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Abstract

Background: Metabolic alterations and endothelial dysfunction are interrelated processes in type 2
diabetes (T2D) and metabolic syndrome (MetS) that often develop in parallel. We assessed the
association of vasoactive precursor peptides (VPPs) with MetS and T2D.
Design and methods: Plasma levels of C-terminal pro-endothelin-1 (CT-proET-1) and midregional pro-
adrenomedullin (MR-proADM) were measured by novel sensitive assays in 1590 participants of the
population-based KORA F4 study. The association of the VPPs with T2D, MetS defined by IDF criteria,
the components of MetS, and insulin resistance (IR) was assessed in logistic regression models.
Results: Elevated levels of CT-proET-1 and MR-proADM were associated with T2D, MetS, and IR in age-
and sex-adjusted models. After adjustment for age, sex, former vascular complications, lifestyle factors,
high-sensitive C-reactive protein, and serum creatinine, significant associations with MetS were found
for MR-proADM (ORZ5.94, 95% CI 3.78–9.33) and CT-proET-1 (ORZ5.18, 95% CI 3.48–7.71)
(top quartile vs bottom quartile). CT-proET-1 and MR-proADM were strongly associated with all
components of MetS as defined by IDF criteria. After multivariable adjustment, association of
CT-proET-1 and MR-proADM with pathological glucose tolerance and T2D disappeared and a
borderline association with IR was found only for CT-proET-1 (ORZ1.34, 95% CI 0.96–1.87).
Conclusions: We here demonstrate for the first time that plasma levels of both MR-proADM and
CT-proET-1 levels are related to MetS and its components, thus suggesting that they possibly have a
role as a surrogate biomarker for the disease and its complications.
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Introduction

The last decades have seen a dramatic increase in the
incidence and prevalence of type 2 diabetes (T2D) and
the metabolic syndrome (MetS) (1). Individuals with
disturbance of glucose metabolism and/or individuals
with MetS are at risk for the premature development of
cardiovascular diseases (2). The pathophysiological
mechanisms and the interactions between metabolic
and vascular alterations in T2D and MetS are not
completely understood. A possible link is the dysregula-
tion of vasoactive substances that are involved in both
the regulation of endothelial cell function and the
glucose metabolism (3). This includes vasoconstrictive
acting hormones such as endothelin-1 (ET-1) and
vasodilatory peptide adrenomedullin (ADM).
ndocrinology
ET-1 is a 21-amino acid peptide secreted by vascular
endothelium and represents one of the most potent
vasoconstrictors by directly targeting endothelial cells
and vascular smooth muscle cells and by inhibition of
nitric oxide (NO) formation (3, 4). ET-1 is derived from
pre-pro-ET that undergoes cleavage by endopeptidases
to form inactive precursors pro-ET, which is further
cleaved by ET-converting enzyme to the active form.
Reliable quantification of this peptide can be made
by measuring the C-terminal precursor peptide
CT-proET-1, which is more stable and secreted in
equimolar concentrations as ET-1. In vivo studies
demonstrated that ET-1 is regulated by glucose and
induces insulin resistance (IR) (5, 6, 7). Elevated
circulating ET-1 levels were described in patients with
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hypertension, coronary heart disease, congestive heart
failure (CHF), and in small cohorts of patients with
T2D (7, 8, 9).

An antagonist of ET-1 function is ADM, a 52-amino
acid peptide with strong vasodilative properties, which
is synthesized by a variety of tissues, including adrenal
medulla, vascular endothelial cells, and vascular
smooth muscle cells (10). In addition to its hypotensive
effects, a variety of biological actions of ADM have
been reported including antioxidative and antiapoptotic
effects as well as inhibition of insulin secretion in b-cells
(11, 12). Using an assay targeting the stable mid-
regional pro-ADM (MR-proADM), it has been shown
that increased ADM levels are correlated with CHF,
hypertension, and incident cardiovascular events
(9, 13, 14). Thus far, MR-proADM has not been studied
in the context of T2D or MetS.

