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The role of the renin-angiotensin system (RAS) in blood pressure regulation in MS during aging is unknown. It participates in
metabolic syndrome (MS) and aging regulating vascular tone and remodeling. RAS might participate in a compensatory mechanism
decreasing blood pressure and allowing MS rats to reach 18 months of age and it might form part of therapeutical procedures to
ameliorate MS. We studied histological changes and distribution of RAS receptors in aortas of MS aged rats. Electron microscopy
images showed premature aging in MS since the increased fibrosis, enlarged endothelium, and invasion of this layer by muscle cells
that was present in control 18-month-old aortas were also found in 6-month-old aortas from MS rats. AT1, AT2, and Mas receptors
mediate the effects of Ang II and Ang 1-7, respectively. Fluorescence from AT2 decreased with age in control and MS aortas, while
fluorescence of AT1 increased in aortas from MS rats at 6 months and diminished during aging. Mas expression increased in MS
rats and remained unchanged in control rats. In conclusion, there is premature aging in the aortas from MS rats and the elevated

expression of Mas receptor might contribute to decrease blood pressure during aging in MS.

1. Introduction

Metabolic syndrome (MS) is a disease that accelerates aging
[1]. Aging is associated with endothelial dysfunction and
structural and functional vascular changes [2]. We have
previously studied changes in blood pressure during aging
in a MS rat model and found an increase at 6 months of
age in comparison to control groups and a further decline
from then onwards until 18 months of age. Rats that survive
to reach 18 months are few and could be the ones that
develop compensatory mechanisms to the effects of MS,
the fall of arterial pressure being one of them [3, 4]. These
compensatory mechanisms might be the same that underlie

the condition of healthy obese or healthy MS patients and
could be the basis for the development of therapeutical
approaches to complications of MS. The renin angiotensin
system (RAS) might participate in these mechanisms and
particularly the Ang 1-7/MAS pathway.

RAS is involved in the development of MS [5] and in aging
[6-8]. Moreover, long-term treatment with an angiotensin
converting enzyme (ACE) inhibitor or an Ang II receptor
antagonist ameliorates the MS effects [9-11]. It has long
been recognized as an important regulator of systemic blood
pressure and renal electrolyte homeostasis, and local RAS
has also been implicated in pathological changes of organ
structure and function by modulation of gene expression,
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growth, fibrosis, and inflammatory responses. RAS dys-
regulation influences the development and progression of
cardiovascular disease [12].

Angiotensin II (Ang II) is a potent proinflammatory,
prooxidant, and prothrombotic agent that favors endothelial
dysfunction by increasing catecholamines, endothelin-1 (ET-
1), and thromboxane A,which increase blood pressure [13].
Ang IT also alters the structure of vessels modifying processes
such as growth, apoptosis, and cellular migration of vascular
smooth muscle cells as well as changes in the components
of the extracellular matrix [14]. It causes an increase in
the intima-media thickness, vascular rigidity, endothelial
dysfunction, and proinflammatory state [2]. Ang II binds to
highly specific membrane receptors types 1 and 2 (AT1 and
AT?2). Increased levels of Ang II have been observed in both
obese and diabetic patients.

Angiotensin 1-7 (Ang 1-7) is a heptapeptide, primarily
formed from Ang II and Ang I by angiotensin converting
enzyme 2 (ACE2) that has actions that oppose those of Ang
II, acting through Mas. The components of RAS in white
adipose tissue (WAT) are present in our rat model of MS
by chronic ingestion of sucrose and WAT is an important
source of Ang 1-7 [4]. Mas receptor is also expressed in
the vascular endothelium which, at the same time, is an
important site for Ang 1-7 generation [15]. The ACE2/Ang
1-7/Mas axis induces the release of vasodilators, including
prostanoids, nitric oxide (NO), and endothelium-derived
hyperpolarizing factor [16]. The vasodilator actions of Ang
1-7 depend on an intracellular signaling mechanism, as yet
not fully characterized, that may be caused by secretion of
prostacyclin, release of NO, amplification of the vasodilator
effects of bradykinin, or vasopressin liberation alone or in
combination [17].

Activation of endogenous ACE2 reduces arterial blood
pressure in normal and hypertensive rats and relaxes many
vascular beds [18]. Angiotensin 1-7 and its receptor Mas (Ang
1-7/Mas) were described later and antagonize the effect of
AT?2; therefore, they could represent a target for therapeutical
strategies. The elevated expression of Mas receptor might
contribute to decreases of blood pressure.

There is little information on the location ATI and
AT?2 receptors in the different cell types of the vasculature
and thus the identification of their function is complex.
Moreover the belief that AT2 receptors are more signifi-
cant during development than in adult life and so might
regulate growth and development of blood vessels rather
than having acute actions on the vasculature has delayed
the study of their function in adult vessels [19]. During
aging, Ang II, ACE, and AT1 increase in the vascular wall
[20].

