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ABSTRACT

Cardiovascular disease (CVD) remains the most prevalent cause of premature death worldwide. It had been
suspected for decades that increased activity of the sympathetic nervous system (SNS) might play a patho-
genetic role in the development and progression of hypertension, heart failure (HF) and CVD. The use of
microneurographic techniques to directly assess the SNS has allowed this field to advance considerably in
recent years. We now have compelling evidence for a key role of sympathetic overactivity in the pathogen-
esis and progression of hypertension and associated hypertension-mediated organ damage (such as endo-
thelial dysfunction, arterial stiffness and left ventricular hypertrophy), HF (with or without reduced left
ventricular ejection fraction). Sympathetic overactivity also drives increased cardiovascular risk in the set-
tings of obesity, metabolic syndrome, chronic kidney disease and obstructive sleep apnoea, among other
conditions. Thus, sympathetic overactivity is an important factor that drives patients through the CVD con-
tinuum, from the early appearance of cardiovascular risk factors, to impairments of the structure and func-
tion of components of the heart and arteries, to established CVD, and ultimately to a life-threatening
cardiovascular event. A deeper understanding of the role of sympathetic overactivity in the pathogenesis
of CVD and HF will support the optimization of therapeutic interventions for these conditions.
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Introduction hypertension and hypertension-mediated organ damage,
compared with measurements of plasma noradrenaline
alone®. In the 1990s the rate of spillover of radiolabelled nor-
adrenaline into the plasma from specific vascular beds, and
the measurement of muscle sympathetic nerve traffic (MSNA)
by microneurography brought together the advantages of
these techniques®. Early studies using microneurography
measured MSNA that was effectively averaged across mul-
tiple nerves; subsequent measurement of sympathetic nerve
activity from single functional firing units within sympathetic
nerves, with defined physiologic effects on BP when stimu-
lated via the electrode’®. Microneurography has allowed
more precise associations to be made between the level of
SNS activity and hypertensive states than was possible using
catecholamine overflow alone®.

Much of the research cited below in this review has been

We have been aware of a role for the sympathetic nervous
system (SNS) in increasing blood pressure (BP) since the
nineteenth century. Our understanding of the nuances of
this relationship has evolved in line with the precision of the
techniques available to investigate it'. The demonstration of
increased levels of noradrenaline and its metabolites in the
urine of people with hypertension by von Euler and col-
leagues in 1954 was perhaps the first clue that SNS activity
was increased in this condition®. The development of techni-
ques to measure noradrenaline overflow from the central
nervous system (CNS) in plasma in the following decade
added to the study of the relationships between the activity
of the SNS and various aspects of cardiovascular status,
although both measurements essentially provided an aver-
age of SNS activity across the whole body>*. Moreover,

measures of plasma noradrenaline are also confounded by
variations in the rate of its clearance.

At about the same time, Hagbarth and Vallbo published
on microneurography, a new method for making direct
measurements of the level of activity in sympathetic nerves
in real time in awake humans’. This new technique revolu-
tionized research in this area and has provided greater preci-
sion in defining the relationships between SNS activity,

gained using this invaluable method. These studies have
identified overactivity of the SNS as an important mediator
of hypertension and related damage to the cardiovascular
system that subsequently leads to hypertension-mediated
organ damage, major adverse cardiovascular events, and pre-
mature death (Figure 1). This review focuses on the potential
pathogenetic role of sympathetic overactivity at different
stages of the cardiovascular disease (CVD) continuum.
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Figure 1. Overview of the cardiorenal pathophysiology associated with overactivity of the sympathetic nervous system.
?Initially, may be followed by myocardial pump failure as adverse cardiac remodelling progresses. Abbreviations: LVH, left ventricular hypertrophy; MACE, major adverse cardiovascular
events; OSA, obstructive sleep apnoea; RAAS, renin-angiotensin-aldosterone system; SNS, sympathetic nervous system. See text for references.

