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Supplementary Methods 

Clinical trial: Pharmacological testing design 
 
A metoclopramide stimulation test (10 mg iv; Primpéran, Synthélabo Laboratories, Meudon-

la-Forêt, France) (test 2) and an insulin tolerance test (0,1 U kg-1 iv; Actrapid, Novo Nordisk, 

Courbevoie, France) (test 3) were performed in recumbency at D5 and D7, respectively 

(Supplementary Fig. 6). The impact of the procedures on the adrenocortical function was 

evaluated by measuring plasma aldosterone, cortisol, renin, electrolyte and/or ACTH levels 

before (t0) and every 30 min for 2 hrs after administration of metoclopramide, and before (t0) 

and every 15 min for 90 min after injection of insulin.  
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Supplementary Discussion  

The NK1R antagonist aprepitant did not modify basal plasma cortisol and ACTH 

concentrations, as well as the cortisol to ACTH ratio, indicating that the adrenal sensitivity to 

ACTH is not influenced by the compound. The plasma cortisol and ACTH responses to the 

insulin stimulation test which mimics the action of stress on the hypothalamo-pituitary adrenal 

axis, remained unchanged under aprepitant treatment. 

We have previously demonstrated that serotonin (5-HT), released by intraadrenal mast cells, 

stimulates aldosterone secretion through activation of the 5-HT4 receptors (5-HT4R) expressed 

by zona glomerulosa cells1-3. In this respect, administration of agonists of 5-HT4R, such as 

zacopride, cisapride and metoclopramide, has been reported to increase plasma aldosterone 

concentration in healthy volunteers4-6. In the gastrointestinal tract, it has been shown that SP is 

able to mediate the prokinetic action of 5-HT in response to activation of 5-HT4Rs7. These 

observations suggested that the action of 5-HT on mineralocorticoid function may be partly 

indirect via local release of SP. In order to explore this hypothesis, a pharmacological test was 

conducted with metoclopramide (10 mg iv), a partial agonist of 5-HT4R, in combination with 

aprepitant. Surprisingly, metoclopramide-induced aldosterone secretion, expressed as relative 

variation to basal level, was significantly enhanced by aprepitant. These data allow excluding 

an indirect action of the 5-HT4R agonist through SP nerve fibres. Conversely, the potentiation 

of the aldosterone response to metoclopramide by the NK1R antagonist appeared to be the 

consequence of an increase in renin production which was not observed under stimulation by 

metoclopramide alone, as previously reported6. It is conceivable that the elevation of plasma 

renin concentrations may result from an impact of the metoclopramide/aprepitant combination 

on the intrarenal blood flow.   
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 Supplementary Table 1: Tachykinin effects on steroid secretion by adrenocortical cells 
 

 Maximum efficacy [Emax] Potency [EC50] 

Effect of SP on cortisol secretion 184 ± 17 % 76.7 ± 0.3 nM 

Effect of SP on aldosterone secretion 166 ± 8% 1.3 ± 0.3 nM 

Effect of NKA on aldosterone secretion 177 ± 13% 27.3 ± 0.3 nM 
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Supplementary Table 2: Clinical characteristics of healthy volunteers 

Healthy volunteers  20 

Male  20 

Age (year) 21.3±1.7 

Body mass index (kg m-2) 22.4±1.7 

Systolic blood pressure (mmHg) 127.9±11.3 

Diastolic blood pressure (mmHg) 69.3±7.4 

Cardiac frequency (bpm) 70±11 
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Supplementary Table 3: Sequences and GenBank accession numbers of primers used 
for RT-PCR 

Gene Primer Sequence primer (5'-3') Accession number Product 
size (bp) 

