
Zhu et al. Journal of Ovarian Research            (2025) 18:9  
https://doi.org/10.1186/s13048-025-01596-4

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Journal of Ovarian Research

Nicotinamide riboside supplementation 
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Abstract 

Polycystic ovary syndrome (PCOS) is the leading cause of anovulatory infertility among women of reproductive age, 
yet the range of effective treatment options remains limited. Our previous study revealed that reduced levels of nicoti-
namide adenine dinucleotide (NAD+) in ovarian granulosa cells (GCs) of women with PCOS resulted in the accumula-
tion of reactive oxygen species (ROS) and mitochondrial dysfunction. However, it is still uncertain whether increasing 
NAD+ levels in the ovaries could improve ovarian function in PCOS. In this study, we demonstrated that supplementa-
tion with the NAD+ precursor nicotinamide riboside (NR) prevented the decrease in ovarian NAD+ levels, normalized 
estrous cycle irregularities, and enhanced ovulation potential in dehydroepiandrosterone (DHEA)-induced PCOS 
mice. Moreover, NR supplementation alleviated ovarian fibrosis and enhanced mitochondrial function in ovarian 
stromal cells of PCOS mice. Furthermore, NR supplementation improved oocyte quality in PCOS mice, as evidenced 
by reduced abnormal mitochondrial clustering, enhanced mitochondrial membrane potential, decreased ROS levels, 
reduced spindle abnormality rates, and increased early embryonic development potential in fertilized oocytes. These 
findings suggest that supplementing with NAD+ precursors could be a promising therapeutic strategy for addressing 
ovarian infertility associated with PCOS.
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Graphical Abstract
Ovarian NAD+ levels decreased in DHEA-induced PCOS mice, accompanied by mitochondrial dysfunction in oocytes 
and ovarian stromal cells, resulting in reduced oocyte quantity and quality, decreased early embryonic development 
potential, and increased ovarian fibrosis. After increasing ovarian NAD+ levels by NR supplementation to restore 
PCOS-related impairment of mitochondria function, ovarian dysfunction in PCOS was attenuated as characterized 
by improved oocyte quantity and quality, enhanced early embryonic development potential, and decreased ovarian 
fibrosis.
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Introduction
During reproductive years, polycystic ovary syndrome 
(PCOS) is considered a primary contributor to hyper-
androgenemia and oligo-anovulation [1]. It is distin-
guished by the arrest of antral follicle development 
before reaching the mature, preovulatory stage [2, 3]. 
However, clinical treatments for PCOS-related ovar-
ian infertility primarily rely on lifestyle adjustments 
and assisted reproductive technologies (ART) [4, 5]. 
Although the precise etiology of PCOS remains incom-
pletely understood, recent studies have implicated 
mitochondrial abnormalities in the pathogenesis and 
progression of ovarian dysfunction and fibrosis associ-
ated with PCOS [6–9].

The initial documentation of increased ovarian stromal 
proliferation and collagenization in PCOS patients sug-
gested a correlation between PCOS and ovarian fibro-
sis [10]. Moreover, impaired mitochondrial function in 
ovarian stromal cells emerges as a pivotal factor in stro-
mal inflammation and fibrosis [11], potentially impeding 
normal follicle growth and release [12–14]. Mitochon-
drial dysfunction, characterized by impaired adenosine 
triphosphate (ATP) production, altered mitochondrial 
dynamics, and increased production of reactive oxygen 
species (ROS) [15], leads to oxidative stress—an imbal-
ance between ROS production and antioxidant defenses 
[16]. This cascade triggers inflammation and apoptosis, 
facilitating fibroblast activation and extracellular matrix 
protein deposition in the ovarian stroma [17–19]. Fur-
thermore, compromised mitochondrial bioenergetics 
exacerbate fibrotic processes within the ovaries of PCOS 
patients [20]. Previous studies have highlighted mito-
chondrial dysfunction in both oocytes and granulosa 
cells (GCs) from women with PCOS [21, 22], emphasiz-
ing its significant contribution to PCOS pathogenesis. 

Therefore, targeted improvement of mitochondrial func-
tion emerges as a pivotal therapeutic approach for 
addressing PCOS-associated ovarian infertility.

However, in  vivo evidence regarding the correlation 
between ovarian dysfunction related to PCOS and nico-
tinamide adenine dinucleotide (NAD+) levels remains 
inadequately substantiated. NAD+, an important coen-
zyme coupled with redox reactions [23], maintains mito-
chondrial function. Additionally, NAD+ is involved in 
regulating the activity of various enzymes [24], includ-
ing those closely related to mitochondrial function, such 
as the Sirtuins family [25], further influencing mito-
chondrial biological functions. Our previous research 
observed a decrease in NAD+ levels in ovarian granulosa 
cells from women with PCOS, while supplementation 
with NAD+ precursor, nicotinamide riboside (NR), ame-
liorated mitochondrial dysfunction in Lipopolysaccha-
ride (LPS)-treated human granulosa-like tumor cell line 
(KGN) [22]. Furthermore, the decline in NAD+ levels and 
ovarian dysfunction with age was mitigated by NR sup-
plementation, as evidenced by previous studies [26, 27]. 
However, whether NR supplementation could ameliorate 
ovarian dysfunction in PCOS remains uncertain.

Here, we established the PCOS mouse model through 
DHEA treatment. We found that NR supplementation 
reduced the decline in ovarian NAD+ levels, alleviated 
the disrupted estrous cycles, enhanced the ovulation 
potential, and reduced the rate of abnormal oocytes in 
PCOS mice. NR supplementation also enhanced oocyte 
quality in PCOS mice, evidenced by reduced abnormal 
mitochondrial clustering, increased mitochondrial mem-
brane potential, decreased ROS levels, lower spindle 
abnormality rates, and improved early embryonic devel-
opmental potential in oocytes post-fertilization. Further-
more, NR supplementation mitigated ovarian fibrosis in 
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PCOS mice through the improvement of mitochondrial 
function within ovarian stromal cells. These results indi-
cated that NAD+ precursor supplementation might offer 
a promising therapeutic approach for addressing ovarian 
infertility associated with PCOS.

