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Abstract. Hyperglycemia-induced overproduction of the prosclerotic cytokine transforming growth factor-␤1 (TGF-␤1)
has been implicated in the pathogenesis of diabetic nephropathy. Because high glucose and phorbol esters (PMA) increase
TGF-␤1 mRNA levels in mesangial cells, this study was designed to characterize these effects on the human TGF-␤1
promoter activity. With the use of luciferase reporter gene
constructs containing TGF-␤1 5⬘-flanking sequence (from
⫺453 to ⫹11 bp) transfected into mesangial cells, it was found
that 30 mM glucose induced a nearly twofold increase in
TGF-␤1 promoter activity after 24 h of incubation in human
and porcine mesangial cells. Stimulation by PMA was more
effective (2.3-fold). Mutagenesis in either one of the two or
both activating protein-1 (AP-1) binding sites abolished the
high glucose and the PMA effect. Furthermore, addition of the
AP-1 inhibitor curcumin obliterated the glucose response. Cor-

responding experiments revealed that the transcription factor
stimulating protein 1 was not involved in mediating the glucose
effect. The high glucose-induced TGF-␤1 promoter activation
was also prevented by inhibitors of protein kinase C and p38
mitogen-activated proteinkinase. Electrophoretic mobility shift
assays with oligonucleotides containing one of the two AP-1
binding sites showed that glucose treatment markedly enhanced the binding activity of nuclear proteins of mesangial
cells, particularly to box B. Supershift assays demonstrated that
JunD and c-Fos were present in the protein-DNA complexes
under control and hyperglycemic conditions. The functional
and structural results show that glucose regulates human
TGF-␤1 gene expression through two adjacent AP-1 binding
sites and gives rise to the involvement of protein kinase C and
p38 mitogen-activated proteinkinase in hyperglycemia-induced TGF-␤1 gene expression.

Diabetic nephropathy is one of the major causes of end-stage
renal disease. The hallmarks of human and experimental diabetic nephropathy are the thickening of the glomerular and
tubular basement membranes and the progressive expansion of
the mesangial matrix (1–3). The results of the Diabetes Control
and Complication Trial have shown that strict glycemic control
can prevent the onset and progression of diabetic nephropathy
(4). Cultured mesangial cells may serve as an in vitro model for
the events that occur early in the development of diabetic
nephropathy because several studies have demonstrated that
ambient elevated glucose concentrations (5) or increased glucose uptake (6) induces an increased production of matrix
proteins in cultured mesangial and other renal cells. More
recent reports indicate that this effect is mediated by the
hyperglycemia-induced transforming growth factor-␤1 (TGF␤1) (7,8). Accordingly, increased renal expression of TGF-␤1

has been found in experimental animal and human diabetes
(9 –11).
Among many diverse effects, TGF-␤1 promotes the accumulation of extracellular matrix by increasing the synthesis of
extracellular matrix components and by reducing matrix degradation. Therefore, chronically elevated expression of
TGF-␤1 is suggested to be the major mediator of progressive
fibrosis in renal diseases associated with sclerosis and namely
in diabetic nephropathy (12,13). The therapeutic effect of inhibiting TGF-␤1 action by injecting neutralizing TGF-␤1 antibodies has been shown in experimental glomerulonephritis
and experimental diabetic nephropathy (13,14). These data
demonstrate that inhibition of TGF-␤1 activity results in suppression of disease-induced glomerular matrix accumulation.
Little is known about the molecular mechanism of the pathologic dysregulation of TGF-␤1 gene expression in diabetes.
Previous studies revealed that the promoter regions of the
human TGF-␤1 gene contain consensus sequences for the
transcription factor activating protein-1 (AP-1), which mediate
the phorbol ester responsiveness of the TGF-␤1 promoter
(15,16). Phorbol esters are also known to activate protein
kinase C (PKC), and high glucose-induced activation of PKC
has been suggested to be involved in the development of
diabetic nephropathy (17,18). In particular, hyperglycemiainduced synthesis of extracellular matrix proteins has been
shown to be associated with activation of PKC in mesangial
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cells (19). Furthermore, recent studies have shown that treatment of diabetic rats with an oral PKC-␤ inhibitor ameliorates
vascular dysfunctions (20). Taken together, these data suggest
a possible link between glucose-mediated PKC activation and
AP-1–mediated TGF-␤1 gene activation.
The present study was designed for better understanding of
the molecular mechanism of the high glucose-induced TGF-␤1
overexpression. We demonstrate that high glucose stimulates
TGF-␤1 promoter activity and increases specific binding of
AP-1 proteins to the corresponding consensus DNA sequences.
Furthermore, we show that PKC- and p38 MAPK-dependent
pathways mediate the activation of the TGF-␤1 promoter.

