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4Integrated Pathology Core, Oregon National Primate Research Center, Oregon Health & Science
University, Beaverton, OR, United States, 5Department of Obstetrics and Gynecology, School of
Medicine, Oregon Health & Science University, Portland, OR, United States, 6Obstetrics and
Gynecology Health Center, Providence, Medford, OR, United States, 7Department of Biology &
Chemistry, School of Health Sciences, Liberty University, Lynchburg, VA, United States
Anti-Müllerian hormone (AMH) is a key paracrine/autocrine factor regulating

folliculogenesis in the postnatal ovary. As antral follicles mature to the

preovulatory stage, AMH production tends to be limited to cumulus cells.

Therefore, the present study investigated the role of cumulus cell-derived

AMH in supporting maturation and competence of the enclosed oocyte.

Cumulus-oocyte complexes (COCs) were isolated from antral follicles of

rhesus macaque ovaries for in vitro maturation with or without AMH depletion.

Oocyte meiotic status and embryo cleavage after in vitro fertilization were

assessed. In vitro maturation with AMH depletion was also performed using

COCs from antral follicles of human ovarian tissue. Oocyte maturation and

morphology were evaluated. The direct AMH action on mural granulosa cells of

the preovulatory follicle was further assessed using human granulosa cells

cultured with or without AMH supplementation. More macaque COCs

produced metaphase II oocytes with AMH depletion than those of the control

culture. However, preimplantation embryonic development after in vitro

fertilization was comparable between oocytes derived from COCs cultured

with AMH depletion and controls. Oocytes resumed meiosis in human COCs

cultured with AMH depletion and exhibited a typical spindle structure. The

confluency and cell number decreased in granulosa cells cultured with AMH
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supplementation relative to the control culture. AMH treatment did not induce

cell death in cultured human granulosa cells. Data suggest that reduced AMH

action in COCs could be beneficial for oocytematuration. Cumulus cell-derived

AMH is not essential for supporting oocyte competence or mural granulosa

cell viability.
KEYWORDS
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1 Introduction

Anti-Müllerian hormone (AMH) has been considered as a key

paracrine/autocrine factor regulating folliculogenesis in the

postnatal ovary. In mice, AMH inhibits primordial follicle

recruitment into the growing pool and the cyclic recruitment of

follicle-stimulating hormone (FSH)-sensitive follicles (1). In

primate species, after primordial follicle activation, AMH is

produced by granulosa cells (GCs) of growing follicles (2). AMH

production levels increase during the preantral stage of

follicular development, which is suggested to regulate GC

proliferation and maintain oocyte viability (3). During antrum

formation, GCs differentiate into mural GCs lining the follicle

wall and cumulus cells (CCs) surrounding the oocyte. As the

antral follicle continues to grow, AMH production declines

in mural GCs, which contributes to the decreased AMH

concentrations in follicular fluid of large antral follicles (4).

Because AMH inhibits estradiol biosynthesis, diminished AMH

level is critical for antral follicle maturation (3). In preovulatory

follicles, AMH production tends to be limited to CCs (5). Since

AMH-specific type II receptor is expressed in the oocyte of

preovulatory follicle (6), research has been conducted to

determine effects of AMH retained in CCs on the enclosed

oocyte; but results remain inconclusive.

The direct actions of AMH on oocyte maturation and

competence are often investigated during the in vitro maturation

(IVM) process. An early study in rats suggested that AMH

supplementation in cumulus-oocyte complex (COC) culture

inhibited oocyte maturation by preventing the resumption of

meiosis (7). Similar inhibitory effect was also observed in mouse

IVM, during which AMH attenuated FSH-induced cumulus

expansion and oocyte maturation (8). However, inconsistent

results were reported from other research groups. Although

oocyte maturation was not affected, AMH supplementation

during IVM improved oocyte competence in mice with an

increased blastocyst formation rate after in vitro fertilization

(IVF) (9). In addition, AMH promoted oocyte maturation when

COCs obtained from patients undergoing controlled ovarian

stimulation were cultured (6). Furthermore, in some studies,

AMH effects were not evident. For example, neither an inhibitory
02
nor a stimulatory action on meiosis resumption was significant

when rat oocytes were treated with AMH in vitro (10). AMH did

not produce any significant effects on the preimplantation

development of embryos derived from beef and dairy cattle COCs

following IVM with AMH supplementation (11). The inconsistency

of current data could be due to differences in health conditions of

animals and patients, ovarian stimulation protocols to generate

antral follicles, as well as AMH protein sources and doses used for

IVM. Thus, additional investigations are warranted to discern the

role of AMH in the COC of antral follicles.

