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Abstract
Background: Few studies to date have attempted to measure serum anti-Müllerian hormone (AMH) levels in adult men, and solid references 
ranges have not yet been defined in a large cohort.
Objective: In this study, we aimed, first, to establish the reference ranges for serum AMH and AMH-to-total testosterone ratio (AMH/tT) in adult 
males. Second, we investigated the relationship between serum AMH and both reproductive hormones and semen parameters.
Methods: This single-center retrospective study included 578 normozoospermic adult men. Serum AMH concentrations were determined with 
an automated sandwich chemiluminescent immunoassay.
Results: The median serum AMH was 43.5 pmol/L. The 2.5th and 97.5th percentile values for serum AMH and AMH/tT were 16.4 and 90.3 
pmol/L and 0.45 and 3.43, respectively. AMH was positively correlated with inhibin B and sperm concentration and negatively correlated with 
age, follicle-stimulating hormone (FSH), and progressive sperm motility. Interestingly, using immunofluorescence, we documented for the first 
time that AMH type II receptor (AMH-R2) is expressed in ejaculated human spermatozoa and gonadotrophic cells in the postmortem pituitary 
gland.
Conclusions: We establish a new age-specific reference range for serum AMH and AMH/tT. Moreover, AMH-R2 expression in human sperm-
atozoa and gonadotrophic cells, together with the relationship between serum AMH levels and sperm motility or mean FSH levels, highlight new 
potential functions of AMH in regulating sperm motility or FSH secretion in adult men.
Key Words: anti-Müllerian hormone, reference ranges, adult men, AMH-R2, FSH secretion, spermatozoa motility
Abbreviations: AMH, anti-Müllerian hormone; AMH-R2, anti-Müllerian hormone type II receptor; AMH/tT, anti-Müllerian hormone-to-total testosterone ratio; 
AKAP4, A-kinase anchor protein 4; FSH, follicle-stimulating hormone; LH, luteinizing hormone; PBS, phosphate-buffered saline; T, testosterone.

Anti-Müllerian hormone (AMH) is a dimeric glycoprotein that 
belongs to the transforming growth factor-beta superfamily. It 
binds to its exclusive AMH type II receptor (AMH-R2), which 
has been shown to interact with the type 1 receptor serine/
threonine kinases ACVR1 (activin A receptor, type 1), BMPR1A 

(bone morphogenetic protein receptor, type 1A), and BMPR1B 
(bone morphogenetic protein receptor, type 1B) (1-3). Upon 
AMH binding, this complex leads to the phosphorylation of 
SMAD1/5/8 proteins, which are translocated to the nucleus and 
are involved in the regulation of gene expression (4, 5).

Extract2=HeadB=Extract=HeadB
Extract2=HeadA=Extract=HeadA
Extract3=HeadA=Extract1=HeadA
Extract3=HeadB=Extract1=HeadB
BList1=SubBList1=BList1=SubBList
BList1=SubBList3=BList1=SubBList2
SubBList1=SubSubBList3=SubBList1=SubSubBList2
SubSubBList3=SubBList=SubSubBList=SubBList
SubSubBList2=SubBList=SubSubBList=SubBList
SubBList2=BList=SubBList=BList
Keywords=Keywords=Keywords_First=Keywords
HeadA=HeadB=HeadA=HeadB/HeadA
HeadB=HeadC=HeadB=HeadC/HeadB
HeadC=HeadD=HeadC=HeadD/HeadC
Extract3=HeadA=Extract1=HeadA
EM_Ack_Text=EM_Ack_Text=EM_Ack_Text_WithOutRule= EM_Ack_Text
REV_HeadA=REV_HeadB=REV_HeadA=REV_HeadB/HeadA
REV_HeadB=REV_HeadC=REV_HeadB=REV_HeadC/HeadB
REV_HeadC=REV_HeadD=REV_HeadC=REV_HeadD/HeadC
REV_Extract3=REV_HeadA=REV_Extract1=REV_HeadA
BOR_HeadA=BOR_HeadB=BOR_HeadA=BOR_HeadB/HeadA
BOR_HeadB=BOR_HeadC=BOR_HeadB=BOR_HeadC/HeadB
BOR_HeadC=BOR_HeadD=BOR_HeadC=BOR_HeadD/HeadC
BOR_Extract3=BOR_HeadA=BOR_Extract1=BOR_HeadA
EDI_HeadA=EDI_HeadB=EDI_HeadA=EDI_HeadB/HeadA
EDI_HeadB=EDI_HeadC=EDI_HeadB=EDI_HeadC/HeadB
EDI_HeadC=EDI_HeadD=EDI_HeadC=EDI_HeadD/HeadC
EDI_Extract3=EDI_HeadA=EDI_Extract1=EDI_HeadA
CORI_HeadA=CORI_HeadB=CORI_HeadA=CORI_HeadB/HeadA
CORI_HeadB=CORI_HeadC=CORI_HeadB=CORI_HeadC/HeadB
CORI_HeadC=CORI_HeadD=CORI_HeadC=CORI_HeadD/HeadC
CORI_Extract3=CORI_HeadA=CORI_Extract1=CORI_HeadA
ERR_HeadA=ERR_HeadB=ERR_HeadA=ERR_HeadB/HeadA
ERR_HeadB=ERR_HeadC=ERR_HeadB=ERR_HeadC/HeadB
ERR_HeadC=ERR_HeadD=ERR_HeadC=ERR_HeadD/HeadC
ERR_Extract3=ERR_HeadA=ERR_Extract1=ERR_HeadA
INRE_HeadA=INRE_HeadB=INRE_HeadA=INRE_HeadB/HeadA
INRE_HeadB=INRE_HeadC=INRE_HeadB=INRE_HeadC/HeadB
INRE_HeadC=INRE_HeadD=INRE_HeadC=INRE_HeadD/HeadC
INRE_Extract3=INRE_HeadA=INRE_Extract1=INRE_HeadA
SectionTitle=SectionTitle=SectionTitle=SectionTitle1
App_Head=App_HeadA=App_Head=App_HeadA/App_Head
Keywords=Text=Keywords=Text_First

