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Abstract. This study was designed to assess any changes in
the plasma concentrations of adrenomedullin (ADM) and
atrial and brain natriuretic peptide (ANP and BNP, respec-
tively), and to investigate their pathophysiological roles in
patients with essential hypertension (EH). The plasma ADM,
ANP and BNP concentrations were measured in 64 patients
with untreated EH and 35 normotensive control subjects.
After 4 weeks of effective antihypertensive therapy with oral
drugs for the hypertensive patients, the plasma concentrations
of ADM, ANP and BNP in the hypertensive patients were
measured again. The plasma concentrations of ADM, ANP
and BNP were significantly higher in the hypertensive patients
than those in the control subjects, and the concentrations
increased with the clinical stage. Furthermore, the hyper-
tensive patients exhibited increased mean arterial pressure
(MAP), blood urea nitrogen (BUN), serum creatinine (Scr)
and decreased glomerular filtration rates (GFRs) compared
with the control subjects. The plasma ADM concentration was
not only correlated with BUN, Scr and the GFR, but was also
associated with the MAP and the plasma levels of ANP and
BNP. Following effective antihypertensive therapy with oral
medication for 4 weeks, the plasma concentrations of ADM,
ANP and BNP were significantly, but not sharply, decreased. In
conclusion, ADM, along with ANP and BNP, may be involved
in the mechanisms acting against a further increase in blood
pressure and may be useful biomarkers for the diagnosis and
treatment of hypertensive patients.
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Introduction

Adrenomedullin (ADM) was originally discovered in 1993
by Kitamura er al (1) following its isolation from human
pheochromocytoma tissue. It has since been demonstrated
that ADM can be synthesized by numerous mammalian
tissues, including the adrenal medulla, endothelial and
vascular smooth muscle cells, myocardium and central
nervous system (2,3). ADM has diverse and profound effects
on cellular proliferation, contractility, migration and interac-
tion with other neurohormonal factors, including atrial and
brain natriuretic peptide (ANP and BNP, respectively) (4).
The most important and known pathophysiological role
of ADM is that it is a potent vasorelaxant and natriuretic
peptide (5-7). ADM administered through intravenous
infusion has been shown to lower blood pressure (BP) and
increase the heart rate and cardiac output (8). A direct
cardiostimulatory effect has also been found in the isolated
perfused rat heart (9). The natriuretic peptide system consists
of a group of neurohormones, including ANP and BNP (10).
ANP and BNP are cardiac hormones believed to act against
the elevation of blood pressure and retention of body fluid
in cardiovascular diseases, such as hypertension and heart
failure, through their vasorelaxant and natriuretic effects (5).
ADM exerts its chief biological actions via an accumulation
of intracellular cyclic adenosine monophosphate (11), while
several of the actions of ANP and BNP are mediated by cyclic
guanosine monophosphate (10). Since the actions of ADM
are similar to those of ANP and BNP, despite differences in
their intracellular signaling systems, we hypothesized that
ADM functions along with ANP and BNP to act against a
further elevation of blood pressure in hypertensive patients.

In the present study, the pathophysiological roles of
ADM, ANP and BNP in essential hypertension (EH) were
investigated by monitoring any changes in the plasma
concentrations of these peptides in untreated hypertensive
patients whose disease was classified into one of three stages.
These results were then compared with those of the control
subjects, and comparisons were additionally made among
the three disease stage groups. After 4 weeks of effective
antihypertensive therapy for the hypertensive patients, the
ADM, ANP and BNP levels were re-measured. These results
were then compared with the pretherapy results and those of
the control subjects.
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Materials and methods

Study subjects. Between August 2010 and December 2012,
64 patients with established EH and 35 normotensive control
subjects were recruited for this study in the Renmin Hospital
of Wuhan University (Wuhan, China). All subjects agreed with
the aim of the study and gave their informed consent prior to
their inclusion in the study. The study was approved by the
Ethics Committee of Renmin Hospital of Wuhan University.

