WMty
RESEARCH PAPER oremoniene

Kathleen E. Rodgers, School of
Pharmacy, University of Southern

Angiotensin-(1-7) U
a d m i n i St rati o n b e n efi ts krodgers@ypharn'lacy.usc'.edu

*These authors contributed

cardiac, renal and caualy 1o the paper.

progenitor cell function 1 G s
in db/db mice rccpisd

A M Papinska*, N M Mordwinkin*, C J Meeks, S S Jadhav and
K E Rodgers

School of Pharmacy, University of Southern California, Los Angeles, CA, USA

BACKGROUND AND PURPOSE

Diabetic patients are at an increased risk of cardiovascular disease, in part due to inflammation and oxidative stress. These two
pathological mechanisms also affect other organs and cells including the kidneys and progenitor cells. Angiotensin-(1-7)
[Ang-(1-7)] has previously been shown to counterbalance pathological effects of angiotensin Il, including inflammation and
oxidative stress. The aim of this study was to investigate the effects of short-term (2 weeks) Ang-(1-7) treatment on
cardiovascular and renal function in a mouse model of type 2 diabetes (db/db).

EXPERIMENTAL APPROACH
Eight- to nine-week-old db/db mice were administered either vehicle, Ang-(1-7) alone, or Ang-(1-7) combined with an
inhibitor (losartan, PD123319, A-779, L-NAME or icatibant) daily for 14 days.

KEY RESULTS

An improvement in physiological heart function was observed in Ang-(1-7)-treated mice. Ang-(1-7) also reduced
cardiomyocyte hypertrophy, fibrosis and inflammatory cell infiltration of the heart tissue and increased blood vessel number.
These changes were blocked by antagonists of the MAS1, AT, and bradykinin receptors and inhibition of NO formation.
Treatment with Ang-(1-7) reduced glomerular damage and oxidative stress in kidney tissue. Bone marrow and circulating
endothelial progenitors, as well as bone marrow mesenchymal stem cells, were increased in mice treated with Ang-(1-7).

CONCLUSIONS AND IMPLICATIONS

Short-term Ang-(1-7) treatment of young db/db mice improved heart function and reduced kidney damage. Treatment also
improved bone marrow and circulating levels of endothelial and mesenchymal stem cells. All of this may contribute to
improved cardiovascular and renal function.

Abbreviations

Ang-(1-7), angiotensin-(1-7); Ang-II, angiotensin II; BM, bone marrow; eNOS, endothelial NOS; EPC, endothelial
progenitor cell; MSC, mesenchymal stem cells; OS, oxidative stress; RAS, renin-angiotensin system; T2DM, type 2
diabetes mellitus
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Tables of Links

Enzymes’ GPCRs®

ACE AT, receptor

eNOS AT, receptor
BK B, receptor
MAS1

A-779 L-NAME
Angiotensin |l Losartan
Angiotensin-(1-7) NO
Icatibant PD123319

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“’Alexander et al., 2013a,b).

Introduction

Type 2 diabetes mellitus (T2DM) affects over 8% of the US
population (Rabelo etal., 2011), and is associated with a
number of long-term complications including nephropathy,
retinopathy, stroke and cardiovascular disease, ultimately
leading to a decreased quality of life and reduced life expec-
tancy. It is estimated that the risk of death of diabetic patients
is twice as high as that of age-matched non-diabetic individu-
als (Centers for Disease Control).

The renin-angiotensin system (RAS) has been implicated
in the pathophysiology of multiple diabetes-related complica-
tions, including hypertension and subsequent cardiovascular
disease (Weekers et al., 2005). Patients with T2DM have two to
four times the risk of developing heart disease as compared
with healthy individuals (Centers for Disease Control). Uptake
of fatty acids in cardiac cells exceeds their oxidation rate,
which leads to the accumulation of fat and promotes lipotox-
icity. This, as a consequence, might induce apoptosis and
abnormal remodelling of cardiac tissue (McGavock et al.,
2006). Hyperglycaemia leads to overproduction of advanced
glycation end products that have pro-inflammatory, pro-
fibrogenic and mitogenic properties in the heart (Marwick,
2006). The increased levels of angiotensin II (Ang-II) observed
in diabetic patients, through binding to AT, receptors, activate
various intracellular pathways causing cardiomyocyte hyper-
trophy (Mehta and Griendling, 2006). This can lead to cellular
apoptosis, decreased contractility, cardiac remodelling and
heart failure. Elevated Ang-II promotes chronic inflammation
and the formation of oxygen radicals, which also contribute to
tissue fibrosis and remodelling (Mehta and Griendling, 2006;
Zablocki and Sadoshima, 2013).

