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MasR Mas receptor

NMJ Neuromuscular junctions

RAS Renin-angiotensin system

SM Skeletal muscle

TGF-p Transforming growth factor type-3

Skeletal Muscle Overview

Skeletal muscle (SM) is the most abundant tissue spread through the entire body,
plays critical role in keeping the postural control, has a vital function for making
movements, both voluntary and nonvoluntary; and is also involved in the balance of
energy metabolism.

SM is composed of muscle fibers that are long multinucleated cells surrounded
by a specialized form of connective tissue the endomysium, and the fibers are orga-
nized as bundles of fibers called fascicles that are surrounded by the perimysium,
and groups of fascicles are forming the muscles that are surrounded by the epimy-
sium. Within the muscle fibers, capillaries that are oxygenating and nurturing the
tissue are found, and each fiber is innervated by a motor neuron at the neuromuscu-
lar junction (NMJ), where the fibers are connected with the peripheral nervous sys-
tem for the control of the muscle contraction. The quality of the skeletal muscle
fibers is strongly influenced by the nerve. Another component of SM are the satellite
cells that lie under the fibers basal lamina, these cells are stem cells committed to
the muscle lineage. Other cell types present in SM are the fibroadipogenic progeni-
tors (FAPs) and some monocytes residents in the muscle [1-5]. These cell types
play important roles in the regeneration of SM. Figure 1 shows a schematic repre-
sentation of SM architecture.

RAS Components in Skeletal Muscle (SM)

There is increasing evidence that the renin-angiotensin system (RAS) plays a
direct role in different tissues and the SM does not seem to be an exception.
Several works have shown that components of both arms of the RAS are present
in this tissue. Among the components of the classic RAS axis, it has been
described that there is angiotensin- converting enzyme (ACE) expression and
activity [6-8] and immunohistochemical analyses show that (ACE) is present in
the endothelium and in the neuromuscular junction [8, 9] and its levels are
increased in SM from Duchenne muscular dystrophy (DMD) patients [9], a
myopathy that occurs by the lack of the dystrophin protein and is characterized
by muscle weakness and fibrosis [10].

ACE exerts a key role in SM metabolism; in humans, there is a polymorphism on
ACE gene, ACE I and D (insertion or deletion of a sequence in intron 16 of the ACE
gene), and the ACE I polymorphism is characterized by reduction of ACE levels
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Fig. 1 Left: Schematic representation of skeletal muscle tissue, showing the basic components of
SM. Right: Upper panel shows a transversal cross-section from gastrocnemius of wild-type mice
stained with hematoxylin/eosin. Lower panel shows an immunofluorescence for CD31 that is pres-
ent in capillaries and laminin that marks the basal lamina delineating the muscle fiber; note that
there are several capillaries surrounding one fiber (photograph taken and donated by Dr. Daniela
Rebolledo)

[11]. This brings more resistance to exercise performance because it can influence
the blood flow and increase the oxidative metabolism in the SM [12].

The angiotensin type 1 (AT1) receptors are expressed in the vasculature of skel-
etal muscle of normal adult tissue [13] and its levels are increased in muscle byop-
sies obtained from DMD patients and AT1 can be found in the degenerating muscle
fibers and fibroblasts as well [9]. AT1 receptors are also present in the SM satellite
cells and its activation by angiotensin-II (Ang-II) reduces satellite cells proliferation
and reduced regeneration after cardiotoxin (CTX) injury [14].

Angiotensin type 2 receptor (AT2) transcripts are detected in human fetal skele-
tal muscle tissues, but not in adult human skeletal muscle [13]; on the other hand, in
mice, AT2 is detected in SM and shown to be increased by transforming growth
factor beta (TGF-f1) injection in wild-type and in the mdx mice (the DMD murine
model) [15]. AT2 receptor is increased in the regenerating muscle after CTX injury,
and is necessary for proper satellite cell differentiation [16]. With regard to the
opposite RAS axis, ACE2/angiotensin-(1-7)/Mas receptor (ACE2/Ang-(1-7)/Mas),
there is evidence for ACE2 and Mas receptor presence in the SM [17-22].

