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Core tip: Numerous studies have shown that exer-
cise training exerts beneficial effects on hypertension.
Thus, several important studies have established links
Abstract between exercise training, hypertension and the post-
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INTRODUCTION

Exercise training (ET) is a well-known form of prevent-
ing or reducing cardiovascular disturbances. It is able to

prevent or reduces the vascular changes that are the pre-
cursors of high blood pressure, such as diminished nitric
oxide (NO) availability and increased oxidative stress. It
is also able to reduce sympathetic nervous system (SNS)
activity and cardiac output, improve angiogenesis and
reduce peripheral vascular resistance. Therefore, ET has
been used as a most successful non-pharmacological
therapy for the treatment of hypertensive patients. It
promotes a reduction in blood pressure and helps to
reduce the medication used by these patients (in some
cases, it promotes discontinuation of the medication
used); thereby decreasing the side effects of pharmaco-
therapy and the financial cost of hypertension to public
health!. Despite the continuous advances in options of
pharmacological therapies for hypertension, it remains an
important and growing public health problem worldwide,
affecting more than one billion people across the planet".
Today, it is estimated that it kills nine million people per
yearm. It is in this context that E'T has a high relevance in
hypertension, contributing as an additional tool for the
treatment or prevention of this disease.

Hypertension is a persistent elevation of systemic
blood pressure with multifactorial causes. Its develop-
ment is determined by a cluster of environmental factors
associated with genetic susceptibility. The mechanisms
by which hypertension is generated (such as hyperactivity
of SNS, overactivation of the renin-angiotensin-aldo-
sterone system, endothelial dysfunction, and others) are
responsible for the gradual development of pathological
manifestations in the form of vascular, cardiac and renal
diseases, such as atherosclerosis, stroke, pathological cat-
diac hypertrophy, myocardial infarction, heart and kidney
failure™. Whereas, ET is able to minimize the effects of
multiple factors that induce the development of hypet-
tension, and by extension, it also helps to prevent or re-
duce the development of the aforementioned pathologi-
cal manifestations.

ET promotes numerous cardiovascular and muscular
adjustments that are antihypertensive. These adjustments
depend on the amount of ET, which is determined by
the volume (training time), intensity (degree of training
load) and frequency of ET (number of training sessions
at any given time)'”. In this context, acrobic exercise
promotes physiological cardiac hypertrophy™, reduction
in systolic blood pressure (SBP) and heart rate (both at
rest and under submaximal loads)™”, increases the lumen
diameter of the coronary arteries’® and cardiac blood
flow", increases the circulating NO" corrects the pe-
ripheral capillary rarefaction in hypertensive animals'”,
promotes revascularization"" and reduces peripheral
vascular resistance. ET also promotes important meta-
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bolic adaptations that reflect on blood pressure control,
for example, reduction of plasma triglycerides and low-
density lipoproteins, as well as increased insulin sensitivity
in tissues' . In addition to aerobic exercise, physical resis-
tance training with anaerobic characteristics is also able to
induce physiological cardiac hypertrophym’m]. Moreover,
positive effects have been shown on reducing systolic,
mean, and diastolic blood pressure, and heart rate in
trained when compared with untrained rats'"?.

It is interesting to note that aerobic or resistance
training may promote different adaptations in the car-
diovascular system, but all adaptations are beneficial to
regulating the blood pressure. However it is not only the
type (acrobic or anaerobic) of exercise that is important,
but also the modality of exercise performed (for example
running, walking, cycling and swimming)“s]. In this case,
Nualnim ¢z a/'? has shown that swimming training was
able to promote hypotensive effects and improve the
vascular function in adults over 50 years of age. Cycling
exercise (30 min, 5 d per week, for 3 mo) significantly de-
creased the resting blood pressure and increased the NO
plasma concentration in older (59-69 years) normotensive
women, suggesting that aerobic ET exerts the beneficial
effect of increasing NO production in previously seden-
tary older humans'"’. Furthermore, moderate intensity
walking decreased the baseline SBP of postmenopausal
women with hypertension”, and treadmill exercise im-
proved the endothelial function and vascular stiffness in
coronary and mesenteric arteries of spontaneously hyper-
tensive rats, which may be related to decreased oxidative
stress and increased endothelial-dependent NO produc-
tion"

In view of the beneficial effects of ET on the treat-
ment of hypertension, and the new genetic findings re-
vealed in the last decades, several scientists have turned
their attention to a new class of gene expression regula-
tors, known as mictcoRNAs (miRNAs), which have been
shown to be important factors in the gene regulation of
hypertension and possible therapeutic targets for this
disease”. The miRNAs are small, noncoding RNAs with
approximately 17-25 nucleotides in length, which act as
potent posttranscriptional regulators of gene expression.
They can couple with sites in 3’-untranslated (3>-UTR)
in the messenger RNAs (mRNAs) of protein-coding
genes and negatively regulate their expression" . The
posttranscriptional regulation realized by the miRNAs in
3-UTR is dependent on the degree of complementarity
between them and the target mRNA. Thus, the miRNA
does not require petfect complementarity for target rec-
ognition. Due to the fact that they have small sequences
and act without the need for complete pairing”’, a single
miRNA can regulate up to 200 mRNAs, and more than
one miRNA can regulate a single mMRNA™,

As hypertension is developed on the basis of genetic
susceptibility associated with environmental factors,
many studies have shown associations between it and
miRNAs; and others between it, miRNAs and ET as a
way to prevent or minimize the harmful effects of envi-
ronmental and/or genetic factors that promote hyperten-
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sion. Based on the abovementioned data, the aim of this
review is provide an overview of how ET can help to
regulate blood pressure by means of specific miRNAs in
the heart, vasculat system, and skeletal muscle.

