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Hemodynamic and hormonal effects of exogenous
adrenomedullin administration in humans
and relationship to insulin resistance

Toshihiro Kita, Yoshihiko Suzuki1 and Kazuo Kitamura

Although adrenomedullin (AM) is a potent hypotensive peptide that acts mainly as a vasodilative and proliferation inhibitory

factor, there have been few hemodynamic studies on AM in humans, especially concerning arterial stiffness and hormonal

effects. In addition, AM is a suppressive factor in insulin resistance, suggesting that the effects of AM in a state of insulin

resistance are important. To evaluate the effects of AM in humans, 28 participants were intravenously administered AM

(5pmolmin�1 kg�1) for 90min. They also received a representative vasodilator drug, nicardipine, as a reference drug. Blood

pressure, heart rate, pulse wave velocity (PWV) and blood flow were monitored throughout the experiment. Hormonal changes

were also monitored by blood tests. The effects of AM were compared with those of nicardipine. In addition, the effects of AM

were re-evaluated against insulin resistance state. AM and nicardipine produced the same level of hypotension, but AM showed

a more potent ability to increase heart rate, blood flow and cardiac output and reduce PWV. AM and nicardipine similarly

stimulated plasma noradrenaline and renin activity. However, in the state of insulin resistance, favorable effects of AM on aortic

stiffness were blunted and differences between AM and nicardipine disappeared. Furthermore, there was a significant correlation

between maximum changes in the PWV induced by AM and the homeostasis model assessment of insulin resistance index

(r¼0.58, P¼0.001). Our results suggest that AM may improve arterial stiffness and act as a compensatory factor against arterial

sclerosis. Moreover, decreased reactivity of AM may participate in the progression of arterial sclerosis in insulin resistance.
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INTRODUCTION

Adrenomedullin (AM) is a potent hypotensive peptide found ubiqui-
tously in tissues and organs, especially in cardiovascular tissues, the
kidneys, lungs and endocrine glands. AM has multiple functions in a
wide range of tissues and acts mainly as a vasodilative and prolifera-
tion inhibitory factor.1 AM also has a role in the development of
arterial sclerosis as an inflammatory modulator.2,3 Recently, it was
shown that endogenous AM has a protective effect against cardiovas-
cular injury, possibly through the inhibition of oxidative stress.4

Morphologically, dense manifestation of AM has been detected in
macrophages within plaques of atherosclerotic lesions.5 Shinomiya
et al.6 reported an association between plasma AM concentration and
carotid atherosclerosis in patients with stroke. Furthermore, we
previously reported a relationship between plasma AM levels and
pulse wave velocity (PWV), an indicator of arterial stiffness, in
patients.7 In addition, AM may counteract insulin resistance develop-
ment through an antioxidative stress factor.8,9 Insulin resistance is
well recognized as a major pathogenetic factor of arterial disorders,

including hypertension and arterial sclerosis. Accumulating data
suggest that AM acts as an important modulator against arterial
sclerosis and organ damage.
Exogenous AM administration has been shown to have beneficial

effects in various stages of cardiovascular disease. In normotensive and
hypertensive subjects, short-term AM infusion produced hypotension
through vasodilation and increased cardiac output.10,11 AM also
improved hemodynamics in heart failure patients. Specifically, AM
administration reduced arterial pressure and cardiac filling pressure
and also increased cardiac output and renal sodium excretion.12

However, the effect of AM on the arteries, especially large arteries,
has not been determined in humans. A sustained increase in arterial
stiffness, as demonstrated by increased PWV, is closely correlated with
morbidity and mortality in cardiovascular events.13–15 In this study,
we investigated the effect of AM on arterial stiffness in human
subjects. In addition, because the effect of AM may be affected by
insulin resistance, we evaluated the relationship between the effects of
AM and insulin resistance state in these subjects.
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METHODS

Study subjects
Twenty-eight subjects that were normotensive (n¼11), hypertensive (n¼9) or

diabetic (n¼8) received AM. In addition, all subjects received nicardipine as a

reference drug at least 1 week after AM. Subjects with one or more of the

following conditions were excluded: (1) heart failure (ejection fractiono50%),

(2) severe valvular diseases, (3) renal insufficiency (serum creatinine 41.0mg

per 100ml), (4) peripheral artery diseases and (5) history of cardiovascular

events. All subjects were completely free from any kind of drugs. The study was

approved by the ethics committee of the institute, and all participants gave

written informed consent.

