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Increased adrenomedullin (ADM) levels are associated with various
cardiac diseases such as myocardial infarction (MI). ADM is cleaved
off from the full-length precursor protein proadrenomedullin
(ProADM) during its posttranslational processing. To date, no bi-
ological effect of ProADM is reported, while ADM infusion leads to
antiapoptotic effects and improved cardiac function. Using an MI
mouse model, we found an induction of ProADM gene as well as
protein expression during the early phase of MI. This was accompa-
nied by apoptosis and increasing inflammation, which substantially
influence the post-MI remodeling processes. Simulating ischemia in
vitro, we demonstrate that ProADM expression was increased in
cardiomyocytes and cardiac fibroblasts. Subsequently, we treated
ischemic cardiomyocytes with either ProADM or ADM and found
that both proteins increased survival. This effect was diminishable by
blocking the ADM1 receptor. To investigate whether ProADM and
ADM play a role in the regulation of cardiac inflammation, we ana-
lyzed chemokine expression after treatment of cells with both pro-
teins. While ProADM induced an expression of proinflammatory
cytokines, thus promoting inflammation, ADM reduced chemokine
expression. On leukocytes, both proteins repressed chemokine ex-
pression, revealing antiinflammatory effects. However, ProADM but
not ADM dampened concurrent activation of leukocytes. Our data
show that the full-length precursor ProADM is biologically active by
reducing apoptosis to a similar extent as ADM. We further assume
that ProADM induces local inflammation in affected cardiac tissue
but attenuates exaggerated inflammation, whereas ADM has low
impact. Our data suggest that both proteins are beneficial during
MI by influencing apoptosis and inflammation.
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Myocardial infarction (MI) remains a leading cause of
morbidity and mortality worldwide (1–4). Post-MI long-

term mortality is often related to heart failure (5), which is ag-
gravated by cardiac cell death and local inflammatory processes.
Interventions aimed at reducing cardiomyocyte loss and ame-
liorating inflammation are able to decrease infarct size in ex-
perimental settings (6–9). First studies showed that the hormone
adrenomedullin (ADM) can reduce cardiomyocyte apoptosis in
vitro as well as in vivo and improve cardiac function (10–14).
ADM is expressed in a wide range of tissues including the

vasculature and the heart (15–17). The biological function of
ADM is mediated by transmembrane receptor dimers generated
by a G protein-coupled receptor, the calcitonin receptor-like
receptor (CALCRL), and a receptor-activity-modifying protein
(RAMP). In particular, the dimer CALCRL/RAMP2 is de-
scribed as ADM1 receptor, whereas CALCRL and RAMP3 form
the ADM2 receptor (18). ADM is synthesized as a 185-aa pre-
cursor protein named preproadrenomedullin. An N-terminal

signal peptide directing the secretory pathway is removed, gen-
erating the 164-aa prohormone called proadrenomedullin
(ProADM). This prohormone can further be cleaved to at least
two biologically active peptides, the 52-aa mature ADM and a 20-
aa peptide named “proadrenomedullin N-terminal 20 peptide”
(PAMP) (16). The remaining part, flanked by the PAMP and
ADM sequence, is called “midregional proadrenomedullin” (MR-
proADM) and used for biomarker measurements (19). Increased
MR-proADM levels have been reported in different cardiac dis-
eases such as cardiac hypertrophy (20) and heart failure (21–24) as
well as MI (25–27) and are associated with increased mortality
(26, 28, 29). In contrast to the cleavage products PAMP, MR-
ProADM, and ADM, little is known about the full-length pre-
cursor ProADM and no biological effects are described so far.
In cardiac tissue, ADM is expressed by cardiomyocytes, car-

diac fibroblasts, and endothelial cells (30–32). It has already been
described that ADM expression is increased in cardiomyocytes
exposed to simulated ischemia, suggesting paracrine effects to re-
duce cardiomyocyte apoptosis (32). Since gene expression of
proAdm is highly increased during MI, we aimed to investigate the
role of the full-length ProADM and truncated mature ADM in
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post-MI healing processes. In the current study we demonstrate
that the putatively inactive ProADM is biologically active, influ-
encing apoptosis as well as local inflammatory processes, suggesting
a role in cell survival and healing post-MI.

Results
Up-Regulated mRNA and Protein Levels of ProADM During Acute MI
in Mice and Humans.MI was induced by permanent ligation of the
left anterior descending artery (LAD) in mice. To analyze gene
expression, tissue samples of the left ventricle (LV) were collected
from noninfarcted remote zone, border zone, and infarct zone
at 1, 5, or 28 d after MI. First, we determined proAdm gene ex-
pression in the collected cardiac tissue. As shown in Fig. 1A, gene
expression of proAdm was highly increased in the infarct zone 1 d
after MI (17.1 ± 4.3-fold) compared with healthy cardiac tissue.
The border zone (6.5 ± 1.7-fold) and remote zone (2.8 ± 0.7-fold)
reflected the increased gene expression of proAdm to a lesser
extent. Five and 28 d after MI, gene expression of proAdm de-
clined almost to basal levels. Utilizing fluorescence tissue staining,
we verified that the increased gene expression level of proAdm
during the acute MI resulted in higher protein expression of
ProADM in the infarct zone compared with the remote zone of
the LV (Fig. 1B). Next, we examined whether increased ProADM
gene and protein expression in cardiac tissue led to increased
plasma levels in patients following MI. As illustrated in SI Appendix,
Fig. S1, a cleavage product is released in equimolar concentra-
tions to ADM but revealed higher stability and is therefore suitable
for biomarker measurements (33). Therefore, MR-proADM was
detected to estimate the ADM protein expression in patients. MR-
proADM concentrations were measured on admission in 1,818
patients presenting with suspected MI (SI Appendix, Table S1).
Patients with the final diagnosis of MI with non-ST-segment ele-
vation (n = 211) showed significantly higher MR-proADM levels
compared with patients diagnosed with noncardiac chest pain
(n = 899) (0.69 vs. 0.57 nmol/L) (SI Appendix, Fig. S1).

