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Abstract
Background: The importance of the processes of lipogenesis and lipolysis in providing an essential
energy source during oocyte maturation is increasingly being recognized. Recent our studies have
demonstrated that melatonin up-regulated lipid metabolism during oocyte maturation. Nevertheless, there
is still limited information regarding the underlying molecular mechanisms of action of melatonin on lipid
metabolism in porcine cumulus-oocyte complexes (COCs). Here, our aim was to investigate the effect of
melatonin on COCs, and the melatonin receptor-mediated lipid metabolism signaling pathway.

Materials/methods: To determine the melatonin-mediated lipolysis pathway in cumulus cells, COCs were
treated with melatonin and the correlated metabolic responses were assessed using melatonin receptor-
mediated signaling.

Results: The results showed that exposure of COCs to melatonin during in vitro maturation signi�cantly
increased cumulus expansion index, blastocyst formation rate and total cell numbers/blastocyst,
although nuclear maturation was no signi�cant difference. The levels of proteins MT1, MT2, Gsα, PKA,
and lipolysis-related factors (AGTL, HSL, PLIN A+B) were signi�cantly increased by melatonin
supplementation, and this effect was inhibited by simultaneous treatment with melatonin antagonists
(luzindole or 4P-PDOT), although 4P-PDOT treatment did not completely block the effect of melatonin on
MT1. Further, the gene expression patterns re�ected their relevant protein levels in cumulus cells.
Melatonin-mediated lipolysis could signi�cantly reduce lipid droplets (LDs) numbers and increase fatty
acid (FA) production and ATP levels by increasing the β-oxidation-related gene expression in cumulus
cells. Simultaneously, melatonin signi�cantly increased the amount of LDs, FAs, ATP, and enhanced the
lipid metabolism-related gene expression in oocytes. Finally, the oocyte quality was improved by
increasing GDF9, BMP15 and GSH and decreasing ROS levels.

Conclusion: These �ndings revealed that the MT2-mediated cAMP/PKA signaling pathway promotes
intracellular lipolysis and FA production in cumulus cells, which provided an essential energy source for
COCs development.  

1. Background
Oocyte development is particularly sensitive to the alterations in nutritional and chemical environments;
Well-balanced and timed metabolism is essential for making a high-quality oocyte [1, 2]. Emerging
evidence indicates that impaired oocyte quality represents a critical mechanism mediating the
inter/transgenerational phenotypes induced by maternal metabolic syndrome, such as obesity, diabetes,
and polycystic ovary syndrome (PCOS) [3]. In particular, women with obesity or poorly controlled diabetes
have an increased risk of infertility, miscarriage, obstetric complications, neonatal morbidity and
mortality, and birth defects in their offspring [4]. In fact, compromised oocyte quality including meiotic
abnormalities, mitochondrial dysfunction, redox imbalance and oxidative stress has been widely reported
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in obese mice [5–8]. Therefore, metabolic balance in oocytes may contribute to the improved reproductive
potential experienced by women with metabolic disorders.

Oocyte maturation is an extremely complicated process, controlled by numerous molecular factors, and
accompanied by the morphological transformation, redistribution and migration of organelles. Lipid
droplets (LDs) are crucial organelles, providing indispensable energy substrates for oocyte development,
especially in species with lipid-rich oocytes [9, 10]. During oocyte maturation, transportation of fatty acids
(FAs) from the cumulus cells into the oocyte is mediated by transzonal projections and fatty acid binding
protein 3 (FABP3) or/and CD36 [11, 12]. The oocyte then de novo synthesizes LDs from the available FAs
through the physical process of liquid-liquid phase separation and the accumulation of lipids in the
membrane of the endoplasmic reticulum [13, 14]. Consequently, a major role of cumulus cells is the
coordination of complex communications with the oocyte, to support its development [15].
Simultaneously, the activation of lipases dramatically reduces the size of LDs through triglyceride (TG)
hydrolysis, and the released FAs are transported into mitochondria where they undergo β-oxidation and
produce ATP [9, 16]. Therefore, dynamic change in the LDs, mediated by the processes of lipolysis and
lipogenesis, is critical for their potential ability to support and promote oocyte development.

