
Received: November 2, 2021
Accepted: March 1, 2022
Advanced Epub: March 28, 2022
©2022 by the Society for Reproduction and Development
Correspondence: C-L Pollard (e-mail: charley.pollard@sydney.edu.au)
This is an open-access article distributed under the terms of the Creative 
Commons Attribution Non-Commercial No Derivatives (by-nc-nd) License. 
(CC-BY-NC-ND 4.0: https://creativecommons.org/licenses/by-nc-nd/4.0/)

Journal of Reproduction and Development, Vol. 68, No 3, 2022

Original Article

Insights into the NAD+ biosynthesis pathways involved during meiotic 
maturation and spindle formation in porcine oocytes
Charley-Lea POLLARD1), Ashleigh YOUNAN1), Aleona SWEGEN2, 3), Zamira GIBB2) and 
Christopher G. GRUPEN1)

1)Sydney School of Veterinary Science, Faculty of Science, The University of Sydney, Camden, NSW 2570, Australia
2)Priority Research Centre for Reproductive Science, University of Newcastle, Callaghan, NSW 2308, Australia
3)Nuffield Department of Women’s and Reproductive Health, University of Oxford, Oxford, UK

Abstract.  Treatments that elevate NAD+ levels have been found to improve oocyte quality in mice, cattle, and pigs, 
suggesting that NAD+ is vital during oocyte maturation. This study aimed to examine the influence of different NAD+ 
biosynthetic pathways on oocyte quality by inhibiting key enzymes. Porcine oocytes from small antral follicles were 
matured for 44 h in a defined maturation system supplemented with 2-hydroxynicotinic acid [2-HNA, nicotinic acid 
phosphoribosyltransferase (NAPRT) inhibitor], FK866 [nicotinamide phosphoribosyltransferase (NAMPT) inhibitor], or 
gallotannin [nicotinamide mononucleotide adenylyltransferase (NMNAT) inhibitor] and their respective NAD+ pathway 
modulators (nicotinic acid, nicotinamide, and nicotinamide mononucleotide, respectively). Cumulus expansion was 
assessed after 22 h of maturation. At 44 h, maturation rates were determined and mature oocytes were fixed and 
stained to assess spindle formation. Each enzyme inhibitor reduced oocyte maturation rate and adversely affected 
spindle formation, indicating that NAD+ is required for meiotic spindle assembly. Furthermore, NAMPT and NMNAT 
inhibition reduced cumulus expansion, whereas NAPRT inhibition affected chromosomal segregation. Treating 
oocytes with gallotannin and nicotinamide mononucleotide together showed improvements in spindle width, while 
treating oocytes with 2-HNA and nicotinic acid combined showed an improvement in both spindle length and width. 
These results indicate that the salvage pathway plays a vital role in promoting oocyte meiotic progression, while the 
Preiss-Handler pathway is essential for spindle assembly.
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The acquisition of developmental competence in mammalian oocytes 
is driven by nuclear and cytoplasmic remodelling during oocyte 

maturation [1, 2]. Poor oocyte maturation rates and limited oocyte 
developmental potential hinder the efficiency of embryo production 
programs owing to the associated high embryo mortality rates [3, 4]. 
Nuclear maturation is characterized by condensation of chromatin and 
alignment of chromosomes along the metaphase plate, together with 
polymerization of tubulin into microtubules that form the meiotic 
spindle [5]. Cytoplasmic maturation refers to the redistribution of 
cortical granules and the rearrangement of mitochondria and other 
organelles throughout the oocyte cytoplasm [6, 7]. Both stages can 
occur independently in mice [8, 9], whereas cytoplasmic maturation 
ceases upon completion of nuclear maturation in other species, such 
as horses and pigs. Therefore, the oocyte must remain in meiotic 
arrest until cytoplasmic maturation is almost complete to adequately 
support fertilization and embryo development [9–11]. Abnormalities 
in oocytes that appear to have successfully reached metaphase II (MII) 
may include chromosomal aberrations caused by improper spindle 
function and assembly [12, 13] as well as incorrect or incomplete 
redistribution of mitochondria and cortical granules [14–16].

