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ABSTRACT
Background:  Adrenomedullin (AM) is a potent angiogenic, antioxidant and anti-inflammatory 
peptide protecting the developing lung from injury due to bronchopulmonary dysplasia (BPD) of 
the preterm infant. At this stage, no data on the potential effects of chorioamnionitis (CA) 
occurrence and glucocorticoids (GC) administration on AM in developing lungs are still lacking.
Objective: to investigate, in a sheep-based model, the positive/side-effects of combined exposure 
to CA and GC on AM concentrations measured in bronchoalveolar lavage fluid (BALF).
Methods:  Time-mated ewes were randomly admitted to one of six treatment groups receiving 
injection: saline (controls); lipopolysaccharide (L) in intra-amniotic fluid treated alone at 7 or 14 d 
before delivery or associated with betamethasone (B) intramuscularly; B treated alone (7d) or 
associated with L (14d). Lambs were surgically delivered at 120 days gestation and euthanized. 
BALF was used for AM measurement in the studied groups.
Results:  AM BALF levels significantly (p < 0.05, for all) changed both to B and L exposure in a 
time-dependent manner. The latter was characterized by AM levels at short term superimposable 
to controls, whilst significantly (p > 0.05) decreased at long-term. The former showed increased AM 
at short and decreased at long-term (p < 0.05, for all), respectively.
Conclusions:  the present results showing AM BALF changes in a sheep-based model support the 
AM role in the hemodynamic patterns due to CA and BPD occurrence and open the way to 
further studies investigating the role of vasoactive agents as trustable markers of lung 
development/damage.

Introduction

Adrenomedullin (AM) is an endogenous peptide with 
potent angiogenic, antioxidant, and anti-inflammatory 
properties first isolated from human pheochromocy-
toma cells [1]. AM is expressed in several tissues of the 
body, including the blood vessels, the kidneys, and the 
lungs, playing a protective role in the cardiovascular, 
cerebral, and respiratory systems [2–8].

Studies on humans and experimental models have 
shown that AM plays a crucial role in endothelial growth, 
in vascular development and in the maintenance of the 
endothelial barrier function after acute hypo/hyperoxia 

insult causing multiorgan/lung injury [5,9–11]. Notably, in 
the human fetal lung the increased expression of AM is 
gestational age (GA) dependent, suggesting a role for 
the peptide in the mechanisms of fetal lung differentia-
tion, maturation and in the transitional changes in 
human pulmonary blood flow at birth [10–12]. More 
recently, in a rat model of induced bronchopulmonary 
dysplasia (BPD), it has been shown that AM: i) promotes 
lung angiogenesis and alveolar development [13,14], and 
ii) protects against acute lung injury due to mechanical 
ventilation, ischemia-reperfusion and hyperoxia injury, 
and following administration of inflammation-inducing 
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agents (i.e. lipopolysaccharide, L) [15]. Moreover, it has 
been suggested that AM might protect the developing 
lung from alveolar injury occurring in BPD.

Despite recent technological advances in diagnosis 
and treatment, BPD still constitutes the most dramatic 
complication in infants born extremely preterm [16]. In 
preterm infants, BPD accounts from 48 to 68% and is 
inversely proportional with GA [17]. The etiology of BPD 
is multifactorial: genetic susceptibility, pregnancy disor-
ders (hypertension, smoking), prematurity, mechanical 
ventilation, sepsis and chorioamnionitis (CA) are the 
major factors currently involved [16,17]. In this regard, an 
understanding of the timing of lung vascular and alveolar 
developments/damage is of the utmost importance for 
successful therapeutic strategies. At this stage, the stan-
dard of care treatment to improve fetal lung maturation 
consists of a single course of glucocorticoids (GC) admin-
istered prior to delivery [18]. Results from an experimen-
tal model showed that GC can inhibit both functional 
lung maturation and lung development.[19]. This means 
that a large number of preterm infants are exposed 
in-utero to pro/anti-inflammatory stimuli, both of which 
can alter lung development, thus predisposing to BPD. In 
this regard, data on the potential effects of CA and GC 
on changes in AM in developing lungs are still lacking.

Therefore, in the present sheep-based model we 
investigated the positive/side-effects of combined 
exposure to CA and GC on AM concentrations mea-
sured in bronchoalveolar lavage fluid (BALF).