EFFECTS ON THE HEART

Hypertension is the major risk factor for congestive heart

failure and chronically induces a chronic pressure over-
load on the heart. Sustained high blood pressure induces
pathological cardiac hypertrophy (CH) and contractile
dysfunction as compensatory mechanisms to reduce left
ventricle wall stress. In addition to the increased size of
cardiomyocytes, the growth of extracellular matrix is
exacerbated and consequently there is interstitial fibrosis,
and abnormalities occur in the systemic and coronatry
vasculature!™

Whereas, ET consists of a frequent, but intermittent
stimulus of hemodynamic volume ovetload on the heart,
which induces physiological CH. In this condition, the
increase in size of the cardiomyocytes predominantly
occurs by expression of sarcomere proteins, and the
process is concatenated with preserved or improved car-
diac function™. Indeed, it is known that ET is able to
decrease systolic and diastolic blood pressure in hyper-
tensive humans and rats, and that the physiological CH
or pathological CH triggers different signaling pathways,
which in turn trigger specific transcription factors. Con-
sequently, the pattern of gene expression is different in
the two types of CH*"*. In addition, there is an intricate
network of transcriptional and posttranscriptional mech-
anisms involved in the differential expression of these
genes, and there is still much to clarify as regards the dif-
ferentiation of physiological and pathological phenotypes
of CH™,

The miRNAs are part of the posttranscriptional
mechanism, performing negative regulation of several
target mRNAs involved in both physiological and patho-
logical CH. The miRNAs are essential in different cell
processes involved in the regulation of cardiovascular
phenotypes, such as cardiomyocyte growth, remodeling,
interstitial fibrosis, and heart failure. Several studies that
postulate the relations between CH, hypertension and
miRNAs have emerged. The miRNAs more frequently
cited in cardiomyocytes studies are the miRNA-1, -133,
-30, -21, -98, -378, -221, -22, -27, -212/132, -199 and
-350 with several targets that are involved in the adaptive
response of CH”?,

Recent studies have supported the suggestion that
CH may be caused by inflammatory signaling, and that
this may be mediated by miRNAs. The miRNA-155 is
expressed in macrophages and is a key mediator of cat-
diac injury in hypertensive heart disease, by the regulation
of cardiac inflammation, dysfunction and hypertrophy
in pressure overload””. Moreover miRNA-155 directly
targets endothelial nitric oxide synthase (eNOS) and the
type 1 receptor of Angiotensin II (AT1R), primordial
targets that regulate the tonus of vascular smooth muscle
cells (VSMC), and hence the peripheral cause of pressure
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overload on the heart™ ™.

With regard to ET and CH, Fernandes ez al™ have
shown that swimming training was able to increase
miRNA-27a and 27b [targeting angiotensin-converting
enzyme (ACE)] and to decrease miRNA-143 [(targeting
angiotensin-converting enzyme 2 (ACE2)] in the heart of
rats. The CH induced by ET involves the regulation of
miRNAs related to increased AT1R expression without
the participation of Angiotensin II. Parallel to this, the
increase in ACE2, Angiotensin (1-7) and type 2 receptor
of Angiotensin II in the heart has also suggested that
miRNAs were involved in upregulation of the non-classic
renin-angiotensin aldosterone system (RAAS), counter-
acting the classic cardiac RAAS in physiological CH".
Thus, it is plausible to suggest a relationship between
ET and CH through the regulation of several targets by
miRNA-155, -27a, -27b, -143.

A hallmark related to hypertension and pathologi-
cal CH is the reactivation of a set of fetal cardiac genes,
which are repressed postnatally and replaced by the
expression of adult genes. These genes include atrial
natriuretic peptide/B-type natriuretic peptide, skeletal
o-actin, and B-myosin heavy chain (BMHC). The causes
and consequences of fetal gene expression in the adult
heart have not been completely elucidated, but is known
that chronic stress on the heart, such as hypertension,
increases BMHC (slow ATPase activity) and decreases
oaMHC (fast ATPase activity), which has been implicated
in impaired cardiac function. Tt is well known that
in cardiovascular disease, the expression of BMHC in-
crease while o MHC decreases and that ET is able to re-
verse these abnormalities in rats™?.

The miRNAs -208a, -208b, and -499 are called “myo-
miRINAS’, which regulate the expression of slow myo-
sin, playing an important role in the control of cardiac
disease progressionm%]. The inhibition of miRNA-208a
with Locked Nucleic Acid-Modified Anti-miRNA-208a
(LNA-antimiRNA-208a) induced reversion in MHC
switching during heart failure in hypertensive rats, re-
duced deletetious cardiac remodeling, and prevented the
deterioration of cardiac function and lethality in rats"™.
In another study, the circulating miRNA-16, -19b, -20b,
-93, -1006b, -223, and -423-5p were equally reversed by
both LNA-antimiRNA-208a and captopril therapy, and
the results were correlated with the changes in BMHC
expression in the time course of hypertension or therapy
in rats™”. With regard to ET, recent studies performed in
our laboratory showed that ET decreases cardiac miR-
NA-208a expression in healthy Wistar and obese Zucker
rats, induces upregulation of targets as THRAP-1, Purf3
and Sox6, and improves the balance between the PMHC
and oMHC gene expression[4l’42]. Thus, miRNA-208a is
another pathological miRNA naturally reversed by ET,
and its downregulation is involved in the increase in sev-
eral targets that constitute a gene program to improve the
contractile efficiency of the heart™. Regarding circulat-
ing miRNAs, the miRNA-208a and -499 also reflect car-
diovascular damage and a poor prognosis in patients with
viral myocarditis, acute myocardial infarction, hyperten-
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Figure 1 Effects of aerobic exercise training on
the cardiac miRNAs in hypertension. CH: Cardiac
hypertrophy; COL 1: Collagen 1; COL III: Collagen
3; ACE: Angiotensin-converting enzyme; ACE2:
Angiotensin-converting enzyme 2; THRAP-1: Thyroid
hormone-associated protein 1; Purf: Purine-rich
element binding protein B; a-MHC: a-Myosin heavy
chain; B-MHC: -Myosin heavy chain.
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Hypertension induces cardiac fibrosis. The aberrant
expression of matrix extracellular proteins is determinant
in the differentiation between pathological and physiolog-
ical CHP"*. There are also several miRNAs involved in
the fibrotic response to stress and ischemic stimulus: the
miRNA-21, -24 family, -29 family, -101, -2006, -132, -214,
involved in fibroblast survival, growth and differentiation
or dysfunction of extracellular matrix™. The downregu-
lation of miRNA-29b induces upregulation of several
extracellular matrix genes in the heart during pathological
CH, including collagens and elastin™!. In addition, the
miRNA-29¢ has recently been implicated in the immuno-
pathogenesis of atrial fibrillation, showing a relationship
between cardiac arrhythmia and abnormalities in miRINA-
29¢ expression™, ET is able to increases cardiac miRNA-
29c¢ expression, and a study conducted by Soci e# al*” has
shown that swimming training increased miRNA-29c,
and downregulated collagens [ and Il in the CH of rats.
Thus, the future perspective related to fibrosis, immune
system and cardiac automatism points to an integrative
and regulatory role of miRNAS in the fibrotic response
of the heart, requiting further investigations about miR-
NAs and its mRNA targets involved in the processes that
regulate diastolic function, cardiac automatism and hy-
pertension. Another interesting miRNA that plays an im-
portant role in the dysfunction of cardiovascular system
is the miRNA-34a, which is induced in the ageing heart.
The inhibition of this miRINA reduces fibrosis following
the acute myocardial infarction and improves recovery
of myocardial function"”. In this way, studies linking this
miRNA, cardiac fibrosis, and ET will conttibute to the
knowledge and treatment of cardiovascular dysfunctions
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in the future.

