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Aims

 

Moxonidine is an I

 

1

 

-imidazoline receptor agonist that reduces blood pressure by
inhibition of central sympathetic activity. The effects of the drug under physical and
mental stress have not been studied in detail.

 

Methods

 

We investigated the effects of 0.4 mg moxonidine orally on sympathetic activity, blood
pressure and heart rate in a double-blind, placebo-controlled crossover study in
12 healthy volunteers. The subjects underwent physical exercise test using bicycle
ergometry and a mental stress test using an adaptive reaction test device. Potential
association of parameters with the GNB3 C825T polymorphism was also assessed.

 

Results

 

Under resting conditions, moxonidine decreased plasma noradrenaline (NA: 

 

-

 

66.1

 

±

 

 12 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.01 

 

vs

 

 placebo) and adrenaline (A: 

 

-

 

18.8 

 

±

 

 6 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.05

 

vs

 

 placebo). Physical exercise evoked a significant increase in plasma NA and A (NA:
760 

 

±

 

 98 pg ml

 

-

 

1

 

; A: 97 

 

±

 

 9 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.001 

 

vs

 

 baseline), which was significantly
reduced after pretreatment with moxonidine (NA: 627 

 

±

 

 68 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.05 

 

vs

 

placebo; A: 42.8 

 

±

 

 4 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.01 

 

vs

 

 placebo). Maximal physical exercise capac-
ity was not limited by moxonidine (NS). During the mental stress test, increases in
NA (placebo: 146 

 

±

 

 24 pg ml

 

-

 

1

 

, moxonidine: 84 

 

±

 

 26 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.01 

 

vs

 

 placebo)
and A (placebo: 22.8 

 

±

 

 9 pg ml

 

-

 

1

 

, moxonidine: 8.0 

 

±

 

 8 pg ml

 

-

 

1

 

; 

 

P

 

 

 

<

 

 0.01 

 

vs

 

 placebo)
were significantly reduced after pretreatment with moxonidine. Increases in blood
pressure during mental stress were significantly lower after pretreatment with mox-
onidine (

 

P 

 

<

 

 0.05 

 

vs

 

 placebo). There was no association of the response to moxoni-
dine with GNB3 genotypes (NS).

 

Conclusions

 

Moxonidine decreases total sympathetic tone under basal conditions as well as during
physical exercise and mental stress without limiting absolute exercise capacity. Thus,
moxonidine appears suitable for the treatment of patients with high SNS activity and
hypertension induced by physical or mental stress. As the drug does not reduce
exercise capacity, it may be considered as an alternative to 

 

b

 

-adrenoceptor blockers
in selected patients.

 

Introduction

 

The sympathetic nervous system (SNS) is an important
regulator of cardiovascular function. Its activity is deter-
mined by psychological, neuronal and humoral factors

[1, 2]. Activation of neurohumoral systems as well as
impairment of local regulatory mechanisms plays a sig-
nificant role in the pathogenesis and prognosis of car-
diovascular diseases [3].
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Centrally acting antihypertensive drugs such as cloni-
dine, guanfacine and 

 

a

 

-methyldopa have been widely
used in the past as effective central sympatholytic anti-
hypertensive drugs [4]. However, due to their unpleasant
side-effects these drugs are no longer used as first line
therapy in hypertension.

The newly developed central antihypertensives,
i.e. moxonidine and rilmenidine, act mainly on imi-
dazoline-1 receptors and less so on central 

 

a

 

2

 

-
adrenoreceptors in an agonistic fashion. We have
previously shown, that moxonidine under resting
conditions not only reduces plasma catecholamine
concentrations, but importantly central SNS activity
as assessed by the measurement of muscle sympa-
thetic nerve activity (MSA) using microneurogra-
phy [5].

Central SNS overactivation due to physical or mental
stress may contribute to unwanted effects of the SNS on
the heart, the vessels and the kidney leading to myocar-
dial and vascular hypertrophy, hypertension and pro-
teinuria [6–8].

