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Abstract.  In vitro maturation (IVM) is an important reproductive technology used to produce embryos in vitro. 
However, the developmental potential of oocytes sourced for IVM is markedly lower than those matured in vivo. 
Previously, NAD+-elevating treatments have improved oocyte quality and embryo development in cattle and mice, 
suggesting that NAD+ is important during oocyte maturation. The aim of this study was to examine the effects 
of nicotinic acid (NA), nicotinamide (NAM) and nicotinamide mononucleotide (NMN) on oocyte maturation and 
subsequent embryo development. Porcine oocytes from small antral follicles were matured for 44 h in a defined 
maturation medium supplemented with NA, NAM and resveratrol or NMN. Mature oocytes were artificially activated 
and presumptive zygotes cultured for 7 days. Additionally, oocytes were matured without treatment then cultured for 
7 days with NMN. Supplementing the IVM medium with NA improved maturation and blastocyst formation while NAM 
supplementation improved cleavage rates compared with untreated controls. Supplementing the IVM or embryo 
culture media with NMN had no effect on maturation or embryo development. The results show that supplementing 
the maturation medium with NA and NAM improved maturation and developmental potential of porcine oocytes.
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In vitro maturation (IVM) of oocytes has become a routine procedure 
for the in vitro production of embryos in livestock species [1] and 

is gaining increasing attention as a fertility treatment in humans 
[2]. However, the quality of embryos derived from IVM oocytes is 
relatively low in comparison to their in vivo-derived counterparts, with 
only a limited proportion of IVM oocytes attaining full developmental 
potential [3]. While recent improvements to IVM and oocyte culture 
systems have dramatically improved in vitro embryo production rates, 
they are still considered inadequate compared with the follicular 
environment of in vivo-matured oocytes [2, 4].

Oocyte quality and quantity is the rate limiting factor in the 
production of embryos in vitro [5]. Unlike most cells that undergo 
constant regeneration from precursor stem cells, the number of 
oocytes contained within the ovaries is finitely set during prenatal 
development [6, 7] and determines the reproductive lifespan of 
the female. Within the ovaries of cycling sows and pubertal gilts, 
gonadotropin-responsive antral follicles are recruited to undergo 
development during the follicular phase, with the follicles either 
undergoing atresia or being selected to continue development until 
eventual ovulation [8]. Many of the small-sized follicles fail to 
escape atresia. In pre-pubertal gilts, approximately half of the antral 
follicles apparent on the surface of the ovaries are less than 3 mm 

in diameter [9]. There is a lack of coordination between nuclear and 
cytoplasmic maturation during IVM of porcine oocytes harvested from 
small antral follicles (< 3 mm in diameter) [10], leading to reduced 
developmental potential compared with oocytes from larger antral 
follicles [11, 12]. As a result, porcine in vitro embryo production 
programs commonly utilise oocytes harvested from medium to large 
antral follicles (3–6 mm in diameter). The effective use of oocytes 
from the pool of small antral follicles carries great potential to increase 
the productivity of embryo production programs and enhance the 
reproductive capacity of genetically valuable females in all species. 
Therefore, it is imperative to gain a greater understanding of the 
mechanisms involved in oocyte maturation.

Recent studies have shown that nicotinamide adenine dinucleotide 
production is essential for the acquisition of oocyte developmental 
competence. Nicotinamide adenine dinucleotide (NAD+) is an es-
sential cofactor implicated in many cellular processes and can be 
synthesized through one of three pathways in mammalian cells; 
catalytic conversion of the amino acid tryptophan (Trp) via the de 
novo synthesis pathway, recycling of NAD+ metabolites via the 
salvage pathway, and metabolism of niacin via the Preiss-Handler 
pathway [13–15] (Fig. 1). In humans and mice, NAD+ deficiency 
brought about by aberrant expression of de novo synthesis pathway 
enzymes leads to birth defects [16]. In addition, supplementation of 
NAD+ precursors, including nicotinamide mononucleotide (NMN) 
and nicotinic acid (NA), both in vitro and in vivo improved mouse 
oocyte quality and embryo development [5, 17, 18]. Furthermore, 
Sirtuins (SIRTs) and poly-ADP-ribose polymerases (PARPs) consume 
NAD+, and are known to play essential roles during oocyte maturation 
[19, 20]. The aim of this study was to determine the contribution of 
the different NAD+ synthesis pathways to the nuclear and cytoplasmic 
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maturation of porcine oocytes from small antral follicles. Here we 
demonstrate that the addition of specific concentrations of NAD+ 
precursors to the maturation media of porcine oocytes improved 
aspects of their developmental potential.

