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Abstract

Preterm birth is associated with immaturity of several crucial physiological functions Key Words
notably those prevailing in the lung and kidney. Recently, a steroid secretion deficiency » adrenomedullin
was identified in very preterm neonates, associated with a partial yet transient deficiency  » adrenal

in 118-hydroxylase activity, sustaining cortisol synthesis. However, the P450c11f enzyme » cortisol

is expressed in preterm adrenal glands, we hypothesized an inhibition of cortisol » hCYP11B1
production by adrenomedullin (ADM), a peptide highly produced in neonates and whose > prematurity
effect on steroidogenesis remains poorly known. We studied the effects of ADM on three

models: 104 cord-blood samples of the PREMALDO neonate cohort, genetically targeted

mice overexpressing ADM, and two human adrenocortical cell lines (H295R and HAC15

cells). Mid-regional-proADM (MR-proADM) quantification in cord-blood samples showed

strong negative correlation with gestational age (P = 0.0004), cortisol production

(P < 0.0001), and 118-hydroxylase activity index (P < 0.0001). Mean MR-proADM

was higher in very preterm than in term neonates (1.12 vs 0.60 nmol/L,

P < 0.0001). ADM-overexpression mice revealed a lower 118-hydroxylase activity index

(P < 0.05). Otherwise, aldosterone levels measured by LC-MS/MS were higher in ADM-

overexpression mice (0.83 vs 0.46 ng/mL, P < 0.05). More importantly, the negative

relationship between adrenal ADM expression and aldosterone production found

in control was lacking in the ADM-overexpression mice. Finally, LC-MS/MS and gene

expression studies on H295R and HAC15 cells revealed an ADM-induced inhibition of

both cortisol secretion in cell supernatants and CYP77B1 expression. Collectively, our

results converge toward an inhibitory effect of ADM on glucocorticoid synthesis in

humans and should be considered to explain the steroid secretion deficiency observed
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Introduction

Corticosteroid hormones are synthesized in the
adrenal cortex, an endocrine gland that produces
mineralocorticoids in the zona glomerulosa, glucocorticoids
in the zona fasciculata, and adrenal androgens in the
zona reticularis. Each zone is thereby dedicated to a
specific steroidogenic pathway under specific regulatory
mechanisms (Miller & Auchus 2011). Glucocorticoid
production and secretion are mainly under the control
of ACTH whereas mineralocorticoid synthesis responds
to angiotensin II (Ang II) and potassium (K+) (Miller &
Auchus 2011).

Prematurity is known to be associated with renal
tubular immaturity that leads to poor electrolyte and
water homeostasis, with major urinary sodium waste
(Sulyok et al. 1979, Holtback & Aperia 2003). This transient
physiological condition is linked to an inappropriate
response to corticosteroid hormones at birth, as recently
shown by the PREMALDO cohort (Martinerie et al. 2015).

An exhaustive steroidomic analysis by liquid
chromatography coupled to tandem mass spectrometry
(LC-MS/MS) revealed in this cohort a defect of both cortisol
and aldosterone secretion in very preterm neonates. This
defect was supported by a partial yet transient deficiency in
118-hydroxylase activity (P450c118, encoded by CYP11B1),
at birth and at day 3 of life (Travers et al. 2017a), despite the
fact that this enzyme is clearly expressed in adrenal glands at
this developmental stage (Naccache et al. 2016). This latter
enzymatic activity (P450c11@), encoded by the CYP11B1
gene, is required to transform 11-deoxycortisol (S) into
cortisol (F) (Schiffer et al. 2015). However, the expression
of CYP11B1 has never been quantified according to the
degree of prematurity. The reason for this partial deficiency
remains unclear, but several hypotheses were made.

In order to elucidate the mechanisms of such a defect
in steroidogenesis, we took a particular interest in the
52-amino acid peptide adrenomedullin (ADM), highly
expressed in newborns (Marinoni et al. 1999, De Martin
et al. 2014), whose plasma concentration is known to be
increased during birth stress (Boldt et al. 1998) and used as
a biomarker for brain injury in preterm infants (Gazzolo
etal. 2001, Risso et al. 2012).

However, no study has assessed the action of ADM
on cortisol synthesis, and the impact of ADM upon
aldosterone production remains controversial. On one
hand, ADM was shown to stimulate the renin-angiotensin-
aldosterone system (RAAS) by increasing renin secretion
through its vasodilatory effect (Jensen et al. 1997), to
enhance steroid secretion ex vivo (Mazzocchi et al. 1996a)
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and to increase aldosterone synthase (P450c11AS, encoded
by CYP11B2) expression in H295R cells, a human adrenal
cell line model (Thomson et al. 2001). On the other hand,
ADM was reported to exert ex vivo and in vivo an inhibitory
effect over aldosterone production in the rat (Yamaguchi
etal. 1995, 1996, Mazzocchi et al. 1996b). These results are
further complicated by the possibility of an autocrine and
paracrine role of ADM produced in the human adrenal
medulla (Thomson et al. 2001, 2003).

