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Heart imidazoline receptors and ANP

Imidazoline receptors in the heart: a
novel target and a novel mechanism
of action that involves atrial natriuretic
peptides
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Abstract

Chronic stimulation of sympathetic nervous activity contributes to the
development and maintenance of hypertension, leading to left ventric-
ular hypertrophy (LVH), arrhythmias and cardiac death. Moxonidine,
an imidazoline antihypertensive compound that preferentially acti-
vates imidazoline receptors in brainstem rostroventrolateral medulla,
suppresses sympathetic activation and reverses LVH. We have identi-
fied imidazoline receptors in the heart atria and ventricles, and shown
that atrial I1-receptors are up-regulated in spontaneously hypertensive
rats (SHR), and ventricular I1-receptors are up-regulated in hamster
and human heart failure. Furthermore, cardiac I1-receptor binding
decreased after chronic in vivo exposure to moxonidine. These studies
implied that cardiac I1-receptors are involved in cardiovascular regu-
lation. The presence of I1-receptors in the heart, the primary site of
production of natriuretic peptides, atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP), cardiac hormones implicated in blood
pressure control and cardioprotection, led us to propose that ANP may
be involved in the actions of moxonidine. In fact, acute iv administra-
tion of moxonidine (50 to 150 µg/rat) dose-dependently decreased
blood pressure, stimulated diuresis and natriuresis and increased
plasma ANP and its second messenger, cGMP. Chronic SHR treat-
ment with moxonidine (0, 60 and 120 µg kg-1 h-1, sc for 4 weeks) dose-
dependently decreased blood pressure, resulted in reversal of LVH
and decreased ventricular interleukin 1ß concentration after 4 weeks
of treatment. These effects were associated with a further increase in
already elevated ANP and BNP synthesis and release (after 1 week),
and normalization by 4 weeks. In conclusion, cardiac imidazoline
receptors and natriuretic peptides may be involved in the acute and
chronic effects of moxonidine.
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Introduction

The sympathetic nervous system (SNS)
plays an important role in the regulation of
blood pressure and cardiac function through
the control of vasomotor tone, heart rate and
the activity of the renin-angiotensin-aldoste-
rone system. Sympathetic nervous activity is
regulated in centers in the brain stem and
transmitted to organs and blood vessels that
are innervated by sympathetic nerve end-
ings, modifying cardiac output, peripheral
vascular resistance and renal function. Sym-
pathetic overactivity is one of the mechan-
isms associated with several cardiovascular
diseases, including development and main-
tenance of genetic hypertension. Clinical
studies have shown that sympathetic inner-
vation of cardiovascular organs is enhanced
in young patients with essential hyperten-
sion, and that half of the enhanced total
norepinephrine spillover - a measure of sym-
pathetic activity, is derived from increases to
the heart and kidneys (1). Hypertension-as-
sociated selective overactivity in the sympa-
thetic nerves to the heart, kidneys and skel-
etal muscle vasculature, leads to develop-
ment of left ventricular hypertrophy, predis-
posing to ventricular arrhythmias, increas-
ing insulin resistance, and accelerating
atherogenesis. Therefore, it is not surprising
that most of the established cardiovascular
therapy targets sympathetic nervous activ-
ity. Over the years, several types of antihy-
pertensive drugs have been developed to
inhibit SNS activity at multiple levels, in-
cluding release, transmission or action. Pe-
ripheral α1-adrenergic and ß-adrenergic re-
ceptor antagonists, postganglionic sympa-
thetic neuron blockers and ganglioplegic
agents, as well as central activation of α2-
adrenoceptors are routine ways to reduce
high blood pressure by lowering peripheral
SNS activity. The important clinical benefits
of angiotensin converting enzyme inhibitors
and angiotensin II receptor antagonists could
perhaps be explained by their blunting or

inhibiting the SNS effects in patients with
cardiovascular disease. In contrast, some cal-
cium antagonists which are successfully used
to treat patients with hypertension and stable
angina pectoris may have unfavorable ef-
fects in patients with impaired left ventricu-
lar function, due in part to baroreceptor-
mediated activation of the SNS.

Therefore, it appears imperative that se-
lection of vasoactive drugs for the treatment
of cardiovascular diseases takes into consid-
eration their effects on the SNS, where ide-
ally treatment should also blunt sympathetic
activity, or at least avoid activating it. Cen-
trally acting drugs, such as clonidine and α-
methyldopa, reduce central sympathetic
drive, and consequently maintain cardiac
output, arterial tone and body fluid volume.
Despite their clinical efficacy, the use of
these “first generation centrally acting drugs”
was often limited by their side effects, which
include, dry mouth, sedation and mental de-
pression. However, the discovery of imid-
azoline receptors and development of selec-
tive compounds, moxonidine and rilmeni-
dine, which show an improved side-effect
profile, revived interest in centrally acting
drugs. Compared to the reference drug, clo-
nidine, the “second generation centrally act-
ing drugs”, moxonidine and rilmenidine,
show three to ten times higher affinity for
imidazoline receptors than α2-adrenocep-
tors (2). It may be due to this selectivity that
moxonidine and rilmenidine have fewer side
effects, because imidazoline receptors have
been shown to mediate hypotension, while
sedation was attributed to α2-adrenocep-
tors.