Diabetic heart disease is strongly associated with renal com-
plications. Clinical data show that patients with kidney disease
have a 20- to 30-fold higher risk for developing a heart condi-
tion (Sarnak et al., 2003). One of the major factors causing
chronic kidney disease is high BP. Hypertension is not only seen
as the cause but also as a consequence of kidney disorders and it
may contribute to multi-organ dysfunction including heart
failure. Initially, increased BP causes hyperfiltration and
mechanical stress leading to increased permeability and pro-
teinuria. Shear stress then activates signalling pathways
involved in the overproduction of extracellular matrix and
mesangial expansion. In addition, high blood glucose levels
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stimulate cells to produce increased amounts of growth factors,
cytokines and other cellular mediators that lead to glomerular
dysfunction (Schena, 2005). Ang-II has been shown to play an
important role in diabetic kidney pathogenesis. Inflammation
and oxidative stress (OS) due to elevated Ang-II induce tissue
fibrosis, increased endothelial permeability and glomerular
damage (Navarro and Mora, 2006; Kashihara et al., 2010).

Heart and kidney functions are also strongly dependent on
vascular health. Endothelial progenitor cells (EPCs) are critical
in the formation of new vessels and have been suggested to be
a primary source of repair in cardiovascular disorders
(Kawamoto et al., 2002; Capobianco, 2010). Increased levels of
glucose seen in diabetic patients increase the production of
reactive oxygen species in bone marrow (BM) and result in a
reduction of NO availability, which in turn leads to a decrease
in the number of EPCs (Chen et al., 2007; Thum et al., 2007).
This may cause impaired endothelial repair mechanisms in
diabetic patients due to decreased levels of progenitor cells
(Tsai et al., 2012; Westerweel et al., 2013). Micro- and macro-
vascular complications, resulting from a decreased number of
progenitor cells and decreased density of vessels in the heart
tissue, may lead to a three- to fivefold increased risk of death in
diabetic patients (Benter et al., 2006).

Studies have shown that blockade of the RAS, specifically
via inhibition of Ang-II synthesis or the AT, receptor, with the
use of pharmacological agents such as ACE inhibitors and
angiotensin receptor blockers (ARBs), may decrease the risk or
development of cardiovascular and renal complications in
diabetic patients (Wolf and Ritz, 2005; Burnier and Zanchi,
2006). Some of the beneficial effects of ARBs and ACE inhibi-
tors may be in part due to their ability to increase the levels
of angiotensin-(1-7) [Ang-(1-7)], a heptapeptide of the RAS
which has been shown to oppose many of the actions of
Ang-II (Iyer et al., 1998; 2000). Ang-(1-7) actions are thought
to be mediated primarily through binding to a GPCR called
MAS1. In addition, several studies have shown that Ang-(1-7)
can also activate other receptors such as the AT, receptor
(Castro et al., 2005; Walters et al., 2005; Bosnyak et al., 2011).
In contrast to Ang-II, Ang-(1-7) acts through anti-
inflammatory, antioxidant and vasodilator mechanisms.
Some of the effects of Ang-(1-7) are ascribed to the release of
NO and bradykinin, following activation of MAS1 receptor.

More recently, evidence has surfaced demonstrating the
cardioprotective effects of Ang-(1-7) in various animal
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models, for example, streptozotocin-induced type 1 diabetes,
spontaneously hypertensive rats and fructose-fed rats (a
model of metabolic syndrome) (Ebermann et al., 2008; Giani
et al., 2010; Yousif et al., 2012). In addition to its effects on
the heart, Ang-(1-7) has been also shown to be renoprotec-
tive in streptozotocin-diabetic rats, Zucker diabetic fatty rats
and in spontaneously hypertensive rats (Benter et al., 2007;
Giani et al., 2010; 2012).

Due to the counter-regulatory role of Ang-(1-7) in oppo-
sition of Ang-II in diabetes, this study was designed to inves-
tigate the extent of cardiorenal dysfunction in young (10- to
11-week-old) type 2 diabetic mice (db/db), as well as the
effects of Ang-(1-7) treatment on diabetes-related renal and
cardiovascular dysfunction. The potential mechanisms of
action were studied using various inhibitors of RAS and Ang-
(1-7) signalling mediators (NO, bradykinin). The inhibitors
included: A-779 — a MASI1 receptor antagonist, losartan — an
AT, receptor inhibitor, PD123319 - an AT, receptor antago-
nist, N¢-nitro-L-arginine methyl ester hydrochloride
(L-NAME) - an inhibitor of NOS, and icatibant — an inhibitor
of bradykinin B, receptors.