We hypothesized that plasma levels of vasoactive
precursor peptides (VPPs) related to vasoconstriction/
inflammation (ET-1) and peptides involved in vasodila-
tion (ADM) may be associated with several components
of MetS and/or T2D. Therefore, we aimed to perform an
analysis targeting stable prohormones in a population-
based study.
Materials and methods

Study population

Data are based on the KORA F4 population study
(2006–2008), a follow-up study of the population-
based KORA S4 survey conducted in 1999–2001 in the
region of Augsburg, southern Germany. In the KORA
F4 study, 3080 subjects were reexamined. The study
design, standardized sampling methods, and data
collection (medical history, medication, anthropometric
measurements, and blood pressure) have been described
in detail elsewhere (15, 16). All study participants gave
written informed consent and the study was approved
by the Ethics Committee of the Bavarian Medical
Association.

In the current study, we selected a representative
sample of 1596 subjects aged 31–81 years. Oral glucose
tolerance test (GTT) data were available from 1560
participants and components of MetS can be calculated
in 1582 probands. The criteria for prediagnosed
diabetes were a validated physician’s diagnosis or
current use of glucose-lowering agents. After an
overnight fasting period of at least 10 h, all nondiabetic
participants underwent a standard 75 g OGTT. Newly
diagnosed diabetes, impaired glucose tolerance (IGT),
impaired fasting glucose (IFG), and normal glucose
tolerance (NGT) were defined according to the 1999
World Health Organization diagnostic criteria based on
both fasting glucose (FG) and post-challenge glucose
values (R7.0 mmol/l fasting or R11.1 mmol/l
2-h glucose) (17). MetS was defined according to
www.eje-online.org
International Diabetes Federation criteria (18) as visceral
obesity (waist circumference R94 cm (men) and
R80 cm (women)) and two of the following criteria:
FG R5.6 mmol/l or diabetes; hypertension (SBP
R130 mmHg and DBP R85 mmHg; or hypertensive
drugs); triglycerides R1.7 mmol/l; high-density lipo-
protein (HDL)-cholesterol !1.0 mmol/l in men; and
!1.3 mmol/l in women. Prediabetes was defined as
increased fasting plasma glucose (O5.5 mmol/l) and/or
IGT (2-h glucose 7.8–!11.1 mmol/l).
Laboratory measurements

Blood was collected without stasis and blood was kept
at 4 8C until centrifugation. All blood parameters,
except for 2-h glucose, were based on fasting blood
samples. Plasma samples were stored at K80 8C until
assayed and there was only one freeze–thaw cycle before
measurements of the VPPs. Blood glucose levels were
assessed using the hexokinase method (GLU Flex; Dade
Behring). Total cholesterol concentrations, HDL, and
low-density lipoprotein (LDL) cholesterol levels were
measured according to enzymatic methods (CHOD-PAP;
Dade Behring). Triglycerides were measured by an
enzymatic color test (GPO-PAP method, TGL Flex;
Dade Behring, Marburg, Germany). Serum creatinine
concentrations were assessed with a modified Jaffe test
(Krea Flex; Dade Behring). HbA1c was measured using
the HPLC method. High-sensitivity C-reactive protein
(hsCRP) was determined as described previously (17).
Glomerular filtration rate was calculated using the
MDRD equation (eGFR). Fasting insulin was determined
by ELISA (Invitrogen). The IR score (HOMA-IR) was
calculated (fasting plasma glucose (mmol/l)!fasting
serum insulin (mU/l)/22.5) (19).

Plasma concentrations of stable prohormones, the
MR-proADM, and CT-proET-1 were measured by novel
sandwich fluoroimmunoassay (BRAHMS, Hennigsdorf,
Berlin, Germany) using the automated system BRAHMS
KRYPTOR as described in detail elsewhere (20, 21). The
lower detection limits of these assays were 0.05 nmol/l
for MR-proADM and 2.94 pmol/l for CT-proET-1. The
functional assay sensitivity, defined as the concen-
tration at which the interassay coefficient of variation
was 20%, was 0.25 nmol/l for MR-proADM and
9.78 pmol/l for CT-proET-1.
Statistical analyses

Baseline characteristics were compared between
subjects with NGT, prediabetes, and T2D. For these
comparisons, F-tests were used in case of normally
distributed variables. For log-normal variables, F-tests
were performed on a log scale. Logistic regression
models were used to compare binomial proportions:
association between prohormone levels with IFG, IGT,
T2D, and components of MetS was adjusted for age and
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sex in crude analysis. Spearman’s correlation coeffi-
cients were calculated for prohormones.