Materials and methods
Animals
Approval for animal studies was obtained from the eth-
ics committee. Female ICR mice were obtained from SPF 
(Beijing) Biotechnology Co., Ltd. Standard conditions 
were maintained for housing, including unrestricted 
access to food and water, a controlled environment with 
appropriate temperature and humidity, and a 12-h light–
dark cycle. As previously mentioned [28–30], the female 
mice aged 3  weeks were subcutaneously injected with 
60 mg DHEA/kg body weight (MCE, USA) dissolved in 
0.2  ml of sesame oil (MCE, USA) to induce the PCOS 
mouse model, while the control mice received a daily 
injection of 0.2  ml sesame oil. After 21  days of DHEA 
treatment, the injections were discontinued, and DHEA-
treated mice were randomly assigned to two experimen-
tal groups. One group received NR (Jiangsu Medicience 
Biological Medicine Co., Ltd) supplementation at a 
dose of 400 mg/kg/day for a period of 14 days, while the 
other group maintained a standard diet. This dose was 
selected based on previous studies, which demonstrated 
that it effectively increased NAD+ levels and improved 
mitochondrial function [26, 31–34]. At the end of the 
14-day intervention, all three groups of mice were pro-
cessed simultaneously and under identical experimental 
conditions.

NAD+ content detection
For the assessment of ovarian NAD+ levels, we utilized 
the NAD+/NADH assay Kit (Abcam, UK). The procedure 
involved lysing ovaries in buffer, followed by centrifuga-
tion to obtain the supernatant. To this supernatant, 25 μl 
of NAD+ extraction buffer was added and incubated at 
37  °C for 15  min. Subsequently, a mixture comprising 
25  μl of NADH extraction buffer and 75  μl of NAD+/
NADH reaction mix was introduced. The mixture was 
then incubated for 2 h at room temperature in darkness. 
Total NAD+ levels were quantified using the Varioskan 
Flash Multimode Reader (Thermo Fisher Scientific, USA) 
via colorimetric analysis, with excitation and emission 
wavelengths set at 540 nm and 590 nm, respectively.

NAD+ levels in ovarian stromal cells were quanti-
fied using the NAD+/NADH Quantification Kit (Sigma 
Aldrich, USA). The procedure involved harvesting and 
lysing the cells in NADH/NAD+ extraction buffer, fol-
lowed by centrifugation to obtain the supernatant. To 
this supernatant, 100 μl of the master reaction mix was 

added and incubated at room temperature for 5  min. 
Subsequently, 10 μl of NADH developer was introduced, 
and the mixture was incubated in darkness at room tem-
perature for 4 h. The absorbance was then determined at 
450 nm using the microplate reader (Thermo Fisher Sci-
entific, USA).

Ovarian ATP content detection
Ovarian ATP content was measured using the ATP Assay 
Kit (Beyotime, China). In brief, 100 µl of ATP detection 
lysis buffer was added to each ovary, followed by ultra-
sonic homogenization. The homogenates were then 
centrifuged at 12000 g for 5 min at 4  °C, and the super-
natant was collected and stored on ice for further use. 
Subsequently, 100 µl of ATP detection working solution 
was added to each well and incubated at room tempera-
ture for 5 min. Then, 20 µl of the sample or standard was 
added to each well. Finally, the relative light units (RLU) 
or counts per minute (CPM) were measured using a 
luminometer or liquid scintillation counter.

Estrous cycle and histological analysis
Estrous cycle monitoring, as detailed previously [35], 
involved a two-week analysis of vaginal cytology. Phos-
phate-buffered saline (PBS) was employed for vaginal 
douching and harvesting exfoliated vaginal cells. These 
cells, suspended in PBS, were evenly spread onto slides, 
air-dried, and then subjected to fixation using 95% 
ethanol. Subsequent to hematoxylin and eosin (H&E) 
staining, a microscopic examination of the slides was 
conducted utilizing an optical microscope (Nikon, Japan). 
Ovaries were harvested from three distinct groups of 
mice during diestrus and 15  h post-human chorionic 
gonadotropin (hCG) treatment. The tissues were fixed 
overnight in 4% (w/v) paraformaldehyde at 4  °C, then 
embedded in paraffin. Sectioned of 5  μm thick slices 
were prepared and subjected to H&E staining. An opti-
cal microscope (Nikon, Japan) was used for the analysis 
of these stained sections.

Oocytes collection and ROS levels detection
Oocyte collection was performed via ovulation induc-
tion in mice from the three experimental groups. The 
protocol involved an intraperitoneal injection of 7.5  IU 
pregnant mare serum gonadotropin (PMSG), followed 
by 7.5  IU hCG 47.5  h later. Cumulus-oocyte complexes 
(COCs) were harvested from the oviductal ampullae 15 h 
post-hCG administration. To obtain denuded oocytes, 
the COCs were treated with 0.1% hyaluronidase (Sigma 
Aldrich, USA). ROS levels were quantified using ROS 
assay kits. Metaphase II (MII) oocytes collected from 
three different groups of mice were incubated with Mito-
SOX™ Red reagent (Thermo Fisher Scientific, USA) 
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under conditions of 37  °C and 5% CO2 for 30 min. Fol-
lowing incubation, the oocytes underwent three washes 
in the M2 medium. Oocyte images were acquired using 
the Zeiss LSM 700 Confocal laser scanning microscope 
(Germany). ROS levels were quantified by analyzing the 
fluorescence intensity using Image J software.

