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Abstract

In this study, we aimed to comprehensively characterize the proteomic landscapes of subcutaneous adipose tissue (SAT) and
visceral adipose tissue (VAT) in patients with severe obesity, to establish their associations with clinical characteristics, and to
identify potential serum protein biomarkers indicative of tissue-specific alterations or metabolic states. We conducted a cross-
sectional analysis of 32 patients with severe obesity (16 males and 16 females) of Central European descent who underwent bari-
atric surgery. Clinical parameters and body composition were assessed using dual-energy X-ray absorptiometry (DXA) and bioe-
lectrical impedance, with 15 patients diagnosed with type 2 diabetes (T2D) and 17 with hypertension. Paired SAT and VAT
samples, along with serum samples, were subjected to state-of-the-art proteomics liquid chromatography-mass spectrometry (LC-
MS). Our analysis identified 7,284 proteins across SAT and VAT, with 1,249 differentially expressed proteins between the tissues
and 1,206 proteins identified in serum. Correlation analyses between differential protein expression and clinical traits suggest a
significant role of SAT in the pathogenesis of obesity and related metabolic complications. Specifically, the SAT proteomic profile
revealed marked alterations in metabolic pathways and processes contributing to tissue fibrosis and inflammation. Although we
do not establish a definitive causal relationship, it appears that VAT might respond to SAT metabolic dysfunction by potentially
enhancing mitochondrial activity and expanding its capacity. However, when this adaptive response is exceeded, it could possi-
bly contribute to insulin resistance (IR) and in some cases, it may be associated with the progression to T2D. Our findings pro-
vide critical insights into the molecular foundations of SAT and VAT in obesity and may inform the development of targeted
therapeutic strategies.

NEW & NOTEWORTHY This study provides insights into distinct proteomic profiles of subcutaneous adipose tissue (SAT), vis-
ceral adipose tissue (VAT), and serum in patients with severe obesity and their associations with clinical traits and body composi-
tion. It underscores SAT’s crucial role in obesity development and related complications, such as insulin resistance (IR) and type
2 diabetes (T2D). Our findings emphasize the importance of understanding the SAT and VAT balance in energy homeostasis,
proteostasis, and the potential role of SAT capacity in the development of metabolic disorders.

obesity; proteomics; subcutaneous adipose tissue; type 2 diabetes; visceral adipose tissue

INTRODUCTION

The worldwide prevalence of obesity and the associated
risk of developing comorbidities, such as cardiovascular dis-
eases and type 2 diabetes (T2D), has been on the rise (1).

Recent studies have linked this increase in adverse health
outcomes to the accumulation and dysfunction of adipose
tissue (AT), particularly visceral adipose tissue (VAT) (2–5).
The overall amount of VAT has been shown to be a more ro-
bust marker of cardiometabolic health risks than traditional
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anthropometric indicators, such as body mass index (BMI)
(6). It could be suggested that the metabolic behavior of AT
in various geographic locations of the body is not mutually
independent. This is supported by observations of subcuta-
neous adipose tissue (SAT) dysfunction, which was associ-
ated with systemic inflammation and lipotoxicity, possibly
contributing to VAT enlargement (7). Although both major
AT depots share many properties, the functional differences
between them, such as insulin sensitivity, lipolysis, adipo-
kine secretion, and immune and inflammatory function, are
crucial in the context of health outcomes, especially with
increased adiposity during obesity. Despite this, the exact
mechanisms through which VAT or potentially SAT contrib-
ute to disease development remain poorly understood.

Body composition is a crucial factor affecting cardiometa-
bolic health; however, accurately determining the amount of
VAT can be challenging and requires costly and time-inten-
sive methods such as dual-energy X-ray absorptiometry
(DXA), computed tomography, or magnetic resonance imag-
ing. Consequently, having a set of comprehensive biomarkers
that reflect body composition and the pathophysiological
state of AT would significantly impact the management and
treatment of obesity-related health issues. Recent advance-
ments in omics technologies, particularly liquid chromatogra-
phy-mass spectrometry (LC-MS), have made it possible to
perform a comprehensive analysis of the molecular composi-
tion of AT, providing a deeper understanding of the complex
mechanisms involved in obesity. In our previous proteomics
study of the AT (8), we identified significant physiological dif-
ferences between SAT and VAT adipocytes and demonstrated
cell-specific expression patterns. In the present study, we
focus on a description of SAT, VAT, and serum protein signa-
tures that correlate with body composition determined by
DXA and other clinical markers to assess the molecular risk
patterns of obese individuals. This present study represents
the most extensive characterization of the AT and serum of
patients with severe obesity to date. It provides critical pro-
teome data that shed light on AT depots’ physiological and
pathophysiological roles during obesity and their contribu-
tion to its comorbidities. It also has the potential to identify
complex protein biomarkers in relation to body composition,
whichmay serve as prognosticmarkers.

MATERIAL AND METHODS

Patients

This study used paired abdominal subcutaneous and
omental visceral AT biopsies from 16 females and 16 males
with obesity class II and III undergoing bariatric/metabolic
surgery at the Vitkovice Hospital, Ostrava, Czech Republic.
Serum samples were collected presurgery, and patient selec-
tion adhered to the International Federation for the Surgery
of Obesity (IFSO) guidelines. Patients did not undergo any
long-term diet restrictions before surgery. All participants
were white and of Central European origin. Presurgery clini-
cal and body composition assessment included bioimpe-
dance (BI) with the Multifrequence-Impedance-Analyzer
Nutriguard-MS (Data Input, P€ocking, Germany) and DXA
(Hologic, Waltham, MA) measurements. Densitometer cali-
bration, precision error, coefficient of variation, and least

significant change were established following standard pro-
cedures (9–11). Fasting blood glucose, cholesterol, triacylgly-
cerols (TAG), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), and glycated hemoglobin (HbA1c) levels
were also measured before surgery. Body surface area (BSA)
was determined using the Du Bois formula (12). T2D was
defined according to the International Diabetes Federation
(IDF) criteria, with HbA1c levels � 6.5% or fasting plasma
glucose levels � 7.0 mmol/L (13). Hypertension was defined
based on the ESC/ESH guidelines, with systolic blood pres-
sure ranging from 140 to 159mmHg and diastolic blood pres-
sure ranging from 90 to 99 mmHg (14). The characteristics of
the patients are summarized in Table 1.

All participants signed written informed consent before
participation in the study, and the design of the study was
approved by the Multicentric Ethics Committee of Vitkovice
Hospital, Ostrava (No. EK/3/17), in line with the principles of
the Declaration of Helsinki.

Adipose Tissue Biopsy and Serum Samples Collection

AT biopsies were collected during bariatric procedures,
including laparoscopic greater curvature plication, laparo-
scopic sleeve gastrectomy, and Roux-en-Y gastric bypass.
Surgery type had no impact on biopsy specimens. SAT bi-
opsy was obtained from the abdominal area between the
xiphoid process and the umbilicus, whereas VAT biopsy was
taken from the omentum majus front part. Laparoscopic
port incisions were used, following standard procedures (15,
16). AT biopsies were snap-frozen and stored at �80�C.
Blood samples were collected from patients before surgery,
and serum was subsequently separated using standard cen-
trifugation procedures. The derived serum samples were
then aliquoted and stored at�80�C until further analysis.

Protein Extraction and On-Filter Digestion

Frozen AT biopsies were cut into �100 mg pieces and
washed with ice-cold PBS. They were lysed using 400 μL of
hot SDT lysis buffer [4% sodium dodecyl sulfate (SDS;
Sigma-Aldrich, Cat. No. 436143), 0.1 M dithiothreitol (DTT;
Thermo Fisher Scientific, Cat. No. R0862), 0.1 M Tris/HCl
(Sigma-Aldrich, Cat. No. 10812846001), pH ¼ 7.6], and incu-
bated at 95�C for 2 h in a Thermomixer (Eppendorf). Protein
extracts were processed using the filter-aided sample prepa-
ration (FASP) method using trypsin digestion (8, 17, 18). The
resulting peptides were extracted into LC-MS vials (19) and
concentrated in a SpeedVac concentrator (Thermo Fisher
Scientific). For serum samples, 8 lL of serum was depleted of
abundant proteins using High Select Top14 Abundant Protein
Depletion Mini Spin Columns (Thermo Fisher Scientific, Cat.
No. A36369). Depleted serum samples underwent the same
FASP protocol with 90 lL of depleted sample solution.

