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KEY MESSAGE
Cyclophosphamide metabolites seem to enhance recruitment and activation of dormant primordial follicles
in human ovarian tissue in vitro thus ’burning out’ the ovarian reserve. This phenomenon may explain the
specific toxicity of cyclophosphamide to human ovarian tissue. Developing a method to prevent follicular re-
cruitment may possibly eliminate the toxic effect.

A B S T R A C T

How chemotherapy affects dormant ovarian primordial follicles is unclear. The ‘burnout’ theory, studied only in mice, suggests cyclophosphamide en-

hances primordial follicle activation. Using 4-hydroperoxycyclophosphamide (4hc) and phosphoramide mustard (PM), this study assessed how the active

cyclophosphamidemetabolites 4-hydroxycyclophosphamide (4-OHC) and PM, affect human primordial follicles. Frozen-thawed human ovarian samples were

sliced and cultured with basic culture medium (cultured controls) or with 4hc/PM (3 μmol/l/10 μmol/l) (treated samples) for 24–48 h. Follicular counts and

classification, Ki67 and anti-Müllerian hormone (AMH) immunohistochemistry and an apoptosis assay were used for evaluation, and 17β-oestradiol and AMH

were measured in spent media samples. Generally, there was primordial follicle decrease and elevated developing follicle rates in treated samples com-

pared with cultured (P = 0.04 to P < 0.0005) and uncultured controls (P < 0.05 to P < 0.0001). No traces of apoptosis were found. There were almost twice
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the levels of AMH and 17β-oestradiol in treated compared with untreated samples (AMH with 4hc 3 μmol/l; P = 0.04). All follicles stained positively for AMH

included treated samples. Ki67 positive staining was noted in all samples. Cyclophosphamide metabolites seem to enhance human primordial follicle ac-

tivation to developing follicles, in vitro. Study findings support the ‘burnout’ theory as the mechanism of chemotherapy-induced ovarian toxicity.

© 2016 Reproductive Healthcare Ltd. Published by Elsevier Ltd. All rights reserved.

Introduction

Females are born with a fixed number of oocytes, which must remain
viable over the years to maintain fertility (Faddy, 2000; Gougeon, 1996).
Oocytes are surrounded by supporting granulosa cells, creating struc-
tures called follicles. Most ovarian follicles are in a quiescent state,
called primordial follicles, with a single layer of flat granulosa cells
surrounding the small oocytes (Gougeon, 1996). Throughout life, small
numbers of primordial follicles are continuously activated, until the
oocyte pool is exhausted, at which point the individual enters meno-
pause (Faddy, 2000; Gougeon, 1996).

Oncological advances have improved survival rates, partially shift-
ing the focus from surviving cancer to preserving optimal quality of
life after completing treatments (Abir et al., 2008; Feigin et al., 2008;
Meirow, 2000; Meirow and Nugent, 2001). Many patients experience
severe side effects from chemotherapy, including follicular deple-
tion leading to ovarian failure and infertility (Abir et al., 2008; Feigin
et al., 2008; Meirow and Nugent, 2001). Young patients have a higher
absolute number of primordial follicles, and therefore, ovarian failure
is less common after toxic chemotherapy, but they do suffer a severe
reduction in ovarian reserve causing early menopause and infertil-
ity (Feigin et al., 2008). The severity of ovarian damage is dependent
on the chemotherapeutic agent used, the total dosage and the treat-
ment duration. Alkylating agents such as cyclophosphamide are
associated with the highest rate of ovarian toxicity (Abir et al., 2008;
Feigin et al., 2008; Meirow and Nugent, 2001; Meirow et al., 2007).

It is well known that chemotherapeutic agents target metabolic
pathways needed for completion of the cell cycle, such as DNA rep-
lication andmicrotubules of the spindle apparatus, and thus gainmuch
of their specificity in the human body by preferentially killing rapidly
proliferating cells (Mitchison, 2012). Therefore, chemotherapy de-
stroys proliferating ovarian follicles during treatment, probably by
damagecaused todividinggranulosa cells (Abir et al., 2008;Ben-Aharon
and Shalgi, 2012). The mechanism by which the quiescent primordial
follicles are affected by chemotherapy is unclear (Abir et al., 2008;
Ben-Aharon and Shalgi, 2012; Feigin et al., 2008; Raz et al., 2002).

It was long assumed that chemotherapeutic agents initiate apop-
tosis of primordial follicles, and thus cause ovarian failure (Tilly, 1996).
Post-chemotherapy apoptotic changes have been demonstrated in
mature murine oocytes exposed to doxorubicin (Bar-Joseph et al.,
2010; Perez et al., 1997), in secondary and antral follicles of mice in-
jected with doxorubicin (Ben-Aharon et al., 2010), in murine oocytes
from pre-antral follicles exposed in vivo to cisplatin (Gonfloni et al.,
2009), and in granulosa cells of human primordial follicles cultured
with cisplatin (Meirow, 2000; Meirow and Nugent, 2001). Apoptosis
of human oocytes from primordial follicles and of growing follicles
was reported 12 and 24 h following cyclophosphamide exposure (Oktem
and Oktay, 2007). However, others did not detect any sign of apop-
tosis in mice treated with cyclophosphamide in vivo (Kalich-Philosoph
et al., 2013) or in ovaries of women exposed to chemotherapy,
including alkylating agents, even when examined 4 days post-
chemotherapy (Abir et al., 2008).

