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Abstract
Objective—To investigate the relationship between antimullerian hormone (AMH) and
steroidogenesis in follicles of normoandrogenic ovulatory women undergoing FSH therapy for IVF-
ET.

Design—Prospective cohort.

Setting—Institutional/private practice.

Patients—26 normoandrogenic ovulatory women. All women received GnRH analog and ovarian
stimulation for IVF-ET.

Interventions—Follicle fluid was aspirated at oocyte retrieval from the first follicle of each ovary.

Main Outcome Measures—Follicle fluid was assayed for AMH, E2, P, androstenedione, T,
dihydrotestosterone, insulin and FSH.

Results—Intrafollicular AMH levels positively and negatively correlated with E2 and FSH
concentrations in follicles, respectively, causing a positive relationship between follicle fluid AMH
levels and E2/FSH ratios as a measure of follicle sensitivity to FSH. A positive relationship also
existed in follicles between AMH levels and E2/androgen ratios as a marker of aromatase activity.

Conclusions—AMH levels in follicles of IVF patients positively correlate with follicle sensitivity
to FSH.
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INTRODUCTION
As a homodimeric glycoprotein of the transforming growth factor-β (TGF- β) superfamily,
antimullerian hormone (AMH) is emerging as an important regulator of mammalian follicle
development (1,2). Produced by granulosa cells of growing follicles after birth (3), AMH levels
normally are low in primary follicles, increase to maximal levels in large preantral and small
antral stages, and then decline during final follicular maturation, becoming restricted to
cumulus cells surrounding the oocyte (4). Serum AMH concentrations correlate with the
numbers of antral follicles before and with the ovarian response to gonadotropin therapy for
IVF-ET (5,6), and diminish after oophorectomy to those of ovary-intact postmenopausal
women (1). Within the mammalian ovary, moreover, AMH inhibits follicle recruitment and
FSH-dependent follicle growth as well as selection (1,2), thereby suppressing aromatase
activity during early folliculogenesis (7).

These inhibitory actions of AMH on early follicle development are overcome by FSH therapy
during IVF-ET, which raises circulating FSH levels above the threshold sensitivity of follicles
to FSH. Following gonadotropin therapy for IVF-ET, AMH concentrations in small (8–12 mm
in diameter) and large (16–20 mm in diameter) antral follicles positively correlate with
granulosa cell responsiveness to FSH and negatively correlate with intrafollicular P levels
(8). Moreover, AMH levels in these large antral follicles predict enhanced embryo implantation
and successful pregnancy outcome, suggesting a role for AMH in oocyte development (6).
Since appropriate ovarian steroidogenesis is a prerequisite for optimal oocyte development
(9), the present study investigates the relationship between AMH and steroidogenesis in
follicles of normoandrogenic ovulatory women undergoing recombinant human (rh) FSH
therapy for IVF-ET.

MATERIALS AND METHODS
Experimental Subjects

Institutional Review Board approval was obtained before initiation of the study and fully
informed consent was obtained from 26 normoandrogenic ovulatory women undergoing
gonadotropin therapy for IVF-ET. Normoandrogenic ovulatory women received assisted
reproduction for non-ovarian indications (male factor [n=15], endometriosis [n=3], tubal factor
[n=4] and multifactor infertility [n=4]). General inclusion criteria were age less than 38 years,
normal serum prolactin levels and normal thyroid function studies. No woman had
galactorrhea, endometriomas, or ovarian cysts greater than 18 mm in diameter.

All normoandrogenic ovulatory women had regular menstrual cycles occurring every 21–35
days, luteal serum P values (>3 ng/mL [SI Conversion, 3.18 nmol/L]) and absence of
hyperandrogenism, as previously described (10,11). None had polycystic ovaries by
transvaginal ultrasound (TVUS) (12). Fourteen women had a body mass index (BMI) < 25 kg/
m2, while the remaining 12 individuals had a BMI ≥ 25 kg/m2. The patient/IVF-ET cycle
characteristics and follicle fluid hormone determinations of these individuals previously have
been reported (10,11).

Gonadotropin stimulation for IVF-ET
Briefly, all women began midluteal leuprolide acetate (Lupron, TAP Pharmaceuticals) therapy
at a dose of 1.0 mg subcutaneously (sc) each day until pituitary down-regulation (e.g., no
ovarian cysts larger than 18 mm in diameter and serum E2 <50 pg/mL), after which the dose
was reduced to 0.5 mg daily until the day of hCG administration. Recombinant human (rh)
FSH (Gonal-F, Serono Laboratories, Madrid, Spain) was started at 225 IU daily SC for 3 days,
followed by daily changes in dosage, as necessary. Human chorionic gonadotropin (10,000
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IU, IM) was administered when at least two dominant follicles reached ≥ 18 mm in diameter
and serum E2 levels reached approximately 300 pg/mL/dominant follicle. At oocyte retrieval,
follicular fluid was aspirated from the first follicle of each ovary, which was selected by
accessibility and size of at least 16 mm in mean diameter, as calculated by 3 independent
follicular measurements in perpendicular planes. These measurements were used to calculate
the size of the follicle in which AMH predicts enhanced oocyte quality (6), while also
controlling for follicle size as a confounding variable (8).

