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Depot-specific acetylation profiles of adipose @
tissues—therapeutic targets for metabolically
unhealthy obesity
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Abstract

Background Adipose tissue plays a critical role in the development of metabolically unhealthy obesity (MUQ),
with distinct adipose depots demonstrating functional differences. This study aimed to investigate the unique
characteristics of subcutaneous (SA) and visceral adipose tissue (VA) in MUO.

Methods Paired omental VA and abdominal SA samples were obtained from four male patients with MUO and
subjected to Four-Dimensional Data Independent Acquisition (4D-DIA) proteomic and lysine acetylation (Kac)
analyses. Differentially expressed proteins and differentially modified Kac sites were identified, quantified, integrated,
and subjected to functional analyses. Overlap analysis was performed between our datasets and previously published
proteomic datasets in obesity populations. Additionally, differentially modified Kac sites on histones and their related
enzymes were identified.

Results A total of 281 differentially expressed proteins and 147 differentially modified Kac sites were identified
among 6,201 quantifiable proteins and 1,826 quantifiable Kac sites. Upregulated proteins and acetylated proteins in
SA were predominantly enriched in extracellular matrix (ECM) remodeling pathways, while those in VA were enriched
in energy metabolism and disease-related pathways. Differential ECM remodeling adaptability between SA and

VA was primarily mediated by fibranexin and integrin, with COL6A1, COL6A3, and ITGAS identified as differentially
acetylated proteins overlapping between our dataset and previous studies. Potential unique proteins in MUO were
enriched in inflammatory processes and closely associated with acetylated modifications. Specific differentially
acetylated sites on histones, including H1.2K63, H1XK90, and H3.7K80, showed increased acetylation in VA, with
N-deacetylase/N-sulfotransferase 1 (NDST1) identified as the associated enzyme.

Conclusions This study provided a comprehensive dataset on the proteomic and acetylomic profiles of SA and
VA, laying a foundation for investigating the pathogenesis and potential therapeutic approaches for MUO. SA
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was characterized by pronounced ECM remodeling regulation, while VA exhibited poorer adaptability and more
prominent metabolic functional changes. These differential processes were influenced not only by protein expression
levels but, more importantly, by acetylated modifications. The regulation of acetylated modifications in white adipose
tissue (WAT), particularly for the differential Kac sites enriched in ECM remodeling and inflammation-related pathways,
may serve as an effective intervention strategy for MUO, with NDST1 emerging as a promising therapeutic target.

Trial registration Not applicable since this study did not involve clinical intervention.
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Background

The World Obesity Federation published the latest World
Obesity Atlas in 2024, entitled “Obesity and Its Result-
ing Diseases’, which emphasizes that obesity and related
metabolic abnormalities are preventable [1]. Obesity is
primarily characterized by an excessively high body mass
index (BMI) and the over-accumulation of white adipose
tissue (WAT). Metabolic syndrome (MetS) is defined by
the clustering of key risk factors, including hyperten-
sion, insulin resistance, and dyslipidemia [2]. Individuals
with obesity and MetS, collectively referred to as meta-
bolically unhealthy obesity (MUO), are at a higher risk
of all-cause mortality and exhibit a greater incidence of
complications compared to individuals with non-obesity
or metabolically healthy obesity (MHO) [1, 3]. Although
individuals with MHO generally have a more favorable
prognosis, approximately 50% progress to MUO over
time [4]. Elucidating the pathological changes and molec-
ular mechanisms in MUO is essential for preventing and
managing related diseases.

Adipose tissue functions as a critical metabolic regula-
tory organ, playing a central role in maintaining systemic
energy homeostasis. Alterations in WAT, particularly
concerning proliferation, inflammation, metabolism, and
endocrine regulation, are closely associated with obesity
and related metabolic disorders [5]. WAT comprises vis-
ceral adipose tissue (VA) and subcutaneous adipose tis-
sue (SA), which differ significantly in insulin sensitivity,
lipid metabolism, and cytokine secretion [6]. While SA
dysfunction and its associated ectopic lipid deposition
are pivotal in the progression of metabolic disorders, VA
is widely recognized as a potential predictor of MetS [7—
9]. This study aimed to elucidate the distinct characteris-
tics and regulatory mechanisms of SA and VA in obesity
with MetS.

Advances in proteomic technologies have provided
powerful tools to identify specific expression patterns
across distinct adipose depots. Previous studies have
investigated the differential expression between SA and
VA in the context of obesity [10-18]. However, the spe-
cific molecular differences between SA and VA in obe-
sity with MetS remain unclear. Moreover, prior studies
were often constrained by the use of targeted methods
for monitoring selected proteins or the limited sensitivity

of mass spectrometry [10]. Lysine acetylation (Kac), a
prevalent post-translational modification, has exten-
sive protein-level effects and plays a vital role in meta-
bolic regulation [19]. Acetylation influences adipose
tissue expansion, adipocyte differentiation, and adipokine
secretion, making it a promising target for interventions
aimed at obesity and related metabolic diseases [19-21].
This work integrated proteome and Kac analyses of VA
and SA in individuals with MUO, providing a theoretical
foundation for understanding pathological mechanisms
and identifying potential interventions for MUO.

