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Nicotinamide mononucleotide improves the
ovarian reserve of POl by inhibiting NLRP3-
mediated pyroptosis of ovarian granulosa
cells
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Abstract

Background Premature ovarian insufficiency (POI) is a common clinical problem, but there is currently no effective
treatment. NLRP3 inflammasome-induced pyroptosis is thought to be a possible mechanism of POI. Nicotinamide
mononucleotide (NMN) has a certain anti-inflammatory effect, providing a promising approach for the treatment of
POI.

Methods Thirty female Sprague Dawley rats were randomly divided into a control group (n=10) and a POI

group (n=20). Cyclophosphamide (CTX) was administered for 2 weeks to induce POI. Then the POI group was
divided into two groups: the CTX-POI group (n=10), which was given saline; and the CTX-POl+NMN group

(n=10), which was given NMN at a dose of 500 mg/kg/day for 21 consecutive days. At the end of the study, the
serum hormone concentrations of each group were determined, and each group was subjected to biochemical,
histopathological, and immunohistochemical analyses. In the in vitro experiment, cell pyroptosis was simulated by
using lipopolysaccharide (LPS) and nigricin (Nig), and then KGN cells were treated with NMN, MCC950, and AGK2,
and the levels of Nicotinamide adenine dinucleotide (NAD™) and inflammatory factors Interleukin-18(1L-18) and
Interleukin-1B(IL-1B) in the cell supernatants were detected, and the levels of pyroptosis-related factors in the cells
were determined.

Results In POl rats, NMN treatments can improve blood hormone levels and partially improve the number of
follicles, enhance ovarian reserve function and ovarian index.The evidence is that the increase in NAD" levels and the
activation of SIRT2 expression can reduce the expression of NLRP3, Gasdermin D (GSDMD), Caspase-1, IL-18, and IL-1(3
in the ovary.

Conclusion NMN improves CTX-induced POl by inhibiting NLRP3-mediated pyroptosis, providing a new therapeutic
strategy and drug target for clinical POI patients.
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Background

Primary Ovarian Insufficiency (POI) is the term used to
describe diminished ovarian function before age 40. It
is typified by irregular menstruation, elevated gonado-
tropin levels (FSH>25U/L), and reduced fluctuations in
estrogen (E,) levels [1]. There is ample evidence that pre-
mature low estrogen status causes significant before-age
harm to the long-term health of women, including the
reproductive system, as well as adverse effects on bone,
the cardiovascular and nervous systems, the genitourinary
system, and sexual health [2, 3]. Patients may experience a
significant reduction in quality of life. As such, long-term
health management of POI patients is particularly impor-
tant. There are several causes of POI, however, they can be
generically categorized as immunological, iatrogenic, and
genetic [4]. Ovarian damage is increasingly being caused
by chemotherapy and radiation therapy [5]. Epidemiologi-
cal studies show that the post-chemotherapy amenorrhea
rate in women reaches 40-68% [6]. Cyclophosphamide
(CTX), a type of alkylating or alkylating-like drug in the
chemotherapy drug class, has been proven to have the
strongest toxic effect on the ovaries, causing ovarian fibro-
sis, ovarian dysfunction, and oocyte loss [7]. CTX has
recently been used as the main drug to create POI models
in multiple studies [8-10].

Through an in-depth examination of the POI, it has
been discovered that the manifestation and progression
of POI are intricately linked to the presence of a chronic
inflammatory state within the body [11, 12]. The malig-
nant inflammatory factor profile alters the growth and
functionality of ovarian cells, consequently causing a delay
in follicle maturation and resulting in ovarian dysfunction
[13, 14]. Pyroptosis, a type of inflammatory programmed
cell death, has the potential to trigger severe inflamma-
tion and immune responses within the human body [15].
The NLR family pyrin domain containing 3 (NLRP3)
inflammasome is one of the most extensively studied
inflammasomes, given its ability to regulate the activa-
tion of Caspase-1 and facilitate the maturation and secre-
tion of inflammatory cytokines, including interleukin-1p
(IL-1B) and interleukin-18 (IL-18) [16, 17]. Addition-
ally, previous studies have demonstrated that the NLRP3
inflammasome-induced cell pyroptosis plays a crucial role
in the progression of POI [18], animal studies have demon-
strated that excessive ROS generation induced by CTX in
mouse ovaries activates the NLRP3 inflammasome, result-
ing in the heightened release of inflammatory mediators,
including IL-1p and IL-18, which contribute to ovarian
dysfunction [19]. Nonetheless, interventions that restore
the inflammatory status in the mouse ovaries facilitate
the recovery of ovarian reserve function. Moreover, the

inhibition of NLRP3 delays the aging process of mouse
ovaries and enhances fertility rates [20]. Thus, it is of para-
mount importance to investigate the impacts of NLRP3
inflammasome-mediated cell pyroptosis on POI women
and its potential underlying mechanisms.