Multinomial logistic regression models were fitted to
assess the association between level of prohormones as
independent variable (highest quartile vs lower quartiles)
and category of glucose regulation as the dependent
variable (NGT, prediabetes, and T2D). Models were
adjusted for i) age and sex and ii) age, sex, BMI,
hypertension, lipids (HDL-cholesterol, LDL-cholesterol,
and triglycerides), former myocardial infarction or stroke,
C-reactive protein, creatinine, and lifestyle variables
(alcohol consumption, smoking, and physical activity).

In binary logistic regression models, the association
between quartiles of prohormones and the presence of
MetS was assessed with adjustment for age, sex, former
myocardial infarction or stroke, and lifestyle variables.
Further logistic regression models with adjustments for
the same variables were used to calculate the associ-
ation between level of prohormones (highest quartile vs
lower quartiles) and the presence of single components
of the MetS.

Further logistic regression models were fitted with
level of prohormones (highest quartile vs lower
quartiles) as independent variable and IR (HOMA-IR)
as dependent variable with adjustment for age and sex,
and adjustment for age, sex, BMI, hypertension, lipids,
former myocardial infarction or stroke, and creatinine.
We defined IR as HOMA-IR R75th percentile and
insulin sensitivity as HOMA-IR !75th percentile.
Table 1 Baseline characteristics of study participants according to categ

NGT

n 1100
Age (years) 53.5G12.4
Sex (male; %) 46.1
BMI (kg/m2) 26.4G4.2
Waist (cm) 90.1G12.9
FPG (mmol/l) 5.1G0.4
2-h glucose (mmol/l) 5.5G1.1
Hypertensiond (%) 28.9
HDL-cholesterol (mmol/l) 1.50G0.38
LDL-cholesterol (mmol/l) 3.48G0.87
Triglycerides (mmol/l) 1.07 (0.74, 1.55)
hsCRP (mg/l) 0.93 (0.46, 1.96)
Creatinine (mg/dl) 0.89G0.20
Former stroke or MI (%) 3.7
Active smoker (%) 20.2
Former smoker (%) 37.4
High alcohol consumptionf (%) 19.7
No alcohol consumption (%) 26.8
Physically inactive (%) 37.8
MR-proADM (nmol/l) 0.47 (0.40, 0.55)
CT-proET-1 (pmol/l) 43.4 (37.9, 49.9)
Insulin (mlU/ml) 3.7 (2.5, 5.9)

NGT, normal glucose tolerance; T2DM, type 2 diabetes mellitus; FPG, fasting
protein (serum).
aMeanGS.D., median (25th and 75th percentiles), and proportions (%).
bF-test.
cLogistic regression (comparison between NGT, prediabetes, and T2DM).
dBlood pressure of 140/90 mmHg or higher or antihypertensive medication.
eLog F-test.
fHigh alcohol intake, R40 g/day in men and R20 g/day in women.
The level of statistical significance was 5%. All analyses
were performed using the SAS version 9.2 (SAS
Institute, Cary, NC, USA).
Results

Clinical characteristics and correlation
between VPPs

Baseline characteristics of the study groups are given
in Table 1. The mean age of the study population was
56.9G12.9 years. Of all the study participants, 70.5%
exhibited a NGT, 17.8% had IFG or IGT, and 11.7% were
diabetic. According to IDF criteria, 33.3% of the
study population had MetS. Crude levels of CT-proET-1
and MR-proADM were highest in individuals with
T2D compared with IGT/IFG and NGT (Fig. 1). Both
VPPs were positively associated with BMI, age,
LDL-cholesterol levels, triglyceride levels and hsCRP,
and negatively associated with HDL-cholesterol levels
and glomerular filtration rate.
Association of biomarkers with different
categories of glucose tolerance

After adjustment for age and sex, prevalence of T2D and
IGT/IFG of disturbed glucose tolerance were higher for
subjects with increased plasma levels of CT-proET-1 and
ories of glucose tolerancea. Analyses were adjusted for age and sex.