Methods

The animal welfare and ethical statement

The NIH Principles of Laboratory Animal Care were followed,
and the Department of Animal Resources at the University of
Southern California approved this study. Procedures used
were as humane as possible. The animal use in this study
complies with recommendations of ARRIVE (Kilkenny et al.,
2010; McGrath et al., 2010).

Animal procedures
Fight- to nine-week-old male BKS.Cg-Dock7™ +/+ Lepr®/J (db/
db) mice and age-matched heterozygous controls (non-
diabetic) were purchased from Jackson Laboratories (n =
7/group) (Bar Harbor, ME, USA). Food and water were avail-
able ad libitum. Mice were kept on a 12 h light/dark cycle.
db/db mice and the heterozygous controls were
administered either saline (vehicle), Ang-(1-7) alone
(500 pg-kg'-day™?) or Ang-(1-7) (500 pg-kg'-day') combined
with an inhibitor (losartan, PD123319, A-779 or L-NAME at
10 mg-kg'-day™ or icatibant at 0.4 mg-kg'-day™) via s.c.
bolus injection, daily for 14 days. BM studies included groups
that were treated with inhibitors alone.

Pharmacological agents and inhibitors
Ang-(1-7) and A-779 were purchased from Bachem (Torrance,
CA, USA). Losartan, PD123319 and L-NAME were purchased
from Sigma-Aldrich (Saint Louis, MO, USA). Icatibant was
purchased from Tocris Bioscience (Ellisville, MO, USA).

Echocardiographic analysis

In vivo murine cardiac function was assessed non-invasively
using an echocardiography system consisting of a Philips
SONOS 5500 ultrasound machine equipped with a 6-15 MHz
linear transducer (Philips Healthcare, Andover, MA, USA).
Anaesthesia was induced and maintained using isoflurane
(Abbot Laboratories, Abbott Park, IL, USA) to maintain a heart

Angiotensin-(1-7) and diabetic complications

rate between 400 and 450 beats min'. The left ventricle
ejection fraction, fractional shortening and left ventricle inter-
nal dimensions at both systole and diastole were measured and
calculated in accordance with the American Society of Echo-
cardiography guidelines (Lang et al., 2006). Cardiac output
(L'min™) and cardiac index (L-min~'-mg™) were determined
using the modified Simpson’s rule.

Thermodilution methodology

To assess maximum (dP/dTy.) and minimum (dP/dTwin)
changes in left ventricle pressure, mice were anaesthetized
with i.p. injection of ketamine (Clipper Distributing
Company, St. Joseph, MO, USA) and xylazine (Phoenix Phar-
maceutical, St. Joseph, MD, USA) (100 and 10 mg/kg body
weight respectively). A midline incision was made in the
ventral neck area and a thermocouple probe was introduced
into the carotid artery to monitor the temperature of the test
fluid. A PE10 (Braintree Scientific, Braintree, MA, USA) cath-
eter was filled with Lactated Ringer’s (Baxter, Deerfield, IL,
USA) solution and inserted into the jugular vein. Changes in
blood temperature were measured using a Cardiomax-II Ther-
modilution Cardiac Output Computer (Columbus Instru-
ments, Columbus, OH, USA) connected to the thermocouple
probe. The analogue signal was digitized and processed with a
BIOPAC MP150 Data Acquisition and Analysis System using
AcgKnowledge software version 4.2 (BIOPAC Systems, Incor-
porated, Goleta, CA, USA).

Histology and immunohistochemistry
Hearts and kidneys were fixed in formalin, embedded in
paraffin and cut into 5 pm sections.

Cardiomyocyte hypertrophy. Heart samples were sectioned
longitudinally and stained with haematoxylin and eosin. Ten
random images of each heart section were taken at 10x mag-
nification along the left ventricular wall, avoiding the septal
wall for consistency. Cardiomyocyte area and width was
determined using Image] version 1.47v (National Institutes of
Health, USA) at positions without visible nuclei exposing
substantial lengths of uniform width to avoid a large standard
error (Tracy and Sander, 2011).

Heart fibrosis. Heart samples were sectioned longitudinally
and stained using picrosirius red method. Twenty pictures of
the left ventricle were taken at 40x and evaluated using a
macro developed by Hadi et al. (2011). The septal wall was
avoided for consistency. The fibrosis was expressed as per-
centage of cardiomyocyte area stained red.