Meiotic spindle assembly is an important aspect of oocyte matura-

tion, and hence, the quality of oocytes. Assembly of the spindle 
apparatus is vital for proper chromosome segregation during meiotic 
divisions, and hence for genomic integrity [17]. Aberrant spindles and 
misaligned chromosomes in oocytes may result in aneuploidy [18, 
19], the leading cause of spontaneous abortion and pregnancy loss in 
women [20]. Porcine oocytes matured in vitro display significantly 
shorter spindles compared to their in vivo counterparts [21], whereas 
50% of equine oocytes matured in vitro display spindle anomalies, 
including monopolar and multipolar spindles, and an increase in 
spindle length and width, relative to in vivo-sourced oocytes [22]. 
In addition, aged oocytes often display a greater incidence of spindle 
anomalies, which have been ameliorated by nicotinamide adenine 
dinucleotide (NAD+) precursor treatments [12, 23–25]. Sirtuins are 
NAD+-dependent deacetylases implicated in histone and chromatin 
modifications [26, 27], mitotic progression [28], microtubule dynamics 
[29], oxidative stress and mitochondrial function [30–32]. Inhibition 
of Sirtuins in oocytes has previously resulted in a block in meiotic 
progression, multipolar and malformed spindles, and displacement 
of chromosomes along the M-plate [13, 33–36].

Pregnancy loss and higher rates of congenital abnormalities 
in mice have been attributed to NAD+ deficiency [37]. Recent 
studies focusing on ameliorating the detrimental effects of aging 
on oocyte quality have revealed that NAD+ biosynthesis can be 
enhanced by nicotinamide mononucleotide (NMN) and nicotinic 
acid (NA) supplementation [12, 23–25]. The addition of NMN to 
drinking water of aged mice [12, 18] and in vitro supplementation 
of aged mouse oocytes with NMN [24] resulted in the reversion of 
meiotic spindle defects. The synthesis of NAD+ can occur via three 
separate pathways that feed in on each other: the Preiss-Handler 
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pathway, which starts with the absorption of dietary NA; the salvage 
pathway, which salvages nicotinamide (NAM) that is produced as 
a result of NAD+ consumption; and de novo synthesis from the 
essential amino acid tryptophan (Fig. 1). Inhibition of nicotinamide 
phosphoribosyltransferase (NAMPT) in the salvage pathway by 
treatment with FK866 slowed meiotic progression and reduced the 
incidence of blastocyst formation in mice, whereas inhibiting nicotinic 
acid phosphoribosyl transferase (NAPRT) with 2-hydroxynicotinic 
acid (2-HNA) had little effect on mouse embryo development in vitro 
[12]. Gallotannin treatment has previously been shown to inhibit all 
three isoforms of nicotinamide mononucleotide adenylyltransferase 
(NMNAT) in cultured human cells [38] and exerts dose-dependent 
effects on porcine oocyte maturation possibly due to of its antioxidant 
properties [39, 40].

The aim of this study was to determine the role of NAD+ during 
porcine oocyte maturation by inhibiting the key enzymes of the 
Preiss-Handler and salvage pathways. We hypothesized that the 
inhibition of NAD+ biosynthesis via treatment with NAPRT, NAMPT, 
and NMNAT inhibitors would increase the incidence of spindle defects, 
and that the addition of NAD+ intermediates during the inhibitory 
treatments would restore, at least partially, spindle formation and 
chromosome alignment.

Materials and Methods

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

(Australia) unless otherwise specified. The medium used for washing 
the cumulus oocyte complexes (COCs) was HEPES-buffered 199 
(H199) medium (Gibco, Grand Island, NY, USA) supplemented 
with polyvinyl alcohol (PVA; 1 mg/ml), glutamax (1 mM; Gibco), 
penicillin G (75 µg/ml; P-3032), and streptomycin sulfate (50 µg/ml; 
S-9137). The in vitro maturation (IVM) media used was porcine oocyte 

