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Mitochondria play important roles in ovarian follicle development. Mitochondrial dysfunction,
including mitochondrial gene deficiency, impairs ovarian development. Here, we explored the
role and mechanism of mitochondrial inner membrane gene Immp2/ in ovarian follicle growth
and development. Our results revealed that female Immp2l” mice were infertile, whereas
Immp2l*" mice were normal. Body and ovarian weights were reduced in the female Immp2I”-
mice, ovarian follicle growth and development were stunted in the secondary follicle stage.
Although a few ovarian follicles were ovulated, the oocytes were not fertilized because of
mitochondrial dysfunction. Increased oxidative stress, decreased estrogen levels, and altered
genes expression of Wnt/B-catenin and steroid hormone synthesis pathways were observed in
28-day-old Immp2l” mice. The Immp2l mutation accelerated ovarian aging process, as no ovarian
follicles were detected by age 5 months in Immp2I” mice. All the aforementioned changes in the
Immp2l” mice were reversed by administration of antioxidant melatonin to the Immp2l” mice.
Furthermore, our in vitro study using Immp2| knockdown granulosa cells confirmed that the
Immp2l downregulation induced granulosa cell aging by enhancing reactive oxygen species (ROS)
levels, suppressing Wnt16, increasing B-catenin, and decreasing steroid hormone synthesis gene
cypT19al and estrogen levels, accompanied by an increase in the aging phenotype of granulosa
cells. Melatonin treatment delayed granulosa cell aging progression. Taken together, Immp2|
causes ovarian aging through the ROS-Wnt/B-catenin-estrogen (cyp19a1) pathway, which can be
reversed by melatonin treatment. (Endocrinology 161: 1-17, 2020)
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emale fertility is primarily determined by the ovarian aging includes an increase in fibrous tissue, a decrease in

lifespan. Decreased fertility or infertility is caused the number of primordial follicle, a reduction in oocyte
by the shortening of the ovarian lifespan, which is at- quality, diminishment of follicles and oocytes, and a de-
tributed to ovarian aging (1). The phenotype of ovarian cline in the antral follicular count (2, 3).
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Mitochondria are the most prominent organelles in
the oocyte. Oocyte mitochondria inherited by offspring
and mitochondrial from the sperm are degraded imme-
diately after fertilization (4). The mitochondrial genome
also plays a vital role in ovarian follicle development (5).
Mitochondrial dysfunction triggers ovarian dysfunc-
tion, infertility, and ovarian aging (6). Mitochondria
are the primary source of intracellular reactive oxygen
species (ROS), and mitochondrial dysfunction increases
ROS production. Physiological levels of ROS are essen-
tial for normal ovarian function. However, excessive
ROS may overpower the body’s natural antioxidant
defense system, causing oxidative stress (OS) damage
(7). It has been reported that higher OS in the follicular
microenvironment accelerates ovarian aging, whereas
long-term OS induced by ozone inhalation reduces
ovarian reserve, decreases ovarian function, and results
in ovarian aging-related disorders (8).

Inner mitochondrial membrane peptidase 2-like
(Immp2l) is a peptidase located on the mitochondrial
inner membrane. Mutation of this gene causes eleva-
tion of mitochondrial superoxide production without
affecting ATP generation or mitochondrial membrane
potential (9), augments ischemic brain damage, impairs
mitochondrial function (10), results in erectile dysfunc-
tion and age-dependent spermatogenesis in male mice
and defective oogenesis in female mice (11, 12), reduces
food intake (13), and causes bladder dysfunction (14),
early onset of ataxia, and kyphosis (15).

Wingless-type mouse mammary tumor virus inte-
gration site (Wnt) signaling molecules are locally se-
creted glycoproteins that play vital roles in several
physiological and pathological developmental pro-
cesses. Wnts are highly conserved signaling molecules
that act through B-catenin-dependent (canonical) and
[B-catenin-independent (noncanonical) pathways. The
canonical Wnt signaling is governed by the interaction
of B-catenin with other molecules to regulate cellular
decisions related to proliferation, differentiation, and
morphogenesis (16-18). The vital roles of Wnt/p-catenin
pathway, Wnt ligands, and frizzled (FZ) receptor in
ovarian follicle growth and development have been
highlighted in several studies. These include follicle de-
velopment, corpus luteum formation, steroid produc-
tion, and fertility (19). Dysregulation of Wnt/B-catenin
pathway, Wnt ligands, and FZ receptor triggers impair-
ment of ovarian follicle development, growth, and even
infertility. In particular, previous studies have suggested
that Wnt2, Wnt4, and (B-catenin regulate the devel-
opment and growth of ovarian follicle through pro-
moting proliferation of granulosa cells and modulating
ovarian [-catenin target genes, Cypl1lal, Cyp19al, and
StAR (20). The important role of Wnt pathway and
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network in ovarian folliculogenesis has been reviewed
by Hernandez (21).