Preparation of human AM
Chemically synthesized human AM was purchased from the Peptide Institute,

Osaka, Japan. The homogeneity of human AM was confirmed by reverse-phase

high-performance liquid chromatography and amino acid analysis. AM was

dissolved in distilled water with 3.75% D-mannitol and 0.05% aminoacetic

acid, then sterilized by passage through a 0.22-mm filter (Millipore, Bedford,

MA, USA). The chemical nature and content of the human AM in vials were

verified by reverse-phase high-performance liquid chromatography.

Study protocol
All experiments began at 0900 hours with subjects in a fasted state.

Experiments were conducted in our outpatient office, which provided a quiet

environment with a constant temperature. A 20-gauge cannula was inserted

into the forearm vein for infusion of 0.9% saline. Saline was infused at a

rate of 100mlh�1 throughout the experiments (Figure 1). Baseline measure-

ments were obtained after a 30-min equilibration period. Then AM

(5pmolmin�1 kg�1) was intravenously administered at a rate of 5mlh�1 for

1.5 h followed by saline infusion for 1.5 h. One week after AM infusion, the

same subjects were infused with nicardipine (1–1.5mgmin�1 kg�1) as a

reference drug. Blood pressure and pulse rate were monitored every 10min

by an automated hemodynamometer on a brachial cuff. Every 15min, blood

pressure, heart rate and PWV were measured using an automatic waveform

analyzer (form PWV/ABI, BP-203RPE; Omron Colin, Komaki, Japan), as

reported in our previous study.7 Carotid artery pulsation was measured

using echo equipment at three time points, as indicated in Figure 1, and the

elastic property16 was calculated. Using the Doppler echo method, blood flow

in the common carotid artery and segmental renal artery were measured, as

was cardiac output. In addition, blood samples were taken at three time

points, namely, before, during and after AM infusion (Figure 1). Plasma

total and mature AM were measured by specific immunoradiometric assay

kits (Shionogi, Osaka, Japan). Plasma concentrations of other hormones

were measured using a commercially available laboratory testing service

(SRL, Hachioji, Japan).

Statistical analyses
All data were expressed as the mean±s.e.m. Comparisons of parameters

between the two groups (AM vs. nicardipine) were carried out using paired

Student’s t-tests. Comparisons of the time course of parameters between the

two groups were carried out by two-way repeated measures analysis of

variances followed by Bonferroni/Dunn’s multiple comparison tests. A value of

Po0.05 was the criterion for statistical significance.

RESULTS

Table 1 presents the baseline characteristics of the participants. AM
and nicardipine achieved the same levels of systolic blood pressure
reduction in all subjects, as shown in Figure 2. However, AM produced
a stronger diastolic blood pressure reduction and heart rate increase
when compared with nicardipine (Figures 2a and b). Most interest-
ingly, AM caused a significantly larger reduction of PWV and elastic
property of the carotid artery when compared with nicardipine
(Figures 2c and d). These changes rapidly recovered after termination
of AM or nicardipine administration, except for the prolonged
decrease in systolic blood pressure induced by nicardipine. Table 2

Saline infusion

AM or nicardipine

PWV

Echo measurements

Blood sampling

30 min

Figure 1 Experimental protocol. After a 60-min baseline period, AM (5pmol min�1 kg�1) or nicardipine (1–1.5mg min�1 kg�1) was intravenously

administered for 90 min followed by a 90 min post-infusion period.

