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STUDY QUESTION: Does LH protect mouse oocytes and female fertility from alkylating chemotherapy?

SUMMARY ANSWER: LH treatment before and during chemotherapy prevents detrimental effects on follicles and reproductive
lifespan.

WHAT IS KNOWN ALREADY: Chemotherapies can damage the ovary, resulting in premature ovarian failure and reduced fertility in
cancer survivors. LH was recently suggested to protect prepubertal mouse follicles from chemotoxic effects of cisplatin treatment.

STUDY DESIGN, SIZE, DURATION: This experimental study investigated LH effects on primordial follicles exposed to chemotherapy.
Seven-week-old CD-| female mice were randomly allocated to four experimental groups: Control (n= 13), chemotherapy (ChT, n=15),
ChT+LH-Ix (n=15), and ChT+LH-5x (n=28). To induce primary ovarian insufficiency (POI), animals in the ChT and ChT+LH groups
were intraperitoneally injected with 120 mg/kg of cyclophosphamide and 12 mg/kg of busulfan, while control mice received vehicle. For
LH treatment, the ChT+LH-1x and ChT+LH-5x animals received a | or 5IU LH dose, respectively, before chemotherapy, then a second
LH injection administered with chemotherapy 24 h later. Then, two animals/group were euthanized at |2 and 24 h to investigate the early
ovarian response to LH, while remaining mice were housed for 30days to evaluate short- and long-term reproductive outcomes.
The effects of LH and chemotherapy on growing-stage follicles were analyzed in a parallel experiment. Seven-week-old NOD-SCID
female mice were allocated to control (n=5), ChT (n=35), and ChT+LH-1x (n=6) groups. Animals were treated as described above,
but maintained for 7 days before reproductive assessment.

PARTICIPANTS/MATERIALS, SETTING, METHODS: In the first experiment, follicular damage (phosphorylated H2AX histone
(YH2AX) staining and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay), apoptotic biomarkers
(western blot), and DNA repair pathways (western blot and RT-qPCR) were assessed in ovaries collected at 12 and 24 h to determine
early ovarian responses to LH. Thirty days after treatments, remaining mice were stimulated (101U of pregnant mare serum gonadotropin
(PMSG) and 101U of hCG) and mated to collect ovaries, oocytes, and embryos. Histological analysis was performed on ovarian samples
to investigate follicular populations and stromal status, and meiotic spindle and chromosome alignment was measured in oocytes by confo-
cal microscopy. Long-term effects were monitored by assessing pregnancy rate and litter size during six consecutive breeding attempts. In
the second experiment, mice were stimulated and mated 7 days after treatments and ovaries, oocytes, and embryos were collected.
Follicular numbers, follicular protection (DNA damage and apoptosis by H2AX staining and TUNEL assay, respectively), and ovarian
stroma were assessed. Oocyte quality was determined by confocal analysis.
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MAIN RESULTS AND THE ROLE OF CHANCE: LH treatment was sufficient to preserve ovarian reserve and follicular development,
avoid atresia, and restore ovulation and meiotic spindle configuration in mature oocytes exposed at the primordial stage. LH improved the
cumulative pregnancy rate and litter size in six consecutive breeding rounds, confirming the potential of LH treatment to preserve fertility.
This protective effect appeared to be mediated by an enhanced early DNA repair response, via homologous recombination, and genera-
tion of anti-apoptotic signals in the ovary a few hours after injury with chemotherapy. This response ameliorated the chemotherapy-
induced increase in DNA-damaged oocytes and apoptotic granulosa cells. LH treatment also protected growing follicles from chemother-
apy. LH reversed the chemotherapy-induced depletion of primordial and primary follicular subpopulations, reduced oocyte DNA damage
and granulosa cell apoptosis, restored mature oocyte cohort size, and improved meiotic spindle properties.

LARGE SCALE DATA: N/A.
LIMITATIONS, REASONS FOR CAUTION: This was a preliminary study performed with mouse ovarian samples. Therefore, preclini-
cal research with human samples is required for validation.

WIDER IMPLICATIONS OF THE FINDINGS: The current study tested if LH could protect the adult mouse ovarian reserve and re-
productive lifespan from alkylating chemotherapy. These findings highlight the therapeutic potential of LH as a complementary non-surgical
strategy for preserving fertility in female cancer patients.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by grants from the Regional Valencian Ministry of
Education (PROMETEO/2018/137), the Spanish Ministry of Science and Innovation (CP19/00141), and the Spanish Ministry of Education,

Culture and Sports (FPU16/05264). The authors declare no conflict of interest.
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Introduction

The female reproductive lifespan is widely thought to depend on the
number of non-renewable primordial follicles, constituting the ovarian
reserve that progressively decreases with age (Macklon and Fauser,
1999). External factors, such as chemotherapy treatment, can acceler-
ate follicular depletion and menopause onset. Cytotoxic treatments
cause a spectrum of effects on the ovary ranging from partial damage,
to premature ovarian insufficiency (POI) and loss of fertility (Koyama
et al, 1977; Kalich-Philosoph et al, 2013; Spears et al, 2019).
Notably, oncologic treatments cause a 38% reduction in the likelihood
that patients will achieve pregnancy (Anderson et al., 2018).

This is a growing problem worldwide, with over 1.9 million women
of reproductive age (I15-49 years old) newly diagnosed with cancer in
2018 alone (Ferlay et al, 2018). Among young women who are
nulliparous, the 5-year cancer survival rate can be as high as 75%
(Howlader et al, 2019). Thus, a growing number of female
patients will experience the undesired gonadotoxic side effects associ-
ated with oncologic treatments, highlighting the relevance of fertility
preservation.

Patient age and type and dose of chemotherapeutic agent are the
main factors determining the degree of ovarian damage (Kalich-
Philosoph et al., 2013), with older patients being more susceptible to
POI after treatment. Among chemotherapeutic drugs, alkylating agents,
like cyclophosphamide and busulfan, associate with the highest risk of
inducing follicular depletion leading to POI (Meirow et al, 2010).
Although the precise mechanism for follicle depletion by alkylating
agents remains unclear, these cytotoxic drugs derive their anticancer
properties by inducing inter- and intra-strand DNA crosslinking that
leads to apoptosis and cell death.