It has been shown that antihypertensive drugs
act differently on SNS activity under resting condi-
tions. Pure vasodilators mostly stimulate central
SNS activity, whereas ACE inhibitors and central
sympatholytics reduce central SNS activity [5, 9,
10]. Only very few data are available on the
effects of antihypertensive drugs under physical and
mental stress. Indeed, 

 

b

 

-adrenoceptor blockers,
peripheral 

 

a

 

-adrenoceptor blockers, diuretics and
DHP calcium channel blockers increase plasma
noradrenaline during exercise [11–13], whereas
ACE inhibitors and Ang-II receptor antagonists
have no effect on stimulated SNS activity [9, 14].
Effects of antihypertensive drugs on SNS activity
during mental stress are not systematically stud-
ied; we found no effect of the DHP calcium
antagonist nifedipine on MSA during mental stress
[10].

The G protein 

 

b

 

3 subunit 825T allele was shown
in several studies to be significantly associated with
an increased risk for hypertension [15–17]. Effi-
cacy of antihypertensive treatment may depend on
the pharmacogenetic response to cardiovascular
drugs [18]. Therefore, we investigated the effects of
moxonidine on exercise and mental stress-induced
SNS activation in normotensive healthy volunteers
in a double-blind, placebo-controlled crossover
study. As a secondary endpoint, we assessed the
association of the acute response to 0.4 mg mox-
onidine or placebo with the carrier status of the
GNB3825T allele.

 

Methods

 

Study design

 

We performed a double-blind, placebo controlled cross-
over study in 12 young healthy subjects assessing the
effects of 0.4 mg moxonidine on exercise and mental
stress-induced sympathetic activation (for demographic
characteristics see Table 1). The subjects were free of
any cardiovascular diseases based on medical history
and a physical examination before the study. Written
informed consent was obtained from all subjects. The
ethics committee of the University Hospital Essen, Ger-
many, approved the study.

 

Procedure

 

The subjects were investigated in the salt replete state.
On the study day, the subjects were positioned in a
supine position, a peripheral venous access was inserted
in the forearm 40 min after resting in the quiet condi-
tions of a climatized room, blood was drawn to assess
basal parameters (catecholamines) as well as basal hae-
modynamics (heart rate, blood pressure). Thereafter,
either placebo or 0.4 mg moxonidine were administered
orally. After 3 h of resting conditions plasma catechola-
mines and basal haemodynamics were reassessed. Sub-
sequently, a bicycle exercise-test was performed starting
with 50 watt increasing to 100, 150 and 200 watt every
2 min. At the end of each step, plasma catecholamines,
heart rate, and blood pressure were reassessed. After the
exercise test, a resting period of 60 min was allowed,
and during this phase the subjects were again in the
supine position. Then basal concentrations of plasma
catecholamines, heart rate and blood pressure were
again assessed. Next a mental stress test was performed
using an adaptive reaction tester. This device forces the
subject to push four different buttons (red, blue, yellow,

 

Table 1

 

Major demographic and safety parameters of the subjects

 

Age (years) 24.2 

 

± 

 

4.5
Sex (male: female) 12/0
Body mass index (kg m

 

-

 

2

 

) 22.3 

 

± 

 

1.3
Genotype (825T allele) CC 

 

vs

 

 CT/TT 6 : 6
Haemoglobin (g dl

 

-

 

1

 

) 15.1 

 

± 

 

1.1
Hematocrit (%) 44.4 

 

± 

 

3
Sodium (mmol l

 

-

 

1

 

) 140.5 

 

± 

 

2
Potassium (mmol l

 

-

 

1

 

) 3.9 

 

± 

 

0.3
Creatinine (mg dl

 

-

 

1

 

) 0.8 

 

± 

 

0.2
GOT (U l

 

-

 

1

 

) 20.4 

 

± 

 

5
Gamma GT (U l

 

-

 

1

 

)  11 

 

± 

 

3
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green) according to the corresponding LED. The device
is programmed to guarantee a fault rate of approxi-
mately 50%, thus leading to a well-defined and repro-
ducible mental stress (Basler Art, Fa. Dr Maus,
Germany).

Seven days later, the same procedure was performed
this time administering 0.4 mg moxonidine or placebo
according to the double-blind, placebo controlled cross-
over study design.

