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ABSTRACT

Background and aim: Adrenomedullin (ADM) is a potent hormonelike peptide induced by hypoxia and
inflammatory cytokines, that exerts an important vasodilation effect, which resulted protective in case of myocardial
infarction and brain injuries. ADM is rapidly induced in the initial stages of sepsis, so the dosage of its more stable
precursor fragment called Mid-Regional (MR)-proADM is currently recommended to assist triaging of patients
suspected for sepsis in the emergency department. Much more limited is its use in the context of neurological disease,
since its dosage is only certified in plasma. In this report we highlighted ADM functions in neurological
pathophysiology in order to support the importance of its dosage also in the Cerebrospinal Fluid (CSF).

Methods: MR-proADM concentrations were measured samples using a fully automated platform (Brahms Kryptor
Gold Analyzer, Thermo Scientific, Germany), applying the same analytical condition in plasma and CSF samples, to
finally set up an accurate laboratory protocol to validate its dosage in CSF.

Results: MR-proADM is highly stable in CSF samples stored at room temperature for up to 48 hours, allowing it to
be measured with confidence also in CSF samples that may be left on the bench for several hours. In addition, the
repeatability and within-laboratory precision of the MR-proADM assay using CSF samples appeared equal to or better
than those obtained by the manufacturer using plasma samples, allowing the use of this assay, with high precision,
also for CSF samples.

Conclusion: To date, there are no reports about MR-proADM routine testing in Cerebrospinal Fluid (CSF). Based
on our review of its role in the central nervous system and the reliability of its measure in CSF, we believe that MR-
proADM is a highly promising biomarker in infectious, inflammatory and degenerative neurological diseases.
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INTRODUCTION As well as other biologically active peptides, ADM is

evolutionary conserved and widely distributed and expressed
Adrenomedullin (ADM) is a member of the Calcitonin Gene-  throughout mammalian tissues, including the brain. Its
Related Peptide (CGRP) family of proteins which was isolated  expression was demonstrated in almost all cell types, including
for the first time from human pheochromocytoma cells and  neurons and glial cells. The expression of ADM is induced by
exerts an important hypotensive effect. hypoxia and inflammatory cytokines, such as Tumor Necrosis
Factor-o. (TNF-0) and Interleukin 1o (IL-1a), whereas Interferon-
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v (IFN+y) and Transforming Growth Factor B1 (TGE-1) down
regulate ADM transcription. In addition to cytokines, other
factors such as lipopolysaccharides, endotoxins and physical
stress also impact on the synthesis and release of ADM [1].
Similar to many other hormones, ADM is synthesized as a large
precursor known as prepro-ADM, consisting of 185 amino acids
(Figure 1). This precursor is subsequently converted into pro-
ADM, a 164 amino acid peptide, by cleaving the N-terminal
signal-peptide. Pro-ADM is then split into three vasoactive
peptides (Proadrenomedullin N-terminal 20 peptide (PAMP),
adrenotensin  pro-ADM153-185 (ADT) and immature ADM
(iIADM)), and one inactive fragment (MR-proADM), for which
no physiological function has been already identified. The
reliability of ADM measurement in body fluids is limited by its
very low picomolar concentrations due to its rapid degradation
by proteases and binding to AMBP-1, also known as
complement factor H, so its halflife is very short (only 22
minutes). In contrast, the biologically inactive MR-proADM is
more stable and has a longer halflife. Since ADM and MR-
proADM are produced 1:1 during post-trascriptional processes,
measuring MR-proADM is a reliable estimation of ADM
concentration [2].
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Figure 1: Adrenomedullin (ADM) biosynthesis.

Note: The expression of human ADM gene leads to the
production of the precursor protein prepro-ADM. Further post-
translational processing generates pro-ADM, consisting in the
bioactive Proadrenomedullin N-terminal 20 Peptide (PAMP),
Mid-Regional pro-ADM (MR-proADM), Adrenotensin (ADT)
and immature ADM (GADM). Enzymatic amidation converts
iADM into the mature form of ADM (mADM).

