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Background: Adrenomedullin (ADM) is a circulating peptide known to regulate vasodilation and vascular integrity. Increased plasma ADM concentrations have been described for several life-threatening
conditions, including cardiovascular diseases and septic shock. Reliable methods for the simple quantification of bioactive ADM (bio-ADM) are lacking.
Methods: Monoclonal antibodies against the amidated C-terminus and middle portion of bio-ADM were
generated and used for the development of a 1-step immunometric assay for the specific quantification of
bio-ADM in plasma. The assay was developed in a microtiter plate/chemiluminescence label format with a
significantly reduced incubation time. Precision, linearity, specimen stability, and distribution of results in
healthy subjects were evaluated.
Results: The use of monoclonal antibodies against predetermined epitopes of bio-ADM enabled the
development of an assay for the determination of bio-ADM directly in EDTA plasma. Plasma samples
were stable for up to 24 h at ambient temperature and over multiple freeze–thaw cycles without loss of
immunoreactivity. The assay had a limit of detection of 3 pg/mL and a limit of quantification of 11
pg/mL. The assay exhibited acceptable linearity characteristics and was not influenced by complement
factor H, a putative ADM-binding protein. In healthy subjects, bio-ADM concentrations were all above
the limit of detection, and approximately half of them were above the limit of quantification.
Conclusions: By using monoclonal antibodies with defined epitope specificities, we have developed a
simple, rapid, accurate, and sensitive sandwich immunoassay for bio-ADM. The assay is a potentially
novel tool to support patient management, particularly in acute care in the field of sepsis and other
indications, which are currently being investigated, such as acute heart failure.

IMPACT STATEMENT
The assay technology described enables for the first time, to the best of our knowledge, a rapid direct measurement of the biologically active form of plasma adrenomedullin. Because adrenomedullin is a key player in acute
cardiac diseases and septic shock, the use of this assay could affect physician decision-making in these fields.
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Fig. 1. Scheme for biogenesis and measurement of bio-ADM.
The scheme depicts the various processing steps, which lead from the primary translational gene product pre-pro-ADM to
biologically active ADM (bio-ADM) and has been adapted from previously published figures (2, 22, 23, 39). First in the
maturation process, the signal sequence is clipped off. The resulting pro-ADM is then proteolytically cleaved in 4 fragments
(PAMP, proadrenomedullin NH2-terminal 20 peptide; MR-proADM, midregional proadrenomedullin; Adrenomedullin-Gly,
C-terminally glycine-extended adrenomedullin; CT-proADM, C-terminal proadrenomedullin, also known as adrenotensin).
The resulting C-terminally glycinated ADM is biologically inactive and is subsequently (but only partially) converted into the
biologically active C-terminally amidated ADM (bio-ADM). Using highly specific monoclonal antibodies directed against the
middle portion of ADM and the amidated C-terminus, bio-ADM can be detected with an immunometric assay.

Adrenomedullin (ADM) is a circulating peptide
comprising 52 amino acids and it was first isolated
from pheochromocytoma (1). A plethora of biological functions has been described for ADM, with
the most prominent being its vasodilatory activity
(2). Another important function of ADM is the
stabilization of the endothelial barrier and the
prevention of vascular leakage (3, 4). Plasma concentrations of ADM are increased in various pathologies including cardiac diseases (5–9), chronic
renal failure (10, 11), and—the most pronounced—in
septic shock (9, 12–18).
Several assay systems for measuring ADM have
been described, but they are unreliable (19), as
they may be influenced by the ADM-binding pro-

tein (complement factor H) (20) and suffer from
instability of ADM (21). In addition, several of the
described assays require a large sample volume, a
preanalytical sample extraction, and a long incubation time to achieve sufficient analytical sensitivity.
To circumvent the reported problems associated with the measurement of ADM, midregional
pro-adrenomedullin (MR-proADM) has been introduced as an alternative surrogate marker (22, 23).
Although MR-proADM and ADM stem from the
same precursor peptide, the stoichiometric relationship between the two is imperfect: Following
the proteolytic fragmentation of the precursor peptide, ADM is subject to a crucial maturation step, the
C-terminal amidation (Fig. 1), which occurs only

3

Nonstandard abbreviations: ADM, adrenomedullin; ADM-Gly, C-terminally glycine-extended ADM; bio-ADM, bioactive adrenomedullin; LOD,
limit of detection; LOQ, limit of quantification; MR-proADM, midregional proadrenomedullin.