According to the studies conducted by our laboratory,
ET is able to reverse or prevent pathological processes
involved in hypertension[5’20’24’25’48], but further studies are
needed, and will be performed to investigate the relations
between ET, hypertension, and CH in the perspective of
miRNAs.

The Figure 1 summarizes the effects of ET or hyper-
tension on some cardiac miRNAs.

EFFECTS ON THE VASCULAR SYSTEM

Macro- and microcirculation interact in the vascular sys-
tem, and their changes contribute to end-organ damage
in hypertensionm]. However, these two vessel types must
to be discussed separately because they are differently
regulatedm].

Macrocirculation

Macrocirculation comprises large arteries such as the bra-
chial, radial, femoral, aorta, epicardial arteries, and others
vessels with the purpose of supplying blood from heart
to peripheral tissues, and also performs the function of
transforming the pulsatile flow into a steady flow neces-
sary to supply oxygen to the tissues. In order to do this,
good arterial compliance and distensibility are required,
but in hypertension these properties of the arteries are
affected™".

In hypertension, the structure, mechanical behavior
and function of vessels are affected, with a reduction
in lumen diameter and thickening of the tunica media
(structural change), increased vascular stiffness (mechani-
cal change), and impaired NO-dependent vasodilation
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(functional change)ﬁl]. The direct relationship between
hypertension and thickening of large vessels is due to an
adaptive response of VSMC to increased internal arterial
radius secondary to increased wall tensile stress imposed
by pulsatile blood flow. Thus, VSMC become hypertro-
phied and change from the contractile phenotype to a
proliferating phenotype. In addition, there is an increased
collagen content in vessels, which contributes to in-
creases in arterial thickness™”. Furthermore, hypertension
promotes decreased endothelial NO production, which
leads to more collagen expression and VSMC growth,
affecting the vascular thickening and stiffness™. In fact,
NO is able to inhibit the expression of collagen, and lack
of NO may induce excessive proliferation of vsmcH,
Thus, ET can act positively to prevent or reverse these
vascular changes induced by hypertension, such as hyper-
trophic remodeling that may be caused by loss of mito-
genic quiescence of VSMC, resulting in their proliferation
and establishment of a hypertrophied phenotype™™.,
ET may also act on the vascular stiffness caused by high
expression of collagen, which can be induced by hyper-
activity of the renin-angiotensin system, and may also act
on the impaired endothelium-dependent vasodilation,
improving the NO availability®™",

A large body of evidence has indicated that ET exerts
positive effects on preventing or reversing the structural,
mechanical, and functional vascular changes in hyperten-
sion. Indeed, Moraes-Teixeira ¢ o/ have shown that the
effects of treadmill ET (1 h/d, 5 d/wk, 20 wk) were able
to decrease the circumferential wall tension and intima-
media thickness in the aorta of exercised spontaneous
hypertensive rats (SHR) compared with non-exercised
animals, without significant differences in the lumen di-
ameter among the studied groups at the end of protocol.
Moreover, treadmill exercise increased the percentage of
clastic fibers; percentage of eNOS density in the aortic
wall, and decreased blood pressure in exercised SHR
compared with their non-exercised controls. These re-
sults were interesting, because they showed that ET was
able to prevent or reverse the capacity of hypertension
to modulate the thickening and stiffening of large vessels
in rats. Furthermore, Guimaries ez al™” assessing arterial
stiffness by carotid-femoral pulse wave velocity in hyper-
tensive patients has shown that interval ET (16 wk of
training) decreased arterial stiffness in trained subjects. In
addition, acrobic ET (30 min, 3 times/wk, 4 wk) was able
to reduced arterial stiffness in young men with a family
history of hypertension[sﬂ. Jordao ez al™, have shown that
treadmill exercise was able to reduce the mRNA expres-
sion of collagen I and IIl; prevent rupture of the inter-
nal elastic lamina, and improve the orientation of VSMC
in the aorta of trained SHR compared with non-trained
animals. Furthermore, endurance training attenuated the
oxidative stress in the aorta of SHR, showing a possible
suppressive effect of the exercise on the development of
artetiosclerosis””, and was able to increases endothelium-
dependent relaxation through NO pathways in the aorta
of SHR™.
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Microcirculation

