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Abstract

Anti-Miillerian hormone (AMH) is a glycoprotein belonging to the transforming growth factors (TGF-f). AMH plays a fundamental role in the reg-
ression of Miillerian ducts in male embryo. In its absence, Miillerian ducts develop into female inner reproductive organs. In boys, it is significantly
produced in Sertoli cells of testes until puberty and then slowly decreases to residual values for the rest of the men’s life. AMH serves as a biochemi-
cal marker of the presence of testes in cryptorchidic males. In females, AMH is secreted by granulosa cells of small follicles in the ovary. Serum values
are almost undetectable during infancy and then rapidly increase with the onset of puberty, reflecting the initial recruitment of primordial follicles.
AMH is produced in growing follicles until they reach a stage when dominant follicle is detached from a cohort of antral follicles. The measurement
of serum AMH levels during woman’s reproductive life represents an ideal tool for the assessment of the ovarian follicular reserve. The advantage of
AMH in relation to the ovarian steroid hormones is that serum levels do not fluctuate significantly during the menstrual cycle. In addition, circulati-
ng AMH strongly correlates with antral follicle count (AFC), visualized by ultrasound in the follicular phase of the cycle. As the number and quality of
the oocytes diminish throughout the woman's reproductive life, serum concentrations of AMH gradually decrease and fall below detectable levels
in menopause. This could be of particular interest in subfertile and infertile women undergoing assisted reproductive techniques (ART) in achieving
pregnancy.
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Introduction the bioactivity of the molecule (1). During cytop-

Anti-Mdllerian hormone (AMH) is a 140-kDa dime-  lasmic transit, between 5 and 20% of AMH is clea-

ric glycoprotein hormone and belongs to the tran- ~ ved at a specific site between the N-terminal and
sforming growth factor-B (TGF-B) family. AMH is the C-terminal domain of the 72-kDa monomer, to
synthesized as a large precursor with a short signal ~ form two polypeptides of 58-kDa (pro region) and
sequence followed by the pre-prohormone that ~ 12-kDa (mature region). These two parts of the
forms homodimers. Prior to secretion, the mature ~ Molecule remain in noncovalent attachment. The
hormone undergoes glycosylation and dimeriza- ~ human gene coding for AMH is located on the
tion to produce a 144-kDa dimer composed of  shortarm of chromosome 19; it has been sequen-
identical disulphide-linked 72-kDa monomer su-  ced and isolated (2).

bunits. Each monomer contains an N-terminal do-

main (also called the “pro region”) and a Gtermi-  AMH signaling pathway

nal domain (also called the “mature region”); it is

believed that N-terminal domain accentuates the  Target organs for AMH in males are Miillerian duc-
activity of the C-terminal domain in which resides  ts and, in both sexes, gonads. The structure of the
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specific receptor for AMH has been isolated and
characterized (3). As a member of the TGFf3 family
of growth factors, it is thought that AMH uses the
signal transduction system that has been identi-
fied for the other factors of the family, notably
TGFB itself, activin and the bone morphogenetic
proteins (BMPs). These factors signal through a se-
rine-threonine kinase receptor complex consisti-
ng of ligand-specific type Il receptors and more
general type | receptors, also known as activin
receptor-like protein kinases (ALKs). An activated
receptor complex phosphorylates and activates
cytoplasmic Smad proteins that translocate to the
nucleus and directly or indirectly affect gene
expression (Figure 1). For AMH one type Il receptor
has been identified (AMHRII) and shown to be spe-
cific and necessary for AMH signaling (4). The gene
coding for AMH receptor is located on the long
arm of chromosome 12 (5). The AMHRII gene is
specifically expressed in the gonads and in the
mesenchymal cells adjacent to the Mdllerian duc-
ts. Besides the exclusive AMHRII, three candidate
AMH type | receptors have been identified to be
involved in AMH-induced Millerian duct regres-
sion. However, the relative contribution of these
three type | receptors to AMH signaling in the ova-
ry remains to be determined (6).

AMH-RII

Smad proteins

XK

Gene expression

Ficure 1. AMH receptor binding. The primary receptor, type II,
binds its ligand and is co-expressed with type | receptor whi-
ch serve as a signal transducer. After being activated, the type
| receptor is phosphorylated by AMH-RII. The activated type |
receptor, in turn, phosphorylates downstream Smads proteins.
Phosphorylated receptor-specific Smads translocate to the nuc-
leus where they regulate gene expression (60).
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AMH throughout the human life