Increased Apoptosis and Inflammation During the Acute Phase After
MI. To explore apoptosis, inflammation, and fibrosis within the
remote, border, and infarct zone after MI, we performed additional
gene expression measurements as shown in SI Appendix, Fig. S3. In
general, highest alterations of gene expression were observed within
the infarct zone. In detail, the expression level of the proapoptotic
gene Bax was increased during the acute (1 d) and the subacute
phase (5 d) and declined to basal levels 28 d after MI. The
proinflammatory genes Ccl2 (121.1 ± 17.2-fold) and Ccl7 (43.8 ±
3.7-fold) revealed highly elevated gene expression during the acute
phase after MI (1 d). This proinflammatory gene expression di-
minished during the subacute phase (5 d) and reached basal ex-
pression levels 28 d after MI, progressing similarly to the gene
expression of proAdm. Differently from the proAdm expression,
profibrotic genes reached their maximum during the subacute
phase (5 d) and lasted until 28 d after MI. All gene expression data
determined from the infarct zone were combined in Fig. 1C to
compare their suggested progression during the different phases
after MI. This clearly demonstrates that proAdm and proin-
flammatory genes reached their maximum during the acute phase
of MI, which was further verified by a significant positive correla-
tion (r = 0.938) of proAdm and Ccl2 gene expression (Fig. 1D). The
increased Ccl2 gene expression led to increased MCP-1 protein
expression as visualized by fluorescence microscopy in Fig. 1B.
ProADM and MCP-1 were detected within the infarct and border
zones during the acute phase after MI. This is in line with the in-
creased number of inflammatory cells observed in the H&E-stained
cross-sections. Representative cross-sections are shown in Fig. 1E.
During the acute phase after MI, changes of the affected myocar-
dium are visible in the more detailed images. The infarct zone
showed severe structural alterations and cellular disorganization
due to invaded inflammatory cells and necrosis/apoptosis 1 d after

MI. Subsequently, this resulted in a loss of cardiomyocytes, which is
shown in the infarct zone 5 d after MI, in which pink-stained car-
diomyocytes are no longer present. Representative photographs of
triphenyltetrazoliumchloride (TTC)-stained whole hearts are pre-
sented at different time points after MI and tissue injury of the
myocardium was visualized (Fig. 1F). The LAD ligation led to
impaired cardiac function or even death as plotted as survival curve
in Fig. 1G. The impaired cardiac function is demonstrated by re-
duced ejection fraction and increased endsystolic volume (Ves) and
enddiastolic (Ved) volume compared with sham-operated mice as
presented in SI Appendix, Table S2.

Ischemia Induced ProADM Expression in Cardiac Cells in Vitro. To
determine the cellular source of ProADM after MI, we in-
vestigated cardiomyocytes and cardiac fibroblasts in individual
cell cultures. As shown in Fig. 2A, ProADM (green) was
counterstained with the myocyte marker troponin T (TnT,
magenta), demonstrating ProADM protein expression in cul-
tured cardiomyocytes. This result was confirmed in cardiac
tissue sections, revealing colocalization of ProADM and TnT
in cardiomyocytes (Fig. 2A). In cultured cardiac fibroblasts,
ProADM (green) is expressed as well. Furthermore, ProADM
was counterstained with the filament marker Vimentin (VIM,
magenta) to label cardiac fibroblasts. In cardiac tissue, similar
staining revealed colocalization of both proteins shown in white
(Fig. 2A, indicated by arrows). Thus, cardiomyocytes as well as
cardiac fibroblasts were identified as a source of ProADM. To
verify these data, we assessed and compared gene expression
levels of proAdm in cardiac tissue, cardiomyocytes, cardiac fi-
broblasts, and leukocytes (splenocytes). As shown at the bottom
of Fig. 2B, under basal conditions the highest gene expression
of proAdm was detected in cardiac fibroblasts (0.43 ± 0.05-fold
to Cdkn1b) and significantly different from cardiac tissue.
Cardiomyocytes revealed a substantial proAdm expression level
as well (0.14 ± 0.02-fold to Cdkn1b), which was similar to
healthy cardiac tissue (0.16 ± 0.01-fold to Cdkn1b). However,
primary splenocytes, representing a variety of leukocytes,
exhibited very low proAdm expression (0.02 ± 0.01-fold to
Cdkn1b). As described above, proAdm expression was highly
increased in the infarct zone at 1 d after MI (17.1 ± 4.3-fold to
sham). To investigate whether this up-regulation in cardiac
tissue can be explained by increased expression in car-
diomyocytes or cardiac fibroblasts, we cultured both cell types
under simulated ischemia (L-glucose instead of D-glucose and
1% oxygen) and performed gene expression analyses. Indeed,
proAdm expression increased in cardiomyocytes (11.3 ± 0.9-fold
to control) and cardiac fibroblasts (5.1 ± 1.3-fold to control)
already after 6 h under simulated ischemia, as shown at the top
of Fig. 2B. Since MI is accompanied by inflammation and fi-
brosis, cardiomyocytes and cardiac fibroblasts were exposed to
the proinflammatory cytokine TNF-α (10 ng/mL) and the pro-
fibrotic growth factor TGF-β (5 ng/mL). As shown in SI Ap-
pendix, Fig. S2B, both proteins hardly influence proAdm
expression levels in cardiomyocytes. In cardiac fibroblasts,
however, proinflammatory stimulation with TNF-α resulted in
extensively increased proAdm expression (12.1 ± 3.1-fold to
control), whereas the profibrotic and antiinflammatory stimu-
lation using TGF-β dramatically decreased the expression
(−11.0 ± 0.1-fold to control). Furthermore, to prove whether
increased proAdm expression during acute MI is caused by in-
filtrating inflammatory cells into the myocardium, we used
primary splenocytes. As shown in Fig. 2B, these cells were ac-
tivated using phorbol-12-myristat-13-acetate (PMA, 100 ng/mL),
resulting in a moderate increase of proAdm expression (2.9 ± 0.2-
fold to control). Since we described cardiac cells as one source of
ProADM within cardiac tissue, we were interested whether the
precursor protein ProADM or the posttranslationally cleaved ADM
is secreted into the extracellular space. Therefore, we used a specific
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antibody raised against ProADM to investigate cell culture
supernatant of cardiac fibroblasts. As positive control, cardiac
tissue lysate was used. As shown in Fig. 2C, ProADM was de-