Therefore, the aim of the present study was to docu-
ment the premature aging of the vessels in MS by com-
paring the structural changes in aortas from control and
MS animals and to analyze the expression of AT1, AT2,
and Mas receptors in these vessels as important compo-
nents of RAS which might participate in the compen-
satory mechanisms that allow the 18-month-old MS rats to
survive.
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2. Materials and Methods

2.1. Animals. The experimental protocols in this study were
reviewed and approved by the Laboratory Animal Care
Committee of our institution and performed in accordance
with the institutional guidelines for research and animal use.

Weanling male Wistar rats aged 25 days and weighing
50 + 4 g were divided randomly into two groups: (1) control
rats were given tap water for drinking and (2) MS rats received
30% sucrose in drinking water. Control and MS animals
aged 6, 12, and 18 months were used. At least 6 animals
were used per group. Animals were fed Purina 5001 rat chow
(Richmond, IN) ad libitum under controlled temperature and
a12:12 h light/dark cycle.

Systolic arterial blood pressure was measured in con-
scious animals using the tail cuff method previously
described [3].

2.2. Blood Samples. After overnight fasting (12 h), the animals
were killed by decapitation and blood was collected. It was
spun and the serum was separated by centrifugation at 600 g
during 15min at room temperature and stored at -70°C
until assayed. Plasma triglycerides were measured using
a commercially available kit (Randox, Laboratories LTD,
Antrim, United Kingdom). Serum insulin was determined
using commercial radioimmunoassay (RIA) kit specific for
rat (Linco Research, Inc.; EMD Millipore, Missouri, USA).
Glucose concentration was assayed using an enzymatic kit
SERA-PAK® Plus from Bayer Corporation (Bayer Corpora-
tion, Sées, France). Seric concentrations of Ang II and Ang1-7
were evaluated by capillary zone electrophoresis as previously
described [4]. Abdominal fat was dissected and weighted.

2.3. Histologic Staining, Immunohistochemistry of Angiotensin
Receptors, and Image Analysis. The fixed aortic tissues were
embedded in paraffin and cut into 5 pum thick sections.
The sections were then stained with Masson trichrome stain
to reveal histological changes. For electron microscopy, the
rings of aortas were obtained and immediately fixed and
embedded in Epon (Epon 812 EMS); ultrathin sections were
then viewed using a Jeol 10-11.

For immunohistochemistry studies, rat aorta samples
were quickly frozen in Tissue-Tek (Sakura Finetek USA,
Inc., Torrance, CA). Sections were fixed with acetone and
were blocked with PBS/Azide 0.02%/BSA 1% for 30 min.
Subsequently, sections were incubated during 2h at room
temperature with a rabbit polyclonal antibody against AT1,
AT2 (1:50; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) and goat polyclonal antibody against Mas (1:50; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Antibodies were
detected by using goat anti-rabbit FITC (Jackson ImmunoRe-
search Laboratories Inc., West Grove, PA) and rabbit anti-
goat Tex Red (1:50; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) at room temperature for 45 min. The slides were
mounted with a drop of mounting medium (Dako Fluores-
cent mounting medium). Negative controls were prepared
by substituting the primary antibody with an irrelevant
antibody. Images from six different sections were collected
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TABLE 1: Characteristics and biochemical parameters from control and MS rats during aging.
. Central Blood . . .
Crouppandage  BodyWABC adiposity  pressure  Gucse TEYeEes o BIL HomAR
8 (g (mm Hg) 8 #
Control
6 5171+ 6.7 6.2+0.9 1016 + 0.9 5.0+ 0.9 50.9 £5.2 59+13 19407
12 580.2 + 9.6 10.3 + 1.4 100.0 + 1.8 51+ 0.4 96.1 + 4.3 6.1+2.4 2.0+0.9
18 6%8'? 14.4+31° 1061+ 1.1 54408 149.7 + 6.9 6.4+0.9 17409
MS
6 535.7 +12.3 14.7 + 0.8 148.6 + 1.2 49+09 113.3 +£10.4" 224 +52" 47+ 21"
12 650.7 +17.4 19.9 +2.17 1152 +5.6 59401 198.6 + 25.7% 19.6 + 8.1 45+17%
18 81086';5 433 +52™ 100.1 + 2.1F 61+0.4 271.3 + 31.4™ 6.9+23° 1.9+0.6°

Values are means + SEM.; HOMA-IR: homeostatic model assessment of insulin resistance; # = 6; “P < 0.05 against C; TP < 0.01 versus C; * P < 0.05 against

other ages in corresponding group; ° P < 0.05 against 6 months in corresponding group.