Materials and methods

Participants and sample collection

Paired omental VA and abdominal SA samples were col-
lected from male patients with MUO undergoing laparo-
scopic sleeve gastrectomy at the Center for Obesity and
Metabolic Disease, Plastic Surgery Hospital, Chinese
Academy of Medical Sciences, and Peking Union Medi-
cal College. MUO was defined as obesity (BMI>28 kg/
m?®) accompanied by metabolic syndrome (MetS). MetS
was diagnosed based on the modified NCEP ATP III
criteria [22], requiring the presence of any three of the
following five factors: abdominal obesity (waist circum-
ference>290 cm for Asian men), hypertriglyceridemia
(triglycerides > 1.7 mmol/L), low HDL cholesterol (HDL
cholesterol<1.03 mmol/L for men), elevated blood
pressure (systolic blood pressure>130 mmHg and/
or diastolic blood pressure>85 mmHg or current use
of antihypertensive medication), and impaired fasting
glucose (fasting plasma glucose>5.6 mmol/L). Exclu-
sion criteria included:1. History of non-primary bariat-
ric surgery; 2. Presence of other diseases or a significant
surgical history; 3. Regular use of medications. All partic-
ipants provided written informed consent, and the study
was approved by the hospital’s Ethics Committee (2024
Registration No. (192)), in accordance with the Declara-
tion of Helsinki.

Samples processing

Protein extraction

Take an appropriate amount of samples, grind with liq-
uid nitrogen, add an appropriate amount of SDS lysate
(50mM Tris, 4%SDS), and swirl well. Centrifuge at 4°C,
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14,000 g, 20 min, take supernatant. 10pL quantification,
the rest frozen into —80°C.

Protein digestion and desalination

Add the final concentration of 5mM DTT and incubate
at 37°C for 30 min. The final concentration of 15mM IAA
was added and the reaction was dark for 30 min. Add
proper amount of cold methanol overnight. The next
day, the supernatant was centrifuged at a high speed of
14,000 g at 4°C, the supernatant was discarded, 50mM
ammonium bicarbonate was added into Trypsin (1:50),
and the mixture was evenly mixed and incubated at 37°C
overnight. The next day, after adding the final concentra-
tion of 1% FA, the supernatant was obtained by swirling
for 5 min, centrifuging at 4°C at 16,000 g for 20 min.

The samples were desalted using a C18 column, 100%
ACN activated the C18 column, 0.1% FA balanced the
column, loading the sample onto the column, and then
using 0.1% FA to wash the column to wash away impu-
rities. Eluent was added to eluate the sample and freeze
dried.

Acetylated peptide enrichment

Anti-acetyllysine ~ antibody = conjugated  agarose
beads(Micron Bio, #WM702)was used in the enrich-
ment (without specified instructions to the compositions
of buffer I-III). The peptide sample was added to the IP
buffer to re-suspend the sample, and then centrifuged.
Antibody beads were mixed well, washed with IP buf-
fer, centrifuged at 2000 g for 1 min, and the superna-
tant was discarded. Add IP buffer, centrifuge 2000 g for
1 min, discard the supernatant, and clean for 3 times. The
peptide solution was centrifuged at 14,000 g for 5 min,
transferred to an EP tube containing Antibody beads,
thoroughly mixed, and incubated at 4 ‘C for 3 h. Cen-
trifuge the beads 2000 g for 1 min to remove the super-
natant. Add wash buffer I, mix thoroughly, centrifuge at
2000 g for 1 min, remove the supernatant, and repeat this
step again. Add wash buffer II, mix thoroughly, centrifuge
at 2000 g for 1 min, remove the supernatant; Add 500puL
wash buffer III, mix thoroughly, centrifuge at 2000 g
for 1 min, and remove the supernatant; 0.2% TFA was
added into the EP tube, thoroughly mixed, incubated at
room temperature for 10 min, and centrifuged at 2000 g
for 1 min after incubation, the supernatant was trans-
ferred to the new EP tube for retention, and this step was
repeated twice to combine the three supernatants. Cen-
trifuge the combined supernatant of 10,000 g for 2 min
and take the supernatant into a new EP tube for use.
Finally, remove salt and freeze dried.

LC-MS/MS analysis
Prepare mobile phase A (100% water, 0.1% formic acid)
and mobile phase B (80% acetonitrile, 0.1% formic acid).
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Dissolve 10 pL of mobile phase A in the lyophilized pow-
der, and centrifuge at 14,000 g for 20 min at 4°C. Liquid
Chromatograph Mass Spectrometer (LC-MS/MS) analy-
sis of peptides was used on timsTOF_HT mass spec-
trometer (Bruker Corporation, Germany) coupled to
UltiMate3000 high pressure system (Thermo Fisher Sci-
entific). 400ng of peptides were loaded on a 15 cm col-
umn (100 pm inner diameter, packed using ReproSil-Pur
C18-AQ 1.5- um silica beads; QL-HPLC-100*15;Beijing
Qinglian Biotech Co.,Ltd, Beijing, China). Peptides were
separated using a gradient from 5 to 10% B in 4 min, then
10-24% B in 42 min, then 24-36% B in 7 min, 36-95% B
in 1 min, holding it at 95% for 6 min. Use the timsTOF_
HT mass spectromete with the Captive Spray ion source.
Acquire mass spectra in Data-Independent Acquisition
(DIA ) mode, with a mass scan range of m/z 300—1500.
The resolution for the MS spectra was set to 60,000 (at
m/z 1222). In the TIMS tunnel, set the accumulation time
to 50 ms. The capillary voltage was set to 1.5 kV, with a
mobility range of 0.7 to 1.3 cm®/(V). The total cycle time
is 1.23s.