The ability to respond to DNA insults is critical to ensure follicular
viability. In meiotic cells (e.g. oocytes), homologous recombination
promoted by the ataxia telangiectasia-mutated pathway (ATM), is
the primary mechanism for accurate double-strand break (DSB)
repair (Kujjo et al, 2010; Kujjo et al, 2012; Winship et al., 2018).

Also, agents like cyclophosphamide damage growing follicles,
thereby inducing the over-activation of dormant follicles, known as the
burnout effect, that finally results in loss of the ovarian reserve
(Kalich-Philosoph et al., 2013).

LH, a gonadotropin with a complex role in folliculogenesis, was
recently proposed to protect the follicle pool of prepubertal mice
from cisplatin. LH was proposed to prevent the chemotherapy-
induced reduction of primordial follicles by stimulating anti-apoptotic
signals from a subset of somatic cells expressing the LH receptor
(LHR) (Rossi et al., 2017). Although these results are encouraging, fur-
ther research is required because cisplatin only associates with a mod-
erate risk of inducing POl (Meirow et al., 2010), and prepubertal
ovaries lack late preantral and antral follicles, precluding evaluation of
how over-activation contributes to follicular exhaustion. Furthermore,
the developmental potential of LH-preserved oocytes and the underly-
ing protective mechanisms remain unclear. We, thus, aimed to assess
the effects of LH in protecting the adult mouse ovary, containing all
follicle populations, from the most gonadotoxic alkylating agents. The
competence of the LH-protected follicles was also analyzed.

Material and methods

Animal procedures

All animal experiments in this study were approved and performed
according to the Institutional Review Board and the Ethics Committee
in Experimental Research of the University of Valencia, Valencia, Spain
(2018/VSC/PEA/0010 and 2019/VSC/PEA/0206).

Study design

This was an experimental study (study design summarized in
Supplementary Fig. SI) to investigate LH effects on primordial follicles
that were exposed to chemotherapy. Seven-week-old CD-| female
mice were randomly allocated to four experimental groups: Control
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(n=13), chemotherapy (ChT, n=15), ChT+LH-Ix (h=15), and
ChT+LH-5x (n=8). Mice receiving chemotherapy were intraperitone-
ally injected with 120 mg/kg of cyclophosphamide and |2 mg/kg of bu-
sulfan in dimethyl sulfoxide (DMSO) (all from Sigma-Aldrich, St. Louis,
Missouri, MO, USA), as previously described (Buigues et al., 2020),
while controls were injected with saline. For LH treatments, the
ChT+LH-Ix and ChT+LH-5x mice were dosed with | (2.3 ng/ml) or
5 (Il.5ng/ml) U of LH (Luveris, Merck Serono, Darmstadt,
Germany), respectively, before chemotherapy and then again with che-
motherapy 24 h later. After treatments, the early ovarian response to
LH and both the short- and long-term reproductive outcomes were
assessed.

In a parallel experiment to analyze LH effects on growing follicles ex-
posed to chemotherapy, 7-week-old NOD-SCID female mice were al-
located to control (n=5), ChT (n=35), and ChT+LH-Ix (n=6)
groups. Mice were treated as described above and maintained for
7 days.

Effects on quiescent follicles

To evaluate the LH effects on follicles at the dormant primordial stage
during chemotherapy exposure (Supplementary Fig. SIA), 31 seven-
week-old CD-| female mice randomly allocated to control, chemo-
therapy (ChT) and chemotherapy with LH (ChT+LH-1x) groups and
treated as described above were maintained for 30 days. These mice
were then subjected to controlled ovarian stimulation (COS) to
recover oocytes and embryos derived from follicles damaged at the
primordial stage. Two mice from each group were euthanized 16h
after hCG administration to collect mature oocytes, while the remain-
ing were housed with males immediately after hCG injection and eu-
thanized 40 h later to collect ovaries, oocytes, and early cleavage-stage
embryos. To assess the long-term effects of LH, 30 days after treat-
ments 4 mice/group were housed with fertile males for 6 months to
allow continuous breeding. For long-term assessment, an additional
group treated with a high-dose, i.e. 51U, of LH (I .5ng/ml) was in-
cluded (ChT+LH-5x).

To analyze the protective early response to LH, a complementary
experiment was performed on |6 CD-| female mice treated with LH
and alkylating agents as described above and euthanized 12 and 24h
after ChT and/or LH treatment to evaluate ovarian samples
(Supplementary Fig. SIB).

An in vivo experiment was performed with cisplatin to determine if
the protective effects of LH depended on the type of chemotherapy
agent. Twenty-four 7-week-old CD-| female mice were allocated to
four experimental groups (n=6/group): control, cisplatin (Cs),
LH, and cisplatin with LH (Cs+LH). Mice received a single dose of
5mg/kg of cisplatin, | lU of LH, or saline solution as a control. The
fourth group received | IU of LH together with 5mg/kg of cisplatin.
Ovaries were collected 5 days after treatment to count follicles.

Effects on growing oocyte populations

Finally, to test if LH can also protect the growing follicle population,
NOD/SCID female mice were used. These mice represent a worst-
case ovarian scenario as they are considerably less fertile than the CD-
| strain (Kumagai et al., 201 1). Sixteen 7-week-old NOD-SCID female
mice were randomly allocated to control, ChT, and ChT+LH-Ix
groups, and treatments administered as described above. Seven days
after treatment, mice underwent COS to ensure that any collected

oocytes were derived from growing-stage follicles exposed to chemo-
therapy. Two mice per group were euthanized |6h after hCG
injection to collect oocytes, while remaining mice were mated with
males immediately after hCG injection and euthanized 40h later to
collect ovaries, metaphase Il (Mll) owvulated oocytes, and early
cleavage-stage embryos from oviducts (Supplementary Fig. SIC).