Melatonin is considered as a mitochondrial protector
because of its antioxidant capacity. It has been used
as a mitochondria-targeted antioxidant to treat aging-
related diseases (22, 23). Published result shows that
melatonin preserves mitochondrial function and hinders
aging and age-associated disorders (24).

The role of the Immp2l gene in male and female re-
production has been reported. Immp2l homozygous
mutant female mice showed that ovarian follicle de-
velopment in ovaries of 3-week-old mutant mice did
not proceed beyond the preantral/early antral stage,
indicating that preantral follicle stage development was
normal. However, more preantral follicles and fewer
antral follicles were observed in Immp2l”" mice than
in the wild-type mice, as well as degenerating follicles
with marked luteinization (12). The accurate role and
mechanism of Immp2l in female reproductive system
are unknown. Whether Immp2l is involved in ovarian
follicle development, whether OS is the primary cause
for the losses ovarian follicle in Immp2l mutant mice,
and whether ovarian aging can be reversed by treatment
with antioxidant melatonin are currently unknown.
Therefore, we used Immp2l mutant mice in this study
with or without melatonin intervention to delineate
the alterations in ovarian follicle development and the
underlying molecular pathways.

Methods

Animals

The Inmp21T8M79790% mutant mice were generated ac-
cording to a previous study, and breeding pairs were re-
ceived as gifts (12). The mice were bred in an animal facility
at Ningxia Medical University and maintained at 24 = 2°C
in a light-controlled room (12-hour light:12-hour darkness)
with free access to food and water. Genotyping was performed
by PCR using a specific primer, with mouse coat color as a
reference. Homozygous normal mice were albino because of
the FVB background. Heterozygotes were slightly pigmented
because of the expression of tyrosinase from 1 copy of the
transgene. Homozygous mutant mice were darkly pigmented
from the expression of tyrosinase from 2 copies of the trans-
gene. The animal procedures strictly followed the guidelines
from National Institutes of Health and were approved by
the Institutional Animal Care and Use Committee at Ningxia
Medical University. All animals were operated on under so-
dium pentobarbital anesthesia and all efforts were made to
minimize pain and discomfort.

Histology and ovarian follicle count
Six ovaries of each group were collected, embedded in par-
affin, cut into serial sections, and stained using hematoxylin
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and eosin. Ovarian follicles were counted according to a pre-
vious method (25-27).

RNA sequencing

Total RNA was quantified using a NanoDrop 2000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE).
The ovaries from 1 side were used for RNA sequencing by
Breeding Biotechnologies (China) according to standard pro-
cedures, and the ovaries from the other side were used for
RT-quantitative PCR. Each group contained at least 3 ovaries.

RT-quantitative PCR

Total RNA extraction and detection were performed ac-
cording to the methods of our previous studies (25,26). cDNA
was reverse-transcribed using a PrimeScipt RT reagent kit
(TaKaRa, Dalian, China), according to the manufacturer’s in-
structions. RT-quantitative PCR was performed using 7500
Software v.2.0.5 (7500 Fast Real-Time PCR System, ABI). The
primer sequences and annealing temperatures are provided in
Table 1 (Supplemental materials) (28). The mouse GAPDH
gene, which was used as a reference gene, was amplified in
parallel with the target gene, allowing gene expression nor-
malization. Additionally, 2-**Ct was used for quantification.
The quantitative PCR procedure was conducted using SYBR
Premix Ex Taq II (TaKaRa, Dalian, China), according to the
manufacturer’s instructions.

Western blot analyses

SDS gel electrophoresis was performed according to the
methods described in our previous study (25). Briefly, the
protein contents of each sample were measured using a BCA
kit. Equal amounts of protein samples were loaded onto a
12% SDS gel for electrophoresis. The proteins were trans-
ferred onto polyvinylidene difluoride membranes that were
blocked for 1hour with 5% nonfat dry milk and probed with
the primary antibodies of anti-Rabbit Immp2l (15970-1-AP,
Proteintech) (29), rabbit Cyp19al (16554-1-AP, Proteintech)
(30), mouse B-catenin (66379-1-Ig, Proteintech) (31), rabbit
Wntl6 (ab109437, Abcam) (32), rabbit P21 (ab188224,
Abcam) (33), and GAPDH (2118S, Cell Signaling) (34) at
4°C overnight. The membranes were then incubated with an
horseradish peroxidase-conjugated anti-rabbit IgG (7074S,
Cell Signaling) (35) or anti-mouse IgG (70768, Cell Signaling)
(36) secondary antibody at dilution of 1:2000. The resulting
signal was visualized using the ECL Detection Kit (Thermo),
according to the manufacturer’s instructions. GAPDH was
used as loading reference. The relative protein band densities
of targeting proteins were measured using Image ] Software
and presented as a ratio of target protein over the loading
control.