tectable within the secretome of cardiac fibroblasts using West-
ern blot analysis, revealing the secretion of ProADM into the
extracellular space.
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Fig. 1. ProADM is up-regulated during acute MI in mice. (A) MI was induced by permanent ligation of the LAD in mice. Gene expression of proAdm was
analyzed in the remote zone (RZ), border zone (BZ), and infarct zone (IZ) of the LV 1, 5, or 28 d after MI and plotted as x-fold to LV tissue from sham-
operated mice. During acute MI, gene expression of proAdm was highly increased in the infarct zone and revealed milder gene expression in the border
and remote zone. After 5 and 28 d, the proAdm gene expression declined almost to basal level. (B) Immunofluorescent staining of ProADM (green) and
MCP-1 (red) is shown in a representative cross-section of a murine heart 1 d after MI and revealed up-regulated protein expression in the infarct zone and
border zone, whereas no ProADM protein expression and low MCP-1 protein expression were determined in the remote zone. (C ) Summarized gene
expression data from the infarct zone are depicted as logarithmized values (detailed data are plotted in SI Appendix, Fig. S3) to compare their suggested
progression after MI. Similar to proAdm, gene expression levels of apoptotic and inflammatory genes reached their maximum after 1 d, whereas the
expression of fibrotic genes reached the maximum within the subacute phase (5 d) after MI. (D) Analyzing the acute MI, the gene expression of proAdm
was plotted against the gene expression of Ccl2 using the data from remote zone, border zone, and infarct zone. A significant positive correlation was
found for proAdm and the proinflammatory Ccl2 gene expression (r = 0.938). (E ) Representative H&E-stained cross-sections of murine hearts 1 and 5 d after
MI are shown. Histological changes in the infarct zone versus border or remote zones are demonstrated at higher magnification. In the infarct zone,
structural alteration and cellular disorganization occurred due to necrosis and apoptosis of cardiomyocytes. Furthermore, inflammatory lesions are present
1 d after MI (indicated by arrow). (F ) To visualize tissue injury, murine hearts were stained using TTC. Representative photographs from hearts explanted
from sham-operated mice or after MI (1, 5, and 28 d) are shown. Red staining represents living tissue, and the infarct zone remains white. (G) Survival rate
of mice after MI is plotted as Kaplan–Meier curve. Predominantly, mice died during the subacute phase after MI. Gene expression is calculated as relative
mRNA expression (x-fold to sham-operated mice) using the formula 2−ΔΔCt and plotted as box plots (minimum to maximum). Gene expression data
represent 5–12 mice per time point. Significantly different compared with sham: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (Scale bar: 300 μm in
the H&E-stained cross-sections and 50 μm in the immunofluorescence staining.)
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ProADM and ADM Revealed Antiapoptotic Effects on Cardiomyocytes
Under Ischemic Conditions. As shown in Fig. 1E, loss of car-
diomyocytes occurred during MI due to necrosis and apoptosis. To
interfere in cardiomyocyte apoptosis, we exposed cultured car-
diomyocytes to simulated ischemia and treated them either with
ProADM (20 nM) or ADM (20 nM) for 24 h. First, we examined
cell viability to determine the survival rate of cardiomyocytes under
ischemic conditions with or without the additional treatment. As
shown in Fig. 3A, the viability of cardiomyocytes was significantly
decreased to 46% ± 2.7 under ischemic conditions compared with
control cells. Treatment of ischemic cardiomyocytes with either
ProADM (73% ± 1.9) or ADM (78% ± 2.5) led to significantly
increased cell viability. To determine apoptosis, we measured the
apoptosis-associated caspase activity as well as the gene expression
of the proapoptotic Bax and the antiapoptotic Bcl-2. The activity of
caspase 3/7 was significantly increased due to ischemia (161% ±
3.9) compared with control cells. This increased activity was at-
tenuated by ProADM (132% ± 2.5) or ADM (130% ± 3.5)
treatment. Furthermore, we determined the gene expression of Bax
and Bcl-2 and plotted the ratio (Fig. 3A). This measurement
revealed similar results: Bax/Bcl-2 ratio was increased in car-
diomyocytes under ischemic conditions and decreased by ProADM
and ADM treatment. The observed effects of ProADM might be
caused by ProADM itself or by ADM, which is generated by pro-
teolytic cleavage of ProADM, as illustrated in Fig. 3B. To clarify
the effect of ProADM, we performed similar experiments in the
presence of protease inhibitors to avoid ADM formation. As shown
in Fig. 3C, the antiapoptotic effects of ProADM were still detect-
able in the presence of protease inhibitor, indicating that ProADM
itself is a functional protein. To determine the half-life of ProADM,
we used cell culture supernatant from cardiac fibroblasts compris-
ing a variety of proteases mimicking the local myocardial environ-
ment. As shown in Fig. 3D, the proteolytic cleavage of ProADM is
clarified by reduced protein quantity analyzed by Western blot.
Determined protein quantity was plotted against the respective
hours. Fitting an exponential decay equation using GraphPad
Prism, a half-life of 2.0 ± 0.3 h for ProADM was estimated.