Data analysis

The identification and quantitation of protein

Mass spectrometry data were used the Spectronaut soft-
ware. All searches were performed against the human
UniProt reference proteome of canonical and isoform
sequences with 20,434 entries downloaded in March
2024. Searches used carbamidomethylation as a fixed
modification and acetylation of the protein N-terminus,
oxidation of methionines and Acetyltion as variable mod-
ifications. Default settings were used for other param-
eters. In brief, a trypsin/P proteolytic cleavage rule was
used, permitting a maximum of two miscleavages and a
peptide length of 7-52 amino acids. Protein intensities
were normalized using the “Local Normalization” algo-
rithm in Spectronaut based on a local regression model.
Spectral library generation stipulated a minimum of
three fragments per peptide, and maximally, the six best
fragments were included. A protein and precursor FDR
of 1% were used and protein quantities were reported in
samples only if the protein passed the filter. Multiple test-
ing corrections were not applied due to the exploratory
purpose of the study.

The functional analysis of protein and DEP
Venn diagrams and chord plots were drawn using the
Bioladder platform (https://www.bioladder.cn/), PCA an
alyses were performed using the R language FactoMineR
package (version 2.11) and the factoextra package (ver-
sion 1.0.7), and correlation analyses were performed
using thepython package scipy (version 1.11.3),

The databases Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Reactome (https://reactome.org
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/) were used to analyze the protein family and pathway.
Gene Ontology (GO) annotation of the proteome was
derived from the GO database (https://www.ebi.ac.uk/
QuickGOY/). Proteins were classified by GO annotation
based on three categories as follows: molecular function,
biological process, and cellular component. PPI network
analysis was performed using the string database (https:/
/cn.string-db.org/), and the screening of acetylation-asso
ciated enzymes was performed with reference to the uni-
prot database (https://www.uniprot.org/).

The workflow was displayed in Fig. 1A.

Results

Participants and grouping

Paired VA and SA samples were collected from four male
patients, with detailed demographic and clinical informa-
tion provided in Table 1. The samples were subsequently
subjected to proteomics and lysine acetylation analyses,
with the grouping presented in Table 2.

Identification of quantitative proteins and kac sites

A total of 6,201 proteins were identified, with 6,175
detected in VA and 6,158 in SA (Fig. 1B). Additionally,
1,810 Kac sites were observed on 864 acetylated proteins
in SA, and 1,641 Kac sites on 813 acetylated proteins in
VA (Fig. 1B). Furthermore, 26 proteins were exclusively
expressed in SA and 43 in VA, while 185 specific Kac
sites were detected in SA and 16 in VA (Fig. 1C). Pear-
son correlation analysis of the proteome and acetylome
data revealed significant positive correlations both within
and between groups, except for sample S1, which was
identified as a potential outlier in the acetylation analysis
(Fig. 1D). Hierarchical clustering and Principal Compo-
nent Analysis (PCA) of the 6,132 proteins and 1,625 Kac
sites detected in at least 50% of biological replicates dem-
onstrated overall sample reproducibility. The proteomic
data indicated partial separation between SA and VA
samples, whereas the acetylomic data exhibited signifi-
cant overlap between these groups, reflecting the com-
plexity of their acetylation profiles (Fig. 1E).

Proteome analysis

122 proteins were observed to be upregulated and 159
downregulated in VA compared to SA (Fig. 2A). The pro-
teins with significant differential expression and their
relative abundance levels were illustrated in Fig. 2B-C.
The GO analyses showed that upregulated proteins in VA
mainly involved in metabolic processes (including lipid
metabolism, glucose metabolism, and cell respiration),
with enrichment in mitochondria and lipid drop regions,
and participated in kinds of oxidoreductase activi-
ties. Meanwhile, the upregulated proteins in SA mainly
involved in biological processes related to ECM remod-
eling (including response to hypoxia, collagen catabolic
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process, tissue remodeling, and extracellular matrix
disassembly), with enrichment in ECM and cytoplas-
mic regions, and participated in signal recognition and
transmission processes between cells, cells and extracel-
lular matrix, and within the cellular matrix (Fig. 2D). The
KEGG analyses revealed that the upregulated proteins in
VA were mostly enriched in energy metabolism (Oxida-
tive phosphorylation, and Thermogenesis) and disease
pathways (various neurodegenerative diseases, nonalco-
holic fatty liver disease) (Fig. 2E), while the upregulated
proteins in SA were mostly enriched in pathways related
to extracellular matrix remodeling (ECM-receptor inter-
action, PI3K-Akt signaling pathway, Focal adhesion, and
TGE-beta signaling pathway), with a chord plot display-
ing the proteins involved in the corresponding pathways
(Fig. 2F).

Acetylome analysis

A total of 86 downregulated and 61 upregulated Kac sites
were identified in VA compared to SA (Fig. 3A). The Kac
sites with significant differences and their relative levels
are illustrated in Fig. 3B and C. GO analysis revealed that
the upregulated Kac sites in VA were primarily involved
in the translation and expression of genetic information,
enriched in cytosolic and ribosomal regions, and pre-
dominantly participated in information processing. In
contrast, the upregulated Kac sites in SA were associated
with biological processes, cellular regions, and molecular
functions related to ECM remodeling (Fig. 3D). KEGG
pathway analysis further demonstrated that the upregu-
lated Kac sites in VA were mainly enriched in pathways
related to the ribosome, COVID-19, and metabolism,
particularly glucose and amino acid metabolism (Fig. 3E).
Meanwhile, the upregulated Kac sites in SA were pre-
dominantly associated with pathways involved in ECM
remodeling and lipid metabolism (Fig. 3F).