Proteomics Analysis

AT peptide mixtures were analyzed using an LC-MS sys-
tem comprised of UltiMate 3000 RSLCnano system and Q
Exactive HF-X hybrid Quadrupole-Orbitrap mass spectrome-
ter (Thermo Fisher Scientific). Tryptic digests were concen-
trated and desalted on a trap column and then separated
using a 90-min gradient. Mass spectrometry (MS) data were
acquired using the BoxCar acquisition method (20) using
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MaxQuant.Live (v.1.2) (21). A supporting spectral library was
created using 24 HPLC fractions of a pooled peptide mixture
from subcutaneous and visceral adipocytes (8). Serum peptide
mixtures were analyzed using the timsTOF Pro mass spec-
trometer coupled with a nanoElute HPLC system (Bruker
Daltonics). The data were acquired using a 74-min gradient
and data-independent acquisition (DIA).

In the analysis, MaxQuant software (v.1.6.10.43) (22) was
used to process the BoxCar and spectral library MS raw data.
MS ion searches were conducted against the UniProtKB
Human FASTA database and a custom cRAP contaminant
database. DIA serum sample data were analyzed using DIA-NN
(23). The MS proteomics data and the search results have been
deposited to the ProteomeXchange Consortium via the PRIDE
(24) partner repository with the data set identifiers PXD041721
(AT samples) and PXD041750 (serum samples). Formore details
on proteomics analysis, refer to the PRIDE repository with the
provided ID or Supplemental File S1 (all Supplemental Material
is available at https://doi.org/10.6084/m9.figshare.22825532).

Statistical and Bioinformatics Analyses

The MaxQuant software and DIA-NN outputs were used
to process protein group (PG) data, employing a software

container environment (https://github.com/OmicsWorkflows)
version 4.1.3a and R software (25). For downstream analyses,
the identified PGs, representing a set of proteins that share
common peptide identifications, were further simplified by a
selection of a representative protein, while considering their
initial grouping based on shared peptides or spectral evidence.
After data processing and filtering, imputed normalized pro-
tein intensities (AT proteomics data—Supplemental File S2;
Serum proteomics data—Supplemental File S3) were subjected
to differential expression analysis using the LIMMA R package
(26). A linear model with the paired design was used to com-
pare VAT and SAT PG intensities, with sex as a confounding
variable. The LIMMA test results are provided in Supplemental
File S4. The LIMMA design was also used to compare dif-
ferences between males and females for SAT and VAT,
respectively (Supplemental File S5), and also for serum
samples (Supplemental File S6).

Gene ontology (GO) enrichment analyses were performed
using ClueGO (v.2.5.8) and CluePedia plug-in (v.1.5.8) in
Cytoscape 3.9.0 (27). Pathway analyses were conducted using
the Reactome database (28) and String database scores
(29) imported into the network visualized with ClueGo þ
CluePedia. Putative secreted proteins were predicted using

Table 1. Description of patients

All Patients (n 5 32) Males (n 5 16) Females (n 5 16) Nondiabetic (n 5 17) Diabetic (n 5 15)

Age, yr 46 ± 10 51 ± 11 42 ± 6 42 ±8 51 ± 10
Height, cm 173 ± 10 179 ± 9 167 ± 8 175 ± 12 171 ± 8
Weight, kg 129 ± 21 137 ± 17 121 ± 23 134 ± 24 123 ± 17
Waist1, cm (inferior margin of the ribs) 124 ± 14 132 ± 11 116 ± 13 124 ± 15 124 ± 14
Waist2, cm (umbilical level) 132 ± 16 136 ± 12 127 ± 18 133 ± 18 130 ± 13
Hip, cm 133 ± 15 129 ± 14 136 ± 15 136 ± 15 129 ± 14
Waist1 to hip ratio (W1TH) 0.9 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 1.0 ± 0.1
Waist2 to hip ratio (W2TH) 1.0 ± 0.1 1.1 ± 0.1 0.9 ± 0.1 1.0 ± 0.1 1.0 ± 0.1
BMI, kg/m2 42.9 ± 5.6 43.0 ± 5.1 42.9 ± 6.2 43.6 ± 5.6 42.1 ± 5.6
BSA, m2 2.4 ± 0.2 2.5 ± 0.2 2.3 ± 0.2 2.4 ± 0.3 2.3 ± 0.2
Bioimpedance
Lean body mass, kg 76 ± 17 89 ± 12 62 ±8 76 ± 17 76 ± 17
Interstitial space, connect. tissue, L 37 ± 9 44 ± 8 30 ±5 36 ± 10 38 ± 8
Muscle and organ cell mass, L 39 ± 10 46 ±6 32 ±8 40± 10 37 ± 10
Intracellular water, L 29 ± 7 34 ± 3 23 ±2 28 ± 7 29 ± 7
Extracellular water, L 27 ± 6 31 ± 5 23 ±5 28 ± 7 26 ±6
Total water, L 56 ± 12 65 ±9 46 ±6 56 ± 13 55 ± 13
Body fat mass, kg 52 ± 15 48 ± 12 57 ± 17 57 ± 16 46 ± 11
Body fat proportion, % 41 ± 8 35 ±6 47 ± 5 43 ± 7 38 ±9

Dual-energy X-ray absorptiometry
Lean body mass, kg 70 ± 11 79 ± 5 61 ± 8 70 ± 11 69 ± 12
Body fat mass, kg 56 ± 15 55 ± 14 57 ± 16 61 ± 17 51 ± 10
Body fat proportion, % 43 ±6 40±6 47 ± 5 45 ±6 42 ±6
Visceral fat mass, g 1,152 ± 353 1,274 ± 362 1,030 ± 308 1,025 ± 316 1,296 ± 348
Visceral fat volume, cm3 1,246 ± 382 1,378 ± 392 1,113 ± 333 1,109 ± 342 1,401 ± 376
Visceral fat area, cm2 239 ± 73 264 ± 75 214 ± 64 213 ± 65 269 ± 72
Android-to-gynoid ratio 1.2 ± 0.2 1.3 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 1.2 ± 0.2

Clinical laboratory data
Glycemia, mmol/L 7.1 ± 2.3 7.6 ± 2.3 6.7 ± 2.3 5.6 ± 1.1 8.9 ± 2.2
Cholesterol, mmol/L 4.8 ± 1.3 4.7 ± 1.1 4.9 ± 1.4 5.2 ± 1.2 4.4 ± 1.1
TAG, mmol/L 2.6 ± 1.7 3.0 ± 2.0 2.3 ± 1.3 2.6 ± 2.1 2.6 ± 1.2
HDL, mmol/L 1.1 ± 0.3 1.0 ± 0.3 1.2 ± 0.3 1.2 ± 0.3 0.9 ± 0.2
LDL, mmol/L 3.0 ± 1.0 3.0 ± 0.8 3.1 ± 1.1 3.3 ± 1.0 2.8 ± 0.9
HbA1c, mmol/L 5.1 ± 1.8 5.4 ± 2.0 4.9 ± 1.7 4.1 ± 0.6 6.3 ± 2.1

Hypertension, n 17 10 7 6 11
Type 2 diabetes, n 15 9 6 0 15

Average body composition and clinical characteristics of the 32 patients included in this study, were assessed before bariatric surgery.
Values are means ± standard deviation. BMI, body mass index; BSA, body surface area; HbA1c, glycated hemoglobin; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; TAG, triacylglycerols; W1TH, waist measured at inferior margin of the ribs to hip ratio; W2TH,
waist measured at umbilical level to hip ratio.
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the SignalP 6.0 Server (30) (Supplemental File S7), and corre-
lation analysis of potentially secreted protein intensities
between SAT or VAT and serum samples was performed
using biweight midcorrelation (31). Finally, the relationship
between SAT, VAT, serum protein expression, and clinical
traits was assessed using the weighted gene coexpression
network analysis (WGCNA) R package (31, 32), with modules
of highly interconnected proteins and their associations
with clinical traits being analyzed for functional enrichment
using STRING or ClueGo þ CluePedia. A more detailed
description of the bioinformatics data analysis is available in
Supplemental File S8.

RESULTS

Proteomics Results

To investigate SAT’s and VAT’s physiological and patho-
physiological roles in individuals with severe obesity, we
conducted an extensive untargeted proteomics study on
paired SAT and VAT biopsies and serum samples from 16
male and 16 female patients with obesity class II and III. We
used a label-free quantitative LC-MS approach using the
BoxCar data acquisition method (20) for tissue samples and
the DIAmethod for serum samples.

The presence of blood proteins within tissue samples sig-
nificantly impacts MS analysis by affecting the dynamic
range of protein concentrations. This phenomenon, attrib-
uted to blood contamination, can substantially compromise
the sensitivity and accuracy of the MS analysis when investi-
gating tissues. To address this challenge, we have adopted
the BoxCar data acquisition together with the reference MS
spectra library of primary SAT and VAT adipocytes peptide
mixture to enhance AT proteome coverage and mitigate the
effect of blood contamination. This library facilitated
spectral matching in the BoxCar data, leading to the iden-
tification of 7,284 PGs, predominantly from the adipocyte
proteome. We retained only proteins quantified in at least
eight samples from any of the four experimental groups
(SAT-female, SAT-male, VAT-female, VAT-male), yielding
a final data set of 4,506 proteins for downstream analysis
(Supplemental File S2).