The hypotensive action of ADM is carried out by inducing
vasodilation through the activation of the endothelial adenylate
cyclase and stimulating the release of Nitric Oxide (NO), that is
the most potent molecule inducing vasorelaxation in humans.
NO protects the wvessel wall from vasoconstriction and
thrombosis regulating smooth muscle cell proliferation, platelet
activation and leucocyte recruitment. In this way ADM may be
considered a surrogate marker of NO. On the other side, the
most potent vasoconstrictor is Endothelin-1 (ET-1). The complex
interplay between these 3 bioactive molecules, ADM, NO and
ET-1, all secreted by the endothelium, regulates vascular integrity
[3-5].
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In addition to vasorelaxation, ADM is involved in other
physiological functions such as antiapoptotic, angiogenetic and
antioxidant activities and this was primarily demonstrated at the
cardiac level, where it exerts a protective effect during human
myocardial infarction.

Recent studies have shown that ADM, as a marker of endothelial
dysfunction, is rapidly induced in the initial stages of sepsis and
become extremely elevated when sepsis progresses to multiple
organ failure: In such a way it represents a convenient biomarker
for early identification of patients with severe infections
progressing to multiple organ failure, as was largely demonstrated
in numerous COVID-19 studies, in which high MR-proADM
levels predicted the risk of developing critical illness. On the
other hand, it can be used to assist triaging in the emergency
department, allowing to safely discharged patients with suspected
infections.

The exceptionality of MR-proADM also derives from its kinetic
profile, since it is more rapidly produced compared to C-
Reactive Protein (CRP) and Procalcitonin (PCT), consistent
with previous studies that indicate MR-proADM as a more
accurate biomarker than CRP and PCT in stratifying disease
severity and predict treatment response.

In our opinion, all these exceptional features can be translated
to the Central Nervous System (CNS), where MR-proADM

could represent a promising prognostic and critical care marker.

In fact, as concerns the neurological tissues, ADM directly
promotes cellular growth and neoangiogenesis and acts as a
neuromodulator, disclosing an important protective effect
against brain injuries. ADM is highly expressed in the spinal
cord and a recent study showed that dorsal root ganglions and
spinal motor neurons both express and are targets of ADM
action, providing the possible mechanisms to explain the
beneficial role of ADM in protecting, survival and regeneration
of sensory and motor neurons. The same autocrine loop active
in neurons is also present in astrocytes and cerebral endothelial
cells, since they released ADM and express its functional
receptor on cell surface. The first studies about the role of ADM
in the context of brain injury gave conflicting results, describing
both beneficial and detrimental effects [6]. Only successive
genetic experiments provide an explanation. In a permanent
focal ischemia mice model, when ADM is knocked out in
neurons, the infarct volume and the consequent brain damage
were increased, demonstrating that in neurons ADM exerts a
neuroprotective action mediated by inducible NO synthase,
matrix metalloprotease 9 and COX-2. On the other hand, when
ADM is knocked out in endothelial cells, infarct volume and
brain damage were reduced, demonstrating that ADM in the
endothelium has a harmful effect on brain injury. In fact,
patients with stroke disclosed ADM overexpression and higher
ADM expression correlates with stroke severity and poor
prognosis. Thus, ADM exerts different biological effects in
different cell context and, independently or collectively,
contribute to brain vascular pathology.

For example, in neurons, increased levels of ADM and its
related peptides, may induce the destabilization of cytoskeletal
proteins resulting in axon transport impairment and synaptic
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failure that finally cause neuronal degeneration as in Alzheimer's
Disease (AD). In fact, AD patients present increased brain ADM
and some authors proposed to measure ADM or its precursor
fragment, MR-proADM, in blood, as a marker to predict
progression from pre-dementia to clinical AD. In addiction,
reducing ADM expression may represent a new therapeutic
option to prevent and treat AD.

On the other hand, ADM produced by cerebral vascular
endothelium plays a key role to restore endothelial stability and
permeability following severe infection, since ADM is involved
in the physiological maintenance of the blood-brain barrier.

Currently available assays for MR-proADM are only certified for
plasma samples. To date, there are no reports about MR-
proADM routine testing in Cerebrospinal Fluid (CSF). Based
on our review of its role in CNS, we believe that MR-proADM
may have an important role as a prognostic biomarker of CNS
infectious, inflammatory and degenerative diseases. To be widely
and appropriately measured in a diagnostic setting, MR-
proADM testing in CSF need to be validated according to
international guidelines. For this reason, we designed an
accurate study to validate the analysis of MR-proADM in CSF
using the method currently available in our laboratory.