and analyzed using confocal microscopy. The samples were
scanned on a confocal laser scanning microscope FV1000
(Olympus, Corporation, Tokyo, Japan) attached/interfaced
to an Olympus IX81 inverted light microscope with a 20x
N.A. 0.85 air objective, all times with digital zoom of 3.
FITC was excited employing the 488 nm line of an Argon
laser and the emitted fluorescence was detected with a 500-
530 nm spectral setting. Tex Red was excited employing the
543 nm line of an Argon laser and the emitted fluorescence
was detected with a 500-633 nm spectral setting. All images
were obtained with the same laser power percentage and
confocal aperture. The comparison of fluorescence in rat
aortas between groups was done using fixed setting on
the confocal microscope; confocal images were viewed,
processed, and converted to TIFF format with the FV10-
ASW software (Olympus Corporation, Tokyo, Japan). We
used Image J software that assigned a value for green or
red fluorescence intensity to every pixel and the average
pixel intensity was calculated [21]. To express the intensity of
fluorescence, arbitrary units were used: relative fluorescence
(Mean Fluorescence Intensity (FI)) was defined as the sum
of the fluorescence intensity grayscale of all pixels divided
by the addition of all the image pixels. The percentage of
fluorescence between comparable groups was calculated:

100

% Relative Fluorescence = Z FI % ZI—I
mage pixels

@

2.4. Statistical Analysis. Results are expressed as mean +
standard errors of the mean (SEM). When applicable (com-
parisons between two values; MS and controls at the same
age), statistical analysis was done by Student’s t-test. Compar-
isons between groups at different ages were done by analysis
of variance (ANOVA) or ANOVA on ranks followed by
Student-Newman-Keuls or Dunn’s tests. The accepted level of
statistical significance was p < 0.05. Data analysis was carried
out using the Sigma Stat program (Jandel Scientific).

3. Results

Table1 shows the differences among the groups. At six
months, experimental animals developed MS characterized
by increased abdominal fat, hypertension, hypertriglyc-
eridemia, hyperinsulinemia, and insulin resistance (HOMA-
IR). Aging per se increased intra-abdominal fat and triglyc-
erides concentrations in control rats. In 18-month-old MS
rats, weight, visceral fat, and triglycerides were higher than
in young MS rats. Fasting serum glucose levels were not
significantly different among the groups, but there was an
increase at 18 months in MS rats. In MS rats insulin level was
only significantly increased at 6 months when compared to
controls; then it showed a decrease during aging.

In control rats, the arterial blood pressure was not
modified during aging. At 6 months of age systolic arterial
pressure was significantly elevated in MS rats when compared
to control rats (Table 1). MS rats showed a continuous blood
pressure decrease with age.

Table 2 shows that seric Ang II concentrations were not
different in C and MS rats at 6 months of age. Therefore,
this peptide does not seem to participate in the development
of hypertension in the MS model. In the C group, Ang II
concentration remained unchanged while in MS animals it
decreased significantly during aging. Ang 1-7 concentrations
showed the inverse relationship, increasing significantly in
MS rats at 18 months of age. In the control group, these values
were unchanged. These results coincide with those previously
reported by our group [4].

3.1. Morphological Study of Aging in Aortas from Control and
MS Rats. When Masson staining was used, aortas from 18-
month-old control rats showed characteristic changes due to
aging when compared to 6-month-old aortas. These changes
were apparent in the intima and media layers; endothelium
showed swelling and in the media there was discontinuity
of elastic fibers. When comparing 6-month-old aortas from
control and MS rats, discontinuity of elastic fibers in the



TABLE 2: Seric angiotensin II and angiotensin 1-7 concentrations
from control and MS rats during aging.

Groups and age

(months) Ang II (pmol/mL) Ang1-7 (pmol/mL)
Control

6 0.09 + 0.02 231+ 017

12 0.05 + 0.01 421+ 0.41

18 0.06 + 0.01 3.16 +1.29

MS

6 0.11 + 0.03 2.61+0.36

12 0.09 + 0.01% 3.97 + 0.41

18 0.008 + 0.0006%* 791 + 0.46™

Values are means + SEM; n = 6; &P < 0.05 against G; TP < 0.01 versus C;
¥p<0.05 against other ages in corresponding group.

media was clear even in zones close to the intima and there
was hyperplasia of muscular cells in the media in aortas
from MS rats at 6 months of age. Deterioration continued
even further in 18-month-old MS aortas (Figure1). Elec-
tron microscopy images showed increased fibrosis, enlarged
endothelium, and invasion of this layer by muscle cells in 18-
month-old control aortas and in 6-month-old aortas from
MS rats when compared to 6-month-old control aortas. In 18-
month-old aortas from MS rats the endothelium was enlarged
and infiltrated with cells from the immune system (Figure 1).

