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Proximal tubular renal epithelial cells may contribute
to the pathogenesis of renal interstitial fibrosis in
diabetes by generation of cytokines such as trans-
forming growth factor (TGF)-�1. We have previously
demonstrated that proximal tubular renal epithelial
cell TGF-�1 synthesis may be modulated by elevated
glucose concentration and by cytokines such as plate-
let-derived growth factor (PDGF). The aim of the cur-
rent study was to characterize the mechanism by
which glucose and PDGF synergistically stimulate the
generation of TGF-�1. Addition of either 25 mmol/L of
D-glucose or low-dose PDGF increased TGF-�1 mRNA
expression without stimulation of TGF-�1 protein
synthesis. In contrast sequential stimulation with 25
mmol/L of D-glucose for 48 hours followed by low-
dose (25 ng/ml) PDGF led to a significant increase in
TGF-�1 synthesis. Elevated glucose concentration
stimulated de novo gene transcription as assessed by
stimulation of a TGF-�1 promoter-luciferase con-
struct. This led to induction of a poorly translated
TGF-�1 transcript determined by polysome analysis.
PDGF at low dose did not influence TGF-�1 transcrip-
tion, but led to alteration in TGF-�1 mRNA stability
and translation. Without a previous glucose-induced
increase in the amount of TGF-�1 transcript, PDGF
did not stimulate significant TGF-�1 protein synthe-
sis. At a high dose (100 ng/ml) PDGF stimulated
TGF-�1 synthesis independent of glucose concentra-
tion. This was associated with increased TGF-�1 gene
transcription and alteration in TGF-�1 mRNA transla-
tional efficiency. In conclusion the data suggests that
in diabetic nephropathy, the role of glucose is to
lower the threshold at which a stimulus such as PDGF
stimulates TGF-�1 protein synthesis. The data also
suggest that independent regulation of TGF-�1 tran-
scription and translation by glucose and PDGF ac-
count for their synergistic effect on TGF-�1 protein
synthesis. We hypothesize that the role of glucose in
diabetic nephropathy is to prime the kidney for an

injurious response to other stimuli. (Am J Pathol
2002, 161:1039–1049)

Diabetic nephropathy is now the commonest cause of
end-stage renal disease and accounts for 30 to 40% of all
patients requiring renal replacement therapy. Further-
more, the incidence of diabetic nephropathy continues to
increase, in part because of the improved survival of type
2 diabetic patients as the cardiovascular mortality in this
group declines.1 Clinically incipient nephropathy is first
manifest by the onset of persistent microalbuminuria,
after which, overt diabetic nephropathy is heralded by
the appearance of persistent proteinuria. Subsequently,
there is a progressive decline in glomerular filtration rate
resulting, within 5 years, in end-stage renal disease in
50% of those patients with proteinuria.2 The pathology of
the renal lesions are similar in type I and II diabetes,3

although it has been suggested that there is more heter-
ogeneity in type II diabetes.4 Studies analyzing structural-
functional relationships have demonstrated that the
development of proteinuria correlates with the degree of
mesangial expansion.5,6 Although diabetic nephropathy
was traditionally considered a primarily glomerular dis-
ease, it is now widely accepted that the rate of deterio-
ration of function correlates best with the degree of renal
tubulointerstitial fibrosis.5,7 This suggests that although in
the majority of patients the primary event is a condition
manifest by glomerular changes resulting in proteinuria,
the long-term outcome is determined by events in the
renal interstitium. With the increasing awareness of the
importance of these pathological interstitial changes, in-
terest has focused on the role of cells, such as the epi-
thelial cells of the proximal tubule (PTC), in the initiation of
fibrosis.

Recently epidemiological evidence has indicated that
complications of diabetes are related to poor glycemic
control.8,9 Because only 30% of diabetic patients de-
velop nephropathy, however, hyperglycemia alone may
be insufficient to initiate pathological changes. A key
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molecule that has been implicated in the pathogenesis of
diabetic nephropathy is the profibrotic cytokine trans-
forming growth factor (TGF)-�1. Elevated glucose con-
centration as seen in diabetes is known to stimulate
TGF-�1 synthesis within the glomerulus.10 In contrast we
have previously demonstrated that exposure of cultured
human renal proximal tubular epithelial cells to elevated
D-glucose concentrations increased the expression of a
poorly translated TGF-�1 transcript without any associ-
ated change in TGF-�1 protein synthesis.11 Although
diabetes is primarily a metabolic condition, recent stud-
ies have also implicated macrophage infiltration in the
pathogenesis of diabetic nephropathy. In vivo studies on
streptozotocin-induced diabetic rats have demonstrated
prominent macrophage infiltration.12,13 In addition stud-
ies of renal biopsies taken from patients with type II
diabetes have suggested that macrophages and their
products are involved in the initiation of the pathological
changes of human diabetic nephropathy.14 We have
demonstrated that application of macrophage-derived
products such as platelet-derived growth factor (PDGF)
or interleukin-1� to D-glucose-primed cells, triggered
TGF-�1 protein secretion.15,16 This is consistent with the
clinical observation that hyperglycemia alone although
leading to adaptive changes within the glomerulus, is not
sufficient to initiate interstitial fibrosis and progressive
renal disease in all patients. Furthermore, it clearly illus-
trates the complexity involved in the regulation of TGF-�1
synthesis, in that its generation in a biologically active
form may be regulated independently at the level of gene
transcription, mRNA processing and translation, secre-
tion in its latent form, and finally its activation, which has
been demonstrated in many cell types.