Integrative proteome and acetylome analysis

To further investigate the molecular regulation in MUO,
an integrative global analysis combining proteome and
acetylome datasets was conducted. A total of 781 over-
lapping acetylated proteins were identified, accounting
for 12.66% of the quantifiable proteins and 91.35% of the
quantifiable acetylated proteins (Fig. 4A). Pearson corre-
lation analysis demonstrated positive correlations across
all samples, both within and between the two groups
(Fig. 4B). A nine-quadrant integrative diagram was con-
structed to compare differences in protein expression and
Kac modification levels between VA and SA (Fig. 4C).
The analysis focused on acetylated proteins with differ-
ential Kac modification levels between SA and VA, as
well as their enriched pathways identified through KEGG
analysis. Notably, acetylated proteins with downregu-
lated Kac modification levels and either downregulated
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Table 1 Demographics and clinical information of participants

No 1 2 3 4
age (y) 33 46 31 30
BMI(kg/m?2) 3920 3502 4000 36.80
Waist(cm) 129 122 116 121
History of high blood pressure* 1 1 1 1
Systolic blood pressure (mmHg) 143 131 122 138
Diastolic blood pressure (mmHg) 87 84 82 96
History of diabetes* 0 1 1 0
Fasting plasma glucose (mmol/L) 6 9.1 6.2 5.1
Serum insulin (mU/L) 19.9 14.2 326 17
OGTT (Oral Glucose Tolerance Test)

0 h glucose (mmol/L) 6.7 93 73 53
2 h glucose (mmol/L) 104 1.2 12.5 9.1
HbA1c (%) 4.75 79 6.3 4.63
HOMA-IR 531 5.74 8.98 3.85
Plasma HDL cholesterol (mmol/L) 1.06 1.05 1 0.71

Plasma LDL cholesterol (mmol/L) 321 3.59 287 483
Plasma total cholesterol (mmol/L) 4.80 468 597 6.64
Plasma triglycerides (mmol/L) 2.09 151 274 408

*“1" indicated “ with history of high blood pressure/ diabetes”, “0” indicated “
without history of high blood pressure/ diabetes”

Table 2 Overview of samples Grouping and Biological replicates

Types of Omics VA SA
Proteome 4 4
Lysine Acetylation 4 4

or unchanged expression levels in VA (quadrants 7 and
8), including COL6A1, COL6A2, COL6A3, COL12Al,
COL14A1, TNXB, FBN1, DCN, ALDOC, PFKP, and
ITGAS5, were predominantly enriched in pathways related
to ECM remodeling (Fig. 4D).

Overlap analysis with previous study

The referenced study [23] conducted a comprehensive
untargeted proteomics analysis on paired SAT and VAT
biopsies from 16 male and 16 female patients with severe
obesity. Quantification retained proteins identified in
at least eight samples from each of the four experimen-
tal groups (SAT-female, SAT-male, VAT-female, VAT-
male), resulting in a final dataset of 4,506 proteins for
downstream analysis. In contrast, our study quantified
6,201 proteins and 1,826 acetylated proteins. An over-
lap comparison revealed that 4,010 proteins were com-
monly identified between the two studies, as shown in
a Venn diagram. Considering the critical role of acetyla-
tion in adipose tissue metabolism, we focused specifically
on acetylated proteins shared between the two datas-
ets, identifying 1,227 overlapping acetylated proteins
(Fig. 5A). Among MUO patients in our study, 31 acety-
lated proteins were upregulated, and 38 were downreg-
ulated in VA. Notably, COL6A1, COL6A3, and ITGA5
were overlapping acetylated proteins that were not only
differentially acetylated between VA and SA in MUO but
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also identified in individuals with obesity (Fig. 5A). This
finding further confirmed that these differentially acety-
lated proteins, enriched in ECM remodeling pathways,
contributed to the differences between the two adipose
depots.

Additionally, our study identified 1,592 non-acetylated
proteins and 599 acetylated proteins unique to MUO
patients compared to the proteome dataset of VA and SA
in individuals with obesity. GO and Reactome analyses
of these newly identified proteins revealed distinct func-
tional roles. The 1,592 newly identified non-acetylated
proteins were primarily involved in processes related to
mitochondrial ribosomal genetic information transmis-
sion (Fig. 5B), whereas the 599 newly identified acetylated
proteins were predominantly associated with inflamma-
tory and immune-related processes (Fig. 5C).

Histone acetylated modification

The quantities of Kac modifications on linker histone H1
and core histones H2A, H2B, H3, and H4 were 6, 10, 9,
18, and 16, respectively (Fig. 6A). A significant difference
in the acetylation levels of histone H2A was observed
between SA and VA (p<0.05; Fig. 6B). Specific differen-
tially acetylated sites, including H1.2K63, H1XK90, and
H3.7K80, predominantly exhibited upregulated acetyla-
tion in VA (Fig. 6C). N-deacetylase/N-sulfotransferase
1 (NDST1) was identified as the enzyme responsible for
these differentially acetylated Kac sites on histones. This
identification was based on differential expression data,
the UniProt database, and prior studies (Fig. 6D). Pear-
son correlation analysis revealed positive correlations
between NDST1 and the differentially acetylated Kac
sites, with a particularly strong correlation observed with
H1XK90 (Fig. 6E).

