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ABSTRACT 

Assisted reproductive technologies are an emerging field in equine reproduction, with species-dependent peculiarities, such as the 
low success rate of conventional IVF. Here, the ‘cumulome’ was related to the developmental capacity of its corresponding oocyte. 
Cumulus–oocyte complexes collected from slaughterhouse ovaries were individually matured, fertilized by ICSI, and cultured. After 
maturation, the cumulus was collected for proteomics analysis using label-free mass spectrometry (MS)-based protein profiling by 
nano-HPLC MS/MS and metabolomics analysis by UPLC-nanoESI MS. Overall, a total of 1671 proteins and 612 metabolites were in
cluded in the quantifiable ‘cumulome’. According to the development of the corresponding oocytes, three groups were compared 
with each other: not matured (NM; n¼ 18), cleaved (CV; n¼15), and blastocyst (BL; n¼19). CV and BL were also analyzed together as 
the matured group (M; n¼34). The dataset revealed a closer connection within the two M groups and a more distinct separation from 
the NM group. Overrepresentation analysis detected enrichments related to energy metabolism as well as vesicular transport in the 
M group. Functional enrichment analysis found only the KEGG pathway ‘oxidative phosphorylation’ as significantly enriched in the 
NM group. A compound attributed to ATP was observed with significantly higher concentrations in the BL group compared with the 
NM group. Finally, in the NM group, proteins related to degradation of glycosaminoglycans were lower and components of cumulus 
extracellular matrix were higher compared to the other groups. In summary, the study revealed novel pathways associated with the 
maturational and developmental competence of oocytes.
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Introduction
In a broad variety of species, assisted reproductive technologies 
are applied to optimize reproductive efficiency or to overcome 
fertility issues. Amongst these, the horse is tainted with some pe
culiarities regarding reproductive biology. The response to hor
monal induction of multiple ovulations is limited (Squires and 
McCue, 2007; Blanco et al., 2009). Therefore, superovulation of 
mares for embryo transfer or collection of mature oocytes for IVF 
is mostly irrelevant in clinical programs. Instead, immature 
oocytes are collected by oocyte retrieval and subjected to IVM 
(Galli et al., 2001). Unfortunately, IVM is one of the major chal
lenges in ART across species (Rouhollahi Varnosfaderani et al., 
2020), as it results in an impaired developmental capacity of the 
oocyte. In particular, the maturational competence of equine 
oocytes seems to be affected by processing factors, such as the 
time until the oocytes are recovered from the ovaries after 
slaughter or the duration in the maturation medium (Hinrichs, 
2010). Maturation rates of equine oocytes in vitro can be up to 
71%, especially with prolonged maturation times (36–38 h) 
(Lazzari et al., 2020). Rates for expanded cumulus–oocyte com
plexes (COCs) are usually higher (63%) than for compact COCs 
(23%) (Galli et al., 2007; Hinrichs, 2010). However, a direct com
parison of the developmental rates of oocytes matured in vitro 
with oocytes matured in vivo, which were all transferred back to 
the fallopian tube of inseminated recipient mares, resulted in 
lower development of embryonic vesicles on Day 16 for the 
in vitro group (7% vs 82%) (Scott et al., 2001). Similar results have 

also been described when ICSI was used, but if the dominant 
stimulated follicles start to mature in vivo, a blastocyst (BL) rate 
of 70% can be achieved, which is twice as high as that of imma
ture oocytes (Foss et al., 2013).

For a long time, standard IVF in horses, resulting in live off
spring, was only successful with oocytes that had matured in vivo 
(Palmer et al., 1991) and therefore, IVM was considered unsuit
able for embryo production (Leemans et al., 2016). The explana
tion for this IVF failure in the horse is not fully elucidated. 
Besides inadequate sperm capacitation, hardening of the zona 
pellucida after IVM that prevents sperm penetration of the oo
cyte has been discussed (Dell’Aquila et al., 1999; Hinrichs et al., 
2002; Leemans et al., 2016; Lazzari et al., 2020). To overcome this 
fertilization issue, the technical achievements of ICSI from hu
man ART were transferred into equine reproduction and contrib
uted to satisfactory protocols for the laboratory production of 
equine embryos (Palermo et al., 1992; Squires et al., 1996; Lazzari 
et al., 2020; Briski and Salamone, 2022). Only recently, a standard 
IVF using an adapted system using extended incubation with se
men, with 22 h sperm pre-incubation and 3 h COC co-incubation, 
was described, and this led to a satisfactory BL rate (Felix et al., 
2022). Nevertheless, there is a great demand to increase the effi
ciency of equine ART and to understand the relevant processes.

The metabolic profile of equine oocytes during maturation dif
fers significantly from other species and depends on the age of 
the mare (Lewis et al., 2020a; Catandi et al., 2023). Therefore, in
vestigating metabolism during this critical period of maturation 
can help to elucidate factors associated with the developmental 
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competence of the oocyte. A unique cell source to examine me
tabolism non-invasively for the oocyte is cumulus cells (CCs). 
They hold a close bidirectional communication with their oocyte 
and accompany the oocyte throughout the maturation process 
(Russell et al., 2016). And, they are shed naturally after fertiliza
tion or removed artificially after maturation to perform ICSI. This 
brought CCs into the focus of biomarker research for the predic
tion of oocyte development, with the rationale to find additional 
prognostic tools to select embryos for intra-uterine transfer 
(Sirait et al., 2021).

Especially for bovine and human reproduction, a variety of 
gene-expression studies on pooled cumulus samples are avail
able, and have identified numerous genes linked to maturation 
status (Assou et al., 2006; Ouandaogo et al., 2011, 2012; Bunel 
et al., 2014; Li et al., 2014, 2015; Wyse et al., 2020) or post- 
fertilization development (Anderson et al., 2009; Adriaenssens 
et al., 2010; Assou et al., 2010; Assidi et al., 2011; Wathlet et al., 
2011, 2012, 2013; Bunel et al., 2014; Scarica et al., 2019). Global 
transcriptomic studies are usually performed on pooled samples, 
for reasons of simplicity and cost. Pooling of samples in bio
marker research deals with negative effects such as a reduction 
of biological variance or masking of individual candidates (Diz 
et al., 2009; Telaar et al., 2010). With the increasing sensitivity of 
the techniques, studies requiring no or only moderate pooling 
(n¼5) of cumulus samples from individual cultured COCs for 
transcriptomic analysis have arisen (Bunel et al., 2015; Borup 
et al., 2016; Artini et al., 2017; Green et al., 2018; Demiray et al., 
2019; Aguila et al., 2020; El-Maarri et al., 2021). Analyzing the pro
teome or metabolome at the single COC level is more challeng
ing, however, as this approach includes no enrichment steps. 
Nevertheless, proteomic analysis of single human and bovine 
oocytes has already been successful (Virant-Klun et al., 2016; 
Labas et al., 2017). Also, metabolomic profiling of glucose metabo
lism and lipid fingerprinting has been successful at the level of 
single oocytes (Gonz�alez-Serrano et al., 2013; Sessions-Bresnahan 
et al., 2016; Anderson et al., 2022; Catandi et al., 2022). However, 
the metabolomics analysis of human CCs in moderately pooled 
samples (n¼ 12) has provided only poor predictive value for the 
developmental competence of the enclosed oocytes (Martinez- 
Moro et al., 2021).

