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Adrenomedullin (AM) is a cardiovascular protective peptide produced in various organs and tissues
including adipose tissue. In the present study, we measured the plasma AM levels of subjects with or without
obesity by two assay methods to separately evaluate the biologically active AM-NH, and the intermediate
form of AM-glycine (AM-Gly). We measured the total AM and AM-NH, levels of plasma in 52 obese and 172
non-obese residents of a Japanese community, who received regular health check-ups and had no overt
cardiovascular disease. AM-Gly values were obtained by subtracting AM-NH, levels from those of total AM.
Both the AM-NH, and AM-Gly levels of the subjects with obesity were higher than those without obesity,
and significant relationships were noted between body mass index (BMI) and the plasma levels of the two
molecular forms of AM in a simple regression analysis. Moreover, the significant factors identified by
multivariate analyses were BMI and serum triglyceride for AM-NH, and diastolic blood pressure, insulin,
high-density lipoprotein-cholesterol, and plasma renin activity for AM-Gly. These results suggest active roles
for the two molecular forms of AM in metabolic disorders associated with obesity in subjects without overt
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cardiovascular disease.
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1. Introduction

Consisting of 52 amino-acid residues, adrenomedullin (AM) is a
biologically active peptide that exerts a wide range of actions
including vasodilatation, improvement of vascular endothelial func-
tion, inhibition of cardiovascular remodeling, modulation of adipo-
genesis, and alleviation of insulin resistance [1-7]. Although it was
initially isolated from pheochromocytoma tissue, the AM peptide is
produced in various organs such as the adrenal medulla, heart, blood
vessels, and adipose tissue [1-9]. AM also circulates in human blood,
and plasma AM levels were found to be elevated in patients with
hypertension, obesity, heart failure, acute myocardial infarction, and
atherosclerotic vascular diseases [2-4,10-13]. Based on its biological
actions, AM is assumed to participate in mechanisms that act against
the development or progression of metabolic or cardiovascular
diseases. In the biosynthesis of AM peptide, the intermediate form
AM-glycine (AM-Gly) is processed from the AM precursor proAM, a
126 amino-acid peptide, and then the biologically active mature form
of AM-NHj, is produced by the action of amidation enzymes [2-4]. We
previously reported that AM in the human blood consists of two
molecular forms, the mature and intermediate AM peptides [14].
There have been a number of reports on AM measurement in human
plasma; however, the assay methods used in most of these studies
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were unable to measure the mature and intermediate AM levels
separately [2-4,14]. In the present study, we measured plasma AM
levels with two types of immunoreactive radiometric assays (IRMA)
to detect AM-NH, and AM-Gly in non-obese and obese residents of a
Japanese community without overt cardiovascular disease. We then
compared these AM levels with other clinical parameters, to study the
pathophysiological role of AM in obesity-related metabolic disorders.

