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We have previously demonstrated that the proximal
tubular cell may contribute to the pathogenesis of
renal interstitial fibrosis in diabetes. Transforming
growth factor (TGF)-�1 is one of a group of pro-fi-
brotic cytokines and growth factors, which have been
associated with the development of interstitial fibro-
sis. The aim of the current study was to examine the
effect of insulin on the generation of TGF-�1 by prox-
imal tubular cells. HK-2 cells were grown to conflu-
ence in the absence of insulin, and serum deprived
for 48 hours before all experimental manipulations.
Addition of insulin (5 �g/ml) to the culture medium
led to a time-dependent increase in TGF-�1 concen-
tration in the cell culture supernatant, and increased
incorporation of radiolabeled amino acids into
TGF-�1 suggestive of de novo TGF-�1 protein synthe-
sis. Addition of insulin did not alter TGF-�1 mRNA
expression as assessed by reverse transcriptase-poly-
merase chain reaction or Northern analysis. Insulin-
induced increase in TGF-�1 concentration was not
abrogated by actinomycin D, however, stimulation by
insulin, in the presence of cycloheximide led to a
dose-dependent decrease in TGF-�1 production. Addi-
tion of insulin had no effect on TGF-�1 mRNA stability
as assessed by actinomycin D chase, but led to in-
creased binding of a cytoplasmic protein to a putative
stem loop structure in the 5�-UTR of TGF-�1 mRNA,
previously implicated in the posttranscriptional con-
trol of TGF-�1 synthesis. To address the functional
significance of insulin-induced alteration in TGF-�1
synthesis, we examined its effect on matrix turnover.
Insulin stimulated type IV collagen gene expression
and an increase in the concentrations of the type IV
collagen laid down in the extracellular matrix. This
increase in type IV collagen was abrogated when cells
were stimulated by insulin in the presence of an anti-
TGF-�1-blocking antibody. In conclusion the data
demonstrate that insulin may directly alter the pro-
duction of TGF-�1 by renal proximal tubular cells by

a posttranscriptional mechanism, and that this may
have implications for the increase in extracellular
matrix that accompanies diabetic nephropathy.
(Am J Pathol 2001, 159:1905–1915)

Diabetic nephropathy has now become the largest single
disease group among patients with chronic renal failure,
and of patients with diabetes up to 40% will develop renal
disease.1 Most studies to date have focused on the glo-
merular abnormalities found in diabetic nephropathy. The
importance of pathological changes in the renal cortical
interstitium is however now well recognized, suggesting
that interstitial fibrosis represents a crucial development
leading to progressive renal dysfunction.2,3 With increas-
ing awareness of the importance of these pathological
interstitial changes, interest has focused on the role of
cells, such as the epithelial cells of the proximal tubule
(PTCs) or the interstitial fibroblast, in the initiation of a
fibrotic response. Because progressive decline in renal
function in diabetes is closely correlated with the degree
of renal interstitial fibrosis we have focused on the role of
the PTCs in initiating these pathological changes.

Transforming growth factor-�1 (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.4 It is now clear that PTCs have the
potential to contribute to the pathogenesis of renal fibro-
sis by the production of profibrotic growth factors, includ-
ing TGF-�1.5–7 We have previously demonstrated that
TGF-�1 production in PTCs may be controlled at the
levels of transcription, translation, and secretion of pre-
formed protein as well as at the level of activation of the
latent protein.5–8 In the context of diabetic nephropathy
we have demonstrated that the synergistic action of ele-
vated concentrations of glucose and cytokines such as
platelet-derived growth factor or interleukin-1� stimulate
PTC TGF-�1 synthesis.5,6 This induction of TGF-�1 syn-
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thesis resulted from translation of glucose-induced
TGF-�1 mRNA by either cytokine, and was associated
with an alteration in its inherent stability.

Despite the large amount of research into the etiology
of renal disease in diabetes mellitus, little is known re-
garding the relationship between insulin and levels of
glycemia in the context of tissue damage. Insulin plays an
important role in the overall regulation of protein synthe-
sis. Not only does it cause a global increase in the rate of
translation, but it may also bring about marked increases
in the translation of specific mRNAs. The aim of this study
was therefore to examine the effect of insulin on the
synthesis of TGF-�1 by PTCs. In this manuscript we
present evidence that insulin specifically stimulates
translation of TGF-�1 mRNA, via an interaction with the
insulin-like growth factor-1 (IGF-1) receptor. In addition
we examine the possible mechanisms involved in medi-
ating these effects of insulin.

Materials and Methods

Cell Culture

All experiments were performed using HK-2 cells, which
are human renal proximal tubular epithelial cells immor-
talized by transduction with human papilloma virus 16
E6/E7 genes.9 Cells were cultured in Dulbecco’s modi-
fied Eagle’s medium/Ham’s F12 (Life Technologies, Pais-
ley, UK) supplemented with 10% fetal calf serum (Biolog-
ical Industries Ltd., Cumbernauld, UK), glutamine (Life
Technologies Ltd., Paisley, UK), transferrin, and sodium
selenite (Sigma, Poole, UK). Fresh growth medium was
added to cells every 3 to 4 days until confluent. Cells
were grown to confluence and growth arrested in serum-
free medium for 48 hours. All experiments were subse-
quently performed under serum-free conditions.