Ultrastructure studies showed differences between con-
trol and MS aortas. Aortas from 6-month-old MS rats
had endothelial damage and changes in the structure of
elastic fibers when compared to aortas from control animals
(Figures 2(a) and 2(b)). The aging process of control aortas
is seen at 18 months in which intima swelling was accom-
panied by cellular infiltrate which is present together with
thickening of the media layer with infiltration of muscular
cells. Furthermore, there is discontinuity of elastic fibers
(Figure 2(c)). In the 18-month-old aortas from MS animals
the above mentioned characteristics of old control vessels
were also found showing adhesion of inflammatory cells in
the intima layer (Figure 2(d)).

3.2. Angiotensin Receptor Expression in Thoracic Aorta. The
distribution of the fluorescence signal is different for each of
the receptors studied. Fluorescence from AT1 receptors from
aortas from 6-month-old rats was higher in the MS group
than in controls. AT1 fluorescence did not change in control
rats during aging and was located in the endothelium and
adventitia. In contrast, in the arteries from the rats with MS,
fluorescence diminishes significantly with age and it moved
from the endothelium to the elastic fibers (Figures 3 and 6).
Fluorescence from AT2 receptors is higher in aortas from
control 6-month-old rats than in aortas from the MS group
and is specifically located in the elastic fibers from the media.
In old control rats, intensity decreases and is located in elastic
fibers and in the endothelium. Fluorescence continues to
decrease and by 18 months of age it is located in the media and
adventitia. In aortas from MS rats, fluorescence is less than in
control rats at all ages (especially at 18 months) and decreases
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with aging. At 6 months of age the signal looks like spots and
is located in the elastic fibers. At 12 months, the signal is even
lower and located in elastic fibers and in the adventitia. By 18
months, the fluorescence looks like spots and is only located
in the endothelium and the elastic fibers (Figures 4 and 6).

At 6 months of age, there is no difference in the fluo-
rescence from the Mas receptors in control and MS aortas.
During aging fluorescence intensity of the Mas receptor in
control aortas does not change; however its distribution
is modified. The signal is higher in the adventitia at 6
months and it diminishes by 12 months; it is located in the
endothelium and adventitia. At18 months the signal increases
and is located in elastic fibers. In aortas from 6-month-
old rats with MS, fluorescence is low, appears in spots, and
is found in the endothelium and adventitia. At 12 months,
fluorescence increases and is found in the adventitia and
endothelium and finally by 18 months the signal is even
higher and only located in the endothelium (Figures 5 and
6).

4. Discussion

Blood pressure is controlled by baroreflex activity that
modulates sympathetic neural mechanisms and by central
nervous set points that adjust its long-term level. There exist
nonpathological long-term regulators that act on the central
nervous set points such as aging and pathological modi-
fiers such as obesity and heart failure. The central nervous
set points receive input from volume regulatory hormones
including RAS [22]. RAS constitutes a hormonal system
that regulates blood pressure and its dysregulation influences
the development and progression of cardiovascular disease.
Although the regulation of the central nervous setpoints in
our rat model might be interesting, and aging and obesity
might influence their activity, in this paper we only studied
the possible participation of the RAS vessel receptors during
aging in control and MS rats. Ang II acts as a potent
vasoconstrictor to activate AT1 receptors on vascular smooth
muscle and affects cardiac and vascular remodeling, cardiac
contractility, and pulse rate through increased sympathetic
nervous system tone [12]. Ang 1-7 counteracts Ang II pressor
and metabolic effects [16].

Our results show that rats receiving 30% sucrose in
drinking water developed MS characterized by central obe-
sity, hypertriglyceridemia, hyperinsulinemia, and moderate
hypertension that are similar to those previously reported
[3, 4]. Glucose was increased in MS rats at 18 months and
is therefore a consequence of the aging process suggesting
a prediabetic state. Aging increases the tendency to develop
hyperglycemia and diabetes [23, 24].

Eighteen-month-old rats are regarded as old rats by
many authors and even as senescent rats [2, 25]. Although
control Wistar rats can live longer than 18 months, our
model of MS rats has a significantly decreased survival rate
(approximately 40%) by that age and organisms show a
highly deteriorated state of health. Therefore, these rats show
premature aging due to the MS. Furthermore, only rats that
develop compensatory mechanisms including the capacity to
restore hypertension might survive.
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Control

(d)

FIGURE 1: Histological images of representative rat aortas from different ages. Control ((a) 6 months and (c) 18 months) and MS ((b) 6 months
and (d) 18 months) using Masson trichrome staining. The panoramic view is shown in the insert. The arrows indicate discontinuity of elastic

fibers and the stars indicate hyperplasia of muscular cells.