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/107/7/1878/6565878 by C
H

U
 de Lille user on 03 February 2023

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0003-0443-8344
https://orcid.org/0000-0002-8985-6061
https://orcid.org/0000-0002-8232-3959
https://orcid.org/0000-0003-2341-3185
https://orcid.org/0000-0002-3075-1441
https://orcid.org/0000-0003-3024-7875
mailto:clara.leroy@chru-lille.fr?subject=
mailto:hamza.benderradji@inserm.fr?subject=


The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 7 1879

AMH is the first hormone secreted by immature Sertoli 
cells at approximately 8 weeks of gestation and is responsible 
for regression of the Müllerian ducts in the male fetus during 
the sexual differentiation process (6). AMH is secreted at high 
levels in boys from early fetal life until the onset of puberty. 
However, increased production of testicular testosterone (T) 
from the Leydig cells at puberty reduces AMH secretion, in 
parallel with Sertoli cell maturation and the appearance of 
meiotic germ cells in the seminiferous tubules (7, 8). As a re-
sult, AMH serum levels in males start declining compared 
with prepubertal levels and continue to decrease progres-
sively throughout adulthood. Hence, AMH is considered a 
good marker for testicular endocrine function.

In men with impaired T synthesis or in cases of androgen 
insensitivity syndrome related to androgen receptor muta-
tions, serum AMH levels are abnormally elevated after the 
onset of puberty. Intermediate serum AMH values are also 
observed in men with gonadotropin-releasing hormone de-
ficiency (hypogonadotropic hypogonadism) (9). Conversely, 
AMH is low in men with gonadal dysgenesis, such as in 
cryptorchidism, Klinefelter syndrome, disorders of sex devel-
opment, and acquired primary testicular hypogonadism (10). 
Indeed, at puberty and then in adult men, blood-circulating 
AMH is an important marker of testicular function.

Based on the previously reported clinical data, it can be 
inferred that multiple developmentally regulated mechanisms 
control AMH secretion in men in various physiological and 
pathological conditions, thereby increasing the complexity of 
interpreting serum AMH values and AMH function in dif-
ferent clinical conditions. Among other factors, consideration 
of serum T levels and the functional status of the Sertoli cells 
are required. Consequently, using the ratio of AMH to total 
T (AMH/tT) may provide a potentially effective biomarker 
for predicting the severity of testicular failure, as previously 
suggested (11, 12). However, the current lack of serum AMH 
reference ranges in normozoospermic adult men obscures the 
interpretation of such analyses. Before 2014, commercial as-
says for the measurement of blood-circulating AMH levels 
were manual and had several drawbacks (ie, low sensitivity, 
interference with complement). The 2 most commonly used 
were enzyme-linked immunosorbent assays: EIA AMH/MIS 
from Immunotech, and Gen II from Beckman Coulter (13). 
Since 2014, Roche and Beckman Coulter have distributed 
automated methods for AMH measurement on their ana-
lyzers (Cobas or DxI Access, respectively). These methods 
have good analytical performance (higher sensitivity and 
better reproducibility) and are robust tools for clinical appli-
cations (14, 15).

Our study aimed to direct the use of serum AMH and 
AMH/tT in adult male patients by determining robust refer-
ence ranges in a large cohort of normozoospermic adult men. 
Second, to explore new potential physiological functions, we 
investigated the relationship between serum AMH and both 
reproductive hormones and semen parameters.

Methods
Study Design
The study population included normozoospermic adult men 
followed in the Departments of Andrology and Reproductive 
Medicine at Lille University Hospital. Included individuals 
were the male members of subfertile couples referred for 

andrological phenotyping. Our study was conducted between 
January 2016 and June 2021. This study followed the ten-
ants of the Declaration of Helsinki and was approved by the 
Ethics Committee of Lille University Hospital (no. DEC21-
213). All patients provided their written informed consent for 
participation.

Written informed consent was also obtained from each 
adult man prior to the inclusion of any sperm sample in the 
Germetheque biobank. The use of sperm samples was ap-
proved by the Germetheque Scientific Committee (DE-S1-
030-11). The biobank registered declaration DC-2014–2202 
and authorization AC-2015–2350.