PPIA  F ATGGCACTGGTGGCAAGTCC NM_001300981.1 

NM_021130.4 

241 

R TTGCCATTCCTGGACCCAAA 

TAC1 F GACTGTCCGTCGCAAAATCC NM_013996.2 
NM_013997.2 
NM_013998.2 
NM_003182.2  

150 

R CCTCCTTGATCTGGTCGCTG 

TAC3  F CTAGATCCCCTCCACTCGGT NM_001178054.1 
NM_013251.3  

227 

R TCCTCCTGTGGCTCCTTACA 

TAC4 F CACTGAAGCAGAGACCTGGG NM_170685.2 
NM_001077503.1 
NM_001077504.1 
NM_001077505.1 
NM_001077506.1 

101 

R TCCCCATCAGCCCAAAGAAC 

TACR1s  Origen Ref : HK210362 NM_015727.2 NP 

TACR1l   Qiagen Ref : QT01009148 NM_001058.3 71 

TACR2  F GCTTCTACTCCACCGTCACCAT NM_001057.2 148 

R GCTACAAACATCACCGCGAGC 

TACR3  F TCATAGCGAGTGGTACTTTGGC NM_001059.2 147 

R GACAGTCTGGGTTTCAAGGGA 

STAR F GGCTACTCAGCATCGACCTC NM_000349.2 250 

R CATCCCACTGTCACCAGATG 

HSD3B2 F TTGGACAAGGCCTTCAGACA  NM_000198.3 

NM_001166120.1 

150 

R ACAGGCGGTGTGGATGAC 

CYP21A2  F GAGTTCTGTGAGCGCA NM_000500.7 
NM_001128590.3 

201 

R CACGTCCACAATTTGGAT 

CYP11B2 F TCCAGGTGTGTTCAGTAGTTCC NM_000498.3 146 

R GAAGCCATCTCTGAGGTCTGTG 
NP, not provided by the manufacturer.  
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Supplementary Table 4: Antibodies used for immunohistochemistry or 
immunohistofluorescence studies 

Antibody Source Clonality Host Dilution Antigen 
retrieval 

Validation 
on tissues 

Ref 

Aldosterone 
Synthase 

Dr Gomez- 
Sanchez  

Monoclonal 
clone 41 

mouse 1/100 Tris 
EDTA  

pH 9 

Human 
adrenal 

8 

Substance P MM-0001-1 
Interchim  

Monoclonal 
clone 

NC1/34 

rat 1/25 Citrate pH 
6  

Human 
Achilles 
tendon 

9 

NK1 receptor  
against the 2nd 

extracellular loop 

T5950  
Sigma-Aldrich  

Polyclonal 
Affinity 
isolated 
antibody 

rabbit 1/200 Citrate pH 
6 

Human 
ovary 

10 

NK1 receptor  
against the 211-
260 amino acid 

region 

SAB4502913 
Sigma-Aldrich 

Polyclonal 
Affinity 
isolated 
antibody 

rabbit 1/4000 Citrate pH 
6 

Human 
blood vessel 

11 
12 
13 

NK1 receptor 
against the 387-
407 amino acid 
region 

PA3-301 
ThermoFisher 

Polyclonal rabbit 1/800 Citrate pH 
6 

Human 
spinal cord 

14 
 

Protein gene 
product 9.5 
(PGP9.5) 

AB1761 
Merck 

Polyclonal 
Affinity 
purified 
antibody 

rabbit 1/250 Citrate pH 
6 

Human 
spinal cord  

15 

Tyrosine 
hydroxylase 

MAB 318,  
Merck 

Millipore 

Monoclonal 
clone LNC1  

 

mouse 1/100 Citrate pH 
6 

Human 
substantia 
nigra 

16 

Choline acetyl 
transferase 

AB144P  
Merck 

Millipore 

Polyclonal 
Affinity 
purified 
antibody 

goat 1/200 Citrate pH 
6 

Human 
cardiac 
neurons 

17 

Anti-rat IgG/HRP P045001 
Dako 

 rabbit 1/100 

 

EnVision rabbit 
IgG/HRP 

K4002 
Dako 

 goat Ready to 
use 

Alexa fluor 488 
anti-rat IgG  

A-21208 
Life 

Technologies 

 donkey 1/300 

Alexa fluor 594 
anti-rabbit IgG 

A-21207 
Life 

Technologies 

 donkey 1/300 

Alexa fluor 594 
anti-mouse IgG 

A-21203 
Life 

Technologies 

 donkey 1/300 

Alexa fluor 594 
anti-goat IgG 

A-11058 
Life 

Technologies 

 donkey 1/300 

Alexa fluor 647 
anti-mouse IgG 

FP-SC4110  
Interchim 

 donkey 1/300 
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Supplementary Table 5: Antibodies used for western blot analyses 
 

