Song et al. Journal of Animal Science and Biotechnology
https://doi.org/10.1186/540104-022-00716-0

(2022) 13:68

Journal of Animal Science and
Biotechnology

RESEARCH Open Access

Nicotinamide mononucleotide
supplementation improves the quality of

Check for
updates

porcine oocytes under heat stress

Meijie Song', Yu Li', Yihang Zhou', Jiner Yan', Xiaohua Zhou', Qian Gao?, Yilong Miao'~ and Bo Xiong'~

Abstract

maturation.

Background: Elevated ambient temperature-caused heat stress is a major concern for livestock production due to
its negative impact on animal feed intake, growth, reproduction, and health. Particularly, the germ cells are
extremely sensitive to the heat stress. However, the effective approach and strategy regarding how to protect
mammalian oocytes from heat stress-induced defects have not been determined.

Methods: Germinal vesicle (GV) porcine oocytes were cultured at 41.5 °C for 24 h to induce heat stress, and then
cultured at 38.5 °C to the specific developmental stage for subsequent analysis. Nicotinamide mononucleotide
(NMN) was dissolved in water to 1 mol/L for a stock solution and further diluted with the maturation medium to
the final concentrations of 10 umol/L, 20 umol/L, 50 pmol/L or 100 umol/L, respectively, during heat stress.
Immunostaining and fluorescence intensity quantification were applied to assess the effects of heat stress and NMN
supplementation on the key processes during the oocyte meiotic maturation.

Results: Here, we report that NMN supplementation improves the quality of porcine oocytes under heat stress.
Specifically, we found that heat stress resulted in oocyte maturation failure by disturbing the dynamics of meiotic
organelles, including the cytoskeleton assembly, cortical granule distribution and mitochondrial function. In
addition, heat stress induced the production of excessive reactive oxygen species (ROS) and DNA damage, leading
to the occurrence of apoptosis in oocytes and subsequent embryonic development arrest. More importantly, we
validated that supplementation of NMN during heat stress restored the meiotic defects during porcine oocyte

Conclusions: Taken together, our study documents that NMN supplementation is an effective approach to improve
the quality of oocytes under heat stress by promoting both nuclear and cytoplasmic maturation.
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Introduction

Constant temperature is critical for the normal physio-
logical functions of organisms [1]. However, animals
usually suffer from heat stress during hot weather or en-
vironment, particularly when temperatures are extremely
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high and the exposure time is long. Heat stress nega-
tively affects human health, animal growth, and livestock
production [2]. It has been reported that heat stress
causes the mitochondrial damage in rat cardiomyocytes,
thereby leading to the cardiac dysfunction and failure
[3]. Chronic heat stress induces the expression of liver
proteins involved in immune response, oxidative stress
response and apoptosis, which compromises the growth
of porcine liver [4]. Additionally, it is worth noting that
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the reproductive system of animals appears more sensi-
tive to heat. The testicular temperature in most male an-
imals is lower than their body temperature. Thus,
excessive heat is prone to impair spermatogenesis and
may cause the male infertility [5]. It has also been shown
that the growing ovine oocytes are arrested in the germi-
nal vesicle breakdown (GVBD) stage with an aberrant
chromatin configuration under heat stress [6]. The por-
cine and bovine oocytes exposed to heat stress fail to be
matured in vitro due to the defects in the cytoskeleton
organization, and obtain the reduced potential for early
embryo development [7-10]. Importantly, heat stress ad-
versely affects the mitochondrial function to induce the
production of reactive oxygen species (ROS) and oxida-
tive stress, lower the antioxidant capacity, and result in
DNA damage and apoptosis in the cells [11, 12].

Nicotinamide adenine dinucleotide (NAD™) is a clas-
sical coenzyme that plays a critical role in energy metab-
olism to maintain the proper cell functioning and
participate in various biological processes, such as me-
tabolism, inflammation, circadian rhythm, and aging [13,
14]. It has been demonstrated that the levels of NAD"
decrease with age, leading to the mitochondrial dysfunc-
tion and abnormal metabolism in the organism [15-18].
Nicotinamide mononucleotide (NMN) is a naturally oc-
curring nucleotide precursor of NAD", which is pro-
duced through the NAD" rescue pathway [19]. Recovery
of NAD" levels by supplementing NMN can substan-
tially ameliorate the age-related functional defects, and
thus counteracting the aging diseases [14, 20, 21]. A pre-
vious study has shown that NMN restores the function
of cerebrovascular endothelium to improve cognitive
function in aged mice [22]. NMN also reverses vascular
dysfunction by activating SIRT1 activity and decreasing
oxidative stress in aged mice [21]. Furthermore, we re-
cently reported that NMN supplementation rejuvenates
the quality of maternally aged mouse oocytes and res-
cues the female fertility [23]. However, whether NMN
could improve the quality of oocytes under environmen-
tal stress has not been determined.

In the present study, we used porcine oocytes as a re-
search model to study the effect of NMN on the quality
of oocytes under heat stress. We found that heat stress
caused the porcine oocyte meiotic failure by perturbing
both nuclear and cytoplasmic maturation. NMN supple-
mentation effectively inhibited the increase in the occur-
rence of DNA damage and apoptosis induced by heat
stress and restored the quality of porcine oocytes.

Materials and methods

Porcine oocyte collection and in vitro maturation
Abattoir-derived porcine ovaries were transported to the
laboratory within 2 h in a physiological saline containing
penicillin  G/streptomycin sulphate. Cumulus-oocyte
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complexes (COCs) were isolated from the follicles (3—-6
mm in diameter) using a disposable syringe with a 20-
gauge needle. Oocytes with compact cumulus cells were
used for in vitro maturation (IVM) in TCM-199 (Ther-
moFisher Scientific, Waltham, MA, USA) supplemented
with 10 ng/mL EGF, 5 pg/mL insulin, 0.2 mmol/L pyru-
vate, 0.6 mmol/L cysteine, 10% porcine follicular fluid,
10 IU/mL of each eCG and hCG, and 25 pg/mL kanamy-
cin. 20-30 germinal vesicle (GV) oocytes were cultured
for 26-28 h to metaphase I stage and for 44-48h to
metaphase II stage in 100 pL. TCM-199 covered with
mineral oil at 38.5°C, 5% CO2.

