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Abstract
Purpose To determine whether pharmacological administration of recombinant human anti-Mullerian hormone (rAMH) protects
the ovarian reserve and preserves fertility without interfering with anti-tumoural cytotoxic action of chemotherapy.
Methods Intraperitoneal delivery of rAMH and ovarian post-receptor activity were assessed with immunohistochemistry and
western blot. Differential follicle counts and reproductive outcomes were assessed after cyclophosphamide (Cy) administration,
with/without concurrent administration of rAMH. Interference of rAMHwith Cy chemotoxicity was assessed on a human breast
cancer cell line and an in vivo mouse model of human leukaemia.
Results rAMH reached the ovary after intraperitoneal injection and demonstrated post-receptor bioactivity. Cy administration in
mice caused primordial follicle activation, as shown by a decrease in primordial follicle population accompanied by an increase in
early growing follicles and granulosa cell proliferation. Co-administration of rAMH reduced follicle activation, thereby
protecting the primordial follicle reserve, and improving long-term fertility and reproductive outcomes. rAMH co-
administration did not interfere with the cytotoxic actions of Cy in vitro on breast cancer cell line or in vivo in a model of human
leukaemia.
Conclusion This study demonstrates that rAMH is bioactive in the ovary for a limited time, and that pharmacological adminis-
tration of rAMHduring chemotherapy treatment reduces follicle activation and primordial follicle loss and significantly improves
reproductive outcomes in a mouse model, and does not interfere with the therapeutic actions of the treatment. Further investi-
gation is necessary to determine whether it has similar protective effects in the human ovary.
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Introduction

The cause of premature ovarian insufficiency (POI) in cancer
survivors is chemotherapy-induced loss of the primordial fol-
licle (PMF) reserve [1]. While there are several methods cur-
rently available to help preserve fertility in cancer patients
(including embryo, oocyte, and ovarian tissue cryopreserva-
tion [2–4], these methods are all invasive procedures and are

limited by patient age and status or limited by the timeframe
necessary before treatment. As such, there has been a focus on
developing preventative pharmacological methods for fertility
preservation, which will be suitable for all patients, and enable
them to retain their natural fertility by preventing the loss of
ovarian follicle reserve during chemotherapy [5, 6].

Chemotherapy-induced loss of the ovarian follicle reserve
occurs via multiple routes, both extrinsic to the dormant folli-
cle such as stromal fibrosis [7, 8] and intrinsic to the dormant
follicle population. We previously demonstrated that
alkylating agent cyclophosphamide (Cy) induces PMF loss
in mice via dormant follicle activation and ‘burn-out’ [9].
Other studies have since corroborated this ‘burn-out’ effect,
both with Cy ([10]—in mice; [11]—in human ovarian tissue)
and with another ovotoxic chemotherapy drug, cisplatin [12,
13]. This accelerated follicle activation appears to be caused
by dysregulation in pathways that control follicle dormancy
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including upregulation of the PI3K-Akt signalling pathway.
This has been substantiated by evidence in animal models that
treatment with PI3K pathway suppressors [9, 14, 15] attenu-
ates the follicle activation and loss caused by chemotherapy
and preserves fertility. It has also been suggested that activa-
tion is triggered by the death of growing follicles [16], which
play a vital role in maintaining PMF suppression via the ex-
cretion of suppression factors, primarily anti-Mullerian hor-
mone (AMH) [17]. AMH is a highly specific negative regu-
lator of follicle activation [18] and in vitro studies of mouse,
bovine, and human ovarian tissue have demonstrated that the
addition of AMH to culture media reduces the activation and
growth of primordial follicles [17, 19–21]. The ‘burn-out’
hypothesis suggests that removal or interruption of this sup-
pression, such as occurs when chemotherapy causes death of
the growing follicles, causes PMF activation. Recent studies
have shown that virally produced human AMH or recombi-
nantmouse AMH can attenuate chemotherapy-induced loss of
ovarian reserve in mice [22, 23]. This study examines deliv-
ery, presence, and in vivo bioactivity of human C-terminus
recombinant AMH (rAMH), and the efficacy of rAMH to
protect the follicle reserve and long-term fertility in a mouse
model of ovotoxic chemotherapy. In order to further examine
the potential of rAMH for use in conjunction with cancer
treatments, we also investigated whether rAMH acts by inter-
fering with the cytotoxic activity of the chemotherapy using
two models of human cancer: a breast cancer cell line and an
in vivo model of leukaemia.