In previous ‘cumulomics’ studies, the metabolome and prote
ome of bovine and equine CCs (‘cumulome’) corresponding to sin
gle oocytes were analyzed. These studies elucidated important 
metabolic aberrations between in vivo maturation and IVM, using 
an ultrasensitive mass spectrometry (MS)-based workflow (Fortes 
et al., 2014; Walter et al., 2019, 2020). Now, this approach provides 
the unique opportunity to correlate the ‘cumulome’ directly to the 
developmental competence of the corresponding oocyte to find 
markers for the developmental competence of the oocytes (Catandi 
et al., 2022, 2023). The use of a multi-omics approach gives unprece
dented possibilities to enhance the current understanding of me
tabolism during IVM (Jendoubi, 2021). Up to now, the available 
studies have failed to identify universal markers that predict the 
developmental potential of oocytes (El-Maarri et al., 2021). Single 
marker genes were not homogenous across studies, but the differ
entially expressed genes, proteins, or metabolites can lead to path
ways that might be able to distinguish between oocytes of good or 
poor quality (El-Maarri et al., 2021). With the identification of global 
molecular signatures determining the oocytes’ developmental com
petence, novel approaches to overcome the limitations in equine 
IVF can evolve. Therefore, this study related the ‘cumulome’ to the 
maturational and developmental potential of the corresponding in
dividual oocytes. These ‘cumulomic signatures’ identified novel 

paths for augmenting oocyte quality. As the horse can serve as a 
good model for human reproduction, the obtained data might also 
contribute to overcome similar challenges in human IVM 
(Carnevale, 2008; Dell’Aquila et al., 2012; Virant-Klun and 
Krijgsveld, 2014).

Materials and methods
Experimental design
For the correlation of the ‘cumulome’ with the developmental com
petence of the oocyte, cumulus samples of individual COCs origi
nating from three different groups were analyzed. One group 
contained cumulus of oocytes that failed to mature (NM: not ma
tured, n¼18). Oocytes of the other groups matured successfully (M: 
matured, n¼ 34). The matured group included oocytes that 
arrested their development after cleavage (CV: cleaved, n¼ 15) and 
oocytes that developed further to the BL stage (BL, n¼ 19). Figure 1 
illustrates the experimental design with the different developmen
tal groups.

COC collection and maturation
Oocytes were collected from ovaries of slaughtered mares of 
mixed ages, breed, and reproductive status. Since the ovaries col
lection was performed in the northern hemisphere in April–May, 
most of the mares were cycling. A total of 80 ovaries in two differ
ent replicates were used in this study. The COCs were collected 
by follicular scraping and flushing to obtain enough CCs. During 
the time of collection (around 4 h), oocytes were held at room 
temperature in HEPES-buffered synthetic oviductal fluid (H-SOF), 
then the whole procedure from oocyte maturation to embryo cul
ture was performed as a single culture protocol, in which each 
oocyte was matured and decumulated. All successfully matured 
oocytes were fertilized by ICSI and in vitro cultured individually, 
to keep track of their developmental competence. The in vitro 
production (IVP) of embryos was performed according to Lazzari 
et al. (2020). In brief, single COC IVM was performed in individual 
wells of four-well plates containing 500 μl of a mixture of DMEM 
and Ham’s F12 with 10% fetal calf serum (Gibco, Thermo Fisher, 
Segrate, Italy), supplemented with insulin (5 mg/l), transferrin 
(5 mg/l), sodium selenite (5 mg/l), epidermal growth factor (50 ng/ 
ml) (PeproTech, London, UK), 1 mmol/l sodium pyruvate and the 
gonadotropins, follicle-stimulating hormone (0.1 IU/ml), and 
luteinizing hormone (0.1 IU/ml) (Menopur, Ferring, Milan, Italy). 
Only suppliers of reagents not purchased from Sigma Aldrich 
(Merck, Milan, Italy) are specially indicated. IVM was performed 
in a humified atmosphere at 38�C with 20% O2 and 5% CO2 for on 
average of 27 h. Before maturation, each oocyte was classified as 
‘compact’ or ‘expanded’ based on the morphology and consis
tency of the CCs.

Cumulus sampling and preparation
After maturation, each COC was individually transferred into 
H-SOF. After four washing steps in 100 μl drops of PBS with bo
vine serum albumin (BSA), glucose, and pyruvate (PBS-BSA), each 
oocyte was manually pipetted after a short incubation in trypsin. 
Most of the CCs were recovered in a volume of 3 μl wash media 
and immediately snap-frozen in liquid nitrogen. Then, each 
oocyte was fully denuded in H-SOF supplemented with hyaluron
idase by pipetting, washed once, and transferred back to its 
maturation well until ICSI.

Fertilization by ICSI and embryo culture
The maturation status was documented and only oocytes that ex
truded the first polar body were selected for fertilization. Oocytes 
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without polar body extrusion were assigned to the group of NM 
COCs, indicated in the ‘cumulome’ analysis as ‘NM’ (NM, n¼18). 
COCs of the ‘NM’ group included only cumulus of oocytes with nor
mal morphology; CCs of degenerated or broken oocytes after matu
ration were not used for this experiment. ICSI was performed in 
two different sessions using semen from the same frozen-thawed 
batch of a stallion of proven fertility. The procedure was also sum
marized in the review by Lazzari et al. (2020). Briefly, the semen was 
prepared using a 90–45% discontinuous density gradient centrifuga
tion (Redigrad, Amersham Biosciences, Freiburg i. Br., Germany). 
Piezo pulses were used to immobilize sperm and to penetrate the 
zona pellucida of the oocyte. Injected oocytes were individually cul
tured in 20 μl drops covered with mineral oil of modified synthetic 
oviductal fluid: in vitro culture (SOF-IVC) medium with BSA and 
amino acids (Lazzari et al., 2002). The zygotes/embryos were regu
larly monitored to document further development until Day 9. On 
Day 2 after ICSI, they were checked for a first cleavage division. The 
single COC-IVP-protocol achieved consistent and satisfactory devel
opmental rates (maturation rate 59.7%; BL rate per COC 25.9%). A 
total of 52 COCs were used for the ‘cumulome’ analysis. CCs from 
sperm-injected oocytes that developed to the BL stage until Day 9 
were assigned to the BL group (BL, n¼19), whereas the ones that 
cleaved but did not develop to the BL stage were assigned to the 
cleavage group (CV, n¼ 15). The matured group (M, n¼ 34) 
represented both group CV and group BL.

Bottom-up proteomics
For the protein extraction, the protocol developed for the 
‘Cumulomics’ project was applied as previously documented 
(Fortes et al., 2014; Walter et al., 2019). The remaining pellet of indi
vidual cumuli after methanol extraction was treated using a sonor
eactor for cell lysis (Rial-Otero et al., 2007) followed by a filter-aided 
sample preparation (Wi�sniewski et al., 2009). Trypsin digestion was 
performed overnight on the filter unit. Desalting using C18 solid 
phase extraction columns (Finisterre, Teknokroma, Barcelona, 
Spain) preceded the final resolubilization in LC-MS solution. The 
MS analysis was performed using reverse-phase LC-MS/MS on an 
Orbitrap Fusion mass spectrometer (Thermo Scientific, Monza, 
Italy) in data-dependent acquisition mode. The instrument was 

coupled to a nano-HPLC system (EASY-nLC 1000, Thermo 
Scientific, Monza, Italy). A gradient of 120 min (1–35% acetonitrile) 
was used for the elution of peptides. Precursor ions charged be
tween þ2 and þ6 with a minimum signal intensity of 1e4 were frag
mentated. A pool containing an aliquot from each sample was 
analyzed as an aligning reference in each analysis run.