Immunohistochemistry. An avidin-biotin complex method of
detection was used for each staining.

CD31. Goat anti-mouse monoclonal antibody directed
against CD31 (BD Biosciences, San Jose, CA, USA) was used at
a 1:250 dilution. After the samples had been mounted on
slides, enumeration of CD31-positive vessels in the heart
sections was performed using light microscopy.

Nitrotyrosine. Rabbit anti-mouse polyclonal antibody
directed against nitrated tyrosine residues (EMD Millipore,
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Billerica, MA, USA) was used at 1:500 dilution. Ten random
images of kidney cortex at 10x were evaluated for extent of
nitrotyrosine staining using Image] version 1.47v and
expressed as percentage of area positively stained.

Phospho-eNOS Ser''””. Rabbit anti-mouse polyclonal anti-
body to eNOS (Phospho Ser''”’) (GeneTex Inc., Irvine, CA,
USA) was used at 1:100 dilution. Twenty random images of
kidney cortex at 40x were evaluated for extent of staining
using Image] version 1.47v and expressed as percentage of
area positively stained.

Phospho-eNOS Thr*®. Rabbit anti-mouse polyclonal anti-
body to eNOS (Phospho Thr**®) (Bioss Inc.,, Woburn, MA,
USA) was used at 1:100 dilution. Twenty random images of
kidney cortex at 40x were evaluated for extent of staining
using Image] version 1.47v and expressed as percentage of
area positively stained.

Glomerular area and mesangial expansion measurements. The
kidney sections were stained using the periodic acid-Schiff
(PAS) staining method. Twenty images of random cortical
glomeruli were obtained at 40x magnification. The images
were analysed using Image]J version 1.47v. Mesangial expan-
sion was expressed as percentage of glomerular area stained
with PAS.

Apoptosis. Apoptosis was evaluated using the Click-iT®
TUNEL Assay (Life Technologies, Grand Island, NY, USA).

Gene expression in Kidney tissue

qRT-PCR was performed as described previously (Mordwinkin
et al., 2012). Briefly, RNA was reverse transcribed and real-
time PCR was performed using SYBR green PCR Master Mix
(Applied Biosystems by Life Technologies, Thermo Fisher Sci-
entific,c, Waltham, MA, USA). Relative expression of each of
the genes of interest was evaluated using an ABI 7300 instru-
ment (Applied Biosystems by Life Technologies, Thermo
Fisher Scientific). Abundance of targeted mRNA was normal-
ized against 18S mRNA.

EPC counts

Blood was collected by cardiac puncture and the bone
marrow was harvested by flushing both femurs with PBS
containing 2% fetal calf serum. Cells were fixed in 2% para-
formaldehyde (bone marrow — before; blood cells — after the
staining). Cells were labelled with isotype control or fluores-
cently labelled Flk-1 and Sca-1 antibodies (eBioscience, San
Diego, CA, USA) and samples were stored at 4°C in the dark
until analysis on a flow cytometer.

Mesenchymal stem cell (MSC) cultures
Following isolation of bone marrow (BM), cells were incu-
bated at 2.5 x 10° cell/mL in Complete MesenCult® Mouse
Medium (STEMCELL Technologies, Incorporated, Vancouver,
British Columbia, Canada). Cells were cultured for 8 days at
37°Cin 5% CO2 and BM-derived colony-forming unit — fibro-
blast (CFU-F) colonies were enumerated using phase contrast
microscopy.
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Statistical analysis

GraphPad Prism version 5.0d for Mac OS X (GraphPad Soft-
ware, San Diego, CA, USA) was used to analyse the data.
One-way aNova followed by Tukey’s test or Kruskal-Wallis test
was used to compare data from more than two groups. The
level of statistical significance was set at 5%. Data are
expressed as mean value + SEM.

Nomenclature

Drug and target nomenclature used in this paper conforms to
BJP’s Concise Guide to Pharmacology (Alexander etal.,
2013a,b).

Results

Ang-(1-7) treatment improves heart function
in db/db mice

Young db/db mice had significant reductions in both cardiac
output (43% decrease) and cardiac index (65% decrease) com-
pared with non-diabetic controls as measured by echocardi-
ography (Figure 1A-B). Administration of Ang-(1-7) in db/db
mice resulted in a significant improvement in both param-
eters. Ang-(1-7) had no effect in non-diabetic mice (data not
shown). Echocardiography was also used to assess fractional
shortening — a measurement of the difference between end-
diastolic and end-systolic left ventricle dimensions. Frac-
tional shortening was significantly decreased by 21% in db/db
mice compared with non-diabetic controls (Figure 1E). Mice
treated with Ang-(1-7) had a significant 48% increase in
fractional shortening compared with vehicle-treated diabetic
mice. Using thermodilution methodology, dP/dT..« and
dP/dTmin were found significantly decreased in db/db mice
compared with non-diabetic controls (Figure 1C-D). Treat-
ment with Ang-(1-7) resulted in 37% increase in dP/dTm.c and
a 41% increase in dP/dTyn.

