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A B S T R A C T

Ovarian toxicity and infertility are major side effects of cancer therapy in young female cancer patients. We and
others have previously demonstrated that doxorubicin (DOX), one of the most widely used chemotherapeutic
chemicals, has a dose-dependent toxicity on growing follicles. However, it is not fully understood if the pri-
mordial follicles are the direct or indirect target of DOX. Using both prepubertal and young adult female mouse
models, we comprehensively investigated the effect of DOX on all developmental stages of follicles, determined
the impact of DOX on primordial follicle survival, activation, and development, as well as compared the impact
of age on DOX-induced ovarian toxicity. Twenty-one-day-old CD-1 female mice were intraperitoneally injected
with PBS or clinically relevant dose of DOX at 10mg/kg once. Results indicated that DOX primarily damaged
granulosa cells in growing follicles and oocytes in primordial follicles and DOX-induced growing follicle
apoptosis was associated with the primordial follicle overactivation. Using the 5-day-old female mice with a
more uniform primordial follicle population, our data revealed that DOX also directly promoted primordial
follicle death and the DNA damage-TAp63α-C-CASP3 pathway was involved in DOX-induced primordial follicle
oocyte apoptosis. Compared to 21-day- and 8-week-old female mice that were treated with the same dose of
DOX, the 5-day-old mice had the most severe primordial follicle loss as well as the least degree of primordial
follicle overactivation. Taken together, these results demonstrate that DOX obliterates mouse ovarian reserve
through both primordial follicle atresia and overactivation and the DOX-induced ovarian toxicity is age de-
pendent.

1. Introduction

The remarkable advances of early cancer diagnosis and therapeutic
regimens allow many patients to live long and productive lives after
cancer. Recently, there are more concerns regarding the side effects
during and following anti-cancer treatments (Woodward et al., 2011).
Among prepubertal, adolescent, and young adult female cancer pa-
tients, ovarian toxicity and infertility are major side effects of cancer
therapy. The ovary is composed of follicles at various developmental
stages, which act as the basic functional unit. There is a finite number of
primordial follicles set just after birth and these follicles remain in a
quiescent state to represent the ovarian reserve, a marker of fertility
potential. With advancing age, primordial follicles are activated in
regular waves and develop to growing follicles, including primary,
secondary, and antral stages, to support hormone secretion, oocyte

maturation, and ovulation from birth until menopause, when the pri-
mordial follicle pool is depleted. Both chemotherapy and irradiation
have been reported to have highly detrimental impacts on the ovary
and increase the risk of premature ovarian failure (POF), early meno-
pause, and sub- or in-fertility (Meirow and Nugent, 2001; Molina et al.,
2005; De Bruin et al., 2008; Morgan et al., 2012; Levine et al., 2018).

Thus far, most of the studies investigating the adverse impact of
chemotherapy on female ovarian function and fertility focus on alky-
lating agents (Gonfloni et al., 2009; Kalich-Philosoph et al., 2013; Kim
et al., 2013; Goldman et al., 2017; Kim et al., 2019; Nguyen et al.,
2018). Equally as important as these alkylators, however, are the other
types of anti-cancer drugs that are also widely used but may exhibit
different ovarian toxic mechanisms. Chemotherapeutic chemicals can
be grouped based on their cytotoxicities, including alkylating agents,
antimetabolites, and topoisomerase poisons, etc. Although the majority
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of these chemicals kill cancer cells by inducing DNA damage and sub-
sequent apoptosis, the precise mechanisms are not the same (Cheung-
Ong et al., 2013). It is therefore expected that different chemother-
apeutic chemicals may exhibit different cytotoxic activities to non-tu-
morous tissues, including the ovary. For example, cyclophosphamide,
one of the most widely used alkylating agents, primarily damages mi-
totically active granulosa cells of growing follicles, which subsequently
overactivates dormant primordial follicles and exhausts ovarian reserve
(Kalich-Philosoph et al., 2013; Goldman et al., 2017). In contrast, cis-
platin, a platinum containing anti-cancer agent, directly promotes the
apoptosis of oocytes in primordial follicles, leading to POF (Gonfloni
et al., 2009; Kim et al., 2013; Kim et al., 2019; Nguyen et al., 2018;
Tuppi et al., 2018). Therefore, blocking key factors of the pathways of
primordial follicle activation and apoptosis protects ovarian reserve and
fertility from the exposure of cyclophosphamide and cisplatin, respec-
tively (Gonfloni et al., 2009; Kalich-Philosoph et al., 2013; Kim et al.,
2013; Goldman et al., 2017; Kano et al., 2017; Kim et al., 2019; Nguyen
et al., 2018; Tuppi et al., 2018). These data strongly support that there
are mechanistic differences in the induction of follicle damage and
ovarian reserve depletion in response to different chemotherapies, thus
requesting different fertility preservation strategies.

Doxorubicin (DOX), which is sold as the trade names of Adriamycin
or Rubex, is a widely used anthracycline anti-tumor antibiotic (Blum
and Carter, 1974). DOX damages cancer cells as a poison to topoi-
somerase II (TOP2), a critical enzyme to regulate DNA topology (Nitiss,
2009). It can bind to TOP2 and form DOX-TOP2-DNA covalent com-
plexes which blocks subsequent DNA religation, generating a high level
of DDSBs that activate downstream DNA damage responses and cell
apoptosis (Minotti et al., 2004). DOX is frequently used in combination
with bleomycin, vinblastine, and with or without dacarbazine (ABVD or
ABV, A indicates Adriamycin or DOX) for treating Hodgkin's lymphoma
and many other cancers (Molnar et al., 1997). The reproductive toxicity
of ABVD or ABV treatment was reported somewhat controversial (De
Bruin et al., 2008; Decanter et al., 2010; Harel et al., 2011; Sonigo et al.,
2016; McLaughlin et al., 2017; Poirot et al., 2017; Sonigo et al., 2017).
More importantly, the impact of each individual chemotherapeutic
drug on female ovarian function and fertility has been rarely studied,
but these compounds are frequently used as a single agent to treat
malignancies in women of reproductive age and prepubertal girls. With
respect to DOX, the administration of a single agent of DOX is used as
the first-line chemotherapeutic regimen for multiple malignant tumors
such as lymphoma, leukemia, soft tissue sarcoma, and breast cancer, etc
(National Cancer Instititue, 2007; Cortazar et al., 2012; Food and
Administration, 2016; Seddon et al., 2017).