ACE2 activity was present in mice SM, and it was localized in the sarcolemma and
connective tissue of SM and was increased in the dystrophic muscle [18]. ACE2 is also
playing an important role in the muscle metabolism, since its deletion leads to a reduced
exercise performance [17]. Mas receptor is also found in mice SM and reported to
increase in different muscle wasting conditions [20]. Interestingly, in mdx mice its
expression was increased compared to wild-type mice (Fig. 1), which indicates that its
levels are induced in this muscle pathology. At the cellular level, Mas receptor
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expression was found in myoblast and myotubes and also in SM-derived fibroblasts
[23]. Mas receptor is downregulated by TGF-p1 in fibroblasts but not in myoblast or
myotubes, suggesting differential regulation in the different SM cell types; interestingly,
Mas expression was not modulated by Ang-II or connective tissue growth factor (CTGF/
CCN2) [23]. Taken together, all these evidences support that the RAS is present and is
an active player with critical and complex functions in the pathophysiology of SM.

RAS and SM Disease and Regeneration: Angiotensin-(1-7)
Protective Role

Muscular Dystrophies

The classic arm of the RAS is related to skeletal muscle pathologies. In muscular dys-
trophies such as DMD, there are continuing cycles of progressive damage and regenera-
tion of the fibers leading to a chronic inflammatory response that ultimately leads to the
replacement of the fibers by fibrotic tissue. The main pro-fibrotic molecules in SM are
(transforming growth factor type-beta) TGF-f3 [24-26], connective tissue growth factor
(CTGF/CCN2) [26-29], and classic RAS components ACE/Ang-1I/AT1 [25, 26].

Several studies have indicated that Ang-II plays an important role in the muscle
fibrosis, since treatment with angiotensin type 1 receptor blockers (ARBs) and
angiotensin-converting enzyme inhibitors (ACEi) general outcome is a reduction in
the damage and fibrosis [30-33]. Losartan reduces TGF-f expression levels and
smad-dependent signaling, an intracellular canonical branch activated upon TGF-f
binding to its receptor [30, 31]. Both losartan and enalapril treatment reduce CTGF
levels in mdx mice, and reduce the fibrotic response induced by CTGF overexpres-
sion [31, 32]. Ang-II through AT1 receptor leads to fibrosis by increasing TGF-f
levels via activation of NAD(P)H oxidase-induced ROS and p38 phosphorylation
that results in increased CTGF levels, increased extracellular matrix (ECM) pro-
teins such as fibronectin, and collagen III [34, 35]; interestingly, the activation of
NAD(P)H oxidase is PKC-dependent [35].

In muscular dystrophy, Ang-(1-7) systemic infusion by osmotic pumps or deliv-
ered orally by the formulation, cyclodextrin-conjugated Ang-(1-7) (CD-Ang-(1-7)),
plays a protective role, reducing the damage, fibrosis, and restoring muscle strength
in the mdx mice [21]; also in the model of sarcoglican-6 null muscular dystrophy,
CD-Ang-(1-7) improves function and reduces the oxidative stress [36]. The mecha-
nisms mediating the beneficial effects on dystrophy involve the reduction in TGF-f§
levels and smad-dependent signaling, observed by the reduction in phosphorylated
smad3, decrease in the fibrotic miR-21, resulting in a reduction of TCF-4 positive
fibroblasts. The Ang-(1-7) effects are mediated by the Mas receptor signaling since
treatment with the Mas antagonist A-779 or the genetic deletion of Mas receptor in
the mdx mice model results in a worse dystrophic phenotype, dramatically increas-
ing damage, fibrosis, and smad3 signaling and reducing skeletal muscle strength
[21], resembling the SM phenotype observed in DMD.

Another mechanism for the reduction of damage and fibrosis mediated by Ang-
(1-7) in dystrophic muscle is by the decrease in CTGF levels (Fig. 3). Interestingly,
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Fig. 2 Mas receptor expression is increased in skeletal muscle of mdx mice. The relative expres-
sion of Mas receptor was evaluated by qPCR using tagman probes for Masl and GAPDH as con-
trol, cDNA was obtained from total RNA extracts from wild-type (WT) and mdx mice
Gastrocnemius, tibial anterior, and diaphragm muscles. T-test xp < 0.05 vs WT

Fig.3 CTGF/CCN2
expression is reduced by
Ang-(1-7) treatment. The
relative expression of
CTGF was evaluated by
qPCR using tagman probes
for CTGF and GAPDH as
control; cDNA was
obtained from total RNA
extracts of gastrocnemius
from wild-type, mdx, and
mdx treated with Ang-(1-7)
mice. One-way ANOVA
#p < 0.001 vs WT,
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CTGF
(relative expression)

4_

w
1

N
1

—_
1

Ang-(1-7) can also reduce muscle fibrosis in a model of radiation-induced fibrosis
by reducing TGF-f and CTGF [37].