MATERIALS AND METHODS

MR:-proADM assay on Kryptor analyser (Thermo
Scientific, Hennigsdorf, Germany)

MR-proADM concentrations were measured in CSF using the
B.R.A.HM.S MR-proADM fluoroimmunoassay on the Brahms
Kryptor Gold Analyzer (Thermo Scientific, Hennigsdorf,
Germany), that is a fully automated homogeneous phase
random access platform. The system uses the TRACE™ (Time-
Resolved Amplified Cryptate Emission) technology to measure
the fluorescence signal emitted by an immunocomplex. MR-
proADM results are expressed in nmol/L. The declared linearity
in plasma EDTA samples ranges from 0.21 to 100 nmol/L, with
a maximum bias of £ 20%. The manufacturer's reference range
for EDTA plasma samples is <0.56 nmol/L, corresponding to
the 97.5™ percentile of a control series, which disclosed a
median value of 0.38 nmol/L. The Limit of Detection (LoD) is
0.09 nmol/L, while the Limit of Quantitation (LoQ) is 0.21
nmol/L (IFU_B. R. A. H. M. S MR-proADM Kryptor assay; 07
Apr 2022; Thermo Scientific, Hennigsdorf, Germany. This MR-
proADM immunoassay is currently certified only for plasma-
EDTA blood samples and the manufacturer recommends
immediate centrifuge to preserve molecular stability at room
temperature (18-25°C) or at 2-8°C up to 24 hours. Afterwards,
samples should be aliquoted and frozen at -20°C or below.
Plasma samples can be kept frozen up to 14 days, and the analyte
is considered stable for up to 4 freeze/thaw cycles.

CSF sample collection and study protocol

The main focus of our study was to assess the stability of MR-
proADM in CSF and the reliability of its measure using the
B'R'‘A'-H'-M‘S MR-proADM method. In the absence of CSF

normal samples, to validate the above-mentioned method, we
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recovered the residual CSF samples from the diagnostic analyses
in our Laboratory. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). Only
anonymized leftovers samples from routine clinical practice were
used and their use was not subjected to ethics review, according
to the International Standard ISO 15189 and to the Italian
legislation (Authorization of the privacy guarantor no. 9, 12t of
December 2013), following the food and drug administration
OBM control no. 0910-0582 “Guidance of informed consent for
in vitro diagnostic device studies using leftover human specimen
that are not individually identified”.

According to the recommendations in plasma, MR-proADM
was measured in clear CSF samples after centrifuge, to avoid
interference by cells or other microparticles. Bloody CSF
samples were discarded. The first step was aimed to assess MR-
proADM stability in CSF as a function of different storage
temperatures and storage time after collection. To test room
temperature stability in CSF, we measured MR-proADM in 10
fresh samples (TO) and after 12, 24 and 48 hours (T1, T2, T3)
on the bench (25°C). To test recovery after storage at -20°C, we
measured MR-proADM concentration in 29 CSF samples stored
frozen for less than 15, 16 to 60 and more than 60 days. Finally,
to test recovery after storage at -80°C, we measured MR-
proADM concentration in 25 CSF samples before and after a
variable period of storage at -80°C. The second step of our study
was to evaluate analytical performance of the B-R-A‘H-M-S
MR-proADM method using CSF samples. For this purpose, we
evaluated the repeatability and the within-laboratory precision
of this assay. Due to the small amount of CSF volume obtained
from each residual sample, 58 CSF samples were pooled in 3
subgroups according to their MR-proADM values, thus creating
3 pools of about 5 ml volume each, characterized by low,
medium and high MR-proADM concentration. These pools
were finally stored at -20°C.

To evaluate repeatability and within-laboratory precision we
performed a protocol based on the guidelines of Clinical and
Laboratory Standards Institute (CLSI) document EP05-A3 and
on the Italian guidelines for immunoassay determinations in
biological fluids. The CLSI EP05-A3 document suggests two
different protocols to evaluate precision performances. The
standard protocol is the “20 x 2 x 2 model”, in which samples
must be measure up to 20 days, with 2 runs per day and 2
replicates. A second model, the “5 x 5 x 37, is also proposed by
the EP05-A3 document. This model is based on 5 days, with 5
replicates per day, using at least 3 instruments, and permits to
evaluate the reproducibility among different instruments, the
repeatability and the withinlaboratory precision. A less
extensive protocol for assessing precision performances is
suggested in the guidelines for immunoassay determinations in
biological fluids, with 5 measurements per day, for 4 consecutive
days, using at least 3 different concentrations [7].