Nicotinamide mononucleotide (NMN) is synthesized
by nicotinamide and 5’-phosphoribosyl-1-pyrophosphate
(PRPP) in mammalian cells by the enzyme nicotinamide
nucleotide transhydrogenase (NAMPT) and can be rap-
idly converted into Nicotinamide adenine dinucleotide
(NAD")and exert its effects [21]. Meanwhile, previous
studies have shown that NMN is also present in vegetables,
fruits, and meats. There is evidence that systemic admin-
istration of NMN effectively enhances NAD" synthesis in
various peripheral tissues, and increasing evidence sup-
ports the idea that NAD™ can reduce inflammation levels
in various organs of the body and improve body function
[22-24]. Moreover, whereas administering NMN can
enhance follicular growth in elderly ovaries by reducing
follicular atresia and raising ovarian reserve, raising NAD*
levels can lower ovarian inflammation, improve oocyte
quality, and increase fertility [25]. Therefore, the purpose
of this study is to successfully establish a CTX-induced
POI rat model and determine whether NMN can improve
the decline in ovarian reserve function induced by CTX-
induced POl in rats by increasing NAD" levels and inhibit-
ing NLRP3 inflammasome-mediated pyroptosis.

Materials and methods

Chemicals and reagents

CTX (batch number: 20050712, national drug name:
H32020857) was purchased from Jiangsu Hengrui Phar-
maceutical. NMN (batch number: XJY01231111) was
obtained from Shenzhen Hygieia Biotech Co, Ltd.).
Wright-Giemsa Stain solution (G1020), hematoxylin, eosin
stain was purchased from Beijing Solarbio Science & Tech-
nology Co, Ltd (Beijing, China). HiScript III RT SuperMix
(R323-01) for qRT-PCR (+gDNA wiper) was purchased
from Vazyme Biotech Co, Ltd. Diaminobenzidine (DAB)
chromogenic kit (ZLI-9018) was purchased from Beijing
Zhongshan Jingiao Biotechnology Co, Ltd. GSDMD Anti-
body (TA4012), and Anti-f-Tubulin (C66) mAb (M20005)
were purchased from Abmart Pharmaceutical Technology
Co., Ltd. (Shanghai, China). NLRP3 Rabbit pAb (A12694),
Caspase-1 Rabbit pAb (A12575), SIRT2 Rabbit pAb
(A12575), and IL-1p Rabbit pAb (A16288) were purchased
from Abclonal (Wuhan, China). IL-18 Polyclonal antibody
(10663-1-AP), Horseradish peroxidase-conjugated goat
anti-rabbit IgG (H+L) (SA00001-2), and biotinconjugated
affinipure goat anti-rabbit IgG (H+L) (SA00004-2) were
purchased from Protein Tech Group Inc. (Chicago, USA).
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Trizol reagent (15596026 and 15596018) was purchased
from Thermo Fisher Scientific (Waltham, 149 USA).

Animal

Thirty healthy female Sprague-Dawley (SD) rats, aged
8 weeks and weighing 200+50 g, were purchased from
Hunan Shrek Jingda Company (Changsha, China). All
rats were acclimated to the environment for one week
before the start of the experiment and underwent light-
dark cycles for 12 h in a temperature-humidity-controlled
chamber with food and water AD libitum. The animal
experimentation procedures were conducted following
the guidelines and were approved by the Laboratory Ani-
mal Welfare Ethics Committee of the University of South
China (Approval NO: USC2020031602).

Experimental design

Following a week of adaptive feeding, the rats were
randomly allocated into three groups: a control group
(n=10), a Positive Outcome Index (POI) group (n=10),
and a POI-NMN group (n=10). The latter two groups
received protective drug intervention one week before
the onset of the study. Specifically, the POI-NMN group
initiated gavage administration of NMN (500 mg/kg/day in
saline) [26] from the 8th day and continued for 42 consec-
utive days, as previously detailed. Conversely, the control
group and the POI group were administered with saline
via gavage. One week after the drug intervention, the POI
group and NMN rats were injected with CTX (50 mg/kg
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on day 1 and 8 mg/kg on day 2) [27]. intraperitoneally for
14 consecutive days to establish the POI model, while the
control group rats were injected with saline intraperito-
neally. The SD rats were monitored for vaginal smears 10
days before the end of the experiment to observe changes
in the estrous cycle and preliminarily determine whether
the model had been successfully established. Following
the completion of the experiment, blood serum from each
group was meticulously collected and analyzed to deter-
mine the hormone concentrations. Additionally, the rats
and their ovaries were meticulously weighed, with the ova-
ries from each group being preserved for further investiga-
tion. A schematic diagram illustrating the study design is
presented in Fig. 1.

Assessment of rat estrous cycles

Before the end of treatment, vaginal smears were per-
formed at noon for ten consecutive days. The vagina of
the rats was rinsed 2—3 times with 20ul of normal saline
(0.9%NaCl), and the vaginal fluid was collected and
applied to a slide, air-dried at room temperature, and
stained using Swiss-Giemsa staining. The stages of the
estrous cycle (proestrus, estrus, postestrus, and diestrus)
were determined under a light microscope based on the
number and proportion of vaginal epithelial cells and other
cell types [28, 29]. The presence of nuclear epithelial cells
characterized the proestrus phase, and the estrous phase
primarily consisted of cornified squamous epithelial cells.
The metestrus phase was characterized by the presence
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of leucocytes, nuclear epithelial cells, and cornified squa-
mous epithelial cells, whereas the diestrus phase consisted
almost entirely of leucocytes.

