmacia Biotech) for
1 hour and again washed four times. The blots were then
detected using enhanced chemiluminescence (Amer-
sham Pharmacia Biotech). The bands corresponding to
Txnip (46 kd) were quantitated using gel documentation
(Bio-Rad) and quantitated by densitometry using Quan-
tity One software (Bio-Rad). Coomassie Brilliant Blue
staining was used to confirm that an equal amount of
protein was loaded in each lane.

Txnip Promoter Activity Assay

The promoter activity of Txnip was determined by Dual-
Luciferase reporter assay system (Promega, Madison, WI).
The promoter sequence of Txnip was designed and ampli-
fied using GC-2 PCR kit (BD Biosciences, San Diego, CA).
The DNA fragment of Txnip promoter was cloned into pGL3
firefly luciferase Vector (Promega). The plasmid containing
the Txnip promoter sequence was introduced into HK-2
cells using Lipofectamine 2000. As a negative control,
pGL3-Basic vector with no promoter inserted was trans-
fected into the cells. pRL-SV40 Renilla vector (Promega)
was co-transfected into cells, and its luciferase activity was
used for normalization of transfection efficiency. Luciferase
activity was detected with a 20/20n luminometry system
with dual autoinjector (Promega).

Statistical Analysis

All results are expressed as a fold change compared with
the control value. Each experiment was performed inde-
pendently a minimum of three times. Results are ex-
pressed as mean � SEM. Statistical comparisons be-
tween groups were made by analysis of variance, with
pairwise multiple comparisons made by Fisher’s pro-
tected least-significant difference test. Analyses were
performed using the software package, Statview version
4.5 (Abacus Concepts Inc., Berkley, CA). P values less
than 0.05 were considered significant.

Table 2. Genes Undergoing Most Striking Up-Regulation and Down-Regulation after HK-2 Cells Were Exposed to High Glucose
for 11 Days in cDNA Microarray Analysis

Name
Accession

no.
Fold change

(Cy5/Cy3)
Fold change

(Cy3/Cy5) Gene symbol

Down-regulated genes
Homo sapiens PUMP-1 gene encoding PUMP Z11887 4.0627 5.0339 MMP-7
H. sapiens crystallin, �(CRYM) mRNA NM_001888 2.2503 2.5798 CRYM
H. sapiens cDNA FLJ10500 fis, clone NT AK001362 2.2929 2.4311 L2HGDH
H. sapiens protein tyrosine phosphatase NM_002829 2.1629 2.3910 PTPN3
Human HepG2 3� region cDNA, clone hmd1b1 D16856 2.2327 2.3069 HMD1B10
H. sapiens clusterin (complement lysis inhibitor) NM_001831 2.5188 2.2404 APOJ, clusterin
H. sapiens solute carrier family 4 NM_003759 1.9691 2.2241 SLC4A4
H. sapiens Ras-related associated with diabetes NM_004165 2.0304 2.1757 RRAD
H. sapiens secreted phosphoprotein 1 NM_000582 2.2614 2.1739 SPP1
H. sapiens N-acylsphingosine amidohydrolase NM_004315 2.2597 2.1343 ASAH1
H. sapiens serpin peptidase inhibitor NM_000295 2.4027 2.1251 SERPINA1
H. sapiens signal transducer and activator of

transcription 1, 91 kd (STAT1)
NM_007315 1.9253 2.1027 STAT1

Homo sapiens KIAA0977 protein (KIAA0977) NM_014900 1.9847 2.0635 COBLL1
Human �-1-antitrypsin (�-1-AT) M26123 2.3010 2.0072 SERPINA1
H. sapiens insulin-like growth factor NM_001553 2.0164 1.9455 IGFBP7