medium (POM) [41], which consisted of sodium chloride (NaCl; 108 
mM; S-5886), potassium chloride (KCl; 10 mM; P-5405), sodium 
bicarbonate (NaHCO3; 25 mM; S-5761), penicillin G (75 µg/ml), 
streptomycin sulfate (50 µg/ml), magnesium sulfate (MgSO4; 0.4 mM; 
M-1880), potassium phosphate (K2PO4; 0.35 mM; P-5655), glucose 
(4 mM; G-7021), sodium pyruvate (0.2 mM; P-5280), calcium lactate 
(2 mM; C-8356), glutamax (1 mM), hypotaurine (5 mM; H-1384) 
minimum essential medium (MEM) amino acids (20 µl/ml; 50x; 
Gibco; 11130-051), MEM non-essential amino acids (10 µl/ml; 100x; 
Gibco; 11140-060), L-cysteine (0.6 mM; C-7352) and PVA (3 mg/
ml), and was adjusted to a pH of 7.5–7.55 and an osmolarity of 286 
mOsm. The POM used for the first 22 h of IVM also contained 1 mM 
dibutyryl cyclic adenosine monophosphate (db-cAMP; D-0627). The 
NAD+ metabolites nicotinic acid (N4126), nicotinamide (72340), and 
nicotinamide mononucleotide and the inhibitors 2-hydroxynicotinic 
acid (2-HNA; 251054), FK866 (F8557), and gallotannin (403040) 
were utilized as NAD+ biosynthetic pathway modulators in this 
study. Stock solutions of NMN (10 mM), NA (20 mM), NAM (50 
mM), FK866 (50 mM), and gallotannin (10 mM) were prepared by 
dissolving in Milli-Q water. A stock solution of 2-HNA (100 mM) 
was prepared by dissolving in formic acid. Small aliquots (20 µl) of 
metabolites and inhibitors were stored at –20°C until use.

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

and transported to the laboratory in saline solution supplemented with 
antibiotic-antimycotic (3 ml; 100 × solution; Gibco; 15240-062) that 
was maintained at 38°C. Ovaries were placed in fresh saline solution 
(EBOS; BHAHF7123) supplemented with antibiotic-antimycotic 
and kept at 38°C until aspiration (within 1 h of returning from the 
abattoir). Small antral follicles (1–3 mm in diameter) were aspirated 
into warm vacutainer tubes via a 21 G needle using a vacuum pump 
at a flow rate of 1 l/min. COCs were recovered from the aspirated 

Fig. 1. The Preiss-Handler and salvage pathways for NAD+ biosynthesis. Nicotinic acid (NA) is the initial metabolite in the Preiss-Handler pathway and 
is converted to NAD+ through a series of enzymatic reactions. The NAD+ synthesised is consumed by Sirtuins and poly-ADP-ribose polymerases, 
releasing nicotinamide (NAM) which can then be recycled back into NAD+ via the salvage pathway. Inhibitors for the two pathways utilised in 
this study are represented in red and the metabolites upstream of these inhibitors are utilised as NAD+ pathway modulators with the exception of 
nicotinic acid adenine dinucleotide (NaAD). NA, nicotinic acid; NaMN, nicotinic acid mononucleotide; NaAD, nicotinic acid adenine dinucleotide; 
NAM, nicotinamide; NMN, nicotinamide mononucleotide; NAD, nicotinamide adenine dinucleotide; NR, nicotinamide riboside; NaR, nicotinic 
acid riboside. NaPRT, nicotinic acid phosphoribosyltransferase; NMNAT, nicotinamide mononucleotide adenylyltransferase; NADS, nicotinamide 
nicotinamide phosphoribosyltransferase; SIRTs, Sirtuins; PARPs, poly ADP-ribose polymerases; NRK, nicotinamide riboside kinase
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material using a stereomicroscope, and oocytes with evenly distributed 
cytoplasm and a minimum of three layers of cumulus cells were 
selected for IVM. The COCs were washed twice in H199 medium, 
then once in POM supplemented with db-cAMP, and incubated in 
a four-well NUNC dish (Nunc A/S, Roskilde, Denmark) with POM 
media containing db-cAMP and supplemented with the respective 
treatments for 22 h at 38.5°C in a humidified atmosphere of 6% 
CO2 in air. After 22 h of IVM, the oocytes were transferred to a 
separate four-well NUNC dish with POM medium (without db-cAMP) 
supplemented with the respective treatments and incubated for an 
additional 22 h. Following maturation, oocytes were denuded of 
cumulus cells by the addition of hyaluronidase (1 mg/ml) followed 
by gentle aspiration using a narrow bore pipette.

Assessment of cumulus expansion
At 22 h of IVM, the degree of cumulus expansion for each COC 

was assessed according to a subjective scoring system on a scale of 
0–4 as described previously [42]. The average score (0.0–4.0) for 
each group in each replicate was then calculated to obtain a value 
referred to as the “cumulus expansion index” (CEI) [43].