Materials and Methods

Chemicals and media preparation
All chemicals and reagents were purchased from Sigma-Aldrich 

(Australia) unless otherwise specified. The medium used to wash 
the cumulus oocyte complexes (COCs) was HEPES-buffered 199 
(H199) medium (Gibco, Grand Island, NY, USA) supplemented with 
1 mg ml–1 PVA, 1 mM GlutaMAX (Gibco), 75 µg ml–1 penicillin 
G and 50 µg ml–1 streptomycin sulphate. The IVM medium used 
was porcine oocyte medium (POM) [21], supplemented with 10 ng 
ml–1 epidermal growth factor (EGF), 10 IU ml–1 equine chorionic 
gonadotrophin (eCG; Pregnecol; Bioniche Animal Health, Armidale, 
Australia) and 10 IU ml–1 human chorionic gonadotrophin (hCG; 
Chorulon; Intervet Australia, Bendigo East, Australia) as described 
by our group previously [22]. The POM used for the first 22 h of 
IVM also contained 1 mM dibutyryl cyclic adenosine-monophosphate 
(db-cAMP). Tyrode’s albumin lactate pyruvate-polyvinyl alcohol 
(TALP-PVA) medium [23] was used for the parthenogenetic activation 
of mature oocytes. Porcine zygote medium containing 3 mg ml–1 
BSA (PZM-3) [24] was used for the in vitro culture of embryos. 
The metabolites NA (N4126), nicotinamide (NAM; 72340), NMN 

and Resveratrol (Res; R5010) were supplemented in the maturation 
media and used as NAD+ pathway and Sirtuin modulators.

Ovary collection and in-vitro maturation
Ovaries were collected from prepubertal gilts at a local abattoir 

and transported in 38°C saline solution supplemented with antibiotic-
antimycotic (Gibco). Ovaries were transferred to fresh 38°C saline 
solution supplemented with antibiotic-antimycotic upon arrival 
at the laboratory. The contents of small antral follicles (1–3 mm 
diameter) were aspirated into warm vacutainer tubes via a 21 G needle 
using a vacuum pump at a flow rate of 1 L min–1. Cumulus-oocyte 
complexes (COCs) were recovered from the collected material 
using a stereomicroscope and oocytes with an evenly distributed 
cytoplasm and a minimum of 3 layers of cumulus cells were selected 
for in vitro maturation (IVM). The COCs were washed twice in 
H199 media, followed by a final wash in POM supplemented with 
db-cAMP and incubated in a four well NUNC dish (Nunc A/S, 
Roskilde, Denmark) with POM media supplemented with db-cAMP 
for 22 h in their respective treatments (40–50 COCs/500 µl well). 
Incubation was carried out at 38.5°C in a humidified atmosphere 
of 6% CO2 in air. Following 22 h of maturation, the oocytes were 
transferred to fresh POM media in a separate four well NUNC dish 
in their respective treatments without db-cAMP for a further 22 h. 
Following maturation, oocytes were stripped of cumulus cells by 
brief exposure to 1 mg ml–1 hyaluronidase and gentle aspiration with 
a narrow bore glass pipette.