Antiapoptotic Effects of ProADM and ADM on Cardiomyocytes Under
Ischemic Conditions Mediated by ADM Receptors. First, we de-
termined whether the single receptor components (Calcrl,
Ramp2, and Ramp3), forming the two heterodimeric ADM re-

ceptor subtypes, are expressed in the cardiac tissue (SI Appendix,
Fig. S2A) and particularly in cardiomyocytes (Fig. 4 A and B). The
ADM1 receptor consists of CALCRL and RAMP2, whereas the
ADM2 receptor consists of CALCRL and RAMP3. In the cardiac
tissue, all components were expressed and their expression levels
were not affected 1 d after MI (SI Appendix, Fig. S2A), whereas
we measured down-regulated gene expression levels in the infarct
zone 5 and 28 d after MI. As shown in Fig. 4 A and B, gene and
protein expression data revealed that cardiomyocytes express
all components and can thus build both heterodimeric ADM re-
ceptor subtypes. As shown in SI Appendix, Fig. S2B, gene
expression of Calcrl, Ramp2, and Ramp3 were significantly up-
regulated in cardiomyocytes after ischemia for 24 h. To investi-
gate whether ProADM binds to the similar cell surface receptors
as ADM, we used the receptor antagonist ADM(22–52) to inhibit
the observed antiapoptotic effect of ProADM and ADM using cell
viability and caspase assays, as shown in Fig. 4C. In our experi-
ments, this receptor antagonist completely blocked the anti-
apoptotic effect of ProADM and ADM. As published previously, at
a ligand concentration of 20 nM ADM, 10 μM of the ADM re-
ceptor antagonist ADM(22–52) specifically blocks the ADM1 but
not the ADM2 receptor subtype (34). Therefore, the antiapoptotic
signaling is mediated by the ADM1 receptor subtype. To investi-
gate the underlying signaling pathways Proteome Profiler Anti-
body Arrays, designed for the detection of 26 phospho-MAP
kinases, were used to screen for candidates. Therefore, we ana-
lyzed cell lysates derived from cardiomyocytes under simulated
ischemia in the presence or absence of ProADM or ADM as
antiapoptotic treatment. In Fig. 4D, the results are illustrated as
densitometric values and revealed increased phosphorylation of
CREB, ERK1/2, and GSK-3α/β caused by simulated ischemia,
whereas, additional ProADM or ADM treatment dampened the
phosphorylation of ERK1/2. This result was verified by Western
blot analyses and revealed indeed significantly increased ERK1/
2 phosphorylation induced by ischemia which was prevented to
some extent by ProADM and ADM treatment (Fig. 4E). To
clarify whether the ERK pathway mediates the regulation ob-
served for cell viability and apoptosis of cardiomyocytes under
simulated ischemia, we blocked ERK signaling using the specific
ERK inhibitor PD98059. This did not result in increased cell vi-
ability or decreased apoptosis compared with simulated ischemia
without any additional treatment (Fig. 4F).
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ProADM Revealed Pro- and Antiinflammatory Effects in a Cell-Type-
Specific Manner. As described in Fig. 1 A–D, increased ProADM
expression goes along with cardiac inflammation during acute MI.
Therefore, we examined the effect of ProADM on two known
mediators of cardiac inflammation: cardiac fibroblasts and leuko-
cytes. Each cell type was exposed individually to 20 nM of the full-
length precursor protein ProADM for 24 h followed by gene ex-
pression analysis. As shown in Fig. 5A, ProADM stimulation led to
decreased expression of the proinflammatory chemokine Ccl2 in
leukocytes (−1.4 ± 0.08-fold). In contrast, we detected the opposite
effect of ProADM stimulation in cardiac fibroblasts with highly up-
regulated gene expression of Ccl2 (7.3 ± 0.5-fold) compared with
control cells. In contrast, the truncated mature ADM led to anti-
inflammatory effects on both cell types, which was demonstrated by
decreased Ccl2 expression in leukocytes (−1.3 ± 0.1-fold) and
cardiac fibroblasts (−1.5 ± 0.1-fold) compared with control cells
(Fig. 5B). As shown in SI Appendix, Fig. S2B, gene expression of
Calcrl, Ramp2, and Ramp3 was detectable in cardiac fibroblasts,
whereas Ramp2 was not detectable in leukocytes, indicating that
cardiac fibroblasts express both ADM receptor subtypes in con-
trast to leukocytes presenting only the ADM2 receptor subtype.
ProADM and ADM showed opposite functional effects on cardiac
fibroblasts, and thus we investigated whether this signal is mediated
by the same cell surface receptor as observed on cardiomyocytes.
Therefore, we used the receptor antagonist ADM(22–52) to inhibit
the observed proinflammatory effect of ProADM and the antiin-
flammatory effect of ADM on cardiac fibroblasts. Indeed, the ef-
fect of ADM was blocked by the receptor antagonist (Fig. 5B).
Interestingly, the effect of ProADM remained unchanged in the