The quantification was conducted label-free in Progenesis QI 
for proteomics software version 3.0 (Nonlinear Dynamics, Waters, 
Milford, MA, USA). For protein quantification, the average of the 
normalized abundance of the three most intense peptide ions of 
each protein group was calculated for each sample individually. 
This resulted in the normalized quantitative protein abundance 
(Grossmann et al., 2010). Spectra were identified against the NCBI 
database for horses (NCBI Taxonomy ID 9796, release date 
20170523). The false discovery rate was estimated using reversed 
sequences (Nesvizhskii et al., 2003; K€all et al., 2008). Database 
searching was performed on Mascot Server v.2.5.1.3. (Matrix 
Science, London, UK). Settings were 10 ppm tolerance for the 
monoisotopic precursor masses, 0.5 Da for fragment ion tolerance 
with a maximum of two allowed missed cleavages, and the value 
for number of 13C was set to 1. Specified as fixed modification was 
carbamidomethylation of cysteine; selected for variable modifica
tions were oxidation of methionine and deamidation from gluta
mine and asparagine. In Scaffold v4.1.1 (Proteome Software, 
Portland, OR, USA), protein probabilities were analyzed (K€all et al., 
2008). A filtered scaffold spectrum report (protein false discovery 
rate 10%; peptide false discovery rate 5%) was loaded to 
Progenesis QI to assign peptide and protein data to the MS1 spec
tra. The false discovery rate for the proteins (with at least two pep
tides) in all biological samples was <0.4% (K€all et al., 2008). 
Differences between the developmental groups were analyzed in 
Progenesis QI software using two group comparisons, which calcu
lated fold changes (linear values) and P-values (t-test on arcsinh 
values). These pairwise comparisons were used to generate sets of 
candidates with relation to developmental competence that were 
afterward used for downstream analysis. A separate Progenesis 
experiment was set up for the comparison between the NM 
(n¼ 18) and matured (n¼ 34) COCs to obtain fold changes and P- 
values for separate downstream analysis.

Figure 1. Experimental design with sample distribution on developmental groups.
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Untargeted metabolomics
In the first step, methanol extraction of the metabolome was 
conducted for individual cumuli as already documented in detail 
by Walter et al. (2019). Separation of metabolites was achieved by 
liquid chromatography on a nanoAcquity UPLC column (Waters), 
which was coupled by a nano-ESI source to a Synapt HDMS G2 
mass spectrometer (Waters). The nano-ESI source was operated 
in negative polarization mode. The LC–MS dataset was analyzed 
using Progenesis QI software (Waters). Pooled samples and refer
ence compound mixtures were used for quality control, to check 
the technical accuracy and stability. Detected ions were identi
fied based on accurate mass, detected adduct patterns, and iso
tope patterns by comparing them with entries in the Human 
Metabolome Data Base. A mass accuracy tolerance of 5mDa was 
set for the searches. Fragmentation patterns were considered for 
the identification of metabolites.

Normalized abundances were exported together with the reten
tion time (RT) and mass-to-charge ratio (m/z) to an Excel table 
(Windows) where, for pairwise comparisons (CV-NM, BL-NM, BL- 
CV), log2-fold changes, and P-values based on two-sided t-tests and 
log10-transformed intensity values were calculated for each 
detected ion. As ATP is known to break down in ADP during analy
sis, the compounds 6.25_426.0214m/z (ADP) and 6.25_506.9957n 
(ATP) were summed up for further analysis. The list of metabolites 
was filtered for a fold change threshold level of 1.2 and a P-value 
<0.05 in at least one of the pairwise comparisons.

Downstream analysis and data visualization
All data were analyzed in pairwise comparisons. The group with 
the higher developmental potential was always analyzed in com
parison to the group with the lower developmental potential (CV/ 
NM, BL/NM, BL/CV). This resulted in negative log2-fold changes 
for proteins with higher expression in CCs of oocytes with lower 
developmental potential. Between-group analysis (BGA) for both 
datasets were run in R software using the package made4 
(Bioconductor repository) (http://www.bioconductor.org/pack 
ages/release/bioc/html/made4.html).

The equine NCBI database for horses (NCBI Taxonomy ID 
9796, release date 20170523) was blasted to the reviewed sequen
ces of the human uniprot database to reveal orthologous proteins 
(canonical UniProt database: Tax ID: 9606, 20161209: file: 
fgcz_9606_reviewed_cnl_contaminantNoHumanCont_20161209. 
fasta) to access tools for downstream analysis with the human 
IDs (orthologues were accepted when the blastp e-value was 1E- 
15 or smaller). The individual group comparisons were screened 
for overlaps between both matured groups (CV, BL) against the 
NM group and these identified candidates for maturational com
petence were analyzed for enriched pathways and protein clus
ters using enrichment analysis in STRING-DB (http://string-db. 
org) (Szklarczyk et al., 2021), as well as gene ontology (GO) group
ing using ClueGO plugin of Cytoscape (NIGMS/NIH). Data of the 
progenesis analysis combining CV and BL (M) were analyzed in a 
functional enrichment analysis against the whole protein- 
encoding genome in STRING-DB (http://string-db.org), using all 
proteins ranked according to their log2-fold change (M/NM). 
Boxplots were generated in Prism 9 (GraphPad Software, Boston, 
MA, USA) based on the hyperbolic arcsine of normalized abun
dances. Integration of proteomic and metabolomic results was 
achieved by the use of KEGG Mapper v3.1 (release date 1 October 
2017; http://www.genome.jp/kegg/mapper.html), as well as 
Metacore (Cortellis, Clarivate, London, UK). Pathways were illus
trated using the BioRender App (Biorender.com). Proteomics data 
were deposited in the ProteomeXchange Consortium via the 

PRIDE partner repository with the dataset identifier 033551 
(Perez-Riverol et al., 2019). Data tables with the complete results 
of proteomics and metabolomics data are available in 
Supplementary Tables S1 and S2.

Results
Detected proteins and metabolites
Over the three biological groups, a total of 1671 proteins with NCBI 
accessions were identified and considered as quantifiable (i.e. ≥two 
peptides per protein); 40 of these were linked to more than one 
orthologous human Uniprot accession. Human Uniprot IDs linked 
to more than one equine NCBI accession are marked in a column in 
the full results table (Supplementary Table S1). The metabolomic 
analysis quantified a total of 612 metabolic compounds. For 12 
compounds, a putative metabolite ID was assigned.

Between-group analyses
The BGA for the proteomics and metabolomics analysis illus
trates a shift of the cluster centers along the horizontal axis be
tween the two matured groups (CV, BL) and the NM group (Fig. 2).

Pairwise comparisons of groups
Individual two-group comparisons
This section describes the results of the pairwise comparisons be
tween all three developmental groups. The data for these three 
comparisons (FC and P-values) were generated in Progenesis QI 
software (Nonlinear Dynamics). The individual comparisons 
were also screened for overlaps between both matured groups 
(CV, BL) against the NM group. These identified candidates for 
maturational competence were analyzed for enriched pathways 
and protein clusters using enrichment analysis in STRING-DB 
(http://string-db.org), as well as gene ontology (GO) grouping us
ing the ClueGO plugin of Cytoscape (NIGMS/NIH).

The two-group comparisons revealed a result similar to the 
BGA analysis (Fig. 2), with less difference between the two ma
tured groups CV and BL than between these groups and the NM 
group (Table 1).

Comparison of CV versus NM groups
The comparison of the group that cleaved but did not develop to 
the BL stage (CV) with the group that failed to mature (NM) 
revealed a total of 215 proteins with significantly different ex
pression (FC>1.2, P< 0.05). Of these, 208 proteins were more 
abundant in the CV group, whereas only seven proteins were 
overrepresented in the NM group.

The metabolomic data revealed 91 compounds with signifi
cant differences (FC> 1.2, P<0.05). Of these, 61 showed a higher 
abundance in the CV group, including two compounds with a pu
tative metabolite ID (oxalacetic acid, oxoglutaric acid) while 30 
compounds had a higher abundance in the NM group.

Comparison of BL versus NM groups
The comparison of the group with final development to the BL 
stage (BL) against the group that failed to mature (NM) identified 
164 significantly different proteins. Again, the majority was more 
abundant in BL samples (148) compared to NM samples (16).

This group comparison revealed the highest number of signifi
cant differences in the metabolomic dataset (159). Higher abundan
ces in the BL group were detected for 100 compounds: 4 with 
putative metabolite ID (oxalacetic acid, oxoglutaric acid, oxoadipic 
acid, ATP (ATPþADP)). The results of the compounds 
6.25_426.0214m/z (ADP) and 6.25_506.9957n (ATP) were both in
creasing from NM over CV to BL with significant differences 
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between NM and BL (ADP: P<0.01; ATP: P< 0.05). Individual results 
are listed in Supplementary Table S2. In the NM group, 59 com
pounds showed significantly higher abundances, of which six com
pounds were attributed to a metabolite ID (purine, succinic acid, 
hydroxyglutaric acid, glucosamine, malic acid, glyceric acid).

