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BACKGROUND AND PURPOSE

The transactivation of the epidermal growth factor (EGF) receptor appears to be an important central transduction

mechanism in mediating diabetes-induced vascular dysfunction. Angiotensin-(1-7) [Ang-(1-7)] via its Mas receptor can prevent
the development of hyperglycaemia-induced cardiovascular complications. Here, we investigated whether Ang-(1-7) can
inhibit hyperglycaemia-induced EGF receptor transactivation and its classical signalling via ERK1/2 and p38 MAPK in vivo and
in vitro.

EXPERIMENTAL APPROACH

Streptozotocin-induced diabetic rats were chronically treated with Ang-(1-7) or AG1478, a selective EGF receptor inhibitor, for
4 weeks and mechanistic studies performed in the isolated mesenteric vasculature bed as well as in primary cultures of
vascular smooth muscle cells (VSMCs).

KEY RESULTS

Diabetes significantly enhanced phosphorylation of EGF receptor at tyrosine residues Y992, Y1068, Y1086, Y1148, as well as
ERK1/2 and p38 MAPK in the mesenteric vasculature bed whereas these changes were significantly attenuated upon
Ang-(1-7) or AG1478 treatment. In VSMCs grown in conditions of high glucose (25 mM), an Src-dependent elevation in EGF
receptor phosphorylation was observed. Ang-(1-7) inhibited both Ang II- and glucose-induced transactivation of EGF receptor.
The inhibition of high glucose-mediated Src-dependant transactivation of EGF receptor by Ang-(1-7) could be prevented by a
selective Mas receptor antagonist, D-Pro7-Ang-(1-7).

CONCLUSIONS AND IMPLICATIONS

These results show for the first time that Ang-(1-7) inhibits EGF receptor transactivation via a Mas receptor/Src-dependent
pathway and might represent a novel general mechanism by which Ang-(1-7) exerts its beneficial effects in many disease
states including diabetes-induced vascular dysfunction.

Abbreviations

AG1478, N-(3-chlorophenyl)-6,7-dimethoxy-4-quinazolinanine hydrochloride; Ang I, angiotensin I; Ang II, angiotensin
II; Ang (1-7), angiotensin (1-7); DMEM, Dulbecco’s modified Eagle’s medium; EGF, epidermal growth factor; HB-EGF,
heparin-binding EGF; RAAS, renin-angiotensin-aldosterone system; RTK, receptor tyrosine kinases; STZ, streptozotocin;
SU6656, 2,3-dihydro-N, N-dimethyl-2-oxo0-3-[{4,5,6,7-tetrahydro-1H-indol-2-yl}methylene]-1H-indole-5-sulphonamide;
VSMC, vascular smooth muscle cell
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Introduction

Candidate pathways that might play an important role in
diabetes-induced cardiovascular dysfunction include GPCR-
mediated signalling activated by angiotensin II (Ang II) and
receptor tyrosine kinases such as epidermal growth factor
(EGF) receptor. EGF receptor, a 175-kDa receptor tyrosine
kinase, can be activated by several different EGF-like ligands
including EGF and heparin binding-EGF (Ciardiello and
Tortora, 2008) to induce receptor clustering and autophos-
phorylation. This subsequently leads to activation of multiple
downstream signalling pathways such as the mitogenic Ras/
Raf/ERK1/2, the p38 MAPK or the PI3-kinase/PKB (Akt) sur-
vival pathways that regulate cell growth, proliferation and
differentiation (Ciardiello and Tortora, 2008; Cai et al., 2010;
Avraham and Yarden, 2011). Alternatively, transactivation of
EGF receptor can occur via GPCRs, such as angiotensin II
(Ang II), thrombin, aldosterone and endothelin (Higuchi
et al., 2007; Abdallah et al., 2010; Almendro et al., 2010; Lie-
bmann, 2011; Smith et al., 2011). Depending on the specific
cellular conditions, EGF receptor transactivation can occur
via upstream kinases such as Src (a tyrosine-specific protein
kinase encoded by the v-Src oncogene of Rous sarcoma virus),
or involve metalloprotease and/or ADAM (a disintegrin and
metalloprotease)-dependent shedding of cell-surface bound
EGF-like ligands (Higuchi et al., 2007).