ADM production is mainly reported in the lung,
kidney, placenta, adrenal medulla (hence its name), and
cardiovascular system, as ADM is mainly synthesized and
secreted by endothelial and vascular smooth muscle cells
(Schonauer et al. 2017). The human ADM is encoded by
a single gene located on chromosome 11 and transcripts
lead to the prepro-ADM, a precursor converted into the
pro-ADM that is then processed into four peptides: pro-
ADM N-terminal 20 peptide, mid regional pro-ADM
(MR-proADM) lacking any biological activity (Ishimitsu
et al. 1994), immature ADM, and adrenotensin (Ishimitsu
et al. 1994, Kitamura et al. 2002). Immature ADM is
transformed into a bioactive peptide by amidation of its
C-terminal part (Kitamura et al. 1998). ADM’s half-life is
relatively short (22 min), whereas MR-proADM’’s is several
hourslong (Valenzuela-Sanchezetal. 2016). AsMR-proADM
is secreted in equimolar quantity than ADM, MR-proADM
is largely used as a biomarker of ADM production (Vigué
etal. 2016, Gille et al. 2017, Krintus et al. 2018).

ADM effects are mediated through a multiprotein
complex receptor consisting of the calcitonin-like receptor
(CLR) and a co-receptor (receptor activity-modifying
protein or RAMP) (Schonauer et al. 2017). Three types of
RAMP have been described, and the association of RAMP2
or RAMP3 with CLR is known to have the highest specificity
for ADM binding (McLatchie et al. 1998). Homozygous
knockout mouse models for ADM are embryonic lethal
(Caron & Smithies 2001), whereas an ADM-overexpressing
mouse model presents with cardiac hyperplasia (Wetzel-
Strong et al. 2014) improved lymphangiogenesis (Trincot
et al. 2019), and revealed that ADM played a role in the
innate immune milieu of the placenta (Li et al. 2013).

In this study, we hypothesized that the partial defect
in steroid secretion observed during the first 3 days of
human life, in very preterm neonates, was linked to the
ADM signaling pathway. We measured MR-proADM in
cord-blood samples from the PREMALDO cohort and
performed in vitro studies to explore the underlying
mechanisms that could lead to the partial defect in
CYP11B1 expression in this fragile population. We also
used an ADM-overexpressing mouse model to investigate
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the potential impact of ADM in vivo and demonstrated
that ADM inhibits cortisol production and secretion in
two human H295R and HAC1S5 adrenocortical cell lines.

Materials and methods

Reagents

Forskolin (FK), adrenomedullin (ADM), and angiotensin
II (Ang II) were obtained from Merck-Sigma-Aldrich.
Another supplier for ADM was ThermoFisher but showed
no pharmacological activity.

Newborn samples

MR-proADM quantification was performed on 104 cord-
blood sample leftovers of the PREMALDO cohort already
described (Martinerie et al. 2015). Newborns were sorted
according to their gestational age: 30 very preterm (<33
gestational weeks (GW)), 43 preterms (33-36 GW), and 31
term neonates (>37 GW). Precise gestational ages in days
were available for 66 neonates. Steroidomic profiles were
previously performed on these cord-blood samples and
discussed elsewhere (Travers et al. 2017a).

ADM-overexpression mouse model

A mouse model overexpressing ADM (Admhi/hi) has been
previously described. Briefly, the endogenous ADM mRNA
was stabilized by replacing the 3’-UTR of Adm gene with
that of the bovine growth hormone in a C57BL/6] genetic
background, which allows approximately to triple the
basal circulating ADM concentrations (Wetzel-Strong et al.
2014). The Admbi/mi mice are maintained on an isogenic
C57BL/6] homozygous background breeding scheme.
Therefore, Admbi/hi and C57BL/6] WT mice used in these
studies were maintained and generated on isogenic genetic
backgrounds. We studied seven WT male mice aged from
117 to 133 days, and six Adm"/hi male mice aged from 34
to 159 days, with blood samples and two adrenal glands
from all mice. Animals were housed in specific pathogen-
free housing with Tecniplast Greenline ventilated micro
isolator cages. The mice had a 12 h light: 12 h darkness cycle
from 07:00 on to 19:00 h off, with a temperature ranging
between 68 and 74°F (20-23°C) and humidity between 30
and 70%. Blood samples were collected via retro-orbital
bleeds. Whole blood was collected in BD Microtainer
tubes with BD SST additive. Whole blood was placed on ice
for 30 min, then spun at 8000 g at 4°C. The supernatant
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was collected, then frozen at -80°C prior to shipping on
dry ice. Mice were euthanized with carbon dioxide and
secondary cervical dislocation before being dissected for
adrenal glands.