Melatonin treatment

The 14-day-old Immp2l homozygous mutant mice were
administered with 30 mg/kg (body weight) melatonin once a
day at 8:00 AM via IP injection for 2 weeks, according to the
methods of a previous study (37, 38). The melatonin-treated
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mice were then divided into 2 groups; 1 was used to check the
morphological changes and related signaling pathways and
the other was administered with melatonin-containing water
(100 mg/L and 200 mg/L) until 5 months of age (39). For
in vitro studies, the granulosa cells were treated with 10 pM
melatonin (40).

ROS and oxidative stress

To assess oxidative stress, 1 of the oxidative stress biomarker
(MDA, KGT003-1, KeyGENBioTECH)
(41, 42) and antioxidant biomarker glutathione peroxidase
(GSH-Px, KGT014,KeyGENBioTECH) (43,44) were detected
in serum and cell medium according to the manufacturer’s

malondialdehyde

instructions.

Hormone detection

Estrogen (E,) and anti-Miillerian hormone (AMH) in the
serum and cell medium were detected using a mouse ELISA
kit, according to the manufacturer’s instructions.

Granulosa cell isolation and transfection

The isolation and culture of granulosa cells were con-
ducted according to the methods of our previous study (25).
The granulosa cells were transfected with mouse Immp2l
short interfering (siRNA; CACTCCAGACTGGTGAGAAAT)
or negative siRNA using Lipo RNAIMAX, according to
manufacturer’s instructions.

Mitochondrial membrane potential and ATP
detection

The ROS levels in granulosa cells were measured using
a DHE probe (KGAF019, KeyGENBioTECH), and mito-
chondrial membrane potential was detected with a TMRM
probe (HY-D0984, MedChemExpress), according to the
manufacturer’s protocols. ATP content was measured using
an ATP Bioluminescence Assay Kit (Beyotime Institute of
Biotechnology), according to the manufacturer’s protocols.

Cell cycle
The cell cycle was determined using propidium iodide
(Sigma) staining coupled with flow cytometry.

Cell apoptosis

Annexin V/propidium iodide staining was used to detect
apoptotic cells. Three days after transfection, 5x 10° cells were
collected and washed twice with ice-cold PBS. The cells were
then stained using Alexa Fluor 488 annexin V and propidium
iodide (Alexa Fluor 488 annexin V/Dead Cell Apoptosis Kit)
and detected using flow cytometry (BestBio), according to the
manufacturer’s guidelines. Untreated cells served as a negative
control.

Cell senescence

Detection of the senescence of granulosa cells was achieved
with B-Galactosidase (Gal, KGPAGO001, China) and the pro-
cess was conducted according to the manufacturer’s guidelines.
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Immunofluorescence
Immunofluorescent staining of target proteins was per-
formed according to our previous protocol (235).

Coimmunoprecipitation

Granulosa cells from the control, Immp2l knockdown,
and melatonin treated Immp2l knockdown groups were
collected and washed with PBS. The cells were then lysed
with RIPA cell lysis buffer. The protein was incubated with
4 pL anti-B-catenin antibody (31) overnight, then incubated
with Protein A/G Magnetic Beads (Thermo Scientific) for 2
hours with rotation, and finally washed with lysis buffer.
The beads were then placed in 20 pL of 3X Reducing SDS
Loading Buffer and heated at 95°C for 5 minutes. The
protein effluent was collected using a Magnetic Separation
Rack for immunoprecipitation and the supernatant was used
for B-catenin detection of output. The granulosa cell pro-
teins from the control, Immp2l knockdown, and melatonin-
treated Immp2l knockdown groups were used as input.
Then, the magnetic separated protein was loaded directly
onto a 12% polyacrylamide gel, as previously described for
immunoblotting (26).

Statistical analyses

For the animal study, each group consisted of at least 6 ani-
mals. For the in vitro study, all experiments were repeated at
least 3 times with a triplicate each time. The data are presented
as mean = SEM. Data were analyzed with ANOVA followed
by Fisher’s least significant difference test using SPSS software
(version 13.0; SPSS, Inc., Chicago, IL). The body and ovarian
weights between wild-type and homozygous mutant mice
were analyzed with a # test using GraphPad Prism. Differences
were considered significant at P < 0.05.
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Results

Homozygous mutant Immp2l caused infertility
and delayed ovarian follicle development in
female mice

Six- to 8-week-old female wild (Immle*’*), hetero-
zygous mutation (Immp2l*"), and homozygote muta-
tion (Immp2l”) mice were mated with 6- to 8-week-old
proven fertile wild and heterozygous male mice, re-
spectively. Homozygote mutant male mice were infertile
because of erectile dysfunction (12). Fertility was not af-
fected in female heterozygous mutant mice; however, the
female homozygote mutant mice were infertile (Fig. 1A
and 1B). Furthermore, both the body and ovarian weights
were remarkably decreased in the homozygous mutant
mice, compared with the wild-type mice at the age of 21
(Fig. 1C and 1E) and 28 (Fig. 1D and 1F) days.