Heat treatment and NMN supplementation

The procedure for heat treatment referenced to a previ-
ous study [24]. In short, GV oocytes were cultured at
41.5°C for 24h for heat stress, and then cultured at
38.5°C to the specific developmental stage for subse-
quent analysis. NMN (GeneHarbor Biotech, Hong Kong,
China) was dissolved in water to 1 mol/L for a stock so-
lution and further diluted with the maturation medium
to the final concentrations of 10 pmol/L, 20 umol/L,
50 pmol/L  or 100 umol/L, respectively, during heat
stress.

Fluorescence staining and imaging

For immunostaining, denuded oocytes were fixed in 4%
paraformaldehyde/PBS (fixation solution) for 30 min and
then  transferred to 1%  Triton  X-100/PBS
(permeabilization solution) for 8h. After washing in
PBST, oocytes were incubated with 3% BSA/PBS (block-
ing solution) for 1 h at room temperature (RT), followed
by incubation with a-tubulin-FITC antibody (1:200;
Sigma-Aldrich, St. Louis, MO, USA), acetyl-a-tubulin
antibody (1:100; Sigma-Aldrich), human ovastacin anti-
body (1:100; Jurrien Dean lab, NIH), yH2A.X antibody
(1:100; Cell Signaling Technology, Danvers, MA, USA),
phalloidin-TRITC (1:100; Sigma-Aldrich) and LCA-
FITC (1:100; Sigma-Aldrich) at 4°C overnight. After
three times of washes in PBST, oocytes were incubated
with corresponding secondary antibodies for 1h and
counterstained with 10 pg/mL propidium iodide (PI) or
Hoechst 33342 for 10 min at RT. For dye staining, oo-
cytes were stained with 500 nmol/L MitoTracker Red
CMXRos (ThermoFisher Scientific) for 30 min at 38.5°C
for mitochondrial distribution, with 2 umol/L MitoProbe
JC-1 (ThermoFisher Scientific) for mitochondrial mem-
brane potential evaluation, with 10 pmol/L dichloro-
fluorescein diacetate (DCFH-DA) for ROS level, and
with Annexin-V-FITC (1:10; Beyotime, Huangzhou,
China) for apoptosis observation. Finally, oocytes were
mounted on the glass slides and imaged by the laser
confocal microscope (LSM 900 META, Zeiss, Germany).
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RNA sequencing

Metaphase II oocytes after NMN treatment were col-
lected from control, heat-stressed and NMN-
supplemented groups (100 oocytes per group), and
total RNA was extracted using RNeasy Micro Kit
(Qiagen) according to manufacturer’s instructions. Ex-
tracted RNA was quantified with the Qubit RNA
Assay Kit (ThermoFisher Scientific). mRNA library
construction was performed with NEBNext Ultra
RNA Library Prep Kit for Illumina (New England Bio-
labs) according to the manuals. The protocol con-
sisted of sequential RNA fragmentation, reverse
transcription using random primers, second strand
cDNA synthesis, end repair, dA-tailing, adapter
ligation, and PCR enrichment. The concentration and
quality of libraries were tested by a NanoDrop 2000
spectrophotometer (ThermoFisher Scientific), qPCR,
and Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA). Then the libraries were se-
quenced on Illumina Hiseq X Ten instruments with
150 bp pair-end reads. High-quality sequences (clean
reads) were obtained by trimming adaptor sequences
and removing low-quality reads from raw RNA-seq
reads using cutadapt (v1.10). Reads were then aligned
to the susScrll reference genome using tophat2
(v2.0.13).

RNA isolation and quantitative real-time PCR
Total RNA was extracted from 30 oocytes using RNeasy
Mini Kit (Qiagen, Germantown, MD, USA) and reversed
to ¢cDNA using PrimeScript RT Master Mix (Takara,
Kusatsu, Shiga, Japan), followed by storing at —20°C
until use. Quantitative real-time PCR was conducted
using SYBR Green PCR Master Mix with QuantStudio 7
Flex Real-Time PCR System (ThermoFisher, Waltham,
MA, USA). Data were normalized against GAPDH and
quantification of the fold change was determined by the
comparative CT method. The primers were listed as
follows:

CSNK2B (F: 5-GTCCAGCCGCTGAAGTGAA-3'/R:
5'-GCTCGTTGAGTCCAGTGAGA-3);

MED25 (F: 5-TCCTGTACTCGTCCAAGAAGAAG-
3'/R: 5'-CTGCTGGACTTGCTTGTGGTT-3");

KDMG6NB (F: 5-TTCGCGTCCTACATGACCAC-3'/R:
5'-TCAGCGTCAGCTTGATGTGT-3";

PLK3 (F: 5-AAAACAGTCCGCAGGTCCAT-3'/R: 5'-
TGGTCGGGTCTCATCAATGC-3");

GAPDH (F: 5-AGGTCGGTGTGAACGGATTTG-3'/
R: 5-TGTAGACCATGTAGTTGAGGTCA-3)).

Parthenogenetic activation and early embryonic
development

After 44 h of in vitro culture, metaphase II oocytes were
washed in the activation medium (0.3 mol/L Mannitol,
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0.5 mmol/L. HEPES, 0.1 mmol/L MgSO4+7H,0O, 0.05
mmol/L CaCl,) at 38.5°C. Then oocytes were electrically
activated in a microslide with 0.5 mm fusion chamber
using a single direct current pulse of an electrical pulse
(0.9 KV/cm, 80us, CRY-3B Cell Fusion Instrument,
Ningbo, China), followed by the chemical activation with
cytochalasin B (5 mg/mL) and cycloheximide (1 mg/mL)
in PZM-3 medium for 4 h. The activated oocytes were
further cultured in PZM-3 medium at 38.5°C, 5% CO2
for 6 d to observe the blastocyst formation.

Statistical analysis

All percentages or values from at least three independ-
ent replicates were expressed as mean + SEM or mean +
SD, and the number of oocytes observed was labeled in
parentheses as (n). Data were analyzed by paired-
samples t-test, provided by GraphPad Prism 8 statistical
software. The level of significance was accepted as P <
0.05.

Results

NMN recovers the meiotic failure of porcine oocytes
under heat stress

To determine the effect of heat stress on the meiotic
progression of porcine oocytes, we exposed GV oo-
cytes at 41.5°C for 24 h, and then cultured them at
38.5°C for another 20 h. After 44h of in vitro mat-
uration, we assessed the expansion of cumulus cells
surrounding cumulus-oocyte complexes (COCs) and
the rate of polar body extrusion (PBE). As shown in
Fig. 1A, in the control group, the cumulus cells of
most COCs were completely expanded, with a large
and uniform expansion area. While in the heat-
stressed group, the expansion ability of cumulus cells
was significantly weakened, by displaying partially or
entirely no expansion (Fig. 1A). Quantitative data
showed that the proportion of PBE in heat-stressed
group was considerably decreased compared to the
control group (68.3+3.5%, n=59 vs. 46.0 £ 1.1%, n =
74, P <0.01; Fig. 1B).