TGF-�1 Protein Quantification

Growth-arrested HK-2 cells were stimulated with insulin
(5 �g/ml, Sigma), and supernatant samples collected
throughout the subsequent 48 hours. Samples were
stored at �70°C before quantification of both TGF-�1 and
TGF-�2. In all experiments TGF-�1 protein concentration
in the cell culture supernatant was determined by spe-
cific enzyme-linked immunosorbent assay (ELISA) (Am-
ersham Pharmacia Biotech Ltd., Little Chalfont, UK). The
assay is sensitive to 4 pg/ml, with no cross-reactivity with
either TGF-�2 or TGF-�3 isoforms. TGF-�1 was only de-
tected after acidification of the samples indicating that
TGF-�1 was produced in its latent form. In the same
samples TGF-�2 also quantified by specific ELISA
(Quantikine human TGF-�1 ELISA; R&D Systems, Abing-
don, UK). The assay is sensitive to 7 pg/ml, with no
cross-reactivity with other TGF-� isoforms. TGF-�2 was
only detected after acidification of the samples indicating
that TGF-�2 was produced in its latent form. In all exper-
iments after removal of the supernatant, cell protein con-
tent was determined using a modified Bradford assay,10

and TGF-� (1 � 2) concentrations were corrected for total
cell protein concentration.

To further examine TGF-�1 synthesis, we examined
radioactive amino acid incorporation into TGF-�1 in the
presence of insulin. Four �Ci of 3H-radiolabeled amino
acid mixture (20 �Ci/ml; Amersham) was added to
growth-arrested confluent cells in the presence of insulin
(5 �g/ml) for a total of 48 hours. Supernatant samples
were subsequently collected for TGF-�1 immunoprecipi-
tation. Before immunoprecipitation supernatant samples
(400 �l) were precleared with 25 �l of agarose-protein A
beads (Sigma) at 4°C for 1 hour with constant mixing. The
beads were removed by centrifugation and the superna-
tant decanted. Forty �g of polyclonal rabbit anti-human
TGF-�1 antibody (Santa Cruz, Autogen Bioclear UK Ltd.,
Calne, UK) was added to each 400 �l of cleared super-
natant and incubated at 4°C with constant mixing for 12
hours. Subsequently 25 �l of agarose beads were added
to capture the immune complexes. Separation of the
beads was achieved by centrifugation (13,000 � g for 5
minutes) and the supernatant discarded. Twenty-five �l
of sodium dodecyl sulfate (SDS) sample buffer was
added to each preparation and boiled for 3 minutes at
95°C, which was subsequently run on a 10% SDS-poly-
acrylamide gel electrophoresis (PAGE). Gels were fixed
by incubating in acetic acid/methanol/H20 (1:4:5 by vol-
ume) overnight. Finally the gels were soaked in Amplify
scintillant (Amersham, Life Science) for 30 minutes and
the gels dried before visualization of immunoprecipitated
TGF-�1 by autoradiography. Efficiency of immunopre-
cipitation was confirmed by a second immunoprecipita-
tion of the original supernatant with the primary antibody.

TGF-�1 Gene Expression: Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR) and Northern Analysis

After stimulation of confluent growth-arrested HK-2 cells
with insulin (5 �g/ml) for up to 48 hours, total cellular RNA
was isolated and TGF-�1 mRNA examined by RT, and
PCR amplification was performed using specific oligonu-
cleotide primers (Table 1) as previously described.5 PCR
was performed for various cycles (28 to 40), to ensure
that amplification was in the linear range of the curve.
One-tenth of the PCR reaction from both test and control
(�-actin) product were mixed and separated by flat bed
electrophoresis in 3% w/v NuSieve GTG agarose gels
(Flowgen Instruments Ltd., Sittingbourne, UK), stained
with ethidium bromide (Sigma) and photographed. The
negatives were scanned using a densitometer (model
620 video densitometer; Bio-Rad Laboratories Ltd., Me-
nelhempstead, UK) and the density of the bands com-
pared to those of the housekeeping gene �-actin.

TGF-�1 mRNA expression was also examined by
Northern analysis. Fifteen �g of total cellular RNA was
fractionated on a formaldehyde-1% agarose gel. RNA
was transferred overnight to a positively charged nylon
membrane (Roche Diagnostics Ltd, Leises, UK) by cap-
illary action and fixed by UV irradiation. Membranes were
hybridized with an internally labeled TGF-�1 DNA probe,
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that was 32P-radiolabeled by DNA polymerase random
priming. Blots were exposed to X-ray film overnight at
room temperature. Membranes were stripped by incubat-
ing for 2 � 30 minutes in boiling 0.1% (w/v) SDS in
RNase-free water, rehybridized with fresh 32P-labeled
�-actin oligonucleotide probe, and developed as de-
scribed above.

Transcription/Translation/mRNA Stability

To further investigate the mechanism of insulin-induced
TGF-�1 synthesis, HK-2 cells were stimulated with insulin
in the presence of increasing doses of either actinomycin
D (0 to 0.5 �g/ml) to inhibit de novo gene transcription or
cycloheximide (0 to 5 �g/ml) to inhibit mRNA translation,
respectively. Toxicity of actinomycin D and cyclohexi-
mide was assessed using cellular ATP measurements.
Only doses that did not lead to a reduction in cellular ATP
were used. We have previously demonstrated inhibition
of gene expression by actinomycin and inhibition of
translation by cycloheximide over these dose ranges.5,6

Actinomycin D or cycloheximide was added to growth-
arrested HK-2 cells for 1 hour before stimulation with
insulin, and supernatant samples were collected through-
out the subsequent 48 hours for quantitation of TGF-�1
by ELISA.