Follicular structure damage, not mediated by apoptosis, is another
possible mechanism causing ovarian failure post-chemotherapy (Abir
et al., 2008; Ben-Aharon and Shalgi, 2012). Transmission electron mi-
croscopy (TEM) demonstrated vacuolization of oocytes and granulosa
cells and abnormally thick basal lamina in primordial follicles after
combination chemotherapy for Hodgkin’s disease (Familiari et al.,
1993). Moreover, our group showed that human ovaries exposed to
chemotherapy in vivo had elevated oocyte vacuolization and a reduc-
tion in normal granulosa cell nuclei (Abir et al., 2008).

Alternatively, chemotherapymay induce vascular damage of certain
areas of the ovarian cortex resulting in depletion of primordial fol-
licles (Ben-Aharon and Shalgi, 2012; Meirow et al., 2007). In this context,
significant vascular damage has been identified in histological sec-
tions of ovaries from women exposed to chemotherapy, including
thickening and hyalinization of small vessels, cortical proliferation of
small vessels and neovascularization (Meirow et al., 2007). Studies using
ultrasoundDoppler demonstrated a significant reduction in ovarian blood
flow, shortly following chemotherapy treatment, both in mice treated
with doxorubicin (Bar-Joseph et al., 2011) and in women treated with
anthracycline or taxane (Ben-Aharon et al., 2012).

Another potential mechanism of primordial oocyte loss is the ‘fol-
licular burnout’ theory (Meirow et al., 2010), which suggests that
exposure of ovaries to chemotherapy (in particular cyclophospha-
mide) causes destruction of developing follicles due to high mitotic
activity. In turn, levels of anti-Müllerian hormone (AMH) (also termed
Müllerian inhibiting substance, MIS) and other primordial follicular
activation inhibitors, secreted from developing follicles, are reduced.
The lack of inhibition induces continuous recruitment of ovarian pri-
mordial follicles to developing follicles, resulting in their destruction,
thus ‘burning out’ the ovarian reserve. Indeed, AMH-knockout mice
have increased activation of primordial follicles, with a greater number
of atretic larger follicles and diminished ovarian reserve (Meirow et al.,
2010). Moreover, ovaries of mice exposed to cyclophosphamide had
elevated levels of primary and secondary follicles with a concomi-
tant decrease in primordial follicles (Kalich-Philosoph et al., 2013),
and increased Ki67 immunostaining levels (a granulosa cell prolif-
eration marker), particularly in early growing follicles. So far, there
is proof of the ‘burnout’ theory only in mice (Kalich-Philosoph et al.,
2013; Meirow et al., 2010) but not in humans.

Cyclophosphamide is a prodrug activated by the hepatic cyto-
chrome P450 enzymes to produce 4-hydroxycyclophosphamide (4-
OHC). In turn, 4-OHC interconverts with aldophosphamide, which
spontaneously fragments to generate phosphoramide mustard (PM)
and acrolein (Ludeman, 1999). PM is considered the alkylating me-
tabolite of therapeutic importance. PM destroys rapidly dividing cells
by binding covalently to DNA, causing DNA–DNA and DNA–protein
crosslinks and double-stranded DNA breaks (Helleday et al., 2008;
Hurley, 2002). The plasma half-life value of both 4-OHC and PM is
14 min (Sladek et al., 1984).

Although PM is probably the active metabolite causing ovarian tox-
icity (Desmeules and Devine, 2006; Petrillo et al., 2011; Plowchalk and
Mattison, 1991), 4-OHC is considered more ovotoxic as it is trans-
ported into cells much more readily than is the ionic PM (Ludeman,
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1999). Toxicity is probably primarily associated with PM generated in-
tracellularly from 4-OHC.

The objective of our present study was to assess for the first time
the effect cyclophosphamide metabolites have on human ovarian
follicles in culture and to uncover the mechanism by which cyclophos-
phamide metabolites affect human primordial follicles in vitro.

Materials and methods

Sample sources and retrieval

This study was performed on samples of ovarian tissue obtained from
10 girls and women (12 ± 5 years [average ± standard deviation,
SD]) who underwent gynaecological laparoscopy for ovarian
cryopreservation before chemotherapy (Lerer-Serfaty et al., 2013). In
order to avoid problems related to follicular density that may influ-
ence results, we used ovarian tissue from young patients with high
follicular content. The Ethics Committee of Rabin Medical Center ap-
proved the study protocol (approval number: 5875, 0108-07-RMC), and
informed consent was obtained from every adult patient or parents of
minors. One slice of each sample, measuring 1–2 mm, was immedi-
ately fixed (fresh-uncultured). All sampleswere handled in our laboratory
within 1 h of surgery. One slice measuring ~2 mm × 1 mmwith a depth
of ~1 mm from each patient was fixed in 3% naturally buffered formalin

(NBF) (prepared from 37% formalin solution, Sigma, St Louis, MO, USA)
diluted in phosphate-buffered saline (Biological Industries, Beit Ha’emek,
Israel) immediately after ovarian dissection (fresh-uncultured sample),
so that follicular density could be studied histologically before culture.
This practice eliminated the risk of utilizing for culture poorly popu-
lated ovarian tissue. The remaining ovarian tissue was frozen.