Human brain tissue was obtained in accordance with 
French bylaws (Good Practice Concerning the Conservation, 
Transformation, and Transportation of Human Tissue to 
be Used Therapeutically, published on December 29, 1998). 
Permission to use human tissues was obtained from the French 
Agency for Biomedical Research (Agence de la Biomedecine, 
Saint-Denis la Plaine, France, protocol no. PFS16-002) and 
the Lille Neurobiobank.

Patients and Study Outcomes
The flow chart of the study is presented in Figure 1. Initially, 
607 normozoospermic adult men were selected based on 
normal semen analysis and normal serum values of inhibin 
B (92-316 pg/mL), follicle-stimulating hormone (FSH; 1.2-
7.8 IU/L), luteinizing hormone (LH; 0.6-12 IU/L), and total T 
[2.40-8.7 ng/mL (8.32-30.18 nmol/L)] (16, 17). Using the ro-
bust regression followed by the outlier identification method 
(ROUT), 29 individuals with outlier AMH serum values were 
identified and excluded. A total of 578 adult men were finally 
included in this study. Semen and blood samples were pro-
vided on the same day. No patients included in our study had 
received hormonal stimulation (such as clomiphene, human 
chorionic gonadotropin, or recombinant FSH).

Hormone Analysis
All blood samples for hormone assays were collected from the 
cubital vein and then centrifuged at 4°C to recover the serum. 
Since serum hormone concentrations decrease during the day-
time (18), we collected a single serum sample per patient in 
the morning (between 8 and 10 am) and in nonfasting state.

A fully automated sandwich chemiluminescent immuno-
assay using the DxI Access system (Beckman Coulter, USA) 

Figure 1. Flow chart of the study.
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was used to measure serum AMH levels. Its limit of quan-
tification was 0.47 pmol/L. Below this threshold, AMH was 
defined as undetectable. Intra- and interassay coefficients of 
variation were <2 and <3%, respectively.

FSH, LH, and total T were measured by immunoassay 
using an automatic analyzer (Architect, Abbott Laboratories, 
USA). The limit of quantification of each assay was as fol-
lows: FSH = 0.2 IU/L, LH = 0.5 IU/L, and total T = 0.04 ng/
ml. Intra- and interassay coefficients of variation were 3.1% 
to 5.6% for FSH, 4.3% to 6.4% for LH, and 4.7% to 5.2% 
for total T (19). Reference ranges were from 1.2 to 7.8 IU/L 
for FSH, 0.60 to12 IU/L for LH, and 2.40 to 8.70 ng/mL (8.3-
30.2 nmol/L) for total T.

The serum inhibin B assay was determined using an 
Inhibin B Gen II ELISA kit (Beckman Coulter, Villepinte, 
France). The assay’s limit of quantification was 8 pg/mL. 
Below this threshold, inhibin B was defined as undetectable. 
The reference range for serum inhibin B was from 92 to 316 
pg/mL (16).

AMH/tT values were calculated using serum AMH and 
serum total T concentration values as nanograms per milliliter.

Semen Collection and Analysis
Semen samples were provided in the laboratory by masturba-
tion into a sterile plastic specimen cup, following a requested 
period of 2 to 7 days of sexual abstinence. After 30 minutes 
of liquefaction at room temperature, a manual semen ana-
lysis was performed as previously described (16). The semen 
volume, total sperm count, sperm concentration, motility, and 
vitality were interpreted according to the 2010 World Health 
Organization guidelines (20). Normal forms were analyzed 
and interpreted according to the standardized David’s modi-
fied classification method (21).

Immunofluorescence of Semen Samples
Human semen samples (n = 4) were used. After the sperm had 
been prepared, 100  μL of homogenate was fixed with 2% 
paraformaldehyde in phosphate-buffered saline (PBS) 1× and 
incubated for 15 minutes at room temperature. Spermatozoa 
were isolated by centrifugation (10 minutes, 350 × g), and 
the supernatant was removed. The sperm pellet was resus-
pended in PBS 1×, washed twice by centrifugation (10 min-
utes, 350 × g) and then resuspended in 100  μL of PBS 1×. 
A thick drop was placed on a SuperFrost slide (Menzel-Gläser, 
Braunschweig, Germany) and stored at 4°C.

Sperm smears were placed in acetone for 5 minutes and 
then rinsed twice in PBS 1× (5 minutes). Samples then were 
treated with PBS-10% normal goat serum at room tem-
perature for 1 hour. For double immunostaining, samples 
were simultaneously incubated with polyclonal rabbit anti-
AMH-R2 antibody (custom-made immunogenic peptide: 
CELWALAVEERKRPNIPS-NH2, intracellular serine/threo-
nine kinase domain, CASLO, Denmark, diluted 1:2000 in PBS 
1×-0.3% Triton) or rabbit polyclonal anti-human AMH-R2 
antibody (recombinant fragment corresponding to Human 
AMHR2 aa 200-450, ab197148, Abcam, diluted 1:500 in 
PBS 1×-0.3% Triton) and with mouse monoclonal anti-α-
tubulin antibody [RRID: AB_477593, http://antibodyregistry.
org/AB_477593 (Sigma-Aldrich), diluted 1:2000 in PBS 
1×-0.3% Triton] or a mouse monoclonal anti-A-kinase 
anchor protein 4 (AKAP4) antibody [RRID: AB_2909420, 
http://antibodyregistry.org/AB_2909420, 4BDX-1602, clone 
7E10 (4BioDx), diluted 1:1000 in PBS 1×-0.3% Triton] 

overnight at 4°C. Negative control slides were performed by 
omitting the primary antibody.