Up-regulated genes
H. sapiens up-regulated by 1,25-dihydro NM_006472 12.1736 11.2292 TXNIP
H. sapiens chemokine (C-C motif) ligand 20 NM_004591 4.3665 6.2174 CCL20, MIP3A_
H. sapiens transferrin receptor (p90, CD71) (TFRC) NM_003234 3.8612 3.9039 TFRC, TRFR_
H. sapiens heat shock 70-kd protein NM_006597 2.8836 2.8227 HSPA8
H. sapiens G0/G1 switch 2 (G0S2) NM_015714 2.3696 2.7238 HSD11B1
Human plasminogen activator inhibitor-1 M16006 2.2150 2.3579 PAI-1
H. sapiens angiopoietin-like 4 (ANGPTL4) NM_016109 2.8786 2.3457 ANGPTL4
Human mRNA for 90-kd heat-shock protein X15183 2.2072 2.3411 HSPCA
H. sapiens heat shock 105 kd (HSP105B) NM_006644 2.0881 2.0406 HSPH1
H. sapiens tissue factor pathway inhibitor 2 (TFPI2) NM_006528 2.7032 2.0056 TFPI2
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Results

Transcriptional Profiles of HK-2 Cells Exposed
to High Glucose for 11 Days

cDNA microarray analysis was performed on samples
from HK-2 cells exposed to high glucose for 11 days. A
twofold change was considered as a threshold for real
differences in gene expression change. Fifteen down-
regulated and 10 up-regulated genes were identified
(Table 2). Among these genes, Txnip, HSP70, HSP90,
CCL20, and MMP-7 were chosen for further study.

Txnip was found to be the gene most significantly
up-regulated in the cDNA microarray analysis. High glu-
cose increased Txnip mRNA expression more than 50-
fold after HK-2 cells were exposed to high glucose for 11
days by real-time RT-PCR (P � 0.0005) (Figure 1A) with
significant increase in Txnip protein expression (Figure 1,
B and C). High glucose increased Txnip from day 1 and
had a striking increase on day 11, suggesting chronic
hyperglycemia promoted the induction of Txnip expres-
sion (Figure 1D).

Two stress-related genes, heat shock protein 70 and
90 (HSP70 and HSP90), were found to increase signifi-
cantly when exposed to prolonged high glucose in mi-
croarray analysis. These data were confirmed using real-
time RT-PCR. Both HSP70 and HSP90 increased more
than threefold after HK-2 cells exposure to high glucose
for 11 days (both P � 0.0005) (Figure 2, A and B).

CCL20 mRNA expression increased 20-fold after ex-
posure of HK-2 cells to high glucose for 11 days (P �
0.0005) (Figure 2C). Protein level of CCL20 also in-
creased (P � 0.005) (Figure 2D). MMP-7 mRNA expres-
sion decreased to 0.1-fold after exposure of HK-2 cells to
high glucose for 11 days (P � 0.0005) (Figure 2E). Pro-
tein level of MMP-7 decreased by 90% (P � 0.0005)
(Figure 2F). Exposure to the osmotic control (30 mmol/L
L-glucose) did not change the expression levels of Txnip,
HSP70, HSP90, CCL20, and MMP-7. These data sug-
gested that the high glucose-induced changes in these
genes were not attributable to osmotic stress on the cells
but specific to the high extracellular glucose concentra-
tions. Table 3 compares the results between cDNA mi-
croarray analysis and real-time RT-PCR for gene expres-
sion of Txnip, HSP70, HSP90, CCL20, and MMP-7 in
HK-2 cells exposed to high glucose for 11 days.

The Levels of ROS Generation and Txnip
Significantly Increased in Diabetic Ren-2 Rats

Transgenic Ren-2 rats rendered diabetic with streptozo-
tocin8,15 were used as an in vivo model to assess the
degree of ROS production and Txnip in a model of progres-
sive diabetic nephropathy. The animal characteristics are
shown in Table 4. The transgenic Ren-2 rat develops many
of the structural and functional manifestations of diabetic
nephropathy. These include hypertension, albuminuria, de-
clining glomerular filtration rate, severe glomerulosclerosis,
and florid tubulointerstitial disease.8,15 Nitrotyrosine was
chosen as a marker of intracellular ROS. Nitrotyrosine (Fig-