Overall, Ang-(1-7) protects muscle from damage and fibrosis, and since the mdx
KO Mas mice had a worse phenotype [21], it seems that the endogenous Ang-(1-7)
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protects from further damage, maybe by compensatory mechanisms, because ACE2
and MasR are increased in the mdx mice. It would be interesting to measure ACE2/
Ang-(1-7)/MasR in DMD patient’s samples. Interestingly, in the sarcoglican-6 null
mice, there is a reduction of MasR levels compared with wild type that are restored
by CD-Ang-(1-7) infusion [36], suggesting that the reduction in Ang-(1-7) receptor
could lead to damage in this model.

Atrophy and Muscle Wasting Conditions

Muscle wasting, a condition observed in disuse, immobilization, aging, and some neu-
romuscular diseases, occurs by the increase of the catabolic pathways and reduction of
the anabolic pathways. The muscle catabolic pathways upregulation is the result of
increased activity of growth factors such as myostatin, which leads to protein degrada-
tion, and also of the induction of transcription factors such as NF-kB and FoxO3, which
results in the expression of E3 ligases MuRF-1 and atroginl (also known as MAFbx)
with consequent protein degradation by the ubiquitin proteasome pathway (UPS ubig-
uitin proteasome system) [38—41]. On the other hand, there is a reduction of anabolic
pathways such as IGF-1 and its downstream signaling cascade PI3K/AKT/mTOR,
leading to decreased protein synthesis and cell growth [39, 41, 43], the reduction of
IGF-1 also activates the FoxO 1/3 transcription factors that induce atroginl [38, 42]
tilting the balance toward the catabolic pathways, finally resulting in a decrease of SM
mass.

Ang-II drives the muscle wasting by inducing the catabolism and inhibiting
IGF-1 signaling [44]; it induces NF-kB, which in turns induces Atroginl. Ang-II
drives muscle wasting by increasing oxidative pathways [45, 46], leading to activa-
tion of catabolic pathways [47, 48]. Also by inducing protein phosphatase 2C alpha
(PP2Ca), Ang-II reduces AMPK signaling also leading to muscle wasting [49].
Interestingly, the knockdown of PP2Ca reduces Ang-II-mediated atrophy by a
mechanism involving mitochondrial recycling [50].

Cabello—Verrugio’s group has studied Ang-(1-7) effects in several models of
muscle atrophy. In a model of atrophy induced by Ang-II, the treatment with Ang-
(1-7) prevented the reduction in fiber size, the reduction in strength, and main-
tained the levels of myosin heavy chain; these effects were dependent on Mas
receptor since, in the presence of A-779 (the Mas receptor antagonist), the protec-
tive Ang-(1-7) effects were lost [51]. Ang-(1-7) prevented the increase of the
expression of atroginl and MuRF1. Also, it was found that Ang-(1-7) induces the
phosphorylation of AKT in a Mas-dependent fashion. In vitro, the inhibition of
AKT inhibited the anti-atrophic effects of Ang-(1-7) [51]. Further experiments
showed that Ang-(1-7) reduces the myonuclear apoptosis induced by Ang-II, as
observed by the reduction in the apoptotic nuclei, reduction in the caspases 8 and
9, and reduction in the activity of caspase 3 and the Bax/Bcl-2 ratio. These effects
were Mas-dependent because A-779 prevented Ang-(1-7) protection [52]. In a
model of atrophy induced by limb immobilization, Ang-(1-7) also prevented the
wasting effects, such as the reduction of fiber size decreased MHC levels, and
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reduced the E3 Ligases Atrogin-1 and MuRF-1 protein levels, by a mechanism
that involved the phosphorylation of the IGF-1 receptor, AKT, and p70S6K result-
ing in the inhibition of FoxO3. The activation of IGF receptor (IGF-R) was neces-
sary for the anti-atrophic effects of Ang-(1-7). Importantly, all these anti-atrophic
effects of Ang-(1-7) were lost in the KO Mas mice [53]. Interestingly, a dendrimer
carrying Ang-(1-7) (PAMAM-OH-Ang-(1-7)) that can encapsulate two molecules
of Ang-(1-7) was administered intraperitoneally to mice, and also prevented the
inmobilization-induced atrophy [54].

In a model of atrophy induced by the endotoxin lipopolysaccharide (LPS),
Ang-(1-7) treatment prevented the atrophy induced by LPS, as seen by the
maintenance of fiber size and MHC levels and the prevention in the reduction
muscle force. Ang-(1-7) reduced the levels of atrogin-1 and MuRF-1 induced
by LPS, and these effects were Mas receptor-dependent since A-779 inhibited
the Ang-(1-7) effects. Interestingly, Ang-(1-7) reduced the p38 phosphoryla-
tion mediated by LPS and this was necessary for the anti-atrophic effects of
Ang-(1-7) [55].