Histological evaluation and follicle count

Formalin-fixed ovarian samples were paraffin-embedded and cut into
4-um thick sections. Every fifth section was stained with hematoxylin
and eosin (H&E) for morphological evaluation and follicle count.
Follicular counts were performed blindly by three observers (L.M.C.,,
AB., and J.M.), and only follicles with a visible nucleus were counted
to avoid double counting. Developmental stages were classified
according to standard criteria (Dath et al., 2010). The following follicles
were considered morphologically abnormal: presence of two or more
oocytes in the same follicle, multiple vesicles on ooplasm, disruption of
granulosa layers, or complete degeneration (Supplementary Fig. S2).
Stromal degeneration was assessed over the whole ovary in represen-
tative H&E sections with a bright-field microscope, identified as the
presence of fibrotic non-cellular or tissue absent regions embedded in
ovarian stroma. A degenerated area index was quantified as the dis-
rupted area/total tissue area of each sample using Image] software
(National Institutes of Health, Bethesda, MD, USA). For each treat-
ment group, mean stromal degeneration indices were calculated, nor-
malized to the index of the control group, and expressed as fold-
changes.

Oocytes and early cleavage-stage embryo
collection

Dissected reproductive tracts were placed in a small petri dish contain-
ing flushing media (Origio, Malgv, Denmark) at 37°C and oviducts
carefully isolated by removing ovaries and uteri with a sterilized blade.
Oocytes and embryos were flushed from the oviducts by expelling
flushing media from a 30-gauge needle inserted into the infundibulum.
To determine an oocyte’s maturation stage, cumulus—oocyte com-
plexes were denudated with 300 pg/ml hyaluronidase (Sigma-Aldrich)
for 30—60s. Oocytes and embryos were classified according to mor-
phological criteria under a binocular loupe (SZX2, Olympus, Tokyo,

Japan).

Meiotic spindle staining and chromosome
assessment

Mll-oocytes obtained 16h after hCG administration from CD-I
(n=33) and NOD-SCID (n=28) mice were processed and stained
according to Coticchio et al. (2013) with minor modifications. Briefly,
for microtubule and centromere staining, fixed oocytes were incubated
with anti p-Tubulin conjugated with fluorescein isothiocyanate (FITC)
(1:50 dilution; F2168—Sigma-Aldrich) and anti-centromere proteins
(CREST, 1:20 dilution; 15-234—Antibodies Incorporated, Davis, CA,
USA) primary antibodies overnight at 4°C inside a dark humidified
chamber. Then, oocytes were incubated with an Alexa Fluor 594 sec-
ondary antibody (1:1000 dilution; A-11014—Invitrogen, Carlsbad, CA,
USA) for | h at room temperature (RT). Chromosomes were labeled
using 20 pg/ml Hoechst fluorescent stain (H33342—Sigma-Aldrich) for
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20 min at RT. High-resolution images were captured with a confocal
microscope (Leica TCS SP8, Leica Microsystems GmbH, Wetzlar,
Germany) and LAS X image software (Leica Microsystems GmbH).
Total spindle areas and chromosome alignments were analyzed for
each oocyte using Image] software (National Institutes of Health).
Oocytes were classified as misaligned when at least one chromosome
diverged by >2 um from the equatorial plate as previously described
(Coticchio et al., 2013).

Cell damage

DNA damage and apoptosis in follicles were examined by immunoflu-
orescence for phosphorylated H2AX histone (YH2AX), a specific
marker of DSBs, and by terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay, respectively. For
YH2AX immunostaining, samples were incubated overnight at 4°C
with a monoclonal rabbit anti-yH2AX antibody (1:400 dilution;
9718—=Cell Signaling, Danvers, MA, USA) followed by a | h incubation
at RT with a biotinylated goat anti-rabbit IgG secondary antibody
(1:500 dilution; BA-1000—Vector Laboratories, Burlingame, CA,
USA). Fluorescence staining was performed using streptavidin-
conjugated Alexa Fluor 594 (1:1000 dilution; S32356—Invitrogen) for
45 min at RT. Samples were mounted with Fluoroshield mounting me-
dium with DAPI (Abcam, Cambridge, UK). For TUNEL assay, DNA
fragmentation was assessed by a TMR red in situ cell death detection
kit (Roche Diagnostics, Basel, Switzerland), following the manufac-
turer’s instructions.

Stained sections were examined and high-magnification images
obtained using a fluorescence microscope with an attached digital cam-
era (Leica DM4000B and DFC450C, Leica Microsystems GmbH).
Oocytes containing positive YH2AX-labeled foci were considered
damaged, and the DNA damage index calculated as YH2AX-positive/
total oocytes for each sample. TUNEL-positive labelling was quantified
by Image ProPlus 6.0 software (Media Cybernetics Inc., Rockville, MD,
USA), and follicles were considered apoptotic when showing > 20%
TUNEL-positive granulosa cells.

Western blotting

Frozen ovaries were homogenized in RIPA lysis buffer (50 mM Tris-
HCI, 150 mM NaCl, 4% NP-40, 0.5% sodium deoxycholate, 0.1% so-
dium dodecyl sulfate (SDS), pH 7.4) containing phosphatase
(PhospSTOP EASYpack, Roche Diagnostics) and protease (cOmplete
tablets EDTA-free EASY-pack, Roche Diagnostics) inhibitors. Protein
content was determined by Bradford assay. Subsequently, 30 g of
protein from each sample were separated on 8-12% SDS-
polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF)
membranes. Blots were blocked using 5% bovine serum albumin (BSA,
Sigma-Aldrich) or non-fat powdered milk dissolved in Tris-Buffered sa-
line with 0.1% Tween 20 (TBST) for | h at RT and then exposed to
primary antibodies—ataxia-telangiectasia mutated kinase (ATM,
1:2000 dilution; ab78), RAD5I| recombinase (Rad5!, 1:5000 dilution;
ab133534—both from Abcam), cleaved Caspase-3 (CC3, [:1000 dilu-
tion; 9661), phospho-extracellular signal-regulated Kinase | and 2
(PERK1/2, 1:1000 dilution; 4370), ERKI/2 (I:1000 dilution; 4695),
phospho- serine/threonine-protein Kinase | (pAkt, 1:1000 dilution;
4060), Akt (1:500 dilution; 4691—all five from Cell Signaling), B-cell
lymphoma-2 (Bcl2, 1:200 dilution; sc7382) or B-Actin (1:2000 dilution;

sc47778—both from Santa Cruz Biotechnology, Dallas, TX, USA)—
overnight at 4°C. After washing in TBST, membranes were incubated
with appropriate Horseradish peroxidase (HRP)-conjugated secondary
antibodies for | h at RT. Following incubation with a chemilumines-
cence detection reagent (ThermoFisher, Waltham, MA, USA), protein
bands were visualized by Amersham Imager 680 (GE HealthCare Life
Sciences, Marlborough, MA, USA). Integrated light intensity of each
band was determined by Image] software (National Institutes of
Health). Signal intensities were normalized to the intensity of the
housekeeping protein B-Actin.