Routine laboratory studies of the patients included routine
blood tests; urinalysis; prothrombin time, activated partial
thromboplastin time, fibrinogen and D-Dimer concentrations;
serum electrolytes, serum creatinine (Scr), blood urea nitrogen
(BUN) and fasting blood glucose levels; liver function tests;
plasma renin activity, aldosterone, catecholamine, cortisol
and thyroid hormone levels; a chest roentgenogram; an elec-
trocardiogram; B-scan ultrasonography of the liver, cholecyst,
pancreas, spleen, bilateral kidneys and adrenal glands; and
an excretory urogram or renal arteriogram. The glomerular
filtration rate (GFR) was calculated by endogenous cystatin C
clearance, as previously described (12). On the basis of all
results and guidelines from the World Health Organization
(2003) (13), subjects were placed into a diagnostic category.
Normal BP was defined as a systolic pressure <140 mmHg
and a diastolic pressure <90 mmHg. Stage I hypertension was
defined as a systolic pressure =140 mmHg but <160 mmHg
or a diastolic pressure =90 mmHg but <100 mmHg, or
both. Stage II hypertension was defined as a systolic pres-
sure =160 mmHg but <180 mmHg or a diastolic pressure
=100 mmHg but <110 mmHg, or both. Stage III hypertension
was defined as a systolic pressure =180 mmHg or a diastolic
pressure =110 mmHg, or both. Secondary hypertension was
excluded by clinical history, physical examination, routine
laboratory tests and imaging examinations. None of the patients
had clinical evidence of cardiac or hepatic failure, diabetes,
pulmonary disease, angina pectoris, myocardial infarction or
other diseases that could cause secondary hypertension. The
hypertensive patients either had no history of antihypertensive
treatment or had ceased their antihypertensive treatment
>4 weeks previously. The normotensive controls were age- and
gender-matched healthy subjects who had been hospitalized
for a healthy checkup.

Following the initial evaluation, the plasma concentrations
of ADM, ANP and BNP were determined. A total of 64 patients
with EH then commenced antihypertensive therapy with one or
more of the following drugs: Nifedipine, metoprolol or benaz-
epril. After 4 weeks of effective antihypertensive therapy, the
BP of the hypertensive patients was normalized. The plasma
levels of the three peptides were then re-measured.

Arterial BP was measured by a mercury sphygmoma-
nometer once the patients had rested in a seated position
for =30 min in a quiet and warm room without smoking or
drinking coffee. The mean of three BP measurements at 5-min
intervals was used to classify the subjects.

Preparations of human ADM (hADM), ANP and BNP. Blood
samples were drawn from an antecubital vein early in the
morning following an overnight fast and were transferred
to ice-chilled tubes containing aprotinin (500 KIU/ml) and
EDTA (1 g/1). Plasma was separated by centrifugation at
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2,000 x g for 10 min at 4°C and immediately frozen and stored
at -70°C until radioimmunoassay (RIA).

Assay procedure. The plasma ADM concentrations were
measured with a specific RIA following the extraction of
plasma, as described previously (14). Briefly, 2 ml plasma was
loaded onto a Sep-Pak C18 cartridge (Waters Corp., Milford,
MA, USA) equilibrated with 5 ml saline. Following the
washing of the cartridge with 5 ml saline and 10% acetonitrile
in 0.1% trifluoroacetic acid (TFA), the absorbed peptides were
eluted with 4 ml 50% acetonitrile in 0.1% TFA, lyophilized,
and then stored at -70°C until RIA. The plasma extract was
dissolved in 250 ul RIA buffer (Phoenix Pharmaceuticals,
Inc., Mountain View, CA, USA) and 50 mmol/l sodium phos-
phate buffer (pH 7.4) containing 0.5% bovine serum albumin,
0.5% Triton X-100, 80 mmol/1 sodium chloride, 25 mmol/l
EDTA, 0.05% sodium azide and 500 KIU/ml aprotinin.
A total of 100 pl dissolved plasma extract was used for an
hADM-specific RIA, as reported previously (14). The rabbit
polyclonal anti-h ADM antibody (1:20,000; cat. no. RK-010-01;
Phoenix Pharmaceuticals, Inc.) used in this RIA did not show
any cross-reactivity with hADM-(13-52), rat ADM-(1-50),
human calcitonin gene-related peptide (CGRP), endo-
thelin-1, a-human ANP-(1-28), BNP-32 or C-type natriuretic
peptide-22. The interassay coefficient of variation was 8%, and
the intra-assay coefficient of variation was 6%. The concentra-
tion of ADM was expressed in ng/l.