Comparison of BL versus CV groups
The comparison of the two groups that matured successfully 
detected only minor differences with a total of 18 significantly 
different proteins. The majority were overexpressed in the CV 
group (14) and only four proteins were more abundant in the 
BL group.

The metabolomic data showed only minor differences be
tween the CV and BL groups, with only 45 compounds showing 
significant differences (10 higher in BL, 35 higher in CV). None of 
them could be attributed to a putative metabolite ID.

Comparison of NM versus CV and BL (matured) groups
As previously described, the data of the individual two-group com
parison (Table 1) reflect the result of the BGA analysis (Fig. 2), where 
larger deviations were noticed between the NM group compared to 
the CV and BL groups. To extrapolate the intersection in proteins 
and metabolites with significant alterations between the matured 
(M) groups (CV and BL) and the NM group, the results were filtered 
for proteins and metabolites with both fold changes >1.2 and at 
least one P-value <0.05. This procedure identified a total of 243 pro
teins and 102 metabolic compounds which showed higher expres
sion in M against NM (CV/BL>NM). Vice versa, 16 proteins and 56 

metabolic compounds were more highly expressed in the NM group 
compared to CV and BL (NM>CV/BL) group. Full result lists are 
available in Supplementary Tables S1 and S2.

Enrichment analysis of the proteins with significant higher 
abundances in the CV and BL groups revealed various significant 
enrichments. The complete enrichment analysis can be accessed 
online on STRING-DB (https://version-11-5.string-db.org/cgi/net 
work?networkId=bxhDLO88HwDV). Figure 3 illustrates a selec
tion of enriched KEGG pathways (Supplementary Table S3), 
which were selected for detailed presentation in the section on 
biological categories. This includes the pathways ‘glycolysis/glu
coneogenesis’ (hsa00010), ‘fructose and mannose metabolism’ 
(hsa00051, FDR<0.01), ‘starch and sucrose metabolism’ 
(hsa00500, FDR<0.05), ‘endocytosis’ (hsa04144), and ‘protein 
processing in endoplasmic reticulum’ (hsa04141).

Furthermore, an analysis of enriched Gene Ontology groups 
for biological processes was performed using the ClueGO plugin 
in Cytoscape (NIGMS/NIH). The same proteins overexpressed in 
the M group against the NM group (n¼243) were considered. 
This analysis included similar terms as the enriched KEGG path
ways in the STRING-DB analysis: vesicle, carbohydrate catabolic 
process, or endoplasmic reticulum (ER) (Supplementary Fig. S1A 
and B).

Combined analysis of matured (M5CV&BL) versus 
NM groups
As the BGA revealed a closer relation between the CV and BL 
groups, a separate Progenesis QI (Nonlinear Dynamics) analysis 

 d = 20

 metabolites

 BL

 CL

 NM

 d = 20

 proteins

 BL

 CL

 NM

CV CV

Figure 2. Results of the between-group analysis (BGA). The groups show some overlaps but considering the shift of the cluster centers along the 
horizontal axis 1, there is a clear separation, especially between the not matured group (NM, blue) and the two matured groups: cleaved (CV, green) 
and blastocyst (BL, red). Left: Metabolomics data; Right: Proteomics data; grid line distance d¼20.

Table 1. Overview on proteomics and metabolomics data.

Quantifiable CV>NM NM>CV BL>NM NM>BL BL>CV CV>BL

Proteins 1671 208 7 148 16 4 14
Metabolites 612 (12) 61 (2) 30 100 (4) 59 (6) 10 35

Listed are the overall quantifiable compounds as well as the number of significant candidates in the two group comparisons (FC>1.2; P<0.05). The number of 
metabolomic compounds with putative metabolite IDs are listed in brackets.
CV, oocytes that arrested their development after cleavage; BL, oocytes developing to blastocyst stage; NM, oocytes that failed to mature.
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of the proteomic data, where these groups were directly combined 
to a matured (M) group was run. This two group-analysis of all NM 
and matured (M) samples provided the opportunity to run func
tional enrichment analysis on the full-ranked protein lists. This list 
was ranked along log2-fold change and analyzed using the func
tional enrichment tool in STRING-DB. The functional enrichment 
analysis was performed against the whole protein-encoding ge
nome. The result identified a significantly enriched KEGG pathway, 
‘oxidative phosphorylation’ (hsa00190), which was shifted toward 
the NM group (enrichment score 0.6, false discovery rate <0.01) 
(Szklarczyk et al., 2021). The analysis assigned 41 proteins of the in
put list to this pathway (Supplementary Fig. S2). The complete 
functional enrichment analysis can be accessed online on STRING- 
DB (https://version-11-5.string-db.org/cgi/globalenrichment? 

networkId=bboFFIjSDO2L). The same ranked list was analyzed us
ing the Core Analysis with default settings in Ingenuity Pathway 
Analysis (Qiagen IPA) software (filtered for P< 0.05). The results of 
the canonical pathway analysis are listed in Table 2 (filtered for 
pathways with negative or positive z-score and a −log(P-value) >2). 
The pathway with the most significant result and a positive z-score 
was ‘remodeling of epithelial adherence junctions’. Related to en
ergy metabolism, the pathway ‘glycogen degradation’ also revealed 
a significant result with a positive z-score. The upstream regulator 
analysis (Table 3) identified potential upstream regulators that 
were inhibited (negative z-score) or activated (positive z-score). 
Results were filtered for a P-value <5.00E-05. Amongst the activated 
regulators were glucose, beta-estradiol, and estrogen receptor 2, 
whereas the activation z-score for FSH was negative.

Figure 3. Enrichment analysis using STRING-DB. The analysis was conducted on 243 proteins (241 matched with database, minimum required 
interaction score 0.7) with significant higher expression (both FC>1.2, one P<0.05) in the cleaved (CV) or blastotyst (BL) groups compared to the not 
matured group (NM). Highlighted are proteins in the overrepresented KEGG groups ‘glycolysis/gluconeogenesis’ (hsa00010, FDR 0.01, orange nodes), 
‘fructose and mannose metabolism’ (hsa00051, FDR<0.01, yellow nodes), and ‘starch and sucrose metabolism’ (hsa00500, FDR<0.05, green nodes). 
Also, proteins overrepresented in the pathways ‘endocytosis’ (hsa04144, FDR <1E−07, pink nodes) and ‘protein processing in endoplasmic reticulum’ 
(hsa04141, FDR¼0.001, turquoise nodes) are indicated. The complete enrichment analysis can be accessed online on STRING-DB (https://version-11-5. 
string-db.org/cgi/network?networkId=bxhDLO88HwDV). Enriched KEGG pathways are listed in Supplementary Table S3.
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Proteins and metabolites decreasing or increasing with 
developmental competence (NM>CV>BL or BL>CV>NM)
A total of 13 proteins showed increased concentrations with de
velopmental competence (all fold changes 31.2 and at least one 
P-value <0.05), with the lowest means in NM and the highest 
means in BL groups. Decreasing concentrations with develop
mental competence were found for a total of seven proteins 
(Supplementary Table S1). Amongst these seven proteins were 
NADH dehydrogenase (ubiquinone) iron-sulfur protein 8, mito
chondrial (NDUFS8) of the KEGG pathway ‘oxidative phosphory
lation’ (Fig. 4), and basement membrane-specific heparan sulfate 
proteoglycan core protein (HSPG2). Regarding metabolites 
(Supplementary Table S2), 33 compounds showed increased con
centrations with developmental competence (criteria according 
to proteomics results), of which only two were attributed to a me
tabolite (ATP, ADP). There were 25 compounds found to be de
creasing with developmental competence of which three were 
attributed to a metabolite (purine, succinate, glucosamine).