Cardiomyocyte hypertrophy, but not heart

size, is reduced following Ang-(1-7) treatment
There were no significant differences in heart weight, a
measure of cardiac hypertrophy, between any of the groups
(data not shown). In order to investigate the cardiomyocyte
hypertrophy, cell dimensions were measured in haematoxylin
and eosin stained sections. In diabetic mice, mean cardiomyo-
cyte area and width were significantly increased compared
with non-diabetic controls (Figure 2, Supporting Information
Fig. S1). Following Ang-(1-7) administration, both measure-
ments were decreased to sizes similar to those observed in
non-diabetic mice. One of the mechanisms leading to cardiac
remodelling and hypertrophy is uncontrolled apoptosis.
However, in this study, no difference in the number of apop-
totic cells in the heart tissue was found between any of the
groups as measured by TUNEL assay (data not shown).

Ang-(1-7) decreases cardiac damage by
improving tissue vascularization and reducing
fibrosis and inflammatory cell infiltration
Cardiac blood vessel density was significantly decreased in
db/db mice compared with non-diabetic controls (Figure 3A).
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Figure 1

Cardiac function. Cardiac function was decreased in db/db mice and increased by Ang-(1-7) treatment as measured by echocardiography and
thermodilution method. The measures of cardiac function included (A) cardiac output, (B) cardiac index, (C) dP/dTmin, (D) dP/dTmax and (E)
fractional shortening. (Hz — heterozygous; db - diabetic). **Significantly reduced compared with heterozygous mice (P < 0.01). Significantly
increased compared with db saline, TP < 0.05; {1P < 0.01, calculated using one-way ANOVA.
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Figure 2

Cardiomyocyte hypertrophy. Cardiomyocyte area (A) and width (B) were assessed. Cardiomyocyte size was increased in db/db mice. Treatment
with Ang-(1-7) reversed this change. Co-administration of Ang-(1-7) with either PD123319, A-779, icatibant or L-NAME, but not losartan,
blocked the effects of treatment (Hz — heterozygous; db - diabetic; a.u. — arbitrary units). *P < 0.05. Significantly different compared with db +
Ang-(1-7), TP < 0.05; 71P < 0.01; or 7P < 0.001; calculated using one-way ANOVA.

Treatment with Ang-(1-7) increased cardiac CD31-positive
blood vessel density in db/db mice to levels comparable to
those seen in heterozygous controls. Co-administration of
Ang-(1-7) with A-779, PD123319, L-NAME and icatibant
blocked the effects of Ang-(1-7), while co-administration
with losartan had no effect on Ang-(1-7) action. Treatment

with Ang-(1-7) also reduced fibrosis in diabetic animals
as measured by picrosirius red staining (Figure 3B). Co-
administration of Ang-(1-7) and losartan further reduced
fibrosis in db/db mice whereas A-779 blocked the effects on
Ang-(1-7). Co-administration of either PD123319, L-NAME
or icatibant did not have an effect on Ang-(1-7) action.
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Figure 3

Heart section PMN counts €

Vessel density and inflammatory cell infiltration in cardiac tissue. Density of CD31-positive blood vessels was assessed as a measurement of tissue
vascularization. Fibrosis is expressed as percentage of cell area stained with picrosirius red. Inflammatory cell infiltration was measured by
enumerating PMNs. A decrease in blood vessel density (A), increase in tissue fibrosis (B) and increase in PMN number (C) were observed in the
heart tissue of db/db mice compared with heterozygous controls (Hz). Ang-(1-7) treatment reversed all of these changes. Co-administration of
Ang-(1-7) with either PD123319, A-779, icatibant or L-NAME, but not losartan, blocked the effects of Ang-(1-7) on blood vessel density and PMN
count. Co-administration of losartan enhanced anti-fibrotic effects of Ang-(1-7) whereas A-779 blocked the action of Ang-(1-7) (Hz — heterozy-
gous; db — diabetic; PMN — granulocytes). *P < 0.05; **P < 0.01.Significantly different compared with db + Ang-(1-7), P < 0.05; 1P < 0.01; or

TP < 0.001; calculated using one-way ANOVA.