Materials and methods

Ethical approvalAll animal experiments were approved by the
Institutional Animal Care and Use Ethics Committee.

Mice All mice (Envigo, Israel) were housed under special
pathogen free (SPF) conditions, with a 12-h light/dark cycle
and free access to an autoclaved pelleted diet and water.
‘Low-reserve’ mice were a group of mice which were treated
at 6 weeks of age with 4 weekly doses of 75 mg/kg Cy [24], in
order to reduce their ovarian reserve and used for initial phar-
macokinetic studies 6 months later (n = 3 mice per treatment
group per timepoint). Ovaries were removed 2, 7, and 17 h after
rAMH injection for histological analysis. For the in vivo treat-
ment study, mice (n = 6–8 mice per group per timepoint) were
injected with 5 μg/mouse rAMH (recombinant human MIS/
AMH, R&D Systems, USA) half an hour prior to Cy injection
(150 mg/kg, IP), and then every 6 h for a total of 5 injections
over 24 h (timeframe was based on results of pharmacokinetic
study). Ovaries were removed 2, 7, or 21 days post initial Cy
injection. The mating experiment was based on our previous
study [9]; 5-week-old female Balb/C mice were randomly allo-
cated to one of four treatment groups (n = 10mice per treatment

group). One group received two separate IP injections of
150 mg/kg Cy 2 weeks apart. The second group received the
same doses of Cy, along with rAMH during each treatment, as
above (5 doses of 5 μg/mouse every 6 h). A third group re-
ceived only rAMH injections, and a fourth group received PBS
in equivalent volumes. One month after the second dose of Cy,
the mice were mated for 7 days, 2 females per proved fertile
male Balb/C mice. They were then separated from the males
and monitored for 3 weeks until they gave birth. This cycle was
repeated every 7 weeks for a total of 5 mating rounds.
Pregnancy incidence was calculated as the number of mice
per group which achieved at least one pregnancy. Pregnancy
rate was calculated as the number of pregnancies achieved by
each mouse divided by the total number of mating rounds.

Biotin labelling rAMH was biotin-labelled using Lightning-
Link Rapid Biotin Conjugation Kit according to the manufac-
turer’s instructions (Innova Biosciences, UK). Labelled
rAMH was immediately injected IP into mice. Ovaries were
harvested 6 h following labelled rAMH injection, and proc-
essed for immunohistochemistry.

Western blotting for SMAD 1/5/8 Whole ovaries were
homogenised in a RIPA buffer (Sigma-Aldrich, Israel) con-
taining phosphatase and protease inhibitors (Roche,
Switzerland). Protein content was determined with a
bicinchoninic acid reagent, and 25 μg of protein from each
sample was loaded onto 12% SDS-polyacrylamide gels. After
transferring proteins to nitrocellulose membranes, blots were
probed with appropriate antibodies: Phospho-Smad1 (Ser463/
465)/Smad5 (Ser463/465)/Smad8 (Ser465/467) (D5B10) rab-
bit mAb (no. 13820), vinculin (E1E9V) rabbit mAb (no.
13901) from Cell Signaling Technology (USA); peroxidase-
conjugated AffiniPure Goat Anti-Rabbit IgG (111-035-003,
Jackson ImmumoResearch Laboratories, USA) was used to
detect proteins through enzymatic chemiluminescence sub-
strate (Westar Nova 2.0, Cyanagen).

