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Abstract

Background Polycystic ovary syndrome (PCOS) is a complex and heterogeneous metabolic disorder that affects
6-20% of women of reproductive age. However, research on the lactylation-modified proteome in PCOS remains
limited.

Methods This study included 30 patients with PCOS and 30 control subjects, all of whom underwent
intracytoplasmic sperm injection or in vitro fertilization-embryo transfer treatments at the fertility center between
October 2022 and May 2023. A 4-dimensional label-free proteomic quantitation method was applied to analyze
enzymatically digested peptide fragments of granulosa cell proteins. Liquid chromatography—mass spectrometry was
used for protein identification and quantification.

Results Bioinformatics analysis of differentially expressed proteins (DEPs) and differentially lactylated proteins
identified 1057 DEPs between the two groups. Among these, 478 proteins were upregulated, and 579 were
downregulated in the PCOS group. Regarding lactylation modifications, 668 proteins exhibited increased lactylation
levels, while 1059 proteins indicated decreased lactylation levels in the PCOS group. Additionally, site-level analysis
revealed 1041 upregulated and 2143 downregulated lactylation sites in the PCOS group.

Conclusions This study provides a comprehensive quantitative overview of proteomic and lactylation-modified
proteomic expression profiles in granulosa cells from patients with PCOS, offering novel insights into PCOS research.
Further research is needed to clarify the specific roles of protein lactylation in PCOS pathogenesis.
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Background

Polycystic ovary syndrome (PCOS) is a complex and het-
erogeneous metabolic condition characterized by persis-
tent anovulation, hyperandrogenism, polycystic ovarian
morphology, and progressive metabolic dysfunction [1].
The symptoms of PCOS often worsen with advancing
age. Globally, PCOS affects an estimated 10% of women
of reproductive age [2] and accounts for 70-80% of
infertility cases related to anovulatory dysfunction [3].
Beyond reproductive challenges, women with PCOS face
an increased risk of pregnancy-related complications
and comorbidities, including type 2 diabetes mellitus,
hypertension-related disorders, cardiovascular diseases,
mental health conditions (depression and anxiety), and
certain malignancies [4—6]. These conditions impose
pronounced burdens not only on affected women and
their families but also on societal healthcare resources.
Although the molecular and endocrine mechanisms
underlying PCOS remain incompletely understood, they
are believed to involve a complex interplay of genetic
predisposition, environmental factors [1], and epigenetic
regulation [7].

Posttranslational protein modifications play a crucial
role in regulating diverse pathological and physiologi-
cal processes. In PCOS, several posttranslational modi-
fications have been verified, including phosphorylation,
methylation, acetylation, ubiquitination, and crotonyl-
ation [8, 9]. Lactylation, a recently discovered posttrans-
lational modification, specifically targets lysine residues
on proteins. By regulating protein activity and function,
lactylation influences gene expression and intercellular
communication [10]. Emerging evidence highlights lacty-
lation as a crucial regulatory mechanism in a wide range
of physiological and pathological processes, including
cancer, inflammation, immune responses, tumor micro-
environments, neurodegenerative diseases, metabolic
disorders, and cardiovascular diseases [6, 11-13]. With
recent advances in proteomic technologies, researchers
have increasingly focused on the role of posttranslational
lactylation in disease pathogenesis. Prior studies have
demonstrated that exogenous lactate supplementation
improves oocyte maturation and enhances embryonic
developmental potential, suggesting a potential regula-
tory role of lactylation in these processes [14]. Wu et al.
[15] further reported that hypoxia accelerates (hCG)-
induced granulosa cells (GCs) luteinization by stimulat-
ing lactate production and lactylation, thereby identifying
lactylation as a new modulator of GC luteinization. In
patients with PCOS, lactate levels in follicular fluid and
GCs are significantly reduced [16, 17], accompanied
by marked downregulation of lactate dehydrogenase A

(LDHA) expression in GCs [18]. Since follicle develop-
ment in patients with PCOS requires higher lactate levels
for appropriate stimulation [19], impaired lactate pro-
duction in GCs—potentially mediated by dysregulation
of the NAMPT/SIRT2/LDHA pathway—has been impli-
cated in defective follicle development [20]. Collectively,
these findings underscore the central role of reduced
lactate availability in the progression of PCOS. Neverthe-
less, studies investigating the lactylation-modified pro-
teome in GCs of patients with PCOS remain scarce.

This study aims to investigate the potential impact
of posttranslational lactylation on ovarian metabolic
homeostasis and oocyte developmental potential in
patients with PCOS compared to control subjects. Using
4-dimensional (4D) label-free proteomics quantification
technology, a quantitative analysis of protein and lacty-
lation site differences was conducted between PCOS and
control groups. Bioinformatics methods were employed
to identify differentially expressed proteins (DEPs)
and potential lactylation sites associated with PCOS
development, thereby elucidating their roles in PCOS
pathogenesis.