The aim of the current study was to characterize the
mechanism by which glucose and PDGF synergistically
stimulate the generation of TGF-�1. Initial studies were
aimed at examining the regulation of TGF-�1 transcrip-
tion, mRNA stability, translational efficiency, and de novo
protein synthesis in response to either elevated glucose
concentrations or PDGF alone. Subsequently we exam-
ined how these aspects of the regulation of TGF-�1 syn-
thesis were modified by addition of both stimuli sequen-
tially. The data demonstrate that elevated glucose
concentrations stimulated de novo TGF-�1 gene tran-
scription but the increase in the amount of mRNA was not
associated with increased protein synthesis because its
translational efficiency was poor. At high doses, PDGF
increased TGF-�1 gene transcription, translational effi-
ciency, and de novo protein synthesis. PDGF at low
doses produced a transient alteration in translational ef-
ficiency of TGF-�1 mRNA without any associated in-
crease in TGF-�1 gene transcription, and no increase in
TGF-�1 protein synthesis unless cells were pretreated
with elevated glucose concentrations. Under these con-
ditions, PDGF altered the stability of the glucose-induced
TGF-�1 transcript and caused a sustained increase in its
translational efficiency. The data suggest that in diabe-
tes, the role of glucose is to lower the threshold at which
a second stimulus such as PDGF may result in the gen-
eration of the profibrotic cytokine TGF-�1, and suggests

a mechanism by which hyperglycemia may prime the
kidney for an injurious response to other stimuli.

Materials and Methods

Cell Culture

All experiments were performed using HK-2 cells (no.
CRL-2190; American Type Culture Collection, Rockville,
MD) that are human proximal tubular epithelial cells im-
mortalized by transduction with human papilloma virus 16
E6/E7 genes.17 Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium/Ham’s F12 (Life Technologies, Pais-
ley, UK) supplemented with 10% bovine calf serum (Bi-
ological Industries Ltd., Cumbernauld, UK), Hepes,
L-glutamine, insulin, transferrin, sodium selenite, and hy-
drocortisone (Sigma, Poole, UK). Fresh growth medium
was added to cells every 3 to 4 days until confluent. All
experiments were performed using cells at passage 30 or
below and, with the exception of the cells used for trans-
fection and reporter gene analysis, cells were growth-
arrested in serum- and insulin-free medium for 72 hours
before use in experiments. All experiments were per-
formed in serum- and insulin-free conditions.

Analysis of TGF-�1 mRNA and Protein
Quantification

TGF-�1 mRNA was quantified by Northern blotting. Total
RNA was extracted from the cells with Trireagent (Sig-
ma). Twenty �g of total RNA were separated by electro-
phoresis in a denaturing 1% agarose/formaldehyde gel
before overnight capillary transfer to a positively charged
nylon membrane (Hybond N�; Amersham Pharmacia,
Little Chalfont, UK) and crosslinking by ultraviolet irradi-
ation. RNA standards (Promega Ltd., Southampton, UK)
were used to determine transcript length. Membranes
were hybridized with a 32P internally labeled TGF-�1
cDNA probe synthesized by DNA random hexanucle-
otide priming. Intensity of signal was detected with high-
performance autoradiography film (Hyperfilm, Amer-
sham) quantified using a digital image analyzer (Chemi
Doc; Bio-Rad Laboratories, Richmond, CA), before strip-
ping the probe from the blot in boiling 0.1% (w/v) sodium
dodecyl sulfate and rehybridizing a GAPDH probe, with
signal detection as above.

Total TGF-�1 in the cell culture supernatant was mea-
sured by specific enzyme-linked immunosorbent assay
(R&D Systems, Abingdon, UK) of cell culture supernatant
samples collected from growth-arrested HK-2 cells, stim-
ulated under serum-free conditions. This assay has �1%
cross-reactivity for TGF-�2 and TGF-�3. TGF-�1 concen-
tration was normalized to number of cells, determined by
cell counting with a hemocytometer. Data are expressed
as pg TGF-�1/ml per 105 cells.

Analysis of Transcriptional Activity

The TGF-�1 promoter-luciferase construct pGL3-TGF-�1 �
11/�1362 was generated as previously described.18 The
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pSV-�-galactosidase control vector was purchased from
Promega.

For transfection of the reporter construct, 1.75 � 106

HK-2 cells were seeded per 35-mm dish (this density of
cells produced a 90% confluence monolayer the follow-
ing day). The next day cells were transfected with 1 �g of
plasmid pGL3-TGF-�1 � 11/�1362, and 1 �g of pSV-�-
galactosidase plasmid to act as an internal control for
transfection efficiency, using the mixed lipofection re-
agent FuGene 6 (Roche, Lewes, East Sussex, UK) at a
ratio of 3 �l of Fugene to 1 �g of DNA in serum-free and
insulin-free medium. Twenty-four hours after transfection,
cells were stimulated with 25 mmol/L of D-glucose or
PDGF for 12 hours. After lysis of the cells in Reporter
Lysis Buffer (Promega) �-galactosidase activity was de-
termined by colorimetric assay (�-Galactosidase Enzyme
Assay System, Promega), and luciferase content was
quantified by glow-type luminance assay (Bright-Glo,
Promega) with a standard curve of recombinant lucif-
erase (Promega). Data are expressed as pg luciferase/10
mU �-galactosidase.

Analysis of mRNA Stability

For quantitation of the rate of decay of TGF-�1 mRNA,
growth-arrested cells were stimulated with 25 mmol/L of
D-glucose for 48 hours. Transcription was then inhibited
by the addition of actinomycin D and cells were stimu-
lated with PDGF-AA (25 ng/ml). No PDGF was added in
control experiments. Toxicity of actinomycin D was as-
sessed using cellular ATP measurements, and the max-
imal nontoxic dose was used (0.5 �g/ml). The rate of
mRNA degradation was subsequently determined using
the PCR MIMIC system (Clontech Laboratories Inc. Cam-
bridge BioScience, Cambridge, UK), using TGF-�1-spe-
cific primers and TGF-�1 composite primers were de-
signed that amplified a 342-bp fragment of the BamHI/
EcoRI fragment of v-erbB DNA (Table 1). The primary
polymerase chain reaction (PCR) amplification, using the
composite primers and the secondary PCR amplification
with the TGF-�1 gene-specific primers were performed
for 30 cycles according to the manufacturer’s protocol.
The TGF-�1 PCR MIMIC cDNA was purified with the
Wizard PCR Preps DNA Purification System (Promega
Ltd.) and the concentration of the purified product was
measured at an OD260nm. A 10-fold TGF-�1-PCR MIMIC
dilution series was set up and standard curves were
constructed for each sample of target cDNA to be mea-
sured. For each sample, 2 �l of target cDNA was in-
cluded in each PCR reaction mix together with 2 �l of one

of the dilutions from the PCR MIMIC dilution series. The
PCR reaction was performed as previously described.15

From the standard curve generated in this manner the
dilution at which the experimental cDNA and the PCR
MIMIC cDNA reached equivalence was ascertained for
each sample.19 The minimum concentration of mRNA in
the original, extracted sample was then calculated.