Prenatal stage

AMH plays fundamental role in fetal sex differen-
tiation. Before the 7t week of gestation, male and
female fetuses have indifferent gonads, bipoten-
tial external genitalia, and two pairs of unipoten-
tial internal ducts (the Mdullerian ducts and the
Wolffian ducts). In the XY fetus, the expression of
the SRY gene triggers testicular differentiation (7).
From the 8t gestational week, the somatic cells of
the developing testes, the Leydig cells and Sertoli
cells, produce three hormones that are essential
for the correct differentiation of the individual in
the male direction. The steroid hormone testoste-
rone, produced by the Leydig cells, stimulates de-
velopment of the male sex characteristics, such as
differentiation of the Wolffian ducts into epididymi-
des, vasa deferentia and seminal vesicles (7). Insuli-
n-like factor 3, a member of the relaxin-insulin fa-
mily, is also produced by the Leydig cells, and is an
essential signal for the first phase of testes desce-
nt. AMH is produced by the Sertoli cells of the tes-
tes and is responsible for the regression of the
Mullerian ducts that in the female fetus differen-
tiate into the oviducts, the uterus and the upper
portion of the vagina (8,9). Absent during female
sex differentiation, AMH is first expressed after 36
weeks of intrauterine life in the granulosa cells of
ovaries (10).

From birth to puberty

In prepubertal boys, Leydig cells produce low
amounts of testosterone. Sertoli cells are still im-
mature and spermiogenesis is arrested in a pre-
meiotic stage, while AMH remains secreted at high
level till the onset of puberty (9). Therefore, serum
AMH in male infants reflects the function of testes
reliably and can also be used in cryptorchidic ma-
les as the initial laboratory test to assess the pre-
sence of the testes (9).

In newborn girls, ovaries contain primordial follicle
pool containing 1-2 million of oocytes arrested in
the diplotene stage of meiotic prophase | and sur-
rounded by flattened pre-granulosa cells (11). The-
se primordial follicles stay in their arrested state for
years till the onset of puberty. AMH is expressed in
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granulosa cells of growing follicles and continues
to be present throughout the reproductive ages
(4). In girls, AMH circulating values are almost un-
detectable at birth with a slight increase within the
first years of age, prior to puberty.

Puberty and adulthood

In boys, with the onset of puberty the secretion of
hypothalamic gonadotropin releasing hormone
(GnRH) and both gonadotropins, luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH),
increase. Leydig cells undergo further differentia-
tion. Testosterone synthesis increases, which also
invokes maturation of Sertoli cells. Germinal cells
undergo meiosis and spermatogenesis begins.
The inhibitory effect of testosterone prevails over
FSH stimulation, resulting in down-regulation of
AMH expression and the circulating levels rapidly
decrease. The secretion of AMH reaches values in
adult males and is maintained almost constant un-
til the rest of men’s life (9).

In girls, the rise of ovarian estradiol synthesis and
activation of the hypothalamus-pituitary—-ovarian
axis occurs with the onset of puberty. Oocytes at
the first meiotic prophase undergo atresia or resu-
me meiosis after activation by an ovulation-indu-
cing LH surge to form the haploid gamete for ferti-
lization (11). AMH is produced by ovaries and sec-
reted into the bloodstream. It is first expressed in
granulosa cells of the recruited primordial follicles
and continues to be expressed in the growing fol-
licles in the ovaries until they have reached the si-
ze of about 4-6 mm. At that differentiation state,
usually one follicle is selected for dominance and
its further growth is controlled by action of pituita-
ry FSH (12). Possible actions of AMH in the ovary
are presented in figure 2.

Physiology and pathophysiology of AMH
in males

Anti-Millerian hormone is the earliest Sertoli cell
hormone secreted in males and, together with in-
hibin B and FSH, is an important indicator of Serto-
li cell function (13). The postnatal proliferation of
Sertoli cells is essential for spermatogenesis, duri-

Posible actions of AMH in the ovary:

- Inhibition of follicular activation and growth
- Inhibition of FSH stimulated growth
- Inhibition of granulosa cell growth

- Inhibition of aromatase

FSH
AMH AMH i
) A A *
! '
1 1
¢ —o—@
primordial primary preantral antral

FiGure 2. Model of AMH actions in the ovary. AMH is expres-
sed in primary, pre-antral and small antral follicles. Initial rec-
ruitment of primordial follicles takes place as a continuous pro-
cess, whereas cyclic recruitment is driven by a rise in FSH serum
levels at the end of a previous menstrual cycle. AMH inhibits (-)
the initial recruitment of primary follicles from the resting pri-
mordial follicle pool and the stimulatory effect of FSH on the
growth of preantral and small antral follicles (+) (4).

ng which the transient GnRH surge occurs. In the
first weeks of newborn male, the infantile GnRH
surge induce a significant increase of gonadotro-
pins (LH and FSH), followed by the increased tes-
tosterone production in Leydig cells, as well as
AMH and inhibin B in Sertoli cells of testes (9). The-
se unexpected high levels of androgens and AMH
in the first months after birth are explained by the
physiological androgen insensitivity of Sertoli cells
in these periods due to the lack of androgen re-
ceptor expression in Sertoli cell nuclei (9).

