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ABSTRACT

The alkylating agent cyclophosphamide (CY) is a potent ovarian toxicant. It damages growing follicles and causes premature
activation and depletion of the resting follicles that constitute the ovarian reserve. While there is abundant information on the
impact of CY on the ovary and its toxicity mechanisms, the influence of the circadian rhythm on ovarian toxicity has not
been evaluated. To test the hypothesis that time of exposure affects ovarian toxicity of CY, C57BL/6 mice were treated with
a single injection of CY (75 mg/kg) at either two hours after lights on (Zeitgeber time (ZT) 02) ot two houts after lights off
(ZT14). Toxicity was evaluated one week after treatment by counting ovarian follicles in histological sections. Fewer
primordial follicles were counted in the ovaries of CY-treated animals at both treatment times, and fewer antral follicles were
counted in the ovaries of animals treated at ZT02. There was no difference in the number of primordial follicles in the
ovaries of CY-treated animals between the two treatment times. These results demonstrate that CY-induced depletion of the
ovarian resetve occurs when mice are exposed eatly in the light phase and eatly in the circadian cycle's dark phase. There is no
impact of the circadian rhythm on follicle depletion by CY at these time points.
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INTRODUCTION

Female mammals are endowed with a finite number of germ cells (i.e., oocytes) assembled in follicles composed of somatic
cells. Non-growing primordial follicles represent a female's ovatian reserve.»>2 In healthy females, the number and quality of
ovarian follicles decrease gradually throughout life.3 Eventually, a high degree of germ cell depletion conttibutes to age-
associated reproductive senescence and infertility. 3 The age-associated decline in the oocyte reserve may be accelerated by
exposure to environmental toxicants that damage ovarian follicles.>™

Many routinely used chemotherapeutic agents are toxic to the ovary. They are a significant source of ovarian toxicant
exposute in pre-menopausal women.® 10 Alkylating agents are particularly harmful to the ovary. These compounds add alkyl
groups to DNA, interfering with transcription, DNA replication, and cell division.!! Alkylating agent exposure is associated
with a significantly reduced ovarian follicle reserve,!> 13 amenorrhea,'* and premature ovarian insufficiency in women.15 16

Cyclophosphamide (CY) is a bifunctional alkylating agent that induces DNA crosslinks and double-strand breaks.! It is the
cornerstone of chemotherapy regimens used to treat cancers in women, such as breast cancer, ovarian cancer, and non-
Hodgkin lymphoma.'” It is also used to treat autoimmune disorders such as systemic lupus erythematosus,'8 which
predominantly affect females.!?

Cyclophosphamide is a potent ovatian toxicant. Exposure is associated with reduced primordial follicle reserve?? and an
increased risk of acute ovarian failure in women treated as young adults.* 15 In rodents, a single dose (75 mg/kg) is sufficient
to reduce the primordial follicle reserve by 50%.2122 Cyclophosphamide significantly reduced the number of primordial
follicles in human ovarian tissue mouse xenograft experiments.?% 24 Treatment of human ovarian xenografts was also
associated with increased follicular apoptosis as measured by TUNEL staining?* and cleaved caspase-3 quantification.??

As cancer survival rates continue to improve, and women delay childbearing to later in life, preserving females' fertility
exposed to ovarian toxicants such as CY has become an important research area.?5 Current strategies for fertility preservation
during chemotherapy include cryopreservation of ovarian tissue, germ cells, or embryos.26 Researchers continue to search for
less invasive methods to spare females' fertility after exposure to alkylating agents.

The science of chronotherapy involves treating illnesses according to a patient's biological thythms. The goals of

chronotherapy are to minimize toxicity and enhance the effectiveness of pharmaceutical agents.2” Twenty-four-hour circadian
rhythms in drug response have been observed for many compounds, including at least 40 anticancer agents and ten alkylating
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agents.?8 Therefore, biological rhythms may be an important consideration during chemotherapy when pre-menopausal
women are exposed to alkylating agents.

There is specific evidence that the degree of CY toxicity is influenced by the time of exposure. Male mice treated with CY (3
doses of 150 mg/kg) at the light to dark transition of their daily cycle (Zeitgeber time (Z2T)14) had better survival (80%) and
retained more bodyweight after CY than those treated at the datk to light transition (ZT02, 20%)?°. Others had reported the
most significant survival rate in mice when they were treated with a single dose of CY (375 mg/kg) in the four hours around
the light to dark transition compared to other times of the day3

While there is abundant information available on the effects of CY on the ovary and its toxicity mechanisms, the influence of
the circadian rhythm on its ovatian toxicity has not been evaluated. This study aimed to determine if a circadian thythm in
CY toxicity is evident at a sub-lethal dose that induces significant follicle depletion. A thythm in ovarian toxicity could be
important for CY treatment in women when ovarian follicles should be spared. Furthermore, the circadian rhythm may be an
important variable to consider as studies on other ovarian toxicants are planned and reported. We predicted that CY would
deplete the ovatian reserve when mice were exposed at both ZT02 and ZT14, but that toxicity would be less severe in the
group treated at ZT14. To test this hypothesis, mice wete treated with a single dose of CY (75 mg/kg) at times predicted to
yield the most (ZT02) and least (ZT14) overall toxicity.?? Ovarian follicles were classified and counted in histological sections
one week after treatment.