Furthermore, an increase in the number of granulocytes
(PMN) in the cardiac muscle was found in db/db mice com-
pared with heterozygous controls (Figure 3C). This increase
was not observed in the cardiac tissue of db/db mice admin-
istered Ang-(1-7). Co-administration with A-779, PD123319,
L-NAME and icatibant, but not losartan, blocked the anti-
inflammatory effects of Ang-(1-7).

Administration of Ang-(1-7) reduces
glomerular area and mesangial expansion in
diabetic mice

Heart disease can be accelerated by kidney dysfunction. To
assess glomerular function, glomerular size and mesangial
expansion were measured. A significant increase in glomeru-
lar area and mesangial expansion was seen in vehicle-treated
diabetic animals compared with non-diabetic controls
(Figure 4, Supporting Information Fig. S2). Treatment with
Ang-(1-7) significantly reduced both of these parameters.

Ang-(1-7) reduces inflammation and OS in
kidneys of db/db mice

OS can lead to severe kidney damage by activating hyper-
trophic, fibrotic and remodelling signals. To assess the extent
of damage in the kidneys due to OS, expression of eNOS,
p22-phox (a subunit of NADPH oxidase) and superoxide dis-
mutase (SOD) was measured. In the kidneys of diabetic
animals treated with vehicle, expression of eNOS was highly
increased (Figure 5A). Ang-(1-7) administration significantly
decreased eNOS expression in diabetic mice. This effect was
blocked by co-administration of A-779, PD123319, L-NAME
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and icatibant but not losartan. No significant changes in
expression of p22-phox or SOD were observed between
heterozygous or diabetic control animals and any other
treatment groups (data not shown). The abundance of phos-
phorylated forms of eNOS was assessed using immunohisto-
chemistry (Figure SB-C, Supporting Information Fig. S3).
eNOS phosphorylation on Ser1177 (activated form) was more
abundant in kidneys from diabetic animals. Staining was
further increased by administration of Ang-(1-7). This action
of Ang-(1-7) was mediated specifically through MAS1 recep-
tor. Administration of A-779 resulted in increased phospho-
rylation of eNOS on Ser''”’. None of the remaining inhibitors
had an effect on this marker. Deactivated form of eNOS
(phosphorylation on Thr*®) was more abundant in db/db
mice. Treatment with Ang-(1-7) decreased levels of this form
of eNOS in kidneys from diabetic mice. This effect was
reversed by co-administration of A-779. Diabetic kidneys also
had increased extent of nitrotyrosine staining, which was
reversed by Ang-(1-7) treatment (Figure SF, Supporting Infor-
mation Fig. S3). A-779, PD123319 and L-NAME blocked the
effects of Ang-(1-7) on this marker.

Ang-(1-7) treatment increases BM-derived
MSC and EPC numbers, as well as the
number of circulating EPCs

BM-derived MSC numbers were decreased in diabetic mice
compared with heterozygous mice (Figure 6C). Ang-(1-7)
significantly increased MSC numbers residing in BM.
Co-administration of Ang-(1-7) with either PD123319,
A-779, icatibant or L-NAME blocked the effects of Ang-(1-7)
on this parameter.
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Figure 4

Glomerular area and mesangial expansion. Glomerular area (A) and mesangial expansion (B) were increased in diabetic mice treated with vehicle.
Treatment with Ang-(1-7) significantly reduced both of these parameters. Addition of A-779, PD123319 and L-NAME, but not losartan or
icatibant, resulted in inhibition of the effects of Ang-(1-7) (Hz — heterozygous; db — diabetic). **P < 0.01; ***P < 0.001; ****P < 0.0001. Significantly
increased compared with db + Ang-(1-7), TP < 0.05; 1P < 0.01; or 7§17P < 0.0001; calculated using one-way ANOVA.
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Figure 5

OS in kidneys. Expression of eNOS was highly increased in diabetic animals, suggesting eNOS uncoupling (A). Treatment with Ang-(1-7) reduced
levels of eNOS mRNA. Co-administration with A-779, PD123319, L-NAME and icatibant inhibited effects of Ang-(1-7). Level of eNOS phospho-
rylated on both Ser'”” (active form) (B) and Thr*** (inactive form) (C) was increased in diabetic animals. Treatment further elevated levels of eNOS
phosphorylation at Ser''””. Co-administration of A-779 increased levels of this marker. Ang-(1-7) reduced abundance of the deactivated form of
eNOS. This effect was reversed after treatment with A-779. Ang-(1-7) decreased nitrotyrosine staining in kidney sections from diabetic animals
(D). Co-administration of A-779, PD123319 or L-NAME reversed the effects of Ang-(1-7) on nitrotyrosine formation (Hz — heterozygous; db —
diabetic). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Significantly different compared with db + Ang-(1-7), 1P < 0.05; 1P < 0.01; or T111P
< 0.0001; calculated using Kruskal-Wallis (A) or one-way anova (B-D).