Due to the difficulty of obtaining large volumes of CSF and to
the availability of only one instrument in the laboratory, we
performed a protocol in which 3 different pools, with different
concentrations, were measured in 5 replicates, on 5 runs, on a
single instrument, for 5 days.
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In this way, we estimated repeatability and within-laboratory
precision with 25 measurements for each of the three different
concentrations of MR-proADM. Repeatability and within-
laboratory precision are both expressed as Coefficient of

Variation (CV%).

Statistical analysis

To assess the difference between measures of MR-proADM in
fresh samples and after storage at room temperature, at -20°C
and at -80°C, we used the Wilcoxon matched paired T test,
considering significant p<0.05.

Table 1: Stability at RT.

OPEN @ ACCESS Freely available online

RESULTS

MR-proADM stability in CSF at room temperature

As shown in Table 1, MR-proADM concentration is highly
stable in CSF samples stored at room temperature: After 12, 24
and 48 hours the concentration did not differ significantly
compared to fresh samples.

CSF samples Fresh (nmol/L) After 12 hrs (nmol/L) After 24 hrs (nmol/1) After 48 hrs (nmol/L)
S1 1,15 L11 L15 1,14
S2 1,23 1,23 1,25 1,27
S3 0,92 0,91 0,93 0,93
S4 1,07 1,07 1,09 1,12
S5 0,94 0,96 0,93 0,97
S6 0,98 0,96 0,92 0,99
S7 1,65 1,63 1,67 1,64
S8 0,45 0,45 0,51 0,45
S9 2,67 2,67 2,61 2,74
S10 0,79 0,80 0,80 0,78

Note: MR-proADM concentrations in fresh CSF samples did not differ significantly after 12 (P=0.2918), 24 (P=0.6760) and 48 (P=0.1515) hours

storage at room temperature (25°C).

MR-proADM stability in CSF samples stored at
-20°C

As shown in Table 2, as concerns storage at -20°C, MRproADM
concentration displayed an heterogenous behaviour, since 12
samples show a limited variation (<10%), but others decreased

significantly, in some cases up to 50%. In these cases,
considering the physiological cut-off validated on plasma (0.56

Table 2: Stability at -20°C.

nmol/L) and the fact that a concentration >0.87 nmol/L in
plasma is an alert value, the variation observed at the CSF level
for some samples (S7, S17) could shift a result from a clearly
pathogenic range, to an almost normal range. In one case (S22),
we observed an increased value, but it remained in the same
clinical range.

CSF samples Fresh (nmol/L) 1-15 days (nmol/L) 16-60 days (nmol/L) ~ >60 days (nmol/L) Difference (%)
S1 0,47 0,42 - - 10,6

S2 0,71 0,66 - - 7,0

S3 0,77 0,71 - 7,8

S4 0,77 0,77 - - 0,0

S5 1,07 0,95 - - 11,2

Clin Med Bio Chem, Vol.11 Iss.4 No:1000224
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S6 1,07 0,97 - - 9,4
S7 1,70 0,97 - - 429
S8 1,77 1,32 - - 25,4
S9 1,84 1,59 - - 13,6
S10 0,62 - 0,56 - 9,7
S11 0,67 - 0,55 - 17,9
S12 0,73 - 0,59 - 19,2
S13 0,88 - 0,83 - 5,7
S14 0,93 - 0,82 - 11,8
S15 0,96 - 0,88 - 8,3
S16 1,08 - 0,94 - 13,0
S17 1,63 - 0,79 - 51,5
S18 12,97 - 12,24 - 5,6
S19 0,53 - - 0,46 13,2
S20 0,57 - - 0,40 29,8
S21 0,57 - - 0,58 1,8
S22 0,58 - - 0,85 46,6
S23 0,73 - - 0,67 8,2
S24 0,74 - - 0,62 16,2
S25 0,80 - - 0,72 10
S26 0,82 - - 0,69 15,9
S27 0,87 - - 0,75 13,8
S28 1,88 - - 1,46 223
529 5,42 - 3,95 27,1

Note: MR-proADM concentration in CSF samples stored at -20° appeared statistically different from those measured in fresh samples, both in
samples stored less than 15 days (P=0.0078) and in those stored 16-60 days (P=0.0091) or more than 60 days (P=0.0453).