Cryopreservation and thawing of ovarian tissue

Each ovarian cortex sample was sliced before cryopreservation. The
dimensions of each slice were 1.5 cm × 0.5 cm with a depth of ~1 mm.
The slices were then transferred to cryogenic vials (Nalge Nunc In-
ternational, Delta, Roskilde, Denmark) containing 1.5 mol/l
dimethylsulphoxide (DMSO) (Sigma, St Louis, USA) (Lerer-Serfaty et al.,
2013). Before freezing, the cryotubes were kept on ice for 30 min with
DMSO (1.5 mol/l) for equilibration. All samples were frozen slowly in
a programmable freezer (Kryo 10; series 10/20, Planer Biomed,
Sunbury on Thames, UK), and immediately placed in liquid nitrogen.

The slices were thawed bywashouts with decreasing concentration
gradients of DMSO (1.0 mol/l, 0.5 mol/l, 0 mol/l) followed by incubation
at 37°C. One slice of every thawed ovarian sample, similar in size to the
fresh-uncultured slices, was fixed inBouin’s solution (made fromcom-
pounds purchased from Sigma) immediately after thawing (thawed-
uncultured samples, uncultured group in Figures 1A, 1B and 1C).

Figure 1 – Follicular counts and classifications in treatment groups. A. Primordial follicles. The figure presents the percentage of
primordial follicles in study groups. Black column = uncultured samples. Perpendicular black lines column = untreated samples. Parallel
black lines column = ovarian samples treated with 4hc 3 μmol/l. Black dots = ovarian samples treated with 4hc 10 μmol/l. Grey column =
ovarian samples treated with PM 3 μmol/l. Diagonal black lines = ovarian samples treated with PM 10 μmol/l. The numbers inside the
columns represent the total number of follicles counted (all follicular classes) per group. aSignificantly more primordial follicles compared
with untreated (P = 0.0002), 4hc 3 μmol/l (P < 0.0001), 4hc 10 μmol/l (P < 0.0001), both 4hc concentrations combined (P < 0.0001), PM
10 μmol/l (P < 0.0001), PM 3 μmol/l (P < 0.0001), both PM concentrations combined (P < 0.0001), day 1 and day 2 combined. bSignificantly
more primordial follicles compared with 4hc 10 μmol/l (P = 0.005), both 4hc concentrations combined (P = 0.0002), PM 3 μmol/l (P <
0.0001), PM 10 μmol/l (P = 0.0005) and both PM concentrations combined (P < 0.0001) at day 1. cSignificantly more primordial follicles
compared with 4hc 3 μmol/l (P = 0.001), 4hc 10 μmol/l (P = 0.001), PM 10 μmol/l (P = 0.001), both 4hc concentrations combined (P = 0.001),
PM 3 μm (P = 0.001), both PM concentrations combined (P < 0.0001) at day 2. dSignificantly more primordial follicles compared with 4hc
10 μmol/l (P = 0.007), PM 3 μmol/l (P = 0.0005), PM 10 μmol/l (P = 0.03), day 1 and day 2 combined. eSignificantly more primordial follicles
compared with PM 3 μmol/l (P = 0.01) at day 1. fSignificantly more primordial follicles compared with 4hc 3 μmol/l (P = 0.04), 4hc 10 μmol/l
(P = 0.008), both 4hc concentrations combined (P = 0.02), PM 3 μmol/l (P = 0.03), both PM concentrations combined (P = 0.003) at day 2. B.
Developing follicles. The figure presents percentage of developing follicles in study groups. Black column = uncultured samples.
Perpendicular black lines column = untreated samples. Parallel black lines column = ovarian samples treated with 4hc 3 μmol/l. Black
dots = ovarian samples treated with 4hc 10 μmol/l. Grey column = ovarian samples treated with PM 3 μmol/l. Diagonal black lines = ovarian
samples treated with PM 10 μmol/l. The numbers inside the columns represent the total number of follicles (all follicular classes) counted
per group. aSignificantly more developing follicles in 4hc 3 μmol/l (P = 0.004), 4hc 10 μmol/l (P = 0.02), both 4hc concentrations combined
(P < 0.0001), PM 3 μmol/l (P < 0.0001), PM 10 μmol/l (P = 0.002) and both PM concentrations combined (P = 0.001) compared with
uncultured samples, day 1 and day 2 combined. bSignificantly more developing follicles in 4hc 10 μmol/l (P = 0.02), both 4hc concentrations
combined (P = 0.02), PM 3 μmol/l (P = 0.009), both PM concentrations combined (P = 0.01) compared with untreated, day 1 and day 2
combined. cSignificantly more developing follicles in 4hc 10 μmol/l (P = 0.002), both 4hc concentrations combined (P = 0.04), PM 3 μmol/l (P
< 0.0001), PM 10 μmol/l (P = 0.0005), both PM concentrations combined (P = 0.0003) compared with uncultured controls at day 1.
dSignificantly more developing follicles in PM 3 μmol/l (P = 0.002) compared with 4hc 3 μmol/l at day 1. eSignificantly more developing
follicles in 4hc 3 μmol/l (P < 0.0001), both 4hc concentrations combined (P < 0.0001), PM 3 μmol/l (P = 0.0005), PM 10 μmol/l (P = 0.008)
compared with uncultured at day 2. fSignificantly more developing follicles in 4hc 3 μmol/l (P < 0.05) and both 4hc concentrations (P = 0.02)
combined compared with untreated at day 2. C. Atretic follicles. The figure presents percentage of atretic follicles in study groups. Black
column = day 1. Grey column = day 2. The numbers inside the columns represent the total number of follicles counted (all follicular
classes) per group. aSignificantly more atretic follicles in PM 3 μmol/l (P = 0.01), PM 10 μmol/l (P < 0.05) and both PM concentrations
combined (P = 0.04) compared with uncultured, day 1 and day 2 combined. 4hc = 4-hydroperoxycyclophamide; 4-OHC =
4-hydroxycyclophosphamide; PM = phosphoramide mustard.
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Culturing methods

Only frozen-thawed samples were used for incubation (Lerer-Serfaty
et al., 2013) (see ‘Sample sources and retrieval’).