The rate of degradation of TGF-�1 mRNA after the
addition of actinomycin D was used to assess the effect
of insulin on inherent stability of constitutively expressed
TGF-�1 mRNA in HK-2 cells.11 Toxicity of actinomycin D
was assessed using cellular ATP measurements, and the
maximal nontoxic dose was used (0.5 �g/ml).5 Growth-
arrested HK-2 cells were incubated with actinomycin D
(0.5 �g/ml) for 1 hour before the addition of insulin. In
control experiments 5 mmol/L of D-glucose in the ab-
sence of insulin was added to actinomycin D-treated
cells. The rate of mRNA degradation was determined by
isolating total RNA from these cells at various times up to
24 hours after the addition of actinomycin D and perform-
ing RT-PCR.

Gel Retardation Analysis

Confluent HK-2 cell monolayers were stimulated with insulin
(5 �g/ml) for 48 hours and cytoplasmic proteins were pre-
pared as previously described.12 Briefly after detachment
and washing of the cell pellet with phosphate-buffered sa-
line at 4°C, cells were treated with a nondisruptive buffer (10
mmol/L KCl, 10 mmol/L Hepes, pH 7.9, 1.5 mmol/L MgCl2,
10 mmol/L NaF, 0.5 mmol/L dithiothreitol, 100 �mol/L so-

dium orthovanadate, 25 mmol/L �-glycerophosphate, 0.2%
(v/v) Nonidet P-40, and a cocktail of protease inhibitors) and
incubated on ice for a further 10 minutes. Subsequently to
remove debris and nuclei, the lysate was centrifuged for 10
minutes at 10,000 � g at 4°C. The supernatant (cytoplasmic
extract) was collected and its protein content determined
using a modified Bradford assay.10 Aliquots were frozen at
�70°C.

A fragment of the TGF-�1 5�-UTR corresponding to
bases �1 to �147, was inserted into the HindIII and XbaI
sites of the pGEM4 (Promega, Southhampton, UK) and
radiolabeled probes for gel retardation analysis gener-
ated as previously described.12 The probes (1.5 � cpm)
were incubated for 30 minutes at room temperature with
the cytoplasmic extract (20 �g) in a total volume of 15 �l
containing 10 mmol/L Tris-HCl, pH 7.5, 100 mmol/L NaCl,
5 mmol/L dithiothreitol, 4% glycerol, 1 mmol/L ethyl-
enediaminetetraacetic acid, and 0.1 mg/ml nuclease-free
bovine serum albumin. To ensure that proteins did not
bind nonspecifically to the target RNA, 1.5 �l of the
synthetic polymer poly (dl-dC)-poly (dl-dC) (Pharmacia
Biotech) was added to the final mixture. Complexes were
resolved from the free probe by electrophoresis through
6% nondenaturing polyacrylamide gel and visualized by
autoradiography.

Role of Insulin versus IGF Receptors

To determine whether the effects of insulin were medi-
ated via binding to its own receptor or via the IGF recep-
tor, three approaches were used. 1) Cells were stimu-
lated with insulin over a range of insulin concentrations
that would lead to interaction primarily with the insulin
receptor (0 to 500 ng/ml). 2) At the higher dose (5 �g/ml),
which led to alterations in TGF-�1 generation, the role of
the IGF-1 receptor in mediating these effects was deter-
mined by stimulating cells with insulin in the presence of
a monoclonal anti-human IGF-1R-blocking antibody
(R&D Systems). 3) Finally, cells were stimulated with
recombinant IGF-1 (R&D Systems), to determine whether
the effect of insulin could be mimicked by IGF-1 over a
dose range that would lead to it interacting primarily with
the IGF-1 receptor. In all experiments supernatant sam-
ples were collected at time points up to 48 hours, and
stored at �70°C before quantification of TGF-�1.

Signaling Pathways

Involvement of the MAP/ERK kinase, PI 3 kinase, and p70
S6 kinase in insulin-induced TGF-�1 stimulation, was ex-

Table 1. The Sequences of the PCR Amplification Primers

Gene Primers Product size Reference

TGF-�1 5�-GGCAGTGGTTGAGCCGTGGA-3� 510 bp 17

5�-TGTTGGACAGCTGCTCCACCT-3�
Type IV (�1) collagen 5�-CAATGCCCTTCCTGTTCTGC-3� 452 bp 35

5�-GTGGACGGCGTAGGCTTCTT-3�
�-Actin 5�-CCTTCCTGGGCATGGAGTCCT-3� 204 bp 36

5�-GGAGCAATGATCTTGATCTT-3�
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amined by stimulation of growth-arrested cells with insu-
lin (5 �g/ml) in the presence of either PD 98059 (2 �mol/
L), wortmannin (10 nmol/L), or rapamycin (30 nmol/L),
which are specific inhibitors of each of these kinases.
That the inhibitors did not influence cell viability was
confirmed, as cellular ATP was not affected by the addi-
tion of each of the inhibitors. All inhibitors were obtained
from Calbiochem (Nottingham, UK) and the dose was
derived from their known IC50, and their previously pub-
lished effects in proximal tubular cells.13 In all experi-
ments the inhibitor was added for 20 minutes before the
addition of insulin in the presence of the inhibitor. Superna-
tant samples were collected at time points up to 48 hours
and stored at �70°C before quantification of TGF-�1.