Using both the 3D in vitro follicle culture model and in vivo mouse
model, we and others have demonstrated that DOX has a dose-depen-
dent toxicity on growing follicle development, steroid hormone synth-
esis and secretion, and oocyte maturation and ovulation (Perez et al.,
1997, Ben-Aharon et al., 2010, Ben-Aharon, Bar-Joseph et al., 2010,
Roti Roti and Salih, 2012, Xiao et al., 2017, Wang et al., 2018). How-
ever, it is not fully understood if the primordial follicles are the direct or
indirect target of DOX. Using both prepubertal and young adult female
mouse models, we aimed to comprehensively investigate the effect of
DOX on all developmental stages of follicles within an intact ovary, to
determine the impact of DOX on primordial follicle survival, activation,
and development, as well as to compare the impact of age on DOX-
induced ovarian toxicity.

2. Materials and methods

2.1. Animals and treatments

All procedures involving mice were approved by the Institutional
Animal Care and Use Committee (IACUC) at the University of South
Carolina (USC). The CD-1 mouse breeding colony was purchased from
Charles River Laboratory (Wilmington, MA) and maintained in the

animal facility of USC, with free access to food and water, under a 12 h
light/dark cycle (6:00 AM to 6:00 PM) at 22 °C ± 1 °C with 40–60%
humidity. All the mice we used in this study were bred and maintained
in the same environment. The pregnant females were checked every
morning and every evening to record the accurate date of birth of the
pups. All the pups were weaned on postnatal day (PND) 20 and the
female offspring from the same litter were housed with 3–5 mice per
cage and were randomly distributed into different experimental groups.
In humans, the DOX treatment dosage ranges from 8 to 400mg/m2,
equivalent to 0–10mg/kg, which depends on the body size, cancer
type, and disease condition (Scheithauer et al., 1985; Ferguson et al.,
1993). Twenty-one-day-old female mice include all classes of follicles
and have not started the estrous cyclicity, which allows us to evaluate
the impact of DOX exposure on all developmental stages of follicles
without the disruption of hormonal change. Meanwhile, since a sig-
nificant number of prepubertal and adolescent young female cancer
patients are exposed to chemotherapeutics including DOX, the 21-day-
old female mice can represent this specific population. Therefore, the
21-day-old female mice were treated with a single intraperitoneal (i.p.)
injection of a human relevant dose of DOX at 10mg/kg body weight.
The DOX was dissolved in 1 x phosphate buffered saline (1xPBS or PBS,
pH=7.4), thus, the i.p. injection of the same volume of PBS was used
as the control. The ovaries were harvested on 1, 4, 7, and 14 days after
PBS or DOX injection for a comprehensive evaluation of DOX on
ovarian follicle survival, activation, and development. Our follicle
counting results showed that> 95% of primordial follicle loss occurred
within 4 days after DOX treatment. Therefore, we decided to investigate
whether the same dose of DOX could induce the same degree of pri-
mordial follicle loss in 5-day-old and 8-week-old mice within 4 days
post treatment. The 5-day-old female mice with a more uniform pri-
mordial follicle population received the same PBS or DOX exposure
strategy to study the effect of DOX on primordial follicle survival, ac-
tivation, and development. For 5-day-old mice, the ovaries were col-
lected on days 1 and 3 post PBS or DOX treatment because the DOX-
treated mice were very weak on day 4, ensuring animal welfare. The 8-
week-old female mice were also treated with the same dose of PBS or
DOX, and the ovaries were harvested on days 1 and 4 to determine the
effect of age on DOX-induced ovarian reserve obliteration. Additionally,
to avoid the potential influence of hormonal changes at different stages
of the estrous cycle, the estrous cycle stage of 8-week-old female mice
was monitored using vaginal cytology as we previously described (Zhao
et al., 2013), and all the mice were injected with PBS or DOX at the
diestrus stage. There were 4–6 mice in each treatment, time point, and
age group.

2.2. Histology and follicle counting

The collected ovaries were fixed in Shandon™ Formal-Fixx™ 10%
Neutral Buffered Formalin solution (ThermoFisher Scientific, Waltham,
MA) for 24 h (h), embedded in paraffin, and sectioned at the thickness
of 5 μm with a RM 2165 microtome (Leica Microsystems, Nussloch,
Germany). Ovarian sections were stained with hematoxylin and eosin
(H&E, ThermoFisher Scientific, Waltham, MA) at every 5th section for
histological evaluation and follicle counting. Blinded follicle counting
was performed for each ovary by counting the follicles containing oo-
cytes with a visible nucleus. Different developmental stages of follicles
were classified according to accepted published standards (Pedersen
and Peters, 1968; Goldman et al., 2017). Briefly, the primordial follicle
was defined as an oocyte surrounded by one layer of squamous gran-
ulosa cells; the primary follicle possessed an oocyte surrounded by a
single layer of cuboidal granulosa cells; the secondary follicle was de-
fined as an oocyte surrounded by two or more layers of cuboidal
granulosa cells with no visible antrum; and the antral follicle was de-
fined as an oocyte surrounded by five or more layers of granulosa cells
with no visible antrum or contain a clearly defined antral space. Atretic
secondary and antral follicles were defined by the appearance of> 10%
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of pyknotic granulosa cells and/or degenerated oocytes following the
previous published method (Brown et al., 2010; Winship et al., 2018).
Early-growing primordial follicles were characterized by an enlarged
oocyte with a diameter> 22 μm, the average of oocyte size in primary
follicles, but was surrounded by one layer of flattened granulosa cells
(Castrillon et al., 2003). Additionally, adjacent ovarian sections were
also evaluated to ensure each follicle was only counted once.