Histology and follicle counts Ovaries were fixed in 4% para-
formaldehyde (PFA), paraffin embedded, serially sectioned
(5 μm sections), and stained with haematoxylin and eosin.
Differential follicle counts on whole ovaries were conducted
at consecutive intervals of 100 μm to avoid double counting
of follicles, and a correction factor applied to produce an esti-
mate of the total follicles in the ovary [9, 15, 25]. Follicle stage
was classified according to the accepted definitions [26]. A
primordial follicle was counted when the nucleus was
clearly identified surrounded by a single layer of flattened
squamous follicular cells. A primary follicle was defined
as an oocyte surrounded by a single layer of cuboidal gran-
ulosa cells. A secondary follicle had 2 or more layers of
cuboidal granulosa cells, but no antrum, and was counted
only if nucleus was visible.
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Immunohistochemistry for KI67 Sections were incubated for
1 h with primary antibodies: Ki-67 (rabbit monoclonal, 275R,
1:200, Cell Marque). Slides stained with secondary antibody
only served as negative controls. Murine lungs bearing Lewis
lung carcinoma (LLC) served as positive control for Ki-67.
HRP detection was conducted using HiDef detection polymer
(954D, Cell Marque, USA), and peroxidase substrate kit (SK-
4100, Vector Labs, USA) was used as a chromogen and
haematoxylin as counterstain.

XTT assayMDA-MB-231 breast cancer cells were cultured in
DMEM supplemented with 10% fetal calf serum and 1%
penicillin-streptomycin (all from Biological Industries, Israel).
For the XTT assay, cells were plated at 3–5 × 103 cells per well
into 96-well plates in media with the addition of 200 ng/ml
rAMH, 0–80μg/ml phosphoramidemustard CS (PM), or a com-
bination of the two compounds at the indicated concentrations.
XTT assay was performed according to the manufacturer’s in-
structions (Biological Industries, Israel). Briefly, after 48 h of
treatment, cells were cultured for 2–24 h with XTT reagent.
Absorbance of the formazan product was measured at 450 nm
with a multichannel microplate spectrophotometer (Tecan).
Experiments were done in quadruplicates, and repeated 3 times.

In vivo drug interference assay Seven- to ten-week-old
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG, Jackson
Laboratory) female mice (n = 26) were injected with 5 × 106

B cell precursor leukaemia NALM6 cell line [27, 28]. Once
xenografts were successfully engrafted in the bone marrow
(BM) (5–10% human blasts verified by BM aspiration), mice
were randomised to four treatment groups, PBS, rAMH, Cy,
and Cy+rAMH. rAMH (5 μg/mouse) was injected IP half an
hour prior to Cy injection (150 mg/kg, IP), and then every 6 h
for a total of 5 injections over 24 h. Forty-eight hours after Cy
treatment, mice were sacrificed and the BM and spleen were
harvested. The spleen weight and size were measured. Spleen
and BM samples were labelled with the following antibody
mix: 7AAD (BD bioscience, USA), ECD-labelled human
CD19 (Beckman Coulter, USA), PE-Cy7-labelled human
CD10 (Beckman Coulter, USA), Alexa Flour 450–labelled
mouse CD45 (ThermoFisher, USA) for 20 min at 4 °C, and
measured by flow cytometer (Beckman Coulter, USA).
Disease burden was assessed at this end point by measuring
the absolute number of bonemarrow and spleen blasts (human
CD10+/CD19+ cells) using CountBright absolute counting
beads (ThermoFisher, USA).

Statistics Data from treated and untreated groups were com-
pared using the Kruskal-Wallis test (with multiple compari-
sons using Dunn’s test) or Tukey’s multiple comparison test
(for the in vivo model of leukaemia). All statistical tests were
two-sided. A p value < 0.05 was considered to be statistically
significant.

Results

Injected human C-terminus rAMH reaches the ovary
and has bioactivity in mouse ovaries