The influence of de novo protein synthesis on PDGF-
mediated alterations in TGF-�1 mRNA stability was ex-
amined in parallel experiments with PDGF being added
to glucose-primed, actinomycin D-treated cells, either in
the presence or absence of cycloheximide. The rate of
mRNA degradation was subsequently determined by iso-
lating total cellular RNA, and performing reverse tran-
scriptase-PCR as previously described.15

Analysis of Efficiency of Translation

Polysome analysis was performed as previously de-
scribed.20 Approximately 1.3 � 107 growth-arrested cells
per experiment were trypsinized, pelleted, and extracted
in 1 ml of ice-cold lysis buffer (10 mmol/L Tris-Cl, pH 8.0,
150 mmol/L NaCl, 1.5 mmol/L MgCl2, 0.5% Nonidet P-40,
500 U/ml�1 recombinant RNAsin (Promega Corp, Madi-
son, WI). Nuclei were removed by centrifugation at
3000 � g for 2 minutes and the supernatant transferred to
a new tube supplemented with 100 �g/ml of cyclohexi-
mide, 1 mmol/L of phenylmethyl sulfonyl fluoride, 10
mmol/L of dithiothreitol, and 0.5 mg/ml of heparin and
then centrifuged at 13,000 � g for 5 minutes to remove
mitochondria and membrane debris. The supernatant
was layered onto a 10-ml 15 to 40% linear sucrose gra-
dient containing 10 mmol/L Tris-Cl, pH 7.5, 140 mmol/L
NaCl, 1.5 mmol/L MgCl2, 10 mmol/L dithiothreitol, 10
mmol/L cycloheximide, and 0.5 mg/ml heparin in a Poly-
allomer centrifuge tube (Beckman, High Wycome, Bucks,
UK) and centrifuged using an SW41Ti rotor at 36,000 rpm
for 2 hours at 4°C. The gradient was fractionated into 22
0.5-ml fractions each supplemented with 1% sodium do-
decyl sulfate, 10 mmol/L ethylenediaminetetraacetic
acid, and 200 �g/ml proteinase K, and incubated at 37°C
for 30 minutes to degrade endogenous nucleases. Sub-
sequently the fractions were mixed with phenol:chloro-
form:isoamyl alcohol (24:24:1) and the aqueous layer
containing the RNA removed. A 5% aliquot of each frac-
tion was analyzed by electrophoresis in a 3% agarose gel
to ensure that the RNA was not degraded, and that the
tRNA and rRNA species were appropriately distributed
through the gradient. RNA was precipitated overnight
from the remainder of each fraction with 1 ml of 100%

Table 1. The Sequences of the Amplification Primers for Quantitative and Reverse Transcriptase-PCR

Gene Primer sequence Product size

TGF-�1 5� ACCGGCCTTTCCTGCTTCTCA 3� 288 bp
5� CGCCCGGGTTATGCTGGTTGT 3�

TGF-�1 Mimic 5� ACCGGCCTTTCCTGCTTCTCACAGCCGTCCCAAGTTTCGTG 3� 342 bp
5� CGCCCGGGTTATGCTGGTTGTGTGCCCCTGCCCATTTCTGT 3�

�-actin 5� CCTTCCTGGGCATGGAGTCCT 3� 204 bp
5� GGAGCAATGATCTTGATCTT 3�
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ethanol, 50 �l of 3 mol/L sodium acetate, and 1 �l of
glycogen (Sigma) and washed once with 70% ethanol
before air-drying. Fifty percent of samples of each frac-
tion were run as a single large Northern blot, as above. A
single 2.4-kb band was detectable on autoradiography,
this was quantified by densitometry (Chemi Doc, Bio-
Rad, Hemel Hempstead Herts, UK). Data are expressed
as percentage of the total TGF-�1 mRNA for that exper-
iment in each fraction. The actual blot is also shown for
comparison.

To further examine the rate of translation of TGF-�1 we
measured incorporation of radioactive amino acids into
newly synthesized protein by metabolic labeling with de-
tection by TGF-�1 immunoprecipitation and autoradiog-
raphy. Forty �Ci of 3H-radiolabeled amino acid mixture
(1000 �Ci/ml, Amersham) were added to growth-arrested
cells in 25-cm2 flasks. Supernatant samples were subse-
quently collected for TGF-�1 immunoprecipitation. Be-
fore immunoprecipitation supernatant samples were pre-
cleared with 25 �l of protein A-Sepharose beads (Sigma)
and 0.25 �g of normal rabbit immunoglobulin at 4°C for 1
hour with constant mixing. The supernatant was removed
from the beads, and 2 �g of polyclonal anti-TGF-�1 an-
tibody (Autogen Bioclear Calne, Wilts, UK) was added to
each 1 ml of cleared supernatant and incubated with
constant mixing at 4°C for 2 hours. Subsequently 50 �l of
protein A-Sepharose beads were added, and mixing
continued for 12 hours. Samples were centrifuged, the
supernatant removed, and the beads washed twice with
phosphate-buffered saline (PBS). After the final centrifu-
gation and removal of the second PBS wash, 25 �l of
sodium dodecyl sulfate/�-mercaptoethanol loading
buffer was added, and the samples heated to 95°C for 10
minutes before sodium dodecyl sulfate-polyacrylamide
gel electrophoresis in a 10% gel. Gels were fixed by
incubating in 10% acetic acid/40% methanol overnight
and then soaked in scintillant (Amplify, Amersham Life
Science) for 30 minutes and dried before visualization of
immunoprecipitated TGF-�1 by autoradiography.

