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Nearly 65 million adults in the United States have hypertension and the age-adjusted
prevalence of hypertension is higher in African Americans (38.8%) than in non-Hispanic
whites (27.2%).1 African Americans with hypertension tend to have earlier onset, more
severe hypertension, and they experience a disproportionate burden of adverse
cardiovascular events.2 The relatively high cardiovascular morbidity and mortality in
African Americans with hypertension has been attributed, in part, to their susceptibility to
target-organ damage such as left ventricular (LV) hypertrophy and albuminuria.3,4
Moreover, African Americans with hypertension have higher pulse pressure and may have
greater arterial stiffness than their non-Hispanic whites counterparts.5

Adrenomedullin (ADM) is a circulating 52-amino acid vasopeptide related to calcitonin
gene related peptide, synthesized as part of a 185-amino acid precursor molecule, pre-pro-
adrenomedullin (pre-proADM).6 ADM is secreted mainly by endothelial cells and widely
distributed in various organs and tissues including the adrenal medulla, myocardium, kidney
and lung.6 The physiological and pathophysiological role of ADM in humans is not
established but animal studies indicate that it is a powerful vasodilator with antimitogenic,
natriuretic, and diuretic effects, 6, 7 and that it may be involved in the regulation of
ventricular remodeling.8 ADM increases endothelial nitric oxide production through
phosphorylation of endothelial nitric oxide synthase, an increase in intracellular cAMP, a
decrease in Ca2+ concentration, and activation of K+ channels in vascular smooth muscle
cells.6 Reliable quantification of circulating ADM has been hindered by its short half life, its
binding to complement factor H in the serum, and its tendency to adhere nonspecifically to
surfaces.9 Recently, a midregional fragment of pro-ADM (MR-proADM), comprising
amino acids 45–92 of pre-proADM has been identified in the circulation. This peptide is
relatively stable and is produced in equimolar amounts to ADM, making it a surrogate for
plasma levels of ADM gene products.10
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Plasma ADM is higher in adults with hypertension than in normotensive individuals,11–13
correlates with the severity of hypertension13 and is associated with LV hypertrophy in
multiple animal studies8,14,15 and in a small study (n =50) in humans.16 Little is known
about the relation of ADM to pulse pressure, an index of arterial stiffness, LV mass, and
albuminuria in adults with hypertension. In the present study, we investigated determinants
of plasma MR-proADM in African American adults with hypertension and tested whether
MR-proADM is associated with pulse pressure and measures of target-organ damage- LV
mass and urine albumin:creatinine ratio (UACR).

Methods
This study was part of the Proteomic Markers of Arteriosclerosis Study which is
investigating the association of multiple markers in various etiologic pathway of vascular
disease with several phenotypes of arteriosclerosis.17 Participants belonged to the African
American cohort of the Genetic Epidemiology Network of Arteriopathy Study (GENOA), a
multicenter, community-based study that aims to identify genetic variants influencing blood
pressure (BP) levels and the development of target-organ damage due to hypertension.18
Participants were enrolled in GENOA if two or more members of a sibship had hypertension
before the age of 60 years. Subjects with a secondary cause of hypertension (such as
documented renal artery stenosis or advanced renal insufficiency) were excluded. The
Jackson, MS cohort of the Atherosclerosis Risk in Communities study, which had originally
been a probability sample of persons with driver's licenses, was used to ascertain African-
American sibships. If the eligible proband had at least one sibling with hypertension, all
available full biologic siblings of the index hypertensive siblings were invited to participate
in the study. The study was approved by the Institutional Review Board of the University of
Mississippi Medical Center, Jackson MS. Written informed consent was obtained from each
participant.