Materials and methods

The study was approved by Animal Ethics Committees 
at the University of Maastricht, The Netherlands.

Time-mated ewes carrying singleton fetuses were ran-
domly admitted to one of the six groups receiving injection 
of: i) L in intra-amniotic fluid (10 mg Escherichia coli 055:B5, 
Sigma Chemical, St. Louis, MO, USA), ii) betamethasone (B) 
intramuscularly (Celestone Soluspan, Schering-Plough, 
North Ryde, New South Wales, NSW, Australia) at a dose of 

0.5 mg/kg maternal weight, or iii) saline (controls) at 
107 days and/or 114 days GA in different permutations and 
combinations (Figure 1). A single intramuscular injection of 
150 mg medroxyprogesterone acetate (Depo-Provera, 
Kenral, NSW, Australia) at 100 days GA preventing prematu-
rity due to betamethasone treatment was administered in 
all ewes. At 120 days GA (term = 150 days) surgical delivery 
and euthanize with 100 mg/kg pentobarbital was per-
formed in all lambs. Each fetus was weighed, and fetal cord 
blood was collected. The lungs were removed, separated, 
and weighed prior to a bronchoalveolar lavage with 0.9% 
NaCl. BALF was collected for AM measurement.

AM measurement

AM in BALF was measured after extraction and purifica-
tion in 500 μL of samples collected at animal sacrifice 
and stored at −70 °C. A specific RIA kit (Phoenix 
Pharmaceuticals, Mountain View CA, USA) with rabbit 
polyclonal antibody raised against human AM was 
used. Each measurement was performed in duplicate, 
and the averages were reported. The sensitivity of the 
assay was 0.34 ng/mL. The antibody cross-reacts 100% 
with human AM and no cross-reactivity was shown 
with rat AM, amylin, CGRP, endothelin-1, α-atrial natri-
uretic peptide, or brain natriuretic peptide. The intra- 
and inter-assay coefficients of variance were 5.1% and 
12.0%, respectively.

Monitoring parameters

In all animals studied, birthweight (BW), gender (male/
female), cord blood pH, partial pressure of arterial oxy-
gen (pO2), and partial pressure of arterial carbon diox-
ide (pCO2) were recorded.

Statistical analysis

Data is reported as mean and standard deviation. The 
Kolmogorov–Smirnov test was performed for assessing 
a Gaussian distribution. ANOVA 1-way was used for 
repeated measurements (followed by the post hoc 
Tukey test for multiple comparisons) and t- test for 
two groups only. Linear regression analysis was per-
formed for correlations between AM and clinical 
parameters. A p < 0.05 was considered significant.

Results

In Table 1 descriptive data of the studied groups are 
reported. No significant differences among groups 
(p > 0.05, for all) have been found regarding BW, gender, 
and analysis of blood gas in the fetal cord (pH, pCO2, pO2).

Figure 1.  Study design. Pregnant ewes received an 
intra-amniotic (IA) injection of lipopolysaccharide (L) and/or an 
intra-muscular injection of betamethasone (B) and/or an 
equivalent injection of saline for control animal at 107 days 
and/or 114 days gestation (GA). Lambs were delivered preterm 
by cesarean section at 120 days GA (term = 150 days GA).
Abbreviations: 7d, 7-day exposure; 14d, 14-day exposure.
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Concentrations of AM in BALF were measurable in 
all samples collected. Results are reported in Table 2.

In the control group, AM levels were significantly 
higher (p < 0.05, for all) than those detected in 14d L 
alone, in 7d B alone and in the 14d L/B groups. No signif-
icant differences (p > 0.05, for both) were observed 
between controls and between 7d L and 14d B/L groups.

AM concentrations, in the 7d L group, were signifi-
cantly higher (p < 0.05, for all) than those of the 14d L, 
7d B and 14 L/B groups. AM levels in the 7d L group 
did not differ (p > 0.05, for both) when compared with 
those of the control and 14d B/L group.

In the 14d L group, no differences in AM levels 
were observed when compared with 7d B, whilst it 
was lower (p < 0.05, for all) than that detected in the 
control, 14d B/L and 7d L groups.