To assess whether the infertility of Immp21” female
mice was associated with ovarian follicle growth and
development, we examined ovarian morphology in the
mutant and wild-type mice using hematoxylin and eosin
staining at the ages of 14, 21, and 28 days. The results
demonstrated that the ovarian follicle development and
growth of 14-day-old Immp21” mice (Fig. 2b and 2B)
were normal compared with those of wildtype mice
(Fig. 2a and 2A). But the growth of ovarian follicles was
delayed at secondary follicle stages in Immp2l”" mice
at 21 days (Fig. 2d and 2D), compared with control
mice (Fig. 2¢ and 2C). This phenotype was confirmed
in the Immp2l” mice at 28 days (Fig. 2f and 2F).
Therefore, there were fewer antral follicles detected in
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Figure 1. Fertility, body weight, and ovarian weight in Immp2[** and Immp2l”" mice. (A,B) Female Immp2l”~ mice were infertile; (C,D) body
weights of Immp2l”" mice were decreased in 21 and 28 days; (E,F) ovarian weights of Immp2l”" decreased in 21 and 28 days. Immp2l, inner
mitochondrial membrane peptidase 2-like. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2. Histological sections showing ovarian morphology in 14-, 21-, and 28-day-old Immp2|”~ mutation mice. (a, A)14-day-old Immp2[**
mice; (b, B)14-day-old Immp2l”~ mice; (c, C) 21-day-old Immp2!** mice; (d, D) 21-day-old Immp2I”- mice; (e ,E) 28-day-old Immp2I** mice; (f, F)

28-day-old Immp2!” mice. Growth of ovarian follicles was delayed at secondary follicle stages in Immp2

[”* mice at 21 and 28 days. Arrowheads:

antral follicle; arrows: secondary follicle. Scale bar in a-f = 100 pm and in A-F = 50 pm. Immp2l, inner mitochondrial membrane peptidase 2-like.

the Immp2l”™ mice than in the control mice at 28 days
(Fig. 2e and 2E). This phenotype was further confirmed
by the results from the 35-day-old Immp2l” mice
(Supplemental Fig. 1) (28).

Immp2l knockout altered the Wnt/B-catenin and
estrogen pathways in the ovarian tissue

Based on the morphological observation of ovaries,
we counted the number of ovarian follicle and found
the number of primordial follicles reduced in 21-day-old
Immp2l” mice compared with control mice; however,

this difference did not reach statistical significance
(Fig. 3). The number of primordial follicles was signifi-
cantly decreased in 28- and 35-day-old mice compared
with wild-type mice (P < 0.05). Similarly, the number of
primary follicles was not altered in 21-day-old Immp21”
mice, nonsignificantly decreased in 28-day-old mice, and
significantly declined in 35-day-old mice compared with
wild-type mice (P < 0.05). Moreover, the number of sec-
ondary follicles was significantly increased in Immp2l”
mice at 21,28, and 35 days compared with the wild-type
mice (P < 0.05). The increased number of secondary
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Figure 3. Numbers of primordial, primary, secondary, and antral follicles in the ovaries of 21-, 28-, and 35-day-old Immp2[** and Immp2!|”~ mice.

Homozygous mutation of Immp2| reduced the numbers of primordial, primary, and antral follicles and increased numbers of secondary follicles.
Immp2l, inner mitochondrial membrane peptidase 2-like. *P < 0.05, **P < 0.01, ***P < 0.001.

follicles might be due to retarded development of ovarian To explore the expressions of Wnt/B-catenin and es-
follicle. Finally, the number of antral follicles was signifi- trogen pathway genes in Immp2l homozygous mutant
cantly reduced in Immp2l” mice at 21, 28, and 35 days mice, RNA sequencing in mouse ovaries was performed

compared with the wild-type mice (P < 0.05). at 28 days of age, and the results were confirmed with
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RT-quantitative PCR. A heat map and volcano plot of
the differentially expressed mRNAs were generated and
are presented in Supplemental Fig. 2A and 2B (28), re-
spectively. There were 729 genes downregulated and 412
upregulated. Functional analysis of these differentially
expressed mRNAs by gene ontology analysis identified
3 categories of genes closely related to female reproduc-
tion. These categories were developmental process, repro-
duction, and antioxidant activity (Supplemental Fig. 2C)
(28). We also performed KEGG pathway analysis, which
revealed 2 enriched pathways: the Wnt/B-catenin signaling
pathway and the steroid hormone biosynthesis pathway
(Supplemental Fig. 2D) (28). Indeed, hierarchical clustering
of the differentially expressed mRNAs showed a clear dis-
tinction between the wild-type and Immp2l”” mice ovaries.
The Wnt pathway genes, including FZD10, Wnt16,
FZD6, Lama3B, PIK3R2, Ppard, Ctnnb1 (f3-catenin), and
MECOM, and steroid hormone biosynthesis genes such as
Cyp19al, Cypllal, Arrlc18, and Cyp11b1 were affected
in Immp2l” mice ovaries. Consistently, the expressions of
these genes were confirmed by quantitative PCR.