We next asked whether supplementation of NMN
could improve the heat stress-induced oocyte matur-
ational defect. For this purpose, different concentra-
tions of NMN (10, 20, 50 and 100 pmol/L) were
added to the culture medium for in vitro maturation
of oocytes under heat stress. The results revealed that
supplementation with 20 umol/L. NMN has the best
rescue effect, not only improving the expansion of cu-
mulus cells surrounding COCs, but also considerably
increasing the proportion of PBE in heat-stressed oo-
cytes (46.0+1.1%, n=74 vs. 69.5+2.4%, n=81, P<
0.01; Fig. 1A, B). Taken together, these observations
indicate that NMN can, at least partially, restore the
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Fig. 1 Effects of NMN supplementation on the maturation of heat-stressed porcine oocytes. A In vitro maturation of oocytes in control, heat-
stressed (HS) and NMN-supplemented (HS + NMN) groups. Cumulus cell expansion of cumulus-oocyte complexes (COCs) and polar body
extrusion (PBE) of denuded oocytes (DOs) were imaged by the confocal microscope. Scale bar, 400 um (a, d, g); 250 um (b, €, h); 30 um (¢, f, ). B
The rates of PBE were recorded in control, heat-stressed and NMN-supplemented (10 umol/L, 20 umol/L, 50 umol/L and 100 umol/L) oocytes after
culture for 44 h in vitro. Data were presented as mean percentage (mean + SEM) of at least three independent experiments. *P < 0.05, **P < 0.01

failure of porcine oocyte meiotic progression caused
by heat stress.

NMN maintains the spindle/chromosome structure in
porcine oocytes under heat stress

To explore whether the failure of porcine oocyte
meiosis under heat stress is caused by spindle/
chromosome abnormalities, metaphase I (M I) oo-
cytes were stained with anti-a-tubulin-FITC anti-
body to show the spindle apparatus and
counterstained with propidium iodide (PI) to display
the chromosome alignment. A standard barrel-
shaped spindle structure with well-aligned chromo-
somes at the equatorial plate was present in control
oocytes (Fig. 2A). However, the frequency of disor-
ganized spindles such as non-polar, multi-polar,
elongated or dispersive ones with misaligned chro-
mosomes was prominently higher in heat-stressed
oocytes than that in controls (spindle: 23.3 +5.1%,
n=31 vs. 68.4+28%, n=43, P<0.01; chromosome:
15.8+1.7%, n=31 vs. 58.8+2.5%, n=43, P<0.001;
Fig. 2B, C). When supplemented with NMN in the
culture medium, the abnormal rate of spindle
morphology and chromosome alignment in heat-
stressed oocytes was significantly reduced (spindle:
50.0+5.0%, n=30, P<0.05; chromosome: 46.0+
5.5%, n=30, P<0.05 Fig. 2A-C), suggesting that
NMN supplementation promotes the maturation of
porcine oocytes under heat stress by maintaining
the spindle/chromosome structure.

NMN stabilizes microtubules in porcine oocytes under
heat stress

As microtubule dynamics is responsible for the regu-
lation of spindle assembly, we next explored if the de-
fects of spindle assembly in heat-stressed oocytes are
caused by the impaired microtubule stability. We then
evaluated the acetylation level of «-tubulin, an im-
portant indicator for the stability of microtubules. As
judged by the immunofluorescence analysis, we ob-
served that heat stress greatly reduced the signals of
acetylated a-tubulin compared to the controls (52.7 +
1.4, n=27 vs. 22.0 £ 1.7, n=30, P<0.001; Fig. 3A, B).
On the contrary, NMN supplementation significantly
increased the acetylation level of «-tubulin in heat-
stressed oocytes (38.4+ 1.8, n=30, P<0.001; Fig. 3A,
B), suggesting that NMN could restore the disturbed
spindle assembly in porcine oocytes under heat stress
by maintaining microtubule stability.

To further verify the defective microtubule stability
in heat-stressed oocytes, we used the microtubule
depolymerization drug nocodazole to collapse the mi-
crotubules. As shown in Fig. 3C, in the control oo-
cytes, after treatment with 20 ug/mL nocodazole for 5
min, although the spindle morphology was destroyed,
the microtubule fibers still existed. However, by per-
forming the same nocodazole treatment, the micro-
tubule fibers completely disappeared in heat-stressed
oocytes, indicative of the attenuated microtubule sta-
bility. As anticipated, NMN supplementation promin-
ently strengthened the stability of microtubule fibers
under heat stress (Fig. 3C).
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Fig. 2 Effects of NMN supplementation on the spindle assembly and chromosome alignment in heat-stressed porcine oocytes. A Representative
images of spindle/chromosome structure in control, heat-stressed and NMN-supplemented oocytes at metaphase | stage. Scale bar, 5 um. B The
rate of disorganized spindles was recorded in control, heat-stressed and NMN-supplemented oocytes. C The rate of misaligned chromosomes
was recorded in control, heat-stressed and NMN-supplemented oocytes. Data in (B) and (C) were presented as mean percentage (mean + SEM) of
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NMN protects the dynamic polymerization of actin
cytoskeleton from damage in porcine oocytes under heat
stress

In oocyte meiosis, actin filaments play a critical role in
the maintenance of cell surface structure and spindle
migration [25]. To determine whether the failure of por-
cine oocyte maturation caused by heat stress is linked
with actin filaments, F-actin was stained with phalloidin-
TRITC. In control oocytes, actin was uniformly distrib-
uted on the plasma membrane and showed strong fluor-
escence signals (Fig. 4A). In sharp contrast, in heat-
stressed oocytes, the fluorescence signals of actin were
weak and presented a discontinuous distribution (Fig.
4A). Whereas, supplementation with NMN restored the
actin dynamics disrupted by heat stress (Fig. 4A). In

addition, the quantitative data of fluorescence signal in-
tensity confirmed above observations (15.1 0.6, n = 33,
P<0.001 vs. 59+04, n=30 vs. 122+0.4, n=31, P<
0.001; Fig. 4B), indicating that NMN recovers the actin
dynamics in porcine oocytes under heat stress.