Melatonin (N-acetyl-5-methoxytryptamine) is a natural hormone mainly produced by the pineal gland [17].
It is also released from reproductive tissues, including the ovary, uterus, and testis [18–21]. Melatonin is
participated in physiological processes including endocrine regulation, disease resistance and cellular
metabolism [9, 22–25]. The functions of melatonin are also considered essential to oocyte and embryo
development [9]. Interestingly, we have previously demonstrated that melatonin promoted lipogenesis and
lipolysis in porcine oocytes, thereby providing a indispensable energy source to support and improve
oocyte development [9]. Additionally, He et al. also indicated that melatonin facilitated LD accumulation
(as well as TG content) in porcine oocytes [25]. Nevertheless, several aspects of the underlying
mechanism by which melatonin-mediated lipid metabolism in porcine cumulus-oocyte complexes (COCs)
remain to be elucidated, such as: (i) melatonin receptor-mediated intracellular signal transduction in
cumulus cells; (ii) the relationship between the signaling pathway and FA production; and (iii) the origin
and development of FAs in oocytes. Therefore, the aim of this study was to investigate the relationship
between the effects of melatonin and lipid metabolism in porcine COCs during in vitro maturation (IVM).

2. Methods

2.1 Chemicals and ethics
All drugs and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.
Porcine ovaries were obtained at a local slaughterhouse for all experiments, and no experiments were
performed on live animals.

2.2 Porcine oocyte in vitro maturation
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Porcine ovaries were transported to laboratory from a local slaughterhouse at 30–37°C, and using a
syringe aspirated 3–6 mm antral follicles. The COCs together with numerous layers of cumulus cells were
collected and washed with tissue culture medium-199 (TCM-199; Invitrogen) containing 0.3% polyvinyl
alcohol (PVA), 10 mM HEPES and 1% Pen-Strep (Invitrogen), and transferred into culture dish with IVM
medium (TCM-199 contained 10 IU/mL luteinizing hormone, 10 IU/mL follicle stimulating hormone, 10%
porcine follicular �uid, and 0.91 mM sodium pyruvate). The pooled COCs were cultured under an
incubator with 5% CO2 at 100% humidity and 38.5°C for 42 h (with or without 10− 9 M melatonin/10− 9 M
antagonist).

2.3 Assessment of cumulus cells expansion degrees
The cumulus expansion index (CEI) was distinguished to �ve grades after 42 h IVM. Brie�y, Brie�y, a CEI
grade of 0 indicated no expansion, characterized by detachment of cumulus cells from the oocyte to
assume a �attened monolayer of �broblastic appearance, leaving a partially or fully denuded oocyte. A
CEI grade of 1 indicated no expansion, but the cumulus cells were spherical and remained compacted
around the oocyte. For CEI grade 2 complexes, only the outermost layers of cumulus cells had expanded,
while CEI grade 3 complexes had all cell layers except the corona radiata (cells most proximal to the
oocyte) prominently expanded, and a CEI grade of 4 indicated the maximum degree of expansion,
including the corona radiata.

2.4 Nuclear maturation assessment
Using a pipette removed cumulus cells from oocyte with 0.1% hyaluronidase. Nuclear maturation was
classi�ed into immature, metaphase II (MII) or others (degenerated) under a microscope.

2.5 Parthenogenetic activation (PA) and in vitro culture
(IVC)
The denuded porcine MII oocytes were suffered an electrical activation with a single direct current pulse
of 1.5 kV/cm for 60 µs. After that, the activated oocytes were placed into culture dish containing 500 µL
porcine zygote medium 3 (PZM3) per well and incubated at 38.5°C under 100% humidity and an
atmosphere of atmosphere of 5% CO2 in air for 7 days. The rate of cleavage and blastocyst calculated on
Day 2 and Day 7.

2.6 LDs, FAs and ATP staining
Using 4% paraformaldehyde (PFA) �xed COCs or denuded oocytes for 4 h. After that, COCs or oocytes
were transferred into phosphate-buffered saline (PBS) supplemented with 10 µg/mL BODIPY-LD (BODIPY
493/503; D3922; Molecular Proves, Eugene, OR), 6 µM BODIPY-FA (BODIPY 558/568 C12; D3835;
Molecular Probes, Eugene, OR) and 500 nM BODIPY-ATP (BODIPY FL ATP; A12410; Molecular Probes,
Eugene, OR) for 1 h, respectively. Then, COCs or oocytes were washed and mounted on cover slips. The
�uorescence intensities were measured by Image J software (version 1.46r; National institutes of Health,
USA).
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2.7 Reactive Oxygen Species (ROS) and Glutathione (GSH)
staining in oocytes
Using H2DCFDA (Invitrogen) and CellTracker Blue CMF2HC (Invitrogen) indicated green �uorescence
(ROS) and blue �uorescence (GSH) in porcine oocytes. Each group was treated for 30 min in 10 µM
H2DCFDA and 10 µM CellTracker Blue. Then oocytes were moved to 4 µL droplets of PBS, and intensity
of �uorescence was measured by Image J software. The excitation and emission wavelengths were
371/464 nm for CMF2HC, and 492 ~ 495/517 ~ 527 nm for H2DCFDA, respectively.