Methods

Population

A total of 60 participants were enrolled, including 30
patients with PCOS and 30 control subjects with tubal
or male factor infertility who underwent in vitro fertil-
ization (IVF). All participants were recruited from the
Reproductive Medicine Center of Jiangsu Province Hos-
pital of Chinese Medicine between October 2022 and
May 2023. PCOS diagnosis was established according to
the 2003 Rotterdam Consensus criteria [21]. The study
protocol was reviewed and approved by the Ethics Com-
mittee of Jiangsu Province Hospital of Chinese Medicine
(Approval No. 2022NL-200-03). Written informed con-
sent was achieved from all participants.

Collection of GCs

A standardized mid-luteal long protocol was adminis-
tered to all patients utilizing a gonadotropin-releasing
hormone agonist. Ovulation was induced through the
administration of 10,000 IU hCG on the scheduled day.
On the day of oocyte retrieval, follicular fluid of mature
follicles (>14 mm) was pooled and centrifuged at 2000xg
for 10 min. The pellet was resuspended and incubated
with 0.1% hyaluronidase (Sigma, USA) at 37 °C for
20 min, followed by the addition of Ficoll-Paque (GE
Healthcare, Sweden) for density gradient centrifugation
at 600xg for 10 min. Purified GCs were collected from
the interlayer phase and stored at —80 °C until use.
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Transmission electron microscopy (TEM)

GCs derived from patients with PCOS were fixed using
2.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO,
USA) for 48 h. After fixation, GCs underwent dehydra-
tion utilizing a graded ethanol series. The samples were
subsequently prepared for observation through TEM
(Thermo Fisher Scientific, Hillsboro, OR, USA).

Detection of the lactylated proteome

The GC samples were lysed employing sonication in ice-
cold buffer containing 1% SDS, 1% protease inhibitor
cocktail, 3 uM trichostatin A, and 50 mM nicotinamide.
Cellular debris was removed by centrifugation (12,000xg,
10 min, 4 °C), and the supernatant was collected for pro-
tein quantification through bicinchoninic acid assay.
Protein precipitation was conducted through pre-cooled
acetone (20 °C, 2 h), followed by two washing cycles and
final re-suspension in 200 mM triethylammonium bicar-
bonate. Proteins were minimized using 5 mM dithioth-
reitol (56 °C, 30 min) and subsequently alkylated with
11 mM iodoacetamide under denaturing conditions (in
the dark, 15 min). Trypsin digestion was performed over-
night at 37 °C at a 1:50 (w/w) enzyme-to-protein ratio.
Peptide purification was conducted using Strata™-X SPE
columns (Phenomenex, Torrance, CA, USA). For lacty-
lation enrichment, peptides were dissolved in NETN buf-
fer (100 mM NaCl, 1 mM EDTA, 50 mM Tris—HCI, 0.5%
NP-40, pH 8.0) and incubated overnight at 4 °C with anti-
pan-lactylation antibody-conjugated beads (PTM Bio-
labs, Hangzhou, China). After sequential washing with
NETN buffer and deionized water, bound peptides were
eluted with 0.1% trifluoroacetic acid, lyophilized, and
desalted using C,¢ ZipTips (MilliporeSigma, Burlington,
MA, USA).

Liquid chromatography—mass spectrometry (LC-MS)
analysis was supported by Jingjie PTM BioLabs (Hang-
zhou, China). Briefly, tryptic peptides were dissolved in
solvent A (0.1% formic acid, 2% acetonitrile in water)
and separated on a homemade reversed-phase analyti-
cal column (25 cm length, 100 pm i.d.) using a nanokE-
lute UHPLC system (Bruker Daltonics). Following being
subjected to a capillary source, the peptides were sub-
jected to timsTOF Pro (Bruker Daltonics) MS for further
analysis in parallel accumulation serial fragmentation
mode. MS data were processed by the MaxQuant search
engine software (version 1.6.6.0). Tandem mass spectra
were searched employing the human SwissProt data-
base (20,366 entries) and the reverse decoy database.
FDR<1%. The relative quantitative values of modified
peptides in various samples were obtained by centralizing
the signal intensity values in different samples. Following
the filtering of lysine lactylation sites (localization proba-
bility > 0.75), the relative quantitative values of each sam-
ple were obtained from two experiments. Quantification
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of Lactylation Proteins: The relative quantification value
of each modification site was divided by that of the cor-
responding protein to account for differences in protein
expression. Statistical analysis of DEPs and differentially
lactylated proteins (DLPs): The ratio of relative quantifi-
cation values of proteins and modification sites between
the two samples was considered as fold change (FC). A
key upregulation threshold is set as a change reach-
ing 1.5, and a significant downregulation threshold as a
change below 1/1.5.

Functional gene ontology (GO) and Kyoto encyclopedia of
genes and genomes (KEGG) pathway enrichment analyses
GO and KEGG enrichment analyses were conducted
using the R package “clusterProfiler”.

Protein annotations obtained from the GO framework
are classified into three functional categories: Biological
process, cellular component, and molecular function. To
examine significantly enriched GO terms among differ-
entially modified proteins, we performed GO enrichment
analysis employing Fisher’s exact test, with those verified
in the dataset acting as the background. Terms with a
P<0.05 were deemed statistically significant.

