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Sympathetic Overdrive and Cardiovascular Risk 
in the Metabolic Syndrome

Guido GRASSI1)–3)

Sympathetic neural factors are involved in energy balance as well as in blood pressure control. This repre-

sents the background for the hypothesis that an adrenergic overdrive may be implicated in the development

and/or progression of the metabolic syndrome. Indirect and direct markers of sympathetic drive have con-

firmed this hypothesis, by showing the occurrence of an adrenergic activation both at the cardiac and

peripheral vascular level. It is likely that this sympathetic dysfunction is triggered by reflex mechanisms

(arterial baroreceptor impairment), metabolic factors (insulin resistance), and humoral agents (angiotensin

II, leptin). The adrenergic overdrive exerts a number of adverse effects on the cardiovascular system, by

favoring the genesis of cardiac hypertrophy, vascular hypertrophy, arterial remodeling and endothelial dys-

function and thereby aggravating the already elevated cardiovascular risk profile of the patient. This carries

obvious clinical and therapeutic implications, including the suggestion that sympathetic inhibition should

be included among the goals of both pharmacological and non-pharmacological interventions employed in

the treatment of the metabolic syndrome. (Hypertens Res 2006; 29: 839–847)
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Introduction

During the past few years, a condition characterized by the
clustering of several cardiovascular and metabolic risk fac-
tors, known as “metabolic syndrome,” has engendered grow-
ing interest among clinicians and investigators due to its
unfavorable impact on cardiovascular morbidity and mortal-
ity. However, because there is no comprehensive picture of
the disease pathophysiology, no specific guidelines have been
developed for therapeutic intervention.

The present paper will critically review the hypothesis that
a dysfunction in the sympathetic control of the cardiovascular
and metabolic function might be responsible for the disease
pathophysiology and the related cardiovascular risk, thus rep-
resenting a specific target of the therapeutic intervention. I

will first consider the sympathetic alterations occurring under
specific conditions clustering in the metabolic syndrome,
such as hypertension and obesity. I will then examine the role
played by neurogenic factors in the metabolic syndrome and
the metabolic, reflex and humoral mechanisms potentially
responsible for the profound neuroadrenergic abnormalities
detectable in this condition. I will also examine the participa-
tion of the sympathetic nervous system in the development
and/or progression of the cardiac, vascular and renal end-
organ damage frequently observed in the clinical course of
the disease. This will allow me to address, in the final part of
the paper, the therapeutic implications of the above-men-
tioned findings and to discuss the treatment options based on
drugs capable of inhibiting the sympathetic neural drive and
thereby ameliorating the adverse cardiometabolic effects of
the disease.
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Sympathetic Function in Hypertension 
and in Obesity

The hypothesis that a functional alteration in the sympathetic
nervous system might represent the pathophysiologic “core”
of the metabolic syndrome is based on evidence that the two
main variables which appear to be primitively deranged in
this condition, i.e., blood pressure and thermogenesis, are
under adrenergic influences (Fig. 1). Indeed, evidence has
been provided that, in experimental animals, alterations in
sympathetic control of energy expenditure may favor directly
or indirectly (i.e., without or with the presence of an insulin
resistance state) a gain in body weight and, with time, the
occurrence of an overweight or obese state (1, 2). On the other
hand, data collected in experimental animal models of hyper-
tension as well as in human hypertension provide conclusive
evidence that alterations in the sympathetic control of heart
rate, cardiac output, peripheral vascular resistance and renal
sodium handling may promote, alone or in combination, the
development and progression of the hypertensive state (3–5).