Each of the thawed ovarian tissues were further cut into small
samplesmeasuring ~2mm × 1mm in diameter (with a depth of ~1 mm),
similar in size to the uncultured samples. Two slices were placed in each
well of a 24-well culture plate (CELLSTAR, Greiner Bio-One, Germany).

In general, 4-hydroperoxycyclophosphamide (4hc) is often used in
in vitro studies as a 4-OHC equivalent. Crystalline 4hc has a relatively
long shelf-life but when dissolved in aqueous solution, it readily and spon-
taneously converts to 4-OHC (Desmeules and Devine, 2006; Ludeman,
1999). The concentrations of 4hc and PM and the incubation period (up
to 48 h) were chosen according to an in vitro study on ovarian slices from
mice (Desmeules and Devine, 2006) exposed to 4hc and PM at a diverse
range of concentrations (0.01 to 300 μmol/l). In their study, concentra-
tions of 1–10 μmol/l caused follicle depletion, whereas concentrations
≥30 μmol/l caused non-specific cell death. They also showed a signifi-
cant reduction in primordial and primary follicles as early as 1 day
following exposure to PM or 4hc at concentrations of 3–10 μmol/l, with
the most significant reduction at 48 h. Samples exposed to PM or 4hc
were unaffected after 12–18 h, and additional gradual follicle deple-
tion continued until the eighth day. As the availability of human ovarian
tissue is limited, we could not allow extended culture periods, for the
same individual patients, beyond 48 h.

The wells were filled with one of the five following culture medium
combinations (volume: 1 ml):

1. Basic culture medium (untreated samples): alpha minimal es-
sential medium (αMEM, Biological Industries, Beit Ha’emek, Israel)
supplemented with human recombinant FSH (1 IU/ml, Gonal-F,
Serono, Aubonne, Switzerland), 10% human serum albumin (Irvine
Scientific, Santa Ana, CA, USA), insulin, transferrin and sele-
nium (Sigma) (Lerer-Serfaty et al., 2013).

2. Basic culture medium supplemented with 4hc (3 μmol/l)
(Desmeules and Devine, 2006); 4hc was a generous gift from Dr
S Ludeman.

3. Basic culture medium supplemented with 4hc (10 μmol/l)
(Desmeules and Devine, 2006) (Dr S Ludeman).

4. Basic culture medium supplemented with PM (3 μmol/l)
(Desmeules and Devine, 2006) (Niomech/II GmbH, University of
Bielefeld, Bielefeld, Germany).

5. Basic culture medium supplemented with PM (10 μmol/l)
(Desmeules and Devine, 2006) (Niomech/II GmbH, University of
Bielefeld, Bielefeld, Germany).

Ovarian tissue samples from each of the 10 patients were in-
cluded in all the experimental groups (uncultured controls and all
cultured samples; Figure 1).

Media supplemented with 4hc or PM were made fresh, as these
compounds are very unstable and cannot be stored in solution
(Ludeman, 1999; Sladek et al., 1984). Solutions of 4hc and PM were
made by dissolving the synthetic 4hc and PM in water; appropriate
aliquots were added to the culture media.

The thawed ovarian tissue samples were incubated for up to 48 h
in a standard incubator (95% air, 5% CO2). One slice was removed from
culture every 24 h (at 24 and at 48 h) to observe what occurs in culture
after short incubation periods. Samples removed from culture were
fixed immediately in Bouin’s solution (made from compounds pur-
chased from Sigma) (Lerer-Serfaty et al., 2013). Spent medium

samples were collected at the end of the culture period (48 h) for sub-
sequent 17β-oestradiol (Lerer-Serfaty et al., 2013) and AMH
measurement (Xu et al., 2009).

Histological preparation

All fixed specimens were prepared for paraffin embedding, sectioning
and staining with haematoxylin and eosin (Sigma) (Lerer-Serfaty et al.,
2013). The number of follicles (with visible oocytes) in the uncultured
and cultured samples were counted in two different section-levels per
sample (50 μm between sections, to avoid counting the same follicle
twice). The follicles were classified according to Gougeon (1996): pri-
mordial (with a single flat layer of granulosa cells surrounding the
oocyte), primary (with a single cuboidal granulosa cell layer surround-
ing the oocyte) or secondary (with at least two granulosa cell layers
surrounding the oocyte and a theca layer). Due to the scarcity of human
ovarian tissue for research, and identification of low numbers of sec-
ondary follicles in the tissue, we primary and secondary follicles were
combined to a group of developing follicles for analysis, a routine prac-
tice in our laboratory for cultured human follicles (Lerer-Serfaty et al.,
2013). Atretic follicles were characterized by pyknotic cells, eosino-
philia of the ooplasm, and clumping of the chromatinmaterial (Gougeon,
1996). Unstained sections were placed on OptiPlus positively charged
microscope slides for immunohistochemistry studies and terminal
deoxynucleotidyl transferase (TdT, TUNEL) assay.