NMN rescues the distribution of CGs and ovastacin in
porcine oocytes under heat stress

Cortical granules (CGs) are a unique vesicular organelle
in oocytes that function in the prevention of polyspermy
[26], and their distribution under the subcortical region
of oocytes has been considered as one of the key indica-
tors of oocyte cytoplasmic maturation. The results in
Fig. 5A showed that signals of CGs were remarkably
weakened in oocytes after heat stress, but were partially
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Fig. 3 Effects of NMN supplementation on the microtubule stability in heat-stressed porcine oocytes. A Representative images of acetylated a-
tubulin in control, heat-stressed and NMN-supplemented oocytes at metaphase | stage. Scale bar, 5 um. B The fluorescence intensity of acetylated
a-tubulin was quantified in control, heat-stressed and NMN-supplemented oocytes. Data were presented as mean value (mean + SD) of at least
three independent experiments. ***P < 0.001. C Representative images of microtubule fibers after nocodazole treatment in control, heat-stressed
and NMN-supplemented oocytes. Oocytes were placed in cold culture media at 4 °C for 5 min, followed by the immunostaining for a-tubulin.

Scale bar, 5um

restored by NMN supplementation. Quantitative analysis
also revealed that the fluorescence intensity of CG sig-
nals in heat-stressed oocytes was significantly reduced in
comparison with the controls (27.3+1.1, n=45 vs.
12.7£1.0, n=49, P<0.001; Fig. 5B), and supplementa-
tion of NMN during in vitro culture increased the inten-
sity (16.5 + 0.8, 1 = 44, P < 0.01; Fig. 5B).

In agreement with above observations, we found that
ovastacin, a component of CGs, exhibited a similar dis-
tribution pattern to CGs in control, heat-stressed and
NMN-supplemented oocytes (Fig. 5C). Moreover, meas-
urement of fluorescence intensity of ovastacin signals
confirmed that ovastacin signals in the heat-stressed oo-
cytes considerably decreased compared to the controls,
but elevated after NMN supplementation (8.3+0.3, n=
38, P<0.001 vs. 4.0+0.1, n=43 vs. 6.7 £0.2, n =40, P<

0.001; Fig. 5D). Altogether, these data suggest that NMN
improves the cytoplasmic maturation of porcine oocytes
under heat stress.

Identification of target effector in NMN-supplemented
oocytes under heat stress by transcriptome analysis

To further understand the underlying mechanism re-
garding how NMN supplementation improves the qual-
ity of porcine oocytes under heat stress, we analyzed the
transcriptome profiles of control, heat-stressed and
NMN-supplemented oocytes by RNA sequencing (RNA-
seq). The heat map and volcano plot data showed that a
total of 953 differentially expressed genes (DEGs) were
identified in heat-stressed oocytes compared to controls,
and 537 DEGs were identified in NMN-supplemented
oocytes compared to heat-stressed ones (Fig. 6A-C). The
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Fig. 4 Effects of NMN supplementation on the actin polymerization in heat-stressed porcine oocytes. A Representative images of actin filaments
in control, heat-stressed and NMN-supplemented oocytes at metaphase | stage. Scale bar, 30 um. B The fluorescence intensity of actin signals was
quantified in control, heat-stressed and NMN-supplemented oocytes. Data were presented as mean value (mean + SD) of at least three
independent experiments. ***P < 0.001

RNA-seq data were further verified by RT-PCR with
four randomly selected genes (Fig. 6D, E). In particular,
the KEGG pathway enrichment analysis revealed that
DEGs in the oxidative phosphorylation and apoptosis
pathways were enriched in both heat-stressed oocytes
compared to control oocytes and NMN-supplemented
oocytes compared to heat-stressed oocytes, suggesting
that NMN might strengthen the mitochondrial function
of heat-stressed oocytes to prevent the occurrence of
apoptosis (Fig. 6F, Q).

NMN enhances the mitochondrial function in porcine
oocytes under heat stress
As transcriptome analysis has shown that mitochon-
drion might be the target organelle in which NMN
functions, we next investigated the dynamic distribu-
tion of mitochondria by MitoTracker staining as pre-
viously described [27]. We observed that most of the
mitochondria gathered in the subcortex area in con-
trol porcine oocytes, but reduced after heat stress
(Fig. 7A). The correct positioning of mitochondria
was partially restored in NMN-supplemented oocytes
(Fig. 7A). By quantification of fluorescence intensity,
the data indicated that mitochondrial signals in heat-
stressed oocytes significantly decreased compared to
the controls, but elevated after NMN supplementation
(14.7+0.9, n=35 P<0.001 vs. 23+0.3, n=31 vs.
6.4+ 0.3, n=34, P<0.001; Fig. 7B).

We also evaluated the mitochondrial membrane po-
tential (A¥m), an important indicator for mitochondrial
function, by JC-1 staining [28]. Mitochondria with high

A¥m showed red fluorescence, and with low A¥m
showed green fluorescence (Fig. 7C). The quantitative
analysis of the red to green fluorescence ratio displayed
that of AYm was much lower in heat-stressed oocytes
than that in controls, but increased in NMN-
supplemented oocytes (10.4+0.6, n=27, P<0.001 vs.
0.7+0.1, n=32 vs. 3.3+0.1, n=36, P<0.001; Fig. 7D).
Taken together, these observations indicate that NMN
boosts the mitochondrial dynamics and function in oo-
cytes under heat stress.

NMN suppresses the production of excessive ROS, DNA
damage and apoptosis in porcine oocytes under heat
stress

It has been reported that heat exposure induces oxi-
dative stress in various cells, thereby impairing the
normal physiological functions of cells and causing
apoptosis [29, 30]. Combination with the transcrip-
tome data, we speculated that the defects present in
heat-stressed oocytes might be mediated by this
mechanism as well. To verify this hypothesis, we
compared the ROS levels in each group by dichloro-
fluorescein diacetate (DCFH-DA) staining as per-
formed in our previous study [27, 31]. We found
that much weak signals of ROS were detected in
control oocytes (Fig. 8A). However, heat stress sub-
stantially increased the green signals in the cyto-
plasm of oocytes, which was alleviated by the
supplementation of NMN (Fig. 8A). Consistently, the
fluorescence intensity of ROS signals in heat-stressed
oocytes prominently increased compared to the
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Fig. 5 Effects of NMN supplementation on the distribution of CGs and ovastacin in heat-stressed porcine oocytes. A Representative images of CG
localization in control, heat-stressed and NMN-supplemented oocytes at metaphase Il stage. Zona pellucida was removed from oocytes before
LCA-FITC staining because of the non-specific binding. Scale bar, 30 um. B The fluorescence intensity of CG signals was quantified in control,
heat-stressed and NMN-supplemented oocytes. C Representative images of ovastacin localization in control, heat-stressed and NMN-
supplemented oocytes at metaphase Il stage. Scale bar, 30 um. D The fluorescence intensity of ovastacin signals was quantified in control, heat-
stressed and NMN-supplemented oocytes. Data in (B) and (D) were presented as mean value (mean =+ SD) of at least three independent
experiments. **P < 0.01, ***P < 0.001

controls (8.4+0.7, n=38 vs. 31.9+2.6, n=24, P<
0.001; Fig. 8B). NMN supplementation effectively re-
duced ROS levels in heat-stressed oocytes (10.1 + 0.6,
n =55, P<0.001; Fig. 8B).