As far as essential hypertension is concerned, a consistent
number of direct and indirect evidences provide almost
univocal support of the hypothesis that high blood pressure
states are characterized by sympathetic overactivity. For
example “old” data collected in the Tecumseh Study have
shown that young patients with borderline hypertension (and
particularly those with a hyperkinetic circulation) display a
resting tachycardia associated with increased plasma norepi-
nephrine values (6). Since heart rate values 1) depend on both
vagal and sympathetic neural influences (7) and 2) correlate
with other independent markers of adrenergic drive (8), the

conclusion has been drawn that early hypertensive phases are
already characterized by a hyperadrenergic state. In more
recent years, techniques based on direct assessment of sympa-
thetic tone, such as the microneurographic recording of effer-
ent sympathetic nerve traffic to the skeletal muscle district
and the so-called “norepinephrine radiolabeled technique”
(9), have supported these indirect evidences, expanding the
information available on the behavior of the sympathetic
function in early hypertensive phases to the stable and/or
more severe forms of the disease. This is shown in Fig. 2,
which refers to the results of a microneurographic study per-
formed by our group in mild and more severe essential hyper-
tensive patients (10). Indeed, when the nerve firing rate, i.e.,
the number of sympathetic bursts over time or corrected for
heart rate, was assessed in normotensive middle-age subjects
and in untreated age-matched patients displaying blood pres-
sure elevations of increasing severity, the results showed that
not only mild but also more severe essential hypertension was
characterized by sympathetic overactivity. Such findings
indicate that the degree of adrenergic activation is directly
proportional to the severity of the hypertensive state.

The microneurographic approach has also led to three
important findings regarding the participation of neurogenic
mechanisms in the development of hypertension. First, the
sympathetic overactivity appears to be a specific feature of
the essential hypertensive state, since no adrenergic overdrive
is reported in secondary forms of hypertension, such as in
renovascular hypertension or in hyperaldosteronism (Fig. 2)
(10). Second, not only young or middle-age patients but also
elderly subjects with isolated systolic or systodiastolic hyper-
tension display an increased sympathetic nerve–firing rate
(11). Finally, as discussed below, the magnitude of the sym-

Fig. 1. Scheme illustrating the role exerted by the Sympathetic Nervous System (SNS) in energy balance (top) and blood pres-
sure (bottom) control. Symbols (+) and (−) refer to excitatory or inhibitory effects. Modified from Reaven et al. (1).
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pathetic activation appears to be heightened when the hyper-
tensive state is complicated by cardiac hypertrophy, i.e., when
target organ damage is present (12, 13).

The norepinephrine spillover technique has provided fur-
ther information on the behavior of adrenergic function in
hypertension. In this method, small amounts of tritiated nor-
epinephrine and epinephrine are infused into humans, thereby
allowing quantification of the spillover and clearance rate of
the adrenergic neurotransmitters in both the systemic and
regional circulation (9). This approach has demonstrated that
there is an “actual” increase in the secretion of norepinephrine
from sympathetic nerve terminals in hypertension, and that
this increase occurs in organs displaying a specific pro-hyper-
tensive pathogenetic role, such as the kidney, or in districts
exposed to the complications of the hypertensive state, such
as the cerebral and the coronary circulation (14, 15).

Unlike in hypertension, in obesity the interest of investiga-
tors has only recently focused on the behavior of sympathetic
function. However, a wide range of information has already
been obtained, and can be summarized as follows. The obese
state, even when unaccompanied by a blood pressure eleva-
tion, displays signs of adrenergic activation, such as increased
resting heart rate values and elevated plasma norepinephrine
values (16). This has been confirmed by the results of the
Normative Aging Study, which in a large number of subjects
has shown a close direct relationship between 24-h urinary
figures of norepinephrine metabolites and body mass index
values (17). This has also been confirmed by the evidence that
an augmented sympathetic neural discharge to skeletal mus-
cle as well as an increased spillover rate of norepinephrine
from sympathetic nerve endings, particularly at the level of
the kidney, takes place in obese normotensive subjects (18,

19). Taken together, these findings provide conclusive evi-
dence that the sympathetic overdrive plays a role in human
obesity, although the magnitude of this role differs somewhat
according to the specific patterns of fat distribution. This is
shown in Fig. 3, which displays the results of a recent micro-
neurographic study in which the muscle sympathetic neural
drive was assessed in abdominal as well as in peripheral obe-
sity (20). The results clearly indicate that the degree of sympa-
thetic activation (and the magnitude of the insulin resistance
state) is much greater in patients with visceral body fat depos-
its than in those with peripheral distribution of the adipose tis-
sue. This finding (which, as discussed below, underscores
once again the close relationships between sympathetic over-
activity and insulin sensitivity) has been further confirmed by
the results of a study showing that subcutaneous body fat
accumulation is not linked to an adrenergic overdrive (21).