Functional Significance of Increased TGF-�1
Synthesis

Analysis of alteration in collagen IV concentration in the
extracellular matrix was examined by Western analysis.
Briefly cells were stimulated with insulin (5 �g/ml) for 48
hours under serum-free conditions in the presence or
absence of a TGF-�-blocking antibody (Genzyme Diag-
nostics, Cambridge MA). After detachment of the cell
monolayer by the addition of 0.02% ethylenediaminetet-
raacetic acid, the extracellular matrix laid down by the
cells was extracted by the addition of 4 mol/L guanidine
hydrochloride-2% Triton X-100 in 25 mmol/L of Tris/HCl in
the presence of the protease inhibitors benzamidine, n-
ethylmaliamide, phenylmethyl sulfonyl fluoride, and e-
amino-n-caproic acid. Matrix samples were subsequently
prepared in SDS sample buffer and boiled for 3 minutes
at 95°C. Equal amounts of total protein were loaded onto
3 to 12% SDS-PAGE gradient gels and electrophoresis
was performed under reducing conditions according to
the procedure of Laemmli.14 After electrophoresis the
separated proteins were transferred to a nitrocellulose
membrane (Amersham, Little Chalfont, UK). The mem-
brane was blocked with Tris-buffered saline containing
5% nonfat powdered milk for 1 hour and then incubated
with the primary antibody (goat polyclonal anti-collagen
type IV; ICN Pharmaceuticals, Inc., Baisingstoke, UK) in
Tris-buffered saline containing 1% bovine serum albumin
and 0.05% Tween 20 (Tris-buffered saline-Tween) for 1
hour at room temperature. The blots were subsequently
washed in Tris-buffered saline-Tween and then incu-
bated with an appropriate horseradish peroxidase-con-
jugated secondary antibody (Sigma) in Tris-buffered sa-
line-Tween. Proteins were visualized using enhanced
chemiluminescence (Amersham) according to the man-
ufacturer’s instructions. By Western analysis, the higher
molecular weight band represents intact collagen
whereas the lower molecular weight bands demonstrate
its partial degradation.

Gelatinase activity in cell culture supernatant was de-
termined by zymography. Samples were run at 4°C on
7.5% nonreducing SDS-polyacrylamide gels containing
gelatin at a final concentration of 1 mg/ml at 4°C. The gels
were then washed in 2.5% Triton at room temperature for
1 hour, before incubation overnight at 37°C in 50 mmol/L

of Tris-HCl, pH 7.6, containing 10 mmol/L of CaCl2 and
0.05% Brij. The presence of gelatinase activity was dem-
onstrated by zones of lysis in the Coomassie Blue-stained
gel.15

Statistics

Statistical analysis was performed using the unpaired
Student’s t-test, with a value of P � 0.05 considered to
represent a significant difference. The data are pre-
sented as means � SD of n experiments. For each indi-
vidual experiment the mean of duplicate determinations
was calculated.

Results

Stimulation of TGF-�1 by Insulin

Addition of insulin to growth-arrested HK-2 cells led to an
increase in TGF-�1 concentration in the cell culture me-
dium (Figure 1). This effect was significant 24 hours after
the addition of insulin (655.2 � 12.8 pg/ng cell protein
versus 445.9 � 10.6 pg/ng cell protein, insulin versus
control, mean � SD, n � 8, P � 0.003). Despite an
increase in TGF-�1 generated after the addition of insulin,
no alteration in the expression of TGF-�1 mRNA was
seen, as assessed by either RT-PCR or Northern analysis
(Figure 2). Northern analysis however confirmed consti-
tutive expression of a single 2.5-kb TGF-�1 transcript.
Autoradiography of immunoprecipitated TGF-�1 after
stimulation by insulin in the presence of radiolabeled
amino acids demonstrated increased incorporation of
radiolabel into TGF-�1 thus confirming stimulation of de
novo TGF-�1 synthesis by insulin (Figure 3).

Figure 1. Insulin stimulates an increase in TGF-�1 generation. Confluent
monolayers of HK-2 cells were growth arrested and insulin (5 �g/ml) added
under serum-free conditions (filled bars). In control experiments after
growth arrest fresh medium containing 5 mmol/L of D-glucose without
additional insulin was added (shaded bars). Supernatant samples were
collected throughout the following 48 hours for determination of TGF-�1 by
ELISA. Cell protein concentration of the remaining monolayer was deter-
mined and results expressed as TGF-�1 per ng of total cell protein. Results
represent mean � SD of eight individual experiments.
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Previously we have demonstrated that 25 mmol/L of
D-glucose may prime PTCs for TGF-�1 synthesis after the
addition of a second stimulus. The effect of 25 mmol/L of
D-glucose on insulin-induced TGF-�1 synthesis was in-
vestigated by pretreatment of growth-arrested HK-2 cells
with either 25 mmol/L of D-glucose or 5 mmol/L of D-
glucose for 48 hours before stimulation with insulin. In
contrast to our previous studies, pretreatment with 25
mmol/L of D-glucose did not alter the amount of TGF-�1
generated in response to insulin [48 hours after addition
of insulin �655.2 � 12.8 pg/ng cell protein versus 765 �
10.9 pg/ng cell protein, 5 mmol/L D-glucose (n � 8)
versus 25 mmol/L D-glucose (n � 4), mean � SD, P �
0.065].

The effect of insulin on the generation of TGF-�1 was
specific in that addition of insulin did not stimulate
TGF-�2 generation (1097.5 � 235 pg/ng cell protein
versus 839.9 � 313.4 pg/ng cell protein, control versus
insulin stimulated, mean � SD, n � 8, P � 0.08). The lack

of induction of TGF-�2 in response to insulin was appar-
ent for both 5 mmol/L and 25 mmol/L of D-glucose-pre-
treated cells (data not shown).

TGF-�1 Synthesis Is Dependent on mRNA
Translation

Inhibition of de novo gene transcription by the addition of
actinomycin D before addition of insulin in HK-2 cells had
no effect on insulin-induced TGF-�1 generation (Figure
4A). In contrast inhibition of mRNA translation and protein
synthesis by addition of cycloheximide (Figure 4B) led to
a dose-dependent decrease in TGF-�1 generation after
the addition of insulin ]764.2 � 316.5 pg/ng cell protein
versus 338.2 � 96.8 pg/ng cell protein control versus
cycloheximide (5 �g/ml), mean � SD, n � 8, P � 0.02].