All animal studies were approved by the Institutional
Animal Care and Use Committee of the University of
North Carolina at Chapel Hill.

Cell culture

The human  adrenocortical carcinoma  H295R
(RRID:CVCL_0458) and HAC15 (RRID:CVCL_S898) cells
were tested and the latter were known for their higher
steroidogenic capacities (Rainey et al. 2004). Cells were
cultured in DMEM/HAM’S F12 medium (GE Healthcare)
supplemented with 10% fetal calf serum (Biowest, Nuaillé,
France), 20 mM HEPES (Life Technologies), penicillin
(1001U/mL), streptomycin (100pg/mL), 2 mM glutamine,
and 50 nM sodium selenite (Sigma), Spg/mL transferrin
(Life Technologies), and Spg/mL insulin (Sigma), at 37°Cin
a humidified atmosphere of 95% air and 5% CO,. HAC15
cells were cultured on type I collagen-coated plates (final
solution concentration: 40 pg/mL, with 300 pL in each
12-well plates). Type I collagen was provided by Institut de
Biotechnologies Jacques Boy (Reims, France).

For stimulation experiments, cells were seeded
at a density of 150 x 103 cells/well. After 3 days of cell
division with daily renew medium, cells were incubated
in a complete medium supplemented with 10% dextran-
coated charcoal serum and FK (20 pM), ADM (1 uM), Ang
II (1 pM), potassium (K+, 10 mM), or the combination
(FK+ADM) at described concentrations. Three hours
stimulation was conducted for gene expression study,
whereas 24 h stimulation was necessary for steroid
secretion determination.

Hormone assays

Steroids levels in cell culture supernatants or in plasma/
serum samples were assessed by liquid chromatography
coupled to tandem mass spectrometry as previously
described (Travers et al. 2017b). Briefly, supernatants were
collected from cell cultures and centrifuged at 9500 g
for 5 min. Two hundred microliters of the supernatant
were then extracted by the SPE method with deuterated
internal standards and injected into the chromatographic
system. Steroid hormones quantified are referred as
follows: 11-deoxycorticosterone (DOC), corticosterone (B),
18-hydroxy-corticosterone (18OHB), aldosterone (Aldo),
11-deoxycortisol (S), and cortisol (F).
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MR-proADM was assessed in cord-blood samples
using TRACE (time-resolved amplified cryptate emission)
technology, on a Kryptor compact PLUS® (ThermoFisher
Scientific) (Caruhel et al. 2009).

Reverse transcription quantitative PCR (RT-qPCR)

RT-gPCR was performed as previously described
(Viengchareun et al. 2009). Briefly, total RNAs were
extracted using the Nucleospin RNAII" (Macherey Nagel,
Hoerdt, France). After DNAse I treatment (Biolabs), total
RNAs were reverse-transcribed using the High-Capacity
cDNA RT Kit (Life Technologies). Samples were analyzed by
quantitative PCR using the Power SYBR Green PCR Master
Mix (Life Technologies) with the indicated primers (from
Eurogentec, Liege, Belgium, Table1) in a QuantStudio 6
Instrument (Life Technologies). For hCYP11B2 expression
quantification, we used a TagMan probe (Life Technologies)
whose sequence was CGCCTTCAACACTAC.

Relative expression analysis was determined with a
standard curve. For the preparation of standards, amplicons
were subcloned into pGEMT-easy plasmid (Promega) and
sequenced to confirm theidentity of the sequence. Standard
curves were generated using serial dilutions of linearized
standard plasmids, spanning 6 orders of magnitude.
Standard and sample values were amplified in duplicate
and analyzed from two independent experiments. Results
are presented as mean * S.D. and represent the relative
expression of target genes normalized to 36b4 expression
for mouse samples, and generally to geometric means of
three housekeeping genes (ACTB, 3684, GAPDH) for in vitro
human cell samples, using the BestKeeper program (Pfaffl
etal. 2004).

Statistical analyses

Results were analyzed on GraphPad Prism Software (v.8).
Statistical tests are indicated in each figure legend, and
statistical significance is as follow, according to P-value:
*P<0.05; **P<0.01; ***P < 0.001; ****P < 0.0001. Parametric
correlations were performed using Pearson analysis,
whereas non-parametric correlations were assessed using
Spearman method.