Results

Alteration in TGF-�1 Protein Generation

The addition of 25 mmol/L of D-glucose for up to 96 hours
did not increase TGF-�1 concentration in the cell culture
supernatant (Figure 1). Similarly, although there was a
trend toward increase in TGF-�1 after addition of 25
ng/ml of either PDGF-AA (Figure 1A) or PDGF-BB (Figure
1B), this was not statistically significant (control, 140.1 �
21.4 pg/ml/105 cells; 25 mmol/L glucose, 164.3 � 19.7
pg/ml/105 cells; 5 mmol/L glucose � 25 ng/ml PDGF-AA,
190.8 � 37.2 pg/ml/105 cells; 5 mmol/L glucose � 25
ng/ml PDGF-BB, 177.8 � 14.7 pg/ml/105 cells; P � NS for
all versus control).

Addition of either isoform of PDGF at a dose of 100
ng/ml led to significant stimulation of TGF-�1 in the cell
culture supernatant (Figure 1), which was independent of
glucose concentration (100 ng/ml PDGF-AA and 5
mmol/L glucose, 343.7 � 15.9 pg/ml TGF-�/105 cells;

100 ng/ml PDGF-AA and 25 mmol/L glucose, 342.0 �
19.2 pg/ml TGF-�/105 cells; 100 ng/ml PDGF-BB and 5
mmol/L glucose, 201.9 � 20.5 pg/ml TGF-�/105 cells;
100 ng/ml PDGF-BB and 25 mmol/L glucose, 240.7 �
20.5 pg/ml TGF-�/105 cells; P � 0.05 versus control for
each, n � 6 for each). TGF-�1 was only detected after
acidification of the samples indicating that TGF-�1 was
produced in its latent form.

Although addition of either 25 mmol/L of D-glucose or
low-dose PDGF did not affect the generation of TGF-�1,
sequential stimulation with 25 mmol/L of D-glucose for 48
hours followed by a low dose (25 ng/ml) of either

Figure 1. Effect of 25 mmol/L of D-glucose and PDGF on TGF-�1 generation.
D-glucose (25 mmol/L) was added to confluent monolayers of growth-
arrested HK-2 cells under serum-free conditions (dotted bars). After 48
hours of exposure to 25 mmol/L of D-glucose, the medium was changed and
cells exposed to 25 mmol/L of D-glucose for a further 48 hours or 25 mmol/L
of D-glucose together with PDGF [PDGF-AA (A) or PDGF-BB (B)] at a dose
of 25 ng/ml (25D-PDGF-low) or 100 ng/ml (25D-PDGF-high). Subsequently
TGF-�1 was quantified by enzyme-linked immunosorbent assay. In parallel
experiments 5 mmol/L of D-glucose was added to confluent monolayers of
growth-arrested HK-2 cells under serum-free conditions (solid bars). After
48 hours the medium was changed and cells exposed to 5 mmol/L of
D-glucose for a further 48 hours or 5 mmol/L of D-glucose together with
PDGF [PDGF-AA (A) or PDGF-BB (B)] at a dose of either 25 ng/ml (PDGF-
low) or 100 ng/ml (PDGF-high). Cell counts of the monolayer were per-
formed and the results expressed as TGF-�1 per 105 cells. Results represent
mean � SE of six individual experiments.
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PDGF-AA or PDGF-BB led to a significant increase in
TGF-�1 concentration in the cell culture supernatant (25
mmol/L of D-glucose followed by 25 ng/ml of PDGF-BB,
217.9 � 15.7 pg/ml/105 cells; 25 mmol/L of D-glucose
followed by 25 ng/ml of PDGF-AA, 300.9 � 25.6 pg/ml/
105 cells; P � 0.05 for both PDGF isoforms versus con-
trol). As was the case with high-dose PDGF, TGF-�1 was
only detected after acidification of the samples indicating
that TGF-�1 was produced in its latent form. Sequential
addition of an osmotic control (5 mmol/L D-glucose � 20
mmol/L L-glucose) and PDGF did not result in stimulation
of TGF-�1 generation (data not shown). In contrast to the
effect seen after sequential stimulation by glucose and
low-dose PDGF, sequential stimulation with 25 mmol/L of
D-glucose followed by the higher dose of PDGF did not
augment the PDGF response (Figure 1).

Influence of 25 mmol/L of D-Glucose

Although the addition of 25 mmol/L of D-glucose did not
alter total TGF-�1 concentration in the cell culture super-
natant, there was an increase in the amount of TGF-�1
mRNA (Figure 2). Northern blotting showed increased
expression of a 2.4-kb TGF-�1 transcript apparent 96
hours after addition of 25 mmol/L of D-glucose. Addition

of 25 mmol/L of D-glucose to cells transiently transfected
with the TGF-�1 promoter-luciferase construct led to a
2.9-fold increase in relative luciferase activity (Figure 3)
suggesting that the increased amount of TGF-�1 tran-
script was the result of de novo gene transcription (n � 4,
P � 0.002). The efficiency of translation of glucose-in-
duced TGF-�1 mRNA was determined by polysome anal-
ysis to assess the number of ribosomes associated with
the mRNA. The results suggest that the induced 2.4-kb
TGF-�1 mRNA is poorly translated with 38% of the total
TGF-�1 mRNA localizing to a region of the gradient cor-
responding to polysomes (Figure 4). This was not signif-
icantly different to translational efficiency of TGF-�1
mRNA in control unstimulated cells in which 25% of the
total TGF-�1 mRNA localized to a region of the gradient
corresponding to polysomes.

Effect of High-Dose PDGF

Addition of PDGF-AA for 48 hours at a dose of 100 ng/ml
led to an increase in the amount of the 2.4-kb TGF-�1
mRNA transcript (Figure 2). Similarly at this dose
PDGF-AA led to a twofold increase in relative luciferase

Figure 3. Alteration in TGF-�1 promoter activity. Ninety percent confluent
monolayers of HK-2 cells were transfected with the TGF-�1 promoter-
luciferase plasmid construct pGL3-TGF-�1 � 11/�1362 and the control
plasmid pSV-�-galactosidase before exposure to 5 mmol/L of D-glucose
(control), 25 mmol/L of D-glucose (dotted bar), 25 ng/ml of PDGF-AA
(hatched bar), or 100 ng/ml of PDGF-AA (solid bar). After 12 hours total
cell protein was extracted and analyzed for luciferase and �-galactosidase
activity. Data are expressed as luciferase activity divided by �-galactosidase
activity normalized to the values obtained for control cells. Results represent
mean � SE for four individual experiments.