Discovery of imidazoline receptors

Bousquet and colleagues (3) identified
the primary site of the hypotensive action of
clonidine as the nucleus reticularis lateralis
region of the rostroventrolateral medulla
(RVLM), which is a major source of sympa-
thetic vasomotor drive via the preganglionic
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neurons in the spinal cord. These investiga-
tors noted that microinjections of clonidine,
imidazoline and related compounds, in this
area, decreased blood pressure, whereas phe-
nylethylamine compounds did not. Also,
imidazoline, but not non-imidazoline α2-
adrenoceptor antagonists, prevented imid-
azoline-induced hypotension when adminis-
tered directly into this area. Accordingly,
they proposed that the hypotensive action of
clonidine and related imidazoline drugs is
not mediated by α2-adrenoceptors, but may
involve a new binding site that recognizes
the imidazoline ring structure in these com-
pounds (4).

Pharmacologic characterization by bind-
ing assays confirmed the existence of a popu-
lation of imidazoline-specific binding sites
that are insensitive to catecholamines in the
brainstem RVLM of animals and man (2,5,6).
These studies clearly demonstrated that imid-
azoline binding sites are distinct from α2-
adrenoceptors.

Binding studies have classified imidazo-
line binding sites into two main subtypes
according to their affinity for clonidine (7).
The imidazoline I1 sites, enriched in plasma
membranes, have high affinity for [3H]-clo-
nidine and its analogues, whereas imidazo-
line I2 binding sites are sensitive to idazoxan
and its analogues, but not to clonidine. Imid-
azoline I2 sites, which are exclusively mito-
chondrial, were shown to reside on mono-
amine oxidases (8). Further functional stud-
ies proposed the presence of non-I1/non-I2
sites, located prejunctionally on postgangli-
onic sympathetic nerve terminals, and I3 sites,
which are implicated in insulin release from
pancreatic ß cells. The focus of our research
is on the I1 subtype which has high affinity
for clonidine, moxonidine and rilmenidine,
and which has been implicated in cardiovas-
cular regulation.

In a series of studies and a systematic
review, Ernsberger (9) demonstrated that the
imidazoline I1 binding sites fulfill the essen-
tial criteria for identification as functional

receptors. The vasodepressor response to
imidazoline is consistent with each of the
four major criteria of specificity, function,
location, and correlation of affinity with func-
tion. In addition, I1-receptors are subject to
physiologic regulation, in a manner distinct
from α2-adrenoceptors and, similar to other
neurotransmitter receptors, imidazoline I1

binding can be downregulated by chronic
exposure to agonists (10,11). Imidazoline I1-
receptors have at least one endogenous ligand,
a “clonidine displacing substance” isolated
from the brain and identified by Reis and co-
workers (12) as agmatine (decarboxylated
arginine), previously unknown in mammals.
Agmatine has been shown to be widely dis-
tributed in many tissues, including the heart.

Two mechanisms of I1-receptor signal
transduction have been identified. Ernsberger
(9) demonstrated in PC12 rat pheochromocy-
toma cells, which lack α2-adrenoceptors,
that I1 receptor signaling includes activation
of phosphatidylcholine-selective phospholi-
pase C and generation of diglycerides and
the release of arachidonic acid and its me-
tabolites. The cascade involves activation of
protein kinase C and mitogen-activated pro-
tein kinase (13). Other studies have also
associated imidazoline I1-receptors to inhi-
bition of adenylyl cyclase (14).

Cardiac imidazoline I1-receptors

Imidazoline I1-receptors have been local-
ized in the brainstem RVLM, and in the
peripheral nervous system, including adre-
nomedullary chromaffin cells and carotid
body, as well as in kidneys. In addition, we
have demonstrated the presence of imidazo-
line I1-receptors in the heart. Using radiola-
beled para-iodoclonidine (125I-PIC, 2200 Ci/
mmol; New England Nuclear, Boston, MA,
USA), which binds to I1-imidazoline and
α2-adrenoceptors, both receptor types were
identified in the heart of multiple species,
including rat, dog, and man. After irrevers-
ible blockade of α2-adrenoceptors, 125I-PIC
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binding to heart frozen sections and atrial
and ventricular membranes was competi-
tively inhibited by increasing concentrations
(10-12 to 10-6 M) of moxonidine, but not by
epinephrine, implying specific imidazoline
I1-receptor binding. Data from membrane
binding and autoradiography were confirmed
by immunohistochemistry and Western blot-
ting (15).