Antibodies Source Clonality Host Dilution Validation on 
tissues 

NK1 receptor 
against the 2nd extracellular 
loop 

T5950  
Sigma-Aldrich 

Polyclonal 
Affinity isolated 

antibody 

rabbit 1/1000 Human ovary10 

NK1 receptor 
against the 211-260 amino 
acid region 

SAB4502913 
Sigma-Aldrich 

Polyclonal 
Affinity isolated 

antibody 

rabbit 
1/500 Human blood 

vessel11 

NK1 receptor 
against the 387-407 amino 
acid region 

PA3-301 
ThermoFisher 

Polyclonal rabbit 
1/2000 Human spinal 

cord14 

p44/42 MAPK (ERK1/2) 4696 
Cell Signaling  

Monoclonal mouse 1/1000 Different cell 
lines* 

phospho-p44/42 MAPK 
(ERK1/2) 

4370 
Cell Signaling  

Monoclonal rabbit 1/1000 Different cell 
lines** 

Vinculine MCA465GA 
Biorad 

Monoclonal mouse 1/1000 Hela cells*** 

anti-rabbit IgG, (H1L), 
peroxydase conjugated 

31460  
Pierce  

 goat 1/10000  

anti-mouse IgG, (H1L), 
peroxydase conjugated 

31430  
Pierce  

 goat 1/10000  

 
*https://www.cellsignal.com/products/primary-antibodies/p44-42-mapk-erk1-2-l34f12-
mouse-mab/4696 
**https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-
thr202-tyr204-d13-14-4e-xp-rabbit-mab/4370 
*** https://www.bio-rad-antibodies.com/monoclonal/human-vinculin-antibody-v284-
mca465.html?f=purified 
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Supplementary Figure 1. Substance P in human adrenal arterioles. A, B 
Immunofluorescence detection of SP (green) in the wall of arterioles irrigating the adrenal 
cortex at low (A) and high (B) magnifications (Microphotographs representative of n = 20 
independent adrenals). 
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Supplementary Figure 2. Neurokinin type 1 receptor (NK1R) in adrenals. Representative 
western blots showing NK1R (left panels) revealed by three different antibodies (T5950, 
SAB4502913, PA3-301) in n= 5 (upper and middle panels) and 8 (lower panels) independent 
adrenal samples. Vinculin used as a loading control was revealed on the same membranes 
after remove stripping procedure (right panels). 
 



11 
 

 

 
 
Supplementary Figure 3. NK1 receptor (NK1R) in human adrenal ganglia, arterioles and 
cortex. A, B, Immunohistochemical detection of NK1R immunoreactivity in ganglia at the 
periphery of adrenal (pink arrows), the wall of arterioles irrigating the adrenal gland (black 
arrows), and zona glomerulosa (ZG) in the subcapsular region of the cortex (microphotographs 
representative of n = 19 independent adrenals). C, D Immunofluorescence detection of NK1R 
immunoreactivity in the wall of arterioles irrigating the adrenal gland, and zona glomerulosa 
(ZG) at low (C) and high (D) magnifications (microphotographs representative of n = 4 
independent adrenals). White arrows indicate NK1R-positive muscle cells in tunica media (C, 
D). Ca, capsule.  
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Supplementary Figure 4. Dose-dependent effect of SP on ERK phosphorylation in cultured 
adrenocortical cells. Representative western blots showing the effect of increasing doses of 
SP (from 10-10 to 10-6 M) administrated for 15 (left panels) or 30 min (right panels) on phospho-
ERK (upper panels) and ERK (middle panels) levels (n = 3 independent experiments). 
Phospho-ERK and ERK immunolabelings were successively performed on the same 
membranes after remove stripping procedure. The blots showing phospho-ERK or ERK at 15 
and 30 min were processed in parallel with those of Fig. 5C (5 min). They show samples 
derived from the same culture experiment. Ang II (10-6 M) and vinculin (lower panels) were 
used as positive and loading controls, respectively.   
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Supplementary Figure 5. Effect of angiotensin II on the expression levels of genes encoding 

cholesterol transporter and steroidogenic enzymes. Angiotensin II (AngII; 10-6 M) was applied 

on cultured human adrenocortical cells for 24 hrs. mRNA expression levels were normalized 

to PPIA. Data are expressed as median ± IQR, minima and maxima (n=4, 8, 8 and 11 cultures 

for STAR, HSD3B2, CYP21A2 and CYP11B2, respectively). They were analyzed by two-tailed 