Immunofluorescent meiotic spindle staining
This procedure was performed at room temperature. Denuded 

metaphase II (MII) oocytes were fixed in 4% paraformaldehyde in 
phosphate buffered saline (PBS) for 30 min, permeabilized in 1% 
Triton X-100 in PBS for 20 min, and blocked using 1% bovine serum 
albumin (BSA; MP Biomedicals, Auckland, New Zealand) in PBS 
for 1 h. Then, the oocytes were washed three times in wash buffer 
(0.1% Tween-20 and 0.01% Triton-X100 in PBS) and incubated 
with FITC-conjugated mouse monoclonal anti-α-tubulin antibody 
(1:200 in wash buffer; F2168) in the dark for 1 h, followed by three 
10 min washes in wash buffer. Oocytes were then incubated in PBS 
supplemented with 10 µg/ml Hoechst33342 and 1% BSA for 10 
min in the dark, they were then washed three times with 1% BSA 
in PBS, and mounted onto glass slides in 5 µl of ProLong Diamond 
Antifade (P36961; Life Technologies Corporation, Eugene, OR, 
USA). A Nikon A1R microscope (Nikon Corporation; Tokyo, Japan) 
was used to visualize the meiotic spindle of each oocyte using a 
Z-stack at 100x magnification and Huygens software (version 20.10; 
Scientific Volume Imaging B.V. Hilversum, The Netherlands) was 
used to measure spindle length, spindle width and metaphase plate 
(M-plate) width. Spindle length was defined as the distance between 
spindle poles and spindle width was defined as the width of the 

spindle at the plane of the metaphase plate (M-plate). M-plate width 
was defined as the distance between the outermost edges of the DNA 
perpendicular to the plane of the M-plate (Fig. 2). Spindles were 
classified as normal or abnormal based on data obtained from the 
image. Typical barrel-shaped bipolar spindles with well-organized 
microtubules and condensed chromosomes that were tightly aligned 
along the M-plate were considered normal. Spindles with disordered 
microtubule fibers, multipolar spindles, and spindles with lagging or 
disorganized chromosomes were considered abnormal (representative 
images of normal and aberrant spindles are shown in Fig. 3).

Experimental design
All treatments were performed over the entire duration of IVM, 

and each experiment was replicated at least thrice. In all experiments, 
cumulus expansion was assessed at 22 h of IVM. After 44 h of IVM, 
mature oocytes were fixed and stained to assess spindle assembly 
and chromosome alignment.

Experiment 1: Effect of inhibiting NA utilization on oocyte 
maturation

To determine the optimum dose of 2-HNA, COCs were randomly 
allocated to groups and matured in media containing 0, 0.01, 0.1 or 
1.0 mM 2-HNA (approximately 30 COCs per group in each replicate). 
Based on these results, 1.0 mM 2-HNA was used in subsequent 
experiments. The results of a previous study showed that 200 µM 
NA was optimal for oocyte maturation [44]. To determine the effect 
of inhibiting NA utilization by the Preiss-Handler pathway, COCs 
were randomly allocated to groups and matured in media containing 
no supplement (control), 200 µM NA, 1.0 mM 2-HNA or NA, 
and 2-HNA combined (approximately 30 COCs per group in each 
replicate). An equal volume of the inhibitor vehicle (formic acid) 
was added to the control and NA-treated groups.

Experiment 2: Effect of inhibiting NAM utilization on oocyte 
maturation

To determine the optimum dose of FK866, COCs were randomly 
allocated to groups and matured in media containing 0, 1, 10, or 100 
nM FK866 (approximately 30 COCs per group in each replicate). 
Based on these results, 10 nM FK866 was used in the subsequent 
experiments. The results of a previous study showed that 5 µM NAM 
was optimal for oocyte maturation [44]. To determine the effect of 
inhibiting NAM utilization by the salvage pathway, COCs were 
randomly allocated to groups and matured in media containing no 
supplement (control), 5 µM NAM, 10 nM FK866, or NAM and FK866 
combined (approximately 30 COCs per group in each replicate).