We previously showed that diabetes-induced vascular dys-
function was mediated by enhanced EGF receptor signalling,
whereby chronic or acute treatment with AG1478, a selective
inhibitor of EGF receptor tyrosine kinase, significantly cor-
rected vascular dysfunction in the mesenteric bed, the renal
vasculature and the carotid artery (Yousif et al., 2005; Benter
etal.,, 2005a,b; 2009a). Gene expression profiling of the
mesenteric vasculature showed that the correction in vascular
dysfunction achieved by AG1478 was attained by blocking
the up-regulation of the majority (~85%) of the 1100+ genes
whose expression had been altered in the diabetic mesenteric
bed vasculature (Benter et al., 2009a). Betacellulin, a ligand
for the ErbB family of receptors, when administered in mice
also led to retinal vascular damage, thereby further implicat-
ing EGF receptor signalling in vascular dysfunction (Anand-
Apte et al., 2010).Thus, the EGF receptor was proposed to be
an important early detrimental pathway mediating vascular
dysfunction in both an experimental model of type 1 diabe-
tes (Benter et al., 2005a,b) and subsequently in a model of
type 2 diabetes (Belmadani et al., 2008).

Strategies to inhibit formation and actions of Ang II are
used extensively in clinical practice to prevent hypertension-
or diabetes-induced end-organ damage. Angiotensin-(1-7)
[Ang (1-7)] is a metabolite of Ang II that exhibits antihyper-
tensive, antithrombotic and antiproliferative properties
(Benter et al., 1993; 1995; Chappell, 2007; Gava et al., 2009;
Tesanovic et al., 2010). Thus, Ang-(1-7) is thought to coun-
terbalance or oppose the detrimental effects of Ang II (Iwai
and Horiuchi, 2009; Ferrario et al., 2010; Hayashi et al., 2010).
Ang-(1-7) functions through the G protein-coupled Mas
receptor that is highly expressed in several tissues including
the brain, heart, kidney and the vasculature (Gava etal.,
2009). Ang-(1-7) produces relaxation of several vascular beds
including coronary, cerebral, renal, pulmonary, femoral and
mesenteric arteries (Ferrario ef al., 2010). In humans, Ang-
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(1-7) attenuates Ang Il-induced vasoconstriction in resistant
vessels (Ueda et al., 2000). Recent studies have shown that
treatment with Ang-(1-7) can attenuate end-organ damage in
models of diabetes, hypertension and endothelial dysfunc-
tion (Benter et al., 2006, 2007; Oudit et al., 2010). In the case
of diabetes-induced vascular dysfunction, we showed that the
abnormal vascular reactivity to vasoactive agents such as
noradrenaline, Ang II and carbachol observed in 4 weeks of
experimental [streptozotocin (STZ) induced] diabetes was pre-
vented by chronic Ang-(1-7) treatment (Benter et al., 2007)
without a correction in hyperglycaemia in a manner analo-
gous to that previously reported by us for AG1478, a selective
inhibitor of EGF receptor signalling (Benter et al., 2005a,b).
Ang-(1-7) inhibits NADPH oxidase and NF-xB in diabetic
animals and attenuates oxidative stress (Benter et al., 2008;
Al-Maghrebi ef al., 2009). It is also known that Ang II signal-
ling, including its transactivation of EGF receptor, is
enhanced in diabetes. Thus, given the facts that both Ang-
(1-7) administration and EGF receptor inhibition lead to a
similar attenuation of diabetes-induced vascular dysfunction
and that Ang-(1-7) counteracts the effects of Ang II, we
hypothesized that Ang-(1-7) may counteract Ang II signalling
by inhibiting EGF receptor transactivation in the diabetic
vasculature. Hence, we investigated whether Ang-(1-7) can
inhibit diabetes-induced EGF receptor transactivation and its
classical signalling via ERK1/2 and p38 MAPK in the mesen-
teric vasculature of diabetic rats and both glucose- and Ang
[I-induced EGF receptor transactivation in cultured vascular
smooth muscle cells (VSMCs). Indeed, our results show for
the first time that Ang-(1-7) inhibits EGF receptor transacti-
vation via a Mas receptor/Src-dependent pathway.

Methods

Drugs

AG1478 (N-(3-chlorophenyl)-6,7-dimethoxy-4-quinazolina-
nine hydrochloride) was purchased from Tocris (Bristol,
UK). STZ, SU6656 ({2,3-dihydro-N, N-dimethyl-2-oxo0-3-
[{4,5,6,7 -tetrahydro- 1H-indol-2- yljmethylene]-1H-indole-5-
sulphonamide), Losartan, Ang-(1-7) were all purchased from
Sigma Chemical Co. (St Louis, MO, USA). D-Pro7-Ang-(1-7)
was purchased from American Peptide Company (Sunnyvale,
CA, USA).