The plasma ANP concentration was determined by a
similar specific immunoradiometric assay for human ANP
(ShionoRIA ANP kit; Shionogi & Co., Ltd., Osaka, Japan).
The plasma BNP concentration was measured by a similar
method developed by the same company (ShionoRIA BNP
kit; Shionogi & Co., Ltd.). The accuracies and the detailed
methods of these assays have been described previously (15).

Statistical analysis. All continuous data are expressed as the
mean + standard deviation. Statistical analysis was performed
through linear regression analysis, which was further
confirmed by Kendall's method or an analysis of variance test
for multiple comparisons, which was further examined using
the Student-Newman-Keuls's method. Comparisons between
two variables were conducted using an unpaired t-test, and
comparisons between the paired values were analyzed with
a paired t-test. Categorical variables were assessed using the
> or Fisher's exact test. Non-normally distributed data were
analyzed through the Mann-Whitney U test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Baseline characteristics. The clinical profiles of the control
subjects and hypertensive patients in each stage are summa-
rized in Table I. No significant differences were found in the
age and gender distribution among the four groups. The mean
arterial pressure (MAP), BUN and Scr levels of the hyperten-
sive patients were significantly higher than those of the control
subjects (P<0.05); these increases additionally correlated with
the severity of the hypertension stage (P<0.05). The GFRs
of the hypertensive patients exhibited the opposite changes
(P<0.05).
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Table I. Characteristics of the study subjects.
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Control, n=35 Stage I EH, n=20 Stage I EH, n=25

Stage III EH, n=19

Age (years) 43+4 416 4445 45+7
Male:female ratio (n:n) 16:19 9:11 11:14 8:11
MAP (mmHg) 90+8 112+5* 12448 138+10%0¢
BUN (mg/dl) 173 19+2° 224320 26+60¢
Scr (mg/dl) 1.0£0.2 1.2+0.3* 1.540.4%° 1.840.5%b¢
GFR (ml/min) 9549 87+9* 79104 72+1120¢

"P<0.05 compared with control subjects; "P<0.05 compared with stage I EH patients; ‘P<0.05 compared with stage Il EH patients. MAP, mean

arterial pressure; BUN, blood urea nitrogen; Scr, serum creatinine; GFR, glomerular filtration rate; EH, essential hypertension.
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Figure 1. Plasma concentrations of (A) ADM, (B) ANP and (C) BNP in the control and three hypertension groups. ADM, adrenomedullin; ANP, atrial

natriuretic peptide; BNP, brain natriuretic peptide.
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Figure 2. Association between plasma ADM concentration and (A) blood urea nitrogen, (B) serum creatinine and (C) glomerular filtration rate in the stage I

hypertension group. ADM, adrenomedullin.

Pretherapy peptide levels. Fig. 1 shows the plasma concen-
trations of ADM, ANP and BNP in the control and three
hypertension groups. The mean concentrations of ADM, ANP
and BNP in the hypertension groups were significantly higher
than those in the control group (P<0.05); significant increases
were additionally found with increases in the hypertension
grade (P<0.05).

The associations between the plasma ADM concentration
and the BUN level, Scr level and GFR in the stage I, IT and III
hypertension groups are summarized in Figs. 2-4. The plasma
ADM concentration was correlated with BUN and a stronger
correlation with Scr was found. The strongest correlation was
observed between the plasma ADM concentration and the
GFR but this correlation was negative.

The associations between the plasma ADM concentration
and the MAP, ANP and BNP levels in the stage I, II and III
hypertension groups are summarized in Figs. 5-7. The ADM

concentration was not only correlated with MAP but also with
the plasma concentrations of ANP and BNP.

The plasma concentrations of ADM, ANP and BNP in the
stage I, II and III hypertension groups with or without renal
dysfunction are summarized in Tables II-IV. The patients with
increased Scr (=1.5 mg/dl) or decreased GFR (<80 ml/min)
had markedly higher plasma concentrations of ADM, ANP
and BNP than those of the patients with normal Scr and GFR.
The plasma ADM, ANP and BNP levels of the patients with
or without renal dysfunction were also higher than those of
control subjects.