Materials and Methods
Materials
Human mesangial cells with corresponding growth medium were
obtained from Clonetics (Verviers, Belgium). Oligonucleotides were
synthesized by Life Technologies (Karlsruhe, Germany). Cell culture
media, supplements, Ultroser, and fetal calf serum (FCS) were from
Life Technologies (Eggenstein, Germany); Maxiscript kit was from
Ambion (Heidelberg, Germany); minocyclin and reagents for the
site-directed mutagenesis were from Pan Systems (Aidenbach, Germany); Superfect was from Qiagen (Hilden, Germany); ␤-galactosidase assay chemiluminescent, Klenow enzyme, and poly[d(I-C)] were
from Boehringer (Mannheim, Germany); pSV-␤-galactosidase control
vector, pRL-TK vector, pGEM3Z, and luciferase assays were from
Promega (Madison, WI); PMA, mithramycin, and curcumin were
from Sigma (Munich, Germany); bisindolylmaleimide I and SB
203580 were from Calbiochem (Bad Soden, Germany); [␣-32P]UTP
and [␣-32P]dATP were from Hartmann (Braunschweig, Germany);
antibodies against AP-1/c-Jun (catalog number 44X), c-Jun (1694X),
JunB (73X), JunD (74X), c-Fos (253X), CREB-1 (186X), ATF-1
(270X), and ATF-2 (187X) were from Santa Cruz Technologies
(Santa Cruz, CA); and antibodies against phospho-c-Jun ser-63 and
phospho-ATF-2 thr-71 were from New England Biolabs (Schwalbach,
Germany).

Cell Culture
Mesangial cells isolated from porcine glomeruli were cultured and
characterized as described previously (21). Human mesangial cells
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were cultured as described by the supplier. For experimental purposes,
RPMI 1640 containing 6 mM or 30 mM glucose was used and FCS
serum was substituted by 2% Ultroser. For equal osmolarity, NaCl
was added.

Preparation of Luciferase Reporter Constructs and
Site-Directed Mutagenesis
The TGF-␤1-luciferase reporter vector pGL3wt was generated by
insertion of nucleotides ⫺453 to ⫹11 of the human TGF-␤1 promoter
into the KpnI and BglII sites of the vector pGL3b, which contains the
firefly (photinus pyralis) luciferase gene. Base substitutions were
made by oligonucleotide-mediated mutagenesis as described previously (22) with modifications. The mutagenic primers are shown in
Table 1. Clones were tested by restriction enzyme digestion if possible, and positive clones were sequenced.

Transfection Methods
Mesangial cells were transfected with Superfect according to the
instructions of the supplier. One d before transfection, 2.0 ⫻ 105
cells/well were seeded in six-well plates with 2 ml of growth medium.
For one well, 2 g total of DNA and 100 l of RPMI 1640 without
supplements were premixed, 10 l of Superfect was added, and the
samples were mixed for 10 s. After 10 min, the samples were diluted
with 600 l of growth medium and the total volume was transferred
to the cells. After 3 h, the different culture media with or without
inhibitors were added and cells were harvested after 24 h. For transfection experiments with PMA, we used the Ca3(PO4)2-DNA-coprecipitation-method (23) because Superfect interfered with PMA. For
one well, 4 g total of DNA, 36 l of H2O, 160 l of Hepes-buffered
saline 5/4 (50 mM Hepes-KOH pH 7.05, 172.5 mM NaCl, 6.25 mM
KCl, 875 M Na2HPO4, 7 mM Glucose), and 10.4 l of 2.5 M CaCl2
were mixed for 20 s, incubated for 20 min, and added to the medium.
After 4 h, the medium was replaced by 1 ml of 10% glycerol in growth
medium and cells were incubated for 3 min. Then the glycerol
medium was removed and the culture medium was added. After 20 h,
the cells were stimulated with 0.5 M PMA and harvested after 9 h.
For normalization of transfection efficiencies, we cotransfected 0.25
g of pSV-␤-galactosidase control vector. To study the effect of
PMA, we used 0.5 g pRL-TK vector, which contains the seapansy
(renilla reniformis) luciferase gene under control of the herpes sim-

Table 1. Oligonucleotides used for the mobility shift experiments and the site-directed mutagenesisa
Sequence

CTTGTTTCCCAGCCTGACTCTCCTTCCGTTCT
CAAAGGGTCGGACTGAGAGGAAGGCAAGACCC
TGTTTCCCAGCCTGGTTCTCCTTCCGTTCTGG
AAGGGTCGGACCAAGAGGAAGGCAAGACCCAG
GGTCGGCTCCCCTGTGTCTCATCCCCCGGATT
GCCGAGGGGACACAGAGTAGGGGGCCTAATTC
GGTCGGCTCCCCTGGTTCTCATCCCCCGGATT
GCCGAGGGGACCAAGAGTAGGGGGCCTAATTC
AGCCGGGGAGCCCGCCCCCTTTCCCCCAGGG
GCCCCTCGGGCGGGGGAAAGGGGGTCCCGAC
AGCCGGGGAGCCTACCCCCTTTCCCCCAGGG
GCCCCTCGGATGGGGGAAAGGGGGTCCCGAC
a

Position

AP-1 A

⫺432/⫺398

AP-1 Amut

⫺430/⫺396

AP-1 B

⫺384/⫺352

AP-1 Bmut

⫺384/⫺352

Sp1

⫺229/⫺198

Sp1mut

⫺229/⫺198

Positions are deduced from sequence data by Kim et al. (15). Mutated bases are underlined.
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plex virus thymidine kinase promoter, because the pSV-␤-galactosidase vector responds to PMA.

Reporter Gene Assays
Transfected cells were washed once with phosphate-buffered saline, incubated with 150 l of lysis buffer from the ␤-galactosidase
assay for 30 min, and harvested. After 2 min of centrifugation, the
supernatants were stored at ⫺80°C or immediately used for the
measurements. ␤-Galactosidase and firefly luciferase activities were
determined according to the instructions of the manufacturers. Cotransfected firefly and seapansy luciferase activities were assayed
with the dual-luciferase reporter assay system. Chemiluminescence
was determined with a Magic Lite Analyzer from Ciba Corning
(Fernwald, Germany). All transfection experiments were repeated at
least three times.