Fig. 1. NAD+ biosynthetic pathways. Two of the three pathways through which NAD+ can be synthesised in cells include the Preiss-Handler pathway and 
more commonly through the salvage of other metabolites. Nicotinic acid is consumed in feed and is the initial metabolite for the Preiss-Handler 
pathway. NAD+ is consumed by Sirtuins and Poly-ADP-ribose-polymerases, the first reaction in the salvage pathway. The metabolites in white 
boxes represent metabolites in the Preiss-Handler pathway while the metabolites in the light grey boxes represent those from the salvage pathway. 
NAD+ in the black box represents the end point for both NAD+ biosynthetic pathways.
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Parthenogenetic activation and embryo culture
Following cumulus cell removal, mature oocytes, indicated by the 

presence of a polar body, were held in 100 µl droplets of TALP-PVA 
media for 30 min, then activated with the addition of 5 µM ionomycin 
for 5 min. Oocytes were then washed three times and incubated for 
3 h in PZM-3 supplemented with 2 mM 6-dimethylaminopurine and 
7.5 µg ml–1 cytocholasin B. Presumptive zygotes were washed three 
times with PZM-3 and then cultured in 50 µl droplets of PZM-3 
under mixed gas conditions (6% CO2, 5% O2, 89% N2) for 7 days. 
Embryo culture droplets were supplemented with 10% fetal calf 
serum on day 4 following activation.

Fluorescent staining of embryos and total cell counts
On day 7, all blastocysts were fixed in absolute ethanol supple-

mented with 10 µg ml–1 Hoechst 33342. All fixed embryos were 
mounted on microscope slides and viewed under a fluorescence 
microscope (Olympus BX61; Olympus Corporation, Tokyo, Japan; 
405–450 nm). Total cell counts were determined for each embryo. 
Embryos that formed an obvious blastocoele and had at least 12 
cells were classified as blastocysts.

Experimental design
Oocytes were exposed to treatments for the entire duration of 

maturation, and each experiment was replicated at least three times 
on separate days. Stock solutions of NMN (10 mM), NA (20 mM), 
NAM (50 mM) and Res (2 µM) were generated by dissolving the 
metabolite in water (NMN, NA and NAM) or ethanol (Res) and 
20 µl aliquots were stored at –20°C until use. For each treatment 
group, the rates of maturation, cleavage, blastocyst formation and 
blastocyst hatching were calculated as the proportions of oocytes 
with a discernible polar body from total oocytes, oocytes that cleaved 
from total matured oocytes, embryos with an obvious blastocoele 
from total cleaved embryos, and blastocysts that breached the zona 
pellucida from total blastocysts, respectively.

Experiment 1: Effect of nicotinic acid dose on oocyte maturation

a) Cumulus-oocyte complexes were randomly allocated to the 
control (n = 120), 5 µM NA (n = 120), 10 µM NA (n = 120) or 20 
µM NA (n = 120) treatment groups. Oocytes were matured in their 
respective treatments for the entire duration of IVM before artificial 
activation and embryo culture. Resulting blastocysts were fixed and 
stained, and total cell numbers were determined.

b) Cumulus-oocyte complexes were randomly allocated to the 
control (n = 145), 20 µM NA (n = 149), 50 µM NA (n = 144), 
100 µM NA (n = 135) or 200 µM NA (n = 139) treatment groups. 
Oocytes were matured in their respective treatments for the entire 
duration of IVM before artificial activation and embryo culture. 
Resulting blastocysts were fixed and stained, and total cell numbers 
were determined.

Experiment 2: Effect of nicotinamide mononucleotide dose on 
oocyte maturation and embryo culture

a) Cumulus-oocyte complexes were randomly allocated to the 
control (n = 190), 0.1 µM NMN (n = 193), 1 µM NMN (n = 196), 
10 µM NMN (n = 193) or 100 µM NMN (n = 195) treatment groups. 
Oocytes were matured in their respective treatments for the entire 
duration of IVM before artificial activation and embryo culture. 
Resulting blastocysts were fixed and stained, and total cell numbers 
were determined.

b) Cumulus-oocyte complexes were matured in IVM medium 
without NMN supplementation. Rather, the embryo culture medium 
was supplemented with different doses of NMN. Activated oocytes 
were randomly allocated to the control (n = 103), 0.1 µM NMN (n 
= 103), 1 µM NMN (n = 104), 10 µM NMN (n = 104) or 100 µM 
NMN (n = 102) treatment groups. Parthenotes were cultured in their 
respective treatments for 7 days, fixed and stained, and total cell 
numbers of blastocysts were determined.