We analyzed serum samples using the DIA method, iden-
tifying 1,206 PGs. For downstream analysis, we considered
only proteins identified by proteotypic peptides and
excluded proteins not quantified in at least eight female or
male samples. This filtering resulted in a data set of 916 pro-
teins (Supplemental File S3).

Adipose Tissue Differential Protein Expression

We performed a paired-sample LIMMA differential expres-
sion analysis, adjusted for sex, to compare protein expression
in SAT and VAT. This analysis revealed 1,249 differentially
expressed proteins (adj. P value < 0.05), with 693 upregulated
in SAT and 556 upregulated in VAT. Among these, 516 pro-
teins exhibited significant upregulation in SAT [log2fold
change (FC) > 1], whereas 322 proteins demonstrated signifi-
cant upregulation in VAT (log2FC> 1) (Fig. 1A).

Notably, the most highly upregulated proteins in SAT
included proline-rich protein 12 (PRR12), aftiphilin (AFTPH),
tudor domain-containing protein 15 (TDRD15), nucleolar

pre-ribosomal-associated protein 1 (URB1), and tyrosine-pro-
tein phosphatase nonreceptor type 13 (PTPN13). In VAT, the
most highly upregulated proteins were intelectin-1 (ITLN1),
annexin A8-like protein 1 (ANXA8L1), olfactomedin-like pro-
tein 3 (OLFML3), trophoblast glycoprotein (TPBG), and SLIT-
ROBO Rho GTPase-activating protein 2 (SRGAP2). The most
notable changes in protein expression were observed in the
middle of the detectable dynamic range (Fig. 1C). These
log2FC differences between the tissues can be considered
qualitative changes, primarily determined using imputed
values (Fig. 1B).

In addition, the most significantly differentially expressed
proteins, based on P value, were carboxypeptidase M (CPM),
PRR12, collagen a-1(III) chain (COL2A1), inter-a-trypsin in-
hibitor heavy chain H5 (ITIH5), and periostin (POSTN) in
SAT, and ITLN1, collagen a-1(XIV) chain (COL14A1), mime-
can (OGN), asporin (ASPN), and annexin A8 like protein 2
(ANXA8L1) in VAT. These differences were predominantly
observed in proteins with the highest expression levels in
each tissue (Fig. 1C).

Adipose Tissue Gene Ontology Enrichment Analysis

An in-depth analysis of differentially expressed proteins
in SAT and VAT was conducted using GO. This analysis
revealed significant variations in biological processes (BP),
cellular component (CC), and molecular function (MF)
between the two ATs (refer to Fig. 2).

Regarding BP analysis (Supplemental File S9A), upregu-
lated proteins in SAT exhibited noteworthy enrichment in
processes such as exocytosis, response to hypoxia, or lipid
oxidation. Conversely, VAT-upregulated proteins were associ-
ated with the nucleobase-containing compound catabolic
process, nuclear-transcribed mRNA catabolic process, non-
sense-mediated decay, cytoplasmic translation, and electron
transfer activity. Both groups of upregulated proteins were
significantly enriched in the carboxylic acid metabolic pro-
cess, negative regulation of gene expression, cellular protein-
containing complex assembly, and cellular detoxification.

The CC analysis (Supplemental File S9B) highlighted that
a majority of differentially expressed proteins were linked to
the extracellular exosome, mitochondrion, or collagen-con-
taining extracellular matrix (ECM). Notably, SAT-upregu-
lated proteins were specifically associated with secretory
granule lumen and proteasome complex, whereas VAT-up-
regulated proteins exhibited specific enrichment in cytosolic
ribosome ormitochondrial respiratory chain complex I.

MF analysis (Supplemental File S9C) revealed NAD(P)H
dehydrogenase activity as the most significantly enriched
term among VAT-upregulated proteins. In contrast, acetyl-
CoA C-acyltransferase activity was distinctive to SAT-upreg-
ulated proteins. Both groups of upregulated proteins dis-
played enrichment in NADP binding, fatty acid binding, and
purine nucleotide binding.

Adipose Tissue Pathways Enrichment Analysis

To comprehend the disparities in signaling pathways and
reactions between SAT and VAT, we engaged the Reactome
database analysis tool by submitting lists of differentially
expressed proteins. Subsequently, we conducted a ClueGO
Reactome pathways and reactions analysis, leveraging both
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protein lists to underscore specific differences and the func-
tions of related proteins (refer to Fig. 3 and Supplemental
File S10).

Analyzing the Reactome event hierarchy unveiled a broader
spectrum of diverse pathways among SAT-upregulated pro-
teins compared with VAT-upregulated proteins (Fig. 4 and
Supplemental File S11, A and B). Among SAT-upregulated pro-
teins, the most significantly enriched root terms encompass
ECM organization, programmed cell death, and metabolism.
Conversely, among VAT-upregulated proteins, themost signif-
icantly enriched term was metabolism, followed by a cellular
response to stimuli and themetabolism of RNA.

The distribution of SAT-upregulated proteins across vari-
ous pathways underscores the distinct characteristics of AT
depots. Our findings reveal that although both SAT- and
VAT-upregulated proteins are implicated in stress response,
SAT-upregulated proteins are predominantly engaged in cellu-
lar responses to hypoxia and chemical stress. In contrast,
VAT-upregulated proteins are linked to cellular responses to
starvation. This distinction is further highlighted by several
proteins involved in signal transduction, including Hedgehog,
NOTCH4, and theMAPK signaling familymembers, all associ-
ated with proteasome proteins. An association with diseases
related to signal transduction by growth factor receptors and
secondmessengers was also observed.

Our results also reveal substantial associations with ECM
organization in SAT, including proteins engaged in collagen

formation, laminin interactions, nonintegrin membrane-
ECM interactions, ECM proteoglycans, and ECM degrada-
tion, along with integrin cell surface interactions. This high-
lights the distinct structural and functional attributes of SAT
in relation to ECM dynamics. Furthermore, the regulation of
the mitotic cell cycle, encompassing proteins governing cell
cycle checkpoints, apoptosis, DNA replication, DNA synthe-
sis, and mRNA stability via AU-rich element binding pro-
teins, further reinforces the unique nature of SAT.

Numerous immune system pathways also exhibited
enrichment with SAT-upregulated proteins, including neu-
trophil degranulation, T cell receptor signaling, B cell recep-
tor signaling, and the TNFR2 noncanonical NF-kB pathway.
Furthermore, the ABC-family protein-mediated transport
pathway was also enriched in SAT, potentially involving pro-
teins associated with disorders of transmembrane transport-
ers. In contrast, VAT-upregulated proteins predominantly
enriched the citric acid cycle and respiratory electron trans-
port, along with proteins involved in RNA metabolism,
including rRNA processing, nonsense-mediated decay, and
eukaryotic translation.

Adipose Tissue Protein Secretion and Serum Protein
Correlation

To understand the link between AT and serum protein lev-
els, we conducted a biweight midcorrelation analysis of all
proteins detected in both SAT and VAT, as well as serum
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Figure 1. The most differentially expressed proteins in subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT). A: volcano plot displaying
differential protein expression analysis, with significantly upregulated proteins in SAT (green) and VAT (red) highlighted. B: box plot illustrating the differ-
ences in intensity values between SAT and VAT for the most differentially expressed proteins, with crosses representing imputed values and dots denot-
ing experimental intensity values. C: protein abundance rank plot for the most differentially expressed proteins, where the mean intensity values of all
measured proteins are ordered from highest to lowest and ranked accordingly. This plot demonstrates the relative representation of these proteins
within the entire adipose tissue (AT) proteome.
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Figure 2. Gene ontology (GO) enrichment analysis of differentially expressed proteins in subcutaneous adipose tissue (SAT) and visceral adipose tissue
(VAT). Gene ontology (GO) enrichment analysis for differentially expressed proteins in SAT (n ¼ 693) and VAT (n ¼ 556) conducted using Cytoscape
GlueGO plug-in with a two-cluster approach. Only GO terms of levels 5–8 were considered, with a significance threshold of 0.05, and redundant groups
with >50% overlap were merged. The figure displays the most significantly enriched terms (adj. P value <0.05) for biological processes (BP), cellular
components (CC), and molecular functions (MF), emphasizing the distinct enrichments between SAT and VAT.
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samples (Supplemental File S12). Initially, among the over-
lapping proteins (n ¼ 554), we found 55 in SAT and 60 in
VAT that significantly correlated with the serum protein lev-
els. However, a notable subset of these proteins was associ-
ated with blood-borne components, like immunoglobulins
and coagulation cascade proteins, present due to the blood
content in the tissues. To pinpoint proteins likely moving
from tissues to serum, we used SignalP-6.0 to predict poten-
tially secreted proteins and further focus on those with
secretion potential or differential expression between SAT
and VAT.