presence of the receptor antagonist ADM(22–52) (Fig. 5A), sug-
gesting that ProADM signaling is mediated using a different cell
surface receptor. Since both proteins revealed opposite effects, we
used mature ADM itself as an antagonist of ProADM on cardiac
fibroblasts. Similarly to the truncated ADM(22–52), mature ADM
was not able to antagonize the proinflammatory effect of ProADM
on cardiac fibroblasts. To strengthen these findings, siRNA knock-
down experiments were performed in cardiac fibroblasts. Silencing
Ramp2 expression selectively reduces the expression of the ADM1

receptor subtype, whereas Calcrl silencing abolishes both ADM
receptor subtypes. As shown in Fig. 5 C and D, selective siRNA
transfection led to reduced expression levels of Ramp2 and Calcrl,
respectively. Subsequent ProADM stimulation did not alter the
increase of Ccl2 expression compared with cardiac fibroblasts
without receptor knock-down. ProADM stimulation was not im-
paired in cardiac fibroblasts lacking either the ADM1 receptor
subtype selectively (Fig. 5C) or both subtypes (Fig. 5D), which is in
line with the finding using the receptor antagonists. To get further
insight into the signaling pathway mediated by ProADM in cardiac
fibroblasts, we investigated ERK1/2 phosphorylation using Western
blot analyses. In contrast to cardiomyocytes, ProADM stimulation
induced ERK1/2 phosphorylation in cardiac fibroblasts (SI Ap-
pendix, Fig. S4A). Next, we investigated whether inhibiting the
ERK1/2 signaling pathway is sufficient to reduce or block the
proinflammatory effect of ProADM in cardiac fibroblasts. There-
fore, cardiac fibroblasts were stimulated with ProADM in the
presence of the ERK inhibitor PD98059 for 24 h. As depicted in SI
Appendix, Fig. S4B, inhibition of ERK did not dampen the effect of
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ProADM stimulation on the inflammatory gene expression of Ccl2
in cardiac fibroblasts.

ProADM, but Not ADM, Suppressed Chemokine Expression in
Activated Leukocytes. As described in Fig. 5 A and B, ProADM
and ADM stimulation decreased chemokine expression in resting

leukocytes. Next, we investigated whether this antiinflammatory
effect is still present in activated leukocytes, suggesting that
ProADM or ADM treatment can prevent or at least dampen
activation. Therefore, we analyzed the alterations of the secre-
tome generated by cardiomyocytes or cardiac fibroblasts under
ischemic conditions using Proteome Profiler Antibody Arrays to
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detect 40 cytokines. The results are illustrated as densitometric
values in Fig. 5E. In general, cardiac fibroblasts seemed to release
chemoattractant molecules or mediators for chemotaxis in a
higher range, which were further induced under ischemic condi-
tions. In detail, densitometric analysis revealed increased cytokine
expression in cardiac fibroblasts for CCL2 (MCP-1), CXCL12
(SDF-1), TIMP1, CXCL1 (KC), TNF-α, C5/C5a, M-CSF, IL-1ra,
IFN-γ, and sICAM-1. In cardiomyocytes CXCL1 (KC), sICAM-1,
CCL5 (RANTES), CXCL13 (BLC), TIMP1, C5/C5a, and IFN-γ
were increased in the secretome caused by ischemia. To mimic
physiological conditions within cardiac tissue during MI, we used
the secretome from cardiac fibroblasts generated under ischemic
conditions to activate leukocytes. We detected elevated gene ex-
pression of the chemokine Ccl2 (6.9 ± 2.8-fold) as shown in Fig.
5F. Next, we used ProADM or ADM as a treatment for activated
leukocytes to prove their antiinflammatory effects. Interestingly,
ProADM, but not ADM, suppressed the up-regulated gene ex-
pression of Ccl2 of activated leukocytes.

Discussion
The prime finding of the study at hand is that the presumably
inactive precursor ProADM is biologically active. As summa-

rized in Fig. 6, it supports cardiomyocyte survival and regulates
cardiac inflammation, indicating a role in post-MI remodeling.

