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Abstract

Bi-directional communication between cumulus cells and the surrounded oocytes is important for the development
and functions of both compartments. However, the metabolic framework in cumulus cells has not been systemati-
cally described. In the present study, cumulus cells from cumulus-oocyte complexes (COCs) at three key time points
were isolated (arrested GV stage, post-hCG Oh; meiotic resumption GVBD stage, post-hCG 3h; and metaphase Il stage,
post-hCG 12h), and the temporal metabolomic and proteomic profiling were performed. Integrated multi-omics
analysis reveals the global metabolic patterns in cumulus cells during mouse oocyte maturation. In particular, we
found the active hyaluronic acid metabolism, steroid hormone synthesis, and prostaglandin E2 (PGE2) production

in cumulus cells. Meanwhile, accompanying the oocyte maturation, a progressive increase in nucleotide and amino
acid metabolism was detected in the surrounding cumulus cells. In sum, the data serve as a valuable resource

for probing metabolism during terminal differentiation of ovarian granulosa cells, and provide the potential biomark-

ers for improving and predicting oocyte quality.
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Introduction

A crucial objective of folliculogenesis is the production
of a fertilized egg capable of undergoing activation and
embryogenesis. In order to achieve this goal, there is pre-
cise coordination between oocytes and cumulus cells.
After puberty, groups of oocytes are recruited to the
growth phase to produce developmentally competent,
transcriptionally silent, fully grown germinal vesicle (GV)
[1]. Following the induction by luteinizing hormone,
GV oocytes acquire the ability to resume meiosis I. It is
characterized by germinal vesicle breakdown (GVBD)
[2]. Meiosis I begins with the assembly of the mei-
otic spindle and ends when the oocyte releases its first
polar body [3]. Early-arrested germinal vesicle oocytes
resume meiosis and enter the second meiotic metaphase
(referred to as MII oocytes), completing a process com-
monly referred to as oocyte maturation [3, 4]. Under

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13048-023-01237-8&domain=pdf

Chen et al. Journal of Ovarian Research (2023) 16:156

physiological conditions, oocytes are typically enclosed
in a fluid microenvironment of several layers of cumulus
cells and follicular fluid. During the pre-ovulatory period,
the cumulus cell changes from a compact cell mass to a
decentralized cell structure, allowing for the synthesis
and deposition of a mucoid intercellular matrix, a pro-
cess referred to as cumulus expansion [5]. The proximity
of these cells to each other allows bidirectional commu-
nication between oocytes and the surrounding somatic
cells, and thus the meiotic maturation of oocytes is typi-
cally accompanied by the correct execution of cumulus
cell functions [6]. Metabolites and metabolism-related
enzymes are participants of metabolism that provide a
snapshot of the wellbeing of cumulus-oocyte complexes
and the mechanisms that control key processes of oocyte
maturation. Thus, exploring the metabolism in cumu-
lus cells is key to understand the modulation of oocyte
development.

The lower success rate of current in vitro maturation
(IVM) systems compared to in vivo-matured oocytes is in
part attributed to its suboptimal culture conditions that
do not adequately support the COCs’ metabolic needs
[7]. Metabolic disorders including diabetes, obesity and
polycystic ovary syndrome have been reported to cause
meiotic abnormality in oocytes and ovulation dysfunc-
tion, ultimately leading to subfertility and even infertility
[8, 9]. The metabolic cooperativity between cumulus cells
and oocytes has been implicated to be involved in these
events [10-14]. Although some metabolites and metab-
olism-related enzymes have been reported, a dynamic
multi-omics-based metabolic profile of mouse cumulus
cells could better help us understand the development of
cumulus cells.

In the present study, we obtained the dynamic meta-
bolic profile of mouse cumulus cells during in vivo
maturation. In parallel, quantitative proteomic analysis
identified the key enzymes responsible for the metabo-
lism in cumulus cells. The construction of the metabolic
network may provide an opportunity to better under-
stand the developmental control of oocytes.

Materials and methods

Mouse

All experiments were approved by the local animal ethi-
cal committee and the Animal Care and Use Committee
of Nanjing Medical University (Protocol NO. IACUC-
1703017). Female C57BL/6 mice were purchased from
the experimental animal center of Nanjing Medical Uni-
versity, and were housed in ventilated cages on a 12—-12/h
light/dark cycle at constant temperature (22 °C) and
under controlled humidity (under SPF specified pathogen
free conditions). Five mice were randomly selected from
each cage, and all cages were housed under the same
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conditions (including appropriate density, clean bedding
and cleaning frequency). The mice were euthanized with
carbon dioxide, followed by cervical dislocation before
ovary collection.

Cumulus cells collection

Three-week-old female mice were first injected with 5
units of pregnant horse serum gonadotropin (PMSG),
followed by 5 units of human chorionic gonadotropin
(hCG) 48 h after the onset of PMSG superovulation. Mice
were sacrificed by cervical dislocation at 0, 3 and 12 h
after hCG injection. To collect cumulus cells surrounding
GV and GVBD oocytes, cumulus-oocyte complexes were
retrieved by manual rupturing of antral ovarian follicles,
and cumulus cells were separated by repeatedly pipet-
ting. To collect cumulus cells surrounding MII oocytes,
COCs were isolated from oviduct ampullae, and cumu-
lus masses were separated in M16 (Sigma-Aldrich, Cat#
M7292) medium containing 0.5 mg/ml~! hyaluronidase
at 37 °C.

Metabolomics

Metabolome data were collected and analyzed as
described previously [15]. Cumulus cells were harvested
separately from 2, 000 GV, GVBD and MII COCs for
each sample (~2.4x 10° cumulus cells per sample, 9 sam-
ples for each stage). Samples were transferred to Eppen-
dorf tubes, immediately flash frozen in liquid nitrogen,
and then stored at -80 °C. For metabolite extraction,
samples were resuspended in 300 mL of 80% methanol/
water (vol/vol) and homogenized using an Ultra-Turrax
homogenizer. After cooling on ice for 10 min, samples
were spun at 16,000 g for 15 min at 4 °C. Supernatant
(250 mL per sample) was transferred to a new tube, and
dried samples were stored at -80 °C. until instrumental
analysis. The metabolomics data acquisition was con-
ducted using a standard metabolic profiling method we
previously described. Briefly, experiments were con-
ducted on an UPLC Ultimate 3000 system (Dionex,
Germering, Germany) coupled to a Q-Exactive mass
spectrometer (Thermo Fisher Scientific, Bremen, Ger-
many). All samples were analyzed in a randomized fash-
ion to avoid complications caused by injection order.
The chromatographic separation was performed with
Hypersil GOLD C18 column (100 mm X 2.1 mm, 1.9 pm)
(Thermo Fisher Scientific) at 40 °C. with at a flow rate
of 0.4 mL/min. The mobile phase consisted of phase A
(0.1% formic acid in pure ACN) and phase B (0.1% formic
acid in ultra-purewater). After the initial 3-min elution
of 1% (vol/vol) A, the percentage of solvent A gradually
increased to 99% (vol/vol) at t=10 min. The solvent A
was maintained at 99% (vol/vol) for 3 min (t=13 min),
and then immediately decreased to 1% (vol/vol) lasting
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for 2 min (t=15 min). The mass spectrometer analysis
was conducted at a 70,000 resolution in both positive
and negative modes, and a full-scan mode ranging from
70 m/z to 1,050 m/z was used.