Blood pressure in MS rats is higher than in control
animals at 6 months of age and then decreases; this might be a
selection of those rats with the capacity to compensate for the
hypertensive state showing chronic compensatory changes
in signaling molecules such as the increase in seric Ang 1-7
concentration that may restore blood pressure and a decrease
in the concentration of Ang II (Table 2). This study confirms
that, in control rats, the blood pressure remains constant
during aging (Table 1).

Aging is associated with impaired blood vessel function,
which is an early and important event leading to cardiovascu-
lar disease [26]. Aspects of vascular aging include increased
arterial stiffness, dilation of central elastic arteries, and
endothelial dysfunction [27]. Dysfunction is caused by the
endothelium, smooth muscle, and extracellular matrix [28]
and the causes of vascular dysfunction in the endothelium
and in muscle have been previously described [29-36].

The aged aortic wall exhibits a proinflammatory profile
that renders it a fertile substrate for the development of
arterial disease. Studies in animal models demonstrate that
AngII and its downstream signaling molecules, that is, matrix
metalloproteinases and monocyte chemoattractant protein-
1, increase within the diffusely thickened intima of central
arteries [37].

MS is a disease that accelerates aging [38], and RAS
is involved in the aging process [6-8]. An increase in the
intima-media thickness, vascular rigidity, endothelial dys-
function, and a proinflammatory state has been observed in

MS during aging [2]. The described aging changes shown
by hematoxyline-eosin staining and electron microscopy in
aortas from MS agree with previous observations in pigs [39].
Premature aging in the aortas from MS rats might be the
result of changes in their aortic receptors. Structural changes,
inflammation, and damage have been found in vessels during
aging [40].

RAS participates both in the development of MS and
in aging thus rendering the evaluation of the variations in
RAS receptors important in the MS aortas. During aging
Ang II, ACE, and AT1 increase in the vascular wall [41]. The
vascular wall is the effector organ for hormonal or plasma
RAS and AT1, AT2, and Mas receptors have been identified
in the vasculature. Aortas from 6-month-old MS rats showed
a higher concentration of AT1 receptor than control aortas.
In control rats AT1 expression did not significantly change
in the vascular wall during aging. MS increases AT1 and this
receptor is low during aging. Even if there is an increased
expression of ATI in 6-month-old animals, these receptors
might be inactive because the cytoplasmic domain of AT1
binds to a variety of intracellular proteins involved in receptor
signaling, desensitization, and endocytosis. Furthermore,
alterations in homo- or heterodimerization of AT1 with other
receptors may also contribute to the pathophysiological roles
[42].

At 6 months of age, the aortas of the MS animals express
less amount of AT2 receptors than aortas from control
animals. This decrease in the expression of AT2 could be
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FIGURE 2: Micrographs from control 6- and 18-month-old aortas ((a) and (c), resp.) and MS 6- and 18-month-old aortas ((b) and (d), resp.).

Scale bar = 2 ym.

related to the premature aging of MS animals that have a
reduced vasodilator response. The distribution of the AT2
receptor in the vascular wall is nevertheless a matter of debate
[43]. Advancing age is associated with arterial remodeling in
diverse species. The effects of Ang I on vascular remodeling
may be mediated at least in part via AT2. In this regard,
AT?2 may contribute to vascular adaptation and remodeling
by influencing apoptosis in vascular smooth muscle cells.
However, the effect of AT2 stimulation on vascular smooth
muscle cells may vary between different cell phenotypes [43].

Our results show a reduction of fluorescence from AT2
in aortas from control and MS rats during aging which is
consistent with the diminution found in the cardiovascular
system and can be modulated in pathophysiological states
associated with tissue inflammation and remodeling [44].
During aging, the fluorescence from AT2 receptor in control
aortas decreases. However, we did not observe an increase
in blood pressure in these animals. It is difficult to elicit a

vasodilatory response directly in our aged rats; this effect may
be related to AT2 receptor stimulation by Ang II. To confirm
this point, we would need a more detailed description of
the molecular specificity of the Ang II-AT2 pathway and to
explore the possible alterations in signaling pathways in our
animal model. Moreover, it has been reported that a complex
interaction between Mas, AT1, and AT2 mediates the Ang1-7
effects in blood vessels [45, 46]. The expression of Mas, which
was similar in MS and controls at 6 months, increases with age
only in the MS group.

Additionally, the analysis of angiotensin receptor expres-
sion by immunoblotting was done and there were no changes
in AT1 and AT?2 receptors in the experimental groups. Mas
expression was increased in the aged MS rats (data not
shown). Western blot analysis does not show the differences
in the presence of the receptors in the different layers
of the aortic tissue and adds little information on their
location.
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FIGURE 3: Illustrative images (x60) showing receptor AT1 immunofluorescence in aortas of control and MS rats aged 6, 12, and 18 months.
Preparations were stained with FITC. Scale bar = 50 ym.