Relative gene expression

Total RNA was obtained from ovaries collected 12 and 24 h after che-
motherapy administration using the RNeasy micro kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions, and comple-
mentary cDNA synthesized from 0.5 pug of RNA per sample using the
PrimeScript RT reagent kit (Takara Bio Inc., Kusatsu, Japan). Real-time
quantitative PCR (RT-gPCR) was performed with specific primers for
DNA repair associated genes (Supplementary Table SI) using PoweUp
Sybr Green (ThermoFisher) and a StepOnePlus system (Applied
Biosystems, Foster City, CA, USA). All PCR reactions were run in trip-
licate, and the relative gene expression was calculated by the CT
method (Livak and Schmittgen, 2001) using I8S ribosomal (Rnl8s) as
a housekeeping gene.

Statistics

Data are presented as mean and standard deviation (mean=£SD).
Sample size was estimated with R statistical programming language
(pwr package; R Core Team, Vienna, Austria). Two-by-two compari-
sons between experimental groups were performed with the
non-parametric Mann-Whitney test using SPSS v.22.0 (IBM, Chicago,
IL, USA). For spindle assessment data, multiple comparisons between
groups were performed using the Turkey all-pair comparisons method
(multcomp R package) with the R statistical programming language.
The spindle dichotomic variable (presence/absence) was analyzed by
Bayesian analysis using a logistic regression and a normal non-
informative prior (03 as mean£SD). The quality of the Bayesian
model was checked for 1000 simulations. Spindle area was analyzed
by linear regression and the remaining variables by logistic regression.
A P-value <0.05 was considered statistically significant.

Results

Protective effects of LH on quiescent
follicles

Follicle endowment and ovarian stroma

Ovaries from mice treated with alkylating agents exhibited 69.8%
(P=0.025) fewer follicles than controls, particularly affecting the
primordial, primary, and secondary populations (P=0.024, P=0.025
and P=0.034, respectively; Fig. |A and B). LH-treated samples had
53.8% fewer follicles than controls, but this difference was not statisti-
cally significant (P=0.063, Fig. IA). LH treatment ameliorated the
chemotherapy-induced follicle loss and increased the number of
primordial, primary, antral, and preovulatory follicles by 38.1%, 36.1%,
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Figure I. LH treatment prevented follicular depletion, atresia, and stromal degeneration induced by chemotherapy. Alkylating
agents were administered with or without LH and ovaries analyzed 30 days later. (A) Chemotherapy (ChT) treatment reduced the number of total
follicles assessed in hematoxylin and eosin (H&E) stained sections, and LH co-administration blunted this effect. (B) All follicular subpopulations were
higher in the LH-cotreated group than in the ChT group. (C) Percentages of morphologically abnormal follicles were similar in the LH and control
group, but the ChT group showed a significant increase in atretic follicles. (D) Stromal degeneration index (fibrotic non-cellular or tissue absent area/
total tissue area of each sample, normalized to control group index), and representative images at 2.5x (top, scale bar = 800 pm) and 10x (bottom,
scale bar = 200 pm) magnification showing that LH preserves stromal morphology. Disrupted regions were identified as fibrotic areas and are indi-
cated with black arrows in 10x images. Scatter plots show individual data and means for all groups (n =3 in control and n =5 in ChT and chemother-
apy with LH (ChT+LH-1 x) groups). Statistical significance was determined by two-tailed Mann—Whitney U test; *P-values <0.05 were considered

statistically significant.

25.0%, and 52.4% of ChT follicle numbers, respectively, although these
differences were not statistically significant due to high variability be-
tween samples. Relative to the control group, the ChT treatment
group had more morphologically abnormal follicles (P=0.049), while
LH prevented this effect, with the LH group showing similar numbers
of abnormal follicles as the control group and significantly fewer than
the ChT group (P=0.047; Fig. 1C).

ChT treatment also disrupted the structure of the ovarian stroma,
with fibrotic areas localized in the center of the stroma being the most
common alteration in ovaries from the ChT group. The mean stromal
degeneration index of the ChT group was 2.3-fold higher than that of
the control group (P=0.025). Ovaries from the ChT+LH-1x group
had well-preserved morphologies and exhibited only a slight 1.6-fold

increase in their stromal degeneration index relative to that of controls
(P=0.077; Fig. ID). Thus, LH treatment blunted this chemotherapy-
induced effect; albeit not statistically significant differences were found
between ChT and ChT+LH-1x samples (P=0.086).

Ovulation and early embryo cleavage

Relative to control mice, mice treated 30 days previously with alkylat-
ing agents yielded fewer Mll-oocytes after COS (P=0.04). LH treat-
ment blunted this effect. The number of Mll-oocytes collected from
LH-treated mice was statistically similar (P=0.329; Fig. 2A) to that of
control mice and was 25.0% higher than that of ChT-treated mice.
However, the ChT+LH-1x group had significantly fewer normal 2-cell
embryos than the control group (Fig. 2B).
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Figure 2. LH treatment ameliorated the effects of alkylators on oocyte quantity and quality. Alkylating agents were administered
with or without LH and controlled ovarian stimulation (COS) performed 30 days later to release oocytes that had been exposed to chemotherapy
during their quiescent stage. (A) Number of morphologically normal metaphase Il (MIl) oocytes recovered after COS from all experimental groups.
LH-treated mice ovulated greater numbers of MIl-oocytes than ChT-treated mice (B) Number of 2-cell stage embryos. (C) Representative confocal
images of meiotic spindles from Mll-oocytes (n=9 in control, and n=12 in ChT and in ChT+LH groups). a-tubulin staining (green) (showing
spindles), chromosomes (blue), and CREST-centromere proteins (red) were visualized to evaluate chromosome alignment and microtubule—
chromosome attachment. The right column shows high magnification images of merged optical sections. White scale bar = 10 pm; yellow scale bar
= 1.25 um. (D) Calculated spindle areas. LH treatment reversed the chemotherapy-induced reduction in spindle area. (E) Chromosomal alignment
with reference to the metaphase plate. The LH-treated group had a lower percentage of misaligned chromosomes than the ChT group. Scatter
plots indicate individual data and means of all analyzed mice (n=>5 in controls, and n=7 in ChT and ChT+LH-1 x groups). Outliers are indicated by
a cross. Statistical significance was determined by two-tailed Mann—Whitney U test (A and B) or linear (D) and logistic (E) regressions; *P-values

<0.05 were considered statistically significant.