Electrophoretic Mobility Shift Assay
Cells (6.0 ⫻ 106) were seeded onto 15-cm culture dishes with 15
ml of culture medium and incubated with 6 mM or 30 mM glucose for
24 h or 0.5 M PMA for 6 h before harvesting. Nuclear proteins were
prepared as described recently (22). Appropriate synthetic oligonucleotides (see Table 1) were end-labeled with [␣-32P]dATP (3000
Ci/mM) and Klenow enzyme and were incubated with up to 13 g of
nuclear protein in 20 l of 7 mM Hepes-KOH (pH 7.9), 100 mM KCl,
3.6 mM MgCl2, and 10% glycerol on ice for 20 min. Poly[d(I-C)]
(0.05 mg/ml) was added as unspecific competitor. The samples were
run on a 5% nondenaturing polyacrylamide gel in a buffer containing
25 mM Tris-HCl (pH 8.0), 190 mM glycine, and 1 mM ethylenediaminetetraacetate. Gels were dried and analyzed by autoradiography.
In supershift experiments, 4 g of specific antibody were incubated
with the binding reaction mixture for 1 h on ice before adding the
radiolabeled DNA fragment.
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glucose concentration on TGF-␤2 levels (data not shown), we
stimulated porcine mesangial cells with PMA, a potent activator of PKC, to detect minor effects also. As shown in Figure 1,
PMA induced a strong increase of TGF-␤1 mRNA levels after
9 h, whereas TGF-␤2 mRNA levels remained unchanged.
Because these results indicate that only the TGF-␤1 mRNA
concentration is influenced by high glucose and PMA, the
regulation of TGF-␤1 gene expression was studied further.

High Glucose Increased the Activity of the Human
TGF-␤1 Promoter
Transfection experiments revealed a high glucose-induced
stimulation of the human TGF-␤1 promoter fragment ⫺453/
⫹11 as assayed by luciferase activity. The promoter activity
was significantly increased 1.8- to 1.9-fold after 24 h of incubation with high glucose compared with cells grown in 6 mM
glucose (Table 2). This high glucose-induced activation was
similar in porcine mesangial cells and in human mesangial
cells. For further experiments, porcine mesangial cells were
used.

Effect of the High Glucose Concentrations and PMA
on TGF-␤1 Promoter Activity and Localization of the
Responsible cis-Regulatory Elements
To study whether the two AP-1 binding sites ⫺418/⫺412
and ⫺371/⫺364 mediate the high glucose effect, we mutated
both promoter regions by site-directed mutagenesis (Figure

Western Blots
Nuclear extracts of mesangial cells were separated by sodium
dodecyl sulfate polyacrylamide (7.5%) gel electrophoresis. Proteins
were transferred to nitrocellulose by semidry electroblotting (transfer
buffer, 48 mM Tris, 39 mM glycine, 0.0375% sodium dodecyl sulfate,
20% (vol/vol) methanol). Then nitrocellulose membranes were
blocked with NaCl/ethylenediaminetetraacetate/Triton (NET) buffer
(150 mM NaCl, 50 mM Tris/HCl [pH 7.4], 5 mM EDTA, 0.05%
Triton X-100, 0.25% gelatin) and incubated with the first antibody
(diluted 1:1000 in NET) overnight at 4°C. After the membranes were
washed with NET, they were incubated with horseradish peroxidaseconjugated anti-rabbit or anti-goat IgG for 1 h at room temperature.
Visualization of immunocomplexes was performed by enhanced
chemiluminescence as described (24).

Statistical Analysis
Results presented are derived from at least three independent
experiments. Means ⫾ SEM were calculated and groups of data were
compared using t test. Statistical significance was set at P ⬍ 0.05.

Results

Effect of Glucose and Phorbol Ester on TGF-␤1 and
TGF-␤2 mRNA Levels in Mesangial Cells
Previous studies, including studies with porcine mesangial
cells performed in our laboratory, have shown that elevated
glucose levels and particularly PMA increase TGF-␤1 mRNA
levels (11,21). Because we found no significant effect of high

Figure 1. Effect of phorbol ester (PMA) stimulation on mesangial
transforming growth factor-␤1 (TGF-␤1) and TGF-␤2 mRNA levels.
Mesangial cells were grown in standard medium with or without 0.1
M PMA for the time indicated, and RNase protection assays were
performed. The single-stranded antisense RNA probes used in RNase
protection assay were obtained by run-off transcription using T7 or
SP6 polymerase as described (21). The TGF-␤2 probe is the Aci I
fragment (267 bp) starting 12 bp upstream of the coding sequence for
the active peptide (38). Labeled cRNA probes for TGF-␤1, TGF-␤2,
and glyceraldehyde phosphate dehydrogenase (GAPDH) were added
to each sample. Arrows on the left indicate the shift of full-length
cRNA probes for TGF-␤1 (590b), TGF-␤2 (310b), and GAPDH
(241b) to protected cRNA probes for TGF-␤1 (528b), TGF-␤2
(267b), and GAPDH (211b) after RNase A/T1 digestion. No undigested probe is visible in the lanes of the samples. TGF-␤/GAPDH
ratios were obtained by scanning the optical density of the bands.
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Table 2. Comparison of the effect of high glucose on the
human TGF-␤1 promoter activity in porcine and
human mesangial cellsa