Post-therapy results. Table V shows the clinical parameters of
the three groups of hypertensive patients initially and 4 weeks
after effective antihypertensive therapy. Following treatment,
the MAP of the patients was normal, while the BUN and Scr
levels were decreased compared with the pretherapy values



1904

HU er al: PLASMA CONCENTRATIONS OF ADM AND NATRIURETIC PEPTIDES IN PATIENTS WITH EH

A B C =
£ -
= 40+ = 254 P<0.05 7 L) . P<0.05
=S P<0.05 5 r=0.79 = r=-0.88
E r=0.68 2 20- : . g 901 . .
%0 E o &
g . 2 o J
S . ae. £ 157 § % T,
£ e = .- 2 .
T 8 40l o £ 7o .
3 5 y =
S 104 .
> £ os; S 6o .
E ] ]
S , - - - \ ? 00 ; ' v . ] E 50 , ‘ . - "
0 10 20 30 40 50 0 10 20 3 40 50 8 0 10 20 30 40 50

Plasma ADM concentration{ng/L)

Plasma ADM concentration{ng/L)

Plasma ADM concentration({ng/L)

Figure 3. Association between plasma ADM concentration and (A) blood urea nitrogen, (B) serum creatinine and (C) glomerular filtration rate in the stage II

hypertension group. ADM, adrenomedullin.
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Figure 4. Association between plasma ADM concentration and (A) blood urea nitrogen, (B) serum creatinine and (C) glomerular filtration rate in the stage I1I

hypertension group. ADM, adrenomedullin.
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Figure 5. Association between plasma ADM concentration and (A) mean arterial pressure, (B) ANP and (C) BNP in the stage I hypertension group. ADM,
adrenomedullin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.
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Figure 6. Association between plasma ADM concentration and (A) mean arterial pressure, (B) ANP and (C) BNP in the stage II hypertension group. ADM,
adrenomedullin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.

(P<0.05). By contrast, the GFR was increased compared with

the pretherapy values (P<0.05).

The plasma ADM, ANP and BNP concentrations in the

Discussion

stage I, IT and III hypertension groups initially and 4 weeks
after effective antihypertensive therapy are summarized in
Figs. 8-10. The plasma concentrations of ADM, ANP and BNP
fell significantly following antihypertensive treatment (P<0.05).

As a 52-amino acid vasodilatory peptide, ADM has a ring
structure formed by a disulfide bond and an amidated carboxyl
terminus and shows homology with CGRP and amylin, which
are other members of this family of peptides (16). It has been
demonstrated that this peptide is present not only in a variety



EXPERIMENTAL AND THERAPEUTIC MEDICINE 9: 1901-1908, 2015 1905

Table II. Plasma concentrations of ADM, ANP and BNP in stage I hypertensive patients with or without renal dysfunction.

Characteristics n ADM (ng/l) ANP (ng/l) BNP (ng/l)
Scr=1.5 mg/dl 7 29.4+2.0° 31.3£1.9%° 32.4+2.1%°
Scr <1.5 mg/dl 13 19.1+3.8° 20.5+4.2° 21.9+3.9°
GFR =80 ml/min 6 29.9+1.7°¢ 31.8+1.6°¢ 32.9+1.8%¢
GFR >80 ml/min 14 19.6+4.0° 21.1x4.6° 22.4+4 .30
Control subjects 35 17.6£2.7 12.5+2.4 10.3+£2.6

"P<0.05 compared with patients with normal Scr levels; "P<0.05 compared with control subjects; P<0.05 compared with patients with normal
GFR. Scr, serum creatinine; GFR, glomerular filtration rate; ADM, adrenomedullin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.

Table III. Plasma concentrations of ADM, ANP and BNP in stage II hypertensive patients with or without renal dysfunction.

