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The quality of oocytes determines their development competence, which will
be rapidly lost if the oocytes are not fertilized at the proper time after ovulation.
SIRT1, one of the sirtuin family members, has been proven to protect the quality
of oocytes during postovulatory oocyte aging. However, evidence of the effect of
SIRT1 on the activity of organelles including the mitochondria, the endoplasmic
reticulum (ER), the Golgi apparatus, and the lysosomes in postovulatory aging
oocyte is lacking. In this study, we investigated the distribution and function of
organelles in postovulatory aged oocytes and discovered abnormalities. Luteolin,
which is a natural flavonoid contained in vegetables and fruits, is an activator of
SIRT1. When the oocytes were treated with luteolin, the abnormal distribution
of mitochondria, ER, and Golgi complex were restored during postovulatory
oocyte aging. The ER stress protein GRP78 and the lysosome protein LAMP1
increased, while the mitochondrial membrane potential and the Golgi complex
protein GOLPH3 decreased in aged oocytes, and these were restored by luteolin
treatment. EX-527, an inhibitor of SIRTL, disrupted the luteolin-mediated normal
distribution and function of mitochondria, ER, Golgi apparatus, and lysosomes. In
conclusion, we demonstrate that luteolin regulates the distribution and function
of mitochondria, ER, Golgi apparatus, and lysosomes during postovulatory oocyte
aging by activating SIRTL.

luteolin, postovulatory oocyte aging, aging-induced changes, organelles, SIRT1

Introduction

From 15-20% of couples in developed countries and China, face problems of infertility and
sterility necessitating dependence on artificial assisted reproduction (1). Oocyte quality is critical
for their development after fertilization and poor quality severely limits successful reproductive
outcomes (2). After ovulation, the matured oocytes are arrested at the metaphase II (MII) stage
and the MII oocytes do not continue into the next stage of development if they are not
be fertilized (3). The quality of MII oocytes rapidly decreases if they not fertilized at proper time,
and this is referred to as postovulatory oocyte aging. In artificial assisted reproduction in
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humans, if the oocytes failed to respond to in vitro fertilization (IVF),
the rescued intracytoplasmic sperm injection could be subsequently
applied (4). Therefore, postovulatory oocyte aging is unavoidable
during artificial assisted reproduction. The aging oocyte lacks
developmental competence resulting in a low rate of fertilization, poor
blastocyst formation, low pregnancy rate and deficiency in healthy
offspring (5-7). In an effort to mitigate this serious problem, we chose
to focus on potential regulatory mechanisms of postovulatory aging.

Normally functioning organelles including mitochondria, the ER,
the Golgi apparatus, and lysosomes are critical for oocyte maturation
and embryo development. Mitochondria are responsible for energy
production, calcium homeostasis, cytoplasmic redox regulation, and
signal transduction (8). Because mitochondria are maternally
inherited and their replication does not begin until implantation,
healthy mitochondria are critically important for the development of
competent oocytes and embryos (8, 9). The distribution and function
of mitochondria was shown to be abnormal in aged oocytes from
mice, and this could be corrected by antioxidants treatment (5, 10).
The ER is responsible for the synthesis of properly folded proteins for
embryo development (11). Inducing ER stress with tunicamycin
reduced oocyte maturation and inhibited the rate of blastocyst
formation by inducing apoptosis (12, 13). The ER stress marker
protein, GRP78, was increased in postovulatory aged oocytes, and
inhibition of ER stress with the drug, salubrina, can promote embryo
development in aged mouse oocytes (14). The Golgi complex has a
central roles in trafficking, processing and sorting of membranes and
proteins. The Golgi complex undergoes reorganization and
redistribution, which is the key feature of cytoplasm maturation
during in vitro oocyte maturation (15, 16). Lysosomes are dynamic
organelles, which are responsible for macromolecule degradation and
recycling (17). Inhibition of lysosome function allows damaged DNA
to persist, leading to apoptosis, reduced oocyte maturation and
embryo development (17, 18). The number and size of lysosomes
changed during mouse postovulatory oocyte aging (19). In
postovulatory aged porcine oocytes, the potential antioxidant
astaxanthin restored signal intensity of organelles including
mitochondria, the ER, Golgi apparatus, and lysosomes (20). Previous
research indicated that organelle function may be disturbed in aged
oocytes, and antioxidants can protect functional organelles during
postovulatory oocyte aging. However, the pathways involved in the
mechanism of antioxidant-mediated preservation of the optimal
distribution and function of organelles during postovulatory oocyte
aging remains unknown.

SIRT1, a member of sirtuin family of NAD+— dependent
deacetylase, is involved in lifespan extension and anti-aging. SIRT1
participates in multiple biological processes including metabolism,
the cell cycle, DNA repair, apoptosis, mitochondrial homeostasis,
reducing oxidative stress, and blocking senescence (21). SIRT1 also
plays a crucial role in many human conditions such as
cardiovascular disease and tumorigenesis (21). The reason for
SIRTI’s pleiotropic effects is its large repertoire of deacetylation
targets, which not only covers the lysine acetylation of histone
proteins H1, H3 and H4, but also includes non-histone targets such
as the tumor suppressor p53, forkhead box class O (FoxOs), PPARy
coactivator-1la (PGCI-a), and nuclear factor kB (NF-kB) (22).
SIRT1 affects mitochondrial biogenesis by regulating PGCl-a
deacetylation (23) and prevents ER stress-induced apoptosis
through regulation of eIF2x activities (24). Though SIRT1 has many

Frontiers in Nutrition

10.3389/fnut.2023.1192758

deacetylation targets and affects the function of mitochondria and
ER stress (22, 24, 25), the effect of SIRT1 on the function of ER,
Golgi and lysosomes during postovulatory oocyte aging has not
been systematically studied.