Microcirculation is a network of vessels that includes the
smallest arteries, arterioles, capillaries and venules which,
by definition, have an inherent physiological characteristic
of responding to increasing pressure by a myogenic re-
duction in lumen diametet, rather than a definition based
on the vessel diameter and structure. Microcirculation
has the function of optimizing nutrient and oxygen sup-
ply within the tissue in response to variations in demand;
avoiding potential fluctuations in the pressure at the level
of the capillaries, and determining the overall peripheral
resistance ",

In hypertension, the mechanisms regulating vasomo-
tor tone may be abnormal, leading to altered vascular
function; and structural and mechanical alterations may
also occur, such as an increased wall-to-lumen ratio and
arterial stiffness. Furthermore, the rarefaction of arteti-
oles and capillaries affecting the microvascular network
has been observed in hypertension, and at first, it seems
to be a functional change that involves the constriction
of microvessels to the point of nonperfusion, and the
second change is structural, when the nonperfused ves-
sels may disappear. It is important to note that these fac-
tors will contribute differently in each vascular bed, and
may vary between models of hypertensionm’sn’()”. Central
to these alterations there is impaired NO availability, sec-
ondary to oxidative stress, mainly due to the increased
production of reactive oxygen species and reduced an-
tioxidant capacity, as well as increased cyclooxygenase-
derived contractile productsm’so’()z’“l.

Microvascular damage is a predictor of long-term ad-
verse cardiovascular prognosis. Endothelial dysfunction
has been considered an independent predictor of adverse
cardiovascular events, providing a better predictive value
of future cardiovascular events than each traditional
risk factor alone identified in the Framingham study"”.
Moreover, the abnormal artery structure and the arterial
stiffness of small vessels are predictors of later cardio-
vascular events and have prognostic imphcations[()&m. As
regards rarefaction, further prospective study is needed to
determine whether it presents a clinically relevant predic-
tive value, however it is important to note that microvas-
cular rarefaction will reduce oxygen delivery resulting in
ischemia, which may be responsible for much of the end-
organ damage associated with hypertensionm’m].

Given the central role that all these alterations play
in vascular biology, it seems attractive to consider the
relevance of therapeutic improvement in function, struc-
ture and mechanical alterations in hypertension. Thus,
non-pharmacological approaches, such as ET, are able to
improve blood pressure control and vascular alterations
in hypertension. It is well established that ET decreases
blood pressure™, and although endurance training, dy-
namic resistance training and combined training were
associated with decreases in blood pressure, until clearer
evidence emerges, it may be prudent to prescribe endur-
ance training for the hypertensive individual®. In accor-
dance with Cornelissen e# /", aerobic endurance training
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decreases blood pressure through a reduction in vascular
resistance.

Regular ET improves endothelial function in hyper-
tensive patients as well as in animal models of hyperten-
sion™", Although to a lesser extent, some recent studies
have also confirmed the beneficial effects of continuous
aerobic ET on the endothelial function of small arteties,
such as in arteries of gastrocnemius muscle from rats
with chronic NO synthase inhibition; in mesenteric re-
sistance arteries and small coronary arteries from SHR'",
and in resistance arteries from young pre-hypertensive
patientsm. Emerging evidence has increasingly demon-
strated that diverse beneficial effects induced by ET in
hypertension are mediated, at least in part, by reversing
oxidant stress . In fact, in small arteries and artetioles
the reduced oxidative stress significantly contributes to
endothelium-dependent vasodilation that has been en-
hanced by ET"",

In addition to the functional improvement, structural
and mechanical changes are also mediated by exercise
in hypertension. Recently, we demonstrated that aerobic
treadmill exercise reverts the increased arterial stiffness
of both mesenteric resistance and small coronary arter-
ies, mediated by changes in the extracellular matrix!"
although it did not modify the increased wall-to-lumen
ratio of these arteries in hypertension. However, the
vascular remodeling induced by ET may be dependent
on the vascular bed studied, and thus either improve-

7250 ot no effects!™ ™"

ment already have been observed
in microcirculation in hypertension. In addition to struc-
tural changes, aerobic ET corrects capillary rarefaction in
hypertensionp’m. Indeed, a balance between angiogenic
and apoptotic factors to prevent microvascular abnormal-
ities in hypertension has been observed as an effect of
ET™. In addition, the dectease in oxidative stress induced
by ET in SHR seems to be associated with the normal-
ization of the reduced number of endothelial progenitor
cells in a vascular endothelial growth factor (VEGF)/
eNOS-dependent pathway, thus promoting a peripheral
revascularization induced by aerobic ET",

Although many vascular effects of ET have been es-
tablished in hypertension, little is known in the literature
about their beneficial effects on miRNAs of the small
and large vessels. However, recently new approaches
in ET have highlighted the key role of miRNAs in the
modulation of hypertension.

The miRNAs are involved in all biological processes,
including cellular proliferation, differentiation, cellular
migration and apoptosis, and their deregulation often
results in the development of cardiovascular diseases.
As there is high expression of miRNAs in the vascular
system, growing evidence suggests that miRNAs may be
important in the development of endothelial dysfunction,
vascular remodeling and reduced angiogenic capacity,
features that are frequently observed in the pathogenesis
of hypertension[z’m’gz]. More specifically, the phenotypes
of VSMC and endothelial cells, as well as the inflamma-
tory activation of macrophages is regulated by miRNAs,
which may promote the structural changes that lead to
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vascular remodeling[w

. VSMC maintains remarkable plas-
ticity, able to react to various forms of vascular stress or
injury by switching from the contractile phenotype to a
proliferating and synthetic phenotypem.