2. Materials and methods
2.1. Study subjects and protocol

Local residents of the Kiyotake area, Miyazaki, Japan, who
underwent an annual regular health check-up in 2007 were examined
for this study (81 males and 143 females; 60.8 + 9.8 years, mean +
SD). Upon visiting the community center of Kiyotake town, the
medical history of the subjects was taken by nurses and confirmed by
physicians. The subjects enrolled were determined to have no overt
cardiovascular diseases such as ischemic heart disease, congestive
heart failure, or stroke from their medical history and physical
examination, and those given glucose-lowering agents for diabetes
mellitus were excluded from this study to allow the precise evaluation
of insulin-sensitivity. Obesity was defined as a body mass index (BMI)
of 25 Kg/m? or higher, according to the criteria of the Japan Society for
the Study of Obesity [15]. Blood pressure was measured with an
oscillometric automatic device (BP-103ill, Colin, Japan) in a sitting
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Table 1 Table 3
The basal profile of the subjects examined in this study. Coefficients of correlation obtained by simple regression analysis.
Non-obese Obese AM-NH, AM-Gly
Male/female (n) 57/115 24/28 Basal parameters
Age (year) 60.5+9.7 61.5+10.3 Age 0.142* n.s.
SBP (mmHg) 123 +18 134 £ 17** BMI 0.222%* 0.211%*
DBP (mmHg) 74411 79 £ 10*+* SBP 0.152* 0.259%*
BMI (kg/m?) 214+£20 27.5+£3.3%* DBP 0.149* 0.296**
Serum creatinine (mg/dl) 0.71+0.14 0.76+0.19 Serum creatinine n.s. 0.181**
SBP and DBP: systolic and diastolic blood pressure; BMI: body mass index; mean + SD; Metabqllc O | RIS .
#p 20,01 Insulin n.s. 0313
. HOMA index n.s. 0.293**
HDL-cholesterol n.s. —0.266**
Table 2 Tlriglyceride's N 0.198** 0.2731:
Metabolic and humoral factors. TR R iy n.S. 0199
The abbreviations are listed in Tables 1 and 2. *P<0.05, **P<0.01, n.s. = not significant.
Non-obese Obese
Fasting blood glucose (mg/dl) 96+ 16 106 £ 26**
Insulin (WU/ml) 43420 8.945.4%* P . o
HOMA index 1.04 +0.52 2.47 4 2.40%* of EDTA-2Na and 500 kallikrein inhibitory units (KIU)/mL of aprotinin.
Cholesterol (mg/dl) 211£32 213£32 Plasma was obtained by centrifugation at 3000 rpm for 10 min at 4 °C
o Kk ° .
DL aslstel ol 64£13 26£13 and stored at —40 °C until the assay.
Triglyceride (mg/dl) 97 +54 123 4+ 86%* Thi d d by the Revi C . for C
Plasma renin activity (ng/ml/h) 0.87 +£0.64 0.88 +£0.54 . Is study Wés fapprove y the Review O.mmlttee _Or OOper-
Plasma aldosterone (pg/ml) 874 45 92 440 ative and Commissioned Research and the Ethics Committee of the

HOMA: homeostasis model assessment; HDL: high-density lipoprotein; mean + SD;
**P<0.01.

position by experienced nurses, and then blood was drawn from an
antecubital vein after overnight fasting. To measure the total and ma-
ture AM levels in plasma, blood was collected in tubes with 1.0 mg/mL
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Fig. 1. Plasma levels of total AM, AM-NH,, and AM-Gly in non-obese and obese
subjects. The data are shown as means+SD. *P<0.05, **P<0.01, vs. non-obese
subjects.

University of Miyazaki Faculty of Medicine. All subjects examined
gave their written informed consent before participating in this study.

2.2. Assay procedures

Total and mature AM levels were measured by AM RIA and AM
mature RIA (Shionogi Pharmaceutical Co., Ltd. Osaka, Japan),
respectively [16,17], and values for the intermediate form AM-Gly
were obtained by subtracting the plasma levels of AM-NH, from
those of total AM. The details of these assays are described in the
original reports by Ohta et al. and those of others [7,16,17]. Plasma
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Fig. 2. Relationships between the AM-NH, and BMI (A) or serum triglyceride level (B).
Regression lines and 95% confidence limits are shown on each graph.
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renin activity and aldosterone concentration were determined by
radioimmunoassays as previously reported [11], and serum insulin
level was measured by an enzyme immunoassay. Serum lipid and
glucose levels were measured with an automatic analyzer (OLYMPUS
AU2700, OLYMPUS, Tokyo, Japan), and serum creatinine levels were
determined by an enzymatic method.

2.3. Statistical analysis

All the data were analyzed with SPSS software version 17.0 (SPSS
Inc., Chicago, IL, USA). Comparisons between two groups were
assessed by the unpaired t-test or chi-squared test, and correlations
between two parameters were tested by simple regression analysis.
The relationships were further analyzed by multiple regression
analysis with a step-wise method to identify the factor(s) indepen-
dently associated with the plasma levels of AM-NH, and AM-Gly. In
this multivariate analysis, the basal or metabolic factors that were
found to be significant by simple regression were used as independent
covariates. All the data are expressed as means =+ S.D., and P values of
less than 0.05 were considered to be significant.