Raw data obtained from the mass spectrometer were
submitted to TraceFinder v3.1 (Thermo Fisher Scien-
tific). The metabolite identification was conducted by the
comparison of accurate mass and retention time with
the commercial standard compounds using the author-
constructed library. All statistical analyses were per-
formed with “R” (V4.2.0). Student’s t test was used for
comparing continuous variables between two groups
[16]. OPLS-DA was conducted by SIMCA-P software
(V14.0; Umetrics AB, Umea, Sweden). The combined
cut-offs of the statistical significance including the vari-
able importance in projection (VIP) value>1.00 and P
value <0.05 of each metabolite were used. KEGG Map-
per (V4.1) was used for the integration and visualiza-
tion of metabolomics and proteomics data. The oocyte
metabolomics data used in this paper are all from our
previously published study [15].

Proteomics

Proteome data were collected and analyzed as
described previously [15, 17]. GV, GVBD, and MII
cumulus cells collected from normal mice were lysed in
urea lysis buffer (8 M urea, 75 mM NaCl, 50 mM Tris,
pH 8.2, 1%(v/v) EDTA-free protease inhibitor, 1 mM
NaF, 1 mM b-glycerophosphate, 1 mM sodium ortho-
vanadate, 10 mM sodium pyrophosphate, 1 mM Phe-
nylmethylsulfonyl fluoride (PMSF)) and subjected to
centrifugation at 40,000 g for 1 h. Protein content was
measured using the Bradford method. Proteins were
reduced, alkylated and trypsin digested as we described
before [15]. Following digestion, the purified peptides
were subjected to a 9-plex experiment using the TMT-
10plex " kit according to the manufacturer’s protocols.
Peptides from three replicates of three stages of cumu-
lus cells (cumulus cells surrounding 375 oocytes for one
replicate of each stage of cumulus cells) were labeled
with respective isobaric tags and mixed together. To
improve the coverage of protein identification and
quantification, the mixed TMT-labeled peptides were
separated by the high-pH reversed phase (HP-RP) frac-
tionation technology based on the ACQUITY®UPLC
M-class system (Waters) with an BEH C18 Column
(300 pum x 150 mm, 1.7 um; Waters), and a total of 25
fractions were collected and lyophilized. All fractions
were sequentially reconstituted in 0.1% FA analyzed
using an Orbitrap Fusion Lumos mass spectrometer
(ThermoFisher Scientific) coupled to a Proxeon Easy-
nLC 1200 system. Peptides were separated with an ana-
lytical column (75 pm X160 mm, 1.9 um, Dr. Maisch)
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using a 95 min linear gradient (3% to 5% buffer B for
5's, 5% to 15% buffer B for 40 min, 15% to 28% buffer
B for 34 min and 50 s, 28% to 38% buffer B for 12 min,
38% to 100% buffer B for 5 s, 100% buffer B for 8 min)
at 300 nl/min. The parameter settings for MS could be
found in previously published paper [17].

The MaxQuant software (V1.6.5.0) was used for
searching the raw files against UniProt mouse pro-
teome database [18]. The FDR (false discovery rate) of
identified peptides and proteins was set to 1%. Precur-
sor mass tolerance was set to 20 ppm and product ions
were searched with a mass tolerance 0.5 Da. Searches
were performed using Trypsin/P enzyme specific-
ity while allowing up to two missed cleavages. Carba-
midomethylation of cysteine residues (+57.0215 Da)
were set as fixed modifications. Variable modifications
included oxidation of methionines and acetylation of
protein N termini. For TMT settings, the protein quan-
tification values were calculated using the reporter ion
MS2 method of isobaric labels in MaxQuant. Peptides
and proteins with FDR<1% were considered, and pro-
teins with at least one unique peptide were subjected to
quantitative analysis.

For GV, GVBD, and MII cumulus cells, Student’s t
test was performed, and a protein with p <0.05 and fold
change > 1.5 was considered significant differences in
abundances between groups. Heatmap was produced
accompanied by a dendrogram depicting the extent
of similarity of protein expression among the samples
(The heatmap was created in RStudio (4.2.0), package:
ComplexHeatmap) [19]. For the convenience of gene
annotation, corresponding Ensembl gene IDs of the dif-
ferentially expressed proteins were used for further bio-
informatics analysis. Principal component analysis was
conducted using finalized Principal component analy-
sis was conducted using finalized differential protein
(R package: FactoMineR) [20]. To characterize these
genes, enrichment of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways was analyzed by using the
clusterProfiler R package [21]. Flowchart of metabo-
lomics and proteomics adapted from Servier Medical
Art (https://smart.servier.com/).

Statistical analysis

Each experiment was repeated at least three times,
and unless specified, the data shown in figure are the
results of one representative experiment. The profil-
ing of statistics was performed by the software Graph-
Pad Prism (V 8.0.2) for Windows. Data are presented
as meanst SD, unless otherwise stated. A probabil-
ity value of<0.05 was considered to denote statistical
significance.
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Results

Metabolomic and proteomic profiling of mouse cumulus
cells

Cumulus cells surrounding the oocytes are tightly packed
in layers forming the cumulus-oocyte complex (COCs).
They serve to provide nutrition to the oocytes and oper-
ate as a network between the oocyte and its extracellu-
lar microenvironment [22]. Here, we collected the large
numbers of mouse cumulus cells at three key time points
during oocyte maturation (post-hCG Oh, 3h and 12h
correspond to GV, GVBD and MII, respectively), and
analyzed the intracellular metabolome using ultra-high-
performance liquid chromatography-tandem high-reso-
lution mass spectrometry (UHPLC-HRMS) (Fig. 1A and
B). We detected 48 differential metabolites in all, based
on a t test (p <0.05) coupled with a variable importance in
projection (VIP) analysis (VIP >1.00). Robust orthogonal
partial least-squares-discriminant analysis (OPLS-DA)
clearly showed the stage-dependent separation of three
cumulus cells groups with the cross validated predictive
ability of Q2(cum)>0.686 (Fig. 1C-E). The differential
metabolites were mapped to their respective biochemi-
cal pathways, delineated in Kyoto Encyclopedia of Genes
and Genomes (KEGG), revealing the distinct changing
patterns (Fig. 1F) (Supplementary Table 1). Most of the
differential metabolites increased in cumulus cells along
with the oocyte maturation. 20 representative metabo-
lites are shown in Fig. 1G.

Changes in a single metabolite cannot completely
reflect the metabolic activity in cumulus cells. Meta-
bolic enzymes are the mediators of cellular metabolism.
To determine whether changes in substrates/products
are correlated with a corresponding alteration in enzy-
matic protein accumulation in cumulus cells, we simul-
taneously conducted a quantitative proteomic analysis
of GV, GVBD, and MII cumulus cells (Fig. 2A-B). Nine
thousand three hundred thirty-six total proteins were
identified, and 1,407 proteins with differential levels
were discovered (false discovery rate [FDR]=0.05). To
evaluate the samples at different time points, principal
component analysis was used to test the model effective-
ness (Fig. 2C) (Supplementary Table 2). KEGG analysis
showed a significant enrichment of categories related
to metabolic pathways, such as purine metabolism and
ovarian steroidogenesis (Fig. 2D-E) (Figure S1). In the
following section, the metabolomic and proteomic data
were integrated to characterize the metabolic features in
cumulus cells during oocyte maturation.