After two 5-minute washes in PBS 1×, slides were incu-
bated for 90 minutes at room temperature with Alexa Fluor 
488 Goat Anti-Rabbit IgG (H + L) (RRID: AB_2630356, 
http://antibodyregistry.org/AB_2630356, Invitrogen, Eugene, 
OR, USA) and Alexa Fluor 568 Goat Anti-Mouse IgG 
(H + L) (RRID: AB_2534072, http://antibodyregistry.org/
AB_2534072, Invitrogen) diluted 1:600 in PBS 1×. The slides 
were then washed twice for 5 minutes in PBS 1×. Nuclear 
counterstaining was performed using diaminopyrolylindole 
4,6-diamino, 2-pyrolylindole (Invitrogen). Lastly, slides were 
washed twice for 5 minutes in PBS 1× and mounted using 
Dako Fluorescence Mounting Medium (Agilent Technologies, 
CA, USA). Immunofluorescence-stained slides were imaged 
using a Zeiss Spinning disk confocal microscope with a 100× 
oil-immersion lens (NA 1.4). For each subject, ≥100 sperm-
atozoa were evaluated. Images were processed with ZEN 
software (Carl Zeiss, version 14.0.0.201, Germany).

Immunofluorescence of the Postmortem Adult 
Human Pituitary Gland
An adult human pituitary was obtained between 24 and 36 
hours postmortem from 1 autopsied individual: an adult 
man, aged 65 years, who had donated his body for scien-
tific research in accordance with French bioethics laws. A re-
view of his medical records indicated that he had no known 
neurological or neuroendocrinological disorders. A  dis-
sected block of the adult brain containing the pituitary gland 
was fixed by immersion in 4% paraformaldehyde in 0.1M 
phosphate buffer, pH 7.4, at 4°C for 2 weeks. The tissues 
were cryoprotected in 30% sucrose/PBS at 4°C overnight, 
embedded in Tissue-Tek OCT compound (Sakura Finetek), 
frozen in dry ice, and stored at −80°C until sectioning.

A citrate-buffer antigen retrieval step, 10 mM citrate in PBS-
0.3% Triton, pH 6, for 30 minutes at 70°C, was performed 
on 20-μm sections before immunolabeling. After three 5-mi-
nute washes with PBS-0.3% Triton, the sections were blocked 
in incubation solution (10% normal goat serum, 1 mg/mL bo-
vine serum albumin in PBS-0.3% Triton, pH 7.4) for 1 hour.

For double immunostaining, samples were simul-
taneously incubated with a previously validated in 
AMH-R2 knockout animals (22) polyclonal rabbit anti-
AMH-R2 [RRID:AB_2909430, http://antibodyregistry.
org/AB_2909430, custom-made immunogenic peptide: 
CELWALAVEERKRPNIPS-NH2, intracellular serine/threo-
nine kinase domain, CASLO, Denmark, diluted 1:2000 
in an incubation solution] or with rabbit polyclonal anti-
human AMH-R2 antibody [RRID:AB_2909403, http://
antibodyregistry.org/AB_2909403, recombinant fragment 
corresponding to Human AMHR2 aa 200-450, ab197148, 
Abcam, diluted 1:500 in an incubation solution] and 
with mouse monoclonal anti-β-FSH antibody [RRID: 
AB_10895714, http://antibodyregistry.org/AB_10895714, 
411 (Biocare Medical), diluted 1:200 in incubation solution]. 
Blocking was followed by primary antibody incubation in an 
incubation solution for 48 hours at 4°C. Primary antibodies 
were then rinsed out before incubation in fluorophore-coupled 
secondary antibodies [Alexa Fluor 488 Goat anti-Rabbit 
IgG (H + L) and Alexa Fluor 568 Goat anti-Mouse IgG 
(H + L); RRID: AB_2630356 and AB_2534072, respectively, 
Invitrogen; diluted 1:600 in PBS 1× for 2 hours in PBS-0.3% 
Triton at room temperature].

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/107/7/1878/6565878 by C
H

U
 de Lille user on 03 February 2023

http://antibodyregistry.org/AB_477593
http://antibodyregistry.org/AB_477593
http://antibodyregistry.org/AB_2909420
http://antibodyregistry.org/AB_2630356
http://antibodyregistry.org/AB_2534072
http://antibodyregistry.org/AB_2534072
http://antibodyregistry.org/AB_2909430
http://antibodyregistry.org/AB_2909430
http://antibodyregistry.org/AB_2909403
http://antibodyregistry.org/AB_2909403
http://antibodyregistry.org/AB_10895714


The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 7 1881

Secondary antibodies were washed, and sections were 
counterstained with diaminopyrolylindole 4,6-diamino, 
2-pyrolylindole (Invitrogen). Finally, the sections were 
quenched for autofluorescence using Autofluorescence 
Eliminator Reagent (2160, Millipore) following the 
manufacturer’s instructions and then mounted using Dako 
Fluorescence Mounting Medium (Agilent Technologies). 
Immunofluorescence-stained slides were imaged using a Zeiss 
Spinning disk confocal microscope with a 40× oil-immersion 
lens (NA 1.3 with an optical resolution of 176 nm). Images 
were processed with ZEN software (Carl Zeiss, version 
14.0.0.201, Germany).