Discussion

This study significantly expanded the proteomic and
acetylomic datasets of human adipose tissue compared to
previous studies [10-21]. Functional alterations in WAT
were closely associated with the progression of obesity
and metabolic disorders. A positive energy balance leads
to lipid accumulation in WAT, and excessive expansion
is accompanied by structural remodeling and functional
changes, including angiogenesis disorders, adipocyte
hypoxia and necrosis, macrophage infiltration, inflam-
mation, and fibrosis. Concurrently, excess lipids may
accumulate ectopically in VA, the liver, and other organs
[24, 25]. Previous studies have identified structural, func-
tional, and metabolic regulatory differences between SA
and VA [6, 26]. This study aimed to elucidate the distinct
characteristics of SA and VA in MUO, explore underly-
ing mechanisms, and identify potential intervention tar-
gets associated with the differential regulation between
SA and VA through integrative proteomic and acetylomic
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(2025) 17:36

Guo et al. Diabetology & Metabolic Syndrome

A

[EpownEup

86

VA vs. SA

ST S2 S3 S4 v4 V3 V1 V2

C

K114@LUM_HUMAN
K90@H1X_HUMAN K116@KAT3_HUMAN
o -8.997 10
K885@COBA3_HUMAN 18 22 K116@LUM_HUMAN

> %
o %
» %>

11.46

0.02

K83@E41L2_HUMAN 5 19
010

o K126@CD9_HUMAN

C

% X

K79@RL14_HUMAN = K1772@CO6A3_HUMAN

680

m abundance of SA
m abundance of VA

K53@HS90B_HUMAN K227@G3P_HUMAN

806'}

@ 10g2(fc) > 0
@ log2(fc) <0

K502@SGPL1_HUMAN % & K262@MOES_HUMAN

¥, 072 g0 2 &
K437@ALBU_HUMAN  © A8 K286@DCLK1_HUMAN

<)

oy

b’\

K366@RL3_HUMAN 325 oot K288@PGS1_HUMAN

K358@SSDH_HUMAN

-9.809
K343@KCRU_HUMAN
K35@TTHY_HUMAN

UQCRC2 s
AK1
MAOA [l
[LEE] ==
ALDH2

CKMT1B.
ACACB
ALDHSA! —

KEGG UP

SGPL!
SELENBF1 —

woH1 [

GAPDH[IE
ACLY
PYGL
HADH st
TKT
KYATS Il

enot I
VWF e
RPLPO
RPL7A ml
RPL7 W
RPL22
RPL13A
RPS9
RPL3
RPL13
RPL18A i
RPL27
RPL14
RPS2

‘metabolism [l

-log,o(Pvalue)
B mmetabpllgﬁ\. 1
- e

-
w metabolism

/ Pyruvate metabolism [l
Tryptophan metabolism

Metabolic pathways |
= Count

N
N
NN

‘m s disease - COVID-19

.
e 7
@
@ ©

[
02 03
Gene.Ratio

01

extracellular matrix structural

HSP90AB1 |

SERPINAT [l

Page 8 of 14

Volcano Plot

N

v o kodhe MOES_HUMAN
T
K83@E41 I ™
K286@DCLK1_HUMAN » L K116@KAT3_HUMAN

—K126@CD9_ HuMAh’
————————— >
K35@TTHY._ HUMAR

358@SSDH_HUMAN
@KCRU_AUMAN =~~~ """ 777

L
KT4@LUM ! HGMN‘ Rga
K116@LUM_} HUMAN‘ '

-Log10(P-value)

Regulation
= Down
NotSig
. Up

-5 0 5 10

Loa2(Fold-Chanae)

cytoplasmic translation SIIIIINN®
translation NG
negative regulation of translation Sl
supramolecular fiber organization l®
chromosome condensation 4i®
extracellular matrix organization -l
lipoprotein biosynthetic process l®
cell adhesion
negative regulation of endothelial cell migration -l
cholesterol transport Jl®

cy!o%lic ribosome IIIINS

cytosolic large ribosomal subunit
cytosol=
ribonucleoprotein complex @

extracellular exosome I

collagen-containing extracellular matrix
extracellular space
extracellular region
blood microparticle IS
structural constituent of ribosome IIINN®
RNA binding @
cadherin binding i@
identical protein binding S
mMRNA binding 8
e

dd

J0

AN

matrix
conferring
serine-type endopeptldase mhlbltar actlvlty-
collagen binding -l
heparin binding -l
0

10 20
-log(pvalue)

30

|

KEGG DOWN

(] |
Fos il

Fat digestion and -nsowml
o
Lipid and amerosdeﬂ}s:sl
.;; ‘ Focal adheslonl

Huxd shenr a(hemsdems\s:]

lement and coagulation uscedesl

3‘7

y

v

AWI

MMP2

APOA1 I -

APOE
-

APOB I
P

cotens [l

Proteoglycans in cancer

DCN

VM
8GN Il

COLsAzl

FBLN1 I

Cholesterol metahnniml

Cytoskeleton in muscle cells

0.05 0.10

Gene.Ratio

0.15

Count

e 10
® 20
® 30
@® 4«0

Regulation

. up
EDpowN

-log,,(Pvalue)