Lower (p < 0.05, for all) AM levels were observed in 
7d B than the control, 7d L and 14d B/L groups. No 
differences in AM (p > 0.05, for all) were detectable 
between 7d B and 14d L and 14d L/B, respectively.

AM was higher (p < 0.05, for all) in the 14d B/L 
group than the 14d L, 7d B and 14d L/B groups. 
Furthermore, no differences in AM were observed with 
the control and 7d L groups.

In the 14d L/B group, AM was lower (p < 0.05, for 
all) than the control, 7d L and 14d B/L groups. No dif-
ferences in AM (p > 0.05, for both) were shown when 
compared with the 14d L and 7d B groups.

Finally, no correlations (p > 0.05, for all) between 
AM, measured in all studied groups, and fetal cord 
blood pH, pCO2 and pO2 were found.

Discussion

Despite technological improvement in perinatal diag-
nosis and treatment, CA still constitutes a leading cause 
of about 70% of preterm deliveries [20]. The main dra-
matic pattern of CA is characterized by fetal systemic 
and lung inflammation and injury finally resulting in 
BPD [21]. Knowledge of the main pathophysiological 

mechanisms leading to BPD is still incomplete and a 
matter of debate. In this regard, the increase in the 
number of studies on animal models, particularly 
sheep-based, offers additional and useful information 
[22]. Notably, clinical and experimental studies have 
evidenced that antenatal corticosteroids are also effec-
tive in the context of CA [23]. Combined exposure to 
antenatal GC and CA is common for preterm fetuses, 
but the timing of exposure can vary from case to case 
[24,25]. Thus, measurement of biomarkers involved in 
fetal-neonatal lung and cardiovascular development 
could be especially useful [26].

In the present study we tested the interactions of 
antenatal exposure to B and intra-amniotic L on the 
concentrations of a well-known vasoactive and angio-
genic agent, namely AM, in BALF. Results provide evi-
dence that exposure to both B and L significantly 
affected concentrations of AM in BALF in a 
time-dependent manner. Furthermore, AM levels sig-
nificantly changed depending on the combined admin-
istration of B-L or L-B. To our knowledge, the present 
findings constitute the first observation in a popula-
tion selected in such way.

The pattern of AM in BALF of the fetuses exposed 
to L warrants further consideration. In particular, we 
found that AM in BALF is superimposable to controls 
in the short term (i.e. 7d), whilst decreasing in the 
long-term (i.e. 14 d) from the occurrence of CA. The 
latter confirms, in part, previous observations in ani-
mal models where an AM deficiency was found after L 
administration [15]. Discrepancies regarded the animal 
model (murine vs. sheep), and design of the study 
protocol [27]. AM deficiency has been found to 
empower and impair the resolution of the administra-
tion of L and its induced lung injury [15]. The main 

Table 1. A nimals’ general characteristics in the studied groups: 
controls; lipopolysaccharide (L) treated alone at 7 or 14 days 
(d) before delivery or associated with betamethasone (B); B 
treated alone or associated with L. Data is given as mean and 
SD.

Group BW (Kg)
Gender 
(M/F)

Cord Blood 
pH

pO2 
(mmHg)

pCO2 
(mmHg)

Controls 2.61 ± 0.37 1/4 7.24 ± 0.07 9.38 ± 3.77 72.50 ± 10.10
7d L 2.34 ± 0.54 4/4 7.26 ± 0.07 7.74 ± 3.02 72.41 ± 9.28
14d L 2.53 ± 0.31 5/3 7.26 ± 0.06 7.66 ± 3.61 66.56 ± 9.30
7d B 2.67 ± 0.39 4/3 7.20 ± 0.10 8.77 ± 4.65 77.26 ± 15.45
14d B + 7d L 2.67 ± 0.27 1/5 7.25 ± 0.11 9.82 ± 4.60 71.77 ± 15.56
14d L + 7d B 2.09 ± 0.16 3/5 7.25 ± 0.08 8.60 ± 2.58 73.62 ± 9.65

Abbreviations: BW, birthweight; M, male; F, female; pO2 arterial oxygen 
partial pressure; pCO2, arterial carbon dioxide partial pressure.