In vivo studies

Male Wistar rats weighing about 300 g were used in this study
and divided into the following groups (n = 8 per group).
Group 1: non-diabetic (Control) animals; Group 2: STZ
(55 mg-kg™ body weight)-treated animals; Group 3: STZ +
AG1478 (1 mg-kg' day”’ i.p.); Group 4: STZ + Ang-(1-7)
(576 ug kg day i.p.). A total of 32 animals were used in this
study. All animal care and experimental procedures were con-
ducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (NIH
Publication no. 85-23, Revised 1985) as approved by Kuwait
University Research Administration.

Induction of diabetes and treatment regimens
Diabetes was induced by a single i.p. injection of 55 mg-kg™

body weight STZ dissolved in citrate buffer (pH 4.5). Age-
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matched control rats were injected with the citrate buffer
vehicle used to dissolve STZ. Body weight and basal glucose
levels were determined before the STZ injection, using an
automated blood glucose analyzer (Glucometer Elite XL).
Blood glucose concentrations were determined 48 h after STZ
injection. Rats with a blood glucose concentration above
250 mg-dL" were declared diabetic. The animals’ body
weights and the diabetic state were re-assessed after 4 weeks
just before the animals were killed.

The regimen for drug administration [for AG1478 and
Ang-(1-7)] was based on our previous studies in models of
hypertension and/or diabetes (Benter et al., 1995; 2005a,b;
2006; 2007; 2009a; 2011). In all cases, the last dose of the
pharmacological agents was administered at 4 pm the day
before and animals were killed at 9 am the next day. This
strategy leads to clinically relevant circulating levels of Ang-
(1-7) in rats that are about 25-fold higher than basal (Benter
etal.,, 2011).

Western blotting studies

Western blotting for total or phosphorylated forms of EGF
receptor, Src, ERK1/2 and p38 MAPK was performed essen-
tially as described by us previously (Petch et al., 2003; Hussain
et al., 2004; Benter et al., 2005a,b; Hollins et al., 2007). Briefly,
rat mesenteric vascular beds were isolated, snap-frozen in
liquid nitrogen and stored at —80°C. The tissue samples were
defrosted in ice then transferred to lysis buffer (pH 7.6) con-
taining 50 mM Tris-base, 5 mM EGTA, 150 mM NacCl, 1%
Triton 100, 2 mM NazVO,, 50 mM NAF, 1 mM PMSE, 20 uM
phenylarsine, 10 mM sodium molybdate, 10 ug-mL™" leupep-
tin and 8 ug-mL™ aprotinin, mixed three times with a soni-
cator probe (OMNI 2000, Omni International, Waterbury, CT,
USA) at speed 2 for 20 s each time. The samples were left to
lyse completely by incubation on ice for 30 min. Lysates were
then centrifuged at 16 000x g for 20 min at 4°C and superna-
tants were collected and protein concentration estimated by
Bio-Rad BCA protein assay (Hercules, CA, USA). Aliquots con-
taining equal amounts of protein were subjected to SDS-PAGE
and transferred onto nitrocellulose membrane (Schleicher &
Schuell, Dassel, Germany). Membranes were then incubated
with either monoclonal antibodies (Cell Signaling, Danvers,
MA, USA) to detect phosphorylated and total forms of EGF
receptor (bands seen at approximately 175 kDa), Src (at
approx. 60 kDa), ERK1/2 (at 42/44 kDa) or p38 MAPK (at
38 kDa) and subsequently with appropriate secondary anti-
bodies conjugated to horseradish peroxidase (Amersham,
Buckinghamshire, UK). Immunoreactive bands were detected
with SuperSignal chemiluminescent substrate (Pierce,
Cheshire, UK) using Kodak autoradiography film (G.R..,
Rayne, UK). To ensure equal loading of proteins, B-actin levels
were detected using primary rabbit anti-human B-actin anti-
body followed by the secondary anti-rabbit IgG horse-radish
peroxidase conjugated antibody (Cell Signaling). Images were
finally analysed and quantified by densitometry and all data
were normalized to B-actin levels.