Follicle fluid AMH determinations
Only fluid uncontaminated by blood from the study follicle of each ovary was individually
assayed for AMH (total follicle number: N=36), as described below. All follicle fluid samples
were stored at −80 C for later hormone determinations.

Hormone assays
All AMH, sex steroid, insulin and FSH analysis were performed in the National Primate
Research Center (NPRC) Hormone Assay Services Laboratory (10,11). Follicular fluid AMH
was measured by enzymeimmunoassay (13) and the intra- and interassay CVs for AMH were
1.9% and 8.3%, respectively. The lower level of AMH detection was 0.025 ng/mL. The AMH
enzymeimmunoassay measures total AMH since both its capture and detection antibodies
recognize epitopes in the pro-region of the AMH molecule (14). As both N-terminal domain
and C-terminal domain circulate in non-covalent attachment, and such attachment is required
for full bioactivity (15), measurement of total AMH provides relevant quantitation of
biologically active AMH. Follicular fluid FSH, E2, androstenedione (A4) and insulin were
measured by RIA. The intraassay coefficients of variation (CVs) were: FSH, 3.6%, E2, 5.7%,
A4, 4.9% and insulin, 4.6%; the interassay CVs were: FSH, 6.9%, E2, 18.6%, A4, 17.2% and
insulin, 7.9%. P, T and dihydrotestosterone (DHT) were measured by an enzyme immunoassay,
as previously described (10,11). The intraassay CVs were: P, 3.6%, T, 1.8% and DHT, 3.2%;
the interassay CVs were: P, 20.0%, T, 19.0% and DHT, 18.3%.

Statistical analysis
Logarithmic transformations were performed when necessary to meet assumptions in
regression modeling. Regression models with estimation by generalized estimating equations
(16) were used to estimate associations between AMH and hormone levels in the same follicle,
while adjusting for intra-subject correlations owing to more than one follicle per patient (10,
11). Follicle fluid hormone values were adjusted a priori for the effects of patient age and BMI
on AMH production (1,17), and were expressed as ng/mL rather than ng/mg protein because
protein content in follicular fluid increased with follicle size (data not shown). P<0.05 is
considered significant.

RESULTS
Adjusting for BMI and age, AMH levels positively correlated with E2 concentrations (R=
+0.26; P<0.025) and negatively correlated with FSH (R=−0.74; P<0.0001) concentrations in
all follicles, causing a positive relationship in follicular fluid between the amounts of AMH
and the proportions of E2 relative to FSH (R=+0.70; P<0.0001, Figure 1). Moreover, although
intrafollicular AMH and androgen levels were unrelated (A4, P=0.9; T, P=0.1), a positive
relationship also existed in follicles between the amounts of AMH and the ratios of E2/A4 (R=
+0.26; P<0.025) and of E2/T (R=+0.31; P<0.0005). In these same follicles, AMH
concentrations were unrelated to the levels of DHT (P=0.6), P (P=0.5) and insulin (P=0.4), or
the ratios of DHT/T (P=0.9) and P/E2 (P=0.1).
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DISCUSSION
Produced predominantly by granulosa cells of preantral and small antral follicles (4), AMH
inhibits follicle recruitment and attenuates the FSH-dependent increase in aromatase activity
during early follicle development (1,2,7). In follicles of women receiving GnRH analog/rhFSH
therapy followed by hCG administration, however, our study shows that AMH levels positively
and negative correlate with E2 and FSH concentrations, respectively. Adjusting for patient age
and BMI, the consequent positive relationship between intrafollicular AMH concentrations
and E2/FSH ratios parallels a positive correlation between AMH levels and E2/androgen ratios
(as estimates of aromatase activity) in the same follicles, suggesting that AMH inhibition of
FSH-dependent aromatase activity in early folliculogenesis is overcome when the threshold
sensitivity of the follicle to FSH is exceeded by exogenous FSH administration (7,18)