Luteolin, a natural flavonoid, is contained in a wide range of
vegetables and fruits such as celery, parsley, broccoli, scallions, carrots,
peppers, cabbages, and apples (26). Luteolin has antioxidant
properties, anticancer and anti-inflammatory activities (26, 27), and
induces SIRT1 to prevent apoptosis and oxidative stress (28). Also,
luteolin is quite heat stable and shows relatively little loss during
cooking (29). Luteolin is safe for human use and has been linked to
many health benefits (30), but little research has been done on its
effects on oocytes and embryo development. Here, we investigated
luteolin as an activator of SIRT1, and explored the relationship
between luteolin and organelle functions in oocytes during
postovulatory aging.

Materials and methods

Unless otherwise stated, all chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, United States).

Ethics statement

The ICR strain of mice was obtained from the Guangdong Medical
Laboratory Animal Center [Cert no. SCXK (Yue) 2022-0002]. The
animal procedures used in this study were performed according to the
Guide for the Care and Use of Laboratory Animals of the National
Research Council. The proper handling of ICR mice during the
experimental procedures was approved by the Animal Care and Use
Committee of the South China Agricultural University (Approval no:
2022f116).

Oocyte collection and drug treatment

Sexually mature female ICR mice, in good health, were housed
in a ventilated chamber at a controlled temperature (23-25°C) with
a 12h light/dark cycle. Pregnant mare serum gonadotropin (PMSG)
and human chorionic gonadotropin (hCG) were injected to induce
superovulation. Briefly, 7.51U PMSG was intraperitoneally injected
into each mouse, and after 48h 7.5IU hCG. The cumulus-oocyte
complexes (COCs) were collected from the oviductal ampullae 14 to
16h after hCG injection. For in vitro aging, the COCs were cultured
in M16 medium (Sigma) with or without luteolin (MCE, HY-N0162)
for 12h in a humidified air. Luteolin (10mg) was dissolved in
349.4 pL DMSO to give a 100 mM stock that was stored at —80°C. The
optimal dose of luteolin was determined by a dose-response
experiment (1, 3, 5, 10 uM). The same volume and concentration of
DMSO was added to the control group. For the EX-527 treatment,
the optimal dose of EX-527 was also determined by dose-response.
To separate cumulus complex from the oocytes, the COCs were
incubated with 0.1% hyaluronidase in M2 medium. The oocytes
obtained from oviductal ampullae at 14 to 16 h after hCG injection
were considered as “fresh,” while the oocytes cultured for 12h were
designed as “aged”

frontiersin.org


https://doi.org/10.3389/fnut.2023.1192758
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Xing et al.

In vitro fertilization

The IVF procedure was performed according to methods detailed
in a previous study (5). Mouse sperm was harvested from the deferent
duct and cauda epididymides in human tubal fluid (HTF). The sperm
were incubated for 1h in HTF medium for capacitation to occur, and
added into HTF containing the oocytes. After 5-6h later, fertilized
embryos with two pronuclei were selected, washed three times with
KSOM+AA medium (Millipore, Billerica, MA, United States), and
incubated in KSOM+AA medium in humidified air (37°C, 5% CO2).
The ratio of 2-cell, embryos to blastocysts was measured after
incubation for 24 h, 4.5 d and 5.5 d.

Quantitative real-time PCR

The procedure of Quantitative real-time PCR (qQRT-PCR) was
applied as previously described (25). Briefly, 30 oocytes were dissolved
in Cell-to-SignalTM Lysis Buffer (Ambion) and cDNA was directly
synthesized according to the protocol of SuperScript® III CellsDirect
cDNA Synthesis kit (Thermo Fisher). qRT-PCR was applied with the
kit of TB Green® Premix Ex Taq™ (TaKaRa, Beijing, China) on an
Applied Biosystems™ QuantStudio™ 5 (Thermo Fisher Scientific).
The method of 2-AACT was used to determine the RNA level. The
of Sirtl
Supplementary Table S1. Each reaction was carried out three times

sequences and Gapdh primer are listed in

with three independent replicates.

Immunofluorescence

The procedure of Immunofluorescence was carried out as
Briefly, the oocytes, fixed with 4%
paraformaldehyde (Byotime), were punched with 0.5% Triton X-100
(Byotime) for 10min, and then globally blocked in QuickBlock™
Blocking Buffer for Immunol Staining (Byotime) for 1 h. The oocytes
were cultivated for 8h at 4°C in first antibodies diluted in
QuickBlock™ Primary Antibody Dilution Buffer (P0262, Byotime).
After washed thoroughly in PBS, the samples were stained with the

previously described (5).

diluted Alexa Fluor 488 or 555 goat anti-rabbit or anti-mouse IgG
(H+L) (1:600, Invitrogen, Carlsbad, CA, United States) for 2h at
room temperature, and then stained with DAPI (C1006, Beyotime)
for 3min. The antibodies are listed as follows: rabbit anti-SIRT1
(ab189494, 1:100, Abcam), mouse anti-a-tubulin (ab7291, 1:600,
Abcam), rabbit anti-a-tubulin (acetyl K40) (ab179484, 1:500, Abcam),
rabbit anti- Anti-p53 (acetyl K382) (ab75754, 1:200, Abcam)rabbit
anti-GRP78 (ab108615, 1:100, Abcam), and rabbit anti-GOLPH3
(AP6024, 1:100, Bioworlde), rabbit anti-LAMP1 (ab208943, 1:100,
Abcam). Finally, the signals were examined with a Zeiss Axio
Observer D1 microscope (Carl Zeiss, Inc., Thornwood, NY). The
procedure of staining and settings of microscope were the same for
each group.