For pathway enrichment analysis of differentially modi-
fied proteins, we used the KEGG database. Similarly,
Fisher’s exact test was used to assess the statistical sig-
nificance of pathway enrichment, with those identified in
the dataset serving as the background. Pathways with a
P<0.05 were considered significant.

Protein—protein interaction (PPI) network and hub protein

analyses

PPI networks were constructed using the open-access
online protein—protein interaction analysis tool STRING
(https://cn.string-db.org/). DEPs and DLPs were
screened, exceeding a threshold of 1.5-FC, and subse-
quently imported into the STRING database to assess
PPI networks. Protein interaction correlations were
extracted employing a confidence score>0.7 (high con-
fidence). Visualization of the differential interaction net-
work was conducted using the R package “visNetwork”
The visual network diagram for hub protein screening
was generated employing Cytoscape (http://www.cytosca
pe.org/). Hub protein screening was conducted using the
CytoHubba (https://apps.cytoscape.org/apps/cytohubba)
and MCODE (https://apps.cytoscape.org/apps/mcode)
plugins within Cytoscape.

Statistical analysis

Statistical analyses were conducted using GraphPad
Prism software (version 10.1.2). The data were assessed
for normality and homogeneity of variance. Independent
¢ tests were employed for between-group comparisons.
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Data are expressed as mean tstandard deviation (SD).
Statistical significance was set at a threshold of P<0.05.

Results

Clinical characteristics of participants

Clinical and assisted reproductive technology outcomes
were compared between PCOS and control participants
(Table 1). Non-significant differences were observed in
the following parameters: Age, height, weight, body mass
index (BMI), luteinizing hormone (LH), estradiol (E2),
progesterone (P), prolactin (PRL), total gonadotropin
(GN) dosage, nuclear maturation (MII) rate, 2-pronuclear
(2PN) fertilization rate, number of transferable embryos,

Table 1 Demographic and Clinical Characteristics of Patients
with PCOS and CON

Parameter CON (N=30) PCOS (N=30) P
value
Age (year) 3047+3.1 29.97+393 0.584
Height (cm) 1.62+0.05 1.64+0.05 0375
Weight (kg) 6248+11.6 65.1£10.25 0.355
BMI (kg/mz) 23.57+3.61 24.3+3.55 0431
AMH (ng/ml) 4.75+4.38 9.09+£5.11 <0.001
FSH (IU/L) 7274159 645+13 0.031
LH (U/L) 518+7.99 6.43+3.02 0428
LH/FSH 0.64+0.66 1.03+0.54 0.017
E2 (pg/ml) 46.79+2541 41.59+21.15 0.398
TT (ng/ml) 36.55+15.03 46.68+17.8 0.020
P (ng/ml) 061+0.29 046+0.38 0.256
PRL (ng/ml) 18.17£11.68 14.57 +£8.46 0.282
Left AFC 853+£2.22 11.03£1.71 <0.001
Right AFC 92+2.7 11.07+1.57 0.001
Gonadotropin dosage 21825+469.28 213358+542.29  0.709
(V)
GN duration (day) 9.57+1.65 10.53+1.55 0.022
No. of oocytes retrieved  1247+6.17 16.67 +6.41 0.011
No. of MIl oocytes 104+6.24 13.87+538 0.024
Nuclear maturation (MIl) ~ 0.82+0.18 0.85+0.15 0497
rate
2PN 7.7+4.89 10.87+£5.63 0.023
2PN fertilization rate 0.59+0.17 0.64+0.19 0.246
No. of cleavage-stage 943+57 13.14+7.07 0.031
embryos
Total embryo count 763+5.07 1043+£5.58 0.047
No. of transferable 423+2.86 5.63+3.36 0.088
embryos
High-quality embryo 473+439 6.17+381 0.181
High-quality embryorate  0.61+0.86 0.59+0.68 0.831
Blastocyst count 2374263 44+392 0.021

CON normal ovarian reserve function, PCOS polycystic ovary syndrome, BMI
body mass index, AMH anti-Mdillerian hormone, FSH follicle-stimulating
hormone, LH luteinizing hormone, E2 estradiol, TT total testosterone, P
progesterone, PRL prolactin, AFC antral follicle count, GN gonadotropin, Mil
metaphase Il, 2PN 2-pronuclear

Group comparisons utilized the unpaired t test for statistical evaluation; P<0.05
is in bold. A P<0.05 indicates statistical significance was identified between
different groups. Data are presented as mean+SD
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and high-quality embryo rate (P>0.05). Conversely, sig-
nificantly higher values were observed in patients with
PCOS for anti-Miillerian hormone (AMH), LH/FSH
ratio, total testosterone (TT), antral follicle count (AFC;
bilateral ovaries), GN duration, oocytes retrieved, mature
(MII) oocytes, cleavage-stage embryos, total embryos,
and blastocyst count (P<0.05). These results are aligned
with the metabolic and hormonal dysregulation charac-
teristic of PCOS, especially the phenotypes of hyperan-
drogenism and ovarian hyperstimulation.

TEM observation of ultrastructural alterations in GCs of
patients with PCOS

To investigate the changes in mitochondrial ultrastruc-
ture in GCs from patients with PCOS, we conducted
TEM analysis (Fig. 1). The findings revealed significant
mitochondrial damage, such as outer mitochondrial
membrane disruption (extensive dissolution) and struc-
tural disorganization of mitochondrial cristae in GCs
from patients with PCOS.