Biological categories
Energy metabolism
The enrichment analysis revealed a significant overrepresenta
tion of proteins that belong to the KEGG groups ‘glycolysis/gluco
neogenesis’ (hsa00010, FDR 0.01), ‘fructose and mannose 
metabolism’ (hsa00051, FDR<0.01), and ‘starch and sucrose me
tabolism’ (hsa00500, FDR<0.05) (Fig. 3). Therefore, an integrated 
illustration including 15 proteins and six metabolites related to 
cellular energy metabolism was drawn (Fig. 4). Proteins involved 
in glycolysis and glycogen utilization showed a homogenous 
lower expression in the NM group. Instead, proteins involved in 
oxidative phosphorylation were more highly expressed in the NM 
group. This finding was supported by the result of the functional 
enrichment analysis in STRING-DB, where the KEGG pathway 
‘oxidative phosphorylation’ (hsa00190) was significantly enriched 
(Supplementary Fig. S2).

Finally, an important result of this study is that the highest 
concentrations of ATP/ADP were detected in the cumulus sam
ples of oocytes that developed to the BL stage.

Vesicular transport
The enrichment analysis revealed a significant overrepresenta
tion of proteins involved in the pathways ‘endocytosis’ 
(hsa04144, FDR 7e−07) and ‘protein processing in the ER’ 
(hsa04141, FDR 0.001) in both matured groups (Fig. 3). Therefore, 
an integrated illustration of proteins of these KEGG pathways 
was drawn (Fig. 5). The 28 proteins illustrated in Fig. 5 had signifi
cantly lower expression in the NM group compared to either of 
the matured groups (CV and/or BL).

Glycosaminoglycan metabolism
The KEGG pathway ‘glycosaminoglycan (GAG) degradation’ was 
not significantly enriched in the StringDB analysis of proteins 
that matured successfully. However, three proteins involved in 
GAG degradation showed significant higher abundances in cu
mulus complexes that matured successfully: β-glucuronidase 
(GUSB), N-acetylglucosamine-6-sufatase (GNS), and hexosamini
dase (HEXA). Heparan sulfate proteoglycan (HSPG2, PGBM, 
Perlecan) was significantly higher in NM compared to CV and BL 
cumulus complexes. This protein belongs to the group of seven 
proteins that decreased with increasing developmental potential, 
showing the lowest abundance in the BL group. In the metabolo
mics analysis, one compound that showed significant lower 
abundances in the BL group (4.58_178.0716 m/z) was putatively 

assigned to the substance glucosamine. Figure 6 illustrates the 
GAG degradation and the measured compounds in this pathway.

Discussion
General discussion
With a total of 1671 proteins and 612 metabolic compounds iden
tified, a similar range of detectable candidates was observed as 
in the previously published comparison of the equine 
‘cumulome’ after in vivo maturation and IVM (1811 proteins and 
906 metabolic compounds) (Walter et al., 2019). The BGA analysis 
revealed a more precise separation of the two matured groups 
(M: CV and BL) from the NM group (Fig. 2). This closer relation be
tween the matured groups is also reflected by the limited number 
of candidates with significant difference between these two 
groups (proteomics 18, metabolomics 45, Table 1). Thus, the con
cept of predicting the developmental competence of the oocyte 
through analysis of the ‘cumulome’ has some limitations. The 
results of this study nicely illustrate wide-ranging differences in 
the ‘cumulome’ of oocytes with and without maturational com
petence, although the cause of a failure to mature could not be 
determined using this approach. Nevertheless, the application of 
this ‘cumulomics’ approach to discriminate between oocytes 
with the potential to develop to the BL stage and oocytes that ar
rest their development after the first cleavage division is difficult. 
Considering the biological function of the CC, it is not surprising 
that the largest differences were detected between the NM and 
matured groups. CCs have a close bidirectional communication 
with their oocytes throughout the maturation process through 
gap junctional communication, paracrine signaling or vesicular 
trafficking of large cargo like mRNA or long noncoding RNA 
(Macaulay et al., 2014; Russell et al., 2016). In the horse, the cou
pling between CCs and oocytes is interrupted after the oocytes 
are incubated in maturation medium for at least 18 h (Colleoni 
et al., 2004). Even after maturation and ovulation, the cumulus 
complex participates in capturing the COCs to the fallopian tube 
and guiding the sperm during fertilization. After fertilization, the 
oocytes shed their cumulus vesture. This disconnection between 
cumulus and oocyte is reflected in the broad similarities of the 
‘cumulome’ of oocytes that matured successfully and were only 
different regarding their post-fertilization developmental capac
ity. Another reason for these similarities might be the heteroge
neity in the CV group, which included all zygotes that arrested 
their development between the cleavage and the BL stage. 
Nevertheless, with 18 proteins (1.1%) and 45 metabolites (7.4%), a 
couple of significantly different candidates were also identified 
between CV and BL (Table 1). A similarly designed human study, 
but on a limited number of pooled CCs (n¼10 per group), found 
only six equally expressed proteins for the different developmen
tal groups in a total of 87 detected proteins (Braga et al., 2016). A 
study comparing CCs of single bovine oocytes before and after 
maturation, using intact cell MALDI-TOF MS, identified 20 differ
entially expressed compounds as potential markers for success
ful maturation (Labas et al., 2017).