Table 1 Baseline characteristics of participants

Normotensive Hypertensive Diabetic

N 11 9 8

Age (years) 40.8±2.5 50.0±2.7* 48.5±3.3

BMI (kg m�2) 24.3±0.5 24.1±0.8 25.2±0.9

SBP (mmHg) 118.9±1.8 155.4±4.8** 131.3±3.2**

DBP (mm Hg) 74.9±2.6 95.0±3.6** 81.0±2.2

Heart rate (b.p.m.) 59.5±2.4 65.8±3.6 63.1±2.5

PWV (cm s�1) 1263±52 1598±73** 1435±35*

Elastic property (kPa) 97.7±8.5 154.2±9.7** 107.1±7.6

Peak CAF (cms�1) 87.1±2.7 76.8±3.0* 87.9±6.9

Mean CAF (cm s�1) 37.5±1.7 36.1±2.7 38.1±2.0

Peak RAF (cm s�1) 49.1±4.1 40.0±2.6 48.1±5.2

Mean RAF (cm s�1) 28.9±1.8 25.1±1.7 28.5±3.3

Cardiac output (lmin�1) 4.52±0.28 4.55±0.28 4.73±0.25

IRI (mU ml�1) 7.7±1.7 8.2±2.0 6.3±1.5

Blood sugar (mg per 100 ml) 99.4±2.2 104.9±3.3 165.0±11.5**

Total AM (fmol ml�1) 12.9±0.7 13.5±1.0 15.4±2.3

Mature AM (fmol ml�1) 2.0±0.2 1.9±0.2 1.7±0.2

Adrenaline (pgml�1) 20.4±2.9 32.8±7.6 25.3±2.6

Noradrenaline (pgml�1) 255±39 282±32 188±24

Renin activity (ngml�1 h�1) 0.76±0.28 0.73±0.15 1.24±0.26

Aldosterone (pgml�1) 70.2±11.0 76.0±7.5 77.6±8.9

ANP (pg ml�1) 17.2±2.8 29.1±8.2 19.1±5.5

BNP (pgml�1) 12.1±2.9 36.7±22.0 10.2±3.9

cAMP (pmol ml�1) 11.7±0.6 11.9±0.5 11.6±0.7

cGMP (pmol ml�1) 2.9±0.3 4.4±1.0 2.9±0.5

Abbreviations: AM, adrenomedullin; ANP, atrial natriuretic peptide; BMI, body mass index;
BNP, brain natriuretic peptide; CAF, common carotid artery flow; DBP, diastolic blood pressure;
IRI, immunoreactive insulin; PWV, pulse wave velocity; RAF, renal segmental artery flow;
SBP, systolic blood pressure.
*Po0.05, **Po0.01 vs. normotensive.
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summarizes the increase in blood flow and cardiac output after AM or
nicardipine administration. Both reagents clearly increased blood flow,
but AM was more potent than nicardipine. AM induced significantly
larger increases in cardiac output when compared with nicardipine.

The responses of these parameters were similar among normoten-
sive, hypertensive and diabetic groups of subjects (data not shown).
Next, subjects were divided into three groups according to the
homeostasis model assessment of insulin resistance (HOMA-IR)
index, according to which the highest tertile (HOMA-IRX2.0) corre-
sponds to an insulin-resistant state in Japan. HOMA-IR values for each
group were as follows: low¼ 0.31–1.39 (n¼ 9), middle¼ 1.43–1.78
(n¼ 10) and high¼ 2.00–6.96 (n¼ 9). As shown in Figure 3, only the
reduction in PWV induced by AM was blunted in subjects with the
highest HOMA-IR, despite the nearly identical reduction in systolic
blood pressure. In this group, the reductions in PWV were similar for
AM and nicardipine treatments. This phenomenon was also confirmed
by the significant correlation between maximum changes in PWV
induced by AM and HOMA-IR (Figure 4). The difference in elastic
property reduction between AM and nicardipine treatment was not
significant in the high HOMA-IR group (Figure 3c).
Table 3 summarizes the changes in humoral factors. AM adminis-

tration produced significant increases in total AM (approximately
2.5-fold) and mature AM (approximately 7-fold) as well as an
approximately 40% increase in the second messenger cAMP. AM
and nicardipine produced the same degree of increase in noradrena-
line and renin activity. There was no significant difference among
the HOMA-IR groups for all humoral factor alterations (data not
shown). Finally, AM and nicardipine had no effect on insulin and
glucose levels.