3

2

Count

Fig. 3 Acetylome analysis. (3 A) 86 downregulated and 61 upregulated Kac sites in VA compared to SA. Correlation analysis was shown in the heatmap
dia gram. (3B) The top 5 upregulated (red) and downregulated (blue) Kac sites in VA compared to SA were shown in the volcano plot. (3 C) The top 10
upregulated (red) and downregulated (blue) Kac sites were shown in the radar plot, with the second ring showed the log2-transformed FC values, and
the third ring represented the average quantification levels. (3D) GO enrichment for BP, CC, and MF categories, selecting the top 5 upregulated (red) and
downregulated (blue) Kac sites in VA compared to SA for each category, longer bars indicated smaller p-values while larger points represented more
genes. (3E) KEGG enrichment bubble chart (right) combined with a Sankey-bubble plot (left). The Sankey plot represented acetylated proteins included
in each pathway, while the bubble plot displayed bubble size as the number of acetylated proteins in the pathways and bubble color as the p-value. The

top 10 upregulated and downregulated pathways were selected for visualization



Guo et al. Diabetology & Metabolic Syndrome (2025) 17:36 Page 9 of 14

Vi 0.18 0.15 0.24 0.13 0.18 0.16 0.14 0.17

A Proteins B

3 0.19 0.17 0.25 0.16 0.19 0.18 0.16 0.19

[

0.19 0.16 0.22 0.17 0.19 0.18 0.17 0.19

Corr

<
N

0.18 015 0.24 0.13 0.18 0.16 0.13 0.17

-0.5
018 017 024 015 0.19 018 015 0.18 I-'O

s

0.15 0.13 0.22 0.11 0.15 0.14 0.11 0.14

Proteins (781 overlapped)
wv
B

2 02 0.19 0.27 0.17 0.21 0.2 0.17 0.21

- €Y

Up Ace V3 0.18 0.14 0.23 0.13 0.17 0.15 0.13 0.17
Down Pro
Up Ace V3 S2 V4 S4 V2 S1 S3 \al
Un Pro Acetyl Proteins (781 overlapped)
Up Ace
Up Pro

. Un Ace
P ' Down Pro

1(16) 3(44)

e e oo

Butanoate metabolism
Valine, leucine and isoleucine degradation
Drug metabolism - cytochrome P450
Tyrosine metabolism

Sphingolipid metabolism

Valine, leucine and isoleucine degradation
Butanoate metabolism
. . Un Ace

Up Pro

Dwon Ace
Down Pro

1 late and !
Pinene, camphor and geraniol degradation
Lysine degradation

-2
1

-4

Log2 Fold-Change of Acetyl-Protein Level
0
T | T
(R —

Down Ace
9(19) Uanro
Down Ace
Up Pro

7(145)

HSPAS

PDIA3
HSPA1A
90AB1

T T T T T T T

ALDOC  Protein digestion and absorption
ECM-receptor interaction
Human papillomavirus infection
KP TGF-beta signaling pathway
Fructose and mannose metabolism

COL6 8 ECM-receptor interaction
Protein digestion and absorption
ITGA5 Human papillomavirus infection
Focal adhesion
Hematopoietic cell lineage
¢ 6A1

RPL18A

Ribosome

RPL: Thyroid hormone signaling pathway
Coronavirus disease - COVID-19
Estrogen signaling pathway

RPL13a  Central carbon metabolism in cancer

Fig. 4 Integrative proteome and acetylome analyses. (4 A) 6167 proteins and 855 acetylated proteins with intensity in more than 50% of the replicates
were identified, with 781 proteins doublicated and shown in Venn Diagram. (4B) Correlation analysis of between quantifiable proteins/ acetylated pro-
teins and the 781 overlapped acetylated proteins were shown in the heatmap diagram. (4C) Nine-quadrant plots diagram for integrative analyses of
proteome and acetylome. (4D) Proteins from the KEGG significantly enriched top 5 pathways were extractd in the eight regions outside the central area
of Fig. 4C. PPI networks for the selected proteins were constructed and visualized in each region, with part2 did not generate a PPl network. The selected
proteins of part 7 and 8 were mainly enriched in pathways related to ECM remodeling



(2025) 17:36

Guo et al. Diabetology & Metabolic Syndrome

A

1592 GO Analysis

mitochondrial translation

mRNA splicing, via spliceosome
rRNA processing

mRNA processing

translation

cytosol

nucleoplasm

cytoplasm

mitochondrial large ribosomal subunit

mitochondrial inner membrane

protinincing { N 215
RivA binging | 205
identical protein binding {1 182 = BP
. CC
structural constituent of ribosome -31 - MF

molecular adaptor activity - 30
0 5 10 15 20 25
-log,(pvalue)

1592 Reactome Analysis

Mitochondrial translation termination 4
Mitochondrial translation initiation ®| -logo(pvalue)
14
Mitochondrial translation elongation 4 o
12
Mitochondrial translation - [ J 10
. ’ 8
mRNA 3'-end processing 4 ]
RNA Polymerase Il Py
Transcription Termination count
Processing of Capped 4
Intron—Containing Pre-mRNA ° ® 25
50
mRNA Splicing - Major Pathway - [ ) o
@ s
mRNA Splicing 1 (] @ 00
Metabolism of RNA -P
2 3 4

Our acetyl-pro

Page 10 of 14

COL6A1
COL6A3
ITGAS5

C

599 GO Analysis

immune response
adaptive immune response
immunoglobulin production

immune resp:
complement activation, classical pathway
immunoglobulin complex
extracellular space
plasma membrane
extracellular region

extracellular exosome

serine-type endopeptidase activity - 22

signaling receptor binding - 29 (B:Z
MHC class Il protein complex binding - 8 . MF

heparin binding {1 19
0 10 20 30
-log,n(pvalue)