IVM has a potential application in fertility preservation. For

patients who are not suitable for ovarian stimulation, e.g.,

prepubertal and adolescent girls, IVM of COCs isolated from

antral follicles in the ovarian tissue can produce mature oocytes

for cryopreservation (12). Therefore, in the present study, the role of

AMH in supporting oocyte maturation and competence was

determined by AMH depletion during IVM. COCs were collected

from healthy rhesus macaques, a nonhuman primate model with

similar ovary biology and physiology to those of humans, without

experiencing ovarian stimulation. IVM was also performed using

COCs obtained from unstimulated human ovarian tissue of

pediatric patients. The direct AMH action on mural GCs in large

antral follicles was further assessed using human GC culture.

According to AMH expression pattern during primate

folliculogenesis, it was hypothesized that diminished AMH

production is necessary to sustain oocyte development and GC

viability in antral follicles.
2 Materials and methods

2.1 Ethical approval

The care of rhesus macaques (Macaca mulatta) was provided by

the Division of Comparative Medicine, Oregon National Primate

Research Center (ONPRC), Oregon Health & Science University

(OHSU). Animals were treated according to the National Institutes

of Health (NIH)’s Guide for the Care and Use of Laboratory

Animals. Protocols were approved by the ONPRC Institutional

Animal Care and Use Committee (13).
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Human ovarian tissue and clinical information were obtained

from the Oregon Ovarian Cancer Registry and Tissue Repository at

OHSU. Ovarian tissue was collected with written informed consent

and de-identified. The experimental protocol was approved by the

Institutional Review Board (#921) at OHSU (14).

Collection of human IVF-derived GCs was approved by the

ethics committee of Ludwig-Maximilians-University in Munich.

Written informed consents were obtained from patients (15).
2.2 IVM of nonhuman primate COCs

Eight female macaques (8–10 year old) were assigned to the

study. Hemiovariectomies were conducted by laparoscopy during

day 1–4 of the menstrual cycles, i.e., early follicular phase. Ovaries

were kept in the Holding Media (Cooper Surgical, Inc.) at 37°C.

COCs were obtained by puncturing small antral follicles (0.5–2

mm) with a needle and cultured individually for 48 hours at 37°C

and 20% O2/5% CO2/75% N2 in 100 µl Tyrode’s albumin lactate

pyruvate media containing 5% (v/v) monkey serum, 75 mIU/ml

recombinant human FSH (Merck & Co.), 75 mIU/ml recombinant

human luteinizing hormone (LH; EMD Serono), and 10 ng/ml

amphiregulin (MilliporeSigma), as previously described (16).

Because CCs of antral follicles produce appreciable levels of AMH

(5), the role of endogenous AMH in supporting oocyte maturation

and competence was examined by AMH depletion. Experimental

groups included (a) media-only control (n = 37; 5–16 COCs/

animal) and (b) 100 ng/ml neutralizing anti-human AMH

antibody (AMH-Ab; MAB1737; R&D Systems, Inc.) (n = 38; 6–

16 COCs/animal). After IVM, conventional IVF and the subsequent

embryo culture were performed as previously reported (13). Briefly,

oocytes were denuded mechanically by gentle pipetting to assess

meiotic status. A germinal vesicle-intact (GV) oocyte contains a

large nucleus covered by a nuclear envelope. After germinal vesicle

breakdown, nuclear envelope becomes invisible in a metaphase I

(MI) oocyte. The presence of the first polar body indicates oocyte

maturation to the metaphase II (MII) stage. GV and MI oocytes

were counted before being discarded, whereas MII oocytes were

maintained in Tyrode’s albumin lactate pyruvate media at 37°C and

20% O2/5% CO2/75% N2 for IVF as previously described (17).