Immunohistochemistry for the proliferating marker Ki67 and
AMH expression

Uncultured as well as cultured (day 1 and day 2) samples were pro-
cessed for immunohistochemical studies for Ki67 and AMH. Ki67 is
a cell cycle-associated nucleoprotein antigen that serves as a pro-
liferation marker during the active cell-cycle phases (G1, S, G2 and
mitosis) (Lerer-Serfaty et al., 2013). An increase in granulosa cell Ki67
staining has been reported to correlate directly with activation to cu-
boidal granulosa cells as well as with follicular growth. A modified
Ki67 immunohistochemical staining protocol was used, as reported
previously from our laboratory (Lerer-Serfaty et al., 2013): the sec-
tions were incubated overnight with a rabbit polyclonal anti-Ki67
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-
15402). Sections for Ki67 immunostaining were incubated with a
negative control solution that replaced the primary antibody: a normal
rabbit IgG antibody (Santa Cruz Biotechnology, sc-2027) diluted to the
same concentration as the primary antibody. The following morning,
the samples were incubated with horseradish peroxidase polymer con-
jugate against mouse and rabbit primary antibodies (SuperPicture HRP,
Zymed Laboratories Inc., San Francisco, CA, USA; catalogue number:
879363). Red-brown 3-amino-9-ethylcarbazole (Zymed Laborato-
ries) staining indicated Ki67 expression. We defined a follicle as being
positively stained if at least one of its granulosa cells expressed Ki67.

The sections for AMH immunohistochemistry were incubated with
a goat polyclonal anti-MIS antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA, sc-6886). The negative control solution for AMH was
prepared by the absorption of the primary antibody against MIS with
its corresponding blocking peptide (Santa Cruz Biotechnology, cata-
logue number: sc-6886P). Thereafter, the samples were incubated
with horseradish peroxidase polymer conjugate against goat primary
antibodies (ImmPRESS REAGENT, Anti-goat Ig, Vector Laborato-
ries, Burlingame, CA, USA; catalogue number: MP-7405). Brown
diaminobenzidine (Sigma) staining indicated AMH expression.
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TUNEL assay

Apoptosis was evaluated in all cultured (day 1 and day 2) and uncul-
tured thawed control tissues (ApopTag, In Situ Detection Kit; Intergen
Company, Purchase, NY). The use of this kit was successful in previ-
ous studies in our laboratory (Abir et al., 2008; Friedman et al., 2012).
There were two positive controls: the first was provided with the kit and
included a section from a rat mammary gland 4 days post-weaning and
the second was prepared by exposure of the human ovarian sections
to DNase (1 μg/ml, Sigma) for 15 min. For the negative control the equi-
librium buffer provided with the kit replaced the diluted TdT enzyme.

Staining level was graded on a 4-point scale according to inten-
sity, as previously described (Friedman et al., 2012): 0 = no TUNEL
staining, 1 = low TUNEL staining intensity, 2 = medium TUNEL stain-
ing intensity, 3 = high TUNEL staining intensity. The slides were viewed
independently by two of the authors (YL and RA).

17β-oestradiol accumulation in culture medium

17β-oestradiol is produced from the secondary follicle stage onwards
(Gougeon, 1996) and therefore, measurement of 17β-oestradiol in spent
media samples indicates presence of follicles from secondary stages
onwards within the cultured ovarian tissue (Gougeon, 1996;
Lerer-Serfaty et al., 2013). Spent media samples after 48 h were used
for 17β-oestradiol measurements. This evaluation method is used rou-
tinely in our laboratory for evaluation of follicular growth in culture
(Lerer-Serfaty et al., 2013).

17β-oestradiol concentrations were measured by a double anti-
body radioimmunoassay kit (Diagnostic Products Corp., Los Angeles,
CA, USA), with a detection level of 1 pg/ml. Use of this kit was suc-
cessful in previous studies in our laboratory (Lerer-Serfaty et al., 2013).

AMH accumulation in culture medium

AMH is produced by follicles from the primary stage onwards, and
its measurement in the spent media samples indicates the pres-
ence of follicles from the primary stage onwards within the cultured
ovarian tissue (La Marca et al., 2010; Xu et al., 2009). Spent media
samples after 48 h were used for AMH measurements. AMH con-
centrations weremeasured by an enzyme-linked immunosorbent assay
kit (GEN II ELISA kit, Beckman Coulter, Inc., Brea, CA, USA), with a
detection level of 0.08 ng/ml (Xu et al., 2009). The protocol was modi-
fied at our laboratory for spent culture medium specimens (the
manufacturer’s instructions are for blood plasma/serum samples).

It is an enzymatically amplified two-site immunoassay. The AMH
calibrators are supplied with the kit. The kit also includes a 96-well
plate with mouse monoclonal anti-AMH IgG immobilized to the inside
wall of each well. Both the calibrators and spent media samples were
pipetted into these wells and incubated, followed by further incuba-
tion with an anti-AMH detection antibody labelled with biotin.
Thereafter, the plate was incubated in the dark with strepavidin enzyme
conjugate, followed by incubation in the dark with substrate
tetramethylbenzidine chromogen (until a blue colour was obtained).
Finally, an acidic stopping solution was added. The degree of enzy-
matic turnover of the substrate was determined by dual wavelength
absorbance measurement at 450 nm and 600 nm. The absorbance
measured is directly proportional to the concentration of AMH in the
samples. A set of AMH calibrators was used to plot a calibration curve
of absorbance versus AMH concentration. The AMH concentrations
in the samples were then calculated from this calibration curve.