The present study included 1047 African Americans who had hypertension. Height
measured by stadiometer and weight measured by electronic balance were used to calculate
body mass index (BMI). Diabetes was considered present if the participant was being treated
with insulin, or oral hypoglycemic agents, or had a fasting glucose level ≥126 mg/dL. Ever-
smoking was defined as having smoked >100 cigarettes. Information about the use of
medications was obtained from the participants at the time of the study visit. BP-lowering
medications were classified as diuretics, beta-blockers, calcium-channel blockers, or renin-
angiotensin-aldosterone system (RAAS) inhibitors.

Blood was drawn by venipuncture after an overnight fast. Serum total cholesterol and high-
density lipoprotein (HDL) cholesterol, creatinine, and fasting plasma glucose, and were
measured by standard enzymatic methods. Glomerular filtration rate was calculated (eGFR)
using the abbreviated equation from the Modification of Diet in Renal Disease Study.19

Plasma levels of MR-proADM
Plasma was collected at the time of blood sampling in plastic vials containing
ethylenediaminetetraacetic acid (EDTA). Samples were placed on ice and then centrifuged
at 3000 × g and frozen at −80°C until assayed. MR-proADM was measured using a novel
commercial assay in the chemiluninescence/ coated tube format (BRAHMS AG;
Hennigsdorf, Germany).20 Tubes were coated with a purified sheep polyclonal antibody
raised against a peptide representing amino acids 83–94 of pre-proADM. A purified sheep
polyclonal antibody raised against a peptide representing amino acids 68–86 of pre-proADM
was labeled with methylacridinium N-hydroxysuccinimide ester (InVent GmbH,
Hennigsdorf, Germany) and used as a tracer. Dilutions of a peptide representing amino acids
45 to 92 of pre-proADM in normal horse serum served as standards. The immunoassay was
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performed by incubating 10-µl samples/standards and 200-µl tracer in coated tubes for 2 h at
room temperature. Tubes were washed 4 times with 1-ml immunoassay wash solution
(BRAHMS AG), and bound chemiluminescence was measured using an LB952T
luminometer (Berthold, Bad Wildbad, Germany). The MR-proADM assay has been
characterized in detail previously.20 The lower detection limit of the assay was 0.08 nmol/l;
the functional assay sensitivity (defined as the lowest concentration detectable with an
interassay coefficient of variation of 20%) is 0.12 nmol/l. The intra-assay coefficient of
variation at 0.5 and 5 nmol/l is 3% and 3.5%, respectively; the interassay coefficient of
variation at 0.5 and 5 nmol/l was 8.5% and 6.5%, respectively. We excluded 5 participants
with plasma MR-proADM levels > 2 nmol/L.

Blood pressure indices
Resting systolic BP (SBP) and diastolic BP (DBP) were measured by random zero
sphygmomanometer (Hawskley and Sons, London, UK) after participants had rested for at
least 10 min in the supine position. Three measures at least 2 min apart were taken and the
average of the second and third measurements was used. Pulse pressure was calculated as
the difference between SBP and DBP. The diagnosis of hypertension was established based
on BP levels measured at the study visit (≥140/90 mm Hg) or a prior diagnosis of
hypertension and current treatment with antihypertensive medications.

Echocardiography
All participants were examined by 2-dimensional and Doppler echocardiography using an
Acuson 128XP/10c (Acuson, Malvern, PA) with 2.5-, 3.5-, and 5.0-MHz transducers. The
parasternal acoustic window was used to record at least 10 consecutive beats of 2D and M-
mode recordings of the LV internal diameter and wall thicknesses at, or just below, the tips
of the anterior mitral leaflet in long- and short-axis views. Correct orientation of planes for
imaging and Doppler recordings was verified using standardized protocols. LV internal
dimension and interventricular septal and posterior wall thicknesses were measured at end
diastole and end systole in 3 or more cardiac cycles. LVM was calculated according to the
American Society of Echocardiography simplified cubed equation and indexed by height to
the power 2.7 (LVMi).21

Albuminuria was assessed by UACR. The first voided urine was collected on the morning of
the study visit and stored at −80°C until analyzed. Urine albumin and urine creatinine
concentrations were measured by standard methods on a Hitachi 911 Clinical Chemistry
Analyzer (Roche Diagnostics, Indianapolis, IN), and UACR was expressed as milligrams of
albumin per grams of creatinine. Subjects with creatinine >2.5 mg/dL (n = 9) or UACR
>3000 mg/g (n = 6) were excluded from the analyses.

