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A B S T R A C T   

Nicotinamide adenine dinucleotide (NAD+) is an essential coenzyme involved in many pathophysiological 
processes. Supplementation with NAD+ and its precursors has been demonstrated as an emerging therapeutic 
strategy for the diseases. NAD+ also plays an important role in the reproductive system. Here, we summarize the 
function of NAD+ in various reproductive diseases and review the application of NAD+ and its precursors in the 
preservation of reproductive capacity and the prevention of embryonic malformations. It is shown that NAD+

shows good promise as a therapeutic approach for saving reproductive capacity.   

1. Introduction 

Fertility is a unique physiological function of the female. The number 
of oocytes in mammals is fixed from the beginning of embryonic 
development and remains essentially constant after birth. In general, 
after the age of 35, the quantity and quality of oocytes gradually decline 
and fertility is also threatened [1]. In addition, reproductive endocrine 
disorders such as polycystic ovary syndrome (PCOS) and tumors of the 
reproductive system also pose a massive damage to women’s fertility. 
Currently, hormone replacement therapy (HRT) and assisted reproduc
tive technology (ART) are mainly used to improve the pregnancy rate of 
women, but both have limitations [2,3]. Therefore, the search for new 
therapeutic breakthroughs to preserve fertility in women of reproduc
tive age is the focus and difficulty of current research. 

Nicotinamide adenine dinucleotide (NAD+) is a redox cofactor and 
enzyme substrate (its reduced form is NADH) involved in biochemical 
processes such as glycolysis, the tricarboxylic acid (TCA) cycle, and 
mitochondrial oxidative phosphorylation (OXPHOS), and is essential for 
mitochondrial function and metabolism, ATP synthesis and storage, 
DNA repair, and epigenetics [4]. It is involved in many physiopatho
logical processes including tumors, aging, oxidative stress, and inflam
mation, and is an important factor in human health and longevity [5,6]. 
NAD+ also plays a significant role in the reproductive system. With age, 
NAD+ levels decrease in reproductive system organs such as the ovary 
and uterus, which can be reversed by the intervention of NAD+

precursors [7,8]. NAD+ is a promising treatment for preserving fertility. 
In this study, we reviewed the role of NAD+ in female reproduction 

diseases, highlighted the protective effect of NAD+ precursor supple
mentation on fertility and other diseases that are related to females, and 
aim to provide new perspectives for therapeutic research in female 
reproduction. 

2. Biosynthesis of NADþ

NAD+ was originally considered as an auxiliary component to 
enhance alcoholic fermentation, and the process of the rise and fall of 
NAD+ has been described in detail in the review by Luis et al. [9]. In 
mammals, NAD+ is synthesized from four precursors tryptophan (Trp), 
nicotinic acid (NA), nicotinamide ribose (NR), and nicotinamide (NAM) 
via different biosynthetic pathways, including the de novo pathway, the 
Preiss-Handler pathway, and the salvage pathway (Fig. 1). 

The de novo pathway begins with dietary-derived Trp. Trp produces 
quinolinic acid (QA) through a series of catabolism in the kynurenine 
pathway. Among them, 3-hydroxyanthraninlic acid oxygenase (HAAO) 
and kynureninase (KYUN) play important roles in embryonic develop
ment and congenital malformations [10], which we will describe in 
detail later. QA is converted to nicotinic acid mononucleotide (NaMN) 
by quinolinic acid phosphate ribosyltransferase (QPRT). NaMN ade
nyltransferases (NMNATs) catalyze the conversion of NaMN to nicotinic 
acid adenine dinucleotide (NaAD). NaAD is then converted to NAD+ by 
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glutamine-dependent NAD+ synthase (NADSYN) [11]. In the 
Preiss-Handler pathway, NA is converted to NaMN by nicotinic acid 
phosphoribosyltransferase (NAPRT) and then converted to NAD+ [12]. 
The salvage pathway is the main source of cellular NAD+ synthesis and 
involves the conversion of NAM to nicotinamide mononucleotide (NMN) 
via the action of nicotinamide phosphate ribosyltransferase (NAMPT), 
the rate-limiting enzyme of the NAD+ biosynthetic pathway. NMN is 
then catalysed by nicotinamide mononucleotide adenyltransferase 
(NMNAT) to form NAD+. Simultaneously, NAD+ can be converted back 
to NAM depending on the enzyme substrate [13]. NR is converted to 
NMM or NAM via the nicotinamide ribokinase (Nrk) or nucleoside 
phosphorylase (NP), respectively, and then into the salvage pathway 
[14]. 

Three subcellular compartments of NAD+ have been identified - 
mitochondria, nucleus, and cytoplasm - and mitochondrial NAD+ plays a 
key role in the energy production pathway [15]. NAD+ acts as a 
hydrogen acceptor, allowing electron transfer for redox reactions, which 
leads to ATP production in the mitochondria. Decreased intracellular 
NAD+ levels lead to decreased ATP levels, which ultimately leads to cell 
death through energy depletion [16]. 

3. Extracellular NAD þ precursors 

NAD+ precursors are important forms of exogenous NAD+ supple
mentation, including Trp, NR, NA, NAM, etc., mainly contained in 
natural vegetables, fruits, meat, eggs, fish, such as broccoli, cabbage, 
avocados, beef, etc. [17]. To prevent the adverse effects of NA or Trp 
deficiency such as pellagra, the recommended daily intake of NA for 
adult men and women is recommended to be 16 and 14 mg per day, 
respectively [18]. NAD+ precursors show clinical potential in many 
metabolic and age-related diseases, and there have been a very large 
number of preclinical and clinical studies on the regulation of NAD +
homeostasis by supplementation with NAD + precursors. 