Statistical analysis

Data was analysed by analysis of variance, chi-squared test and Fish-
er’s exact test, as required. P-values less than 0.05 were considered
statistically significant.

Follicular counts and classifications were compared between con-
trols and treated samples cultured at 24 h (day 1) and 48 h (day 2). Due
to the scarcity of human ovarian tissue for research purposes day 1 and
day 2 were combined, and the two concentrations (3 μmol/l and 10 μmol/
l) for 4hc and PM were combined as well as analysed separately.

Results

The follicular counts and classifications of the uncultured thawed con-
trols and the cultured untreated and treated groups are presented
in Figure 1. Figure 1A, 1B and 1C present the percentage of primor-
dial, developing and atretic follicles, respectively. Follicles at various
stages of the experiment are shown in Figure 2.

Nearly all uncultured samples had a significantly higher rate of
primordial follicles compared with all cultured samples (with the ex-
ception of PM 10 μm at day 2); day 1 and day 2 combined: untreated
(P = 0.0002), 4hc and PM at both concentrations and combined con-
centrations of 4hc or PM (P < 0.0001); at day 1: 4hc 3 μm (P < 0.05),
4hc 10 μM (P = 0.005), PM 3 μM (P < 0.0001), PM 10 μmol/l (P = 0.0005)
and combined concentrations of PM (P < 0.0001); at day 2: 4hc at both
concentrations (P = 0.001), PM 3 μM (P = 0.001) and combined con-
centrations of PM (P < 0.0001).

In general there was a higher rate of primordial follicles in un-
treated samples compared with all treated samples (Figure 1A); day
1 and day 2 combined: 4hc 10 μmol/l (P = 0.007), PM 3 μmol/l (P =
0.0005) and PM 10 μmol/l (P = 0.03); after one day: PM 3 μmol/l (P =
0.01) at day 2: 4hc 3 μmol/l (P = 0.04), 4hc 10 μmol/l (P = 0.008), com-
bined concentrations of 4hc (P = 0.02), PM 3 μmol/l (p = 0.03), and
combined concentrations of PM (P = 0.003).

In parallel with the decrease in primordial follicles in general there
was a higher rate of developing follicles in treated samples com-
pared with uncultured, and many were found statistically significant
(Figure 1B); day 1 and day 2 combined: 4hc 3 μmol/l (P = 0.004), 4hc
10 μmol/l (P = 0.02), combined concentrations of 4hc (P < 0.0001), PM
3 μmol/l (P < 0.0001), PM 10 μmol/l (P = 0.002) and combined con-
centrations of PM (P = 0.001); at day 1: 4hc 10 μmol/l (P = 0.002),
combined concentrations of 4hc (P = 0.04), PM 3 μmol/l (P < 0.0001),
PM 10 μmol/l (p = 0.0005), combined concentrations of PM (P = 0.0003);
at day 2: 4hc 3 μmol/l (P < 0.0001), combined concentrations of 4hc
(P < 0.0001), PM 3 μmol/l (p = 0.0005), PM 10 μmol/l (P = 0.008).

In general, there was a higher rate of developing follicles in treated
compared with untreated samples, and many were found statisti-
cally significant (Figure 1B); day 1 and day 2 combined: 4hc 10 μmol/l
(P = 0.02), combined concentrations of 4hc (P = 0.02), PM 3 μmol/l
(P = 0.009), combined concentrations of PM (P = 0.01); at day 2: 4hc
3 μmol/l (P < 0.05) and combined concentrations of 4hc (P = 0.02).
There was also a significantly higher rate of developing follicles at
day 1 in the PM 3 μmol/l sample group compared with 4hc 3 μmol/l
(P = 0.002), yet at day 2 this difference disappeared.

The majority of atretic follicles in cultured samples (Figure 2D)
were in stages of development (not primordial). A trend was ob-
served towards a higher rate of atretic follicles at day 2 compared
with day 1 in all treated groups (NS, Figure 1C). In the cultured
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untreated samples there were no differences in the atretic follicle
rate between day 1 and day 2. There was a significantly higher rate
of atretic follicles with PM 3 μmol/l (p = 0.01), PM 10 μmol/l (P < 0.05)
and combined concentrations of PM (P = 0.04) compared with un-
cultured samples, day 1 and day 2 combined. There was a non-
significant trend towards a difference (P = 0.057) between combined
concentrations of 4hc compared with uncultured.

In general, there were no significant differences between the two
concentrations of PM or 4hc (3 μmol/l/10 μmol/l) and between the two
culture days.

A total of 529 follicles were stained for ki67. In all cultured samples,
including treated, >93% of follicles stained positively for ki67 in their
granulosa cells (Figures 2E, 2F), apart from those cultured with 4hc
3 μmol/l at day 2 (80%) and PM 3 μmol/l at day 2 (60%, only five fol-
licles were found in this group of ki67 staining) and the uncultured
samples (65%). These differences were not significant.

Positive staining for AMH was found in all samples, including
treated, cultured untreated and uncultured controls (Figure 2G). In
general, staining in primordial follicles was mostly in the oocytes and
staining in the developing follicles appeared both in oocytes and granu-
losa cells. Staining was also observed in atretic follicles.

In sections evaluated by TUNEL assay for apoptosis, no traces of
apoptosis were found in treated samples or in cultured and uncul-
tured controls (Figure 2H), similar to the negative controls. Brown
TUNEL staining was identified in the positive controls.