2.3. Oocyte diameter measurement

The accurate calculation of oocyte diameter was ensured by using
the DP2-BSW software (Olympus, Tokyo, Japan) after calibration with a
stage micrometer (Gurley Precision Instruments, Troy, NY). The oocyte
with a clear visible nucleus was selected for the following measurement
and 20 oocytes from each developmental stage of follicles were in-
cluded. Four mice from the control group of 21-day-old mice were used
for the measurement of oocyte diameters of primordial, primary, sec-
ondary, and antral stages of follicles. Another 4 mice from the DOX
treatment group of 21-day-old mice were used for the measurement of
oocyte diameters of early-growing primordial follicles. The oocyte
diameter was measured from the inner layer of granulosa cells in-
cluding the zona pellucida, when present. Additionally, two measure-
ments were performed for each oocyte: the first measurement detected
the widest diameter of the oocyte and the second measurement origi-
nated at a right angle from the midpoint of the first measurement. Then,
these two measurements were averaged and used as the final oocyte
diameter.

2.4. TUNEL assay

The DeadEnd™ Fluorometric TUNEL System Kit (Promega, Madison,
MI) was used to detect apoptotic cells according to the manufacturer's
instructions. Briefly, paraffin sections were deparaffinized, rehydrated,
and fixed in 4% formaldehyde in PBS. After permeabilizing by 20 μg/ml
Proteinase K solution for 10min, the TdT reaction mix was added to the
ovarian sections and incubated for 1 h at 37 °C in a humidified chamber.
The sections were counter-stained using Vectashield Mounting Medium
with DAPI (Vector Laboratories, Burlingame, CA) and TUNEL positive
cells were analyzed under the fluorescence microscope.

2.5. Immunohistochemistry and immunofluorescence

The expression of MSY2, p-AKT, Foxo3a, phopho-p63, and cleaved
caspase 3 (C-CASP3) in the ovaries treated with PBS or DOX at different
time points was determined by immunohistochemistry (IHC). Briefly,
ovarian sections were deparaffinized in xylene and rehydrated in a
series of graded ethanol baths (100%, 95%, 80%, 70%, and 50%).
Antigen retrieval was performed by microwaving ovarian sections for
15min in 0.01M sodium citrate medium (pH=6). Slides were in-
cubated in 3% hydrogen peroxide (ThermoFisher Scientific, Waltham,
MA) followed by incubating in blocking solution (2% BSA diluted in
PBS) for 1 h at room temperature (RT) and then incubated for 2 h at 4 °C
with the primary antibody. Then, slides were rinsed using PBS and
incubated in 1:500 dilution of the secondary antibody (Goat anti-rabbit
IgG (HRP), ab6271 or Goat anti-mouse IgG H&L (HRP), ab6789,
Abcam, Cambridge, MA) for 1 h at RT. The sections were washed and
then incubated with DAB substrate kit (ab64238, Abcam, Cambridge,
MA), and counterstained with hematoxylin. The immunofluorescense
(IF) was used to detect the expression level of gamma-H2A.X (γ-H2AX)
in the 5-day-old ovaries treated with PBS or DOX at 3, 6, 12, and 24 h.
The protocol was similar to the IHC except omitting the hydrogen
peroxide incubation until primary antibody incubation. Ovarian sec-
tions were incubated with Donkey anti-Mouse IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 546 (A10036, 1:500,
ThermoFisher Scientific, Waltham, MA) in blocking solution for 1 h at
RT. The slides were then mounted with Vectashield containing DAPI

(Vector Laboratories, Burlingame, CA). Negative control sections were
treated the same but the primary antibody was replaced with goat anti-
rabbit IgG or goat anti-mouse IgG (1:200, Abcam, Cambridge, MA).
Primary antibodies against γ-H2AX (phospho Ser 139) (ab26350,
1:200) and AKT1 (phosphor S473) (ab81283, 1:200) were purchased
from Abcam (Cambridge, MA); cleaved-caspase 3 (GTX22302, 1:200)
was purchased from GeneTex (Irvine, CA); Foxo3a (10849–1-AP, 1:200)
was purchased from Proteintech (Chicago, IL); phopho-p63 (Ser160/
162) (4981S, 1:200) was purchased from Cell Signaling Technology
(Danvers, MA), and MSY2 (1:1000) was a gift from Dr. Teresa Woodruff
at Northwestern University.

2.6. Western blot

The postnatal day (PND) 5 mouse ovaries were harvested at 3, 6, 12,
and 24 h after PBS or DOX treatment and placed in dry ice immediately
at the time of harvest. The ovaries were homogenized in ice-cold
Laemmli sample buffer (Bio-Rad, Hercules, CA) containing protease and
phosphatase inhibitor cocktail (ThermoFisher Scientific, Waltham, MA)
and separated by Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE, 12% acrylamide gel). Proteins were trans-
ferred to the 0.45 μm nitrocellulose blotting membrane (GE Healthcare
Life Science, Pittsburgh, PA). After blocking with 5% BSA dissolved in
Tris-buffered saline containing 0.1% Tween-20 (TBST), the membranes
were incubated with primary antibodies overnight at 4 °C. After
washing with TBST, membranes were incubated with appropriate sec-
ondary antibodies conjugated to horseradish peroxidase at a dilution of
1:2000 for 1 h at RT. The protein was then detected using Pierce™ ECL
Western Blotting Substrate Kit (ThermoFisher Scientific, Waltham, MA)
according to the manufacturer's instructions. The primary antibodies
we used were anti-γ-H2AX (phosphor Ser 139) (1:1000, ab26350,
Abcam, Cambridge, MA); anti-TAp63α (1:1000, gift from Dr. So-Youn
Kim at Nebraska University Medical Center), and anti-β-actin (1:1000,
ab6276, Abcam, Cambridge, MA).