Fig. 2. Representative images of spindle and metaphase plate measurements. Spindle length was calculated by the distance between spindle poles, the 
spindle width was calculated by the width of the microtubules across the metaphase plate, and metaphase plate width was calculated by the distance 
between the edges of the DNA along the spindle length axis. The α-tubulin is stained green with a FITC-conjugated antibody and the DNA is stained 
blue with Hoechst33342. Arrow head indicates M-Plate width, open arrow indicates spindle length and closed arrow indicates spindle width.
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Experiment 3: Effect of inhibiting NMN utilization on oocyte 
maturation

To determine the optimum dose of gallotannin, COCs were 
randomly allocated to groups and matured in media containing 0, 
0.55, 5.5, or 55 µM gallotannin (approximately 30 COCs per group 
in each replicate). Based on these results, 55 µM gallotannin was 
used in subsequent experiments. The results of a previous study 
showed that 100 µM NMN was optimal for oocyte maturation [12]. 
To determine the effect of inhibiting NMN utilization by the salvage 
pathway, COCs were randomly allocated to groups and matured in 
media containing no supplement (control), 100 µM NMN, 55 µM 
gallotannin or NMN, and gallotannin combined (approximately 30 
COCs per group in each replicate).

Statistical analyses
R (version 3.6.1; 2019; Vienna, Austria) was used to assess 

differences in oocyte maturation rates following treatment. The 
proportional data were subjected to a logit transformation using 
the car package (version 3.0-3) before being subjected to a residual 
maximum likelihood regression using the lmerTest package (version 
3.1-0), with the treatment group as a factor and replicate as a random 
effect. The cumulus expansion data were subjected to a Kruskal-Wallis 
rank sum test using the stats package (version 3.5.3), followed 
by a post-hoc Dunn test using the Bonferroni method from the 
dunn.test package (version 1.3.5) to determine differences between 
treatment groups. Spindle length, spindle width, M-plate diameter, 
M-plate width, and spindle classification data were also subjected 
to residual maximum likelihood regression with the treatment group 

as a factor and replicate as a random effect. When a p-value ≤ 0.05 
was obtained, the data was further subjected to a post hoc Tukey’s 
test using the emmeans package (version 1.3.5.1) in R to identify 
significant differences between treatment groups.

Results

Experiment 1: Inhibiting NA utilization impairs spindle 
formation and chromosome segragation

The addition of 0.1 mM 2-HNA reduced the proportion of oocytes 
that reached the MII stage compared to the control and 0.01 mM 
treatment groups (52.77 ± 0.02 vs. 66.77 ± 0.02 and 66.21 ± 0.05%, 
respectively; P < 0.05), but was not different from that of the 1.0 mM 
treatment group (64.89 ± 0.03%; P > 0.05). There was no difference 
in the cumulus expansion index between any treatment group (range 
1.97 ± 0.07 to 2.16 ± 0.07 C.E.I.; P > 0.05). There was also no effect 
of NA and 2-HNA, alone or in combination, on the percentage of 
oocytes that attained MII (P > 0.05; Fig. 4A) or on the cumulus 
expansion index between the treatments (P > 0.05; Fig. 4B).

The spindle assessment results of Experiment 1 are shown in 
Fig. 4. Oocytes in the 2-HNA (n = 26) treatment group had shorter 
spindles than those in the control (n = 47), NA (n = 45), and NA+2-
HNA (n = 39) treatment groups (Fig. 4D; P < 0.05). The spindles of 
2-HNA treated oocytes were also wider than those of the control and 
NA+2-HNA treated oocytes (Fig. 4E; P < 0.05), and the spindles of 
the NA-treated oocytes were of intermediate width. Additionally, 
chromosomes were more tightly aligned along the M-plate in the 
2-HNA treatment group than in the NA and NA+2-HNA treatment 

Fig. 3. Representative images of spindle assembly and chromosome alignment in MII oocytes. A) oocytes displaying barrel-shaped spindles with well 
organised microtubule fibres and highly condensed DNA tightly aligned along the metaphase plate (normal spindles), B) barrel-shaped spindles 
with well organised microtubule fibres with highly condensed DNA loosely aligned along the metaphase plate (aberrant spindles), C) Disorganised 
spindles with well-defined microtubule fibres and chromosomes not aligned along the metaphase plate (aberrant spindles), D) incomplete spindle 
assembly with no discernible microtubule structure and uncondensed DNA with no discernible structure (aberrant spindles). The α-tubulin is 
stained green with a FITC-conjugated antibody and the DNA is stained blue with Hoechst33342.
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groups (P < 0.05), but were not different from the control (Fig. 4F; 
P > 0.05). There were no differences in the proportion of aberrant 
spindles between any of the treatment groups (Fig. 4C; P > 0.05).