NMN is one of the NAD+ intermediates and is a reaction product of 
NAMPT. NMN has been shown to be effective in attenuating age-related 
physiological decline in mice when given long-term (12 months) with no 
significant side effects [19]. NMN also plays a pivotal role in a series of 
diseases such as cardiovascular and cerebrovascular diseases, diabetes, 
obesity, and alcoholic liver disease, which may be related to the reversal 
of mitochondrial homeostasis, reactive oxygen species (ROS) produc
tion, and DNA repair [20]. 

NR is an NAD+ precursor present in milk and is already available as a 
nutraceutical. Oral supplementation with NR increases NAD+ levels in 
several tissues and improves mitochondrial function and stem cell 

regeneration potential [21,22]. In addition, NR is currently considered a 
suitable precursor compared to other NAD+ precursors. A clinical study 
showed that long-term NR supplementation was well tolerated and 
effective in stimulating NAD+ metabolism in healthy middle-aged and 
elderly people, with a selective improvement trend in 
cardiovascular-related parameters such as blood pressure, aortic stiff
ness, etc., and more importantly, did not cause serious side effects [23]. 

Both NA and NAM are water-soluble forms of vitamin B3. High 
cellular NAD+ levels are achieved by NA supplementation to maintain 
poly (ADP-ribosylation) and SIRTs activity, enhance DNA repair, and 
chromosome stability [24]. In human cells, NAM is readily converted to 
NMN and then to NAD+ via the salvage pathway. Inhibition of NAMPT 
can eliminate most of the effects of NAM [25]. 

In addition to the NAD+ precursors mentioned above, studies on the 
novel precursors dihydronicotinamide ribose (NRH) and reduced nico
tinamide mononucleotide (NMNH) have gradually increased in recent 
years. NRH is a reduced form of NR, a new and very efficient fifth 
pathway for NAD+ synthesis. Unlike NR, which is phosphorylated to 
NMN by Nrk, NRH is phosphorylated by adenosine kinase (AK) and 
converted to NMNH and subsequently to NADH and NAD+ [26,27]. 
NRH can improve mitochondrial function and regulate oxidative stress 
[28]. NMNH is the reduced form of NMN, which is converted to NAD+

by NMNAT and inhibits glycolysis, the TCA cycle, and cell growth [29]. 
Surprisingly, NRH and NMNH increased NAD+ levels to a much greater 
extent than NR and NMN [29,30]. 

4. Effects of NADþ and its precursors on reproductive disorders 

The quality of the oocyte, the microenvironment of the follicle, and 
the interactions between the reproductive systems all contribute to fe
male infertility. Since NAD+ is involved in a wide range of biological 
processes, disruption of the NAD+ pool in the reproductive system has 
implications for ovarian aging, PCOS, embryonic development, and tu
mors. And a large body of evidence suggests that supplementation of 
NAD+ precursors and intervention of NAD+ biosynthesis have beneficial 
effects on related diseases, showing great potential in protecting 
women’s health and improving female reproduction. 

4.1. Ovarian aging 

Age-related decline in oocyte quantity and quality is a major obstacle 
in the treatment of infertility in middle-aged women. Studies of ovarian 
NAD+ levels using cycling assays and ultra-high performance liquid 
chromatography-mass spectrometry (UHPLC-MS) have shown that, as in 

Fig. 1. The biosynthesis process of NAD+.  

L. Li et al.                                                                                                                                                                                                                                        



Biochemistry and Biophysics Reports 38 (2024) 101715

3

other organs, NAD+ levels were reduced in aging oocytes, as evidenced 
by a 50–70 % reduction in NAD+ levels in the ovaries of 8-month-old 
mice compared to 2-month-old mice. For 12-month-old mice, NAD+

levels in the ovaries were approximately 20–30 % of the levels in 2- 
month-old mice. In contrast, NADH levels increased progressively with 
age and the NAD+/NADH ratio decreased [31]. Bertolo et al. found a 
decrease in NAD(P)H levels in 12-month-old aged mice, but this 
decrease occurred only in oocytes and not in the entire ovary [32]. 
Studies conducted on other species such as porcine follicles [33], equine 
follicles [34], and humans [35] have shown similar results with 
age-related decreases in NAD+. All these results indicate that NAD+ is 
closely related to ovarian aging and that the maintenance of NAD+ levels 
in the follicles are necessary to ensure normal ovarian development. 