Figure 4. Effect of 25 mmol/L D-glucose on translational efficiency of TGF-�1
mRNA. Confluent monolayers of HK-2 cells were growth-arrested and ex-
posed to 5 mmol/L of D-glucose (B) or 25 mmol/L of D-glucose (C) for 12
hours before extraction of the cytosol and separation of mRNA on a sucrose
gradient as described in the Materials and Methods section. A: Five percent
sample of each fraction of a gradient examined by 3% agarose gel electro-
phoresis and detection of RNA by UV fluorescence in the presence of
ethidium bromide. Fractions 1 to 11 represent tRNAs, free ribosomal sub-
units, monosomes, and untranslated mRNAs in the form of messenger ribo-
nucleoprotein particles. Fractions 12 to 22 represent polysomes of increasing
size. B and C: Northern blot of the fractionated mRNA, probed for TGF-�1.
D: Graphical representation of the polysome distribution of TGF-�1 mRNA,
expressed as percentage of the total TGF-�1 mRNA detected on a given blot
in each fraction with control. Five mmol/L of D-glucose shown as shaded
area, and 25 mmol/L of D-glucose enclosed by solid line.

Figure 2. Effect of glucose and PDGF on amount of TGF-�1 mRNA. Conflu-
ent monolayers of HK-2 cells were growth-arrested and exposed to 25
mmol/L of D-glucose (96 hours) or PDGF-AA alone (48 hours), or exposed
sequentially to 25 mmol/L of D-glucose for 48 hours followed by PDGF-AA
for a further 48 hours. After RNA isolation TGF-�1 mRNA was detected by
Northern analysis. Equal mRNA loading was confirmed by stripping the blot
and reprobing it for GAPDH.
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activity of the TGF-�1 promoter-luciferase construct (n �
4, P � 0.02) (Figure 3). In contrast to the effect of ele-
vated D-glucose, high-dose PDGF-AA also altered trans-
lation efficiency of the TGF-�1 mRNA, because 49% of
the total TGF-�1 mRNA 12 hours after addition of PDGF
localized to a region of the gradient corresponding to
heavy polysomes. Forty-eight hours after addition of
PDGF this trend was reversed with 75% of the total
TGF-�1 mRNA localizing to the nonpolysome fractions
(Figure 5).

These data suggest that PDGF caused a rapid but
transient increase in TGF-�1 mRNA translation. The time
course of TGF-�1 protein synthesis was therefore further
analyzed by metabolic radiolabeling of TGF-�1 with 3H
amino acids after PDGF stimulation to characterize kinet-
ics of de novo TGF protein synthesis. These experiments
demonstrated stimulation of de novo TGF synthesis dur-
ing the first 24-hour period after addition of PDGF (Figure
6A). Beyond this time point de novo radiolabeled TGF
generation returned to baseline, thus confirming the tran-
sient nature of induction of translational efficiency of
TGF-�1 mRNA demonstrated by polysome analysis.

Effect of PDGF at Low Dose

Northern analysis demonstrated increased expression of
the 2.4-kb TGF-�1 transcript after addition of 25 ng/ml of
PDGF (Figure 2). In contrast to the higher dose of PDGF,
the increase in TGF-�1 mRNA expression was not asso-
ciated with any change in TGF-�1 transcription as as-
sessed by luciferase activity of the TGF-�1 promoter
construct (Figure 3). As with the higher dose of PDGF

there was a rapid and transient increase in translational
efficiency as 51% of total TGF-�1 mRNA localized to the
heavy polysome fraction 12 hours after the addition of
PDGF (Figure 7). Metabolic labeling experiments con-
firmed lack of stimulation of de novo TGF-�1 synthesis
after addition of low-dose PDGF (Figure 6B).

Our previous studies using primary cultures of human
renal proximal tubular epithelial cells have demonstrated
a synergistic effect of low-dose PDGF and elevated glu-
cose concentration on TGF-�1 protein generation.11 To
confirm the relevance of the above mechanistic observa-
tions to primary cell cultures, translational efficiency of
TGF-�1 mRNA in response to low-dose PDGF-AA was
examined. Primary proximal tubular epithelial cells were
isolated, characterized, and cultured as previously de-
scribed.11 As with HK-2 cells, addition of 25 ng/ml of
PDGF-AA led to a rapid increase in translational effi-
ciency because 40% of total TGF-�1 mRNA localized to
the heavy polysome fraction 12 hours after addition of
PDGF in comparison to 11% in the control (Figure 8).

Figure 5. Effect of 100 ng/ml of PDGF on TGF-�1 translation. Confluent
monolayers of HK-2 cells were growth-arrested and exposed to 5 mmol/L of
D-glucose for 12 hours (A) or 100 ng/ml of PDGF-AA for 12 hours (B) or 48
hours (C) before extraction of the cytosol and separation of mRNA on a
sucrose gradient as described in the Materials and Methods section. D:
Graphical representation of the polysome distribution of TGF-�1 mRNA,
expressed as percentage of the total TGF-�1 mRNA detected on a given blot
in each fraction. Shaded area represents control, solid line represents
PDGF at 12 hours, and dashed line represents PDGF at 48 hours.