One reason why AMH inhibition of FSH action is attenuated in IVF patients is that
intrafollicular AMH concentrations decline by two to three orders of magnitude during
gonadotropin stimulation for IVF-ET (1,19,20). In support of this, follicle fluid AMH
concentrations in our study (mean, 1.4 ng/mL) and other IVF studies (mean, 1.2–2.8 ng/mL)
are markedly lower than those reported in small human antral follicles (< 8–9 mm; mean, 790
ng/mL) (20,21). Within small follicles, moreover, AMH is expressed exclusively by granulosa
cells with mitotic activity (22,23), presumably because it interacts with mitogenic growth
factors during follicle development (i.e., epidermal growth factor, transforming growth factor-
β, and insulin-like growth factor-I) (24,25). Therefore, our findings of a positive relationship
between intrafollicular AMH concentrations and the ratios of E2/FSH and E2/androgens in the
same follicles may represent the degree of granulosa cell proliferation during FSH-stimulated
follicle growth, which could counteract AMH inhibition of FSH-dependent aromatase activity
during folliculogenesis (6,8,20,21). An alternate explanation for our findings is that decreased
AMH bioactivity from polymorphisms in AMH or the AMH type II receptor might
simultaneously increase AMH production and decrease AMH inhibition of follicle sensitivity
to FSH (26). In rats, AMH and AMH type II receptor messenger ribonucleic acids (mRNAs)
are primarily coexpressed in preantral and small antral follicles (27), supporting an autocrine
action for AMH during early follicular development, although AMH type II receptor mRNA
expression is low in human preantral follicles (28) and is unknown during later human
folliculogenesis.

Our study does not confirm previous observations of an inverse relationship between AMH
and P levels in similarly-sized follicles of IVF-ET patients (6,8). Absence of a relationship
between AMH and follicle luteinization (i.e., follicle fluid P level and P/E2 ratio) may be unique
to our exclusive use of GnRH analog/rhFSH therapy, rather than the use of other gonadotropin
therapies that utilize GnRH antagonist or combined FSH/LH (6,8). During ovarian stimulation
for IVF-ET, GnRH analog administration induces differences in granulosa cell cycle kinetics
associated with AMH alterations in follicular fluid (29), while LH supplementation alters
ovarian steroidogenesis (30), suggesting complex interactions between AMH production and
follicle luteinization by type of ovarian stimulation protocol. Luteinizing hormone, but not
FSH, also tends to elevate AMH release from cultured granulosa cells of small human antral
follicles (greater than 10mm in diameter) (13), further complicating interpretation of AMH
results from ovarian stimulation protocols that combine FSH/LH.

In this study, large preovulatory follicles (>15 mm in diameter) alone were examined because
AMH levels in follicles of this size predict enhanced oocyte developmental competence, as
defined by improved embryo implantation and successful pregnancy outcome by IVF-ET (6).
Furthermore, human cumulus cells contain AMH protein, raising the possibility that AMH in
follicles of IVF-ET patients has a cumulus cell origin (4). Such a hypothesis agrees with the
observation that granulosa cells lose their AMH expression at the 6–8 mm stage of follicle
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development (4,13), although high intraovarian AMH levels from multiple preantral and small
antral follicles might also diffuse into large follicles during gonadotropin therapy for IVF-ET.

Despite the same starting dose of rhFSH in all study participants, the FSH concentration in the
follicle is directly proportional to the total amount of rhFSH administered (18), raising the
possibility that differences in intrafollicular FSH availability might have affected AMH
production. In female immature rats treated with GnRH antagonist, for example, rhFSH
administration down-regulates AMH mRNA expression in preantral and small antral follicles
(27). Nevertheless such an inverse relationship between FSH availability and AMH production
in the rodent ovary may be less relevant in the primate ovary since GnRH antagonist
administration to adult female marmoset monkeys decreases AMH protein expression in
preantral and early antral follicles (31), while FSH stimulation of human granulosa cells in
vitro has no effect on AMH secretion (13).

Other limitations of this study include the relatively small number of patients, which precludes
examining the effects of patient age and BMI on intrafollicular AMH levels (1,17), including
the controversial role of insulin resistance in AMH regulation (32). Lacking sufficient
statistical power, however, our analysis adjusted data a priori for both age and BMI, given their
possible associations with AMH production (1,17). In addition, the exclusive use of GnRH
analog/rhFSH therapy, while controlling for type of ovarian stimulation, does not allow
extrapolation of our data to other ovarian stimulation protocols that, by eliminating GnRH
analog or adding LH supplementation, might affect AMH production differently (29,30).
Importantly, the existence of AMH protein in human cumulus cells (4) raises questions as to
whether cumulus cell-oocyte signaling mediated by AMH affects human oocyte development,
given its interactions with oocyte-derived factors to regulate meiosis in animals (25,33,34,
35), and its abilities in follicle fluid to predict successful oocyte fertilization and improved
pregnancy outcome by IVF-ET (6,36,37).
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Figure 1.
Correlations between AMH and hormone concentrations in follicles of 26 normoandrogenic
ovulatory women undergoing IVF-ET. AMH levels significantly correlated with E2 (R=+0.26;
P<0.025) and FSH (R=−0.74; P<0.0001) concentrations as well as E2/FSH (R=+0.70;
P<0.000), E2/A4 (R=+0.26; P<0.025) and E2/T (R=+0.31; P<0.0005) ratios. Conversion to SI
units, AMH* 7.14 pmol/L. The first follicle of each ovary was selected by size (at least 16 mm
in diameter) and accessibility to replicate the follicle size in which AMH previously has been
shown to predict enhanced oocyte development (6).
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