This stage, so called ,mini-puberty”, has been pro-
posed as the first opportunity to detect patients
with hypogonadotropic hypogonadism (HH), sin-
ce it cannot be observed in boys with congenital
HH (14). Thus, decreased AMH serum level, compa-
red to that in infants of the corresponding age, is
an early biochemical marker of congenital central
hypogonadism. AMH levels remain high during
the whole prepubertal phase and are downregula-
ted in puberty by increased testosterone levels.
Serum AMH levels in males, according to age, are
shown in table 1 (15).

Biochemia Medica 2011,21(3):219-30

221



Zecl.etal.

Anti-M(illerian hormone as a marker of fertility

TaBLE 1. Serum AMH in normal males.

Serum AMH (pmol/L)

Agegroup N Mean + SEM* 95% Cl**
<15 days 6 229+59 76-381
15 days-1 year 22 465 + 93 251-679
1-4 years 17 499 + 66 360-638
4-7 years 16 438 + 61 309-566
7-9 years 14 336 +47 234-438
>0 years **¥| 22 249 £ 26 194-304
>9 years *** || 25 159 + 25 107-211
>9 years *** ||| 8 79 +28 12-145
>9 years *** V-V 8 48+ 14 14-81
Adults 21 304 22-38

* SEM - standard error of the mean = SD/(square root of
sample size)

** 95% confidence interval

*** Pubertal stages according to Marshall and Tanner (16).

The assessment of AMH (and inhibin B) can be use-
ful in the differential diagnosis of constitutional
delay of growth and puberty when AMH serum le-
vels remain at high prepubertal values, while low
AMH (and inhibin B) levels at the age of physiolo-
gical puberty are indicative for the congenital
hypogonadism (9).

Klinefelter syndrome is the most common conge-
nital cause of hypergonadotropic hypogonadism.
The main clinical features include gynecomastia,
small testes, absent spermatogenesis, normal or
reduced Leydig cell function and elevated FSH le-
vels. This disorder is caused by a supernumerary X
chromosome (karyotype 47,XXY or mosaicism
46,XY/47,XXY). At the time when normal puberty is
expected, laboratory findings are characterized by
the significantly increased FSH and LH levels, low
testosterone, decreased AMH and undetectable
inhibin B serum levels (17).

Assessment of AMH (and inhibin B) represents a
promissory approach in other causes of male
hypogonadism. For example, acquired hypergo-
nadotropic hypogonadism can be caused by au-
toimmune diseases, chemotherapy and/or radia-
tion therapy for malignant neoplasm that affect
testicular tissue and function (18).
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The measurement of circulating AMH can also be
useful in infants with bilateral non-palpable gonad
(cryptorchidism) as evidence that the testes can be
present but not descended. If necessary, the hCG
stimulation test is recommended to assess the pre-
sence of functioning testicular tissue and the de-
tection of defects in testosterone biosynthesis by
Leydig cells and its action (18).

AMH seems to be a good candidate marker for in-
complete or reduced spermatogenesis since it is
specifically secreted by Sertoli cells in both serum
and seminal fluid in detectable concentrations. Se-
rum AMH seems to be significantly lower in non-
obstructive azoospermic men than in those with
obstructive azoospermia and normal fertile man.
However, the wide overlapping of values between
subjects prevents this hormone from being of cli-
nical utility (19).

If Sertoli cells are unable to produce AMH, because
of mutations in the AMH gene, or if target organs
are unresponsive to its action through mutations
of the AMHRII gene, Miillerian duct derivatives will
be retained in genetic male, otherwise normally
masculinized. This condition is known as the per-
sistent Mllerian duct syndrome (PMDS). In patien-
ts with mutations of the AMH gene, levels of circu-
lating AMH are extremely low, even before puber-
ty, when AMH levels are normally high. AMH con-
centrations are higher in patients with receptor
type Il (AMHRII) gene mutations (20).

The role of AMH in ovarian reserve
evaluation

AMH is produced by granulosa cells of growing
follicles, from pre-antral to antral stage, until they
reach the size of 4-6 mm (21). AMH expression di-
sappears in follicle of increasing size and is almost
lost in follicles larger than 8 mm (22). The main
physiological role of AMH in the ovary seems to be
targeted to the inhibition of primordial follicle rec-
ruitment, thus preventing too early depletion of
the follicular reserve. Both in vivo and in vitro expe-
riments have indicated that the transition from pri-
mordial into growing follicles becomes enhanced
in absence of AMH (23). Furthermore, the inhibi-
tion of sensitivity to FSH by AMH is a decisive step
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in follicular selection and it may occur due to the
variable expression of AMH receptors among the
recruited small pre-antral follicles. In such circum-
stances, out of the initially recruited follicle units,
only those with lower AMH expression become
sensitive to FSH, of which usually one is permitted
for dominance. Therefore, AMH acts as an autocri-
ne factor that regulates dominant follicle selection.
Current theories also suggest a role for AMH as a
co-regulator of steroidogenesis in granulosa cells,
as AMH levels appear to be related to estradiol le-
vels in follicular fluid from small antral follicles (24).
This is confirmed in a study which showed that po-
lymorphisms in the gene for AMH or AMHRII seem
to be related to follicular phase estradiol levels,
suggesting a role for AMH in the FSH-induced ste-
roidogenesis in the human ovary (25).

