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Hemodynamic and hormonal actions
of adrenomedullin
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Abstract

Adrenomedullin, a 52-amino acid residue peptide, has numerous
biological actions which are of potential importance to cardiovascular
homeostasis, growth and development of cardiovascular tissues and
bone, prevention of infection, and regulation of body fluid and electro-
lyte balance. Studies in man using intravenous infusion of the peptide
have demonstrated that, at plasma levels detected after myocardial
infarction or in heart failure, adrenomedullin reduces arterial pressure,
increases heart rate and cardiac output, and activates the sympathetic
and renin-angiotensin systems but suppresses aldosterone. The thresh-
olds for these responses differ, being lower under some experimental
circumstances for arterial pressure than for the other biological ef-
fects. Adrenomedullin administration inhibits the pressor and aldoste-
rone-stimulating action of angiotensin II in man. By contrast, the
pressor effect of norepinephrine is little altered by concomitant
adrenomedullin administration. Although in the absence of a safe,
specific antagonist of the actions of endogenous adrenomedullin it is
difficult to be certain about the physiological and pathophysiological
importance of this peptide in man, current evidence suggests that it
serves to protect against cardiovascular overload and injury. Hope has
been expressed that adrenomedullin or an agonist specific for adreno-
medullin receptors might find a place in the treatment of cardiovascu-
lar disorders.
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Background

Adrenomedullin is a 52-amino acid resi-
due peptide which was isolated from human
pheochromocytoma tissue by Kitamura and
colleagues in 1993 (1). Not only did the
authors isolate this new peptide by monitor-
ing the action of extracts from pheochro-
mocytoma on platelet cAMP and describe its
amino acid sequence, but they also deter-
mined its concentration in human plasma by
radioimmunoassay and demonstrated its
“rapid, strong (dose-related) and long lasting
hypotensive effect” when administered as a

bolus intravenous injection to anesthetized
rats. They surmised that adrenomedullin
might be an important circulating hormone
which participates in blood pressure control.

Eleven years later, much has been learned
about this hormone. PubMed lists 1412 pub-
lications on adrenomedullin up to March
2004. Original articles, a book, book chap-
ters, review papers, and conferences (held
appropriately in Japan where much of the
original work was performed) have been de-
voted to adrenomedullin and to the proadre-
nomedullin N-terminal 20-amino acid resi-
due peptide (PAMP).
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In this review article, the effects of adre-
nomedullin on the cardiovascular system and
vasoactive hormones will be discussed. Al-
though the emphasis will be on studies car-
ried out on man, results from some animal
experiments, especially sheep, will be men-
tioned.

Hemodynamic and hormone effects of
adrenomedullin in healthy volunteers

In an early study (2), short-term (3 h),
low-dose (2 and 8 ng kg-1 min-1 or 0.4 and 1.5
pmol kg-1 min-1) intravenous infusion of
adrenomedullin in healthy male volunteers
reduced arterial pressure but had no effect
on heart rate, plasma hormone levels (cat-
echolamines, renin, aldosterone, cortisol,
atrial or B-type natriuretic peptide) or uri-
nary indices. Under the conditions of the
cited study (single-blind, randomized, pla-
cebo-controlled, time-matched, with the vol-
unteers on a dietary intake of 150 mmol/day
of sodium and 80 mmol/day of potassium
and in the sitting position), it was evident
that the threshold for reducing arterial pres-
sure was set lower than for altering heart
rate, the neurohormones listed above, or uri-
nary indices. Since the increase in venous
levels of adrenomedullin during the higher
of the two infusion rates was barely detect-
able (of the order of only 4 pmol/l), it seemed
that the peptide had an extremely potent
effect on arterial pressure (2). This premise
was confirmed by studies in which adreno-
medullin increased forearm blood flow when
infused directly into the brachial artery of
healthy subjects at doses calculated to pro-
duce plasma levels similar to those reported
in heart failure (3).

