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Introduction
Polycystic ovary syndrome (PCOS) is a common endo-
crine disorder that affects female fertility. Its main fea-
tures include polycystic ovaries, ovulation disorder, and 
abnormal androgen levels, which can lead to various 
symptoms, including menstrual disorders, hirsutism, 
acne, obesity, and acanthosis nigricans ([1–2]). Patients 
with PCOS also frequently have other health problems, 
including metabolic [3–5], immune [6–9], and inflamma-
tory [10–13] disorders.

Obesity is defined as a body mass index (BMI) of > 24 
kg/m2. While obesity is not a disorder itself, excessive fat 
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Abstract
Introduction  Polycystic ovary syndrome (PCOS) appears to be closely correlated with obesity; however, no studies 
have compared the difference between PC-Ob (PCOS plus obesity), obesity-only, and PCOS-only patients at a multi-
omics level. In the present study, we aimed to explore this through sEV proteomics and metabolomics on female 
plasma.

Methods  We recruited 79 females based on BMI, AMH, LH, T, P, Fasting insulin, and HOMA-IR; next, we categorized 
them into four groups: 20 Control (Ctr), 21 PCOS, 19 Obesity (Ob), and 19 PCOS with Obesity (PC-Ob) and collected 
plasma samples. Next, we randomly sent 10 from each group for quantitative sEV proteomics and untargeted 
metabolomics on female plasma.

Results  There were significant changes in multiple metabolites and proteins between each of three patient (PCOS, 
Ob, and PC-Ob) groups and Ctr group. Particularly, compared with PCOS or Ob group, PC-Ob group have more DEPs 
(differentially-expressed proteins) and MLDs (metabolites with level difference), and the proteins are largely involved 
in immunity and metabolism. Cross-omics associations analysis showed that two immunity and metabolism-related 
DEPs, A2M and BCHE, changes in high correlation with multiple lipids between the upper four groups.

Discussion  Our findings showed that females with both PCOS and obesity have significantly increased abnormalities 
in immunity and metabolism.
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frequently induces abnormalities in metabolism [14–17], 
immune response [18], microbiota [19], and endocrine 
systems [20]. It is also a risk factor for fatty liver disease 
[21], atherosclerosis [22], inflammatory disorders [23], 
and tumorigenesis [24]. Patients living with obesity are 
also more likely to develop PCOS, and weight loss can 
help recover fertility in patients with PCOS [25–27].

Therefore, important questions are whether there is 
experimental evidence of an increased risk of obesity in 
patients with PCOS or animal models and whether indi-
viduals or mouse models with obesity are at increased 
risk of PCOS. In clinical cases, it has been noted that 
while the prevalence of PCOS is lower in those with BMIs 
of 30–34 kg/m2, the overall incidence of PCOS increases 
with increasing BMI [28].

Moreover, the mean BMI is significantly higher among 
women with PCOS than among women without PCOS, 
suggesting mutual promotion between PCOS and obe-
sity in clinical settings [28]. In a mouse model of PCOS, 
inflammatory markers were higher in obese mice than in 
non-obese mice [29]. Additionally, mice with PCOS were 
more susceptible to obesity than those without PCOS 
[30]. These findings suggest that in animal models, PCOS 
development and progression are mutually reinforcing 
with obesity.

Consequently, while a causal relationship between obe-
sity and PCOS has not been fully established, they appear 
closely associated. Sequencing analysis of 16 samples of 
ovarian granulosa cells revealed that the co-occurrence 
of obesity and PCOS significantly exacerbated immune 
dysfunction in patients [31]. Specifically, patients with 
PCOS and obesity had a markedly higher number of 
differentially expressed immune-related genes (n = 16) 
than those with PCOS (n = 9) or obesity (n = 2) alone. 
This finding suggests that the coexistence of obesity and 
PCOS may intensify immune system abnormalities by 
upregulating genes involved in immune regulation [28]. 
Moreover, obesity not only exacerbates common pheno-
types in PCOS [28], such as impaired glucose tolerance 
and dyslipidemia, but also reduces the effectiveness of 
infertility treatments. Research indicates that being over-
weight or obese can disrupt normal metabolic processes 
in patients with PCOS, adversely affecting reproductive 
health and therapeutic interventions [28]. These findings 
underscore the importance of considering patient weight 
status in managing PCOS to optimize clinical outcomes 
and enhance overall patient well-being.

However, no studies have yet compared those with 
PCOS and obesity, obesity alone, and PCOS alone at a 
multi-omics level. In the present study, we use quantita-
tive proteomics and metabolomics on female plasma to 

demonstrate for the first time that females with PCOS 
and obesity exhibit various distinct characteristics from 
those with either obesity or PCOS.

