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Abstract. The baroreflex represents a rapid negative feedback
system implicated in blood pressure regulation, which aims
to prevent blood pressure variations by regulating peripheral
vascular tone and cardiac output. The aim of the present
review was to highlight the association between baroreflex
sensitivity (BRS) and obesity, including factors associated
with obesity, such as metabolic syndrome, hypertension,
cardiovascular disease and diabetes. For the present review,
a literature search was conducted using the PubMed data-
base until August 21, 2021. The searched terms included
‘baroreflex’, and other terms such as ‘sensitivity’, ‘obesity’,
‘metabolic syndrome’, ‘hypertension’, ‘diabetes’, ‘gender’,
‘aging’, ‘children’, ‘adolescents’, ‘physical activity’, ‘bariatric
surgery’, ‘autonomous nervous system’ and ‘cardiometabolic
risk factors’. Obesity and its related metabolic disorders can
influence baroreflex functionality and decrease BRS, mostly
by potentiating sympathetic nervous system activity. Obesity
induces inflammation, which can increase sympathetic system
activity and lead to a higher incidence of cardiovascular
events. Obesity also represents an important risk factor for
hypertension through numerous mechanisms; in this setting,
dysfunctional baroreceptors are not able to protect against
constantly elevated blood pressure. Furthermore, diabetes
mellitus and oxidative stress result in deterioration of BRS,
whereas aging is also generally related to reduced cardiovagal
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BRS. Differences in BRS have also been observed between men
and women, and overall cardiovagal BRS in healthy women is
less intense compared with that in men. BRS appears lower
in children with obesity compared with that in children of a
healthy weight. Notably, physical exercise can increase BRS
in both hypertensive and normotensive subjects, and BRS can
also be significantly improved following bariatric surgery and
weight loss. In conclusion, obesity and its related metabolic
disorders may influence baroreflex functionality and decrease
BRS, and baroreceptors cannot protect against the constantly
elevated blood pressure in obesity. However, following
bariatric surgery and weight loss, BRS can be significantly
improved. The present review summarizes the role of obesity
and related metabolic risk factors in BRS, providing details
on possible mechanisms and shedding light on their interplay
leading to autonomic neuropathy.
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1. Background

The baroreflex represents a rapid negative feedback system,
which serves an important role in blood pressure regula-
tion, preventing blood pressure variations via its actions on
peripheral vascular tone and cardiac output (1,2). The sensor
receptors, referred to as baroreceptors, are primarily located
at the nerve endings of the carotid sinus and the aortic arch
vessel wall (3). Dilatation of these sensors leads to increased
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vagal activity with a concomitant decrease in sympathetic
nerve activity (SNA), whereas the opposite effect occurs when
blood pressure decreases, achieving an overall blood pressure
adjustment (4). Cardiac function is under the influence of both
the sympathetic and parasympathetic systems, which modu-
late its electrophysiological properties, whereas the conduction
system, ventricular myocytes, and the atrium and sinus nodes
are also affected by the action of the autonomous system.

The effects of the baroreflex system on cardiac function are
of paramount importance, particularly in stressful conditions.
When blood pressure increases, the parasympathetic tone is
enhanced and the sympathetic tone is suppressed, protecting
the heart against arrhythmias (5); the opposite occurs when
blood pressure decreases (Fig. 1). Therefore, the baroreflex
system acts as a buffer system by adjusting blood pressure (4).
The entire regulatory mechanism is known as baroreflex sensi-
tivity (BRS).

In case of baroreflex failure, the volume load tolerance is
impaired and may lead to several serious clinical manifesta-
tions, including pulmonary edema (1,6). Heart failure with
reduced left ventricular ejection fraction and left ventricular
diastolic dysfunction are also induced by baroreflex failure (6).
In the presence of baroreflex dysfunction, risk factors such as
diabetes mellitus (DM), renal insufficiency, aging, athero-
sclerosis and hypertension become even more important
for the development of heart failure (7). Notably, prenatal
hypoxia leading to baroreflex failure may result in adult
hypertension (8).

In mathematical terms, BRS can be defined as the ratio of
inter-beat interval change (in msec) over the unit change of
blood pressure (5). Namely, when inter-beat interval increases
by 100 msec and blood pressure rises by 10 mmHg, the BRS
is equal to 100/10, which is referred to as 10 msec/mmHg.
With regard to the aforementioned example, the increase in
inter-beat interval can result from either an increase in para-
sympathetic tone, or from a decrease in sympathetic tone. It has
been demonstrated that the joint influence of the sympathetic
and vagal systems on the sinus node contributes to the actual
heart rate. Besides, blood pressure fluctuations are buffered
by the baroreflex system, mainly by adjusting peripheral resis-
tance (9). In case of changes in blood pressure, a short time lag
is required for baroreflex control system actions to take effect
towards resistance adjustments (5). Like most negative feed-
back systems, the baroreflex exerts a periodic performance
with a period close to 10 sec.