2.7. DOX fluorescence detection

DOX accumulation and distribution in the ovary were determined
based on its autofluorescence as we previously described (Xiao et al.,
2017). An examination time window of 72 h was selected to cover all
the changes of DOX accumulation in the ovaries. Briefly, ovarian sec-
tions were deparaffinized in xylene and rehydrated in a series of graded
ethanol baths (100%, 95%, 80%, 70%, and 50%). The slides were then
mounted with Vectashield containing DAPI (Vector Laboratories, Bur-
lingame, CA). Next, images from 5-day-old mice treated with PBS or
DOX for 3, 6, 12, 24, and 72 h were taken using a 40 X objective using a
fluorescence microscope with a Lumen 200 Fluorescence Illumination
System (Prior Scientific Inc., Rockland, MA).

2.8. Statistical analysis

Data are presented as means± S.D. The follicle counting data were
analyzed using one-way analysis of variance (ANOVA) followed by
Tukey's post hoc test for a comparison of means between more than two
independent groups and an unpaired t-test with Welch's correction for
detecting the difference between two groups. All the statistical com-
parisons were performed using PRISM 7.0 (GraphPad Software, Inc., La
Jolla, CA). The significance level was set at P < .05.

3. Results

3.1. DOX exhibited distinct cytotoxicities in different follicular cell types
and developmental stages of follicles

We first characterized the comprehensive impact of DOX on an in-
tact ovary including all classes of follicles by injecting 21-day-old CD-1
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Fig. 1. The ovarian toxicity of DOX was cell type and
follicle developmental stage dependent. (A)
Representative ovary histological images on days 1,
4, 7, and 14 after PBS or DOX treatment. Black
squares indicate normal follicle morphology on day
1, 4, and 7 and existence of corpus luteum (CL) on
day 14 in PBS-treated ovaries; red squares indicate
apoptotic granulosa cells in growing follicles after
DOX treatment; purple square indicates apoptotic
oocyte in primordial follicles after DOX treatment on
day 1; red dash squares indicate degenerated
growing follicles on days 4, 7, and 14 after DOX
treatment; and orange squares indicate newly de-
veloped follicles in DOX-treated ovaries on days 7
and 14. (B) Representative ovary TUNEL staining
images on days 1, 4, 7, and 14 after PBS or DOX
treatment. Purple squares indicate apoptotic oocytes
in primordial follicles in DOX-treated ovaries on day
1; red dash squares indicate degenerated growing
follicles that were corresponding to the degenerated
follicles in (A); white dash squares were corre-
sponding to images below with higher magnifica-
tion. N=5–10 female mice in each treatment group
and 3–5 replicates of histology and TUNEL staining
were performed. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 2. DOX diminished ovarian reserve in 21-day old female
mice. (A) Total number of all classes of surviving follicles per
ovary on days 1, 4, 7, and 14 after PBS or DOX treatment. (B)
Total number of specific developmental stage of follicles per
ovary on days 1, 4, 7, and 14 after PBS or DOX treatment. (C)
Expression of MSY2 (brown staining, an oocyte cytoplasm-
specific protein) examined by immunohistochemistry (IHC) in
PBS- and DOX-treated ovaries on days 1, 4, 7, and 14. (D)
Total number and percentage of atretic secondary and antral
follicles per ovary. *p < .05 and **p < .01 compared to the
control group or the follicle number on another day after PBS
or DOX treatment. Error bar: standard deviation. N= 5–10
female mice in each treatment group and 3 replicates of IHC
were performed. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)

Y. Wang, et al. 7R[LFRORJ\�DQG�$SSOLHG�3KDUPDFRORJ\������������������

�



female mice with PBS or a clinically relevant dose of DOX at 10mg/kg
once. Ovaries were harvested on days 1, 4, 7, and 14 for histology and
TUNEL assay. On day 1 after treatment, both histology and TUNEL
results revealed that the DOX-treated ovaries had a markedly increased
granulosa cell apoptosis in the primary, secondary, and antral stages of
follicles, demonstrated by the condensed granulosa cell cytoplasm and
pyknotic and fragmented nuclei based on histological staining, as well
as the DNA fragmentation based on positive TUNEL staining (Fig. 1A,
red squares; Fig. 1B, red and yellow arrows). However, no evident
damages were noted in the oocytes of these apoptotic growing follicles
(Fig. 1A). Compared to primary and two-layered secondary follicles
(Fig. 1B, yellow arrows), the degree of granulosa cell apoptosis was
more severe in multilayered secondary and antral stages of follicles
(Fig. 1B, red arrows). Different from the pattern of DOX-induced
apoptosis of growing follicles, DOX primarily induced oocyte apoptosis
in primordial follicles, but with pre-granulosa cells showing similar
morphology to the control group (Fig. 1, purple squares). From day 4 to
14, a majority of apoptotic follicles at secondary and antral stages in
DOX-treated ovaries had complete degenerated granulosa cell layers,
with some showing distorted or degenerated oocytes (Fig. 1, red dash
squares). Moreover, these DOX-treated ovaries had some newly devel-
oped secondary and early antral follicles (Fig. 1A, orange squares).
These results demonstrate that DOX exhibits distinct cytotoxicities be-
tween somatic and germ cells as well as among different developmental
stages of follicles.

3.2. DOX induced primordial follicle loss and diminished ovarian reserve

Follicle counting was next performed to quantify the effect of DOX on
the survival, activation, and development of all classes of follicles. There
was a natural loss of 9.47% (1974.67 ± 256.80 vs 1787.67 ± 112.43),
34.30% (1974.67 ± 256.80 vs 1297.33 ± 136.15), and 34.39%
(1974.67 ± 256.80 vs 1295.67 ± 197.18) of total surviving follicles in
the control group from day 1 to days 4, 7, and 14, respectively (Fig. 2A).
The significant follicle losses on days 7 and 14, corresponding to the mouse
age of days 28 and 35, suggests a physiological follicle loss during peri-
pubertal period. Compared to PBS-treated ovaries, the numbers of total
surviving follicles in the DOX-treated ovaries were reduced by 30.93%
(1974.67 ± 256.80 vs 1364.00 ± 141.92), 59.63% (1787.67 ± 112.43
vs 721.67 ± 174.50), 55.34% (1297.33 ± 136.15 vs 579.33 ± 30.53),
and 55.47% (1295.67 ± 197.18 vs 577.00 ± 168.32) on days 1, 4, 7, and
14 post-DOX injection, respectively (Fig. 2A), implying that there was
significant extra follicle death upon DOX treatment.