A subsequent study by Lainchbury et al.
(4), also conducted on male volunteers,
showed that higher doses of adrenomedullin
(16 and 32 ng kg-1 min-1 for 2 h each), while
again reducing arterial pressure, now in-
creased heart rate by 10 beats per min and
cardiac output by 4 liters per min. Similar

observations were made by Del Bene et al.
(5) who administered adrenomedullin intra-
venously at similar rates to healthy volun-
teers. Regarding neurohormones, Lainchbury
et al. (4) reported that adrenomedullin stim-
ulated a 2-fold rise in plasma renin and a
50% rise in circulating norepinephrine. De-
spite vigorous activation of the renin-angio-
tensin system, plasma aldosterone levels were
unaltered, suggesting that adrenomedullin
could inhibit the aldosterone response to
angiotensin II, as had earlier studies on con-
scious sheep (6) and with dispersed rat adre-
nal zona glomerulosa cells (7,8). Even at the
higher rates of adrenomedullin infusion used
in the study by Lainchbury et al. (4), urinary
volume and sodium excretion were un-
changed, indicating that the threshold for the
hemodynamic and neurohormonal effects of
adrenomedullin was set lower than for the
renal effects. Again the caveat must be that
different results might have been seen under
different study conditions. For example in
this second study by Lainchbury et al. (4),
the healthy volunteers were on a restricted
intake of dietary sodium (80 mmol/day)
which, along with the fall in arterial pres-
sure, might have served to obscure the uri-
nary actions of infused adrenomedullin. Fur-
thermore, manifestation of any renal actions
of the peptide at these doses may require a
more sustained period of infusion.

The results of the two studies by Lainch-
bury et al. (2,4) contrast with those from the
first report of adrenomedullin infusion in
healthy volunteers in which Meeran and col-
leagues (9) reported that high infusion rates
of the peptide (around 80 ng kg-1 min-1) were
required to reduce arterial pressure. But in-
terpretation of data from very brief (10 min)
incremental infusions is difficult since any
hypotensive action of the peptide at lower
infusion rates might require more time to
develop.

The contrasting effects of adrenomedul-
lin on the renin-angiotensin system and on
aldosterone observed in vitro, in animal and
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in human studies, were further investigated.
Petrie and colleagues (10) observed that the
aldosterone-stimulating action of a single
infusion rate of angiotensin II, but not of
ACTH, was attenuated by adrenomedullin
(given intravenously at a rate of approxi-
mately 18 ng kg-1 min-1) in healthy volun-
teers. Troughton et al. (11), however, failed
to show any inhibitory effect of adrenomed-
ullin given at a dose similar to that used by
Petrie and colleagues on the aldosterone-
stimulating action of an incremental infu-
sion of angiotensin II (or ACTH) in healthy
volunteers studied on a restricted sodium
diet. They did note, however, that, under
these experimental conditions, the pressor
action of angiotensin II was attenuated by
adrenomedullin, with the peak difference
compared with a time-matched placebo in-
fusion being approximately 5/3 mmHg (11).
Studies in sheep on a restricted sodium in-
take likewise showed that adrenomedullin
infused at 33 ng kg-1 min-1 delayed and at-
tenuated the pressor action of an incremental
infusion of angiotensin II without altering
the angiotensin II/aldosterone dose-response
curve (12). Accordingly, one can conclude
that, whereas there is no doubt that adreno-
medullin can indeed inhibit the aldosterone
secretory response to exogenous angiotensin
II, under some experimental circumstances,
the threshold for this effect is set higher than
its inhibitory action against the pressor ac-
tion of angiotensin II.