Pathway analyses of differentially expressed proteins between 
successfully matured and failing-to-mature COCs identified po
tential upstream regulators that might be responsible for the 
detected alterations in the ‘cumulome’. Amongst these, FSH 
appears to have an influence on the expression of various mole
cules found in the data, such as AMH or actin-related protein 2 
(Tables 2 and 3). Thus, it is a promising candidate for optimiza
tion of maturation media, which was inhibited in the matured 
group. FSH and LH are gonadotrophins traditionally 
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Figure 4. Energy metabolism. Visualized are the affected pathways of glycogen degradation, glycolysis, tricarboxylic acid cycle, and oxidative 
phosphorylation. The illustration includes 15 proteins (blue labels) and 6 metabolites (green labels) with significant differences in abundance between 
not matured (NM) and/or cleaved (CV)/blastocyst (BL) groups that belong to the KEGG pathways ‘starch and sucrose metabolism’ (hsa00500), 
‘glycolysis/gluconeogenesis’ (hsa00010), and ‘fructose and mannose metabolism’ (hsa00051). Box plots were generated on ASINH normalized 
abundances (Whiskers from min to max; red: NM, orange: CV, green: BL). Significant differences in the pairwise comparison are marked with a bar. For 
ATP the sum of compounds 6.25_426.0214m/z and 6.25_506.9957n is illustrated. Adapted from ‘Warburg Effect’ template, using BioRender.com (2021). 
ACO1, Cytoplasmic aconitate hydratase; AKR1B1, Aldo-keto reductase family 1 member B1; ALDH9A1, 4-trimethylaminobutyraldehyde 
dehydrogenase; ALDOC, Fructose-bisphosphate aldolase C; ENO3, Beta-enolase; FBP1, Fructose-Bisphosphatase 1; GLUT, Glucose Transporter; GPI, 
Glucose-6-phosphate isomerase; GYS1, Glycogen Synthase 1; HK1, Hexokinase-1; MCT, Monocarboxylate Transporter; MPI, Mannose-6-phosphate 
isomerase; NDUFS8, NADH dehydrogenase (ubiquinone) iron-sulfur protein 8, mitochondrial; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6- 
bisphosphatase 3; PGLS, 6-phosphogluconolactonase; PGM1, Phosphoglucomutase-1; PKM, Pyruvate kinase PKM; PYGB, Glycogen phosphorylase, brain 
form; PYGL, Glycogen phosphorylase, liver form.
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Figure 5. Vesicular transport with endocytic and secretory pathways. The illustration includes 28 proteins (blue labels) with significant differences in 
the abundance between the not matured (NM) and/or cleaved (CV)/blastocyst (BL) groups and belonging to the KEGG pathways ‘endocytosis’ 
(hsa04144) or ‘protein processing in endoplasmic reticulum’ (hsa04141). Box plots were generated on ASINH normalized abundances (Whiskers from 
min to max; red: NM, orange: CV, green: BL). Significant differences in the pairwise comparison are marked with a bar. Adapted from the ‘Intracellular 
Transport’ template using BioRender.com (2021). AP1G1, AP-1 complex subunit gamma-1; BAX, Apoptosis regulator BAX; BCAP31, B-cell receptor- 
associated protein 31; CAPN1, Calpain-1 catalytic subunit; HSPA5, Endoplasmic reticulum chaperone BiP; HSPH1, Heat shock protein 105 kDa; IGF2R, 
Cation-independent mannose-6-phosphate receptor; RAB7A, Ras-related protein Rab-7a; SEC23A, Protein transport protein Sec23A; SEC23B, Protein 
transport protein Sec23B; SEC24A, Protein transport protein Sec24A; SEC24C, Protein transport protein Sec24C; SEC24D, Protein transport protein 
Sec24D; SEC61A1, Protein transport protein Sec61 subunit alpha isoform 1.
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supplemented in maturation media with important roles in the 
orchestration of the maturation process in bovine COCs (Khan 
et al., 2015). Even though FSHR protein expression was detected 
in equine oocytes (Scarlet et al., 2015), the influence of FSH on oo
cyte quality seems to be mostly mediated by CCs (Buratini et al., 
2021). The available literature gives reason to assume that exces
sive FSH availability may result in impaired developmental com
petence of the oocyte. Molecular pathways can link increased 
FSH signaling to impaired communication through transzonal 
processes between CCs and the oocyte (Buratini et al., 2021). The 
optimal gonadotrophin concentrations during IVM as well as 
their signaling mechanisms to achieve oocytes with the best de
velopmental potential are still under investigation. In human 
IVM, concentrations >70 IU/l improved the nuclear maturation 
of human oocytes by downregulating FSHR and upregulating 
LHCGR in CCs (Cadenas et al., 2021). For murine oocytes, a shorter 
incubation time with FSH (2 h) during maturation was beneficial 
for fertilization and BL rates (Lin et al., 2011). Besides FSH concen
tration and exposure time, the ratio between FSH and LH can 
also influence the maturation success. In human oocytes, a ratio 
of FSH:LH at 1:10 resulted in significantly improved embryo de
velopment beyond Day 2 compared to a 1:1 ratio. In bovine 
oocytes, the development to the BL stage was not significantly 
different for the two ratios, but still higher using the 1:10 ratio 
than the 1:1 (Anderiesz et al., 2000). Gene-expression analysis of 
CCs of individual human oocytes also identified FSH as an impor
tant upstream regulator for developmental competence. 
Interestingly, lower developmental potential can be associated 
with over- or under-stimulation by FSH in comparison to samples 
from oocytes with high developmental (pregnancy-positive) po
tential (El-Maarri et al., 2021). This result also indicates that too 
much FSH (too high concentration or too long exposure) as well 
as too little FSH might hinder the utilization of the oocyte’s full 
intrinsic maturational potential. This concept of just the right 
concentration or stimulation was described by Leese et al. (2016)
for the right amount of embryonic metabolic activity in preim
plantation embryos that results in optimal developmental com
petence: called the ‘Goldilocks Principle’. This hypothesis was 
later modified and renamed the ‘Goldilocks zone’, as it could be 
demonstrated that there is an optimal area of metabolic activity, 
within which oocytes and embryos with maximum development 
potential are located (Leese et al., 2022).

Energy metabolism
The dependence of the oocyte on the delivery of glycolytic prod
ucts from the surrounding CCs was elucidated already half a cen
tury ago (Biggers et al., 1967). The essential role of glucose 
metabolism in COCs for the acquisition of developmentally com
petent oocytes is highlighted in numerous studies and reviews 
(Sugiura et al., 2005; Sutton-McDowall et al., 2010; Gonz�alez- 
Fern�andez et al., 2018). The oocytes depend on CCs, especially for 
the utilization of glucose (Richani et al., 2021). Consumption of 
glucose in CCs was estimated to be 23 times higher than in 
oocytes (Thompson et al., 2007). The comparison of the 
‘cumulome’ between maturation in vivo and in vitro already 
revealed a shift toward glycolysis under in vitro conditions. For 
the interpretation of these results, the experimental condition 
needs to be considered. With a concentration of 17.5 mmol/l, 
DMEM-F12-based maturation media contain about four times 
more glucose than follicular fluid in the physiological environ
ment (Walter et al., 2019; Fern�andez-Hern�andez et al., 2020). With 
these high-glucose media, significantly improved cleavage and 
BL rates were achieved in the horse (Galli et al., 2007). 
Nevertheless, maturation in TCM199-based medium containing 

5.6 mM glucose also resulted in satisfactory results (Hinrichs 
et al., 2005; Brom-de-Luna et al., 2019). A recent study, comparing 
physiological (5.6 mM) and supraphysiological (17 mM) concen
trations of glucose, found no differences in maturation or BL 
rate, but altered mitochondrial function (Lewis et al., 2020b). For 
this ‘cumulomics’ study, a high-glucose DMEM/F12-based matu
ration medium was used, and glucose was identified as an up
stream regulator in the proteomics dataset (Table 3).

One of the most important roles of CCs is to supply pyruvate 
to the oocyte for ATP production via tricarboxylic acid (TCA) cy
cle and oxidative phosphorylation (Sutton-McDowall et al., 2010; 
Richani et al., 2021). The cumulomics data showed that KEGG 
pathways related to carbohydrate metabolism are significantly 
overrepresented in the proteins that are overexpressed in CV and 
BL cumulus (Fig. 3). In particular, numerous enzymes involved in 
glycolysis were significantly higher expressed in cumulus of mat
urational competent oocytes (CV/BL) (Fig. 4). These results dem
onstrate that glycolysis, generating pyruvate/lactate, is as 
important for the oocyte’s energy supply in the horse as in other 
species (Downs et al., 2002; Johnson et al., 2007; Bresnahan et al., 
2024). A comprehensive analysis of metabolism during matura
tion of equine COCs in vitro revealed that glucose consumption 
and lactate production did not differ between degenerated and 
matured COCs nor between matured COCs that cleaved or failed 
to cleave (Lewis et al., 2020a,b). However, the glucose consump
tion of developmental competent COCs was close to the mean of 
all COCs, which supports again the ‘Goldilocks principle’ (Leese 
et al., 2016; Lewis et al., 2020b). Metabolism during IVM under 
high-glucose/high oxygen conditions also directs energy produc
tion toward glycolysis compared to maturation in vivo (Walter 
et al., 2019).

The glycolysis product pyruvate may either be transferred to 
the oocyte or metabolized directly in the mitochondria of CCs by 
TCA cycle and oxidative phosphorylation (Sutton-McDowall 
et al., 2010; Richani et al., 2021). In contrast to glycolysis, higher 
expression of the proteins or metabolites involved in these meta
bolic pathways was not consistently observed in maturing COCs 
(Fig. 4). On the contrary, the enzymes aconitase (ACON, TCA cy
cle) and mitochondrial NADH dehydrogenase iron-sulfur protein 
8 (Ndufs8, oxidative phosphorylation) showed significantly lower 
expression in cumulus of maturational competent oocytes. The 
same distribution was observed for the TCA cycle metabolites 
succinate and malate. Succinate is a crucial metabolite linking 
several metabolic pathways. Succinate dehydrogenase couples 
the TCA cycle and the respiratory chain in mitochondria. It is 
also involved in the formation and elimination of reactive oxygen 
species (Tretter et al., 2016). For bovine COCs, TCA metabolites 
decrease in CCs over the time course of maturation but were se
creted into the medium. This may indicate an overall reduced py
ruvate utilization in CCs (Uhde et al., 2018). The TCA cycle 
metabolites oxalacetate and α-ketoglutarate showed different 
distribution patterns (Fig. 4) with increased expression in 
maturation-competent oocytes. This is not necessarily contradic
tory as the levels can be filled directly from outside the TCA cy
cle: oxalacetate from pyruvate (by pyruvate carboxylase) and 
α-ketoglutarate from glutamate (by glutamate dehydrogenase).