Glucose
concentration
(mM)
Relative luciferase
activity (%)

Porcine MC

Human MC

6

6

100

30
191 ⫾ 22*

30

100 176 ⫾ 25**

a
TGF-␤1, transforming growth factor-␤1. The pGL3wt plasmid
was transiently transfected in porcine or human mesangial cells,
and the cells were cultured for 24 h with 6 or 30 mM glucose.
Luciferase activities are expressed as percentages of the activity
measured with 6 mM glucose. In every independent transfection
assay, a high glucose-induced activation of the TGF-␤1 promoter
activity could be observed. Three independent experiments were
performed in duplicate. Results shown are means ⫾ SEM. * P ⬍
0.01 versus 6 mM glucose; ** P ⬍ 0.05 versus 6 mM glucose.

2B). As shown in Figure 3A, mutation in AP-1 box A or box
B or in both boxes completely prevented the high glucoseinduced increase of the TGF-␤1 promoter activity and reduced
the promoter activity in both glucose conditions below control
levels. The lowest remaining promoter activity was found after
mutation of both AP-1 sites (approximately 20% in normal
glucose and in high glucose condition), whereas mutation of
AP-1 box B had the lowest effect on promoter activity (approximately 50%). Furthermore, we examined the regulatory
function of one GC-box, which represents a high-affinity stimulating protein 1 (Sp1) binding site. Mutation in this GC-box
(Figure 2B) reduced the promoter activity in normal and high
glucose conditions; however, the high glucose-induced stimulation was essentially unaffected (Figure 3A).
Because addition of PMA increased TGF-␤1 mRNA levels
in mesangial cells, we studied whether PMA induced an increase in TGF-␤1 promoter activity and whether AP-1 binding
sites are involved in this activation. Stimulation with PMA led
to a 2.3-fold increase of the wild-type TGF-␤1 promoter activity in the mesangial cells (Figure 3B). Mutation in the AP-1
box A and box B or in both boxes prevented the activation by
the phorbol ester completely. These results clearly indicate an
important role of both AP-1 boxes in hyperglycemia- and
PMA-induced activation of the TGF-␤1 promoter and further
emphasize that these cis-regulatory elements are responsible
for an AP-1–mediated activation.

Effect of Inhibitors of AP-1 and Sp1 on the GlucoseInduced Stimulation of the TGF-␤1 Promoter
To elucidate further the role of the transcription factors AP-1
and Sp1 in high glucose-induced TGF-␤1 promoter activation,
transfection experiments with the known inhibitors of AP-1
and Sp1, curcumin (25) and mithramycin (26), were performed
(Figure 4). In the presence of curcumin, the high glucose effect
was prevented. Addition of mithramycin did not abolish the
high glucose effect. These data further support the functional

Figure 2. (A) cis-Regulatory elements in the 5⬘-flanking region of the
human TGF-␤1 gene. Positions are deduced from sequence data as
described by Kim et al. (15). activating protein-1 (AP-1) binding sites
are indicated by dark rhombus, filled circles show GC-boxes. Mutated
binding sites are indicated by asterisks. (B) Constructs of the 5⬘flanking region of the TGF-␤1 gene in pGL3basic, which contains the
firefly (photinus pyralis) luciferase coding region. The pGL3wt includes the wild-type (wt) TGF-␤1 fragment ⫺453/⫹11 fused to the
luciferase gene and was the template for the site-directed mutagenesis
as described in the Materials and Methods section. After an initial
denaturation at 94°C for 5 min, 25 cycles of amplification were
performed (50°C, 1 min; 72°C, 12 min; 94°C, 1 min). The samples
contained 100 ng template, 100 pmol of each primer, 2 mM MgCl2,
0.2 mM dNTPs, OptiPerformTMBuffer III, OptiZymeTMEnhancer,
and 4 U PowerScript DNA polymerase (all from PAN Systems,
Aidenbach, Germany) in a total volume of 100 l. After completion
of the PCR, the dam-methylated template DNA was digested by 20 U
DpnI at 37°C for 1 h and used directly for transformation. The AP-1
binding sites A and B and the GC-box ⫺220/⫺211 were mutated by
a change of two bases in the consensus sequence as indicated. Substituted bases are depicted by italic lowercase letters. The GC-box
⫺220/⫺211 has been proved to be a high-affinity binding site of Sp1
(16).

participation of AP-1 in the regulation of TGF-␤1 promoter
activity by high glucose.

Effect of Elevated Glucose Concentrations on the
Amount of AP-1 Proteins
To study the regulation of the activity of AP-1 proteins in
mesangial cells by high glucose, we determined in Western
blot analysis whether high glucose alters nuclear levels of AP-1
proteins. As shown in Figure 5, A through D, no significant
differences of c-Jun, JunB, JunD, and ATF-2 could be detected
after incubation of mesangial cells with high glucose for 40 h.
In Western blots with nuclear extracts from cells cultured with
high glucose for 24 h, the same results were obtained (data not
shown). In contrast, the amount of c-Fos was significantly
increased in nuclear extracts after high glucose incubation for
24 h (Figure 5E) and returned to basal levels after 40 h of high
glucose incubation (data not shown). Stimulation of mesangial
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Figure 4. Effect of inhibitors of AP-1 and Sp1 on high glucoseinduced TGF-␤1 promoter activity. Transfection assays of mesangial
cells were performed with the wild-type promoter plasmid pGL3wt in
6 mM and 30 mM glucose in the absence or presence of the AP-1
inhibitor curcumin (4 M) or the Sp1 inhibitor mithramycin (25 nM).
Luciferase activities are expressed as percentages of the activity
measured with 6 mM glucose without inhibitor. Data are means ⫾
SEM of three independent experiments. ** P ⬍ 0.01 versus 6 mM
glucose.