Experiment 3: Effects of nicotinamide and resveratrol on oocyte 
maturation

Maturation medium was supplemented with NAM and Res 
individually, or in combination, using similar doses to those described 
previously [24–27]. Cumulus-oocyte complexes were randomly 
allocated to either the control (n = 126), NAM (5 µM; n = 120), 
Res (2 nM; n = 127) or NAM+Res (5 µM and 2 nM respectively; n 
= 129) treatment groups. Oocytes were matured in their respective 
treatments in IVM medium for the entire duration of IVM before 
artificial activation and embryo culture. Resulting blastocysts were 
fixed and stained, and total cell numbers were determined.

Statistical analysis
The software package R (version 3.6.1; 2019; Vienna, Austria) 

was used to detect differences in the rates of oocyte maturation, 
cleavage, blastocyst formation and blastocyst hatching, and blastocyst 
cell numbers. The proportional data was subjected to a logit trans-
formation using the car package (version 3.0-3) and then a residual 
maximum likelihood regression using the lmerTest package (version 
3.1-0) with treatment group as factor and replicate as random effect. 
When significant differences were detected, Tukey’s test was used 
to determine the differences between treatment groups using the 
emmeans (version 1.3.5.1) package. The blastocyst cell number data 
were subjected to a two-sample unequal variances T-test to identify 
differences between treatment groups. Values are presented as the 
mean ± SEM and a P-value ≤ 0.05 was considered significant.

Results

Effect of nicotinic acid on oocyte quality and embryo 
development

The addition of 10 µM of NA in the low dose experiment (0, 5, 
10 and 20 µM) resulted in a greater proportion of oocytes reaching 
the MII stage of maturation compared with the control, 5 and 20 µM 
treatments (P < 0.05; Supplementary Table 1; Fig. 2). The rates of 
cleavage, blastocyst formation, blastocyst hatching and total blastocyst 
cell number did not differ among the groups (Supplementary Table 1; 
Fig. 2). In the high dose experiment (20, 50, 100 and 200 µM), the 
addition of 20 µM NA resulted in a greater proportion of oocytes that 
reached MII compared with the control and 200 µM groups (P < 0.05 
and 0.01 respectively; Supplementary Table 2; Fig. 3(A)). The 200 
µM treatment also resulted in a lower maturation rate compared with 
the 20 µM and 50 µM treatments (P < 0.05) but was not different to 
the control and 100 µM treatments (P > 0.05; Supplementary Table 
S2; Fig. 3(A)). However, of the oocytes that reached the MII stage 
in the 200 µM group, a significantly greater blastocyst formation 
rate was observed compared with the control (P < 0.01), 20 µM (P < 
0.01) and 50 µM (P < 0.05) groups (Supplementary Table 2; Fig. 
3(A)). The 50 µM group had blastocysts with greater cell numbers 
compared with the 20 µM group (P < 0.05; Supplementary Table 
2; Fig. 3(B)).
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Fig. 2. The effect of NA at low doses on the rates of oocyte maturation, cleavage, blastocyst formation and blastocyst hatching. Bars labelled with different 
letters indicate statistical differences (P < 0.05).

Fig. 3. The effect of NA at high doses on (A) the rates of oocyte maturation, cleavage, blastocyst formation and blastocyst hatching, and (B) total blastocyst 
cell number. Bars and plots labelled with different letters indicate statistical differences (P < 0.05).
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Effect of nicotinamide mononucleotide on oocyte quality and 
embryo development

NMN supplementation of IVM medium did not significantly 
affect the rates of oocyte maturation, cleavage, blastocyst formation 
or blastocyst hatching at any concentration (Table 1). Furthermore, 
there was no difference in the total cell number of blastocysts among 
any of the treatment groups (Table 1).

Supplementation of embryo culture medium with 0.1, 1, 10 and 
100 µM NMN had no significant effect on any aspect of embryo 
development, including the rates of cleavage, blastocyst formation 
or blastocyst hatching (Table 2). Likewise, there was no difference 
in the total cell number of blastocysts among any of the treatment 
groups (Table 2).