ERAP1, a potentially secreted protein, demonstrated the
most significant positive correlation with both SAT and VAT
(corSAT ¼ 0.75, corVAT ¼ 0.76). Adiponectin, significantly up-
regulated in SAT and possibly secreted, displayed a signifi-
cant correlation between its SAT tissue expression and
serum levels (corSAT ¼ 0.61). Furthermore, several other
potentially secreted SAT-upregulated proteins, such as sem-
aphorin-3-C (SEMA3C) (corSAT ¼ 0.52), apolipoprotein A-IV
(APOA4) (corSAT ¼ 0.52), extracellular superoxide dismu-
tase [Cu-Zn] (SOD3) (corSAT ¼ 0.43), apolipoprotein D
(APOD) (corSAT ¼ 0.39), and apolipoprotein C-III (APOC3)
(corSAT ¼ 0.36), exhibited significant correlations with
SAT expression levels in the serum. While apolipoprotein
M (APOM), not classified as a potentially secreted protein
but upregulated in SAT, showed a significant correlation

with both SAT and VAT expression levels (corSAT ¼ 0.46,
corVAT ¼ 0.49).

The most substantial serum correlation exclusively with
VAT protein intensities was seen with coagulation factor XII
(corVAT ¼ 0.58), although its presence in the tissue is likely
due to blood contamination. Serum amyloid A-4 protein
(SAA4) positively correlated with VAT protein levels
(corVAT ¼ 0.49), despite lacking differential expression
between SAT and VAT. Notably, a negative correlation was
observed between nidogen-1 (NID1) serum levels and VAT
levels (corVAT ¼ �0.45); although NID1 is a potentially
secreted protein, its tissue expression was higher in SAT
compared with VAT.

Finally, a positive correlation emerged between serum
and VAT levels for 6-phosphogluconate dehydrogenase
(decarboxylating) (PGD) (corVAT ¼ 0.40), which is slightly
upregulated in VAT. Leptin (corVAT ¼ 0.39) and apolipopro-
tein B-100 (APOB) (corVAT ¼ 0.38), both potentially secreted
proteins, also demonstrated positive correlations between
serum and VAT protein levels while concurrently exhibiting
cross-correlation with SAT intensities (corSAT-VAT ¼ 0.57 and
corSAT-VAT ¼ 0.50, respectively).

Weighted Gene Coexpression Network Analysis

The outcomes of the weighted gene coexpression network
analysis (WGCNA) unveiled a division of the SAT, VAT, and

Figure 3. Protein pathway and interaction analysis for differentially expressed proteins in subcutaneous adipose tissue (SAT) and visceral adipose tissue
(VAT). The figure presents the most significant Reactome pathways and reactions (P values < 0.05) for SAT and VAT differentially expressed proteins,
along with associated proteins and protein-protein STRING interaction links, visualized using the Cytoscape GlueGO þ CluePedia plug-in. Reactome
pathway and reaction term nodes for SAT and VAT are represented as red and blue circles, respectively. Node size indicates significance, with larger
nodes being more significant. Transparent nodes denote shared upregulated proteins between both groups, while gray nodes signify equal enrichment
by proteins from both tissues. Bright red and green edges represent the protein’s ability to activate or inhibit the interacting protein. The most significant
terms of each cluster group are displayed and manually adjusted for a reader-friendly pathway network. Comprehensive pathways and networks with
group cluster affiliation can be found in Supplemental File S9.
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serum proteomes into 9, 11, and 7 modules, respectively.
These modules encapsulate proteins with plausible coex-
pression or functional associations. The functional enrich-
ment analysis conducted on these modules revealed the
presence of highly conserved biological processes and pro-
tein complex structures (details available in Supplemental
File S13). To delve into the potential associations between
proteome structure and clinical attributes, we carried out a
correlation analysis between the modules and the clinical
traits (Figs. 5, 6, and 7).

To expand upon the link between clinical traits and the
proteomes, we scrutinized individual proteins within mod-
ules displaying the most robust correlations with clinical
variables. Given the considerable intercorrelation among
certain clinical variables (Supplemental File S14), we logi-
cally grouped these traits. Subsequently, the correlation
analysis unveiled a multitude of significant protein-trait
associations (Supplemental File S15, A–C). To enhance the
focus on the most insightful correlations, we performed an
enrichment analysis of the significantly associated proteins,

Figure 4. Pathway and reaction analysis of differentially expressed proteins in subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT).
Reactome pathway and reactions enrichment analysis for all significantly upregulated proteins in SAT (A) and VAT (B). The figures display the most sig-
nificant terms (P values <0.05) using the built-in Reactome Voronoi diagram visualization tool. Terms are visualized based on the Reactome event hier-
archy, with the most significant terms highlighted in bright yellow.
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focusing on those with the highest correlation coefficients
and those that hold functional relevance to the underlying
pathophysiology of obesity.

Importantly, it should be noted that the proteins listed in
Weighted Gene Coexpression Network Analysis are not ex-
haustive; rather, they represent selected examples showcas-
ing the most notable correlations with traits and/or their
potential contribution to obesity’s pathophysiology.

WGCNA—sex-dependent protein expression patterns in
adipose tissue.
Sex plays a significant role in energy metabolism and
fat storage. WGCNA results highlighted distinct protein
expression patterns: energy metabolism-related proteins
(SAT Blue and Brown modules) exhibited higher expres-
sion in females. In contrast, translation-related proteins
(SAT Red and Yellow modules) were more pronounced in
males. In addition, males showed increased expression of
proteins involved in vesicle-mediated transport (VAT
Black module). Specifically, XRN2 and STARD5 (SAT), as
well as FOSL2 and SIGMAR1 (VAT), were more highly
expressed in males. Among females, higher expression
was noted for GYG2 in both AT depots, PPAP2A (SAT), and
AGT and CA3 (VAT).

The LIMMA analysis reinforced these findings (Supple-
mental File S5). It indicated upregulation of DHRS3, EMC2,
EIF3J, GYG2, CKB, PALMD, QDPR, and PPAP2A in female
SAT samples and PNPLA7 in male SAT samples, all with
Log2FC > 1. Female VAT samples demonstrated upregula-
tion of CA3 and AGT (Log2FC > 1), whereas no significant
protein upregulation was found inmale VAT samples.

WGCNA—SAT and VAT relation to lean mass and
related variables.
Strong intercorrelations were evident between BI and DXA
leanmass, along with BI-derived values related to interstitial
space and connective tissue, muscle and organ cell mass, in-
tracellular water, extracellular water, and total water. The
SAT Turquoise and Yellowmodules, as well as the VAT Black
module, exhibited significant positive correlations with
these traits. Notably, both tissues demonstrated module
enrichment in proteins associated with extracellular exo-
somes and vesicle-mediated transport. The SAT modules
additionally revealed enrichment in metabolic proteins, par-
ticularly those involved in protein and RNAmetabolism.

Conversely, a negative correlation with these traits was
observed for the SAT Blue module and VAT Brown and Pink
modules. The SAT Blue and VAT Brown modules exhibited
enrichment in proteins involved in the generation of precur-
sor metabolites and energy through the mitochondrion and
related processes. The VAT Pink module displayed enrich-
ment in proteins regulating extracellular vesicles and the
complement cascade. However, the negative correlation of
VAT modules with these traits was milder compared with
that observed for SAT.

Proteins in SAT that positively correlated with lean mass
and intercorrelated traits demonstrated enrichment for ECM
organization, integrin-cell surface interactions, and meta-
bolic processes, including glucose metabolism. Similarly,
VAT proteins showing a positive correlation with lean mass
and related traits were enriched in the innate immune sys-
tem, neutrophil degranulation, and vesicle-mediated trans-
port. Both SAT and VAT exhibited a negative correlation

SAT Module−trait relationships
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Figure 5. Subcutaneous adipose tissue (SAT) module-traits relationships. Relationships between SAT module eigengenes derived from weighted gene
coexpression network analysis (WGCNA) and selected clinical variables, along with corresponding Pearson correlation P values. Strong positive correla-
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with lean mass for proteins associated with metabolism,
particularly the citric acid cycle and respiratory electron
transport, with SAT proteins demonstrating a stronger
association. Furthermore, SAT showed a negative correla-
tion with lean mass for proteins involved in fatty acid me-
tabolism and lipid metabolism.

