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Abstract
Aims/hypothesis Glomerular matrix accumulation is a hall-
mark of diabetic nephropathy. Recent data have linked the
serine/threonine kinase protein kinase B (Akt) to matrix
modulation. Here, we studied its role in high glucose-
induced collagen elaboration by mesangial cells.
Methods Primary rat mesangial cells were treated with high
glucose levels (30 mmol/l) or mannitol as osmotic control.
Western blots, northern blots, ELISA and immunohisto-
chemistry were used for assessment. Diabetes was induced
in rats by streptozotocin.
Results Phosphorylated Akt at S473 (pAktS473),
corresponding to Akt activation, was seen in diabetic
glomeruli. In mesangial cells, high glucose levels induced
pAktS473 by 20 min. This was sustained to 72 h, while
mannitol had no effect. Akt activation by kinase assay and
phosphorylation on threonine 308 was also observed.
Phosphoinositide 3-kinase (PI3K) inhibitors LY294002
(20 μmol/l) and wortmannin (100 nmol/l) prevented
pAktS473. Collagen IA1 transcript and collagen I protein
upregulation by high glucose levels were inhibited by PI3K
blockade, as was collagen I secretion into the medium
(ELISA). Dominant-negative Akt overexpression also

inhibited high glucose-induced collagen IA1 transcript and
collagen I protein production. Since signalling through the
epidermal growth factor receptor (EGFR) can activate
PI3K–Akt, we studied its activation by high glucose levels.
EGFR was correspondingly activated by 10 min; mannitol
had no effect. EGFR activation was also seen in glomeruli
from diabetic rats and co-localised with collagen IA1 in
diabetic glomeruli. Specific EGFR inhibition (AG1478,
5 μmol/l or dominant-negative EGFR) blocked high
glucose-induced pAktS473, phosphorylation on threonine
308 and activation of the EGFR downstream target p44
extracellular signal-regulated kinase (Erk) mitogen-activated
protein kinase. Finally, EGFR inhibition also blocked high
glucose-induced collagen I upregulation at transcriptional
and protein levels.
Conclusions/interpretation We conclude that EGFR–PI3K–
Akt signalling mediates high glucose-induced collagen I
upregulation in mesangial cells and that this pathway is
activated in diabetic glomeruli. Targeting its components
may provide a new therapeutic approach to diabetic kidney
disease.

Keywords Akt . Collagen . Diabetic nephropathy .

Epidermal growth factor receptor . Extracellularmatrix . High
glucose .Mesangial cell . Phosphoinositide 3-kinase . Protein
kinase B . Transactivation

Abbreviations
Akt protein kinase B
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pAktS473 phosphorylated Akt at Ser473
PDGFR platelet-derived growth factor receptor
PI3K phosphoinositide 3-kinase
Sp1 Sp1 transcription factor

Introduction

The kidney is a major site of diabetic microvascular
complications and glomerular matrix accumulation is the
pathological hallmark of diabetic nephropathy [1]. Hyper-
glycaemia is the primary pathogenetic factor in diabetic
renal disease [2]. Maintenance of normoglycaemia or
interruption of angiotensin II signalling, current mainstays
of therapy, can at best only delay onset of renal failure [2, 3].
Consequently, there is a need to identify new therapeutic
strategies for diabetic nephropathy.

Under high glucose conditions, mesangial cells synthe-
sise extracellular matrix proteins including collagen, the
production of which is increased in diabetic glomeruli in
humans and animal models [4]. Recent data from our group
and others indicate that the serine-threonine kinase protein
kinase B (Akt) may play a role in matrix elaboration [5–8].
Furthermore, Akt has been implicated in collagen I
upregulation in lung fibroblasts and mesangial cells exposed
to high doses of TGF-β, a profibrotic cytokine thought to
play a central role in diabetic glomerular sclerosis [8, 9].

Akt is a serine-threonine kinase important in cell
processes such as proliferation, survival and metabolism
[10]. Phosphoinositide 3-kinase (PI3K) is a well-established
upstream mediator of Akt activation, generating phosphor-
ylated lipid second messengers, that recruit proteins with
pleckstrin homology domains, such as Akt, to the mem-
brane [11], where Akt is then activated by phosphorylation
at both T308 and S473. The former is effected by
phosphoinositide-dependent protein kinase 1 [11]. The
identity of the S473 kinase is not definitively known. Both
phosphorylation events are required for activation, although
that of S473 (pS473) is known to parallel full PI3K/Akt
activation [12]. After activation, Akt mediates the inhibition
or activation of a number of downstream effectors,
including transcription factors, through serine/threonine
phosphorylation events [10, 11].