VSMC studies

Primary rat aortic smooth muscle cell (VSMC) cultures were
obtained by enzymatic dissociation of the thoracic aortas
taken from untreated male Wistar rats essentially as
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described by us previously (Dhaunsi and Hassid, 1996;
Muthalif et al., 1998). Briefly, four aortic fragments were
thoroughly cleaned free of the adherent fatty tissue and the
endothelium was removed by gently rubbing the lumen of
the vessel in serum-free Dulbecco’s modified Eagle’s medium
(DMEM; Sigma Chemical Co.). The fragments were then
digested for 30 min at 37°C in 6 mL of DMEM that con-
tained 1.5 mg-mL™ BSA, 25U mL™’ of pancreatic elastase
(Sigma) and 200 U mL™" collagenase (Type IX, Sigma) with
gentle shaking in between. After the incubation period, the
adventitial medial layer was removed, the fragments cut into
small pieces and digested by incubation in 4 mL of digestion
mixture for 45 min followed by washing twice with fresh
DMEM and centrifugation. The resulting cell suspension was
plated onto 25 cm? culture flasks in DMEM-F12 HAM
(Sigma) containing 10% heat-inactivated fetal bovine serum
(Hyclone, Logan, UT, USA), 100 mg-mL"' antibiotic-
antimycotic (Invitrogen, Carlsbad, CA, USA) and 2 mL-L™
insulin transferrin sodium selenate (Sigma), and in humidi-
fied conditions under 5% CO,. The VSMCs obtained were
characterized as smooth muscle cells by morphology (mul-
tilayer sheets, ‘hills and valleys’) and immunostaining with
monoclonal antibody specific for smooth muscle a-actin.
Cells were passaged upon reaching confluence with 0.5%
trypsin-containing 0.2% EDTA and utilized between passages
3 and 10. For the mechanistic studies, VSMCs were initially
cultured in serum containing DMEM media until 60-70%
confluence and then in serum-free DMEM media containing
either normal (5 mM) or high (25 mM) D-glucose (or
L-glucose as an osmotic control) and/or co-treated with dif-
ferent doses of the named drugs for 72 h. Cells were then
lysed in cell lysis buffer, and total proteins were estimated
and equivalent amounts of proteins were subjected to SDS-
PAGE and immunoblotting as previously described for the
mesenteric bed.

Statistical analysis

Data are presented as mean = SEM of n number of experi-
ments. Mean values were compared using analysis of variance
followed by post hoc test (Bonferroni). Significant difference
was considered when P value was less than 0.05.

Results

Hyperglycaemia and animals’ body weights
Induction of diabetes by STZ resulted in a significant increase
in blood glucose concentration. Hyperglycaemia persisted in
the diabetic animals and was 33.1 = 1.5 mmol-L™" after 4
weeks of diabetes as compared with 4.4 = 0.8 mmol-L™ in the
non-diabetic control animals. Treatment with AG1478 (32.7
+ 0.9 mmol-L™") or Ang-(1-7) (31.9 = 1.1 mmol-L") did not
significantly reduce blood glucose levels. There was a signifi-
cant reduction of around 70 g in the weights of STZ-diabetic
rats (154 = 6 g) compared with the non-diabetic control
animals (224 + 4g) after 4 weeks of diabetes, whereas
AG1478 or Ang-(1-7) treatment significantly improved the
weight of diabetic rats to 185 * 8g and 195 * 10g,
respectively.
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Diabetes-induced phosphorylation of EGF receptor occurs at multiple tyrosine residues that can be attenuated by chronic treatment with
Ang-(1-7) or AG1478, a selective inhibitor of EGF receptor, in the mesenteric bed vasculature of STZ-induced diabetic rats. (A) A representative
Western blot showing the levels of phosphorylated EGF receptor (P-EGFR) at the indicated tyrosines Y992, Y1068, Y1086 and Y1148, total EGF
receptor (EGFR) and B-actin in the isolated mesenteric bed from normal controls (C), diabetic (D) and diabetic animals treated for 4 weeks with
Ang-(1-7) (A1-7) or AG1478 (AG). (B-F) Densitometry histograms showing levels of total EGF receptor normalized to actin (B) and levels of
phosphorylated EGF receptor at the stated tyrosine residue normalized to total EGF receptor (C-F). n = 6; mean = SD. *Indicates significantly
different (P < 0.05) mean values from normal non-diabetic rats (C), whereas # indicates significantly different mean values (P < 0.05) from diabetic

rats (D).

Ang-(1-7) inhibits hyperglycaemia-induced
transactivation of EGF receptor in an animal
model of diabetes

Four weeks of diabetes resulted in enhanced phosphoryla-
tion of EGF receptor at multiple tyrosine residues: Y992,
Y1068, Y1086 and Y1148 that could be significantly attenu-
ated by chronic treatment with Ang (1-7) or AG1478, a
selective inhibitor of EGF receptor, in the mesenteric bed
vasculature of STZ-induced diabetic rats (Figure 1A,C,D).
Diabetes also induced increased expression of EGF receptor
protein (Figure 1B) that could be prevented by Ang-(1-7)
and AG1478 treatment (Figure 1A,B). Diabetes also
enhanced phosphorylation of the downstream effectors
ERK1/2 and p38 MAPK, an effect that was significantly
attenuated upon chronic treatment with Ang (1-7) or
AG1478 (Figure 2).