Ovarian morphological analysis and follicle count

One ovary from each rat was fixed in 4% formaldehyde
for 24 h and then embedded in paraffin. The prepara-
tion of continuous 5 mm thick slices, hematoxylin-eosin
staining, and check under the microscope. To quantify
each number of ovarian follicles, every five consecutive
slices, every four take a slice staining and analysis. Accord-
ing to the method of Pedersen and Peters (1968) [30], all
levels of follicles (primordial follicles, primary follicles,
secondary follicles, and atretic follicles) were counted in
a double-blind method [31], and the obtained values were
averaged as the follicle count of the ovary.

Ovarian index

Before euthanizing the rat, their body mass was recorded.
Subsequently, following the isolation of the bilateral ova-
ries, the ovaries mass was measured to calculate the
ovarian index. Ovarian Index = (ovarian mass [mg]/body
mass [g]) X 100%.

Table 1 Primer sequences used for the gRT-PCR analysis

Target gene Primer sequence(5’-3’) GeneBank
Accession
no.

RAT F: GAGCTGGACCTCAGACAATGC XM

NLRP3 R: AGAACCAATGCGAGATCCTGACAAC 006246457 4

RAT F: ATTGGCTCTGAATGGGATA NM

GSDMD R: CGGCACCAGTTCTCCA 001400994.1

RAT F: GACCGAGTGGTTCCCTCAAG NM

CASPASE-1 R: GACGTGTACGAGTGGGTGTT 0127623

RAT F: CGACCGAACAGCCAACGAATCC NM

IL-18 R: GTCACAGCCAGTCCTCTTACTTCAC 019165.2

RAT F: CCCTTGTCGAGAATGGGCAG NM

I-13 R: GACCAGAATGTGCCACGGTT 0315122

RAT F: CTCGCCTGCTCATCAACAAG NM

SIRT2 R: GTCCTCCAGCTCCTTCTTCC 001399630

RAT F: GAGTCCACTGGCGTCTTCAC XM

GAPDH R: GAGGCATTGCTGATGATCTTGAG 032916238

HOMO F: ATGCTGCTTCGACATCTCCT XM

NLRP3 R: AACCAATGCGAGATCCTGAC 0474435621

HOMO GSDMD  F: CAGAAGGGACGTGGTGTTCC NM

R: AAGTGTTGAGGGCAGAACCC 001166237

HOMO F: ATGGCTGCTGAACCAGTAGAAGAC NM

IL-18 R: TCCGGGGTGCATTATCTCTACAGTC 0015624

HOMO F: CCGACCACCACTACAGCAAGG NM

I-13 R: GGGCAGGGAACCAGCATCTTC 0005763

HOMO F: CGCACGGCACCTTCTACACATC NM

SIRT2 R: GGCTCTGACAGTCTTCACACTTGG 001193286

HOMO GAPDH  F: GAGTCCACTGGCGTCTTCAC M33197.1

R: GAGGCATTGCTGATGATCTTGAG
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Determination of hormone levels

After the rats were determined of hormone levels anes-
thetized, blood samples were collected by abdominal aor-
tic puncture and serum was separated by centrifugation
(3000x) for 15 min at 4°C. The E2, FSH, and LH concen-
trations were measured in serum samples collected from
rats in the diestrus phase using a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Beijing North
Institute of Biotechnology Co., Ltd.).

RNA extraction and quantitative RT-PCR

The gDNA Removal and ¢cDNA Synthesis SuperMix
Kit reverse transcribe RNA to cDNA, according to the
manufacturer’s protocol, Real-time PCR analyses were
performed with ChamQ Universal SYBR qPCR Master
Mix (Q711-02; Vazyme, China) and Applied Biosystems
QuantStudio 3 (Thermo Fisher Scientific, USA). GAPDH
as control, level of gene expression is obtained by using the
comparative CT method using Trizol reagent and ovarian
tissue cells extracted total RNA, then use the TransScript
One-Step gDNA Removal and ¢cDNA short SuperMix Kit
to RNA reverse transcription to cDNA, according to the
manufacturer’s protocol, Real-time PCR analyses were
performed with ChamQ Universal SYBR qPCR Master
Mix (Q711-02; Vazyme, China) and Applied Biosystems
QuantStudio 3 (Thermo Fisher Scientific, USA). Gene
expression levels were calculated using the compara-
tive CT method with GAPDH as a control. The primer
sequences used for amplification are shown in Table 1.