With the used global metabolomics approach, it is not possi
ble to finely discriminate between ATP and ADP. Nevertheless, 
both compounds showed the same pattern between developmen
tal groups, with the highest level in cumulus of oocytes that de
veloped to the BL stage and the lowest in the ones that failed to 
mature. In combination with the other alterations in energy me
tabolism (Fig. 4), this is one of the most intriguing candidates in 
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this study, which promotes the hypothesis that CCs not only pro
vide glycolytic products to the oocyte for energy production but 
may also directly fuel the oocyte with ATP. Further studies are 
necessary to consolidate this theory. Still, it is already supported 
by the available literature on other species. In bovine germinal 
vesicle COCs, oxidative phosphorylation was the most prominent 
metabolic pathway in CCs, but not in oocytes. Additionally, a 
higher expression of core proteins involved in oxidative phos
phorylation was found in CCs compared to oocytes (Peddinti 
et al., 2010). Measurement of ATP during IVM in single mouse 
COCs revealed higher levels of ATP in COCs accompanied by their 
cumulus vesture (Dalton et al., 2014; Scantland et al., 2014). This 
observation was abolished by the inhibition of gap junction com
munication (Dalton et al., 2014). In the NM group, the functional 
enrichment analysis using unfiltered ranked data showed that 
the KEGG pathway ‘oxidative phosphorylation’ (hsa00190) was 
significantly enriched (Supplementary Fig. S2). On the individual 
protein level, NDUFS8, which catalyzes the electron transfer 
from NADH in the respiratory chain, was significantly higher in 
the NM group, with the lowest value in the BL group (Fig. 4). In 
COCs that failed to mature, the cumulus seems to counter-steer 
this ATP/energy shortage by increasing oxidative phosphoryla
tion. These results raise the hypothesis that the high ATP content 
of developmentally competent COCs might come from other 
pathways than oxidative phosphorylation. One option for this 
might be the adenosine salvage pathway, which phosphorylates 
AMP in two steps to ATP (Richani et al., 2021). ATP amounts of 
this pathway (from isotopic-labeled AMP) were higher in intact 
COCs than in denuded oocytes and lower in pharmacological 
uncoupled COC gap junctions (Richani et al., 2019). These results 
also indicate that CCs provide not only energy substrates but also 
ATP directly to their oocyte through gap junctions (Richani et al., 
2019, 2021).

The positive correlation of ATP content in the oocyte with its 
developmental competence was documented for a variety of spe
cies (Van Blerkom, 2011; Richani et al., 2021). Bioassays investi
gating mitochondrial function in human CCs of IVF patients also 
found correlations with maturity of the oocytes (Dumesic et al., 
2016; Anderson et al., 2018). Interestingly, this effect seems to be 
negatively influenced by higher FSH concentrations during stim
ulation (Dumesic et al., 2016). Finally, lower ATP levels and im
paired mitochondrial function in CCs were found in diabetic 
mice as well as in human IVF patients with endometriosis (Wang 
et al., 2010; Hsu et al., 2015). The present study adds data regard
ing the horse by describing a positive correlation of ATP content 
in CCs with developmental competence of the oocyte. Metabolic 
flux analysis in equine COCs during maturation suggests that the 
major metabolic fate of glucose is the release of lactate. 
Measurements of the oxygen consumption rate revealed that 
�87% of ATP comes from oxidative phosphorylation and only 
13% came from glycolytic production of lactate. Therefore, the 
equine COC also seems to use other substrates, like lipids, amino 
acids, or glycogen, for oxidative ATP production (Lewis et al., 
2020a). Here, the ‘cumulomics’ results add novel data regarding 
utilization of glycogen in CCs. Several enzymes involved in glyco
gen degradation were significantly overexpressed in the cumulus 
of maturational competent oocytes (glycogen phosphorylase 
(PYGL/B) and phosphoglucomutase-1 (PGM1); Fig. 4). In addition, 
IPA analysis also identified glycogen degradation as an activated 
canonical pathway in the cumulus of maturational competent 
oocytes (Table 2). Literature on glycogen utilization in COCs dur
ing maturation is very limited. Some data are available on the 
storage of glycogen in the female gamete or early embryo of 

model organisms. A study in mouse embryos found glycogen in 
large amounts in cleavage-stage oocytes. This glycogen seemed 
to be utilized only from the BL stage onward (Thomson and 
Brinster, 1966). Similar results were detected in a teleost 
(Yurowitzky and Milman, 1972). In the shrew, an induced ovula
tor, the cumulus oophorus of MII oocytes is rich in glycogen 
(Kaneko et al., 2003). Also, in oocytes from diabetic mice, glycogen 
storage was significantly increased (Ratchford et al., 2007). A 
study on Drosophila oogenesis elucidated that mitochondria en
ter a reversible low respiratory state in late oogenesis, establish
ing oocyte quiescence. This decrease in oxidative metabolism 
results in the accumulation of glycolytic and TCA cycle inter
mediates and leads to glycogen storage (Sieber et al., 2016). In the 
macaque, the mRNA content of glycogen phosphorylase in mural 
granulosa cells increased after hCG administration (Brogan et al., 
2011) and decreased outside the breeding season (VandeVoort 
et al., 2015). Glycogen breakdown in CCs increases the availability 
of glucose and may therefore be associated with a higher devel
opmental potential of the oocyte. In human IVF patients, mito
chondrial utilization of glycogen in granulosa cells was 
significantly correlated with higher fertilization rates (Kordus 
et al., 2020). This directly reflects the results that were obtained 
in this study for the horse, with higher expression of proteins in
volved in glycogen degradation. Based on the detection in the 
pre-ovulatory follicular fluid of glucose-1-phosphate, which is 
derived from glycogen, Fern�andez-Hern�andez et al. (2020) have 
suggested that the equine oocyte also relies on glycogen metabo
lism as proposed in previous reports (Lewis et al., 2020a). In 
in vitro-matured bovine oocytes, the consumption of serum- 
derived glycogen was mediated by follicle-stimulating hormone 
(Cantanhêde et al., 2021).

In summary, the metabolic signature in the cumulus of matu
rational competent oocytes seems to be characterized by in
creased glycogen degradation and glycolysis as well as a 
decrease in TCA cycle/oxidative phosphorylation. The cumulus 
ATP (ATP/ADP) content was identified as an important determi
nant of the oocyte’s developmental competence.

Vesicular transport
Analysis of the overrepresentation of proteins with higher ex
pression in oocytes that have the potential to mature 
(CV&BL>NM) also identified the pathway of ‘endocytosis’ 
(hsa04144) and ‘protein processing in endoplasmic reticulum’ 
(hsa04141), with many proteins related to clathrin-mediated en
docytosis, early endosome, multivesicular body formation or 
COPII vesicle coating (Fig. 3). These pathways are involved in in
tracellular membrane trafficking, which enables the cells to 
communicate with their environment (Alberts et al., 2008). These 
processes are illustrated in Fig. 5, which shows boxplots for the 
proteins with relevant expression differences between the devel
opmental groups of this study. Transport vesicles for endo- and 
exocytosis are coated by proteins, which drive vesicle budding 
and select the vesicle cargo (Robinson, 1997). Three different 
types of coated vesicles are distinguished by their coat proteins: 
clathrin-coated, COPI-coated, and COPII-coated. Clathrin-coated 
vesicles are involved in endocytosis, carrying vesicles from the 
plasma membrane to the endosome or Golgi compartment. COP- 
coated vesicles are involved in secretory pathways, with COPI- 
coated vesicles budding from the Golgi complex and COPII- 
coated vesicles budding from the ER (Alberts et al., 2008). 
Different adaptor proteins are responsible for cargo selection into 
the vesicles. The AP-2 adaptor links the clathrin coat with pro
teins to be endocytosed (Pearse et al., 2000). All four subunits 
showed a significant higher expression in maturational 
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Figure 6. Glycosaminoglycan degradation. The illustration includes four proteins (blue labels) and one metabolite (green label) with significant 
differences in the abundance between not matured (NM) and/or cleaved (CV)/blastocyst (BL) groups and belonging to the KEGG pathway 
‘glycosaminoglycan degradation’ (hsa00531). Box plots were generated on ASINH normalized abundances (Whiskers from min to max; red: NM, orange: 
CV, green: BL). Significant differences in the pairwise comparison are marked with a bar. Created with BioRender.com. GNS, N-acetylglucosamine-6- 
sulfatase; GUSB, Beta-glucuronidase; HEXA, Beta-hexosaminidase subunit alpha; HSPG2, Basement membrane-specific heparan sulfate proteoglycan 
core protein; HYAL, Hyaluronidase.
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competent proteins. The same pattern was observed for SEC23/ 
SEC24, the adaptor proteins for COPII vesicles at the ER (Barlowe 
et al., 1994). ADP-ribosylation factors (ARFs) are small coat- 
recruitment GTPases that trigger assembly and disassembly of 
coated carrier vesicles (Alberts et al., 2008; Kondo et al., 2012). 
ADP-ribosylation factor 3 (ARF3) was significantly higher in CV 
and BL groups compared to NM (Fig. 5).