Carbohydrate metabolism in cumulus cells

It has been implicated that cumulus cells play a sig-
nificant role in the carbohydrate metabolism dur-
ing oocyte maturation. We found that the levels of
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glucose 6-phosphate, ascorbic acid and glucosamine
6-phosphate were increased in cumulus cells dur-
ing maturation (Fig. 3A-C). In contrast, isocitric acid
and rhamnose are elevated during meiotic resump-
tion and then declined in MII cumulus cells. Such the
dynamic shift of carbohydrate-related products might
play a role in oocytes maturation, ovulation, and even
sperm — oocyte binding [23].

Active hyaluronic acid metabolism in cumulus cells

during oocyte maturation

During the process of cumulus expansion, cumulus
cells secrete hyaluronidase-sensitive mucous mate-
rial, which is composed of proteoglycans and glycosa-
minoglycans. The major structural macromolecule in
the matrix of the expanded cumulus cells is hyaluronic
acid, a glycosaminoglycan composed of repeated disac-
charides of glucuronic acid and N-acetyl-glucosamine
[24]. Hyaluronan accumulation within the COCs during
cumulus expansion is a necessary step in the matura-
tion process [25]. Hexokinase 2 (HK2) and Hexokinase
3 (HK3) converts glucose to glucose-6-phosphate, the
first committed step in glucose metabolism. Glucose-
6-phosphate forms multiple metabolites under differ-
ent conditions and shunts into differential metabolic
pathways (i.e., Glycolysis, Pentose phosphate pathway,
Hexosamine biosynthetic pathway, Nucleotide sugar
oxidation route) (Fig. 3D) [26]. Proteomic profiles
showed the increased levels of enzymes related to the
hexosamine biosynthetic pathway (GFPT2, GNPNAT1
and UAP1) and the nucleotide oxidation route (PGM2
and UGDH) (Fig. 3E-P). The hexosamine biosynthetic
pathway entails the transfer of glucose 6-phosphate
into glucosamine-6-phosphate, which could be utilized
for UDP-N-acetyl-glucosamine synthesis. Meanwhile,
nucleotide sugar oxidation route generates, as ultimate
product, the UDP-glucuronate. UDP-N-acetyl-glucosa-
mine and UDP-glucuronate were the substrates of hya-
luronic acid. Collectively, these data indicate that there
is active hyaluronic acid synthesis in cumulus cells dur-
ing meiotic maturation.

Elevated ascorbic acid in cumulus cells during oocyte
maturation

Ascorbic acid, commonly known as vitamin C, is an
essential dietary nutrient that is necessary for a vari-
ety of physiological processes in human body, includ-
ing wound repair and collagen production [27]. Most
animals are able to synthesize their own vitamin C.
However, apes (including humans), monkeys (but not
all primates), and some rodents must acquire it from
dietary sources [28]. Meanwhile, ascorbic acid has a
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beneficial effect on germ cell population maintenance
in the organoids [29]. We found that the ascorbic acid
level was increased in the surrounding cumulus cells
during oocyte maturation (Fig. 3C). Two sources of
ascorbic acid may exist in cumulus cells: synthesis from
UDP-glucose and take up from follicular fluid. By ana-
lyzing the proteomic data, we noticed the expression
two important proteins, including L-gulonolactone
oxidase (GULO) and solute carrier family 23 (nucle-
obase transporter) member 2 (SLC23A2). GULO is a
key enzyme in the ascorbic Acid biosynthesis, remark-
ably, it was significantly reduced in cumulus cells dur-
ing oocyte maturation (Fig. 30). In contrast, SLC23A2,
a Na'-dependent ascorbic acid transporter, was dra-
matically elevated in cumulus cells (Fig. 3L). Hence, it
is conceivable that the increased ascorbic acid in cumu-
lus cells during oocyte maturation is likely due to the
elevated SLC23A2 expression, rather than the synthesis
pathway through GULO.

Lipid metabolism in cumulus cells

It has been widely accepted that active lipid utiliza-
tion in cumulus cells is essential for oocyte maturation
[30]. However, further studies are needed to explore the
dynamics of lipid metabolism in cumulus cells during
oocyte maturation. Here, we found that the abundance
of most lipid-related metabolites was increased in cumu-
lus cells, such as prostaglandin E2 (PGE2), pregnenolone,
L-palmitoylcarnitine and arachidonic acid (Fig. 4A-C).

Increased PGE2 generation in cumulus cells during oocyte
maturation

Prostaglandin E2 (PGE2), an essential endogenous lipid
mediator for normal physiological functions, also acts
as an inflammatory mediator in pathological conditions
[31]. In the past few decades, it has been known that
PGE?2 is one of the important determinants of ovulation.
Nonetheless, the metabolic dynamics of PGE2 in the
cumulus cells during oocyte maturation still needs fur-
ther research [32, 33].

During COCs maturation, we found that PGE2
was dramatically elevated in cumulus cells (GVBD/
GV: ~555-fold, MII/GV: ~ 3,705-fold), implying its sig-
nificant effects on oocyte development (Fig. 4A). Pros-
taglandin H2 (PGH2) is derived from arachidonic acid
by prostaglandin-endoperoxide synthase (PTGS1 or

(See figure on next page.)
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PTGS2), both enzymes showed increased expression
(Fig. 4 H and I). PGH2 is further converted to PGE2
by one of three prostaglandin-E synthases [33], only
PTGES2 showed changes in expression in the current
study (Fig. 4]). Arachidonic acid can be cleaved from
membrane phospholipids by the cytosolic phospho-
lipase A2 (PLA2G4A). Meanwhile, L-Palmitoylcar-
nitine has been implicated to enhance the release of
free arachidonic acid from intracellular membranes
(Fig. 4D) [34]. Of note, proteomic profiles that an array
of enzymes related revealed to PGE2 production was
significantly accumulated in cumulus cells during mei-
otic resumption (Fig. 4E-J). Our proteomic data also
showed that the downstream factors associated with
PGE2 (i.e., epiregulin (EREG), betacellulin, epidermal
growth factor family member (BTC), tumor necro-
sis factor alpha induced protein 6 (TNFAIP6) and
amphiregulin (AREG)) were also increased in cumulus
cells during oocyte maturation (Fig. 4K-N) [35]. Mul-
tiple events including ovulation have been reported
to resemble inflammatory response. Unlike patho-
logical inflammations, such “physiological” inflam-
mations must be well controlled to avoid pathological
consequences such as autoimmunity [36]. PGE2 is a
well-known inflammatory marker, and its overproduc-
tion plays an important role in the inflammatory pro-
cess [37]. Together, these data clearly show that PGE2
is synthesized in cumulus cells, and which might be
essential for its own function by autocrine secretion,
and beneficial for oocyte development and ovulation
through paracrine secretion.

Steroid hormones are upregulated in cumulus cells

Progesterone (P4) is an endogenous steroid and progesto-
gen sex hormone involved in the menstrual cycle, preg-
nancy, and embryogenesis [38]. However, the role of P4 in
regulating meiotic resumption is still controversial [39].
Our metabolomic analysis showed that P4 was enhanced
from GV to GVBD stage and then declined from GVBD
to MII stage in cumulus cells (Fig. 5C). In parallel, pro-
teomic data showed that two enzymes involved in P4
synthesis (hydroxy-delta-5-steroid dehydrogenase, 3
beta- and steroid delta-isomerase 1/2 (HSD3B1/2))
exhibited the similar accumulation trend (Fig. 5J-K).
Therefore, we believe that P4 synthesis in cumulus cells
participates in the control of oocyte maturation.