The expression of AMH in pre-antral and small an-
tral follicles mainly contributes to its serum levels
during the reproductive life. An active cohort of
growing follicles represents the antral follicle cou-
nt (AFC), which also serves as a marker of ovarian
reserve and strongly correlates with serum AMH
levels (26). Despite this correlation, AFC poorly ref-
lect the pre-antral follicle pool and, moreover,
requires state-of-the-art ultrasound machine and
experienced ultrasonographist (27). Therefore,
AMH may provide a more accurate assessment of
the oocyte/follicle pool. Contrary to the other ova-
rian reserve markers, AMH can be measured at any
time during the menstrual cycle due to insignifica-
nt intra-cycle variability, which is a great advanta-
ge in clinical practice (28,29). In the longitudinal
study of serum AMH levels in white, black and His-
panic women, authors found certain, but insignifi-
cant differences in measured values in relation to
race/ethnicity (30). AMH levels are not changed
during pregnancy, during which endogenous go-
nadotropin release is substantially diminished (31).
In addition, AMH levels remain stable during oral
contraceptive administration (32). These findings
are consistent with the concept that AMH levels
reflect the continuous FSH-independent non-
cyclic growth of small follicles in the ovary. Hence,
AMH is a unique endocrine parameter for the in-
vestigation of the ovarian reserve (33).

Still, the Freeman’s cross-sectional study in heal-
thy, regularly menstruating women has shown a
significant inverse association of AMH serum levels
and body-mass index (BMI) (34). In obese women,
mean AMH levels were 65% lower than AMH levels
of non-obese women. In addition, a multivariable
regression analysis of independent association of
variables BMI, age, menopausal status and race wi-
th AMH confirmed that BMI remained significantly
associated with AMH levels. The authors sugges-
ted two possible explanations for the finding: eit-
her obesity may be associated with decreased ova-
rian reserve, or obesity is associated with follicular
dysfunction. The weakness of the study is that
blood samples were selected in a cohort of wo-
men in late reproductive ages (35-47 years) and
the distribution of studied variables may not be
representative for the entire range of reproductive
life.

AMH as indicator of ovarian aging
throughout reproductive life

Trends in modern societies have been accomplis-
hed also with maternity postponement and the in-
creasing demand for assisted reproduction tec-
hniques (ART) (35). Because of a considerable pro-
portion of subfertile women, the assessment of
ovarian reserve becomes of crucial interest in wo-
men presenting to fertility clinics.

As a woman ages there is a gradual decrease in
both quantity and quality of the oocytes residing
within follicles, accompanied by a concomitant
decrease in AMH serum concentration. It has been
demonstrated that AMH levels correlate strongly
with AFC and are more reliable in predicting oo-
cyte supply than woman’s age and other conven-
tional serum markers (FSH, estradiol) (36). Investi-
gation of age-dependent reference values for
AMH should provide a better insight in cutoff leve-
Is throughout the reproductive life of women. Re-
cently, in two extensive studies, age-specific distri-
butions of AMH in female population were exami-
ned (37,38). In women, between 25 and 35 years of
age, the average decrease in the median serum
AMH value is 1.4 pmol/L (0.2 ng/mL) per year, whi-
le after age of 35, the average yearly decrease is 0.7
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pmol/L (0.1 ng/mL). The rate of decline in mean
AMH values is 1.4 pmol/L (0.2 ng/mL) per year
through age 40 and diminishes to 0.7 pmol/L (0.1
ng/mL) per year thereafter (37).

During the years before the final menstrual period,
oocytes undergo an accelerated rate of loss until
their pool is mostly depleted. A hypothesis stands
that this process is initiated when the total of num-
ber of oocytes reaches approximately 25,000 and
that woman, under physiological condition, reac-
hes this threshold at about 37-38 years of age (42).
At menopause, the number of oocytes has decrea-
sed to some hundreds (43).