Mitochondrial distribution and mitochondrial membrane 
potential (∆Ψm) assessment
For the analysis of mitochondrial distribution, MII 
oocytes from three groups of mice were incubated with 
MitoTracker™ Red (Invitrogen, USA) at 37  °C and 5% 
CO2 for 30 min. Following incubation, the oocytes under-
went three washes in the M2 medium. The mitochon-
drial distribution within these oocytes was subsequently 
examined using the Zeiss LSM 700 Confocal laser scan-
ning microscope (Germany). The oocytes were then cat-
egorized based on the presence of normal or aberrant 
mitochondrial distribution. Mitochondrial membrane 
potential (∆Ψm) was assessed in MII oocytes from the 
three experimental groups. Oocytes were incubated with 
JC-1 (Beyotime, China) at 37 °C and 5% CO2 for 30 min, 
then washed thrice in the M2 medium. Images were 
captured using the Zeiss LSM 700 Confocal laser scan-
ning microscope (Germany). The fluorescence intensity 
was quantified using Imaging J software, with the ∆Ψm 
expressed as the ratio of red to green fluorescent pixels.

Spindle assembly analysis
Oocytes from three groups were initially collected, fol-
lowed by fixation in 4% paraformaldehyde containing 
0.5% Triton X-100 for 30 min to allow permeabilization. 
Subsequent to fixation, the oocytes underwent a blocking 
step with 1% BSA for 20 min. They were then subjected 
to an overnight incubation at 4 °C with an anti-α-tubulin 
antibody (Sigma Aldrich, USA). Following this, a series 
of washes with 1% BSA was performed thrice, after 
which the oocytes were subjected to incubation with 
anti-mouse 488 fluorescent secondary antibody (Inv-
itrogen, USA) droplets at 37  °C for 1  h. Another round 
of three washes with 1% BSA ensued. The oocytes were 
then transferred to 10  μl of antifade mounting medium 
with DAPI (Vector, USA). Spindle morphology and chro-
mosome alignment were visualized and analyzed using 
the Zeiss LSM 700 Confocal laser scanning microscope 
(Germany).

In vitro fertilization (IVF) and embryo culture
Male ICR mice aged 4 months were euthanized to extract 
spermatozoa from dissected epididymides, which were 
then suspended in an HTF culture medium (Nanjing 
Aibei Biotechnology, China). Following a 1-h capacita-
tion period at 37 °C and 5% CO2, the spermatozoa were 

diluted to a concentration of 1–5 × 106/ml and intro-
duced into IVF fertilization medium (COOK, New Zea-
land). The fertilization process was carried out at 37  °C 
and 5% CO2 for 6  h. Oocytes exhibiting two pronuclei 
post-fertilization were considered successfully ferti-
lized and subsequently transferred to the KSOM culture 
medium (Nanjing Aibei Biotechnology, China). Over the 
course of the following 4 days, the rates of 2-cell embryo 
formation and blastocyst development were observed.

PSR staining
Picrosirius Red Staining (PSR) was performed using a 
Picrosirius Red Stain Kit (Polysciences, USA) according 
to the manufacturer’s protocol. Sections were sequen-
tially treated with solution A (phosphomolybdic acid) for 
2 min at room temperature, followed by solution B (Pic-
rosirius Red F3BA Stain) for 1 h. After washing with solu-
tion C (0.1 N hydrochloric acid), slides were dehydrated 
in 70% alcohol and mounted in neutral resin. Images 
were captured using a Nikon optical microscope (Japan). 
Ovarian fibrosis quantification was conducted using 
Image J software. Images were converted to 8-bit, and a 
threshold was established based on DHEA-treated mice 
ovarian staining. This threshold was consistently applied 
across all groups. The fibrosis area was determined by 
normalizing staining intensity to stromal areas, excluding 
follicles and corpora lutea.

Immunohistochemistry staining
Paraffin-embedded ovarian sections were deparaffinized 
by washing twice with 100% xylene, followed by rehydra-
tion through a graded series of alcohol solutions and a 
brief wash in distilled water. Antigen retrieval was carried 
out by heating the sections in sodium citrate buffer (pH 
6.0) at 95 °C for 15 min. After antigen retrieval, the sec-
tions were permeabilized and blocked with 1% BSA con-
taining 0.5% Triton X-100 for 1 h at room temperature. 
The primary antibody, Anti-alpha smooth muscle actin 
(Abcam, UK), was applied and incubated overnight at 
4 °C. Following a PBS wash, horseradish peroxidase-con-
jugated secondary antibodies (ZSGB-BIO, China) were 
applied. For visualization, 3,3’-diaminobenzidine (DAB) 
chromogen (ZSGB-BIO, China) was used to develop the 
color. The sections were counterstained with hematoxy-
lin, followed by dehydration through a graded series of 
alcohols, and cleared in 100% xylene. Finally, the sections 
were mounted with a resinous mounting medium and 
cover slipped. The stained sections were observed and 
analyzed under a Nikon optical microscope (Japan).

Isolation of stromal cells
Ovaries retrieved from each mouse were collected 15 h 
post-hCG injection. Utilizing insulin needles under a 
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microscope, corpora lutea and follicles were meticu-
lously removed, leaving behind residual ovarian tissue. 
These remaining tissues were then transferred to an L15 
medium (Thermo Fisher Scientific, USA) supplemented 
with 0.1% collagenase (Sigma Aldrich, USA) and sub-
jected to incubation at 37 °C and 5% CO2 for 30 min with 
agitation every 5 min. Following this, stromal cells were 
isolated using 40 μm filters (Biologix, China) and subse-
quently centrifuged at 2000 rpm for 5 min. The absence 
of significant expression of granulosa cell (Fshr) and 
oocyte (Bmp15) markers was confirmed (Fig. 4D and E).