Prediabetes T2DM P

277 183
63.8G10.8 66.4G9.1 !0.001b

53.8 57.9 0.01c

29.3G4.6 30.9G4.6 !0.001b

99.4G12.4 104.4G11.6 !0.001b

5.7G0.6 7.3G1.9 !0.001b

8.5G1.4 – !0.001b

58.1 79.8 !0.001c

1.39G0.35 1.27G0.29 !0.001b

3.75G0.93 3.27G0.84 !0.001b

1.42 (1.06, 1.95) 1.50 (1.06, 2.33) !0.001e

1.60 (0.88, 3.45) 1.88 (0.92, 4.36) !0.001e

0.92G0.20 1.00G0.26 !0.001b

5.8 15.3 0.007c

10.1 12.0 0.13c

40.8 45.9 0.74c

18.1 16.9 0.81c

29.6 36.6 0.02c

50.2 57.4 !0.001c

0.56 (0.49, 0.67) 0.64 (0.53, 0.77) !0.001e

49.8 (43.2, 57.2) 56.0 (47.6, 66.9) !0.001e

6.1 (3.9, 12.5) 7.3 (4.0, 17.7) !0.001e

plasma glucose; MI, myocardial infarction; hsCRP, high-sensitive C-reactive

www.eje-online.org



Figure 1 Boxplots (median, interquartile range, and 10–90th
percentile) of MR-proADM and CT-proET-1 plasma levels accor-
ding to glucose tolerance status and the presence of components
of metabolic syndrome (MetS). s.c., single component of MetS;
NGT, normal glucose tolerance; IFG, impaired fasting glucose;
IGT, impaired glucose tolerance, T2D, type 2 diabetes.

Table 2 Adjusted ORs (95% CI) for glucose regulation (T2D,
prediabetes, and NGT (reference)) as dependent variable and
categories of prohormones as independent variables (highest
quartile Q4 vs lower quartiles Q1–Q3 (reference)): results of
multinomial logistic regression models.

Adjustment Prediabetes Type 2 diabetes

MR-proADM (nmol/l)
Age, sex 1.52 (1.08–2.13) 3.64 (2.46–5.39)
Multivariatea 1.09 (0.74–1.62) 1.51 (0.94–2.42)
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MR-proADM (highest quartile of VPPs vs lower
quartiles; Table 2). Multivariable adjustment for age,
sex, BMI, hypertension, HDL-cholesterol, LDL-cholesterol,
triglycerides, vascular complications, smoking, alcohol
consumption, physical activity, hsCRP, and serum
creatinine attenuated these associations. Associations
between MR-proADM and CT-proET-1 and prediabetes
as well as diabetes were no longer significant after
multiple adjustments for all covariates. The major
influence on the relationship between prohormones
and prediabetes as well as T2D was mediated by obesity
(BMI and waist circumference). Both MR-proADM
(ORZ2.50, 95% CI 1.86–3.37) and CT-proET-1
(ORZ2.79, 95% CI 2.12–3.68) were correlated
with IR measured by HOMA-IR after adjustment for
age and sex. After further multivariable adjustment, a
borderline association with IR was only seen in
CT-proET-1 (ORZ1.34, 95% CI 0.96–1.87).
CT-proET-1 (pmol/l)
Age, sex 1.46 (1.05–2.01) 2.88 (1.99–4.16)
Multivariatea 1.04 (0.72–1.51) 1.10 (0.70–1.72)

aAdjusted for age, sex, BMI (continuous), hypertension (R140/90 mmHg or
antihypertensive medicine), HDL-cholesterol (continuous), LDL-cholesterol
(continuous), triglycerides (continuous), former myocardial infarction or stroke,
smoking (active/former/never), alcohol consumption (abstinent/moderate/high),
physical activity (high/low), hsCRP (continuous), and creatinine (continuous).
The OR values are highlighted in boldface because they are significant.
Relationship between CT-proET-1 and
MR-proADM and the MetS

Mean levels of CT-proET-1 (54.3G15.0 vs 44.8
G12.5 pmol/l) and MR-proADM (0.62G0.19 vs
0.49G0.14 nmol/l) were higher in patients with
MetS than in those who had no MetS and in subjects
www.eje-online.org
without the presence of any component of MetS
(P!0.001; Fig. 1). CT-proET-1 (ORZ5.18, 95% CI
3.48–7.71) and MR-proADM (ORZ5.94, 95% CI
3.78–9.33) were independent significant markers for
MetS when the top quartile (Q4) of the VPPs was compared
with the bottom quartile (Q1) (Table 3). To examine the
impact of abdominal obesity, higher triglyceride levels, low
HDL-cholesterol levels, hypertension, and disturbance of
glucose metabolisms, we conducted further analyses of
single components of MetS. Adjusted ORs for single
components of MetS with biomarkers are shown in
Table 4. CT-proET-1 and MR-proADM plasma levels
were strongly related to all components defining MetS.
These associations were present in young (age 31–60
years) and older subjects (age R61 years).
Discussion