Sympathetic overactivity at different stages of the
CVD continuum

Hypertension

Sympathetic overactivity and hypertension

Research during the 1990s, enabled by the development of
sensitive and specific techniques for measuring sympathetic
nerve activity, first established a clear pathogenetic link
between sympathetic overactivity and hypertension.
Importantly, these early studies showed that this phenom-
enon was associated strongly with hypertension, and that
the degree of sympathetic overactivity paralleled the severity
of hypertension'®. For example, a study that used single-unit
microneurography to measure single-unit MSNA was able to
distinguish between subjects with high-normal BP and sub-
jects with normal BP, in addition to groups with established
hypertension®. Many studies in this area have been con-
ducted since then and space here does not allow individual
review of them. However, a large and recent meta-analysis
(2018, 63 studies) has confirmed the significant associations
between increased MSNA (sympathetic overactivity) and
hypertension of any severity (borderline or established essen-
tial hypertension [Figure 2]) and phenotype (masked, “white
coat”, non-dipping, dipping, etc.) and irrespective of whether
the hypertension was treated, or whether clinic or ambula-
tory blood pressure measurement was used®. Increased SNS
activity has been identified as a reason for failure of antihy-
pertensive therapy to control BP in patients with resistant
hypertension''. Sympathetic overactivity may also contribute
to BP variability in people with hypertension, another param-
eter associated with an adverse long-term outcome'?,
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Figure 2. Demonstration of the presence of sympathetic overactivity, as shown
by increased muscle sympathetic nerve activity (MSNA) in patients with border-
line or established essential hypertension from a meta-analysis of 63 studies.
Columns are means, bars are SD. MSNAc: MSNA corrected for heart rate. Abbreviations: NT,
normotensive; BHT, borderline hypertension; EHT, essential hypertension. Reproduced with
permission from reference 6.

Sympathetic

organ damage
Uncontrolled hypertension leads to the development of
adverse structural changes to the heart and vasculature, such
as increased a loss of endothelium-dependent vasodilatation,
increased arterial stiffness (which promotes the isolated sys-
tolic hypertension often seen in the elderly) and left

overactivity and hypertension-mediated



ventricular hypertrophy (LVH)'3. Figure 3 summarizes some
of the key neurohumoral and structural cardiac pathology
associated with the progression through sympathetic over-
activity, to LVH or other hypertension-mediated organ
damage, to the failing heart'®. Activation of the renin-angio-
tensin-aldosterone system (RAAS) and SNS in the early stages
of heart failure (HF) activates baroreceptors, increases MSNA
and enhances cardiac preload and afterload. Initially, myocar-
dial contractility may be increased, as P;-adrenoceptor
stimulation mobilizes intracellular Ca®" in cardiomyocytes.
However, this also increases myocardial O, consumption;
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this, together with the onset of LVH and a range of adverse
structural changes in the left ventricular wall, tends to
exacerbate further deterioration of myocardial performance
in a vicious circle. The close correlations between increasing
left ventricular mass index and increasing MSNA, plasma
noradrenaline, and heart rate illustrate the central role of
sympathetic overactivity in these pathological processes
(Figure 4)'.

These manifestations of hypertension-mediated organ
damage are key steps in the CVD continuum between hyper-
tension and other risk factors and major adverse
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Figure 3. Overview of key steps in the pathology of the failing heart.
Drawn from information presented in reference 14.
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Figure 4. Association of left ventricular mass index (LVMI) with indices of sympathetic overactivity in patients with hypertension.
Reproduced with permission from reference 15. Abbreviation: NE, norepinephrine (noradrenaline).
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cardiovascular events (Figure 1). Sympathetic stimulation or
overactivity reduces endothelial function in several clinical
settings associated with increased cardiovascular risk”'®,
Measures of arterial stiffness (e.g. augmentation index, arter-
ial velocity pulse index or pulse wave velocity) increase with
increasing MSNA in healthy subjects and in patients with
hypertension or existing CVD'’"%3, independently of BP?3,
with a greater effect in older individuals'®2'. Conversely,
pulse wave velocity has been described as a method for esti-
mating sympathetic nervous system activity>®. Sympathetic
overactivity has also been implicated in the development of
LVH?*. Finally, inhibiting SNS activity by nephrectomy during
renal transplantation or by renal denervation reversed vari-
ous aspects of hypertension-mediated organ damage in
patients with hypertension®.