Furthermore, we showed that heart I1-
receptors but not α2-adrenoceptors are path-
ophysiologically regulated. Imidazoline I1-
receptors were up-regulated in spontaneously
hypertensive rat (SHR) atria. Compared to
age-matched normotensive Wistar Kyoto rats,
I1-receptor Bmax was 2-fold (P < 0.01) higher
in 12-week-old SHR right and left atria, but
not altered in ventricles. Compared to corre-
sponding normal controls, Bmax was 2-fold
higher (P < 0.01) in ventricles of hamsters
with advanced cardiomyopathy and in hu-

man ventricles with heart failure (Figure 1)
(15). We also demonstrated that cardiac I1-
receptors, but not α2-adrenoceptors, are regu-
lated by chronic in vivo exposure to the I1-
receptor selective ligand, moxonidine. SHR
(12-14 weeks old) received 0, 10, 60, or 120
µg kg-1 h-1 moxonidine (a generous gift from
Solvay Pharmaceuticals, Hannover, Ger-
many), via subcutaneously implanted Alzet
minipumps (2ML1 and 2ML4; Cedarlane
Laboratories Ltd., Hornby, ON, Canada),
for 1 and 4 weeks. This treatment resulted in
a dose-dependent decrease in specific 125I-
PIC binding in atria by 1 week, with no
further decrease after 4 weeks. Moxonidine
(120 µg kg-1 h-1) decreased (P < 0.01) I1-
receptor Bmax in right and left atria to nor-
mal levels (Figure 2), without altering α2-
adrenoceptor Bmax. These results showed
for the first time that imidazoline I1-recep-
tors and α2-adrenoceptors are present in
heart atria and ventricles, and that only imid-
azoline I1-receptors are responsive to changes
in the cardiovascular environment and to
chronic exposure to the I1-selective agonist,
moxonidine (15,16). These results implicate
heart imidazoline I1-receptors in cardiovas-
cular regulation.

Imidazoline and natriuretic peptides

The efficacy of antihypertensive imid-
azoline compounds has been well established.
Acute and long-term hemodynamic studies
show that moxonidine reduces arterial pres-
sure by lowering systemic vascular resis-
tance while sparing heart rate, cardiac output
and stroke volume. The effects are selec-
tively mediated by activation of imidazoline
I1-receptors and subsequent inhibition of
sympathetic tone. Inhibition of renal sympa-
thetic activity and/or direct activation of kid-
ney imidazoline I1-receptors induce diuresis
and natriuresis (17,18), thus contributing to
acute and long-term blood pressure control.
In addition, the benefits of imidazoline com-
pounds go beyond blood pressure control

Figure 1. Specific binding of ra-
diolabeled para-iodoclonidine
(125I-PIC) to human ventricular
membranes. Data are reported
as means ± SEM (N = 3 per
group). Receptor maximum
binding capacity (Bmax) and af-
finity (Kd) were calculated by
the  Ligand computer program.
*P < 0.003 vs normal control
(non-paired Student t-test). To
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Figure 2. Bmax obtained from
autoradiographic binding of ra-
diolabeled para-iodoclonidine to
frozen right atrial sections of nor-
motensive Sprague-Dawley (SD)
rats and spontaneously hyper-
tensive rats (SHR), before and
after 1 week of treatment with 3
doses of moxonidine, given sc,
over 1 week. Data are reported
as means ± SEM (N = 4-7 rats
per group). *P < 0.01 vs SD; **P
< 0.01 vs saline vehicle-treated
SHR (non-paired Student t-test).
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through their cardioprotective effects, anti-
proliferative and anti-arrhythmic, as well as
their anti-inflammatory actions (19-25). Moxo-
nidine and rilmenidine reduce left ventricu-
lar hypertrophy in patients and rats (20-22).
Rilmenidine pretreatment (iv or ic) has been
shown to dose-dependently prevent the oc-
currence of bicuculline-induced arrhythmias
in anesthetized rabbits (23). Clonidine sig-
nificantly decreases TNF-α production in
macrophages and noradrenergic nerve ter-
minals in in vivo lipopolysaccharide-treated
mice (24). In type 2 diabetes, imidazoline
compounds protect against proinflammatory
interleukin 1ß-induced beta-cell apoptosis (25).