Figure 3. Effect of base mutations in the TGF-␤1 promoter region on
the high glucose-induced (A) and PMA-induced (B) promoter activity. The wild-type and the mutated plasmids used for the transfection
experiments are shown in Figure 2B. (A) Mesangial cells were transfected with equal amounts of the different plasmids and grown in 6 or
30 mM glucose for 24 h. Luciferase activities are expressed as
percentages of the activity measured with the wild-type plasmid and
6 mM glucose. (B) Mesangial cells were transfected as described in
(A), and 9 h before harvesting 0.5 M PMA dissolved in ethanol was
added. Wild-type promoter activity determined in transfected cells
incubated with ethanol as control was set as 100%. Data are means ⫾
SEM of three different experiments. * P ⬍ 0.01 versus 6 mM glucose;
** P ⬍ 0.01 versus 6 mM glucose.

cells with PMA also led to an increased level of c-Fos (Figure
5E).

High Glucose-Induced Activation of the p38 Pathway
Is Inhibited by SB 203580 and Bisindolylmaleimide I
In addition to enhanced gene expression, the transcriptional
activity of AP-1 proteins may be regulated by site-specific
phosphorylation by the stress-activated kinases JNK and p38
MAPK. Therefore, immunoblotting was performed with nuclear extracts from mesangial cells cultured with normal and
high glucose for 24 h, and phosphorylated AP-1 proteins were
detected using a phospho-specific c-Jun antibody and a phospho-specific ATF-2 antibody (Figure 6A). Stimulation of mesangial cells with 10 g/ml anisomycin, which is known to
activate both JNK and p38 MAPK (27), resulted in an additional band of the estimated molecular mass of 46 kD corre-

sponding to the expected size of the phosphorylated c-Jun
(Figure 6A). No bands with similar size were detected in
nuclear extracts from normal and high glucose conditioned
cells with the phospho-Jun ser-63 antibody, indicating the
absence of this phosphorylated form of c-Jun. The lower band
detected with the phospho-specific c-Jun antibody could be
explained by less phosphorylated forms of c-Jun, but the
amount of these proteins was similar in normal and high
glucose conditioned cells, whereas treatment with 10 g/ml
anisomycin increased the intensity of this band. In contrast, the
amount of a phosphorylated form of ATF-2 was markedly
increased by high glucose, indicating an activation of the p38
MAPK pathway by high glucose. Stimulation of the cells with
high glucose for 40 h yielded the same results (data not
shown).
To elucidate the signal transduction pathways activated by
high glucose potentially leading to enhanced gene activation of
TGF-␤1, we studied the effect of the PKC inhibitor bisindolylmaleimide and p38 MAPK inhibitor SB 203580 on the activity
of the p38 MAPK pathway by quantification of the phosphorylated form of the endogenous substrate ATF-2. In nuclear
extracts of mesangial cells, phosphorylated ATF-2 and ATF-2
protein were detected by immunoblotting and quantified (Figure 6B). High glucose increased the level of the phosphorylated forms twofold, whereas 1 M SB 203580 and 50 and 500
nM bisindolylmaleimide prevented this increase. These data
show that addition of either one of the substances is sufficient
to inhibit the activation of p38 MAPK by high glucose in
mesangial cells.

The High Glucose-Induced Activation of the TGF-␤1
Promoter Is Prevented by Inhibitors of PKC and p38
MAPK
The results obtained with the phospho-specific ATF-2 antibody suggest a participation of activated p38 MAPK in the
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Figure 5. Effect of high glucose on the amount of AP-1 proteins. (A
through D) Western blot analyses of nuclear extracts from mesangial
cells incubated for 24 h with 6 mM glucose (NG) or 30 mM glucose
(HG) were performed as described in the Materials and Methods
section. For immunodetection of AP-1 proteins, 25 g of nuclear
proteins and antibodies recognizing c-Jun (A), JunB (B), JunD (C),
and ATF-2 (D) were used. The antibodies against c-Jun, JunB, and
JunD were specific and not cross-reactive with the other Jun proteins.
The ATF-2 antibody cross reacts with other proteins besides the 68
kDa ATF-2 protein. The positions of the molecular weight markers
are indicated. Arrows on the right side of each figure marks bands
identified by the specific antibodies. (E) Western blot analyses with
25 g of nuclear proteins from mesangial cells stimulated with 0.5
M PMA for 6 h (PMA) or ethanol as control (c) or incubated for 24 h
with 6 mM glucose (NG) or 30 mM glucose (HG). The position of the
66 kDa molecular weight marker is indicated. The arrow on the right
side of the figure marks the 62 kDa protein identified by the antibody.