The measurement of BRS is considered a valuable tool
for the evaluation of numerous cardiovascular diseases (10).
BRS measurements focus on the ability of the autonomous
system to react to blood pressure changes at the aortic arch
and carotid sinus (11). Cardiovascular tests and analysis of
heart rate variability (HRV) can be used for the diagnosis
of autonomic neuropathy, in which the nerves that control
involuntary bodily functions are damaged (12). In addition, the
non-invasive volume-clamp method allows for quantification
of the neural modulation of the sinus node mediated by arterial
baroreceptors (13).

Several methods have been proposed for measurement of
BRS (Fig. 2) (14), for example using vasoactive drugs (such as
phenylephrine) to increase blood pressure, which suppresses
heart rate and subsequently increases the inter-beat

interval (5). The ‘neck chamber technique’ is another method
where a positive/negative pressure is applied to the neck,
leading to deactivation of carotid baroreceptors (14). During
the Valsalva maneuver, a breathing method used in the diag-
nosis of autonomic nervous system dysfunction, increased
abdominal and intrathoracic pressure triggers activation of
baroreceptors. The ‘sequence method’ is another approach for
the quantification of BRS, which is based on the application
of linear regression analysis between decreasing/increasing
blood pressure and changes in the R-R interval, namely, the
time between two successive R-waves of the QRS signal of
the electrocardiogram (15). Other techniques rely on carotid
ultrasound imaging, such as measurement of the change in
the diameter of the carotid artery after alteration in arte-
rial pressure (15). Alternatively, the change in R-R interval
(cardiac baroreflex) or muscle SNA (sympathetic baroreflex)
can be measured as a result of barosensory vessel stretch.
Also, several algorithms in time and frequency domain
(when Fast Fourier transform is applied to convert the signal
from time to frequency domain) have been proposed for
the non-invasive measurement of BRS (14), which quantify
BRS based on the association between periodic sequences
of the two signals, specifically inter-beat interval and blood
pressure.

BRS is an important homeostatic system the function of
which can be influenced by several risk factors (16). Obesity
can markedly decrease BRS, and can lead to sympathovagal
imbalance by decreasing parasympathetic activity and
increasing SNA (17). Notably, high abdominal visceral fat has
been shown to reduce BRS compared with in patients with
lower total and abdominal fat (18). Similarly, randomized clin-
ical trials have shown that accompanying features of obesity,
such as hyperinsulinemia, insulin resistance and hypoadipo-
nectinemia, decrease BRS (17). In addition, the adoption of
a hypocaloric diet has been shown to lead to improvement
of BRS in patients with obesity (19). Furthermore, hypoadi-
ponectinemia in patients with type II DM (T2DM) has been
related to reduced BRS (20). Other factors significantly linked
to reduced BRS include atherosclerosis (21) and aging (22). In
addition, dyslipidemia has been reported to constitute a risk
factor that is negatively correlated with the functionality of the
baroreflex system (22).

Specific treatments for improving BRS and subsequent
variations in blood pressure are not currently available (1).
A clinical study showed that angiotensin-converting enzyme
inhibitors may provide an improvement in patients with
hypertension (23). Furthermore, a previous animal study
demonstrated that 3-blockers can attenuate short-term vari-
ability in blood pressure, and treatment with L-arginine was
able to restore depressed BRS (24). Another study tested
non-pharmacological treatment methods, such as vagal
afferent nerve activation, which was reported to improve BRS
functionality and reverse blood pressure variability (25).

The aim of the present review was to highlight the rela-
tionship between BRS and obesity, including factors closely
associated with obesity, such as the metabolic syndrome,
hypertension, cardiovascular disease and DM. A specific
emphasis has been placed on the role of aging and sex differ-
ences, the impact of exercise and training, as well as changes
in BRS in patients with obesity following bariatric surgery.
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Figure 1. Interrelation between blood pressure variations, baroreceptors and brainstem regulation. Continuous lines indicate stimulation; dashed lines indicate
inhibition. NTS, nucleus tractus solitarius; SAVC, sympathetic adrenergic vasomotor center; NA, nucleus ambiguus.