Macaque semen was provided by the Assisted Reproductive

Technologies Core at ONPRC, OHSU. The resulting zygotes were

transferred to 100 ml Global Medium (LifeGlobal Group) and

cultured at 37°C and 5% O2/6% CO2/89% N2. Embryonic

development was evaluated by microscopy and embryo cleavage

was recorded.
2.3 IVM of human COCs

Patients (11–14 years old; n = 3) underwent oophorectomy due

to ovarian tumors or prophylactic treatment (18) (Table 1). The

patients’ menstrual cycle stages were unknown. Ovarian tissue was

collected intraoperatively and kept in the Holding Media (Cooper

Surgical, Inc.) at 37°C. COCs were obtained by puncturing all visible

small antral follicles (2–4 mm) with a needle for IVM as previously
Frontiers in Endocrinology 03
reported (14). Briefly, COCs (n = 24; 7–10 COCs/patient) were

cultured individually for 48 hours at 37°C and 5% O2/5% CO2/90%

N2 in 100 ml SAGE In-Vitro Maturation Media (CooperSurgical)

supplemented with 75 mIU/ml recombinant human FSH and 75

mIU/ml recombinant human LH, and 100 ng/ml neutralizing anti-

human AMH-Ab to deplete endogenous AMH produced by CCs.

After IVM, oocytes were evaluated as previously reported (14).

Briefly, oocytes were denuded to assess meiotic status and diameter.

The meiotic spindle of MII oocytes was visualized by polarized

microscopy using an Oosight Imaging System (Cambridge Research

& Instrumentation).

While GV and MI oocytes were discarded after counting, to

further assess oocyte spindle structure, MII oocytes were fixed in 4%

paraformaldehyde (Electron Microscopy Sciences) for

immunofluorescence staining as previously described (19). Briefly,

oocytes were incubated with primary antibody overnight at 4°C and

secondary antibody for 1 hour at room temperature. Spindle

microtubules were labeled with a-tubulin clone DM1A (1:100;

MABT205; MilliporeSigma) followed by Alexa Fluor 488 goat

anti-mouse IgG (1:500; A-11001; Thermo Fisher Scientific).

Chromosomes were labeled with 5 mM ethidium homodimer

(Thermo Fisher Scientific). Spindle images were captured by a

Leica SP5 AOBS confocal microscope (Leica Microsystems). The

objective PL APO CS 63× 1.3 GLY UV was used to collect Z-stack

data sets with images taken every 0.5 µm.
2.4 Culture of human GCs

Human GC isolation from follicular fluid and cell culture were

performed as previously described (15). Briefly, 105 cells were

seeded per 35 mm2 plate and cultured for 72 hours at 37 °C and
TABLE 1 Patients enrolled and in vitro maturation outcomes.

Patient 1 Patient 2 Patient 3

Age (year) 11 13 14

Race/Ethnicity White/Hispanic
White/

Non-Hispanic
White/

Non-Hispanic

Diagnosis Teratoma
SMARCA4
mutation

Androblastoma

Surgery
Unilateral

oophorectomy
Bilateral

oophorectomy
Unilateral

oophorectomy

Cumulus-oocyte
complexes (n) 7 7

10

Germinal vesicle
oocytes (n) 4 4

2

Metaphase I
oocytes (n) 0 1

1

Metaphase II
oocytes (n) 3 2

7

Metaphase oocyte
diameter (mm)* 117.1 ± 0.8 118.9 ± 2.1

116.1 ± 1.3
Values are mean ± SEM with each oocyte as an individual data point. SMARCA4, SWI/SNF-
related matrix-associated actin-dependent regulator of chromatin subfamily A member 4.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1365260
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Xu et al. 10.3389/fendo.2024.1365260
5% CO2 in DMEM/F12 media supplemented with 10% (v/v) fetal

calf serum, 100 U/ml penicillin, and 100 µg/ml streptomycin.

Because AMH production by GCs of large antral follicles is barely

detectable, if not absent (20), the direct action of AMH on isolated

GCs was examined by AMH supplementation in cell culture.