Maintenance of follicular NAD+ levels can be achieved by supple
mentation with NAD+ precursors. Supplementation with NAD+ pre
cursors (such as NMN, NR, NA, and NAM) protects the first meiosis of 
aged oocytes and reduces the incidence of defects in spindle components 
such as spindle and chromosome and aneuploidy while improving the 
number of pregnancies and live births in aged mouse (Table 1) [32, 
36–48]. Most of the mechanisms that NAD+ precursors protecting 
ovarian preservation are through improving mitochondrial function, 
decreasing ROS levels, reducing oxidative damage, inhibiting DNA 
damage, and apoptosis (Fig. 2). Miao et al. [37] performed single-cell 
transcriptome analysis of oocytes from young, aged and NMN-added 
aged mice. The results showed that genes related to oxidative phos
phorylation pathway, mitochondrial membrane fraction, mitochondrial 
respiratory chain, microtubules, spindle and DNA repair were 
mis-expressed in aged oocytes compared to young oocytes, but these 
were restored in NMN-added aged oocytes. All these pathways or bio
logical processes are highly relevant to mitochondrial function. A con
stant number of follicles in the primordial follicle pool and oocytes in 
prolonged germinal vesicle (GV) phase while waiting for meiosis to 
resume make them susceptible to DNA damage and meiosis-related 
damage, with the accumulation of reactive oxygen species ROS being 
a major cause of such damage. Mitochondrial DNA (mtDNA) is more 
vulnerable to ROS attack [49]. Oocytes accumulate more mtDNA mu
tations during aging. mtDNA mutation accumulation reduces female 
fertility by impairing the NAD+/NADH redox status of oocytes [36]. The 
genes for mitochondrial fusion (Opa1, Mfn1, and Mfn2) and fission (Drp 
1) were misexpressed in aged oocytes, but were restored to levels 
comparable to those in young oocytes after NMN supplementation [37]. 
Mitochondrial dysfunction and excess ROS lead to early apoptosis and 
DNA damage. After NAD+ precursor supplementation, DNA damage was 
recovered as indicated by the DNA damage markers γ-H2AX and 
annexin-V staining [39]. When mitochondrial function is restored, the 
oocyte can obtain energy to drive normal development. Supplementa
tion with NAD+ precursors allows the recovery of hindered meiotic 
defects, such as the repair of errors in the spindle and chromosome. This 
was also demonstrated by the simultaneous detection of actin [39,40]. 

Mitigation of ovarian aging by supplementation with NAD+ pre
cursors has attracted attention as a potential geriatric protection strat
egy, which can maintain ovarian health and improve female fertility. 
However, NAD+ precursor supplementation appears to be a process that 
requires long-term adherence, and short-term studies appear to be less 
effective than long-term studies using NAD+ precursors in drinking 
water [50]. Stringer J et al. [51]exposed mice to γ-irradiation or 
cyclophosphamide 8 days after NMN supplementation and collected 
ovaries and serum for analysis on day 12. The results showed that 
γ-irradiation and cyclophosphamide significantly reduced the number of 
primordial follicles, but NMN supplementation did not prevent follicle 
loss. Compared to similar trials, the intervention time of Stringer J et al. 
‘s study was shorter, and other studies were mostly 2 months, half a year, 
or even up to a year, and they stopped NMN treatment after chemo
therapy. These may be the reasons why their study showed that NMN 
could not compensate for ovarian tissue damage caused by γ-irradiation 
or cyclophosphamide. 

Table 1 
Supplementation with NAD + precursors improve ovarian aging and fertility 
outcomes.  

Intervention Species Mechanisms Fertility outcomes Ref 

NMN Mice rescues of the NADH/ 
NAD redox state in 
oocytes damaged by 
mtDNA mutations 

improved the first 
litter rate 

[36] 

Mice protects the first 
meiosis and reduces 
spindle assembly 
defects and the 
incidence of 
aneuploidy 

oocyte quality, follicle 
dynamics, embryo 
development, and live 
birth rates were 
recovered 

[32] 

Mice restores meiotic 
maturation in aged 
oocytes, improves 
mitochondrial 
function, reduces ROS 
levels, and inhibits 
DNA damage and 
apoptosis 

enhanced sperm 
binding ability of 
aged oocytes, 
improved fertilization 
ability, and early 
embryonic 
development of aged 
oocytes 

[37] 

Mice up-regulates the level 
of mitochondrial 
metabolism and 
autophagy, increases 
the antioxidant 
capacity of follicles, 
and reduces oxidative 
damage 

improved endocrine 
function, increased 
follicular reserve, and 
delayed fertility 
decline 

[38] 

Mice improves 
mitochondrial 
function and oxidative 
stress, reduces DNA 
damage and early 
apoptosis 

– [39] 

Pig enhances 
mitochondrial 
function and inhibits 
oxidative stress- 
induced apoptosis 

improved the 
fertilization rate of 
aged oocytes 

[40] 

Pig restores meiotic 
defects, enhances 
mitochondrial 
function, and inhibits 
ROS, DNA damage, 
and apoptosis 

promoted oocyte 
development and 
early embryonic 
development 

[41] 

Pig restores mitochondrial 
function eliminates 
excess ROS, and 
rescues meiotic defects 

– [42] 

NR Mice improves 
mitochondrial 
function 

increased ovulation 
potential and live 
birth rate 

[31] 

Mice reduces ROS levels, 
DNA damage, and 
apoptosis 

improved fertilization 
potential and embryo 
development 
potential 

[43] 

NA Mares improves maternal 
age-related meiotic 
defects 

oocyte-matured 
blastocysts contain 
more cells 

[34] 

Mice improves maternal 
age-related meiotic 
defects and oocyte 
oxidative stress 

– [44] 

Mice inhibits apoptosis – [45] 
Pig – improve blastocyst 

formation rate 
[46] 

NAM Pig – blastocysts contain 
more cells 

[46] 

Mice inhibits fragmentation 
and spindle elongation 
and minimizes 
acetylation of 
α-tubulin during 
oocyte senescence 

– [47] 

(continued on next page) 
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4.2. ART 

For women without the need for infertility treatment, HRT is usually 
used when symptoms are related to ovarian aging or premature ovarian 
failure. For women who wish to have children, estrogen and proges
terone supplementation cannot salvage the quality of damaged oocytes. 
In contrast to natural conception, ART such as artificial insemination 
and in vitro fertilization-embryo transfer, can help improve the success 
rate of pregnancy. 