Experiment 2: Inhibiting NAM utilization inhibits oocyte 
maturation and impairs cumulus expansion and spindle 
formation

The addition of 100 nM FK866 to the maturation media reduced 
the proportion of oocytes that reached the MII stage compared 
to the control and 1 nM treatment groups (31.11 ± 9.49 vs. 67.62 
± 0.48 and 73.31 ± 5.35%, respectively; P < 0.01), but was not 
different from that in the 10 nM treatment group (44.17 ± 9.61%; 
P > 0.05). The addition of FK866 at all concentrations inhibited 
cumulus expansion compared with the control (0.90 ± 0.31 to 0.97 
± 0.21 vs. 1.43 ± 0.79 C.E.I.; P < 0.001). The proportion of oocytes 
that reached the MII stage was greater in the control and the NAM 
groups than in the FK866 and NAM+FK866 groups (P < 0.001 and 
0.01, respectively; Fig. 5A). Additionally, the cumulus expansion in 
the FK866 and NAM+FK866 treatment groups was less than that 
in the control and the NAM treatment groups (P < 0.05; Fig. 5B).

The spindle assessment results of Experiment 2 are shown in Fig. 
5. Oocytes treated with FK866 (n = 13) had narrower spindles than 
those of the control (n = 23) and NAM (n = 8) groups (P < 0.05), 
but they did not differ from those of the NAM+FK866 (n = 5) 
group (Fig. 5E; P > 0.05). There was no difference in spindle length 
(Fig. 5D; P > 0.05) or M-plate width (Fig. 5F; P > 0.05) between 
the treatment groups. Furthermore, while there were no significant 
differences in the proportion of aberrant spindles between any of 
the treatment groups, oocytes in the NAM+FK866 treatment group 
tended to have a higher proportion of aberrant spindles compared 

to all other treatments (Fig. 5C; P < 0.1).

Experiment 3: Inhibiting NMN utilization inhibits oocyte 
maturation and impairs cumulus expansion and spindle 
formation

The addition of 55 µM gallotannin significantly reduced the 
proportion of oocytes that reached MII compared to all other treatment 
groups (22.36 ± 3.33 vs. 61.58 ± 8.89 to 81.54 ± 2.14%; P < 0.05). 
Oocytes from the 55 µM treatment group also exhibited reduced 
cumulus expansion compared with all other treatment groups (1.40 ± 
0.07 vs. 1.84 ± 0.08 to 2.12 ± 0.09 C.E.I.; P < 0.0001). The addition 
of 55 µM gallotannin decreased the proportion of oocytes that reached 
the MII stage compared with the control and 100 µM NMN groups 
(P < 0.0001; Fig. 6A). The maturation rates of the gallotannin and 
NMN+gallotannin treatment groups did not differ significantly 
(P > 0.05). In addition, cumulus expansion in the gallotannin and 
NMN+gallotannin groups was less than that in the NMN and control 
groups (P < 0.0001; Fig. 6B).

The spindle assessment results of Experiment 3 are shown in 
Fig. 6. Oocytes of the gallotannin (n = 6) and NMN+gallotannin (n 
= 5) treatment groups had significantly shorter spindles than those 
of the control (n = 26) and NMN (n = 35) treatment groups (Fig. 
6D; P < 0.001). The gallotannin-treated oocytes also had narrower 
spindles than those of the other treatment groups (Fig. 6E; P < 0.01). 
There were no differences in the M-plate width (Fig. 6F; P > 0.05) 
between any of the treatment groups. Furthermore, the proportion of 
oocytes with aberrant spindles was much greater in the gallotannin 
and NMN+gallotannin treatment groups than in the control and 
NMN treatment groups (Fig. 6C; P < 0.01).

Fig. 4. The effects of NA (200 µM) and 2HNA (1.0 mM) alone and in combination on A) oocyte maturation, B) cumulus expansion, C) the proportion of 
oocytes with aberrant spindles, D) spindle length, E) spindle width, and F) M-plate width. Treatments labelled with different letters indicate statistical 
differences.
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Fig. 5. The effects of NAM (5 µM) and FK866 (100 nM) alone and in combination on A) oocyte maturation, B) cumulus expansion, C) the proportion 
of oocytes with aberrant spindles, D) spindle length, E) spindle width, and F) M-plate width. Treatments labelled with different letters indicate 
statistical differences.