After classifying these follicles based on specific developmental
stages, the numbers of primordial follicles in DOX-treated ovaries were
significantly lower than PBS-treated ovaries at all examining time
points (Fig. 2B), with>95% of primordial follicle loss occurred within
4 days after DOX treatment. The immunostaining results of MSY2, an
oocyte cytoplasm-specific protein, confirmed the primordial follicle loss
after DOX treatment (Fig. 2C). The number of primary follicles in DOX-
treated ovaries was reduced by 27.46% (122 ± 22.52 vs
88.5 ± 17.14) on day 1 compared to the control group, however, it
was greatly increased by 74.39% (88.5 ± 17.14 vs 154.33 ± 17.79)
from day 1 to day 4 with the absolute primary follicle number being
similar to PBS-treated ovaries (Fig. 2B). The raised number of primary
follicles from day 1 to day 4 after DOX treatment suggests that the loss
of growing follicles may trigger an overactivation of dormant pri-
mordial follicles as described in previous studies using other che-
motherapeutic chemicals (Kalich-Philosoph et al., 2013; Chang et al.,
2015; Goldman et al., 2017), which will be discussed in the next sec-
tion. Consistent with the results of histology and TUNEL assay (Fig. 1)
and the significantly increased atretic secondary and antral follicles
(Fig. 2D), the numbers of surviving secondary and antral follicles were
significantly lower than PBS-treated ovaries at all examining time
points (Fig. 2B). More specifically, the number of secondary follicles in
DOX-treated ovaries showed a continuous decrease from day 1 to day 7

but was then significantly increased by 60.92% (29.00 ± 9.17 vs
46.67 ± 8.33) from day 7 to day 14 (Fig. 2B). There was no surviving
antral follicle on days 1 and 4 but some preantral follicles developed to
antral stage on days 7 and 14 (Fig. 2B). The increased number of sec-
ondary follicles from day 7 to day 14 and the reappearance of antral
follicles on days 7 and 14 indicate that the newly recruited and/or
survived preantral follicles develop to secondary and antral stages.
Moreover, because the numbers of primary, secondary, and antral fol-
licles in DOX-treated ovaries were still less than control group, it was
proposed that the newly recruited and grown follicles cannot com-
pensate for the loss of same stage of follicles upon DOX treatment.

3.3. DOX promoted primordial follicle overactivation

Since the follicle counting results showed significantly elevated
numbers of primary follicles on days 4 and 7 after DOX treatment
(Fig. 2B), we next examined whether the DOX will overactivate dor-
mant primordial follicles. Compared to PBS-treated ovaries, histological
results showed that the DOX-treated ovaries on day 1 contained sig-
nificantly more of transient stage of primordial follicles, which were
characterized by an enlarged oocyte surrounded by one layer of flat-
tened pre-granulosa cells (Fig. 3A, black square and 3B). The mor-
phological appearance of these follicles is similar to the follicles with
oocytes lacking Pten, Foxo3a, and Tsc1, three essential repressors of
primordial follicle activation (Castrillon et al., 2003, Reddy et al., 2005,
Adhikari et al., 2009, Adhikari and Liu, 2010, Adhikari, Zheng et al.
2010), and they were thus termed early-growing primordial follicles.
After separating early-growing primordial follicles from normal pri-
mordial follicles, the numbers of early-growing primordial follicles in
DOX-treated ovaries were significantly higher than PBS-treated ovaries
on days 1, 4, and 7 and then dropped to a similar level on day 14
(Fig. 3C). These results reflect the fact that the elevated numbers of
primary follicles on day 4 and secondary and antral follicles on days 7
and 14 in DOX-treated ovaries (Fig. 2B) was at least partially attributed
to the newly recruited and activated primordial follicles. Interestingly,
some early-growing primordial follicles in DOX-treated ovaries had
their single layer of flattened pre-granulosa cells proliferated to 2–3
layers but did not transform to cuboidal granulosa cells on days 4 and 7
(Fig. 3A, red squares). Accordingly, most of these aberrantly developed
follicles had degenerated oocytes on day 14 (Fig. 3A, orange squares),
suggesting that these early-growing follicles underwent atresia if the
flattened pre-granulosa cells did not normally differentiate into cu-
boidal granulosa cells.

3.4. DOX obliterated mouse ovarian reserve through both primordial follicle
atresia and overactivation

Since the numbers of early-growing primordial follicles and in-
creased primary follicles on day 4 were still substantially less than the
number of primordial follicle loss (e.g. 95.08 vs 504.92 on day 1 after
DOX treatment) and our histology and TUNEL results showed apoptotic
oocytes in primordial follicles (Fig. 1), we next tested the hypothesis
that DOX treatment can also directly damage primordial follicles. We
chose 5-day-old CD-1 female mice for the same PBS and DOX treatment
regimen because their ovaries have a more uniform primordial follicle
population. Upon DOX treatment, the total surviving follicle numbers
were significantly decreased by 82.96% (2372.67 ± 217.20 vs
404.33 ± 187.13) and 95.29% (2200.67 ± 210.37 vs
103.67 ± 4.93) on day 1 and day 3 compared to the control group,
respectively (Fig. 4A). After classifying follicles based on specific de-
velopmental stages, the numbers of primordial follicles in DOX-treated
ovaries were significantly decreased by 83.81% and 96.29%, and the
numbers of primary follicles were decreased by 55.52% and 47.41%, on
day 1 and day 3 compared to the control group, respectively (Fig. 4B-
4D). The majority of secondary follicles (93.43%) were lost on day 1
after DOX treatment and no secondary follicles were observed on day 3
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(Fig. 4B-4D). Moreover, the number of primary follicles in the control
group was significantly decreased from day 1 to day 3. Considering the
increased number of secondary follicles on day 3, these results in-
dicated that primary follicles were developed into secondary follicles
during this period. However, no significant decrease of primary follicles
was found in the DOX-treated ovaries from day 1 to day 3, suggesting
that some primordial follicles could be activated and recruited into the
primary follicle pool which was similar to that in the 21-day-old mice.
Consistent with the results from DOX-treated 21-day-old mice, the 5-
day-old mice also showed significantly increased numbers of early
growing primordial follicles after DOX treatment (Fig. 4B), particularly
on day 3 (Fig. 4C, red arrows).