ADM: More than a Biomarker. The mature and biologically active
hormone ADM is generated by proteolytic cleavage of the full-
length precursor protein ProADM. A different cleavage product,
MR-proADM, is generated in equimolar concentrations to ADM
and is used as a biomarker due to its high stability (33). Increased
MR-ProADM plasma levels are reported in patients after acute
MI (25) and are predictive for mortality in these patients (26).
Here we present that the gene expression of proAdm increases
after MI in cardiac tissue as well as in cardiomyocytes and cardiac
fibroblasts exposed to simulated ischemia. Therefore, elevated
plasma levels of MR-proADMmight be a result of this increase in
proAdm gene expression and not necessarily a consequence of
necrotic and apoptotic cells. As previously described, it was shown
in heterozygous ADM+/− mice that reduced endogenous ADM
expression aggravates outcome during cardiac injury (35). How-
ever, administration of ADM was able to attenuate LV remod-
eling and reduce apoptosis of cardiomyocytes after MI or other
cardiac damage (10–13). First clinical data were reported that
ADM administration after acute MI leads to beneficial hemo-
dynamic effects (36–38), accompanied by a reduction in blood
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pressure, which is in line with the reported vasodilatory function
of ADM (39). Despite its promising cardioprotective effects, the
instability of ADM limits its effectiveness as a potential medical
intervention (40). Differently modified ADM analogs have been
investigated regarding stability and functionality in vitro (41), to
improve its bioavailability. It was already reported that hypoxia
induced ADM expression in rat cardiomyocytes but not in cardiac
fibroblasts (14). This was also seen in rat hearts post-MI, where ADM
immunostaining was limited to myocytes in both the infarcted and
noninfarcted regions (42). In our experimental design, we measured
the basal expression of proAdm and then exposed cardiomyocytes and
cardiac fibroblasts to ischemic conditions. In contrast to the current
knowledge, both abundant cardiac cell types revealed proAdm gene
expression. While cardiac fibroblasts exhibited higher basal ex-
pression levels compared with cardiomyocytes, ischemic conditions
induced proAdm gene expression in both cell types. However,
leukocytes revealed low basal proAdm gene expression, which was
slightly increased after activation. Therefore, we suggest that the
increased gene expression of proAdm after MI is coming from
residential cells and might serve as a self-protective mechanism.

Precursor Protein ProADM Improved Cardiomyocyte Survival. Several
studies already described antiapoptotic effects of the mature ADM
on cardiomyocytes in vitro and in vivo (10–14), but no biological
activity has been described for ProADM. In our experiments, we
detected the same antiapoptotic effects for ProADM mediated by
the ADM1 receptor. During MI in vivo or simulated ischemia in
vitro, cardiac cells increase the expression of ProADM, which may
protect cardiomyocytes from entering the apoptotic pathway. Since
ischemia induced ERK1/2 phosphorylation, and this phosphorylation
was dampened by ProADM as well as ADM treatment, we suggest
that the ERK pathway regulates cardiomyocyte survival. However,
inhibiting ERK with a commercially available inhibitor was not

sufficient to improve cardiomyocyte survival during ischemia. Be-
sides ADM infusion, other cardiac regenerative therapies, such as
proregenerative cells or drug administration to the ischemic myo-
cardium, improved cardiac function and have demonstrated po-
tential in preclinical studies (6, 43). Harnessing the endogenous
mechanism as potential treatment may have advantages, especially
regarding drug safety. However, the reported antiapoptotic effects of
ADM during experimental MI were determined using continuous
infusion of ADM, which appears to be essential due to the very short
half-life of circulating ADM (40). Usually, prohormones are more
stable compared with their processed mature hormones. Therefore,
unmodified ProADM with a half-life of ∼2 h may provide an al-
ternative to stabilized ADM analogs for antiapoptotic treatment.

Pro- and Antiinflammatory Effects of ProADM and ADM. Besides
myocardial cell death, the early phase of the post-MI healing
process is further characterized by cardiac inflammation, especially
in the ischemic area (44). Interestingly, first data reported regula-
tory effects of ADM under inflammatory conditions. Infusion of
ADM attenuates cardiac inflammation during myocarditis, whereas
heterozygous ADM+/− mice revealed higher cytokine response
using a murine model of LPS-induced septic shock (45, 46). This
genetic modification results in reduced ADM but also ProADM
expression levels. Therefore, we investigated both proteins re-
garding their regulatory ability on cardiac inflammation. Since
cardiac fibroblasts are abundantly present within the myocardium
and, compared with cardiomyocytes, significantly less sensitive to
acute hypoxic conditions induced by MI, they are the first cardiac
cells that sense and respond to cardiac injury (47). Following var-
ious external stimuli, cardiac fibroblasts increase chemokine ex-
pression (48, 49), which we also determined in cardiac fibroblasts
exposed to simulated ischemia in the present study. Since these
chemoattractant molecules recruit inflammatory cells, cardiac fi-
broblasts can induce cardiac inflammation. Besides ischemia, car-
diac fibroblasts are also exposed to high concentrations of
ProADM and ADM during MI. While ProADM induced chemo-
kine expression, ADM stimulation resulted in reduced chemokine
expression. Therefore, ProADM stimulates cardiac fibroblasts to
induce cardiac inflammation and in turn its cleavage toward mature
ADM dampens this proinflammatory effect. In leukocytes
ProADM and ADM reduced chemokine expression, suggesting
pronounced antiinflammatory effects after established cardiac
inflammation. An appropriate inflammatory response is necessary
to resolve cardiac damage after acute MI (50), but surrounding
healthy heart tissue may be harmed by cardiac inflammation (51).
Infiltrated immune cells release cytokines and proteases that in-
duce apoptosis in healthy cardiomyocytes (52). Therefore, anti-
inflammatory therapeutics have been considered as a suitable
therapy after MI to dampen exacerbated cardiac inflammation (50,
53–58). Since ProADM and ADM stimulation resulted in decreased
chemokine expression on quiescent leukocytes, we investigated their
antiinflammatory potential on activated leukocytes. Therefore, cells
were activated using the secretome of cardiac fibroblasts exposed to
ischemic conditions in the presence of ProADM or ADM.
ProADM, but not ADM, attenuated further chemokine expression
and thus may prevent exaggerated cardiac inflammation.