Sympathetic overactivity associated with dysfunction of
the vasculature and myocardium has also been observed in
survivors of severe Covid-19 infection?’. Left ventricular dia-
stolic dysfunction is another potential consequence of hyper-
tension, and the relationships between this outcome and
sympathetic overactivity are discussed below in the section
on HF. Experimental data from animal models suggested
that sympathetic overactivity may overcome the ability of
endothelium-derived hyperpolarising factor to oppose vaso-
constriction in the setting of chronic kidney disease (CKD)*®
or metabolic syndrome?® (see below for separate discussion
of these common comorbidities of hypertension). Recent
data suggest that small, non-coding microRNAs mediate rela-
tionships between the SNS, renin-angiotensin-aldosterone
system and LVH in the setting of hypertension, although the
precise mechanisms of these relationships have yet to be
elucidated™°.

Heart rate as an indicator of sympathetic overactivity

The current European guidelines for the management of
hypertension recommend the use of a cut-off value for heart
rate of >80 beats per minute within its algorithm for identi-
fying patients at elevated risk of CVD?'. Observational data
from 193 subjects with untreated essential hypertension of
moderate  severity supports this recommendation'®.
Stratifying the study population for those with heart rate
above or below 80 beats per minute revealed that the higher
heart rate group had higher MSNA and venous plasma nor-
adrenaline (indicative related to sympathetic overactivity)
and greater left ventricular mass index (a manifestation of
hypertension-mediated organ damage that predicts
increased risk of adverse cardiovascular outcomes®'). Mean
BP was similar in magnitude between the two groups, sug-
gesting that sympathetic overactivity may contribute to
hypertension-mediated organ damage in hypertension over
and above that seen with elevated BP per se.

Heart failure

HF was identified as a hyperadrenergic state more than a
decade ago®? and continued clinical research has strength-
ened this association (Figures 1 and 4)****. A meta-analysis

(2016), which pooled 106 studies using MSNA, demonstrated
a 1.9-fold increase in MSNA among people with HF, com-
pared with healthy controls®. The level of MSNA was corre-
lated significantly with heart rate and venous plasma
noradrenaline, and also with cardiac function.

Current European guidelines for the management of HF
include a classification according to LVEF, where LVEF <40%
represents HF with reduced LVEF (HFrEF), LVEF 40-49% rep-
resents heart failure with mildly reduced LVEF (HFmrEF) and
higher LVEF represents HF with preserved LVEF (HFpEF)®.
Data from a recent (2019) study in 32 patients with HF of
mixed aetiology showed that MSNA was increased signifi-
cantly in patients who fell within either category of LVEF,
compared with control subjects (Figure 5)*’. The increase in
MSNA was also significant in patients with HFpEF, broadly in
parallel with baroreflex sensitivity and markers of the sever-
ity/aetiology of HF, i.e. LVEF and circulating B-type natriuretic
peptide (BNP)*’. It is notable in this study that circulating
levels of BNP were lower for people with HFpEF vs. HFmrEF
or HFrEF. HF was diagnosed according to European guide-
lines current at the time® and all patients in this study had
elevated BNP. A number of additional factors can affect the
actual prevailing level of natriuretic peptides in HFpEF3®%°,
Another recent (2021) observational study in 23 patients
demonstrated increased MSNA in subjects with LVEF consist-
ent with the new guideline classifications, irrespective of
whether the underlying aetiology was ischaemic or non-
ischaemic*'. Sympathetic overactivity has also been shown
to promote left ventricular diastolic dysfunction in people
with hypertension, independently of the level of BP eleva-
tion®?. A study from 2014 demonstrated for the first time
that patients with Takotsubo cardiomyopathy demonstrated
increased sympathetic nerve activity, measured in the pero-
neal nerve®. This was also associated with reduced barore-
flex control of the SNS. Sympathetic overactivity is now
recognized as an important risk factor for this reversible
presentation of cardiomyopathy™*.