599 Reactome Analysis

Translocation of ZAP-70 to | °
Immunological synapse
Phosphorylation of CD3 and TCR zeta chains 1 . —logq(pvalue)

PD-1 signaling ° 8.0

75

Generation of second messenger molecules - ] 70
Complement cascade ° 6.5

Costimulation by the CD28 family - [ ]
count
Neutrophil degranulation{ @ ® 30
@ 0
Hemostasis -

o @ «
Innate Immune System 4 . . 120

Immune System-P

5 10 15

Fig. 5 Overlap analysis with previous study. (5 A) The Venn diagram illustrated the overlap between the datasets of the two studies. COL6A1, COL6A3,
and ITGAS5 were discovered as the overlapping acetylated proteins. (5B) GO and REACTOME pathway enrichments of the 1592 newly identified non-
acetylated proteins in MUO. (5 C) GO and REACTOME pathway enrichments of the 599 newly identified acetylated proteins in MUO



Guo et al. Diabetology & Metabolic Syndrome (2025) 17:36

Page 11 of 14

A 18 B
P=0.62 P=0.02 P=0.06 P=0.4 P=0.36
15 A
154
>
0 = 10 A
pe 7
n c
= 8 5]
@ £
g0 10 = <8>8
5 9 2 o
. o
b} <
£ 6 6 S -5
4 o~
5 2
S -101
_15 -
OHi H2A H2B M3 Hé ; ' ' ' '
: H1 H2A H2B H3 H4
Histone .
Histone
Group [ SA [EEE VA
25 4 0.30 —_— 1.00 r—U
(@)
2 025 4 K63@H12_HUMAN - 0.26 S
8 -05 8
c
c 5 020 =
2 151 5 o
2 2 0151 Q
g T kso@Hs7_Huvand  (0.18 o5
< 10 2 o
2 0.10 4 — =
05 =2
51 ¢ 0.05 1 -
—— K90@H1X_HUMAN g
0+ T % 0.00 A
T T T -1.00
= b4 b4 -
< < < i
s = s ®
ol o] o} [a]
I T I P4
NI ><| ’\I
I T e Group HEEN SA EEE VA
® ® ®
3 ] 3
X X X
Acetyl Site
Group [0 SA . VA

Fig.6 Histone acetylated modification. (6 A) Number of Kac modifications on histones. (6B) Differences on acetylation levels of histones between VA and
SA. (6 C) Kac sites on histones with significant differences in acetylation levels. * denoted p-value <0.05. (6D) NDST1 was selected as the target enzyme
with the abundant differences in the box plot. (6E) Pearson correlation analysis demonstrated positive correlations between NDST1 and the differentially

acetylated Kac sites, particularly with H1XK90

analyses. While proteomic data suggested some degree of
separation, the acetylomic results underscored nuanced
differences between SA and VA. This highlighted the
diversity and complexity of acetylation modifications,
as well as the shared acetylated features across different
samples. Subsequent functional enrichment analyses
were conducted to explore the regulatory mechanisms of
acetylation modifications in greater depth, aiming to bet-
ter understand their roles in biological processes.

The ECM, a dynamic structure composed of macro-
molecules secreted by cells into the extracellular inter-
stitium, remodels to accommodate lipid droplet growth
during adipose tissue expansion [27, 28]. ECM remodel-
ing is tightly regulated by focal adhesion, which mediates
bidirectional physical communication between cells and
the ECM [29]. During obesity, the overgrowth and altered
secretion profile of adipocytes lead to and are influenced
by ECM remodeling through: (1) adipose tissue fibrosis
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caused by excessive ECM synthesis and cross-linking,
in which the TGF-f signaling pathway plays a key role
[30], and (2) inflammation in adipose tissue, induced and
exacerbated by ECM remodeling, resulting from local
hypoxia and mechanical stress [27]. ECM remodeling is
also intricately regulated by insulin and metabolism, with
the PI3K signaling pathway playing a central role. Insu-
lin binding to adipocyte receptors stimulates glucose
uptake and glycolysis via the PI3K-Akt-mTORC1/GSK3
pathways and promotes lipid synthesis while inhibiting
lipolysis via the PI3K-AKT-SREBP-1¢/FOXO1 pathways.
Dysfunctional adipocytes result in insulin resistance and
metabolic disorders [31-33].

The upregulated differential proteins and acetylated
proteins in SA were predominantly enriched in ECM
remodeling-related pathways, while those in VA were
enriched mainly in metabolic pathways. These findings
confirmed the existence of differential expression and
acetylation regulation patterns between SA and VA in
MUQ, highlighting the superior expansion and remodel-
ing ability of SA and the poor adaptability of VA, which
leads to rapid functional deterioration. Enhancing the
ECM microenvironment in SA to sustain its energy stor-
age capacity and compensatory role in obesity, while
mitigating lipid toxicity by promoting remodeling regula-
tion in VA, may represent potential intervention strate-
gies for MUO. Notably, upregulated Kac sites in VA were
significantly enriched in the COVID-19 pathway. Previ-
ous transcriptomic studies have shown that a history of
COVID-19 can affect the transcriptome of WAT with
depot-specific differences [34]. Our study provided pro-
tein-level evidence for the differential effects of COVID-
19 on distinct WAT depots and underscored the critical
role of acetylation modifications.