During the whole observation period, vital parameters
(heart rate and blood pressure) were monitored every
15 min for safety reasons. On the study day, all subjects
were studied under the same conditions, i.e. in the morn-
ing (09.00 h), after a light breakfast. After micturition
to avoid any stimulation of sympathetic nerve activity
through bladder distension, subjects were asked to
resume the supine position [19].

We chose the period of 180 min after drug adminis-
tration based on previously published literature on the
pharmacokinetics and dynamics of moxonidine as well
as on the basis of our own previous experience, which
showed a significant effect of moxonidine on MSA after
more than 120 min [5, 9, 10].

Heart rate was calculated from the mean RR-
interval min

 

-

 

1

 

 of an ECG. Blood pressure was assessed
noninvasively using a mercury manometer (Dinamap
Compact T, Fa. Critikon Germany) assessing Korotkow
phase I for systolic and IV for diastolic blood pressure.

Moxonidine (0.4 mg orally) or placebo was supplied
and blinded by the hospital pharmacy (Univer-
sitätsklinik Essen, Germany) in a neutral capsule.

Data are given as mean 

 

±

 

 SEM. The significance of
differences was calculated by analysis of variance for
repeated measures (

 

ANOVA

 

; 95% confidence inter-
vals); a 

 

P

 

 value of = 0.05 was taken for statistical
significance.

 

Assays

 

Plasma catecholamines and renin were determined by
HPLC as described previously [20, 21]. Immediately
after drawing the blood, the samples were stored on ice
and cool-centrifuged as described [21].

 

Results

 

Safety parameters

 

Basal laboratory values (haemoglobin, haematocrit,
creatinine, liver enzymes) were within normal ranges
(Table 1). Except for a dry mouth in four healthy
volunteers after intake of moxonidine there were no
adverse effects after administration of either placebo or
moxonidine.

 

Plasma catecholamines

 

Resting conditions

 

Under resting conditions plasma
noradrenaline and adrenaline concentrations decreased
significantly 

 

vs

 

 placebo (NA: 

 

P

 

 

 

<

 

 0.01 

 

vs

 

 placebo; Fig-
ure 1, left panel; A: P < 0.05 vs placebo; Figure 1, right
panel).

Bicycle exercise Bicycle exercise induced a significant
increase in plasma noradrenaline and plasma adrenaline
concentrations (P < 0.001 vs baseline). Stimulated
plasma noradrenaline concentrations were significantly
lower after pretreatment with moxonidine compared
with placebo (P < 0.05 vs placebo; Figure 2, left panel).
Similarly, during physical exercise, adrenaline plasma
concentrations were significantly lower after pretreat-
ment with moxonidine compared with placebo (P < 0.05
vs placebo; Figure 2, right panel). Maximal physical
exercise capacity did not differ between placebo and
moxonidine treatment (NS).

Mental stress test Mental stress evoked a significant
increase in plasma noradrenaline and a marked increase
in adrenaline (P < 0.01 vs baseline). After the mental
stress test, noradrenaline plasma concentrations were
significantly lower after pretreatment with moxonidine
compared with placebo (P < 0.01, Figure 3, left panel).
Similarly, adrenaline plasma concentrations were mark-
edly reduced after pretreatment with moxonidine com-
pared with placebo (P < 0.01 vs placebo, Figure 3, right
panel).

Blood pressure
Resting conditions Under resting conditions there was
no significant reduction of systolic and diastolic blood
pressure vs baseline (NS vs placebo).

Figure 1
Changes in plasma noradrenaline (left panel) and adrenaline (right panel) 

under resting conditions after administration of either placebo or 0.4 mg 

moxonidine. */**P < 0.05/ < 0.01 vs baseline. Placebo (�), moxonidine 
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Bicycle exercise Systolic and diastolic blood pressure
increased significantly during physical exercise
(P < 0.01, Table 2). Moxonidine had no significant
effect on either systolic or diastolic blood pressure under
stimulated conditions (NS vs placebo).