RNA isolation and quantitative real‑time PCR
Total RNA was extracted from ovarian stromal cells using 
the RNeasy Mini Kit (Qiagen, Germany), and cDNA syn-
thesis was performed with HiScript III RT SuperMix for 
qPCR (Vazyme, China). Quantitative real-time PCR was 
conducted using a CFX96 Touch Deep Well Real-Time 
PCR Detection System (BIO-RAD, USA) with ChamQ 
Universal SYBR qPCR Master Mix (Vazyme, China). 
Primer sequences are listed in Table S2. All experiments 
were performed in triplicate. Gene expression levels were 
calculated using the ∆CT method and normalized to 
Gapdh.

Detection of ROS levels and mitochondrial membrane 
potential in stromal cells
Ovarian stromal cells were treated with MitoSOX™ Red 
reagent (Thermo Fisher Scientific, USA) for 30  min at 
37  °C and 5% CO2. After three washes with pre-heated 
PBS buffer, a minimum of 10,000 cells were examined to 
determine ROS levels by flow cytometry (FCM). For the 
evaluation of mitochondrial membrane potential, ovarian 
stromal cells were exposed to JC-1 (Beyotime, China) for 
30 min at 37 °C and 5% CO2. After three washes with pre-
heated PBS buffer, at least 10,000 cells were scrutinized 
to assess mitochondrial membrane potential by FCM.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
9.0 (GraphPad Software, USA). The experimental design 

included distinct groups of mice, with data collected from 
individual mouse ovaries or pooled cells from multiple 
mice, as detailed in the figure legends. Each measurement 
was derived from separate samples. Data are presented 
as mean ± SD. Comparative analyses among the Control, 
DHEA, and DHEA + NR supplementation groups were 
conducted using one-way ANOVA. The purity of stromal 
cell isolation was evaluated using Student’s t-test. Statis-
tical significance was defined as P < 0.05.

Results
NR supplementation improved ovarian function in PCOS 
mice
To induce the mouse model of PCOS, DHEA was 
injected subcutaneously for 21  days, with sesame oil 
treatment serving as the control, as shown in Fig.  1A. 
Body weight monitoring across the two groups revealed 
increased weight gain in the DHEA-treated group (Fig. 
S1A). To evaluate the potential improvement of ovar-
ian function in PCOS mice through NAD+ precursor 
supplementation, NR was administered in the diet of 
DHEA-treated mice for 2 weeks at a dose of 400 mg/kg/
day (Fig. 1A). Analysis showed no statistically significant 
difference in ovarian weight among the three groups (Fig. 
S1B and C). Notably, ovaries from DHEA-treated mice 
exhibited decreased NAD+ levels and NAD+/NADH 
ratios compared to controls (Fig.  1B and D). However, 
NR supplementation increased ovarian NAD+ levels and 
NAD+/NADH ratios in DHEA-treated mice (Fig.  1B 
and D), indicating that NR supplementation alleviated 
the decline in ovarian NAD+ levels and maintained the 
NAD+/NADH redox balance in PCOS mice. In addition, 
we observed a significant decrease in ATP content in the 
ovaries of DHEA-treated mice (Fig. 1E). However, follow-
ing NR supplementation, ovarian ATP levels were notably 
increased (Fig. 1E). We also evaluated the mRNA expres-
sion levels of mitochondrial respiratory complex-related 
genes in the ovaries of three groups of mice by qRT-PCR. 
The results showed that ovarian mRNA expression levels 
of Ndufv1 (Complex I), Sdhb (Complex II), Uqcrc2 (Com-
plex III), and Atp5a1 (Complex V) were significantly 

Fig. 1  NR supplementation increased ovarian NAD+ levels and improved ovulatory function in PCOS mice. A Diagram of DHEA-induced PCOS 
mouse model and NR supplementation. B NAD+ levels, C NADH levels, and (D) the ratios of NAD+/NADH in the ovaries of three groups of mice 
(n = 5 mice for each group). E Relative ovarian ATP content in three groups of mice (n = 5 mice for each group). F Transcriptional levels of Ndufv1, 
Sdhb, Uqcrc2, and Atp5a1 genes in the ovaries were measured by qRT-PCR (n = 3 replicates from 3 mice). G Estrous cycles in three groups of mice 
(n = 4 mice for each group). M, metestrus; D, diestrus; P, proestrus; E, estrus. H Representative images of MII oocytes from three groups of mice. 
Abnormal oocytes with cytoplasmic fragments were indicated by arrows. Scale bar, 100 μm. I Number of ovulated oocytes from three groups 
of mice (n = 8 mice for each group). J Percentages of abnormal oocytes from three groups of mice (n = 8 mice for each group). K H&E-stained 
gonadotropin-treated ovary sections from three groups of mice, with arrows indicating magnified corpora lutea or unruptured follicles. Scale 
bar, 500 μm. The panels a-c showed high-magnification images of the specified regions. Scale bar, 100 μm. Data are presented as the mean ± SD. 
*P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA compared to DHEA-treated mice

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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reduced in DHEA-treated mice compared with controls 
(Fig.  1F). Following NR supplementation, these genes 
were significantly upregulated (Fig.  1F). These results 
suggested that NR supplementation improved ovar-
ian mitochondrial function and energy metabolism in 
DHEA-induced PCOS mice.