Characteristics n ADM (ng/l) ANP (ng/l) BNP (ng/l)
Scr=1.5 mg/dl 15 35.6+4 440 43 .8+4 9% 514459
Scr <1.5 mg/dl 10 21.1£3.6° 29.243.1° 35.2+3.5°
GFR <80 ml/min 14 36.2+3.9%¢ 44 444 5b¢ 52.245.3%¢
GFR >80 ml/min 11 21.7+4.0° 29.8+3.5° 35.8+3.8°
Control subjects 35 17.6+2.7 125424 10.3+2.6

"P<0.05 compared with patients with normal Scr levels; "P<0.05 compared with control subjects; “P<0.05 compared with patients with normal
GFR. Scr, serum creatinine; GFR, glomerular filtration rate; ADM, adrenomedullin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.

Table I'V. Plasma concentrations of ADM, ANP and BNP in stage III hypertensive patients with or without renal dysfunction.

Characteristics n ADM (ng/1) ANP (ng/l) BNP (ng/l)
Scr =1.5 mg/dl 12 44.0+4 8> 62.9+5.9° 75.3+6.1°
Scr <1.5 mg/dl 7 29.6+4.2° 47.7+3 .4° 59.5+4.3°
GFR <80 ml/min 13 43.3+5.20¢ 62.1£6.45¢ 74.5+6.5%¢
GFR >80 ml/min 6 28.7+3.9° 46.9+2.9° 58.5+3.8°
Control subjects 35 17.6£2.7 125424 10.3+2.6

"P<0.05 compared with patients with normal Scr levels; "P<0.05 compared with control subjects; “P<0.05 compared with patients with normal
GFR. Scr, serum creatinine; GFR, glomerular filtration rate; ADM, adrenomedullin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.
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Figure 7. Association between plasma ADM concentration and (A) mean arterial pressure, (B) ANP and (C) BNP in the stage III hypertension group. ADM,
adrenomedullin; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide.

of organs and cells, but also in human plasma (1). Factors of  paracrine hormones, variety are known to affect the synthesis
both the physical, such as shear and ventricular wall stress and ~ of ADM (16). Compared with control subjects, it has been
hypoxia, and humoral, such as cytokines and endocrine and  found that the plasma levels of ADM are increased in patients
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Table V. Hemodynamic parameters of the hypertensive subjects.

Stage I EH, n=20 Stage I EH, n=25 Stage III EH, n=19
Parameters At diagnosis After drugs At diagnosis After drugs At diagnosis After drugs
MAP (mmHg) 11245 92+3* 124+8 94+4* 138+10 95+5*
BUN (mg/dl) 19+2 17£2° 2243 19+2° 266 2243
Scr (mg/dl) 1.2+0.3 1.0+0.2* 1.5+0.4 1.2+0.2* 1.8+0.5 1.4+0.3*
GFR (ml/min) 87+9 93+7* 79+10 88+9* 72+11 84+9°

“P<0.05 compared with subjects at diagnosis. MAP, mean arterial pressure; BUN, blood urea nitrogen; Scr, serum creatinine; GFR, glomerular
filtration rate; EH, essential hypertension.
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Figure 8. Plasma (A) ADM, (B) ANP and (C) BNP concentrations before and after treatment in the stage I hypertension group. ADM, adrenomedullin; ANP,
atrial natriuretic peptide; BNP, brain natriuretic peptide; EH, essential hypertension.
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Figure 9. Plasma (A) ADM, (B) ANP and (C) BNP concentrations before and after treatment in the stage II hypertension group. ADM, adrenomedullin; ANP,
atrial natriuretic peptide; BNP, brain natriuretic peptide; EH, essential hypertension.
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Figure 10. Plasma (A) ADM, (B) ANP and (C) BNP concentrations before and after treatment in the stage III hypertension group. ADM, adrenomedullin; ANP,
atrial natriuretic peptide; BNP, brain natriuretic peptide; EH, essential hypertension.

with hypertension, heart failure or arteriosclerosis (17,18). infusion experiments have indicated that ADM acts to
Results from genetic manipulation and prolonged low-dose  suppress increases in blood pressure and limit the progression
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of hypertensive organ damage through its protective effects
on cardiovascular tissues (19,20). ANP and BNP exert similar
cardiovascular effects to ADM, including natriuresis, diuresis
and vasodilatation (21).