Other conditions relevant to the CVD continuum

Metabolic syndrome

The presence of the metabolic syndrome, a constellation of
cardiovascular risk factors associated with insulin resistance,
predicts an increased long-term risk of both CVD and type 2
diabetes®. A study from 2017 in 65 subjects with metabolic
syndrome confirmed the association of increased heart rate
with sympathetic overactivity (increased MSNA) in this popu-
lation, although MSNA appeared to be a more precise indica-
tor than heart rate for the presence of sympathetic over
activity®®. A more recent (2022) cross-sectional study of 70
individuals with metabolic syndrome found that a resting
heart rate of at least 80 beats per minute, compared with
subjects with metabolic syndrome and heart rates of 70-79
beats per minute or <70 beats per minute, was predictive of
sympathetic overactivity, as measured using MSNA or plasma
noradrenaline?”. The diagnostic cut-off of 80 beats per
minute for heart rate in people with the metabolic syndrome
was therefore consistent with that used to identify
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Figure 5. Sympathetic overactivity in heart failure: data from a study in 32 patients with treated heart failure and 14 age-matched healthy control subjects.
Parameters measured: LVEF: left ventricular ejection fraction; BNP: B-type natriuretic peptide; NE: plasma norepinephrine (noradrenaline); MSNA: muscle sympathetic nerve activity;
MSNAc: MSNA corrected for heart rate; BRS: spontaneous baroreflex sensitivity. Reproduced with permission from reference 37.

sympathetic overactivity in people with hypertension, as
described above. A meta-analysis (2020, 16 studies) esti-
mated that MSNA was increased by about 30% in popula-
tions with vs. without the metabolic syndrome?®,

A single-nucleotide polymorphism of the ADRA1A gene
(rs17055869) may predict both increased risk of metabolic
syndrome and increased sympathetic nervous activity in
those who have it*°.

Obstructive sleep apnoea

Obstructive sleep apnoea (OSA) is characterized by repeated
obstruction of the upper airways during sleep®’. Typically,
people with OSA endure a vicious cycle where the airway
obstruction causes them to partially wake multiple times
each night, at which point the obstruction partially reverses,
and a resumption of deeper sleep leads to a repeat of the
obstruction. Risk factors for OSA and CVD overlap (e.g.
higher age, obesity, male gender) and people with this con-
dition are at markedly increased risk of all-cause and CVD
mortality (Figure 1). Patients may report daytime sleepiness
due to their inability to achieve a sustained period of restora-
tive sleep and as a result are also at increased risk of other
adverse outcomes, such as road traffic accidents.

A recent (2022) meta-analysis of 14 studies that used
microneurography to measure MSNA in patients without
comorbid CVD found that this parameter increased in parallel
with the severity of OSA®'. The associations found across the
individual studies were highly consistent, adding strength to

the likely validity of the findings. Interestingly, MSNA was cor-
related significantly with the apnoea-hypopnea index, a key
marker of OSA severity, but not with body mass index.
Another meta-analysis found that the presence of OSA exacer-
bated the increase in sympathetic overactivity associated with
obesity (Figure 6)°2. Accordingly, these data suggested that
the association between OSA and sympathetic overactivity
was independent of the presence or absence of obesity. A fur-
ther meta-analysis (2021, 26 studies) reported similar findings
and suggested the use of elevated heart rate (also significantly
associated with sleep apnoea-related sympathetic overactivity)
as a surrogate marker for diagnosing this condition®>.

The presence of OSA exacerbates sympathetic overactivity
in people with metabolic syndrome (see above), apparently
due a reflex activation of the sympathetic nervous system
caused by hypoxia during airway obstruction®®.