Fig. 3 Active hyaluronic acid metabolism and elevated ascorbic acid in cumulus cells during oocyte maturation. A-C Relative levels of metabolites
in cumulus cells at three time points. D Schematic diagram of hyaluronic acid and ascorbic acid metabolism. Increased metabolites in cumulus cells
during meiotic resumption are indicated by bold red arrows. Differential metabolic enzymes changes are indicated by blue triangles. E-P Relative
abundance of the representative enzymes involved in hyaluronic acid and ascorbic acid metabolism. Error bars, SD. Student’s t test was used

for statistical analysis in all panels, comparing to GV cumulus cells. n.s., not significant



Chen et al. Journal of Ovarian Research (2023) 16:156 Page 8 of 17

A B C
Glucosamine 6-phosphate Glucose 6-phosphate Ascorbic acid
15+ - -~
5 8 P < 0.001 25 P=0.025
“» P < 0.001 “ 0 o0l P=0.256
© O 6 ¢” Py
104 n.s. 1
2 2 2 15 4
] o 4 ] _
> > > >
Rk E 5 104 ¢
E 54 ‘_J-"; fu 0
& 27 & 0.5
[
0 0 T T T 0.0 T T T
GV GVBD Mil GV GVBD Mil
D
Glucose
E HK2
HK2 A
HK3 A N < 207 P < 0.001
PGM2 >
A Glucose-6-phosphate —> Glucose 1-phosphate Q@ . P=0.461 o2®
-S ) n.s.
[
e -1
Ascorbic acid S 10 TO «2°
Fructose-6-phosphate UDP-glucose 2
GFPT2 A ¢UGDH A 2 051
/ ©
A Glucosamine-6-phosphate UDP-glucuronate > Glucuronide E 00
T T
¢GNPNAT1A UGTIALA GUSB A GV GVBD MIl
N-Acety-glucosamine-6-phosphate | SLC23A2A F HK3
| Glucuronic acid — 2.04 P < 0.001
RGN A % P=0.024
N-Acetyl-glucosamine 1-phosphate e 14
L-Gulono-1,4-lactone ‘o f.
UAP1A 810 o
s o
UDP-N-acetyl-alpha-glucosamine GULov o
) & 057
| Hexosamine . . ©
Biosynthetic A Ascorbic acid 2 0.0
Pathway Nucleotide sugar GV GVED Ml
oxidation route
«
Hyaluronic acid (HA) Cumulus cells
G GFPT2 H GNPNAT1 | UAP1 J PGM2 K UGDH
3 257 P <0.001 5 20 P=0.039 < 20 P < 0.001 5 207 P=0.003 5 30 P < 0.001
H 2 - 3 2 P=0.689 2
L 504 P=0161 2 p=0076 2 P=0.728 2 - Q@25
< — ole E 154 oo 2o € 15 — i c 157 o =0 i
(] ] s ] 20 @ 2 P=0.511
42 1.5 P o o - - P
° ° .. c @ ° ° ., ° e
&, 20 £ 10 % S 10 020 efe g 10 o0 20 g 15 ns.
o OQ: ] o ] o 10 6@0 o2
2 2 05 2 05 £ 05 £
5 057 = & ke B os
[ [ [ [ [
= 00 T T T % o0 T T € 0.0 T T T & 00 T T T & 00— T T
GV GVBD Ml GV GVBD MIl GV GVBD Ml GV GVBD MIl GV GVBD Ml
L UGT1A1 M GUSB N RGN (o) GULO [>] SLC23A2
< 207 P < 0.001 T 257 P =0.005 5 16 P=0.052 5 207 P < 0.001 55 P < 0.001
H P=0.837 H H - > >
K] e K X 2 34 P=0.181 K] P=0.167 ] .g.
= 15 o e%e ¢ 201 P <0.001 = —0 s —— =4
[ [ [ o 'a .S. .a
2 2 212 K] 3
2 104 ofo oo 2 154 Jle [N 2 N % .‘I>. 2 10{ %0 oo ‘g P=0.009
o o ® o o o 2
> . 2 u 2 > > 20
£ o 1.0 J . . ®
5% g1 0% §os P e oo Eul o
] 7] K] K] T
= 00 T T & o5 T T T 0.6 T T T = 0.0 T T T ® o T T T
GV GVBD Ml GV GvBD Ml GV GVBD Ml GV GVBD Ml GV GVBD Ml

GFPT2:Glutamine fructose-6-phosphate transaminase 2 UGDH:UDP-glucose dehydrogenase
UAP1: UDP-N-acetylglucosamine pyrophosphorylase 1  HK:Hexokinase
GNPNAT1:Glucosamine-phosphate N-acetyltransferase

PGM2:Phosphoglucomutase 2 UGT1A1:UDP Glucuronosyltransferase 1 family, polypeptide A1
GUSB:Glucuronidase, beta RGN:gluconolactonase GULO:L-gulonolactone oxidase
SLC23A2:Solute carrier family 23 (nucleobase transporter), member 2

Fig. 3 (Seelegend on previous page.)



Chen et al. Journal of Ovarian Research (2023) 16:156 Page 9 of 17
A . B . . "
Prostaglandin E2 Arachidonic acid C  L-Palmitoylcarnitine
5000 P <0.001 67 P=0.016 159 P <0.001
40004 L0
i i 2
v o 4 & 101
3 3000 2 o
- >
P 2 P=0.067 = P < 0.001
£ 2000 & n.s. K]
= < 2 < 5+
o P <0.001 o
10004
C T T T G T T T G 1 Ll Ll
GV GVBD Ml GV GVBD Mil GV GVBD Mil
- - i’; L-Serine ———»| - —
ACSL4:acyl-CoA synthetase long-chain family member 4 OA SRR 2 /_
CPTAl:carnitine palmitoyltransferase 1a AACSLA |
PLA2G4A:Phospholipase A2 EREG:Epiregulin ACPTIA }Z\)
PTGS2:(COX2) Prostaglandin-endoperoxide synthase 2 (AL-Palmitoylcarnitine <—<¢—Acetyl-COA ;E;l
PTGS1:(COX1) Prostaglandin-endoperoxide synthase 1 | 30
PTGES2:prostaglandin E synthase 2 ormty
BTC:Betacellulin, epidermal growth factor family member g | A Arachidonic acid _—>»PGH> Le20 _PGE2
TNFAIP6:Tumor necrosis factor alpha induced protein 6 . y PTGES2 W o |
AREG: amphiregulin ' PTGS1/PTGS2 A P =
) " AAREG
- APGE2 A ¢reG 0=20
A PLAZGV Astc €Y
ATNFAIPE 3530
Membrane phospholipids S
E ACSL4 F PLA2G4A G CPTAL H PTGS1 | PTGS2
51 2.5+ P < 0.001 2.0 P < 0.001 3 P < 0.001 4 P < 0.001
B 4 P < 0.001 3 504 ] k] ]
g ¢ g 20 i. E 167 p=0.252 o®e g  id g 31 P <0.001 ofte
£, £ 16 P=0.149 < bkl £ 27 P = 0.066 £
2 P=0.020 % g _— 2 n.s. g —_— % )
<4 - o n.s. 9 1.2 <4 n.s. o 24
Sif omoere 2] go e D] et S
g oto £ £ 051 £ o g1 420
g1 o g 05 2 2 g
o T T T 0.0 T T T 0.4 T T T o T T T o T T T
GV GVBD  MIl GV GVBD Ml GV GVBD  MIl GV GVBD Ml GV GVBD  MIl
J PTGES2 K AREG L EREG M BTC N TNFAIP6
2.0 P-0.015 2.5 P =0.497 4 P <o0m 2.5 PLoo 51
- - —_ n.s. —_— —_ —_— ...
2154 p-osn $ 207 P=0029 g . ._I' 2209  p<oon .—!0 249 _ p<oom
£ ns. £ 154 () £ .—I. £ 154 £ 5
% 104 ~2O 2@ B i S o ° o2 ° P <0.001 o0
o e 2 P <0.001 s 5 —
@ o2 3 10 -%O oo & o 10 20 o 2
2 = = 2 2
& 054 k] & 1 80 kd ko
2 g 0.5 2z K 0.5 g 1 O@
0.0 T T T 0.0 T T T o T T T 0.0 T T T 0 T T T
GV GVBD Ml GV GVBD Ml GV GVBD Ml GV GVBD Ml GV GVBD Ml