Figure 6. Time course of TGF-�1 synthesis after glucose and PDGF stimu-
lation. Confluent monolayers of HK-2 cells were growth-arrested before
stimulation with 100 ng/ml of PDGF-AA (A), 25 ng/ml PDGF-AA (B), 25
mmol/L D-glucose (C), or stimulated sequentially with 25 mmol/L of D-
glucose for 48 hours before addition of 25 ng/ml of PDGF-AA (D). 3H-
labeled amino acids were added to the culture medium at the start of each
time point shown. At the end of the time point the medium was removed and
the cells discarded. TGF-�1 protein was extracted from the supernatant by
immunoprecipitation as described in the Materials and Methods section. After
immunoprecipitation radiolabeled TGF-�1, representative of de novo synthe-
sized and secreted TGF-�1, was detected by autoradiography.
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Sequential Stimulation with 25 mmol/L of
D-Glucose and Low-Dose PDGF

The predominant effect of glucose was to stimulate
TGF-�1 gene transcription, whereas at the low-dose
PDGF principally influences translational efficiency. We
therefore postulated that induction of TGF-�1 after se-

quential stimulation by 25 mmol/L of D-glucose and low-
dose PDGF was because of glucose-dependent tran-
scription leading to an increase in total TGF-�1 mRNA,
followed by PDGF-dependent improved efficiency of its
translation. In support of this although 48 hours after
addition of 25 ng/ml of PDGF alone there was no alter-
ation in translational efficiency as assessed by polysome
analysis, sequential stimulation with 25 mmol/L of D-glu-
cose for 48 hours followed by 25 ng/ml of PDGF for a
further 48 hours led to increased TGF-�1 mRNA transla-
tional efficiency as 59% of total TGF-�1 mRNA localized
to the heavy polysome fraction (Figure 9). In comparison
stimulation with 25 ng/ml of PDGF resulted in only 20% of
total TGF-�1 mRNA localizing to the heavy polysome
fraction.

To further investigate this hypothesis the kinetics of de
novo TGF-�1 protein synthesis was characterized after
sequential stimulation. There was no increase in de novo
radiolabeled TGF-�1 generation during the initial 72-hour
period of glucose stimulation (Figure 6C). In contrast to
the transient effect of high-dose PDGF, after addition of
low-dose PDGF to 25 mmol/L of D-glucose-pretreated
cells, there was a sustained increase in de novo radiola-
beled TGF generation throughout the next 48-hour period
(Figure 6D).

To further examine the mechanism by which low-dose
PDGF increased TGF-�1 protein synthesis in 25 mmol/L
of D-glucose-primed cells, we examined its effects on
TGF mRNA decay (Figure 10). Quantification of TGF-�1
mRNA by MIMIC PCR demonstrated steady decline in
TGF-�1 mRNA levels after stimulation with 25 mmol/L of
D-glucose alone 12 hours after addition of actinomycin D
(15.56 � 2.36 pmol/L to 3.21 � 1.96 pmol/L; mean �
SEM, n � 3, P � 0.007). In contrast, after induction of

Figure 7. Effect of 25 ng/ml of PDGF on TGF-�1 translation. Confluent
monolayers of HK-2 cells were growth-arrested and exposed to 5 mmol/L
D-glucose for 12 hours (A) or 25 ng/ml PDGF-AA for 12 hours (B) or 48
hours (C) before extraction of the cytosol and separation of mRNA on a
sucrose gradient as described in the methods section. (D) Graphical repre-
sentation of the polysome distribution of TGF-�1 mRNA, expressed as per-
centage of the total TGF-�1 mRNA detected on a given blot in each fraction.
Shaded area represents control, solid line PDGF at 12hours and dashed line
PDGF at 48 hours.

Figure 8. Effect of 25 ng/ml of PDGF on TGF-�1 translation in primary
cultures. Confluent monolayers of primary cultures of renal proximal tubular
epithelial cells were growth-arrested and exposed to 5 mmol/L of D-glucose
for 12 hours (A) or 25 ng/ml of PDGF-AA for 12 hours (B) before extraction
of the cytosol and separation of mRNA on a sucrose gradient as described in
the Materials and Methods section. C: Graphical representation of the poly-
some distribution of TGF-�1 mRNA, expressed as percentage of the total
TGF-�1 mRNA detected on a given blot in each fraction. Shaded area
represents control, solid line represents PDGF at 12 hours.

Figure 9. Effect of sequential stimulation with 25 mmol/L of D-glucose and
25 ng/ml of PDGF on TGF-�1 translational efficiency. Confluent monolayers
of HK-2 cells were growth-arrested and exposed to 25 ng/ml of PDGF-AA for
48 hours with (A) or without (B) previous exposure to 25 mmol/L of
D-glucose for 48 hours. Cytosol extraction and separation of mRNA on a
sucrose gradient was done as described in the Materials and Methods section.
C: Graphical representation of the polysome distribution of TGF-�1 mRNA,
expressed as percentage of the total TGF-�1 mRNA detected on a given blot
in each fraction. Shaded area represents exposure to PDGF alone, solid
line represents sequential stimulation with 25 mmol/L of D-glucose and
PDGF.
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TGF-�1 mRNA by 25 mmol/L of D-glucose, and inhibition
of transcription by actinomycin D for 1 hour, quantitation
of TGF-�1 mRNA revealed that the amount of mRNA
remained unchanged for up to 12 hours after addition of
PDGF (preactinomycin, 16.8 � 2.6 pmol/L; 12 hours after
PDGF, 14.4 � 1.9 pmol/L; mean � SEM, n � 3). In-
creased stability of glucose-induced TGF-�1 mRNA by
PDGF was further supported by Northern analysis dem-
onstrating a synergistic effect of combined stimulation on
the amount of total TGF-�1 mRNA. The mechanism by
which PDGF altered the rate of TGF-�1 mRNA decay was
examined by stimulation of glucose-primed, actinomycin
D-treated cells with PDGF-AA (25 ng/ml) in the presence
of cycloheximide, or addition of cycloheximide alone
(Figure 11). PDGF in the presence of cycloheximide pre-
vented TGF-�1 mRNA degradation, whereas cyclohexi-
mide treatment alone did not stabilize TGF-�1 mRNA.
These data suggest that PDGF increased the stability of
glucose-induced TGF-�1 mRNA, and that this effect was
not related to new protein synthesis.