2.8 Immuno�uorescence staining
Using 4% PFA �xed porcine COCs or oocytes for 4 h, after then the samples placed into 1% Triton X-100
for 30 min. Under 2% bovine serum albumin (BSA)-PBS blocked non-speci�c sites, and incubated with
primary antibody overnight at 4°C. After three times washes of 5 min each in the 2% BSA-PBS solution,
COCs/oocytes were placed into goat-anti-rabbit secondary antibody for 1 h. The information about
antibodies is presented in Table S1.

2.9 Western blots
Cumulus cells were collected and washed several times with 1% PVA-PBS from each group, lysed in 60 µL
of lysis buffer (20 mM glycerol phosphate, 1 mM EDTA, 150 mM NaCl, 10% glycerol, 20 mM HEPES ,1%
Triton X-100 and 2 mM EGTA) containing 0.6 µl PMSF (100 mM, Beyotime) for 3 h. Then, the sampling
tube contained samples boiled in the water for 5 min at 100°C. Using 12% ExpressPlus™ PAGE Gels
(GenScript) distinguished proteins, and placed into nitrocellulose (NC) membranes (Millipore). After that,
using TBST with 5% BSA blocked NC membranes, and incubated with primary antibody overnight at 4°C.
The NC membranes were washed three times in TBST and incubated with horseradish peroxidase-
conjugated secondary antibodies. The information about antibodies is presented in Table S1.

2.10 Detection of gene expression by real-time PCR
Total RNA was extracted by mRNA Puri�cation Kit (Invitrogen), and the cDNA was generated using cDNA
Synthesis Kit (Takara). Real-time PCR carried out with SYBR Green using a StepOne™ Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA). Experiments were performed at least in triplicate. Pre-
mRNA processing factor3 (RP18) was used as an internal control.

2.11 Statistical analysis
The data were described as mean values ± standard error of the mean (SEM) with univariate analysis of
variance (ANOVA) followed by Tukey’s test using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL,
USA). P < 0.05 was considered statistically signi�cant. Each experiment was repeated at least 3 times.

3. Results
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3.1 Effects of melatonin on cumulus cell, oocyte and
embryo development.
The effects of melatonin on cumulus expansion were evaluated using a total of 3612 COCs in sixteen
replicates. As shown in Fig. 1A-F, melatonin signi�cantly increased the proportion of COCs exhibiting
complete cumulus expansion (CEI grade 4) with a signi�cant reduction in the proportion of COCs with CEI
grade 3 compared to other groups (control, luzindole and 4P-PDOT, P < 0.05). However, luzindole and 4P-
PDOT inhibited the increased cumulus expansion resulting from melatonin treatment. 

The nuclear maturation was evaluated using a total of 3815 COCs in seventeen replicates after IVM. We
found that there were no signi�cant differences on nuclear maturation between the groups (Fig. 1G). We
then assessed the accepted indicators for oocyte development, and found that melatonin treatment
signi�cantly enhanced GDF9 and BMP15 expression as well as intracellular GSH in oocytes than control
group (P < 0.05), while signi�cantly reducing ROS levels (P < 0.05, Figure S2A-G).

A total of 2308 oocytes in twelve replicates were used to estimate the effects of melatonin on embryo
development after PA (Fig. 1H). Melatonin signi�cantly enhanced the PA-derived blastocyst formation
rate compared to others (P < 0.05). According to these results, we chose control, melatonin, melatonin
with luzindole (MTn + Lu), and melatonin with 4P-PDOT (MTn + 4P) for the following experiments.

3.2 Melatonin-mediated PKA signaling pathway in cumulus
cells
The expression of melatonin receptors (MT1 and MT2), G-protein stimulatory subunit alpha (Gsα) and
PKA mRNA and protein were detected in cumulus cells by real-time PCR, immuno�uorescence (IF)
staining or western blot (WB). All these proteins were signi�cantly enhanced in cumulus cells following
melatonin supplementation compared to the control (P < 0.05), and these effects were inhibited by
melatonin antagonists (luzindole and 4P-PDOT, Fig. 2). Further, the mRNA expression and WB results
were similar to the IF staining results (Figure S1). Interestingly, since 4P-PDOT is a selective MT2
antagonist (> 300 fold selectivity for the MT2 vs. the MT1 subtype), our results showed that the mRNA
and protein expression of MT1 were more completely repressed in the MTn + Lu group than the MTn + 4P
group. 