WGCNA—SAT and VAT relation to weight, waist
circumferences, height, BMI, and BSA.
Weight, waist circumferences, BSA, and height exhibited
comparable correlations to lean mass and related traits,
although these associations were generally weaker and dis-
played certain distinctions. Unlike these traits, BMI did not
show any significant association with the SAT or VAT mod-
ules, resulting in limited enrichment of proteins with signifi-
cant correlations.

In SAT, proteins with positive correlations to these traits
were enriched in processes related to hemostasis, platelet
activation, signaling, and regulation of the complement
cascade. Conversely, VAT proteins displayed a consistent
positive correlation trend with proteins linked to the
innate immune system, neutrophil degranulation, and
antigen processing-cross presentation. Remarkably, this
enrichment was particularly significant in relation to waist
circumferences.

The negative correlations between SAT proteins and these
traits indicated a reduced expression of proteins engaged in
protein metabolism, including translation and metabolism
of amino acids and derivatives. In addition, proteins associ-
ated with mitochondrial energy metabolism, including the
citric acid cycle and respiratory electron transport, cristae
formation, and fatty acid b-oxidation of unsaturated fatty

acids, exhibited decreased expression. A comparable reduc-
tion in the expression of the citric acid cycle and respiratory
electron transport proteins was also observed in VAT pro-
teins, particularly concerning waist circumferences.

WGCNA—SAT and VAT relation to waist-to-hip and
android-to-gynoid ratios.
The ratios used to assess body fat distribution, such as the
W1TH, W2TH, and the DXA android-to-gynoid (A/G) ratio,
reveal consistent expression patterns. Although the modules
associated with these ratios displayed varying degrees of sig-
nificance concerning the traits, the enrichment analysis of
correlated proteins uncovered similar processes. These pa-
rameters underscore the disparities between SAT and VAT,
where correlations to the traits are comparatively weaker in
VAT’s protein expression patterns.

In SAT, proteins related to the energymetabolism, encom-
passing the citric acid cycle and respiratory electron trans-
port, and fatty acid metabolism exhibit reduced expression
with escalating abdominal obesity. In contrast, the expres-
sion of SAT proteins involved in the innate immune system,
like those linked to neutrophil degranulation and unspecific
metabolism, increases with abdominal obesity. Notably, pro-
teins engaged in ECM organization, including the small leu-
cine-rich proteins LUM and BGN, also displayed a positive
correlation.

Similar pathways and reactions displaying positive corre-
lations with these ratios were observed in VAT proteins.
However, the negative correlation observed in VATwas com-
paratively milder than in SAT. The regulation of insulin-like
growth factor transport and uptake by insulin-like growth
factor binding proteins emerged as the most significantly
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Figure 6. Visceral adipose tissue (VAT) module-traits relationships. Relationships between VAT module eigengenes derived from weighted gene coex-
pression network analysis (WGCNA) and selected clinical variables, along with corresponding Pearson correlation P values. Strong positive correlations
are represented in red, while strong negative correlations are in blue; numbers within individual cells indicate the correlation coefficient and (P value).
Significant module-trait correlations (P value< 0.05) with an absolute correlation value>0.5 are highlighted in bold. Module sizes are provided in brack-
ets. Waist1 refers to waist circumference measured at the inferior margin of the ribs, and Waist2 denotes measurements at the umbilical level. BI, bioim-
pedance; BMI, body mass index; BSA, body surface area; DXA, dual-energy X-ray absorptiometry; HDL, high-density lipoprotein; LDL, low-density
lipoprotein; TAG, triacylglycerols.
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enriched pathway among proteins exhibiting negative corre-
lation. This observation was particularly pronounced in con-
nection with A/G and W2TH ratios. Although the proteins
with the strongest correlations were analogous for both
waist-to-hip (WTH) ratios, the A/G ratio exhibited distinct
correlations.

WGCNA—SAT and VAT relation to body fat content.
Another cluster of clinical traits demonstrated a connection
with body fat mass and its proportion, assessed through both
BI and DXA, as well as hip circumference. Specifically, body
fat mass negatively correlated with lean mass and related
traits, particularly when quantified via BI. The body fat per-
centage exhibited stronger correlations with the SAT and
VAT protein modules, and the enrichment of the correlating
proteins displayed intricate biological pathways and proc-
esses. However, body fat measurements from DXA yielded
weak enrichments with no significant association with any
protein module. Total body fat, measured by BI, revealed a
negative correlation between immune system-related pro-
teins and proteinmetabolism in SAT.

Meanwhile, the body fat proportion displayed negative
correlations in both SAT and VAT with proteins linked to the
immune system, innate immunity, neutrophil degranula-
tion, and disease. In SAT, positive correlations emerged in
metabolic processes, such as the citric acid cycle and respira-
tory electron transport, as well as lipid metabolism. In con-
trast, VAT demonstrated positive correlations with proteins
involved in platelet activation, signaling, and aggregation,
along with protein metabolism. Notably, the proteins dis-
playing the strongest correlations varied among these traits.

WGCNA—SAT and VAT relation to visceral fat, age,
glycemia, and HbA1c.
Visceral fat mass, area, and volume exhibit strong intercorre-
lations, forming a unified entity. An upward trend in visceral
fat mass was apparent with advancing age and elevated gly-
cemia and HbA1c levels. This trend resonated in the associ-
ated proteomic correlations within both SAT and VAT.
Specifically, proteins linked to ECM organization, ECM pro-
teoglycans, and axon guidance displayed increasing expres-
sion in SAT with increasing visceral fat mass. Similarly, age,
glycemia, and HbA1c levels exhibited this trend, whereas
enrichment analysis unveiled additional involvement of pro-
teins in the innate immune system, vesicle-mediated trans-
port, and cellular response to stress. Similar enrichments
were observed in VAT, encompassing proteins related to the
immune system and vesicle-mediated transport. Conversely,
a negative correlation to increasing visceral fat mass was
noted for proteins involved inmetabolism, particularlymito-
chondrial energymetabolism processes.

The decrease in the expression of functionally related pro-
teins was more pronounced in VAT, where 47 proteins (false
discovery rate, FDR ¼ 1.11e-41) enriched pathways related to
the citric acid cycle and respiratory electron transport, contrast-
ing with SAT’s 11 proteins (FDR ¼ 0.0037). While akin patterns
of enriched pathways and processes emerged, the proteins
exhibiting the strongest correlations varied across these traits.

WGCNA—SAT and VAT relation to cholesterol, HDL,
LDL, and TAG.
Cholesterol and LDL blood levels demonstrated strong inter-
correlations, and a similar trend was observed for HDL. In
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Figure 7. Serummodule-traits relationships. Relationships between serummodule eigengenes derived fromweighted gene coexpression network anal-
ysis (WGCNA) and selected clinical variables, along with corresponding Pearson correlation P values. Strong positive correlations are represented in
red, while strong negative correlations are in blue; numbers within individual cells indicate the correlation coefficient and (P value). Significant module-
trait correlations (P value< 0.05) with an absolute correlation value>0.5 are highlighted in bold. Module sizes are provided in brackets. Waist1 refers to
waist circumference measured at the inferior margin of the ribs, and Waist2 denotes measurements at the umbilical level. BI, bioimpedance; BMI, body
mass index; BSA, body surface area; DXA, dual-energy X-ray absorptiometry; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TAG,
triacylglycerols.
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SAT, a positive correlation linked cholesterol and LDL levels
with proteins engaged in chylomicron assembly (APOA1,
APOA2, APOB, APOC1, and APOM). Conversely, negative cor-
relations emerged between SAT and cholesterol/LDL levels
and proteins involved in translation, positive epigenetic reg-
ulation of ribosomal RNA expression, and transport.

In VAT, positive correlations and enrichment of associ-
ated proteins were noted in cap-dependent translation ini-
tiation, formation of a pool of free 40S subunits, and
translation termination. Conversely, negative correlations
in VAT between cholesterol/LDL levels and proteins were
associated with signaling by Rho GTPases, axon guidance,
and the immune system. However, the overall enrichment
of these traits in VAT was modest.

Furthermore, significant associations were observed
between SAT modules and HDL. Correlated proteins exhib-
ited a weak association with programmed cell death, metabo-
lism (positive correlation), as well as disease and axon
guidance (negative correlation). Similarly, HDL levels corre-
lated with VAT proteins involved in regulating insulin-like
growth factor transport and uptake by insulin-like growth
factor binding proteins, protein metabolism, and plasma lipo-
protein assembly (APOA1, APOA4, APOC1, APOC3, APOE,
APOL1). In contrast, a negative correlation was found between
HDL levels and proteins associated with the innate immune
system, neutrophil degranulation, and proteasome substrate
cleavage. TAG levels did not correlate with anymodules; how-
ever, a positive correlation emerged between TAG and VAT
proteins in LDL clearance.