Statistical Analysis
In all analyses, the normality of distribution of the studied 
variables was assessed using the Shapiro-Wilk test.

Data were analyzed according to the Clinical and 
Laboratory Standards Institute guideline EP28-A3 (23). 
Current guidelines define a reference interval as 2 limiting 
values that 95% of the population fall within; ideally, it is de-
termined using a minimum of 120 individuals to have statis-
tical significance (24, 25). As previously described, the robust 
regression followed by outlier identification method was used 
to identify outliers of AMH serum values in individuals of the 
reference group (26).

As the semen and hormone variables did not follow a normal 
distribution or log-normal distribution, nonparametric tests 
were performed, and no transformation was applied.

Relationships between quantitative variables were studied 
by the Spearman’s rank correlation coefficient. Possible con-
founding factors were selected based on biological relevance. 
The partial correlation coefficient was used to analyze the 
correlation between variables while adjusting for age, serum 
FSH, and inhibin B levels.

All tests were 2-tailed, with a significance level set at 0.05. 
Statistical analyses were performed using GraphPad Prism 
7.0 software (La Jolla, CA, USA), and for the partial correl-
ation coefficient analysis, SPSS Version 23 (IBM SPSS Inc., 
Chicago, IL, USA) was used.

Results
Demographic Characteristics, Hormonal Profiles, 
and Semen Characteristics
Semen characteristics and hormone level distributions are 
summarized in Table 1.

The median, first quartile, and third quartile for serum 
AMH concentrations were 43.5, 31.5, and 58.3 pmol/L, re-
spectively. The 2.5th and 97.5th percentile values for serum 
AMH were 16.4 and 90.3 pmol/L, respectively.

Reference Ranges of Serum Anti-Müllerian 
Hormone Concentrations and AMH/tT Values
Because serum AMH levels had a significant negative correl-
ation with age (see following discussion), we first compared 
serum AMH levels between different quartile age groups 
[Supplementary Table 1, Supplementary Figure 1 (27)]. 
Adults aged between 39 (third quartile) and 62 (maximum 
age value) years had significantly lower serum AMH values 
(P = 0.02) compared with those between 31 and 35 years old 
(first and second quartiles, respectively) or under 31  years 
(P = 0.02). As a result, we established the reference ranges in 
terms of age groups. The first group includes adult men aged 
between 20 and 39 years (minimum age value and the third 
quartile, respectively), and the second group includes those 
over 39 years.

The median (interquartile range) of serum AMH in indi-
viduals <39 years was 43.8 (32.5-59.4) pmol/L; the 2.5th and 

Table 1. Semen characteristics and hormone level distributions

 Median Interquartile range (first and third quartiles) 2.5th and 97.5th percentiles 

Age, years 35 31-39 24.5-51

FSH, IU/l 3.2 2.4-4.3 1.3-6.6

LH, IU/L 2.7 2.0-3.5 1.2-5.5

Total T, nmol/L 17.5 13.9-21.4 8.9-28.7

Inhibin B, pg/mL 175 144-215 99-289

AMH, pmol/L    

 Overall population 43.5 31.5-58.3 16.4-90.3

 Adults 20-39 years 43.8 32.5-59.4 18.1-90.9

 Adults >39 years 38.3 29.4-53.1 12.3-87.6

AMH/tTa    

 Overall population 1.21 0.83-1.74 0.45-3.43

 Adults 20-39 years 1.22 0.82-1.72 0.45-3.44

 Adults >39 years 1.16 0.80-1.76 0.36-3.36

Semen parameters

 Semen volume, mL 3.3 2.4-4.5 1.5-7.4

 Total sperm count, million/ejaculate 229.5 138.8-394.8 55-890.5

 Sperm concentration, million/mL 70.2 43.2-114.9 18.8-248.3

 Progressive motility, % 60 48.7-65 35-75

 Normal forms, % 37 29-47 23-62.9

Abbreviations: AMH, anti-Müllerian hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; T, testosterone; tT, total testosterone.
aAMH/tT values were calculated using serum AMH and serum total T concentration values in ng/mL.
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97.5th percentile values for serum AMH were 18.1 and 91 
pmol/L, respectively. In the group of individuals >39 years, 
the median (interquartile range) of serum AMH was 38.3 
(29.4-53.1) pmol/L; the 2.5th and 97.5th percentile values 
for serum AMH were 12.3 and 87.6 pmol/L, respectively 
(Table 1, Fig. 2). The median (interquartile range) of AMH/
tT in adult men <39 years was 1.22 (0.82-1.72; the 2.5th and 
97.5th percentile values for AMH/tT were 0.44 and 3.44, re-
spectively. The median (interquartile range) of AMH/tT in 
normozoospermic adult men >39 years was 1.16 (0.80-1.76); 
2.5th and 97.5th percentile values for AMH/tT were 0.36 and 
3.36, respectively (Table 1, Fig. 2).