3.3 Expression of lipolysis- and β-oxidation-related factors
in cumulus cells
To determine the activities of lipases, the lipolysis-related proteins adipose triglyceride lipase (ATGL),
hormone-sensitive lipase (HSL) and perilipin (PLIN A + B) were detected in cumulus cells by IF staining.
The protein expression of ATGL, HSL and PLIN A + B were signi�cantly enhanced in the melatonin group
compared to the control (P < 0.05), and this melatonin-induced increase was inhibited by its antagonists
(Fig. 3). As shown in Figure S1A, the lipolysis-related protein expression results obtained by IF staining
were supported by our WB results. Moreover, our results showed that the mRNA expression of ATGL and
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comparative gene identi�cation 58 (CGI58), were higher in the melatonin group than others. While HSL
was also increased in melatonin group, there was no signi�cant difference in PLIN2, monoacylglycerol
lipase (MGL) and lipoprotein lipase (LPL) between the groups (Figure S1B). 

We carried out additional mRNA detection in the cumulus cells and found that the β-oxidation-related
genes (ACADS, CPT1B and CPT2) and mitochondrial biogenesis genes (TFAM, PGC1αand PRDX2) were
more highly expressed following melatonin treatment (Figure S1B).

3.4 Detection of LDs, FAs and ATP in cumulus cells
To con�rm the process of lipolysis and β-oxidation, we examined the contents of LDs, FAs and ATP in
cumulus cells. The number of LDs was signi�cantly reduced by melatonin supplementation than others
(P < 0.05; Fig. 4), which implied that the utilization of LDs was catalyzed by the cumulus cell lipases.
Additionally, the levels of FAs and ATP increased in melatonin supplementation than control group (P < 
0.05), but this was inhibited by melatonin antagonists. 

3.5 Regulation of lipid metabolism in oocytes
In our previous studies [9], we only determined the lipid metabolism-related mRNA expression in oocytes.
To test our hypothesis and expand upon our previous results, we performed IF staining in oocytes to
measure PPARγ, SREBP1, ATGL, HSL, PLIN A + B and PGC1α protein expression. All measured indicators
were signi�cantly enhanced by melatonin supplementation (P < 0.05), with these increases being
inhibited by melatonin antagonists (Figs. 5 and 6). The lipases were detected in the ooplasm, and were
localized to the surface of the LDs (which are seen as black dots in Fig. 6). Moreover, the contents of LDs,
FAs and ATP were also signi�cantly enhanced in oocytes by melatonin treatment, with this increase
blocked by melatonin antagonists (Fig. 7). Remarkably, while the mRNA expression of the fatty acid
transportation protein CD36 was higher following melatonin treatment compared to the control, this was
not the case for FABP3 and FABP5 (Figure S2H). 

4. Discussion
It is well known that G protein-coupled receptors (GPCRs) are the most functional cell surface proteins
and mediate a series of physiological processes [26]. The melatonin receptors, MT1 and MT2, are GPCRs
that receive external melatonin signals and are also involved in a vast array of physiological processes
[27–29]. Nevertheless, the bene�cial effects of melatonin on the reproductive system have been
explained simply as being due to indirect, antioxidant effects, and so little information is available on the
underlying mechanism by which melatonin concretely acts on porcine COC development. Therefore, a
better understanding of the melatonin receptor-mediated intracellular signaling pathway in cumulus cells
is required.

Oocyte maturation is important step for the ovum to reach competence for successful insemination and
early embryonic development, and is mainly regulated by bilateral interactions of cumulus cells and
oocyte [11, 30]. The oocytes without cumulus cells exert negatively in�uences to oocyte nuclear
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maturation, cytoplasmic maturation and early embryonic development after fertilization [31]. Hence,
cumulus cells are critical in supporting oocyte maturation during IVM. In the previous study, we have
observed the melatonin receptors (MT1 and MT2) expression in porcine cumulus cells [32]. In the present
study, we found that protein of MT1 and MT2 could be detected in cumulus cells by IF and WB, and that
their expressions were signi�cantly enhanced by melatonin supplementation. Additionally, the melatonin-
mediated increase in MT2 expression was blocked by luzindole or 4P-PDOT, while melatonin-mediated
MT1 expression was completely eliminated by luzindole, but only partially by 4P-PDOT. Indeed, 4P-PDOT
plays its own speci�c role in COC development, so these results supported our subsequent experiments to
research the function of MT1 and/or MT2 in cumulus cells.