Oocyte quadlity

Thirty-three Mll-oocytes, all with meiotic spindles, were recovered
from all experimental groups (Fig. 2C). The mean spindle area of
oocytes from the ChT group was 35.3% less than the mean control
spindle area (P=0.019), but the mean spindle area of the LH-treated
group was similar to that of controls and 31.1% higher than that of the
ChT group (P=0.035; Fig. 2D). Furthermore, the ChT group had
more misaligned Mll-oocytes than the control group (P=0.019; Fig.
2E), and LH treatment ameliorated that effect, i.e. the number of mis-
aligned MIl oocytes were similar in the ChT+LH-Ix and control
groups.

Breeding trials

Reproductive lifespans of treated mice were assessed by breeding per-
formance during six mating attempts (Fig. 3). As maternal age in-
creased, pregnancy rates and litter sizes progressively decreased in all
experimental groups. This decline was accelerated in the ChT group,
with reduced cumulative pregnancy rate and litter size per delivery

(Fig. 3A—C) resulting in a 45.8% reduction in the number of live births
relative to controls (Fig. 3D). In contrast, both LH-treated groups had
better reproductive outcomes than the ChT group. In particular, the
low-dose LH group had 21% more healthy pups than the ChT group.

The ovarian protective mechanism of LH

Twelve hours after chemotherapy treatment, DSBs were identified by
YH2AX staining in oocytes at all follicular stages. All groups receiving
chemotherapy had significantly higher percentages of YH2AX-positive
oocytes than controls (P=0.034 in all cases), but both the high and
low LH-treated samples had significantly lower YH2AX expression lev-
els than the ChT samples (P=0.021 and P=0.020, respectively, Fig.
4A). Growing follicles were the most affected population showing the
highest percentage of yH2AX-positive oocytes after chemotherapy
(Control: 22.4 4 1.8%, ChT: 69.44 13.6%, P=0.034), although both
LH dosages significantly reduced the chemotherapy-induced DNA
damage (ChT+LH-I1x: 45.71+4.8%, ChT+LH-5x: 39.4+5.7%;
P=0.021 in both cases).
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Figure 3. LH co-administration improved breeding outcomes and extended reproductive lifespan. Mice were treated with alkylating
agents with or without LH and | month later tested for breeding performance in six consecutive mating attempts. (A) ChT (black) reduced the
cumulative pregnancy rate and LH treatment reversed this, with the |x dose (green) being more effective than the 5x dose (purple). (B) ChT
reduced the mean litter size and LH-1x reversed this effect. (C) ChT reduced the total number of pups and LH-Ixx ameliorated this effect.
(D) Representative first and last litters from all experimental groups. Graphs show means and, where indicated, SD for each experimental
group (n=+4 animals/group). Statistical significance for litter size was determined by two-tailed Mann—Whitney U test; *P-values <0.05 compared

with the control group were considered statistically significant.

Twelve hours after treatment, there was an acute increase in the
percent of apoptotic follicles (by TUNEL) in the ChT (P=0.034) and
ChT+LH-1x (P=0.034) groups compared to controls. LH treatment
protected ovaries from ChT-induced apoptosis in a dose-dependent
manner, with a |.6- and 6.7-fold reduction in apoptotic follicles in the
ChT+LH-1x group (P=0.043) and ChT+LH-5x (P=0.020), respec-
tively, when compared to the ChT group. The high-dose LH group
had similar levels of apoptosis as controls (Fig. 4B). Growing follicles
were the most susceptible population to apoptosis, but both the high
and low doses of LH protected them from damage, resulting in a sig-
nificantly lower TUNEL signal than that of the ChT group (Control:
20+ 1.7%, ChT: 103+ 1.6%, ChT+LH-1x: 5.6+2.1% P=0.021,
ChT+LH-5x: 1.5+ 1.7% P=0.020). TUNEL-positive oocytes were
not detected in any experimental group.

Additionally, the Bcl2/CC3 apoptosis protein ratio was similar in
all groups (data not shown) twelve hours after treatments. However,
at the 24h timepoint the ChT group exhibited a reduction in the

Bcl2/CC3 apoptosis protein ratio, and treatment with both high and
low doses of LH restored this ratio to control-like levels (Fig. 4C
and Supplementary Fig. S3A). Chemotherapy also increased ERKI/2
activation at both |2 and 24h. Treatment with LH partially amelio-
rated this effect by reducing ERKI/2 phosphorylation (Fig. 4D and
Supplementary Fig. S3B).

Finally, the high dose of LH increased the levels of the DNA DSB
repair machinery ATM and Rad5| proteins (Fig. 4E and Supplementary
Fig. S3C). Chemotherapy activated Akt, and treatment with both LH
doses prevented this effect, reducing the pAkt/Akt ratio to control-
like values at 12 and 24h (Fig. 4F and Supplementary Fig. S3D).
Chemotherapy also increased mRNA transcription of the DNA repair
genes apurinic/apyrimidinic endodeoxyribonuclease | (Apex/), mutS
homolog 6 (Mshé), protein kinase DNA-activated catalytic subunit
(Prkdc), excision repair cross-complementation group 3 (Ercc3), and
Rad51 at the 12-h timepoint, which were downregulated by 24 h (Fig.
4G). Ovaries from ChT+LH-1x-treated mice showed an even more
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Figure 4. LH promoted DNA repair and cell survival and reduced the deleterious effects of chemotherapy on ovarian tissue.
Alkylating agents were administered with or without LH and ovaries assessed |12 and 24 h after (A) phosphorylated H2AX histone (YH2AX) immu-
nofluorescence (red) counterstained with DAPI (blue) of ovarian samples collected |12 h after treatments with alkylating agents with or without a low
(I'x) or high (5x) dose of LH (n=3 in controls, and n=4 in ChT, ChT+LH-1x, and ChT-+LH-5x groups). Images on the left are at 20x (white
scale bar = 100 pm) and on the right at 40x (yellow scale bar = 50 um). The percentages of follicles showing YH2AX positive oocytes were quanti-
fied. The LH-treated groups had lower percentages of follicles with double-strand breaks (DSB) than the ChT group. (B) Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assay (red) counterstained with DAPI (blue) was performed on ovarian sections 12 h after