Perhaps, one of the outstanding challenges nowa-
days is the lack of reference values of AMH in heal-
thy female population of reproductive age (39).
This is mostly due to the fact that the data have
been obtained from infertility clinics and/or cente-
rs for reproductive medicine where the majority of
women undergo laboratory tests for ART procedu-
res. Shebl and coworkers presented basal serum
AMH levels in women who attended an ART prog-
ram because of male factor (38). This presumably
healthy cohort consisted of ovulatory women in
reproductive ages, without issues related to ab-
normal ovarian function (e.g., tubal factor, endo-
metriosis, polycystic ovaries). Evaluated median
concentrations and confidence intervals for basal
serum AMH according to age are shown in table 2
(supplementary data available online).

Another two studies from Scotland have been
published most recently, proposing a population
model for serum AMH levels (40,41). According to
the observations, AMH values exhibit the greatest
heterogeneity and spread in absolute values in
younger women, suggesting that they are presen-
ting with a wider range of development of AMH-
expressing follicular cohorts as compared with ol-
der women. Also, it may be that they exhibit diffe-
rential AMH expression for their age matched folli-
cular pool (40). The model of the association of
AMH concentrations with age confirmed a nonli-
near decreasing rate of AMH with age; the nomog-
ram for women between 25 and 45 years is best
described by a quadratic equation: log AMH = a +
b x Age + ¢ x Age?. In this equation, log AMH is na-
tural logarithm of AMH, a = 1.932 (95% confidence
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interval — Cl, 1.891 to 1.973), b = -0.138 (-0.149 to
-0.127) and ¢ =-0.003 (-0.005 to -0.002) (40). In the
subsequent study, Kelsey and coworkers genera-
ted the first validated model of serum AMH in
healthy females from conception to menopause;
the results have been derived from 3,260 data
extracted from previously published control and/
or prospective studies in healthy female subjects
(41). They have even included the data from cord
blood of preterm infants up to those in females of
54.3 years of age. As to the model of serum AMH
through the females’ life, concentrations fall shor-
tly after birth, increase slightly at about two years
of age and then rise significantly with the onset of
puberty. Interestingly, the authors suggest that
AMH serum levels reach a peak at about 24.5 years
of age and then gradually decrease, in a nonlinear
manner, through the period of women's reproduc-
tive life (41).

For years, serum levels of FSH and estradiol have
been the decisive biochemical markers in asses-
sment of diminishing ovarian function, but FSH
tends to rise over basal values in follicular phase of
the menstrual cycle only when ovarian reserve is
significantly exhausted and ovarian function alrea-
dy compromised (44). More favorable results have
been obtained using AMH as a marker, for it reflec-
ts the follicular cohort as a whole, including still
inactive follicles and those being transited from
primordial to the early antral stage. It has been as-
sumed that a threshold of 2.8 pmol/L (0.39 ng/mL)
for AMH has the optimal combined sensitivity and
specificity for prediction of the onset of menopau-
se in six years, with a positive predictive value of
0.90 (95% Cl, 0.81-0.96) and negative predictive va-
lue of 0.76 (95% Cl, 0.65-0.86), respectively (45).

AMH as a marker of premature ovarian
senescence

It is considered that follicular exhaustion becomes
obvious in the fourth decade of woman’s life when
changes in the gonadal environment occur, althou-
gh the majority of women of that age continue with
apparently normal menstrual cycles (46). The most
recent study in a population of presumably healthy
women has shown that in approximately 5% of wo-
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men of all ages, AMH serum levels are < 7 pmol/L (1
ng/mL) (38). This finding has undoubtedly pointed
to the fact that all age subgroups comprise women
with a reduced ovarian reserve and that even you-
ng women are at risk of decreased reproductive po-
tential.

Premature ovarian failure is clinically defined as
the complete absence of menstrual cycles before
the age of 40, with FSH levels exceeding 40 IU/L and
AMH levels below the menopausal threshold or
even undetectable in most of the cases (46). Prema-
ture ovarian ageing represents a milder degree of
gonadal dysfunction which is characterized with
baseline FSH < 12 IU/L and/or abnormally low age-
specific AMH (46,47). It has been argued that AMH
offers better clinical specificity for the reason that
FSH is mostly reflective of late-stage, gonadotropin-
sensitive, follicles preceding ovulation (48). In anot-
her words, AMH and FSH differently reflect ovarian
reserve at different stages of life.

The prestigious results in the recent Gleicher’s stu-
dies postulate that the increasing triple CGG (Cyto-
sine-Guanine-Guanine) repeats on the FMRT (fragi-
le X) gene correlate with specific ovarian reserve
parameters, and are associated with premature
ovarian senescence and infertility in young wo-
men (49). The significant associations between
FMR1 genotypes and AMH levels could allow pre-
dictions about the functional ovarian reserve al-
ready in young ages (50).