Mann Whitney test (p=0.03 for STAR, p=0.0002 for HSD3B2, p= 0.0002 for CYP21A2 and 

p<0.0001 for CYP11B2). *, p < 0.05; ***, p < 0.001.  
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Supplementary Figure 6. Simplified flowchart of the clinical trial testing the effect of oral 
administration of the NK1R antagonist aprepitant on corticosteroid production in healthy 
volunteers. Healthy male volunteers underwent two one-week treatment (placebo and/or 
aprepitant in a random order) periods separated by a two-week wash-out period. Aprepitant 
was administered at the doses of 125 mg at day 1 and 80 mg per day for the six other days. 
Subjects underwent a series of tests including upright and supine positions at day 4 (D4) and 
D24, metoclopramide (MCP; 10 mg iv) stimulation tests at D5 and D25, and insulin tolerance 
tests (ITT; 0,1 U kg-1 iv) at D7 and D27. Blue braces indicate 24-h urine collections. Red arrows 
indicate blood samples for analysis.  
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Supplementary Figure 7. Absence of effect of aprepitant on cortisol/ACTH ratio. Plasma 
cortisol and ACTH levels were measured in healthy volunteers under placebo or aprepitant in 
supine position at D7 (day 7 or 27; CI95%: 13.2-20.8 versus 14.9-27.3; p=0.27; n=20). Data 
are expressed as means ± SEM. They were analyzed by non-parametric Wilcoxon/mid rank 
matched pairs test.  
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Supplementary Figure 8. Lack of effect of aprepitant on plasma ACTH and cortisol responses to 
insulin tolerance tests. A, Absence of effect of aprepitant on plasma cortisol levels at D7 (day 7 or 27; 
CI95%: 401-479 versus 429-524; p= 0.25; n=20). Data are expressed as means ± SEM. They were 
analyzed by non-parametric Wilcoxon/mid rank matched pairs test. B, C Kinetics of plasma ACTH (B) 
and cortisol (C) responses to insulin tolerance tests (ITT; 0,1 U/kg iv) in 20 healthy volunteers under 
placebo or aprepitant at D7 (day 7 or 27). Aprepitant did not modify the ACTH (F=0.69; DFn=1; 
DFd=190; p=0.41) and cortisol (F=2.51; DFn=1; DFd=190; p=0.12) responses to the insulin 
stimulation test. Data are represented as mean ± SEM and analyzed by Two-way ANOVA. F: 
distribution; DFn: degrees of freedom for groups; DFd: degrees of freedom for samples. 
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Supplementary Figure 9. Absence of effect of aprepitant on kaliemia. Potassium levels were 
measured in healthy volunteers under placebo or aprepitant in supine position at both D4 (day 
4 or 24; CI95%: 3.9-4.2 versus 3.9-4.2; p= 0.20; n=20) and D5 (day 5 or 25; CI95%: 3.5-3.9 
versus 3.5-3.9; p=0.99; n=20). Data are expressed as means ± SEM. Data were analyzed by 
non-parametric Wilcoxon/mid rank matched pairs test.  
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Supplementary Figure 10. Absence of effect of aprepitant on blood pressure. Systolic (SBP) 
and diastolic (DBP) blood pressures were measured in healthy volunteers under placebo or 
aprepitant at D3/D4 (days 3/4 or 23/24) by using 24-h ambulatory blood pressure monitoring. 
SBP: CI95%: 122-127 versus 122-127; p=0.95; n=20. DBP: CI95%: 71-76 versus 70-75; 
p=0.39; n=20. Data are expressed as means ± SEM. They were analyzed by non-parametric 
Wilcoxon/mid rank matched pairs test.  
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Supplementary Figure 11. Effect of aprepitant on plasma aldosterone and renin responses to 
metoclopramide. A, B Kinetics of plasma aldosterone (A) and renin (B) responses to metoclopramide 
(MCP, 10 mg iv) in 20 healthy volunteers under placebo or aprepitant at D5 (day 5 or 25). Aprepitant 
enhanced the effects of metoclopramide on aldosterone (F=10.49; DFn=1; DFd=152; p=0.002; n=20) 
and renin (F=6.21; DFn=1; DFd=152; p=0.017) plasma levels. Variations of plasma concentrations are 
expressed as % basal level (Bl). Data are expressed as means ± SEM and analyzed by Two-way 
ANOVA. F: distribution; DFn: degrees of freedom for groups; DFd: degrees of freedom for samples. 
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Supplementary note 1 Study protocol 