Insulin Did Not Influence TGF-�1 mRNA Stability

We have previously demonstrated in glucose-primed
cells that stimuli that induce TGF-�1 translation may do
so by mechanisms that influence the stability of glucose-
induced TGF-�1 mRNA. In contrast in the current study,
results of actinomycin D chase experiments demonstrate

Figure 2. Stimulation of TGF-�1 is not associated with alteration in the
expression of its mRNA. Serum-deprived HK-2 cells were either stimulated
with insulin (5 �g/ml), in the absence of serum, or in control experiments 5
mmol/L D-glucose was added in the absence of insulin. RNA was isolated at
time points up to 48 hours. RT-PCR was performed and PCR products
separated by electrophoresis on a 3% agarose gel (A). Scanning densitometry
confirmed the lack of induction of TGF-�1 after addition of insulin. One
representative experiment of four individual experiments is shown. After
isolation of RNA, TGF-�1 mRNA was also examined by Northern analysis (B).

Figure 3. Incorporation of radiolabeled amino acids into TGF-�1. Growth-
arrested cells were stimulated under serum-free conditions with insulin (5
�g/ml) in the presence of 4 �Ci of 3H-radiolabeled amino acid mixture.
Supernatant samples were subsequently collected after 48 hours and TGF-�1
immunoprecipitated as described in Materials and Methods. After immuno-
precipitation, radiolabeled TGF-�1 was visualized by autoradiography.

Figure 4. Insulin stimulation of TGF-�1 generation is dependent on transla-
tion but not on de novo gene transcription. Confluent monolayers of HK-2
cells were growth arrested and insulin (5 �g/ml) added under serum-free
conditions in the presence of increasing doses of either actinomycin (filled
bars) or cycloheximide (shaded bars). Supernatant samples were collected
48 hours after the addition of insulin and TGF-�1 quantified by ELISA. Data
represents mean TGF-�1 concentration corrected for total cell protein � SD
of eight individual experiments (*, P � 0.05).
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that addition of insulin did not affect the stability of con-
stitutively expressed TGF-�1 mRNA (Figure 5).

Insulin Induced Increased Binding of a
Cytoplasmic Protein to TGF-�1 5�-UTR

Proteins that bind to the 5�-UTR of a mRNA can also
regulate translation. Furthermore binding of a cytoplas-
mic factor to a putative stem loop structure in the 5� UTR
of TGF-�1 has been demonstrated to regulate TGF-�1
translation. Protein binding to this region (bases �1 to
�147) was therefore investigated by gel retardation anal-
ysis. When a radiolabeled probe transcribed from this
fragment was incubated with HK-2 cytoplasmic extract
derived from cells stimulated with insulin, the mobility of
the probe was reduced, indicating that a factor in the
extract formed a complex with the probe (Figure 6). This

second band was not seen when the probe was incu-
bated with cytoplasmic extract derived from HK-2 cells to
which 5 mmol/L of D-glucose was added in the absence
of insulin. Specificity of probe binding was confirmed by
competition with unlabeled probe added to the binding
reaction. Under these conditions formation of the com-
plex was abolished.

Insulin versus the IGF-1 Receptor as the
Mediator of TGF-�1 Translation

Addition of insulin at doses �1 �g/ml had no effect on the
generation of TGF-�1 (Figure 7A). The effect of insulin at
the higher doses (1 to 5 �g/ml) was however inhibited in
a dose-dependent manner by the addition of a monoclo-
nal antibody blocking ligand binding to the IGF-1 recep-
tor (Figure 7B). Addition of recombinant IGF-1 mimicked

Figure 5. Insulin does not alter TGF-�1 mRNA stability. HK-2 cells were
growth arrested before inhibition of transcription by the addition of actino-
mycin-D (500 ng/ml). Total cellular RNA was isolated throughout the fol-
lowing 12 hours either from untreated cells (constitutive TGF-�1 mRNA
stability) or after addition of insulin (5 �g/ml) (A). Alteration in the stability
of D-glucose-induced TGF-�1 mRNA was determined by RT-PCR (B). Scan-
ning densitometry confirmed that there was no difference in the ratio of
TGF-�1 mRNA to the housekeeping gene between the two experimental
conditions (one representative experiment of four is shown).

Figure 6. Binding of a cytoplasmic factor to TGF-�1 5�-UTR in the presence
of insulin. Radiolabeled probe generated against sequences in the 5�-UTR of
TGF-�1 mRNA spanning �1 to �147 was incubated with cytoplasmic extract
of HK-2 cells treated with either 5 mmol/L D-glucose in the absence of insulin
(lanes 1 and 2) or insulin (5 �g/ml) (lanes 3 and 4) for 48 hours. The
mixture was resolved on a nondenaturing polyacrylamide gel. The arrow
indicates complex formation between the probe and factor(s) in the extract.
Competition was with an excess of unlabeled RNA probe (lane 5).

Figure 7. Stimulation of TGF-�1 requires the addition of high doses of
insulin (A), and was abrogated by the addition of a blocking antibody to the
IGF-1 receptor (B). Confluent monolayers of HK-2 cells were growth arrested
and insulin (0 to 5 �g/ml) added under serum-free conditions (A). In
addition, insulin (0, 1.0, or 5 �g/ml) was added to confluent HK-2 cells,
under serum-free conditions in the presence (filled bars) or absence (shad-
ed bars) of 50 ng/ml of a monoclonal antibody to IGF1R (B). Supernatant
samples were collected after 48 hours for determination of TGF-�1 by ELISA.
For both experiments, cell protein concentration of the remaining monolayer
was determined and results expressed as TGF-�1 per ng of total cell protein.
Results represent mean � SD of four individual experiments (*, P � 0.05; **,
P � 0.005).
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the effect of addition of the high dose of insulin leading to
a dose-dependent increase in TGF-�1 generation. This
was also inhibited by the addition of a monoclonal anti-
body to the IGF-1 receptor (Figure 8).