BM-derived EPC count was significantly lower in db/db resulted in a significant increase in circulating EPCs. Again,
mice than in non-diabetic controls. Following administration co-administration of Ang-(1-7) with PD123319, A-779,
of Ang-(1-7) in db/db mice, EPC counts were increased. L-NAME or icatibant blocked the effects of Ang-(1-7)
Co-administration of Ang-(1-7) with PD123319, A-779, treatment.

L-NAME or icatibant, but not losartan, blocked the effects of
Ang-(1-7) (Figure 6A; whereas treatment with the inhibitors

alone had no effect, Supporting Information Fig. S4). Discussion and conclusions

In order to contribute to tissue vasculogenesis, EPCs need
to migrate from the BM into the circulation. Similar to results Ang-(1-7) has been recently shown to improve heart function
seen in the BM, levels of circulating EPCs were decreased in different animal models of heart failure including myocar-
in db/db mice (Figure 6B), and administration of Ang-(1-7) dial infarction, diabetic rats with cardiomyopathy and
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Figure 6

Bone marrow (BM)-derived and circulating EPC counts and BM-derived MSC counts. EPC from the BM (A) and circulation (B), as well as
BM-derived MSC (C), were significantly decreased in db/db mice. Ang-(1-7) administration significantly increased these outcomes. Ang-(1-7)
effects were blocked by PD123319, A-779, L-NAME and icatibant, but not losartan (Hz — heterozygous; db — diabetic). *P < 0.05; **P < 0.01.
Significantly different compared with db + Ang-(1-7), P < 0.05; 1P < 0.01, calculated using one-way ANOVA.

metabolic syndrome rat model (Giani ef al., 2010; Marques
et al., 2011; Singh et al., 2011). These studies demonstrated
reduced cardiac hypertrophy and fibrosis, which are also hall-
marks of T2DM-related cardiomyopathies. Recent studies by
the Oudit group also showed improvement of heart and
kidney function in db/db mice with advanced disease (Mori
etal., 2014a,b). In these studies, 5-month-old mice were
implanted with an osmotic pump and treated for 28 days. In
agreement with these studies, we have shown that short-term
treatment (2 weeks) with Ang-(1-7) prevents progression of
heart and kidney dysfunction even in the early stage of
diabetes.

Our results show that heart and kidney function was
impaired in db/db mice, and administration of Ang-(1-7)
resulted in significant improvements in multiple measures of
cardiac and renal function. The increase in cardiac output
observed in diabetic mice treated with Ang-(1-7) appears to
be in part due to an increase in contractility expressed as
fractional shortening, whereas improvement of glomerular
health in kidneys seems to be attributed to a decrease in OS.

In patients with T2DM, left ventricle hypertrophy is often
a major cause of the long-term decrease in cardiac function.
In this study, young diabetic mice had significant increase in
cardiomyocyte area and width, without increase in heart
weight or apoptosis, which suggests an early stage of cardio-
myopathy. Two of the main mechanisms leading to cardio-
myocyte hypertrophy are Ang-II activation of the AT,
receptor and increase in inflammation (van Empel and De
Windt, 2004). This may in part help to explain the mecha-
nism by which Ang-(1-7) reduced cardiomyocyte hypertro-
phy in db/db mice. First, Ang-(1-7) signalling through the
MAS1 receptor opposes many of the actions of Ang-1I, which
could result in decreased signalling via the AT, receptor.
Evaluation of the inflammatory cell infiltration in the heart
confirmed an increase in number of neutrophils in the dia-
betic mice with a reversal upon treatment with Ang-(1-7).