Melatonin reversed the ovarian follicle growth
retardation and ovarian aging in the Immp2I
mutant mice

Melatonin was injected into Immp2l” mice at
14 days of age and continued daily until 28 days of age.
Histology of the ovarian tissue revealed that ovarian

Immp2l--

Figure 4. Ovarian morphology of 28-day-old Immp2l”", Immp2*/*, and Immp2

-
=
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follicle growth delay in the Inmp2l”~ mice was reversed
by melatonin treatment. As such, the number of antral
follicles increased and secondary follicles decreased
compared with non-melatonin-treated Immp2l”" mice
(Fig. 4). Further, melatonin significantly reduced the
content of MDA and increased the level of GSH-Px in
the serum of the Immle"‘ mice (Fig. SA, P < 0.05 vs.
non-melatonin-treated Immle‘/ " mice). Moreover, there
is a significant difference of MDA in melatonin-treated
and non-melatonin-treated Immp2l” mice compared
with control group (Fig. SA, P < 0.05). Therefore, mela-
tonin ameliorated the oxidative stress in the Immp2l”
mice. Serum E, and AMH levels significantly decreased
in the Immp2l”" mice compared with the control group
(Fig. 5B, P < 0.05), whereas they significantly increased
in melatonin-treated Immp2l”" mice compared with
nontreated Immle"' mice (Fig. 5B, P < 0.05). There
was no significant difference of serum E, and AMH
levels between melatonin-treated Immp2l” mice and
control group.

Examination of Wnt/B-catenin and steroid hormone
synthesis pathway-related genes and proteins in ovarian
tissues of 28-day-old mice showed that homozygous
mutation of Immp2l suppressed the gene expressions of
Wnt16 and Cyp19al (Fig. 5C, P < 0.05 vs. Immp2l**
mice), so did their proteins (Fig. 5D, P < 0.05 vs.
Immp2l™* mice). As expected, Immp2l™” significantly
increased the mRNA and protein levels of B-catenin

2I*’* Immp2l’- +Mel

melatonin-treated mice. Ovarian follicle growth was delayed

I-/+

in the Immp2l”" mice and reversed by melatonin treatment. Upper figures’ scale bar: 100 um; lower figures’ scale bar: 50 ym. Immp2l, inner

mitochondrial membrane peptidase 2-like; Mel, melatonin.
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Figure 5. Oxidative stress markers, hormonal, and Wnt/8-catenin pathways in the ovaries of 28-day-old Immp2l” mice. (A) Serum ROS marker
MDA increased and GSH-Px decreased in Immp2l”~ mice. (B) Serum E, and AMH were decreased in Immp2l”" mice. (C) mRNA levels of cyp19a1 and
wnt16 decreased, whereas B-catenin and P21 increased in Immp2l”- mice. (D) Proteins of cyp19a1 and wnt16 decreased, and B-catenin and P21
increased in Immp2l”~ mice. Melatonin treatment reversed the alterations in Immp2|”" mice. E,, estrogen; GSH-Px, glutathione peroxidase; Immp2I,
inner mitochondrial membrane peptidase 2-like; mel, melatonin; ROS, reactive oxygen species. *P < 0.05, **P < 0.01, ***P < 0.001.

and p21 (Fig. 5C and 5D, P < 0.05 vs. Inmp2[** mice).
Melatonin treatment almost entirely corrected the
above alterations in the Immp2l” mice (Fig. 5C and
5D, P < 0.05 vs. Immp2l”" mice). Inmp2l™ caused sig-
nificantly decreased mRNA levels of FZD6, Lama3B,
and MECOM and increased mRNA levels of FZD10,
PIK3R2, and Ppard, all of which related to the Wnt/f3-
catenin pathway (Supplemental Fig. 3) (28). For the
steroid hormone-related pathway, Immp2l”" increased
mRNA levels of Cypllal, Arrlc18, and Cypl1bl.
Again, melatonin treatment successfully corrected all
the aforementioned alterations in the Immp2l”" mice
(Supplemental Fig. 3) (28).

Additionally, examination of the ovaries of Immp21™”
mice at 42, 49, 63, 77, 84, 98, and 154 days of age

revealed that there was more corpus luteum in the
ovaries and more ovarian follicles degenerated, and
fewer ovarian follicles in Immp2l” mice at 154 days
than those in wild-type mice (Supplement Fig. 4) (28).
Long-term melatonin treatment for 5 months reversed
these phenotypes observed in the Immp2l” mice and
extended the ovarian lifespan (Fig. 6). Measurements
of E, and AMH in the serum revealed that both E,
and AMH levels significantly increased in the 100 mg/
kg melatonin treatment group (Fig. 7A, P < 0.05), but
no differences were found in the 200 mg/kg melatonin-
treated Immp21” animals compared with the Immp2l”-
mice. Additionally, 100 mg/kg of melatonin moderately,
whereas 200 mg/kg significantly, increased serum MDA
content (Fig. 7B, P < 0.05). Melatonin 100 mg/kg
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increased the serum GSH-Px, whereas 200 mg/kg sig-
nificantly decreased it, compared with Immp21”" mice
(Fig. 7B, P < 0.05).