Discussion

An important goal in understanding the etiology of dia-
betic nephropathy is to determine factors that trigger the
initiation of progressive renal dysfunction because this
may allow us to understand why only 30% of diabetic
patients develop nephropathy. TGF-�1 has emerged as a
mediator that is implicated in the pathogenesis of fibrosis

in both glomerular and interstitial compartments of the
kidney and has been particularly associated with diabetic
nephropathy.21 Much of the work in our laboratory has
focused on the control of TGF-�1 gene expression and
protein synthesis by PTC. We have demonstrated that
TGF-�1 production may be controlled at the levels of
transcription, translation, secretion of preformed protein,
and activation of the latent protein to its active
form.11,15,22,23 Furthermore once generated the conse-
quent alteration in cell function is also influenced by
regulation of events beyond receptor-ligand binding,
such as expression of the Smad family of signaling inter-
mediates.24 Previously we have demonstrated that the
addition of 25 mmol/L of D-glucose to PTC caused an
increase in TGF-�1 mRNA, but no increase in TGF-�1
protein production.11,16 The mechanism by which glu-
cose increased the amount of TGF-�1 mRNA was how-
ever not defined. In the current study we have demon-
strated transcriptional activation of the TGF-�1 promoter
by an elevated concentration of D-glucose. Numerous
studies, including those performed with renal mesangial
cells have demonstrated increased transcription of the
TGF-�1 gene in response to glucose.25 Interestingly in
these cells, unlike the data derived from human proximal
tubular epithelial cells, transcriptional activation was also
associated with stimulation of protein synthesis. It is clear
however that regulation of TGF-�1 may be cell-type-spe-

Figure 10. Effect of PDGF on stability of glucose-induced TGF-�1 mRNA.
TGF-�1 mRNA was induced by addition of 25 mmol/L of D-glucose to
confluent monolayer of HK2 cells for 48 hours. Subsequently transcription
was inhibited by the addition of actinomycin D (5 �g/ml). Subsequently cells
were exposed to 25 ng/ml of PDGF-AA (solid diamonds) or 5 mmol/L of
D-glucose alone (open boxes) and total cellular RNA was isolated through-
out the following 12 hours. Stability of TGF-�1 mRNA was determined by
quantitative mimic PCR (B). Data represents mean � SEM, n � 3; *, P � 0.05.

Figure 11. Effect of cycloheximide on PDGF increased stability of TGF-�1.
Confluent cells were growth-arrested before exposure to 25 mmol/L of
D-glucose for 48 hours. Further gene transcription was inhibited with actino-
mycin D treatment, after which cells were exposed to 25 ng/ml of PDGF-AA,
25 ng/ml of PDGF-AA and cycloheximide, or cycloheximide alone. At 0, 6,
and 12 hours RNA was extracted. After reverse transcriptase-PCR, TGF-�1
and �-actin PCR products were separated by flat bed electrophoresis in 3%
agarose gels (B) and the results expressed as the densitometric ratios of
TGF-�1 mRNA to �-actin normalized for the unstimulated ratio (C). One
representative experiment of three is shown.
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cific and our data demonstrate that for human proximal
tubular epithelial cells transcriptional activation does not
necessarily equate with stimulation of translation and de
novo protein synthesis. This is consistent with the clinical
observation that not all diabetic patients develop pro-
gressive renal fibrosis, which would be the likely outcome
if hyperglycemia per se stimulated the generation of in-
creased amounts of TGF-�1 protein.

It is now clear that elements within both the 5�UTR and
the 3�UTR of mRNA are involved in control of the initiation
of translation.25 Significantly this is also true for the con-
trol of translation of TGF-�1 mRNA.26–28 The three tran-
scripts that have been reported for TGF-�1 (2.4, 1.9, and
1.4 kb) differ in their translational efficiency and also differ
in the length of their GC-rich 5�UTR.29–31 The predomi-
nant TGF-�1 transcript is 2.4 kb, with the other truncated
forms being found after injury or in malignantly trans-
formed cells.29,30,32,33 This suggests that under physio-
logical conditions the regulation of translation of the
larger transcript is a key step in control of TGF-�1 syn-
thesis and activity. In other systems 5�UTR with a rich GC
content tend to be highly structured and are thought to
inhibit translation by impeding the progress of the 40S
scanning ribosomal subunit toward the initiation codon. It
is thought that translation of the truncated TGF-�1 tran-
scripts may therefore be more efficient owing to the de-
letion of inhibitory elements in the 5� leader sequence. In
our experiments exposure of PTC to elevated glucose
concentrations led to induction of the poorly translated
2.4-kb transcript. Polysome analysis confirmed poor
translational efficiency because the transcript localized to
a region of the sucrose gradient corresponding to poly-
somes with few associated ribosomes as has previously
described for endogenous TGF-�1 mRNA in mammary
carcinoma cells.34 For an average ribosome spacing of
80 to 100 nucleotides, the 1200 bases of the TGF-�1 ORF
would have 12 to 15 ribosomes if it were well translated.
This suggests that the renal proximal tubular epithelial
cell has a large excess capacity for synthesis of the
TGF-�1 protein that is unused. The poor translatability of
the predominant TGF-�1 mRNA in the human proximal
tubular epithelial cells may explain the discrepancy be-
tween mRNA and protein level, as has been described in
other cell types.35,36