In this study, we have examined for the first time
the association between vasoregulatory polypeptide
hormones ET-1 and ADM with T2D and MetS in a
population-based study. The key finding of our study is
that there is a strong relation of MR-proADM and
CT-proET-1 with multiple variables of MetS, whereas
both polypeptides were not independent markers of
prediabetes or overt T2D.

So far, only a few studies reported on the correlation
between vasoactive substances and T2D or MetS (7, 8).
Until recently, measurement of vasoactive polypeptides
was extremely difficult because of the rapid degradation
with a plasma halftime of a few minutes. In this
study, we chose novel assays targeting stable proho-
mones for direct comparison of their association with
MetS and T2D.

This is the first population-based study on a combined
analysis of plasma proET-1 and proADM levels. We here
show that after adjustment for conventional risk factors
ET-1 and ADM, two opposingly acting hormones were
significantly elevated in patients with MetS. Increased



Table 3 Adjusted ORs (95% CI) for the metabolic syndrome (defined by IDF criteria) as dependent variable and
categories of CT-proET-1 and MR-proADM as independent variables: results of logistic regression modelsa (nZ1581).

Q4 vs Q1 Q3 vs Q1 Q2 vs Q1 Q4 vs Q1–3

MR-proADM (nmol/l) 5.94 (3.78–9.33) 2.99 (1.99–4.48) 2.40 (1.61–3.57) 2.38 (1.78–3.19)
CT-proET-1 (pmol/l) 5.18 (3.48–7.71) 2.88 (1.96–4.21) 2.25 (1.53–3.30) 2.42 (1.84–3.17)

Q4 highest quartile, Q1 lowest quartile (reference); MR-proADM, Q1!0.43; Q2 0.43–0.51; Q3 0.52–0.61; Q4O0.61 nmol/l. CT-proET-1,
Q1 !39.4; Q2 39.4–45.57; Q3 45.58–53.42; Q4 O53.42.
aAdjusted for age, sex, former myocardial infarction or stroke, smoking, alcohol intake, and physical activity.
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CT-proET-1 and MR-proADM levels were significantly
associated with central obesity, lipid disorders (raised
triglycerides and reduced HDL-cholesterol), and hyper-
tension. The correlation between circulating ET-1
and hypertension and endothelial dysfunction is well
known from previous studies (3, 22). As ET-1 is known
to activate several signaling pathways involved in
proatherogenic cellular events (23), risk for premature
atherosclerosis in subjects with MetS could be a direct
consequence of increased ET-1 plasma levels. ET-1
measurement in diabetes mellitus yielded inconsistent
results. While some studies observed higher ET-1 levels
(8, 24), other studies reported normal ET-1 concen-
trations in diabetic patients (22, 25). Our data extend
current knowledge to a large group of subjects
demonstrating that plasma proET-1 levels are elevated
in individuals with increased IR as assessed by
HOMA-IR, subjects at risk for T2D, and in diabetic
patients. However, this was attenuated to nonsignificant
levels after multivariable logistic regression analysis
including conventional risk factors, suggesting that
some differences in previous studies may be explained
by the small number of participants, the duration
of diabetes, the adjustment for fewer confounders, or
potential methodological problems with the older ET-1
assays (8, 20).

So far, circulating ADM levels were only investigated
in small cohorts of diabetic patients with inconsistent
results (26, 27, 28). In line with our findings, Lim et al.
(29) reported increased MR-proADM levels in patients
with T2D, which were related to chronic inflammation
(hsCRP), lipids, and IR. We are the first to demonstrate
that MR-proADM levels are highly correlated with
Table 4 Adjusted ORs (95% CI) for single components of the metab
categories of CT-proET-1 and MR-proADM as independent variables
(nZ1581).