Experimental groups included (a) media-only control and (b) 50

ng/ml recombinant human AMH protein (rhAMH; 1737-MS; R&D

Systems, Inc.) supplementation. AMH dosage was chosen based on

a previous dose-response study using human GC culture

supplemented with rhAMH of the same source (21). Confluency

of cultured GCs (n = 4 patients) was measured using the JuLI Br

Bright-cell Movie Analyzer (NanoEntek). Confluency data were

collected every 20 min and normalized to the corresponding

control. Cell counting (n = 7 patients) was conducted using the

Cell Counter & Analyzer CASY (OMNI Life Science GmbH &

Co KG).

Protein isolation and Western Blot were conducted as

previously described (15). Briefly, cultured GCs were lysed for

total protein extraction using a radioimmunoprecipitation buffer

with protease/phosphatase inhibitors (Thermo Fisher Scientific)

and subsequent 12% SDS-PAGE. After blotting, the membrane

was blocked with 5% nonfat milk in Tris-buffered saline with

Tween 20 (pH 7.4). Apoptosis and necroptosis were evaluated

using an Apoptosis/Necroptosis Antibody Sampler Kit (92570;

Cell Signaling Technology) including primary antibodies anti-

MLKL (mixed lineage kinase domain-like pseudokinase),

phospho-MLKL, caspase-3, cleaved caspase-3, caspase-8, and

cleaved caspase 8, as well as HRP-conjugated anti-rabbit and anti-

mouse secondary antibodies. Anti-b-actin antibody (A5441;

MilliporeSigma) was used as a loading control. Autophagy was

detected using an CYTO-ID Autophagy detection kit (ENZ-51031–

0050; Enzo Life Sciences, Inc.) according to the manufacturer’s

protocol. Images of autophagosomes stained with Cyto-ID Green

autophagy dye and nuclei stained with Hoechst 33342 were

captured by fluorescence microscopy (22). Fluorescence intensity

relative to the cell size was analyzed, with background subtracted,

using an image processing and analysis package in Java

(Fiji, ImageJ).
2.5 Statistical analyses

Statistical analysis was performed using SAS software (SAS

Institute Inc). Data represent 8 animals in macaque IVM, 3–8

metaphase oocytes from human IVM, as well as 4 and 7 patients for

the GC confluency assay and cell counting, respectively. Because

COCs from each animal were randomly distributed into the control

and AMH-Ab treatment groups, Wilcoxon signed-rank test was

used to evaluate differences in oocyte maturation and embryo

cleavage rates with each animal as a unit. Kruskal-Wallis test was

used to compare oocyte diameters with each oocyte as an individual

data point. Paired Student’s t-test was used to analyze GC

confluency and cell counting data. Differences were considered

significant at P < 0.05 and values are presented as mean ± SEM.
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3 Results

3.1 IVM of nonhuman primate COCs

COCs isolated from macaque antral follicles consisted of a

healthy GV oocyte, without vacuoles or condensed cytoplasm,

surrounded by layers of CCs (Figure 1A). Following 48 hours of

IVM, cumulus expansion was observed in all cultured COCs of the

control and AMH-Ab-treated groups (Figure 1B). All oocytes

exhibited typical morphology after IVM including GV oocytes

without resuming meiotic division (Figure 1C), MI oocytes

experienced GV breakdown (Figure 1D), and MII oocytes

extruding the first polar body (Figures 1E, G). Less than 50% of

MII oocytes were fertilized (Table 2) with the first cell cleavage

occurring within 24 hours post-IVF to become 2-cell embryos

(Figure 1F). Preimplantation embryos developed to the morula

stage within 5 days post-IVF (Figure 1H).

The percentages of GV andMI oocytes obtained after IVM were

comparable between the control and AMH-Ab-treated COCs. More

(P < 0.05) COCs produced MII oocytes with AMH-Ab addition

than those of the control culture (Table 2). However, there were no

significant differences betweenMII oocytes derived from the control

and AMH-Ab-treated COCs in terms of embryo cleavage rates

post-IVF (Table 2).
3.2 IVM of human COCs

COCs isolated from human antral follicles consisted of a

healthy GV oocyte, without vacuoles or condensed cytoplasm,

surrounded by layers of CCs (Figure 2A). Following 48 hours of

IVM, cumulus expansion was observed in all cultured COCs

(Figure 2B). All oocytes exhibited typical morphology after IVM

including GV (Figure 2C), MI (Figure 2D), and MII (Figures 2E, G)

oocytes. The first polar body and meiotic spindle were observed

with normal sizes and positions in MII oocytes, as indicated by

polarized microscopy (Figures 2E, F) (14). Confocal microscopy

imaging showed a typical barrel-shaped spindle with properly

aligned chromosomes (Figure 2H) (16).