PI3Ks are heterodimeric, comprising catalytic (p110)
and regulatory subunits (p85 or p101) [13]. The activation
of PI3K itself requires the release of autoinhibition of the
catalytic subunit by its regulatory subunit. This occurs
when the regulatory subunit interacts with phosphotyrosine
residues of activated growth factor receptors, G protein
coupled receptors or adaptor proteins [11]. These include
the epidermal growth factor (EGF) receptor (EGFR), with
EGF stimulation leading to Akt activation [10]. Indirect

transactivation of the EGFR by various stimuli, including
angiotensin II, oxidative stress and mechanical stress, can
also result in Akt activation [5, 14].

In this study, we show that Akt is activated in diabetic
glomeruli and that high glucose conditions lead to both
short- and longer-term Akt activation in glomerular
mesangial cells. The activation of PI3K/Akt signalling
through transactivation of the EGFR mediates collagen I
production in mesangial cells in a hyperglycaemic environ-
ment. Our data suggest a novel role for EGFR/Akt
signalling in diabetes.

Methods

Animal studies Experiments were performed with male
Sprague–Dawley rats weighing 200 to 225 g (Charles
River, Montreal, QC, Canada) in accordance with Canadian
Council on Animal Care guidelines. Diabetes was induced
with 60 mg/kg streptozotocin injection by tail vein. Control
rats received equal volume of 0.1 mol/l citrate buffer,
pH 4.5. Hyperglycaemia (blood glucose >17 mmol/l) was
confirmed 3 days after injection (Precision Xtra; Abbott
Laboratories, Medisense Products, Bedford, MA, USA).
All rats had free access to regular lab chow and water. After
2 or 4 weeks (n=4 and n=6 per group per condition
respectively), weight and serum glucose were obtained.
Rats were then anaesthetised for kidney removal. A small
cortical section was placed into optimal cutting temperature
(OCT) compound for immunohistochemistry. Cortex from
individual rats was then differentially sieved for glomeruli
[5]. Protein was extracted from isolated glomeruli (>95%
purity by light microscopy) as outlined below.

Cell culture Sprague–Dawley primary rat mesangial cells
(passages 6–15) were cultured in DMEM supplemented
with 20% fetal calf serum (Invitrogen, Burlington, ON,
Canada), streptomycin (100 μg/ml) and penicillin (100
units/ml) at 37°C in 95% air, 5% CO2. Medium contained
5.6 mmol/l glucose. Either 24.4 mmol/l glucose (final
concentration 30 mmol/l) or mannitol was added for high
glucose levels or osmotic control respectively. Mesangial
cells were made quiescent by serum deprivation for 24 h
prior to treatment. Medium was changed every 2 days for
experiments of longer duration. Pharmacological inhibitors
were added prior to high glucose as follows: wortmannin
(Sigma, Oakville, ON, Canada) 100 nmol/l for 60 min;
LY294002 (Sigma) 20 μmol/l for 30 min; AG1478 (Sigma)
5 μmol/l for 30 min, AG1295 (Sigma) 5 μmol/l for 30 min.

Protein extraction and western immunoblotting Cells were
lysed and protein extracted as previously described [15].
Briefly, cells were lysed in a buffer containing 20 mmol/l
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Tris–HCl (pH 7.5), 150 mmol/l NaCl, 1% Triton X-100,
1 mmol/l EDTA, 1 mmol/l EGTA, 2.5 mmol/l sodium
pyrophosphate, 1 mmol/l β-glycerophosphate, 1 mmol/l
sodium vanadate, 1 mmol/l phenylmethylsulfonyl fluoride,
1 μg/ml leupeptin and 2 μg/ml aprotinin. Cell lysates
were centrifuged at 4°C and 16,200 g for 10 min to pellet
cell debris. The supernatant fraction (50 μg) was separated
on 10% SDS-PAGE and western blotting performed as
described [15]. Antibodies used were: polyclonal phospho-
Akt S473 (1:1000), polyclonal phospho-Akt T308 (1:1000),
polyclonal total Akt (1:1000), polyclonal phospho-p44/42
mitogen-activated protein kinase (MAPK) (1:1000), poly-
clonal total p44/42 MAPK (1:1000), polyclonal phospho-
EGFR Y1068 (1:1000) (all Cell Signaling, Boston, MA,
USA); and monoclonal β-actin (1:5000; Sigma).