treatments. Magnifications and scale bars are as described in (A). Both LH-treated groups had a lower percentage of apoptotic follicles than the
ChT group. (C) Representative western blots (WB) showing the levels of the anti-apoptotic protein B-cell lymphoma-2 (Bcl2) and the pro-apoptotic
protein cleaved caspase-3 (CC3). Both doses of LH increased the Bcl2: CC3 ratio protecting the ovaries from ChT-induced cell death at 24 h.
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robust upregulation of DNA repair genes, with expression of 4 out of
5 such genes reaching levels higher than that seen with ChT alone and
with Rad5/| overexpression being maintained to 24 h. Unexpectedly,
ChT+LH-5x ovaries showed an overall downregulation of DNA re-
pair genes at both time-points, excepting Rad5/ at 24h after
treatment.

LH treatment protects ovaries from cisplatin

Cisplatin treatment similarly depleted the follicular pool by affecting all
oocyte developmental stages (Supplementary Fig. S4). LH treatment
prevented the cisplatin effects on the primordial and primary follicle
populations, yielding 33.4% (P=0.041) and 38.2% (P=10.009) more
follicles, respectively, than seen in the cisplatin-treated group.

Effects on growing follicles

LH treatment efficacy in a subfertile mouse model
We also assessed NOD-SCID mice, which are subfertile and therefore
may provide a model for patients with aggressive cancers or already
exhibiting reduced ovarian reserve. Here, NOD-SCID mice exhibited
a |0-fold decrease of the follicular pool (P=0.050; Fig. 5A) across all
developmental stages (Fig. 5B) following chemotherapy. LH-treated
ovaries contained 31.2% more follicles than the ChT-treated ovaries,
with particular improvement in primordial and primary populations
(P=0.034 and P=0.032, respectively). Indeed, the percentage of qui-
escent follicles in the ChT+LH-1x group was restored to control lev-
els (Fig. 5C and D). Nevertheless, chemotherapy promoted follicular
atresia, with increases in the number of morphologically abnormal fol-
licles in both ChT and ChT+LH-1x ovaries compared to controls
(P=0.050 and P=0.034, respectively; Fig. 5E). Furthermore, a 3.5-
fold increase in the stromal degeneration index was detected in ChT
samples (P =10.050), while the increase in the ChT+LH-1x group was
only |.85-fold when referred to controls, indicating a reduction of the
stromal negative effects seen in the ChT samples (P=0.047; Fig. 5F).

Additionally, the ChT group had more yH2AX-positive oocytes
(Fig. 5G) and TUNEL-positive follicles than controls (P=0.050; Fig.
5H). However, LH treatment resulted in a lower percentage of DNA-
damaged oocytes and a significant reduction in the percentage of apo-
ptotic follicles (P=0.034).

Chemotherapy also reduced the number of Mll-oocytes (P =0.036)
and morphologically normal 2-cell embryos recovered after COS.
However, the ChT+LH-1x group produced similar numbers of

Figure 4. Continued

Mll-oocytes as the control group and 26.3% more than the ChT group
(Fig. 6A\). This protective effect was not seen for 2-cell embryos (Fig.
6B).

Oocyte quality was then assessed in a total of 28 Mll-oocytes.
Meiotic spindle was only detected in 28.6% of MIl-oocytes from the
ChT group; in contrast and similar to the controls, all Mll-oocytes
from the ChT+LH-1x group contained a well-defined spindle (Fig.
6D). LH treatment increased the probability of proper spindle assem-
bly by 60.9% relative to that of the ChT group (Fig. 6C).
Chemotherapy also reduced the spindle area of Mll-oocytes, with the
spindle area of the ChT group being 5-fold lower than that of the con-
trol group (P=0.001). A less severe, but still significant reduction in
spindle area was also detected in oocytes from the LH-exposed group
(P=0.030, compared to controls). However, the LH-group exhibited
a 3-fold increase in spindle area relative to that of the ChT group
(P=0.049; Fig. 6E). The ChT group also had more Mll-oocytes with
misaligned chromosomes than the control group (P=0.035), but the
ChT+LH-1x group had similar numbers as the controls and signifi-
cantly fewer than the ChT group (P=0.029; Fig. 6F).

Discussion

This study tested the effect of LH treatment on ovarian reserve in (i)
quiescent follicles in CD-I mice and (ii) growing follicles in NOD-SCID
subfertile mice following chemotherapy with alkylating agents at a dose
equivalent to that used in cancer patients (Grigg et al., 2000). In the
CD-I model, LH prevented the negative effects of alkylating agents on
ovarian reserve, follicular development, and oocyte quality and im-
proved breeding performance. Further, LH treatment affected DNA
repair pathways, suggesting these pathways may participate in the pro-
tective effects. Similar results were seen for growing follicles in the
NOD-SCID model.

The effects of | IU of LH on both follicle count and Mll-oocyte num-
bers four weeks after chemotherapy and LH treatment indicate that
primordial follicles were the main target for the protective action of
LH, since the timing is consistent with the window required for
chemotherapy-exposed quiescent follicles to complete folliculogenesis
(Clarke, 2017). This finding was confirmed in adult ovaries exposed to
cisplatin, supporting previous observations in prepubertal mice (Rossi
et al, 2017) and indicating that LH can protect the ovarian reserve

(D) Representative WB showing phosphorylated-extracellular signal-regulated Kinase | and 2 (pERKI/2) and ERKI/2 protein levels. ChT

activated ERK/2 signaling and LH treatments reduced this effect at 12 and 24 h. (E) Representative WB for ataxia-telangiectasia mutated
kinase (ATM) and RADS5I| recombinase (Rad51) proteins. LH-5x-treated ovaries expressed higher levels of ATM and Rad5| than ChT-
treated ovaries at |2 and 24h. (F) Representative WB for phosphorylated-serine/threonine-protein Kinase | (pAkt) and Akt proteins.