AMH as a predictor of success in assisted
reproduction techniques (ART)

The reproducibility of AMH between consecutive
cycles in the same woman, in distinction from FSH,
estradiol and inhibin B, permits clinicians to have a
reliable serum marker in prediction of ovarian res-
ponse in assisted reproduction cycles. Much data
show a strong and positive correlation between
basal AMH serum levels and the number of retrie-
ved oocytes in women undergoing ovarian stimu-
lation (35). Moreover, basal serum AMH value and
antral follicle count (AFC) have shown a similar
power in prediction of the number of retrieved oo-
cytes (35,51). In meta-analysis of about 30 studies,
receiver operating characteristic (ROC) curves for

the prediction of ovarian response indicated no
significant difference between the performances
of AMH and AFC (52). The number of developed
follicles and the number of retrieved oocytes are
two of the most important criteria for defining
poor response in women undergoing ovarian sti-
mulation for in-vitro fertilization (IVF) (35).

For instance, Barad and co-workers found that
AMH cut-off value of 3.5 pmol/L (0.5 ng/mL) could
predict the retrieval of less than four oocytes with
a specificity of 84% and sensitivity of 87% (48). At
this discriminatory AMH value, the positive and
negative predictive values were 79.4% and 90%,
respectively. In contrast, a value of FSH > 12 |U/L
had sensitivity of 64.5% and specificity of 82.2%,
with positive and negative predictive values of
71.4% and 77%, respectively (51).

Ultimately important is, however, whether asses-
sment of AMH can predict chance for pregnancy
and live births in IVF cycles. In the next study of
the mentioned authors, maximal ROC inflections,
which differentiate between better and poorer li-
vebirth chances in women with diminished ova-
rian reserve (DOR), were at AMH cut-off < 7.5 pmol/L
(1.05 ng/mL). Still, it was demonstrated that clinical
pregnancies could be established at all AMH level,
even in the absence of detectable AMH (53).

AMH as a marker of ovarian
pathophysiology

Polycystic ovarian syndrome (PCOS)

PCOS is the most frequent endocrine disorder of
ovarian function, with a prevalence of 6-7% amo-
ng women of reproductive age (54). It has been
known for years that it represents more complex
entity than solely an ovarian dysfunction. Increa-
sed androgen synthesis, disrupted folliculogenesis
and insulin resistance are the manifestation of en-
docrine/reproductive and metabolic disturbances
of the impaired molecular mechanisms known to
underlie PCOS. According to the Rotterdam con-
sensus, the diagnosis should meet at least two, of
the three following criteria: chronic anovulation or
oligomenorrhea, clinical or biochemical hyperan-
drogenism and polycystic ovarian morphology
(55). An ultrasound examination reveals increased
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ovarian volume and/or the presence of > 12 follic-
les in each ovary. It has been hypothesized that
the increased intrafollicular AMH levels, found in
PCOS, lower the follicle sensitivity to circulating
FSH, thus preventing follicle selection and resulti-
ng in follicle arrest at the small antral phase (2-5
mm) (56). The balance between FSH and AMH mig-
ht be crucial for aromatase activity at the time and
after the selection of the dominant follicle. Decrea-
sed FSH action inhibits aromatase activity in syner-
gy with AMH, hindering the conversion of andro-
gens to estrogens, thus contributing to ovarian an-
drogen excess and reduction of follicular produc-
tion of estradiol. The resulting low levels of estradiol
may also contribute to the failure of follicle selec-
tion. Increased AMH levels may also act directly on
theca cells to stimulate androgen synthesis (54).

Circulating AMH levels in women with PCOS are
two to three times higher than in healthy controls,
corresponding to the increase in the number of
small follicles in ovaries (54).

As a diagnostic marker of PCOS, AMH has been
found to offer a relatively high specificity and sen-
sitivity (92% and 67%, respectively) (56). Moreover,
evaluation of basal AMH levels in women with
PCOS plays an important role in predicting the risk
for ovarian hyper-response and informing a clini-
cian to direct the application of mild stimulation
protocols in order to avoid ovarian hyperstimula-
tion syndrome (OHSS) (35,36).

Polymorphisms of AMH and AMHRII genes as
causes of infertility

Two genes are responsible for the AMH signal tran-
sduction pathway (AMH gene and its receptor AM-
HRII gene), confirming their association with folli-
cular phase estradiol level (25). AMH is produced
by granulosa cells in early developing follicles, whi-
ch indicates its role during the initiation of primor-
dial follicle growth and in regulation of FSH sensiti-
vity. As shown in a recent study, genetic variants of
AMH and AMHRII genes seem to be associated
with idiopathic infertility in normo-estrogenic and
normo-ovulatory women (57). The results suggest
that AMH polymorphisms could modify hormone
biological activities, playing a role in controlling
follicle recruitment and growth. Although in the
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small sample size, the genotyping has shown that
allele frequencies of —-482 A>G, IVS 5-6 C>T, IVS
10+77 A>G, 146T>G polymorphisms are statistical-
ly significantly increased in the infertile women
compared with the controls (57). Although it see-
ms plausible that polymorphisms of AMH and AM-
HRII might reduce the hormone biologic activity,
making follicles more sensitive to FSH, further in-
vestigations are expected to clarify their associa-
tion with unexplained infertility in women.