Correlations Between Serum AMH Concentrations 
and Hormone Levels or Semen Parameters
Correlations between serum AMH, inhibin B, FSH, LH, total 
T levels, and age are summarized in Table 2. Interestingly, 
serum AMH concentrations were negatively correlated with 
age (r = −0.11; P = 0.009), FSH (r = −0.20; P < 0.0001), and 
progressive sperm motility (r = −0.10; P = 0.01) and positively 
correlated with serum inhibin B levels (r = 0.31; P < 0.0001), 
sperm concentration (r = 0.10; P = 0.01), and total sperm 
count (r = 0.12; P = 0.004). Also, AMH remained negatively 
correlated with serum FSH concentrations after adjustment 
for age and serum inhibin B levels (r = −0.09; P = 0.02) 
[Supplementary Table 2 (27)].

A significant positive relationship was observed between 
AMH and serum inhibin B levels after adjustment for 
age and serum FSH concentrations (r = 0.22; P = 0.0001) 
[Supplementary Table 3 (27)]. Also, serum AMH concentra-
tions were negatively correlated with progressive sperm mo-
tility after adjustment for age and serum FSH or inhibin B 
concentrations [Supplementary Tables 2 and 3 (27)]. When 
adjusting for serum FSH levels and age, we observed that 
the correlations of serum AMH and inhibin B levels with 
sperm concentration and total sperm count were similar 
[Supplementary Table 3 (27)].

Correlations between AMH/tT values and hormone 
levels or semen parameters are summarized in Table 2 and 
Supplementary Tables 2 and 3 (27).

Expression of AMH-R2 in Human Spermatozoa and 
the Human Anterior Lobe of the Pituitary Gland
In seeking a possible functional explanation for the negative 
correlation that we observed between circulating AMH levels 
in adult men and sperm motility as well as FSH levels, we de-
cided to explore the expression of the exclusive AMH binding 
receptor (AMH-R2) in human spermatozoa and in β-FSH 
gonadotrophs, respectively.

The same results were obtained with the custom-made anti-
AMH-R2 antibody and the commercial anti-human AMH-
R2 antibody (Abcam).

Immunofluorescence of AMH-R2 in human ejaculated 
spermatozoa
Immunocytochemistry in ejaculated sperm demonstrated 
AMH-R2 immunoreactivity in the spermatozoa head and all 
along the tail, with the highest AMH-R2 expression detected at 
the level of the head and midpiece of the tail [Fig. 3A and 3B; 
also see Supplementary Figure 2A and 2B) (27)]. α-Tubulin is lo-
calized in the tail (midpiece, principal piece, and the end piece). 
Conversely, AKAP4 is localized only in the principal piece.

Immunofluorescence of AMH-R2 in the anterior lobe of the 
pituitary gland
Immunofluorescence experiments were then performed in the 
adult human pituitary gland. Simultaneous double-labeling 
using antibodies against AMH-R2 and β-FSH, respectively, 
showed that AMH-R2 is expressed by β-FSH immunoreactive 
gonadotropic cells of the anterior lobe [Fig. 4; also see 
Supplementary Figure 3 (27)].

Discussion
AMH measurement is currently used in pediatric endo-
crinology for diagnostic purposes. However, poor know-
ledge of AMH function in adult men, together with the 
lack of reliable reference ranges of circulating AMH levels 
in normozoospermic adult men, have prevented the use of 
AMH measurement in adulthood for clinical purposes. To 
fill this gap in knowledge, we analyzed blood levels of AMH 
and AMH/tT values in a large cohort of normozoospermic 
adult men.

We first reported the reference range for serum AMH con-
centrations and AMH/tT values in normozoospermic adult 
men. Second, we studied the relationship between serum AMH 
and both reproductive hormones and semen parameters.

The Reference Range for Serum AMH 
Concentrations and AMH/tT Values
Interestingly, serum AMH concentrations were negatively 
correlated with age in normozoospermic adult men. In our 
study, the normal range for AMH serum concentrations 
was from 18.1 to 90.9 pmol/L for individuals between 20 
and 39 years and from 12.3 to 87.6 pmol/L for those over 
39 years. In 2010 Aksglaede et al reported a reference range 
for serum AMH levels (13-98 pmol/L) in a cohort of 150 
adult men from the general population aged between 21.6 
and 64.4  years (7). Indeed, in the latter study, exhaustive 
andrological phenotyping including inhibin B measurement 
and the evaluation of spermatic parameters were not per-
formed. Their AMH assay was also less sensitive than the one 
used in our study.