Fig. 4 Increased PGE2 generation in cumulus cells during oocyte maturation. A-C Relative levels of metabolites related to PGE2 synthesis

in cumulus cells. D Schematic diagram of PGE2 synthesis in cumulus cells during maturation. Increased metabolites in cumulus cells during meiotic
resumption are indicated by bold red arrows. Differential metabolic enzymes changes are indicated by blue triangles. E-N Relative abundance

of the representative enzymes involved in PGE2 synthesis. Error bars, SD. Student’s t test was used for statistical analysis in all panels, comparing

to GV cumulus cells. n.s., not significant
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Previous research has suggested that estradiol (E2) and
testosterone (T) can promote the maturation of oocytes
[40, 41]. Here, we found that the abundance of E2 and
testosterone underwent a remarkable increase in cumu-
lus cells surrounding MII oocytes (E2:~7.5-fold; testos-
terone: ~9.7-fold) (Fig. 5D-E). Serum estradiol peaking
just before ovulation which is the parallels the remarkable
increase in E2 and T in cumulus cells post-hCG 12h [41—
44]. Here, our proteomic profiles identified the increased
accumulation of 6 (i.e.,, LDLR, SCARBI1, STAR, HSD3Bl1,
HSD3B2 and CYP19A1) out of 10 enzymes related to the
metabolic pathways mentioned above (Fig. 5F-O). Cumu-
latively, our results suggest that steroid hormones in
cumulus cells may promote oocyte development.

Progressive increase in nucleotide metabolism in cumulus
cells during oocyte maturation

Purine and pyrimidine nucleotides are the main form of
energy utilization, involved in various physiological pro-
cesses, such as cytokines (i.e., cAMP, cGMP), compo-
nents of coenzymes (i.e., NAD +, FAD, CoA) and vehicles
for the activation of intermediate metabolites(i.e., UDPG,
CDP-DAG, SAM) [45]. During the COCs maturation, the
levels of all detected nucleotide-related metabolites were
gradually increased (i.e., 3’AMP, Inosine, Inosinic acid,
Deoxyinosine, Adenine, Cytidine, Guanine and Uridine;)
(Fig. 6A-H). Purine and pyrimidine metabolism origi-
nates from Ribulose 5-phosphate (R5P) and then pro-
gress into the synthesis of inosinic acid (IMP) (MII stage
vs. GV stage: ~ 35 fold increase) and Inosine (MII stage
vs. GV stage: ~ sevenfold increase). Similarly, the down-
stream metabolites of IMP were also enhanced during
maturation (Fig. 6I). Meanwhile, integrated analysis of
proteomics and metabolic pathways showed the accu-
mulation of most enzymes associated with nucleotide
metabolism in cumulus cells around mature oocytes (i.e.,
GDA, AK1, PDE2A, XDH, ENPP1, ENPP3 and NT5E;)
(Fig. 6]-S). Collectively, the results clearly reveal the pro-
gressive increase in nucleotide metabolism in cumulus
cells during oocyte maturation.

Active amino acid metabolism in cumulus cells

during maturation

As shown in Fig. 7A-M, 13 metabolites associated
with amino acid metabolism were detected, and 11

(See figure on next page.)
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metabolites (5-Methylthioadenosine, 5-Hydroxylysine,
L-Histidine, Histamine, L-Leucine, L-Serine, N-Acetyl-
L-methionine, L-Proline, Pipecolic acid, L-Tryptophan,
L-Lysine) were elevated in cumulus cells from meiotic
resumption. Such an active metabolism strongly suggests
that amino acid synthesis may be essential for healthy
cumulus cell status, oocyte nutrient provision, and
even the ovulation process. For example, histamine is a
highly pleiotropic biogenic amine involved in key physi-
ological processes including neurotransmission, immune
response, cell differentiation, and inflammation [46]. In
the cumulus cells surrounding MII oocytes, we observed
that the levels of histamine and histidine are significantly
increased  (histamine: ~15-fold;  histidine: ~ 2.5-fold)
(Fig. 7C-D). It is conceivable that histamine may function
as a potential regulator during ovulation. How amino
acids in cumulus cells affect oocyte development remains
to be thoroughly investigated.

Metabolic cooperativity between cumulus cells

and oocytes

Bi-directional communication between oocytes and
the companion cumulus cells is essential for the devel-
opment and functions of both compartments [47].
By comparing the metabolomic data between cumu-
lus cells and oocytes, 21 metabolites were found in
both groups [15]. Most of them are concentrated
in nucleotide and amino acid metabolism (Fig. 8A).
For instance, glucose-6-phosphate was found to be
increased in both cumulus cells and oocytes during
maturation. Considering that oocytes have low gly-
colytic activity, glucose-6-phosphate may be trans-
ported into oocyte from cumulus cells. Besides, in
lipid metabolism, oocytes and cumulus cells displayed
the similar metabolic tendency of dodecanoic acid and
palmitoylcarnitine, and the opposite metabolic trend
of arachidonic acid. The developmental significance of
these metabolite changes would promote the under-
standing of metabolic coupling between oocyte and
the surrounding somatic cells.

Discussion

Here, we present an integrated analysis of metabolomics
and proteomics by isolating mouse cumulus cells at
three key stages, and illustrating the signatures of global

Fig. 5 Active biosynthesis of steroid hormones in cumulus cells. A Schematic diagram of the biosynthesis of steroid hormones in the cumulus
cells during maturation. Increased metabolites in cumulus cells during meiotic resumption are indicated by bold red arrows. Differential metabolic
enzymes changes are indicated by blue triangles. B-E Relative levels of metabolites related to steroid hormone biosynthesis in cumulus cells

at three time points. F-O Relative abundance of the representative enzymes involved in biosynthesis of steroid hormones. Error bars, SD. Student’s t
test was used for statistical analysis in all panels, comparing to GV cumulus cells. n.s., not significant
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metabolic patterns. Through multi-omics analysis, we
identified a number of significantly altered metabolic
pathways, including (i) enhanced hexosamine biosyn-
thetic pathway, (ii) active steroid hormone generation,
(iii) a dramatic synthesis of PGE2, [4] a progress increase
in nucleotide metabolism. These dynamic changes in dif-
ferent pathways not only lay the foundation for compara-
tive studies of cumulus cell development, but could also
be used as metabolic signatures to predict the quality of
COCs and improve in vitro culture systems for assisted
reproduction.