The estrous cycle was monitored to assess the effects 
of DHEA and/or NR on ovarian function. We found that 
NR supplementation restored the disrupted estrous cycle 
(extended diestrus and estrus) in the DHEA-treated mice, 
which exhibited a regular 4–5-day estrus cycle like that 
of controls (Fig. 1G). Following ovulation induction with 
gonadotropins, mice treated with DHEA exhibited a sig-
nificant decrease in the number of ovulated oocytes com-
pared to controls (Fig. 1H and I). This decrease was also 
accompanied by a higher incidence of abnormal oocyte 
morphology, characterized by an increase in fragmented 
oocytes (Fig. 1H and J). In contrast, NR supplementation 
increased the number of oocytes to about twofold higher 
than that of the DHEA-treated mice and decreased the 
rate of fragmented oocytes (Fig.  1H-J). Gonadotropin-
treated ovary sections from controls and DHEA + NR-
treated mice exhibited multiple corpora lutea (Fig.  1K 
and Fig. S1D). In contrast, sections from DHEA-treated 
mice displayed large unruptured follicles (Fig. 1K and Fig. 
S1D). This observation suggested that NR supplementa-
tion improved ovulatory function in PCOS mice.

NR supplementation improved oocyte quality in PCOS 
mice
Considering that oxidative stress is a critical factor in the 
pathogenesis of PCOS [36], ROS content was detected 
by MitoSOX staining. Quantitative analysis revealed 
that the ROS content in oocytes from DHEA-treated 
mice was approximately 1.6 times higher than that in 
controls (Fig.  2A and B). However, supplementation 
with NR significantly reduced the ROS accumulation in 
oocytes of DHEA-treated mice (Fig. 2A and B), indicat-
ing that oxidative damage in oocytes of PCOS mice could 
be alleviated by NR supplementation. Mitochondria are 
a primary ROS source, while excessive ROS accumula-
tion leads to mitochondrial dysfunction [37–39]. There-
fore, we further assessed whether NR supplementation 
could improve mitochondrial function in the oocytes of 
PCOS mice. MitoTracker staining showed an increase 
in abnormal mitochondrial aggregated clusters in MII 
oocytes from DHEA-treated mice compared to controls 
(Fig. 2C and D), while NR supplementation significantly 
reduced the percentage of oocytes with an abnormal 
mitochondrial distribution (Fig.  2C and D). In addition, 
we monitored the mitochondrial membrane potential 
by JC-1 staining. Quantitative analysis indicated that the 
mitochondrial membrane potential in MII oocytes from 

DHEA-treated mice was lower than that of controls, as 
evidenced by the decreased ratio of red to green fluores-
cence intensity (Fig. 2E and F). However, NR supplemen-
tation effectively increased the mitochondrial membrane 
potential (Fig. 2E and F). These results indicated that sup-
plementing with NR improved oocyte quality in PCOS 
mice by reducing ROS content and improving mitochon-
drial function.

NR supplementation enhanced early embryonic 
development potential in PCOS mice
Considering the close association between spindle 
assembly and oxidative stress in oocytes [40, 41], spin-
dle morphology of MII oocytes from three groups of 
mice was examined. To visualize the spindles, anti-α-
tubulin antibody staining was employed, while chromo-
some localization was determined using DAPI staining. 
MII oocytes from the control group exhibited a standard 
barrel-shaped spindle morphology with chromosomes 
precisely aligned on the equatorial plate (Fig. 3A and B). 
Conversely, DHEA-treated mice showed a higher pro-
portion of MII oocytes with atypical spindle morphology, 
such as disorganized or elongated spindles, and improp-
erly aligned chromosomes (Fig.  3A and B). However, 
after NR supplementation, the meiotic defects observed 
in MII oocytes were mitigated (Fig. 3A and B). Given that 
meiotic abnormalities in oocytes reduce early embry-
onic development potential after fertilization [42, 43], we 
next performed IVF of MII oocytes from three groups 
of mice. We found that DHEA-induced PCOS mice 
exhibited decreased rates of 2-cell embryos and blasto-
cyst formation compared to controls (Fig. 3C and D). As 
expected, supplementation with NR to DHEA-treated 
mice increased the rates of 2-cell embryos and blastocyst 
formation (Fig. 3C and D). Taken together, these results 
suggested that NR supplementation could reduce oocyte 
meiotic defects and enhance the early embryonic devel-
opment potential of PCOS mice.