Excessive ROS-induced oxidative stress is always re-
lated to DNA damage accumulation and early apoptosis
in cells. Thus, we stained oocytes with yH2A.X antibody
and Annexin-V dye to evaluate the occurrence of DNA
damage and apoptosis. We observed that yH2A.X signals
in heat-stressed oocytes were significantly higher than
those in controls, while NMN supplementation reduced
this change (7.3+0.5, n=23, P<0.001 vs. 19.1+ 1.1, n =
28 vs. 12.8 +1.3, n =23, P<0.001; Fig. 9A, B). Further-
more, fluorescence imaging and intensity measurement
showed that Annexin-V signals were hardly detected in
control oocytes, but clearly present on the plasma mem-
brane of heat-stressed oocytes, which were reduced in
the NMN-supplemented oocytes (2.3+0.3, n=31, P<
0.001 vs. 14.7+0.9, n =35 vs. 6.4 0.3, n =34, P<0.001;

Fig. 10A, B). Overall, these results demonstrate that
NMN supplementation suppresses the occurrence of
apoptosis through reducing levels of ROS and DNA
damage in porcine oocytes under heat stress.

NMN promotes the development of early embryos from
the porcine oocytes under heat stress

Since NMN improved the quality of heat-stressed por-
cine oocytes, we further assessed their embryonic devel-
opment potential by parthenogenetic activation. As
shown in Fig. 11, a large number of embryos derived
from the control oocytes developed to the blastocysts,
while only a few reached this stage in heat-stressed
group (50.5+1.5%, n =91 vs. 225+1.9%, n =88, P <
0.001; Fig. 11A, B). Importantly, NMN supplementation
substantially increased the rate of blastocyst formation
in heat-stressed group (43.9 £ 1.6%, n =91, P <0.01; Fig.
11A, B), confirming the elevated quality of oocytes under
heat stress by NMN.
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Fig. 6 Effects of NMN supplementation on the transcriptome profiling of heat-stressed porcine oocytes. A Heatmap illustration showed the
differentially expressed genes (DEGs) in control, heat-stressed and NMN-supplemented oocytes. B Volcano plot displayed the DEGs in heat-
stressed oocytes compared to control oocytes. Red, upregulated; Blue, downregulated; Grey, not significant. C Volcano plot displayed the DEGs in
NMN-supplemented oocytes compared to heat-stressed oocytes. Red, upregulated; Blue, downregulated; Grey, not significant. D RNA-seq results
of selected genes in heat-stressed oocytes compared to control oocytes and NMN-supplemented oocytes compared to heat-stressed oocytes. E
Validation of RNA-seq data by quantitative RT-PCR in control (blue), heat-stressed (red) and NMN-supplemented (green) oocytes. Data were
presented as mean value (mean + SEM) of at least three independent experiments. *P < 0.05, **P < 0.01. F KEGG pathway enrichment analysis of

compared to heat-stressed oocytes

DEGs in heat-stressed oocytes compared to control oocytes. G KEGG pathway enrichment analysis of DEGs in NMN-supplemented oocytes

Discussion

Higher ambient temperature has various detrimental ef-
fects on the organism, such as hyperthermia, endotoxe-
mia and/or systemic inflammation [32, 33]. Increasing
studies have shown that the main organelle damaged by
heat stress in the cells is mitochondria, and the destruc-
tion of mitochondria can lead to cell dysfunction and
even necrosis [2]. However, there is no better strategy to

solve the damage of heat stress to animals. We previ-
ously reported that the restoration of mitochondrial
function by NMN supplementation improves the quality
of mouse oocytes deteriorated by maternal aging and
porcine oocytes exposed to the environmental pollutant
ethylene glycol butyl ether [23, 28]. Therefore, we hy-
pothesized that NMN is likely to ameliorate the quality
of porcine oocytes under heat stress.
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Fig. 7 Effects of NMN supplementation on the mitochondrial distribution and function in heat-stressed porcine oocytes. A Representative images
of mitochondrial distribution in control, heat-stressed and NMN-supplemented oocytes at metaphase Il stage. Scale bar, 30 um. B The
fluorescence intensity of mitochondrial signals was quantified in control, heat-stressed and NMN-supplemented oocytes. C Mitochondrial
membrane potential (AWm) was detected by JC-1 staining in control, heat-stressed and NMN-supplemented oocytes at metaphase Il stage. Red,
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Fig. 8 Effects of NMN supplementation on the ROS levels in heat-stressed porcine oocytes. A Representative images of ROS levels in control,
heat-stressed and NMN-supplemented oocytes at metaphase Il stage. Scale bar, 30 um. B The fluorescence intensity of DCFH-DA signals were
quantified in control, heat-stressed and NMN-supplemented oocytes. Data were presented as mean value (mean + SD) of at least three

Fluorescence intensity, A.U. w

To test this possibility, we firstly assessed the inci-
dence of PBE and cumulus cell expansion, two obvious
morphological indicators for the porcine oocyte meiosis.
Consistent with previous reports, heat stress impaired
the meiotic maturation of porcine oocytes in vitro [34,
35]. Whereas NMN supplementation elevated the rate of
PBE and the degree of cumulus cell expansion, validating
the beneficial effects of NMN on the oocyte maturation
under heat stress. We also evidenced that NMN restored
the cytoskeletal structure in heat-stressed porcine oo-
cytes through maintaining the microtubule stability and
actin dynamics, which demonstrates that heat stress

compromises the porcine oocyte nuclear maturation by
disrupting  the spindle assembly and actin
polymerization, and NMN could recover these meiotic
defects.