Immunohistochemistry (IHC) analysis

Ovaries were fixed in 4% formaldehyde, and embedded
in paraffin, 5-um thick sections were washed with 3%
hydrogen peroxide for 30 min, boiled 3 times in 0.1 M
sodium citrate (pH 6.0) for antigen extraction, penetrated
with 1% Triton X-100 and PBST for 30 min, and blocked
with 5% bovine serum albumin for 45 min. Then, sec-
tions were incubated with the following rabbit primary
antibodies SIRT2(1:100dilution), NLRP3(1:100dilution),
IL-18(1:200dilution), IL-1B(1:200dilution),
GSDMD(1:200dilution), and Caspase-1(1:100dilution)
overnight at 4, with the corresponding secondary anti-
bodies for 90 min at room temperature, and with HRP
for another 45 min. The signal was visualized with DAB,
where staining in tan indicated a positive result. Negative
controls were obtained by replacing the primary antibody
with PBST. Stained sections were observed under a light
microscope.

Protein extraction and Western blot

The ovarian tissues or cells were incubated with Radio
Immunoprecipitation Assay (RIPA) lysis buffer (R0100,
Solarbio, Beijing, China) containing protease inhibi-
tors on ice for 30 min, then under 4 C at 12,000 RPM
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centrifugal for 20 min. The supernatant was collected,
and the protein concentration was determined using
the BCA Protein Assay Kit (CWBIO) and denatured by
boiling at 100 ° C for 10 min. Denatured proteins were
separated by 10% SDS-PAGE, electrophoresed and trans-
ferred to polyvinylidene fluoride (PVDF) membranes,
and blocked for 2 h in PBST [phosphate buffered saline
(PBS) containing 0.1% Tween-20] containing 5% skim milk
powder. The blots were then incubated by primary rabbit
monoclonal antibodies including SIRT2(1:1000dilution),
NLRP3 (1:1000 dilution), Caspase-1 (1:1000 dilution),
GSDMD (1:1000 dilution), IL-14 (1:1000 dilution), and
IL-18 (1:1000 dilution) overnight at 4 °C, followed by HRP-
conjugated Affinipure goat anti-mouse IgG (H+L) (1:5000
dilution) or goat anti-rabbit IgG (H+L) (1:500 dilution) for
2 h at room. Beta-tubulin (1:5000 dilution) expression was
used as a loading control. Finally, the blots were exposed to
enhanced chemiluminescence (CW0049M, CWBIO) and
a Tanon-5500 Chemiluminescence Imaging System was
used to measure the chemiluminescence of protein bands.
The intensity of specific bands was quantified using Image
] analysis software (JAVA image processing program)
(NIH, Bethesda, MD, USA).

Cell culture and treatment

KGN cells purchased from Zhejiang Meisen Cell Tech-
nology Co., Ltd were cultured routinely in DMEM
medium (DMEM, Sigma, USA) containing 10% fetal
bovine serum (FBS, Invitrogen 115 Gibco, USA) in a
5%CO, constant temperature cell incubator at 37°C.
When the density of KGN cells reached 80-90%, the
cells were harvested and seeded in a 6 cm dish. After
24 h of culture, the cells were cultured in a medium with
or without LPS(lug/ml, Sigma), Nig(10umol/L, Med-
Chem Express) [32], MCC950(100nmol/L, Sparkjade)
[33], AGK2(10umol/L, Sigma) [34] and NMN(50umol/L,
Sigma) for 24 h.

Cell viability assay

A CCK-8 assay kit (BS350B, biosharp, China) determined
the cell viability in 96-well plates according to the manu-
facturer’s instructions. Each well of a 96-well plate should
have a KGN cell density of 5x103 cells. The LPS group
was treated with LPS at concentrations of 0, 0.1, 1, and
10 pgmL~! and normal saline for 24 h, respectively. The
LPS+Nig+NMN group was treated with normal saline,
a mixture of LPS and Nig simultaneously, and the wells
treated with LPS+Nig were treated with NMN at concen-
trations of 0, 10, 25, 50, and 100 pym for 24 h. Then 10 puL
CCK-8 reagent was added to each well and then continu-
ously incubated for 1-3 h at 37 °C in darkness. Finally, a
PerkinElmer microplate reader was used to determine the
absorbance.
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NAD™ assay

Determination of NAD™ levels were conducted by using a
Coenzyme I NAD (H) content test kit (A114-1-1; Nanjing
Jiancheng, China) according to the manufacturer proto-
col. In each independent experiment, at least 5x 10°%cells
were used for total NAD* extraction according to the
manufacturer’s protocol. Use the enzyme standard instru-
ment (Bio-Tek Instruments, Inc.,, Winooski, VT, USA)
to measure absorbance for 570. Finally, according to the
directions of the formula calculate each the NAD * con-
centration of the sample.

Enzyme-linked immunosorbent assay (ELISA)

IL-18 and IL-1/ in the culture supernatant were detected
by ELISA kits from Ruixinbio (Quanzhou, China), fol-
lowing the manufacturer’s instructions.