As summarized in Table 1, a total of 24 COCs (8 ± 1 COCs/

patient) harvested from the ovarian tissue of three pediatric patients

underwent IVM with AMH-Ab addition. While (44.8 ± 12.4)% of

the oocytes remained at the GV stage, (55.2 ± 12.4)% resumed

meiosis and (47.1 ± 12.1)% matured to the MII stage. Diameters of

all MII oocytes were greater than 110 µm. There were no significant

differences in diameters of MII oocytes between patients (Table 1).
3.3 Culture of human GCs

GC confluency decreased over time in culture supplemented

with rhAMH relative to the control culture (Figure 3A). At the end

of culture, the confluency was significantly lower (P < 0.05) for

rhAMH-treated GCs than that of the control GCs (Figure 3B). Cell
frontiersin.org
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numbers also decreased (P < 0.05) for GCs treated with rhAMH

relative to controls (Figure 3C).

A ~55 kDa protein band was identified in all GC samples, which

is consistent with the predicted band size of human MLKL protein

(Figure 4A). Phospho-MLKL signal between 35 kDa and 55 kDa

was very faint and did not exhibit significant differences between the
Frontiers in Endocrinology 05
control GCs and GCs treated with rhAMH (Figure 4A). A ~35 kDa

and a ~55 kDa protein bands were identified in all GC samples,

which are consistent with the predicted band sizes of uncleaved

caspase 3 and caspase 8 proteins, respectively (Figure 4B).

Cleaved caspase 3 and caspase 8 fragments were not detected

between 15–25 kDa or 10–55 kDa, respectively, in the control
FIGURE 1

Rhesus macaque oocyte maturation and competence after in vitro maturation (IVM) with anti-Müllerian hormone (AMH) depletion. Cumulus-oocyte
complexes (COCs) underwent IVM with neutralizing anti-human AMH antibody addition (A) Cumulus expansion was observed 48 hours post-IVM (B)
Healthy germinal vesicle-intact (C), metaphase I (D), and metaphase II (MII; E, G) oocytes were obtained. The first polar body (arrows) was observed with
normal size in MII oocytes (E, G). Following in vitro fertilization (IVF), the first cleavage occurred within 24 hours to generate 2-cell embryos (F)
Preimplantation embryos developed to the morula stage within 5 days post-IVF (H). Scale bar = 100 mm for COCs and 25 mm for oocytes and embryos.
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GCs or GCs treated with rhAMH (Figure 4B). Autophagolysosomes

were visible in both the control and rhAMH-treated GCs

(Figure 4C). Fluorescence intensity was slightly, but not

significantly, elevated in GCs treated with rhAMH relative to

controls (Figure 4D).
4 Discussion

Since AMH protein expression is retained in CCs during antral

follicle maturation, the present study investigated the potential

effect of this paracrine factor on the enclosed oocyte. For the first

time, the role of AMH in supporting oocyte development in COCs

was determined in primate species utilizing IVM. Data suggest that

AMH production by CCs may negatively impact oocyte nuclear

maturation, although it does not diminish oocyte competence in the

subsequent preimplantation embryonic development following

IVF. It also appears that AMH negatively impacts the viability of

mural GCs in antral follicles.