high glucose-stimulated TGF-␤1 gene expression. To study
whether these signaling pathways are functionally involved in
TGF-␤1 promoter activation, we transfected and cultured mesangial cells in the presence of the inhibitors of the p38 MAPK
or the PKC pathway. Addition of 1 and 10 M SB 203580 as
well as 50 and 500 nM bisindolylmaleimide I prevented the
activation of the TGF-␤1 promoter, whereas the promoter
activity in normoglycemic conditions was unaffected (Figure
7). The results clearly indicate a participation of both the p38
MAPK and the PKC pathway in the activation of the TGF-␤1
promoter by ambient high glucose concentrations.
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Figure 6. High glucose induces phosphorylation of ATF-2, which is
prevented by protein kinase C (PKC) and MAPK inhibitors. Western
blot analyses were performed as described in the Materials and
Methods section. Twenty-five g of nuclear proteins from mesangial
cells incubated for 24 h with 6 mM glucose (NG) or 30 mM glucose
(HG) were used. (A) Control cells were cultured in 6 mM glucose and
stimulated with anisomycin for 1 h before harvesting. Left: Antibody
specific for c-Jun phosphorylated on serine 63; the phosphorylated
c-Jun protein with a molecular mass of 46 kD is indicated by the
arrow. Right: Antibody specific for ATF-2 phosphorylated on threonine 71; the different phosphorylated forms of ATF-2 are indicated by
arrows. (B) p38 MAPK activity was assessed by phosphorylation of
ATF-2. Mesangial cells were cultured as described in A in the
presence of 1 M SB203580 or 50 and 500 nM bisindolylmaleimide
I (BIS I), and phosphorylation of ATF-2 and ATF-2 protein was
detected with specific antibodies. Bar graphs show densitometric
quantification of the ratio of phospho-ATF-2/ATF-2 protein. The
mean value of normal glucose is defined as 1. Each value is expressed
as means ⫾ SEM of three independent experiments. *P ⬍ 0.05 30
mM versus 6 mM glucose without inhibitor; #P ⬍ 0.05 30 mM versus
30 mM glucose with inhibitor.

Enhanced Binding of Nuclear Proteins from Cells
Cultured in High Glucose to AP-1 Boxes A and B of
the TGF-␤1 Promoter
Our data show that both AP-1 boxes are functionally involved in mediating the high glucose effect. To evaluate
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Figure 7. Effect of inhibitors of p38 MAPK and PKC on high
glucose-induced TGF-␤1 promoter activity. Transfection assays of
mesangial cells were performed with the wild-type promoter plasmid
pGL3wt in normo- and hyperglycemic conditions in the presence of
the different inhibitors. Cells were transfected as described in the
Materials and Methods section and cultured in 6 or 30 mM glucose for
24 h with 1 and 10 M SB 203580 as p38 MAPK inhibitor or 50 and
500 nM bisindolylmaleimide I (BIS I) as PKC inhibitor. Luciferase
activities are expressed as percentages of the activity measured with 6
mM glucose without inhibitor. Data are means ⫾ SEM of three
independent experiments. **P ⬍ 0.01 versus 6 mM glucose.

whether this effect is mediated by increased binding of AP-1 to
the corresponding DNA consensus sequences in the TGF-␤1
promoter region, we performed electrophoretic mobility shift
assays with wild-type or mutated oligonucleotides (Table 1). In
nuclear extracts from cells cultured in high glucose concentrations for 24 h, an enhanced binding to the AP-1 B and to a
much lesser extent to the AP-1 A fragments was observed
(Figure 8A, lanes 2 and 5). Similar results were obtained with
nuclear extracts from cells cultured for 40 h with high glucose
(data not shown). The specificity of the binding was assessed
by using the mutated oligonucleotides. As shown in Figure 8A
(lanes 3 and 6), upper bands (arrows) disappeared almost
completely whereas the bands marked with a bracket remained
unchanged, indicating unspecific binding of nuclear proteins.
Furthermore, after addition of an excess of cold wild-type
nucleotides, these bands were still apparent (AP-1 B: Figure
9B, lanes 6 and 7; AP-1 A: data not shown). Binding of nuclear
proteins to the oligonucleotide containing a high affinity Sp1
binding site was not influenced by high glucose (Figure 8B,
lane 2). With the mutated Sp1 oligonucleotide, only a very
weak binding was detectable (Figure 8B, lane 4); the shifted
band disappeared completely after addition of an excess of cold
wild-type oligonucleotide. These results indicate that the response to high glucose is regulated by enhanced binding of
proteins.

Identification of Nuclear Proteins Binding to AP-1 Box
B of the TGF-␤1 Promoter by Specific Anti–AP-1
Antibodies
To identify the proteins involved in high glucose-induced
AP-1 activation mobility, we performed shift experiments with
antibodies specific for several AP-1 proteins. In experiments
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Figure 8. Glucose treatment activates binding of nuclear proteins of
mesangial cells to AP-1 binding sites of the TGF-␤1 promoter. Mobility shift experiments were performed with nuclear extracts from
mesangial cells cultured for 24 h in 6 (NG) or 30 mM glucose (HG).
Thirteen g of nuclear proteins were incubated with 50,000 cpm of
the 32P-labeled oligonucleotides. The mutated oligonucleotides (Table
1) contain the same mutation as the luciferase constructs used for the
transfection assays. (A) Binding of nuclear proteins from normo- and
hyperglycemic mesangial cells to the AP-1 boxes A and B (wt) and
the mutated AP-1 boxes (mut). Arrows indicate specifically shifted
bands. Nonspecific binding is marked by the bracket. (B) The mobility shift assays with the Sp1 binding site. To distinguish nonspecific
shifted bands, 50⫻ molar excess of cold Sp1 oligonucleotide was
added to the binding reaction (⫹50⫻ cold). The corresponding control with the AP-1 box B is demonstrated in Figure 9B. The insignificant specific binding of nuclear proteins to the mutated oligonucleotides shows that the mutations are suitable to test the function of
these elements in the reporter gene assays.