Studies have associated hypertension and alterations
in the expression of miRNAs with the angiogenic pro-
cess, endothelial dysfunction, changes in the RAAS, and
in the phenotype of VSMC?, but as regards the role of
ET, there is almost nothing in the literature showing a di-
rect connection between the modulation of miRNAs and
vascular changes in hypertension. For example, nothing
has yet been shown in the literature relating hypertension
and the effects of exercise to the miRINAs existing in aor-
ta. However, considering the atherosclerosis, Wu ez al*?
investigated the effects of treadmill ET for a period of
12 wk, 5 times per week, 60 min/d, on the aorta of male
ApoE null C57BL/6] mice with atherosclerosis, which
were fed a high-fat diet. The authors showed that ET
significantly decreased the angiotensin II and endothelin
1, and prevented the formation of plaques and foam cells
in comparison with the control group, followed by de-
creased expression of miRNA-155, and increased expres-
sion of MiRNA-146a and miRNA-126 in the aorta of
the trained mice, with more pronounced changes in the
groups treated with Simvastatin. The miRNA-146a inter-
acts with the 3-UTR of the tumor receptor-associated
factor 6 (TRAF6) gene, negatively impacting the toll-like
receptor 4 (TLR4)-TRAFG signaling, and then reduces
the inflammatory response in atherosclerosis™. The de-
crease in miRINA-155 expression is an essential factor for
increasing eNOS expression and NO production, because
eNOS is directly targeted by this miRNAP"*, Tn athero-
sclerosis, miRNA-155 is drastically upregulatedm, because
inflammation factors increase miRNA-155 iz activation
of nuclear factor (NIF)-kB, activator protein-1, and Rho
kinase. The miRNA-155, together with yet unidenti-
fied cytosolic RNA-binding proteins, bind to the eNOS
mRNA 3-UTR and destabilize eNOS mRNA, resulting in
decreased eNOS and NO production. However, anti-miR-
NA-155, statins (3-hydroxy-3-methylglutaryl coenzyme
A reductase inhibitors) and other Rho kinase inhibitors
prevent the increase in miRNA-155", and then maintain
the eNOS and NO production, or possibly increase their
production. However, in hypertension, could ET dimin-
1sh miRINA-155 expression in vessels? To our knowledge,
at present there are no studies to answer this question.
Nevertheless it is known that exercise can modulate the
miRNA-155 expression in atherosclerotic vessels.

The study of Wu ¢z @/*" has also shown that ET was
able to increase the miRNA-126 expression in the aorta
of the studied mice. The miRNA-126 suppresses the cell
adhesion molecule expression and negatively regulates the
endothelial receptor of a4f1 integrin, thereby interfering

with adhesion of leucocytes to the endothelium®™,

as
well as enhancing angiogenesism. In agreement with Har-
tis et al”", miRNA-126 is expressed in endothelial cells,
but not in VSMC, and miRNA-126 in other tissues might
simply reflect the vascularity of the organ. Target deletion

of miRNA-126 in mice promotes hemorrhaging, loss of
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Table 1 Vascular effects of hypertension and exercise training in macro- and microcirculation

Hypertension Exercise training Ref.
Hypertrophy of VSMC Decreased intima-media thickness [49,52,55-57]
Excessive proliferation of VSMC Improved orientation of VSMC [49,53]
Increased collagen content Decreased mRNA collagen expression [49,51,58]
Decreased availability endothelial NO Increased endothelial NO production [49,51,55]
Increased endothelium-dependent contract factors Increased endothelium-dependent relaxation [59,75]
Increased ROS production Increased antioxidant capacity [49,50,59,62-66]
Increased overall peripheral resistance Reduced vascular resistance [24, 49,50]
Rarefaction of arterioles and capillaries Increased peripheral revascularization [7,49,50,61,79]

VSMC: Vascular smooth muscle cells; NO: Nitric oxide; ROS: Reactive oxygen species.

Table 2 Some miRNAs associated with hypertension that has potential to be regulated by exercise training

miRNAS Targets miRNA function Ref.
miRNA-16 VEGF Control of angiogenesis and vascular integrity [7]
miRNA-21 PTEN; Bcl-2 Involved in nitric oxide production; apoptosis [2,7,80,82]
miRNA-24 Trb-3 Mediator of contractile phenotype in VSMC [81-83]
miRNA-92a Integrin a5; eNOS Involved in the regulation of endothelial function [88]
miRNA-126 VCAM-1; PI3KR?2; Spred1 Suppress cell adhesion molecule; Proangiogenic [48,85,87,88]
miRNA-143/145 KLF4; KLF5 Involved in the plasticity of VSMC [81]
miRNA-146a TRAF6; KLF4 Involved in inflammatory response [85]
miRNA-155 eNOS; ATIR eNOS expression and NO production [85]
miRNA-221/222 P27Kipl Involved in the proliferation of VSMC [81]

VEGF: Vascular endothelial growth fator; PTEN: Phosphatase and tensin homolog; Bcl-2: B-cell CLL/lymphoma 2; Trb-3: Tribbles-like protein-3; eNOS:
Endothelial nitric oxide synthase; NO: Nitric oxide; VECAMI: Vascular cell adhesion molecule 1; PI3KR2: Phosphatidyl-inositol 3-kinase regulatory sub-
unit beta; Spredl1: Sprouty-related; EVH1: Domain-containing protein-1; KLF4: Kriippel-like factor 4; KLF5: Kriippel-like factor 5; TRAF6: TNF receptor-
associated factor 6; AT1R: Type 1 receptor of angiotensin II; P27Kip1: Cyclin-dependent kinase inhibitor 1B.

vascular integrity and defects in endothelial cell prolifera-
tion, migration and angiogenesis[sg]. The miRNA-126 is
one of the most abundant miRNA in endothelial cells,
and plays an anti-atherogenic role by enhancing endothe-
lial repair™™*,

Another miRNA that deserves to be remembered
is the miRNA-34a because its overexpression has been
associated with senescence of endothelial cells. This
miRNA targets SIRT1 (sirtuin 1) in the endothelial
cells™” and may serve to mediate the effect of aging upon
the vasculature”". The inhibition of SIRT1 impairs the
eNOS methabolism in the endothelial cells viz SIRT1/
eNOS axis”™”, allowing us to suppose that this miRINA
may be related with development or progression of ath-
erosclerosis or hypertension. However, such as in heart,
the literature has not shown studies linking the miRINA-
34a, vascular cells, and ET.