Figure 2. Age distribution of serum anti-Müllerian hormone (AMH) 
concentrations in normozoospermic adult men. The curves represent 
the median (red medial curve), the 2.5th percentile (bottom red 
dashed curve), and the 97.5th percentile (top red dashed curve). The 
normal range for AMH serum concentrations was 18.1 to 90.9 pmol/L 
in individuals between 20 and 39 years of age. For individuals aged 
>39 years, the normal range for AMH serum concentrations was 12.3 to 
87.6 pmol/L.
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We have also reported for the first time the reference range for 
blood AMH/tT (20-39 years of age: 0.45-3.44 pmol/L; >39 years 
of age: 0.36-3.36 pmol/L) in normozoospermic adult men.

The reference ranges of circulating AMH levels established 
by our study will help in the use and interpretation of serum 
AMH measurements in adult endocrinology, for example, in 
cases of partial androgen resistance syndrome found in adult-
hood (28) or in adults with suspicious mutations of either AMH 
or AMH-R2 genes (29). Also, serum AMH measurements could 
be a helpful tool for better assessing the end of puberty period 
while transitioning from pediatric to adult endocrinology. This 
situation is often observed in cases of obesity, energy deficit, or 
history of chemotherapy or radiotherapy for pediatric cancer.

Relationship Between Serum AMH and Both 
Reproductive Hormones and Semen Parameters
A significant positive relationship was observed in our study 
between blood-circulating AMH and inhibin B levels. A close 
correlation was also observed after adjustment for serum FSH 
concentrations and age. Furthermore, serum inhibin B and 
serum AMH levels were positively correlated with total sperm 
count and sperm concentration. This relationship remained even 
after adjustment for age and serum FSH levels. Accordingly, 
serum AMH values are a reliable marker for both Sertoli cells 
and exocrine testicular functions and can thus be a good marker 
of spermatogenesis in adult men. The association between cir-
culating AMH levels and semen quality has been assessed pre-
viously, but the results are divergent. Similar to our finding, a 
significant positive relationship between serum AMH and total 
sperm count was described previously (30, 31). However, others 
have reported no significant association between serum AMH 
levels and semen characteristics (32-35).

The New Potential Function of AMH on the 
Regulation of FSH Secretion
We also found an interesting significant negative correlation 
between serum FSH and both serum AMH and inhibin B, 

which conforms with data from other studies (30, 34-36). 
This significant relationship remained after adjusting for age 
and serum inhibin B levels. In seeking a possible functional 
explanation for the negative correlation that we observed 
between circulating AMH levels and serum FSH concentra-
tions, we explored the expression of the AMH-R2 in human 
gonadotroph cells. Interestingly, to the best of our know-
ledge, we are the first to document AMH-R2 expression in 
gonadotropic cells of an adult man’s pituitary gland. The role 
of AMH in the regulation of gonadotropin secretion has been 
previously investigated in many preclinical studies. AMH 
has been reported to activate β-LH and β-FSH gene expres-
sion in LβT2 cells, a murine gonadotroph-derived cell line 
(37). Similarly, AMH was found to stimulate FSH secretion 
in rats in vivo; however, such stimulation was restricted to 
prepubertal female rats (38). In both male and female mice, 
AMH increases gonadotropin-releasing hormone–dependent 
LH pulsatility and secretion (22). In adult men, like inhibin 
B but to a lesser degree, AMH may contribute to the classical 
feedback loop of the pituitary-gonadal axis to decrease FSH 
secretion by modulating gonadotropic cell activity in the 
pituitary gland. Nevertheless, further in vitro experiments 
using isolated human gonadotropic cells are needed to eluci-
date whether AMH can regulate FSH secretion.

The New Potential Function of AMH on Regulating 
Sperm Motility
In the present study, we observed an interesting negative cor-
relation between serum AMH levels and progressive sperm 
motility. In looking for a possible functional explanation for 
this relationship, we found that AMH-R2 is expressed mainly 
in the middle piece, the structure that controls flagellum mo-
tility (39). To our knowledge, the expression of AMH-R2 in 
human spermatozoa was not been reported before.

The mechanisms involving AMH in the regulation of sperm 
motility are not known. After puberty, AMH is secreted 
bidirectionally by the Sertoli cells: basally to the circulation 

Table 2. Relationship between hormone levels and semen parameters

Hormone levels AMH, pmol/L AMH/tT, ng.mL-1/ng.mL−1 FSH, IU/L LH, IU/L T, nmol/L Inhibin B, pg/mL 

FSH, IU/L −0.20  
(<0.0001)

−0.3  
(<0.0001)

— — — —

LH, IU/L −0.07  
(0.09)

−0.23  
(<0.0001)

0.31  
(<0.0001)

— — —

Total T, nmol/L 0.02  
(0.57)

−0.54  
(<0.0001)

0.09  
(0.03)

0.30  
(<0.000)

— —

Inhibin B, pg/mL 0.31  
(<0.0001)

0.22  
(<0.0001)

−0.40  
(<0.0001)

−0.18
(<0.0001)

0.07  
(0.08)

—

Age, years −0.11  
(0.009)

−0.03  
(0.50)

0.06  
(0.14)

−0.01  
(0.77)

−0.12  
(0.005)

−0.02  
(0.63)

 Semen volume, mL 0.03  
(0.42)

0.005  
(0.89)

−0.01  
(0.80)

0.01  
(0.74)

0.04  
(0.34)

0.10  
(0.01)