Table 2. A drenomedullin (AM) bronchoalveolar lavage fluid 
levels expressed in ng/Kg in the studied animals: controls; 
lipopolysaccharide (L) treated alone at 7 or 14 days (d) before 
delivery or associated with betamethasone (B); B treated alone 
or associated with L. Data is given as mean and SD. AM levels 
were higher (p < 0.05, for all) in: i) controls than 14d L alone, 
7d B alone and 14d L/B groups, ii) 7d L than 14d L, 7d B and 
14 L/B groups, and iii) 14d B/L than 14d L, 7d B, and 14d L/B 
groups. Moreover, AM levels were lower (p < 0.05, for all) in: i) 
14d L than controls, 14d B/L and 7d L groups, ii) 7d B than 
controls, 7d L and 14d B/L groups, and iii) 14d L/B than con-
trols, 7d L and 14d B/L groups, respectively.
Group AM (ng/Kg)

Controls 2910.89 ± 435.53
7d L 2763.88 ± 612.64
14d L 2147.46 ± 284.49
7d B 2158.84 ± 334.82
14d B + 7d L 2971.67 ± 431.29
14d L + 7d B 2065.24 ± 316.62
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known mechanism regarded the activation of STAT1 
and STAT3 in saccular lungs and pulmonary vessels 
[28]. Transcription factors are involved in the patho-
genesis of BPD regulating a cascade of events such as 
cell proliferation and development, inflammation, 
injury repair and vascularization [29]. Conversely, these 
findings, characterized by an increase in AM in the first 
phases from administration of L, constitute the first 
observation in a sheep-based model and are backed 
up by a previous observation in a murine lung model 
[30]. The explanation lies in the pathophysiological 
steps leading to sepsis characterized by an early vaso-
dilation process, from administration of L, in which AM 
together with other vasoactive agents play a signifi-
cant role [31]. However, this phenomenon is transient 
as confirmed by the decreased AM levels in BALF at 
14d supporting the idea that the fetal lung is exposed 
to inflammatory injury leading to impaired lung and 
pulmonary vasculature development [32].

In the present series we also found that administra-
tion of B alone and combined early and/or late admin-
istration of L/B (7-14d) affected AM levels in BALF. 
Results on administration of B alone showing decreased 
AM levels offer support to the controversial and 
debated relationship between AM and steroid admin-
istration [33]. Discrepancies with previous observations, 
in humans and animal models, lie in different sites of 
AM assessment (placenta, blood vs. BALF), choice of 
steroid to be administered (dexamethasone vs. beta-
methasone), study-design and endpoints [34]. Another 
explanation may reside in the interval between admin-
istration of GC and timing of delivery, as shown in the 
14d B/7d L group [35].

The findings on the different effects of the adminis-
tration of L/B and vice versa on AM deserve further 
consideration. In particular AM reached its highest 
peak in early L (7d) and late B (14d) treated animals. 
Results suggestive of increased AM release due to early 
occurrence of CA as for the 7d L alone group offer 
additional support to the phenomenon of sepsis-related 
transient vasodilation [36]. Another explanation for 
increased AM regards the effects of B, suggesting the 
time-dependent effects of GC on the prevention of 
lung immaturity [37,38]. Studies in human and animal 
models showed the longer the interval between admin-
istration of GC and delivery, the lower the effects of GC 
on lung maturation [39]. This is corroborated by lower 
AM levels in 7d B/14d L animals. Altogether, it is rea-
sonable to argue for the consolidated beneficial effects 
of GC on lung maturation once, in high-risk cases for 
CA, administered at the due time before delivery. 
Further studies in humans and animal models aimed at 
elucidating the best time for GC administration and 

the timing of delivery are therefore justified. In this 
respect, the concomitants side-effects of acute/chronic 
hypoxia on AM in the perinatal period have to be 
taken into the due account [40–42].

In the present study we identified the following lim-
itations: i) no recordings of hemodynamic parameters 
in fetal/placental districts have been performed, and ii) 
no AM levels in fetal-maternal blood were measured in 
order to explore differences in AM content among dif-
ferent districts.

In conclusion, the present results on changes in AM 
in BALF due to different scenarios occurring in a 
sheep-based model complicated by CA and BPD pave 
the way to further studies aimed at elucidating the 
role of vasoactive agents such as AM as reliable mark-
ers of lung development/damage.
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