In addition to the above mentioned data, other
miRNAs are able to participate in the vascular changes.
In this case, the miRNA-143/145 cluster is related to
the phenotype plasticity of VSMC, and together with
miRNA-21 and miRNA-24, they are involved in the dif-
ferentiation and proliferation of these cells. Thus, several
studies have shown that they are downregulated in in-
jured vessels™" ™. The miRNA-21 is involved in vascular
remodeling that affects both VSMC and endothelial cells.
The overexpression of miRNA-21 induces a synthetic
VSMC phenotype, as observed after vascular injury, and it
is also a critical miRNA for angiogenesis[z’sl’szl. The miR-
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NA-221/222 have an ambiguous response after vascular
injury, enhancing the proliferation of VSMC, whereas
it may be atheroprotective in endothelial cells®™™. The
miRNA-221/222 may also be involved in the control
of eNOS expression[94]. The miRNA-92a is a negative
regulator of endothelial function, and its overexpression
represses eNOS gene expression and angiogenesis[gsl. The
abovementioned miRNAs have been found to be related
to hypertension. Batkai ef al” and Synetos ez al”™ provided
an overview of the role of miRNAs in the development
and consequences of hypertension.

Recent data from our research group has shown the
effects of ET on vascular miRNAs involved in hyperten-
sion. Our study reveals some of the molecular mecha-
nisms of ET in physiological revascularization observed
in hypertensive rats. Swimming ET restored the balance
between injury and repair in the vascular process collabo-
rating with the regression of hypertension, and remark-
ably, restoring normal expression of skeletal muscle mi-
crocirculation miRNA-16, -21, and -126". This alteration
occurred parallel with normalization of VEGE, eNOS,
and PI3KR2 levels, as well as the proapoptotic (Bad) and
antiapoptotic (Bcl-2, Bcl-x, and p-Badser12:Bad ratio) me-
diators, indicating that balance between angiogenic and
apoptotic factors may prevent microvascular abnormali-
ties in hypertensive rats'.

The study of miRNAs may generate hypotheses
about the mechanisms by which exercise affects the

pathophysiology of hypertension. ET probably causes al-
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terations in many of the miRNAs that are deregulated in
the vascular system. Thus, a promising tool emerges for
the treatment and expansion of knowledge about hyper-
tension.

Effects of hypertension and ET in the vascular sys-
tem are summatrized in Table 1, and some miRNAS; its
target, and miRNA function are in the Table 2.

EFFECT ON THE SKELETAL MUSCLE

Microvascular abnormalities, such as reduction in blood

flow and microvascular rarefaction, are clear evidence of
disturbance of the angiogenic process related to changes
in the muscle fiber profile in hypertension[m’%’gﬂ.

It is interesting to note that studies have shown that
ET-induced blood pressure reduction in SHR was cor-
related with both normalization of arterial wall-to-lumen
ratio and a great increase in capillary-to-fiber ratio in
skeletal muscle. Indeed, evidences have shown that ET
improves both endothelial function and muscle fiber pro-
file, counteracts microvascular rarefaction and decreases
blood pressure in hypertension[7’11’79’80’98].

It is known that the angiogenesis represents a primary
adaptive response of the skeletal muscle to aerobic ET,
hence contributing to the improvement in muscular aero-
bic capacity (oxygen transportation, provision and extrac-
tion)m]. On the other hand, many conditions, such as
catdiovascular disease (CVD) risk factors, lead to altera-
tion in the capillary support of skeletal muscles, and may
consequently, impair the offer of oxygen and nutrients,
which is related to alteration in the distribution of the
skeletal muscle fiber types towards an increase in type I
fibers. As yet, little is known about the origin of the tran-
sition from type [ fibers to type II in the soleus muscle
of SHR; however, studies have shown that it is related to
capillary rarefaction followed by alterations in metabolic
properties[%’gg‘.

Studies have shown that when there is a transition
between the types of fibers of the skeletal muscle, the
different morphological properties of the muscular fiber
are changed in the following manner: the capillary den-
sity and activities of the energy metabolism enzymes are
altered at an early stage during the transition, and precede
the change in myofibrillar ATPase activity and the con-
tractile characteristics of the muscle!"”.

In mammals, the skeletal muscle fibers are usually
classified as type I and type Il fiber, according to the
different activities of the myosin ATPase after pre-incu-
bation at different pHs, and the type II fibers can be sub-
classified into A, IX/D and IIB. The type I fibers
are characterized as being fast twitch with predominance
of glycolytic metabolism, while the type 1 fibers are slow
twitch with predominance of oxidative metabolism””.

Evidences in the literature have shown that the skel-
etal muscle of hypertensive individuals, and of SHR,
contains a higher percentage of type I fast twitch,
glycolytic fibers compared with their normotensive con-
trols " Tt is interesting that the results obtained in
the analysis of the composition of the fiber types of the
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soleus skeletal muscle (which presents an average of 90%
of type I fibers and 10% of type I fibers), performed
both by histochemical myosin ATPase reaction and SDS-
PAGE gel electrophoresis for detection of MHC for each
type of fiber, were positively correlated regardless of the
technique applied“m]. According to Bortolotto e# al"" the
main result obtained in their study was that in all stages
of hypertension (4, 16 and 24 wk), the soleus muscle of
SHR presented a higher proportion of type II fibers
than the soleus muscle of Wistar Kyoto rats (WKY),
as well as hybrid fibers, those that contain two types of
MHC in the same muscle fiber isolate, in the case of
SHR, a higher proportion of I A + IIX hybrid fibers.
The presence of a higher proportion of hybrid fibers is
an indication of the transition of muscle fiber type in the
muscle under consideration.