3. Results

In a comparison of the basal clinical data from the non-obese and
obese residents (Table 1), no significant differences were noted in
gender, age, or serum creatinine levels, while both the systolic and
diastolic blood pressure (SBP and DBP) levels of the obese subjects
were higher than those of the non-obese subjects. The results of the
measurement of metabolic and humoral factors are shown in Table 2,
where obesity-related metabolic parameters such as the blood levels

A AM-Gly (fmol/ml) B AM-Gly (fmol/ml)
40 40 1
30 4 * 30

of fasting glucose, insulin, high-density lipoprotein-cholesterol (HDL-
cholesterol), triglycerides, and the homeostasis model assessment
(HOMA) index of the subjects with obesity are shown to be higher
than those without obesity, but this was not the case for serum total
cholesterol level, plasma renin activity, or aldosterone concentration.

As shown in Fig. 1, the plasma levels of total AM, AM-NH,, and AM-
Gly were all significantly elevated in the obese subjects compared with
the non-obese subjects. Table 3 shows the coefficients of correlation
obtained by simple regression analyses of the relationships between
two AM values and other basal, metabolic, or humoral parameters in
the subjects. Both the AM-NH, and AM-Gly level were significantly
correlated with BMI, SBP, and DBP, and significant relationships were
observed between the AM-NH, level and age and between the AM-
Gly and serum creatinine levels. In the analyses of the metabolic and
humoral data, we found that the AM-NH, level was significantly
correlated with serum triglyceride levels, while the AM-Gly level was
correlated with all the parameters listed in Table 3. These significant
relationships between the two AM values and BMI or metabolic or
humoral factors are shown in Figs. 2 and 3 by scattered plotting.

We further analyzed the relationships by means of multivariate
analysis with a step-wise method in order to identify the indepen-
dently significant factors for the two AM values. As shown in Table 4,
BMI and the serum triglyceride levels were found to be independently
significant for the AM-NH, level, while DBP, insulin and HDL-
cholesterol levels, and plasma renin activity were significant for the
AM-Gly level. To look at gender differences in plasma AM levels, we
also carried out multivariate analysis including gender in addition to
the significant parameters presented in Table 3, but gender was not
extracted as a significant factor of the plasma levels of AM-NH, or
AM-Gly.
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Fig. 3. Relationships between the AM-Gly and BMI (A), insulin (B), HOMA index (C), HDL-cholesterol (D), triglyceride (E) levels, or plasma renin activity (F). Regression lines and

95% confidence limits are shown on each graph.
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Table 4
Multiple regression analysis with a step-wise method.
Dependent variables Independent covariates B P
AM-NH, BMI 185 .006
Triglycerides 154 .022
AM-Gly DBP 210 .001
Insulin 177 .008
HDL-cholesterol —.178 .006
Plasma renin activity 177 .005

The independent covariates included in this analysis were those judged to be significant
by the simple regression analysis (Table 3).
The abbreviations are listed in Tables 1 and 2.

4. Discussion

Two molecular forms of AM circulate in the blood of humans and
rats; one is a mature form of AM with an amidated C-terminal (AM-
NH,), and the other is an intermediate form with a non-amidated C-
terminal glycine (AM-Gly) [14,18]. There are a number of reports on
AM measurements in plasma and tissue, but in most of these cases,
the immunoreactive AM detected was the total AM level consisting of
both AM-NH, and AM-Gly [2-4,14]. Using a radioimmunoassay to
detect total AM levels, we have previously reported a significant
relationship between plasma AM levels and BMI in subjects who had
undergone a regular medical check-up [12], and an obesity-related
increase in the plasma AM level has also been reported in an animal
model of obesity [8]. In the present study, we measured the plasma
levels of AM with two types of immunoreactive radiometric assays
that detect total and mature AM, respectively, and found that both the
AM-NH, and AM-Gly levels were elevated in subjects with obesity
according to their BMI, as compared to those who were not obese.