2. Methods

Search strategy. A literature search was conducted using the
PubMed database (pubmed.ncbi.nlm.nih.gov) from January
14, 2021 until August 21, 2021. The searched terms were:
‘baroreflex’ + ‘sensitivity’, ‘baroreflex’ + ‘obesity’, ‘baroreflex:
+ ‘metabolic syndrome’, ‘baroreflex’ + ‘hypertension’, ‘barore-
flex’ + ‘diabetes’, ‘baroreflex’ + ‘gender’, ‘baroreflex’ + ‘aging’,
‘baroreflex” + ‘children’ + ‘adolescents’, ‘baroreflex’ + ‘phys-
ical activity’, ‘baroreflex’ + ‘bariatric surgery’, ‘autonomous
nervous system’ + ‘regulation’ and ‘baroreflex sensitivity’ +
‘cardiometabolic risk factors’. The search strategy results are
presented in Table I and a schematic representation of the
route of selection is shown in Fig. 3.

Selection criteria. After removing duplicate articles, the
authors evaluated all studies based on the following criteria:
i) Journal, ii) authorship, iii) publication date, iv) study design,
v) methods of analysis, vi) results, and vii) conclusions. The
eligibility criteria were as follows: Articles written in English,
which were relevant to the objective of the review, and the
absence of confounding diseases. One of the authors reviewed
the abstracts of each identified study and excluded them if they
did not meet the eligibility criteria. In order to improve data
quality, all studies that met the inclusion criteria were thor-
oughly evaluated in terms of rationale, method design, primary
outcome, fatigue assessment, statistical analysis, results,
discussion and conclusions. Those studies that displayed any
bias in the methodology, results or interpretation of the data,
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Figure 2. Three popular methods for measuring baroreflex sensitivity. (A) The use of vasoactive drugs, such as phenylephrine, to increase blood pressure and
reduce heart rate, so as to increase the inter-beat interval. (B) Neck chamber technique. (C) Sequence method.

which could be reflected in the overall analysis of the study,
were also excluded (Fig. 3). Finally, 102 articles were selected
for inclusion.

3. Obesity and metabolic syndrome

Obesity represents a chronic relapsing disease comprising
important concurrent metabolic and clinical disorders, such
as DM, dyslipidemia, cardiovascular disease, sleep apnea
and autonomic neuropathy, when the nerves controlling
involuntary body functions are destroyed. It can impact blood
pressure, temperature regulation, digestion and bladder and
sexual function (26). Overall, it is associated with potentiation
of the sympathetic nervous system (27). Previously, clinical
studies have identified an association between autonomic
nervous system regulation and obesity (28,29). Notably, it has
been shown that as body weight increases, baroreflex function
is significantly suppressed (28). Furthermore, the guidelines
of the European Society of Hypertension and the European
Society of Cardiology have underlined the role of waist
circumference (WC) in BRS (30,31). A direct association
between BRS and fat mass distribution has been demon-
strated in hypertensive populations, where central obesity led
to impaired BRS. Thus, in patients with central obesity, the
enhanced sympathetic cardiovascular effort may be added
to the metabolic risk factors, such as dyslipidemia, elevated
blood pressure and elevated plasma glucose, which can lead to
an increased risk for cardiovascular complications.

Obesity may contribute to the process of carotid athero-
sclerosis via multiple pathogenetic mechanisms, including
carotid media thickening and hyperleptinemia (3). A decrease
in BRS has been reported to be associated with carotid
intima media thickness; therefore, it was hypothesized that
obesity-related atherosclerosis may lead to changes in baro-
receptor signaling, which in turn could increase sympathetic

activity and decrease BRS (3). In addition, hormonal factors
that are implicated in the complex biological pathways of
long-term maintenance of body weight and energy balance
seem to play a role in the association between obesity and
BRS (32). Leptin is a fundamental hormone that is secreted
primarily by adipose cells and acts as a marker of total
body energy reflecting adipose tissue mass (3). In the obese
state, neurons located at hypothalamic nuclei that express
leptin receptors are desensitized as a result of chronically
elevated leptin levels; thus, the anorexigenic effect of leptin
is suppressed (33). Leptin can also exert its action at the level
of the nucleus of the solitary tract, affecting neurons impor-
tant to BRS (34). Leptin has previously been reported to
act as a critical signal in activation of the renal sympathetic
nerve by activating the brain renin-angiotensin system, hypo-
thalamic phosphatidylinositol 3-kinase and melanocortin
receptors (3,35). Leptin receptors also serve an important
role in leptin-induced renal sympathetic nerve activation;
the knockout of leptin receptors in the hypothalamus has
been shown to hinder the activation of sympathetic nerves in
patients with obesity and hypertension (3).