with AP-1 box A only, the anti–AP-1 antibody attenuated the
binding of nuclear proteins, characterizing the AP-1 box A as
a weak AP-1 binding site (data not shown). In experiments
with AP-1 box B, the presence of anti–AP-1, anti-JunD, or
anti– c-Fos antibodies caused an almost complete disappearance of the specific shifted band in normal and in high glucosetreated cells (Figure 9A, arrow), whereas addition of anti-JunB
antibody (Figure 9A, lanes 3 and 8) had little effect. Noteworthy is that the high glucose-induced increase in binding of
AP-1 was prevented by anti–AP-1 antibody. To detect supershifted bands, we extended the run time of electrophoresis and
increased the exposure time. Under these conditions, the binding of JunD and c-Fos to the AP-1 box B is obvious (Figure
9C). Because the data described above indicate an involvement
of the p38 MAPK in the high glucose-induced activation of the
TGF-␤1 promoter and the AP-1–related proteins CREB-1,
ATF-1, and ATF-2 are activated by this pathway, we studied
the binding of these transcription factors to the AP-1 boxes.
Specific antibodies, however, could not detect any of these
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binding site and JunD and c-Fos as component of the complex
bound by AP-1 box B.

Discussion

Figure 9. Identification of AP-1 compounds of the shifted proteinDNA complexes of AP-1 box B. Mobility shift experiments were
performed with nuclear extracts from cells incubated for 24 h with 6
mM glucose (NG) and 30 mM glucose (HG), using 50,000 cpm of the
32
P-labeled oligonucleotide AP-1 B in the presence or absence of
antibodies against AP-1 as indicated in the figure. (A) Mobility shift
analyses with the AP-1 antibodies AP-1, which cross reacts with all
Jun proteins JunB, JunD, and c-Fos. The arrow indicates the band
identified as AP-1 proteins. Nonspecific bands are marked by the
bracket. (B) Mobility shift analyses with antibodies specific for
CREB-1, ATF-1, and ATF-2. To distinguish nonspecific shifted
bands, 20⫻ and 50⫻ molar excess of cold AP-1 box B oligonucleotide was added to the binding reaction (⫹20 or 50⫻ cold). The arrow
indicates the specific shifted band; nonspecific bands are marked by
the bracket. (C) To obtain supershifted bands, we performed mobility
shift assays with extended run-time and longer exposure up to 3 d.
Antibodies against AP-1, cJun, JunB, JunD, and c-Fos were used.
Supershifted bands occurred with the JunD and c-Fos antibody and
are indicated by arrows on the right side; shifted bands are marked by
the bracket on the left side of the figure.

proteins in the DNA binding complex derived from high glucose-stimulated mesangial cells (Figure 9B, data for AP-1 box
A are not shown). In conclusion, the supershift analyses identified AP-1 box A as a weak and box B as a stronger AP-1