Proteomics analysis

A total of 6393 proteins and 56,935 peptides were
detected in proteomics (Supplementary Table S1), and
1057 DEPs were found, comprising 478 upregulated and
579 downregulated proteins in the PCOS group (Fig. 2A).
The top 10 upregulated and downregulated proteins are
presented in Fig. 2B, with 10 proteins in each category.
Subcellular localization annotation revealed that most
DEPs were distributed across the following compart-
ments: Nucleus (33.77%), cytoplasm (19.58%), extracel-
lular space (16.65%), mitochondria (12.3%), and plasma
membrane (11.45%) (Fig. 2C). The complete list of DEPs
is available in Supplementary Table S2.

Functional classification of DEPs

The functional enrichment patterns of DEPs between the
two groups were analyzed using GO enrichment analysis
and KEGG pathway analysis. The findings revealed that
DEPs were significantly enriched in several biological
processes, including blood coagulation, fibrin clot forma-
tion, keratinocyte differentiation, and the positive regu-
lation of interleukin-8 production (Fig. 3A). In terms of
cellular components, DEPs were significantly localized
in keratin filaments, cornified envelope, the extracellular
space, intermediate filaments, and the intermediate fila-
ment cytoskeleton (Fig. 3B). Additionally, DEPs displayed
functional enrichment in molecular functions, including
structural constituent of skin epidermis, MHC class II
receptor activity, MHC class II protein binding, choline
binding, lipopeptide binding, and other molecular func-
tions (Fig. 3C). Additionally, KEGG pathway enrichment
analysis indicated that DEPs were enriched in several cru-
cial biological processes, including the complement and
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Fig. 1 GCs from patients with PCOS were examined using TEM. Scale bars: 1 um (overview), 500 nm (inset)

coagulation cascades, staphylococcus aureus infection,
osteoclast differentiation, intestinal immune network for
IgA production, the NOD-like receptor signaling path-
way, and RIG-I-like receptor signaling pathway (Fig. 3D).

PPI network analysis of DEPs

Following filtering of DEPs data (FC=>1.5), PPI networks
were constructed employing the STRING database soft-
ware (version 11.0). Interactions were extracted based on
a confidence score exceeding 0.7 (high confidence). In the
PPI network of DEPs, 1035 nodes and 1363 edges were
identified. In the visualization, circles represent differen-
tial proteins, with color differentiation indicating their
expression status: Blue for downregulated proteins and
red for upregulated proteins. The intensity of the color
reflects the magnitude of the FC, while the size of each
circle corresponds to the number of interacting proteins.
The top 50 proteins with the highest number of interac-
tions were used to construct the PPI network (Fig. 4),
revealing that these interactions were predominantly

enriched in processes related to thrombosis, anticoagula-
tion, and the negative regulation of fibrinolysis.

Lactylation proteomics analysis and functional
classification of DLPs

To comprehensively analyze lactylation modifications in
PCOS, GCs were collected from 30 patients with PCOS
and 30 healthy controls (undergoing IVF treatment) and
divided into two groups for quantitative proteomic analy-
sis by LC-MS. Conversely, 1949 proteins and 5497 modi-
fied peptides were identified in lactylation proteomics
(Supplementary Table S3). A total of 3184 lactylation
sites were identified across 1727 proteins, with a FC
threshold of >1.5 between groups. Specifically, 1041 sites
on 668 proteins displayed increased lactylation in PCOS,
while 2143 sites on 1059 proteins indicated decreased
lactylation (Fig. 5A). Detailed information on all DLPs
is provided in Supplementary Table S4. Proteins were
grouped based on FC into four categories: Q1 (0-0.5), Q2
(0.5-0.67), Q3 (1.5-2), and Q4 (>2; Fig. 5B). Subsequent
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Fig. 2 Quantitative analysis of DEPs in GCs from control and PCOS women. A Identification of DEPs. B Scatter plot depicting protein distribution, where
the x-axis represents ranked FC values (ratio) from highest to lowest, and the y-axis represents log,-transformed FC values. Red dots indicate significantly
upregulated proteins, blue dots indicate significantly downregulated proteins, and gray dots represent proteins with non-significant differences. C Sub-

cellular localization of DEPs is depicted below

bioinformatics analyses were conducted to evaluate these
DLPs. Lactylated proteins were significantly distributed
in the nucleus (43.3%), cytoplasm (32.19%), mitochondria
(7.4%), and extracellular space (6.01%; Fig. 5C).