‘We subdivided the CSF samples in 3 series, based on the storage
time frame: 1 to 15 days, 16 to 60 days and more than 60 days.
In samples stored at -20°C less than 15 days, the mean
difference pre and post freezing was 14.2%, while in the group
16 to 60 days it increases to 15.9% and in the group more than
60 days it increases to 18.6%, so it seems that the level of
recovery after freezing depends mainly on the storage time.
Anyway, although the concentration measured after storage at
-20°C is not accurate, in most cases it remains in the same range

Clin Med Bio Chem, Vol.11 Iss.4 No:1000224

(around 0.56 nmol/L, around 1 nmol/L or >1 nmol/L),
preserving the clinical significance.

MR-proADM stability in CSF samples stored at
-80°C

As shown in Table 3, the measurements of MR-proADM in 25
CSF samples stored for a variable time (less than 6 months, 6-12

months and more than 12 months) at -80°C appeared to be
quite stable: Half of the samples showed a decrement equal to or
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less than 10%, and the other half remained between 10% and
20%.

Table 3: Stability at -80°C.

CSF samples Fresh (nmol/L) 0-6 months (nmol/L)  7-12 months (nmol/L) 13-18 months >18 months
(nmol/L)

S1 0,62 0,49 - -

S2 0,64 0,57 - - -

S3 0,71 0,64 - -

S4 0,73 0,73 - -

S5 0,77 0,69 - -

S6 0,79 0,69 - -

S7 0,54 - 0,52 -

S8 0,55 - 0,43 -

S9 0,56 - 0,47 -

S10 0,77 - 0,65 -

S11 0,51 - - 0,47

S12 0,53 - - 0,46

S13 0,59 - - 0,50

S14 0,66 - - 0,66

S15 0,70 - - 0,55

S16 0,89 - - 0,78

S17 1,00 - - 0,88

S18 0,43 - - - 0,38

S19 0,51 - - - 0,43

S20 0,53 - - - 0,52

S21 0,57 - - - 0,54

S22 0,59 - - - 0,56

S23 0,64 - - - 0,64

S24 0,69 - - - 0,64

S25 0,75 - - - 0,59

Note: MRproADM concentration in CSF samples store at -80°C showed a statistically significant decrement as compared to fresh samples
(P<0.001). However, the decrement remains around 10% in the majority of cases.

Repeatability and precision in Tables 4 and 5, repeatability and within-laboratory precision
at each concentration were equal or better than those obtained

Repeatability and within laboratory precision were calculated by the manufacturer using plasma samples [8].

using 25 measurements for every selected range of MR-proADM
concentration (low, medium, high). As shown by CV% reported

Table 4: Analytical performance: Repeatability.

CSF samples Mean MR-proADM  Repeatability (CV%)  Plasma samples* Mean MR-proADM  Repeatability (CV%)
(nmol/L) (nmol/L)

Pool 1 0,44 3,8 Sample 1 0,23 7,6

Pool 2 0,68 2,5 Sample 2 0,85 2,0

Pool 3 2,96 0,6 Sample 3 2,20 1,2

Note: The repeatability, expressed as Coefficient of Variation (CV%), obtained for MR-proADM measurements in CSF pooled samples showed results
comparable to those reported by the manufacturer in plasma samples*, with comparable mean concentrations (pool 1: low concentration; pool 2:
moderate concentration; pool 3: high concentration). The CV% for repeatability was calculated as the ratio between the within-run standard
deviation and the overall media x 100. Within-run standard deviation was calculated as the average standard deviation of daily analytical sessions.
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CSF samples Mean MR-proADM  Within-laboratory Plasma samples* Mean MR-proADM  Within-laboratory
(nmol/L) precision (CV%) (nmol/L) precision (CV%)

Pool 1 0,44 4,5 Sample 1 0,23 15,2

Pool 2 0,68 2,9 Sample 2 0,85 10,4

Pool 3 2,96 2,4 Sample 3 2,20 4,9

Note: The within-laboratory precision, expressed as Coefficient of Variation (CV%), obtained for MR-proADM measurements in CSF pooled
samples, showed better performances than those reported by the manufacturer in plasma samples*, at comparable mean concentrations (pool 1: low

concentration; pool 2: moderate concentration; pool 3: high concentration). Coefficient of variation for within-laboratory precision was calculated
as the ratio between total standard deviation and the overall media x 100. Total standard variation was calculated as the sum of between-run
standard deviation and within-run standard deviation multiplied for the (N-1)/N coefficient, where N is the number of replicates (in our case the

coefficient is 4/5).