Some studies have associated the effects of ET with
pharmacological treatment. Minami e/ a" showed
the effects of ET either associated with treatment with
perindopril (ACE inhibitor) or without it, on the capil-
larity and fiber types in the soleus muscle of SHR. The
authors observed that chronic treatment with perindopril
increased the exercise capacity in untrained animals; how-
ever, this effect was not synergic to the exercise capacity
acquired as a result of ET alone. Whereas, the treatment
with perindopril associated with ET promoted adap-
tive alterations in the soleus muscle, such as increase in
capillary density and percentage of type I fibers"". Al-
though no alteration in the composition of types of fiber
was observed in the trained SHR and SHR treated with
perindopril groups when compared with the sedentary
SHR group, the authors observed higher capillarization
in these groups, which may be attributed to the improve-
ment in exercise capacity. A more recently study from
the same group showed that pharmacological treatment
with a calcium channel blocker (azelnidipine), or a type I
angiotensin [ receptor antagonist (olmesartan) or even
the ET significantly increased capillary density and per-
centage of type I fibers in the soleus muscle of SHR"”.
Although the results in the literature are still controver-
sial with respect to the alterations in proportion of the
types of fiber in response to ET, it was also not possible
to observe the comparison between the profile of the
types of fiber in the trained SHR group compared with
its normotensive control WKY, with the aim of checking
normalization with the fiber type composition.

Recently, Fernandes ez al” for the first time, showed
evidence that aerobic ET corrected the alteration in the
composition of fiber types in the soleus muscle of SHR
when compared with WKY. This result is probably linked
to the increased capillarization and citrate synthase activ-
ity observed with ET, since these adaptations are related
to changes in fiber type in the skeletal muscle. Altogether,
these ET-induced adaptations contribute to the increase
in oxygen consumption and exercise tolerance, and the
decrease in BP levels observed in the trained hypertensive
group.

Although studies have reported change in the profile
of skeletal muscle fibers in hypertension, none of them
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observed change in muscle mass in hypertensive rats up
to 24 wk of agep’%’100’1m’104]. It is interesting that Carv-
alho e a/'™ determined the soleus muscle changes in the
expression of MHC isoforms, diameter of fiber types
and muscle atrophy during the transition of ventricular
hypertrophy to heart failure induced by aortic stenosis.
The animals developed a myopathy in the soleus muscle,
characterized by a decrease in the percentage of type I
fibers and increased frequency of type Il a fibers, in cat-
diac hypertrophy (after 18 wk) and heart failure (after 28
wk). However, atrophy of type Il a fibers occurred only
during heart failure.

Recently, for the first time in the literature, Damatto
et al'™ reported changes in MHC isoforms and soleus
muscle atrophy induced by heart failure in SHR. The
setting of heart failure in SHR at 18 mo of age was ob-
served and muscle disorders were associated with myo-
genic regulatory factors and expression of myostatin and
follistatin.

Many studies have shown the beneficial effect of ET
on muscle atrophy and correction of changes in fiber
types in animals with heart failure due to various etiolo-
gies, such as myocardial infarction, and sympathetic
hyperactivitym’mﬂ, however no study up to now has
reported the effects of ET on these changes in animals
with heart failure with the etiology of hypertension.

In spite of the important role of exercise in the pre-
vention and treatment of hypertension, the mechanisms
involved in these vascular and muscle changes are not
fully understood. The analysis of miRNAs has made it
possible to understand the development of various types
of CVD, and the elucidation of these processes regulated
by miRNAs and identification of new targets of miRNA
in the pathogenesis of disease is a very valuable strategy
for both prevention and treatment of hypertension.

Recent studies have revealed that myogenic transcrip-
tion factors involved in differentiation and muscle con-
traction also activate the expression of a set of miRINAs
with the function of “adjusting” the output of the tran-
scription network, resulting in precise cellular responses
to signals of development, physiology and pathology.
The integration of these small RNAs into the muscle
transcriptional program further expands the accuracy and
complexity of the regulation of genes in muscle cells,
since miRNAs are capable of regulating various mRINAs,
and mRNAs can be targets of many miRNAs"""",

The miRNAs-1, -133a-b, -206 and -208 are muscle-
specific and have been studied thereby contributing to
muscle development. It is interesting that these miRNAs
provide up to 25% of miRNAs expressed in skeletal
muscle; they are recognized by their control of the
growth, differentiation and contractility of muscle!"™,
Additional miRNAs have been described; these regulate
myoblast proliferation or differentiation, and include
miRNAs-24, -26a, -27b, -125b, -148a, -181, -214 and
489111 Curiously, high expression of miRINA-128a
was found in skeletal muscle, and increased during myo-
blast differentiation, regulating target genes involved
in insulin signaling, which include insulin receptor (Inst),
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insulin receptor substrate 1 (Irs1) and phosphatidylinositol
3-kinases regulatory 1 (Pik3rl1). In fact, Motohashi ez al™?
showed that overexpression of miRNA-128a in myo-
blasts inhibited cell proliferation by targeting Irsl. In
contrast, inhibition of miRNA-128a induced myotube
maturation and myofiber hypertrophy z vitro and in vivo.

The miRNAs-1 and -133 are expressed in cardiac and
skeletal muscle and they are transcriptionally regulated
by myogenic differentiation factors, such as MyoD, myo-
genin, Mef2 and SRF (serum response factor)"""". The
miRNA-1 promotes differentiation of cardiac and skel-
etal progenitor cells and exit from the cell cycle in mam-
mals""”, while the miRNA-133 inhibits differentiation,
and maintains cells in a proliferative state!",

Increased expression of miRNA-1 in skeletal muscle
of mice after 3 h of a single session of aerobic ET was
observed by Safdar e# a/'*”. This increase was associated
with a reduction in the expression of its target histone
deacetylase 4 (HDAC4), a transcriptional repressor of
muscle gene expression, and by the increase in myogenic
differentiation factors such as MyoD, and thus would
promote remodeling of the lesion caused by the training
session!"™"?. Conversely, the chronic effect of exercise
led to a decrease in the expression of miRNA-1 associ-
ated with muscle hypertrophy in favor of the expression
of important genes in muscle growth, such as c-Met,
hepatocyte growth factor and Insulin-like growth factor 1
(IGF-1). IGF-1 is a potential target of miRNA-1, which
could partly explain the hypertrophic phenotype during
the initial responses resulting from ET ovetload"*""*.