Results

ADM quantification in PREMALDO cohort

We used the cord-blood leftovers of the PREMALDO cohort
(5), composed of 30 samples from the very preterm (VTP)
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Table 1 Primers used for RT-qPCR experiments. Forward and reverse primers are indicated for both human and murine genes explored.

Reverse

Forward

Size (bp)

localization

Reverse

localization

Access number Forward

NM_000497.4

Gene

100

Exon 9

ACGTGATTAGTTGATGGCTCTGAA

TGACAGTTCCGCCTTCAACA

Exon 9

GGAGACACTAACCCAAGAGGACAT

ATCTACCAGGAACTGGCCTTCA
CCGAGTGTTTGCCAGGCTTA

hCYP11B1

NM_000498.3

81

119

Exon 5

Exon 5

hCYP11B2
hADM

NM_001124.3

GGTGACACGCCGTGAGAAAT Exon 4

Exon 4
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group, 43 from the preterm (PT) group, and 31 from the
term neonate group. We highlighted a decrease in cord-
blood ADM as pregnancy progresses. Therefore, VPT secrete
much more ADM at birth than term neonates (median
and 25th-75th percentile): 1.11 nmol/L (0.62-1.61) vs
0.66 nmol/L (0.35-0.84), P < 0.0001, as for PT whose ADM
secretion is higher than term newborns (0.87 nmol/L
(0.62-1.16), P < 0.05) (Fig. 1A). For 66 newborns whose
gestational age was available in days, a negative correlation
was observed between MR-proADM levels and gestational
age (r=-0.43, P=0.0004, Fig. 1B).

Moreover, studying the relationship between ADM
and cortisol concentrations reported in Travers et al.
(Travers et al. 2017a) for the PREMALDO cohort revealed a
strong negative relationship (y=-29.55x+55.52; r=-0.53,
P < 0.0001; Fig. 1C). In addition, the activity of the
P450c11B, estimated by the enzyme activity index (EAI)
defined as a product-to-substrate ratio (F/S), was negatively
correlated to MR-proADM levels (y=-10.15x+20.33;
r=-0.40, P < 0.0001; Fig. 1D). On the contrary, no
relationship was found between MR-proADM levels and
aldosterone secretion (Fig. 1E).

It is very likely from these results that the more
premature the birth is, the more ADM is secreted.

A MR-proADM
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As preterm neonates are known to exhibit a steroid
secretion deficiency at birth, we aimed at exploring

the potential link between steroid production
or secretion and ADM by studying steroid
metabolomics in a genetically engineered mouse

model overexpressing ADM, the Admhi/hi mouse model
(Kitamura et al. 2002).

ADM overexpression in mouse is associated with loss
of the inverse relation between aldosterone
secretion and ADM levels observed in WT mice

We first quantified ADM expression by RT-qPCR in total
adrenal glands (Fig. 2A) and showed, as expected, a ~2-fold
higher ADM expression in Admhi/hi mice compared to WT
controls (P < 0.01), consistent with prior characterization
of the ADM-overexpression model.

Steroidomic profiling by LC-MS/MS showed no
difference regarding corticosterone (B) secretion (Fig. 2B)
but a lower corticosterone-to-11-deoxycorticosterone
(B/DOC) ratio in Admhi/hi mice (P < 0.05, Fig. 2C). As B
can be formed from DOC by P450c118 or P450cAS, this
latter (B/DOC) ratio reflects activities from both enzymes
(P450c11B and P450cAS). As 180HB/B and Aldo/180OHB

w

MR-proADM

MR-proADM (nmol/L)

0 200 220 240 260 280 300
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m

Cortisol EAlpys0c11p Frs) 20, Aldosterone
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100] . 6 r=-0. £
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<
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Figure 1

MR-proADM

MR-proADM

Adrenomedullin and corticosteroid levels in cord blood of human newborns. MR-proADM has been assessed by TRACE technology on 104 cord-blood
sample left overs. Among them, gestational ages of 66 neonates were collected in days. (A) MR-proADM levels in cord blood according to gestational age
(all values, median, and interquartiles). ANOVA and Tukey's post-tests: *P < 0.05; **P < 0.01, ****P < 0.0001 - GW, gestational weeks. (B) Relationship
between MR-proADM levels and gestational age (Pearson: r = -0.43, P =0.0004). (C) Relationship between cortisol and MR-proADM levels at birth
(Pearson: r=-0,53, P < 0.0001). (D) Relationship between EAlp 51 (F/S ratio) and MR-proADM levels at birth (Pearson: r=-0,40, P < 0.0001).

(E) Relationship between MR-proADM and aldosterone levels at birth (ns).