Materials and methods
Human sample collection and grouping
This study recruited 79 females at the Department of 
Gynecology, Nanjing Women and Children’s Healthcare 
Hospital, to compare patients with obesity and PCOS 
(n = 19; PC-Ob group), obesity only (n = 19; Ob group), 
and PCOS only (n = 21; PCOS group), as well as healthy 
controls (n = 20; Ctr group). The groupings were verified 
through BMI; levels of anti-Müllerian hormone (AMH), 
luteinizing hormone (LH), testosterone (T), progesterone 
(P), and fasting insulin; and homeostatic model assess-
ment of insulin resistance (HOMA-IR; Table 1).

Participants were placed into three categories based 
on BMI (kg/m²): normal (18.5–25 kg/m2), overweight 
(25–30 kg/m2), and obese (≥ 30 kg/m2) [32]. PCOS was 
diagnosed according to the International Evidence-
Based Guideline for the Assessment and Management 
of Polycystic Ovary Syndrome 2018, which requires the 
presence of any two of hyperandrogenism, ovulatory dys-
function, and polycystic ovarian morphology [33]. The 
inclusion criteria for patients were being 18–35 years 
old, not receiving hormonal therapy previously or hav-
ing discontinued such therapy at least three months ago, 
and having no significant concomitant medical or surgi-
cal conditions. Only a blood sample was collected from 
each patient, and no intervention was given. The number 
of enrolled patients was determined based on previous 
studies [14–18].

For quantitative proteomic and metabolomic analyses, 
samples from ten patients in each group were randomly 
selected using an online random number generator (​h​t​t​p​​
s​:​/​​/​w​w​w​​.​j​​y​s​h​​a​r​e​​.​c​o​m​​/​f​​r​o​n​t​-​e​n​d​/​6​6​8​0​/).

SEV isolation
SEV extraction was conducted as reported [34]. Briefly, 1 
mL of plasma was collected from 79 healthy volunteers, 
kept on ice, and processed within 24 h. Their age, gen-
der, and health status were recorded. Individuals with 
known diseases or taking medication were excluded. 
The samples were centrifuged at 4,600 rpm and room 
temperature for 30 min, mixed with VEX reagent (Cat 
no. R603, Vazyme, Nanjing, China), incubated at 2–8 
°C for 30 min, and then recentrifuged at 9,600 rpm and 
room temperature for 5 min. Then, the sEV concentrate 
was resuspended in phosphate-buffered saline (PBS), 
aliquoted (100 µL), and stored at − 80 °C for up to six 
months. Before use, samples were thawed on ice and then 
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centrifuged at 12,000 rpm and 4 °C for 10 min to remove 
precipitates. The quality of the sEV was verified by parti-
cle analysis (Fig. 1A), western blot of sEV marker proteins 
(Fig. 1B), and analysis of the correlation between DEPs 
(in Fig. 2A and F) and sEV or vesicle (Suppl. Figure 1A 
and 1B).

Nanoparticle tracking analysis
The size distribution of the isolated sEVs was deter-
mined via nanoparticle tracking analysis using a Zeta-
View instrument (Particle Metrix). The samples were 
diluted with PBS before analysis. Both the sizes and 

Table 1  Human sample collection and grouping
Parameters Ctr Ob PCOS PC-Ob p-value
Sample size 20 19 21 19