Carbohydrate is an important material source of pri-
mary metabolism and secondary metabolism [48].
Glucose metabolized through various metabolic path-
ways is essential for meiotic maturation of mammalian
oocytes, as it is used to generate purines and nucleic
acids for DNA synthesis, NADPH for redox homeo-
stasis, and hyaluronic acid for extracellular matrix
formation during cumulus expansion [7]. Increased
glycolysis in cumulus cells results in the high glucose-
6-phosphate level. These results provide three potential
explanations for the metabolic features in cumulus cells
during oocyte maturation: (1) enhanced hexosamine
biosynthetic pathway, (2) increased nucleotide sugar
oxidation, (3) contribution to the synthesis of hyalu-
ronic acid. In addition, changes in protein expression of
GULO and SLC23A2 elaborate the source of ascorbic
acid in cumulus cells. More than 40 million years ago,
the inactivation of the GULO gene by a mutation left
primates exclusively dependent on an exogenous dietary
supply of ascorbic acid [49]. Recently, ascorbic acid has
been shown to promote meiotic maturation and devel-
opmental competence in porcine oocytes [50, 51]. The
construction of carbohydrate metabolism network in
cumulus cells helps us to understand the metabolic
pathways derived from glycolysis and provides a mecha-
nistic framework to perceive how ascorbic acid affects
the development of COCs.

Lipids are not only essential for the body’s energy sup-
ply and storage, but they are also synthesized as steroid
hormones to regulate metabolism [52]. In cumulus cells,
we noted the increase of PGE2 and other steroid hor-
mones during maturation. Rodents lacking the expres-
sion of key prostaglandin synthesis enzymes or treated
with prostaglandin synthesis inhibitors experienced the
reduced rates of cumulus expansion, follicle rupture,

(See figure on next page.)
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oocyte maturation and release [7]. Interestingly, the role
of P4 and E2 in oocyte maturation has been controver-
sial [53-55]. Steroid hormone metabolic disorders in
obese or PCOS patients may be one of the main cul-
prits in anovulation and impaired egg quality [56]. Here
we have structured the spatial-temporal metabolic net-
work of steroid hormones, providing potential targets
for treatment and prevention of the related reproductive
problems.

The oocyte and its surrounding cumulus cells are
mutually dependent and regulate each other’s meta-
bolic functions in order to support the growth and
maturation of COCs. Oocyte plays an active role in
regulating the development and function of cumulus
cells throughout the course of folliculogenesis [57].
For instance, there is substantial evidence that oocytes
influence amino acid and lipid metabolism in cumulus
cells [10, 11]. Clarification of the metabolic cooperativ-
ity between oocyte and cumulus cells will advance our
understanding of the basic cellular and biochemical
mechanisms controlling germ cell development, poten-
tially identifying new avenues for augmenting oocyte
quality and assessing oocyte developmental potential.
One of the strengths of our study is the delineation
of the metabolic pattern in in vivo-collected cumulus
cells during maturation. In addition, the comparison
of metabolite changes between oocyte and cumulus
cells implicates the metabolic coordination. However,
there are still some limitations in the present study. For
example, we are not entirely sure whether the declining
metabolites are required at low concentrations or con-
sumed in large quantities [58]. Therefore, we inferred
the metabolic flux based on the coordinated changes in
both metabolite level and enzyme expression. Changes
in metabolite levels occur through the alterations in
metabolic enzyme accumulation (mRNA and protein
level) as well as their activity, through allosteric regu-
lation and protein modifications, such as phospho-
rylation and acetylation. In the present study, we only
evaluated the enzyme abundance in cumulus cells,
which perhaps partly explained the lack of correlation
between enzyme expression and metabolite content
in some metabolic pathways. Besides, this research is
incapable of exploring the coupling or transportation of
critical metabolites between oocyte and somatic cells,
which deserves further assessment.

Fig. 6 Progressive increase in nucleotide metabolism in cumulus cells during maturation. A-H Relative levels of metabolites related to nucleotide
metabolism in cumulus cells. I Schematic diagram of nucleotide metabolism in cumulus cells during maturation. Metabolites increased in cumulus
cells during meiotic resumption are indicated by bold red arrows. Differential metabolic enzymes changes are indicated by blue triangles. J-S
Relative abundance of the representative enzymes involved in nucleotide metabolism. Error bars, SD. Student’s t test was used for statistical analysis

in all panels, comparing to GV cumulus cells. n.s., not significant
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Fig. 7 Amino acid metabolism in cumulus cells during maturation. A-K Relative levels of metabolites related to amino acid metabolism

in cumulus cells at three time points. Error bars, SD. Student’s t test was used for statistical analysis in all panels, comparing to GV cumulus cells. n.s,,
not significant

Conclusion sets on metabolite and proteome dynamics not only to
Oogenesis is a complex physiological process that relies uncover the dynamic metabolic network in cumulus
on well-balanced and timed metabolism. Multi-omics  cells during oocyte maturation, but also to provide a
integration is key to a comprehensive understanding of = new insight into the bi-directional communication net-
complex biological processes. We have integrated data  work between cumulus cells and surrounding oocytes.
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Oogyte

Fig. 8 Metabolic cooperativity between cumulus cells and oocytes. (A) Metabolic tendency was compared between oocyte and cumulus cells.
Severalrepresentative metabolites were presented in the diagram. Circles represent oocytes and semicircles represent cumulus cells, Metabolites
increased are indicated by red arrows and decreased are indicated by blue arrows

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513048-023-01237-8.

Additional file 1: Supplementary Table 1. Related to Fig. 1. Metabo-
lomic profiling in cumulus cells surrounding GV/GVBD/MII oocyte.

Additional file 2: Supplementary Table 2. Related to Fig. 2. Differentially
Expressed Proteins in cumulus cells surrounding GV/GVBD/MII oocyte.

Additional file 3: Figure S1. Changes in the level of metabolic enzymes
in cumulus cells during oocyte maturation. Related to Fig. 2E. Heat maps
of relative levels of the indicated proteins in distinct metabolic pathways
in cumulus cells during different stages of oocyte maturation.

Additional file 4: Figure S2. The same metabolites between Cumulus
Cells and Oocytes. Related to Fig. 8A. The plot reflects the trend of the 21
metabolites in total.

Acknowledgements
This work was supported by National Key Scientific Research Projects (NO.

2021YFC2700400 to Q.W.), National Natural Science Foundation of China (NO.

81925014 and 82221005 to QW; NO. 82101736 to H.S), and National Key R&D
Program of China (2021YFC2700200 to X.G).

Authors’ contributions
M.C. and QW. conceived the projects. M.C, Y.G. and X.G. contributed to the

proteomic profiling. M.C. and M.C. contributed to the metabolomics profiling.

WYY, X.H., S.Z.and H.S assisted with the cumulus cells collection. M.C. wrote
and QW. revised the manuscript. All authors reviewed and approved the
manuscript for publication.

Availability of data and materials

The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium (http://proteomecentral.proteomexchange.org)
via the iProX partner repository with the dataset identifier PXD040796.

Declarations

Competing interests
The authors declare no competing interests.

Received: 10 April 2023 Accepted: 13 July 2023
Published online: 08 August 2023

References

1. Ganesh S, Horvat F, Drutovic D, Efenberkova M, Pinkas D, Jindrova A,
et al. The most abundant maternal INcCRNA Sirena1 acts post-transcrip-
tionally and impacts mitochondrial distribution. Nucleic Acids Res.
2020;48(6):3211-27.

2. WuX, HuF Zeng J, Han L, Qiu D, Wang H, et al. NMNAT2-mediated
NAD(+) generation is essential for quality control of aged oocytes. Aging
Cell. 2019;18(3):e12955.