Akt activity assay Protein was extracted as described above
and Akt activity assay performed according to product
specifications (Cell Signaling). Briefly, total Akt was immu-
noprecipitated from 200 μg of cell lysate. After washing,
kinase reactions were carried out for 30 min at 30°C in kinase
buffer containing 200 μmol/l ATP and 1 μg glycogen
synthase kinase-3 (GSK-3) fusion protein. Beads were
resuspended in 2× reducing sample buffer, boiled for 5 min
and the supernatant fractions resolved on 10% SDS-PAGE.
Membranes were probed sequentially with rabbit polyclonal
phospho-GSK-3α/β Ser 21/9 (1:1000; Cell Signaling) and
total Akt to ensure equal immunoprecipitation.

Northern blot analysis Total RNA (10 μg), extracted using
Trizol (Invitrogen), was separated on a formaldehyde-
agarose gel and transferred to a nylon membrane (Hybond;
Amersham Biosciences, Baie d’Urie, QC, Canada). Hybrid-
isation was performed with 32P-labelled dCTP-random-
primed cDNA probes prepared from collagen IA1 or β-actin
cDNA amplified by PCR.

Enzyme-linked immunosorbent assay After treatment, con-
ditioned media were collected, debris removed by low-
speed centrifugation at 1,300 g and plates coated at 4°C
overnight with media (1:3 dilution) in ELISA coating
buffer (Sigma), followed by blocking and incubation with
monoclonal anti-collagen I (Sigma, 1:2000) in blocking
buffer as previously published [15]. After incubation with
alkaline phosphatase-conjugated secondary antibody
(1:30,000; Sigma), p-nitrophenyl phosphate was added
and reactions read at 405 nm in a microplate autoreader.

Mesangial cell infection Epitope-tagged dominant-negative
Akt (HA-AktAAA, kindly provided by J. Woodgett [16],
Samuel Lunenfeld Research Institute, University of Toronto,
Toronto, ON, Canada) or dominant-negative EGFR
(dnEGFR, kindly provided by S. Parsons, University of

Virginia Health System, Charlottesville, VA, USA) was
cloned into the empty vector pLHCX (Clontech, Mountain
View, CA, USA) for retroviral infection and mesangial cells
infected as previously described [5]. Competent virus
capable of single infection was generated using the vesicular
stomatitis virus system (Stratagene, La Jolla, CA, USA) and
mesangial cells, passages 5 to 12, were exposed to virus
concentrated by centrifugation for 90 min at 50,000 g, 4°C in
the presence of polybrene. Seventy-two hours after infection
a 2 week antibiotic selection period was begun. Experiments
were performed using a population of pooled, stably
infected mesangial cells.

Immunohistochemistry Renal cortical cryosections (6 μm)
were air-dried, fixed in ice-cold 100% methanol for 15 min,
washed and permeabilised with 0.2% Triton X-100 for
15 min. After further washes, sections were blocked with
5% donkey serum/0.2% Triton X-100 in PBS and incubated
with primary antibodies overnight at 4°C. Antisera used
were: rabbit polyclonal anti-pAktS473 (1:50); rabbit poly-
clonal anti-pEGFR Y1068 (both Cell Signaling); sheep
polyclonal anti-von Willebrand Factor (2 μg/ml; Cedarlane,
Burlington, ON, Canada); polyclonal anti-total EGFR
(1:100; Cell Signaling); and monoclonal anti-collagen type
I (1:100; Sigma). After washing, FITC- and rhodamine-
conjugated secondary antibodies (1:100; Jackson Immu-
noResearch, West Grove, PA, USA) were applied for 1 h
and sections mounted (Vectashield, Vector Laboratories
[Canada], Burlington, ON, Canada) after a final wash.
Images were acquired with a Zeiss fluorescent microscope
(Carl Zeiss Canada, Toronto, ON, Canada).