Lactate dehydrogenase (LDH) activity detection

The LDH concentration in the KGN cell supernatant was
measured using an LDH assay kit (Cat# C0016, Beyotime,
Shanghai, China) and according to the manufacturer’s
instructions. The absorbance at 450 nm was measured and
the LDH content of each supernatant was investigated.
The LDH level in the control group was fixed at 100%, and
the LDH concentration in the other groups was normal-
ized to match.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
8.0.1 (GraphPad Software, San Diego, California) and
SPSS 18.0 software (IBM, Chicago, IL, USA). The data
are presented as means*standard deviation (SD) and were
analyzed using one-way ANOVA. A probability of p<0.05
was considered statistically significant. Each experiment
was independently performed at least three times.

Result

Effects of NMN intervention on hormone levels and estrous
cycle in POl rats

The main manifestations of ovarian function are endo-
crine function and reproductive function. Ovarian
endocrine dysfunction can lead to estrous cycle disor-
der in rats. Serum levels of FSH, LH, and E2, as well as
the estrous cycle, were examined to examine how NMN
affected POI rat performance. During their estrous cycle,
SD rats typically go through four or five days of proestrus,
estrus, postestrus, and interestrus. As can be seen, proes-
trus was marked by the presence of nucleated epithelial
cells (green arrows), and the estrus phase was primarily
composed of keratinized squamous epithelial cells (red
arrows). Control rats exhibited regular estrus cycles lasting
four to five days. The estrus phase is characterized by leu-
kocytes, nuclear epithelial cells, and keratinized squamous
epithelial cells, whereas the diestrus phase consists almost
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exclusively of leukocytes (blue arrows). Rats in the POI
group showed estrus cycle disorder after CTX induction,
were in estrus for a long time, and did not even appear
to have a complete estrus cycle. After administration of
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NMN, the abnormal estrous cycle gradually recovered.
(Figure 2A-C) We next evaluated hormone levels, by the
ELISA method, the expression levels of E2, FSH, and
LH in serum were detected. The results showed that the
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E2 level was lower in the POI group than in the control
group, while the FSH and LH levels were higher in the POI
group. After NMN intervention, the hormone levels were
restored to similar levels as those in the control group.
In conclusion, the disrupted estrous cycle and abnormal
serum hormone levels gradually recovered after the appli-
cation of NMN. (Figure 2D)

Effects of NMN intervention on ovarian morphology and
reserve function in rats

Because the number of follicles in the ovary more directly
reflects the ovarian reserve function, the size of the ovary
is also an important factor in reflecting ovarian function,
so to explore whether NMN intervention can prevent the
decline of ovarian function caused by CTX, we compared
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the ovarian index of each group of rats and observed the
morphological changes of the ovaries in each group and
counted the number of follicles at different stages. The
findings revealed that the ovarian volume in the CTX-
induced POI rats was diminished, and the ovarian index
decreased. (Figure 3A and B) Microscopic examination
demonstrated a decreased count of primordial, primary,
and secondary follicles, concomitant with an elevated
number of atretic follicles. After NMN intervention, the
volume of the ovary was significantly restored, the number
of primordial follicles was significantly increased, and the
number of primary and secondary follicles was like that of
the CTX group, while the number of atretic follicles was
significantly reduced. (Figure 3C and D). Nonetheless, the
count of primordial follicles in the NMN-treated group
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remained lower compared to that in the control group.
Therefore, these findings suggest that NMN can partially
improve the decline in ovarian reserve function in POI rats
induced by CTX.

NMN treatment inhibits the pyroptosis of ovarian in POI
rats

NLRP3 inflammasome-induced pyroptotic cell death
(proptosis) is considered a possible mechanism of POI,
to confirm that pyroptosis is related to the progression
of POI and that NMN intervention can alleviate the level
of pyroptosis in POI, we detected the mRNA expression
levels of NLRP3, Caspase-1, GSDMD, IL-1f, and IL-18
in ovarian tissue by qRT-PCR, as shown in Fig. 4B. Com-
pared with the control group, the mRNA expression lev-
els of NLRP3, Caspase-1, GSDMD, IL-1p, and IL-18 were
significantly upregulated in the POI rats treated with CTX,
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and they were significantly downregulated after NMN
intervention. Western blotting and immunohistochemical
analysis also confirmed this result. (Figure 4A and C) Thus,
NMN intervention has a protective effect on the pyropto-
sis of granulosa cells in the ovaries of POI rats induced by
CTX.

NMN intervention improves ovarian dysfunction by
increasing the level of NAD" to activate SIRT2