METHODS AND PROCEDURES

Animals

Breeding pairs of C57BL/6 mice wete obtained from the Jackson Laboratoty to generate experimental females for this study.
Experimental females were weaned at 21 days old and individually housed in polycarbonate cages with aspen shaving
bedding. The light cycle was the main time indicator (Zeitgeber) for the mice in this experiment. All animals were held on a
12-hour light/12-hour datk cycle. The time of lights on was Zeitgeber time 00 (7:00 am EST). Animals wete provided with
water and chow (Mazuti Rat and Mouse Diet) ad /ibitum. The temperature was 20 = 2 °C and humidity 30 = 10%. All animal
procedures were approved by the Institutional Animal Care and Use Committee at the State University of New York at
Oneonta (protocol 2016-20).

Treatments

At six weeks old, each female was assigned to one of four treatment groups (seven to eight animals per group). The CY-
treated females received an intrapetitoneal injection of CY (75 mg/kg in saline, Sigma Aldrich) at either ZT02 or ZT14.
Control animals received an injection of saline at an equivalent volume at ZT02 or Z'T14. All animals were killed at ZT12 by
CO; inhalation one week following the injection. The final body mass of each animal was recorded. The ovaries were
removed, dissected free of fat and connective tissue, and weighed. The left ovary was used for histological analysis.

Tissue preparation and histological evalnation

The left ovary from each animal was fixed in 10% buffered formalin overnight and then serially dehydrated in ethanol.
Ovaries were embedded in paraffin and serially sectioned at five pm. Every tenth section was placed on a glass slide and
stained with hematoxylin and eosin. Sections were viewed under 400X magnification, and ovarian follicles were classified and
counted. Oocytes surrounded by a single layer of flattened granulosa cells were classified as primordial. Primary follicles were
characterized by an oocyte surrounded by a single layer of cuboidal granulosa cells. The oocytes of secondary follicles were
surrounded by more than one layer of cuboidal granulosa cells, and antral follicles were characterized by having multiple
layers of cuboidal granulosa cells and an antral space.3! Follicles were classified as atretic if the following were observed:
degenerating oocyte and/or > 10% granulosa cells containing apoptotic bodies.32 Only follicles containing oocytes with a
visible nucleus were counted.

Statistical analysis

Data were analyzed with JMP version 14.0.0 (SAS Institute, Inc.). A generalized linear model with planned compatisons was
used to compare the numbers of follicles (primordial, primary, and secondary, antral, atretic, and total) counted in the ovaries
of each CY treated group to controls and among the two treatment times. Levene's test was used to test for equal vatiance in
follicle numbers between females treated at ZT02 and ZT14. All results were expressed as mean * standard error of the

mean (SEM). The level of significance (o) for each test was 0.05.

RESULTS

Representative histological sections from each treatment group are shown in Figure 1. A single dose of cyclophosphamide
(75 mg/kg) significantly reduced the number of primordial follicles counted in the ovaties of mice treated both at two hours
after lights on (ZT02, 37% reduction) and two hours after lights off (ZT14, 39% reduction, Figure 2). However, there was
no difference in the number of primordial follicles in the ovaries of females treated at ZT02 and ZT14 (p = 0.64), indicating
that time of treatment did not affect this measure of ovatian toxicity. In addition to depleting primordial follicles,
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cyclophosphamide reduced the number of antral follicles in the ovaries of mice treated at ZT02. This was not observed in
females treated at ZT14, and animals treated at Z'T14 had significantly more antral follicles than those treated at ZT02.

B

Figure 1. Representative photomicrographs (40X magnification) of ovaries from six-week-old mice treated with saline vehicle at ZT02 (A) or ZT14 (C) or
CY at ZT02 (B) or ZT14 (D). Solid arrows indicate healthy secondary follicles, and open arrows indicate remnants of atretic follicles. CL indicates corpora

lutea. Scale bars = 500 pm.
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Figure 2. Mean (+ SEM) number of follicles counted in every 10 section of one ovary from six-week-old mice treated with CY or vehicle at ZT02 and
Z/T14. * indicates a significant difference (p < 0.05) between CY and vehicle-treated animals within the same treatment time, and # indicates a significant
difference between CY-treated animals between ZT02 and ZT14 (p = 0.034). Sample sizes were 4-8 females per group.
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The total number of follicles counted was also compared among the groups. There was a trend toward a decreased total
number of follicles counted in the CY group treated at ZT02 as compared to the time-matched controls (p = 0.075, Figure
3). There was no significant decrease in the number of follicles counted when mice were treated at ZT14 (p = 0.22), and there
was no significant difference between treatment times (p = 0.36). Atretic follicles were counted, and there wete no
differences in the number across any of the comparisons made.
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Figure 3. Mean (+ SEM) number of follicles of all stages of development combined and atretic follicles counted in every 10® section of one ovary of six-
week-old mice treated with CY or vehicle at ZT02 and ZT14. Sample sizes were 4-8 females per group.