DISCUSSION

In this study, we confirmed the hemodynamic effects of AM as a
vasodilative agent in humans. AM increased heart rate and cardiac
output and decreased blood pressure. In addition, AM increased
blood flow in carotid and renal arteries. These effects were similar
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Figure 2 Changes in blood pressure (a), heart rate (b), pulse wave velocity (c) and elastic property of the carotid artery (d) during infusion of AM
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Table 2 Changes of blood flow velocity and cardiac output

Before During After P in trend

Peak CAF (cms�1)

AM 84.0±2.5 130.2±3.0**, ## 80.3±2.5 o0.0001

Nicardipine 83.9±2.6 107.2±2.5** 84.2±2.0 o0.0001

Mean CAF (cms�1)

AM 37.2±1.2 53.8±1.4**, ## 34.3±1.1 o0.0001

Nicardipine 36.4±1.1 42.7±1.2** 34.7±1.0 o0.0001

Peak RAF (cms�1)

AM 45.9±2.4 61.2±3.3** 40.9±2.1# o0.0001

Nicardipine 46.1±2.5 56.9±2.8** 45.0±2.2 0.0017

Mean RAF (cms�1)

AM 27.6±1.3 34.0±1.6**, # 24.8±1.1## o0.0001

Nicardipine 27.7±1.4 31.6±1.6 27.3±1.3 0.066

Cardiac output (lmin�1)

AM 4.59±0.15 7.63±0.25**, ## 4.77±0.14 o0.0001

Nicardipine 4.58±0.14 6.18±0.30** 4.90±0.27 o0.0001

Abbreviations: AM, adrenomedullin; CAF, common carotid artery flow; RAF, renal segmental
artery flow.
Date are mean±s.e.m.
**Po0.01 vs. before.
#Po0.05, ##Po0.01 vs. nicardipine.
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to those of the common vasodilator nicardipine. However, AM
produced greater increases in cardiac output and heart rate when
compared with nicardipine (Table 2). The ventricular myocardium has
abundant AM-binding sites; therefore, AM increases cardiac
cAMP.17,18 This cAMP-dependent mechanism mediates the positive
inotropic action of b-adrenergic stimulants. AM also enhances angio-
tensin-II-induced improvement of systolic function, resulting in a
further increase in left ventricular ejection fraction.19 In addition,
a cAMP-independent mechanism for the positive inotropic action of
AM has been reported.20 These data suggest that increased cardiac
output, and probably heart rate, may be attributable not only to the
decrease in cardiac afterload but also to the direct positive inotropic
action of AM.
PWV is a convenient indicator of arterial stiffness and is applicable

in the casual and prognostic estimation of risk for cardiovascular
events. We used brachial ankle PWV (baPWV) in this study. As shown
for authentic PWV, baPWV correlates well with blood pressure and
aging,21 and increased baPWV is associated with cardiovascular
diseases and risk factors.22 More importantly, high baPWV values
predict poor prognosis in subjects.23 Conversely, improvement of
PWV by antihypertensive therapy may reduce the incidence of
cardiovascular events.15 Strong expression of AM is found ubiqui-
tously in blood vessels where AM functions as a vasodilator, coordi-
nating with other vasodilators, such as nitric oxide, to regulate

vascular tonus.1 AM is suggested to be a significant modulator of
arterial stiffness, decreasing blood pressure and vascular wall tension
and preventing future wall remodeling. In this study, AM had a greater
effect on aortic stiffness, as assessed by baPWV or elastic property,
when compared with a common vasodilator Ca2+ channel blocker
(Figure 2). This feature may contribute to a vascular protective or
compensatory function of AM against vascular deterioration and
resulting vascular events.
baPWV is mainly altered by blood pressure, but other factors, such