It is known that central obesity and visceral fat can lead
to increased activation of the sympathetic nervous system
compared with peripheral obesity (18,36). This finding
suggests that central obesity is characterized by autonomic
imbalance with hyperactivity of the sympathetic nervous
system. In this context, a previous study aimed to analyze the
relationship between abdominal fat distribution (measured by
WC) and vagal tone (as expressed by spontaneous BRS) (30).
The results demonstrated that the impairment in BRS was
greater in patients with central obesity compared with in those
with peripheral adipose distribution. Thus, the higher risk for
cardiovascular complications observed in patients with central
obesity may not only be ascribed to metabolic factors, but also
to the activated sympathetic nervous system. Fat distribution
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Table I. Literature search strategy results from PubMed.

Search terms

Studies retrieved after
screening of title and abstract

Citations retrieved
(August 21, 2021)

‘baroreflex’ + ‘sensitivity’

‘baroreflex’ + ‘obesity’

‘baroreflex + ‘metabolic syndrome’
‘baroreflex’ + ‘hypertension’

‘baroreflex’ + ‘diabetes’

‘baroreflex’ + ‘gender’

‘baroreflex’ + ‘aging’

‘baroreflex’ + ‘children’ + ‘adolescents’
‘baroreflex’ + ‘physical activity’
‘baroreflex’ + ‘bariatric surgery’
‘autonomous nervous system’ + ‘regulation’
‘baroreflex sensitivity’ + ‘cardiometabolic risk factors’

4,571 98
257 35
87 18
3,149 112
502 87
494 46
498 37
117 22
1,484 23
8 6
2401 64
9 5

may also serve an important role in the autonomic balance and
the development of hypertension (30).

The relationship between obesity, BRS and cardiovascular
diseases was further investigated by including the role of
immune system in the exploration (37). It has been hypoth-
esized that there is a ‘triangle’ between autonomic regulation
(including BRS), cardiovascular diseases (e.g., hypertension,
heart failure) and the immune system. The impact of the
autonomic system on cardiovascular pathology has also been
thoroughly studied; sympathetic activation and parasympa-
thetic suppression has been revealed to worsen heart failure
or hypertension, and subsequently increase morbidity and
mortality (37).

The end-organ damage in hypertension or heart failure can
be worsened or alleviated by pro- or anti-inflammatory path-
ways of the immune system, respectively, which are triggered
by neurohumoral transmitters (37). The strong association
between inflammation and obesity has resulted in studies that
aim to unveil the link between obesity-induced inflammation
and other diseases (26,38). Inflammation is induced by obesity
as a result of a chronically mediated immune response, which
is accompanied by the secretion of cytokines, acute phase
proteins (e.g., C-reactive protein) and chemokines (38). In
turn, acute or chronic inflammation increases the activity of
the sympathetic system, leading to an increased incidence
of cardiovascular events (39). Notably, a previous study was
conducted examining the potential beneficial effects of admin-
istering non-steroidal anti-inflammatory drugs (e.g., ibuprofen)
to individuals with obesity in order to adjust their BRS (10);
however, an acute dose of ibuprofen did not exert an effect
on BRS.

The importance of studying the role of obesity in the
baroreflex system is reflected in the large number of clinical
trials either ongoing or recently completed (Table II). Since
central obesity is one of the primary risk factors for metabolic
syndrome, research has focused on the association between
obesity and aspects of metabolic syndrome (40-46).

Metabolic syndrome is a term strongly associated with
obesity. It is used to describe a cluster of related metabolic

abnormalities, namely obesity, dyslipidemia, hypertension and
glucose intolerance, which lead to an increased risk of cardio-
vascular morbidity and mortality (47). Several definitions of
metabolic syndrome have been provided; however, the term is
typically used to characterize the condition when at least three
of the following situations are present: Increased WC, low
high-density lipoprotein levels, increased triglycerides in the
blood, elevated fasting glucose levels and hypertension (47).
A common pathogenetic characteristic in all these condi-
tions is activation of the sympathetic nervous system (48).
Several pathophysiological mechanisms are responsible for
central sympathetic overactivity in patients with metabolic
syndrome (32) and these neurogenic alterations may be attrib-
uted to impairment of BRS (49). Notably, a previous study
observed an impairment of baroreceptor control in patients
with metabolic syndrome (49). Other reflexogenic areas, such
as the cardiopulmonary receptors and chemoreceptors, may
also exert a role in baroreflex alterations (49). Notably, this
finding was observed in patients with obesity and sleep apnea,
and hypertensive patients with left ventricular hypertrophy
who showed impairment of BRS (50).