Mental stress test Mental stress test increased systolic
and diastolic blood pressure significantly (P < 0.01,

Table 2). There was a significant reduction of systolic
and diastolic blood pressure after pretreatment with
moxonidine compared with placebo during mental
stress (P < 0.05, Table 2).

Heart rate
Resting conditions Under resting conditions heart rate
did not differ significantly vs baseline (Table 2).

Figure 2
Changes in plasma noradrenaline (left panel) and adrenaline (right panel) during bicycle exercise testing after administration of either placebo or 0.4 mg 

moxonidine. */**P < 0.05/ < 0.01 vs baseline. W = Watt. Placebo (�), moxonidine (�)

-200

-100

0

100

200

300

400

500

600

700

800

Control Baseline 100W 150W 200W

N
or

ad
re

na
lin

e 
(p

g/
m

L)

-20

0

20

40

60

80

100

120

Control 3h 100W 150W 200W

A
dr

en
al

in
e 

(p
g/

m
L)

*

**

*

*

**

**

**

*

Figure 3
Changes in noradrenaline (left panel) and adrenaline (right panel) during mental stress test after administration of either placebo or 0.4 mg moxonidine. 

*/**P < 0.05/ < 0.01 vs baseline. Placebo (�), moxonidine (�)
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Table 2
Effects of moxonidine vs placebo on heart rate and blood pressure under resting conditions, and after physical exercise and 
mental stress

HR
(beats min-1)

Placebo
Systolic BP
(mm Hg)

Diastolic BP
(mm Hg)

HR
(beats min–1)

Moxonidine
Systolic BP
(mm Hg)

Diastolic BP
(mm Hg)

Baseline 65 ± 6 118 ± 11 75 ± 6 63 ± 8 118 ± 10 76 ± 9
Maximal physical exercise 145 ± 16## 177 ± 29## 91 ± 11# 153 ± 15# 176 ± 21## 85 ± 9#

Mental stress test 83 ± 5# 128 ± 8# 81 ± 8# 83 ± 9# 111 ± 11* 71 ± 5*

BP, blood pressure. Data are mean ± SEM. *P < 0.05 vs placebo. #/##P < 0.05/ < 0.01 vs baseline.

Bicycle exercise Physical exercise induced a marked
increase in heart rate (P < 0.01 vs baseline). There was
no significant effect of moxonidine on heart rate during
exercise (NS, Table 2).

Mental stress test Mental stress increased heart rate
(P < 0.05 vs baseline). During mental stress there was
no significant effect of moxonidine on heart rate (NS,
Table 2).

Association of the effects of moxonidine with the 
GNB3825T allele
There were no statistically significant associations of the
GNB3825T allele with changes in noradrenaline, adren-
aline, blood pressure, and heart rate during physical
exercise or mental stress, although carriers of the 825T
allele tended to have a stronger reduction in noradrena-
line plasma concentrations during physical exercise
after pretreatment with moxonidine (not shown).

Discussion
This double-blind, placebo-controlled crossover study
demonstrates for the first time, that the I1-imidazoline
receptor agonist moxonidine not only reduces signifi-
cantly exercise-induced sympathetic activation without
affecting exercise capacity, but also blunts sympathetic
activation due to mental stress. The significant reduction
in the concentrations of plasma adrenaline after admin-
istration of moxonidine during physical exercise and,
more so, during mental stress, indicates, that moxoni-
dine affects also sympathetic outflow to the suprarenal
gland.

The SNS is an important regulator of the circulation
and the heart [1]. Both exercise and mental stress evoke
a marked activation of SNS activity [11, 22], which
might be an additional risk factor in certain disease

states including coronary artery disease, impaired left
ventricular function and diabetes mellitus [7, 23–25].

In the present study we used 0.4 mg moxonidine
which is a well established, effective dose for the treat-
ment of mild to moderate hypertension [26, 27]. Mox-
onidine has a high (94%) bioavailability and reaches its
peak plasma concentration after less than 1 h [5, 28]. We
have previously shown that central sympatholytic
effects of moxonidine are achieved within 150 min after
oral administration, when plasma concentrations are
already falling [5]. Thus, plasma concentrations are not
an ideal indicator of drug effects. This can be explained
by the fact, that the drug rapidly diffuses into the CNS,
where it exerts its sympatholytic effects [28, 29].