BMI(Kg/m2) 21.4 ± 2.0 32.6 ± 2.9 22.4 ± 1.7 33.5 ± 3.0 < 0.0001

Age(years) 28.0 ± 4.8 26.3 ± 5.7 24.5 ± 4.8 25.6 ± 5.7 ns

AMH(ng/mL) 6.6 ± 4.8 3.4 ± 1.4 10.1 ± 5.7 9.6 ± 5.5 0.0018

FSH(mIU/mL) 6.1 ± 2.4 6.2 ± 3.0 5.2 ± 1.9 5.6 ± 1.3 ns

LH(mIU/mL) 8.3 ± 4.7 6.8 ± 5.5 14.9 ± 7.7 11.9 ± 6.9 0.0036

T(ng/mL) 0.4 ± 0.2 0.5 ± 0.2 0.8 ± 0.4 0.8 ± 0.3 0.0006

P(ng/mL) 4.3 ± 5.6 1.6 ± 2.7 1.1 ± 2.0 0.4 ± 0.2 0.0082

E2(pg/mL) 62.6 ± 45.7 63.0 ± 69.9 81.5 ± 47.4 61.5 ± 40.5 ns

PRL(ng/mL) 21.3 ± 13.4 19.0 ± 15.2 28.6 ± 42.8 14.3 ± 5.5 ns

Fasting insulin(pmol/L) 7.7 ± 3.3 13.8 ± 5.3 7.5 ± 2.5 18.1 ± 10.9 0.0027

Fasting glucose(mmol/L) 5.1 ± 0.2 5.4 ± 0.9 5.7 ± 1.3 5.1 ± 0.5 ns

HOMA-IR 1.0 ± 0.9 3.1 ± 1.3 1.9 ± 0.9 3.9 ± 2.7 0.0073
Four groups were collected and categorized: 20 control females (Ctr); 19 females with obesity only (Ob); 21 females with PCOS only (PCOS), and 19 females with PCOS 
plus obesity (PC-Ob). Grouping was verified through BMI, AMH, LH, T, P, Fasting insulin, and HOMA-IR

Fig. 1  Characterization of plasma sEV. A Particle analysis showed that the size of the purified sEVs peaked at 100 nm. B Western blot showed that puri-
fied sEVs expressed classical sEV markers CD9 and TSG101. C Principal component (PC) analysis of plasma sEV proteomics showed clear separation of 
the protein expression profiles of Ctr, PCOS, Ob, and PC-Ob groups. D Pie chart analysis of differentially-expressed proteins (DEPs; fold change > 2.0 or < 
0.5, p < 0.05) between PCOS and Ctr, Ob and Ctr, PC-Ob and Ctr showed that the DEPs were largely distinct from each other, albeit with partial overlap
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Fig. 2 (See legend on next page.)
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concentrations of the nanoparticles were assessed using 
ZetaView software.

SEV proteomics
For sEV protein extraction, four volumes of lysis buf-
fer (8  M urea and 1% protease inhibitor cocktail) were 
added, and the mixture was sonicated for 3  min on ice 
using a high-intensity ultrasonic processor (Scientz). 
Next, the lysate was centrifuged at 12,000 g and 4 °C for 
10  min to remove debris, and the supernatant was col-
lected. Then, the protein concentration was determined 
using a bicinchoninic acid assay according to the manu-
facturer’s instructions.

Next, the protein solution was reduced with 5 mM 
dithiothreitol at 56 °C for 30 min, followed by alkylation 
with 11 mM iodoacetamide at room temperature for 
15  min in the dark. Then, the sample was diluted with 
200 mM triethylammonium bicarbonate to reduce the 
urea concentration below 2 M. Next, it was digested with 
trypsin at a 1:50 trypsin-to-protein mass ratio overnight 
and at a 1:100 ratio for an additional four hours.

Then, the peptides were desalted using a Strata X SPE 
column. The tryptic peptides were then dissolved in sol-
vent A (0.1% formic acid and 2% acetonitrile in water) 
and loaded onto a homemade reversed-phase analytical 
column (25 cm length, 100 μm i.d.) for liquid chromatog-
raphy-mass spectrometry analysis using an EASY-nLC 
1200 UPLC system coupled to an Orbitrap Exploris 480 
mass spectrometer. Finally, the peptides were separated 
using a gradient of solvent A and solvent B (0.1% formic 
acid and 90% acetonitrile in water) and analyzed using a 
high-resolution mass spectrometry scan.

Next, the data-independent acquisition (DIA) data 
were processed using the DIA-NN search engine 
(v.1.8) and searched against the Homo_sapiens_9606_
SP_20230103.fasta database. Trypsin/P was specified 
as the cleavage enzyme, and one missed cleavage was 
allowed. N-terminal methionine excision and carbamido-
methylation on cysteine were set as fixed modifications. 
The false discovery rate was maintained below 1%. Gene 
ontology analysis was conducted using eggNOG-mapper, 
classifying proteins into cellular components, molecular 
functions, and biological processes. Structural domains 
were annotated using the Pfam database. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways were 
identified through BLAST comparison. Subcellular local-
ization was predicted using WolF PSORT and PSORTb 

software for eukaryotic and prokaryotic proteins, respec-
tively. Functional enrichment and clustering analyses 
were conducted using Fisher’s exact test and hierarchi-
cal clustering, visualized via heat maps and the STRING 
database for protein-protein interaction networks.