Another important finding in our study is that NMN
promotes the cytoplasmic maturation of porcine oocytes
under heat stress. CGs form a uniform layer in the sub-
cortex of oocytes and function in the prevention of poly-
spermy after fertilization by releasing their component
ovastacin out of oocytes to cleave ZP2 at the N-terminus
in the zona pellucida [26]. If CGs are induced to exocy-
tose prior to fertilization, ZP2 will be prematurely
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Fig. 9 Effects of NMN supplementation on the DNA damage in heat-stressed porcine oocytes. A Representative images of accumulated DNA
damage in control, heat-stressed and NMN-supplemented oocytes at metaphase Il stage. Scale bar, 20 um. B The fluorescence intensity of yH2AX
signals was quantified in control, heat-stressed and NMN-supplemented oocytes. Data were presented as mean value (mean + SD) of at least
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Fig. 10 Effects of NMN supplementation on the early apoptosis of heat-stressed porcine oocytes. A Representative images of apoptotic oocytes
at metaphase Il stage in control, heat-stressed and NMN-supplemented groups. Scale bar, 30 um. B The fluorescence intensity of Annexin-V
signals was quantified in control, heat-stressed and NMN-supplemented oocytes. Data were presented as mean value (mean + SD) of at least

cleaved to cause the fertilization failure [36]. Thus, the
correct distribution of CGs is regarded as a key criterion
for the oocyte cytoplasmic maturation. Our data showed
that the amount of CGs and their component ovastacin
in the subcortical area of porcine oocytes exposed to
heat stress were substantially reduced, suggesting that
heat stress might weaken the fertilization ability via hin-
dering the cytoplasmic maturation of oocytes. NMN
supplementation recovered the dynamics of CGs and

ovastacin in porcine oocytes under heat stress. Mito-
chondrion is a main organelle that provides energy to
drive the normal oocyte development [37, 38]. There-
fore, mitochondrial distribution is considered as another
important indicator for the cytoplasmic maturation of
mammalian oocytes. Our findings further documented
that NMN restored the oocyte cytoplasmic maturation
under heat stress as assessed by the mitochondrial distri-
bution and function.
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Fig. 11 Effects of NMN supplementation on the development of early embryos derived from the heat-stressed porcine oocytes. A Representative
images of the embryos at blastocyst stage in control, heat-stressed and NMN-supplemented groups. Scale bar, 200 um. B The rate of blastocyst
formation was recorded in control, heat-stressed and NMN-supplemented groups. Data were presented as mean value (mean + SEM) of at least
three independent experiments. **P < 0.01, ***P < 0.001
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Lastly, our transcriptome data revealed that spindle
organization, cell cycle and DNA damage checkpoint
were highly correlated to the NMN-mediated recovery
of oocyte maturation under heat stress, which is con-
cordant with our above findings as well as the observa-
tion that NMN alleviated the excessive ROS-induced
DNA damage accumulation and apoptosis. Conse-
quently, NMN supplementation also promoted the de-
velopment of embryos derived from the heat-stressed
oocytes.

Collectively, we provide several lines of evidence docu-
menting that NMN supplementation is a feasible and ef-
fective way to improve the quality of porcine oocytes
under heat stress by promoting both nuclear and cyto-
plasmic maturation.

Abbreviations

NMN: Nicotinamide mononucleotide; ROS: Reactive oxygen species;
GVBD: Germinal vesicle breakdown; NAD: Nicotinamide adenine
dinucleotide; COCs: Cumulus-oocyte complexes; IVM: In vitro maturation;
PI: Propidium iodide; DCFH-DA: Dichlorofluorescein diacetate; PBE: Polar
body extrusion; CG: Cortical granule; DEGs: Differentially expressed genes

Acknowledgments
We would like to thank Dr. Jurrien Dean for providing antibodies.

Authors’ contributions

BX and YM designed the research; MS, YL, YZ, JY, XZ, QG and YM performed
the experiments; MS, YM and BX analyzed the data; MS, YM and BX wrote
the manuscript. All authors read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (31900592), and the Natural Science Foundation of Jiangsu Province
(BK20190526).

Availability of data and materials

The datasets presented in this study can be found in online repositories. The
name of the repository and accession number can be found below: https.//
www.ncbi.nlm.nih.gov/geo/, GSE185338.

Declarations

Ethics approval and consent to participate
The animal study was reviewed and approved by the Animal Research
Institute Committee of Nanjing Agricultural University, China.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'College of Animal Science and Technology, Nanjing Agricultural University,
Nanjing 210095, China. “College of Veterinary Medicine, Nanjing Agricultural
University, Nanjing 210095, China.

Received: 14 October 2021 Accepted: 5 April 2022
Published online: 15 June 2022

References

1. LY, Zhang Z He C, Zhu K, Xu Z, Ma T, et al. Melatonin protects porcine
oocyte in vitro maturation from heat stress. J Pineal Res. 2015;59(3):365-75.
https.//doi.org/10.1111/jpi.12268.

(2022) 13:68

20.

Page 13 of 14

Belhadj Slimen |, Najar T, Ghram A, Abdrrabba M. Heat stress effects on
livestock: molecular, cellular and metabolic aspects, a review. J Anim Physiol
Anim Nutr (Berl). 2016;100(3):401-12. https://doi.org/10.1111/jpn.12379.
Qian L, Song X, Ren H, Gong J, Cheng S. Mitochondrial mechanism of heat
stress-induced injury in rat cardiomyocyte. Cell Stress Chaperones. 2004;9(3):
281-93. https://doi.org/10.1379/csc-20r.1.

Cui Y,Hao Y, Li J, Bao W, Li G, Gao Y, et al. Chronic heat stress induces
immune response, oxidative stress response, and apoptosis of finishing pig
liver: a proteomic approach. Int J Mol Sci. 2016;17(5). https.//doi.org/10.33
90/ijms17050393.

Cai H, Qin D, Peng S. Responses and coping methods of different testicular
cell types to heat stress: overview and perspectives. Biosci Rep. 2021;41(6).
https://doi.org/10.1042/BSR20210443.

Gharibzadeh Z, Riasi A, Ostadhosseini S, Hosseini SM, Hajian M, Nasr-
Esfahani MH. Effects of heat shock during the early stage of oocyte
maturation on the meiotic progression, subsequent embryonic
development and gene expression in ovine. Zygote. 2015;23(4):573-82.
https://doi.org/10.1017/50967199414000203.

Ju JC, Tseng JK. Nuclear and cytoskeletal alterations of in vitro matured
porcine oocytes under hyperthermia. Mol Reprod Dev. 2004,68(1):125-33.
https://doi.org/10.1002/mrd.20054.