Ang-(1-7) through Mas receptor, also prevented the atrophy induced by TGF-f
in vivo and in vitro, as observed by maintenance of fiber size, MHC levels, and a
reduction in the MuRF-1 levels. Interestingly, Ang-(1-7) reduced ROS production
induced by TGF-p preventing its atrophic effects [56].

Skeletal Muscle Regeneration

Muscle regeneration occurs after muscle injury or damage, and is a regulated
process: different cell types participate in the regeneration — first, there is an
acute inflammatory response that in turns activates the resident fibroblasts and
FAPS that start producing ECM molecules to seal the injury site, then this ECM
is degraded and fibroblasts die by apoptosis. During this process, the satellite
cells begin to proliferate and ultimately differentiate to form new muscle fibers
[2, 57]. Ang-II impairs muscle regeneration by reducing satellite cell prolifera-
tion and differentiation capacity [14]. Losartan treatment showed an improved
regeneration capacity in CTX injury in a fibrilin-1 deficient mice, mdx mice, and
in old mice with sarcopenia by a mechanism that involve TGF-f signaling
reduction [30, 58].

The potential role of Ang-(1-7) participating in muscle regeneration has not
been fully elucidated, since there are no reports to our knowledge. Nevertheless,
this issue is being studied by us and so far we have found that systemic infusion
with Ang-(1-7) accelerates the regeneration by modulating macrophages popula-
tion and increasing satellite cells number, by a mechanism dependent of iNOS
activation (Ramirez et al., ms in preparation)). Interestingly, in a model of chronic
injury, by repeated cycles of BaCl, injection there are increased levels and activity
of ACE2 [18], suggesting that Ang-(1-7) is present in the chronic damage mice
model. What is the function played by Ang-(1-7) in skeletal muscle regeneration is
still an open question.
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Future Directions

There are still open questions about Ang-(1-7) role in skeletal muscle biology and dis-
ease. For example, we still don’t know the mechanisms by which Ang-(1-7) has a pro-
tective role in SM disease downstream Mas receptor activation, we know that there are
some signaling pathways involved like IGF-1 and AKT in the prevention of atrophy [51,
53], but it is still unclear if the same pathways are activated in the protection of damage
and fibrosis in DMD. In regeneration, Ang-(1-7) induces iNOS but we do not know if it
occurs directly or indirectly by activating another route. Recently, the Kallikrein Kinin
system (KKS), a hypotensor and anti-fibrotic system [59], has been involved in DMD
[60], so it would be interesting to elucidate if Ang-(1-7) could also be synergizing with
Bradykinin, the main product of the KKS, to exert a beneficial effect.

Ang-(1-7) in SM has the opposite actions to Ang-II, and can reduce TGF-} and its
signaling molecules, so it would be of interest to search what is the effect of Ang-(1-7)
in other neuro- muscular diseases that have increased levels of TGF-f, such as ALS
[61] or Marfan Syndrome [30]. Since Ang-(1-7) has anti-atrophic effects, there is also
an interesting question if this peptide has any effect on sarcopenia or aged muscles.

There are efforts being made to test Ang-(1-7) analogs or Mas receptor agonists or
different ways to deliver Ang-(1-7), that are less prone to degradation, since it could
have a therapeutic potential; in this regard, cyclodextrin-delivered Ang-(1-7) has been
proved and could be a good candidate [21, 36]; other way of delivering Ang-(1-7) was
tested in a model of atrophy by the use of PAMAM-OH with promising results [54].
There are analogs, such as A-1317, being tested together with Robson Santo’s group
in DMD mice model to see if the same beneficial effects as for Ang-(1-7) can be
achieved using this molecule. Other candidate to prove could be the cyclic Ang-(1-7)
that has been tested in mice model of cardiac infarction [62]. AVE0991 a Mas agonist
that has been tested in different pathologies such as heart failure, arthritis, gastric
ulcers, and asthma [63—67] could also be tested in SM diseases.