SEVs western blot
Briefly, sEVs were resuspended in protein sample buffer 
(Yeason, Cat No 20315ES, Shanghai, China) at 0.1  mg/
mL of protein conc., boiled for 5  min and stored at 
-20  °C. 20 µL ready-to-use sample each well was sepa-
rated in 10% polyacrylamide gels and transferred onto a 
PVDF membrane using a fast transfer system (GenScript, 
Nanjing, China). The PVDF membrane was blocked 
with 5% non-fat milk diluted with TBST (TBS contain-
ing 0.1% Tween-20) for 1  h at room temperature and 
then incubated with primary antibody (diluted with 5% 
nonfat milk) overnight at 4  °C. The PVDF membrane 
was washed three times, incubated with HRP-conjugated 
secondary antibody (Beyotime, Cat No A0208, Beijing, 
China, 1:10000 diluted with 5% nonfat milk) for 1  h at 
room temperature, washed three times, and finally devel-
oped by an SuperFemto ECL Chemiluminescence Kit 
(Vazyme, Cat No E423-02, Nanjing, China) and detected 
by a digital chemiluminescence imaging system (Tanon, 
Nanjing, China).

Primary antibody: Mouse anti-CD9 Monoclonal anti-
body (Proteintech, Cat No 60232-1-Ig, Chicago, USA, 
1:5000); Rabbit anti-TSG101 Polyclonal Antibody (Bey-
otime, Cat No AF8259, Shanghai, China, 1:1000). We 
used both CD9 and TSG101 for sEV validation (Fig. 1B), 
since we found that the proper exposure time for these 
two antibodies were significantly different, to avoid their 
mutual interference, we detected them on separate PVDF 
membrane.

Plasma untargeted metabolomics
Briefly, 200 mL of plasma per sample was sent to a pro-
fessional company (Wuhan Metware Biotechnology, 
Wuhan, Hubei, China) for full spectrum metabolomic 
analysis, which covers all kinds of metabolites, to initially 
screen for metabolites differing significantly between 
the Ctr, PCOS, Ob, and PC-Ob groups. The analytical 
platform was Waters Acquity I-Class PLUS ultra-high-
performance liquid chromatographer coupled with a 
Waters Xevo G2-XS QTOF high-resolution mass spec-
trometer. The samples were analyzed according to the 

(See figure on previous page.)
Fig. 2  Quantitative proteomics of plasma sEVs showed that PC-Ob subjects are distinct from those with PCOS or Obesity alone. A and B Heat maps 
showed that there are 9 upregulated and 7 downregulated DEPs between PCOS-Ob and PCOS (fold change > 2.0 or < 0.5, p < 0.05); KEGG analysis showed 
that these DEPs were involved in systemic lupus erythematosus, neutrophil extracellular trap formation, alcoholism, african trypanosomiasis, and malaria 
processes. C Representative graphs from A. D and E Blot verification of representative DEPs (A2M, ELANE) in C. F and G There were 10 upregulated and 
7 downregulated DEPs between PCOS-Ob and Ob (fold change > 2.0 or < 0.5, p < 0.05); KEGG analysis showed that these DEPs were involved in Human 
T-cell leukemia virus1 infection, lipoic acid metabolism, citrate cycle (TCA cycle), 2-Oxocarboxylic acid metabolism, and allograft rejection processes. H 
Representative graphs from F. I and J Blot verification of representative DEPs in H. *, p ˂ 0.05; **, P < 0.01; ***, P < 0.001
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specified parameters. The raw data obtained using the 
MassLynx V4.2 software were processed with Progen-
esis QI for peak extraction, alignment, and further pro-
cessing. Metabolites were identified using the Progenesis 
QI software with the online METLIN database, publicly 
accessible databases, and a custom-built BMKGENE 
database. Theoretical fragments were identified, main-
taining a mass deviation threshold within 100 ppm for 
parent ions and 50 ppm for fragment ions.

Statistical analyses
The data are presented as the mean ± standard error of 
the mean (SEM) and were compared between two groups 
using Student’s t-test in Excel (Microsoft, Redmond, WA, 
USA) and multiple groups using the Kruskal–Wallis one-
way nonparametric analysis of variance in Prism (Graph-
Pad Software, San Diego, CA, USA). A p < 0.05 was 
considered statistically significant. The correlation analy-
sis between the proteome and the metabolome was con-
ducted using the Spearman correlation coefficient. All 
statistical analyses were performed using the R 4.2 soft-
ware (with the cor.test function, method = “spearman”).

Results
Human sample collection and grouping
We first confirmed the experimental groupings using 
multiple indices (Table  1). AMH levels were notably 
higher in the PCOS and PC-Ob groups than in the Ob 
and Ctr groups, suggesting potential differences in ovar-
ian reserve across groups. Regarding the metabolic 
indicators, fasting insulin levels differed significantly 
among groups (p = 0.0027), while fasting glucose levels 
did not (nonsignificant [ns]). The HOMA-IR, calculated 
from fasting glucose and insulin levels, also differed 
significantly among groups (p = 0.0073). Specifically, 
the HOMA-IR values in the Ob (3.1 ± 1.3) and PC-Ob 
(3.9 ± 2.7) groups were both above the commonly rec-
ognized threshold of 2.5 for insulin resistance, whereas 
those in the Ctr (1.0 ± 0.9) and PCOS (1.9 ± 0.9) groups 
were below this threshold. These findings not only con-
firmed significant differences in insulin sensitivity across 
groups but also highlighted important distinctions in 
metabolic status among groups. Based on these data, our 
groupings were appropriate.