Receptor Binding of ADM and ProADM. For pharmacological pur-
poses, it is important to identify the binding receptor of
ProADM. Since ProADM includes the sequence of ADM, we
assumed the same cell surface receptors for both proteins. Two
ADM receptors have been described so far: The combination of
CALCRL with either RAMP2 or RAMP3 constitutes ADM1R
or ADM2R, respectively. Concentration response curves revealed
EC50 values for ADM in low nanomolar ranges for both receptor
subtypes (34, 59). Cardiomyocytes express both ADM-R subtypes
and a concentration of 20 nM ProADM is sufficient to reveal
similar efficacy regarding cardiomyocyte survival as shown for

Fig. 6. Schematic overview and summary of presented results. Ischemia
induced proAdm gene expression in cardiomyocytes and cardiac fibroblasts.
This is in line with the finding that increased proAdm expression was de-
termined in cardiac tissue during acute MI. Subsequently, ProADM is se-
creted and posttranslationally cleaved to the truncated mature ADM. Both
proteins, ProADM as well as ADM, supported cardiomyocyte survival during
simulated ischemia mediated by the ADM1 receptor subtype. Thus, increased
local concentration of both proteins within the ischemic area after MI may
be beneficial for cardiomyocytes. In cultured cardiac fibroblasts, the full-
length ProADM and the truncated mature ADM revealed counteracting ef-
fects. ProADM induced chemokine expression, whereas ADM repressed che-
mokine expression. The antiinflammatory signaling of ADM is mediated by
the ADM1 receptor subtype, whereas ProADM mediated its proinflammatory
effects using signaling receptors different from ADM receptors. Furthermore,
ProADM functioned in a cell-specific manner. In cardiomyocytes, ProADM
repressed the ischemia-induced ERK phosphorylation. However, in cardiac fi-
broblasts ProADM stimulation induced ERK phosphorylation.
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20 nM ADM. To clarify which ADM receptor subtype mediates
the antiapoptotic signaling after ADM and ProADM treatment,
we used a receptor-specific antagonist. Truncation of ADM to
ADM(22–52) yields an antagonist with higher affinity to ADM1R.
Regarding the structure-affinity studies performed by Robinson
et al. (34) and Hay et al. (59), the response to 20 nM ADM me-
diated by ADM1R is completely blocked in the presence of 10 μM
antagonist, whereas the response mediated by ADM2R is hardly
affected. In our experiments, the antiapoptotic effects of ADM as
well as ProADM were blocked in the presence of this antagonist.
Therefore, we identified the ADM1R subtype to bind ADM as well
as ProADM and to meditate the antiapoptotic effects on car-
diomyocytes. Since cardiac fibroblasts express both ADM-receptor
subtypes, we used the ADM1R antagonist to identify the acting
receptor subtype as well. Interestingly, this antagonist inhibited the
effect of ADM but not of ProADM, suggesting that ProADM
signaling on cardiac fibroblasts is not mediated by ADM1R. This is
in line with the finding that Ramp2 silencing, which led to selective
deficiency of ADM1R, did not change the ProADM effect. We
further investigated whether the proinflammatory signaling of
ProADM is mediated by ADM2R. Since ADM and ProADM
revealed opposite effects, ADM may act as a competitive inhibitor
on the ADM2R. Interestingly, ADM was not able to compete
against the effects of ProADM, suggesting a receptor different
from ADM1R and ADM2R. In addition, silencing Calcrl, which
is essential to form both receptor subtypes, did not alter the
ProADM effect on Ccl2 expression. Furthermore, gene expression
data revealed that isolated splenocytes do not express RAMP2 and
therefore lack the ADM1R subtype. Similar antiinflammatory ef-
fects for ADM and ProADM were observed in splenocytes.
Therefore, we hypothesize that ADM binding to ADM2R is me-
diating those antiinflammatory effects. We speculate that
ProADM binds to the ADM2R subtype and thus mediates anti-
inflammatory effects, but further investigations are required to
prove this assumption. So far, we identified the ADM1R as a
ProADM receptor, whereas binding of ProADM to ADM2R could
not be verified. Additionally, we present data on cardiac fibro-
blasts, in which ProADM binds to a third unknown receptor.

Conclusion. Our findings present biological effects of the full-
length precursor protein ProADM. Both proteins, ProADM and
the better-characterized truncated form ADM, showed protective
and regulatory characteristics regarding post-MI remodeling.
Based on our in vitro results, we assume that ProADM induces
cardiac inflammation but attenuates established inflammation,
while ADM has limited impact on inflammation. However, both
proteins improve cardiomyocyte survival under ischemia. This
opens up possibilities for ProADM as well as ADM as potential
targets to influence postinfarct remodeling.

Materials and Methods
Animals and Surgical Procedures to Induce MI. At the age of 8–12 wk male
C57BL/6J (B6) wild-type mice were used to induce MI as described previously
(60). The detailed method is described in the SI Appendix. All animal ex-
periments were approved by the Hamburg Ministry of Health and Consumer
protection, Hamburg, Germany (G15/060) and conform to the Guide for the
Care and Use of Laboratory Animals (61).