Payton RR, Romar R, Coy P, Saxton AM, Lawrence JL, Edwards JL.
Susceptibility of bovine germinal vesicle-stage oocytes from antral follicles
to direct effects of heat stress in vitro. Biol Reprod. 2004;71(4):1303-8.
https://doi.org/10.1095/biolreprod.104.029892.

Roth Z, Hansen PJ. Disruption of nuclear maturation and rearrangement of
cytoskeletal elements in bovine oocytes exposed to heat shock during
maturation. Reproduction. 2005;129(2):235-44. https://doi.org/10.1530/rep.1.
00394.

Tseng JK, Chen CH, Chou PC, Yeh SP, Ju JC. Influences of follicular size on
parthenogenetic activation and in vitro heat shock on the cytoskeleton in
cattle oocytes. Reprod Domest Anim. 2004;39(3):146-53. https;//doi.org/1
0.1111/j.1439-0531.2004.00493 x.

Nabenishi H, Ohta H, Nishimoto T, Morita T, Ashizawa K, Tsuzuki Y. The
effects of cysteine addition during in vitro maturation on the
developmental competence, ROS, GSH and apoptosis level of bovine
oocytes exposed to heat stress. Zygote. 2012,20(3):249-59. https.//doi.org/1
0.1017/50967199411000220.

Roth Z. Symposium review: reduction in oocyte developmental
competence by stress is associated with alterations in mitochondrial
function. J Dairy Sci. 2018;101(4):3642-54. https.//doi.org/10.3168/jds.201
7-13389.

Yamaguchi S, Yoshino J. Adipose tissue NAD(+) biology in obesity and
insulin resistance: from mechanism to therapy. Bioessays. 2017;39(5). https://
doi.org/10.1002/bies.201600227.

Imai S, Guarente L. NAD+ and sirtuins in aging and disease. Trends Cell Biol.
2014:24(8):464-71. https://doi.org/10.1016/j.tcb.2014.04.002.

Braidy N, Guillemin GJ, Mansour H, Chan-Ling T, Poljak A, Grant R. Age
related changes in NAD+ metabolism oxidative stress and Sirt1 activity in
wistar rats. PLoS One. 2011;6(4):219194. https.//doi.org/10.1371/journal.pone.
0019194.

Camacho-Pereira J, Tarrago MG, Chini CCS, Nin V, Escande C, Warner GM,
et al. CD38 dictates age-related NAD decline and mitochondrial dysfunction
through an SIRT3-dependent mechanism. Cell Metab. 2016;23(6):1127-39.
https://doi.org/10.1016/j.cmet.2016.05.006.

Gomes AP, Price NL, Ling AJ, Moslehi JJ, Montgomery MK, Rajman L, et al.
Declining NAD(+) induces a pseudohypoxic state disrupting nuclear-
mitochondrial communication during aging. Cell. 2013;155(7):1624-38.
https://doi.org/10.1016/j.cell.2013.11.037.

Zhu XH, Lu M, Lee BY, Ugurbil K, Chen W. In vivo NAD assay reveals the
intracellular NAD contents and redox state in healthy human brain and
their age dependences. Proc Natl Acad Sci U S A. 2015;112(9):2876-81.
https://doi.org/10.1073/pnas.1417921112.

Whitson JA, Bitto A, Zhang H, Sweetwyne MT, Coig R, Bhayana S, et al.
SS-31 and NMN: two paths to improve metabolism and function in
aged hearts. Aging Cell. 2020;19(10):e13213. https://doi.org/10.1111/a
cel.13213.

Das A, Huang GX, Bonkowski MS, Longchamp A, Li C, Schultz MB, et al.
Impairment of an endothelial NAD(+)-H2S signaling network is a reversible
cause of vascular aging. Cell. 2018;173(1):74-89 e20. https://doi.org/10.1016/
j.cell.2018.02.008.


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1111/jpi.12268
https://doi.org/10.1111/jpn.12379
https://doi.org/10.1379/csc-20r.1
https://doi.org/10.3390/ijms17050393
https://doi.org/10.3390/ijms17050393
https://doi.org/10.1042/BSR20210443
https://doi.org/10.1017/S0967199414000203
https://doi.org/10.1002/mrd.20054
https://doi.org/10.1095/biolreprod.104.029892
https://doi.org/10.1530/rep.1.00394
https://doi.org/10.1530/rep.1.00394
https://doi.org/10.1111/j.1439-0531.2004.00493.x
https://doi.org/10.1111/j.1439-0531.2004.00493.x
https://doi.org/10.1017/S0967199411000220
https://doi.org/10.1017/S0967199411000220
https://doi.org/10.3168/jds.2017-13389
https://doi.org/10.3168/jds.2017-13389
https://doi.org/10.1002/bies.201600227
https://doi.org/10.1002/bies.201600227
https://doi.org/10.1016/j.tcb.2014.04.002
https://doi.org/10.1371/journal.pone.0019194
https://doi.org/10.1371/journal.pone.0019194
https://doi.org/10.1016/j.cmet.2016.05.006
https://doi.org/10.1016/j.cell.2013.11.037
https://doi.org/10.1073/pnas.1417921112
https://doi.org/10.1111/acel.13213
https://doi.org/10.1111/acel.13213
https://doi.org/10.1016/j.cell.2018.02.008
https://doi.org/10.1016/j.cell.2018.02.008

Song et al. Journal of Animal Science and Biotechnology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

(2022) 13:68

de Picciotto NE, Gano LB, Johnson LC, Martens CR, Sindler AL, Mills KF, et al.
Nicotinamide mononucleotide supplementation reverses vascular
dysfunction and oxidative stress with aging in mice. Aging Cell. 2016;15(3):
522-30. https://doi.org/10.1111/acel.12461.

Tarantini S, Valcarcel-Ares MN, Toth P, Yabluchanskiy A, Tucsek Z, Kiss T,

et al. Nicotinamide mononucleotide (NMN) supplementation rescues
cerebromicrovascular endothelial function and neurovascular coupling
responses and improves cognitive function in aged mice. Redox Biol. 2019;
24:101192. https://doi.org/10.1016/j.redox.2019.101192.

Miao Y, Cui Z, Gao Q, Rui R, Xiong B. Nicotinamide mononucleotide
supplementation reverses the declining quality of maternally aged oocytes.
Cell Rep. 2020;32(5):107987. https://doi.org/10.1016/j.celrep.2020.107987.