We initially conducted studies to clarify the in vivo kinetics
and bioactivity of the rAMH. Biotin-labelled rAMH was de-
livered via IP injection and was visualised in the ovary 6 h
post injection in the cytoplasm of granulosa cells of small
growing follicles in the ovarian cortex and in areas of the
surrounding stroma (Fig. 1a). The presence of injected
rAMH in the ovary was confirmed in a model of low-
reserve mice. These mice had been pre-treated with multiple
doses of Cy to reduce their ovarian reserve to almost nothing
(in previous studies, primordial follicle reserve was reduced
by 95% [9], such that their baseline level of AMH was ex-
tremely low thereby enabling detection of injected rAMH). In
these mice, an increasing presence of rAMHwas visible in the
ovaries up to 7 h post IP injection, with no rAMH evident by
17 h post injection (Fig. 1b). It was not possible to more
specifically localise the rAMH to primordial follicles since
as a result of the pre-treatment with Cy, these ovaries
contained almost no follicles. Based on this information on
the kinetics of rAMH in vivo, in the subsequent in vivo ex-
periments, mice were given IP injections of rAMH at 6 hourly
intervals. To investigate the bioactivity and cross-reactivity of
the human C-terminus rAMH used in this study, we tested
in vivo post-receptor activity in the SMAD pathway in ovaries
of mice injected with rAMH (Fig. 1c). AMH has been shown
to act via the SMAD molecular pathway, binding to a type I
and type II receptor complex which phosphorylates SMAD 1,
5, and 8, triggering in turn the phosphorylation of SMAD 4
[29, 30]. An increase in pSMAD1,5,8 was seen in ovaries
between 3 and 6 h after in vivo injection of rAMH (Fig. 1c).
These studies demonstrate that IP injection is an efficient
method for delivery of rAMH to the ovary, that rAMH is only
present in the ovary for a short time, and that rAMH has
bioactivity.

rAMH co-treatment reduces chemotherapy-induced
follicle activation and loss in vivo

We examined the impact of rAMH co-treatment in vivo on
follicle dynamics in amouse model of Cy-induced ovotoxicity
[9, 24]. Differential follicle counts conducted on ovaries re-
moved 7 days after treatment exhibited a reduction in primor-
dial follicles in ovaries from mice treated with Cy alone al-
ready at this stage (Fig. 2a), and a significant increase in the
number of primary follicles in ovaries from the Cy group
compared with controls (270 ± 26 vs. 138 ± 12.9, p < 0.05;
Fig. 2b). Co-administration of rAMH, however, significantly
reduced the increase in primary follicles that occurred after Cy
treatment (168 ± 15 vs. 270 ± 26, p < 0.05; Fig. 2b). The ratio
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of growing to dormant follicles for mice in the Cy treatment
group was significantly increased (0.9 ± 0.07 compared with
0.59 ± 0.09, p < 0.05), and co-administration of rAMH

reduced this ratio to levels on par with control groups (0.44
± 0.04; Fig. 2c). Representative images of ovaries from each
treatment group are presented in Fig. 3, showing primordial
follicles (black arrows), and primary follicles (red arrows).
The changes in follicle dynamics observed immediately after
Cy treatment were supported by proliferation staining, which
showed increased proliferation (Ki67 staining) in granulosa
cells of follicles in Cy-treated mice 2 days after the beginning
of the treatment (yellow arrows indicate follicles with positive
Ki67 staining, Fig. 3). However, no increase in proliferation
was seen in ovaries of mice which were co-treated with
rAMH, indicating that rAMH co-administration reduces the
activation and growth of the PMFs caused by Cy.

Evaluation of ovarian reserve was conducted in a study
which examined a longer timepoint of 3 weeks following Cy
treatment, once changes in follicle growth would have passed
and the final impact of treatment on ovarian reserve could be
assessed. Three weeks after Cy treatment, ovaries demonstrat-
ed a significantly reduced population of primordial follicles,
with a mean of 483 ± 42 PMF per ovary compared with 865 ±
77 in the control group (p < 0.05; Fig. 2d). However, mice
which received rAMH co-treatment with Cy had a significant-
ly greater number of PMFs per ovary (695 ± 57), an increase
of 34% compared with Cy alone (p < 0.05), demonstrating a
protective effect of rAMH on the ovarian reserve.

Fig. 2 rAMH reduces follicle activation and loss in an in vivo mouse
model of Cy treatment. Mature 6-week-old female mice were treated with
a single dose of 150 mg/kg Cy with or without co-treatment with rAMH
(IP injection of 5 μg per mouse every 6 h) for the first 24 h. (a, b, c)
Differential follicle counts were conduction on ovaries removed 7 days
after treatment. (a) Primordial vs. growing follicle numbers, mean follicle
number per ovary ± SEM, n = 6–8 mice per treatment group, *p < 0.05
#p = 0.05). (b) A comparison of the numbers of primary vs. secondary and

larger follicles shows the changes within each follicle class incurred by
the treatment (7 days after treatment, *p < 0.05). (c) Ratio of growing
(primary, secondary, and antral) to dormant (primordial) follicles in ova-
ries of each treatment group (data represent means of the ratios of each
ovary ± SEM, *p < 0.05). (d) PMF counts conducted on ovaries removed
21 days after Cy treatment for assessment of the impact of treatment on
primordial follicle reserve (data shown represents mean follicle number
per ovary ± SEM, n = 6–8 mice per treatment group, *p < 0.05)