..................................................................................................
2

JALM | 000 | 02:02 | September 2017

Sandwich Immunoassay for Bioactive Adrenomedullin

partially and to a varying extent (24). Only the amidated-ADM variant (termed bio-ADM) can bind to
its receptor with high affinity and efficiently induce
cAMP formation (25). Moreover, nothing is known
about how clearance kinetics compare between
bio-ADM and MR-proADM, and it must be assumed that they differ. Taken together, conceptually it would be preferable to measure bio-ADM
rather than other derivatives of the ADM precursor
peptide because bio-ADM is likely to have the closest association with the clinical status of patients.
A prototype bio-ADM assay with similar reagent
components as the bio-ADM assay described here
was recently reported, but was not suitable for
routine use (26, 27). This prototype assay used
tubes instead of a microtiter plate as solid phase
and had a long incubation time. Here we set out to
develop and technically validate a simple and reliable immunoassay with a considerably shorter
incubation time for the sensitive and specific detection of bio-ADM.

MATERIALS AND METHODS
Peptides
ADM-related peptides were synthesized for
immunization, screening of hybridoma cell lines,
and/or epitope mapping (JPT Technologies). If no
cysteine was present in the selected naturally
occurring amino acid sequence, an additional Nterminal cysteine residue was introduced for conjugation. Peptides used for epitope mapping were
biotinylated at their N-terminus. The following peptides were (name, amino acid sequence, position
within ADM) chosen: P21–32, CTVQKLAHQIYQOH, 21–32; P42–52, CAPRSKISPQGY-NH2, 42–52
(plus N-terminal cysteine); P33–52+G, biotin-FTDKDKDNVAPRSKISPQGYG-OH, 33–52+G; P3352COOH, biotin-FTDKDKDNVAPRSKISPQGY-OH,
33–52; P33-52NH2, biotin-FTDKDKDNVAPRSKISPQGYNH2, 33–52; P33-51, biotin-FTDKDKDNVAPRSKISPQGOH, 33–51; P33-50, biotin-FTDKDKDNVAPRSKISPQ-
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OH, 33–50. Full-length, C-terminally amidated
human ADM 1–52 was purchased (American Peptide Company) and used for screening and as
calibrator. The following peptides were purchased
from Bachem AG: human calcitonin gene-related
peptide (α CGRP), human ADM-2 (intermedin), human calcitonin, and human amylin.
Antibodies
Monoclonal antibodies directed against peptides P21–32 and P42–52 were generated by standard procedures (28, 29). In brief, peptides were
conjugated to BSA using sulfo-MBS (m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester). Balb/c
mice were immunized and boostered with these
conjugates; spleen cells were fused with SP2/0
myeloma cells to generate hybridoma cell lines.
From the immunization with peptide P42-52, we
screened cell lines for their ability to secrete antibodies that would bind to full-length ADM but negligibly to peptide P33-52+G. With this approach, we
selected a hybridoma cell line secreting monoclonal antibody HAM2302 (particularly directed
against the amidated C-terminus of ADM). From
the immunization with peptide P21-32, cell lines
were screened for their ability to secrete antibodies that would bind to full-length ADM. With
this approach, we selected a hybridoma cell line
secreting monoclonal antibody HAM2203 (against
the middle portion of ADM). A third monoclonal
antibody, which is directed against the N-terminal
moiety of ADM, termed HAM1101, has been described previously (30).
Antibodies were produced by standard procedures and purified via protein A chromatography
to obtain >95% purity as judged by capillary gel
electrophoresis.
The affinity of the antibodies to bio-ADM was
determined with label-free surface plasmon resonance using a Biacore 2000 system (GE Healthcare
Europe).
The epitope specificity of the antibody HAM2302
was assessed as follows: purified antibodies were
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Table 1. Epitope mapping of the anti-C-terminal ADM monoclonal antibody HAM2302 used in the bioADM assay.
Peptide #