Adenylate cyclase (AC) is primarily activated downstream of GPCRs by interaction with the α subunit of
the Gs protein [33]. The second messenger (cAMP) was generated by AC activation, it could regulate
several effectors, the most well studied of which is cyclic adenosine monophosphate (cAMP)-dependent
protein kinase A (PKA) [34]. The enzyme of PKA is participated numerous pathological and physiological
actions in mammals and control homeostasis in eukaryotes [35, 36]. It has been indicated that melatonin
receptors (MT1 and/or MT2) could regulate intracellular processes via AC, which accumulates cAMP
concentration, stimulating PKA activity in human granulosa-lutein cells [37]. In addition, HSL is
translocated from the ooplasm to the LD surface following PKA stimulation, where it interacts with the
PLIN family in stimulated lipolysis [38, 39]. After activation of PKA, ATGL also interacts with PLIN, despite
this most probably takes place indirectly through the co-factors CGI58 in adipocytes [40]. The lipolysis of
LDs in COCs is also catalyzed by lipolytic enzyme including HSL and ATGL [41]. Moreover, HSL also
catalyzes the lipolysis of diglycerides to monoglycerides, suggesting that it has a stronger lipolytic
function than ATGL [42–44]. In the current study, melatonin signi�cantly increased Gsα expression, which
up-regulated the cAMP/PKA pathway, and then activated the lipolytic processes with promoting lipases
(ATGL and HSL) and their co-factors (PLIN and CGI58) in cumulus cells. Consequently, melatonin
signi�cantly decreased the number of intracellular LDs, and increased FA and ATP levels, and enhanced
genes transcripts related to β-oxidation in cumulus cells. Nevertheless, these melatonin-mediated effects
were completely blocked by luzindole or 4P-PDOT. Based on these results, it appeared that the melatonin-
mediated Gsα-PKA signaling pathway could facilitate the lipolytic processes via MT2, producing
metabolic substrates as essential energy for cumulus cell development during IVM. In our previous study,
we elucidated that the cumulus cells expansion and embryonic development were increased by melatonin
treatment via the sonic hedgehog signaling activation [32]. It is extremely likely that the sonic hedgehog
signaling was regulated by MT2, because the activation of PKA leads to phosphorylation and stimulation
of Smoothened (Smo) [45]. He et al. have demonstrated that the function of porcine granulosa cells was
modulated by MT2 receptor [46], and it is suggested that MT2 is likely to mediate porcine cumulus cell
expansion by melatonin effects.

As reported previously, a porcine oocyte contains 161 ± 18 ng of endogenous lipid content, the majority of
which is in the TG form, much more than for other species [13, 47]. Therefore, porcine oocytes are widely
recognized as an excellent model to study the role of lipid metabolism in mammalian female germ cells.
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Generally, the intracellular lipids in the oocyte are mainly stored in LDs and released FAs by activation of
lipolysis, which provide energy for oocyte maturation and development [9, 13, 48, 49]. Additionally, it is
recognized that FAs have powerful anti-in�ammatory property [50] such as specialized proresolving lipid
mediators (resolvins and protectins) which combined with speci�c G-protein-coupled receptors and
reduced hydrogen peroxide-induced DNA damage and oxidative stress [51–53]. We have demonstrated
previously that melatonin enhanced lipogenesis- and lipolysis-related mRNA expression in the porcine
oocyte [9]. Continuing from these results, we detected several lipogenetic and lipolytic proteins in oocytes,
the levels of which were signi�cantly increased by melatonin treatment, leading to increased FA and ATP
generation. Thus, melatonin-mediated lipid metabolism dramatically improved oocyte quality and
blastocyst formation rate by decreasing ROS and increasing GSH levels, though not nuclear maturation.
Further, mRNA expression of CD36, but not FABP3 and FABP5, was signi�cantly increased by melatonin
treatment. Thus, the FA transportation-mediated lipid accumulation was mediated by the CD36 and
lipogenesis process; and that this was the energy source generated to support oocyte and embryo
development. Moreover, the removal of cumulus cells during IVM induced an imbalance in lipid
metabolism, affecting the developmental competence of the oocyte [54, 55]. Therefore, these results
indicated that the cumulus cells not only protected the developing oocyte but also maintained lipid
homeostasis by supporting intracellular lipogenetic and lipolytic processes in the oocyte.