ROS measurement and Annexin-V assay

The intercellular ROS was determined by Reactive Oxygen
Species Assay Kit (Yeason, ShangHai, China). We used DCFH-DA
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(1:1000) diluted in M2 medium to incubate the different groups of
living oocytes for 30 min. The Annexin V-FITC Apoptosis Detection
kit was used to detect apoptosis. The living oocytes washed with
PBS were incubated for 30 min in Annexin V-FITC combination
buffer (195pL) added with Annexin V-FITC (5uL). Finally, the
staining of oocytes were captured with a Zeiss Axio Observer D1
microscope (Carl Zeiss, Inc., Thornwood, NY). The procedure of
staining and settings of microscope were keeping same for
each group.

Rhodamine phalloidin staining

The procedure for rhodamine phalloidin staining followed the
protocol provided by the Rhodamine Phalloidin kit (HY-K0903, MCE,
China). Briefly, the oocytes were fixed with 4% paraformaldehyde
(Byotime) for 5min, followed by permeabilization with 0.5% Triton
X-100 (Byotime) for 10 min. After three washes with PBS, the samples
were incubated in M2 medium containing rhodamine phalloidin
(1:1000) for 30 min away from light. Subsequently, the samples were
washed three times with PBS and visualized using a Zeiss Axio
Observer D1 microscope (Carl Zeiss, Inc., Thornwood, NY).

Mitochondria and ER detection

In order to detect mitochondrial distribution, the denuded living
oocytes were moved into Mito-Tracker green (200nM, Beyotime,
Shanghai, China) diluted in M2 medium for 30 min at 37°C in dark.
The mitochondrial membrane potential was measured with
Mitochondrial Membrane Potential Assay Kit with TMRE (C2001S,
Beyotime); the tetramethylrhodamine, ethyl ester (TRME) can gather
in matrix of polar mitochondria with orange fluorescence, and there
is no TMRE accumulation in lower membrane potential of
mitochondria. The cumulus-denuded oocytes were stained with
TMRE (1:1000) for 20min away from light. For ER staining, it is
30 min for the living oocytes incubating in ER tracker green (C1042S,
1:1000, Beyotime). For staining DNA of living oocytes, the oocytes
were cultured with Hoechst 33342 (C1025, Beyotime) for 10 min.
Finally, the samples were scanned with a Zeiss Axio Observer D1
microscope (Carl Zeiss, Inc., Thornwood, NY). It was keeping the
same for the procedure of staining and settings of microscope in
each group.

Golgi complex detection

The Golgi apparatus detection was applied according to previous
studies (31). For detecting the distribution of Golgi apparatus, the
zona pellucida was removed by incubating with 1% pronase (Sigma)
for 10 min. The living oocytes without zona pellucida were cultured in
M2 medium with Golgi-Tracker Red at 4°C for 30 min, and then
incubated in fresh M2 medium at 37°C for 30 min. Finally, different
groups of oocytes were incubated with Hoechst 33342 for 10 min to
stain DNA. Finally, the signals for each group were captured with a
Zeiss Axio Observer D1 microscope (Carl Zeiss, Inc., Thornwood,
NY). The procedure of staining and settings of microscope were the
same for each group.
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Western blotting

Western blotting was used to validate the Immunofluorescence
results of SIRT1 and GOLPHS3. Briefly, 200 oocytes for each group
were separately dissolved with the buffer of RIPA (Beyotime, PO013B).
The samples were loaded on 12% acrylamide gels, and then transferred
to PVDF membranes (Millipore,Bedford, MA, United States) with
semi-dry transfer. After blocked with QuickBlock™ Blocking Buffer
for Western Blot (P0252, Beyotime) for 1h, the PVDF membranes
with proteins were cultured with primary antibodies such as rabbit
anti-SIRT1 (ab189494, Abcam), GAPDH Mouse mono antibody
(ACO002, Abclonal), rabbit anti-GOLPH3 (AP6024, Bioworld). After
washed thoroughly, the membranes were stirred in horse radish
peroxidase conjugated Goat Anti-Rabbit or Mouse IgG (H+L)
(Abclonal) for 1h at room temperature. The bands of SIRT1 and
GOLPH3 were analyzed and normalized to GAPDH with
Image] software.

Statistical analysis

Each experiment was repeated three times. # is as the number of
samples examined. Tow comparisons were analyzed using
independent ¢ tests with the GraphPad Prism 5 software (GraphPad,
San Diego, CA). The data are shown as mean+ SEM. the signals was
analyzed with Image] and the histogram was made with GraphPad
Prism 5 software. The statistically significant was accepted with
p<0.05.