NR supplementation reduced ovarian fibrosis in PCOS mice
Ovarian fibrosis is associated with PCOS, which may 
affect follicle development and ovulation [11, 44]. To 
investigate whether NR supplementation could alleviate 
ovarian fibrosis in PCOS mice, we evaluated the ovar-
ian collagen I/III content across the three groups using 
PSR staining, a recognized indicator of fibrosis. Quan-
titative analysis revealed increased ovarian fibrosis in 
DHEA-induced PCOS mice compared to controls, as 
evidenced by a higher percentage of PSR-positive areas 
in ovarian sections (Fig.  4A and B). However, NR sup-
plementation significantly reduced the accumulation of 
ovarian fibrillar collagen in PCOS mice (Fig. 4A and B). 
We also performed immunohistochemical staining of 
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Fig. 2  NR supplementation reduced ROS levels and improved mitochondrial function in oocytes from PCOS mice. A Representative images 
of ROS levels in MII oocytes from three groups of mice determined by MitoSOX staining. Scale bar, 100 μm. B The fluorescence intensity of MitoSOX 
staining in oocytes from three groups of mice (n = 44 to 50 oocytes from 4 mice for each group). C Representative images of mitochondrial 
distribution in MII oocytes from three groups of mice determined by MitoTracker staining. Scale bar, 100 μm. D Percentages of abnormal 
mitochondrial distribution in MII oocytes from three groups of mice (n = 43 to 72 oocytes from 4 mice for each group). E Representative images 
of mitochondrial membrane potential in MII oocytes from three groups of mice determined by JC-1 staining. Scale bar, 100 μm. F Mitochondrial 
membrane potential in MII oocytes from three groups of mice evaluated by the ratio of red to green fluorescent pixels (n = 36 to 43 oocytes from 4 
mice for each group). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA compared to DHEA-treated 
mice
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ovarian sections using anti-α smooth muscle actin anti-
body. Consistently, fibrosis was exacerbated in DHEA-
treated mice, as evidenced by stronger staining intensity 
(Fig. 4C and D), which was alleviated by NR supplemen-
tation (Fig.  4C and D). Furthermore, we examined the 
mRNA expression levels of sirtuins and TGF-β signaling 
pathway-related genes in the ovaries of the three groups 
of mice. Compared to controls, the expression levels of 
Sirt1 and Sirt3 were significantly downregulated (Fig. 4E), 
while the expression levels of Tgfb1 and Smad3 were 
upregulated in DHEA-induced PCOS mice (Fig.  4E). 
NR supplementation effectively upregulated the expres-
sion of Sirt1 and Sirt3 and suppressed the expression of 
Tgfb1 and Smad3 (Fig.  4E), suggesting that NR supple-
mentation may alleviate ovarian stromal fibrosis by acti-
vating Sirt1 and Sirt3 and inhibiting the TGF-β signaling 
pathway in PCOS. We further isolated ovarian stromal 
cells (Fig. 4F-H) and found, for the first time, that NAD+ 
levels in these cells were decreased in PCOS mice com-
pared to controls (Fig. 4I). NR supplementation increased 
NAD+ levels in ovarian stromal cells from PCOS mice 
(Fig.  4I). Additionally, we assessed the expression lev-
els of fibrosis-associated genes in ovarian stromal cells 
from three groups using qRT-PCR. Quantitative analysis 
showed that collagen-encoding genes Col1a1, Col1a2, 
and Col3a1 were upregulated in the ovarian stromal cells 
from PCOS mice compared to controls (Fig. 4J-L). How-
ever, NR supplementation in PCOS mice decreased the 
expression levels of these genes in ovarian stromal cells 
(Fig. 4J-L). These results suggested that NR supplementa-
tion could reduce ovarian fibrosis and restore NAD+ lev-
els in ovarian stromal cells, thereby downregulating the 
expression of fibrosis-associated genes in PCOS mice.

NR supplementation improved mitochondrial function 
in ovarian stromal cells of PCOS mice
Based on the observed decrease in NAD+ levels in ovar-
ian stromal cells of PCOS mice, we next assessed the ROS 
content and mitochondrial membrane potential of ovar-
ian stromal cells from three groups of mice by MitoSOX 
and JC-1 staining, respectively. The percentage of positive 
cells in ovarian stromal cells from PCOS mice detected 
by FCM was about 3.9 times higher compared to controls 

(Fig. 5A and B), indicating an elevation in ROS content in 
ovarian stromal cells of PCOS mice. However, following 
NR supplementation, the percentage of positive ovarian 
stromal cells in PCOS mice decreased by approximately 
50% (Fig. 5A and B), indicating that NR supplementation 
effectively reduced ROS content in ovarian stromal cells 
of PCOS mice. Additionally, the red/green ratio of JC-1 
staining in ovarian stromal cells from DHEA-treated 
mice evaluated by FCM showed a significant reduction 
compared to controls (Fig. 5C and D), while supplemen-
tation with NR increased the mitochondrial membrane 
potential (Fig.  5C and D), indicating that NR supple-
mentation could alleviate mitochondrial dysfunction in 
the ovarian stromal cells from PCOS mice. These results 
suggested that mitochondrial defects in ovarian stroma 
cells might be an important driver in PCOS-related ovar-
ian fibrosis. NR supplementation could alleviate ovarian 
fibrosis by improving mitochondrial function in ovarian 
stroma cells.

Discussion
PCOS is a significant gynecological endocrine condi-
tion distinguished by disturbances in follicular develop-
ment and a reduction in the quality of oocytes, which is 
prevalent among women of reproductive age [45]. How-
ever, treatment strategies for improving oocyte quality 
are limited [2]. Here, we found that NR supplementation 
reduced the decline in NAD+ levels and maintained the 
NAD+/NADH redox balance in the ovaries of DHEA-
induced PCOS mice. NR supplementation ameliorated 
ovarian dysfunction in PCOS mice, as evidenced by 
increased oocyte quantity and quality, reduced oocyte 
oxidative stress, improved oocyte mitochondrial func-
tion, and enhanced early embryonic development poten-
tial. Furthermore, NR supplementation mitigated ovarian 
fibrosis in PCOS mice by improving mitochondrial func-
tion in ovarian stromal cells, potentially elucidating the 
observed improvement in ovulation in PCOS mice fol-
lowing NR supplementation.

NAD+ serves as a crucial cofactor for enzymes and 
plays an essential role in cellular energy metabolism and 
diverse metabolic pathways [46–48]. In this study, we 
observed that NAD+ levels were reduced in the ovaries of 

Fig. 3  NR supplementation alleviated spindle defects and improved embryonic development potential in PCOS mice. A Representative 
images of spindle morphology and chromosome alignment of MII oocytes from three groups of mice. Staining with anti-α-tubulin antibodies 
(green) was used to visualize the spindles, and DAPI (Blue) was used for chromosome localization. Scale bar, 20 μm. B The rates of MII oocytes 
with abnormal spindles from three groups of mice (n = 5 mice for each group). C Representative images of 2-cell embryos, 4-cell embryos, 
morula, and blastocyst from three groups of mice. Scale bar, 100 μm. D The rates of 2-cell embryos and (E) blastocyst formation from three groups 
of mice (n = 4 to 6 mice for each group). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA compared 
to DHEA-treated mice