Chemotherapy caused a notable increase of Akt activation at both time-points, and cotreatment with LH blocked this effect. All WBs were

performed from at least two independent experiments from two pools of two ovaries each per group. (G) mMRNA expression levels of the

indicated DNA repair genes at 12 (left) and 24 h (right). At [2h, the expression levels of all repair genes were higher in the ChT+LH-I x

samples than in the ChT samples. At 24h, Rad5| expression was higher in both LH groups than in the ChT group. Three independent

ovarian fragments per group and time-point was analyzed, and expression levels were normalized to those of the control group. Scatter plots

indicate individual data and means; bar charts display means and SDs. Statistical significance was determined by two-tailed Mann—Whitney
U test; P-values <0.05 were considered statistically significant. *P < 0.05 or ?p <0.05, °P <0.05 and P <0.05 indicating statistical differences

from the control, ChT, and ChT+LH-I x group, respectively.
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Figure 5. LH treatment protected the ovarian reserve and stromal architecture and prevented ChT-induced follicular damage
in a subfertile NOD/SCID mouse model. Mice were treated with alkylating agents with or without LH and seven days later underwent COS.
Ovaries were harvested and examined for follicle numbers, DNA damage, and apoptosis. (A) Total follicle numbers. (B) Follicle subpopulations.

1202 ¥snBNY pz uo 3senB Aq |L9GEEE9 L GZ/6/9€/0101E/daIWNY/W00"dNo"oIWBPEdE//:SARY WOy POpeojumod



2524

Del Castillo et al.

from multiple types of agents. Consistent with previous studies
(Petrillo et al., 201 I; Soleimani et al., 201 ; Luan et al., 2019; Nguyen
et al, 2019; Wang, et al, 2019), we observed a close relationship
between follicle loss and oocyte damage followed by chemotherapy
induced-cell death. Thus, the notable decrease of oocytes with
YH2AX foci and apoptotic follicles observed [2h after low- or high-
dose LH suggests that DNA damage and cell death pathways mediate
the preservative effect of LH on follicle counts.

DNA damage and apoptosis are intimately connected to cell fate
determination in that cells with efficient DNA damage response or
repair mechanisms are permitted to survive (Orren et al, 1997;
Biechonski et al., 2018). In general, at both 12 and 24h after treat-
ment, ovaries from animals treated with LH had higher expression of
DNA repair factors such as Rad5| than ovaries from animals treated
with alkylating agents alone, indicating that LH stimulates DNA repair
as previously suggested (Rossi et al., 2017; Marcozzi et al., 2019). In
fact, overexpression of Rad5 |, a downstream target of the ATM path-
way essential for the homologous recombination repair process, is a
common mechanism by which cancer cells evade cytotoxic effects of
oncologic therapies (Hu et al., 2019) and follicular cells prevent apo-
ptosis (Kujjo et al., 2010, 2012). We also observed that LH treatment
reduced Akt activation, a signaling pathway connecting DNA repair
(Karimian et al., 2019; Maidarti et al., 2020) and DSB accumulation in
primordial and primary follicles by inhibiting Rad5| (Shen et al., 2007;
Plo et al, 2008; Maidarti et al., 2019). Moreover, our findings sug-
gested that LH decreases apoptosis by restoring CC3 levels, a specific
cell death effector in oocytes and granulosa (Matikainen et al., 2001;
Takai et al., 2007), and prevents ERK|/2 activation (Wei et al., 2013;
Rossi et al., 2017).

MIl meiotic spindle formation can serve as a measure of oocyte
quality (Wang and Keefe, 2002; Rama et al., 2007; Tomari et dl.,
2018). We found that Mll-oocytes that developed from primordial fol-
licles exposed to chemotherapy exhibited defects in spindle area and
chromosome alignment. Unrepaired DSBs in oocytes interfere with
progression of the second meiotic division, proper spindle assembly,
and chromosome cohesion (Watrin and Peters, 2006; Xiong et dl.,
2008; Marangos et al., 2015). Hence, the ability of LH to attenuate
chemotherapy-induced DNA damage could underlie the improve-
ments observed in spindle and chromosome alignment. Resting follicles
were therefore protected by LH to preserve their subsequent
development.

Figure 5. Continued

Bidirectional somatic-germ cell communication is crucial to generate
a suitable microenvironment in the ovary and is required for oocyte
competence and maturation. We found that chemotherapy affected
the ovarian niche by degenerating the ovarian stroma and impairing
oocyte maturation and quality, as previously reported (Zhang et al.,
2016; Wang et al., 2019; Buigues et al., 2020). However, treatment
with LH reduced the deleterious effects on ovarian stromal cells and
architecture. The protective LH effects on oocytes could occur, in
part, via ovarian somatic cells that express the LH receptor (Chang
etal, 2015).

The short-term ability of LH to protect the ovarian reserve and im-
prove the number and quality of developing oocytes appeared to
translate into long-term benefits for reproductive performance. ChT-
LH-treated mice had higher pregnancy rates and more pups than the
ChT group, consistent with findings in cisplatin-treated mice (Rossi
et al, 2017). Interestingly, low-dose LH appeared to better preserve
breeding performance. High LH dosage could adversely alter factors
required for fertility, as previously described (Flaws et al., 1997), and
reported for some drugs (Bertoldo et al., 2020; Park et al., 2020).
Administering gonadotropin-releasing hormone agonists (GnRHa) dur-
ing chemotherapy can improve reproductive outcomes in oncologic
patients (Blumenfeld et al., 2015; Meli et al., 2018; Sinha et al., 2018),
but their efficacy as gonadoprotective agents is controversial (Bildik
et al., 2015; Horicks et al, 2018; Lambertini et al., 2018; Sofiyeva
et al., 2019). The effects induced by our proposed LH treatment and
the GnRHa therapies currently in use mainly differ in terms of treat-
ment duration and cumulative dosage. We propose an acute adminis-
tration of LH along with chemotherapy, but GnRHa therapies involve
long-term repetitive treatments to achieve permanent suppression of
the reproductive axis. Nevertheless, further research is needed to de-
termine the best dosage and timing for LH during chemotherapy
regimens.