Results

Luteolin promotes the development of
aged oocytes after fertilization

To determine the optimal dose of luteolin for delaying
postovulatory oocyte aging, the oocytes were incubated for 12h
with luteolin at a range of concentrations: 1, 3, 5, and 10 pM. The
percent fertilization was markedly reduced in the aged groups
compared with the fresh groups (64.33 +3.40% vs. 81.80 +3.25%,
Pp<0.05; Figures 1A,B; Supplementary Table 52), but luteolin
treatment significantly increased the rate of fertilization
during postovulatory aging (76.12+3.13% vs. 64.33+3.40%,
Pp<0.05; Figures 1A,B; Supplementary Table 52). The fertilized
embryos were cultured in KSOM medium for 4.5 days, and the
rate of blastocysts formation was calculated. The percent of
blastocysts was significantly low-er in the aged groups
compared with fresh ones (35.50 £3.26 vs. 74.05 £ 1.46%, p < 0.05;
Figures 1A,C; Supplementary Table S2). About 70% embryos
(morula/(morula + blastocyst)) are still at morula stage at 4.5 days
after fertilization in aged groups, while in the fresh and
luteolin-treated groups most were at the blastocyst stage
(Figure 1A; Supplementary Table S2). Incubation with 5uM
luteolin gave the highest percentage of blastocysts in the treated
groups, and the difference with the aged groups was significantly
(61.06+3.62% vs. 35.50+3.26%, p<0.05; 1A,C;
Supplementary Table S2); so 5uM luteolin was used in the

Figures

subsequent research.
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SIRT1 controls the development potential
of embryos

SIRT1 has anticancer and can enhance longevity, and it is effective
in preventing postovulatory oocyte aging (3, 25). Luteolin is contained
in many fruits and vegetables, where it acts to prevent oxidative stress
and it appears to be an activator of SIRT1 (32). To determine whether
luteolin’ effect in delaying oocyte aging was mediated through the
regulation of SIRT1 activity, the expression levels of SIRT1 were
measured under various conditions. The mRNA and protein levels of
SIRT1 were significantly lower in aged groups (p <0.05, Figures 2A-C),
which is in line with previous studies (3); but, after luteolin treatment,
the mRNA and protein levels of SIRT1 significantly increased
compared with non-treated aged groups (p <0.05, Figures 2A-C). This
indicated that luteolin prevented the decrease in SIRT1 during
postovulatory oocyte aging.

EX-527, an inhibitor of SIRT1, was tested in combination with
luteolin to investigate the function of SIRT1 in embryo development.
First, the optimal dose of EX-527 for inhibiting SIRT1 activity was
determined by dose-response experiment (0, 0.1, 0.2, 0.5, and 1 pM
EX-527). When treated exclusively with EX527, the formation rate of
blastocysts was observed to decrease in the groups exposed to 0.2 pM,
0.5uM, and 1 pM concentrations of EX527. Among these groups, the
lowest rate of blastocyst formation was recorded in the 0.5 pM EX527
group. However, this rate was not found to be significantly different
when compared to the aged groups (p <0.05; Supplementary Figure S3).
When co-treated with Lut and EX527, the rate of blastocyst formation
significantly reduced in the 5pM Lut+0.5 pM EX527 groups compared
with the Lut-only group (50.41£3.12% vs. 63.64+1.73%, p<0.05;
Figure 1C; Supplementary Figure S2; and Supplementary Table $4). In
addition, at 4.5 days after fertilization, about 60% of embryos (morula/
(morula + blastocyst)) stayed at morulae stage in the 5uM Lut +0.5 pM
EX527 groups (Supplementary Figure S2A; Supplementary Table S4),
and theywill develop toblastocystat 5.5 days (Supplementary Figure S2B;
Supplementary Table 54). Most aged embryos were at the morula stage
at 4.5 days, whereas they should be at blastocyst stage, and inhibition of
SIRT1 delayed the embryo development after fertilization
(Figure 1A;Supplementary Figure 52). Clearly, SIRT1 affects the speed
of embryo development after fertilization.

There is no significant difference in the mRNA and protein level of
SIRT1 in the Lut+EX527 groups compared with the Lut-only group
(Figures 2A-C). However, the rate of blastocyst formation was
significantly lower in the Lut+ EX527 group compared with the Lut-only
group (p<0.05, Figures 1A,C; Supplementary Table S4), supporting a
role for EX527 in embryogenesis. The western blotting results showed
that the level of SIRT1 decreased in aged groups and increased in Lut and
Lut+EX527 groups (Figure 2D), in agreement with the results of SIRT1
staining. We conclude that inhibition of SIRT1 significantly prevented
the development of competence of aged oocytes promoted by luteolin.

Luteolin affects ROS accumulation,
apoptosis, and F-actin distribution

High ROS levels can damage mitochondria and induce apoptosis
in cells, and they are regarded as the main cause of oocyte aging (33).
In line with previous results, the ROS level significantly increased in
aged group relative to the fresh group (p <0.05; Figures 3A,D) (10).
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FIGURE 1
Luteolin improving and EX527 inhibiting the development of embryos derived from aged oocytes after fertilization. (A) The typical figures of embryos at
2-cell and blastocyst stages from fresh, aged, luteolin (lut, 5pM), and Lut (5 uM) + EX527 (0.5 pM) groups (n = 120 for each group). Arrow, morula; Scale
bar, 100 pm. (B,C) The rates of 2-cell and blastocyst (day 4.5) calculated from different groups, respectively, (n = 120 for each group). Different
superscripts of a, b, ¢, d mean differences at p <0.05.