To confirm the primordial follicle overactivation, IHC was per-
formed to detect the expression of p-AKT and Foxo3a, two essential
regulators to maintain dormant oocytes in primordial follicles and cri-
tical markers to determine primordial follicle activation (Castrillon
et al., 2003; Reddy et al., 2005; John et al., 2008). Results indicated
that the expression level of p-AKT was significantly induced in the
oocytes of primordial follicles 3 h post DOX treatment and then de-
creased at 12 h (Fig. 4E). Furthermore, a significant amount of pri-
mordial follicles showed decreased expression level of Foxo3a in oocyte
nuclei 6 h after DOX treatment, a marker of primordial follicle activa-
tion (Fig. 4E). These results suggest that DOX induces primordial fol-
licle activation through the AKT-Foxo3a pathway. Taken together,
these results demonstrate that prepubertal DOX exposure obliterates
mouse ovarian reserve through both primordial follicle atresia and
overactivation.

3.5. DNA damage-TAp63α-C-CASP3 pathway was involved in DOX
promoted primordial follicle atresia

To investigate the underlying molecular mechanism of DOX-in-
duced primordial follicle death, we first examined the accumulation
and distribution of DOX in the ovary based on its autofluorescence.
Positive DOX fluorescence was visible in the ovarian somatic cells and
germ cells 3 and 6 h post treatment, with notable increased signals at
12 h, and then the DOX's autofluorescence was significantly decreased
at 72 h (Fig. 5A). These results reveal that DOX can penetrate somatic
cell layers in the ovary and reach the oocytes of primordial follicles.
Next, we detected the expression of γ-H2AX, a well-characterized bio-
marker of DDSB as well as the major mechanism of DOX's cytotoxicity
on tumorous cells (Kurz et al., 2004; Kuo and Yang, 2008). Results
indicated that DOX significantly increased the expression of γ-H2AX in
ovarian epithelial cells and oocytes but not in pre-granulosa cells of
primordial follicles (Fig. 5B), and the increased expression levels of γ-
H2AX peaked at 6 h after DOX treatment (Fig. 5C, red arrow), in-
dicating that DOX can induce DDSBs in oocytes of primordial follicles.
Previous studies have reported that TAp63α functions to respond to
DNA damage that results in its phosphorylation and subsequent oocyte
apoptosis initiation in the primordial follicles (Kerr et al., 2012; Kim
et al., 2013; Tuppi et al., 2018). The expression of phospho-p63 was
significantly induced in oocytes of primordial follicles 3 h post DOX
treatment (Fig. 5D). In addition, western blot results showed that
TAp63α was hyper-phosphorylated in DOX-treated ovaries at 6 h after
DOX treatment (Fig. 5C, yellow arrow). Accordingly, there were greatly
increased positive signals of C-CASP3, a well-defined marker in the

Fig. 3. DOX induced primordial follicle overactivation in 21-day old female mice. (A) Representative ovary histological images on days 1, 4, 7, and 14 after PBS or
DOX treatment. The Black square indicates a representative early-growing primordial follicle with an enlarged oocyte surrounded by one layer of flattened pre-
granulosa cells on day 1; Red squares indicate early-growing primordial follicles with more than one flattened pre-granulosa cell layers on days 4 and 7; and orange
squares indicate degenerated early-growing primordial follicles. (B) The average oocyte diameter in different developmental stages of follicles and in early-growing
primordial follicles. (C) Total number of normal primordial and early-growing primordial follicles per ovary on days 1, 4, 7, and 14 in PBS- or DOX-treated ovaries.
*p < .05 and **p < .01 compared to control group or the follicle number on another day after PBS or DOX treatment. Error bar: standard deviation. N=5–10
female mice in each treatment group and 3 replicates for histological staining. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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execution phase of cell apoptosis, from 12 to 24 h in oocytes of pri-
mordial follicles and granulosa cells after DOX treatment (Fig. 5E, red
and yellow arrows). In summary, these results demonstrate that the
DNA damage-TAp63α-C-CASP3 pathway was involved in DOX-induced
primordial follicle atresia.

3.6. DOX exhibited an age-dependent effect on primordial follicle atresia
and overactivation

Since there was a different degree of DOX-induced primordial fol-
licle loss between 5- and 21-day-old mice (83.81% in 5-day-old mice vs
29.79% in 21-day-old mice on day 1 after DOX treatment), 8-week-old
adult CD-1 female mice were treated with the same dose of DOX to

study the effect of age on DOX-induced ovarian reserve obliteration.
Compared to the control group, follicle counting results showed that the
total surviving follicle numbers were significantly reduced by 41.83%
(1330.67 ± 76.51 vs 774.00 ± 118.11) and 40.42%
(1320.33 ± 90.12 vs 786.67 ± 51.07) on day 1 and day 4 after DOX
treatment in 8-week-old mice, respectively (Fig. 6A). After classifying
these follicles based on specific developmental stages, the numbers of
primordial, secondary, and antral follicles were all significantly reduced
on days 1 and 4 after DOX treatment (Fig. 6B). However, the number of
primary follicles was reduced by 23.88% on day 1, but it was then
significantly increased to a similar amount to the control group on day
4 (Fig. 6B), indicating the overactivation of primordial follicles after
DOX treatment. Interestingly, no early-growing primordial follicles