Ang-(1-7) inhibits glucose-induced and Ang
II-mediated transactivation of EGF receptor
in VSMC
Culturing VSMC cells in 25 mM high glucose (Figure 3A,B),
but not the osmotic control, L-glucose (Figure 3E,F) for 72 h
led to significantly enhanced transactivation of EGF receptor
as evidenced by phosphorylation of the receptor at Y1068
compared with those grown in normal glucose (5.5 mM).
Glucose-induced EGF receptor transactivation was accompa-
nied by enhanced phosphorylation of the downstream effec-
tors, ERK1/2 and p38 MAPK (Figure 3A,C,D). Ang-(1-7)
inhibited phosphorylation of EGF receptor, ERK1/2 and p38
MAPKs in a manner similar to that of the selective inhibitor
of EGF receptor phosphorylation, AG1478 (Figure 3A-D).

In VSMC cultured in normal glucose (5.5 mM), stimula-
tion with Ang II led to transactivation of EGF receptor as
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The effect of chronic treatment with Ang-(1-7) or AG1478 on ERK1/2
and p38 MAPK signalling in the isolated mesenteric bed of STZ-
induced diabetic rats. (A) Representative Western blot showing the
levels of phosphorylated ERK1/2 and p38 MAPK (p P38) in the
isolated mesenteric bed from normal controls (C), diabetic (D) and
diabetic animals treated for 4 weeks with Ang-(1-7) [A1-7]or AG1478
[AG]. (B-C) Densitometry histograms showing levels of phosphory-
lated (p-) ERK1/2 (B) and p38 MAPK (C) normalized to actin. n = 6;
Mean = SD. *Indicates significantly different (P < 0.05) mean values
from normal non-diabetic rats (C), whereas # indicates significantly
different mean values (P < 0.05) from diabetic rats (D).

evidenced by an enhanced phosphorylation at Y1068 as well
as enhanced phosphorylation of ERK1/2 and p38MAPK
(Figure 4). Ang-(1-7) inhibited Ang II-mediated phosphoryla-
tion of EGF receptor, ERK1/2 and p38 MAPKs in a manner
similar to that of losartan, an Ang II type 1 receptor (AT,)
receptor blocker, and AG1478 (Figure 4).

Ang-(1-7) via its Mas receptor inhibits
glucose-induced EGF receptor transactivation
by inhibiting Src phosphorylation in VSMC
High glucose (Figure 5A,B), but not the osmotic control
L-glucose (Figure SE,F), induced a significant enhancement in
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phosphorylation of Src (Y416) that was prevented in a dose-
dependent manner by the selective Src inhibitor, SU6656 in
VSMC (see Figure 5A,B). Inhibition of Src phosphorylation at
Y416 by SU6656 also led to a dose-dependent inhibition of
EGF receptor and ERK1/2 phosphorylation in VSMC
(Figure 5C,D).

Glucose-induced Src phosphorylation and subsequent sig-
nalling via the EGF receptor/ERK1/2 pathway could be inhib-
ited by Ang-(1-7) (Figure 6). The inhibitory effect of Ang-(1-7)
on Src/EGF receptor/ERK1/2 signalling could be blocked by
the selective MAS receptor inhibitor [D-Pro7-Angiotensin-
(1-7)] (Figure 6).

Discussion

The major finding of the data presented in this study is that
Ang-(1-7) is an inhibitor of EGF receptor transactivation and
its subsequent signalling via ERK1/2 and p38 MAPK in vitro
and in vivo.

We first showed that hyperglycaemia-induced EGF recep-
tor phosphorylation occurs at multiple tyrosine residues in
the diabetic mesenteric vascular bed. Chronic treatment of
STZ-diabetic animals with Ang-(1-7) or AG1478, at doses and
treatment regimens that prevented development of diabetes-
induced vascular dysfunction in the mesenteric bed (Benter
et al., 2005a; 2007) but did not correct hyperglycaemia, sig-
nificantly inhibited EGF receptor phosphorylation at all of
the sites studied with an associated reduction in phosphory-
lation of the downstream effectors, ERK1/2 and p38 MAPK.
Part but not all of the enhanced phosphorylation of EGF
receptor could be accounted for by an increased EGF receptor
expression. Diabetes-induced elevation in EGF receptor
expression could be inhibited by both Ang-(1-7) and AG1478
treatment (Figure 1). These data are consistent with our pre-
vious micro-array-based gene expression profiling study
where diabetes significantly increased EGF receptor mRNA
levels in the mesenteric vascular bed and this effect was
prevented by AG148 treatment (Benter et al., 2009a).