DLPs were significantly enriched in different biologi-
cal processes, including the positive regulation of type
I interferon production, positive regulation of the cen-
trosome cycle, pore complex assembly, neural crest cell
migration, and bicarbonate transport (Fig. 5D). Besides,
DLPs were predominantly enriched in specific cellular
components, including specific granule lumen, receptor

complex, Sin3-type complex, and Sin3 complex (Fig. 5E),
underscoring the role of lactylation in cellular organelle
function, signal transduction, and gene regulation. At the
molecular function level, DLPs were primarily enriched
in R-SMAD binding and beta-catenin binding (Fig. 5F).
The KEGG pathway enrichment analysis demonstrated
that these proteins were primarily correlated with path-
ways, including Staphylococcus aureus infection, cell
adhesion molecules, Th17 cell differentiation, and inflam-
matory bowel disease signaling (Fig. 5G). Hierarchical
cluster analysis of proteins in Q1-Q4 groups indicated
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that mRNA metabolic processes, RNA processing, RNA
splicing, and negative regulation of gene expression were
associated with Q1 and Q2 groups (characterized by the
lower lactylation levels; Fig. 5H), highlighting the role
of lactylation in post-transcriptional regulation. These
results indicate widespread dysregulation of protein lac-
tylation modifications in PCOS.

PPI network analysis of DLPs and hub proteins
identification

After filtering the DLPs dataset using an FC thresh-
old of 1.5, interactions for DLPs were extracted from
the STRING database software (version 11.0) based
on a confidence score>0.7 (high confidence). As illus-
trated in Fig. 6A, circles represent differentially modi-
fied proteins, with various colors indicating the protein’s

differential expression status: Blue for downregulated
modified proteins, red for upregulated modified proteins,
and yellow for proteins containing both upregulated and
downregulated modification sites. The size of each circle
corresponds to the number of interacting proteins. To
construct the protein interaction network (Fig. 6A), the
top 50 proteins with the highest number of interactions
were selected, demonstrating that DLPs cluster within
the R-SMAD pathway.

Based on molecular function enrichment analysis and
PPI results, DLPs linked with the R-SMAD pathway
were identified (Table 2). Utilizing the STRING data-
base and CytoHubba algorithm, hub protein analysis was
performed on the proteins listed in Table 2, identifying
the top five hub proteins with the highest connectiv-
ity (Fig. 6B). These proteins exhibit strong connectivity
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Fig. 4 Analysis of PPI Network in DEPs. The figure illustrates a PPl network where circles represent DEPs, with color coding indicating their differential
expression. Red represents downregulated proteins, while blue indicates upregulated proteins. DEPs are proteins that are differentially expressed, and PPI

refers to interactions between proteins

and may serve as major regulatory factors or key effectors
in the molecular mechanisms underlying PCOS. Subse-
quently, a comprehensive clustering analysis of the PPI
network was conducted using the MCODE algorithm to
identify crucial functional modules. This analysis yielded
a network comprising mothers against decapentaple-
gic homolog 2 (SMAD2), SMAD3, poly [ADP-ribose]
polymerase 1, catenin beta-1 (CTNNB1), histone acetyl-
transferase (HAT) p300 (EP300), transcription factor Jun
(JUN), transcriptional repressor protein YY1, zinc finger

E-box-binding homeobox 2, and SNW domain-contain-
ing protein 1 (Fig. 6C).

Notably, SMAD3, SMAD2, CTNNB1, EP300, and
JUN were found as potential hub proteins by the Cyto-
Hubba algorithm and validated through MCODE cluster-
ing analysis, verifying their crucial roles in the R-SMAD
pathway.

Integrated analysis of proteomics and lactylation-omics
Based on the log, FC values and the defined thresh-
olds obtained from proteomics and lactoylome data,
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statistical analyses were performed to assess the distribu-
tions of DEPs across both omics datasets. The findings
were visualized in a nine-quadrant plot (Fig. 7A). Sub-
sequently, proteins were categorized into nine distinct
groups according to their thresholds at both the protein
level and lactoylation levels. Biological process enrich-
ment analyses were then performed for proteins within
each category (Fig. 7B). When protein levels remained

unchanged while lactoylation levels decreased, the
enriched biological processes were significantly related
to the negative regulation of DNA metabolic processes.
Conversely, when protein levels remained unchanged but
lactylation levels increased, the enriched processes were
primarily associated with the positive regulation of pro-
tein localization, control of protein import, regulation of
intracellular protein transport, and protein import into
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Table 2 DLPs associated with R-SMAD