Quantitative proteomics of plasma sEVs showed that the 
PC-Ob group was distinct from the PCOS and Ob groups
We isolated plasma sEVs for quantitative proteomics to 
avoid interference from high-abundance proteins (e.g., 
albumin and immunoglobulin) within the plasma and 
to more efficiently enrich functional proteins. Particle 
analysis showed that the sEVs had a peak size of 100 nm 
(Fig.  1A) and expressed the classical sEV markers CD9 
molecule (CD9) and tumor susceptibility 101 (TSG101; 

Fig.  1B), indicating the successful isolation of plasma 
sEVs.

Results showed that there are plenty of differentially-
expressed proteins (DEPs) between Ctr and each of the 
three patient groups (Supplementary dataset 1). Principal 
component (PC) analysis of the plasma sEV proteomic 
data clearly separated the protein expression profiles of 
the Ctr, PCOS, Ob, and PC-Ob groups (Fig.  1C). Venn 
diagram analysis of DEPs (fold change > 2.0 or < 0.5, 
p < 0.05) between the PCOS and Ctr, Ob and Ctr, and 
PC-Ob and Ctr groups showed that they were largely 
distinct, albeit with some overlap (Fig.  1D, suppl. Fig-
ure 2 A-C). These results suggest that the PC-Ob group 
was distinct from the PCOS and Ob groups.

Next, we further analyzed the DEPs between PC-Ob 
and PCOS or PC-Ob and Ob groups. Heat maps showed 
9 upregulated and 7 downregulated proteins between the 
PCOS-Ob and PCOS groups at fold change > 2 or < 0.5. 
KEGG analysis showed that these DEPs were involved in 
systemic lupus erythematosus, neutrophil extracellular 
trap formation, alcoholism, African trypanosomiasis, and 
malaria processes (Fig. 2A-C). We have verified two rep-
resentative DEPs, A2M and ELANE (Fig. 2D and E).

Similarly, heat maps showed 10 upregulated and 7 
downregulated proteins between the PCOS-Ob and 
Ob groups. KEGG analysis showed that these DEPs 
were involved in Human T-cell leukemia virus1 infec-
tion, lipoic acid metabolism, citrate cycle (TCA cycle), 
2-Oxocarboxylic acid metabolism, and allograft rejec-
tion processes (Fig.  2F-H). We have also verified two 
representative DEPs, A2M and HLA-A (Fig.  2I and J). 
CoreMine analysis further showed the clear involvement 
of these DEPs in immunity and metabolism from mul-
tiple perspectives and their mutual interaction (Between 
PCOS-Ob and PCOS, suppl. Figure 3 A and 3B; between 
PCOS-Ob and Ob, suppl. Figure 4 A and 4B).