WGCNA—SAT and VAT relation to hypertension and
T2D.
Patients diagnosed with hypertension exhibited elevated
expression of immune system-associated proteins in both
SAT and VAT. Alongside this, a notable reduction in protein
expression was evident in metabolic processes, particularly
the citric acid cycle and respiratory electron transport, mito-
chondrial fatty acid b-oxidation, and other energy metabo-
lism-related processes in both tissues. This association was
more pronounced in VAT. In SAT, increased expression of
proteins like SIGLEC1, CMAS, MRRF, PDIA5, and CD163 was
observed, whereas in VAT, proteins such as ATL1, TNFAIP2,
F13A1, UTS2, TBXAS1, ENTPD1, or VASP displayed height-
ened expression. Conversely, decreased expression was linked
to proteins such as WASF2, TEP1, CCDC18, FMOD, and
SLC25A10 in SAT, and to proteins such as ACOX2, ACAD9,
ALDH6A1, PRDX3, UQCRC1, ATP5B, and ATP5A1 in VAT.

For patients with T2D, reduced expression of metabolic
proteins was observed in both SAT and VAT. Notably, a
more pronounced enrichment of the citric acid cycle and re-
spiratory electron transport was observed in VAT protein
expression. In addition, elevated expression of proteins asso-
ciated with infectious diseases and cellular responses to
stress was observed in both ATs. In SAT, increased expres-
sion of ECM proteoglycans (LUM, OGN, BGN, ASPN) was
also associated with T2D. In the SAT of patients with T2D,
increased expression of proteins like PPP1R14B, MATN2,
COL6A3, PEMT, COL6A1, BGN, SERPINE1, VPS33B, COL6A2,
or COX8A was noted. Conversely, increased expression of
proteins such as PI16, AIF1L, COMMD3, RPN1, HOOK2,
ITGAM, ANXA5, and ANGPTL2 was observed in VAT of

patients with T2D. In contrast, decreased expression in
patients with T2D was observed for proteins like CREBBP,
NFCI, CTBP2, ALDOC, S100A1, FASN, and STAT5B in SAT
and for proteins such as UQCC2, CYCS, HADH, ARG1,
SELENBP1, and PRD3 in VAT.

Obesity Signatures in Serum

The WGCNA identified seven distinct modules based on
the proteome expression patterns (Fig. 7). The Red module
demonstrated the most significant associations with clinical
traits. It was enriched with proteins involved in the binding
and uptake of ligands by scavenger receptors, the insulin-
like growth factor ternary complex, and the lectin pathway
of complement activation. Notably, the Red module showed
a positive correlation with WTH ratios, glycemia, HbA1c lev-
els, and T2D, whereas a negative correlation was evident
with DXA body fat percentage and HDL levels. Within this
module, prominent positive correlations with the WTH
ratios were seen for CDHR2, NCAM1, ALDHA1, CD163,
CD81, CDH2, IL1R2, FABP1, and ALDOB, whereas negative
correlations included PRDX1, AZU1, PLXND1, IGFALS,
MPO, SERPINA6, and SAA2. The A/G ratio did not show
any significant correlation to the serum modules, but a
positive correlation was observed with CPA4, NCAM1,
CDH2, IL1R2, and a negative correlation with SIRPA,
LAMC1, PKM, and SAA2.

The Red serummodule demonstrated the most significant
positive correlation with glycemia and HbA1c levels, particu-
larly for FABP1, ADAMTSL2, ALDOB, HSPA5, SOD2, CD163,
LUM, and SERPINF1. Conversely, XYLT2, CCN2, SPTA1,
APOF, MMP8, and ANGPTL3 showed negative correlations.
This module also exhibited a positive correlation with T2D,
with notable associations for FABP1, ADAMTSL2, SOD2,
QSOX, ALDOB, L1CAM, PGM1, CSF1R, ALDH1A1, CD163, and
LUM. Lower expression in patients with diabetes was evident
for SCPEP1, S100A11, LEP, PEBP1, SHGB, and APOF. No sig-
nificant correlation was observed between the serummodule
and hypertension. Still, an increased expression of SVEP1,
NRP1, RNASE1, QSOX1, and GKN1, along with decreased
expression of XYLT2, CFH, LEP, and CETP serum levels were
found in patients with hypertension.

Furthermore, the serum Redmodule negatively correlated
with HDL levels, with proteins like VCP, FCN3, TALDO1,
HSP90AA1, and PGAM1 showing significant associations.
The most significant positive correlation with HDL levels
was observed for proteins NOTCH3, CD248, GSN, SHBG, and
APOF. In addition, the serum Brown module negatively
correlated with cholesterol levels, enriched with proteins
associated with humoral immune response, complement
activation, and neutrophil degranulation. The proteins with
the most significant negative correlation to cholesterol levels
were GDI2, ENO1, AMY2A, PGD, NTRK2, COL3A1, and
SERPINA1, which also showed a negative correlation to LDL
levels. On the other hand, positive correlations with choles-
terol and LDL levels were observed for LRP1, APOF, APOM,
APOC2, APOB, and APOC1. In addition, positive correlations
with TAG levels were found for proteins VCP, CAMP,
IL1RAP, CD81, and HSP90AA1, whereas negative correlations
were observed with PSMA4, AMY2A, HGFAC, NTRK2, and
ITGAM serum levels.
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The serum Red module also demonstrated a negative cor-
relation with DXA body fat percentage, with the most signifi-
cant correlations found with CDON, GPT, CPA1, CHGA, and
ALDH1A1. Conversely, positive correlations were observed
with proteins CALM3, LEP, SAA2, and multiple immunoglo-
bulins. Although no significant associations were found
between the BI and DXA total body fat and BI body fat per-
centage with any serum module, the proteins with the most
significant correlations were similar. For BI total body fat,
significant negative correlations included CPA1, HSPD1,
LUM, and APOA4, whereas significant positive correlations
included CALML3, LEP, CRP, and GPD1. For BI body fat per-
centage, significant negative correlations were observed with
HSPD1, ANG, ROBO4, and STAB1, and significant positive cor-
relations included NBL1, XYLT2, CALM3, and LEP. For DXA
total body fat, significant negative correlations were evident
with CDON, CPA1, GPT, CHGA, NOTCH1, APOA4, and
NEGR1, whereas significant positive correlations included
CALML3, S100A14, LUM, HSPB1, CRP, GPD1, and LEP.

Two serum modules showed significant associations with
visceral fat variables. The serum Black module, enriched in
proteins associated with the collagen-containing ECM,
plasma lipoprotein particles, and acute phase response,
exhibited a positive correlation. The most significant posi-
tive correlations with visceral fat mass were seen for HTRA1,
CALU, haptoglobin, APMAP, SAA4, and multiple comple-
ment proteins. Conversely, the serum Turquoise module,
enriched in proteins related to extracellular space, cell
migration, ECM organization, ECM proteoglycans, and regu-
lation of IGF transport and uptake by IGFBP, showed a nega-
tive correlation. The most significant negative correlations
were observed for SNCA, IGFALS, CAP1, PRDM8, and FETUB
serum levels.

No other traits, except height, were significantly associ-
ated with the serum modules. Height positively correlated
with the serum Green module enriched in proteins involved
in gluconeogenesis. Notably, VCP showed the most signifi-
cant positive correlation with all the lean mass and related
traits, whereas NBL1 exhibited a negative correlation.
Positive correlations with BMI were noted for CEP192,
CALML3, NCL, CRP, CD48, GPD1, and SAA2, whereas nega-
tive correlations were observed for APOA4 and CPA1 levels.
In addition, positive correlations emerged between the BSA
and CALML3, VCP, PRDX6, GPD1, and HSPB1 serum levels,
with negative correlations observed for NOTCH1, L1CAM,
and IGFBP1. Although no significant correlation emerged
between serum modules and sex, a heightened expression
pattern of heat shock proteins (HSP90, HSP90AA1, HSPA4,
HSPA8, and HSPD1) was noted in male serum samples. The
sole differentially expressed protein between sexes identified
through LIMMA differential expression analysis was PSMA7,
which showed upregulation in male samples (Supplemental
File S6). Finally, positive correlations with age were identified
for RNASE1, QSOX1, CTSL, PRDM8, LUM, CST3, ANG, and
POSTN, whereas negative correlations were found between
SNCA, IGFALS, CAP1, PRDM8, and FETUB serum levels.