Protein accession Position Amino acid Gene name PCOS/CON ratio Regulated type
Q15796 157 K SMAD2 8.908738255 Up
P09874 254 K PARP1 842777358 Up
P84022 117 K SMAD3 8.085499786 Up
P21333 2387 K FLNA 4.123654312 Up
P21333 2515 K FLNA 3.926948937 Up
P21333 626 K FLNA 3277851197 Up
P21333 578 K FLNA 2.572832352 Up
P05412 268 K JUN 2.272491904 Up
P21333 1372 K FLNA 2.260247686 Up
P21333 2473 K FLNA 2226211081 Up
P21333 1593 K FLNA 2205118489 Up
P21333 58 K FLNA 1.956357096 Up
060315 1024 K ZEB2 1.894014523 Up
095373 119 K IPO7 1.8704582 Up
P21333 771 K FLNA 1.826706024 Up
P21333 92 K FLNA 1.786448152 Up
P21333 508 K FLNA 1.718512342 Up
P62942 35 K FKBP1A 1.686541164 Up
060315 993 K ZEB2 1.660894282 Up
P25490 409 K YY1 1.63635248 Up
P21333 1547 K FLNA 0.652253456 Down
P09874 852 K PARP1 0.644640269 Down
P21333 1071 K FLNA 0636906965 Down
P21333 2607 K FLNA 0.636429101 Down
P17844 33 K DDX5 0.627542298 Down
P21333 700 K FLNA 0.627232607 Down
060315 485 K ZEB2 0.624818748 Down
P21333 2563 K FLNA 0.620304252 Down
P09874 97 K PARP1 0.610229194 Down
060315 555 K ZEB2 0.597637112 Down
p09874 498 K PARP1 0.583915175 Down
015397 17 K IPO8 0570181539 Down
P21333 876 K FLNA 0.563430496 Down
P21333 1007 K FLNA 0.556495692 Down
P09874 654 K PARP1 0.536537461 Down
P09874 105 K PARP1 0.535999259 Down
P17844 32 K DDX5 0.527309569 Down
P21333 2540 K FLNA 0.51946595 Down
060315 332 K ZEB2 0517921426 Down
P09874 518 K PARP1 0.508046546 Down
P21333 2569 K FLNA 0498156523 Down
Q9UPN9 950 K TRIM33 0498067352 Down
Q13573 110 K SNW1 0491885481 Down
P25490 183 K YY1 0.489440597 Down
P21333 1375 K FLNA 0462074915 Down
Q9H6Z4 165 K RANBP3 0458056432 Down
Q09472 14 K EP300 0450766119 Down
Q13573 170 K SNW1 0.448556372 Down
095373 1009 K IPO7 0444884316 Down
P21333 781 K FLNA 0434863826 Down
P21333 2215 K FLNA 0412811551 Down
P17844 490 K DDX5 0392665662 Down
P12757 45 K SKIL 0.367143011 Down
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Table 2 (continued)

Protein accession Position Amino acid Gene name PCOS/CON ratio Regulated type
P09874 629 K PARP1 0366376307 Down

P21333 1801 K FLNA 0350464791 Down

060315 762 K ZEB2 0.348760836 Down

000255 507 K MEN1 0346351661 Down

P25490 208 K YY1 0.327339817 Down

P09874 633 K PARP1 0.303468834 Down

P09874 221 K PARP1 0.291828436 Down

Q09472 1569 K EP300 0.137983812 Down

Q9H674 145 K RANBP3 0.137617433 Down

P35222 19 K CTNNB1 0.036646969 Down

the nucleus. When protein levels decreased or remained
unchanged while lactoylation levels also decreased or
remained unchanged, the enriched processes were pri-
marily linked to keratinocyte differentiation and the
establishment of the skin barrier. Notably, when protein
levels increased, lactylated proteins exhibited significant
enrichment in biological processes, including the regu-
lation of heterotypic cell-cell adhesion, blood coagula-
tion, fibrin clot formation, negative regulation of wound
healing, regulation of protein activation cascades, posi-
tive regulation of the MAPK cascade, induction of bacte-
rial aggregation, as well as regulation of endothelial cell
apoptosis.

Discussion

PCOS is a common heterogeneous condition character-
ized by reproductive and metabolic dysfunctions [22, 23].
GCs in patients with PCOS play a crucial role in support-
ing oocyte development and follicle maturation [24, 25].
In this research, 4D label-free proteomics technology was
used to characterize the proteomic and lactylomic pro-
files of GCs in patients with PCOS. Initially, the dynamic
alterations in lactoylation modification patterns in GCs
of patients with PCOS were systematically characterized.
A total of 1057 DEPs (478 upregulated and 579 downreg-
ulated) and 1727 DLPs (668 upregulated and 1059 down-
regulated) were identified in GCs of patients with PCOS.
Moreover, these results underscore the importance of
considering DEPs and DLPs in the investigation of PCOS
pathogenesis.

Proteomics analysis indicated that DEPs were predomi-
nantly enriched in biological processes, including blood
coagulation, fibrin clot formation, keratinocyte differ-
entiation, and the positive regulation of interleukin-8.
These results suggest that PCOS is closely correlated with
abnormal protein expression patterns, especially in path-
ways linked with inflammation and immune responses.
Notably, the key enrichment of DEPs in keratinocyte
differentiation and skin barrier formation underscores
the potential role of skin abnormalities in PCOS, which
may be associated with the hyperandrogenism observed

in patients with PCOS [26]. Furthermore, PPI network
analysis demonstrated that DEPs were significantly
concentrated in processes associated with thrombosis,
anticoagulant therapy, and the negative regulation of
fibrinolysis. These results imply that patients with PCOS
may exhibit abnormalities in clotting functions, poten-
tially contributing to the higher cardiovascular disease
risk observed in this population, aligned with our previ-
ous findings [27].