In conclusion, aging modifies body weight, abdominal fat,  in the structure and function of the endothelium might be
and triglycerides but these variables are further increased by ~ responsible of cardiovascular dysfunctions associated with
MS. There is premature aging in this group since MS increases  aging in MS. The increase in Mas receptors coupled with the
the progressive damage normally caused by aging. Alterations  increased concentration of Ang 1-7 might explain, in part,
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FIGURE 4: Illustrative images (x60) showing receptor AT2 immunofluorescence in aortas of control and MS rats aged 6, 12, and 18 months.
Preparations were stained with FITC. Scale bar = 50 ym.
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FIGURE 5: Illustrative images (x60) showing receptor Mas immunofluorescence in aortas of control and MS rats aged 6, 12, and 18 months.
Preparations were stained with Tex Red. Scale bar = 50 ym.
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FIGURE 6: Quantitative analysis (receptor type fluorescence versus relative fluorescence) for AT1, AT2, and Mas receptors in aortas of control
and MS rats during aging measured from the immunohistochemistry images in Figures 3, 4, and 5. Details of the technique are described in
Section 2. Values represent mean + SEM of six different experiments. “P < 0.05 against C; P < 0.01 against C; *P < 0.05 against other ages;

$P < 0.05 against 6 months.

the lowering of blood pressure in the aged MS rats. The
Ang 1-7/Mas axis might be an effective therapeutic target,
since the surviving rats might have developed compensatory
mechanisms similar to those found in healthy obese or MS
patients.

Competing Interests

No competing interests exist.

Acknowledgments

The authors would like to thank Bertha Soto, Mario Pérez,
Florencio Herndndez, Ana B. Martinez, and Benito Chavez
for technical assistance.

References

[1] J. R. Ortlepp, J. Breuer, E Eitner et al., “Inhibition of the
renin-angiotensin system ameliorates genetically determined
hyperinsulinemia,” European Journal of Pharmacology, vol. 436,
no. 1-2, pp. 145-150, 2002.

[2] R.L.Matz, M. A. de Sotomayor, C. Schott, and R. Andriantsito-
haina, “Preservation of vascular contraction during ageing: dual
effect on calcium handling and sensitization,” British Journal of
Pharmacology, vol. 138, no. 5, pp. 745-750, 2003.

[3] M. E. Rubio, G. Baiios, E. Diaz, and V. Guarner, “Effect of
age on insulin-induced endothelin release and vasoreactivity
in hypertriglyceridemic and hypertensive rats,” Experimental
Gerontology, vol. 41, no. 3, pp. 282-288, 2006.

[4] M. E. Rubio-Ruiz, L. Del Valle-Mondragén, V. Castrejon-
Tellez, E. Carredn-Torres, E. Diaz-Diaz, and V. Guarner-Lans,
“Angiotensin IT and 1-7 during aging in metabolic syndrome

rats. Expression of AT1, AT2 and Mas receptors in abdominal
white adipose tissue,” Peptides, vol. 57, pp. 101-108, 2014.

[5] M. Sysi-Aho, A. Ermolov, P. V. Gopalacharyulu et al., “Metabolic
regulation in progression to autoimmune diabetes,” PLoS Com-
putational Biology, vol. 7, no. 10, article e1002257, 2011.

[6] E.L. Santos, K. de Picoli Souza, E. D. da Silva et al., “Long term
treatment with ACE inhibitor enalapril decreases body weight
gain and increases life span in rats,” Biochemical Pharmacology,
vol. 78, no. 8, pp. 951-958, 2009.

[7] A. Benigni, D. Corna, C. Zoja et al., “Disruption of the Ang
II type 1 receptor promotes longevity in mice,” The Journal of
Clinical Investigation, vol. 119, no. 3, pp. 524-530, 2009.

[8] P. Cassis, S. Conti, G. Remuzzi, and A. Benigni, “Angiotensin
receptors as determinants of life span,” Pflugers Archiv European
Journal of Physiology, vol. 459, no. 2, pp. 325-332, 2010.

[9] C. A. Aguilar-Salinas, E. Garcia, L. Robles et al, “High

adiponectin concentrations are associated with the metaboli-

cally healthy obese phenotype,” Journal of Clinical Endocrinol-

ogy and Metabolism, vol. 93, no. 10, pp. 4075-4079, 2008.

S. H. S. Santos, J. E Braga, E. G. Mario et al,, “Improved

lipid and glucose metabolism in transgenic rats with increased

circulating angiotensin-(1-7),” Arteriosclerosis, Thrombosis, and

Vascular Biology, vol. 30, no. 5, pp. 953-961, 2010.