In addition, the western blot results suggested that
the protein levels of Wnt16, (3-catenin, and aging marker
p21 significantly decreased, and those of cyp19al sig-
nificantly increased, in a dose-dependent manner in
the ovarian tissues of the Immp2l”" mice treated with
100 and 200 mg/kg of melatonin (Fig. 7C) compared
with the non-melatonin-treated Inmp21” mice (Fig. 7C,
P <0.05).

Melatonin administration in Immp2l knockdown
granulosa cells

To further confirm the impact of Immp2l in the
ROS-Wnt/f-catenin-estrogen (cypl19al) pathway, we
knocked down the Immp2l gene in granulosa cells and
analyzed the ROS-Wnt/B-catenin-estrogen pathway.
The MDA levels in the medium significantly increased
in Immp2l knockdown granulosa cells, compared with
the control groups (Fig. 8A, P < 0.05). Same as the re-
sults obtained in vivo, melatonin prevented the MDA
increase that was observed in Immp2l knockdown
granulosa cells (Fig. 8A, P < 0.05); the levels of GSH-Px
and E, in the medium significantly decreased in Immp2l
knockdown granulosa cells compared with the control
groups (Fig. 8A, P < 0.05); these decreases were pre-
vented by melatonin (Fig. 8A, P < 0.05). Consistent

CQntroI
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with the in vivo results, the expression of the cyp19al
transcript and protein significantly decreased, whereas
B-catenin increased in Immp2l knockdown granulosa
cells compared with the control groups (Fig. 8B and 8C,
P < 0.05), and the alternations were prevented by mela-
tonin intervention (Fig. 8B and 8C, P < 0.05).

Additionally, P21 protein expression significantly in-
creased in Immp2l knockdown granulosa cells compared
with the control cells, whereas melatonin treatment
blocked the increase (Fig. 8C, P < 0.05). In addition,
the interaction of B-catenin and cyp19al in granulosa
cells was detected with coimmunoprecipitation (co-IP),
and the results suggested that f-catenin interacted with
cypl9al in granulosa cells (Fig. 8D). Furthermore, {3-
catenin and cyp19al were colocalized in the cytoplasm
and nucleus of granulosa cells. SiRNA Immp2l reduced
the colocalization compared with control granulosa
cells and melatonin slightly improved it (Fig. 9).

Melatonin protected mitochondrial function
and delayed senescence in Immp2l knockdown
granulosa cells

To explore the effect of melatonin on ROS and mito-
chondrial membrane potential, we incubated Immp2l
knockdown granulosa cells with DHE and TMRM
probes separately. The results showed that ROS levels
remarkably increased in the Immp2l knockdown
granulosa cells than in the control cells (Fig. 10A).

Figure 6. The effect of melatonin on ovarian morphology of 5-month-old Immp2I”~ mice. Melatonin treatment suppressed ovarian follicle
degeneration in Immp2!” mice. Upper figures’ scale bar: 100 um; lower figures’ scale bar: 50 pm. Con, nontreated control (Immp2!™); Immp2l,
inner mitochondrial membrane peptidase 2-like; M1, 100 mg/kg melatonin; M2, 200 mg/kg melatonin.
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Melatonin treatment prevented the ROS increase in the
Immp2l knockdown granulosa cells (Fig. 10A). In con-
trast, TMRM staining revealed a decreased signal in
the Immp2l knockdown granulosa cells compared with
control cells, suggesting mitochondrial membrane po-
tential depolarization. Melatonin treatment prevented
the membrane depolarization in Immp2l knockdown
granulosa cells (Fig. 10B). Compared with the control
group, ATP levels significantly increased in the Immp2l
and melatonin-treated Immp2l knockdown granulosa
cells (Fig. 10C, P < 0.05). Additionally, melatonin re-
duced ATP levels in Immp2l knockdown granulosa
cells, but there was no significant difference compared
with Immp2l knockdown granulosa cells without mela-
tonin treatment.

Immunocytochemistry using cell senescence marker
B-Gal and yH2AX revealed that both p-Gal and
vH2AX staining intensities were remarkably increased
in the Immp2l knockdown granulosa cells compared
with the control group, and the increases were ameli-
orated by melatonin in Immp2l knockdown granulosa

cells (Fig. 10D and 10E). In addition, although
the apoptotic granulosa cells increased in Immp2l
knockdown groups as detected by Annexin-V/PI,
there were no significant differences among the ex-
perimental groups (Fig. 11A) and the cell cycle was
not altered (Fig. 11B).