Central obesityb
Raised

triglyceride levelc

MR-proADM (nmol/l) 3.45 (2.32– 5.12) 1.76 (1.29– 2.41)
CT-proET-1 (pmol/l) 2.48 (1.75– 3.49) 2.77 (2.08– 3.70)

Q4, highest quartile.
aAdjusted for age, sex, former myocardial infarction/stroke, smoking, alcohol in
bDefined as R94 cm for men and R80 cm for women.
cDefined as R1.7 mmol/l.
dDefined as !1.0 mmol/l for men and !1.3 mmol/l for women.
eDefined as systolic blood pressure R130 mgHg, diastolic blood pressure R85
fDefined as fasting plasma glucose (FPG) as R5.5 mmol/l or previously diagno
MetS, suggesting that ADM may play a role in the
pathogenesis of this disorder. The observed strong
relation between plasma levels of CT-proET-1 and
MR-proADM suggests an interconnection between
both polypeptide hormones. ET-1 is thought to be a
key mediator in the pathogenesis of hypertension,
macrovascular diseases, and diabetic microangiopathy,
whereas ADM acts through vasodilation, natriuresis,
and NO production (4, 23). There is evidence from
in vitro studies that ET-1 stimulates interleukin 6
secretion and downregulates adiponectin expression
(30). In addition, ET-1 may further predispose to a
proinflammatory state by increasing inflammatory
mediators such as tumor necrosis factor-a and mono-
cyte chemotactic protein-1 known to be involved in the
development of metabolic disorders (31, 32, 33). ET-1
also has an impact on adipocyte physiology by
inhibition of adipocyte differentiation and insulin-
stimulated glucose uptake, inhibition of glucose uptake
in the skeletal muscle, and by stimulation of lipolysis
and hepatic glycogenolysis favoring the development of
IR and metabolic disorders (5, 6, 34, 35). On the other
hand, ADM secreted by adipocytes may act against the
proinflammatory micromilieu through its antioxidant
actions (10). High ADM can inhibit insulin secretion
(11) and may thereby contribute to the development of
glucose intolerance. According to the findings of many
clinical trials reporting on early vascular dysfunction
in patients with MetS and prediabetes (2), it is tempting
to speculate that during the development of MetS,
vasoconstrictive substances may be activated. Endo-
thelial-derived ADM may be upregulated in response to
the increased vascular tonus and/or ongoing vascular
olic syndrome (defined by IDF criteria) as dependent variables and
(Q4 vs Q1–Q3 (reference)): results of logistic regression modelsa

Reduced
HDL-cholesterold Hypertensione

Raised FPG or
known diabetesf

2.36 (1.65– 3.37) 2.19 (1.59– 3.02) 1.71 (1.27– 2.29)
3.07 (2.21– 4.28) 1.88 (1.40– 2.54) 1.79 (1.36– 2.36)

take, and physical activity.

mgHg, or treatment of previously diagnosed hypertension.
sed T2D.

www.eje-online.org
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injury with consecutive disturbance of microvascular
homeostasis. This could be one explanation for why
both prohormones were found to be elevated in patients
with MetS in this study. However, this hypothesis needs
to be confirmed in further clinical studies.

A strength of our study is the simultaneous
assessment of two VPPs in a large population-based
study. We provide the first data on the correlation of
CT-proET-1 and MR-proADM with T2D/MetS in a large
cohort using novel analytical techniques. In addition to
anthropometric measurements and clinical covariates,
a 75 g OGTT was available from all nondiabetic
individuals. This excludes the possibility of undiagnosed
glucose intolerance in subjects classified as NGT. Several
studies have described a correlation between high VVP
levels and cardiovascular complications and mortality
(9, 13, 14, 36, 37). The limitation of our study is that
we have only cross-sectional data. Therefore, we are not
able to make any causal statements on the interaction
of VPPs and development of diabetes, MetS, or vascular
complications.

In conclusion, our study demonstrated a strong link
between peptides modulating the activation of endo-
thelial cells and MetS. Subjects with plasma levels of
CT-proET-1 or MR-proADM in the upper quartile had
an OR of more than 5 for having MetS compared with
individuals with low-level VPPs. These findings raise
the possibility that increased VVPs are surrogate
biomarkers for MetS, which may have important
clinical and pathophysiological implications. Further
prospective clinical trials are required to examine
whether the alteration of vasoactive substances is
involved in the pathogenesis of MetS, T2D, or vascular
complications.
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