Amino acid sequence

Position in ADM

Ba/BP33-52NH2

P33-52+G
P33-52COOH
P33-52NH2
P33-51
P33-50

biotin-FTDKDKDNVAPRSKISPQGYG-OH
biotin-FTDKDKDNVAPRSKISPQGY-OH
biotin-FTDKDKDNVAPRSKISPQGY-NH2
biotin-FTDKDKDNVAPRSKISPQG-OH
biotin-FTDKDKDNVAPRSKISPQ-OH

33-52+G
33-52
33-52
33-51
33-50

0.09%
0.03%
100.00%
0.02%
0.02%

a

The binding (B) of labeled antibody on tubes coated with the indicated peptides was analyzed.
The peptides were N-terminally biotinylated and immobilized on tubes coated with streptavidin

labeled by incubation with MACN-acridinium-NHS
(N-hydroxysuccinimide)-ester (1 g/L; InVent) in a
1:5 mol/mol ratio for 30 min at 22 °C. The reaction
was stopped by addition of 1/20 volume of 1 mol/L
Tris-HCl, pH 8.0, for 10 min at 22 °C. Labeled antibodies were separated from free label by sizeexclusion chromatography on a CentriPure P5 column (emp Biotech) and a Bio-Silect® SEC 400-5
column (Bio-Rad Laboratories) for HPLC. Polystyrene microtiter plates (Greiner) were coated with
streptavidin (Sigma-Aldrich) as follows: 250 μL of a
10 μg/mL streptavidin solution in 50 mmol/L Tris
and 100 mmol/L NaCl, with pH 7.8, was pipetted
into each well. After 20 h incubation at 22 °C, solutions were aspirated, and wells were washed 3
times with 300 μL PBS buffer containing 5 g/L BSA
per well. Biotinylated peptides, as listed in Table 1,
were immobilized on microtiter plates as follows:
peptides were diluted to a final concentration of 1
mg/L in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10
mM Na2HPO4, 2 mM KH2PO4, pH 7.4) containing
5 g/L BSA, and 250 μL were pipetted into each well.
After 3 h incubation at 22 °C and orbital agitation
at 1.2 g, solutions were aspirated, and the microtiter plates were washed 3 times with 300 μL of 10
mmol/L Na-phosphate, 3% Karion FP, 0.5% BSA,
with pH 6.5, and the last washing step incubated
for 1 h at 22 °C. The chemiluminescence-labeled
antibody was diluted in buffer (300 mmol/L
K-phosphate, 100 mmol/L NaCl, 10 mmol/L NaEDTA, 5 g/L BSA, 1 g/L unspecific mouse and
bovine IgG, 50 μmol/L amastatin, 100 μmol/L leu-

peptin, 0.1% Na-azide, pH 7.0) to a concentration
of 10 ng/200 μL per well, and 200 μL of this
tracer solution was added and incubated for 18
h at 22 °C with orbital agitation at 1.2 g. Each well
of the microtiter plate was washed 5 times with
350 μL of washing solution (20 mmol/L PBS, 1 g/L
Triton X-100, pH 7.4) and the remaining chemiluminescence was measured for 1 s per well with
a Centro LB 960 microtiter plate luminescence
reader (Berthold Technologies).
Chemiluminescent Immunoassay for the
quantification of bio-ADM
Labeled Compound (Tracer). Purified monoclonal
anti-P42–52 antibody (HAM2302, 1 g/L) was labeled by incubation in 10% labeling buffer (500
mmol/L sodium phosphate, pH 8.0) with 1:4.5
mol/L ratio of MACN-acridinium-NHS-ester (1 g/L,
InVent GmbH) for 20 min at 22 °C. After adding 5%
1 mol/L Tris-HCl, pH 8.0, for 10 min, HAM2302 was
separated from free label via CentriPure P10 columns (emp Biotech GmbH) and by size-exclusion
HPLC on Protein KW-803 (Shodex, Showa Denko
Europe). The purified HAM2302 was lyophilized as
a 9-fold concentrate in 50 mmol/L HEPES, 4.5%
BSA, 0.9% bovine IgG, 0.18% mouse IgG, 450
μmol/L amastatin, 900 μmol/L leupeptin. The
product was reconstituted in buffer before use
(150 mmol/L HEPES, 10 mmol/L Na-EDTA, pH 6.8).
The final concentration was approximately 20 ng
of labeled antibody per 150 μL.