Fig. 4. DOX diminished ovarian reserve and induced primordial follicle overactivation in 5-day old mice. (A) Total number of all classes of surviving follicles per
ovary on days 1 and 3 after PBS or DOX treatment. (B) Total number of specific developmental stage of follicles per ovary on days 1 and 3 after PBS or DOX treatment.
(C) Representative ovary histological images on days 1 and 3 after PBS or DOX treatment. The Yellow arrow indicates a primary follicle with apoptotic granulosa cells
on day 1 after DOX treatment and red arrows indicate early-growing primordial follicles on day 3 after DOX treatment. (D) Expression of MSY2 (brown staining, an
oocyte cytoplasm-specific protein) examined by immunohistochemistry (IHC) in PBS- and DOX-treated ovaries on days 1 and 3. (E) Expression of p-AKT and Foxo3a
(brown stainings) at 0, 3, 6, 12, and 24 h (h) after PBS or DOX treatment. *p < .05 and **p < .01 compared to control group or the follicle number on another day
after PBS or DOX treatment. Error bar: standard deviation. N=3–5 female mice in each treatment group and 3 replicates for histological staining and IHC were
performed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were noted in 8-week old DOX-treated ovaries on day 1 and the amount
of early-growing primordial follicles on day 4 was also significantly less
than that in 5- and 21-day-old DOX-treated ovaries (Fig. 6C and D).
Moreover, after comparing the percentages of primordial follicle loss
between different ages of DOX-treated mice, it was found that the 5-
day-old mice had the most severe primordial follicle loss compared to
21-day and 8-week-old mice (Fig. 6E). Taken together, these results

demonstrate that there is an age-dependent effect of DOX-induced
primordial follicle atresia and overactivation.

4. Discussion

Using a 3D in vitro follicle culture model, we have previously de-
monstrated that DOX has a dose-dependent toxicity on growing follicle

Fig. 5. DOX induced primordial follicle death
through DNA damage-TAp63α-C-CASP3 pathway.
(A) Representative images of DOX autofluorescence
(red) in the ovary at 0, 3, 6, 12, 24, and 72 h (h) after
DOX treatment. (B) Ovarian expression of Gamma-
H2AX (γ-H2AX, red staining) examined by im-
munofluorescence (IF) at 3, 6, 12, and 24 h after PBS
or DOX treatment. (C) Expression of γ-H2AX and
hyper-phosphorylation of TAp63α examined by
western blot in PBS- and DOX-treated ovaries at 3, 6,
12, and 24 h after PBS or DOX treatment. The his-
tograms indicated the relative expression levels of
TAp63α and γ-H2AX comparing to β-actin. *p < .05
and **p < .01 compared to the control group at the
same time point after PBS or DOX treatment. Error
bar: standard deviation. (D) Expression of phospho-
p63 (brown staining) examined by im-
munohistochemistry (IHC) at 3, 6, 12, and 24 h after
PBS or DOX treatment. (E) Ovarian expression of
Cleaved Caspase 3 (C-CASP3, brown staining) at 3, 6,
12, and 24 h after PBS or DOX treatment. N= 3–5
female mice in each treatment group and 3 replicates
for IF, western blot, and IHC were performed. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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survival, hormone secretion, and oocyte maturation (Xiao et al., 2017).
Here, we further used the whole animal model to comprehensively
investigate the effect of DOX on all classes of follicles within an intact
ovary. Consistent with our previous findings in vitro, DOX significantly
increased apoptosis of growing follicles in all ages of DOX-treated an-
imals. Moreover, we discovered that the granulosa cells, not oocytes,
were the primary targets of DOX in the growing follicles. Further, the
granulosa cells of more advanced stages of follicles such as multilayered
secondary and antral follicles are more susceptible toward DOX-in-
duced cytotoxicity than primary and two-layered secondary follicles
are. These results are consistent with previous studies that the DOX-
induced ovarian cell DNA damage and follicle apoptosis in the mouse
ovary is in a cell- and follicle- type dependent manner (Roti Roti and
Salih, 2012). It has been well characterized that upon primordial fol-
licle activation, the one layer of granulosa cells of primary follicles will
become mitotically active and proliferate multiple granulosa cell layers
in the secondary and antral stages of follicles. Meanwhile, TOP2A is
highly expressed in actively proliferating cancer cells, and forms DOX-
TOP2-DNA covalent complexes, which generate high levels of DDSBs
and activate subsequent cancer cell apoptosis (Minotti et al., 2004). In
addition, dexrazoxane, a catalytic inhibitor of TOP2, protects mouse
ovarian granulosa cells and marmoset monkey tissue from DOX's insult
in vitro (Roti Roti and Salih, 2012; Salih et al., 2015). Therefore, these
results demonstrate that the selective cytotoxicity of DOX on different
types of follicular cells and different developmental stages of follicles is
consistent with DOX's anti-cancer mechanism and is largely dependent
on cell mitotic activity.

There are two major theories to explain the mechanism of pri-
mordial follicle depletion after anti-cancer treatments. First, che-
motherapeutic chemicals, such as cyclophosphamide, primarily damage
growing follicles, which further overactivates dormant primordial fol-
licles, leading to an indirect effect of ovarian reserve burnout and POF
(Kalich-Philosoph et al., 2013; Chang et al., 2015; Goldman et al.,
2017). Second, some other anti-cancer agents, such as cisplatin, directly
cause primordial follicle death and result in primordial follicle pool