Yin C, Liu J, He B, Jia L, Gong Y, Guo H, et al. Heat stress induces distinct
responses in porcine cumulus cells and oocytes associated with disrupted
gap junction and trans-zonal projection colocalization. J Cell Physiol. 2019;
234(4):4787-98. https://doi.org/10.1002/jcp.27277.

Duan X, Sun SC. Actin cytoskeleton dynamics in mammalian oocyte meiosis.
Biol Reprod. 2019;100(1):15-24. https//doi.org/10.1093/biolre/ioy 163.

Burkart AD, Xiong B, Baibakov B, Jimenez-Movilla M, Dean J. Ovastacin, a
cortical granule protease, cleaves ZP2 in the zona pellucida to prevent
polyspermy. J Cell Biol. 2012;197(1):37-44. https://doi.org/10.1083/jcb.201112
094.

Miao Y, Zhou C, Cui Z, Zhang M, ShiYang X, Lu Y, et al. Postovulatory aging
causes the deterioration of porcine oocytes via induction of oxidative stress.
FASEB J. 2018;32(3):1328-37. https://doi.org/10.1096/f;.201700908R.

Miao Y, Li X, Shi X, Gao Q, Chen J, Wang R, et al. Nicotinamide
mononucleotide restores the meiotic competency of porcine oocytes
exposed to ethylene glycol butyl ether. Front Cell Dev Biol. 2021;9:628580.
https://doi.org/10.3389/fcell.2021.628580.

Gonzalez-Rivas PA, Chauhan SS, Ha M, Fegan N, Dunshea FR, Warner RD.
Effects of heat stress on animal physiology, metabolism, and meat quality: a
review. Meat Sci. 2020;162:108025. https://doi.org/10.1016/j.meatsci.2019.1
08025.

Roth Z. Effect of heat stress on reproduction in dairy cows: insights into the
cellular and molecular responses of the oocyte. Annu Rev Anim Biosci. 2017;
5:151-70. https://doi.org/10.1146/annurev-animal-022516-022849.

Miao Y, Zhou C, Bai Q, Cui Z, ShiYang X, Lu Y, et al. The protective role of
melatonin in porcine oocyte meiotic failure caused by the exposure to
benzo(a)pyrene. Hum Reprod. 2018;33(1):116-27. https.//doi.org/10.1093/
humrep/dex331.

Baumgard LH, Rhoads RP Jr. Effects of heat stress on postabsorptive
metabolism and energetics. Annu Rev Anim Biosci. 2013;1:311-37. https.//
doi.org/10.1146/annurev-animal-031412-103644.

Koch F, Thom U, Albrecht E, Weikard R, Nolte W, Kuhla B, et al. Heat stress
directly impairs gut integrity and recruits distinct immune cell populations
into the bovine intestine. Proc Natl Acad Sci U S A. 2019;116(21):10333-8.
https.//doi.org/10.1073/pnas.1820130116.

Hu X, Cheng L, Wang X, Luo G, Zhao T, Tian J, et al. N-acetyl---cysteine protects
porcine oocytes undergoing meiotic resumption from heat stress. Reprod
Toxicol. 2020,91:27-34. https//doi.org/10.1016/j.reprotox.2019.10.006.

Yin C, Liu J, Chang Z, He B, Yang Y, Zhao R. Heat exposure impairs porcine
oocyte quality with suppressed actin expression in cumulus cells and
disrupted F-actin formation in transzonal projections. J Anim Sci Biotechnol.
2020;11:71. https.//doi.org/10.1186/540104-020-00477-8.

Xiong B, Zhao Y, Beall S, Sadusky AB, Dean J. A unique egg cortical granule
localization motif is required for Ovastacin sequestration to prevent
premature ZP2 cleavage and ensure female fertility in mice. PLoS Genet.
2017;13(1):21006580. https://doi.org/10.1371/journal.pgen.1006580.

Perez Gl, Trbovich AM, Gosden RG, Tilly JL. Mitochondria and the death of
oocytes. Nature. 2000;403(6769):500-1. https://doi.org/10.1038/35000651.
Dumollard R, Duchen M, Carroll J. The role of mitochondrial function in the
oocyte and embryo. Curr Top Dev Biol. 2007;77:21-49. https://doi.org/10.101
6/50070-2153(06)77002-8.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1111/acel.12461
https://doi.org/10.1016/j.redox.2019.101192
https://doi.org/10.1016/j.celrep.2020.107987
https://doi.org/10.1002/jcp.27277
https://doi.org/10.1093/biolre/ioy163
https://doi.org/10.1083/jcb.201112094
https://doi.org/10.1083/jcb.201112094
https://doi.org/10.1096/fj.201700908R
https://doi.org/10.3389/fcell.2021.628580
https://doi.org/10.1016/j.meatsci.2019.108025
https://doi.org/10.1016/j.meatsci.2019.108025
https://doi.org/10.1146/annurev-animal-022516-022849
https://doi.org/10.1093/humrep/dex331
https://doi.org/10.1093/humrep/dex331
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1146/annurev-animal-031412-103644
https://doi.org/10.1073/pnas.1820130116
https://doi.org/10.1016/j.reprotox.2019.10.006
https://doi.org/10.1186/s40104-020-00477-8
https://doi.org/10.1371/journal.pgen.1006580
https://doi.org/10.1038/35000651
https://doi.org/10.1016/S0070-2153(06)77002-8
https://doi.org/10.1016/S0070-2153(06)77002-8

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Porcine oocyte collection and in�vitro maturation
	Heat treatment and NMN supplementation
	Fluorescence staining and imaging
	RNA sequencing
	RNA isolation and quantitative real-time PCR
	Parthenogenetic activation and early embryonic development
	Statistical analysis

	Results
	NMN recovers the meiotic failure of porcine oocytes under heat stress
	NMN maintains the spindle/chromosome structure in porcine oocytes under heat stress
	NMN stabilizes microtubules in porcine oocytes under heat stress
	NMN protects the dynamic polymerization of actin cytoskeleton from damage in porcine oocytes under heat stress
	NMN rescues the distribution of CGs and ovastacin in porcine oocytes under heat stress
	Identification of target effector in NMN-supplemented oocytes under heat stress by transcriptome analysis
	NMN enhances the mitochondrial function in porcine oocytes under heat stress
	NMN suppresses the production of excessive ROS, DNA damage and apoptosis in porcine oocytes under heat stress
	NMN promotes the development of early embryos from the porcine oocytes under heat stress

	Discussion
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