Should the sympathetic overactivity be regarded as a fea-
ture common to almost all obese states or rather to specific
clinical conditions? The question, which has been advanced
in the past few years, does not appear to be an “academic”
one, since a state of adrenergic overdrive carries an adverse
impact on cardiovascular morbidity and mortality, thus repre-
senting an important clinical and therapeutic target. The back-
ground for this question was provided by a study suggesting
that obesity results in a hyperadrenergic state only when it is
associated with obstructive sleep apnea (22). The question
was recently re-examined by our group in a study in which
microneurographic assessment of muscle sympathetic nerve
traffic was performed in lean and obese subjects with or with-
out polysomnographic evidence of sleep apnea (23). The
study’s results, summarized in Fig. 4, allow us to draw three
main conclusions. First, human obesity, even when uncou-

Fig. 2. Mean arterial pressure (MAP), heart rate (HR) and muscle sympathetic nerve traffic (MSNA) in normotensive subjects
(NT) and in patients with moderate and more severe essential hypertension (EH). Data in secondary hypertension (HT) are also
shown. Data are shown as the means±SEM. Asterisks indicate statistically significant differences between groups (*p<0.05,
**p<0.01). This figure is based on data from Grassi et al. (10).
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pled with sleep apnea, induces a hyperadrenergic overdrive of
the cardiovascular system. Second, sleep apnea exerts poten-
tiating effects on the sympathetic function, increasing by 30–
40% the adrenergic overdrive seen in obese subjects without
this complication. Finally, the sympathoexcitatory effects
triggered by sleep apnea do not seem peculiar to the obese
state, their presence being also detectable in normoweight
individuals. It thus appears that the sympathetic overdrive
characterizing the obese state is not limited to patients with
sleep apnea.

Sympathetic Overdrive in the 
Metabolic Syndrome

As mentioned above, there is a solid background to the
hypothesis that neurogenic alterations occur in metabolic syn-
drome. This is based on the evidence that 1) cardiovascular as
well as metabolic function are modulated by sympathetic
mechanisms and 2) several of the pathologic states clustering
in the metabolic syndrome already display an increased
adrenergic drive (2, 3, 10, 18–20). This is also based on the
finding that when obesity and hypertension are concomitantly
present in the same patient, the degree of sympathetic activa-
tion is much greater than in patients with either condition sin-
gly (24).

Data collected on this issue in recent years provide evi-
dence that sympathetic overdrive does occur in metabolic
syndrome. First, data based on urinary normetanephrine assay

have demonstrated an increase in 24-h excretion of this cate-
cholaminergic metabolite in patients with metabolic syn-
drome (25). Second, a reduced low frequency/high frequency
power, suggestive of a hyperadrenergic drive, has been
reported in patients with, but not in those without, the cluster-
ing of metabolic risk factors (25). Third, whole body norepi-
nephrine spillover appears to be reduced in patients with
metabolic syndrome who undergo lifestyle interventions
(diet, physical exercise) capable of improving and/or revers-
ing the single components of the disease (26). Finally, two
recent microneurographic studies have independently shown
that middle-age subjects with metabolic syndrome display
greater levels of sympathetic nerve traffic (27, 28). Interest-
ingly, the sympathetic overdrive appears to be independent of
the presence of hypertension, since it is detectable even in
patients without high blood pressure (Fig. 5). It also appears
to be detectable in cardiovascular diseases that are frequently
characterized by sympathetic activation, such as in heart fail-
ure complicated by metabolic syndrome (29). Taken together,
these findings suggest that the metabolic syndrome–depen-
dent sympathoexcitation is a common finding in uncompli-
cated or complicated clinical states.