�Fig. 1 Bioactivity and IP delivery of rAMH. (a) rAMH was biotin-
labelled and injected IP into 6-week-old female mice (10 μg per mouse).
Histological analysis was conducted on ovaries removed 6 h post injec-
tion (n = 4). PBS-injected (row 1) and biotin-rAMH-injected (rows 2–4)
samples were stained with AMH (green) and biotin (red), and DAPI
(blue) antibodies. Yellow staining indicates merged AMH and biotin,
representing exogenous rAMH. White circles outline the small growing
follicles showing the presence of endogenous and exogenous AMH in the
cytoplasm of the granulosa cells and in stromal cells in the surrounding
tissue. Biotin-labelled exogenous rAMH can be clearly seen in the cyto-
plasm of granulosa cells of growing follicles (marked by arrows in row 2)
and in areas of the ovarian stroma (marked by arrows in rows 3 and 4).
Magnification × 63. (b) Mature 6-week-old female mice were treated
with 4 weekly doses of 75 mg/kg Cy, a dose which reduced ovarian
follicle reserve to below 10% of normal values in our previous studies
[9]. Six months later, when almost the entire ovarian reserve was depleted
and endogenous levels of AMHwere close to non-existent, the mice were
injected IP with 10 μg rAMH (unlabelled) (n = 3 mice per timepoint).
Histological analysis was conducted on ovaries removed 0, 2, 7, and 17 h
post rAMH injection. Samples were stained with AMH (green) antibody
and representative images from 4 ovaries from each group were analysed
with ImageJ software. Magnification × 63. cWestern blot analysis for p-
SMAD 1,5,8 and housekeeping protein, vinculin, was conducted on ova-
ries from 6-week-old mice removed 0, 3, 6, 12, and 24 h post rAMH
injection (n = 3 mice per timepoint)
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rAMH co-treatment improves fertility outcomes post
chemotherapy in an in vivo mouse model

The end point impact of the protection of the ovarian
reserve was measured in a mating study of mice treated
with two doses of 150 mg/kg Cy at an interval of
2 weeks, either alone or in combination with 5 μg
rAMH administered every 6 h for 24 h following each
Cy injection. Female mice were mated with proven fer-
tile males 5 weeks after the final treatment, and then
again every 7 weeks for a total of five successive mating
rounds. Cy treatment alone reduced both pregnancy rate,
that is the number of times each mouse became pregnant
over the course of the study, (0.26 ± 0.07 vs. 0.5 ± 0.06,
p < 0.05; Fig. 4a) and mean litter size per mouse (includ-
ing all mice in each group) compared with untreated
mice (1.2 ± 0.3 vs. 3.0 ± 0.6; Fig. 4b). Co-treatment with
rAMH improved fertility outcomes significantly, such
that pregnancy rate was similar to that of control mice
(0.54 ± 0.09 compared with 0.5 ± 0.06; Fig. 4a), and the
overall mean litter size was increased compared with
mice that received Cy without rAMH (2.3 ± 0.4 vs. 1.2
± 0.3; Fig. 4b). Although the dose of Cy administered
was not sterilising, pregnancy incidence (the number of

mice that achieved pregnancy at least once) among Cy-
treated mice was lower than that in the control group
(6/10 compared with 9/10), but co-treatment with
rAMH resulted in a pregnancy incidence identical to that
of the control group (9/10). Assessment of the cumula-
tive number of pups born within each treatment group
following each mating round demonstrates that while
there is only a small impact on fertility in the Cy-
treated mice in the first round of mating, the impact of
chemotherapy on fertility becomes more significant with
subsequent rounds. The cumulative data from all the
mating cycles confirms that rAMH improves fertility out-
comes following Cy administration (Fig. 4c).