Incubation with Luteolin significantly reduced the ROS level
compared with aged groups (p <0.05; Figures 3A,1). When oocytes
were co-treated with Lut+ EX527, the level of ROS increased again
compared with the Lut-only group (p <0.05; Figures 3A,D).

The apoptosis reagent, annexin V-FITC binds to phosphatidylserine,
which is located at the outer membrane surface of cells at the early
stages of apoptosis. There were no annexin V signals on fresh oocytes,
while intense annexin V fluorescence was seen surrounding aged
oocytes (Figure 3B). The percentage of annexin V-positive oocytes was
significantly higher in the aged group relative to fresh oocytes
(54.99+3.13% vs. 8.78 +1.75%, p <0.05; Figure 3E). Moreover, Luteolin
significantly reduced the rate of apoptosis relative to that in aged
oocytes (21.44+2.99% vs. 54.99+3.13%, p<0.05; Figure 3E). The
apoptosis rate was 37.3% in the Lut+EX-527 group, which was
significantly higher than the Lut-only group (p<0.05, Figure 3E).

Rhodamine phalloidin was used to visualize the distribution of
microfilament cytoskeleton in cells by binding to F-actin. The staining
results with rhodamine phalloidin revealed that F-actin exhibited an
even distribution at the edge of oocytes, but its distribution was
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partially disrupted in aged oocytes (Figure 3C). The incidence of
abnormal F-actin distribution was significantly higher in aged oocytes
compared to fresh ones (61.63+8.10% vs. 8.33+2.15%, p<0.05;
Figure 3F). Treatment with luteolin significantly reduced the
percentage of abnormal F-actin distribution in comparison to the aged
group (28.06£2.19% vs. 61.63 +8.10%, p <0.05; Figure 3F). However,
when co-treated with EX527 and luteolin, the percentage of abnormal
F-actin distribution was significantly higher compared to the Lut
group (38.65+2.78% vs. 28.06 £2.19%, p<0.05; Figure 3F). Based on
these findings, we conclude that luteolin can mitigate the detrimental
effects of aging, such as ROS accumulation, apoptosis, and altered
F-actin distribution, by regulating the activity of SIRT1.

Luteolin affects spindle morphology as well
as the acetylation of a-tubulin and p53

An intact spindle is critical for when the chromosomes enter the
blastomere stage, to avoid aneuploidy during cell division. However,
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FIGURE 2
The expression of SIRT1 in oocytes from fresh, aged, luteolin, and Lut + EX527 groups. (A) The representative figures of SIRT1 in oocytes from fresh,
aged, luteolin (Lut, 5pM), and Lut + EX527 (0.5 pM) groups. Scale bar, 30 um. (B) The qPCR results of Sirt1 from four different groups. (C) The relative
intensity of SIRT1 signals analyzed in oocytes from four different groups (n = 20 for each group). (D) The result of western blot and analysis result of
SIRT1 from four different groups (n = 200 for each group). Difference of a, b, c indicates p <0.05

the typical barrel-shaped spindles with chromosomes in fresh oocytes
are elongated or disturbed in the aged group (

). Lut incubation can maintain the normal
barrel-shaped spindle and avoid the aging effect (

). The participation of SIRT1 in this
process is supported by the observation that the normal spindle
structure is disrupted by EX-527, and the percentage of abnormal
spindles increased significantly in the Lut+EX-527 group compared
with the Lut-only group (54.55+3.71% vs. 28.20+2.80%, p<0.05;

)-

The previous study indicated that the acetylation of a-tubulin (a,
¢ a-tubulin) increases during postovulatory oocyte aging (34). As
SIRT1 is involved in the de-acetylation of a-tubulin (35),
we investigated the intensity of a, ¢ a-tubulin signals in fresh and aged
oocytes. The staining results showed a significant increase in the
intensity of a, ¢ a-tubulin signals in aged oocytes compared to fresh
oocytes (p<0.05;
of SIRT1 in regulating a, ¢ a-tubulin levels, we treated oocytes with

). To further explore the potential role

luteolin. Luteolin treatment significantly decreased the intensity of a,
¢ a-tubulin signals, suggesting its ability to counteract the aging-
). Notably, the
effect of luteolin on a, c a-tubulin was reversed when combined with
EX-527, an inhibitor of SIRT1 (p <0.05; ).

The present study also examined p53 lysine-382, another target of

induced spindle abnormalities (p < 0.05;

SIRT1 deacetylation. The intensity signals of p53 acetylation (a, ¢ p53)

Frontiers in

were found to be significantly higher in aged groups compared to fresh
ones (p<0.05;
decrease in a, ¢ p53 intensity when compared to the aged groups.

). Luteolin led to a significant

However, this effect of luteolin on a, ¢ p53 was reversed when SIRT1
was inhibited with EX527 (p<0.05; ). These
results demonstrated that luteolin mitigates spindle abnormalities and
restores the abnormal levels of a, ¢ a-tubulin and p53 by modulating
SIRTT activity.