Discussion

Mitochondrial dysfunction triggers ovarian dysfunc-
tion, infertility, and ovarian aging (5, 6). Although the
role of Immp2l, a mitochondrial inner membrane gene,
in several biological processes has been reported, the ac-
curate role and mechanism of Immp2l in ovarian follicle
development was not yet fully understood. In this study,
we explored the role of Immp2l in ovarian follicle de-
velopment and growth. Our results revealed that female
Immp2l” mice were infertile, which is in agreement
with the results of a previous study (12). In addition,
we observed that the weights of ovary and body in fe-
male Immp2l homozygote mutant mice declined with
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age compared with the wild-type controls, which may To examine the underlying reasons by which fe-
be due to declining food intake through affecting nitric male Immp2l homozygote mutant mice are infertile,
oxide signaling pathway (13). we conducted histological assessments of the ovaries.

z220z Aenuep gz uo Jesn iqi wae\ piedeys 3 sewer Aq L1£0/8S/6 1 LEEDA/E/1 9] /8[0IB/0pUS/WOo dno olwepeoe//:sd)y Wol) pepeojumoq



doi: 10.1210/endocr/bgaal19

https://academic.oup.com/endo 13

A Control siRNA Immp2I siRNA Immp2i+Mel
ey GATE (P1inall) -~ GATE  (P1inall) ~ GATE  (P1inall) K.}
" Ja5-U0 Dead " o500 Dead " gos-ur Dead £ 20
$1.0% 0.4% 20.7% 0.5% 20.2% 0.6% 3
S g . % E % E Sl 3 18
T3 # $q 3 A& y Py °
24y : sty sy 210
2 - ] T 2 -« 2 -« g
€ 8 . € *H € *H 8 s
2 = - 2 E 2 — b3
2% 2% 23 @ 0
g8 g8 s = > > &
[ & .. 3 & 3
% : % % & R
3 Sive optotic 3 E 3 E ® v.\é‘é\ éé\‘;
AT U LG £ [ - "3 1 1 Y @ &
wl o W2 ! P I w! W out WS WP T2 bt S
FL1 Annexin VFITC-A FL1 Annexin V FITC-A FL1 Annexin V FITC-A ‘\@
Dp GY - Dp Gt 2 Op G
B: Control Bas s, SIRNA Immp2l Be ;_ SIRNA Immp2l+Mel g2
] ] B
8 8 g
] ] g
5 & S & g E
] ] g
g g g
] ] g
o —o 1000 2000 3000 4000 5000 6000 7000 ° 1000 2000 3000 4000 5000 6000 7000
FL2-A FL2 Propidium lodide-A (x100) FL2-A FL2 Propidium lodide-A (x100)
® K] K] 20
3 8 151 8
- o~ w
o o -
— — (=]
o 5] ®
g g )
3 8 c
c c [
[ [ (2]
o o b
- - [
o @ o
o o °
2 2 =
= = =
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The results showed that the ovarian follicle growth and
development were delayed. In several female Immp2l”
mice, only 1 or a few mature follicles were observed.
Additionally, there were fewer ovulated oocytes in
Immp2l homozygote mutant mice than in the wild-type
animals, which may be ascribed to mitochondrial dys-
function in the mutant mice (12). Therefore, the infer-
tility of Immp21” mice is attributed to delayed ovarian
follicle growth and development combined with oocyte
dysfunction and ovarian aging.

Wnt/B-catenin and the steroid hormone play vital
roles in regulating ovarian follicle development and
growth (45). Our RNA-sequencing results revealed
that Wnt/B-catenin and the steroid hormone pathway
were activated in the ovary of Immp2l” mice. In par-
ticular, the canonical Wnt/f-catenin pathway marker
B-catenin increased and the steroid hormone-related
gene cypl19al and serum estrogen decreased, accom-
panied with decreased ovarian reserve marker AMH

(46, 47) in Immp2l” mice. Indeed, the Wnt pathway
is involved in the development of ovarian follicles (21)
and regulation of Cyp19al, which encodes cytochrome
P450 aromatase that converts androgens to 17 estra-
diol (E,) (48).

Mitochondria are the primary resource of ROS, and
physiological levels of ROS are essential for ovarian
functions. However, excessive ROS may overpower the
body’s natural antioxidant defense system, accompanied
by increased OS damage (7). Increased ROS were de-
tected in Immp2l mutant mice serum, suggesting that
OS damage was the main cause of delayed ovarian fol-
licle growth and development. Additionally, OS damage
initiated Wnt/p-catenin pathway involves in aging (49),
reduces P450 aromatase expression, increases intra-
cellular ROS generation, and alters Wnt signaling.
Characterizing the granulosa cells of women with endo-
metriosis (50) may emphasize that the ROS-Wnt/p3-
catenin-estrogen (cypl19al) axis plays an important
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role in maintaining ovarian follicle growth and devel-
opment. These results might suggest that ovarian aging
was caused by dysregulation of the ROS-Wnt/f3-catenin-
estrogen (cyp19al) axis in Immp2] mutant mice.