Previous studies indicated that many of the actions of high
glucose on renal cells, particularly the matrix-stimulatory activity, are mediated by autocrine production and activation of
the prosclerotic cytokine TGF-␤1. In the present study, we
provide four lines of evidence that activation of AP-1 is involved in the high glucose-induced increase in mesangial
TGF-␤1 gene expression. First, by using promoter reporter
constructs, we found that elevated glucose concentrations stimulated the activation of the TGF-␤1 promoter. The stimulatory
effect was mediated by the two AP-1 binding sites in the
promoter region as shown by mutation of the AP-1 binding
sites, whereas mutation of an Sp1 binding site was ineffective
in preventing the increase of promoter activity. Second, only
curcumin but not mithramycin prevented glucose-stimulated
TGF-␤1 promoter activation. Third, presence of elevated glucose concentrations increased the binding of nuclear proteins to
the AP-1 binding sites. Mutation of the AP-1 binding sites
prevented both AP-1 binding and high glucose-induced
TGF-␤1 promoter activation, indicating a causal relationship
between AP-1 binding to promoter sequences and activation of
TGF-␤1 gene expression. Fourth, high glucose stimulated the
activity of the AP-1 factor c-Fos by transiently increasing the
amount of the protein.
Several laboratories showed an increased TGF-␤1 mRNA
level in cultured mesangial cells when stimulated with glucose
(7,8). Our present observation of a 1.9-fold increase of the
TGF-␤1 promoter activity after 24 h of exposure to high
glucose is in accordance with the elevation of the TGF-␤1
mRNA and protein levels after 48 h of glucose stimulation
(21). Moreover, the data suggest that high glucose stimulates
TGF-␤1 gene expression rather than influences TGF-␤1
mRNA stability. Furthermore, by mutation of the AP-1 binding
sites, we could demonstrate the important role of both AP-1
binding sites in mediating the high glucose effect. The finding
that mutations of one AP-1 site reduced TGF-␤1 promoter
activity under control levels suggests a participation of the
AP-1 binding sites in the regulation of basal promoter activity.
Our results that mutation in both AP-1 binding sites diminished
the promoter activity more than mutation in one AP-1 box
indicate a cooperative effect of the two binding sites in the
regulation of the promoter activity in basal and hyperglycemic
conditions (28). The AP-1 boxes are located in the promoter
region ⫺453 to ⫺323, which also is responsible for phorbol
ester responsiveness and autoinduction via AP-1 proteins (16).
Because AP-1 proteins are activated by a variety of stimuli, the
role of these two AP-1 sites is not restricted to high glucose.
Recently, Hoffman et al. (29) reported a high glucose-induced
de novo synthesis of TGF-␤1 mRNA in murine mesangial cells
and an induction of the murine TGF-␤1 promoter activity by
high glucose after 24 h. However, the regulation of the glucose
responsiveness of the murine TGF-␤1 promoter cannot be
explained by AP-1 sites because the glucose-responsive region
of the mouse promoter was localized between ⫺835 and ⫺406
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upstream of the first transcriptional start site, where no AP-1
binding sites reside (30).
The finding that high glucose stimulates the human TGF-␤1
promoter activity via AP-1 binding sites is strongly supported
by the glucose-induced enhanced binding of nuclear proteins to
both AP-1 sites. The AP-1 proteins JunD and c-Fos were
identified in the protein complex binding to AP-1 box B, and
the enhanced expression of c-Fos by high glucose suggests the
involvement of this protein in the glucose-dependent activation
of the TGF-␤1 promoter. However, both AP-1 proteins may
also participate in basal promoter regulation. The observed
weak DNA binding activity of AP-1 box A alone, which can be
explained by the nontypical T3 A switch at position 7 of the
AP-1 consensus sequence (Figure 2A), may indicate that further promoter sequences, e.g., AP-1 box B, are necessary for
the function of AP-1 box A. Recently, increased binding of
AP-1 to a synthetic oligonucleotide containing two PMA responsive elements in mesangial cells cultured in high glucose
was detected after 3 d of high glucose conditioning (31).
However, we used AP-1 binding consensus sequences of the
TGF-␤1 promoter, which may exert a higher affinity for the
high glucose-induced protein complexes.
The present study supports the suggested involvement of
PKC activation in the development of diabetic nephropathy
(17,18). However, the detailed mechanism of the link between
hyperglycemia-induced PKC activation and TGF-␤1 gene activation has not been reported. Three lines of evidence support
a PKC involvement in TGF-␤1 promoter regulation by high
glucose. First, activation of the TGF-␤1 promoter by the PKC
activator PMA and glucose was mediated via the same AP-1
binding sites. Second, application of the PKC inhibitor bisindolylmaleimide I prevented the high glucose-induced increase
of promoter activity. Third, high glucose and PMA led to a
transient increase of c-Fos, which is in line with the reports of
Kreisberg et al. (32). Particularly, the PKC ␤ isoform seems to
be involved in mediating high glucose effects on TGF-␤1 gene
expression and deposition of matrix components (18,33). The
concentration of the PKC inhibitor bisindolylmaleimide I used
in the present study shows high selectivity for the PKC ␣, ␤1,
and ␤2 isoforms (34). Because the PKC ␤2 isoform could not
be detected in our mesangial cells by Western blotting (S.
Facchin and E. Schleicher, unpublished results), participation
of the PKC ␣ and ␤1 isoforms is very likely in mediating the
high glucose-induced TGF-␤1 gene expression.
The involvement of p38 MAPK in the upregulation of
TGF-␤1 promoter activity by high glucose was shown by three
independent results. p38 MAPK is activated by high glucose as
demonstrated by enhanced phosphorylation of its endogenous
substrate ATF-2 (35); this phosphorylation is prevented by the
p38 MAPK inhibitor SB 203580 and the PKC inhibitor bisindolylmaleimide I, and the identical concentrations of these
inhibitors suppress the upregulation of TGF-␤1 promoter activity by high glucose. The activation of p38 MAPK by high
glucose was also demonstrated in mesangial-like smooth muscle cells (36). Furthermore, our data suggest that PKC is
involved in the activation of p38 MAPK. The activated p38
MAPK pathway may mediate the enhanced binding of AP-1 to
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the high glucose-responsive AP-1 sites of the TGF-␤1 promoter by increasing their DNA binding activity or inducing
protein–protein interactions, thereby leading to enhanced transcriptional activity (35). However, the AP-1–related transcription factors and substrates of p38 MAPK ATF-1, ATF-2, and
CREB-1 could not be detected in the protein complex binding
to the AP-1 sites of the TGF-␤1 promoter. Therefore, an as yet
unidentified protein may be the p38 MAPK substrate, which is
involved in the glucose response of the TGF-␤1 promoter,
whereas the recently reported increased stabilization of mRNA
by p38 MAPK (37) also provides a possible link to the enhanced binding of transcription factors to the glucose-responsive sites of the TGF-␤1 promoter.
In conclusion, our results indicate that hyperglycemia stimulates human TGF-␤1 gene expression via two adjacent AP-1
binding sites in cultured mesangial cells. The increased
TGF-␤1 promoter activity is mediated by enhanced binding
activity of AP-1 and is regulated by PKC- and p38 MAPKdependent pathways. Taken together, our data link hyperglycemia and the enhanced expression of the prosclerotic cytokine
TGF-␤1 on a molecular basis, providing an improved insight
into the pathogenetic mechanism of the development of diabetic nephropathy.
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