DISCUSSION

The review of the literature on the role and prognostic
perspectives of ADM also at the level of the central nervous
system, make it a promising CSF biomarker, both in the critical
patient, to suspect a pre-septic state, and in the chronic patient
with neuro-degenerative and/or inflammatory diseases. In order
to guarantee a reliable CSF dosage and therefore transferable to
the diagnostic setting, it is essential to study the analytical
performances of the methods currently available in the market,
which are validated only on plasma. In this study, according to
analytical procedures indicated by international guidelines, we
showed that MR-proADM can be measured in CSF samples
using the same method as for plasma samples, with an optimal
repeatability and within laboratory precision, both in low and in
high concentrated samples.

Of note, MR-proADM remains highly stable in CSF samples
stored at room temperature as long as 48 hours, allowing to
measure it with confident results also in residual CSF samples,
which may be leaved on the bench for several hours. This is a
very good property for a biomarker when it come in a diagnostic
setting. In contrast, the stability of MR-proADM in CSF samples
stored at -20°C is not optimal and appeared to be time-related,
since the mean recovery decreased passing from samples stored
<15 days to those stored >60 days. In the majority of samples,
the reduced concentration ranges between 10% and 20%, but in
some samples was about 50%. However, in general, MR-
proADM concentration remained in the same range, preserving
the potential clinical significance. The heterogeneity of the
stability obtained in samples stored at -20°C can be explained by
the fact that this storage is less controlled and stable than that at
-80°C. In fact, samples stored at -80°C showed a very good
stability for long time (at least 24 months in our experience),
with a loss of recovery generally less 10% [9]. Our results suggest
that CSF samples stored at -80°C can be used to test MR-
proADM in retrospective studies, while samples stored at -20°C

Clin Med Bio Chem, Vol.11 Iss.4 No:1000224

must be used with caution, for possible underestimation
compared to fresh samples.

According to its role in plasma, we strongly believe that MR-
proADM testing in CSF, combined with
microscopic standard examination, may significantly improve
the differential diagnosis of CNS diseases at an early stage, also
suggesting the severity of CNS damage, and predicting an
adverse outcome, such as rapid worsening and need for

chemical and

intensive care.

In addition, we believe that MR-proADM in CSF could be
applied also to better characterize immune mediated or
neurodegenerative diseases, which, at an early stage, may present
with overlapping symptoms. In all cases, it might be necessary to
test MR-proADM in CSF and plasma at the same time, and to
compare these concentrations, to better identify where is the
major source of altered expression, in other words, to
understand whether the up-regulation of MR-proADM is
selectively present in the CSF and not the consequence of
altered blood-brain barrier permeability.

To facilitate this interpretation, we strongly suggest to insert in
the medical report an automatically calculated ratio between
CSF and plasma MR-proADM concentration. This is
particularly usefuel also because "normal" CSF MR-proADM
concentration is actually unknown and extremely difficult to
assess, since “normal” CSF are rarely available, being a lumbar
puncture always performed when there is some kind of CNS
disorder. Moreover, it is very likely that ADM concentration in
CSF depends on age and sex, as it is closely correlated to brain
endothelial dysfunction.

In order to overcome these limitations, to measure at the same
time CSF and plasma MR-proADM, will facilitate the
interpretation of altered CSF values, since plasma concentration
may be considered as a patientspecific normalizer, to
understand how much the CNS is compromised compared to

the systemic bloodstream.
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CONCLUSION

In conclusion, our study showed that MR-proADM is stable in
CSF samples and it can be measured by automated methods

with the same analytical performance validated in plasma. This

will offer the possibility of carrying out large-scale studies to set

up cut-off values and confirm the promising opportunities of

this biomarker in central nervous system acute and chronic

diseases.
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