Statistical Methods
All of the statistical analyses were carried out using SAS v 9.1 (SAS Institute, Cary NC).
Because of sibships in the sample, we used generalized estimating equations to account for
intrafamilial correlations. Continuous variables were expressed as mean±SD and median
(Q1, Q3). Categorical variables were expressed as number (percentage). Values for MR-
proADM, LVMi, eGFR, and UACR were log transformed (after adding 1 in the case of
UACR) to minimize skewness. Spearman correlation coefficients were used to assess the
correlation between MR-proADM levels with pulse pressure, LVMi, and UACR. We used
multivariable regression analyses to identify variables independently associated with plasma
MR-proADM among age, sex, BMI, total and HDL cholesterol, smoking history, diabetes,
previous history of myocardial infarction or stroke, and medication (BP-lowering and statin)
use. Next, we constructed separate linear regression models to assess whether plasma MR-
proADM was associated with pulse pressure, LVMi, and UACR. We assessed the
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associations in univariable models, in models that adjusted for age and sex, and finally in
fully adjusted models that included conventional cardiovascular risk factors (age, sex, BMI,
total and HDL cholesterol, smoking history, and diabetes), previous history of myocardial
infarction or stroke, and medication (BP-lowering and statin) use. Statistical significance
was determined at 2-sided P-value of <0.05.

Results
The characteristics of the study participants are shown in Table 1. Of the 1047 patients, 729
(72.5%) were women and 346 (33.5%) had diabetes. The mean plasma MR-proADM level
was 0.60 nmol/L and the median was 0.55 nmol/L. Plasma MR-proADM increased with
age, higher BMI, higher SBP, lower DBP, higher heart rate, lower eGFR, higher HDL, and
levels were higher in women, diabetics, those with beta-blocker use, and history of smoking
(Table 2). A significant proportion (40%) of the interindividual variation in plasma levels of
MR-proADM could be explained by these clinical variables.

Plasma MR-proADM was significantly correlated with pulse pressure, LVMi, and UACR
(Fig. 1) and these measures increased with increasing quartiles of plasma MR-proADM
levels (Fig. 2). Log MR-proADM was significantly associated with pulse pressure after
adjustment for age and sex (P <0.007), and after additional adjustment for BMI, eGFR,
smoking history, diabetes, history of myocardial infarction/stroke, and medication use (P
=0.001). The association of plasma MR-proADM with pulse pressure was driven by
separate associations of plasma MR-proADM with SBP and DBP as demonstrated by the
significant associations of greater log MR-proADM with higher SBP (β±SE =5.31±1.57, P
=0.0007) and lower DBP (β±SE =−2.05±0.82, P =0.0125) after using similar multivariable
adjustment. Age, female sex, diabetes, higher HDL cholesterol, lower heart rate, and higher
MR-proADM were all associated with higher pulse pressure while diuretic use and history
of MI and/or stroke were associated with lower pulse pressure (Table 3). These variables
and plasma MR-proADM levels explained 21% of the interindividual variation in pulse
pressure.

Higher log MR-proADM was significantly associated with higher log LVMi after
adjustment for age and sex (P <0.0001), and after additional adjustment for BMI, eGFR,
smoking history, diabetes, history of myocardial infarction/stroke, and medication use (P
=0.029). Other variables associated with greater log LVMi included age, male sex, higher
BMI, history of MI and/or stroke, diabetes, higher SBP, and use of beta-blockers and/or
calcium channel blockers. These variables and plasma MR-proADM levels explained 21%
of the interindividual variation in log LVMi.