obliteration (Gonfloni et al., 2009; Kim et al., 2013; Kim et al., 2019;
Nguyen et al., 2018; Tuppi et al., 2018). In our study, the positive
staining of DOX autofluorescence and the significantly increased DNA
damage and apoptosis proteins suggest that DOX can directly induce
primordial follicle death which is driven by the DNA damage-TAp63α-
C-CASP3 pathway in the oocytes of primordial follicles. Moreover, our
results also demonstrate that the DOX-induced growing follicle death
promotes primordial follicle overactivation through the activation of
AKT-Foxo3a pathway, a well-established signaling pathway to regulate
oocyte dormancy in primordial follicles (Castrillon et al., 2003; Reddy
et al., 2008). Based on these data, we conclude that DOX obliterates
moue ovarian reserve through both primordial follicle atresia and
overactivation. This discovery also explains the results from previous
studies that the pharmacologic suppression of primordial follicle over-
activation cannot entirely rescue the chemotherapy-induced primordial
follicle pool depletion (Goldman et al., 2017; Kano et al., 2017). For the
DOX-induced primordial follicle overactivation, Roti Roti et al. re-
ported that ovarian stroma cells accumulated DOX and exhibited DNA
damage before the granulosa cells, and they proposed that one possible
mechanism contributing to the primordial follicle loss was the activa-
tion of primordial follicles induced by ovarian stroma remodeling (Roti
Roti et al., 2012). Thus, the overactivation of primordial follicles ob-
served in our study may be caused by the combination of growing
follicle atresia, stroma demise, and direct stimulation. Previous studies
indicated that DOX appeared in the ovary in a time-dependent manner
with prevalence observed in the core stroma cells at early time points
and then, DOX penetrated follicles (Roti Roti et al., 2012). In addition,
the same study also showed that the DOX accumulation in the ovaries
got a notable increase at 4 h and persisted through 48 h assay period.
Our DOX distribution results demonstrated that the positive DOX
fluorescence was visible in the ovarian stomal cells and oocytes 3 and
6 h post treatment, but with notable increased signals at 12 h and a
significantly decrease at 72 h. The different DOX distribution patterns
between previous data and our results might be caused by using the
different age of mice (4-week-old vs 5-day-old) and dose of DOX

Fig. 6. DOX exhibited an age-dependent effect on
primordial follicle atresia and overactivation. (A)
Total number of all classes of surviving follicles per
ovary on days 1 and 4 after PBS or DOX treatment in
8-week old female mice. (B) Total number of specific
developmental stage of follicles per ovary on days 1
and 4 after PBS or DOX treatment. (C)
Representative ovary histological images on days 1
and 4 after PBS or DOX treatment. Black squares
indicate normal antral follicles in control groups; red
square indicates an antral follicle with apoptotic
granulosa cells on day 1 after DOX treatment; red
dash square indicates an antral follicle with both
apoptotic granulosa cells and degenerated oocyte on
day 4 after DOX treatment; blue dash squares in-
dicate early growing primordial follicles on day 4
after DOX treatment. (D) Total number of early-
growing primordial follicles per ovary on days 1 and
4 in PBS- or DOX-treated ovaries. (E) Percentage of
primordial follicle loss in different ages of DOX-
treated mice. *p < .05 and **p < .01 compared to
control group. Error bar: standard deviation.
N=4–6 female mice in each treatment group and 3
replicates for histological staining. (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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(20mg/kg vs 10mg/kg). However, consistent with their conclusion
(Roti Roti et al., 2012), the acute DOX accumulation pattern in the
ovarian cortex region and the subsequent primordial follicle apoptosis
indicate that the intervention approaches to protect ovarian reserve
should be applied before or immediately after DOX treatment.

When cellular DNA damage occurs, the DNA damage checkpoint
kinases of ATM (ataxia telangiectasia mutated) and/or ATR (ataxia
telangiectasia and Rad-3 related) are activated through phosphoryla-
tion, which then activate a second wave of phosphorylation of CHEK1/
CHEK2 kinases and their downstream cell apoptotic pathway if the
DNA damage is severe (Marechal and Zou, 2013). Regarding DNA da-
mage in oocytes of primordial follicles, the priming checkpoint kinases
of CHEK1/CHEK2 phosphorylate TAp63, which transforms the dimeric
TAp63 to tetrameric conformation for activation of oocyte apoptosis
(Tuppi et al., 2018; Kim et al., 2019). The specific pathway associated
with TAp63 activation through ATR/CHEK1 and/or ATM/CHEK2 lar-
gely dependents on the type of anti-cancer therapies (Kim et al., 2019).
Recent studies reported that TAp63 is phosphorylated via ATM/CHEK2
pathway when ovarian tissues are exposed to DOX in vitro (Tuppi et al.,
2018). Consistent with their in vitro results, our in vivo data further
confirm that DOX induces hyperphosphorylation of TAp63α in the
oocytes of primordial follicles. Therefore, we propose that the adjuvant
therapies to block the activation of ATM/CHEK2/TAp63α pathway
should be considered to protect the DOX-induced oocyte apoptosis in
primordial follicles.

Using three different ages of female mouse models, we, for the first
time, discover that the degree of primordial follicle loss after exposure
of DOX is age dependent. Both AMH and LH have been reported to
protect mouse ovaries from chemotherapy-induced primordial death
(Kano et al., 2017; Rossi et al., 2017). Since both AMH and LH have
higher circulation levels in peripubertal and young adult mice than that
at the juvenile stage(Bronson, 1981; Clark et al., 1997; Campbell et al.,
2012), we propose that the lower levels of AMH and LH in 5-day-old
mice make them more susceptible to the primordial follicle apoptosis
after DOX treatment. Moreover, compared to adult female mice, the
prepubertal mice have immature metabolic and detoxification cap-
abilities in the liver, which is another possible reason for the age-de-
pendent DOX-induced ovarian toxicities. These results suggest that the
childhood cancer patients may be more susceptible toward cancer
therapy-induced ovarian reserve obliteration and infertility than the
adolescent and young adult female cancer patients. However, further
studies are necessary to validate the age-dependent effect of DOX's
ovarian toxicity in humans.

In summary, our studies demonstrate that the clinically relevant
dose of DOX obliterates mouse ovarian reserve through both primordial
follicle atresia and overactivation and DOX has an age-dependent
ovarian toxicity pattern. These results indicate that DOX exposure
during cancer therapy will significantly increase the risk of POF, early
menopause, and sub- or in-fertility in young female cancer patients, and
the adjuvant fertility protective regimen needs to target both primordial
follicle atresia and primordial follicle overactivation.
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