Effects of nicotinamide and resveratrol on oocyte quality and 
embryo development

Supplementation of the maturation media with NAM, Res or 
NAM+Res had no effect on oocyte maturation, however, a greater 
proportion of oocytes underwent cleavage when they were matured 
with NAM alone compared to the control, Res and NAM+Res 
groups (P < 0.05; Supplementary Table 3; Fig. 4(A)). In addition, 
blastocysts derived from oocytes matured with NAM alone contained 
a greater number of cells compared with those of the control, Res 
and NAM+Res groups (P < 0.05; Supplementary Table 3; Fig. 4(B)).

Discussion

Using porcine oocytes from small antral follicles as a model of 
poor oocyte quality, the results of this study provide insights into the 
pathways through which NAD+ precursors may be utilised to support 
oocyte maturation and embryo development. Oocytes treated with NA 
and NAM exhibited enhanced meiotic progression and developmental 
competency. The findings of the present study add to the growing 
body of evidence that NAD+ production is critical for optimal oocyte 
maturation and embryo development, and current embryo in vitro 
production systems may be improved by supplementing the media 

with NAD+ precursors.
Oocytes from small antral follicles treated with NA exhibited 

improved meiotic maturation rates and developmental potential. At 
lower concentrations (10 µM) meiotic maturation was enhanced, while 
at higher concentrations (200 µM) development to the blastocyst stage 
was superior. Consistent with this, previous studies have also shown 
an improvement in oocyte quality when mouse follicles cultured 
in vitro were supplemented with NA [29]. Bovine oocytes treated 
with 400 µM NA also exhibited significant improvements in meiotic 
progression and developmental competence following vitrification 
[30], and blastocyst formation was significantly improved when 
porcine oocytes isolated from large antral follicles were supplemented 
with 600 µM niacin during IVM [31]. There was no effect on aged, 
in vitro matured murine oocytes at low doses of NA [18], however, 
a significant increase in intrinsic oocyte NAD+ levels in the oocytes 
from aged mice compared with control mice was observed [18]. 
Nicotinic acid is acquired through the diet [32] and the production 
of NAD+ from NA is much more efficient than that of tryptophan 
[33]. As such, supplementing the maturation media with NA in this 
study potentially provided the oocyte with a much greater capacity to 
produce NAD+ than was possible from tryptophan alone. Together the 
findings suggest that the effective concentration of NA for improving 
oocyte quality differs between species and oocytes from follicles of 
different diameter [18, 29, 30].

Embryos derived from oocytes treated with 5 µM NAM displayed 
an increased rate of embryo cleavage and had greater blastocyst cell 
numbers compared with the control group. Previous studies have 
examined the effects of much greater concentrations of NAM on oocyte 
maturation, and detrimental impacts were reported [26, 28]. Murine 
oocytes treated with 5 mM NAM had delayed meiotic progression, 
although the timing of polar body extrusion remained unaffected [26]. 
Exposure of porcine oocytes to 5 mM NAM reduced the incidence 
of polar body extrusion and increased the rate of abnormal meiotic 
spindle assembly [28]. In addition, porcine embryos treated with 5 
mM of NAM had a decreased blastocyst formation rate and total 
blastocyst cell numbers compared with control embryos [34]. While 

Table 1. The effects of nicotinamide mononucleotide (NMN) supplementation during IVM on oocyte quality and embryo development

NMN (µM) Oocytes matured 
(%)

Oocytes cleaved 
(%)

Blastocyst formation 
(%)

Hatching blastocysts 
(%)

Total blastocyst cell 
number

Control 72.2 ± 9.5 92.9 ± 3.2 23.0 ± 10.0 15.8 ± 11.8 78.0 ± 7.3
0.1 76.5 ± 7.0 89.9 ± 2.9 29.8 ± 9.0 20.1 ± 7.4 65.5 ± 6.1
1 77.2 ± 5.1 89.8 ± 2.4 23.3 ± 6.1 30.7 ± 2.4 71.6 ± 6.9
10 78.0 ± 3.6 91.5 ± 3.0 28.2 ± 5.4 15.8 ± 3.4 79.3 ± 7.0
100 68.5 ± 8.6 89.7 ± 5.3 22.1 ± 4.6 25.4 ± 4.6 75.1 ± 10.3

Data presented as mean ± SEM.