To preclude the influence from mural GCs, COCs were isolated

from macaque antral follicles for IVM. AMH depletion was

achieved using a neutralizing AMH-Ab known for effectively

blocking endogenous AMH signaling in nonhuman primate

follicles (13). The dampened endogenous AMH action appeared

to be beneficial to oocyte maturation in vitro by doubling the

percentages of MII oocytes derived from IVM. However, oocyte

quality was not affected by AMH depletion as determined by

embryo cleavage rates after IVF. Data are consistent with

previous studies in other animal models. In vitro and in vivo

evidence in rats suggested an inhibitory role of AMH in oocyte

maturation in COCs of antral follicles. When COCs isolated from

unstimulated ovaries underwent IVM, AMH supplementation in

the media prevented meiosis resumption and GV breakdown which

was cyclic AMP-dependent (7). During spontaneous estrous cycle,

AMH production in CCs of antral follicles decreased prior to

ovulation (23). The diminished AMH protein expression in CCs

was also observed when rats were treated with gonadotropin to

induce ovulation (23). In a study using dairy and beef cattle without

experiencing ovarian stimulation, COCs were isolated from ovaries

for IVM (11). Although oocyte maturation was not assessed,

embryo cleavage rates and percentages of blastocysts obtained
Frontiers in Endocrinology 06
post-IVF were comparable between the control and rhAMH-

treated COCs. It appears that, while not affecting oocyte

competence, decreased AMH expression in CCs of antral follicles

could be beneficial to oocyte nuclear maturation. Notably, ovarian

stimulation may affect the response of isolated COCs to AMH

treatment in vitro. For example, oocyte maturation rates were not

altered by AMH supplementation during IVM, when COCs were

obtained from rat (10) or mouse (8, 9) ovaries primed by

gonadotropins. It could be due to the down-regulated AMH-

specific type II receptor expression in COCs of antral follicles by

gonadotropic and steroid hormones (24). Nevertheless, AMH

production by CCs of antral follicles does not appear to be crucial

for oocyte maturation in animal models.

The essentialness of CC-derived AMH for oocyte maturation

was further tested in human IVM. AMH depletion did not prevent

oocyte meiotic division or alter oocyte morphology. Although,

owing to the high heterogeneity of patients and lack of a control

group, the beneficial effects of AMH depletion remained

undetermined, oocyte maturation rates in the present study were

higher compared with data from previous studies in pediatric

patients (10.3–32% MII oocytes) using similar control IVM

conditions (12, 25, 26). Currently, most of the clinical studies are

conducted in patients seeking infertility treatment, such as IVF/

intracytoplasmic sperm injection (ICSI) and IVM. Data support the

association between reduced levels of CC-derived AMH and

improved oocyte development. For example, levels of AMH

mRNA were higher in CCs from compacted COCs than those of

expanded COCs after IVM (27). In patients undergoing ovarian

stimulation, AMH protein expression in CCs decreased when antral

follicles matured to the preovulatory stage (27). In preovulatory

follicles, AMH mRNA levels were lower in CCs of those containing

MII oocytes than those containing GV, MI or atretic oocytes (28).

When MII oocytes were assessed for morphological quality before

ICSI, AMH mRNA levels in CCs surrounding the morphologically

optimal oocytes were lower than those of CCs surrounding oocytes

with suboptimal morphology (29). However, levels of CC-derived

AMH were not correlated with the morphological quality of zygotes

and embryos resulted from ICSI or the embryo transfer outcomes

(29). Interestingly, AMH mRNA levels in CCs of the preovulatory

follicle increased in patients with advanced reproductive age (40–45

years) compared with those of younger patients (21–35 years),

indicating a possible involvement of CC-derived AMH in

reproductive aging (5). It appears that an intensive AMH

expression by CCs of antral follicles is not essential for oocyte

maturation or competence. Recently, a human IVM study reported

a stimulatory effect of AMH supplementation on oocyte maturation

(6). Note that, in this particular study, IVM was conducted using

denuded GV oocytes collected after ovarian stimulation. The direct

action of AMH on human oocyte maturation could be further

investigated using COCs isolated from antral follicles of

unstimulated ovarian tissue in patients with clearly documented

menstrual cycle information.

Human GC culture was performed to test AMH effects on mural

GCs derived from the preovulatory follicle. GC growth was restricted
TABLE 2 In vitro maturation of rhesus macaque oocytes.

Control AMH-Ab

Germinal vesicle
oocytes (%) 62.8 ± 13.0 36.4 ± 12.6

Metaphase I oocytes (%) 15.3 ± 9.8 20.0 ± 7.1

Metaphase II oocytes (%) 21.9 ± 10.4 43.6 ± 8.5*

Cleaved embryos (%) 33.3 ± 23.6 43.8 ± 19.1
Values are mean ± SEM with each animal as an individual data point. *, significant difference
between culture groups (P < 0.05). AMH-Ab, anti-Müllerian hormone antibody treatment.
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as indicated by the decreased cell confluency and cell numbers

following rhAMH supplementation. Neither necroptosis nor

apoptosis was induced by rhAMH treatment as suggested by the

minimal phospho-MLKL signal and absence of cleaved caspases,

respectively, in cultured GCs. There appeared to be a slight increase
Frontiers in Endocrinology 07
in the autophagy process, but a significant difference was not

identified between the control and rhAMH-treated GCs.