[11] S.Engeli, R. Negrel, and A. M. Sharma, “Physiology and patho-
physiology of the adipose tissue renin-angiotensin system,”
Hypertension, vol. 35, no. 6, pp. 1270-1277, 2000.

[12] B. Wang, Y.-H. Liao, Z. Zhou et al., “Arterial structural changes
in rats immunized by ATl-receptor peptide,” Heart and Vessels,
vol. 20, no. 4, pp. 153-158, 2005.

[13] M. Barton, R. Carmona, H. Morawietz et al,, “Obesity is

associated with tissue-specific activation of renal angiotensin-

converting enzyme in vivo: evidence for a regulatory role of

endothelin,” Hypertension, vol. 35, no. 1, pp. 329-336, 2000.

Q. N. Diep, M. E. Mabrouk, J. S. Cohn et al., “Structure, endothe-

lial function, cell growth, and inflammation in blood vessels

(10]



International Journal of Hypertension

(15]

(16]

(17]

(18]

(19]

(20]

[25]

(26]

(30]

of angiotensin II-infused rats: role of peroxisome proliferator-
activated receptor-y,” Circulation, vol. 105, no. 19, pp. 2296-
2302, 2002.

P. Xu, A. C. Costa-Goncalves, M. Todiras et al., “Endothelial
dysfunction and elevated blood pressure in Mas gene-deleted
mice,” Hypertension, vol. 51, no. 2, pp. 574-580, 2008.

R. A. S. Santos, A. J. Ferreira, T. Verano-Braga, and M.
Bader, “Angiotensin-converting enzyme 2, angiotensin-(1-7)
and Mas: new players of the renin-angiotensin system,” Journal
of Endocrinology, vol. 216, no. 2, pp. R1-R17, 2013.

J. E. Jalil, C. Palomera, M. P. Ocaranza et al., “Levels of
plasma angiotensin-(1-7) in patients with hypertension who
have the angiotensin—I-converting enzyme deletion/deletion
genotype,” The American Journal of Cardiology, vol. 92, no. 6,
pp. 749-751, 2003.

J. A. Herndndez-Prada, A. J. Ferreira, M. J. Katovich et al.,
“Structure-based identification of small-molecule angiotensin-
converting enzyme 2 activators as novel antihypertensive
agents,” Hypertension, vol. 51, no. 5, pp. 1312-1317, 2008.

M. M. Shafaroudi and C. ]. Daly, “Endothelial vasodilator
angiotensin receptors are changing in mice with ageing
Research in Molecular Medicine, vol. 2, no. 1, pp. 25-33, 2014.

E.J. Henriksen, S. Jacob, T. R. Kinnick, M. K. Teachey, and M.
Krekler, “Selective angiotensin II receptor antagonism reduces
insulin resistance in obese Zucker rats,” Hypertension, vol. 38,
no. 4, pp. 884-890, 2001.

W. S. Rasband and J. Image, U. S. National Institutes of Health,
Bethesda, Md, USA, 2012, http://imagej.nih.gov/ij/.
N. Charkoudian and J. A. Rabbitts, “Sympathetic neural mecha-

nisms in human cardiovascular health and disease,” Mayo Clinic
Proceedings, vol. 84, no. 9, pp. 822-830, 2009.

S. Fukuda, S. Tsuchikura, and H. Iida, “Age-related changes in
blood pressure, hematological values, concentrations of serum
biochemical constituents and weights of organs in the SHR/Izm,
SHRSP/Izm and WKY/Izm,” Experimental Animals, vol. 53, no.
1, pp. 67-72, 2004.

R. Muzumdar, X. Ma, G. Atzmon, P. Vuguin, X. Yang, and N.
Barzilai, “Decrease in glucose-stimulated insulin secretion with
aging is independent of insulin action,” Diabetes, vol. 53, no. 2,
pp. 441-446, 2004.

C. E King and T. E Lischer, “Different mechanisms of
endothelial dysfunction with aging and hypertension in rat
aorta,” Hypertension, vol. 25, no. 2, pp. 194-200, 1995.

M. El Assar, J. Angulo, S. Vallejo, C. Peir6, C. E. Sdnchez-Ferrer,
and L. Rodriguez-Manas, “Mechanisms involved in the aging-
induced vascular dysfunction,” Frontiers in Physiology, vol. 3,
article 132, 2012.

V. Kotsis, S. Stabouli, I. Karafillis, and P. Nilsson, “Early
vascular aging and the role of central blood pressure,” Journal
of Hypertension, vol. 29, no. 10, pp. 1847-1853, 2011.

R. P. Brandes, I. Fleming, and R. Busse, “Endothelial aging,
Cardiovascular Research, vol. 66, no. 2, pp. 286-294, 2005.

M. M. Bachschmid, S. Schildknecht, R. Matsui et al., “Vascu-
lar aging: chronic oxidative stress and impairment of redox
signaling—consequences for vascular homeostasis and disease;”
Annals of Medicine, vol. 45, no. 1, pp. 17-36, 2013.