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-20-0564

© 2021 Society for Endocrinology
Published by Bioscientifica Ltd.
Printed in Great Britain

Downloaded from Bioscientifica.com at 02/13/2023 11:47:49AM
via free access


https://doi.org/10.1530/JOE-20-0564
https://joe.bioscientifica.com

Journal of S Travers et al.
Endocrinology

Adrenomedullin inhibits
cortisol secretion

251:1 102

A ADM expression B Corticosterone
P 300 ns
S 05 *% 1
S n
2 I
E 0.4 " - 200
] - E oo __T__
.§ 0.3 g’ .
g 02 . 100 -
g 2
2 041 .o
5 %;:— 0 y R
§ 00 §
= & & &
R ¥
}
C EAlpgs0c115 & Pasoc11As (8/00C) D Aldosterone
200 * 15 e —
. LB}
150
= 1.0
[} .|
¢ | = g R
a 100 °® [=]
@ —— " . :
50 . —=
L]
0 = 0.0 o -
& N S N Figure 2
& 6@ ADM expression and steroid secretion of Admbhirhi
v v mice and WT littermates. ADM expression was
quantified by RT-gPCR on adrenal glands for each
E ADM vs Aldosterone animal after mRNA extraction. Steroids levels
were assessed on serum samples by LC-MS/MS.
2.0- - Aldo WT — Admhi/hi (A) ADM expression (RT-qPCR/36B4; non-
parametric Mann-Whitney U-test: P=0.001).
1.5 - (B) Corticosterone secretion (LC-MS/MS;
=0024 . T p=0.39 (ns) non-parametric Mann-Whitney U-test: ns). (C) EAI
f_ -0 86 e of P450c11p and P450c11AS (B/DOC ratio)

I
@

Aldosterone (ng/mL)
5

(non-parametric Mann-Whitney U-test: P =0.03).
(D) Aldosterone secretion (LC-MS/MS; non-
parametric Mann-Whitney U-test: P=0.01).

(E) Relationship between ADM expression and

0.2 0.3

ADM expression

ratios that reflect P450cAS activity were unchanged
(data not shown), the decreased B/DOC ratio could mainly
be explained by P450c11p inhibition.

However, no difference in mCypl11bl or mCypllb2
expression was observed in adrenal glands of both groups,
as determined by RT-qPCR (data not shown).

Surprisingly, steroid metabolomic studies allowed us
to show an increase in serum aldosterone (0.83 + 0.11 vs
0.46 £ 0.07 ng/mL, P < 0.05; mean * S.E.M., Fig. 2D) and
18-hydroxy-corticosterone concentrations in Admhi/hi
mice (data not shown), suggesting an increase in
mineralocorticoid secretion.

0.5 aldosterone secretion. Admhi/hi, mice

overexpressing; ADM, correlation performed by
Spearman analysis.

Interestingly, by studying the relationship between
expressed ADM and serum aldosterone concentration, we
found a strong negative correlation in WT mice (Fig. 2E).
Thus, linear regression found a -5.3 + 1.0 slope
(mean * s.D.) with r2= 0.84. Correlation Spearman test
found a rg,eprman = -0.86 (P=0.024). On the contrary, this
relationship was lacking in the Admhi/hi mice, suggesting that
the strong relationship between aldosterone secretion and
ADM production observed in WT animals was abolished
in Admbimi mice. To better understand the regulatory
impact of ADM on steroidogenesis, we conducted in vitro
experiments on two human adrenal cell models.
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Figure 3

Effects of various agonists on steroid secretion and gene expression of
H295R cells. H295R cells were stimulated with forskolin 20 puM (FK),
potassium 10 mM (K10), and angiotensin Il 1 pM (Ang II) for 3 h for
CYP11B2 and CYP11B1 expression studies (RT-qPCR) for 24 h for steroid
secretion quantification (LC-MS/MS). (Upper panel) Mean + s.p. of cortisol
and aldosterone increases in cell supernatants after 24 h stimulation.
(Lower panel) Mean = s.p. of the rise of CYP11B7 and CYP11B2 expressions
after 3 h stimulation. Each point represents an independent experiment
and is the mean of 4 to 6 wells. ANOVA followed by Tukey post-tests vs
control: *P < 0.05; **P < 0.01; ***P < 0.001.