The miRNA-206 is the only miRNA specifically ex-
pressed in skeletal muscle, and its expression appears to
be induced by MyoD and myogenin during myogenesis,
promoting differentiation™"*"*!. HDAC4, PAX7, MET
and Notch3 are some of the target m/RINA-206 genes
related to the muscle differentiation process[m’ns’m].

These skeletal muscle miRNAs also appear to par-
ticipate in muscle diseases including cardiac hypertrophy,
heart failure and muscular dystrophy, such as Duchenne
muscular dystrophy[1 RS2,

Studies have reported that an intron of the aMHC
(Myh6) gene encodes a miRNA -miRNA-208a, which
is necessary to increase BMHC (Myh7) in the heart of
adult animals in response to stress and hypothyroidisrn[‘m.
Given that miRNA-208a and their host myosin, «MHC,
are only expressed in the heart, these results raise inter-
esting questions with respect to which other miRNAs
could control the fiber type and gene program in skeletal
muscle contractile proteins™ .

van Rooij et al™™ showed the existence of two miR-
NAs in MHC genes. The SMHC gene encoding the miR-
NA-208b, which has an identical sequence to the seed
miRNA-208a, and differs at only three nucleotides in the
3’ region. A third member of this family is miRINA-499,
encoded by the gene Myh7b, a little studied myosin that
shares extensive homology with the SMHC gene. These
two miRNAs are expressed in skeletal muscle, are related
with an oxidative profile, such as in the soleus, and have a
feature of type I fibers with predominance of SMHC.
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Interestingly, deletion of miRNA-208b and miR-
NA-499 did not alter the expression of another miRNA
in the soleus muscle, and the analysis of fiber type
showed little or no difference in the number of type 1
muscle fibers in any of the mutant animals compared
with the wild type. However, in the generation of double
knockout animals (dKO) for miRNAs-208b and -499
there was a substantial loss of type I muscle fibers in the
soleus muscle of dKO. The loss of slow fibers in dKO
mice was also evident from the reduction in protein and
gene expression of BMHC, and a concomitant increase
in the expression of isoforms of myosin fast type Ila and
type b and I x™.

Moreover, overexpression of miRNA-499 was suf-
ficient to induce complete conversion of all fibers from
soleus fast into slow fibers with a type I profile. Notably,
when the animals were subjected to an exercise toler-
ance test on the treadmill, those with overexpression
of miRNA-499 ran 50% more than the wild-type, in-
dicating a higher aerobic endurance resulting from the
reprogramming of muscle fibers with the induction of
predominance of type I fibers, slow-twitch and oxidative
metabolism. Moreover, the authors investigated the pos-
sible targets of these miRNAs related to the control of
BMHC. The findings showed that the transcription fac-
tors Sox6 (a member of family Sox transcription factors)
and Purf are targets of miRNA-208b and -499 in skeletal
muscle, and dKO animals have increased expression of
both factors™. Other studies have also shown that Sox6
and Purf} inhibit the expression of BMHC in skeletal
muscle involved in changing the profile of muscle fi-
bers[125,12(]'

No studies have been conducted to evaluate the
expression of these miRNAs and change in fiber type
in CVD, in particular in hypertension. Knowing that in
hypertension and CVD there is a change in muscle fiber
profile, it would be appropriate to think that miRNAs-
208b and -499 would patticipate in this change and that
acrobic ET would be a strong candidate for the standard-
ization of these parameters, since it is well known that
ET increases the oxidative metabolism associated with a
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Figure 2 Skeletal muscle miRNAs and selected target
genes regulating cell proliferation, differentiation and hy-
pertrophy/ atrophy by exercise training and cardiovascular
diseases. The relationship between miRNAs and the mRNAs
that encode proteins is shown. Insr: Insulin receptor; Irs1:
Insulin receptor substrate 1; Pik3r1: Phosphatidylinositol 3-ki-
nases regulatory 1; Pur: Purine-rich element binding protein
B; HDAC4: Histone deacetylase 4; IGF-1: Insulin-like growth
factor 1; FGF: Fibroblast growth factor; SRF: Serum response
factor; MAML1: Mastermind 1; PTEN: Phosphatase and tensin
homolog; FoxO1: Forkhead box protein O1.

disease

predominance of type I fibers (Figute 2).

CONCLUSION

Considering that hypertension affects over one billion
people across the world, that ET plays a key role as non-
pharmacological therapy for hypertensive patients, and
that genic therapies from miRNAs may represent new
strategies in combating the development and/or progres-
sion of hypertension, is reasonable to go more deeply
into studies to acquire more knowledge about which
miRNAs are induced by ET and which atre related to
protection of the cardiovascular system. Most important,
these studies may guide scientists in future gene therapies
for the treatment of hypertension with specific miRINAs.
Finally, complementing the above discussion is important
to comment about circulating miRNAs that results of
cellular damage and that have been presented as biomark-
ers of cardiovascular diseases' . In this way, the circulat-
ing miRNA-1, -133a, and -208b were higher in patients
with myocardial infarction in relation to patients who had
unstable angina[lzsl, and the miRNA-499 was increased
in individuals with acute myocardial infarction compared
with patients without myocardial infarction”. Also, pa-
tients with coronary artery disease or diabetes may pres-
ents reduced levels of circulating endothelial-enriched
miRNAs, such as miRNA-126!"". Moreover, it was
reported a linkage between circulating miRNAs, human
cytomegalovirus, and essential hypertension”". On the
other hand, the literature has not presented studies link-
ing circulating miRNAs, cardiovascular diseases, and ET.
In this way, further studies need be realized. However, it
is clear that circulating miRNAs will be used in the future
also as biomarkers of the therapeutic efficacy of ET in
the treatment of hypertension.
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