Higher log MR-proADM was significantly associated with higher log (UACR+1) after
adjustment for age and sex, (P<0.0001), and after additional adjustment for BMI, eGFR,
smoking history, diabetes, history of myocardial infarction/stroke, and medication use (P
=0.002). Other variables associated with greater log (UACR+1) were male sex, history of
MI and/or stroke, diabetes, higher SBP, higher heart rate, and use of calcium channel
blockers. In separate analyses in non-diabetic subjects (n=696), log MR-proADM remained
independently and significantly associated with log (UACR+1) (β±SD =0.47±0.15, P
=0.002). These variables and plasma MR-proADM levels explained 24% of the
interindividual variation in log (UACR+1).

Discussion
In a community-based sample of African Americans with hypertension, we found that
higher plasma MR-proADM levels were associated with greater pulse pressure, LVMi, and
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UACR. These associations were independent of age, sex, eGFR, conventional risk factors,
and medication use. To the best of our knowledge, the present study is the first to report the
associations of plasma MR-proADM with pulse pressure and measures of target-organ
damage in a relatively large sample of African American adults with hypertension.

The mean and median levels of plasma MR-proADM( 0.60 nmol/L/0.55 nmol/L) in our
study were higher than previously reported levels in healthy individuals (0.33 nmol/L/~0.34
nmol/L).20 This is likely because study participants were hypertensive and a significant
proportion were women and had diabetes. Our findings are consistent with previous studies
that found plasma ADM levels to be higher in hypertensives,13,22 women,23 diabetics,24
older subjects,20,25 and subjects with higher BMI25 and renal impairment.11,24,26 In
addition, we identified higher SBP, lower DBP, higher heart rate, higher HDL cholesterol,
history of beta-blocker use, and history of smoking (Table 2) as additional independent
predictors of higher plasma MR-proADM levels in African American adults with
hypertension. Several small studies have reported that plasma ADM levels are higher in
hypertensive patients than in normotensive controls11–13 and are associated with BP levels.
12,13,22,27 However, in patients undergoing hemodialysis, particularly with cuprophane
membranes, ADM accumulates in the plasma resulting in lower BP and an inverse
association of plasma ADM with BP measurements has been noted in these patients.28,29

Pulse pressure is a surrogate of arterial stiffness and higher pulse pressure is associated with
adverse cardiovascular outcomes.30 We noted that higher plasma MR-proADM levels were
independently associated with greater pulse pressure and this association was due to separate
independent associations of plasma MR-proADM with greater SBP as well as lower DBP.
In the Framingham Heart Study,23 BP measurements and arterial tonometry parameters
were obtained in 1962 participants of whom ~ 43% had hypertension. Plasma ADM was
associated with mean arterial pressure only in men, but the associations with SBP, DBP, and
pulse pressure were not reported.23 The association of plasma MR-proADM with pulse
pressure in our study suggests that plasma MR-proADM may be a marker of arterial
stiffness. However, pulse pressure is a crude measure of arterial stiffness and tonometry-
derived indices of arterial stiffness, including pulse wave velocity and analysis of the arterial
waveforms, have been proposed as better and more reproducible surrogates of arterial
stiffness.31 Whereas the Framingham investigators found no significant association of
plasma ADM with carotid-femoral pulse wave velocity,23 a small study of 126 Japanese
subjects did demonstrate a significant association between plasma ADM and carotid-femoral
pulse wave velocity.27 Further studies are needed to clarify the association of plasma ADM
with measures of arterial stiffness.