..................................................................................................
4

JALM | 000 | 02:02 | September 2017

Sandwich Immunoassay for Bioactive Adrenomedullin

Solid phase
White polystyrene microtiter plates (Greiner BioOne International AG) were coated (18 h at 20 °C)
with monoclonal anti-P21–32 antibody (HAM2203,
1 μg/0.2 mL per well 50 mmol/L Tris-HCl, 100
mmol/L NaCl, pH 7.8). After blocking with 30 g/L
Karion, 5 g/L BSA (protease free), 6.5 mmol/L
monopotassium phosphate, 3.5 mmol/L sodium
dihydrogen phosphate (pH 6.5), the plates were
vacuum-dried.
Calibration
The assay was calibrated using dilutions of
synthetic human bio-ADM (American Peptide
Company). The lowest calibrator did not contain
bio-ADM, but a concentration of 2 pg/mL was
assigned to facilitate logarithmic evaluation. The
calibrators were lyophilized in 20 mmol K2PO4, 6
mmol/L Na-EDTA, 5 g/L BSA, 100 μmol/L leupeptin, 50 μmol/L amastatin, 10 μg/mL of anti-Nterminal antibody HAM1101 (30, 31), pH 8.0, and
reconstituted in H2O before use.
Assay parameters
To start the assay, 100 μL of samples/calibrators
were pipetted into coated microtiter plates. After
adding 150 μL of labeled HAM2302, the microtiter
plates were incubated for 1 h at 22 °C under agitation. Unbound tracer was removed by washing 5
times (each 350 μL per well) with washing solution
(20 mmol/L PBS, 1 g/L Triton X-100, pH 7.4). Wellbound chemiluminescence was measured for 1 s
per well by using the Centro LB 960 microtiter plate
luminescence reader (Berthold Technologies).
Interassay precision
The interassay precision profile was determined from 12 independent runs of native patient samples containing a spectrum of different
endogenous bio-ADM concentrations. Before
the measurements, the samples were divided
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into 12 aliquots each, which were stored at
−80 °C until measurement. The 12 runs were
performed by 12 different operators on 2 consecutive days. For each run, 1 microtiter plate
was used for calibrators and samples. Measurements were performed in duplicate. Out of this
analysis, the limit of quantification (LOQ, functional assay sensitivity), defined as the bio-ADM
concentration quantifiable with a CV of 20%, was
determined. The limit of detection (LOD) was determined as the upper 2 SD of the lowest (i.e.,
zero) calibrator.
Interference study
Complement factor H, purified from human
plasma (>97% pure by SDS-PAGE; #BP10-151106), was purchased from BIOPUR AG. Serial dilutions of complement factor H were incubated for
1 h at 22 °C with a constant concentration of synthetic human bio-ADM (200 pg/mL) in PBS buffer,
pH 7.4, containing 0.5% BSA, 50 μmol/L amastatin,
and 100 μmol/L leupeptin, and bio-ADM was measured thereafter with the assay described in the
immunoassay section. Recovery calculations were
corrected for the effect of the buffer background
coming from the complement factor H preparation. The influence of complement factor H on bioADM recovery was tested up to an almost 400 000fold molar excess of complement factor H over
ADM.
Samples
Residual, anonymized EDTA plasma samples initially collected for routine laboratory and clinical
studies conducted in the Gemeinschaftslabor
Cottbus, Germany, were provided. These were
from patients with normal and increased bio-ADM
concentrations. Normal-range samples were collected from 88 apparently healthy subjects without
clinical evidence of acute disease or history of
chronic illness [57 females, 31 males, mean age
(SD): 42.2 (12.7) years]. Written consent was obtained from all participants.
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Statistical analysis
All statistical analyses were conducted with GraphPad Prism 7.0.