Statistical analyses For experiments with more than two
groups, statistical analyses were performed using one-way
ANOVA, with Tukey’s honestly significant difference
(HSD) test used for post-hoc analysis. A t test was used
for experiments with only two groups. A p value <0.05
(two-tailed) was considered significant. Data are presented
as the mean±SEM. The number of repetitions for experi-
ments is given in figure legends (n). SPSS for Windows
11.0 (SPSS, Chicago, IL, USA) was used for analysis.

Results

Akt is activated in diabetic glomeruli Akt has been linked
to the production of matrix proteins and with its character-
istic matrix accumulation, glomerular sclerosis is the
pathological hallmark of diabetic nephropathy [1]. We first
sought to determine whether Akt was activated in the
diabetic setting in a relevant in vivo model, streptozotocin-
induced type 1 diabetes. Diabetic rats had significant
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hyperglycaemia compared with controls at both 2 and
4 weeks (27.5±1.3 vs 6.1±1.1 mmol/l, p<0.001). Both
cortex and glomeruli were analysed for Akt activation, as
assessed by immunoblotting for phospho-Ser 473.
Figure 1a,b shows that Akt was activated in whole cortex
after 2 weeks of diabetes and that this was magnified in
glomerular isolates. Similar activation of Akt was observed
after 4 weeks of diabetes (Fig. 1c,d). To further confirm
activation of Akt in diabetic glomeruli, we used immuno-
histochemistry to identify S473-phosphorylated Akt in
cortical sections. As seen in Fig. 1e, S473 phosphorylation
(green) was increased at 4 weeks after induction of
diabetes. Since glomeruli consist of a rich capillary network
anchored by the mesangium, we used the endothelial cell
marker von Willebrand factor (red) to confirm glomerular
localisation of immunofluorescence of phosphorylated Akt
at Ser473 (pAktS473) [17].

High glucose levels induce Akt activation in cultured
mesangial cells We then tested whether high glucose levels
could activate Akt in vitro. Mesangial cells were exposed to
30 mmol/l glucose for varying times and Akt S473
phosphorylation assessed by immunoblotting. Akt phos-
phorylation was seen by 20 min and sustained with
prolonged incubation up to 72 h (Fig. 2a–d). Phosphoryla-
tion on threonine 308 is also required for full activity [18];
high glucose-induced phosphorylation on threonine 308
was indeed observed in mesangial cells (Fig. 2e). To
confirm that phosphorylation on S473 correlated with Akt
activity [12], we performed an Akt activity assay. As

expected, high glucose level induced a significant increase
in phosphorylation of the substrate GSK-3 by immunopre-
cipitated total Akt, reaching statistical significance at
20 min, see ESM Fig. 1a,b. A sustained increase in Akt
activity was seen up to 24 h (data not shown). To ensure
these effects were not osmotically mediated, we incubated
mesangial cells with equivalent concentrations of mannitol.
No effects on pAktS473 or phosphorylation on threonine
308 were observed at 1 or 24 h of mannitol treatment (ESM
Fig. 1c; Fig. 2e).

Since PI3K is a well-established upstream mediator of
Akt activation [10, 19], we next examined the effects of
two inhibitors of this enzyme on high glucose-induced Akt
activation. Wortmannin irreversibly inhibits PI3K activity
by covalently binding to the p110 catalytic subunit,
whereas LY294002 is a reversible inhibitor, binding to the
ATP-binding pocket of the catalytic subunit [8, 10]. Both of
these inhibitors effectively blocked Akt phosphorylation
after incubation at high glucose levels for 1 h, with no
baseline effects observed (ESM Fig. 2a,b).

High glucose-induced collagen production requires Akt
activation Overexpression of constitutively active Akt
increases collagen I production in hepatic stellate cells [7]
and collagen IV production in embryoid bodies [6]. We have
shown Akt activation to be important in the elaboration of
collagen I in response to mechanical strain [5]. Since
accumulation of extracellular glomerular matrix is the
pathogenic hallmark of diabetic renal disease, we studied
whether Akt activation was important in collagen production

Fig. 1 Akt is activated in diabetic glomeruli. After 2 (a, b) and
4 weeks (c, d), increased AktS473 phosphorylation was seen in
isolated glomeruli from streptozotocin-induced diabetic rats. At
2 weeks, this was more pronounced than pAktS473 in whole cortex.