Cardiac function is also regulated by the vascular system.
The changes in cardiomyocyte size and blood vessel density

4450 British Journal of Pharmacology (2015) 172 4443-4453

after Ang-(1-7) treatment may, in part, be due to its effects on
the BM. Previously, we showed that treatment with Ang-(1-7)
decreased OS, increased NO production and decreased nitra-
tion in the BM of db/db mice (Mordwinkin et al., 2012).
Increasing EPC and MSC counts, which are known to be
decreased in diabetic patients (Tepper efal., 2002; Fadini
etal., 2005), could reduce the risk of vascular disease by
enhanced angiogenesis and repair of the damaged cardiac
tissue. Our data show that similar to circulating EPC,
BM-derived EPC and MSC are also significantly reduced in
db/db mice. The effect of Ang-(1-7) on progenitor cells was
blocked by multiple inhibitors suggesting a complex signal-
ling that involves MAS1 and AT, receptors as well as NO and
bradykinin. While the exact mechanism is not clear, NO is
known to act as a molecular signal resulting in the prolifera-
tion and migration of EPC and MSC from the BM niche into
the circulation (Aicher et al., 2003). The decreased NO levels
observed in diabetes could therefore prevent the mobilization
of EPC. Our data show that inhibition of NO production
blocks Ang-(1-7)-induced increase in progenitor cell number.
This confirms an important role of NO in proliferation and
migration of EPC and MSC.

We have also shown that OS significantly contributes to
diabetic nephropathy. Damage to proteins, DNA and lipids
due to increased OS leads to glomerular fibrosis and mesan-
gial expansion, as well as an increase in endothelial perme-
ability and overall impairment of filtration function
(Kashihara et al., 2010). Increased levels of eNOS expression
have been described in multiple disease models including
high glucose-exposed human aortic cells (Cosentino et al.,
1997) and a rat model of myocardial infarction (Bauersachs
etal.,, 1999). Even though NADPH oxidase is usually the
primary source of superoxide, several studies suggest that
eNOS can be involved in production of superoxide under
certain  pathological conditions, including diabetes
(Cosentino et al., 1997; Guzik et al., 2002). Overexpression of
eNOS may result in uncoupling of this enzyme and formation
of superoxide rather than NO, contributing to increase in OS.



As no changes in the expression of p22-phox (NADPH
subunit) were seen, we hypothesize that increased levels of
superoxide come from eNOS rather than NADPH oxidase.
Peroxynitrite, which can be formed from superoxide and NO,
reacts with tyrosine residues causing irreversible damage to
proteins (Yang et al., 2009). In fact, Bouloumié et al. (1997)
showed that impaired endothelial function is associated with
increased eNOS expression, superoxide production and nitro-
tyrosine appearance. What is more, both active (phosphor-
ylation at Ser''””) and inactive (phosphorylation at Thr*’)
forms of eNOS were increased in the kidneys of diabetic
animals. Phosphorylation of uncoupled eNOS at either Ser''”’
or Thr*”* has no effect on its activity (Chen et al., 2008). We
hypothesize that increased levels of both phospho-eNOS
forms in diabetic animals represent, at least in part, an uncou-
pled fraction of whole eNOS, which is reflected in increased
nitrotyrosine formation. In contrast, increased levels of
eNOS phosphorylation at Ser'”” in db/db mice treated
with Ang-(1-7) did not result in elevated nitrotyrosine stain-
ing, suggesting that this increase represents the coupled frac-
tion of eNOS. While losartan, PD123319, L-NAME and
icatibant did not alter the effects of Ang-(1-7) treatment,
co-administration with A-779 resulted in an increase of both
phosphorylated forms of eNOS, which suggests that this sig-
nalling occurs primarily through activation of the MAS1
receptor. We believe that the increase of phosphorylation on
Thr** in diabetic animals treated with saline or combination
of Ang-(1-7) and A-779 might be a compensatory response to
OS. Consistent with decrease in eNOS expression, Ang-(1-7)
also reduced the extent of tyrosine nitration and thus con-
tributed to the decrease in OS.

In this study, we showed beneficial effects of Ang-(1-7)
treatment on cardiovascular and renal function in a murine
model of type 2 diabetes (db/db). Even though the mice were
relatively young and the treatment lasted only 2 weeks, the
effects on physiological heart and kidney function were pro-
found. Kidney tissue showed OS injury perhaps through
eNOS uncoupling, which was attenuated with Ang-(1-7). We
identified multiple possible mechanisms of Ang-(1-7) action.
Treatment decreased cardiomyocyte hypertrophy, fibrosis
and inflammatory cell infiltration in the heart. Vasculariza-
tion of the heart was also improved, which correlated with
increased numbers of BM residing and circulating endothelial
and MSCs. We also identified receptors mediating Ang-(1-7)
action. The main receptor involved in the effects of Ang-(1-7)
is the MAS1 receptor but others, such as AT, receptors, might
also play a role.
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