as increased heart rate, cardiac output and sympathetic nerve activity,
may also increase baPWV. Indeed, the effect of nifedipine on baPWV
was reduced by increased sympathetic activity.24 Although decreases in
systolic blood pressure were well matched in nicardipine and AM
treatments, AM showed greater baPWV reduction despite larger
increments in heart rate and cardiac output when compared with
nicardipine (Figure 2 and Table 2). The increases in catecholamines
and renin activity were equivalent in both treatments (Table 3). These
alterations probably reduced or inhibited the decrease in baPWV in
nicardipine treatment. Alternatively, it is conceivable that AM has
greater potency against negative alterations to increase baPWV when
compared with nicardipine.
AM and nicardipine produced a larger blood pressure reduction in

hypertensive participants when compared with normotensive or
diabetic participants, which is a common feature of hypotensive
reagents (data not shown). However, other hemodynamic effects of
AM and nicardipine evaluated within each treatment were essentially
the same for each subgroup of participants. We evaluated potentially
influential factors in the effects of AM, and we found that only the
insulin resistance interfered with the effects of AM. Insulin resistance
is an aggravating factor in vascular function and is an underlying cause
of cardiovascular diseases. Insulin resistance also influences the
sensitivity or efficacy of many drugs and bioactive substances. More
importantly, increased arterial stiffness is commonly found in repre-
sentative insulin resistance states, namely, metabolic syndrome and
diabetes.25–27 As shown in Figures 3 and 4, favorable effects of AM on
arterial stiffness were blunted in a state of insulin resistance. AM is
thought to function as a suppressive factor against insulin resistance.8,9

As such, plasma concentration of AM was progressively increased in
patients with impaired glucose tolerance, diabetes and diabetes with
nephropathy.28 In addition, an increase in AM was related to multiple
metabolic factors.28 AM and insulin resistance may conflict with each
other. Specifically, decreased reactivity of AM may contribute to
increased arterial stiffness during insulin resistance, and this alteration
may accelerate the progression of arterial sclerosis in insulin resistance.
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However, this intervention is only a temporary treatment, so further
studies are required to clarify the relationship between AM and insulin
resistance.
Plasma concentration of total AM was increased approximately 2.4-

fold above the control value after AM administration (Table 3). This
level of AM concentration has been found in renal failure or heart
failure patients,29 so the level of AM used was pathophysiological, not

pharmacological. AM administration also increased cAMP, which is a
second messenger of AM, approximately 1.4-fold above the control
value. Similar changes in AM and cAMP have been reported in
previous studies.10–12 AM and nicardipine also produced similar
hormonal alterations, namely, stimulated sympathetic activity and
renin release, which was also observed in another study.10,11 The only
difference between the effects of AM and nicardipine in our study was
on aldosterone release. AM tended to inhibit aldosterone release
despite increased renin activity, although this difference was not
significant (P¼0.051, Table 3). AM did not change aldosterone levels
in healthy volunteers or patients with essential hypertension,10,11 but
AM suppressed increased aldosterone levels in patients with heart
failure.12 Furthermore, AM may have renin-independent suppressive
potency for aldosterone release, and this feature should be elucidated
in future studies.
In conclusion, exogenous AM and Ca2+ channel blocker nicardipine

caused similar vasodilations in humans, accompanied with resemble
interactions with the renin–angiotensin and sympathetic nervous
systems. However, AM had a greater potency in its cardiac inotropic
action when compared with nicardipine. AM also more effectively
decreased arterial stiffness, but the effect was weakened to a similar
level as for nicardipine in a state of insulin resistance. Our results
support the hypothesis that AM may modulate vasoactive substances
and vascular tonus and also have a role in pathophysiological condi-
tions, such as an insulin resistance state.
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