Mechanisms Responsible for 
the Sympathetic Abnormalities in 

the Metabolic Syndrome

Long-term changes in sympathetic drive, such as those

Fig. 3. Muscle sympathetic nerve traffic (MSNA), plasma norepinephrine (NE) and HOMA index values in lean subjects (L) and
in patients with peripheral (PO) and central (CO) adiposity. Data are shown as the means±SEM. MSNA data are expressed
both as bursts incidence over time (bs/min) and as number of bursts corrected for heart rate (bs/100 hb). Asterisks indicate sta-
tistically significant differences between groups (*p<0.05, **p<0.01). This figure is based on data from Grassi et al. (20).
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described in the metabolic syndrome and in its single compo-
nents, are likely to have a multiple physiopathological nature.
One of the hypotheses advanced is that the neurogenic alter-
ations originate from an impairment of the baroreflex, i.e., a
major restraining mechanism on sympathetic tone (3). This
possibility appears to be confirmed by the evidence that arte-
rial baroreceptor control of sympathetic nerve traffic under-
goes a clearcut impairment in patients with metabolic
syndrome and that both the sympathoinhibitory and the sym-
pathoexcitatory baroreflex components are involved (28).
The reflex impairment may also involve other reflexogenic
areas, such as the cardiopulmonary receptors and the

chemoreceptors as well (3). Although no specific data are
available on the behavior of these reflex functions in the met-
abolic syndrome, data collected in hypertensive patients with
left ventricular hypertrophy or in obese subjects with sleep
apnea syndrome do provide clearcut evidence that alterations
in the reflex restraint exerted by these reflexogenic areas on
adrenergic drive may participate in the occurrence of the
hyperadrenergic state (30, 31).

It has also been hypothesized that the sympathetic overac-
tivity occurring in metabolic syndrome is dependent on the
hyperinsulinemia and the related insulin resistance state char-
acterizing the disease (32). This hypothesis comes from the

Fig. 4. Plasma norepinephrine (NE) and muscle sympathetic nerve traffic (MSNA) values detected in lean subjects without (L−)
and with (L+) sleep apnea and in age-matched obese patients without (O−) and with (O+) sleep apnea. Data are shown as the
means±SEM. Asterisks indicate statistically significant differences between groups (*p<0.05, **p<0.01). Note that obese sub-
jects display sympathetic activation even when the obese state is not complicated by sleep apnea. This figure is based on data
from Grassi et al. (23).

Fig. 5. Muscle sympathetic nerve traffic values in control eumetabolic subjects (C) and in normotensive (MS HT−) and hyper-
tensive (MS HT+) patients with metabolic syndrome. Data are shown as the means±SEM. Asterisks indicate statistically signifi-
cant differences between groups (*p<0.05, **p<0.01). Note that patients with metabolic syndrome display sympathetic
activation even when hypertensive patients are excluded from data analysis. This figure is based on data from Grassi et al. (28).
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evidence that, in experimental animals as well as in humans,
acute systemic administration of insulin, performed without
affecting glucose levels in the context of the so-called eug-
lygemic clamp approach, triggers a marked sympathetic stim-
ulation (32–35). Several data further support the above-
mentioned hypothesis. For example, it has been shown that
the level of activation of the sympathetic nervous system and
the level of insulin resistance are closely correlated in both
cardiovascular and non-cardiovascular diseases. Further-
more, recent data by our group suggest that, in obese subjects
not yet displaying an insulin resistance state, the degree of
sympathetic activation is much less than that detected in age-
matched obese individuals with reduced insulin sensitivity
(36). Finally, as discussed below, the effects of antihyperten-
sive drugs on adrenergic drive (sympathoexcitation or sym-
pathoinhibition) are frequently mirrored by their impact on
insulin sensitivity (worsening or improvement) (Table 1). A
further intriguing finding is that the sympathetic-insulin
crosstalks are bidirectional, and at present it is still unknown
whether the sympathetic activation is responsible for the insu-
lin resistance state or whether it represents an epiphenomenon
of the metabolic alteration (32, 33, 37).