It is pertinent to inquire whether adreno-
medullin inhibits the action of pressor hor-
mones other than angiotensin II. Accord-
ingly, Charles and colleagues (13) con-
structed angiotensin II/blood pressure and
norepinephrine/blood pressure dose-re-
sponse curves with background adrenomed-
ullin (33 ng kg-1 min-1) or matching nitro-
prusside infusions in healthy, conscious
sheep. They again observed that adrenomed-
ullin attenuated the angiotensin II/blood pres-
sure dose-response, as also did nitroprus-
side. By contrast, whereas nitroprusside oblit-

erated the pressor action of norepinephrine,
adrenomedullin had no effect (Figure 1).
Under the conditions of this study, adreno-
medullin inhibited the aldosterone-stimulat-
ing effect of angiotensin II whereas, as might
be expected, norepinephrine had no effect
(Figure 1). It is apparent, therefore, that adre-
nomedullin is an inhibitor of both the pres-
sor and aldosterone-stimulating actions of
angiotensin II although the threshold for these
effects differs with the experimental circum-
stances.

The selective blockade of the pressor
action of angiotensin II by adrenomedullin
was confirmed by Luodonpaa and colleagues
(14). These investigators demonstrated that
subcutaneous adrenomedullin administration
inhibited the angiotensin II-induced rise in
arterial pressure in conscious rats by 67%
but had no effect on norepinephrine-induced
hypertension. They further reported that the
cardiac effects of angiotensin II (increased
left ventricular ejection fraction and frac-
tional shortening), but not of norepineph-
rine, were enhanced by adrenomedullin (14).
Conversely, Cockcroft and colleagues (3)
demonstrated that adrenomedullin antago-
nized the venoconstrictor effect of norepi-
nephrine in healthy subjects. Thus, interac-
tions (or lack thereof) between adrenomed-
ullin and norepinephrine are vessel-specific.

In summary, the evidence available from
studies on healthy volunteers is that adreno-
medullin, infused at doses which increase its
circulating concentrations to levels seen un-
der pathophysiological circumstances (such
as after acute myocardial infarction or in
chronic heart failure), reduces arterial pres-
sure, stimulates heart rate and cardiac out-
put, and activates the renin-angiotensin and
sympathetic systems. It can antagonize the
pressor and aldosterone-secretory actions of
angiotensin II but has little effect on the
norepinephrine-induced rise in arterial pres-
sure. However, antagonism of the venocon-
strictor action of norepinephrine by adreno-
medullin has been shown.
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Hemodynamic and hormone effects
of adrenomedullin in hypertensive
patients

Troughton and colleagues (15) infused
adrenomedullin intravenously in 8 patients
with essential hypertension in a protocol
identical to that used previously in healthy
volunteers (4). Results similar to those ob-
tained for normotensive subjects were ob-
served in that arterial pressure fell while
heart rate and cardiac output increased as did
plasma levels of renin and norepinephrine.
Again, as observed in the healthy volunteers,
plasma aldosterone levels were unaltered
despite activation of the renin-angiotensin
system. Also, the absence of any alteration
in urinary volume and sodium excretion was

noted. The only differences in response to
adrenomedullin between hypertensive and
normotensive subjects were the increase in
plasma epinephrine in the former but not the
latter, the fact that the decline in arterial
pressure was significantly greater (both in
absolute and percentage terms) in hyperten-
sive patients, and facial and conjunctival
injection with or without headache was noted
in 6 of the 8 patients with hypertension, but
not in the normotensive subjects (15). It
seems likely, therefore, that the arteriolar
dilating action of adrenomedullin is more
prominent in essential hypertension than in
normotension. Some support for this conten-
tion comes from studies on rats with hyper-
tension which showed greater absolute
(16,17) and percent (18) declines in arterial
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pressure than in normotensive control rats.

Hemodynamic and hormone effects
of adrenomedullin in patients with
heart failure

As reviewed by Rademaker et al. (19),
numerous studies on experimental animals
and humans have shown that plasma levels
of immunoreactive adrenomedullin are in-
creased in heart failure. Furthermore, adre-
nomedullin levels reflect the severity of car-
diac impairment, are predictive of prognosis
and may have a potential use by indicating
which patients might benefit most from the
addition of beta-blocker treatment (19).