Comparison of adrenocortical carcinoma cells
responses to various stimuli

Since H295R cellular responses to different agonists have
been described as highly variable according to culture
conditions (Rainey et al. 2004), we first examined the
experimental conditions in which this cell model was
responding to classical stimulations. Figure 3 presents
how the H2935R cells are able to respond to FK (20 pM),
potassium (10 mM), and Ang II (1 pM). As anticipated,
steroid overproductions are observed on the secretions
of aldosterone (mean-fold induction over control £ S.D.:
26.5 + 8.2 with FK; 45.2 £ 25.5 with K; 22.6 £ 17.4 with
Ang IT) and of cortisol (6.0 £ 1.9 with FK; 4.1 £ 1.9 with K;
2.7 £0.7 with AngII) after 24 h stimulation while CYP11B2
(3.4 £ 1.8 with FK; 5.9 £ 3.1 with K; 4.9 + 1.7 with Ang
II) and CYP11B1I expressions (9.7 + 2.4 with FK; 3.5 £ 1.5

Adrenomedullin inhibits 251:1 103
cortisol secretion

Cortisol Aldosterone
800- * 1.50+ **
1.25+ .
600~
. _, 1:00-
£ 400+ £ o754
o =]
c € 0.50= N
200=
0.25-
0= 0.00=]__ve=—s
—_—
@ o & o
\2) N N
o ) ¥
I F & ¥
CYP11B1 CYP11B2
0.010= 0.06= *k
5 i g
@ e?® o 0.04~
g g
% 0.005+ X
= E 02+
@ iy . 2
= =
F 0.000- ®fe F 0.00- Smme
T 1T r
- e R )
4 N & N
o ) O
Qﬂr ‘2‘? .e:ﬁb ,z&'
Figure 4

Comparison of basal steroid secretion and enzyme expression between
adrenocortical human H295R and HAC15 cells (mean + s.p.). Cortisol and
aldosterone were measured in cell supernatants by LC-MS/MS, and
CYP11B1 and CYP11B2 mRNA were quantified by RT-qPCR (expressed to
geometric means of three housekeeping genes (GAPDH, 36B4, and ACTB)).
Each point represents an independent experiment and is the mean of 4
to 6 wells. Non-parametric Mann-Whitney U-tests: *P < 0.05; **P < 0.01.

with K; 5.0 £ 1.2 with Ang II) were significantly increased in
H2935R cells after 3 h incubation.

Although H2935R cells appeared to be a good model to
investigate the regulation of corticosteroid synthesis, the
mineralocorticoid pathway remains poorly expressed, as
very little basal aldosterone is secreted and scarce quantity
of CYP11B2 transcript is found.

We tested another human adrenal cell model, derived
from H295R cells: the HAC1S cells, known to produce more
mineralocorticoids (Parmar et al. 2008). Indeed, we found,
under basal conditions, a higher secretion of cortisol
(over 14-times higher, P=0.028) and aldosterone (over
31-times higher, P=0.004), along with a higher expression
of CYP11B2 (P=0.008) compared to H2935R cells (Fig. 4).
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Figure 5

Expression of ADM receptor complex in H295R and HAC15 cells. The
expression of CLR and RAMP2 was assessed by RT-PCR (from 1 pg RNA)
and PCR fragments (10 pL) were analyzed after agarose (2%)
electrophoresis. The ladder molecular weight marker (GeneRuler 50 bp
DNA Ladder, ThermoScientific) was shown in the left part of each gel.
Note on the right panel the expression of g-actin used as control. (Left
panel) CLR expression (120 bp) 1, H295R cells; 2, HAC15 cells; 3, SMC cells;
4, MCF7 cells. (Right panel) RAMP2 expression (153 bp). 1, H295R cells; 2,
HAC15 cells; 3, SMC cells; 4, MCF7 cells. (Lower panel) g-actin expression
(150 bp). 1, H295R cells; 2, HAC15 cells; 3, SMC cells; 4, MCF7 cells.

However, H295R and HAC1S5 cells showed no significant
difference in CYP11B1 expression.

Adrenocortical carcinoma cells are sensitive to ADM

Furthermore, we tested whether H295R and HAC15 cells
were able to express ADM complex receptor. Identification
of ADM complex receptor (CLR+RAMP2) was performed
by classical RT-PCR and agarose gel electrophoresis,

Adrenomedullin inhibits 251:1 104
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and breast cancer MCF7 cells were used as a negative
control. Both cell lines express the ADM-receptor complex
and, therefore, should be also able to respond to ADM
treatment (Fig. 5). Therefore, we decided to pursue our
study on both H295R and HAC1S cells.

ADM inhibits steroidogenesis in vitro

H295R and HACI1S cells were cultured on collagen
I-coated dishes and stimulated with ADM (1 pM) or
FK (20 pM) alone or in combination. Cortisol and
aldosterone secretions were quantified by LC-MS/MS in
the supernatants after 24 h stimulation and CYP11BI
and CPY11B2 expression quantified by RT-qPCR after
3 h stimulation.