DISCUSSION

Obesity has become a global health concern. Understanding
its underlying molecular mechanism is crucial for improving

diagnosis and treatment. Proteomic profiling has emerged as a
promising approach to unravel the complex network of molec-
ular events underlying obesity. This article presents the most
comprehensive proteomic description of SAT, VAT, and serum
of severely obese patients to date (33, 34). We aim to shed new
light on the molecular basis of obesity while also identifying
potential biomarkers for clinical use.

By employing the BoxCar MS data acquisitionmethod (20)
in conjunction with the spectral library of adipocyte pro-
teomes, along with DIAMS of serum samples after the deple-
tion of the top 14 most abundant proteins, we successfully
identified 7,284 proteins in AT samples and 1,206 in serum
samples. This innovative approach allowed us to effectively
overcome the challenges posed by the wide dynamic range
imposed by blood-borne proteins and attain a significantly
deeper coverage of the AT and serum proteome compared
with the previous studies (35–38). Moreover, we collected
high-quality anthropometric data using both BI and DXA
techniques. This enabled us to explore differences in protein
expression based on body composition and identify distinct
protein expression patterns associated with specific traits.

Our differential expression analysis revealed noteworthy
differences between VAT and SAT. The outcomes highlight
the significantly greater complexity of SAT’s molecular pro-
file than VAT’s. This distinction is evident through a higher
count of differentially expressed proteins and a broader
array of pathways identified in SAT. Specifically, our study
reveals elevated expression of proteins associated with ECM
remodeling, cellular stress response, and inflammation in
SAT compared with VAT. Moreover, SAT exhibited increased
expression of proteins involved in vesicular transport, exo-
some biogenesis, and lipid metabolism. Conversely, our
analysis identified proteins with elevated expression in VAT
primarily engaged in mitochondrial energy metabolism and
RNAmetabolism, including translation.

These observations align with our previous study of the
adipocyte proteome (8). When comparing the upregulated
proteins across adipocytes and tissue proteomes, robust
preservation of expression patterns emerged in VAT for pro-
teins linked to mitochondrial energy metabolism and trans-
lation. In contrast, overlapping upregulated proteins in SAT
highlighted processes related to lipid metabolism, extracel-
lular exosomes, and ECM organization. This substantial
concurrence in differentially expressed proteins between
adipocytes and ATs, especially in VAT, further underscores
the integral role of adipocytes in shaping AT’s intricate mo-
lecular landscape.

Furthermore, our analysis revealed proteome signatures
demonstrating expression correlations with obesity-related
clinical traits. This underscores the substantial pathophysio-
logical changes that unfold within AT during the progression
of severe obesity. Despite this study encompassing a relatively
homogeneous group of patients with severe obesity eligi-
ble for bariatric surgery, our anthropometric measure-
ments highlighted significant diversity in subphenotypes,
notably reflected in the proteome signatures. Importantly,
our findings highlighted that BMI inadequately translates into
discernible proteome patterns reflecting the tissue’s underly-
ing physiological state, particularly in cases of severe obesity.

Collectively, our findings indicate that in severe obesity,
the lipid turnover capacity of SAT becomes overwhelmed,
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potentially resulting in ectopic fat accumulation, chronic
inflammation, and fibrosis—fundamental drivers of obesity-
related metabolic disorders. Within AT, collagens emerge as
a predominant ECM constituent, and their accumulation
can trigger fibrotic changes, increase tissue rigidity, reduce
the expandability of AT, and ultimately contribute to IR (39).
Our study demonstrates that nearly all identified collagen
variants exhibit heightened expression in SAT. Among
these collagens, collagen VI (COL6A1, A2, A3) stood out,
showing positive correlations with glycemia, HbA1c levels,
visceral fat mass, and negative correlations with total fat
mass. Moreover, its expression in SAT showed elevated
levels in patients with T2D. Previous studies have shown
the direct impact of collagen VI on adipocytes’ ability to
expand (40), and its expression displays a positive associa-
tion with visceral fat mass (41). Beyond this, collagen VI
has been implicated in promoting fibrotic changes, ampli-
fying tissue inflammation, and exacerbating IR (42–44).

Furthermore, the linkage of collagen VI to fibrotic proc-
esses and IR has also been reported in relation to CD163þ
cell accumulation (45). In congruence with prior research,
our findings reinforce this connection. We found a signifi-
cant correlation between CD163 levels in SAT and key pa-
rameters, including visceral fat mass, glycemia, HbA1c
levels, T2D, and hypertension. In addition, serum levels
of CD163 displayed an increase with T2D. In addition, peri-
ostin, a protein involved in tissue remodeling and fibrosis,
emerged among the most significantly upregulated pro-
teins within SAT. Studies have shown that its depletion
attenuates AT fibrosis, enhances insulin sensitivity, reduces
macrophage infiltration and crown-like structure formation,
andmitigates ectopic lipid accumulation (46, 47).

Another set of ECM components exhibiting distinct
expression patterns between the tissues consists of small
leucine-rich proteoglycans (SLRPs). In a previous study, we
highlighted elevated expression levels of mimecan (OGN),
lumican (LUM), asporin (ASPN), and biglycan (BGN) in vis-
ceral adipocytes (8). The growing evidence underscores the
pivotal role these molecules play in IR and metabolic inflam-
mation (48–50). Although SLRPs are significantly more abun-
dant in VAT, our novel findings propose an intriguing
connection: within SAT, SLRP expression increases with age,
visceral fat mass, glycemia, and HbA1c levels—aligning with
the development of T2D. Specifically, we observed a signifi-
cant association between the biglycan expression, renowned
for scaffolding collagen fibrils and facilitating cell signaling,
and T2D in SAT. Biglycan has also demonstrated the capacity
to activate the expression of inflammatory genes in adipo-
cytes, thereby contributing to IR (51). Similarly, lumican—rec-
ognized for its role in the repairing process of collagen-rich
connective tissue (52), has been shown to play a role in AT
inflammation and IR (53). Abnormal accumulation of lumican
in SAT modifies collagen I organization, impairs adipogene-
sis, and induces stress responses in adipocytes, ultimately
contributing to the IR (36). Of note, our study also unveils a
correlation between serum lumican levels and age, along with
elevated levels in the serum of patients with T2D, indicating
its potential as a target for biomarker discovery. The nota-
ble shifts within SAT could signify a transient metabolic
phenotype that may underlie the eventual development of
T2D over time.

Cell-cell and cell-ECM interactions are crucial in orches-
trating AT inflammation and IR. Among the proteins
involved in these interactions, CD44, which is upregulated
in SAT, has been linked to AT inflammation and IR (54).
However, our study did not observe any association between
CD44 and T2D, but we found a positive correlation of glyce-
mia and HbA1c levels with CD44 expression within SAT.
Another noteworthy protein involved in cell-ECM interac-
tions, CD248 (endosialin), also displayed elevated expression
in SAT. This protein is recognized for its role in the positive
regulation of proinflammatory/profibrotic pathways and
mediating part of the AT response to hypoxia (55). CD36, also
referred to as fatty acid translocase, facilitates the transport
of free fatty acids into the AT and binds to many ligands,
including lipoproteins and collagen. Its higher expression in
SAT can contribute to macrophage infiltration and IR (56).
Elevated numbers of antigen-presenting cells in SAT align
with higher expression of major histocompatibility complex
II (MHC II), a core component for antigen presentation and
activation andmaturation of CD4þ T cells. Such cellular dy-
namics can further fuel AT inflammation and IR (57–59).

Moreover, integrins, a family of transmembrane receptors
essential for mediating cell-matrix interactions and signaling
pathways in adipocyte differentiation, tissue inflammation,
and insulin sensitivity, exhibited heightened expression, pri-
marily within SAT. Our observations revealed an increased
expression of upregulated SAT integrins, including a2 b, a3,
and aV, associated with increasing visceral fat mass.
Furthermore, integrins such as b2 (CD18) are crucial for mac-
rophage migration, influencing the equilibrium between
pro- and anti-inflammatory macrophages in AT. High
expression of CD18 onmacrophages prevents their amoeboid
migration, thereby retaining them at inflammatory sites and
promoting chronic inflammation (60, 61). Although CD18
expression was significantly higher in SAT, its expression in
VAT was decreasing with increasing visceral fat mass. This
shift might signify an imbalance of pro- and anti-inflamma-
torymacrophages in AT. One of four CD18 coupling proteins,
integrin aM (CD11b), was associated with increased expres-
sion in VAT of patients with T2D. Previous studies have
shown that reduced CD11b expression attenuates IR and
improves glucose tolerance by limiting proliferation and al-
ternative activation of ATmacrophages (62).