3. Do DV, Strauss B, Cukuroglu E, Macaulay I, Wee KB, Hu TX, et al. SRSF3
maintains transcriptome integrity in oocytes by regulation of alternative
splicing and transposable elements. Cell Discov. 2018;4:33.

4. WakaiT, Fissore RA. Constitutive IP(3)R1-mediated Ca(2+) release reduces
Ca(2+) store content and stimulates mitochondrial metabolism in mouse
GV oocytes. J Cell Sci. 2019;132(3);jcs225441.


https://doi.org/10.1186/s13048-023-01237-8
https://doi.org/10.1186/s13048-023-01237-8
http://proteomecentral.proteomexchange.org

Chen et al. Journal of Ovarian Research

20.

21.

22.

23.

24.

25.

26.

27.

(2023) 16:156

Yokoo M, Sato E. Cumulus-oocyte complex interactions during oocyte
maturation. Int Rev Cytol. 2004;235:251-91.

Cakmak H, Franciosi F, Zamah AM, Cedars MI, Conti M. Dynamic secretion
during meiotic reentry integrates the function of the oocyte and cumu-
lus cells. Proc Natl Acad Sci U S A. 2016;113(9):2424-9.

Richani D, Dunning KR, Thompson JG, Gilchrist RB. Metabolic co-depend-
ence of the oocyte and cumulus cells: essential role in determining oocyte
developmental competence. Hum Reprod Update. 2021;27(1):27-47.

Han L, Ren C, Li L, Li X, Ge J, Wang H, et al. Embryonic defects induced by
maternal obesity in mice derive from Stella insufficiency in oocytes. Nat
Genet. 2018;50(3):432-42.

Nabiti |, Grimes R, Sarna H, Marangos P, Carroll J. Maternal age-dependent
APC/C-mediated decrease in securin causes premature sister chromatid
separation in meiosis Il. Nat Commun. 2017;8:15346.

Colonna R, Mangia F. Mechanisms of amino acid uptake in cumulus-
enclosed mouse oocytes. Biol Reprod. 1983;28(4):797-803.

. SuYQ, Sugiura K, Wigglesworth K, O'Brien MJ, Affourtit JP, Pangas SA, et al.

Oocyte regulation of metabolic cooperativity between mouse cumulus
cells and oocytes: BMP15 and GDF9 control cholesterol biosynthesis in
cumulus cells. Development. 2008;135(1):111-21.

Sutton-McDowall ML, Gilchrist RB, Thompson JG. The pivotal role of
glucose metabolism in determining oocyte developmental competence.
J Reprod. 2010;139(4):685-95.

Penalver Bernabe B, Thiele |, Galdones E, Siletz A, Chandrasekaran S,
Woodruff TK, et al. Dynamic genome-scale cell-specific metabolic models
reveal novel inter-cellular and intra-cellular metabolic communications
during ovarian follicle development. BMC Bioinformatics. 2019;20(1):307.
Imanaka S, Shigetomi H, Kobayashi H. Reprogramming of glucose
metabolism of cumulus cells and oocytes and its therapeutic signifi-
cance. Reprod Sci. 2022;29(3):653-67.

LiL, Zhu'S, ShuW, Guo Y, GuanY, Zeng J, et al. Characterization of meta-
bolic patterns in mouse oocytes during meiotic maturation. Mol Cell.
2020;80(3):525-40 e9.

Kim TK. T test as a parametric statistic. Korean J Anesthesiol.
2015,68(6):540-6.

Sun H, Sun G, Zhang H, An H, Guo Y, Ge J, et al. Proteomic profiling
reveals the molecular control of oocyte maturation. Mol Cell Proteomics.
2023;22(1):100481.

Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol. 2008;26(12):1367-72.

Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and
correlations in multidimensional genomic data. Bioinformatics.
2016;32(18):2847-9.

Lé S, Josse J, Husson F. FactoMineR: An R Package for Multivariate Analy-
sis. J Stat Softw. 2008;25(1):1-18.

WU T, HUE, XuS, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a uni-
versal enrichment tool for interpreting omics data. Innovation (Camb).
2021,;2(3):100141.

Jeelani R, Khan SN, Shaeib F, Kohan-Ghadr H-R, Aldhaheri SR, Najafi T,

et al. Cyclophosphamide and acrolein induced oxidative stress leading
to deterioration of metaphase Il mouse oocyte quality. Free Radical Biol
Med. 2017;110:11-8.

Takahashi K, Kikuchi K, Uchida Y, Kanai-Kitayama S, Suzuki R, Sato R,
Toma K, Geshi M, Akagi S, Nakano M, Yonezawa N. Binding of Sperm to
the Zona Pellucida Mediated by Sperm Carbohydrate-Binding Proteins
is not Species-Specific in Vitro between Pigs and Cattle. Biomolecules.
2013;3(1):85-107.

Nagyova E. Regulation of cumulus expansion and hyaluronan synthesis
in porcine oocyte-cumulus complexes during in vitro maturation. Endocr
Regul. 2012;46(4):225-35.

Yokoo M, Kimura N, Abe H, Sato E. Influence of hyaluronan accumulation
during cumulus expansion on in vitro porcine oocyte maturation. Zygote.
2008;16(4):309-14.

Siu MKY, Jiang YX, Wang JJ, Leung THY, Han CY, Tsang BK, Cheung ANY,
Ngan HYS, Chan KKL. Hexokinase 2 Regulates Ovarian Cancer Cell
Migration, Invasion and Stemness via FAK/ERK1/2/MMP9/NANOG/SOX9
Signaling Cascades. Cancers (Basel). 2019;11(6):813.

Haasbroek K, Yagi M, Yonei Y. Staphylococcus aureus Biofilm Inhibiting
Activity of Advanced Glycation Endproduct Crosslink Breaking and Glyca-
tion Inhibiting Compounds. Antibiotics (Basel). 2022;11(10):1412.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 16 of 17

Shukurov I, Mohamed MS, Mizuki T, Palaninathan V, Ukai T, Hanajiri T,
Maekawa T. Biological Synthesis of Bioactive Gold Nanoparticles from
Inonotus obliquus for Dual Chemo-Photothermal Effects against Human
Brain Cancer Cells. Int J Mol Sci. 2022;23(4):2292.

Li X, Zheng M, Xu B, Li D, Shen Y, Nie Y, et al. Generation of offspring-
producing 3D ovarian organoids derived from female germline stem
cells and their application in toxicological detection. Biomaterials.
2021;279:121213.

Turathum B, Gao EM, Grataitong K, Liu YB, Wang L, Dai X, et al. Dys-
regulated sphingolipid metabolism and autophagy in granulosa

cells of women with endometriosis. Front Endocrinol (Lausanne).
2022;13:906570.

Wu J, Liu B, Mao W, Feng S, Yao Y, Bai F, et al. Prostaglandin E2 Regulates
activation of mouse peritoneal macrophages by staphylococcus aureus
through toll-like receptor 2, toll-like receptor 4, and NLRP3 inflamma-
some signaling. J Innate Immun. 2020;12(2):154-69.

Boruszewska D, Kowalczyk-Zieba |, Suwik K, Staszkiewicz-Chodor J,
Jaworska J, Lukaszuk K, et al. Prostaglandin E(2) affects in vitro maturation
of bovine oocytes. Reprod Biol Endocrinol. 2020;18(1):40.