(See figure on next page.)
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PCOS mice compared to controls. However, supplemen-
tation with NR increased ovarian NAD+ levels in PCOS 
mice. Notably, one study reported an increase in liver 
NAD+ levels in DHEA-treated male rats [49]. Another 
study demonstrated a decrease in muscle NAD+ levels 
in DHT-induced PCOS mice, which was normalized by 
NMN supplementation [50], indicating that the effect of 
DHEA on NAD+ levels may vary across different organs. 
NAD predominantly exists in two forms in cells: NAD+ 
and NADH [51, 52]. NADH is a critical intermediate in 
converting chemical energy to ATP in the mitochon-
dria, while NAD+ promotes redox reactions. The levels 
of NAD+ directly influence redox reactions, while the 
ratio of NAD+/NADH is crucial for maintaining mito-
chondrial function and overall cellular health [53–55]. 
DHEA inhibits the pentose phosphate pathway (PPP), 
reducing the production of NADPH and affecting NADH 
generation [56]. Here, we observed a decreased ovarian 
NAD+/NADH ratio in PCOS mice. In contrast, NR sup-
plementation increased the ovarian NAD+/NADH ratio 
in PCOS mice. These results collectively indicated that 
NR supplementation may mitigate the decrease in NAD+ 
levels and maintain the NAD+/NADH redox balance 
in the ovaries of PCOS mice. Whether DHEA affects 
NAD+ synthesis or consumption needs further investiga-
tion in future studies. In addition, our previous research 
observed reduced NAD+ levels in LPS-treated KGN cells 
[22], highlighting a potential link between inflammation 
and NAD+ metabolism. Future studies could further 
investigate the effects of inflammation on NAD+ levels 
and redox balance by treating animal models with LPS.

NR supplementation improves NAD+ biosynthesis and 
cellular metabolism [32, 57], which has been shown to 
improve female fertility, particularly in aged individuals 
[26, 34]. NMN supplementation has been shown to nor-
malize the aberrant metabolic features observed in DHT-
induced PCOS mice, including hyperinsulinemia, obesity, 
and hepatic lipid accumulation [50], suggesting that NR 
supplementation may also alleviate organ damage asso-
ciated with PCOS. In this study, we observed a decrease 
in ovarian ATP levels in DHEA-treated mice compared 
to controls, while NR supplementation significantly 

increased ovarian ATP levels. Additionally, NR supple-
mentation upregulated the mRNA expression levels of 
mitochondrial complex-related genes in the ovaries of 
DHEA-treated mice. These findings collectively suggest 
that NR supplementation could improve mitochondrial 
function and energy metabolism in the ovaries of DHEA-
induced PCOS mice.

Infertility associated with PCOS is primarily char-
acterized by anovulation due to abnormal follicular 
development and ovulatory dysfunction [58], which is 
manifested by menstrual cycle disorders accompanied by 
decreased oocyte quality [59, 60]. However, clinical treat-
ments for infertility related to PCOS are still limited to 
lifestyle adjustments and ART [4, 5]. Here, we observed 
disrupted estrous cycles in PCOS mice, whereas NR 
supplementation alleviated estrous cycle irregularities 
in PCOS mice. Additionally, our study revealed a sig-
nificant reduction in the number of ovulated oocytes 
in PCOS mice compared to controls. This decrease was 
also associated with a higher incidence of oocytes exhib-
iting morphological abnormalities. In contrast, NR sup-
plementation improved the oocyte quantity and quality 
in PCOS mice. In addition, gonadotropin-treated ovary 
sections of PCOS mice often exhibited non-ovulated fol-
licles, which were rarely observed in controls and NR-
supplemented PCOS mice. These results suggested that 
supplementation with NR could improve PCOS-related 
ovulation disorders.

We next examined oocyte quality to investigate 
whether NR supplementation could mitigate mitochon-
drial dysfunction in PCOS mice. Consistent with previ-
ous studies [21, 61], oocytes from PCOS mice displayed 
impaired mitochondrial function, characterized by a 
higher percentage of MII oocytes with aberrant mito-
chondrial clusters and lower mitochondrial membrane 
potential. However, these mitochondrial defects in 
oocytes from PCOS mice were alleviated after NR sup-
plementation. Elevated incidences of meiotic spindle 
abnormalities and aneuploidy in oocytes are contribut-
ing factors to infertility during reproductive aging [62]. 
Previous studies demonstrated that mitochondrial dys-
function and oxidative stress in oocytes were implicated 

(See figure on next page.)
Fig. 4  Ovarian stromal fibrosis in PCOS mice was reduced by NR supplementation. A Representative images of ovarian collagen content in three 
groups of mice measured by PSR staining. Scale bar, 500 μm. B Quantitative analysis of fibrotic area in ovarian sections from three groups of mice 
(n = 8 to 13 slices for each group). C Representative images of ovarian fibrosis in the three groups of mice measured by immunohistochemistry. 
Scale bar, 500 μm. D Quantification of immunohistochemical staining intensity of ovarian sections from the three groups of mice (n = 16 slices 
for each group). E Transcriptional levels of Sirt1, Sirt3, Tgfb1, and Smad3 genes in the ovaries were measured by qRT-PCR (n = 3 replicates from 3 
mice). F Diagram of the isolation of ovarian stromal cells. G, H qRT-PCR was conducted to validate the purity of the isolation. I NAD.+ levels 
in ovarian stromal cells (n = 3 replicates of cells pooled from 4 mice). J Transcript levels of Col1a1, (K) Col1a2, and (L) Col3a1 genes in ovarian stromal 
cells detected by qRT-PCR (n = 3 replicates of cells pooled from 4 mice). Data are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 
by one-way ANOVA compared to DHEA-treated mice (B, F-I) or Student’s t-test (D, E)
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in the higher occurrence of spindle abnormalities and 
reduced embryo preimplantation potential [41, 63]. Con-
sistently with other reports [28, 64], we also observed 
significantly elevated ROS levels as well as a higher rate 
of spindle abnormalities in oocytes from PCOS mice as 
compared to controls. However, increasing NAD+ levels 
through NR supplementation significantly reduced ROS 
accumulation and improved spindle assembly in oocytes 
from PCOS mice. These findings were consistent with 
previous research indicating that NAD+ acted as a scav-
enger of free radicals, thereby reducing oxidative stress 
[38, 65]. Furthermore, we also found that the rates of 
2-cell embryos and blastocyst formation in oocytes post-
fertilization were decreased in PCOS mice compared to 
controls. As expected, NR supplementation increased 
the developmental capacity of early embryos in PCOS 
mice. Collectively, these results suggested that NAD+ 
supplementing could improve ovarian function and 
early embryonic development potential in PCOS mice. 
This approach might represent a promising therapeutic 
strategy for addressing infertility associated with PCOS. 
Notably, in this study, we employed a DHEA-induced 
PCOS mouse model. However, the pathogenesis of pol-
ycystic ovary syndrome is highly complex. The clinical 
therapeutic potential of NR supplementation for PCOS 
requires further investigation, and dose–response testing 
as well as control groups for NR supplementation should 
be considered.