Human rAMH does not diminish Cy chemotoxicity
on human cancers

To determine whether rAMH interferes with the anti-
tumoural activity of Cy, we tested its effects in vitro on
human breast cancer cell line MDA-MB-231, since Cy is
commonly used in chemotherapy protocols for breast can-
cer. In vivo, Cy is metabolised and activated by the liver,
resulting in the production of the active metabolite
phosphoramide mustard CS (PM), which is generally

Cont rAMH Cy Cy+ rAMH

H&E
X20

50µm 50µm50µm50µm

20µm 20µm20µm20µm

Ki67
X40

Ki67
X100

Fig. 3 Histological evidence of follicle activation and rAMH protection
in an in vivo mouse model of Cy treatment. Representative H&E images
of ovaries from each of the four treatment groups indicating the changes
in primordial follicle (black arrows) and primary follicle (red arrows)
populations after treatment. Magnification of boxed areas is shown in

the inset pictures. Immunohistochemical staining for Ki67 on ovaries
removed 2 days after Cy treatment from mice from each treatment
group. Yellow arrows indicate follicles containing granulosa cells which
stained positive for Ki67. Sections from a minimum of four animals in
each group were stained
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Fig. 4 rAMH improves pregnancy rate and reproductive outcomes in Cy-
treated mice. Mature 6-week-old female Balb/C mice (n = 10 mice per
treatment group) were treated twice with 150 mg/kg Cy at a 2-week
interval with or without co-treatment with rAMH (IP injection of 5 μg
per mouse every 6 h). One month after the final dose of Cy, the mice
were mated for 7 days with proven fertile males. They were then
separated and monitored until they gave birth. This cycle was repeated

every 7 weeks for a total of 5 mating rounds. (a) Pregnancy rate per
mouse (the number of times each mouse became pregnant expressed as a
fraction of the number of mating rounds), shown as means ± SEM,
*p < 0.05. (b) Mean litter size per mouse per round (includes all mice),
over the 5 rounds of mating (± SEM). (C) Cummulative total of pups
born per treatment group with each successive mating round

J Assist Reprod Genet (2019) 36:1793–1803 1799



accepted as the reactive alkylating agent of therapeutic
consequence and has been used in similar ex vivo studies
[31]. Cells were treated with increasing concentrations of
PM with/without rAMH at concentrations of 200 ng/ml, and
cell viability was assessed with the XTT assay after 48 h of
treatment based on previously described methods [32]. As
expected, PM showed a dose-dependent impact on cell via-
bility, and co-treatment with rAMH did not interfere with the
chemotoxic activity of PM on the MDA-MB-231 cells, but
possibly increased MDA-MB-231 cell sensitivity to PM at
specific concentrations (Fig. 5a). In an in vivo model of
leukaemia (NALM6 B cell precursor human acute lympho-
blastic leukaemia (B-ALL) cells), rAMH did not affect the
efficacy of the Cy treatment (Fig.5b–e). All NALM6-
engrafted mice treated with Cy exhibited decreased leukae-
mia burden, as evidence by significant reduction in total
blast count in the bone marrow and spleen (from 3.4 ±
0.9 × 106 to 6.5 ± 0.9 × 104, p < 0.001; Fig. 5b–d) and de-
crease in spleen weight (68 ± 2.8 vs. 26 ± 2.9 mg,
p < 0.001; Fig. 5e), and rAMH treatment did not interfere
with the Cy treatment (there were no significant differences
in any outcome measurements between Cy-treated mice and
those which also received rAMH).

Discussion

This study demonstrates that pharmacological administration
of rAMH in mice reduces chemotherapy-induced follicle ac-
tivation, attenuating chemotherapy-induced follicle loss,
protecting the follicle reservoir, and preserving fertility with-
out interfering with the anti-tumoural actions of chemothera-
py. We further showed that recombinant C-terminus human
AMH is bioactive, with a relatively short in vivo half-life.