Fig. 6. The effects of NMN (100 µM) and gallotannin (55 µM) alone and in combination on A) oocyte maturation, B) cumulus expansion, C) the proportion 
of oocytes with aberrant spindles, D) spindle length, E) spindle width, and F) M-plate width. Treatments labelled with different letters indicate 
statistical differences.
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Discussion

Using oocytes from small antral follicles as a model of poor 
oocyte quality, the results of this study show that NAD+ biosynthesis 
via the Preiss-Handler and salvage pathways is essential for oocyte 
maturation in pigs. We observed a reduction in oocyte maturation rates 
and abnormalities in chromosome segregation and spindle assembly 
when the Preiss-Handler and salvage pathways were inhibited by 
2-HNA, FK866, and gallotannin, albeit to varying degrees. These 
findings add to the growing body of evidence indicating that NAD+ 
biosynthesis is crucial for oocyte maturation and spindle formation.

Inhibition of NAPRT in the Preiss-Handler pathway using 2-HNA 
had varying effects on the proportion of oocytes completing meiosis, 
but did not affect cumulus expansion, indicating that 2-HNA is a 
low-potency inhibitor [45]. This suggests that 2-HNA acts solely on 
the oocyte without perturbing cumulus cell function. The assembly of 
spindles during meiosis is an energy-expensive process, and inhibiting 
NAPRT hampers replenishment of the intracellular NAD+ pool [46], 
effectively reducing the activity of ATP synthase and hindering ATP 
production [45]. As such, inhibiting the Preiss-Handler pathway 
results in reduced ATP production that is utilized in spindle assembly 
during meiosis, which can potentially result in lagging chromosomes 
during anaphase and an increased incidence of aneuploidy [47, 48], 
leading to compromised embryo development. This study showed that 
inhibiting the Preiss-Handler pathway with 2-HNA reduced spindle 
length and increased spindle width compared to all other treatment 
groups, suggesting that spindle assembly was adversely affected 
by inhibition of the Preiss-Handler pathway. Unexpectedly, 2-HNA 
treated oocytes exhibited more tightly aligned chromosomes than all 
other groups, as reflected by the reduction in M-plate width, which 
may be attributed to the shorter and wider spindles. The changes in 
spindle parameters in response to 2-HNA exposure did not alter the 
incidence of aberrant spindle formation because these spindles were 
still mostly regarded as having a normal morphology.

The observed rescue in spindle length and width with the inclusion 
of NA may be attributed to the protective effects of NA under stress 
conditions through an increase in intracellular NAD+ levels [49, 50]. 
Previously, supplementation during IVM with NA was found to 
improve the developmental competence of bovine [51] and porcine 
oocytes [44, 52]. Confirmation that NAPRT is expressed in mouse 
oocytes [24] provides further evidence that the Preiss-Handler pathway 
is important for NAD+ biosynthesis during oocyte maturation. The 
observed spindle assembly rescue may be due to the utilization of 
alternative precursors such as nicotinamide riboside (NR), NMN, 
and NAM for NAD+ production. Recently, Yang et al. found that 
supplementing the drinking water of aged mice with NR increased 
intra-oocyte levels of NAD+ and decreased spindle anomalies [53]. 
Therefore, inhibition of the Preiss-Handler pathway appears to be 
compensated by other NAD+ biosynthetic pathways.

Inhibition of NAMPT in the salvage pathway using FK866 treat-
ment significantly reduced the proportion of oocytes that reached 
MII and inhibited cumulus expansion. Additionally, a subtle effect 
on spindle width with the FK866 treatment resulting in narrower 
spindles was observed. These results highlight the importance of the 
salvage pathway in processes within the oocyte, as well as cumulus 
cell function in pigs, which may reflect a breakdown in gap junctions 
between the cumulus cells and the oocyte, as observed in bovine 
oocytes [54], leading to a block in meiotic progression in porcine 
oocytes. Bertoldo et al. [12] showed that NAMPT inhibition using 
FK866 impaired murine oocyte maturation by slowing the rate of 
germinal vesicle breakdown and polar body extrusion and inhibited 

cumulus expansion. Supplementation of medium with FK866 also 
markedly reduced NAD+ and ATP levels in mouse oocytes, which 
correlated with significantly longer spindles [55].