Fibrosis manifests through the excessive buildup of 
extracellular matrix (ECM) components, such as col-
lagen and fibronectin [66]. Ovarian fibrosis appears to 
affect adjacent secondary follicles, resulting in compro-
mised follicular development [67]. Antifibrosis drugs 
have been shown to degrade fibrotic collagen and sub-
sequently restore ovulatory function in reproductively 
aged and obese mice [11]. In line with a previous study 
[10], we observed a significant increase in accumulated 
fibrillar collagen in the ovaries of PCOS mice compared 
to controls. Notably, NR supplementation effectively 
reduced this ovarian fibrosis. DHEA-induced ovarian 
fibrosis is mediated by the TGF-β signaling pathway [68]. 
Activation of Sirt1 has been demonstrated to attenuate 
fibrosis by inhibiting the TGF-β pathway [69, 70]. Addi-
tionally, Sirt3 has been reported to ameliorate PCOS by 

improving mitochondrial function [71]. Consistently, we 
showed that in the ovaries of DHEA-treated mice, the 
mRNA expression levels of Sirt1 and Sirt3 were signifi-
cantly downregulated, whereas the expression levels of 
Tgfb1 and Smad3 were upregulated. In contrast, NR sup-
plementation led to a significant upregulation of Sirt1 
and Sirt3 expression, accompanied by a downregulation 
of Tgfb1 and Smad3. These results suggested that NR 
supplementation may mitigate ovarian stromal fibrosis 
by activating Sirt1 and Sirt3 and modulating the TGF-β 
signaling pathway. For the first time, we found that ovar-
ian stromal cells from PCOS mice exhibited lower NAD+ 
levels compared to controls. NR supplementation signifi-
cantly increased these NAD+ levels in PCOS mice. Fur-
thermore, we revealed upregulation of collagen-encoding 
genes Col1a1, Col1a2, and Col3a1 in ovarian stromal 
cells of PCOS mice compared to controls. However, 
NR supplementation led to the downregulation of these 
fibrosis-related genes in PCOS mice. We next evaluated 
ROS levels and mitochondrial membrane potential in 
ovarian stromal cells from the three groups of mice. Con-
sistent with previous studies [68, 72, 73], we observed sig-
nificantly elevated levels of ROS in ovarian stromal cells 
of PCOS mice, along with reduced mitochondrial mem-
brane potential. However, NR supplementation signifi-
cantly reduced ROS levels and increased mitochondrial 
membrane potential in ovarian stromal cells of PCOS 
mice. These results indicated that supplementation with 
NR effectively alleviated ovarian fibrosis in PCOS mice 
by alleviating oxidative stress and improving mitochon-
drial function in ovarian stromal cells, potentially eluci-
dating the observed improvement in ovulation of PCOS 
mice after NR supplementation.

In summary, we identified a deficiency in NAD+ lev-
els and disrupted NAD+ metabolism in the ovaries of 
PCOS mice. NR supplementation effectively improved 
mitochondrial function by increasing NAD+ levels and 
maintaining the NAD+/NADH redox balance, leading to 
increased oocyte quantity and quality and enhanced early 
embryonic development potential in PCOS mice. Addi-
tionally, NR supplementation alleviated ovarian fibrosis 
in PCOS mice by improving mitochondrial function in 
ovarian stromal cells, potentially explaining the improved 
ovulatory function in NR-supplemented PCOS mice. 

Fig. 5  NR supplementation decreased ROS levels and increased mitochondrial membrane potential in ovarian stromal cells of PCOS mice. A 
Ovarian stromal cells from three groups of mice were stained with MitoSOX to assess ROS levels using FCM. B The percentages of ovarian stromal 
cells with high ROS levels (n = 9–15 replicates of cells pooled from 3 mice). C Ovarian stromal cells from three groups of mice were stained with JC-1 
to assess mitochondrial membrane potential using FCM. The x-axis represents JC-1 green fluorescence, while the y-axis represents JC-1 red 
fluorescence. D The ratios of red to green fluorescence in ovarian stromal cells (n = 11 replicates of cells pooled from 3 mice). Data are presented 
as the mean ± SD. **P < 0.01 and ***P < 0.001 by one-way ANOVA compared to DHEA-treated mice

(See figure on next page.)
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These findings not only provided novel insights into the 
role of NAD+ in PCOS but also laid the foundation for 
the potential clinical application of NR in ameliorating 
ovarian dysfunction in women with PCOS.

It is worth noting that although our results suggest that 
NR can improve cellular metabolism and alleviate PCOS 
phenotypes in mice, the observed improvements in this 
study may also be partially attributed to natural recov-
ery after the discontinuation of DHEA injections. Future 
studies are needed to further clarify the specific role of 
NR supplementation in improving PCOS phenotypes. 
Additionally, the relationship between the duration of 
DHEA treatment and the induced ovarian fibrosis war-
rants further investigation in future work.
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