RESULTS
Selection of antibodies
For the sandwich immunoassay, we developed
monoclonal antibodies directed against the middle portion (HAM2203) and the amidated C-terminal moiety of bio-ADM (HAM2302). HAM2203 and
HAM2302 were of the IgG1 subtype and had affinity constants of 2 × 10−9 M and 1.1 × 10−9 M,
respectively, as determined by surface plasmon
resonance spectroscopy (data not shown). The
epitope specificity of the antibody against the Cterminal moiety (HAM2302) was characterized in
detail (Table 1) and showed that the antibody was
highly specific for the free amidated C-terminus, as
it exists in bio-ADM. Further <0.1% binding was
observed against closely related peptides, i.e., a
carboxylated instead of amidated peptide, a glycine-extended variant, and several C-terminally
truncated variants.
Immunoassay
We developed a microtiter plate-based chemiluminescence immunometric assay for bio-ADM using the HAM2203 antibody directed against the
middle portion of bio-ADM as solid-phase antibody and the HAM2302 antibody directed against
the amidated C-terminus of ADM as tracer antibody. Dilutions of synthetic bio-ADM peptide
served as calibrators, covering a concentration
range up to 1094 pg/mL. It turned out that addition
of the anti-N-terminal ADM antibody HAM1101 described previously (30, 31) did not interfere with
recovery of bio-ADM in the assay. This finding had
two implications. First, this antibody could be
added in the preparation of the calibrators to
avoid loss of bio-ADM peptide, which would other-

Fig. 2. Typical dose–response curve and interassay precision profile of the bio-ADM assay.
The bio-ADM concentration corresponding to 20% CV is
indicated (LOQ; functional assay sensitivity).

wise stick to surfaces (19). Second, the assay could
be used to not only measure free bio-ADM but also
complexed bio-ADM when HAM1101 antibody (or
the humanized derivative HAM8101) is bound to
the N-terminus of bio-ADM, which can form after in
vivo administration (30). This is of interest, as
HAM8101, also known as Adrecizumab, is currently being clinically developed as a drug candidate, and the bio-ADM assay can be used in this
development to assess changes of total bio-ADM
concentrations after administration of HAM8101.
Plasma (100 μL) was incubated in a 1-step procedure with 150-μL labeled antibody on the microtiter plate for 1 h at 22 °C. A typical dose–response
curve along with the obtained interassay precision
profile is shown in Fig. 2. From the interassay precision profile, the quantitative measuring range of
the assay (concentrations measurable with an interassay CV of 20% or lower) was deduced to be
11–1094 pg/mL. The LOQ, functional assay sensitivity, was 11 pg/mL. The LOD of the assay was
determined at 3 pg/mL.
ADM belongs to a family of peptides including
calcitonin gene-related peptide (CGRP), ADM-2 (intermedin), calcitonin, and amylin. A common structural feature of these peptides is the presence of a
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Table 2. Linearity of the bio-ADM immunoassay as determined by dilution experiments.
Panel Aa
Sample A
bio-ADM
(pg/mL)

Sample B
bio-ADM
(pg/mL)

84.4
110.3
73.6
68.7
80.9
88.2
122.2
84.4
110.3
73.6
68.7
80.9
257.4
88.2

21.4
11.4
56.2
25.9
22.3
21.4
21.4
11.4
56.2
25.9
22.3
11.9
21.4
25.9

Panel Bb
Recovery of
expected for 1 + 1
dilution of sample
A with sample B (%)
90.5
93.5
102.2
90.4
100.2
112.5
88.5
104.6
96.9
107.2
93.7
99.4
86.8
100.9
mean: 97.7

bio-ADM (pg/mL)
in undiluted
sample
794.2
676.5
312.3
321.6
290
439.7
254.6
252.5
287.9
283.5

Mean recovery of expected
for 3 serial dilutions of
samples (dilution factors 2,
4, and 8) (%)
97.9
100.1
97.9
97.9
94.6
101.5
98.1
103.8
102.2
101.9
mean: 99.9

a

Native EDTA plasma samples were measured in the bio-ADM assay individually; pairs of these samples were mixed 1 + 1, and experimentally
measured bio-ADM values were related to theoretically expected values.
b
Other native EDTA plasma samples with high bio-ADM concentrations were serially diluted with human plasma with a known low bio-ADM
concentration (6 pg/mL) by a factor of 2, 4, and 8, and the measured bio-ADM concentrations were related to theoretically expected values (means
of expected values of undiluted and 1:2, 1:4, and 1:8 diluted samples were used as reference values).