EudraCT: 2008-003367-40 

 

 



21 
 

 
  



22 
 

 



23 
 

 



24 
 

 



25 
 

 



26 
 

 



27 
 

 



28 
 

 



29 
 

 



30 
 

 



31 
 

 



32 
 

 



33 
 

 



34 
 

 



35 
 

 



36 
 

 



37 
 

 



38 
 

 



39 
 

Supplementary References  
1.  H. Lefebvre et al., Serotonin-induced stimulation of cortisol secretion from human 

adrenocortical tissue is mediated through activation of a serotonin4 receptor subtype. 

Neuroscience. 47, 999–1007 (1992). 

2.  H. Lefebvre et al., Production and metabolism of serotonin (5-HT) by the human adrenal 

cortex: paracrine stimulation of aldosterone secretion by 5-HT. J. Clin. Endocrinol. Metab. 

86, 5001–5007 (2001). 

3.  C. Duparc et al., Mast cell hyperplasia is associated with aldosterone hypersecretion in a 

subset of aldosterone-producing adenomas. J. Clin. Endocrinol. Metab. 100, E550-560 

(2015). 

4.  H. Lefebvre et al., Effect of the serotonin-4 receptor agonist zacopride on aldosterone 

secretion from the human adrenal cortex: in vivo and in vitro studies. J. Clin. Endocrinol. 

Metab. 77, 1662–1666 (1993). 

5.  H. Lefebvre et al., The serotonin-4 receptor agonist cisapride and angiotensin-II exert 

additive effects on aldosterone secretion in normal man. J. Clin. Endocrinol. Metab. 80, 

504–507 (1995). 

6.  J.H. Pratt, A. Ganguly, C.A. Parkinson, M.H.Weinberger, Stimulation of aldosterone 

secretion by metoclopramide in humans: apparent independence of renal and pituitary 

mediation. Metabolism  30,129–134 (1981). 

7.  E. P. Bouras, M. Camilleri, D. D. Burton, S. McKinzie, Selective stimulation of colonic 

transit by the benzofuran 5HT4 agonist, prucalopride, in healthy humans. Gut. 44, 682–686 

(1999). 

8. Gomez-Sanchez, C. E. et al. Development of monoclonal antibodies against human 

CYP11B1 and CYP11B2. Mol. Cell. Endocrinol. 383, 111–117 (2014). 



40 
 

9. Christensen, J., Alfredson, H. & Andersson, G. Protease-activated receptors in the Achilles 

tendon-a potential explanation for the excessive pain signalling in tendinopathy. Mol. Pain 

11, 13 (2015). 

10. García-Ortega, J. et al. Expression of Tachykinins and Tachykinin Receptors and 

Interaction with Kisspeptin in Human Granulosa and Cumulus Cells. Biol. Reprod. 94, 124 

(2016). 

11. Ortiz-Prieto, A., Bernabeu-Wittel, J., Zulueta-Dorado, T., Lorente-Lavirgen, A. I. & 

Muñoz, M. Immunolocalization of substance P and NK-1 receptor in vascular anomalies. 

Arch. Dermatol. Res. 309, 97–102 (2017). 

12. Peirs, C. et al. Dorsal Horn Circuits for Persistent Mechanical Pain. Neuron 87, 797–812 

(2015). 

13. Yackle, K. et al. Breathing control center neurons that promote arousal in mice. Science 

355, 1411–1415 (2017). 

14. Leonard, A. V., Manavis, J., Blumbergs, P. C. & Vink, R. Changes in substance P and 

NK1 receptor immunohistochemistry following human spinal cord injury. Spinal Cord 52, 

17–23 (2014). 

15. Yuan, S.-B. et al. Gp120 in the pathogenesis of human immunodeficiency virus-

associated pain. Ann. Neurol. 75, 837–850 (2014). 

16. Rohn, T. T. & Catlin, L. W. Immunolocalization of influenza A virus and markers of 

inflammation in the human Parkinson’s disease brain. PloS One 6, e20495 (2011). 

17. Hoover, D. B. et al. Localization of multiple neurotransmitters in surgically derived 

specimens of human atrial ganglia. Neuroscience 164, 1170–1179 (2009). 

 