Marei WF, Abayasekara DR, Wathes DC, Fouladi-Nashta AA. Role of
PTGS2-generated PGE2 during gonadotrophin-induced bovine oocyte
maturation and cumulus cell expansion. Reprod Biomed Online.
2014;28(3):388-400.

Boeynaems JM, Ramboer |, Pirotton S. Palmitoyl-L-carnitine increases the
release of prostacyclin from vascular endothelial cells. Biochem Pharma-
col. 1989;38(19):3261-6.

Guo J, ShiL, Gong X, Jiang M, Yin Y, Zhang X, et al. Oocyte-
dependent activation of MTOR in cumulus cells controls the
development and survival of cumulus-oocyte complexes. J Cell Sci.
2016;129(16):3091-103.

Carlock Cl, Wu J, Zhou C, Tatum K, Adams HP, Tan F, et al. Unique temporal
and spatial expression patterns of IL-33 in ovaries during ovulation and
estrous cycle are associated with ovarian tissue homeostasis. J Immunol.
2014;193(1):161-9.

Choi SS, Lee SH, Lee KA. A Comparative Study of Hesperetin, Hesperidin
and Hesperidin Glucoside: Antioxidant, Anti-Inflammatory, and Antibac-
terial Activities In Vitro. Antioxidants (Basel). 2022;11(8):1618.

Jameson J. Larry et al. Endocrinology : Adult & Pediatric. 7th ed. Phila-
delphia PA: Elsevier/Saunders. 2016. http://site.ebrary.com/id/11045
508. Retrieved Aug 4 2023.

Jamnongjit M, Gill A, Hammes SR. Epidermal growth factor receptor
signaling is required for normal ovarian steroidogenesis and oocyte
maturation. Proc Natl Acad Sci U S A. 2005;102(45):16257-62.

Gill A, Jamnongjit M, Hammes SR. Androgens promote maturation and
signaling in mouse oocytes independent of transcription: a release

of inhibition model for mammalian oocyte meiosis. Mol Endocrinol.
2004;18(1):97-104.

Pan B, Toms D, Shen W, Li J. MicroRNA-378 regulates oocyte maturation
via the suppression of aromatase in porcine cumulus cells. Am J Physiol
Endocrinol Metab. 2015;308(6):E525-34.

De Hertogh R, Thomas K, Hoet JJ, Ekka E. Plasma levels of unconjugated
estrogens in normal and diabetic pregnancies. Am J Obstet Gynecol.
1973;117(8):1076-9.

Duggavathi R, Volle DH, Mataki C, Antal MC, Messaddeq N, Auwerx J,

et al. Liver receptor homolog 1 is essential for ovulation. Genes Dev.
2008;22(14):1871-6.

Wang YE, Kakigi C, Barbosa D, Porco T, Chen R, Wang S, et al. Oral
contraceptive use and prevalence of self-reported glaucoma or ocular
hypertension in the United States. Ophthalmology. 2016;123(4):729-36.
Schulman MP. CHAPTER 18 - Purines and Pyrimidines. In: Greenberg DM,
editor. Metabolic Pathways (Second Edition): Academic Press; 1961. p.
389-457.

Tanaka T, Kochi T, Shirakami Y, Mori T, Kurata A, Watanabe N, Moriwaki

H, Shimizu M. Cimetidine and Clobenpropit Attenuate Inflammation-
Associated Colorectal Carcinogenesis in Male ICR Mice. Cancers (Basel).
2016;8(2):25.

SuY-Q, Sugiura K, Eppig J. Mouse oocyte control of granulosa cell devel-
opment and function: paracrine regulation of cumulus cell metabolism.
Semin Reprod Med. 2009;27(01):032-42.

Zhang T, YuanY, ZhanY, Cao X, Liu C, Zhang Y, et al. Metabolomics analy-
sis reveals Embden Meyerhof Parnas pathway activation and flavonoids


http://site.ebrary.com/id/11045508
http://site.ebrary.com/id/11045508

Chen et al. Journal of Ovarian Research

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2023) 16:156

accumulation during dormancy transition in tree peony. BMC Plant Biol.
2020;20(1):484.

Ha MN, Graham FL, D'Souza CK, Muller WJ, Igdoura SA, Schellhorn HE.
Functional rescue of vitamin C synthesis deficiency in human cells using

adenoviral-based expression of murine I-gulono-gamma-lactone oxidase.

Genomics. 2004,83(3):482-92.

Yu XX, Liu YH, Liu XM, Wang PC, Liu S, Miao JK, et al. Ascorbic acid induces
global epigenetic reprogramming to promote meiotic maturation and
developmental competence of porcine oocytes. Sci Rep. 2018;8(1):6132.
Boldura OM, Marc S, Otava G, Hutu |, Balta C, Tulcan C, Mircu C. Utilization
of Rosmarinic and Ascorbic Acids for Maturation Culture Media in Order
to Increase Sow Oocyte Quality Prior to IVF. Molecules. 2021;26(23):7215.

Dunning KR, Cashman K, Russell DL, Thompson JG, Norman RJ, Robker RL.

Beta-oxidation is essential for mouse oocyte developmental competence
and early embryo development1. Biol Reprod. 2010;83(6):909-18.

Aslih N, Michaeli M, Mashenko D, Ellenbogen A, Lebovitz O, Atzmon Y,

et al. More is not always better-lower estradiol to mature oocyte ratio
improved IVF outcomes. Endocr Connect. 2021;10(2):146-53.

Long H,YuW, Yu'S, Yin M, Wu L, Chen Q, et al. Progesterone affects clinic
oocyte yields by coordinating with follicle stimulating hormone via PI3K/
AKT and MAPK pathways. J Adv Res. 2021;33:189-99.

Kim I, Greenwald GS. Stimulatory and inhibitory effects of progesterone
on Foilicuiar development in the Hypophysectom ized Foil icie-Stimu
iating hormone/Iuteinizing hormone-treated Hamster1. Biol Reprod.
1987;36(2):270-6.

Azziz R, Carmina E, Chen Z, Dunaif A, Laven JS, Legro RS, et al. Polycystic
ovary syndrome. Nat Rev Dis Primers. 2016;2:16057.

Zuelke KA, Brackett BG. Effects of luteinizing hormone on glucose
metabolism in cumulus-enclosed bovine oocytes matured in vitro. Endo-
crinology. 1992;131(6):2690-6.

Parent BA, Seaton M, Sood RF, Gu H, Djukovic D, Raftery D, et al. Use of
metabolomics to trend recovery and therapy after injury in critically Ill
trauma patients. JAMA Surg. 2016;151(7):e160853.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17

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

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

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




	Multi-omics reveal the metabolic patterns in mouse cumulus cells during oocyte maturation
	Abstract 
	Introduction
	Materials and methods
	Mouse
	Cumulus cells collection
	Metabolomics
	Proteomics
	Statistical analysis

	Results
	Metabolomic and proteomic profiling of mouse cumulus cells
	Carbohydrate metabolism in cumulus cells
	Active hyaluronic acid metabolism in cumulus cells during oocyte maturation
	Elevated ascorbic acid in cumulus cells during oocyte maturation

	Lipid metabolism in cumulus cells
	Increased PGE2 generation in cumulus cells during oocyte maturation
	Steroid hormones are upregulated in cumulus cells

	Progressive increase in nucleotide metabolism in cumulus cells during oocyte maturation
	Active amino acid metabolism in cumulus cells during maturation
	Metabolic cooperativity between cumulus cells and oocytes

	Discussion
	Conclusion
	Anchor 23
	Acknowledgements
	References