Lainchbury et al. (20) infused adreno-
medullin intravenously at approximately 14
and 28 ng kg-1 min-1, each for 2 h, into 8
patients with chronic heart failure associated
with a reduced left ventricular ejection frac-
tion. Compared with a time-matched pla-
cebo infusion, adrenomedullin reduced arte-
rial pressure, stimulated heart rate and plasma
renin and norepinephrine levels, significant-
ly suppressed plasma aldosterone, but had
no effect on urine volume or sodium excre-
tion (20). In contrast to the situation in healthy
volunteers and patients with essential hyper-
tension, cardiac output did not increase (20).
Nagaya et al. (21) infused a much higher
dose of adrenomedullin (50 ng kg-1 min-1)
for 30 min into 7 patients with heart failure
and reported a decline in arterial pressure
and plasma aldosterone and an increase in
heart rate. In contrast to the study of Lainch-
bury et al. (20), however, cardiac output
increased as did urinary sodium excretion,
but plasma renin levels were unchanged.
Oya and colleagues (22) infused an even
higher dose of the peptide (approximately
100 ng kg-1 min-1) over 30 min into 8 patients
with heart failure and reported hemodynam-
ic, hormonal and urinary effects similar to
those observed by Nagaya et al. (21). That
some of the hemodynamic effects are likely
to be the result of arteriolar dilatation is

suggested by Nakamura et al. (23) who dem-
onstrated that adrenomedullin exerts a po-
tent and sustained vasodilatory effect upon
direct injection into the brachial artery of
patients with cardiac failure. Interestingly,
these effects, particularly on skin blood flow,
were attenuated in patients with cardiac fail-
ure compared to healthy controls (23).

Adrenomedullin has been administered
also to animals with experimental heart fail-
ure with usually beneficial hemodynamic,
hormonal and renal effects (19). Accord-
ingly, there has been speculation that this
hormone, along with the cardiac natriuretic
peptides and other vasodilator/natriuretic
hormones, serves as a protector against car-
diovascular involvement. Furthermore, the
possibility has been raised that adrenomed-
ullin, or an agent acting as an agonist on
adrenomedullin receptors, might offer a new
approach to the treatment of cardiac failure
(24).

Overview

Whereas adrenomedullin has a plethora
of biological actions (25), only its effects on
hemodynamics and on vasoactive hormones
have been discussed here, largely from stud-
ies on man. Even within this narrow focus a
broad, rather than a detailed account is given.
Largely ignored, for example, is a discussion
regarding the effects of adrenomedullin on
cardiac function, and the interaction between
adrenomedullin and endothelin or the car-
diac natriuretic peptides. Also not addressed
is the potential for adrenomedullin to im-
prove hemodynamic, hormone and renal in-
dices in patients with chronic renal impair-
ment (26) or to enhance the hemodynamic
and clinical status of patients with pulmo-
nary hypertension (27-29).

To summarize, the most obvious effects
of adrenomedullin obtained by short-term
intravenous infusion in healthy volunteers
and in patients with essential hypertension
or cardiac failure are a fall in arterial pres-
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sure, an increase in heart rate and cardiac
output, activation of the sympathetic and
renin-angiotensin systems without stimula-
tion (or sometimes with suppression) of
plasma aldosterone concentrations. Urine
volume and sodium excretion are usually
well maintained, or occasionally increased,
despite the often substantial decline in renal
artery perfusion pressure. Adrenomedullin
can counter, to a greater or lesser extent, the
pressor and aldosterone-secretory actions of
angiotensin II. By contrast, the pressor activ-
ity of norepinephrine is little altered by
adrenomedullin. Most of these biological
effects may be viewed as beneficial in hyper-

tension or cardiac failure. Such data have led
to the premise that adrenomedullin may be
protective against cardiac overload and car-
diac and vascular damage (19,24,30-32).
Furthermore, there has been speculation that
when combined with, for example, blockade
of the renin-angiotensin system (33) or en-
hancement of circulating levels of the car-
diac natriuretic peptides (34), adrenomedul-
lin or an adrenomedullin-receptor agonist
might ultimately find a place in the therapeu-
tics of circulatory disorders. Much more in-
formation on these issues can be expected in
the near future.
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