Lactylation is a crucial posttranslational modification
of proteins, regulating protein function, stability, and
subcellular localization [10]. Although the role of lacty-
lation in inflammation, immunity, and metabolic condi-
tions has been widely studied, its involvement in ovarian
function remains poorly understood. Lactylation has
been implicated in different biological processes, espe-
cially playing a crucial role in oocyte maturation and
embryonic development [14]. Hypoxic in vitro culture
has been indicated to minimize histone lactylation and
impair preimplantation embryonic development in mice
[28]. Additionally, walnut-derived peptide TW-7 may
enhance the development of parthenogenetic embryos
obtained from vitrified MII oocytes by generating histone
lactylation [29]. To evaluate the alterations and potential
roles of lactylation in PCOS, LC-MS/MS was utilized to
detect lactylation GC levels from patients with PCOS.
Our findings revealed widespread lactylation dysregula-
tion, characterized by an overall reduction in lactylation
levels. Functional and pathway enrichment analyses
demonstrated that DLPs were significantly enriched in
processes, including the positive regulation of type I
interferon production, neural crest cell migration, and
bicarbonate transport. These results suggest that lacty-
lation dysregulation in PCOS may contribute to disease
pathogenesis by modulating immune responses, cell
migration, and ion transport. Furthermore, DLPs were
enriched in molecular functions, including R-SMAD
binding and beta-catenin binding. The dysregulated acti-
vation of the TGF-B/Smad pathways has been implicated
in the pathogenesis of fibrosis [30]. In recent years, the
role of lactate, derived from metabolic reprogramming
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(improved glycolysis), and its mediated histone lysine lac-
tylation has become a research focus in fibrotic diseases,
including pulmonary, hepatic, renal, and cutaneous
fibrosis [31-38]. However, current studies face several
challenges. First, most studies rely on animal models
[38] and lack clinical validation [33]. Second, the com-
petitive interplay between lactylation and other modifica-
tions (acetylation) [37] as well as inter-tissue differences,
remains insufficiently explored. Many studies have inves-
tigated the role of the TGF-/Smad signaling pathway in
PCOS, especially in regulating granulosa cell apoptosis,
fibrosis, and follicular development defects [39-45]. Con-
sistent with this, we identified DLPs linked with R-SMAD
and mapped them onto a PPI network. Using CytoHubba
and MCODE algorithms, we identified crucial proteins,
including SMAD3, SMAD2, CTNNBI, EP300, and JUN.
These proteins were recognized as potential hub pro-
teins by the CytoHubba algorithm (Fig. 6B) and further
validated through MCODE clustering analysis (Fig. 6C).
Proteomics analysis indicated that the expression lev-
els of CTNNB1, EP300, SMAD3, and SMAD2 remained
unchanged, whereas JUN expression was reduced in the
PCOS group. Lactylation modifications play a pivotal
role in regulating protein functions, even when protein
abundance remains unchanged.

Epigenetic modifications of the transcriptional coacti-
vators p300/CBP are closely linked to the regulatory
mechanisms of the TGF-B/Smad signaling pathway in
fibrotic conditions. Many studies have revealed the cru-
cial role of p300 in modulating the TGF-f/Smad path-
way through mechanisms that include acetylation and
competitive binding. As a core coactivator in the TGF-
B/Smad pathway, p300 exerts significant influence on
fibrotic processes. Yuan and Varga [46] indicated that
p300, through its HAT activity, reverses Smad3-mediated
transcriptional suppression of matrix metalloprotein-
ase-1, indicating that competitive binding between p300
and Smad regulates extracellular matrix degradation.
Similarly, Kanamaru et al. [47] revealed in mouse mesan-
gial cells that p300 interacts with Smad2/3 to promote
a2(I) collagen expression, while Smad7 overexpression
blocks this effect, highlighting the dual regulatory role of
p300 in fibrosis. Cross-talk with other signaling pathways
is also a significant consideration. Schiller et al. [48] dem-
onstrated that cAMP activates CREB, which competes
with p300 for binding, thereby preventing its interac-
tion with Smad3 and antagonizing TGF-B-driven fibrotic
gene expression (COL1A1, PAI-1). Chan et al. [49] fur-
ther indicated that the prostacyclin receptor phosphory-
lates CREB, enabling its binding to p300 and blocking the
formation of Smad transcriptional complexes, thereby
suppressing myocardial fibrosis. Second, the tissue-spe-
cific roles of p300 in fibrosis are increasingly evident. In
hepatic fibrosis, Zhang et al. [50] found that PPARB/S
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agonists reduce p300 levels and Smad3 phosphorylation
through the AMPK/ERK pathway, thereby inhibiting the
activation of hepatic stellate cells. In renal fibrosis, Tian
et al. [51] reported that downregulation of p300 in aris-
tolochic acid nephropathy correlates with reduced Smad7
expression, and that the imbalance between HDAC1 and
p300 promotes renal interstitial fibrosis. In cardiac fibro-
sis, Bugyei-Twum et al. [52] reported that hyperglycemia
activates the TGF-B pathway through p300-mediated
Smad?2 acetylation, while curcumin inhibits this process
and enhances cardiac function. Finally, current studies
have proposed several anti-fibrotic intervention strate-
gies, including epigenetic regulation (HDAC1/p300 bal-
ance) and modulation of pathway cross-talk (cAMP/
CREB). However, significant limitations remain: Most
evidence is derived from cellular or animal models, with
limited clinical translation, and the functional redun-
dancy between p300 and CBP has not been fully resolved
[48]. Moreover, HAT p300/EP300 is a core catalytic
enzyme for lactylation [10]. Wei [29] reported that the
walnut peptide TW-7 improves lactylation by upregu-
lating LDHA/B and EP300, enhancing the embryonic
development potential of vitrified oocytes, indicating the
potential application of EP300 and lactylation in repro-
ductive medicine.