Miillerian aplasia or Mayer-Rokitansky-Kister-
Hauser syndrome

Mullerian agenesis, also named the Mayer-Roki-
tansky-Kuster-Hauser syndrome (MRKHS), is the
second most common cause of primary amenorr-
hea (58). Although the etiology of the syndrome
remains unclear, evidences suggest that MRKHS is
transmitted in an autosomal dominant manner
causing defects in prenatal development in the fe-
male genital tract. It is characterized by the conge-
nital absence of the Miillerian structures including
the Fallopian tubes, the uterus, and the internal
portion of the vagina in an otherwise chromoso-
mally normal 46,XX subject. Females with MRKHS
have functioning ovaries and normal external ge-
nitalia. Still, molecular analyses of AMH and AMHRII
genes have not detected any deleterious mutatio-
ns responsible for the syndrome (59). This finding
reflects normally regulated AMH gene promoters,
transcription and AMH protein production in adult
MRKH patients. As blood AMH levels decrease over
time and are associated with the number of remai-
ning antral follicles, AMH therefore represents a
specific marker for ovarian age and could be hel-
pful for predicting successful IVF or surrogacy
pregnancies in such cases (58).

AMH as a marker of granulosa cell tumors

The sex cord stromal neoplasms are derived from
mesenchymal stem cells in the ovarian cortex; they
include granulosa-theca cell tumors and granulo-
sa cell tumors (GCTs), which constitute 1-3% of all
ovarian tumors (60,61). Two distinct types of GCTs
have been described on the basis of clinical pre-
sentation and histological characteristics: the juve-
nile and the adult form (60). GCTs are hormone-
secreting neoplasms; they may produce estradiol
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and progesterone and they secrete peptide hor-
mones, such as inhibin and AMH (61). Therefore,
serum AMH serves as biochemical marker in diag-
nosis and monitoring of the disease. However, se-
rum AMH is elevated only in sex cord stromal tu-
mors, while inhibin may be elevated in different
types of cancer (60). Globally, AMH serum levels
seem to be elevated in 76-93% of GCT patients
(61). Although AMH is considered a powerful inhi-
bitor in granulosa cell proliferation, studies have
shown that the inhibitory signal is functional only
in the initial stage of tumor development, but not
when the tumor becomes progressive and reach a
large dimension (60). One of the possible theories
is that, in progressive tumors, the ability of binding
of AMHRII receptor by its ligand is lost and that the
inhibitory signal of AMH becomes inefficient (61).

Unfortunately, the agents used to treat the malig-
nancies are able to destroy a greater or lesser num-
ber of ovarian primordial follicles in cancer survi-
vors (62). Radiotherapy and chemotherapy, espe-
cially alkylating agents, cyclophosphamide, bisul-
phan, melphalan, cytosine, procarbazine and cis-
platin are extremely harmful to the ovarian reserve
and function (63). In such cases, there is a definite
and unquantifiable benefit of monitoring serum
AMH levels, because girls and young women are
at increased risk of premature ovarian failure as
well as of reduced reproductive ability. Bath and
coworkers have shown that, among patients with
regular menstrual cycles, cancer surviving women
have significantly lower basal AMH values than
controls (13.0 £+ 3.0 vs. 21.0 + 3.4 pmol/L; P < 0.05)
and higher early follicular phase FSH levels (7.5 +
1.4 vs.4.2 £0.31U/L; P =0.02) (63). In another study,
Partrige and coworkers investigated parameters of
ovarian reserve in women treated with tamoxifen
and radiotherapy for early stage breast cancer (64).
In univariate logistic analyses, AFC, FSH, AMH and
inhibin B levels were all significantly different be-
tween survivors and controls, though in a multiple
logistic regression analysis, AMH levels distinguis-
hed survivors from controls with the greatest sta-
tistical difference (odds ratio 7.63) (64). Although
the both studied groups, patients and controls,
were adequately matched, the limitation of the
study is that the parameters of ovarian reserve had
not been measured before chemotherapy started.