DISCUSSION

Significant depletion of primordial follicles after CY treatment was expected, based on the results of previous studies using
this dose?-33, We predicted that females treated at ZT14 would have a greater resistance to CY than those treated at ZT02
(i.e., more primordial follicles remaining after treatment). This prediction was based on the reduced mortality in mice after
high-dose CY treatment at ZT14 as compared to ZT02.2%30 The data did not support our hypothesis and suggest that CY
reduces the pool of ovarian follicles when animals are exposed both in the light and dark phases of the circadian cycle.

Cyclophosphamide induces prematute activation of dormant primordial follicles, which accelerates the depletion of the
follicle reserve.3® It also induces apoptosis in both dormant and growing follicles.?3 24 34 In previous studies, there was at least
a 50% reduction in primordial follicles in mice seven days after a single dose of 75 mg/kg CY.2533 The degtee of follicle
depletion by CY in our study is more consistent with the results of Plowchalk & Mattison,? whete there was about a 33%
reduction in primordial follicles.

Others have reported a reduction of antral follicles after CY treatment with either a higher dose (200 mg/kg ?) or more
acutely after treatment (3 days following an injection of 75 mg/kg??). Given that the resting follicle reserve is considered the
most representative indicator of long-term ovarian health and fertility, their number is likely more biologically meaningful
than the number of antral follicles.

While the atretic follicle number has increased after CY treatment in rodents, it was observed either after in vitro exposure or
when ovaries were observed 24 hours after treatment.3 3% There were no signs of systemic toxicity after treatment with
cyclophosphamide at either time. The change in body mass throughout the treatment or ovary mass did not differ from
controls or between CY treatment groups (data not shown).

Dosage is likely a major reason for the presence of a circadian rhythm in CY toxicity when mortality is the endpoint but not
for ovarian toxicity. We used a dose that results in depletion of follicles but not systemic toxicity. This dosage (a single
injection of 75-100 mg/kg?22) is low compated to the lethal doses used in previous studies (3 doses of 150 mg/kg) that
demonstrated an impact of the circadian rhythm on toxicity and mortality. Additionally, ovarian toxicity and depletion of
follicles require a single injection of CY, whereas circadian effects of toxicity were observed after repeated doses (3 x 150
mg/kg). While multiple doses may better mimic what women undergoing cancer treatment are exposed to, this is difficult to
recapitulate due to the great amount of variability in chemotherapy regimens. Whether the circadian rhythm impacts ovarian
toxicity after multiple doses of CY remains unknown.

We focused on follicle depletion as the toxicity outcome after CY treatment. This is commonly used as a measure of CY
toxicity by many investigators in mechanistic studies and investigations of potential ameliorators of ovarian damage.?% 23 33,36,
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37 It is unlikely that the dose we administered would significantly impact fertility one week after treatment,?! therefore, it was
not tested. However, it remains unknown if the circadian rhythm would impact fertility after CY treatment in the long term
ot in aged animals with an already diminished primordial follicle reserve.

Given current information on circadian patterns in toxicity in rodents, it seems unlikely that other points in the circadian
cycle would yield different results in ovarian toxicity. We evaluated time points based on the maximum and minimum times
of sensitivity for a high dose of cyclophosphamide (300-375 mg/kg).2% 30 In rodents, significant differences in sensitivity to
several other toxicants have been observed when animals were exposed just after lights on and just after lights off,3840
including the toxicity of the alkylating agent cisplatin.®? Given these trends, it is unlikely that other times in the circadian cycle
would impact ovarian toxicity of CY (e.g., middle of dark or light phases).

CONCLUSIONS

To our knowledge, this is the first evaluation of the potential impact of the circadian rhythm on ovarian toxicity. We report
that time of treatment does not impact the toxicity of CY, in terms of follicle depletion, at two specific times in the circadian
rhythm. Future studies to evaluate the influence of time of treatment with longer-duration dosing regimens or in combination
with other alkylating chemotherapeutic agents may shed more light on the role the circadian rhythm may play in ovarian
toxicity of CY.
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PRESS SUMMARY

Many of the chemicals used to treat cancer patients also have negative side effects, including damaging the ovary.
cyclophosphamide (CY) is one such chemical commonly used during chemotherapy. CY is a known alkylating agent that
interferes with DNA replication cell division. This is useful for fighting cancer cells, but it also damages egg cells (oocytes).
Finding ways to mitigate the harmful effects of these ovarian toxicants was a primary focus of this study. One theory that was
tested involved giving female mice sub-lethal dosages of the CY at two different stages of their circadian rhythm (in the
evening vs. the morning). We hypothesized that the mice who receive the treatment when they are most metabolically active
(in the evening) would have a higher resistance to the toxicant. These mice would be presumed to have more viable ovarian
follicles left intact after the treatment. While previous studies have shown that chronotherapy is a viable method in reducing
mice mortality to a lethal dosage of CY, no prior research has shown how the resistance of ovarian follicle health to toxins
can be linked to metabolic rate. Our results suggest that the circadian rhythm has no significant effect on the mice’s ovarian
resistance to CY at times tested.
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