Subcellular localization analysis of DEPs and DLPs
demonstrated that most DEPs and DLPs are concen-
trated in the nucleus and cytoplasm, with 12.3% of DEPs
and 7.4% of DLPs localized in the mitochondria. As mito-
chondria are the primary cellular organelles responsible
for energy production, electron microscopy revealed
mitochondrial damage in ovarian GCs from patients with
PCOS. This finding suggests that lactylation modifica-
tions may be linked to mitochondrial function, under-
scoring the need for further investigation into their role
in mitochondrial-related processes.

This study systematically characterized the lactylation
modification profile in the GCs of patients with PCOS
using 4D label-free proteomics, offering a new perspec-
tive on PCOS pathogenesis. Through interaction net-
work analysis of DEPs and DLPs, several key proteins
were identified, including SMAD2, SMAD3, CTNNB],
EP300, and JUN. Despite these advances, the study has
some limitations. First, the relatively small sample size
and the use of pooled samples limited the ability to fully
capture the high heterogeneity of PCOS. Future research
should aim to increase sample size and conduct stratified
analyses based on different subtypes of PCOS (hyper-
androgenemia and hyperinsulinemia) to improve the
representativeness and generalizability of the results.
Second, the current study primarily relies on static pro-
teomics and lactylation modification analysis, failing to
capture the dynamic alterations in lactylation under dif-
ferent physiological or pathological conditions. Future
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research should integrate dynamic biological tech-
niques, including real-time imaging and time-resolved
mass spectrometry, to gain a deeper understanding of
the roles of lactylation modifications and their dynamic
regulation mechanisms in PCOS. Moreover, the identi-
fied key lactylated proteins have not yet been validated
for their protein expression levels or lactylation modifi-
cation levels. Future studies should employ lactylation-
specific antibodies for validation. Besides, the specific
mechanisms and functions of lactylation modification
remain unclear, and subsequent studies should focus on
site-specific lactylation of key proteins (SMAD2/3 and
EP300) and their functional consequences, particularly
regarding protein activity, stability, and subcellular local-
ization. Another limitation of this study is the absence of
validation using animal models. Future research should
integrate animal models to elucidate the mechanisms of
lactylation in PCOS and assess its clinical translational
potential. Furthermore, the interactions between lacty-
lation and other posttranslational modifications (acetyla-
tion and phosphorylation) and their regulatory effects on
the TGF-B/Smad pathway warrant further exploration.
Multi-omics approaches will be essential to dissect the
interplay between lactylation and other modifications,
thereby providing a more comprehensive understanding
of their pathological roles in PCOS. Despite these limi-
tations, this study offers valuable insights and highlights
key directions for future research. First, it is essential to
explore the role of lactylation modification in the TGF-[3/
Smad signaling pathway and the cross-talk between vari-
ous modifications. For instance, it is crucial to investigate
how lactylation modification dynamically regulates the
key nodes of the TGF-/Smad pathway and to study the
synergistic or antagonistic effects between lactylation and
acetylation modifications. Second, the roles of lactylation
modifications in ovarian fibrosis and follicular develop-
ment in PCOS require further clarification. Deepening
the understanding of the specific effects of lactylation
modifications on extracellular matrix remodeling, apop-
tosis, and follicular development in PCOS follicular
cells could provide critical insights into the mechanisms
underlying fibrosis and abnormal follicular development
associated with PCOS. Furthermore, developing specific
inhibitors or activators to regulate lactylation modifi-
cations and evaluating their effects on ovarian fibrosis
and follicular development may offer new therapeutic
strategies for PCOS. Moreover, we can explore the role
of lactylation-modifying enzymes, including EP300, in
regulating lactylation and their potential functions in fol-
licle development and ovarian fibrosis. Furthermore, it
is essential to evaluate the cross-regulation mechanisms
between lactylation modifications and other signaling
pathways (Wnt/B-catenin, PPARY/NF-«B) and their regu-
latory effects on reproductive hormones (androgens and
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insulin). In summary, while this study has provided novel
insights into the correlation between lactylation modi-
fications and PCOS pathogenesis, additional research
is needed to clarify the specific mechanisms and clini-
cal translational potential. By addressing current limita-
tions, employing multicenter, large-scale study designs,
and integrating dynamic biological techniques and multi-
omics approaches, future research can establish a stron-
ger theoretical foundation for the precise treatment of
PCOS.

Conclusions

In this study, quantitative protein expression profiles
and lactylation-modified protein expression profiles of
ovarian GCs in patients with PCOS were characterized,
revealing differences in both overall protein abundance
and lactylation-modified protein levels. These findings
provide valuable insights into PCOS pathogenesis and
offer potential clues for identifying therapeutic targets.
However, the functional role of protein lactylation and
its contribution to PCOS-related ovulatory dysfunction
were not investigated in this study, representing an essen-
tial focus for future research.
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