As a vital antioxidant, the importance of melatonin in
delaying ovarian aging was emphasized in our previous
study (1). The aging phenotype of Immp2l mutant mice
was reversed by the administration of melatonin, and the
ovarian follicle growth and development delay were re-
versed. Consistently, the serum OS damage and decreased
estrogen levels were improved, and the Wnt/3-catenin and
estrogen pathways were also reversed. The activation of
[-catenin regulates the mitochondrial function and protects
against protein misfolding disorders (51). In this study, mela-
tonin increased [3-catenin expression and reduced the ROS in
blastocysts (52). Indeed, the elevation of ROS and impaired
Wnt/B-catenin signaling emphasized the role of ROS-Wnt.

[-catenin axis in the biological process (44), and ROS-
Wnt/B-catenin was regulated by melatonin in the Immp2l
mutant mice. Additionally, our results revealed that the
treatment with melatonin improved estrogen and AMH
levels, and increased the cypl19al expression in the
Immp2l” mice. Consistent with the results in vivo, in vitro
results from granulosa cells further confirmed that the
ROS-Wnt/B-catenin-estrogen pathway was dysregulated

in Immp2l knockdown granulosa cells. Indeed, several
previous studies have revealed that overexpression of
exogenous FZD3 in the human granulosa cell COV434
impaired long-term FSH incubation-induced cyp19al
transactivation and the recruitment of [B-catenin to
Cypl19al promotor, and reduced the FSH-stimulated
estrogen production (53). B-catenin participates in the
follicle-stimulated hormone-mediated regulation of E,
production in rat primary granulosa cells (54). The re-
duction of B-catenin significantly compromised the FSH
stimulation of cyp19al mRNA and subsequent produc-
tion of estradiol in primary granulosa cells (45). B-catenin,
as an essential transcriptional regulator of cyp19al, is
present in transcription complexes assembled on the en-
dogenous gonad-specific cyp19al promoter. Therefore,
the expression of cyp19al and production of E, were con-
trolled by B-catenin in granulosa cells. Our results from
co-IP and colocalization of -catenin and cyp19al protein
in granulosa cells supported that -catenin and cyp19al
interacted in Immp2l knockdown granulosa cells.

A sharp increase in estrogen level triggers LH pulses,
which is essential for ovulation. Therefore, a low amount
of, or singular, oocyte ovulation in Immp2l” mice is prob-
ably from decreased cyp19al and serum estrogen levels.
The increased oocyte ovulation in Immp2l” mice treated
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with melatonin is likely associated with the increases of
cypl9al and E, levels. Previous study has shown that mela-
tonin upregulates cyp19al in granulosa cells (55). P21 has
been reported as a marker of ovarian aging (56). In the
present study, we observed an increased expression of P21
in Immp2l” mice, suggesting that accelerated ovarian aging
is associated with Immp2l deficiency. Melatonin prolonged
or even completely blocked ovarian aging in Immp2l”” mice
by suppressing the levels of P21. Consistently, the expres-
sion of other ovarian aging related markers, 3-Gal (57) and
vH2AX (58), was also detected by immunohistochemistry,
the fluorescence intensities of 3-Gal and YH2AX were re-
markably increased in Immp2l knockdown granulosa
cells, and was reversed by melatonin treatment. These re-
sults further support that Imnmp2l mutation accelerates and
melatonin prolongs the ovarian aging. Our results showed
that neither apoptosis nor the cell cycle were altered when
Immp2l was knockdown in granulosa cells, consistent with
the report showing that switching off Immp2l signaling
drives cell senescence and the blockage of cell death (59).
Ovarian aging seriously affects the dynamic nature
of mitochondrial biogenesis in the surrounding
granulosa cells, which may provide interesting alter-
native biomarkers of oocyte quality (5) by producing
excessive ROS in mitochondria and reducing mito-
chondrial membrane potential in Immp2l knockdown
granulosa cells. Therefore, mitochondrial dysfunction
of granulosa cell plays a critical role in ovarian aging
(60). A previous study reported that the mitochon-
drial membrane potential and ATP levels were reduced
in the aging granulosa cells (61). Melatonin has been
shown to improve age-induced fertility decline and to
attenuate ovarian mitochondrial oxidative stress (62).
Additionally, the oocyte and granulosa cell interact
with each other, and granulosa cells crucially regulate
the ability of the oocyte to progress through the mei-
otic process and acquire full developmental potential
(63, 64). The aging granulosa cells cause oocyte dys-
function. In present study, Immp2l deficiency caused the
cease of ovarian follicle development could be a result
of granulosa cell aging in the Immp2l mutation mice.
Interestingly, our results demonstrated increased levels
of ATP in Immp2l knockdown granulosa cells, which is
consistent with the results from the cells of Immp2] mu-
tant mice (12). This increase in ATP may be in response
to increased inflammation and ROS because ATP is pri-
marily a proinflammatory molecule (65, 66). Indeed, we
observed increases of several inflammation factors in
Immp2] mutant mice (data not shown). Taken together,
the Immp2l mutation causes ovarian aging through
activating the ROS-Wnt/B-catenin-estrogen (cyp19al)
pathway and melatonin delays ovarian aging in Immp2l
mutant animals by suppressing the pathway (Fig. 12).
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