Sirtuin 2 (SIRT2) is a metabolic sensor and NAD*-depen-
dent deacetylase. Acetylation of NLRP3 facilitates NLRP3
inflammasome formation and activation. As a result, we
measured the amount of NAD" in the ovaries of the three
groups of rats, and the results showed that the level of
NAD" in the POI group was significantly lower than that
in the control group, and the level of NAD" was increased
considerably after NMN intervention. (Fig. 5A) Therefore,
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Fig. 4 NMN intervention inhibits the pyroptosis of ovarian in POI rats. A) Immunohistochemical analysis of NLRP3, GSDMD, Caspase-1, IL-13, and IL-18
expression in the ovaries; B) The mRNA levels of NLRP3, GSDMD, Caspase-1, IL-13, and IL-18 analyzed by gRT-PCR. GAPDH was used as control; C) Expres-
sion of NLRP3, GSDMD, Caspase-1, IL-13, and IL-18 was measured by Western blot, 3-tubulin served as the loading control; D) Relative protein expression
of NLRP3, GSDMD, Caspase-1, IL-1(, and IL-18 were quantified by ImageJ software and normalized to 3-tubulin (n=3 rats per group); data are presented

as mean *standard deviation (SD). *p <0.05, **p <0.01
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we further used qRT-PCR, WB, and IHC to detect the
expression of SIRT2. The results showed that the expres-
sion of SIRT2 mRNA in the POI group was significantly
lower than in the control group, and the mRNA expression
was upregulated after NMN intervention. (Fig. 5D) SIRT2
protein expressions were shown to be considerably lower
in the POI group compared to the control group, accord-
ing to Western blot analysis. Following NMN adminis-
tration, there was an increase in the expression of the
proteins. (Figure 5B-C) The results of immunohistochem-
istry showed the same outcome. (Fig. 5E)

Intervention with NMN can inhibit the levels of
inflammation and cell pyroptosis in KGN cells

To further explore its molecular mechanism, we induced
necroptosis in KGN cells by adding LPS and Nig. We
treated KGN cells with different concentrations of LPS
and measured cell viability. The CCK8 results showed
that KGN cell viability decreased dose-dependently, so we
selected 1ug/ml of LPS for subsequent cell experiments.
Similarly, we selected 50umol/L of NMN for subsequent
experiments. (Figure S1A-C) First, we detected the levels
of IL-18 and IL-1p in the cell culture supernatants and the
release of LDH in each group of KGN cells. We found that
the levels of IL-18 and IL-1p released by KGN cells after
LPS+Nig treatment were significantly increased, while
those levels were significantly decreased after treatment
with MCC950 or NMN. (Fig. 6A) Meanwhile, the LDH
release of KGN cells treated with LPS+Nig was increased

considerably, while the LDH release of KGN cells treated
with NMN or MCC950 was significantly reduced. (Fig. 6E)
It is worth noting that there was no statistically signifi-
cant difference between NMN and MCC950. Based on
these results, we can preliminarily prove that NMN treat-
ment can improve the exogenous high inflammatory state
of KGN cells and inhibit KGN cell pyroptosis. To further
confirm the effect of NMN on the process of cell pyrop-
tosis, the expression levels of pyroptosis-related factors
NLRP3, GSDMD, Caspase-1, IL-18, and IL-1p at the
mRNA and protein levels were detected by qRT-PCR
and Western Blot. The results showed that the mRNA
expression levels of NLRP3, GSDMD, Caspase-1, IL-18,
and IL-1f in KGN cells treated with LPS+Nig were sig-
nificantly increased. After intervention with NMN and
MCC950, the expression of both pyroptosis and inflamma-
tion factors improved. (Fig. 6B) The results from Western
Blot and qRT-PCR were consistent, (Fig. 6C-D) and these
findings were also corroborated by animal-level results,
further indicating that NMN can regulate pyroptosis and
inflammation factor expression by inhibiting NLRP3.

NMN enhances SIRT2 activation by elevating NAD+ levels
to ameliorate KGN cell pyroptosis levels

To further verify whether NMN can inhibit pyroptosis by
activating SIRT2, we added AGK2 inhibitor to cells after
LPS+Nig treatment to suppress SIRT2 activity, based on
previous studies and literature. We selected 10 umol/L
AGK?2 for subsequent experiments [34]. We measured the
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Fig. 6 NMN intervention downregulates the expression of pyroptosis factors induced by LPS and Nigricin trypanosomiasis in KGN cells. A) The levels
of IL-13 and IL-18 in the supernatants were analyzed by enzyme-linked immunosorbent assay (ELISA); B) Relative mRNA expression of NLRP3, GSDMD,
Caspase-1, IL-13, and IL-18 in the KGN cells, analyzed using gRT-PCR; C) Protein expression of NLRP3, GSDMD, Caspase-1, IL-163, and IL-18 in the KGN cells
was determined using western blot analysis, 3-tubulin served as the loading control; D) Relative protein expression of NLRP3, GSDMD, Caspase-1, IL-13,
and IL-18 in the KGN cells were quantified by ImageJ software and normalized to 3-tubulin; E) The release of LDH in KGN cell detected by LDH activity
assays. Data are presented as mean + standard deviation (SD). *p <0.05, **p < 0.01, ***p < 0.001