Physical Exercise and ACE2/Angiotensin-(1-7)/Mas Axis

Physical exercise represents an important nonpharmacological tool for prevention
and treatment of cardiovascular and metabolic disease. Skeletal muscle is the main
organ affected by acute and chronic exercise and can act as an endocrine organ pro-
ducing and secreting myokines [68]. The skeletal muscle contraction is a potent
stimulus to induce exercise adaptations in many other organs such as brain, heart,
lung, kidney, and liver. Here, we will describe:

e Angiotensin-(1-7) effects in trained animals.

e Modulation of ACE2/Ang-(1-7)/MAS axis in response to physical exercise.

e Angiotensin-(1-7) activation (treatment) or inactivation (Mas-deficiency) and
exercise training.
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Angiotensin-(1-7) Effects in Trained Animals

The angiotensin-(1-7) effects in trained and sedentary brains and vessels have
shown the role of this peptide in response to aerobic training exercise. These stud-
ies demonstrated that chronic exercise affects the acute actions of Ang-(1-7)
(hemodynamic and vascular responses). In some pathological conditions as in
hypertensive rats (SHR), these effects are more evident.

Brain

The first study showing the effects of angiotensin-(1-7) associated with exercise was
published in 2005 by Becker et al. The authors demonstrated an involvement of
Ang-(1-7) in physical exercise adaptations [69]. In this study, the rats performed 20
swimming exercise sessions, 1 hour per day, 5 days a week. After 4 weeks of train-
ing, cardiovascular effects produced by microinjections in rostroventrolateral
medulla (RVLM) of the angiotensin peptides, Ang-II and Ang-(1-7) were evaluated
in trained and sedentary animals. The exercise training enhanced Ang-II and attenu-
ated Ang-(1-7) pressor effect (Fig. 4).

The spontaneous hypertensive rats (SHR) presented altered renin-angiotensin
system in the RLVM and the effects of 12 weeks of running training (5 days per
week; 60 min per day at 15-20m/min) were evaluated by Ren et al. [70]. Aerobic
training significantly reduced sarthan (antagonist of Ang-II) or increased A-779
(antagonist of Ang-(1-7)) cardiovascular responses to central application of each
antagonist, respectively. The protein expression of MasR in the RVLM was signifi-
cantly elevated in SHR following aerobic training. These results suggest that the
central effect in the pressor response for Ang-(1-7) is modulated by physical exer-
cise and future research needs to be made to understand the mechanisms involved in
this modulation.
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Vessels

The vascular effects of Ang-(1-7) in trained animals (8-weeks of overload 5% of the
body weight swimming training) were investigated in the aorta of SHR-trained ani-
mals [71]. Untrained SHR had an impaired vasodilator response to Ang-(1-7) and
exercise training could reverse this response (Fig. 5). The Ang-(1-7) vasodilator
effect was abrogated by A-779 and d-Pro(7)-Ang-(1-7) (selective Ang-(1-7) recep-
tor antagonists) and by removal of the endothelium.

This study also showed that only in SHR-trained animals, the aorta MasR protein
expression was substantially increased and correlated with the Ang-(1-7) effect (Fig. 6).

The cardioprotective effects promoted by exercise training could implicate the
activation of ACE2/Ang-(1-7)/Mas axis, especially in pathological conditions such
arterial hypertension.
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Modulation of ACE2/ANG-(1-7)/MAS Axis in Response
to Physical Exercise

The effects of physical exercise on ACE2/Ang-(1-7) /Mas activation in different
pathologies/organs will be discussed in the following sections.

Heart, Hypertension, and Heart Failure

Aerobic exercise training induces several cardiac effects that culminate in an aerobic
capacity improvement due in part to the increased ventricular stroke volume, cardiac
output, and left ventricle hypertrophy [72]. The left-ventricle hypertrophy is depen-
dent on volume training; therefore, Fernandes et al. investigated the modulation of
ACE2 and Ang-(1-7) in rats following distinct swimming training protocols [73]:

* Low-intensity, moderate-volume exercise: 60-minute per session, 5 days a week,
for 10 weeks

e Low-intensity, high-volume exercise: the same swimming training protocol
described until the end of the eighth week and on the ninth week, rats were
trained twice a day (60 min per session and an interval of 4 hours between
sessions).

All exercise session was carried out with caudal dumbbells weighing 5% of ani-
mal body weight. ACE2, Ang-(1-7), and the ratio Ang-(1-7) in left ventricle increase
significantly in both exercise protocols and involve regulatory MicroRNAs (miR-
27a, miR-27b, and miR-143).