Obesity

Increased MSNA was associated significantly with overweight
and (to a greater extent) obesity in a 2019 meta-analysis of
45 studies that employed MSNA (Figure 6)°2. Here, the pres-
ence of sympathetic overdrive predicted the presence of
increased overall or central adiposity, higher BP and an
adverse lipid profile, although there was no correlation with
levels of plasma glucose or insulin, insulin resistance, heart
rate or venous plasma noradrenaline. Sympathetic nervous
activity is increased in muscle but not skin in people with
overweight or obesity, indicating that sympathetic
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Figure 6. Associations of sympathetic overactivity, measured as increased muscle sympathetic nerve activity (MSNA), with overweight or obesity with or without

comorbid obstructive sleep apnoea.

A positive mean difference means higher MSNA in obese vs. normal weight subjects. Mean (95%Cl) differences in MSNA in overweight vs. normal weight subjects (not shown on the fig-
ure) were 3.3 (0.3 to 6.3) bursts/min and 7.9 (0.9 to 15.0) bursts/100 beats. The presence or absence of sleep apnoea was self-declared. Drawn from data presented in reference 52.

overactivity is directed to particular organ systems rather
than generally throughout the body>®. The development of
overweight or obesity is a strong predictor of future hyper-
tension, and sympathetic overactivity (mainly directed
towards muscle and the kidney) and obesity combine to
increase the risk of adverse cardiovascular outcomes as over-
weight/obese individuals grow older (Figure 1)°°.

Chronic kidney disease

A diagnosis of CKD confers increased risk of adverse cardio-
vascular outcomes and progression of renal dysfunction,
especially in patients with comorbid conditions such as type
2 diabetes®’. A recent (2021) study of 82 individuals with
CKD found that heart rate, MSNA and plasma noradrenaline
were elevated, compared with 24 age-matched healthy con-
trol subjects®®. MSNA and plasma noradrenaline were signifi-
cantly and inversely related to estimated glomerular filtration
rate (eGFR); however, the correlation between heart rate and
eGFR did not achieve statistical significance, suggesting lim-
ited utility if this parameter as a surrogate marker of func-
tionally significant sympathetic overactivity in the population
with CKD. These findings support earlier studies that identi-
fied sympathetic overactivity as an important contributor to
the pathophysiology of CKD (reviewed elsewhere®®%°),
Finally, sympathetic overactivity and increased asymmetric
dimethylarginine (ADMA, an endogenous inhibitor of nitric
oxide synthase and a known risk factor for CKD progression)
may form part of a common pathogenetic mechanism in the
progression of renal dysfunction and adverse cardiac remod-
elling in the setting of CKD®'".

Relevance of sympathetic overactivity to the
management of patients at elevated cardiovascular risk

Observations of the prognostic importance of sympathetic
overactivity in people with hypertension may help guide

treatment for this condition, either by consideration of
pharmacologic approaches that may reduce hypertension-
mediated damage to the vasculature and other organs
(e.g. Bi-adrenoceptor blockade in patients with HF*®, or in
selected hypertensive patients®') or by non-pharmacologic
approaches (e.g. renal denervation or carotid baroreceptor
stimulation)®27®°. Inhibition of sympathetic nervous system
activity has also been proposed as a potential mechanism
for the cardiorenal protection observed following treat-
ment of high-risk patients with sodium-glucose cotrans-
porter-2  (SGLT2) inhibitors®®®”. Other articles in this
collection address the role of pharmacotherapy (and
B-blockade in particular) in addressing the adverse
effects of sympathetic overactivity on the cardiovascular
system®872,

Conclusions

Activation of the SNS has been described as a “natural
physiological consequence to life stressors but also to any
condition that may harm our body”3. The evidence sum-
marized above demonstrates conclusively that an over
application of this intended protective mechanism does
more harm than good in the setting of hypertension, HF
and other conditions associated with increased cardiovascu-
lar risk, including obesity, CKD and obstructive sleep
apnoea. Indeed, sympathetic overactivity promotes and
exacerbates hypertension, and drives the patient along the
CVD continuum towards hypertension-mediated organ dam-
age and an eventual catastrophic cardiovascular event
(Figure 1). This phenomenon has been observed consist-
ently across many individual studies, and in meta-analyses.
Consideration of the possibility of sympathetic overactivity
should play a part in the clinical evaluation of patients pre-
senting with increased cardiovascular risk or estab-
lished CVD.
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