Figure 1. High glucose up-regulated Txnip expression in HK-2 cells. HK-2
cells were exposed to 5 mmol/L (normal glucose) and 30 mmol/L (high
glucose) D-glucose for 11 days. Thirty mmol/L L-glucose acts as osmotic
control. A: Real-time RT-PCR was performed, and Txnip mRNA expression
was normalized to the housekeeping gene �-actin. Txnip protein expression
was measured by Western blotting, and Coomassie Brilliant Blue staining
was used as equal loading control. The experiments were repeated three
times, with a representative blot shown (B), and the densitometry of Western
blotting is quantified (C). D: HK-2 cells were exposed to 5 mmol/L (normal
glucose) and 30 mmol/L (high glucose) D-glucose for 1, 2, 4, and 11 days.
Txnip and �-actin real-time RT-PCR was performed. Results are mean � SEM
and shown as fold change compared with control. ***P � 0.0005, **P � 0.005,
*P � 0.05; n � 3.
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ure 3A) and Txnip (Figure 3B) protein were significantly
elevated in the diabetic Ren-2 rats (II) compared with non-
diabetic control rats (I). Both ROS and Txnip-positive stain-
ing increased in dilated tubules in diabetic group compared
with nondiabetic groups (Figure 3, C and D). Txnip protein
expression in the whole rat kidney tissue measured by
Western blotting significantly increased in diabetic rats
compared with nondiabetic rats (Figure 3, E and F).

High Glucose Induced Txnip Expression through
a TGF-�1-Independent Pathway

Exposure of HK-2 cells to TGF-�1 significantly decreased
Txnip mRNA levels occurring from day 1 and sustaining
through day 6 (all P � 0.0005) (Figure 4A). In contrast,
reduction of Txnip protein expression was not observed
until day 2 and sustained at day 6 (Figure 4, B and C).
TGF-�1 gene was effectively silenced in HK-2 cells using
siRNA technology as previously described.16 Txnip mRNA

expression significantly increased by 21-fold in TGF-�1-
silenced cells (P � 0.0005) (Figure 5A). However, the in-
creased level of Txnip returned to control (nonspecific
siRNA) level after the addition of pan-specific TGF-�-neu-
tralizing antibody in TGF-�1-silenced cells (Figure 5, B and
C), suggesting TGF-�2 or -3 might increase in TGF-
�1-silenced cells and these two isoforms subsequently
increased Txnip expression. We have previously demon-
strated the increased levels of TGF-�2 and -3 in TGF-�1-
silenced cells result in overexpression of fibronectin.16

High-glucose exposure for 72 hours further increased Txnip
expression by 3.5-fold in TGF-�1-silenced cells compared
with wild-type cells (P � 0.0005) (Figure 5D), which is
consistent with Txnip protein expression by Western blotting
(Figure 5, E and F). These data suggest that high glucose
induced Txnip expression through a TGF-�1-independent
pathway. Moreover, Txnip expression was negatively regu-
lated by TGF-�1 in HK-2 cells.

Txnip Promoter Activity

Exposure of HK-2 cells to high glucose significantly in-
creased Txnip promoter activity, which peaked at 24 hours
(P � 0.0005) and sustained at 72 hours (P � 0.05) (Figure
6A). In contrast, exposure to the osmotic control (30 mmol/L
L-glucose) for 24 hours did not increase Txnip promoter
activity (1.11 � 0.06-fold versus normal glucose). Exposure
of HK-2 cells to TGF-�1 significantly decreased Txnip pro-
moter activity from 8 hours (P � 0.05) to 48 hours (all P �
0.0005) (Figure 6B). Txnip promoter activity significantly

Figure 2. High glucose significantly regulated mRNA and protein expression of HSP70, HSP90, CCL20, and MMP7 after HK-2 cells were exposed to high glucose
for 11 days. HK-2 cells were exposed to 5 mmol/L (normal glucose) and 30 mmol/L (high glucose) D-glucose for 11 days. Thirty mmol/L L-glucose acts as osmotic
control. Real-time RT-PCR was performed, and HSP70 (A), HSP90 (B), CCL20 (C), and MMP7 (E) mRNA expressions were normalized to the housekeeping gene
�-actin. Supernatant was collected as described in Materials and Methods, and CCL20 (D) and MMP7 (F) proteins were measured using enzyme-linked
immunosorbent assay. Results are mean � SEM and shown as fold change compared with control. ***P � 0.0005, **P � 0.005; n � 3.