Quantitative metabolomics of plasma showed that the 
PC-Ob group was distinct from the PCOS and Ob groups
PCOS and obesity are usually accompanied by abnor-
mal metabolism [3–5, 14]. Therefore, we examined 
participants’ metabolic status through quantitative 
metabolomics. First, we analyze the metabolomics in the 
positive ion mode. PC analysis of the plasma metabolo-
mics showed that metabolite profiles differed somewhat 
between the Ctr, PCOS, Ob, and PC-Ob groups, albeit 
with substantial overlap (Fig. 3A). Venn diagram analy-
sis of differential metabolites (fold change > 1.6 or < 
0.625, p < 0.05) between the PCOS and Ctr, Ob and Ctr, 
and PC-Ob and Ctr groups showed largely distinct lev-
els for many metabolites, albeit with some overlap (Fig. 
3B; supplementary dataset 2; suppl. Figure 5 A-C). These 
results suggest that the PC-Ob group was distinct from 
the PCOS and Ob groups.
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Fig. 3  Positive-ion metabolites of PC-Ob patients are distinct from those with PCOS or Obesity alone. A PC analysis of plasma metabolomics showed 
that the positive-ion metabolite profiles of Ctr, PCOS, Ob, and PC-Ob groups were somewhat distinct from each other, but with substantial overlap. B Pie 
chart analysis of different positive-ion metabolites (fold change > 1.6 or < 0.625, p < 0.05) between PCOS and Ctr, Ob and Ctr, PC-Ob and Ctr showed that 
the levels of many positive-ion metabolites were largely distinct from each other, with some overlap. C and D Heat mapping showed that there are 49 
upregulated and 8 downregulated positive-ion metabolites between PC-Ob and PCOS (C); KEGG analysis showed that these metabolites were involved 
in the biosynthesis and metabolism of many important fundamental nutritional small molecules (D). E Representative graphs from C. F and G. Heat 
mapping showed that there were 11 upregulated and 6 downregulated positive-ion metabolites between PC-Ob and Ob (F); KEGG analysis showed that 
these metabolites were involved in the biosynthesis and metabolism of many important fundamental nutritional small molecules (G). H Representative 
graphs from F. *, p ˂ 0.05; **, P < 0.01; ***, P < 0.001
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Next, we further analyzed the differential metabo-
lites between the PC-Ob and PCOS or PC-Ob and Ob 
groups. Heat maps showed 49 upregulated and 8 down-
regulated metabolites between the PCOS-Ob and PCOS 
groups. KEGG analysis showed that these metabolites 
were involved in the biosynthesis and metabolism of 
many important fundamental nutritional small molecules 
(Fig. 3C-E). Similarly, the heat maps showed 11 upregu-
lated and 6 downregulated metabolites between the 
PCOS-Ob and Ob groups. KEGG analysis showed them 
to be involved in the biosynthesis and metabolism of 
many important fundamental nutritional small molecules 
(Fig.  3F-H). The metabolites and related KEGG path-
ways differing between the PCOS-Ob and PCOS groups 
largely differed from those differing between the PCOS-
Ob and Ob groups.

Then, we analyzed the metabolomics in the negative 
ion mode. Similarly, an analysis of plasma metabolo-
mics showed that metabolite profiles differed somewhat 
between the Ctr, PCOS, Ob, and PC-Ob groups, albeit 
with large overlap (Fig.  4A). Venn diagram analysis of 
the differential metabolites (fold change > 1.6 or < 0.625, 
p < 0.05) between the PCOS and Ctr, Ob and Ctr, and 
PC-Ob and Ctr groups showed that the levels of many 
metabolites were largely distinct, albeit with some 
overlap (Fig.  4B; supplementary dataset 2; suppl. Fig-
ure  5D-F). This observation suggests that the PC-Ob 
group was distinct from the PCOS and Ob groups.

Next, we further analyzed the differential metabo-
lites between the PC-Ob and PCOS or PC-Ob and Ob 
groups. Heat maps showed 55 upregulated and 18 down-
regulated metabolites between the PCOS-Ob and PCOS 
groups. KEGG analysis showed that these metabolites 
were involved in the biosynthesis and metabolism of 
many important fundamental nutritional small molecules 
(Fig. 4C-E). Similarly, the heat maps showed 22 upregu-
lated and 3 downregulated metabolites between the 
PCOS-Ob and Ob groups. KEGG analysis showed them 
to be involved in the biosynthesis and metabolism of 
many important fundamental nutritional small molecules 
(Fig.  4F-H). The metabolites and related KEGG path-
ways differing between the PCOS-Ob and PCOS groups 
largely differed from those differing between the PCOS-
Ob and Ob groups.

Last, we also included age as covariate for the upper 
representative DEPs and MLDs (Figs. 2C and H, 3E and 
H and 4E and H) and found that the P values for most of 
these DEPs or MLDs were still below 0.05 (Supplemen-
tary dataset 3), indicating that these DEPs or MLDs are 
stable and reliable markers for the differences between 
PC-Ob and Ob or between PC-Ob and PCOS.

Cross-omics associations analysis showed the crosstalk 
between DEPs and lipid metabolism
Both omics datasets share the identical 2 × 2 factorial 
design (obesity × PCOS), which allows us to explore 
cross-omics associations at the group level. Specifically, 
we calculated the mean abundance of each protein and 
each metabolite within each of the four experimental 
groups (Ctrl, PCOS, Ob, PC-Ob). We then performed 
Spearman correlation analysis on these four-point group-
mean vectors. This “group-mean profile correlation” 
reveals whether a protein and a metabolite show coordi-
nated up-or down-regulation across the four conditions, 
even without individual matching.

We focused on two immune-related DEPs (A2M and 
BCHE) and all identified lipid metabolites (Supplemen-
tary dataset 4). The resulting heatmap (Fig.  5A and 5B) 
highlights several lipids with |ρ| > 0.8 relative to A2M or 
BCHE, suggesting strong group-level co-variation. For 
instance, TG(16:0/18:1/18:1) showed a positive correla-
tion with A2M (ρ = 0.95), while LPC(18:0) was negatively 
correlated with BCHE (ρ =-0.90). These findings support 
a crosstalk between the DEP and lipid metabolic path-
ways in the context of PCOS complicated by obesity.