A previous study in 2,835 patients aged 50 to 75 years old
evaluated the hypothesis as to whether metabolic syndrome is
associated with the BRS pathway (51). According to this study,
patients with metabolic syndrome had lower neural baroreflex
pathway (NBP). The processes linking carotid artery stiffness
and NBP were inactive in patients with metabolic syndrome,
regardless of blood pressure levels. One study compared
arterial baroreflex-deficient rats and normal rats with BRS
differences of ~2.5-fold (52); this study found that an intrinsi-
cally low BRS caused hypertension and metabolic disorder.
Restoration of defective BRS could be an effective target for
therapeutic intervention in metabolic syndrome

4. Obesity in children and adolescents.
There has recently been an increased interest in studying BRS

in children, examining its relationship with obesity and its
role for the future development of hypertension. Obesity in
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Figure 3. Schematic representation of the selection route of the studies analyzed in the present review.

childhood is associated with hypertension in adulthood (53). A
previous study was performed in 20 children and adolescents
with obesity, who were compared with sex- and age-matched
control individuals of a healthy weight (54). BRS was found
to be significantly lower in individuals in the obese range
compared with in children of a healthy weight. In addition,
relying on the instantaneous heart rate measurement of BRS,
a statistically significant reduction in BRS (between obese and
healthy weight individuals) was observed in subjects between
11 and 20 years. Another study analyzed BRS in normotensive
adolescents and children using two different measurement
techniques: Causal and non-causal BRS methods (55). Causal
methods allow the separation of feedforward and feedback
variations; by using causal analysis it is possible to separate
both causal directions of the system, namely variations within
the SBP induced by HR and vice versa. According to the
non-causal BRS method, no significant differences were found

between children and adolescents; however, the causal BRS
method identified significantly lower BRS values in children
in the obese range compared with normal weight children (55).

The relationship between body weight, BRS and
blood pressure variability was also assessed in a study by
Honzikova et al (56). In this analysis, an increased body mass
index (BMI) in children, adolescents and young adults was
associated with suppression of BRS and hypertension. The
greater the increase in BMI, the deeper the BRS reduction, the
higher the hypertension and the more increased variability in
systolic blood pressure.

A genetic dependency of BRS was identified in another
study (53). Baroreflex sensitivity is decreased in young normo-
tensive individuals whose parents have hypertension compared
with individuals without a family history of hypertension. In
addition, associations between several gene polymorphisms and
baroreflex heart rate regulation have been described. Reduced
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Table II. Continued.
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Clinical trials identifier

Institute

Conditions

Sample size

Clinical design

Title

NCTO00163943

Baker Heart Research Institute,

Metabolic syndrome

66

Randomized, parallel

Sympathetic Activity in Individuals

with the Metabolic Syndrome:
Benefits of Lifestyle Interventions

Melbourne, Victoria, Australia

BRS and obesity were referred to as independent risk factors for
hypertension in youths (53). Notably, young normotensive indi-
viduals with hypertensive parents have been shown to exhibit
lower BRS compared with in those without (57,58). Other
studies, focusing on the interplay between gene polymor-
phisms and baroreflex regulation, have also found some degree
of association. Notably, polymorphisms in the endothelin-A
receptor, bradykinin B2 receptor, BK channel 1 subunit, aldo-
sterone synthase and AT1 receptor gene have been reported to
be associated with decreased BRS values (59-63). In children
suffering from DM (type I or II), insulin resistance also seems
to serve an important role in reduced BRS compared with that
in healthy children (53).

Another study in children examined the hypothesis as to
whether BRS is a predictive factor for the short-term outcome
of postural tachycardia syndrome (64). A total of 77 chil-
dren were enrolled in the study and were followed clinically
for a period of 90 days. Children with postural tachycardia
syndrome exhibited significantly higher BRS compared with
that in healthy individuals. Furthermore, BRS was found to
be positively associated with changes in heart rate in these
children (64).

5. DM and insulin resistance

Several studies have underlined the association between insulin
resistance, hypertension, the autonomous nervous system and
coronary artery disease (3,30,32,53,65). A high-fat diet over
an extended period of time has been reported to cause insulin
resistance, autonomic dysfunction and an increase in the risk
of cardiovascular disease (59). Hyperinsulinemia has also
been shown to be associated with increased norepinephrine
levels in patients with resistant hypertension (53).