5. Conclusion
In summary, for the �rst time, we evidenced that the melatonin-mediated cAMP/PKA signaling pathway
promotes intracellular lipolysis and FA production via MT2 in cumulus cells, reducing oxidative stress and
providing an essential energy source for COC development (Fig. 8). These �ndings advised that
melatonin receptor 2 could be potential therapeutic target for female reproduction.
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MT1, melatonin receptor 1; MT2, melatonin receptor 2; Gs, G-protein stimulatory subunit alpha; ATP,
adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; ATGL, adipose
triglyceride lipase; HSL, hormone-sensitive lipase; MGL, monoacylglycerol lipase; PLIN, perilipin; CGI58,
comparative gene identi�cation 58; CD36, fatty acid transport protein; ACACA, acetyl-CoA carboxylase
alpha; FASN, fatty acid synthase; PPARγ, peroxisome proliferator activated receptor gamma; SREBP1,
sterol regulatory element binding protein 1; CPT1a, carnitine palmitoyltransferase 1A; CPT1b, carnitine
palmitoyltransferase 1B, CPT2, carnitine palmitoyltransferase 2.
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Figure 1

Effects of melatonin on cumulus cells expansion, nuclear maturation and embryo development after
parthenogenetic activation. (A-F) Cumulus expansion index. (G) Oocyte nuclear maturation. (H) Embryo
development. Melatonin/MTn, 10-9 mol/L melatonin; Luzindole/Lu, 10-9 mol/L Luzindole; 4P-PDOT/4P,
10-9 mol/L 4P-PDOT. Different letters denote signi�cant difference (P < 0.05).
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Figure 2

Immuno�uorescence analysis of melatonin receptors (A and B), Gsα (C) and PKA (D) proteins in cumulus
cells. Melatonin/MTn, 10-9 mol/L melatonin; Luzindole/Lu, 10-9 mol/L Luzindole; 4P-PDOT/4P, 10-9
mol/L 4P-PDOT. Scale bar = 30 μm. Different letters denote signi�cant difference (P < 0.05).
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Figure 3

Immuno�uorescence analysis of lipolysis proteins in cumulus cells. (A and D) ATGL, (B and E) HSL and
(C and F) PLIN A+B. Melatonin/MTn, 10-9 mol/L melatonin; Luzindole/Lu, 10-9 mol/L Luzindole; 4P-
PDOT/4P, 10-9 mol/L 4P-PDOT. Scale bar = 30 μm. Different letters denote signi�cant difference (P <
0.05).
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Figure 4

The contents of LDs, FAs and ATP in cumulus cells (A-F). Melatonin/MTn, 10-9 mol/L melatonin;
Luzindole/Lu, 10-9 mol/L Luzindole; 4P-PDOT/4P, 10-9 mol/L 4P-PDOT. Scale bar = 30 μm. Different
letters denote signi�cant difference (P < 0.05).
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Figure 5

Lipogenesis and mitochondrial biogenesis-related protein expression in oocytes. (A and D) PPARγ, (B and
E) SREBP1 and (C and F) PGC1α. Melatonin/MTn, 10-9 mol/L melatonin; Luzindole/Lu, 10-9 mol/L
Luzindole; 4P-PDOT/4P, 10-9 mol/L 4P-PDOT. Scale bar = 25 μm. Different letters denote signi�cant
difference (P < 0.05).
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Figure 6

Expression of lipolysis-related proteins in the porcine oocyte. (A and D) ATGL, (B and E) HSL and (C and
F) PLIN A+B. Melatonin/MTn, 10-9 mol/L melatonin; Luzindole/Lu, 10-9 mol/L Luzindole; 4P-PDOT/4P,
10-9 mol/L 4P-PDOT. Scale bar = 25 μm. Different letters denote signi�cant difference (P < 0.05).
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Figure 7

The levels of LDs, FAs and ATP in oocyte. Melatonin/MTn, 10-9 mol/L melatonin; Luzindole/Lu, 10-9
mol/L Luzindole; 4P-PDOT/4P, 10-9 mol/L 4P-PDOT. Scale bar = 25 μm. Different letters denote
signi�cant difference (P < 0.05).
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Figure 8

The schematic diagram. A model for melatonin and melatonin receptor-mediated lipid metabolism in
porcine COCs.
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