Table 3. Comparison of Gene Expression Levels in
Microarray Analysis and Real-Time RT-PCR

Gene name
Fold change in

microarray

Fold change in
real-time
RT-PCR

Txnip 111.5 152.3
HSP70 12.8 13.3
HSP90 12.3 13.6
CCL20 15.2 125.8
MMP-7 24.5 210.0
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increased in TGF-�1 silenced cells (P � 0.005), and high-
glucose exposure for 24 hours further increased promoter
activity by 1.43-fold in TGF-�1-silenced cells compared with
wild-type cells (P � 0.05) (Figure 6C). These data further

demonstrate that high glucose induced Txnip through a
TGF-�1-independent pathway and Txnip is negatively reg-
ulated by TGF-�1. Promoter assay was used as a means of
measuring the promoter response in cells. Its activity does

Table 4. Animal Characteristics

Groups n
Body weight

(g)
Blood glucose

(mmol/L) HbA1c (%)
AER

(mg/24 hours)
SBP

(mmHg)

Control (Ren-2) 16 289 � 5.0 6.7 � 0.15 3.4 � 0.09 14 � 1.2 218 � 7
Diabetic (Ren-2) 14 213 � 8.0* 31.9 � 0.59* 11.2 � 0.25* 81 � 1.3† 211 � 8

Values are expressed as means � SEM.
*P � 0.05 versus Ren-2 control.

Figure 3. Nitrotyrosine and Txnip expression in nondiabetic and diabetic Ren-2 rats. Diabetic Ren-2 rats (II) were associated with an increase in nitrotyrosine (A)
and Txnip (B) immunostaining within the tubules when compared with nondiabetic Ren-2 rats (I). Positive staining of nitrotyrosine (ROS) (C) and Txnip (D) in
the dilated tubules in nondiabetic and diabetic Ren-2 rats was counted separately and normalized to the number of tubules counted in each chosen field. The
data were expressed as percentage of positive staining of ROS or Txnip in dilated tubules per total tubules. Txnip protein in whole rat kidney tissue was measured
by Western blotting, and Coomassie Brilliant Blue staining was used as equal loading control (E and F). Results are mean � SEM and shown as fold change
compared with control. ***P � 0.0005, **P � 0.005, *P � 0.05; n � 3. Original magnifications, �340 (A and B).
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not reflect a consequent linear response for mRNA and
protein levels because mRNA production is also affected by
many factors such as posttranscription regulation, and mul-
tiple factors subsequently regulate protein production and
degradation. However, and importantly, the data for Txnip
promoter activity are confirmed to be statistically significant
and support the Txnip mRNA and protein expression data.

Discussion

This study has identified by cDNA microarray analysis the
specific transcriptional profile of genes directly regulated
by high glucose in a model of human proximal tubular
cells. In addition to a striking up-regulation of both Txnip
and HSP70 and HSP90, we have demonstrated up-reg-
ulation of the chemokine CCL20 and down-regulation of
the regulator of matrix turnover MMP-7. Importantly, we
have demonstrated that the mRNA expression levels of
five chosen genes for real-time RT-PCR verification were
all consistent with microarray analysis, which confirms
the validity of the microarray data.

Txnip, HSP70, and HSP90 are stress-related genes
that have previously been reported to be increased in the
kidneys of experimental models of diabetic nephropa-
thy.6,17,18 The present in vitro studies confirm that this
up-regulation is attributable to high glucose, either di-
rectly or via downstream metabolic derangements. Fur-
thermore our studies in an in vivo model of diabetic ne-
phropathy localize Txnip up-regulation and associated
oxidative stress to the dilated tubules.