The beneficial effects of imidazoline may
be centrally or peripherally mediated. How-
ever, identification of imidazoline I1-recep-
tors and α2-adrenoceptors in the heart, mainly
in cardiac atria, appeared very interesting.
The atria are the primary site of atrial natri-
uretic peptide (ANP) production. ANP is a
member of the natriuretic peptide family that
also includes brain natriuretic peptide (BNP),
C-type natriuretic peptide (CNP), and
urodilatin, a family of peptides involved in
blood pressure and volume regulation. The
diuretic, natriuretic and vasodilator actions
of natriuretic peptides are mediated by cell
membrane natriuretic peptide receptor A
(NPR-A) and NPR-B, through activation of
guanylyl cyclase/cGMP, and NPR-C (clear-
ance receptor), through inhibition of adenylyl
cyclase/cAMP. The important role of ANP
on chronic blood pressure regulation has
been shown in a transgenic mouse model
overexpressing ANP (26,27), where elevated
plasma ANP was associated with significant
blood pressure reduction, whereas NPR-A
knockout mice are hypertensive. The knock-
out studies revealed that the chronic hy-
potensive effect of ANP is mediated by at-
tenuation of cardiovascular sympathetic tone
(27). Independent of their role in blood pres-
sure control, natriuretic peptides have anti-
inflammatory effects, and exert direct anti-
hypertrophic and anti-fibrotic actions on the

heart. Mice lacking NPR-A (which preferen-
tially binds ANP and BNP) display a marked
cardiac (atrial and ventricular) hypertrophy
and extensive fibrosis and chamber dilata-
tion by 3 months of age, as well as high
mortality rate due to sudden death (28,29).
Mice with disrupted BNP develop multifo-
cal fibrotic lesions in their ventricles (30). In
addition, ANP has been shown to inhibit
pro-inflammatory cytokine-induced nitric
oxide production in human proximal tubular
cells in culture (31).

Therefore, on the basis of the presence in
the heart of both imidazoline receptors and
natriuretic peptides, and on the functional
resemblance between their actions, the fol-
lowing studies were performed to investi-
gate whether activation of imidazoline I1-
receptors by moxonidine may involve natri-
uretic peptides.

In acute studies, intravenous bolus injec-
tions of moxonidine (50 to 150 µg/rat) in
conscious normotensive rats (32) and SHR
(33) reduced blood pressure and dose-de-
pendently stimulated diuresis, natriuresis,
kaliuresis and increased plasma ANP, and
urinary cGMP, the index of ANP activity,
suggesting that ANP is involved in the acute
effects of moxonidine.

In chronic in vivo studies, SHR received
moxonidine at 0, 60 and 120 µg kg-1 h-1, over
4 weeks. Telemetric measurement of blood
pressures revealed that the higher doses dose-
dependently decreased systolic, diastolic and
mean arterial pressures and heart rate start-
ing on the first day, reaching a minimum by
4 days, and maintained at low levels through-
out the 4-week treatment. After 4 weeks,
moxonidine at 120 µg resulted in a signifi-
cant reversal of left ventricular hypertrophy
measured as the ratio of left ventricular weight
to body weight (Figure 3). Also, in these
hearts, moxonidine decreased elevated in-
terleukin 1ß levels (ELISA Kit, Biosource
International Inc., Camarillo, CA, USA) in
left ventricles from 166 ± 4 to 119 ± 11 pg/
mg protein (P < 0.01) (Figure 4). Most im-
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portantly, the effects were associated with
increased atrial synthesis and release of na-
triuretic peptides, ANP and BNP (Figure 5),
after 1 week, and normalization by 4 weeks
of treatment (34,35). Since natriuretic pep-
tides and their receptors are present in the
heart, we propose that moxonidine-stimulat-
ed ANP may act in a paracrine/autocrine
manner to oppose the inflammatory and hy-
pertrophic effect of overactive SNS and hy-
pertension-associated cardiovascular envi-
ronment.

We have not investigated the mech-
anism(s) of ANP production by moxonidine.
The increase in ANP may be explained in
part by moxonidine inhibition of sympa-
thetic drive to the heart. Alternatively, imid-
azoline receptors and/or α2-adrenoceptors
present in the heart may directly or indirectly
affect ANP release from cardiac myocytes
and/or ANP granules identified in the con-
duction system. Further studies are required
to investigate the mechanism(s) of ANP re-
lease by moxonidine.

Physiological significance

It appears that the overall actions of the
natriuretic peptide system are similar to, and
most likely mediate, the effects of imidazo-
line receptor agonists. Increased natriuretic
peptides may contribute to the therapeutic
mechanism of imidazoline receptor agonists
through their sympatholytic, anti-inflamma-
tory, anti-fibrotic, and anti-proliferative ef-
fects. Accordingly, the use of drugs that
potentiate endogenous natriuretic peptides,
such as imidazoline receptor activators,
should be favored. In addition, heart I1-re-
ceptors should be considered a target for
antihypertensive treatment.
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