The Effect of Insulin Was Dependent on PI 3-
Kinase Activity

Induction of TGF-�1 by insulin was inhibited by the ad-
dition of the PI 3-kinase inhibitor wortmannin (Figure 9).
Significant inhibition of insulin (5 �g/ml) induced TGF-�1
production was seen with 10 nmol/L of wortmannin after

48 hours [482.4 � 131.1 pg/ng cell protein versus
655.2 � 12.8 pg/ng cell protein, insulin plus wortmannin
(n � 5) versus insulin (n � 8), mean � SD, P � 0.03].
Similarly significant inhibition of insulin-induced TGF-�1
generation was also seen after inhibition of p70 S6 kinase
by the addition of 30 nmol/L of rapamycin [487.4 � 57.7
pg/ng cell protein versus 655.2 � 12.8 pg/ng cell protein,
insulin plus rapamycin (n � 8) versus insulin (n � 8),
mean � SD, P � 0.0003]. Inhibition of TGF-�1 protein
synthesis by either wortmannin or rapamycin was also
associated with inhibition of binding of insulin-induced
cytoplasmic protein to the probe spanning the se-
quences base �1 to �147 of the 5�-UTR of TGF-�1
(Figure 10). In contrast inhibition of MAP/ERK kinase by
the addition of PD 98059 (2 �mol/L) had no effect on
insulin-induced TGF-�1 generation [711.5 � 27.6 pg/ng
cell protein versus 655.2 � 12.8 pg/ng cell protein, insulin
plus PD 98059 (n � 4) versus insulin (n � 8), mean � SD,
P � 0.4).

Insulin Modulation of Extracellular Matrix
Generation

To determine the functional importance of altered TGF-�1
synthesis in response to insulin, we examined the effect
of insulin on collagen generation and its dependence on
TGF-�1. Stimulation of cells with insulin led to increased
expression of type IV collagen mRNA (�1) and increased
deposition in the extracellular matrix laid down by the
cells (Figure 11). Addition of insulin also led to an in-
crease in gelatinase activity, seen predominantly as in-
creased gelatinolytic activity at a molecular weight cor-
responding to 95-kd gelatinase B/MMP9. Stimulation of
cells with insulin in the presence of the TGF-�-blocking
antibody abrogated the increased gelatinase activity
(Figure 12). Because of this inhibition of gelatinase activ-
ity, total type IV collagen concentration in the cell culture
supernatant was not affected by this TGF-�-blocking an-
tibody (Figure 12).

Figure 8. Insulin stimulation of TGF-�1 was mimicked by the addition of
recombinant IGF-1. HK-2 cells were stimulated with increasing doses of
IGF-1 (0 to 250 ng/ml) under serum-free conditions in the presence (filled
bars) or absence (shaded bars) of 50 ng/ml of the monoclonal antibody to
IGF1R (B). Supernatant samples were collected for determination of TGF-�1
after 48 hours. Data represents mean � SD (n � 8; *, P � 0.05 versus
unstimulated control and IGF stimulated in the presence of antibody).

Figure 9. Inhibition of insulin-stimulated TGF-�1 production by wortmannin
or rapamycin. Confluent monolayers of HK-2 cells were growth arrested and
insulin (5 �g/ml) added under serum-free conditions either in the absence of
inhibitor (f bars, n � 8), or in the presence of 10 nmol/L of wortmannin
(

�
�, n � 5), 30 nmol/L of rapamycin ( �, n � 8), or 2 �mol/L of PD 98059
(e, n � 4). Control experiments were performed by adding 5 mmol/L of
D-glucose in the absence of insulin ( , n � 8). Supernatant samples were
collected at time points up to 48 hours for determination of TGF-�1 by ELISA.
Cell protein concentration of the remaining monolayer was determined and
results expressed as TGF-�1 per ng of total cell protein. Results represent
mean � SD; *, P � 0.05 versus the unstimulated control (5 mmol/L D-glucose
alone).

Figure 10. Inhibition of binding of cytoplasmic factor to TGF-�1 5�-UTR by
wortmannin or rapamycin. Radiolabeled probe generated against sequences
in the 5�-UTR of TGF-�1 mRNA spanning �1 to �147 was incubated with
cytoplasmic extract of HK-2 cells treated with insulin alone (5 �g/ml) or
insulin in the presence of either wortmannin (10 nmol/L) or rapamycin (30
nmol/L) for 48 hours. The mixture was resolved on a nondenaturing poly-
acrylamide gel. Competition was with an excess of unlabeled RNA probe.
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Discussion

It is now clear that the rate of progression of renal disease
is closely related to the degree of cortical interstitial fibro-
sis. TGF-�1 is an important cytokine that has been impli-
cated in the pathogenesis of numerous fibrotic diseases,
and its generation by the renal proximal tubular cell sug-
gests that this cell type may also influence pathological

events in the renal interstitium. Our previous studies have
demonstrated that elevated concentrations of glucose
modulate TGF-�1 production by PTCs suggesting that
this cell may contribute to the pathogenesis of diabetic
interstitial fibrosis.