*p<0.05 (b, d); n=4 (b); n=6 (d). Fifty micrograms of protein were
used for cortex and glomerular immunoblots. e Immunofluorescence
shows increased AktS473 phosphorylation (green) in diabetic glo-
meruli, identified by von Willebrand factor (red). Con control
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by mesangial cells in response to high glucose levels. We
first established a time course for collagen I induction by
high glucose levels. Collagen IA1 mRNAwas determined by
northern blotting after exposure of mesangial cells to high
glucose levels for 1 to 4 days as shown in ESM Fig. 3a, with
maximal response seen at 3 days. A similar induction in
cellular collagen I was seen by immunoblotting (ESM

Fig. 3b). In subsequent studies, we thus used 3 days of high
glucose incubation to assess collagen I production.

We next assessed whether PI3K/Akt signalling mediates
high glucose-induced collagen I production. Mesangial cells
were incubated with high glucose levels in the presence or
absence of wortmannin (100 nmol/l) or LY294004
(20 μmol/l). Both PI3K inhibitors completely abrogated
the collagen I upregulation induced by high glucose levels
at both mRNA (Fig. 3a,b) and protein (Fig. 3c,d) levels. No
toxic effects were observed with either inhibitor. To ensure
that collagen I cellular upregulation correlated with en-
hanced collagen I protein secretion into the medium, we
performed ELISA on conditioned medium. High glucose
levels increased collagen I secretion by mesangial cells and
both PI3K inhibitors prevented this (Fig. 3e). Equivalent
incubation of mesangial cells with mannitol did not alter
collagen IA1 transcript levels or collagen I protein expres-
sion and secretion, as seen in Fig. 3a–e.

To confirm that Akt activation is required for high
glucose-induced collagen I upregulation, we studied
responses in cells overexpressing the dominant-negative
Akt mutant AktAAA. We have previously shown that
stable overexpression of this mutant in mesangial cells
prevented signalling downstream of Akt as assessed by
phosphorylation of the Akt substrate GSK-3 [5]. In Fig. 4a–d,
mesangial cells retrovirally infected with the empty vector
pLHCX showed the expected increase in collagen IA1
transcript and collagen I protein levels in response to high
glucose levels. This increase at both the transcript and
protein levels was completely inhibited in cells expressing
dominant-negative Akt.

Epidermal growth factor receptor is transactivated by high
glucose levels and mediates Akt activation EGFR has been
shown to serve as an intermediary in the activation of
signalling pathways initiated by stimuli other than EGF
through a process termed transactivation [20]. Furthermore,
the regulatory p85 subunit of PI3K can interact with growth
factor receptors including the EGFR [11]. We thus tested
whether EGFR transactivation might play a role in high
glucose-induced Akt activation in mesangial cells. We
incubated mesangial cells in high glucose levels for varying
times and assessed EGFR activation by the status of its
autophosphorylation site Y1068 [21]. Figure 5a,b shows
that high glucose-induced EGFR activation occurred prior
to Akt activation. Moreover, Akt S473 phosphorylation
induced by 1 h of high glucose treatment was completely
prevented by the highly-specific EGFR inhibitor AG1478
[22] (Fig. 5c,d), as was T308 phosphorylation (Fig. 5e,f).
We verified that AG1478 inhibits EGFR Y1068 phosphor-
ylation by high glucose levels (30 min) and that mannitol
was without effect (ESM Fig. 4a). We sought to further
specifically implicate EGFR in high glucose-induced

Fig. 2 High glucose levels activate Akt in mesangial cells. a
Immunoblotting showed a time-dependent increase in pAktS473, which
becamesignificant (b) by 20 min of high glucose levels; *p<0.05 vs
control (Con), n=5. This increase was sustained (c, d) up to 72 h;
*p<0.05 vs control, n=8. e Akt threonine 308 phosphorylation was also
observed in mesangial cells in response to both 1 and 24 h of high
glucose levels (HG), as shown by immunoblotting. Mannitol (Man) was
without effect (n=2)
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pAktS473; thus, we transfected mesangial cells with a
dnEGFR and examined Akt S473 phosphorylation in
response to high glucose levels by immunoblotting.
Figure 5g shows effective overexpression of this construct,

while Fig. 5h,i shows the abrogation of Akt S473
phosphorylation at high glucose levels by dnEGFR.