Oocyte quality deteriorates with time after ovulation, affecting the 
outcome of early embryonic development during ART. NAD+ levels in 
post-ovulatory mouse oocytes were reduced during in vitro culture, and 
supplementation with NAD+ precursors prevented this reduction, 
improved the oocyte quality and early embryonic development potential 
of post-ovulatory oocytes, and effectively increased the fertilization rate 
of older oocytes, thus potentially improving the success rate of ART. 
Supplementation with NA improved in vitro porcine oocyte maturation 
and blastocyst formation, while supplementation with NAM improved 
the germinal vesicle breakdown (GVBD) rate and increased the matu
ration and developmental potential [46]. NMN supplementation 
significantly promoted the blastocyst formation rate of fertilized oocytes 
in aged mice, improved the fertilization capacity of aged oocytes, 
facilitated their subsequent embryonic development, and ameliorated 
infertility in mtDNA mutant female mice [36,37]. NR restored the 
quality of MII oocytes and enhanced the early embryonic development 
potential of post-ovulatory oocytes by alleviating mitochondrial 
dysfunction and maintaining normal spindle/chromosome structure, 
probably by reducing ROS levels in post-ovulatory oocytes and 
decreasing DNA damage and apoptosis [43]. 

4.3. PCOS 

PCOS is an inflammatory, systemic female reproductive endocrine 
disorder that manifests primarily as hyperandrogenism, leading to a 
range of health problems such as infertility, obesity, and insulin resis
tance, and is considered the most common cause of anovulatory infer
tility [52]. Inadequate NAD+ pools in the oocytes of patients with PCOS 
may affect follicle and oocyte development. A cross-sectional study 
found that the tryptophan-kynurenine pathway was dysregulated in 
patients with PCOS and showed a positive correlation with clinical 

indicators of PCOS such as luteinizing hormone, anti-Müllerian hor
mone, and fasting insulin [53]. Patients with PCOS are prone to meta
bolic disturbances related to glucose and insulin levels, and the 
increased capacity of oocytes to consume glucose may be related to the 
production of NAD(P)H or purine precursors via pentose phosphate 
pathway, NMN increased muscle insulin sensitivity and corrected 
hyperinsulinemia, obesity and hepatic steatosis [54]. 

Regarding the pathogenesis of PCOS, it is currently believed to be 
closely related to insulin resistance, inflammation and hyper
androgenemia. SIRT1, a NAD + -dependent histone deacetylase, regu
lates metabolism and regulates oxidative stress. NAD+ deficiency may 
cause dysfunction of NAD+ catabolic enzymes such as SIRTs, particu
larly mitochondrial function, and intracellular signaling [55]. 
AMP-activated protein kinase (AMPK) also plays an important role in 
the regulation of glucose-lipid metabolism, insulin sensitivity, and in
flammatory response, both of which are synergistic. In insulin-resistant 
states, SIRT1 is decreased in patients with PCOS, and liver kinase B1 
(LKB1) is deacetylated by SIRT1 and translocated to the cytoplasm to 
phosphorylate and activate AMPK [56]. AMPK increases the intracel
lular NAD+/NADH ratio indirectly activating SIRT1 [57]. Meanwhile, 
the effect of SIRT1 on deacetylation requires the cofactor NAD+, and 
NAMPT is the rate-limiting enzyme of the NAD+ synthesis pathway. 
NAMPT enhances SIRT1 activity by promoting NAD+ biosynthesis and 
induces steroidogenesis in bovine ovarian granulosa cells. AMPK acti
vation significantly upregulates NAMPT expression, which enhances 
SIRT1 activity [58]. The AMPK-SIRT1 pathway enhances oocyte and 
embryo quality through anti-inflammatory, anti-apoptotic, and antiox
idant effects [59,60]. The co-occurrence of hyperandrogenemia and 
hyperinsulinemia is one of the major causes of metabolic problems such 
as insulin resistance in PCOS. 17,20-lyase, and 17-hydroxylase 
(CYP17A1) are rate-limiting enzymes in androgen production, and in
sulin and LH induce ovarian androgen production by raising CYP17A1. 
N1-methylnicotinamide and NAM significantly activated 
AMPK-CYP17A1, limited the production of androgens, and reversed the 
hyperandrogenic state of PCOS [61]. 

Several clinical studies have shown a low-grade chronic inflamma
tory state in the peripheral blood and ovarian microenvironment of 
PCOS patients [62–65]. NAD+ levels are decreased in granulosa cells 
(GCs) of patients with PCOS, which is accompanied by the activation of 
inflammation. Xie et al. summarized the relationship between NAD+ and 
inflammation in detail [66]. The intracellular inflammatory response 
disrupts mitochondrial structure and function, leading to oxidative 
stress, impaired cellular metabolism and compromised cell prolifera
tion. As the level of inflammation increases, inflammation reduces 
NAD+ levels and damages the mitochondrial homeostasis apparatus, 
leading to abnormal mitochondrial metabolism [67]. Metabolic and 
karyotype analysis revealed that NAD(P)H was higher in the oocytes of 
patients with PCOS, and these observed NAD(P)H were mainly derived 

Table 1 (continued ) 

Intervention Species Mechanisms Fertility outcomes Ref 

Mice reduces ROS levels 
and oxidative stress 

promoted oocyte 
maturation and 
improved fertilization 
rate 

[48]  