Figure 3 presents AMH (Figure 3A) and 17β-oestradiol (Figure 3B)
levels secreted in spent media samples. There were significantly higher
AMH levels in samples treated with 4hc 3 μmol/l (P = 0.04) compared
with untreated samples. The general trend of all other treatments was
more than doubled levels of AMH and 17β-oestradiol compared with
untreated samples, yet these differences were not significant.

Discussion

Although there seemed to be a trend of activation of primordial fol-
licles to developing follicles and subsequent atresia in all cultured

groups including the untreated samples noted by the elevated rate
of developing follicles (non-significant elevation in developing fol-
licles in the untreated group) and atretic follicles in parallel with a
decreased rate of primordial follicles compared with uncultured
samples, these findings were more prominent and statistically sig-
nificant in samples treated with 4hc or PM. In most of the treated
samples, between days 1 and 2 there seemed to be a trend of more
apparent follicular changes (differences in primordial, developing and
atretic follicles), a process that seemed to cease after the first day
of culture in the untreated samples. There were no traces of apop-
tosis in both cultured and uncultured follicles, including treated groups.
Almost all cultured and uncultured follicles stained positively for AMH
and there were no differences in Ki67 staining in granulosa cells of
all the experimental groups. There was a general trend of secretion
of almost double AMH and 17β-oestradiol levels compared with un-
treated samples; with a significantly higher AMH level in samples
treated with 4hc 3 μmol/l compared with untreated samples.

Results from this study showed a higher rate of primordial fol-
licles in the untreated group compared with some of the treated groups
in parallel with an increase in developing follicles in some of the treated
groups compared with the untreated group. These findings suggest
that cyclophosphamide metabolites 4-OHC and PM both enhance in-
vitro recruitment of dormant primordial follicles to developing follicles
that subsequently undergo atresia. Activation of primordial follicles
in untreated samples may be explained by slicing of the tissue
(Kawamura et al., 2013), or by spontaneous follicular growth in culture
(Lerer-Serfaty et al., 2013). Yet, follicular activation was clearly en-
hanced by 4hc and PM.

The differences in follicular number between the various groups
are due to uneven distribution throughout the human ovary (Abir et al.,
2008; Feigin et al., 2008; Schmidt et al., 2003). Cultured samples were
very small, thus we may have inadvertently cultured limited numbers
of follicles in some of the treated groups relative to the uncultured
control samples. Moreover, it is difficult to obtain human ovarian tissue
for research, especially from young patients (as in this study) and the
amount of donated tissue is small. Therefore, the study included only
10 ovarian samples and each sample was sliced into small speci-
mens in order to include slices from each patient in all study groups.

Figure 2 – Histological and immunohistochemical staining of uncultured and cultured ovarian samples. (A) Histological section of an
uncultured frozen-thawed ovarian sample. Note the numerous primordial follicles. Hematoxylin and eosin, scale bar = 30 μm. Insert on the
bottom right-hand side of an enlarged image of a primordial follicle. Insert scale bar = 30 μm. (B) Histological section of ovary on day 2
cultured with 4hc 3 μmol/l. Note the two morphologically normal secondary follicles. Haematoxylin and eosin, scale bar = 30 μm. Insert on
the bottom right-hand side an enlarged image of one of the secondary follicles. Insert scale bar = 35 μm. (C) Histological section of ovary
on day 1 cultured with PM 10 μmol/l. Note the morphologically normal secondary follicle. Haematoxylin and eosin, scale bar = 30 μm.
Insert on the upper right-hand side an enlarged image of the secondary follicle. Insert scale bar = 30 μm. (D) Histological section of ovary
from the same patient as in (A) on day 2 cultured with 4hc 10 μmol/l. Note the atretic secondary and primordial follicles (arrows).
Hematoxylin and eosin, scale bar = 30 μm. Insert on the bottom left-hand side of the enlarged secondary atretic follicle. Insert scale bar =
35 μm. (E) Histological section of ovary on day 2 cultured with 4hc 3 μmol/l, stained for Ki67. Note the secondary follicle with the weak
positive red-brown 3-amino-9-ethylcarbazole staining (AEC) Ki67 staining in the follicle. Scale bar = 30 μm. Insert on the upper right-hand
side of the enlarged follicle. Insert scale bar = 30 μm. (F) Histological section from the same sample as in (C) stained for Ki67. Note the
secondary atretic follicle and the primordial-primary follicle stained positively for Ki67 in their granulosa cells (red-brown AEC). Scale bar
= 30 μm. Insert on the lower right-hand side of the enlarged follicles. Insert scale bar = 30 μm. (G) Histological section of ovary on day 2
cultured with PM 10 μmol/l. Note the two primary-primordial follicles stained positively with brown diaminobenzidine staining for AMH
mostly in the oocytes but also in their granulosa cells. Scale bar = 30 μm. Insert on the upper right-hand side of the enlarged follicles.
Insert scale bar = 30 μm. (H) Histological section from the same sample as in (C) stained by TUNEL assay for apoptosis identification. Note
the numerous primordial and primary follicles stained negatively for apoptosis (only blue haematoxylin background staining). Scale bar =
30 μm. Insert on the upper right-hand side of an enlarged image of primordial and primary follicles. Insert scale bar = 30 μm.
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The consistently positive Ki67 staining found both in treated and
untreated follicles indicates profound granulosa cell proliferation even
after culture with cyclophosphamide metabolites. This finding sug-
gests that the cyclophosphamide metabolites 4-OHC and PM do not
inhibit granulosa cell proliferation in vitro.