Few studies have been published assessing the effects
of cardiovascular drugs on exercise-stimulated SNS
activity. We have previously shown that the peripheral
a-adrenoceptor blocker doxazosin increases exercise-
induced SNS activity [30]. Indeed, in the ALLHAT-trial,
the doxazosin group had a higher incidence of heart
failure when compared with the diuretic group [31].
Possibly, the increased sympathetic tone due to the a-
adrenoceptor blocker may have contributed to this effect
[30].  A  study  comparing  the  effects  of  nifedipine
on exercise-induced SNS activation found a similar
increase of plasma noradrenaline when compared with
a b-adrenoceptor blocker [32]. ACE-inhibitors and the
AT-1-receptor antagonist losartan did not significantly
modulate exercise-induced increases in plasma norad-
renaline when compared with placebo in a double-blind,
placebo controlled trial [30]. Furthermore, we have
assessed the effects of the DHP calcium-antagonist nife-
dipine on mental stress induced SNS activity and found
no changes in MSA when compared with placebo as
assessed by microneurography [10]. However, DHP cal-
cium antagonists acutely stimulate basal SNS activity,
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whereas during chronic administration, at least with
some Calcium Antagonists (i.e. lercanidipine), central
SNS activity is not stimulated [33].

The findings of the present study can be attributed to
a central sympatholytic effect of the drug and demar-
cates the drug from all other antihypertensive drugs
including the b-adrenoceptor blockers [13, 34, 35].
Indeed, b-adrenoceptor blockers do not reduce plasma
catecholamine concentrations during exercise but may
even increase them [11]. Although it can be argued that
the receptors mediating the effects of the catechola-
mines are blocked, it is not clear, whether increased
peripheral catecholamine concentrations can still stim-
ulate other adrenoceptors including b3-receptors in adi-
pose tissue. In the present study, moxonidine reduced
plasma noradrenaline and adrenaline under resting con-
ditions as well as under physical and mental stress;
relative increases in the catecholamine plasma concen-
trations were similar to placebo. Thus, moxonidine does
not reduce the relative sympathetic response to the stim-
uli, but decreases total sympathetic tone.

Pharmacogenetic aspects in the therapy of cardiovas-
cular drugs gain more and more relevance in terms of
response, efficacy and, thus, costs. In the present study,
we assessed the association of the response to moxoni-
dine with the GNB3825T allele as a secondary endpoint.
We found no differences between the alleles, although
carriers of the 825T allele tended to have a greater
reduction in noradrenaline plasma concentrations.
However, this study assessed only acute effects of a single
dose of moxonidine. Thus, the present data cannot be
extrapolated to chronic therapy with moxonidine in
hypertension and cardiovascular disease.

In our study, exercise capacity after administration of
moxonidine was comparable with the administration of
placebo. In contrast, exercise capacity is reduced on b-
adrenoceptor blocker treatment [36–38]. This may make
moxonidine the drug of choice in physically active
hypertensives bothered by the exercise limitations dur-
ing b-adrenoceptor blocker therapy.

Our study assessed the acute effects of a single-dose
of moxonidine in healthy volunteers. Potentially the
drug effects are different during chronic administration
under pathopyhsiological conditions. However, several
studies have shown that moxonidine effectively reduces
blood pressure even after many weeks of therapy [39–
41].

In summary, moxonidine reduces both exercise- and
mental stress-induced SNS activation without affecting
exercise capacity. This makes moxonidine a favourable
antihypertensive drug for hypertensive patients with
enhanced SNS activity and/or patients bothered by the

exercise limitations of b-adrenoceptor blockers. Fur-
thermore, the sympatholytic properties under basal and
stimulated conditions make moxonidine favourable for
combination therapy with peripheral vasodilators, which
otherwise may further stimulate SNS activity.

The study was supported by the Deutsche Forschungs-
gemeinschaft (DFG, grant No. WE 1772/3–2 and 3–3),
a grant from SOLVAY, Hannover (Germany) and a grant
from the OERTEL Foundation.
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