In patients with T2DM, BRS evaluation is a tool
used to assess cardiovascular autonomic neuropathy.
Cassaglia et al (65) identified that the arcuate nucleus in the
hypothalamus is a major insulin site of action responsible for
increasing sympathetic activity and BRS. As aforementioned,
BRS is important for the regulation of blood pressure and
reduced BRS can result in an increase in blood pressure
variability, which in turn further reduces BRS, thus creating
a vicious cycle (16). Additionally, oxidative stress, which is
increased in patients with obesity and insulin resistance, may
have a role in lowering cardiac baroreflex activity (66-68).

Deterioration of BRS has been observed in experimental
models using streptozotocin-induced DM in rats, as well as in
human subjects (69). The reduced BRS in patients with DM
has been linked to changes in the autonomous system and its
regulation of cardiovascular function (2,70). These changes
may take place either at the central or peripheral levels of
the baroreflex circuit and lead to dysfunction of baroreflex
functionality.

Carotid atherosclerosis accompanying DM is another
factor that can contribute to BRS impairment (71). The
consequences of BRS deterioration in patients with DM are
very important. A previous study conducted on hundreds of
patients with DM or hypertension revealed that the mortality
risk was almost double in patients with DM and reduced BRS
compared to individuals without diabetes (72). Another study
in 184 patients with DM with no apparent structural heart
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diseases identified a relationship between reduced BRS and
cardiovascular incidences of congestive heart failure, myocar-
dial infarction, stroke and cardiovascular deaths (73). Thus,
in patients with DM, early diagnosis of BRS impairment may
be necessary to apply effective treatment plans and slow the
progression of autonomic dysfunction.

6. Hypertension

Obesity represents an important risk factor for hypertension,
i.e. >60% of patients with hypertension are overweight in
the US (3). It has been suggested that increased weight leads
to an increase in systolic blood pressure (74). Under normal
conditions, the arterial baroreceptors respond to acute blood
pressure changes through alterations in vascular wall stretch.
Subsequently, in order to buffer these variations in blood
pressure, changes in the SNA are regulated. In patients with
hypertension, baroreceptors are dysfunctional and are not able
to protect against the constantly elevated blood pressure (75).

In patients with obesity and hypertension, the BRS is
depressed, increasing the risk for cardiac arrhythmias (69).
No specific therapies are available to face this dysfunction
and moreover the underlying mechanisms have not yet been
fully elucidated. A previous study was performed in dogs to
investigate the impact of progressive weight increase on the
cardiovascular dynamic effects and also to assess baroreflex
activation (76). Body weight increases resulted in a gradual
elevation of arterial pressure. In order to reverse hyperten-
sion, renal denervation and baroreflex activation were used;
however, the attenuation of tachycardia, and restoration of
cardiac and HRV could only be effectively moderated by
baroreflex activation. These findings imply that baroreflex
activation therapy can reduce arterial pressure and lower the
risk factors for arrhythmias (77).

Another point of interest with regard to the origin of
BRS dysfunction in obesity are the kidneys. It is known that
renal sympathetic activation represents an important cause of
hypertension (3). Since obesity leads to activation of the renal
sympathetic system, it may be hypothesized that obesity also
promotes the progression of hypertension. Even though the
exact mechanism is unknown, it may be associated with altered
BRS, activation of the renin-angiotensin system, dysregulation
of adipokines (e.g., leptin) and insulin resistance (3). A study
in rats demonstrated that obesity induced an inflammatory
response in the kidneys, which led to autonomic dysfunction
and contributed to a decrease in baroreflex regulation (78).

7. Physical activity

Another issue worth mentioning that is related to obesity
and BRS is the role of physical activity. The beneficial
effects of exercise and training are widely known. Notably,
exercise is protective against obesity, hypertension, T2DM,
cardiovascular disease and depression, and promotes positive
self-esteem (79). In addition, there is evidence that physical
activity affects the autonomous nervous system and improves
the condition of patients with autonomic disorders (72). The
arterial baroreflex influences other neural reflexes in order to
coordinate the autonomic adjustments to training and regulate
blood pressure during exercise (80).

Individuals with hypertension can suffer significant
increases in arterial pressure during physical exercise. Central
command and arterial baroreflex are hypothesized to mediate
the cardiovascular responses to exercise in normotensive
healthy persons (81). Fukuma et al (82) enrolled patients with
heart disease and studied the relationship between changes in
heart rate and blood pressure increments (or decrements) in
response to exercise. In accordance with Bruce's protocol, a
symptom-limited treadmill exercise test was performed (83).
The results revealed that BRS dysfunction in the presence of
blood pressure decreases may result in insufficient capacity
and activation of the sympathetic nervous system during exer-
cise to adapt to stress.