We have previously shown high glucose-induced p44/42
extracellular signal-regulated kinase (Erk) MAPK activa-

Fig. 3 PI3K inhibition prevents glucose-induced collagen I production.
a, b Collagen IA1 mRNA upregulation by 3 days of high glucose (HG)
levels was blocked by PI3K inhibitors LY294002 (LY; 20 μmol/l) and
wortmannin (Wort; 100 nmol/l), as assessed by northern blot and
quantified in bar graph (b). Data were normalised to actin. **p<0.01 vs
all others (b), n=6. c Western blot showed that cellular collagen I
protein was increased by 3 days of high glucose levels. This was also

prevented by PI3K inhibition. d Bar graph, quantifying western blot
densitometry; §p<0.03 vs all others, n=5. e Collagen I secreted into the
medium after 3 days of high glucose exposure was detected by ELISA.
PI3K inhibitors prevented the increase seen with high glucose levels;
¶p<0.04 vs all others, n=5. All panels show mannitol (Man) to be
without effect. Con control
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tion in mesangial cells [23]. Others have demonstrated
involvement of EGFR in this phenomenon in vascular
smooth muscle cells [24]. Thus, we sought to determine
whether EGFR was involved in high glucose-induced Erk
activation in mesangial cells. Immunoblotting revealed
increased Erk phosphorylation on T202/Y204, a widely
accepted substitute for activation in response to high glucose
levels, while also showing that this was prevented by EGFR
inhibition (ESM Fig. 4b,c).

High glucose-induced collagen production requires EGFR
transactivation Since we observed that Akt activation is
dependent on EGFR transactivation, we studied whether
this growth factor played a role in high glucose-induced
collagen I upregulation. Mesangial cells were exposed to
high glucose levels for 3 days in the presence or absence of
the EGFR inhibitor AG1478 (5 μmol/l). Figure 6a,b shows
that high glucose-induced collagen IA1 transcript upregu-
lation, assessed by northern blotting, was abrogated by
inhibition of EGFR activation. Collagen I protein induction
by high glucose levels was similarly prevented (Fig. 6c,d).
Overexpression of dnEGFR in mesangial cells confirmed
that this receptor is required for high glucose-induced
collagen IA1 transcript upregulation (Fig. 6e). Platelet-
derived growth factor receptor (PDGFR) may heterodimerise
with EFGR and play a role in EGFR transactivation [25].
However, using the highly specific PDGFR inhibitor
AG1295 [22], immunoblotting did not show a role for
PDGFR in Akt S473 phosphorylation, and northern blot
analysis did not show a role for PDGFR in collagen IA1
upregulation in mesangial cells exposed to high glucose
levels (ESM Fig. 5a,b).

EGFR is activated in diabetic glomeruli Having shown
that EGFR is transactivated by high glucose levels in
mesangial cells, we wished to investigate whether this
also occurs in vivo. We studied rats after 4 weeks of
diabetes, with significant hyperglycaemia confirmed as
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identified above. Glomeruli were immunohistochemically
identified by positive staining for von Willebrand factor
(red) (Fig. 7a). EGFR Y1068 phosphorylation (green) is
seen to be increased in glomeruli. Concordant immuno-
blotting of glomerular protein for EGFR Y1068 phosphor-
ylation identified a clear increase in EGFR activation in
diabetic glomeruli (Fig. 7b,c). We also sought to determine
whether glomerular EFGR and collagen I co-localisation
could be observed. ESM Fig. 6 shows that EGFR and
collagen I co-localisation was observed in diabetic
glomeruli.