The induction of Txnip by high glucose has been re-
ported in primary cultured human mesangial cells and in-
tact human pancreatic islets.6,19 Minn and colleagues20

have demonstrated a distinct carbohydrate response ele-
ment in the human Txnip promoter sufficient to cause glu-
cose responsiveness. Similarly, Txnip has been shown to
be increased in streptozotocin-induced diabetic mice, sug-
gesting that diabetes induced alterations in redox imbal-
ance may cause dysregulation of collagen synthesis, con-
tributing to a variety of pathological processes, including
the fibrogenic process in diabetic nephropathy.6 In the di-
abetic Ren-2 rat, a model of progressive diabetic nephrop-
athy, we detected increased levels of Txnip and oxidative
stress in dilated tubules. Much evidence has accumulated
to confirm that high glucose induces TGF-�1 in kidney
tubule cells.4,21,22 Although high glucose significantly up-
regulates Txnip, unexpectedly, our data demonstrate that
TGF-�1 decreases Txnip expression in HK-2 cells. Consis-
tent with this observation, effective silencing of TGF-�1 in
proximal tubular cells leads to an enhancement of Txnip
expression. We have recently demonstrated that increased
TGF-�2 and TGF-�3 expression in TGF-�1-silenced cells
results in a paradoxical increase in fibronectin expression.16

We hypothesize that overexpression of Txnip in TGF-�1-
silenced cells is caused by the previously confirmed in-
crease in expression of TGF-�2 and TGF-�3,16 which in turn
increases Txnip expression. Indeed, we have confirmed
this hypothesis by the addition of pan-specific TGF-�-neu-
tralizing antibody to TGF-�1-silenced cells and increased
level of Txnip returned to control level. Hence these data
suggest that high glucose induces Txnip through a TGF-
�1-independent pathway and that TGF-�1 may act to limit
the response to oxidative stress. Kobayashi and col-
leagues6 have previously reported in human mesangial
cells that high glucose induces Txnip, and overexpression
of Txnip increases collagen expression, which was only
partially mediated through a TGF-�-dependent mechanism.
This suggests TGF-�1 might play different roles in the cas-
cade of high glucose-Txnip-collagen type IV induction. In
contrast to our data, reports in nonepithelial cells demon-
strated that TGF-�1 up-regulated Txnip in murine lung fibro-
blasts and HL-60 cells, suggesting that the effect of TGF-�1
on Txnip expression is dependent on the cell type stud-
ied.11,22 All TGF-� isoforms (TGF-�1, -2, and -3) have been
previously reported to have fibrogenic effects on renal cells.
TGF-�2 has been reported to induce fibronectin, collagen
type I, and collagen type IV in both human retinal pigment
epithelial cell line and cultured human optic nerve head
astrocytes.23,24 TGF-�3 has also been reported to decrease
matrix metalloproteinase-2 (MMP-2) and increase tissue in-
hibitor of metalloproteinase-1 (TIMP-1) and collagen type I
in primary lung fibroblasts.25 All three TGF-� isoforms have

Figure 4. The effect of TGF-�1 on Txnip expression in HK-2 cells. HK-2 cells
were exposed to 10 ng/ml TGF-�1 for 0, 1, 2, 4, and 6 days. A: RNA was
collected for measurement of Txnip by real-time RT-PCR and normalized to
the housekeeping gene �-actin. B and C: Txnip protein was measured by
Western blotting, and Coomassie Brilliant Blue staining was used as equal
loading control. Results are mean � SEM and shown as fold change com-
pared with control. ***P � 0.0005; n � 3.
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been reported to activate the TGF-� signaling pathway via
Smad2 activation.26–29 However, the differential effects of
these three TGF-� isoforms on Txnip expression are still
unknown.

We and others have previously demonstrated that high
glucose is an inducer of many chemokines such as in-
terleukin-8, MCP-1, and transcription factors such as nu-
clear factor-�B and AP-1.4,30,31 This is the first report, to
our knowledge, suggesting that CCL20 is up-regulated

by high glucose. CCL20 is an important chemokine that
plays a key role in the regulation of dendritic cell traffick-
ing, and recruitment and activation of T cells.32 It is
produced by activated cells, including monocytes, T
cells, endothelial cells, and fibroblasts. Although previ-
ously demonstrated to be up-regulated in response to
inflammatory stimuli in epithelial cells, the present study
demonstrates it to be up-regulated in response to high
glucose.