Although it is clear that hyperglycemia is an important
factor in the initiation of renal disease in diabetes be-
cause only 40% of diabetic patients develop nephropa-
thy, other factors must play an important part in both
initiating and perpetuating renal injury. Despite the large
body of research into the pathogenesis of diabetic ne-
phropathy little is know regarding the effect of insulin.
Hyperinsulinemia is a feature of type 2/non-insulin-de-
pendent diabetes, and furthermore insulin therapy in type
1/insulin-dependent diabetes is also associated with pe-
riods of hyperinsulinemia. Insulin plays an important role
in the overall regulation of protein synthesis and may
specifically influence mRNA translation. Not only does it
cause a global increase in the rate of translation, but,
superimposed on this it also brings about marked in-
creases in the translation of specific mRNAs.16 The data
presented in the current article demonstrate that insulin
stimulated the de novo synthesis of TGF-�1. Furthermore
we have shown that this increase in TGF-�1 synthesis
was not associated with induction of TGF-�1 mRNA, and
did not require de novo gene transcription because it was
unaffected by actinomycin; rather, stimulation of TGF-�1
synthesis in PTCs after addition of insulin involved stim-
ulation of translation of TGF-�1 mRNA. The potential func-
tional importance of increased TGF-�1 synthesis was
illustrated by the associated alteration in extracellular
matrix turnover that was antagonized by inhibition of
TGF-� activity.

Figure 11. Expression of type IV (�I) collagen mRNA (A), type IV collagen
protein (B), and gelatinolytic activity (C) after stimulation with insulin. Cells
were grown to confluence and growth arrested before stimulation with
insulin (5 �g/ml) under serum-free conditions. Total cellular RNA was
isolated at time points up to 48 hours after stimulation and type IV collagen
mRNA expression examined by RT-PCR as described in Materials and Meth-
ods. For type IV collagen, PCR amplification was performed for 28 cycles.
PCR amplification for �-actin was performed for 28 cycles. Ethidium bro-
mide-stained PCR products were separated on a 3% agarose gel (A). One
representative experiment of four individual experiments performed is
shown. For examination of matrix collagen deposition after detachment of
the cell monolayer the extracellular matrix was prepared as described in
Materials and Methods. Type IV collagen was subsequently examined by
Western analysis after separation on SDS-PAGE gradient gels and electro-
phoresis performed under reducing conditions (B). One representative ex-
periment of four individual experiments is shown. Gelatinolytic activity in
cell culture supernatant samples 48 hours after insulin stimulation, was
determined by substrate zymography (C) as described in Materials and
Methods. One representative experiment of four individual experiments
performed is shown.

Figure 12. Effect of TGF-� blocking antibody on insulin-mediated alterations
in the extracellular matrix. Confluent monolayers of growth-arrested cells
were stimulated with insulin (5 �g/ml) in the presence of a TGF-�-blocking
antibody (30 ng/ml). Supernatant samples were collected 48 hours after cell
stimulation. Gelatinolytic activity (A) and type IV collagen (B) were exam-
ined by zymography and Western analysis, respectively, as described in
Materials and Methods. One representative experiment of three is shown.

1912 Morrisey et al
AJP November 2001, Vol. 159, No. 5



The data also demonstrate that the effect of insulin was
specific because the addition of insulin did not stimulate
the production of TGF-�2. The mRNA coding for TGF-�1
contains an unusually long 5�-UTR that is highly rich in
GC content.17 In other systems these sequences tend to
be highly structured and are thought to inhibit translation.
In contrast to TGF-�1, the long 5�-UTR of TGF-�2 does
not have such a high GC content,18 and is therefore not
subject to the same posttranscriptional influences.

Three transcripts have been reported for TGF-�1 (2.5,
1.9, and 1.4 kb) that differ in the length of their GC-rich
5�-UTR.19–21 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.
We show that PTCs only express the poorly translated
2.5-kb transcript, and furthermore its expression was not
affected by the addition of insulin. Elements spanning
bases �1 to �147 5�-UTR of TGF-�1 mRNA have previ-
ously been shown to be involved in the inhibition of
TGF-�1 translation although the inhibitory effect of this
fragment is cell-type-dependent.22 It has been sug-
gested that a cytosolic factor may regulate TGF-�1
mRNA translation by binding to these elements.12 Most
recently is has been postulated that the poor translational
efficiency of the 2.5-kd TGF-�1 mRNA in vivo may be
because of a combination of poor initiation sequence
context, and inhibitory interactions of limiting trans-acting
factors with cis-inhibitory elements in an otherwise stim-
ulatory 5�-UTR.23 In contrast we have identified a possi-
ble stimulatory trans-acting factor binding a portion of the
5�-UTR mRNA spanning sequences �1 to �147 previ-
ously identified as an inhibitory element.

We have previously demonstrated that TGF-�1 pro-
duction in PTCs may be controlled at the levels of tran-
scription, translation, and secretion of preformed protein,
as well as at the level of activation of the latent protein.
These studies suggest that alteration of TGF-�1 mRNA
stability may be involved in facilitation of glucose-in-
duced mRNA translation when cells were pretreated with
glucose before the addition of a second stimulus such as
the proinflammatory cytokine interleukin-1� that facili-
tates mRNA translation.6 Increased TGF-�1 mRNA is not
however universally associated with facilitation of its
translation. In fact under certain circumstances stabiliza-
tion of TGF-�1 is associated with an inhibitory influence
on its translation.12 In the current article we have demon-
strated that insulin-induced TGF-�1 mRNA translation
was not associated with alteration in its stability. This
suggests that numerous independent and stimulus-spe-
cific mechanisms influence TGF-�1 mRNA translation.