To elucidate the possible role of sex in the relationship
between training and autonomic regulation, a clinical study
was performed (84). In this, blood pressure variability, BRS
and autonomic modulation were examined in 14 men and
13 women. No statistically significant interactions with sex
were identified. For both sexes, a profound impact of training
was found on autonomic regulation, variability in blood
pressure and cardiovagal BRS.

8. Sex differences

Differences in BRS have been observed between men and
women. Generally, cardiovagal BRS after a rapid hyper-
tensive stimulus in healthy women is less intense compared
with that in men (79). However, after hypotensive stimuli,
both sexes appear to exhibit similar behavior. Regarding the
sympathetic BRS, there is no evident difference between men
and women in young individuals; however, as age increases,
the sympathetic BRS of women has been shown to decrease.
This finding may be ascribed to greater arterial stiffness in
women compared with in men of the same age (79). Another
issue worth mentioning is the influence on muscle sympathetic
neural activity of the different sex hormones levels during the
menstrual cycle and pregnancy, or in response to the use of
oral contraceptives (85).

The role of obesity in conjunction with sex has been inves-
tigated. Overall, as aforementioned, obesity leads to elevation
of SNA, which contributes to the development of hypertension.
Both BMI and WC have been reported to be associated with
increased muscle sympathetic neural activity; however, these
findings have only been observed in men and are not present
in women with obesity (86,87). Premenopausal women with
obesity can suppress potentiation of the sympathetic system
and hypertension due to differences in adipose tissue deposi-
tion. Possibly, vascular reactivity may also differ between the
sexes (86). Females may be more sensitive to obesity-induced
increases in sympathetic nerve activity and arterial pressure
as they approach menopause, resulting in decreased estrogen
levels and a shift of adipose tissue to the visceral area.

In addition to sex differences in adipose tissue distribution,
white adipose cells in females are smaller, more lipogenic,
and more insulin-sensitive due to increased insulin-induced
signaling and production of lipid and glucose synthesis
proteins.

A study conducted in order to compare BRS between
men and women in 185 patients with T2DM revealed that
women with depressed BRS exhibited a greater incidence
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of cardiovascular events compared with those with normal
BRS. By contrast, no such difference was found in men (88).
Another study demonstrated that women may exhibit lower
values of cardiac and muscle-pump baroreflexes compared
with men (89), a finding that may lead to the conclusion that
older women are more vulnerable to orthostatic intolerance
compared with older men.

9. Aging

Aging is generally related to reduced cardiovagal
BRS (22,90). Even though the underlying mechanism has
not been clarified, it is considered that either loss of arterial
distensibility and/or central intervention of the baroreflex
system could be responsible for impaired BRS (91). By
contrast, the sympathetic baroreflex control has not been
found to be affected by age. The underlying mechanisms
of decreased cardiovagal baroreflex sensitivity, may refer
to factors such as increased vascular stiffening, oxidative
stress and suppressed cholinergic responsiveness of the
heart. This impairment of cardiovagal BRS with advanced
age may result in reduced ability to buffer blood pressure
changes, hypertension and a greater risk of sudden cardiac
death (68). Regarding the role of sex, it has been reported
that the decrease in cardiovagal BRS with age is similar
between men and women (79). In pathological situations,
such as DM or hypertension, women display a higher reduc-
tion than men (79).

Verma et al (89) assessed the impact of aging on
muscle-pump BRS of the lateral gastrocnemius, tibialis
anterior, medial gastrocnemius and soleus muscles (89).
Lower cardiac BRS control was observed in the older group
of patients. In another study, similar findings were found for
all other muscle groups, whereas no statistically significant
changes in mechanical properties were determined between
young and old people, implying that age is only associated
with changes in baroreflex-mediated control (79).

Differences in the connection between muscle SNA
and cardiac output have also been observed. In young men,
an inverse relationship has been determined between the
previous two factors; however, this relationship has not
been observed in older men (85). In women, there are also
differences with aging; (3-adrenoreceptor dilation has been
shown to be attenuated with age, which results in adren-
ergic vasoconstriction and blood pressure increases. By
contrast, sympathetic vasoconstriction is counterbalanced
by adrenoreceptor-mediated vasodilation (85).

10. Baroreflex system and bariatric surgery

Obesity is an independent risk factor for cardiovascular disease,
as it affects various inflammatory and metabolic parameters. It
is associated with structural and functional cardiac alterations,
leading to increased cardiac workload, systolic work stress and
left ventricular hypertrophy (92). Due to the overactivity of
the sympathetic nervous system, BRS can be attenuated (86).
Studies have shown that if arterial compliance is reduced, then
BRS is blunted (2,73).