In a mouse model of chemotherapy, a single dose of Cy
caused a marked reduction in PMF numbers and a significant
increase in early growing follicles shortly after Cy treatment
(Fig. 2a, b). As Cy induces massive destruction of the growing
follicle population [10, 31, 33], we should see not an increase
but rather a vastly reduced number of growing follicles in Cy-
treated mice. The existence of an increased population of early
growing follicles rather than significantly decreased in the
days immediately following Cy treatment (Fig. 2b) provides
evidence for activation of the PMFs rather than destruction.
This is further substantiated by Ki67 staining showing that
2 days after Cy treatment granulosa cells in these follicles
were undergoing proliferation (Fig. 3). This supports the con-
clusion that Cy destroys large growing follicles in the

Fig. 5 rAMH does not interfere with chemotoxic activity of Cy in vitro or
in vivo. (a) XTT cell viability assay was conducted on MDA-MB-231
human breast cancer cell line. Cells were treated with PM at concentra-
tions of 0, 5, 10, 20, 40, and 80 μg/ml with or without 200 ng/ml rAMH,
and XTTassay was performed at 48 h. Viability was calculated relative to
the viability of control (culture medium) treated cells. Experiment was
repeated 3 times and data represent means ± SEM. (b–e) An in vivo
leukaemic mouse model was established using B-ALL NALM6
leukaemic cells injected into NGS female mice. Once leukaemic load
was established (2 weeks after initial injection), mice were treated with
a single dose of 150 mg/kg Cy with or without co-treatment with rAMH
(5 μg per mouse every 6 h) for the first 24 h, and bone marrow (BM) and

spleen (SP) were removed 2 days after Cy treatment for assessment of the
impact of rAMH on the efficacy of Cy treatment on leukaemic cells
in vivo. BM (b) and spleen (c) samples were labelled with antibody
mix and the absolute number of human blasts in BM and spleen samples
was measured by a flow cytometer, to assess disease burden.
Representative FACS dot-plots (d) of gated human blasts in each treated
group, in the BM samples. Spleen weights (e) were compared between
the different treatment groups. Data represent means ± SEM (n = 5–7
mice per treatment group) and significant differences between each group
are indicated where relevant; where *p < 0.05, **p < 0.01, and
***p < 0.001
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immediate short term after treatment, which indirectly results
in activation of PMFs by reducing negative suppression, gen-
erating a replacement population of early growing follicles in
the few days after chemotherapy.

Follicle activation and suppression are controlled by both
intra-cellular mechanisms, such as AMH secretion by grow-
ing follicles, and inter-cellular mechanisms, such as the phos-
phatidylinositol 3 kinase (PI3K) pathway in the oocyte and
granulosa cells [34]. Previous studies have demonstrated that
suppression of follicle activation via manipulation of the PI3K
pathway responsible for regulating follicle dormancy and acti-
vation (using the immunomodulator AS101 [9] or mTOR inhib-
itors [14, 35]) attenuates the increased follicle activation caused
by Cy. However, the PI3K pathway has broad activity, with
important cell cycle regulatory roles including direct effects on
proliferation, apoptosis, and stem cell differentiation. In contrast,
AMH is amolecule that suppresses primordial follicle activation
without additional broad activity in rodents [36], thereby pre-
senting a more specific anti-activation agent. AMH is a member
of the TGF-β family of proteins, produced by the granulosa
cells of small growing follicles as a large homodimeric pro-
hormone, before being cleaved into an N-terminus dimer and
a C-terminus dimer [37], which then combine to form a stable
N-C complex. Receptor binding of the C-terminus triggers
phosphorylation of SMAD 1/5/8, which binds to SMAD 4
and enters the nucleus where it regulates gene transcription. In
this study, we used a recombinant human C-terminus fragment
of the AMH molecule, rAMH, which we demonstrated can be
delivered successfully to the ovary where it is present in signif-
icant amounts 7 h following a single injection, but no longer
evident by 17 h (Fig. 1b). An increase in SMAD1,5,8 phosphor-
ylation beginning 3 h after injection demonstrated that rAMH
had cross-reactivity and post-receptor activity in vivo (Fig. 1c).

The timing of the rAMH injections was chosen based on
the expected timing of AMH reduction in the ovary after Cy
treatment. Cy causes apoptosis in the granulosa cells of the
growing follicles which produce AMH, beginning 4–12 h af-
ter injection [9]. As we observed that rAMH is biologically
active in the ovary 3–6 h after injection (Fig. 1c), injecting the
rAMH half an hour prior to the Cy would effectively provide
additional AMH in the ovary at the time when the granulosa
cells affected by Cy would begin dying and stop producing
endogenous AMH.