Luteolin affects the distribution and
function of mitochondria

Mitochondrial homeostasis is critical for preserving oocyte quality
and the developmental potential of embryos (36). The mitochondria,
stained with Mito-Tracker green, were evenly distributed in the
cytoplasm of fresh oocytes, while they were gathered into clumps in aged
oocytes ( ). The abnormal distribution of mitochondria
significantly increased in aged oocytes compared with fresh ones
(70.81+3.76% vs. 16.67 £3.40%, p <0.05; ), but was significantly
reduced by treatment with Lut (26.49 +2.83% vs. 70.81 +3.76%, p <0.05;

). However, the percentage of abnormal mitochondria was
significantly increased again after inhibiting SIRT1 with EX527
(62.69£4.61% vs. 26.49+2.83%, p<0.05;

mitochondrial

). Furthermore, the

membrane potential, which indicates normal
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FIGURE 3
Effects of luteolin on the ROS accumulation, apoptosis and F-actin distribution. (A) The typical images of ROS in oocytes from fresh, aged, lut, and
Lut + EX527 groups. Scale bar, 100 pm. (B) Analysis relative intensity of signals of ROS in oocytes from different groups (n = 20 for each group). (C) The
images of annexin-V presented from different groups. Scale bar, 30 pm. (D) Analysis and calculation of ratio of annexin-V signals in different groups
(n =80 for each group). (E) The representative figures of rnodamine phalloidin staining in fresh, aged, lut, and Lut + EX527 oocytes. Scale bar, 30 pm.
(F) Analysis the proportion of abnormal F-actin distribution from different groups (n = 60 for each group). Different superscripts of a, b, ¢, d mean
differences at p <0.05.

mitochondrial function, was reduced during postovulatory oocyte aging
(10). In the present study, the membrane potential of mitochondria was
significantly lower in aged groups compared with counterparts (p <0.05;
). When SIRT1 was activated by Lut, however, the low
membrane potential was returned to normal, and this effect was reversed
by inclusion of the SIRT1 inhibitor (p <0.05; ). These results
indicated that SIRT1 regulated the distribution and function of
mitochondria in oocytes during postovulatory oocyte aging.

Frontiers in

Luteolin affects the distribution and
function of endoplasmic reticulum

The endoplasmic reticulum is responsible for correct protein
folding and translocation. In order to measure the effect of Lut/SIRT1
on the distribution of ER, the fluorescent marker, the ER-Tracker
Green was used to stain the oocytes. The ER was evenly distributed in
the cytoplasm with surrounding DNA in fresh oocytes, however, in

07
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Effects of luteolin on the level of a, c a-tubulin. (A) The representative images of a-tubulin and a, ¢ a-tubulin in fresh, aged, lut, and Lut + EX527
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the aged group, the ER was gathered around the edges of the cytoplasm
and showed lower staining intensity ( ). The abnormal ER
distribution in the aged group was significantly less (32.04 £6.68% vs.
58.81+4.77%, p<0.05; ) and the intensity of ER signals
significantly increased in the oocytes incubated with Lut (p <0.05;

). Inhibition of SIRT1 with EX527, resulted in a significant
increase in abnormal ER and the fluorescent signals was lower
compared with the Lut group (32.04+6.68% vs. 56.27 +3.36%,
p<0.05; ).

If the ER environment is disturbed by oxidative stress, DNA
damage and calcium depletion, the ER stress could result in
accumulation of unfolded or misfolded proteins in the ER (37). The
ER stress protein GRP78 was stained to detect the ER stress in oocytes.
The immunofluorescence results showed that GRP78 was significantly
increased in aged oocytes compared with fresh ones (p<0.05;
). The
intensity of GRP78 was significantly diminished in the Lut group
). When SIRT1 was

), similar to the results of previous studies (

compared with the aged group (p <0.05;

Frontiers in

inhibited with EX527, the GRP78 stress protein level increased again
compared with the Lut group (p<0.05; ). Thus, SIRT1
manages the distribution and function of the ER during postovulatory
oocyte aging.

Luteolin modulates the distribution and
function of Golgi complex

The Golgi apparatus is responsible for modifications such as
glycosylation and sulfation of newly synthesized proteins transported
from the ER (38). The Golgi was found to be associated with spindle
assembly and division during in vitro maturation of oocytes (39). The
Golgi-Tracker Red kit was used to determine the distribution of Golgi.
The Golgi apparatus was punctate and concentrated in the cytoplasm
of fresh oocytes, while it seemed to disappear in aged oocytes
( ). When Lut was included in the incubation medium
during postovulatory oocyte aging, the abnormal Golgi distribution
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FIGURE 5
Effects of luteolin on mitochondrial distribution and function. (A) The typical figures of mitochondria in cocytes from fresh, aged, lut, and Lut + EX527
groups. Scale bar, 30 pm. (B) Histogram showing the proportion of abnormal distribution of mitochondria from different groups (n = 80 for each
group). (C) The representative figures of TMRE in oocytes separately from different groups. Scale bar, 100 um (D) Quantification analysis of the signals
of TMRE in each oocyte from different groups (n = 20 for each group). Difference of a, b indicates p <0.05

was significantly reversed (35.66 £2.60% vs. 63.69+5.77%, p<0.05;
) and the staining intensity was much greater compared with
aged groups in the absence of Lut (p <0.05; ). After treatment
with EX527, the rate of abnormal distribution of punctate Golgi was
significantly higher (51.08+3.37% vs. 35.66+2.60%, p<0.05;
) and the intensity of Golgi signals significantly decreased
compared with the Lut groups (p <0.05; ).