Discussion

In this study, we observed induction of PI3K/Akt signalling
in diabetic glomeruli and demonstrated that this pathway is
an important novel mediator of collagen I production in
mesangial cells exposed to a high glucose milieu. Further,
we have identified that transactivation of the EGFR also
occurs in vivo and is required for Akt activation and
collagen I production. Pharmacological targeting of this
pathway at multiple levels may provide a novel approach to
treatment of diabetic renal disease.
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There is growing interest in the function of PI3K/Akt
signalling in the setting of diabetes. In insulin-responsive
tissue and cells, PI3K/Akt mediates insulin signalling
through phosphorylation of the insulin receptor substrate 1
[26]. Insulin does not, however, regulate glucose uptake in
mesangial cells. Recent studies have suggested that Akt
might be activated by glucose in the absence of insulin. In
mesangial cells in vitro, high glucose levels induced
activation of PI3K and Akt, which then mediated cyclo-
oxygenase-2 activation and cell proliferation [27]. In vivo,
in the streptozotocin-induced rodent, an insulin-deficient
model of diabetes, hyperglycaemia at both 3 days and
4 weeks increased Akt phosphorylation in brain [28].
Lloberas et al. [29] have recently shown increased phos-
phorylated Akt in whole kidney at 4 weeks of diabetes
while increased levels of total and phosphorylated Akt were
observed by others at 12 weeks in glomeruli [30]. Inhibition
of PI3K reduced glomerular hypertrophy, an effect thought
to be mediated through a decrease in downstream mamma-
lian target of rapamycin (mTOR) activation [30]. Treatment
with sirolimus, an inhibitor of mTOR, was also found to
decrease cortical TGF-β1 transcript upregulation in 4 week
diabetic rats [29]. Our initial studies extended these
findings, showing clear activation of Akt in glomeruli of
insulin-deficient diabetic rats. Indeed, by immunoblotting,
pAktS473 was significantly higher in glomerular prepara-
tions than in whole cortex, suggesting that the predominant
site of activation was in glomeruli. Immunofluorescence
confirmed these findings. Our subsequent studies confirmed
that hyperglycaemia itself activates Akt in cultured primary
mesangial cells, occurring early and with sustained effect, in
keeping with our in vivo findings.

A role for Akt in matrix regulation has recently emerged.
Overexpression of constitutively active Akt or the PI3K
p110α subunit in embryoid bodies resulted in massive colla-
gen 4A1 and laminin accumulation [6]. Abnormal produc-
tion of collagens 1, 2, 3 and laminin, as well as extracellular
fibronectin assembly by keloid fibroblasts were blocked by
LY294002 [31]; this role in fibronectin matrix assembly has
also been seen in other cell types [32]. In hepatic stellate
cells, basal collagen IA1 mRNA levels were decreased by
LY294002 [7]. IL-13-induced collagen IA2 upregulation
also depended on PI3K in dermal fibroblasts [33]. We have
shown the importance of Akt activation in matrix genera-
tion in response to mechanical stress [5] and observed that
overexpression of active Akt (AktDD) led to increased
collagen I secretion by unstimulated mesangial cells [5].
Since glomerular matrix accumulation is the pathological
hallmark of diabetic nephropathy, we assessed whether high
glucose-induced Akt activation might be important for
matrix upregulation. In the current study, we show that
PI3K/Akt signalling is required for upregulation of collagen
I by high glucose levels in mesangial cells.

The mechanisms by which PI3K/Akt may mediate
matrix production are not yet known. We observed that
high glucose-induced collagen I upregulation occurred at a
transcriptional level and this corresponded with increased
collagen I protein. The requirement for both PI3K and Akt
was demonstrated using PI3K inhibitors, as well as a
dominant-negative construct to inhibit Akt signalling. It has
been suggested that PI3K signalling increases collagen
transcript stability. In human lung fibroblasts, baseline
collagen IA1 mRNA expression was inhibited by PI3K
blockade with LY294002 [8]. Similarly, in hepatic stellate
cells, LY294002 decreased basal collagen IA1 mRNA
levels, although at a much slower rate (days vs hours) [7].
However, in human mesangial cells no effect of PI3K on
basal collagen IA2 levels was found [9]. This is supported
by our studies, in which neither wortmannin nor LY294002
affected the basal transcript levels of collagen IA1. This
suggests that cell-specific factors affect the basal expression
and involvement of PI3K/Akt in collagen synthesis.