Table 2. The effects of nicotinamide mononucleotide (NMN) supplementation during embryo culture on 
embryo development

NMN (µM) Oocytes cleaved 
(%)

Blastocyst formation 
(%)

Hatching blastocysts 
(%)

Total blastocyst cell 
number

Control 58.4 ± 10.4 19.4 ± 2.5 15.3 ± 9.7 62.2 ± 16.1
0.1 53.5 ± 17.9 17.7 ± 12.0 27.8 ± 14.7 62.7 ± 9.4
1 52.7 ± 18.8 23.5 ± 3.7 20.7 ± 11.6 59.2 ± 5.8
10 61.4 ± 9.8 20.0 ± 6.9 47.6 ± 29.0 64.1 ± 7.5
100 61.6 ± 15.2 36.5 ± 7.8 22.2 ± 2.8 74.4 ± 8.6

Data presented as mean ± SEM.
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high doses of NAM exert negative effects on oocytes and embryos by 
inhibiting the Sirtuin family of NAD+-dependent deacetylases, at the 
low dose of 5 µM examined here, NAM improved the developmental 
potential of porcine oocytes [28, 35], suggesting that oocyte processes 
are promoted by NAM supplementation below a certain threshold 
concentration. Precisely what that threshold concentration is requires 
further investigation.

The effects of NAM were diminished in the presence of resveratrol. 
Resveratrol is a phenol with well-known antioxidant properties and 
is a potent activator of SIRT1 [36]. In porcine oocytes grown in 
vitro, supplementation of IVM medium with resveratrol promoted 
the production of ATP and improved blastocyst formation compared 
with the control [37]. Interestingly, the effect of resveratrol on oocyte 
ATP production was diminished in the presence of the SIRT1 inhibitor 
EX527 [37]. As NAM and resveratrol are both mediators of Sirtuins 
and PARPs, through target proteins such as PGC1α and FOXO [38, 
39], the interaction observed in the present study is likely due to 
their effects being exerted on shared pathways.

Supplementation of the maturation or embryo culture media with 
NMN did not significantly improve any aspect of oocyte maturation 
or embryo development. NMN is a secondary NAD+ metabolite in 

the salvage pathway, and is converted from NAM by nicotinamide 
phosphoribosyl transferase (NamPRT) [14, 15]. Beneficial effects 
of NMN treatment on oocyte quality have previously been reported. 
Supplementing the drinking water of aged mice with NMN resulted 
in an improvement in oocyte quality through increased NAD+ 
levels and restoration of spindle assembly [5, 17]. Furthermore, 
in vitro fertilization rates and blastocyst formation were enhanced, 
mitochondrial function was restored, DNA damage was reduced and 
apoptosis was inhibited in oocytes from aged mice administered 
NMN via intraperitoneal injection compared with aged control 
mice [17]. Additionally, supplementing the embryo culture medium 
improved the developmental potential of aged mouse oocytes [5]. 
Pig oocytes matured in vitro depend more on glucose as an energy 
substrate while mice utilise pyruvate more readily [40, 41], potentially 
contributing to the variation in effects on oocyte quality. NAD+ is 
consumed by ADP-ribose polymerases, which play an important 
role in carbohydrate metabolism [42], however, the function of 
mitochondrial ADP-ribose polymerases in carbohydrate metabolism 
remains under scrutiny. The high concentration of lipids in porcine 
oocytes compared with mouse oocytes may also reflect the differences 
in NMN supplementation. Fatty acid oxidation is vital for oocyte 

Fig. 4. The effect of NAM and Res, alone and in combination, on (A) the rates of oocyte maturation, cleavage, blastocyst formation and blastocyst 
hatching, and (B) total blastocyst cell number. Bars and plots labelled with different letters indicate statistical differences (P < 0.05).
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maturation in the pig but not in the mouse [43]. The production of 
NAD+ from NMN via the salvage pathway may promote oocyte 
quality through pyruvate metabolism in mouse oocytes, but may 
have no impact on glucose metabolism or fatty acid oxidation in 
porcine oocytes from small follicles.