Physical training effect on MasR expression in hearts under different physiolog-
ical and pathological conditions has been evaluated by Dias-Peixoto et al. [74].
The physiological stimulus was the swimming training performed 40-60 min per
day, 5 days per week over 10 weeks. No changes in MasR expression in the trained-
left ventricle Sprague—Dawley (SD) rats were observed. However, in some patho-
logical conditions such as isoproterenol treatment and infarction, MasR
downregulated responses have been evidenced. Since in hypertensive rats (SHR),
the role of Ang-(1-7) mediating cardioprotective effects has been consistently
demonstrated (please see Actions of Angiotensin-(1-7): Heart), the reduction of
MasR expression showed by Dias-Peixoto et al. could explain in part the cardiac
damage in these model.

The cardiac effects of 8 weeks period of 5% overload swimming training (1 hour
per day, 5 days a week) and the role of Ang-(1-7) in normotensive (Wistar) and
hypertensive (SHR) rats were evaluated by Filho et al. [75]. Interestingly, the plasma
levels of Ang II reduced in both trained groups but only SHR-trained had a signifi-
cant increase in left ventricle levels of Ang-(1-7). Cardiac (left ventricle) gene
expression of MasR was significantly increased in trained SHR, but not in trained
Wistar rats (Fig. 7).
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Fig. 7 Left ventricle Ang(1-7) levels in sedentary and trained Wistar rats and SHR (upper
panel) and relative levels of MasR mRNA in left ventricle assessed by semi-quantitative
RT-PCR (lower panel), #sxxp < 0.001 compared with sedentary rats, #p < 0.01 compared with
sedentary SHR. SWR sedentary Wistar, SSHR sedentary SHR, TSHR trained-SHR, TWR
trained-Wistar

Additionally, it has been described that heart failure reduction of ACE and ACE2
levels in the brain can be normalized through chronic running exercise (30 min per
day, 6 days a week for 3 weeks) [76].

Recently, Tyrankiewicz et al. analyzed systemic (plasma) and local (heart/aorta)
changes in ACE/ACE-2 balance in Tgag#44 mice in course of heart failure (HF)
[77]. Tgag+44 mice present cardiomyocyte 38 specific Gaq overexpression and
develop late onset of HF. The HF development in this animal model is associated
with systemic and local activation of ACE/Ang-II axis and this effect is counterbal-
anced by an important ACE2/Ang-(1-7) activation. In this study, they also evaluated
voluntary wheels running performance in young and aged animals, but only in
12-month-old Tgaq#44 mice, the mean distance and time were significantly
decreased. However, running wheels is not the best “model” to assess cardiovascu-
lar performance considering that neurotransmitter systems are involved in wheel-
running behavior. In this line, running-wheel training in a ACE2-deficiency mice
affects physical performance and impairs cardiac and skeletal muscle adaptations to
exercise [17].
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Another effect of ACE2 could involve tryptophan that was recently shown to
stimulate the expression of myogenic genes [78]. The muscle strength in ACE2-
knockout mice could be impaired by the reduction of tryptophan action, considering
that ACE2 has an important effect on tryptophan uptake [79].

Moderate-intensity running training for 12 weeks modulates RAS axis by reduc-
ing Angll and increasing Ang-(1-7) in aorta of trained SHR [80]. Confirming the
role of Ang-(1-7) promoting vasoprotective effect induced by physical exercise,
Ang-(1-7) and ACE2 protein levels were normalized (Fig. 8).

The effects of running aerobic exercise training (60 min at 60% of peak VO,,
5 days a week for 8 week) in a ischemic model of cardiac heart failure (CHF) con-
firm that exercise training causes a shift in the Ang-(1-7)/Mas axis in skeletal mus-
cle of CHF rats [81]. CHF (left coronary artery ligation) reduced ACE2 serum
activity; however, exercise training restored and increased the Ang-(1-7)/Ang-II
ratio. Skeletal muscle ACE and ACE2 activity and protein did not change, but Ang-
(1-7) in plantaris and MasR in the soleus of CHF mice significantly increased. It is
important to note that the local RAS (skeletal muscle) is not directly affected by
circulation levels of angiotensin peptides.

Another elegant study using SHR provides strong evidence that low-intensity
aerobic training downregulates RAS not only in vessels but also in the kidney and
plasma of normotensive and hypertensive rats [82].