levels of NAD™ in each group of cells and found that the
NAD" level in KGN cells treated with LPS+Nig was sig-
nificantly lower than that in the control group. After being
given NMN, the NAD" level was reversed. (Fig. 7A) qRT-
PCR and Western Blot were used to detect the expres-
sion of SIRT2 mRNA and protein in each group of cells.
Compared with the control group, the expression of SIRT2
mRNA was downregulated after LPS+Nig intervention.
After being given NMN, the expression of SIRT2 mRNA
was upregulated. After adding AGK2, the expression of
SIRT2 mRNA was downregulated again. (Fig. 7D) The WB
results were consistent with the trend of mRNA expres-
sion. (Figs. 7B-C) Based on these results, we concluded
that NMN can activate SIRT2 by increasing NAD" lev-
els. Subsequently, we detected the expression of NLRP3,
Caspase-1, GSDMD, IL-18, and IL-1p mRNA and pro-
tein by qRT-PCR and Western Blot in each group of cells
to see that compared with the control group, the mRNA
expression of NLRP3, Caspase-1, GSDMD, IL-18, and
IL-1p was significantly upregulated after LPS+Nig inter-
vention. After adding NMN, the mRNA expression was
upregulated again. However, after SIRT2 was inhibited, the
mRNA expression of NLRP3, caspase-1, GSDMD, IL-18,
and IL-1Pp was significantly upregulated again. (Fig. 7E)
The WB results were consistent with the mRNA results.
(Fig. 7F-J). Meanwhile, we detected the release of LDH
in the supernatants of KGN cells in different treatment
groups, and the results showed that the release of LDH in

cells treated with LPS+Nig was significantly higher than
that in the control group. After adding NMN, the release
of LDH was reduced, but it increased again after SIRT2
was inhibited. (Fig. 7H) In summary, supplementing NMN
can activate the activity of SIRT2 in KGN cells to inhibit
the level of NLRP3-mediated cell pyroptosis.

Discussion

POI is a globally prevalent disease, the pathogenesis of
which remains predominantly obscure. It is potentially
associated with age, genetic predispositions, immune
system dysregulation, iatrogenic influences, or environ-
mental triggers [35]. Currently, there is no satisfactory
treatment for POI patients in clinical practice, and hor-
mone replacement therapy is often used for symptomatic
treatment [36]. With the occurrence of lifestyle changes
and other factors, the probability of young women devel-
oping cancer escalates year after year [37]. Although early
diagnosis and advancements in tumor technology can
enhance the survival rate of young women during their
childbearing years, chemotherapy and other cancer treat-
ment modalities can deplete ovarian reserve and impair
ovarian function, ultimately leading to the occurrence of
POI [38—-40]. Therefore, investigating the potential mecha-
nisms by which chemotherapy leads to ovarian damage is
essential for the advancement of POI research. This study
demonstrates that CTX can induce ovarian dysfunction,
and NMN intervention can ameliorate ovarian damage.
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Fig.7 NMN enhances SIRT2 activation by elevating NAD* levels to amelio

rate KGN cell pyroptosis levels. A) Determine the content of NAD* in KGN cells.

B) Protein expression of SIRT2 in the KGN cells was determined using western blot analysis,f-tubulin served as the loading control; C) Relative protein

expression of SIRT2in the KGN cells was quantified by ImageJ software and

normalized to B-tubulin; D) Relative mRNA expression of SIRT2 in the KGN cells

analyzed using gRT-PCR; E) Relative mRNA expression of NLRP3, GSDMD, Caspase-1, IL-1(3, and IL-18 in the KGN cells, analyzed using gRT-PCR; F) Protein

expression of NLRP3, GSDMD, Caspase-1, IL-1(3, and IL-18 in the KGN cells

was determined using western blot analysis, B-tubulin served as the loading

control; J) Relative protein expression of NLRP3, GSDMD, Caspase-1, IL-13, and IL-18 in the KGN cells were quantified by ImageJ software and normalized
to B-tubulin; H) The release of LDH in KGN cell detected by LDH activity assays. Data are presented as mean + standard deviation (SD). *p <0.05, **p < 0.01,

***p<0.001

Furthermore, we have elucidated that CTX-induced POI
is intricately associated with pyroptosis, underscoring the
protective function of NMN on ovarian function.

CTX is an alkylating drug that is widely used in anti-
cancer therapy and is also one of the drugs with the high-
est risk of POI [41]. In a large study of cancer survivors,
the risk of POI in patients receiving alkylating chemo-
therapy was increased by 9.2 times, and the risk of POI in
women receiving alkylating chemotherapy and radiation

was increased by 27 times [42, 43]. Similarly, animal
experiments have shown that CTX can cause disorders
in hormone secretion, damage to the ovary structure, and
a decline in fertility in rats [44, 45]. Our research results
are consistent with previous research results, where CTX-
induced POI rat models showed elevated serum FSH and
LH levels, decreased E2 levels, lower ovarian index, dis-
rupted estrous cycle, and an increase in the number of
atretic follicles, and a decrease in the number of atretic
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follicles. In recent years, natural drugs have attracted wide-
spread attention from both domestic and foreign research
and clinical trials as effective, multi-pathway, multi-tar-
get drugs [46]. NMN is one of these drugs, which can be
widely used as a dietary supplement and cosmetics in daily
life [47]. It serves as a crucial intermediate for NAD" in
the body, capable of being rapidly converted into NAD*
and exerting its functions, including oxidative stress, DNA
damage, neurodegenerative diseases, and inflammatory
responses [23, 48]. In the context of reproductive research,
several studies have demonstrated that supplementing
with NMN can restore the levels of NAD™ in aged or obese
mouse oocytes, improving their quality and fertility, as well
as improving mitochondrial function, lowering ROS levels,
slowing down oocyte aging, and encouraging subsequent
embryo development [25, 49-51]. Meanwhile, NMN has
also been shown to have the potential to save declining
ovarian reserve through long-term treatment [52]. Our
findings are largely in agreement with those from previous
studies on NMN, which have shown that after NMN treat-
ment, the serum sex hormone levels of rats return to nor-
mal, ovarian indices increase, primordial follicles increase,
and atretic follicles decrease [52, 53]. These results indicate
that NMN can partially restore ovarian damage induced
by CTX.