Plasma ADM levels were found to be higher in hypertensive patients with target organ
damage including LVH and albuminuria, than in hypertensives without evident target organ
damage.26 Our finding of an association of plasma MR-proADM levels with LVMi is
consistent with the results of multiple animal studies8,14,15 and one16 of 2 small studies in
humans.11,16 Using the partition value of ≥50 gm/m2.7 in both sexes to define LV
hypertrophy, we found higher plasma MR-proADM to be associated with LV hypertrophy
after multivariable adjustment (P =0.0076) (analyses not shown). LV hypertrophy is
associated with increased cardiovascular morbidity and mortality in hypertensive adults and
is more prevalent in African Americans.4 Previous studies suggest that the sympathetic
nervous system32 and the renin-angiotensin aldosterone system33 contribute to the
development and maintenance of LV hypertrophy by inducing myocardial hypertrophy and
fibrosis. Myocardial myocytes and fibroblast may secrete ADM in response to pressure
overload34 and mechanical wall stretching35 in an attempt to counteract the deleterious
effects of hypertension given that ADM reduces BP36 and inhibits myocyte and fibroblast
growth and collagen production.37
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Albuminuria in systemic hypertension may occur with or without a decline in GFR, is a
marker of target-organ damage, and is independently associated with cardiovascular
morbidity and mortality.38 We found plasma MR-proADM to be associated with UACR
even after adjustment for eGFR and regardless of diabetes status. Using the partition value
of ≥17 mg/g to define abnormal UACR,39 we found higher plasma MR-proADM to be
associated with abnormal UACR after multivariable adjustment (P =0.004) (analyses not
shown). The association of plasma ADM with albuminuria was investigated in two prior
small studies of diabetic subjects22,24 and was found to be significant in only one of the
studies.22 Albuminuria in hypertension is likely due to endothelial dysfunction resulting in
the increased permeability of the glomerular endothelial cells, rather than alterations in
glomerular pressure or filtration rate alone.40 In addition, defective proximal tubular
handling of albumin, possibly mediated by cytokines,41 may be another important
mechanism of proteinuria. The effect of ADM on the glomerular pressure varies in different
animal models.42–44 In diabetic rats, ADM may contribute to glomerular hypertension by
dilating the afferent arterioles more than the efferent arterioles.42 However, intra-renal
administration of ADM in anesthetized dogs resulted in a dose-dependent increase in GFR,
43 and intravenous injection of ADM into unilaterally nephrectomized rats increased the
diameters of both afferent and efferent arterioles,44 suggesting that ADM may decrease
glomerular pressure, in these animal models, by equally dilating the glomerular afferent and
efferent arterioles.43,44 ADM gene delivery45 and chronic ADM infusion46 to
hypertensive rats resulted in a long term and stable reduction of BP and a decrease in
albuminuria suggesting that ADM may play a protective role in hypertensive glomerular
sclerosis and albuminuria by regulating renal hemodynamics,43,44 and inhibiting mesangial
cell proliferation, reactive oxygen species generation, and macrophage infiltration.47

Our findings suggest that plasma MR-proADM may be a marker of arterial stiffness and
target-organ damage in African American adults with essential hypertension and motivate
further investigation of this peptide as a biomarker for early detection and evaluation of
progression of target-organ damage in African American adults with hypertension. The
cross-sectional design of our study precludes interpretations about causality. A probable
explanation of the associations of MR-proADM with pulse pressure and target-organ
damage measures is that ADM is secreted by vascular endothelial and smooth muscle cells,
myocardial myocytes and fibroblasts, renal tubular cells, and glomerular endothelial cells in
response to elevated BP as a couterregulatory mechanism to protect against hypertension-
related damage (Fig. 3). The generalizability of our findings to other racial/ethnic groups is
not established. Although plasma levels of MR-proADM were significantly associated with
indices of target-organ damage, its ability to identify the presence or absence of target-organ
damage was modest. Using only plasma level of MR-proADM to predict the presence of
target-organ damage, the area under the receiver operating characteristics curve was 0.63 for
LV hypertrophy and 0.62 for abnormal UACR (analyses not shown), in models adjusted for
age and sex. Most participants were on BP-lowering medications and although we adjusted
for medication use in our analyses, an effect of BP-lowering medications on the observed
associations cannot be completely ruled out. Strengths of our study include the relatively
large sample of African American adults with hypertension included in our study, using
uniform protocols including questionnaires, anthropometric and laboratory measurements,
and the novel assay used to measure plasma MR-proADM.
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Figure 1.
Scatter plots showing the correlation of plasma MR-proADM levels with pulse pressure, log
LVMi, and log (UACR+1). The P values are derived from unadjusted Pearson product
moment correlation coefficients.
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Figure 2.
Mean±SE of pulse pressure, LVM index, and UACR in the quartiles of plasma
concentration of MR-proADM.
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Figure 3.
Summary of some protective actions of ADM on the heart, kidney, and the vascular system.
*Solid arrows indicate ‘increase or stimulate’; dotted arrows indicate ‘decrease or inhibit’
*BP, blood pressure; MR-proADM, midregional fragment of pro-ADM; LV, left ventricle;
LVH, left ventricular hypertrophy; NO, Nitric oxide.)
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Table 1