COL6A1, COL6A3, and ITGA5 were validated as
potential targets for regulating the ECM remodeling
process, as they were upregulated in SA compared to
VA and overlapped with both our dataset and previous
proteomic studies [23]. COL6A1 and COL6A3 are pre-
dominant ECM constituents, playing critical roles in
regulating fibrotic changes, tissue rigidity, inflammatory
responses, adipocyte expandability, and insulin sensitiv-
ity in WAT [28, 30, 35]. ITGA5, a member of the integ-
rin family, acts as a fibronectin receptor in the ECM and
is involved in adipocyte differentiation, ECM remodel-
ing, inflammatory microenvironment modulation, and
metabolic regulation in WAT [36, 37]. Elevated COL6
expression in SA has been reported in patients with type
2 diabetes (T2D) [23], while increased ITGA5 expres-
sion in SA has been observed in obese individuals [38].
Overlapping analyses reinforced the existence of differ-
ential regulation in ECM remodeling processes, primarily
mediated by fibranexin and integrin, between SA and VA
in obese individuals. Our findings further confirmed that
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these differential regulations were influenced not only by
protein expression levels but also by acetylation modifi-
cations, emphasizing the critical role of post-translational
Kac modifications in obesity and metabolic disorders.

Notably, this study identified 599 acetylated proteins in
adipose tissue that were not present in a previous data-
set from obese patients [23]. These acetylated proteins
were enriched in inflammation- and immune-related
pathways, further highlighting the critical role of inflam-
mation in adipose tissue in the development of obesity-
associated metabolic disorders, consistent with prior
studies [5, 27]. Our study confirmed that inflammation
in WAT is closely correlated with acetylation modifica-
tions and provided potential acetylation modification tar-
gets. Future studies could explore effective interventions
for MetS in obese populations by focusing on Kac sites
enriched in ECM remodeling and inflammation-inducing
pathways in WAT.

Histone acetylation is critical for adipose tissue expan-
sion, lipid metabolism, and insulin resistance, making it a
potential target for preventing obesity and related meta-
bolic abnormalities [21, 39, 40]. Our analysis revealed
that differentially modified Kac sites on histones, includ-
ing H1.2K63, H1XK90, and H3.7K80, were significantly
upregulated in VA. H1.2K63 has been identified as a
non-proteolytic ubiquitylation target triggered by DNA
double-strand breaks, facilitating the recruitment of
DNA repair factors [41]. In contrast, the Kac modifica-
tion of H1X and H3.7 has not been comprehensively
investigated. Glucosamine NDST1 was identified as a
key enzyme associated with these differentially acetylated
histone Kac sites. NDST1 may regulate intracellular lipid
metabolism and autophagy by controlling heparan sul-
fate chain modifications [42], and reduce fibrosis in adi-
pose-derived stem cells when overexpressed [43]. While
NDST1 represents a potential intervention target for
MUO, the role of NDST1-associated histone Kac sites,
such as H1XK90, in chromatin remodeling and metabolic
regulation requires further investigation.

Metabolic syndrome represents a cluster of inter-
connected metabolic risk factors, often varying signifi-
cantly among individuals. Our findings suggested that
adipose tissue-specific pathways were relatively robust
and function independently of systemic metabolic vari-
ability, as evidenced by the high intercorrelation of pro-
tein abundance and acetylation profiles among subjects
with distinct metabolic characteristics. Consistent with
recent transcriptomic datasets of adipose tissue in MHO
and MUO populations [44], our findings highlighted
shared regulatory mechanisms within adipose tissue
and emphasized the necessity for further analyses at the
single-cell level. Integrating our findings with prior pro-
teomic datasets [23, 45], we proposed that mitochon-
drial dysfunction related to non-acetylated proteins and
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inflammation dysregulation related to acetylated proteins
were key molecular characteristics of MUO adipose tis-
sue. These processes collectively contributed to meta-
bolic dysregulation through impaired energy metabolism,
oxidative stress, and chronic low-grade inflammation.
Targeting these pathways, especially depot-specific acet-
ylation modifications in adipose tissue, may represent a
promising therapeutic approach for managing metabolic
disorders in MUO patients.

This study has several limitations. A limited sample
size of male patients was analyzed, avoiding the effects
of gender but reducing the generalizability of our find-
ings. Additionally, the lack of multiple testing correc-
tions increased the risk of false positives but ensured that
potential targets were not prematurely excluded. This
study served as an initial exploration to identify potential
targets and generate hypotheses for future research. Vali-
dation and mechanistic studies, though important, were
not included. Future studies with larger, more diverse
cohorts, including female participants, are needed to
validate these findings and enhance their generalizability.

Conclusions

This study provided comprehensive proteomic and lysine
acetylation data for SA and VA, establishing a robust
foundation for understanding the pathogenesis and
potential treatment strategies for MUO. SA was char-
acterized by stronger regulation of ECM remodeling,
whereas VA exhibited poorer adaptability and more pro-
nounced metabolic functional changes. The differential
ECM remodeling processes in SA and VA were primar-
ily mediated by fibranexin and integrin, with COL6A1L,
COL6A3, and ITGAS5 identified as potential targets.
These targets were influenced not only by protein expres-
sion levels but, more critically, by acetylation modifi-
cations. The regulation of acetylation modifications in
WAT, particularly at differential Kac sites enriched in
ECM remodeling and inflammation-inducing pathways,
represents a promising intervention strategy for MUO,
with NDST1 identified as a potential target.
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