To study this mechanism further, we next evaluated
whether Ang-(1-7) could inhibit both glucose-induced and
Ang Il-induced EGF receptor transactivation in VSMC. Here
we showed that both Ang-(1-7) and the selective EGF receptor
inhibitor, AG1478, dose-dependently inhibited EGF receptor
transactivation and subsequent downstream signalling via
p38MAPK and ERK1/2 as a result of exposure to high glucose
or stimulation with Ang II (Figures 3 and 4). These data imply
that Ang-(1-7) can inhibit EGF receptor transactivation
induced by multiple stimuli.

The EGF receptor transactivation by GPCRs appears to
mediate several critical downstream signals and functions,
such as ERK1/2 activation, and cell proliferation (Higuchi
etal., 2007; Almendro et al., 2010; Liebmann, 2011). The
exact mechanisms for EGF receptor transactivation by GPCRs
are not entirely clear but can occur via multiple pathways
including those involved in the elevation of intracellular
Ca*, activation of PKC and generation of reactive oxygen
species (Higuchi et al., 2007; Almendro etal., 2010; Lieb-
mann, 2011). Nonetheless, the two most widely reported
mechanisms for EGF receptor transactivation are (i) via a
metalloprotease-mediated ectodomain shedding of cell-
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Ang-(1-7) is a dose-dependent inhibitor of high glucose-induced transactivation of epidermal growth factor (EGF) receptor at Y1068 and
phosphorylation of p38 MAPK and ERK1/2 in a manner similar to AG1478 in VSMC. (A) Representative Western blot showing the levels of
phosphorylated EGF receptor (Y1068), p38MAPK (p-P38) and ERK1/2 (p-ERK1/2) in VSMC grown in normal (5.5 mM) D-glucose (NG), high
glucose (25.5 mM D-glucose; HG) or HG co-treated with increasing doses of AG1478 (AG) or Ang-(1-7) (labelled as A1-7). (B-D) Densitometry
histograms showing levels of phosphorylated EGF receptor normalized to total EGF receptor (B) and levels of phosphorylated p38 MAPK (C) or
ERK1/2 (D) normalized to actin. (E) and (F) Representative Western blot and histogram, respectively, showing that in contrast to 25 mM D-glucose
(HG), the osmotic control, L-glucose (19.5 mM L-glucose + 5.5 mM D-glucose) had no significant effect on EGF receptor phosphorylation
compared with normal glucose (5.5 mM glucose) in VSMC. n=6; mean =+ SD. *Indicates significantly different (P < 0.05) mean values from VSMC
grown in normal 5.5 mM D-glucose (NG), whereas # indicates significantly different mean values (P < 0.05) from those grown in high glucose,

25.5 mM D-glucose (HG).

surface bound ErbB family ligands or (ii) via phosphorylation
of EGF receptor by a cytosolic non-receptor tyrosine kinase
such as Src (Higuchi etal.,, 2007; Almendro etal., 2010).
However, it is not clear whether Src is involved in high
glucose-induced transactivation of EGF receptor.

We then showed for the first time that glucose-induced
EGF receptor transactivation in VSMC occurs via activation of
Src through its phosphorylation at Y416 and that Ang-(1-7)
via its Mas receptor inhibits EGF receptor/ERK1/2 signalling
through inhibition of Src phosphorylation (Figures 5 and 6).
Dose-dependent inhibition of Src phosphorylation by
SU6656, a selective c-Src tyrosine kinase inhibitor, led to
inhibition of EGF receptor phosphorylation at Y1068 and
phosphorylation of ERK1/2 confirming that Src phosphory-
lation was an upstream event of the EGF receptor/ERK1/2

signalling pathway. Further, we showed that Ang-(1-7)-
mediated inhibition of Src/EGF receptor/ERK1/2 pathway
could be completely reversed by Mas receptor blockade using
the selective inhibitor, D-Pro7-Ang-(1-7), implying that Ang-
(1-7)-mediated inhibition of Src-dependent EGF receptor
phosphorylation occurs via its Mas receptor.