Characteristics of participants.

Characteristics (n = 1034)

Mean±SD or n (%) Median (Q1, Q3)

Age, years 64.8±8.6 64.9 (59.8, 70.5)

Women, n (%) 729 (72.5)

BMI, kg/m2 32.0±6.7 31 (27.4, 35.7)

Total cholesterol, mg/dL 201±42 197.5 (172.5, 227)

HDL cholesterol, mg/dL 57.5±17.9 55.2 (45, 66.8)

Systolic BP, mm Hg 142±20 141 (128, 154)

Diastolic BP, mm Hg 80±11 79 (72, 87)

Pulse pressure, mm Hg 62±18 60 (50, 73)

Heart rate, bpm 67±11 66 (59, 74)

eGFR, ml/min 97.7±31.3 94.2 (77.2, 114.1)

Ever-smoker, n (%) 418 (40.4) -

Diabetes mellitus, n (%) 346 (33.5) -

Previous history of MI or stroke, n (%) 135 (13.0) -

BP-lowering medications, n (%) 883 (85.4) -

Beta-blocker, n (%) 211 (20.4) -

Calcium-channel blocker, n (%) 367 (35.5) -

Diuretic, n (%) 585 (56.6) -

RAAS inhibitor, n (%) 506 (48.9) -

Statin, n (%) 222 (21.5) -

Aspirin, n (%) 371 (35.9) -

MR-proADM, nmol/L 0.60±0.23 0.55 (0.44, 0.72)

LVMi, g/m2.7 41.2±11.4 39.1 (33.7, 47.1)

UACR, mg/g 57.3±208.8 6.9 (3.2, 20.8)

*
Continuous variables are presented as mean ± standard deviation and inter-quartile range, whereas categorical variables are presented as counts

and percentages.

‡
BMI, body mass index ; BP, blood pressure; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LVMi, left ventricular

mass index; MR-proADM, midregional pro-adrenomedullin; RAAS, renin-angiotensin-aldosterone system.
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Table 2

Determinants of plasma MR-proADM concentrations.

β±SD P value

Age, y 0.008±0.01 <0.0001

Male sex −0.13±0.02 <0.0001

BMI, kg/m2 0.015±0.01 <0.0001

SBP, per 10 mm Hg increase 0.02±0.005 0.0004

DBP, per 10 mm Hg increase −0.03±0.01 0.0013

Heart rate, per 10 bpm increase 0.03± 0.001 <0.0001

eGFR, ml/min −0.004±0.004 <0.0001

Diabetes 0.045±0.02 0.02

HDL, mg/dL 0.001±0.006 0.012

Beta-blocker use 0.08±0.02 0.0002

Ever-smoker 0.07±0.02 0.0006

R2 of the model is 0.40

BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; SBP, systolic
blood pressure.
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