 Sperm concentration, million/mL 0.10  
(0.01)

0.12  
(0.002)

−0.12  
(0.002)

−0.09  
(0.02)

−0.05  
(0.20)

0.20  
(<0.0001)

 Total sperm count, million/ejaculate 0.12  
(0.004)

0.12  
(0.002)

−0.12  
(0.004)

−0.07  
(0.09)

−0.08  
(0.05)

0.24  
(<0.0001)

 Progressive motility, % −0.10  
(0.01)

−0.04  
(0.30)

−0.07  
(0.06)

−0.05  
(0.20)

−0.03  
(0.39)

0.01  
(0.69)

Data are reported as r (P-value). The relationship between different variables was assessed by Spearman’s rank correlation. AMH/tT values were calculated 
using serum AMH and serum total T concentration values in ng/mL. P values greater than 0.05 are shown in bold.
Abbreviations: AMH, anti-Müllerian hormone; FSH, follicle-stimulating hormone; LH, luteinizing hormone; T, testosterone; tT, total testosterone.
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Figure 3. Immunolocalization of anti-Müllerian hormone type II receptor (AMH-R2; using the custom-made antibody) with α-tubulin or A-kinase anchor 
protein 4 (AKAP4) in human ejaculated spermatozoa. In human ejaculated spermatozoa, AMH-R2 (red; anti-AMH-R2 antibody) is expressed in the head, 
middle piece, and tail. (A) α-Tubulin (green) is expressed in the middle piece, and tail. (B) AKAP4 (green) is expressed only in the tail. (C) Absence of 
staining without primary antibodies. Only secondary antibodies and diaminopyrolylindole 4,6-diamino, 2-pyrolylindole nuclear counterstaining (blue) 
were used. Scale bars = 5 μm.
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and apically into the lumen of the seminiferous tubules. The 
concentration of AMH may be up to 10× higher in seminal 
fluid compared with serum (40). Data on the relationship be-
tween circulating-blood AMH or seminal concentrations of 
AMH and sperm motility had contrasting results.

Unlike our findings, an association between serum AMH 
concentrations and progressive sperm motility was not found 
previously (30, 32, 35). Study evaluating seminal plasma 
AMH described a significant positive association between 
seminal plasma AMH levels and progressive sperm motility 
(32, 41).

Interestingly, some authors have reported that AMH can 
improve sperm motility (42, 43). The expression of AMH-
R2 by human spermatozoa documented in our study may 
lend support to this hypothesis. Siow et al studied the effects 
of recombinant human AMH on fresh and cryopreserved 
spermatozoa and found significantly higher motility in both 
fresh and cryopreserved spermatozoa after 5 and 22 hours 
of incubation. However, the effects of AMH were suppressed 
by coincubation with anti-AMH antibodies (42). In another 
study, AMH in seminal plasma was suggested as a predictive 
marker for recovery of sperm motility after cryopreservation 
in asthenozoospermic men (43). These 2 studies, however, 
had some limitations, such as the lower number of individ-
uals included and the use of visual evaluation to study sperm 
motility.

An important strength of our study is that we included a 
large cohort of normozoospermic adult men with complete 
andrological phenotyping and normal hormonal serum levels. 
We are also the first to document AMH-R2 expression in go-
nadotropic cells of an adult man’s pituitary gland and human 
ejaculated spermatozoa.

Our study also has some limitations. The participants were 
patients in the andrology department and may not represent 
all individuals from the general population. Furthermore, it is 
difficult to compare our results with those of some previous 

studies that used older and less sensitive AMH assays. Since 
T levels exhibit significant diurnal variations and may be 
suppressed by food intake or glucose, current guidelines rec-
ommend measuring T in the morning in fasting state (44). 
However, a recent study found no significant differences be-
tween fasting and nonfasting serum T levels (45). For all in-
dividuals of our study, blood samples were collected in the 
morning (between 8 and 10 am) to limit diurnal variation 
of testosterone. However, blood samples were collected in a 
nonfasting state, which may indeed introduce a limiting factor 
for the interpretation of the reference range of AMH/tT.

In conclusion, the present study established the reference 
range values for both circulating AMH and AMH/tT de-
pending on age in a large cohort of normozoospermic adult 
men and reported a new potential physiological role of blood-
circulating AMH in the negative feedback regulation of FSH 
secretion, probably through modulation of gonadotropic 
cell activity in the pituitary gland. AMH could also regulate 
sperm motility. Further studies are nevertheless needed to 
confirm these hypotheses.
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Figure 4. Immunolabeling for anti-Müllerian hormone type II receptor (AMH-R2; using the custom-made antibody) and β-follicle-stimulating hormone 
(β-FSH) in longitudinal sections of adult human pituitary gland. (A) In the control adult human pituitary gland, AMH-R2 (red; anti-AMH-R2 antibody) is 
expressed abundantly with β-FSH (green, anti-human β-FSH antibody) in the gonadotropic cells of the anterior lobe. (B) Absence of staining without 
primary antibodies. Only secondary antibodies and diaminopyrolylindole 4,6-diamino, 2-pyrolylindole nuclear counterstaining (blue) were used. Scale 
bars = 25 μm.
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