Figure 7 summarizes our current working hypothesis of
the interplay between EGF receptor and Ang-(1-7) signalling
in experimental type 1 diabetes and VSMC grown in high
glucose. Diabetes or high glucose can induce Ang II-mediated
transactivation of EGF receptor via an Src-dependent
pathway that subsequently through signalling cascades
involving p38 MAPK and ERK1/2 leads to vascular complica-
tions. It is likely that diabetes and/or hyperglycaemia might
activate EGF receptor signalling via other pathways as well (as
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of an AT, receptor antagonist, losartan, and AG1478, a selective inhibitor of EGF receptor phosphorylation. (A) Representative Western blot
showing the levels of phosphorylated EGF receptor (Y1068), p38MAPK (p-P38) and ERK1/2 (p-ERK1/2), total EGF receptor (EGFR) and actin in
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(labelled as A1-7); (B-D) Densitometry histograms showing levels of phosphorylated EGF receptor normalized to total EGF receptor (B) and levels
of phosphorylated p38 MAPK (C) or ERK1/2 (D) normalized to actin. n = 6; mean = SD. *Indicates significantly different (P < 0.05) mean values
from VSMC grown in normal 5.5 mM D-glucose (NG), whereas # indicates significantly different mean values (P < 0.05) from those grown in high

glucose 25.5 mM D-glucose (HG).

indicated in Figure 7). This is supported by data from recent
clinical trials studies that have suggested that treatment of
patients with Ang II (type 1A) receptor blockers such as losa-
rtan, as used in this study, cannot completely reverse vascular
dysfunction (Izzo and Zion, 2011). Further, simply correction
of hyperglycaemia per se also does not completely prevent the
development of vascular complications in patients with dia-
betes (Gerstein et al., 2008), implying that other factors asso-
ciated with the diabetic state could induce EGF receptor
signalling — a possibility that needs further study. In any case,
the findings of the present study show that Src-dependent
EGF receptor transactivation can be inhibited by Ang-(1-7)
acting through its Mas receptor (indicated in Figure 7) repre-
senting a novel mechanism of action for inhibiting EGF
receptor and for counteracting the effects of Ang II.

Taken together, these data support the notion that the
beneficial effects of Ang-(1-7) on the diabetic vasculature
involve inhibition of the detrimental EGF receptor/ERK1/2/
p38MAPK pathway. Our findings lead us to speculate that this
could represent a general mechanism by which Ang-(1-7)
exerts its beneficial effects in many conditions especially
where enhanced EGF receptor signalling has been implicated.
In addition to its importance in diabetes-induced vascular
complications, increased EGF receptor signalling is also
thought to be an important mediator of kidney dysfunction
in diabetes and in hypertension. Recent studies have con-
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firmed that EGF receptor inhibition results in attenuation of
kidney enlargement and albuminuria as well as preservation
of podocytes and electrolyte homeostasis in models of diabe-
tes (Wassef et al., 2004; Andrew et al., 2011; Gilbert et al.,
2011; Panchapakesan et al., 2011). Our own studies have also
suggested that enhanced EGF receptor and downstream Ras
signalling are key mediators of kidney damage in an experi-
mental model of hypertension (Benter et al., 2009b). The
beneficial effects reported for Ang-(1-7) in diabetes and/or
hypertension-induced vascular and renal complications
(Benter et al., 2006; 2008; Dhaunsi et al., 2010; Ferrario et al.,
2010; Giani et al., 2011), and possibly in other inflammatory
conditions, are likely to be multifactorial but the data pre-
sented here suggest for the first time that, at least in part, they
could involve attenuation of EGF receptor signalling.
Previous studies have shown that the beneficial effects of
Ang-(1-7) in the cardiovascular system may involve modula-
tion of ERK1/2, NADPH oxidase, Rho kinases, PKB and NF-kB
activities that are also thought to be potential downstream
effectors of the EGF receptor signalling cascade (Benter et al.,
2008; 2009a; Al-Maghrebi et al., 2009; Ferrario et al., 2010;
Gwathmey et al., 2011; Moon et al., 2011). In a recent study,
Stegbauer et al. (2011) showed that chronic Ang-(1-7) treat-
ment improves renal endothelial function via Mas receptors
and this was associated with increased levels of endogenous
NO and decreased NADPH levels in an experimental model of
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High glucose-mediated EGF receptor transactivation occurs via Src-depedent pathway. (A) Representative Western blot showing the levels of
phosphorylated Src at Y436 (p-Src), total Src (Src), phosphorylated EGF receptor at Y1068 (p-EGFR), total EGF receptor (EGFR) and phosphorylated
ERK1/2 in VSMC grown in normal (5.5 mM) D-glucose (NG), high glucose (25.5 mM) D-glucose (HG) or HG treated with increasing doses (2 and
25 uM) of Src selective inhibitor, SU6656 (lanes labelled as HG+ SU 2 and HG+ SU 25, respectively). (B-D) Densitometry histograms showing levels
of phosphorylated Src (Y416) normalized to total Src (B), phosphorylated EGF receptor normalized to total EGF receptor (B) and levels of
phosphorylated ERK1/2 (D) normalized to actin. (E) Representative Western Blot and (F) densitometry histogram showing that in contrast to
25 mM D-glucose (HG), the osmotic control, L-glucose (19.5 mM L-glucose + 5.5 mM D-glucose) had no significant effect on Src phosphorylation
compared with normal glucose (5.5 mM glucose) in VSMC. n=6; mean =+ SD. *Indicates significantly different (P < 0.05) mean values from VSMC
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25.5 mM D-glucose (HG).