In contrast to the Preiss-Handler pathway, inhibition of the salvage 
pathway adversely affects both cumulus cell function and meiotic 
progression. Surprisingly, these oocytes that were still able to complete 
meiosis had a limited impact on spindle morphology, suggesting that 
they had a sufficient pool of NAD+ to support this process. The addition 
of NAM at a concentration that has previously been shown to improve 
the developmental potential of porcine oocytes [44] did not diminish 
the effects of NAPRT inhibition. Supplementation during IVM with 
a high concentration of NAM (5 mM) has previously been shown 
to reduce the rate of meiotic maturation in mouse and pig oocytes 
[34, 56]. As FK866 prevents the conversion of NAM to NMN, it is 
possible that NAM accumulated to detrimental concentrations within 
the oocyte and cumulus cells and that the additional NAM (5 µM) 
exacerbated the negative effects of the salvage pathway inhibition.

Inhibition of both the Preiss-Handler and salvage pathways using 55 
µM gallotannin to inhibit NMNAT significantly reduced the proportion 
of oocytes that reached MII and inhibited cumulus cell expansion. 
Furthermore, spindles were significantly shorter and narrower, and 
all gallotannin-treated oocytes exhibited aberrant spindles. Yin et al. 
[40] also reported that at a high concentration (100 µg/mL), similar 
to that used here, exposure to gallotannin impeded porcine oocyte 
maturation and cumulus cell expansion. Remarkably, at a lower 
concentration (10 µg/mL), gallotannin treatment improved porcine 
oocyte maturation and cumulus cell expansion owing to the antioxidant 
properties of the compound [40]. As depleted NAD+ levels could not 
be replenished by another pathway, it is not surprising that spindle 
assembly was severely affected by gallotannin treatment. There 
was an apparent rescue in spindle width with the addition of NMN, 
although the spindles remained highly disorganized and individual 
fibers were not observed. Previously, supplementing the drinking 
water of aged mice with NMN restored spindle assembly, which was 
associated with increased levels of NAD+ in oocytes [12, 23], thus, 
providing further evidence of the importance of NAD+ biosynthesis 
via the salvage pathway during oocyte maturation. These results 
clearly indicate that replenishment of NAD+ throughout IVM via 
the Preiss-Handler and/or salvage pathways is essential for optimal 
meiotic maturation and cumulus cell function in porcine oocytes.

The results presented here can be attributed to a depletion of 
intra-oocyte NAD+ levels following inhibition of key enzymes in 
NAD+ biosynthetic pathways, resulting in a reduction in sirtuin 
activity. However, NAD+ levels and sirtuin expression within oocytes 
and cumulus cells during IVM were not investigated in this study. 
Additionally, this study only examined COCs from small antral 
follicles, which may respond differently to those from larger follicles 
due to a less advanced growth potential, especially where the follicle 
is on the path to atresia at the time of collection. Further studies are 
needed to fully elucidate the NAD+ precursor needs and optimal 
sirtuin activities of porcine oocytes and cumulus cells from follicles 
of different sizes. Assessing the development of embryos following 
in vitro fertilization of oocytes subjected to inhibition of each NAD+ 
biosynthetic pathway would also aid in determining the NAD+ 
requirements for optimal embryo development in pigs.

In conclusion, the present study describes the effects of inhibiting 
the Preiss-Handler and salvage pathways on oocyte maturation in 
pigs. These results suggest that the salvage pathway is more important 
for the production of NAD+ for meiotic progression and cumulus 
cell function. Inhibiting NAD+ biosynthesis via the Preiss-Handler 
pathway impaired spindle assembly and chromosome segregation, 
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but had little effect on meiotic progression or cumulus expansion. In 
contrast, inhibition of NAD+ biosynthesis via the salvage pathway 
reduced cumulus expansion and meiotic progression. Inhibition 
of NAD+ biosynthesis via both pathways simultaneously blocked 
meiotic progression and severely affected cumulus expansion, 
spindle assembly, and chromosome segregation. Supplementing 
the maturation medium with NA rescued some aspects of spindle 
assembly, possibly by promoting NAD+ biosynthesis via an alternative 
compensatory pathway. It is evident that these pathways play vital 
roles in replenishing NAD+ levels in oocytes and follicular cells 
during oocyte maturation. Gaining a better understanding of the 
roles of these pathways during oocyte maturation will enable future 
improvements to maturation media, potentially increasing the pool 
of oocytes that can be used for in vitro embryo production programs 
in all species.
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