The lack of apoptosis identified in any of the cultured samples,
including those treated with 4hc and PM, demonstrates that this is
most probably not the mechanism causing depletion of oocytes in re-
sponse to cyclophosphamide treatment. Our findings are in line with
Morgan et al. (2013) who showed no evidence for primordial follicle
apoptosis after in vitro exposure to doxorubicin and cisplatin.

AMH-knockout (AMHKO) adult mice were found to have fewer pri-
mordial follicles in parallel with more pre-antral and small antral
follicles compared with wild type mice (Durlinger et al., 1999). These
changes are most probably due to lack of AMH-regulated inhibition
causing increased follicular recruitment in the AMHKO mice. Simi-
larly, mouse ovaries cultured in vitro for 2 or 4 days in the absence
or presence of AMH revealed that AMH causes a 40–50% decrease

in the number of growing follicles after 2 and 4 days of culture
(Durlinger et al., 2002a), most probably by inhibiting initiation of fol-
licle growth (Durlinger et al., 2002b).

Findings of our current study suggest that at early culture
stages cyclophosphamide metabolites cause recruitment of primor-
dial follicles to developing follicles, causing secretion of AMH and
17β-oestradiol in spent media, as well as AMH and Ki67 expression
in the follicles. AMH and 17β-oestradiol secretion in spent media of
treated samples hints that development and proliferation of fol-
licles occurs in response to cyclophosphamidemetabolites; specifically,
the significantly higher AMH secretion after exposure to 4hc 3 μmol/l
compared with untreated samples. Most of the differences in the
AMH and 17β-oestradiol levels of the treated samples compared
with the untreated samples were not statistically significant because
of the large standard deviations between the individual spent media
sample measurements. It is possible that with a larger group of
ovarian specimens we would have obtained more statistically sig-
nificant differences.

Figure 3 – AMH (A) and 17β-oestradiol (B) secretion from spent medium samples. Perpendicular black lines column = untreated samples.
Parallel black lines column = ovarian samples treated with 4hc 3 μmol/l. Black dots = ovarian samples treated with 4hc 10 μmol/l. Grey
column = ovarian samples treated with PM 3 μmol/l. Diagonal black lines = ovarian samples treated with PM 10 μmol/l. *P = 0.04
significantly higher than untreated.
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It is well known that spontaneous activation of primordial fol-
licles occurs in culture, but the exact timing at which it occurs is
unknown (Lerer-Serfaty et al., 2013), and might be during the first 2
days of culture, immediately after release from the in vivo ovarian
milieu. Our present study suggests that this process is accelerated
with addition of cyclophosphamide metabolites. Moreover, the effect
cyclophosphamide metabolites have on follicular recruitment is not
responsive to the inhibitory effect expected by elevated levels of
AMH (Durlinger et al., 1999). It is, however, necessary to be cau-
tious with this conclusion, as the inhibitory effect of AMH on
follicular activation may have occurred, had the culture period been
extended longer than the 48 h of the present study. It is noteworthy
also that AMH has actually been proven as an inhibitor of primor-
dial follicle activation only in mice, and its effect in humans is in
dispute. One group showed that in humans elevated AMH had a
stimulatory effect on follicular recruitment in vitro (Schmidt et al.,
2005), yet others found an inhibitory in vitro effect of AMH in
humans similar to mice (Carlsson et al., 2006). Moreover, the
minimal level of AMH that was shown to have an inhibitory effect
maintaining the human primordial follicular pool in a quiescent
stage in vitro was 100 ng/ml and lower doses did not show this
effect. In our present study the AMH levels produced by the cul-
tured human follicles were much lower and reached a maximal
level of almost 2.5 ng/ml (2500 pg/ml) with 4hc 10 μm. We suggest
that the AMH and 17β-oestradiol produced from the follicles indi-
cate follicular viability rather than AMH inhibitory function, similar
to AMH and Ki67 follicular expression.

The results also suggest that the induction of PM (3 μmol/l) on
ovarian primordial follicles is more rapid than that of 4hc with maximal
effect detected already after 24 h. However, we did expect that 4hc
will be much more cytotoxic than PM, presumably because of its ef-
ficiency in getting into cells (Ludeman, 1999). Be that as it may, PM
is the final active metabolite, whereas 4hc requires breakdown to active
metabolites, and may therefore take longer to reach maximal effect
in human follicles.

As shown previously in our laboratory (Lerer-Serfaty et al., 2013),
our present study demonstrates follicular activation in cultured
samples from young girls (including pre-pubertal), inconsistent with
findings reported by others (Anderson et al., 2014).

The ‘burnout’ theory suggests that cyclophosphamide causes
uncontrolled recruitment of primordial follicles to developing fol-
licles that subsequently become atretic, and thus burnout of the
ovarian reserve (Kalich-Philosoph et al., 2013; Meirow et al., 2010).
Our findings seem to support that cyclophosphamide metabolites
cause activation of primordial follicles in vitro to developing fol-
licles with subsequent atresia causing further growth promotion of
additional primordial follicles with time. This present report is the
first study that supports the ‘burnout’ theory as the cause of
cyclophosphamide follicular toxicity in humans. Yet, the mechanism
by which cyclophosphamide metabolites cause seemingly uncon-
trolled recruitment of human primordial follicles in vitro has not
been investigated to date, and further experiments should be
conducted.
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