Development of immunoassays for AMH
measurement

The first reported AMH immunoassay used a pair
of monoclonal antibodies raised against human
recombinant AMH, both directed to epitopes in
the pro region (65). However, the use of this assay
showed results with variability in AMH concentra-
tions due to storage and freeze-thaw instability.
The second type of assay used a pair of monoclo-
nal antibodies, one directed to the pro region and
the other to the mature region of the AMH mole-
cule (61). A third assay, developed more recently,
uses a monoclonal antibody pair directed to epito-
pes in the pro region (66). The new AMH Gen Il as-
say uses a pair of monoclonal antibodies directed
to epitopes in the mature region of AMH (67). The
advantage of this assay is that measured values are
not affected by proteolysis of AMH in the sample
as the mature region is more stable against pro-
teolysis compared to the pro region, in part due to
its multiple cystine residues (67). In addition, the
Gen Il assay measures AMH in human, monkey, bo-
vine, other mammalian species with improved
performance. The lowest amount of AMH in a sam-
ple that can be detected with 95% probability is
0.57 pmol/L (0.08 ng/mL). The monoclonal antibo-
dies are developed against the epitopes of the ma-
ture region of AMH which prevents any of cross
reactions with inhibin A, LH and FSH at 2 times
their physiological concentration. In addition, po-
tential interfering substances from serum matrix
(hemoglobin, triglycerides and bilirubin) do not
deteriorate acceptable limits of + 10% difference
to the value of control specimen (68).

AMH Gen Il assay, developed by Beckman Coulter
Company (Beckman Coulter Inc., California, USA),
uses antibodies developed by Diagnostic Systems
Laboratories (DSL Inc., Texas, USA) and has been
standardized to the Immunotech calibration (Im-
munotech a.s., Check Republic) (67). The lowest
amount of AMH in a sample that can be detected wi-
th 95% probability is 0.56 pmol/L (0.08 ng/mL). Pas-
sing-Bablok regression analysis has shown a good
correlation with the Immunotech AMH ELISA (r =
0.99; P < 0.001; y = 1.0x) (67). Yet, it has to be taken
into account that laboratories implementing Beck-

Biochemia Medica 2011,21(3):219-30

227



Zecl.etal.

Anti-M(illerian hormone as a marker of fertility

man Coulter AMH Gen Il assay should expect an
increase in AMH values of approximately 40% (69).

As it is a relatively new assay, a need exists for inter-
laboratory comparison in the form of an external
quality assurance scheme (70). Even more, laborato-
ries that have implemented AMH immunoassay in a
routine practice should enroll in the external profi-
ciency testing program. The latest has recently been
established under UK NEQAS scheme design (71).

Conclusion

Extensive investigation of clinical significance of
AMH serum values undoubtedly confirms that it is
not just a “hand of biologic watch”. One may think
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Anti-Miillerov hormon: jedinstveni biokemijski marker razvoja gonada i plod-
nosti

SaZetak

Anti-Miillerov hormon (AMH) je glikoprotein dimerne grade iz skupine transformirajucih -faktora rasta (TGF-p). Temeljna uloga AMH zapocinje
tijekom spolne diferencijacije u osmom gestacijskom tjednu, kada djeluje na regresiju Miillerovih kanala u muskog ploda. Izostane li regresijski
ucinak AMH, iz Miillerovih se kanala razvija maternica, jajovodi i gornji dijelovi vagine, odnosno Zenski unutarnji reproduktivni organi. U djeca-
ka, sinteza AMH se odvija u Sertolijevim stanicama sjemenika, znacajnog je intenzitata do puberteta, nakon cega postupno opada na osnovnu
razinu do kraja Zivota muskarca. AMH sluzi kao biokemijski biljeg za dokazivanje prisutnosti sjemenika, ukoliko nisu spusteni unutar mo3nji mus-
kog novorodenceta (kriptorhizam). U Zena, AMH se sintetizira u granuloznim stanicama malih antralnih folikula u jajnicima. Tijekom djetinjstva
koncentracija AMH u serumu je niska ili nemjerljiva. Intenziviranje sinteze u jajnicima s poetkom puberteta odrazava pocetak regrutiranja pri-
o djelovanju folikulo-stimulirajuceg hormona (FSH). Serumske koncentracije AMH tijekom reproduktivnog Zivota Zene idealan su parameter u
procjeni ovarijske rezerve jajnih stanica (oocita). Prednost je AMH, u usporedbi s drugim hormonima jajnika, da prosjecne koncentracije u cirku-
laciji ne osciliraju znacajno tijekom menstruacijskog ciklusa. Pored toga, koncentracije AMH u serumu pokazuju visoki stupanj korelacije s brojem
antralnih folikula (AFC) koji se ultrazvucno prati tijekom folikularne faze ciklusa. Kako tijekom reproduktivnog Zivota Zene opada broj i kvaliteta
oocita, serumske koncentracije AMH postupno opadaju, postajuci nemjerljive s nastupanjem menopauze. Ova je znacajka AMH od osobitog inte-
resa u zena koje se zbog smanjene plodnosti podvrgavaju postupcima medicinski potpomognute oplodnje.

Kljucne rijeci: anti-Miillerov hormon; ovarijska rezerva; spermatogeneza; neplodnost; spolna diferencijacija
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