Therefore, the underlying biochemical pathways that led to limited

GC growth in vitro remain to be evaluated in future studies.

Nevertheless, the present data are consistent with and complement
FIGURE 2

Human oocyte maturation and morphology after in vitro maturation (IVM) with anti-Müllerian hormone (AMH) depletion. Cumulus-oocyte
complexes (COCs) underwent IVM with neutralizing anti-human AMH antibody addition (A) Cumulus expansion was observed 48 hours post-IVM (B)
Healthy germinal vesicle-intact (C), metaphase I (D), and metaphase II (MII; E, G) oocytes were obtained. The first polar body (arrows) and meiotic
spindle (arrowheads) were observed with normal sizes and positions in MII oocytes by polarized microscopy (E, F). Immunofluorescence (green,
tubulin; blue, DNA) shows a spindle with properly aligned chromosomes in MII oocytes (H) Scale bar = 100 mm for COCs, 25 mm for oocytes, and 5
mm for the spindle.
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to observations in a previous in vivo study in nonhuman primates

(3). When rhAMH was infused into macaque ovaries, mural GC

division was inhibited in antral follicles as indicated by cell cycle

arrest. Apoptosis was not identified in rhAMH-infused ovaries based

on TUNEL staining. The rhAMH infusion induced beclin-1 protein

expression in oocytes, suggesting an active autophagy process, but

not in mural GCs of antral follicles. Taken together, AMH may

inhibit mural GC proliferation without affecting cell viability during
Frontiers in Endocrinology 08
antral follicle maturation. In preovulatory follicles, decreased AMH

production by CCs could be necessary for sustaining mural GC

growth and oocyte viability.

In summary, the present in vitro studies demonstrate that

reduced AMH action in COCs is beneficial for oocyte maturation

during antral follicle development in primate species. CC-derived

AMH is not essential for supporting oocyte developmental

competence or mural GC viability. Thus, AMH expression levels
B

C

A

FIGURE 3

Effects of anti-Müllerian hormone (AMH) on human granulosa cell (GC) growth in culture. The cell confluency data were collected every 20min and
normalized to the corresponding control. GC confluency decreased over time in culture supplemented with recombinant human AMH (rhAMH)
relative to the control culture (A) At the end of culture, cell confluency was lower for rhAMH-treated GCs than that of the control GCs (B) Cell
numbers decreased for GCs treated with rhAMH relative to controls (C) *, significant difference between culture groups, P < 0.05. Data are
presented as mean ± SEM.
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in CCs may serve as a biomarker for oocyte maturation potential

during IVF in patients. Effects of AMH depletion can be further

studied in cultured COCs from patients in various age groups for

the potential clinical applications in IVM or in vitro follicle

maturation to improve oocyte maturation rates.
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C

D

A

FIGURE 4

Effects of anti-Müllerian hormone (AMH) on programmed cell death of human granulosa cells (GCs) in culture. While mixed lineage kinase domain-
like pseudokinase (MLKL; ~55 kDa) was detected in the control and recombinant human AMH (rhAMH)-treated GCs by Western blot, phospho-MLKL
(necroptosis indicator; 35–55 kDa) signal was minimal (A). While uncleaved caspase 3 (~35 kDa) and caspase 8 (~55 kDa) were detected, cleaved
protein fragments (apoptosis indicators; clCaspase 3, 15–25 kDa; clCaspase 8, 10–55 kDa) were not detected in the control or rhAMH-treated GCs
by Western blot (B). The b-actin protein served as the loading control (A, B). Fluorescence microscopy shows autophagolysosomes (green) in both
the control and rhAMH-treated GCs (blue, DNA) (C). Fluorescence intensity was slightly, but not significantly, elevated in GCs treated with rhAMH
relative to controls (D).
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