Figure 5. The role of TGF-�1 on Txnip expression under high-glucose conditions. Thirty nmol/L of nonspecific or TGF-�1 siRNAs were introduced into HK-2
cells, respectively, at subconfluence using Lipofectamine 2000. Cells were then treated with or without 30 mmol/L D-glucose (HG) for 72 hours. A and D: RNA
was collected for measurement of Txnip mRNA expression. TGF-�1-silenced cells were either exposed to 30 �g/ml of pan-specific TGF-� antibody (aT) or 30
�g/ml rabbit IgG (negative control) or treated with or without HG. B, C, E, and F: Txnip protein was measured by Western blotting, and Coomassie Brilliant
Blue staining was used as equal loading control. Results are mean � SEM and are shown as fold change. ***P � 0.0005, **P � 0.005, *P � 0.05, ###P � 0.0005,
##P � 0.005, #P � 0.05; n � 3.
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HSP70 and HSP90 are molecular chaperones expressed
constitutively under normal conditions to maintain protein
homeostasis and are induced when subjected to environ-
mental stress.33 The biological functions of HSP70/HSP90
go beyond their chaperone activity. They are essential for
the maturation and inactivation of nuclear hormones and

other signaling molecules33,34 and play a role in vesicle
formation and protein trafficking.35 HSP90 is one of the most
abundant proteins of eukaryotic cells, and it comprises 1 to
2% of total proteins under nonstress conditions. It is essen-
tial for cell survival. Some reports suggest that induction of
HSP70 protects against the deleterious consequences of
chronic diseases such as diabetic kidney diseases.36 Pre-
vious reports have suggested that high glucose increased
HSP90-� in cultured cells, and diabetes increased the
amount of HSP90-� on the luminal surface of the aorta.17

Hence, the observed up-regulation of HSP70 and HSP90 in
response to high-glucose conditions was not unexpected in
our tubular cell model.

PAI-1 was also significantly up-regulated by high glu-
cose in the microarray analysis, which we have previ-
ously confirmed in human proximal tubular cells.37 PAI-1
has been shown to increase in kidneys of humans and
animals with diabetes mellitus and contribute to diabetic
nephropathy by regulating TGF-� and renal extracellular
matrix production.38

The microarray analysis and subsequent real-time RT-
PCR confirmed that MMP-7 (also known as PUMP-1 or
matrilysin) was down-regulated under high-glucose con-
ditions. It is well known that MMP-2 and MMP-9 are
involved in matrix regulation in kidney diseases.39,40

However, the role of MMP-7 has not been previously
been studied in diabetic nephropathy. MMP-7 is ex-
pressed in epithelial cells of normal and diseased tissues
and is implicated in normal and pathological tissue re-
modeling processes.41 MMP-7 is capable of digesting a
large series of proteins of the extracellular matrix such as
collagen IV, gelatins, laminin, aggrecan, entactin, elastin,
and versican. It activates other proteinases such as uroki-
nase plasminogen activator and pro-MMP-1, -2, -9, and
cleaves additional substrates such as osteopontin.41,42

Down-regulation under hyperglycemic conditions sug-
gests that MMP-7 plays an important, but to date uniden-
tified, role in diabetic nephropathy.

In summary, these studies have importantly demon-
strated the transcriptional profile of genes up-regulated in
the kidney proximal tubule by high glucose. The up-regu-
lation of Txnip protein and concomitant oxidative stress was
confirmed in an in vivo model of diabetes mellitus. The
up-regulation of Txnip has been shown to be clearly inde-
pendent of TGF-�1 in high-glucose conditions. Further-
more, TGF-�1 is demonstrated to regulate negatively Txnip
expression. The studies have demonstrated the up-regula-
tion of the chemokine CCL20 and the down-regulation of
MMP-7, together potentially promote the inflammatory and
profibrotic components of diabetic nephropathy.
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