A final possibility is that the sympathetic overactivity
depends on the hormonal factors involved in the homeostatic
control of the cardiovascular function. They include, for
example, angiotensin II, which 1) enhances neuroadrenergic
cardiovascular drive through stimulation of receptors located
within the hypothalamus (paraventricular nucleus) (38), 2)
interacts with the nitric oxide system to potentiate sympa-
thetic function (38, 39) and 3) affects norepinephrine turnover
at the level of peripheral nerve endings (40). This hypothesis
appears to be confirmed also in humans by the evidence that
in obese hypertensive patients, patients with renal insuffi-
ciency, or patients with left ventricular failure (i.e., in condi-
tions characterized by a marked sympathetic and renin-
angiotensin activation), administration of angiotensin II
receptor blockers results in a clearcut sympathoinhibition
(41–43). A further hormonal substance is leptin, which acts at
the level of the hypothalamus to increase blood pressure via
its central sympathoexcitatory effects (44, 45).

Sympathetic Activation, Cardiovascular 
Risk and Organ Damage

In several pathological conditions there is a close link
between sympathetic activity and cardiovascular risk. This
has been shown, for example, in patients with congestive
heart failure, in which indirect and direct markers of systemic
and regional sympathetic drive (venous plasma norepineph-
rine, heart rate variability, heart rate spectral power, cardiac
and renal norepinephrine spillover) have been documented to
bear a close and direct relationship with cardiovascular mor-
tality, disease progression and arrhythmic events, including
sudden death (46–51). Similar conclusions have been drawn
by assessing the prognostic values of plasma norepinephrine
or heart rate variability in the post-stroke phase following an
acute myocardial infarction or in patients with vasospastic
angina (52–55). Finally, dysfunction in sympathetic cardio-
vascular control has also been shown to have prognostic value
in non-cardiovascular diseases such as diabetes mellitus and
renal failure (56, 57), thereby documenting the clinical rele-
vance of the neuroadrenergic overdrive in a broad spectrum
of pathological states.

To date, the evidence supporting a role of sympathetic acti-
vation in metabolic syndrome appears to be less stringent than
in the above-mentioned diseases. However, solid data support
the notion that sympathetic neural mechanisms participate in
the development and progression of metabolic syndrome–
related target organ damage. One example is represented by
left ventricular hypertrophy, whose occurrence has been
shown to further worsen the already compromised survival of
patients with metabolic syndrome (58). Studies performed “in
vitro” have indeed shown that the growth of cardiomyocytes
is under adrenergic influences (59). The “pro-hypertrophic”
effects exerted by the sympathetic nervous system on myo-
cardial tissue have been confirmed in animal studies showing
that the systemic infusion of norepinephrine for several
weeks, even when devoid of any pressor effect, triggers an
increase in left ventricular mass (60). The evidence collected
so far also extends to human beings. For example, it has been
reported that in hypertensive patients a coronary arterio-
venous difference in plasma norepinephrine is enhanced in
the presence of left ventricular hypertrophy (61), indicating
that the hypertrophic heart is associated with (and probably
dependent on) an increased adrenergic cardiovascular drive.
Furthermore, in hypertensive patients with echocardiographic
evidence of left ventricular hypertrophy: 1) cardiac norepi-
nephrine spillover is increased (13) and 2) sympathetic neural
discharge, as quantified by the microneurographic approach,
is enhanced (12). Finally, in conditions characterized by a
marked sympathetic activation, such as in the hypertensive
state complicated by end-stage renal failure, venous norepi-
nephrine (i.e., an indirect marker of adrenergic drive) also dis-
plays an increase in its circulating blood levels (62). A further
example is represented by arterial stiffness and vascular

Table 1. Effects of Different Antihypertensive Drug Classes
on Sympathetic Function on Insulin Profile