Recently, TGF-β1 has been shown to directly activate the
PI3K/Akt pathway in some cells including mesangial cells, a
process required for its induction of collagen synthesis [8, 9].
Since TGF-β1 is upregulated by high glucose levels in
mesangial cells [34], it is possible that collagen upregula-
tion in our studies might in part be due to autocrine activity
of this cytokine. However, high glucose-induced Akt
activation, particularly at early time points, cannot be
ascribed to this mechanism. Alternatively, PI3K/Akt signal-
ling might affect collagen I upregulation through direct
transcriptional effects. The collagen IA1 promoter contains
binding sites for numerous transcription factors, including
activator protein 1 (AP-1) and Sp1 transcription factor (Sp1)
[35]. Although these are not well-known downstream
effectors of Akt, recently Akt was shown to regulate their
activity. In endothelial cells, insulin-induced AP-1 activa-
tion was blocked by PI3K inhibition with wortmannin [36].
PI3K activation by asphalt fumes mediated AP-1 activation
in epidermal cells [37]. Overexpression of a dominant-
negative p85 construct in fibroblasts prevented growth
factor-induced expression of c-fos, a component of the
heterodimeric AP-1 [38]. Overexpression of constitutively
active Akt has been shown to activate Sp1, while
upregulation of vascular endothelial growth factor by Akt
is mediated through Sp1 [39]. The transcriptional activity of
both AP-1 and Sp1 was shown to be upregulated by high
glucose levels in mesangial cells [40, 41]. Further studies
are needed to establish whether these or other transcription
factors might play a role in PI3K/Akt-mediated collagen
IA1 upregulation by high glucose levels.

Although growth factor-induced PI3K/Akt activation
through cognate receptors is well-defined [26], it is not
known how high glucose levels might activate this
signalling pathway. PI3K is composed of a catalytic
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(p110) and regulatory subunits (p85, p101) [11]. Binding of
the regulatory subunit to a phosphotyrosine residue, such as
found on activated growth factors, is required for release of
autoinhibition of its catalytic subunit [11]. Since EGFR is
known to activate PI3K/Akt and its transactivation serves in
signal transduction for diverse non-ligand-mediated stimuli
[10, 14], we assessed whether this might also be the case in
high glucose-mediated PI3K activation. Indeed, we found
the EGFR to be activated by high glucose levels and this
transactivation was shown to be required for downstream
Akt activation and collagen I synthesis in mesangial cells
by use of both a specific tyrphostin inhibitor and a
dominant-negative construct. Interestingly, EGF upregula-
tion has been observed in the streptozotocin diabetes model,
with increased EGF transcript upregulation and urinary
excretion as early as 1 day after streptozotocin injection
[42]. Although expression has been noted only in tubular
segments, EGFR inhibition was able to reduce glomerular
hypertrophy after 3 weeks of streptozotocin-induced diabe-
tes [43]. In this study, we showed that EGFR and collagen I
co-localisation was increased in glomeruli and tubular areas
in diabetic animals. In vitro, high glucose levels have been
shown to increase EGFR phosphorylation in proximal
tubular epithelial cells [44]. In vascular smooth muscle
cells, angiotensin II-induced Akt activation was augmented
by high glucose levels. This was shown to be facilitated by
increased responsiveness of an N-glycosylated EGFR in a
hyperglycaemic environment [24]. While longer-term
responses to high glucose levels such as matrix induction
may invoke secondary pathways such as autocrine angio-
tensin II signalling, this is unlikely to explain our findings
of short-term (minute) activation of Akt by high glucose
levels. This study is thus the first to show EGFR trans-
activation by high glucose levels in resident glomerular
cells, its involvement in matrix gene upregulation, as well
as EGFR activation in vivo in diabetic glomeruli. However,
the mechanism of transactivation of this receptor by high
glucose levels is unknown.

Here, we have identified the PI3K/Akt signalling
pathway as an important novel mediator of collagen I
production by mesangial cells exposed to high glucose
levels and have also confirmed that Akt is activated in the
glomeruli of insulin-deficient diabetic animals. Further, we
have identified that transactivation of the EGFR is required
for Akt activation. Current treatment options are not
effective in fully preventing the progression of diabetic
kidney disease. Further long-term studies are required to
pursue the effects of blockade of EGFR/PI3K/Akt signal-
ling on renal survival in diabetes. However, our study
suggests that pharmacological targeting of this pathway at
single or multiple levels may provide a novel approach to
the treatment of diabetic renal disease.
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