In the present study, consistent with a previous investiga-
tion by Kohno et al (22), the MAP, BUN and Scr levels were
elevated in patients with EH and increased with the severity of
the hypertension stage; by contrast, GFR exhibited the opposite
changes. The elevated MAP can be simply explained, and the
changes in the BUN and Scr levels and GFR may have resulted
from the renal damage caused by the hypertension, with more
severe changes occurring with a higher disease stage.

It has been demonstrated that ADM has a broad spectrum of
biological actions, including potent vasodilatation, natriuresis,
inhibition of renin and aldosterone secretion, and inhibition of
vascular smooth muscle cell proliferation and migration (23).
ANP and BNP, which are predominantly secreted from the
atrium and ventricle in the heart, respectively, function as
hormones acting against a further elevation in BP in hyper-
tensive patients through their natriuretic and vasodilatory
effects (24).

In the present study, the plasma concentrations of ADM,
ANP and BNP increased with increasing disease severity
in the patients with EH, a finding consistent with that in a
previous study by Kato er al (5). It appears, therefore, that
high BP is an important factor involved in the observed
elevation of the three peptides in the plasma; as previously
mentioned, the renal damage was more serious with higher
BP. The metabolism of ADM primarily occurs in the kidney,
and ADM concentration was positively correlated with the
BUN and Scr levels but negatively correlated with the GFR in
three groups of hypertensive patients. It is possible, therefore,
that the reduced renal clearance of peptides accounted for the
elevations in the levels of these bioactive peptides in patients
with EH. This was further confirmed by the fact that the
plasma ADM, ANP and BNP concentrations of the hyperten-
sive patients with renal dysfunction were significantly higher
than the values of the control subjects and hypertensive
subjects without renal dysfunction. Furthermore, the plasma
ADM level was strongly correlated with the level of ANP and
BNP. It can be inferred that ADM, along with ANP and BNP,
may be involved in the mechanisms counteracting a further
elevation in BP due to their similar physiological roles, and
that this is a protective and compensatory mechanism in
the cardiovascular system. This theory was supported by
the association between ADM and MAP and higher plasma
ADM, ANP and BNP levels in hypertensive patients without
renal dysfunction compared with control subjects. In addi-
tion, it was noted that the plasma levels of ADM, ANP and
BNP were significantly, but not sharply, decreased due to the
improvement in MAP and renal function following antihy-
pertensive treatment for 4 weeks; therefore, the delivery of
ADM, ANP and BNP to the tissue either through exogenous
administration or the augmentation of endogenous produc-
tion should be considered as a potential therapeutic strategy
for a number of disorders, particularly hypertension. It was
reported by Kato ef al (5), however, that although the plasma
ADM level was significantly decreased following urgent anti-
hypertensive treatment in malignant hypertensive patients,
the values of ANP and BNP were not. In addition, Kohno
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et al (22) found that the plasma ADM and Scr levels were not
significantly changed following antihypertensive treatment
for 4 weeks. The most likely explanations may be that i) a
number of elderly hypertensive patients, whose renal function
may not have easily improved if impaired by hypertension,
were included in the study by Kohno et al (22); ii) the dura-
tion of the hypertension was different; and iii) the statistical
analysis was different.

Numerous studies have found increased plasma ADM,
ANP and BNP levels in patients with EH or secondary
hypertension (21,25); however, there are few reports on the
concentrations of these values in cases of hypertension that
has been classified into stages. The present study indicated
that the correlation between the ADM and BUN levels became
stronger as the severity of the hypertension increased. Similar
correlations between ADM and Scr levels and between the
ADM level and GFR were observed. It can be inferred that
the ADM level is associated with renal function and that the
lower renal clearance of ADM results from the increasingly
serious renal damage caused by hypertension.

With regard to the physiological roles of ADM, ANP
and BNP, the results of the present study suggest that ADM
may be involved, along with ANP and BNP, in mechanisms
counteracting a further elevation in BP and may be useful
biomarkers for the diagnosis and treatment of patients with
EH. Furthermore, the plasma concentrations of ADM, ANP
and BNP are strongly associated with renal function. Further
studies are necessary to clarify the specific physiological
significance of ADM, ANP and BNP in EH and to elucidate
the exact pharmacokinetics of these peptides in hypertensive
patients with renal functional damage.
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