Drawing upon recent evidence, fibrosis and inflammation
within AT are closely interwoven with alterations in mito-
chondrial metabolism—a critical regulator of cellular energy
homeostasis (63). Impaired mitochondrial oxidative metabo-
lism is a hallmark of obese AT, observed across animal and
human studies, irrespective of glucose tolerance status (64–
67). Research has reported downregulated mtDNA, decreased
abundance of mitochondrial proteins, and impaired oxidative
phosphorylation capacity in SAT (64, 68, 69). Our observa-
tions echo these trends, revealing lower expression of mito-
chondrial complex I, III, IV, and related proteins in SAT
compared with VAT. Furthermore, our findings align with
prior studies showcasing impaired fatty acid oxidation within
SAT (70). Reduced expression of mitochondrial metabolism-
related proteins in VAT has also been linked to aging and T2D
(65). Our data reinforce these trends, illustrating decreases in
these proteins as visceral fat mass or glycemia rises, along
with concurrent increases in protein expression related to the
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immune system. This downregulation of mitochondrial-
related proteins in VATwas also associated with hypertension
and T2D.

These observations underscore the pivotal role of mito-
chondria within AT and imply a potential role of VAT as a
safeguard against insufficient oxidative capacity in SAT. Yet,
this exposes VAT to escalated oxidative activity, potentially
resulting in an augmented generation of reactive oxygen
species and oxidative stress that ultimately fuels inflamma-
tion. Hence, rooted in our observations, it becomes evident
thatmaintaining a delicate balance between fatty acid oxida-
tion and free fatty acid flux to other tissues is paramount—
without disrupting the redox equilibrium and triggering AT
inflammation.

Arner et al. (71) have previously outlined the significance of
high storage coupled with limited TAG removal in the context
of fat tissue accumulation and obesity. As research unfolds,
adipocyte lipid turnover emerges as a fresh avenue for target-
ing the prevention and management of metabolic diseases. It
has been shown that in SAT, lipid turnover is already attenu-
ated during the overweight state, whereas in VAT, this reduc-
tion is only evident in cases of severe obesity (72). In this
context, our findings plausibly substantiate the compensatory
role of VAT in response to the overloaded SAT.

Our results expose an elevated expression of endoplasmic
reticulum (ER) stress-related proteins in SAT, likely stem-
ming from excessive lipid accumulation, adipocyte expan-
sion, and fibrosis. Specifically, in SAT, we identified
heightened expression of IRE1a—a sensor for unfolded pro-
teins. This might lead to translational inhibition and the
induction of ER-associated degradation (ERAD) via protea-
some activation (73), a process similarly heightened within
SAT. Conversely, VAT exhibited increased expression of pro-
teins in protein synthesis, indicative of tissue expansion
and its accompanying metabolic requisites. This elevation
prompts an augmented mitochondrial metabolism to meet
the heightened energy demands aligned with accelerated
protein synthesis. Furthermore, the upsurge of heat shock
proteins and other proteostasis-maintaining proteins within
VAT signifies an adaptive response to the amplified meta-
bolic pressures and cellular stress stemming from its
possible compensatory role in lipid storage and energy
homeostasis (74).

Notably, we observed nearly exclusive expression of inte-
lectin-1 (omentin-1) in VAT—an adipokine recognized for its
anti-inflammatory attributes. Omentin-1, known to pro-
mote proliferation, inhibits apoptosis, and increases the
secretion of angiogenic cytokines (75), has also been shown
to reduce ER stress, oxidative stress, and NO production
(76). Consequently, omentin-1 could play a pivotal role in
sustaining the metabolically healthy expansion of VAT,
thereby supporting its possible compensatory role. Yet, when
the capacity of SAT is overwhelmed, and VAT’s adaptive
mechanisms are insufficient, it may ultimately lead to ectopic
lipid deposition, IR, and the adverse outcomes associated
with obesity. Deciphering the intricate interplay between SAT
and VAT in maintaining energy homeostasis and proteostasis
could potentially unveil novel therapeutic strategies for
addressing obesity and relatedmetabolic disorders.

In addition, we aimed to identify serum protein markers
capable of reflecting tissue expression or metabolic states in

patients. Intriguingly, we discovered that serum adiponectin
and leptin levels were significantly correlated with SAT and
VAT expression, respectively. Although both proteins are
known for their pivotal roles in the development of obesity
(77, 78), their potential to predict specific outcomes or serve
as reliable biomarkers remains limited (78). Adiponectin
acknowledged for its anti-inflammatory and insulin-sensitiz-
ing effects, has previously been linked to higher expression
in SAT—consistent with our observation (79, 80). Moreover,
we also observed decreasing adiponectin expression within
both SAT and serum with increasing visceral fat mass. In
contrast, leptin’s expression in VAT and serum does not mir-
ror such correlations with clinical traits.

Furthermore, SEMA3C emerged as one of the most pro-
foundly correlated proteins with SAT. Although it was not
associated with any clinical traits in our study, previous
research has identified SEMA3C as an adipokine correlat-
ing positively with AT hypertrophy and fibrosis (81).
Intriguingly, its serum expression decreases with exercise-
induced weight loss (82), rendering SEMA3C a plausible
candidate for indicating SAT capacity. Moreover, our find-
ings highlight a substantial serum linkage with elevated
fatty acid-binding protein 1 (FABP1) expression in patients
with T2D, regardless of tissue expression. FABP1’s correla-
tion extends further, aligning with glycemia, HbA1c levels,
and abdominal obesity delineated through WTH ratios.
Previous studies have associated FABP1 with nonalcoholic
fatty liver disease and nephropathy in patients with T2D
(83, 84), effectively underscoring its potential as a bio-
marker for metabolic dysfunction.

Our study does come with some limitations that we want
to acknowledge. The sample size, involving 32 patients, is
diverse in terms of clinical parameters, but it may not pro-
vide sufficient statistical strength to identify subtle associ-
ations, potentially leading to false positive findings. In
addition, our patient cohort consists mainly of white indi-
viduals of Central European origin, limiting the broader
applicability of our conclusions to other populations. The
study also focuses only on a specific group of patients with
severe obesity eligible for bariatric surgery. It is important
to acknowledge that the practice of short-term fasting before
surgery could have potentially influenced the expression of
certain proteins in the proteomes, possibly reflecting the fast-
ing state. This highlights the need for future studies across
diverse ethnic and phenotype groups. Another aspect to con-
sider is the impact of the serum preparation and the depletion
process, which can introduce alterations to the natural com-
position of peripheral blood proteomes. Consequently, our
findings might not fully mirror the inherent state of the pe-
ripheral blood proteome in the context of severe obesity and
its associated comorbidities. Finally, due to space constraints,
we were unable to present all the data within this article.
However, we have made all our data accessible, encouraging
collaborative efforts and facilitating more in-depth analyses.
This approach fosters the generation of additional insights
within the realm of obesity-related proteomics research, ulti-
matelymagnifying the significance of our work.

Despite these limitations, our study has several notable
strengths, delivering insightful perspectives into the intri-
cate interplay between SAT and VAT within the context of
severe obesity. One of the most prominent strengths is our
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utilization of state-of-the-art technology and progressive
proteomics MS analysis techniques. By integrating advanced
imaging modalities like DXA to comprehensively delineate
body composition and the untargeted analysis of paired AT
and serum samples of patients with severe obesity, we were
able to conduct the most comprehensive proteomics profil-
ing to date. In addition, our study features an equal distribu-
tion of sexes, ensuring that our findings apply to both males
and females. From a clinical standpoint, the significance of
our study is underscored by the inclusion of patients with
diagnosed T2D and hypertension, allowing for the explora-
tion of the intricate interconnection between proteomic pro-
files and these prevalent comorbidities. Furthermore, using
WGCNA to identify modules of correlated proteins and clini-
cal variables increases the robustness of our findings and
reduces the likelihood of false positives. As such, our study
offers further evidence highlighting the importance of
research into the metabolic properties of AT in various ana-
tomical locations across the body.

Conclusions

Our study provides the most comprehensive proteomic
description of SAT, VAT, and serum of patients with severe
obesity to date. The proteomic analysis revealed signs of fi-
brosis and inflammation in the SAT, suggesting SAT over-
load and lipid overflow. This seems to be reflected by an
adaptive VAT enlargement, which shows significant upregu-
lation of proteins related to energy metabolism and protein
synthesis. The overflow of SAT could contribute not only to
VAT expansion but also potentially result in ectopic fat stor-
age, IR, and the development of T2D. This study underlines
the importance of understanding the intricate balance
between SAT and VAT in maintaining energy homeostasis
and proteostasis. Gaining a deeper understanding of these
mechanisms emphasizing SAT capacity may pave the way
for developing novel therapeutic strategies targeting obesity
and its associated metabolic disorders. Further research is
warranted to validate and expand upon these findings in
diverse populations and to explore the implications of these
molecular mechanisms in obesity and related metabolic
complications.
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