Drug class
Sympathetic 

activity
Insulin 

resistance

Diuretics Increased Worsened
β-Blockers Decreased Worsened
Calcium antagonists Unchanged Unchanged
ACE inhibitors Decreased Improved
Ang II receptor blockers Decreased Improved
Central sympatholytics

 (I1 agonists) Decreased Improved

ACE, angiotensin-converting enzyme; Ang II, angiotensin II.
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hypertrophy (63), given the evidence that sympathetic influ-
ences 1) modulate beat-to-beat the elastic properties of large-
and medium-size arteries (64), 2) participate at the develop-
ment and/or progression of vascular structural alterations (65)
and 3) promote the endothelial dysfunction and thus the
occurrence of atherosclerotic vascular lesions (65).

Taken together, these findings support the notion that in the
metabolic syndrome, as in other cardiovascular diseases,
sympathetic overactivity has an adverse impact on both car-
diovascular function and cardiovascular prognosis.

Therapeutic Implications

Although at present no specific guidelines for the treatment of
the metabolic syndrome are available, there is a consensus
among various scientific societies and organizations, includ-
ing the European Task Force for Cardiovascular Prevention,
the European Society of Hypertension and the American
Heart Association, that specific pharmacologic and non-phar-
macological interventions should be suggested when the val-
ues of the various variables clustering in the metabolic
syndrome are clearly abnormal or even when they are in the
“high-normal” range (66–68). This appears to be particularly
the case for blood pressure values, whose cutoff values for
initiating drug treatment are ≥130/85 mmHg (68), i.e., clearly
below the values indicated in uncomplicated essential hyper-
tension. This may also be the case for resting tachycardia,
which can be frequently detected in the metabolic syndrome
(58, 68, 69) and may represent an early marker of cardiovas-
cular risk (70).

Based on the data discussed so far, sympathoinhibition
appears to be a key goal of the therapeutic approach to the
metabolic syndrome. Non-pharmacological lifestyle interven-
tions commonly used in clinical practice and capable of
improving both the hemodynamic and the metabolic profile,
such as energy-restricted diet or physical training, have been
clearly shown to exert sympathoinhibitory effects (71–73).
Interestingly, this sympathetic deactivation is paralleled by a
clearcut improvement in insulin resistance, a finding that
once again documents the close relationships existing
between the adrenergic and the metabolic function.

Sympathetic deactivation should also be one of the goals of
pharmacological interventions employed in the metabolic
syndrome, and particularly of antihypertensive drug treat-
ment (74). While diuretics and β-blockers appear to be clearly
contraindicated due to their unfavorable metabolic effects, the
preferred antihypertensive drugs in the treatment of the dis-
ease appear to be calcium-antagonists, angiotensin-convert-
ing enzyme (ACE) inhibitors and angiotensin II antagonists
(74). This is because these drugs 1) are effective in ensuring a
blood pressure control over a 24-h period, 2) are lipid neutral,
3) are capable of improving insulin sensitivity and 4) exert
neutral (calcium antagonists) or favorable (ACE inhibitors
and angiotensin II receptor blockers) effects on sympathetic
function (74). To these evidences should be added the finding

that 1) new calcium channel blockers, such as cilnidipine and
barnidipine, may exert inhibitory effects on adrenergic func-
tion (75), unlike “classic” compounds, and 2) new central
sympatholitic agents, such as imidazoline I1, receptor agonists
may trigger favorable metabolic and sympathoinhibitory
effects (74). This recently developed class of drugs, which
includes monoxidine and rilmenidine, exerts central sym-
pathoinhibition by stimulating type I imidazoline receptors
located in the rostro-ventromedullary region of the brain stem
(76). Their clinical use in metabolic syndrome is supported by
their favorable effects on insulin sensitivity, glucose tolerance
and lipid profiles (76).

Conclusions

In recent years, the relationships among sympathetic dysfunc-
tion, metabolic syndrome and cardiovascular risk have engen-
dered much interest. As a result, sympathetic overactivity is
increasingly being considered a major target for therapeutic
interventions aimed at reducing global cardiovascular risk.
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