Acute Study Population. Between January 2007 and July 2008, patients with
suspected acute coronary syndrome were enrolled in a multicenter study
(clinical trial no. NCT03227159 at https://clinicaltrials.gov/) (62). The study was
approved by the local ethics committees at Johannes Gutenberg Medical
Center, Mainz, Germany and University Hospital Hamburg-Eppendorf,
Hamburg, Germany. Participation was voluntary and each patient gave
written, informed consent.

Cell Culture. Primary murine cardiac fibroblasts were obtained from the LV
tissue of male C57BL/6J wild-type mice (10–12 wk old) as described previously
(49) and cultured in DMEM containing 20% FCS, 100 U/mL penicillin, and

100 μg/mL streptomycin (Sigma-Aldrich). The detailed method is described
in the SI Appendix. The well-established murine cardiomyocyte cell line
HL-1 was cultured in Claycombmedium (Sigma-Aldrich) supplemented with 10%
FCS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine, and 0.1 μM
norepinephrine (Sigma-Aldrich), as recommended (63). Primary murine spleno-
cytes were isolated from freshly removed spleen and immediately used for ex-
periments. The isolation is described in detail in the SI Appendix. The distribution
of the various leukocytes was determined using FACS analysis. As shown in SI
Appendix, Fig. S5, the isolated splenocytes consists of 49.7% B cells, 24.5%
CD4+ T cells, 14% CD8+ T cells, 0.7% granulocytes, and 0.5% monocytes.

Stimulation and Ischemia in Cell Culture Experiments. Cardiac fibroblasts or
cardiomyocyteswere starvedovernight inDMEMcontaining 0.5%FCS, 100U/mL
penicillin, and 100 μg/mL streptomycin (Sigma-Aldrich). To simulate ischemic
conditions, cells were starved as described above and subsequently exposed to
starving medium containing L-glucose instead of D-glucose and placed in a
modular incubator chamber (MIC-101; Billups-Rothenberg, Inc.). The chamber
was flushed with nitrogen and carbon dioxide using a flow rate ratio of 20 to 1,
respectively, until the final oxygen concentration of 1% was reached, detected
by an oxygen sensor (Greisinger). ProADM or ADM stimulation was performed
using a final concentration of 20 nM recombinant His-tagged murine ProADM
(amino acids 24–171) (Cloud-Clone Corp.) or 20 nM synthetic rat ADM (Peptide
Institute, Inc.) diluted in starving medium. The recombinant ProADM was tested
for endotoxin contamination by Lonza Laboratories (less than 0.05 EU/mL en-
dotoxin in the final experiments). Furthermore, a truncated synthetic human
ADM (amino acids 22–52) (Peptide Institute, Inc.) was used in a final concentra-
tion of 10 μM. To inhibit proteolytic cleavage, protease inhibitor mixture was
used in cell culture experiments in a final dilution of 1 to 1,000 (P8340; Sigma-
Aldrich), which did not alter gene expression. To inhibit ERK signaling, cells were
treated with 50 μM PD98059 (Sigma-Aldrich) 1 h before stimulation. Cell viability
and apoptosis assays were performed as described in SI Appendix.

siRNA Knock-Down Experiments. Cardiac fibroblasts were transfected using
siRNA complementary to Ramp2 (s79660; Life Technologies) or Calcrl (s79737;
Life Technologies). Scrambled siRNA (silencer negative control No.1; Life
Technologies) was used as a negative control and showed similar results
compared with nontransfected controls. Liptofectamine RNAiMAX reagent
(Invitrogen) was incubated with 320 nM of the respective siRNA in OptiMEM
(Gibco) for 20 min. Cells were washed once and the prepared lipofectamine/
siRNA complex was added. After 30min, RNA complexes were further diluted
to a final concentration of 160 nM siRNA using serum reduced DMEM (Gibco)
and exposed to the cells for 24 h. ProADM stimulation was performed 48 h
after siRNA transfection as described above.

Gene Expression Analysis. Isolation of total RNA and gene expression analysis
are described in SI Appendix and gene expression assays are listed in SI
Appendix, Table S4.

Tissue Staining, Histology, and Immunofluorescence. For histological studies,
cross-sections of murine hearts were stained using H&E staining. Further-
more, specific proteins were detected by immunofluorescent staining of
cross-sections or cardiac cells as described previously (64). Staining was car-
ried out according to the detailed protocol described in SI Appendix.

Proteome Antibody Array and Western Blot. Detection of 40 cytokines or
detection of 26 phospho-MAP kinases was performed on Proteome Profiler
Antibody Arrays (R&D Systems) according to the manufacturer’s instructions
using cell culture supernatant or cell lysate, respectively. A more detailed
protocol for Proteome Antibody Array and Western blot is described in SI
Appendix. A list of used antibodies is shown in SI Appendix, Table S3.

Statistical Analysis.MR-ProADM levels were analyzed using R version 3.4.2. All
other data were analyzed using GraphPad Prism 6 software (GraphPad
Software). Statistical comparison of two groups was performed using the
Mann–Whitney U test. More than two groups were compared using the
Kruskal–Wallis test followed by Dunn’s posttest. A Grubbs’ test was per-
formed to determine significant outliers.
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