disulfide bond at or near the N-terminus, formed
by 2 cysteine residues, which are separated by 4 or
5 amino acid residues from another. However, the
amino acid sequences of the peptides are very different. As expected, none of the peptides crossreacted in the bio-ADM assay [signals were below
the LOD for all concentrations tested (up to
100000 pg/mL); data not shown].
The linearity of the assay was assessed by the
following two methods: (a) by dilution of native
plasma samples containing supranormal concentrations of bio-ADM with a native plasma sample
containing a very low bio-ADM concentration (as
previously determined in the bio-ADM assay), and
(b) by mixing various native plasma samples containing different concentrations of endogenous
bio-ADM and, finally, by testing the possible interference of a putative ADM-binding protein,
complement factor H. These methods showed

acceptable linearity (Table 2). In addition, we
found that complement factor H, even at an almost 400 000-fold molar excess over bio-ADM,
did not interfere with recovery of bio-ADM (Fig.
3).
The ex vivo stability of bio-ADM in 4 native EDTA
plasma samples containing high bio-ADM concentrations was determined. On storage at 22 °C, recoveries were as follows [mean (SD)]: at 4 h: 92.5
(6.2) %, at 24 h: 95.3 (14.6) %, at 48 h: 90.5 (20.4) %,
and at 144 h: 72.2 (23.0) %. Up to 4 freeze–thaw
cycles (with overnight freezing periods) did not alter the recovery of bio-ADM in native EDTA plasma
samples (data not shown).
Finally, we measured bio-ADM in 88 healthy subjects (Fig. 4). For all samples, bio-ADM concentrations were higher than the LOD of the assay. The
median interquartile range, (IQR), was 13.7 (9.6 –
18.7) pg/mL, and mean (SD) was 15.6 (9.2) pg/mL.
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Fig. 3. Influence of complement factor H on the
bio-ADM assay.
ADM at a fixed concentration was preincubated with various concentrations of complement factor H and then
measured in the bio-ADM assay. Results were calculated
as recovery compared with the ADM concentration measured in the absence of complement factor H.

As the LOQ of the assay is 11 pg/mL, individual
concentrations below this value must— by definition—not be considered quantitative. Thus, the
aforementioned low-end IQR and SD values can

Fig. 4. Normal distribution of bio-ADM.
EDTA plasma samples obtained from 88 healthy subjects
were measured in the bio-ADM assay. The frequency distribution of measured concentrations is shown. LOD and
LOQ are indicated.

serve as orientation-only values. In any case, only
supranormal bio-ADM concentrations are clinically
relevant, and these are detected with high precision by the assay.
Besides its application in human samples, the
assay can also be used for the measurement of
bio-ADM in various animal species. This is of particular interest for the preclinical development of
drug candidates that affect the ADM system, such
as an anti-ADM antibody. The amino acid sequence of bio-ADM is evolutionarily highly conserved, and we determined 100 (15) % crossreactivity of the assay with bio-ADM from mice,
rats, dogs, pigs, and cynomolgus monkeys (tested
with synthetic peptides in buffer; data not shown).