Fig. 2. NAD + precursors protect the ovary by improving mitochondrial function, lowering ROS levels, reducing oxidative damage, and inhibiting DNA damage 
and apoptosis. 
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from cytoplasm and mitochondria [68]. Mitochondrial activity was 
significantly correlated with oocyte NAD(P)H content, and oocytes with 
a larger proportion of active mitochondria tended to have higher NAD 
(P)H levels [68]. Wang et al. [69]showed that decreased NAD + levels in 
PCOS patients were accompanied by inflammatory activation of GCs. 
And after LPS treatment of KGN cells, ROS content was significantly 
increased in LPS-treated KGN cells compared with controls. It has also 
been shown that in PCOS GCs, the mRNA levels of mitochondrial 
fusion-related genes (including MFN1, MFN2, and OPA1) are all 
downregulated, but the mRNA levels of mitochondrial fission-related 
genes DRP1 and FIS1 are upregulated, the mitochondrial membrane 
potential is decreased, and ATP production is significantly reduced [69]. 
Supplementation with NR increased NAD+ levels in GCs and rescued 
inflammation associated with impaired OXPHOS and mitochondrial 
dysfunction [69]. In a word, NAD+ precursors rescue PCOS by 
improving insulin resistance, inflammation and mitochondrial function 
(Fig. 3). 

4.4. Spontaneous abortion or congenital malformation 

Embryo survival and development depend on the provision of 
adequate levels of NAD+ during pregnancy. Studies investigating human 
dietary NA requirements have shown that women need more NA during 
pregnancy to maintain more complex physical changes [70]. NAD+

deficiency during pregnancy has been identified as the cause of 
congenital malformations in recurrent spontaneous abortions due to 
genetic disruption of the nicotinamide synthesis pathway. Early mouse 
embryos are dependent on maternal contributions of NAD+ until the 
liver can synthesize it. Restriction of maternal intake of NAD+ pre
cursors leads to embryonic loss and multiple congenital malformations 
in wild-type mice. Therefore, there is an elevated risk of NAD+ defi
ciency during pregnancy, when an adequate supply of NAD+ is required 
to ensure normal embryonic development [71]. Birth defects resulting 
from insufficient NAD+ synthesis during embryogenesis are called 
congenital NAD+ deficiency and most commonly affect the heart, kid
neys, vertebrae and limbs [72]. Mice were fed with a vitamin - and 
Trp-free NAD+ precursor diet, and different concentrations of Trp were 
added to drinking water. The results showed that the maintenance of 
pregnancy increased, early embryonic necrosis and live embryo mal
formation were reduced in a concentration-dependent manner, and 
organ malformations mainly occurred in fingers, bones, and hearts [73]. 

It has also been shown that NAD+ deficiency causes malformations in 
the development of the umbilical cord and body wall, mainly manifested 
as body wall closure defects, amniotic band development and conse
quences, and umbilical artery development and anomalies [74]. 

The de novo pathway is affected by biallelic mutations in HAAO, 
KYNU, and NADSYN1. HAAO encodes HAAO, KYNU encodes KYNU, and 
NADSYN1 encodes NAD synthetase 1 enzyme (NADSYN1). All of them 
are enzymes involved in the kynurenine pathway and can affect em
bryonic development by disrupting the synthesis of NAD+, and these 
variants are responsible for congenital malformations and abortions in 
humans and mice (Table 2). HAAO and KYNU variants have been 
identified in studies of gene sequencing in families with multiple 
congenital disorders [10]. Genetic testing of a patient with 
Catel-Manzke syndrome, which is characterized by micrognathia and 
hyperphalangism, has identified possible recessive loss-of-function or 
sub-polymorphic variants in KYNU, including deletions of exons 1–8 and 
three very rare missense variants, and metabolomics analysis of the 
patient’s urine and plasma supports canine urease deficiency [75]. VCRL 
syndrome (Vertebral, Cardiac, Renal, and Limb Defect Syndrome) is a 
congenital organ defect characterized by congenital vertebral malfor
mations and other organ defects, and genetic loss of KYNU and HAAO 
has been associated with VCRL syndrome [76]. However, if adequate 
NAD+ levels are maintained through dietary supplementation, there is 
no impact on embryonic development [10,73,77]. Biallelic mutations in 
the NADSYN1 have also been reported as a cause of VCRL syndrome 
[78]. NADSYN1 encodes the final enzyme in the de novo pathway, the 
yeast homolog protein Qns1, which converts NaAD to NAD+ [79]. 
Analysis of NADSYN1 in patients with congenital vertebral malforma
tions (CVM) revealed eight variants in nine unrelated patients, including 
two truncated variants and six missense variants. All enrolled patients 
had multiple organ defects involving the heart, kidneys, limbs, or liver, 
as well as intraspinal malformations [80]. As demonstrated in HAAO- or 
KYNU-deficient mice, defects induced by NADSYN1 mutations can be 
rescued by dietary supplements enriched with NAD + precursors [79]. 
SLC6A19 is the major apical transporter of free Trp in the gut and 
proximal tubules of the kidney. Studies have shown that maternal 
deficiency of SLC6A19 if Trp is restricted in the diet, leads to retention of 
Trp by intestinal and renal absorption, and the embryo receives insuf
ficient Trp and other NAD+ precursors, thereby increasing embryonic 
mortality and congenital malformations. According to the Genome Ag
gregation Database (gnomAD), approximately 1 in 578 people carry the 
predicted loss-of-function variant in SLC6A19. Female carriers of this 
SLC6A19 mutation may be susceptible to poor pregnancy outcomes if 
there is insufficient Trp or vitamin B3 to produce NAD+ during preg
nancy [81]. 

Under the influences of genes and environment, NAD+ synthesis is 
impaired and NAD+ deficiency is easy to lead to adverse pregnancy 
outcomes such as abortion and embryo malformation. If the innate gene 
is damaged, it can be supplemented with NAD+ precursors as a means, 
rather than directly increasing the maternal NAD + level through the de 
novo pathway. 