Discussion
Our study demonstrated for the first time that women 
with PCOS and obesity exhibit more severe abnormali-
ties than those with PCOS or obesity alone through sys-
tematic plasma sEV quantitative proteomic and plasma 
metabolomic analyses. Previous studies have demon-
strated that among patients with PCOS, those who are 
obese exhibit a denser gene-disease network than those 
who are lean in aspects such as insulin synthesis, ste-
roidogenesis, hormonal and metabolic signaling, gonad-
otropin secretion, cellular structure, and signaling [35]. 
This observation indicates that obesity and PCOS jointly 
and broadly impact immune and metabolic functions.

Firstly, our proteomics analysis showed that many 
DEPs between the PC-Ob and PCOS or PC-Ob and Ob 
groups are involved in immunity. For example, alpha-
2-macroglobulin (A2M) levels were lower in the PC-Ob 
group than in the PCOS and Ob groups. A2M uses a 
bait-and-trap mechanism to inhibit a broad spectrum of 
proteases, including trypsin, thrombin, and collagenase. 
It can also inhibit inflammation by blocking the interleu-
kin (IL)-1β/nuclear factor kappa B (NF-κB) pathway [36]. 
The A2M-glucose regulated protein 78 (GRP78) axis pro-
motes anti-bacterial functions by recruiting and enhanc-
ing phagocytosis in echinoderms [37].

A2M-loaded microcapsules also enhanced the innate 
immune response and human leukocyte functions [38]. 
Dihydrolipoamide S-succinyltransferase (DLST) lev-
els were higher in the PC-Ob group than in the PCOS 
and Ob groups. DLST has been characterized as a 
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Fig. 4  Negative-ion metabolites of PC-Ob patients are distinct from those with PCOS or Obesity alone. A PC analysis of plasma metabolomics showed 
that the negative-ion metabolite profiles of Ctr, PCOS, Ob, and PC-Ob groups were somewhat distinct from each other, but with large overlap. B Pie chart 
analysis of different negative-ion metabolites (fold change > 1.6 or < 0.625, p < 0.05) between PCOS and Ctr, Ob and Ctr, PC-Ob and Ctr showed that the 
levels of many metabolites are largely distinct from each other, with partial overlap. C and D Heat maps showed that there were 55 upregulated and 18 
downregulated negative-ion metabolites between PCOS-Ob and PCOS (C); KEGG analysis showed that these metabolites are involved in the biosynthesis 
and metabolism of many important fundamental nutritional small molecules (D). E Representative graphs from C. F and G. Heat maps showed that there 
were 22 upregulated and 3 downregulated negative-ion metabolites between PCOS-Ob and Ob (F), KEGG analysis showed that these metabolites are 
involved in the biosynthesis and metabolism of many important fundamental nutritional small molecules (G). H Representative graphs from F. *, p ˂ 0.05; 
**, P < 0.01
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cuproptosis and immune cell infiltration-related protein 
and is implicated in periodontitis [39], autism [40], and 
rheumatoid arthritis [41]. Besides, Cathepsin G (CTSG) 
showed significant increase in PC-Ob compared with 
PCOS but not with Ob; CTSG is found in neutrophils and 
can enter cells via the RAGE receptor, where it degrades 
the 14-3-3 protein, releases BAX, and ultimately induces 
apoptosis [42]. Serum amyloid A1 (SAA1) showed signif-
icant decrease in PC-Ob compared with Ob but not with 
PCOS; SAA1 as a major component of acute-phase pro-
teins, SAA1 directly binds LPS to promote LPS uptake by 
macrophages and reduce inflammation. Inhibiting SAA1-
LPS interaction aggravated LPS-induced inflammation 
[43]. These findings suggest that patients with PCOS and 
obesity have greater immune abnormalities than those 
with PCOS or obesity alone.