The most common types of bariatric surgery include
Roux-en-Y gastric bypass (RYGB), sleeve gastrectomy (SG),

biliopancreatic diversion with duodenal switch, and gastric
banding, which appear to reduce morbidity and mortality
and provide long-term weight loss (93,94). RYGB has
been proven to increase the postprandial response of the
anorexigenic gut hormones glucagon-like peptide 1 (GLP-1)
and peptide YY (PYY), thus leading to enhanced satiation.
Significant weight loss following RYGB has been shown
to be accompanied by left ventricular mass reduction, thus
improving left ventricular function (94,95). Notably, SG,
which is a relatively newer technique, has also been associ-
ated with increased GLP-1 and PYY, and reduced ghrelin
levels, which can be sustained for years after surgery (94,95).
In our previous study, 37 patients with morbid obesity who
underwent RYGB or SG were examined before, and 3 and
6 months after surgery. BRS and HRV indices improved
significantly and to the same degree after surgery in both
groups; however, RYGB displayed a more beneficial effect
on epicardial fat thickness and left ventricular performance
compared with SG (93).

Resistant hypertension is defined as uncontrolled
hypertension despite optimal doses of at least three anti-
hypertensive medications including a diuretic, or four or
more antihypertensives, and is more frequent in individuals
with obesity (96). It has been reported that a weight loss of
=5 kg can significantly decrease blood pressure and there
have been several studies on the effects of bariatric surgery
on hypertension. The STAMPEDE trial revealed that there
was a significant reduction in the need for antihypertensive
medications following bariatric surgery (97). Similarly,
the GATEAWAY trial demonstrated that blood pressure
was controlled with the need for less antihypertensive
medications, and the improved blood pressure control was
maintained 3 years after the surgery (98).

Seravalle et al (99) measured blood pressure, heart rate and
BRS in hypertensive individuals with severe obesity before
and after surgery. Using direct, intramural recording of SNA
in the skeletal muscle it was revealed that 6 and 12 months
after SG a significant improvement in baroreflex control of
the sympathetic nerve system was observed, as the operation
led to profound sympathoinhibitory effects, in association
with reduced plasma leptin levels. Moreover, SG produced
sustained decreases in muscle SNA, body weight, plasma
leptin and systolic blood pressure. Thus, the authors concluded
that the sympathoinhibition may be related to decreases in
plasma leptin associated with a reduction in adiposity; this
previous study was the first, to the best of our knowledge, to
demonstrate the significant and durable sympathoinhibitory
effects of bariatric surgery (99).

da Silva et al (100) conducted a study to assess the improve-
ment of exercise capacity and peripheral metabaroreflex
(expressed as the area under the curve of vascular resistance)
after bariatric surgery. It was revealed that 3 months after
surgery, exercise capacity was increased, whereas heart rate,
blood pressure and peripheral muscular metabaroreflex were
decreased (100). Furthermore, Limberg et al (101) concluded
that RYGB surgery improved blood pressure reactivity due
to alterations in the time course of hemodynamic responses.
After surgery, patients showed an attenuation in blood pres-
sure reactivity, and improved BRS and HRYV, thus displaying a
decreased cardiovascular disease risk (101).
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The effect of bariatric surgery compared with non-surgical
treatment on blood pressure has been assessed in a recent
review (102). According to the findings of this previous study,
bariatric surgery may be considered more beneficial than
non-surgical treatment in lowering blood pressure. Moreover,
RYGB was revealed to have sympathoinhibitory effects due
to marked reduction in plasma leptin, indicating the role of
leptin in blood pressure and cardiac output of patients with
obesity (99,102).

11. Conclusion

In summary, the baroreflex represents a rapid negative feed-
back system the purpose of which is to buffer blood pressure
variabilities. BRS represents an important homeostatic system;
however, its functionality is affected by several risk factors.
Obesity represents a major factor influencing baroreflex func-
tionality, which can markedly decrease its sensitivity and lead
to sympathovagal imbalance by decreasing parasympathetic
activity and increasing SNA. Specifically, high abdominal
visceral fat has been shown to suppress BRS. Several other
factors closely related to obesity, such as DM, hypertension
and cardiovascular disease, as well as other factors indepen-
dent of obesity, such as aging, sex and physical activity status
may affect the balance between the sympathetic and para-
sympathetic nervous systems. Weight loss strategies should
be globally implemented in order to attenuate the increasing
incidence of autonomic neuropathy.
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