4.5. Reproductive tumors 

The treatment of tumors includes surgery, radiotherapy, and 
chemotherapy, etc. Radiotherapy and chemotherapy can easily cause 
ovarian toxicity, leading to the depletion of primordial follicles and 
affecting female fertility. There is growing evidence that tumor cells 
require up-regulation of NAD+ biosynthesis to meet their growth re
quirements. As NAD+ is involved in a variety of biological processes 
such as mitochondrial function, DNA repair, and epigenetics, which are 
the basis for cancer cell proliferation and differentiation, sustained 
NAD+ production is a hallmark of many tumor types [86]. 

4.5.1. Ovarian cancer (OC) 
OC is one of the leading causes of cancer death in women, with a five- 

Fig. 3. NAD + precursors rescue PCOS by improving insulin resistance, 
inflammation and mitochondrial function. 
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year survival rate of less than 45 % [87]. Detection of circulating NAD+

metabolism-related genes (NMRG) in patients with OC showed that most 
of them were strongly associated with OC prognosis, and they were 
significantly enriched in pathways related to NA and NAM metabolism 
and NAD+ metabolism [88]. The levels of tumor suppressor TP53 
correlated with several NMRGs, and were positively correlated with 
NADK, NAXDs, NMRK2, NT5C2, NT5C1B, PARP16, PARP4, PARP8, 
QPRT, RNLS, SIRT1, SIRT3, SIRT5, and negatively correlated with NAXE 
[88]. These results indicate that NAD+ plays an important role in OC, 
and NMRG is a potential biomarker for OC, which may provide a bio
logical target for the diagnosis and treatment of OC. 

BRCA1 is a tumor suppressor gene that plays a key role in many 
cellular processes. BRCA1 mRNA expression reduction mediated by 
promoter hypermethylation was found to be inversely correlated with 

intracellular NAD + levels in OC cells. Overexpression of intracellular 
BRCA1 effectively reduced NAD + levels in A2780, HO-8910, and ES2 
cells, as well as in primary non-BRCA1-mutant and BRCA1-mutant OC 
cells. Knockdown of BRCA1 increased NAD + levels in the above three 
cells, and the mechanism may be related to the regulation of intracel
lular NAMPT and restriction of NAD+ synthesis [89]. Meanwhile, 
BRCA1 inactivity mediates loss of H3K9ac enrichment around the core 
promoter inhibiting DNA methyltransferase 1 (DNMT1) transcription, 
which causes upregulation of DNMT1 levels, as well as increased NAD+

levels in non-BRCA1 mutant OC cells [90]. 
NAMPT is overexpressed in human tumors which helps maintain 

NAD+ stores and promotes OXPHOS, ATP production, protein synthesis, 
and DNA repair [91–93]. The NAD+/NADH ratio was significantly 
reduced with the small molecule NAMPT inhibitors FK866 or GMX1778 

Table 2 
Congenital NAD + deficiency-related gene pathogenic variants, malformations, and Metabolism or NAD+ levels.  

Gene Area Pathogenic variants Malformations Metabolism or NAD+ levels Ref 

HAAO Australia; 
United 
States 

①homozygous for a c.483dupT variant, leading to a stop codon (p. 
D162*) 
②homozygous for a c.558G→A variant, leading to a stop codon (p. 
W186*) 

congenital vertebral 
and heart 
malformations; 
postnatal growth and 
cognitive defects 

upstream: 3HAA was elevated 64-fold/385- 
fold; 
downstream: levels of NAD+ and NAD(H) 
were one-third to one-quarter of the levels 
in the other family members; 
NA supplementation prevented the 
disruption of embryogenesis 

[10]  

Europe ①II.8 [c.128G > A p. (Arg43Lys)]; [c.141C > A p. (His47 Gln)] 
②II.1 [c.43del p. (Arg15Glyfs*99)]; [c.43del p. (Arg15Glyfs*99)] 
③II.3 [c.301G > T p. (Gly101Trp)]; [c.323G > A p. (Arg108 Gln)] 

diverse congenital 
heart defects; 
limb defects; 
vertebral anomalies 

reduced growth and total NAD+ levels [72]  

China HAAO rs3816183 TT phenotype: homozygous risk for rs3816183 toward anterior/ 
middle hypospadias 

– [82] 

KYNU Australia; 
United 
States 

①homozygous for a c.170-1G→T splicing variant, leading to a stop 
codon downstream (p.V57Efs*21); 
②heterozygous for KYNU variants c.468 T→A and 
c.1045_1051delTTTAAGC, each variant results in a stop codon (p. 
Y156* and p.F349Kfs*4, respectively). 

congenital vertebral 
and heart 
malformations; 
postnatal growth and 
cognitive defects 

upstream:3HK (161 times the other family 
members); 
downstream: levels of NAD+ and NAD(H) 
were one-seventh of the levels in the other 
family members; 
NA supplementation prevented the 
disruption of embryogenesis 

[10]  

Europe ①II.2 [c.788 A > G p. (His263Arg)]; [c.788 A > G p. (His263Arg)] 
②II.1 [c.616G > A; p. (Glu206Lys)]; [c.616G > A; p. (Glu206Lys)]; 
③II.4 [c.361_363del p. (Lys121del)]; [c.1035 T > A p. (Ser345Arg)]; 
④II.2 [c.489 del p. (Ala164Profs*26)]; [c.1282C > T p. (Arg428Trp)] 

limb defects; 
congenital heart 
defects; 
mild facial 
dysmorphism 

reduced total NAD+ levels [72]  