Widely recognized, unregulated chronic inflammation
results in the dysfunction of female ovarian function,
with the NLRP3 inflammasome being the most exten-
sively studied type of inflammasome [54, 55]. It is widely
believed that granulosa cell pyroptosis, mediated by the
NLRP3, is intricately linked to POI [11, 18]. Previous stud-
ies have shown that the expression of NLRP3, Caspase-1,
and IL-1p in granulosa cells of POI patients is significantly
increased. In animal experiments, giving MCC950 to
inhibit the activation of NLRP3 inflammasome resulted in
the same effect as NLRP37/ "mice, which can delay ovar-
ian aging in female mice and prolong reproductive ability
[20]. Similarly, in the CTX-induced POI rat model, ovarian
dysfunction and fibrosis were caused by the activation of
the NLRP3 inflammasome. Our results validate the rela-
tionship between NLRP3 inflammasome and POI consis-
tent with previous findings [56, 57]. Meanwhile, NMN, a
natural anti-inflammatory agent, can alleviate inflamma-
tion and chronic diseases [58]. Studies have shown that
NMN can alleviate cognitive impairment caused by sep-
sis-induced inflammation, and supplementing with NMN
can significantly reduce inflammation in mice and allevi-
ate colitis, improving survival rates [59, 60]. Additionally,
NMN supplements can reduce bone damage induced by
aluminum through the inhibition of the necroptosis path-
way mediated by thioredoxin interacting protein (TXNIP)-
NLRP3 inflammasome [61], as we have validated both in
vivo and in vitro experiments showing that supplementing
with NMN can improve NLRP3-mediated cell necroptosis
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levels, with an effect similar to that of MCC950, and par-
tially restored ovarian reserve function in CTX-induced
POI rats, suggesting a potential relationship between POI
and necroptosis and showing the benefits of NMN for the
ovary. NMN exhibits similar effects on the cellular level as
MCC950, indicating that it inhibits the activation of the
NLRP3 inflammasome in ovarian granulosa cells.

SIRT2, as a member of the Sirtuins family, is an NAD*-
dependent deacetylase, and numerous studies have
shown that the level of NAD" can affect the activity of
SIRT2 [62, 63]. Our previous research has demonstrated
that upregulating the expression of SIRT2 can regulate the
expression of glycolytic rate-limiting enzymes, improving
ovarian function [34]. Additionally, NAD* can enhance
the antioxidant capacity of cells and increase the activ-
ity of SIRT2 under basal conditions, which can be par-
tially reversed after inhibiting SIRT2 with AGK2 [64].
Similarly, we found that NAD" synthesis was decreased
in POI rats, and SIRT?2 expression was lower in the ova-
ries. However, when NMN was given to increase NAD™*
levels, SIRT?2 expression increased in the ovaries, suggest-
ing that SIRT2 may play a role in the ovaries. On the other
hand, as an important deacetylase, studies have shown
that SIRT2 can deacetylate NLRP3 in vitro, inhibit NLRP3
inflammasome activation, reverse aging-related inflam-
mation and insulin resistance, and SIRT2 can also inhibit
NLRP3 inflammasome activation in cardiac tissue, slow-
ing the progression of dilated cardiomyopathy [65, 66].
In our study, the expression of SIRT2 increased, while the
expression of NLRP3-mediated pyroptosis-related factors
decreased after SIRT2 was expressed. However, AGK2
could inhibit SIRT?2 in the experimental process, which oft-
set the benefits of NMN in suppressing NLRP3 inflamma-
some activation in granulosa cells. It is worth noting that
these results are still in the initial stages and need further
investigation. In summary, inhibiting NLRP3-mediated
granulosa cell pyroptosis is one of the key mechanisms by
which NMN protects ovarian reserve in CTX exposure.

In conclusion, the results of this study demonstrate that
NMN can protect female rat ovaries from ovarian dam-
age induced by CTX. Both in vitro and in vivo experi-
ments show that NMN can alleviate the decline in ovarian
reserve function induced by CTX by increasing NAD*
levels and activating SIRT2 to inhibit NLRP3-mediated
cell pyroptosis. This finding further confirms the defen-
sive mechanism of NMN against the reproductive damage
caused by CTX. Additionally, this increases the evidence
supporting NMN as a feasible treatment for female repro-
ductive dysfunction.
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