D. A. Long, M. A. Newaz, S. S. Prabhakar et al., “Loss of nitric
oxide and endothelial-derived hyperpolarizing factor-mediated
responses in aging,” Kidney International, vol. 68, no. 5, pp.
2154-2163, 2005.

(31]

(33]

(34]

[37]

(38]

(41]

(42]

1

A. Csiszar, N. Labinskyy, K. Smith, A. Rivera, Z. Orosz, and
Z. Ungvari, “Vasculoprotective effects of anti-tumor necrosis
factor-« treatment in aging,” American Journal of Pathology, vol.
170, no. 1, pp. 388-398, 2007.

J. Léhteenvuo and A. Rosenzweig, “Effects of aging on angio-
genesis,” Circulation Research, vol. 110, no. 9, pp. 1252-1263, 2012.
H. Matsushita, E. Chang, A. J. Glassford, J. P. Cooke, C.-P.
Chiu, and P. S. Tsao, “Activity is reduced in senescent human
endothelial cells: preservation by hTERT Immortalization,”
Circulation Research, vol. 89, no. 9, pp. 793-798, 2001.

A. Ruiz-Torres, A. Gimeno, J. Meldn, L. Mendez, E J. Mufoz,
and M. Macia, “Age-related loss of proliferative activity of
human vascular smooth muscle cells in culture,” Mechanisms
of Ageing and Development, vol. 110, no. 1-2, pp. 49-55, 1999.
M. S. Lundberg and M. T. Crow, “Age-related changes in
the signaling and function of vascular smooth muscle cells,
Experimental Gerontology, vol. 34, no. 4, pp. 549-557, 1999.

A. Carvajal, A. Velasco, L. H. Martin Arias, and M. Maroto,
“Age-related changes in contractile responses to noradrenaline
in isolated blood vessels from rat and rabbit, Journal of
Autonomic Pharmacology, vol. 15, no. 5, pp. 321-326, 1995.

M. Wang, J. Zhang, L.-Q. Jiang et al., “Proinflammatory profile
within the grossly normal aged human aortic wall,” Hyperten-
sion, vol. 50, no. 1, pp. 219-227, 2007.

K. Shinozaki, K. Ayajiki, Y. Nishio, T. Sugaya, A. Kashiwagi,
and T. Okamura, “Evidence for a causal role of the Renin-
Angiotensin System in vascular dysfunction associated with
insulin resistance,” Hypertension, vol. 43, no. 2 I, pp. 255-262,
2004.

S. P. Bagby, L. S. LeBard, Z. Luo, R. C. Speth, B. E. Ogden, and
C. L. Corless, “Angiotensin II type 1 and 2 receptors in conduit
arteries of normal developing microswine,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 22, no. 7, pp. 1113-1121,
2002.

M. Akishita, M. Horiuchi, H. Yamada et al., “Inflammation
influences vascular remodeling through AT2 receptor expres-
sion and signaling,” Physiological Genomics, vol. 2, no. 1, pp. 13-
20, 2000.

A. Csiszar, M. Wang, E. G. Lakatta, and Z. Ungvari, “Inflamma-
tion and endothelial dysfunction during aging: role of NF-xB,”
Journal of Applied Physiology, vol. 105, no. 4, pp. 1333-1341, 2008.
L. Hunyady and K. J. Catt, “Pleiotropic ATI receptor signaling
pathways mediating physiological and pathogenic actions of
angiotensin II,” Molecular Endocrinology, vol. 20, no. 5, pp. 953-
970, 2006.

M. Paul, A. P. Mehr, and R. Kreutz, “Physiology of local renin-
angiotensin systems,” Physiological Reviews, vol. 86, no. 3, pp.
747-803, 2006.

R. M. Touyz and E. L. Schiffrin, “Signal transduction mech-
anisms mediating the physiological and pathophysiological
actions of angiotensin II in vascular smooth muscle cells;,
Pharmacological Reviews, vol. 52, no. 4, pp. 639-672, 2000.

G. Gorelik, L. A. Carbini, and A. G. Scicli, “Angiotensin 1-7
induces bradykinin-mediated relaxation in porcine coronary
artery;” Journal of Pharmacology and Experimental Therapeutics,
vol. 286, no. 1, pp. 403-410, 1998.

R. Soares de Moura, A. C. Resende, A. F. Emiliano et al., “The
role of bradykinin, AT2 and angiotensin 1-7 receptors in the
EDRF-dependent vasodilator effect of angiotensin II on the
isolated mesenteric vascular bed of the rat,” British Journal of
Pharmacology, vol. 141, no. 5, pp. 860-866, 2004.