Europe ①c.1282C > T (p.Arg428Trp) 
②c.989G > A (p.Arg330Gln) 
③c.326G > C (p.Trp109Ser) 

Catel-Manzke 
syndrome 

kynureninase deficiency and xanthurenic 
aciduria 

[75]  

Germany 863 bp deletion (g.del 142954376-g.142955239): loss of exon 5  
• Hom 

VCRL urine xanthurenic acid was elevated [76]  

Somalia c.593 A > G substitution leading to a threonine-to-alanine (T198A) 
shift 

no symptoms of niacin 
deficiency 

xanthurenic aciduria [83] 

NADSYN1 France ①c.1717G > A, p. (Ala573 Thr) (PP5 +8, PM2 +2, PP4 +1, BP1 -1) 
(paternally inherited); c.644 T > C, p. (Leu215Pro) (PP3 +4, 
PM2 +2, PM3 +2, PP4 +1, BP1 -1) (maternally inherited); 
②c.1717G > A, p. (Ala573 Thr) 

VCRL – [78]  

Australia ①II.1 c.1717G > A （p.Ala573Thr） and c.1717G > A （p. 
Ala573Thr）; 
②II.2 c.1717G > A (p.Ala573Thr) and c.1717G > A (p.Ala573Thr); 
③II.1 c.1717G > A (p.Ala573Thr) and c.1819 del (p. 
Val607Trpfs*30); 
④II.4 c.145 T > C (p.Cys49Arg) and c.395G > T (p.Trp132Leu); 
⑤II.1 c.735 T > A (p.Cys 245*) and c.1839C > G (p.Tyr613*) 

defects of the heart, 
kidney, and vertebrae 

NAD+ levels are severely reduced [79]  

China ①c.232G > A (p.Val78Ile) 
②c.709G > A (p.Gly237Arg) 
③c.861delT (p.Arg288GlufsTer14) 
④c.1037G > A (p.Arg346Gln) 
⑤c.1216C > T (p.Arg406Ter) 
⑥c.1511G > A (p.Arg504Gln) 
⑦c.1762G > A (p.Glu588Lys) 
⑧c.2083G > A (p.Glu695Lys) 

CVM – [80]  

United 
States 

①c.395G > T (p.Trp132Leu), (paternally inherited), c.85+1G > C, 
(maternally inherited); 
②c.1717G > A (p.Ala573Thr) and c.2014C > T (p.Arg 672*) 

cardiac and vertebral 
defects 

– [84]  

Denmark c.1717G > A (p.Ala573Thr) skeletal malformations; 
aortic stenosis 

NAD+ pool was lower in the patient; 
NAD+ levels increased after 10 weeks of 
oral NAM supplementation 

[85]  
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[94]. When FK866 and cisplatin were administered together, the addi
tion of NAMPT inhibitor significantly delayed tumor recurrence and 
improved in vivo survival in epithelial ovarian cancer (EOC) mice 
compared with the cisplatin administered alone. The mechanism may be 
through the regulation of senescence-related secretory phenotype 
(SASP) in an NF-κB-dependent manner, and supplementation of NMN 
significantly increased SASP gene expression [95]. 

4.5.2. Breast cancer (BC) 
BC is the most common cancer in women. Yang et al. [96]used 

ssGSEA to calculate NAD+ biosynthesis scores of patients in the TCGA 
database and found that NAD+ biosynthesis scores were significantly 
higher in BC tissues than in normal breast tissues, and that NAD+

biosynthesis activity correlated with BC prognosis and immune micro
environment. Patients with high NAD+ biosynthesis scores had a poor 
prognosis, high immune infiltration, high immunogenicity, and elevated 
PD-L1 expression and may benefit more from immunotherapy. The 
extracellular form of NAMPT is called visfatin, which regulates NAD+

concentration inside and outside BC cancer cells and also induces pro
liferation. The mechanism is related to the up-regulation of SIRT1 ac
tivity and the deacetylation of p53 [97]. Supplementation with NMN 
promoted SIRT1 activity, leading to deacetylation and functional inac
tivation of p66Shc and inhibition of epithelial-mesenchymal transition, 
thereby inhibiting tumor growth in triple-negative BC mice [98]. 
NAMPT-mediated NAD+ salvage pathway contributes to BC promotion. 
Inhibition of NAMPT with miR-206, miR-381, miR-154, and miR-613 
significantly reduced the malignancy of MCF-7 and MDA-MB-231 cells 
[99–102]. Treatment with NA or NAM enhanced the NAD+/NADH ratio 
in MDA-MB-435 and MDA-MB-231 cells. In the subsequent mechanistic 
study, NA or NAM treatment activated tumor cell autophagy in vitro and 
in vivo, reduced the expression of autophagy-expressing gene p62, and 
decreased AKT/mTORC1 signaling [103]. Measurement of NAMPT and 
p73 levels in BC cell lines revealed that human BC cell lines have high 
NAMPT and low p73 levels and that NMN reverses the low NAD+ levels 
caused by the NAMPT inhibitor FK866 and regulates autophagic p73 
stability [104]. 