Preeclampsia and Estrogen Deficiency

Exercise training can attenuate/prevent preeclampsia and these protective effects
could be associated with RAS modulation [83]. In a previous study on preeclampsia
mouse model (overexpressing human angiotensinogen and human renin), it was
demonstrated that voluntary running is effective in attenuating blood pressure
increase [84]. Preeclamptic mice presented lower MasR protein expression in aorta
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Fig.9 ANG-(1-7) plasma levels in ovariectomized SHRs subjected to regular swimming or
estrogen therapy. SH (n =7), OVX (n=4), OE2 (n=4), OSW (n =6), and OE2 + SW (n =5)
groups. Data are expressed as the means + SEM. One-way ANOVA with Tukey’s post-hoc
test was used. #p < 0.05 vs. SH group, #p < 0.05 vs. OE2 group, ip < 0.05 vs. OE2 + SW

group

and placenta compared to normotensive, and the voluntary running is able to “nor-
malize” the MasR expression.

In estrogen deficiency and hypertensive conditions, some RAS components are
altered. Endlich et al. demonstrated that ovariectomized spontaneously hyperten-
sive trained rats (60 min per day, 5 days a week, lasted 8 weeks) increased con-
strictor responses to Ang-II and decreased dilatory responses to Ang-(1-7)
independently of estrogen therapy [85]. A significant increase in Ang-(1-7) aorta
was found in exercise trained-groups and in the estrogen therapy group. This
study has demonstrated that in a model of menopause in rodents, the estrogen
therapy and swimming training are able to decrease systolic blood pressure and
increase Ang-(1-7) (Fig. 9).

Diabetes and Obesity

It is quite well established the protective metabolic effects of Ang-(1-7) in diabetes
and obesity. However, little is known about the involvement of this heptapeptide in
metabolic protective responses induced by chronic exercise. Somineni et al. investi-
gated whether exercise training and/or metformin improve glucose homeostasis and
downregulate renal ADAM17 and ACE2 shedding in db/db mice [86]. The training
consisted 10 weeks of aerobic training and daily exercise (1 hour per day of forced
exercise on walking wheel). Exercise training alone and in combination with met-
formin prevented shedding of renal ACE2 by decreasing ADAM17 protein, and this
may partially contribute to renal protection.

The exercise training (8 weeks of training, 50-75% of maximal running speed,
60 min per day and 4 days a week) normalizes (prevents the increase)
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angiotensin-converting enzyme, ACE (activity and protein) and Ang-II in hepatic
tissue in fructose overloaded rats [87]. In addition, ACE2, Ang(1-7), and Mas recep-
tor increase in the liver leading to ACE/ACE2, Ang-1I/Ang(1-7), and AT1R/Mas
receptor ratios towards normal values. Interestingly, no changes in the systemic
RAS components were detected.

The effects of High Intensity Interval Training (HIIT) mice fed high-fat or high-
fructose in RAS components were recently evaluated [88]. The exercise training
consisted of HIIT protocol: 2 min of high-intensity 45 m/min (90% VO2) running
and 1 min of low intensity at 15 m/min (30% VO2) running 3 days a week on alter-
nate days over 12 weeks. The authors showed that the exercise training enhanced
the insulin sensitivity and these results could be related to reduced levels of the clas-
sic RAS components and increase in ACE2 and MasR in the HIIT mice compared
with the nontrained group.

Asthma

Unpublished data suggested that the protective effects of chronic aerobic exercise in
asthma involves the activation of MasR in a model of chronic asthma. In their study,
Gregorio et al. (2016), induced asthma through OVA albumin challenge and submit-
ted the animals to running exercise (1 hour per day, 5 days a week, during 6 weeks).
The IgG circulating levels in “asthmatic” animals were significantly elevated but
running training was able to abolish this increase. If physical exercise is associated
with MasR blockade (A-779 antagonist), the levels of IgG are significantly higher
compared to asthmatic animals even when associated with exercise training. These
results suggested that the beneficial effects of exercise could be missing when MasR
actions were blocked.

Angiotensin-(1-7) Activation (Treatment) or Inactivation
(Mas-Deficiency) and Exercise Training

Some studies investigated the additive effects of Ang-(1-7) treatment associated
with physical training and the effects of exercise training in Mas-deficiency animals
(Mas—/—) [89, 90]. Additionally, the protective effects induced by exercise training
appear to be MasR-dependent. The Mas—/— mice did not decrease blood pressure
and improve body composition (observed in Mas+/+ mice) when submitted to vol-
untary running through 6 weeks (Motta-Santos, unpublished data).

The Ang-(1-7) infusion effects associated or not to swimming training was eval-
uated in hypertensive rats (2K1C) [91]. Exercise training consisted of swimming
training performed 1 hour per day, 5 days a week through 4 weeks. Intriguing, Ang-
(1-7) treatment attenuated hypertension and cardiac hypertrophy only 2K1C-trained
rats and MasR was upregulated only in the left-ventricles of trained 2K1C rats.
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These results suggest that the beneficial effect of Ang-(1-7) is potentiated by physi-
cal performance.