Golgi phosphoprotein 3 (Golph3) is responsible for Golgi
organization and protein transportation from Golgi to the plasma
). GOLPH3 was evenly distributed in the cytoplasm of
fresh oocytes, but the intensity of GOLPH3 was significantly lower in
the aged oocytes compared with fresh ones (p <0.05; ).
Luteolin up-regulated GOLPH3 but this significantly reversed by
EX-527 treatment (p <0.05; ). The western blot results
also indicated that GOLPH3 decreased in aged oocytes, increased
with Lut treatment and then decreased when EX527 was included
( ). Thus, based on these results, we conclude that luteolin

membrane (

directs the distribution of the Golgi and increases the expression of
GOLPH3 by regulating SIRT1 to regulate the function of the
Golgi apparatus.

Luteolin directs the function of lysosomes

Lysosomes are involved in the process of degrading and recycling
cellular waste (41). LAMP1, which is a key component of lysosomes,

Frontiers in

was used as a marker to identify lysosomes (19). The staining of
LAMP1 showed that lysosomes were larger in aged oocytes than in
fresh ones, and the intensity of LAMP1 was significantly increased in
the aged group ( ); in agreement with previous study (19).
However, activating SIRT1 with Lut during postovulatory aging
significantly decreased the intensity of LAMP1 compared with the
aged group ( ). Inhibiting SIRT1 activity with EX-527
significantly reduced the intensity of lysosome staining for LAMP1
with the Lut group ( ). The results confirmed that luteolin

could regulate the function of lysosomes.

Postovulatory oocyte aging is a potentially damaging factor in
human assisted reproduction. SIRT1, as the longevity gene, has been
proved to prevent postovulatory oocyte aging (3). In the present study,
mouse oocytes were used as the model to investigate the effect of
luteolin on the distribution and function of organelles. Luteolin, the
activator of SIRT, significantly prevented postovulatory oocyte aging
and increased the blastocyst formation rate after in vitro fertilization.
Inhibiting SIRT1 activity not only lowered the rate of blastocyst
formation, but also unexpectedly delayed the time of embryo
development to blastocyst stages. The aging-induced defects including
abnormal spindle morphology, ROS accumulation and apoptosis were
corrected by luteolin. The distribution and function of organelles such
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FIGURE 6

Effects of luteolin on the distribution and function of ER during postovulatory oocyte aging. (A) The typical images showing the staining results of ER in
oocytes from fresh, aged, lut, and Lut + EX527 groups. Scale bar, 30 pm. (B) The percentage of abnormal ER distribution in different groups were
analyzed (n = 60 for each group). (C) Quantification analysis of the intensity of ER staining in each oocyte from different groups (n = 20 for each group).
(D) Histogram showing the representative figures of GRP78 in oocytes derived from different groups. Scale bar, 30 um. (E) Analysis of relative intensity
of GRP78 in oocytes from different groups (n =15 for each group). Difference of superscripts indicates p < 0.05.
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as mitochondria, ER, Golgi and lysosomes were disrupted in aged
oocytes, but luteolin was able to restore the normal distribution and
function of organelles during postovulatory oocyte aging. EX-527, an
inhibitor of SIRT1, reversed the effect of luteolin on attenuating aging-
induced abnormalities including spindles, oxidative stress, apoptosis,
and organelle function.

It is well known that postovulatory aged oocytes lose development
competence and that antioxidants such as melatonin, resveratrol, and
quercetin prevent oocyte aging by regulating SIRT1 activities (10, 42,

). The present research also proved that luteolin could protect
oocytes from postovulatory aging. Luteolin prevented aging-induced
abnormalities including ROS accumulation, apoptosis, abnormal
spindles, and organelle dysfunction and delayed oocyte aging.
Luteolin is a flavonoid found in vegetables. It has contrary function as
an antioxidant depending on concentrations. When the Lut
concentration was less than 10 pM, it inhibited ROS production and

prevented chemical toxicity by activating SIRT1 (28, 44). However, at
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a concerntration of 40 or 50 pM, Lut would induced ROS production
and DNA damage with mitochondrial dysfunction, and this led to the
death of cancer cells (45, 46). Thus, the proper dose of luteolin is
crucial for determining a particular cell fate. The 5uM Lut used here
efficiently delayed postovulatory oocyte aging, and there were no
negative effects as found in the present study.

SIRT1, as a member of the NAD+ protein family, is involved in
diverse biological events, including life-span extension, cellular
senescence, age-related disorders, obesity-associated disease, heart
disease, inflammation, and cancer (47, 48). SIRT1 can remove acetyl
groups from variety targets. SIRT1 deacetylates the acetyl of H3K4,
H3K9 and H4K16 to regulate the transcription of tumor-related genes
(49-51). SIRT1 can prevent diseases by directly deacetylating p53,
SMAD3, and B-catenin (47, 48). SIRT1 regulates the forkhead O
family (FOXO) of transcription factors that control oxidative stress,
and this is one mechanism of how SIRT1 delays aging and extends

lifespan (52, 53). SIRT1 directly deacetylates histone targets to control
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The impact of luteolin on Golgi apparatus. (A) The representative pictures showing the results of staining Golgi apparatus in oocytes from fresh, aged,
lut, and Lut + EX527 groups. Scale bar, 30 pm. (B) Calculation of the ratio of abnormal Golgi apparatus distribution in oocytes from different groups

(n =90 for each group). (C) Histogram showing the results of relative staining intensity of Golgi apparatus in each oocyte from different groups (n = 20
for each group). (D) The typical figures of GOLPH3 in oocytes derived from different groups. Scale bar, 30 pm. (E) Quantification calculation of the
intensity of GOLPH3 in oocytes from different groups (n = 20 for each group). (F) The results of western blot determining the protein level of GOLPH3
from different groups (n = 200 for each group). Difference of superscripts indicates p < 0.05
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transcription and deacetylates non-histone targets to regulate protein
activities and signal pathways.