4.5.3. Cervical cancer (CC) 
CC is the second most common female cancer. Patients with CC have 

significantly lower NAD+ compared to healthy volunteers [105]. Fluo
rescence lifetime imaging microscopy (FLIM) was used to analyze NAD 
(P)H in exfoliated cervical cells from healthy volunteers and patients 
with different degrees of cancerization. The results showed that cancer 
cells have a relatively short average fluorescence lifetime and less 
protein-bound NAD(P)H ratio and are more prone to glycolysis than 
OXPHOS compared with normal cells [106]. Chen et al. [107] identified 
293 NAD+ metabolic-related genes and 21 prognostic NAD+

metabolic-related genes in 39 CC patients: ADAMTS10, ANGPTL5, 
APCDD1L, CCDC85A, CGREF1, CHRDL2, CRP, DENND5B, EFS, FGF8, 
P4HA3, PCDH20, PCDHAC2, RASGRF2, S100P, SLC19A3, SLC6A14, 
TESC, TFPI, TNMD, ZNF229, and for the first time described SLC19A3 as 
a prognostic signature through NAD + metabolism, providing clinical 
prognostic biomarkers and therapeutic targets for CC. Immunohisto
chemical analysis of NAMPT in cancerous tissues showed that the level 
of NAMPT increased with the grade of cervical intraepithelial neoplasia 
and squamous cell carcinoma [108]. Compared with adjacent normal 
tissues, CD38 is highly expressed in CC tissues and can enhance the 
proliferation and inhibit apoptosis of CC cells by regulating the 
PI3K/AKT/mTOR pathway and affecting mitochondrial function 
[109–111]. After HeLa cells were treated with NAM, the proliferation of 
cancer cells was inhibited, and ROS accumulation and glutathione 
(GSH) consumption were significantly increased at relatively high con
centrations, indicating that NAM induces apoptosis through oxidative 
stress and intrinsic mitochondrial apoptosis pathways [112]. 

4.5.4. The use of PARP inhibitors (PARPi) in reproductive system tumors 
The PARPs are a family of NAD + -dependent deacetylases that 

regulate a variety of cellular processes and play a wide range of roles in 
the cellular response to DNA damage, of which PARP1 is the most widely 
studied [113]. As the level of DNA damage increases, the DNA repair 
enzyme PARP1 consumes and depletes NAD+. Li et al. [114]showed that 
aged mice had lower PARP1 activity and a reduced response to DNA 
damage. NMN treatment restored reduced PARP1 activity and DNA 
damage responses in aged mice, indicating that these responses depend 
on NAD+ levels. PARP1 deficiency in mice was shown to accelerate 
aging and lead to premature manifestations of spontaneous carcino
genesis. Strategies for treating malignant tumors such as radiotherapy 
and photodynamic therapy induce DNA damage and destroy cancer 
cells. However, the cell’s repair mechanism repairs some of the damaged 
DNA, which may reduce the efficiency of treatment of tumors. Specif
ically, PARP senses DNA damage and catalyzes the transfer of 
ADP-ribose or PAR to itself and other receptor proteins by binding to 
DNA SSBs, using NAD+ as a substrate, and then recruiting DNA repair 
proteins and other proteins to the DNA damage site to aid in DNA repair 
[115,116]. In contrast, PARPi leads to the accumulation of SSBs in DNA 
through multiple cell cycle checkpoint inhibitory pathways (e.g., 
ATM/CHK2/p53, ATR/CHK1/WEE1) and even to the development of 
double-stranded DNA breaks (DSBs), which ultimately kill the tumor 
cells [117]. Therefore, patients may benefit from the combination of 
conventional treatment of tumors and PARPi. 

BRCA1 and BRCA2 are two key tumor suppressors [118]. Patients 
carrying germline mutations in BRCA1 or BRCA2 are sensitive to PARPi 
because they have specific types of DNA repair defects [119]. Ovarian 
cancer has been found to be one of the common BRCA 
mutation-associated malignancies, with approximately 18 % of epithe
lial ovarian cancer cases due to inherited mutations in the BRCA1/2 
genes, and approximately 5–10 % of patients with breast cancer having 
an inherited loss of function in one or both of the BRCA1 and BRCA2 
genes [120,121]. Currently, the FDA has approved olaparib, niraparib 
and rucaparib for the treatment and management of ovarian cancer with 
BRCA mutations in combination with first-line platinum-based chemo
therapeutic agents to block the repair of DNA damage caused by such 
agents. Two PARP inhibitors, olaparib and talazoparib, are used for the 
treatment of breast cancer with BRCA1/2 mutations. PARPi trials for 
cervical cancer are currently more limited than for ovarian and breast 
cancer, focusing on preclinical as well as phase I trials of veriparib 
[119]. As it stands, although PARPi is approved for the treatment of 
ovarian, breast and cervical cancers, among others, only a small number 
of patients have benefited from PARPi monotherapy, which only inhibits 
tumor growth. Resistance and toxicity to PARPi remains an important 
area of exploration. 

5. Conclusion 

There is an increasing amount of research on NAD+, especially in the 
fields of aging and tumor research, which affects almost all biological 
processes. At the same time, the role of NAD+ in the reproductive system 
has attracted public attention, and many studies have been published in 
many gynecological fields such as ovarian aging, ART, PCOS, abortion 
and malformation, and gynecological tumors. Supplementation of NAD+

precursors or inhibition of NAD+ depletion could indeed provide a non- 
invasive approach to clinical salvage of most gynecologic diseases, 
which may provide a new strategy for the treatment of gynecological 
diseases. However, most of these studies are based on animal experi
ments, and the safety and toxicity of NAD+ are not considered. The 
pathogenesis of NAD+ involved in these diseases is still unclear. It is 
worth further exploration to determine the safety of NAD+ precursors, 
develop new inhibitors, improve the related mechanism research, and 
further translate the current research into clinical research. 
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