Insulin interacts, albeit with different affinities with both
the insulin and the IGF-1 receptor. The receptors for
insulin and IGF-1 are also structurally related and highly
homologous, and not surprisingly the signaling mecha-
nisms of these receptors are also broadly similar.24,25

The insulin receptor demonstrates high-affinity binding to
insulin and lower affinity binding to IGF-1, whereas the

IGF-1 receptor binds IGF-1 (and IGF-2) with a higher
affinity than it does insulin.25 Thus at low concentrations
insulin will interact primarily with the insulin receptor, but
at higher concentrations, such as those used in our ex-
periments, the insulin may interact with either receptor.
We have demonstrated that the effects of insulin at our
hyperinsulinemic concentrations are likely to be medi-
ated via binding to the IGF-1 receptor, in that we could
mimic the effect of insulin by the addition of recombinant
IGF-1 and antagonize the effects of insulin by blockade of
the IGF-1 receptor. Although the effects of insulin were
mimicked by addition of recombinant IGF-1, the signifi-
cance of IGF-1 as a stimulus for renal TGF-�1 synthesis in
the context of progressive diabetic nephropathy is un-
clear. Studies of circulating IGF-1 levels in patients with
diabetes are conflicting, in part because of problems with
assay methodologies. Studies with the greatest number
of patients however have demonstrated decreased IGF-1
levels (50 to 90% of normal) in patients with both type 1
and type 2 diabetes.26 That IGF-1 is not involved in the
progression of nephropathy is also supported by data
from the streptozotocin-induced diabetes that demon-
strates that the rapid increase in renal growth seen in this
mode, is preceded by a rise in renal tissue expression of
IGF-1 related to alteration in renal IGF receptors rather
that an alteration in local IGF-1 production. This increase
in renal IGF-1 however returns to normal 4 days after the
induction of diabetes.27 Although we cannot rule out a
role for IGF-1 in modulation of TGF-�1 synthesis in dia-
betic nephropathy, it is likely that insulin/hyperinsulinemia
via IGF-1 receptor signaling modulates renal TGF-�1 in
diabetes.

The renal proximal tubular cell is a bipolar epithelial
cell. Its plasma membrane is differentiated into a baso-
lateral portion that is in contact with the peritubular cir-
culation and a brush border portion that is bathed in
glomerular ultrafiltrate. Previously we have demonstrated
that induction of TGF-�1 synthesis after sequential stim-
ulation with glucose and cytokines was a polar phenom-
enon. Induction of TGF-�1 only occurred after application
of glucose to the basal aspect of the cell, and similarly
stimulation of TGF-�1 synthesis was only seen after ad-
dition of cytokines also to the basolateral cell surface.8 It
is known that the IGF-1 receptor has an asymmetric
distribution, being present primarily on the basolateral
cell surface.28 The actions of IGF-1 on TGF-�1 synthesis
in the proximal tubule, like those of glucose and cyto-
kines, are therefore likely to be mediated via interaction of
circulating peptide with specific receptors on the baso-
lateral membrane.

Many similarities exist in the postreceptor signaling
pathways between the insulin and the IGF receptor. The
effects of these ligands are initiated by their binding to
the extracellular domain of the receptors and subsequent
activation of intracellular tyrosine kinase activity. This
leads to autophosphorylation of the receptor and activa-
tion of Ras and phosphatidylinositol-3-kinase and hence
to the activation of a number of serine/threonine protein
kinases activating the mitogen-activated kinase (MAP/
ERK kinase) cascade, protein kinase B (PKB) and the
activation of the 70-kd ribosomal S6 protein kinase (p70
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S6 kinase). Previous studies with insulin have demon-
strated that alteration in signaling via each of these path-
ways may influence protein translation by their regulation
of eukaryotic initiation factors (eIFs), and elongation fac-
tors (eEFs).16,29,30 Our data demonstrate that the effect of
insulin on TGF-�1 synthesis was mediated via the PI-3
kinase-p70 S6 kinase cascade because it was inhibited
by both rapamycin and wortmannin, but not inhibited by
inhibition of MAPK/Erk kinase. Studies to date have dem-
onstrated that the acute effects of insulin and growth
factors on protein synthesis are achieved by regulating
the function of multiple components of the initiation and
elongation complexes involved in mRNA translation. The
eukaryotic initiation factor 2b (eIF2b) is phosphorylated in
response to insulin by a pathway involving PI 3-kinase.31

An insulin-induced reduction in phosphorylation of eu-
karyotic elongation factor-2 (eEF2) is associated with an
increase in translation, and both rapamycin and wort-
mannin block this effect.32 These inhibitors also inhibit
insulin-stimulated phosphorylation of the eukaryotic initi-
ation factor 4E (eIF-4E)-binding protein (4EBP-1).33,34

These known effects of insulin and the pattern of inhibi-
tion of insulin-stimulated TGF-�1 synthesis that we have
demonstrated suggests that these initiation and elonga-
tion factors may be involved in facilitation of translation of
TGF-�1 and may represent useful avenues for future
studies to identify the cytoplasmic factors that affect this
process.

It is well recognized that the control of TGF-�1 bioac-
tivity is complex, and that independent regulatory mech-
anisms may influence transcription, translation, secretion,
activation, and postreceptor signaling events. The data in
the current article further emphasized the complexity of
control of TGF-�1 synthesis. Together with previously
published studies it is now clear that numerous different
stimulus-specific mechanisms influence TGF-�1 transla-
tion. We have also demonstrated that in diabetes numer-
ous mechanisms exist that may alter the generation of
TGF-�1 by the proximal tubular epithelial cell. Further-
more the data demonstrate that insulin stimulates TGF-
�1-mediated alterations in extracellular matrix turnover
suggesting that insulin and hyperinsulinemia may there-
fore influence the pathological changes in the renal inter-
stitium associated with this condition.
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