SIRT1 has been proved to regulate mitochondrial function, ER
stress and lysosomal function. SIRT1 is implicated in metabolism and
mitochondrial biogenesis by deacetylating PGC-lae (22), also
participates in turnover of damaged mitochondria by mitophagy (22).
SIRT1 protects cells and organs from ER stress damage through
). SIRT1 controls
). The

present study not only showed that the function of mitochondria, ER

deacetylation of transcription factors (24,
lysosomal acidification to regulate breast cancer invasion (

and lysosome was controlled by SIRT1, but that the Golgi apparatus
function was also directed by SIRT1 in oocytes. Given that the
organelles such as mitochondria, ER, Golgi, and lysosomes are the

functional  places of metabolism, protein  synthesis,
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post-transcriptional modification and turnover of cellular waste (22,

, 56), luteolin may indirectly affect protein synthesis, modification
and turnover by controlling organelle function. This work extends the
knowledge about luteolin and SIRT1 function.

Both the function and distribution of organelles was controlled by
SIRT1 in oocytes. Autophagy and ER stress are the focus of many
studies (22, 56), and the distribution of organelles has been largely
ignored. The orderly distribution of organelles in oocytes, as the
largest cells in mammals, is important for the mitochondria to
be evenly dispersed in the cytoplasm and the ER to surround the
chromosomes in MII oocytes (31). When the oocytes were damaged
by chemicals or aging, the normal distribution of organelles, especially
mitochondria, was disrupted (5, 31). The abnormal distribution of

organelles is usually associated with dysfunction, and the distribution
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FIGURE 8
The impact of luteolin on lysosomes protein LAMPL. (A) The representative pictures of LAMP1 in oocytes derived from fresh, aged, lut, and Lut + EX527
groups. Scale bar, 30 pm. (B) Analysis of relative intensity of LAMP1 signals in oocytes from different groups (n = 20 for each group). Difference of
superscripts indicates p <0.05

of organelles would be an important marker of oocyte quality. In
previous studies, only the distribution of mitochondria was found to
be altered by SIRT1 (3, 25), so it is important to show that SIRT1
affects the distribution of organelles including the ER, the Golgi
complex, and lysosomes. Many proteins affect organelle distribution.
RAB8A GTPase and Ral GTPase alter the distribution of the Golgi
apparatus in oocytes (57, 58). Rab6a is involved in the organization of
the ER, but not the Golgi during mouse oocyte maturation (59). The
SCMC (subcortical maternal complex), comprises multiple proteins,
and is required for the function and distribution of mitochondria and
ER in oocytes (60,
control the distribution of organelles in oocytes.

It is well known that defects in organelles can be induced by

). Therefore, SIRT1 may target these proteins to

environmental endocrine disruptors or mycotoxins during oocyte

maturation (1, 62, 63). Nonylphenol and nivalenol impair oocyte
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quality by disrupting spindle organization and organelle function
during oocyte aging (1, 63). Fumonisin B1, bisphenol A and aflatoxin
B1, specific toxic contained in the environment and in food, disturb
the function and distribution of organelles such as mitochondria, ER
complex, Golgi apparatus and lysosomes in oocytes (62, 64, 65).
Infertility and sterility may be caused by a toxic environment that
reduces the quality of oocytes. Here, we also noted defects in
organelles including mitochondria, ER, Golgi apparatus, and
lysosomes during oocyte aging. These results indicate that the
organization of organelles can easily to be damaged by adverse effects,
and fortunately this can be efficiently reversed by luteolin treatment.

Here for the first time, we showed that SIRT1 could regulate
the speed of embryo development to the blastocyst stage after
fertilization. During the morula to blastocyst transformation, the
Hippo pathways and polarity proteins such as Par3 and Par6 are
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involved in the process (66). However, there is no evidence that
SIRT1 is involved in the process of morulae formation and
blastocyst transformation, and the mitochondria, ER, Golgi
apparatus, and lysosomes have not been reported to participate in
the morula to blastocyst transformation. Moreover, it is should
be noted that inhibiting SIRT1 in oocytes can affect the morula to
blastocyst transformation about 3-5 days later. More studies need
to done to identify the unknown deacetylation targets of SIRT1
affecting the development speed of embryos.

The present study showed that luteolin, which is contained in
fruits and vegetables, delayed postovulatory oocyte aging, and
controlled the distribution and function of organelles by increasing
SIRT1 activities during postovulatory oocyte aging. The present
results extend our knowledge of luteolin and SIRT1 function, and this
is beneficial for promoting the success of artificial assisted
reproduction and the investigation of aging and diseases related
to SIRT1.
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