In addition to TGF-�1, PDGF has also been implicated
in the pathogenesis of glomerulosclerosis, fibrosis/wound
repair,37–39 as well as the microvascular complications
associated with diabetes mellitus.40,41 Autocrine and
paracrine interactions between TGF-�1 and PDGF have
been demonstrated in numerous cell types. In this re-
spect TGF-�1 is known to regulate PDGF receptor ex-
pression in mesangial cells and fibroblasts,42–44 as well
as its secretion in fibroblasts.45 Likewise induction of
TGF-�1 synthesis by PDGF has been reported in cells of
diverse origin.46,47 In the current study we present evi-
dence that at high doses PDGF may influence numerous
facets of TGF-�1 synthesis. It induced de novo gene
transcription, increased translational efficiency of the
transcript generated, and therefore stimulated de novo
protein synthesis. In contrast to the effect of PDGF at high
doses, at reduced doses we have demonstrated that the

predominant effect was to increase TGF-�1 mRNA trans-
lational efficiency. The small nonsignificant increase in
TGF-�1 protein concentration in cell culture supernatant
after stimulation by PDGF at the lower dose suggests that
in the absence of a stimulus that concurrently increases
the steady state of TGF-�1 mRNA, there is insufficient
mRNA to lead to a significant increase in protein synthe-
sis. This is further supported by the observation that when
the amount of TGF-�1 mRNA was increased by glucose,
modification of its translational efficiency by subsequent
addition of PDGF lead to significant and sustained de
novo synthesis of TGF-�1 protein. Mechanistically it
seems that increased TGF-�1 protein synthesis by PDGF
was related to alteration TGF-�1 mRNA stability, as the
low dose of PDGF had a positive effect on the stability of
glucose-induced TGF-�1 mRNA. This was associated
with an increase in TGF-�1 mRNA translational efficiency
and was not affected by cycloheximide. Interestingly
PDGF has also been shown to mediate increased trans-
lational efficiency of nerve growth factor, by a mechanism
involving mRNA stabilization.48 Previous data have also
suggested that alteration of TGF-�1 mRNA stability may
be involved in facilitation of glucose-induced mRNA
translation. Sequential stimulation by 25 mmol/L of D-
glucose and interleukin-1� also increased the stability of
D-glucose-induced TGF-�1 mRNA, as assessed by acti-
nomycin D chase experiments.15 In contrast incubation
of D-glucose-primed cells with TNF-� did not result in
TGF-�1 production, and unlike interleukin-1� and PDGF,
TNF-� did not influence TGF-�1 mRNA stability. These
observations suggest that posttranscriptional modifica-
tion of TGF-�1 mRNA may be limited to specific cytokine
stimulation, which may therefore play a crucial role in the
control of TGF-�1 protein synthesis. The data also sug-
gests that TGF-�1 is produced predominantly in its latent
form at least in vitro. At present the mechanisms of acti-
vation of latent TGF-�1 in vivo are poorly understood.
Activation of TGF-� in vitro occurs by extremes of pH,
heat, and deglycosylation, these are however unlikely to
be physiologically important. More recent studies have
identified activation mechanisms involving the action of
either plasmin49–51 or thrombospondin.52–54 In addition
activation of latent TGF-�1 has been characterized in
heterotypic co-culture systems.51,55,56 Overall it is there-
fore difficult to make generalizations regarding the gen-
eration of biologically active TGF-�1 from in vitro results
generated using homotypic cell culture systems.

Two PDGF receptor subunits denoted � and � have
been described and the corresponding genes cloned. It
is proposed that these receptor subunits either exist sep-
arately or form rapidly reversible complexes in the ab-
sence of PDGF but associate into stable dimers when
PDGF is present. Depending on the isoform of PDGF
present, ��, ��, or �� receptor dimers are formed.
PDGF-BB can bind to all three receptor combinations,
whereas PDGF-AA binds only to �� receptors.57 The
data in the current study demonstrate a difference in the
potency of the PDGF isoforms used with significantly
more TGF-�1 generated after sequential stimulation by
25 mmol/L of D-glucose and PDGF-AA than 25 mmol/L of
D-glucose and PDGF-BB. This is consistent with our pre-
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vious observations in primary cultures of human proximal
tubular epithelial cells in which sequential glucose- and
PDGF-stimulated TGF-�1 secretion was inhibited by anti-
PDGF �-receptor subunit antibody, suggesting that the
effect of PDGF was mediated via the PDGF �-receptor
subunit.11

It is known that the long CG rich 5�UTR of TGF-�1
mRNA is involved in regulation of its translation. More
specifically elements spanning bases �1 to �147 of the
5�UTR have previously been shown to be involved in the
inhibition of TGF-�1 translation,26 and the binding of a
cytosolic factor may regulate this inhibitory effect.27 In-
terestingly it has been shown that the inhibitory effect of
the putative stem loop structure of the 5�UTR sequence of
TGF-�1 spanning bases �1 to �147 was unrelated to
rapid degradation of the mRNA. The presence of this
sequence in fact increased the stability of the mRNA.27

This suggests that an increase in TGF-�1 mRNA stability
does not always result in an increase in its translation. We
have also previously demonstrated that insulin directly
alters the production of TGF-�1 by renal proximal tubular
cells by a posttranscriptional mechanism. This increase
in TGF-�1 translation was not associated with alteration in
TGF-�1 mRNA stability as assessed by actinomycin D
chase. This again suggests that mechanisms other than
modification of mRNA stability stimulate TGF-�1 transla-
tion. The effect of insulin was related to increased binding
of a cytoplasmic protein to the putative stem loop
structure �1 to �147 in the 5�UTR of TGF-�1 mRNA.
This suggests that under basal conditions translation
may be suppressed by constitutively expressed cyto-
plasmic proteins, but that once stimulated the pattern
of cytoplasmic protein binding to this region is altered
thus overcoming the repression of TGF-�1 mRNA
translation seen in the basal state. It is apparent there-
fore that facilitation of TGF-�1 translation by PDGF
occurred via a different mechanism to that previously
reported for insulin, and that these differ again from the
mechanisms repressing TGF-�1 mRNA translation in a
nonstimulated setting. It is clear therefore that although
TGF-�1 synthesis may be regulated at the level of
transcription, translation, secretion, and activation, nu-
merous different mechanisms that are stimulus-spe-
cific, influence TGF-�1 mRNA translation.

In conclusion the synergistic effect of glucose and
cytokines on TGF-�1 synthesis suggest that in diabetic
nephropathy, the role of glucose is to lower the threshold
at which a second stimulus such as PDGF or interleukin-
1�, may result in the generation of a profibrotic response.
Because not all patients with diabetes develop progres-
sive renal disease, understanding how factors in combi-
nation with glucose initiate and perpetuate renal fibrosis
is an important area for research. From our observations
we suggests that the role of glucose is to prime the
kidney for an injurious response to other stimuli.
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