When considering regimens to preserve fertility, a patient’s ovarian
pool is an important consideration. Patients with aggressive cancer and
who have already received a chemotherapeutic cycle before undergo-
ing fertility preservation are likely to already have diminished reserves
and could benefit from therapies that can protect growing follicle pop-
ulations. Using a mouse model with reduced fertility (NOD-SCID)
(Kumagai et al, 2011), we performed COS one week (instead of
4 weeks) after chemotherapy with or without LH treatment. LH signifi-
cantly protected the most undifferentiated subpopulations (i.e.

The LH group had more total follicles than the ChT group. This effect was most appreciable in the primordial and primary populations, (C)

ChT depleted the quiescent population and LH blocked this effect. (D) Representative H&E stained images captured at 10x (top, scale bar

= 200 pm) and magnified images of the boxed regions at 20x (bottom, scale bar = 00 pm) showing primordial (black arrows) and primary

(black asterisks) follicles. (E) LH treatment was unable to reverse the ChT-induced increase in the percentage of morphologically abnormal fol-

licles. (F) Stromal degeneration index and representative images of lesions visualized at 2.5x (top, scale bar = 800 um) and [0x (bottom,

scale bar = 200 pm). Fibrotic areas are indicated with black arrows in 10x images. LH treatment protected ovaries from ChT-induced stromal

degeneration. (G) Representative images of YH2AX (red) immunofluorescence counterstained with DAPI (blue). LH treatment protects cells
from ChT-induced double-strand breaks. Scale bar = 100 pm. (H) Representative images of TUNEL-staining (red) counterstained with DAPI
(blue). Scale bar = 50 um. Apoptotic follicles (> 20% labeled cells) were quantified. ChT treatment increased the percentage of apoptotic fol-

licles, and LH treatment reversed this effect. Scatter plots indicate individual data and means of all analyzed mice (n=3 in Control and ChT,

and n=4 in ChT+LH-1x groups). Statistical significance was determined by two-tailed Mann—Whitney U test; *P-values <0.05 were consid-

ered statistically significant.
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Figure 6. LH treatment ameliorated the effects of alkylators on oocyte quality in NOD/SCID mice. Mice were treated with alkylating
agents with or without LH and 7 days later underwent COS to release oocytes that had been exposed to chemotherapy during their growth stage.
(A) ChT reduced the number of healthy MIl-oocytes ovulated after COS, and LH blunted this effect. (B) ChT decreased the number of early-cleav-
age stage embryos, and LH was unable to block this effect. (C) Bayesian model predicting the probability of spindle presence in Mll-oocytes. LH treat-
ment promoted spindle assembly during chemotherapy. (D) Representative images of meiotic spindles from ovulated Mll-oocytes (n =8 in Control,
n=7 in ChT, and n= 13 in ChT+LH-1x groups) and a high magnification view of the equatorial plate. a-tubulin staining (green), chromosomes
(blue), and CREST-protein centromeres (red) were visualized. White scale bar = 10 um; yellow scale bar = 1.25 um. (E) Analysis of spindle area
indicates LH treatment can ameliorate the effects of ChT. (F) Percentage of Mll-oocytes with at least one misaligned chromosome as referred to the
equatorial plate. ChT treatment resulted in a higher percentage of oocytes with misaligned chromosomes and LH treatment reversed this effect.
Scatter plots indicated individual data and means of all analyzed mice (n =15 in Control and ChT, and n=6 in ChT-+LH- 1 x groups). Statistical signifi-
cance was determined by two-tailed Mann—Whitney U test (A and B), Bayesian analysis (C), linear (E) and logistic (F) regressions; *P-values <0.05
were considered statistically significant.

primordial and primary follicles), supporting both the results obtained effects of chemotherapy on growing oocyte populations, rescuing spin-
in our first model and by other authors (Rossi et al., 2017). This effect dle defects and restoring suitable meiotic competence.
may reflect reduced DNA damage in oocytes and/or diminished Altogether, these results indicate that, despite its short half-life

burnout effect (Kalich-Philosoph et al, 2013; Chang et al, 20I5; (Santen and Bardin, 1973; Penny et al., 1977), LH is able to protect
Wang et al., 2019). Treatment with LH also blocked the deleterious the ovary from alkylating agents. Cyclophosphamide and its active
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metabolites have half-lives in plasma even shorter than that of LH
(Powers and Sladek, 1983; Hong et al., 1991; Rana et al., 2007) but
still trigger persistent cytotoxicity. Like cyclophosphamide, LH may trig-
ger persisting effects by activating signaling pathways and cell functions.

LH and hCG have equivalent roles in clinical practice and can bind
the same receptor; hCG has a longer half-life (Norman et al., 2000),
making it a strong candidate for gonadoprotection. However, LH and
hCG differ in the amino acid residues required for binding to their
shared receptor (Galet and Ascoli, 2005). This molecular variance
leads to differing activities. LH is more effective as a proliferative and
anti-apoptotic factor, while hCG has higher steroidogenic activity
(Casarini et al., 2016; Riccetti et al., 2017). Nevertheless, hCG may be
gonadoprotective, and further research should assess this.

In conclusion, this is the first study to analyze, in detail, the broad
spectrum of protective effects elicited by LH on the ovarian reserve of
adult mice during chemotherapy treatment with highly gonadotoxic
agents. Mechanistically, LH appeared to prevent follicular depletion by
reducing DNA damage in oocytes and by decreasing apoptosis and
follicular atresia. We found that LH triggers an early DNA damage re-
sponse after chemotherapy, which likely improves ovulation and oo-
cyte competence. Treatment with LH also had long-term reproductive
benefits, improving fertility and extending the reproductive lifespans of
mice exposed to chemotherapy. Our research investigated LH effects
using several approaches designed to represent different clinical repro-
ductive scenarios, e.g. IVF cycles and natural conception, and uncov-
ered possible mechanisms of action. Although these results were
obtained in mice, the ability of LH to protect the mouse ovary from
alkylating agents and cisplatin (Rossi et al., 2017) highlights its therapeu-
tic potential encouraging human clinical trials. Thus, a universal LH-
based strategy may be possible for in situ ovarian reserve protection
in female cancer patients.
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