ADM alone failed to show any effect on steroid
secretions nor on CYP11B1 and CYP11B2 expression on
both cell lines (Fig. 6).

However, regarding glucocorticoid production, ADM
reduced FK-induced cortisol secretion in both H295R cells
(6.4-fold vs 4.2-fold, P=0.02; Fig. 6A) and HACI1S cells
(4.9-fold vs 2.5-fold, P=0.04; Fig. 6D). The cortisol-to-11-
deoxycortisol (F/S) ratio, assessing the P450c11f activity,
significantly increased with FK in H295R cells and HAC15
cells (6.5-fold, P < 0.0001; Fig. 6B and 5.2-fold, P < 0.0001;
Fig. 6E), respectively. Moreover, ADM significantly reduced
this FK-induced stimulation of F/S ratio in H295R cells (3.4-
fold, P=0.04; Fig. 6B) and in HAC1S5 cells (3.0-fold, P=0.03;
Fig. 6E). Similarly, ADM reduced FK-induced CYPI1BI
expression in both H295R (19.8-fold vs 8.6, P=0.04; Fig.
6C) and HAC1S cells (6.5-fold vs. 2.7-fold, P=0.03; Fig. 6F).

However, both H295R and HAC1S cells did not allow
us to elucidate the effects of ADM on the mineralocorticoid
synthesis pathway as supported by the literature, whether
in a positive or negative manner. Thus, no effect of ADM
was observed neither on aldosterone secretion nor on
CYP11B2 expression (data not shown).

Discussion

Prematurity, accounting for 10% of births worldwide, is
linked to numerous risks and complications as a result of
organ immaturity (Frey & Klebanoff 2016). Steroidogenesis
is one of the many biochemical processes impacted by
prematurity, with a partial defect in steroid secretion
at birth (Travers et al. 2017a) along with a partial yet
transient defect in 11-hydroxylase activity despite the
fact that P450c11 is expressed in the fetal adrenal cortex
(Naccache et al. 2016) but never evaluated according to
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the prematurity degree. Many regulators of corticosteroid
synthesis have been thoroughly described (hypothalamic-
pituitary axis (HPA), RAAS, kalemia), while some others
have been recently discovered: bile acids (Liu et al. 2019),
catecholamines (Mokuda et al. 1992), serotonin (Lefebvre
etal. 2001), substance P (Wils etal. 2020), oradrenomedullin
(ADM) (Kita et al. 2010).

To our knowledge, the effects of ADM on glucocorticoid
production have not been studied, and those upon
mineralocorticoid synthesis remain largely controversial.

The present study, performed on the cord-blood
sample leftovers of the PREMALDO cohort, reveals that
MR-proADM secretion is negatively correlated with
gestational age. This biomarker has been chosen for its
stability with higher plasma half-life than ADM itself, and
for its reflection of ADM secretion (Schonauer et al. 2017).
Previous papers already reported an increase of ADM in
preterm neonates with intracerebral hemorrhage (Gazzolo
et al. 2001), with bronchopulmonary dysplasia (Gong
et al. 2020), or with perinatal infection (Admaty et al.
2012). It is also well established that ADM levels are higher
in neonates than in adults (Koch et al. 2011) and that
they normalized 2 days after birth in term neonates but
remain elevated in preterm infants (Admaty et al. 2012).
The biological function of ADM during human gestation,
mostly synthesized by the placenta, remains to be fully
elucidated. However, it is clear that ADM is required for

placental vascular tonicity (Di lorio et al. 1997), neonatal
vascular adaptation (Boldt et al. 1998, Rudolph 1998), and
local regulation of the immune system (Li et al. 2013).

Regarding cortisol synthesis, we highlight a
strong negative correlation between ADM and cortisol
productions, along with a similar negative relationship
between ADM levels and F/S ratio, which constitutes an
index of 11-hydroxylase activity. Investigation of a mouse
model overexpressing ADM shows a decrease of the B/DOC
ratio only in Admhi/hi mice compared to WT littermates.
These results are strongly in favor of a diminished
11-hydroxylase activity linked to ADM overexpression.
Finally, in both human H295R and HAC15 cell models of
corticosteroidogenesis, we demonstrate an inhibitory effect
of ADM on cortisol secretion induced by FK associated with
an inhibition of CYP11B1 expression.