Cultured cells isolated from the blood vessels or myocardium have
been shown to produce and secrete AM [3,4]. We have previously
shown significant increases in the plasma levels of AM-NH, between
the femoral artery and vein and between the aortic root and coronary
sinus in patients with ischemic heart disease, suggesting the active
secretion of AM-NH, from the vasculature of the lower extremities
and from the heart in humans [19]. In patients with heart failure, the
plasma AM-NH, levels are correlated with the severity of the disease,
but not with BMI or obesity [20]. It has been shown that AM-NH, and
AM-Gly are produced and secreted from adipose tissue and cultured
adipocytes [7,8,21], a finding that suggests the contribution of adipose
tissue to the obesity/BMI-related increase in plasma AM levels. The
organs or tissues that contribute to the AM peptides circulating in the
human blood may depend on the presence or absence of cardiovas-
cular disease. For example, in patients with heart failure, the cardiac
tissue or vasculature appears to be a source of plasma AM, while
adipose tissue may contribute to the mature or intermediate forms of
AM circulating in the blood of humans without overt cardiovascular
disease. It has been reported that the plasma levels of total AM or the
mid-regional fragment of the AM precursor peptide are reduced
following body weight reduction in obese patients [22,23], supporting
the notion of the contribution of adipose tissue to the level of
circulating AM peptides. However, further studies are necessary to
prove this hypothesis, because the present study is simply a cross-
sectional observation.

The mechanism involved in the obesity/BMI-related increase in
plasma AM levels remains to be clarified but may be discussed based
on previous findings obtained by in vitro studies and on the statistical
correlations observed in the present study. According to previous
studies using cultured cells, tumor necrosis factor-o (TNF-at) is an
important factor for the stimulation of AM production in adipocytes
[21]. TNF-a has been shown to be involved in the development of
insulin resistance [24,25]. In the present study, the AM-Gly level was
related to metabolic parameters of insulin resistance such as the
HOMA index, HDL-cholesterol, and triglycerides, suggesting a role for

TNF-a in the BMI/obesity-related increase. We may also need to note
the significant correlation between the AM-Gly level and plasma
renin activity, because the renin-angiotensin system has been shown
to be an important factor for stimulating AM production and secretion
[2-4]. In the present study, the findings of interest include the
differences in the correlation coefficients obtained by simple
regression and in the significant factors demonstrated by the
multivariate analysis between AM-NH, and AM-Gly. According to
our previous studies [14,26,27], it is possible that the AM-NH, levels
in plasma depend on at least two factors: enzymatic amidation
activity and peptide clearance by receptor binding. These factors may
have been involved in producing the different results of the simple
and multiple regression analyses between AM-NH, and AM-Gly.

Lastly, we need to discuss the role(s) of AM-NH; and AM-Gly in
plasma, the levels of which were elevated in relation to increased BMI
and/or obesity. AM has been shown to have a wide range of actions
including blood pressure reduction, modulation of adipogenesis, and
alleviation of insulin resistance [2-7]. AM-Gly itself is biologically
inactive, but we showed that AM-Gly exerts vasodilatory action
following conversion into AM-NH in isolated rat aortas ex vivo [27].
In this experiment, AM-Gly took a much longer time to reach the
maximal relaxation than did AM-NH,, suggesting a role for AM-Gly as
a hormone reservoir. Based on the correlations between the two
molecular forms of AM and the other clinical parameters, we
speculate that AM acts against the development of a number of
obesity-induced disorders such as insulin resistance and elevated
blood pressure.

In conclusion, the present study showed that both the AM-NH,
and AM-Gly levels in plasma are elevated in subjects with increased
BMI or obesity without overt cardiovascular disease. The correlations
between the plasma AM levels and the other clinical parameters
suggest a possible, active role for this bioactive peptide in metabolic
disorders associated with obesity.
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