A synapse-like communication between CCs and oocytes was 
demonstrated at the tip of transzonal processes, through which 
CCs can deliver large cargo like RNA to the oocytes (Allworth and 
Albertini, 1993; Macaulay et al., 2014, 2016). Canonical pathway 
analysis revealed synaptogenesis signaling as an activated path
way in the cumulus of maturational-competent oocytes 
(Table 2). This pathway includes proteins of clathrin-mediated 
endocytosis, which is the predominant mechanism in synaptic 
vesicle recycling (Gan and Watanabe, 2018). Clathrin-mediated 
endocytosis is also an important route for internalization of ex
tracellular vesicles (Gurung et al., 2021). In other species, supple
mentation of extracellular vesicles to the maturation medium 
already improved developmental competence of the oocytes (da 
Silveira et al., 2017; de Avila et al., 2020; Tesfaye et al., 2020; Javadi 
et al., 2021).

The WASH complex is a nucleation-promoting factor that 
activates the actin nucleator ARP2/3 complex (ARP2/3) and is re
sponsible for actin assembly in the cell (Duleh and Welch, 2010; 
Buratini et al., 2021). Assembly of actin filaments plays a central 
role in endocytosis, especially for clathrin-coated vesicles 
(Galletta and Cooper, 2009). A recent study showed that the 
uncoupling of the somatic cells from the oocytes is an active re
traction of the transzonal processes into the body of CCs. This re
traction is initiated by LH (in vivo) or EGF (in vitro) signaling and 
involves two proteins with higher expression in the cumulus of 
maturational competent oocytes: calpain1 catalytic subunit 
(CAPN1) triggers the loss of adhesion between transzonal pro
cesses, and actin-related protein 2/3 complex (ARP2/3) which is 
responsible for the retraction of transzonal projections (TZPs) 
into the CCs (Abbassi et al., 2021). Both proteins were significantly 
more abundant in the cumulus of maturational competent 
oocytes. This loss of the TZPs during maturation might also be a 
reason for the detected accumulation of ATP in cumulus of de
velopmental competent oocytes. However, the release of ATP 
from cells does not only occur through gap junction channels in 
transzonal processes. ATP storage in secretory granules with re
lease through exocytosis is well documented and might be an
other mechanism by which CCs nurse their oocytes with ATP 
(Lazarowski, 2012).

Another overrepresented pathway in maturational competent 
COCs involved in vesicular transport was ‘protein processing in 
endoplasmic reticulum’ (hsa04141) (Fig. 3). Besides five proteins 
of the adaptor complex of COPII vesicles (SEC23/24), particularly 
channel proteins connecting the ER lumen with the cytoplasm 
(BCAP31, SEC61A1, CAPN1) were enriched. ER stress, together 
with inflammation and oxidative stress, results in the unfolding 
protein response (Ron and Walter, 2007). Conditions leading to 
ER stress are glucose deprivation, inflammation, oxidative stress, 
elevated free fatty acids, impaired Ca2þ homeostasis, or hypoxia 
(Huang et al., 2017; Brenjian et al., 2020). Therapeutic strategies 
targeting ER stress (resveratrol and salubrinal) were found to im
prove the developmental potential of COCs (Sutton-McDowall 
et al., 2016; Brenjian et al., 2020).

Finally, mothers against decapentablegic homolog 2 protein 
(SMAD2) expression was higher in developmental-competent 
COCs. The available literature already highlights the role of 

SMAD signaling pathways in mediating TGFB1 signaling in cumu
lus and granulosa cells, leading to hyaluronan (HA) synthesis 
and cumulus expansion (Li et al., 2008; Wang et al., 2019).

GAG metabolism
During maturation, the COC undergoes significant alterations in 
the composition of the extracellular matrix. The gonadotrophin 
surge stimulates CCs to produce an HA-rich matrix, which is 
mainly responsible for the expansion of the cumulus complex 
(Nagyova, 2018). In addition to HA, the CCs secrete proteoglycans 
and proteins (Zhuo and Kimata, 2001). Basement membrane- 
specific heparan sulfate proteoglycan core protein (PGBM, 
HSPG2, Perlecan) was detected at a significantly lower level in de
velopmental-competent cumulus complexes. This is in accor
dance with recent findings, where lower HSPG2 mRNA levels 
were related to human oocyte quality (Ma et al., 2020). A meta
bolic compound that was attributed to glucosamine 
(4.58_178.0716 m/z) was also detected at the highest concentra
tions in the NM group and lowest in the BL group. Glucosamine is 
part of hyaluronic acid (HA), a polymer of N-acetyl-D-glucos
amine (GlcNAc): an amide between glucosamine, acetic acid, and 
D-glucuronic acid. Glucosamine and acetylglucosamine in cul
ture media are incorporated in hyaluronic acid and support the 
expansion of cumulus (Ball et al., 1982; Salustri et al., 1989; Chen 
et al., 1990). HA is generated by CCs via the hexosamine biosyn
thesis pathway (HBP). Increased activity can lead to an alternate 
fate of UDP-N-acetylglucosamine toward O-linked glycosylation, 
which results in a reduction of the developmental competence of 
bovine oocytes (Thompson et al., 2007).

The low concentrations of these compounds in the cumulus 
of developmental-competent oocytes might reflect the successful 
maturation of the extracellular matrix in preparation for fertili
zation. This hypothesis is supported by the increase of three pro
teins related to GAG degradation in the maturational competent 
groups: GUSB, GNS, and HEXA. Figure 6 illustrates GAG degrada
tion and the measured players in this pathway. The involved pro
teins are located in lysosomes. Literature on the function of 
these proteins in CCs is limited. Degradation of HA is important 
for fertilization and the sperm acrosome contains specific iso
forms of hyaluronidase, the first enzyme involved in cumulus 
degradation, which enables the sperm to cross the cumulus 
mass (Fouladi-Nashta et al., 2017). The specific role of these pro
teins in CCs needs further investigation, but their overexpression 
in the cumulus of developmental competent oocytes gives reason 
for the assumption that the COC itself might also play an impor
tant role in regulating its own reconstruction in preparation of 
sperm penetration.

Conclusion
In summary, the analysis of the ‘cumulome’ in relation to the de
velopmental competence of the oocytes revealed novel mecha
nisms that might be related to the triggering of the 
developmental competence of oocytes. The importance of energy 
metabolism was highlighted by the strong correlation between 
ATP content in CCs and the developmental competence of the 
oocyte. The data also revealed an emerging role of vesicular 
transport within and between CCs, which seems to be important 
for the CCs to modulate their own extracellular environment.

Supplementary data
Supplementary data are available at Molecular Human 
Reproduction online.
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