Glucocorticoid synthesis may be impacted by
ADM at several levels. Even though our LC-MS/MS
method did not allow us to quantify pregnenolone nor
17-hydroxypregnenolone, we could not exclude that ADM
could inhibit 3-hydroxysteroid dehydrogenase activity.
The synthesis of ADM is clearly ubiquitous in humans,
includingin theadrenal glands, making even more complex
the interpretation of ADM effects on the HPA axis. In vitro,
ADM inhibits ACTH secretion (Samson et al. 1995), an effect
confirmed in vivo in sheep (Parkes & May 1995). In late
gestation, the placenta secretes corticotrophin-releasing
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Effects of ADM on glucocorticoid production according to the model studied. Summary of main findings regarding the effects of ADM on glucocorticoid
production in newborns at birth, in ADM-overexpressing mice, and in two human adrenocortical cell lines (H295R and HAC15).

hormone (CRH) (Smith & Nicholson 2007). It remains
plausible that the placental ADM regulates the placental
CRH secretion, thereby affecting steroid synthesis, both in
the placenta and the fetus. Labor and delivery constitute
a highly stressful period, with elevated circulating cortisol
levels (Miller et al. 2019). It is likely that ADM plays a role in
the regulation of the stress responses related to this critical
period, as it has also been shown that ADM levels increase
during labor (Boldt et al. 1998). It is worth considering that
prenatal betamethasone administration is often given to
pregnant mothers at risk of preterm delivery to facilitate
lung maturation of the fetuses and ultimately to reduce
the mortality of the very preterm neonates. However, this
glucocorticoid administration could contribute to the HPA
and corticosteroid synthesis suppression observed at birth
in preterm neonates (Ng et al. 1997, Karlsson et al. 2000,
Roberts et al. 2017) which cannot, therefore, be explained
only by elevated ADM concentrations.

ADM alone showed no effect, whereas when used
in combination with a steroidogenesis-stimulating
compound, it clearly inhibits CYPI11BI1 expression,
reducing P450c118 activity and decreasing cortisol
secretion. Figure 7 summarizes our main findings of ADM
effects on glucocorticoid synthesis among the three models
studied here (human newborns, ADM-overexpressing
mice, and two human adrenocortical cell lines).

In 2003, Charles et al. found that ADM decreased
the Ang II-induced aldosterone secretion. Similarly, an
aldosterone decrease along with an increased plasma
renin activity was found (Charles et al. 2003), consistent

with the increase of aldosterone-to-renin ratio found in
preterm neonates of PREMALDO cohort (Martinerie et al.
2015). However, we failed to observe an inhibitory effect
of ADM regardless of the model used. Similarly, in 2000,
Lainchbury etal. alsoreported an increase of renin secretion
in healthy volunteers under ADM perfusion, without any
modification of aldosterone levels (Lainchbury et al. 2000).
Nevertheless, we observed a strong negative correlation
between ADM and plasma aldosterone in the WT control
mice. Such a negative relationship between ADM and ARR
has been also highlighted in healthy volunteers of the
KORA F4 study (Then et al. 2016a,b). ADM perfusion was
shown to decrease aldosterone secretion in patients with
primary aldosteronism as well as in control subjects (Kita
etal. 2010).

Otherwise, mouse model, genetically
engineered mice overexpressing ADM present with a
paradoxical increase of aldosterone secretion. It has also
been reported that ADM could increase steroid secretion
(Thomson et al. 2001) and aldosterone synthase expression
in H295R cells (Thomson et al. 2001). On the contrary,
inhibition of mineralocorticoid production by ADM has
also been reported, in the rat both ex vivo and in vivo (32-
34). Collectively, our results did not provide any conclusive
effect of ADM on mineralocorticoid synthesis, yet this
topic remains to be further examined in other studies.

Inourmousemodel, thelossoftherelationshipbetween
ADM levels and serum aldosterone concentrations in
Admhi/himice is quite intriguing. It appears that aldosterone
synthesis regulation could be different according to an

in our
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acute or chronic ADM production and its duration, as
previously reported for ACTH stimulation (Cozza et al.
1989). Thus, under a physiological state, ADM could exert
a fine regulation of aldosterone secretion along with what
we found for cortisol production, indicating an inhibitory
effect of ADM. On the contrary, in a situation where ADM
is overexpressed starting from early developmental stages,
it is likely that an adaptive mechanism to the chronic
ADM-induced vasodilatation may exist. Therefore, the
continuous stimulation of RAAS leads to an increase in
aldosterone production.

In conclusion, we provide the first evidence for a direct
relationship between plasma ADM and corticosteroid
levels in newborns according to their gestational age.
We also report the first plasma steroid metabolome of
a genetically engineered mouse model overexpressing
ADM. Our findings support an inhibitory effect of ADM
at least on glucocorticoid synthesis. The strong negative
correlation found in newborns and investigations on
human adrenocortical cells further validate our hypothesis
of a functional link between elevated ADM concentrations
in preterm neonates and impaired 11-hydroxylase activity.
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