Secondly, our proteomics analysis showed that many 
DEPs between PC-Ob and PCOS or PC-Ob and Ob are 
involved in metabolic processes. For example, butyr-
ylcholinesterase (BCHE) was decreased in the PC-Ob 
group compared with the PCOS and Ob groups. BCHE 
catalyzes ghrelin hydrolysis, with BCHE KO shown to 
increase plasma ghrelin levels and result in increased 
levels of white fat [44]. BCHE also hydrolyzes and 

inactivates several anesthetic drugs such as cocaine, 
heroin, esmolol, local ester anesthetics, and neuromus-
cular blocking drugs. Inhibition of BCHE with solana-
ceous glycoalkaloids (SGAs) decreased anesthetic drug 
metabolism and mivacurium hydrolysis [45]. Nonsense-
mediated mRNA decay factor (SMG8) was increased 
in the PC-Ob group compared with the PCOS and Ob 
groups. SMG8 is involved in nuclear-transcribed mRNA 
catabolic processes, nonsense-mediated decay, and regu-
lation of protein kinase activity [46, 47]. In addition, SER-
PINA6 showed significant decrease in PC-Ob compared 
with PCOS but not with Ob; SERPINA6 encodes corti-
costeroid-binding globulin (CBG), which is produced by 
the liver and regulates the plasma distribution and action 
of glucocorticoids [48]. Protein SLC2A1 showed signifi-
cant increase in PC-Ob compared with Ob but not with 
PCOS; SLC2A1 encodes GLUT1 (glucose transporter 1), 
a uniporter that transports glucose into mammalian cells 
[49]. These findings suggest that patients with PCOS and 
obesity have greater metabolic abnormalities than those 
with PCOS or obesity alone.

In addition to the proteins highlighted above, various 
immune- or metabolism-related proteins were upregu-
lated or downregulated in the PC-Ob group compared 

Fig. 5  DEP-lipid correlation analysis between different groups. A Group-level correlation between A2M/BCHE and lipid metabolites. Rows represent 
lipid metabolites (identified by class keywords: TG, PC, PE, SM, Cer, LPC, LPE). Columns represent the two proteins of interest (A2M and BCHE). Color scale 
indicates Spearman’s rank correlation coefficient (ρ) calculated between the four‑group mean abundance vectors (Ctrl, PCOS, Ob, PC-Ob) of each lipid 
and each protein. Blue, negative correlation; red, positive correlation; white, near-zero correlation. This analysis captures coordinated changes at the 
group level due to non-overlapping sample sets between proteomics and metabolomics. B Group-level expression profiles of selected proteins and 
their strongly correlated lipids. Data are shown as scaled mean abundance (z-score) across (Ctrl, PCOS, Ob, PC-Ob) for each feature. Upper panel: proteins 
(A2M, BCHE); lower panel: top-ranked lipids (|ρ| > 0.8 with either protein). Lines connect group means to visualize consistent increasing/decreasing trends. 
Scaling allows comparison of direction and relative change between different molecular types
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to the PCOS or Ob groups, suggesting that the greater 
immune and metabolic abnormalities in patients with 
PCOS and obesity could have further significant and 
extensive impacts.

Our metabolomics analysis showed that in either the 
positive or negative ion mode, many metabolites that 
differ between the PC-Ob and PCOS or PC-Ob and 
Ob groups are involved in the biosynthesis, elongation, 
degradation, or metabolism of various important nutri-
ents. Therefore, they further support the hypothesis that 
patients with PCOS and obesity have greater metabolic 
abnormalities than those with PCOS or obesity alone.

Finally, cross-omics associations analysis showed the 
probable crosstalk between DEPs (A2M and BCHE) and 
lipid metabolism, providing an integrative multi-omics 
insight for the difference between PC-Ob and PCOS or 
Ob.

However, due to both the distinction and the overlap-
ping between PC-Ob and PCOS or PC-Ob and Ob, their 
relationship might be more complicated, it’s might be 
hard to say that it’s obesity in PCOS patients, or PCOS 
in obesity patients, lead to exacerbated immunometabo-
lism abnormalities, it could be more like a mutual impact 
between PCOS and Ob, which is a general phenomenon 
of the chronic disease caused by mixed factors.

In all, we performed omics analyses of molecular 
changes in patients with obesity, PCOS, and both condi-
tions, and we also did cross-omics associations analysis 
to show the crosstalk between DEPs and lipid metabo-
lism. This approach revealed distinct molecular profiles, 
enhancing the understanding of disease mechanisms. 
Our results offer insights for clinical risk assessment and 
early detection, aiding accurate diagnosis of immuno-
logical and metabolic issues in patients with PCOS and 
obesity and supporting personalized treatments. Our 
findings on combined PCOS and obesity provide a basis 
for new therapies, improving patient health and quality 
of life.

However, we must admit that our study has limitations. 
For example, the sample size for each group is small, 
which might reduce the credibility of some results; the 
samples are only from one hospital and most samples 
are limited to adjacent districts; we used precipitation 
method to extract sEV, which might cause contamination 
by non-exosomal particles. Further investigations based 
on multi-center, large-scale samples, and high-standard 
sEV extraction method (such as ultracentrifugation or 
size-exclusion chromatography) are required to discover 
the mechanism behind the differences between PC-Ob 
and PCOS or obesity.
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