The treatment with orally active Ang-(1-7) included in hydroxy-propyl-beta-
cyclodextrin produces several cardioprotective effects (see Heart Chapter) and its
effects combined or not to physical training in spontaneously hypertensive rats
(SHR) were investigated by Bertagnolli et al. [90]. The SHR were divided in control
(tap water) or treated with HPB-CD/Ang-(1-7) with or without running exercise
training (1 hour per day, 5 days per week, 10 weeks). Similar beneficial effects to
the ones produced by exercise training were observed in HPB-CD/Ang-(1-7) non-
trained SHR. These effects include decreased arterial blood pressure (BP) and heart
rate, improved left ventricular (LV) end-diastolic pressure, restored the maximum
and minimum derivatives (dP/dT), and decreased cardiac hypertrophy index.
Additionally, an improvement in autonomic control by attenuating sympathetic
modulation on heart and vessels and the SAP variability, as well as increasing para-
sympathetic modulation and HR variability were observed in trained and Ang-(1-
7)-treated SHR animals.

While activation of Ang-(1-7)/MAS promotes effects similar to those seen in
trained animals, on the other hand, the MasR deficiency (Mas—/—) abolishes some
benefits of the physical exercise.
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Fig. 10 Ang-II and Ang-(1-7) levels in the total blood and left ventricle (LV) of sedentary and
trained Mas-KO and WT mice as determined by RIA. Statistically significant differences between
the groups are indicated as #p < 0.05 in comparison to sedentary control and #p < 0.05 in compari-
son to WT
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Fig. 11 Left ventricle (LV) mRNA expression of extracellular matrix proteins in sedentary and
trained Mas-KO and WT mice. Data are presented as means + SE. Statistically significant differ-
ences between the groups are indicated as #xp < 0.05 in comparison to sedentary control and
#p < 0.05 in comparison to WT

Mas—/— mice presented heart and skeletal muscle remodeling alterations (please
see Heart and Skeletal muscle chapter). Since Ang-(1-7) could be involved in the
physiological cardiac remodeling induced by exercise training, Guimaraes et al.
aimed to investigate the cardiac physical exercise effects in Mas—/— [89]. Six weeks
of swimming training (5 days per week, once a day for 1 hour with an 80% of maxi-
mal load workload attached to the tail) induced similar increase (~10%) in cardio-
myocyte diameter in Mas—/— and Wild-Type (WT) animals. However, in sedentary
groups, circulating levels of Ang-(1-7) were significantly lower in Mas—/— as com-
pared to WT. Also, Ang-II levels in blood and LV increase only in the Mas-KO-
trained (Fig. 10). Additionally, to a null increase in the cardiac Ang-(1-7) levels of
Mas—/—trained group, they presented a higher collagen I and II gene expression
compared to WT (Fig. 11). The authors concluded that exercise training was able to
induce an increase in the Ang II/Ang-(1-7) blood ratio only in Mas-deficiency-
trained, suggesting strong imbalance in circulating RAS with a predominance of
Ang-II in Mas—/—.

The physical performance associated with asthma model in Mas—/— mice also
suggests that the asthmatic Mas—/— animals presented a worse performance in a test
of maximum physical exercise compared with WT asthmatic group [92].
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Human Studies

A series of human studies have been conducted to verify the effects of acute and
chronic exercise in Ang-(1-7) peptides levels. The preliminary and unpublished
results suggest that Ang-(1-7) plasmatic levels after exercise (acute and chronic) is
dependent of duration, intensity, and mode (resistance, aerobic, and combined exer-
cise). The status of training is another point that can interfere in the systemic RAS
modulation.

Acute eccentric physical exercise can promote some microlesions, inflammation,
and pain (DOMS) in skeletal muscle but after a chronic period important adapta-
tions can be reached. This include strength gain, power increase, and remodeling
(hypertrophy). The effects of Ang-(1-7) oral compound associated with eccentric
exercise induced muscle damage (squat exercise) was recently tested in young
healthy subjects. Surprisingly, the Ang-(1-7)-treated group presented less pain and
higher strength compared to placebo group [93]. The inflammatory marker responses
suggest that the Ang-(1-7) can attenuate inflammation or maybe accelerate the
recovery following eccentric exercise protocol. Further studies can elucidate the
mechanism involved in this effect including local analysis directly to skeletal
muscle.
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