In this study, mice that received 24 h of co-treatment with
rAMH following Cy administration did not show the in-
creased follicle proliferation seen in mice receiving Cy alone
(Fig. 3), and as a result, the numbers of growing follicles and
proportions of each follicle class 7 days after treatment were
almost the same as in untreated mice (Fig. 2a–c). These mice
retained significantly more PMFs 3 weeks post treatment—
equivalent to control mice (Fig. 2d). The long-term protection
generated by rAMH on the PMF reserve was evident in im-
proved fertility and reproductive outcomes in the 9 months

post chemotherapy. rAMH administration preserved fertility
following Cy treatment with a significant improvement in
pregnancy rate and incidence compared with animals which
received Cy alone (Fig. 4a). Mice which received rAMH in
addition to Cy also had a higher number of cumulative pups
over the mating period (Fig. 4c) and mean litter size overall
(Fig. 4b). The protection provided by AMH co-treatment seen
in this study is supported by previous studies which used
recombinant mouse AMH [22] or a virally produced full-
length recombinant human AMH protein [23].

While the role of AMH as a PMF suppressor has been
established in rodent [18, 38, 39] and bovine [20, 21] studies,
the role of AMH in primates is still debated. AMHwas shown
to inhibit follicle activation in human cortical tissue after
7 days of in vitro culture [19] and in a xenograft model of
human ovarian tissue [40], but was also shown to increase
follicle activation and growth of primary follicles after 4weeks
of culture [41]. If AMH is to be considered as a potential
fertility preservation agent, its role in primate tissue will need
to be further elucidated. In addition, while we demonstrate
that rAMH can be delivered to the ovary via IP injection and
that it has post-receptor bioactivity, we also observed that the
molecule has a relatively short half-life and this presents a
potential limitation as far as future clinical use is concerned.

There are multiple pathways involved in chemotherapy-
induced ovarian PMF loss, especially since different agents
have diverse mechanisms of action, and even the same drug
can have different effects on different cell types [5, 42].
Apoptosis is a major mechanism of action of many chemo-
therapy drugs and as such, a number of studies have investi-
gated agents which block the apoptotic pathways in the ovary
in order to increase the survival of PMFs [43–45]. However,
there is ongoing debate regarding the role of apoptosis in
chemotherapy-induced PMF loss. Apoptosis has definitively
been shown to occur in granulosa cells of growing follicles as
a result of chemotherapy; however, there is lack of in vivo
evidence that apoptosis is induced directly in dormant
PMFs. Deletion of apoptotic pathway proteins was shown to
protect the ovarian reserve from chemotherapy [46], but this
could be due to a follow-through effect, whereby protection of
growing follicles from apoptosis prevents activation and loss
of PMFs. A foremost concern with any potential fertility pres-
ervation agent, but particularly with anti-apoptotic agents, is
that they could inhibit the anti-cancer actions of the chemo-
therapy. Given the evidence that AMH, in its various forms,
can preserve follicles from chemotherapy-induced activation
and death, it was important to investigate whether it achieved
this by impeding the cytotoxic actions of the chemotherapy. In
this study, we demonstrate that human rAMHdoes not impede
the effectiveness of Cy in vitro on human breast cancer or
in vivo in a mouse model of human leukaemia (Fig. 5). This
is supported by a study which showed similar results with
other chemotherapy agents in vitro [47]. As a potential
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fertoprotective agent, AMH has additional advantages, in that
it is a naturally occurring, highly specific follicle suppressor,
unlikely to have systemic effects or toxicity issues [48, 49].

This study demonstrates that pharmacological administra-
tion of recombinant C-terminus AMH can preserve the follicle
pool and protect fertility in a mouse model of chemotherapy.
This highlights the role of follicle suppression, and the impor-
tance of AMH in particular, in maintenance of the ovarian
follicle reserve. Our results further suggest that rAMH will
not interfere with the therapeutic actions of chemotherapy
treatment.
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