DISCUSSION
In this study, we describe an immunoassay for
the sensitive, accurate, and specific quantification
of bio-ADM in plasma under conditions suitable for
routine use.
As for several different peptide hormones, C-terminal amidation of ADM by peptidyl-glycine α-amidating monooxygenase (PAM) is essential for its
biological activity (25). Both the inactive glycine-extended ADM variant (ADM-Gly) and the biologically
active amidated form of ADM circulate in the
bloodstream (32). The ratio of both ADM variants in
plasma may differ depending on conditions. For
instance, different ratios have been noticed for arterial and venous blood samples obtained from
patients with acute myocardial infarction (33). A
changing ratio of the ADM variants has also been
observed in experimental cardiac hypertrophy
(34). Most strikingly, a >3-fold different ratio has
been reported for patients with sepsis compared
with healthy subjects (24). The amount of synthesized MR-proADM, another fragment of the ADM
precursor peptide, represents the sum of synthesized inactive ADM-Gly and active amidated ADM.
As the ratio between the two can differ, MRproADM cannot always reflect the actual amount
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of active ADM. Thus, the specific measurement of
bio-ADM could be a better reflection of the clinical
status of patients than measurement of immature
ADM or other peptides derived from the ADM precursor. In line with this concept, bio-ADM concentrations in patients with sepsis have been found to
be more strongly associated with clinical outcome
relative to MR-proADM concentrations (26).
For our bio-ADM immunoassay, we developed a
monoclonal antibody, which specifically binds to
the amidated C-terminus of bio-ADM. It exhibits
<0.1% cross-reactivity with the inactive glycine-extended ADM variant. The same low cross-reactivity
was observed with truncated ADM variants.
ADM has been reported to be prone to proteolytic degradation at the N-terminal part of the
peptide (35) and thus is considered unstable
(21). For detectability by an immunoassay, analyte stability is not a fixed physical variable per
se, but is largely a function of epitopes chosen
for antibody binding.
Consequently, we selected a region in the middle of the ADM peptide, immediately downstream
from the disulfide ring structure, as epitope for the
second antibody of the assay. When combining
this antibody with the anti-C-terminal antibody in
our immunometric assay, we observed high stability of native bio-ADM in EDTA plasma. The selection
of antibodies with defined epitope specificities as
used here should thus facilitate reliable measurement of bio-ADM under standard sample handling
and transport procedures used in hospital routine.
Another immunometric assay for the specific
detection of mature ADM has been described previously (36). There, the epitope of one of the antibodies was located further toward the N-terminal
region. Acceptable analyte stability was reported,
when aprotinin was added to the EDTA– blood
draw. Other preanalytical storage conditions were
not investigated. This assay required 200 μL of
sample volume and an overnight incubation. Even
under these conditions, the intraassay CV at the
mean of the investigated normal population was
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around 20%. The possible influence of complement factor H was not investigated.
In contrast, the bio-ADM assay described here
uses less sample volume, has a considerably
shorter incubation time, and has a better analytical
sensitivity, all features compatible with a routine
application of the assay. Our assay is sensitive
enough to quantitatively distinguish normal from
pathologically increased bio-ADM levels.
We addressed an important analytical issue relating to the accuracy of the assay. In the literature,
complement factor H has been described as an
ADM-binding protein (20). Normal plasma concentrations are in the range of 250 μg/mL. It has been
observed and intensely discussed that such binding protein can interfere with the detection of ADM
by immunoassay (20, 37). We found that our bioADM assay was not affected by complement factor
H: Recovery of ADM was not influenced after preincubation with complement factor H, even if it was
used in an up to an almost 400000-fold molar excess over ADM. This molar ratio is higher than
naturally occurring in plasma, physiologically and
pathophysiologically.
The assay is highly specific for bio-ADM, as no
cross-reactivity with ADM-related peptides (ADM-2,
CGRP, calcitonin, amylin), even when applied in
very high concentrations far exceeding those described to occur in plasma, was detected.
The measuring range of the assay (11 to >1000
pg/mL) covers the entire spectrum of supranormal
ADM concentrations that have been reported to
occur in pathological conditions and in pregnancy
(38). The highest known ADM concentrations are
known for septic shock (14, 15, 26), but even there,
concentrations are typically well below 1000 pg/mL.
Taken together, we have developed an immunometric assay for bio-ADM, which is suitable for routine use. The design used is easily adaptable on
established automated immunoassay analyzers
and point-of-care test systems. Recently, a prototype bio-ADM assay with the same key design features as the bio-ADM assay described here was
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used to assess the possible clinical utility of bioADM measurement in patients with sepsis and
septic shock (26, 27). The prototype assay used
tubes instead of a microtiter plate as solid phase
and less sample volume at the expense of a longer
incubation time. Increased bio-ADM concentrations identified patients with sepsis at an increased
risk for adverse outcomes and their need for vasopressor therapy. It was concluded that bio-ADM
may help individualizing hemodynamic support
therapy, while avoiding harmful effects (27). Guidance in this field is not or not sufficiently provided by
other biomarkers established in intensive care. For
instance, markers such as C-reactive protein, procalcitonin, or leukocytes address the infectious/inflam-

matory status but do not indicate progression from
sepsis into septic shock.
Another important possible indication for measurement of bio-ADM arises from the known biological role of ADM in the regulation of vascular
integrity (3). This may allow for the monitoring of
tissue decongestion in acute heart failure, which is
currently being investigated in a large, multicenter
observational study. In the future, the assay may
also be useful for the stratification of patients, who
shall be treated with innovative drugs that target
the ADM system, such as a monoclonal anti-ADM
antibody (30). Thus, measurement of bio-ADM in
critically ill patients can be a helpful tool to guide
patient therapy and management.
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