human cardiovascular disease. Although Ang-(1-7) may act
through several mechanisms, our conclusion that Ang-(1-7)
inhibits EGF receptor signalling via its Mas receptor is con-
sistent with these previous findings and indeed, may offer a
mechanistic explanation for the effects described.
Interestingly, chronic treatment with Ang-(1-7) or
AG1478 significantly attenuated diabetes-induced weight
loss to a similar extent. As to how the administration of
Ang-(1-7) or EGF receptor inhibition mediates weight gain
in diabetic animals is not clear as food intake was not moni-
tored in this study. However, Kristensen and colleagues have
reported that sustained administration of EGF, a ligand for
EGF receptor, leads to reduced fat mass in rats despite an
unaltered food intake (Kristensen et al., 1998; Pedersen et al.,
2000). These authors proposed that EGF administration
reduced body mass by enhancing activation of mitochon-

drial uncoupling proteins (UCP2 and UCP3) involved in
increased energy expenditure (Pedersen etal., 2000) that
would ultimately result in induction of lipolysis. Thus,
attenuation of weight loss due to treatment with AG1478 or
Ang-(1-7) during development of diabetes may be occurring
via inhibition of the EGF/EGF receptor/UCP2,3-pathway and
through inhibition of lipolysis. Furthermore, lipolysis, or
more specifically, non-esterified fatty acid (NEFA) products
of lipolysis, has an adverse effect on vascular reactivity (Egan
etal.,, 1999) possibly via modulation of PKC activity and
calcium homeostasis. NEFAs can lead to activation of PKC
and have also been reported to directly activate EGF receptor
(Vacaresse et al., 1999). Thus, it seems that EGF receptor-
mediated signalling may be a key link between signal trans-
duction pathways leading to weight loss and vascular
dysfunction.
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Model of how Ang-(1-7) via its Mas receptor might inhibit diabetes
or high glucose-induced EGF receptor signalling and prevent vascu-
lar complications associated with diabetes and/or hyperglycaemia.
The pharmacological inhibitors used in the present study are also
indicated. (See text for further explanation.)
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In conclusion, this study has highlighted a novel mecha-
nism by which Ang-(1-7) may exert its many actions in the
vasculature through inhibition of EGF receptor transactiva-
tion. Thus, inhibition of EGF receptor through activation of
ACE2-Ang-(1-7)-Mas axis may offer an important alternative
or additional approach to the use of ACE inhibitors or AT,
blockers in the treatment of diabetes-induced end-organ
damage. Indeed, treatment with ACE inhibitors and/or AT,
blockers has already been shown to elevate levels of Ang-(1-7)
probably due to increased Ang II levels and ACE2 expression.
Moreover, the beneficial effects of ACE inhibitors and/or AT,
blockers are attenuated when given together with a Mas
receptor antagonist (Iyer etal., 1998), implying that their
beneficial effects may involve a contribution from Ang-(1-7)
that, as suggested by this study, involves the inhibition of
EGF receptor transactivation. Further, because ACE2 expres-
sion is decreased under diabetic conditions that reduce pro-
duction of Ang-(1-7), it is possible that part of the reason for
induction of vascular dysfunction in diabetes is removal of
the inhibitory effects of ACE2 on EGF receptor transactiva-
tion. In addition, based on the present findings, Ang-(1-7)
may offer an important alternative approach to the use of



conventional tyrosine kinase inhibitors that exhibit consid-
erable resistance problems such as in tumour patients.
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