Supplementation of the maturation media with NA, which is the 
precursor required for NAD+ production via the Preiss-Handler 
pathway, improved blastocyst formation, while activation of the 
NAD+ salvage pathway through NAM supplementation improved 
embryo cleavage, indicating that the small antral follicle oocytes 
were deficient in NAD+. In addition to the effects on cleavage and 
blastocyst formation, NA and NAM treatment during IVM increased 
the number of cells within blastocysts. Elevation of NAD+ leads to the 
activation of Sirtuins and PARPs that are involved in DNA damage 
signalling, cell cycle checkpoint monitoring and the induction of 
apoptosis [20, 44]. The increased number of cells in the blastocysts 
derived from NA and NAM treated oocytes may be due to enhanced 
repair of damaged DNA and thus improved cell survival or reduced 
apoptotic cell death. Differential staining of blastocysts would provide 
insight into the NAD+ biosynthetic pathways involved in determining 
the fate of blastocyst cells. Intriguingly, treating oocytes with NMN 
showed no effect on any aspect of oocyte quality. This suggests that 
the conversion of NMN to NAD+ is the main bottleneck and that 
NAM is the most limiting metabolite of the salvage pathway in 
porcine oocytes from small antral follicles.

Cumulus-oocyte complexes sourced from small antral follicles 
provide a useful model of poor oocyte quality in the pig [10, 11, 
45]. Not all follicles retain the same potential to produce a viable 
oocyte [46]. Harvesting small antral follicles allows the selection 
of suboptimal oocytes resulting from inadequate maturation of the 
various follicular cells that lack the ability to support follicular 
growth and oocyte development. The coordination of cytoplasmic 
maturation appears vital in determining the developmental ability of an 
oocyte [47] and oocytes from small antral follicles lack the necessary 
cytoplasmic machinery to support embryo development [48]. As such, 
the production of NAD+ may play a vital role in promoting cytoplasmic 
maturation. The incidence of inadequate cytoplasmic maturation in 
prepubertal gilts is especially interesting in that oocytes harvested 
from sow ovaries display greater rates of complete cytoplasmic 
maturation and has been correlated with increasing follicle size 
[11]. Additionally, the capacity of the follicular cells to receive 
and respond to signals from the oocyte may be impaired in oocytes 
from small follicles [49] resulting in inadequate maturation of the 
cytoplasmic components. Comparing the developmental potential of 
oocytes from prepubertal gilts and sows and of small and large antral 
follicles treated with various NAD+ precursors would provide further 
insights into the role of NAD+ in the acquisition of developmental 
competence as follicular growth progresses, as well as the different 
pathways involved. The incidence of polyspermy is also a barrier 
to in vitro embryo production programs in the pig. More than 40% 
of inseminated oocytes show polyspermic penetration [50] and the 
percentage of oocytes fertilised by a single spermatozoon typically 
does not exceed 45% [51]. Also, IVM oocytes from prepubertal 
gilts are afflicted by higher rates of polyspermy than that of sows 
[52]. While implementing IVF provides information on the effects 
of IVM treatments on polyspermy, chemical activation was used in 
the present study to assess oocyte developmental potential. Chemical 
activation is commonly employed to evaluate oocyte quality in 
livestock species, and the treatments used here have previously 
been shown to effectively generate porcine diploid parthenotes [45, 
53, 54]. Quantifying the change in the NAD+ content of porcine 

oocytes following treatment with the various NAD+ metabolites 
also requires further investigation. Intra-oocyte concentrations of 
NAD+ were markedly increased in murine oocytes treated with NA 
[18]. Therefore, determining the levels of NAD+ in porcine oocytes 
and cumulus cells would provide additional evidence that increasing 
NAD+ levels are responsible for the enhancement in oocyte quality 
and embryo development.

In conclusion, this study demonstrated that supplementing the 
maturation media with nicotinic acid and nicotinamide improved 
porcine oocyte maturation and developmental potential, and may 
be an effective strategy to increase NAD+ levels in oocytes of poor 
quality. Utilising oocytes from small antral follicles provided useful 
insights into the deficiencies that must be overcome to improve the 
acquisition of developmental competence. As such, NAD+ precursor 
supplementation has the potential to improve porcine IVM and 
embryo culture systems, enabling the production of more viable 
embryos from a restricted source of oocytes.
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