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Abstract

In this study, we investigated the impact of bariatric surgery on the adipose proteome to better understand the metabolic and
cellular mechanisms underlying weight loss following the procedure. A total of 46 patients with severe obesity were included,
with samples collected both before and after bariatric surgery. In addition, 15 healthy individuals without obesity who did not
undergo surgery served as controls and were studied once. We utilized quantitative liquid chromatography-tandem mass spec-
trometry analysis to conduct a large-scale proteomic study on abdominal subcutaneous biopsies obtained from the study partici-
pants. Our proteomic profiling revealed that among the 2,254 compared proteins, 46 were upregulated and 34 were
downregulated 6 months post surgery compared with baseline [false discovery rate (FDR) < 0.01]. We observed a downregula-
tion of proteins associated with mitochondrial integrity, amino acid catabolism, and lipid metabolism in the patients with severe
obesity compared with the controls. Bariatric surgery was associated with an upregulation in pathways related to mitochondrial
function, protein synthesis, folding and trafficking, actin cytoskeleton regulation, and DNA binding and repair. These findings
emphasize the significant changes in metabolic and cellular pathways following bariatric surgery, highlighting the potential mech-
anisms underlying the observed health improvements postbariatric surgery. The data provided alongside this paper will serve as
a valuable resource for the development of targeted therapeutic strategies for obesity and related metabolic complications.
ClinicalTrials.gov registration numbers: NCT00793143 (registered on 19 November 2008) (https://clinicaltrials.gov/ct2/show/
NCT00793143) and NCT01373892 (registered on 15 June 2011) (https://clinicaltrials.gov/ct2/show/NCT01373892).

NEW & NOTEWORTHY Our study investigates the effects of metabolic bariatric surgery on adipose tissue proteins, highlighting
the mechanisms driving weight loss postsurgery. Through extensive proteomic analysis of adipose biopsies from patients with
severe obesity pre- and postsurgery, alongside healthy subjects without obesity, we identified significant alterations in metabolic
pathways. These findings provide insights into potential therapeutic targets for obesity-related complications.
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INTRODUCTION

Obesity, a multifactorial disease and growing global health
concern, is associated with a range of metabolic and cellular
alterations that fundamentally disrupt physiological and
metabolic processes in the body (1). Characterized by an ex-
cessive accumulation of adipose tissue, obesity contributes
to the development of chronic diseases, including type 2

diabetes mellitus (T2DM), cardiovascular disorders, and a
host of associated complications (2).

Adipose tissue plays pivotal roles in systemic energy ho-
meostasis, lipid metabolism, and insulin-responsive glucose
metabolism (3, 4). During obesity, expansion of abdominal
subcutaneous adipose tissue (SAT) is characterized by adipo-
cyte hyperplasia and hypertrophy, which result in increased
adipocyte hypoxia, adipocyte cell death, recruitment of pro-
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inflammatory cells, impairment of energy (e.g., glucose and
lipid) metabolism (5), insulin resistance, and T2DM (6, 7).
Further investigations are needed to explore the molecular
and cellular mechanisms contributing to the expansion of
abdominal adipose tissue and their role in the impaired
energymetabolism in persons with obesity.

Mitochondria are involved in a wide range of fundamental
cellular processes and are central to energy metabolism,
including oxidative phosphorylation (8), fatty acid oxidation,
thermogenesis, and branched-chain amino acid (BCAA) catab-
olism (9, 10). In obesity, mitochondrial dysfunction within adi-
pose tissue leads to energy dysregulation, typically resulting in
increased production of reactive oxygen species (ROS) contrib-
uting to oxidative stress, inflammation, insulin resistance, and
the disruption of metabolic homeostasis (11). Although it is
known that mitochondrial dysfunction plays a role in obesity,
the exact underlyingmechanisms are still under investigation.

Bariatric surgery is recognized as the most effective treat-
ment for achieving sustained weight loss in individuals suf-
fering from severe obesity complicated by comorbidities
such as T2DM and other cardiometabolic abnormalities (12).
This procedure significantly improves adipose tissue meta-
bolic function and whole-body insulin sensitivity, and
results in diabetes remission (13, 14). However, the underly-
ing mechanisms of these improvements have not yet been
fully understood. In this study, we utilize liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) for a large-
scale quantification of adipose tissue-specific proteins asso-
ciated with metabolic and cellular alterations in the context
of severe obesity and their response to bariatric surgery-
induced weight loss. We anticipate that the functional char-
acterization of proteins in adipose tissue may contribute to
our understanding of the pathophysiology of inflammation,
insulin resistance, T2DM, and excess abdominal fat in per-
sons with obesity and may also offer novel targets for thera-
peutic interventions for individuals with obesity-related
T2DM complications. For this purpose, we have deposited
the mass spectrometry proteomics data to a public database
and shared the complete results of differential protein
expression and gene set enrichment analyses as supple-
ments to this paper.

MATERIALS AND METHODS

Human Participants

Datasets from two bariatric surgery positron emission to-
mography studies were combined for the current study
(Fig. 1). A total of 52 participants (5 men and 47 women) with
severe obesity were recruited from individuals undergoing
bariatric surgery at the Hospital District of Southwest
Finland. Inclusion criteria included an age range of 18–60 yr
and body mass index (BMI) of � 40 kg/m2 (or �35 kg/m2

with an additional obesity-related comorbidity). Fifteen age-
matched metabolically healthy volunteers served as controls.
The protocols were approved by the Ethics Committee of the
Wellbeing Services County of Southwest Finland and were
conducted in compliance with the Code of Ethics of the
World Medical Association (Helsinki Declaration). The
characteristics of the human participants can be found in

Supplemental Table S1 (15). All the participants provided
written informed consent.

Study Design

This study recruited individuals with severe obesity and
screened them for medical history, conducted physical
examinations, obtained anthropometric measurements,
carried out blood tests, and performed oral glucose toler-
ance tests, as previously described (16) (Fig. 1). The person
with severe obesity followed a 4-wk very-low-calorie diet
(800 kcal/day) before undergoing metabolic bariatric sur-
gery. Among them, 22 participants underwent sleeve gas-
trectomy and 27 underwent Roux-en-Y gastric bypass
surgery. Postbariatric surgery studies were conducted 6
mo after the surgical intervention. Of the 49 participants
who underwent surgery, 3 withdrew from the postopera-
tive studies for personal reasons (Fig. 1). Among the 46
participants with severe obesity, 18 had T2DM and out of
the 28 participants without T2DM, 11 had impaired fasting
glucose or impaired glucose tolerance (16).

Biochemical and immunological analyses.
Plasma glucose, glycated hemoglobin, serum insulin, and
high-sensitivity C-reactive protein were measured as previ-
ously described (16). Glycemic indices, including a standard
75 g oral glucose tolerance test and homeostasis model assess-
ment of insulin resistance defined as (Glucose 0min� Insulin
0min)/22.5 (17), were assessed. Stored serum samples were an-
alyzed for cytokine and adipokine levels using the Bio-Plex
200 system (Bio-Rad Laboratories, Inc., California) together

Pa�ents with obesity
(n = 52)

Healthy controls
(n = 25)

Clinical screening, examina�on, and imaging

Very-low-calorie diet
(≤800 kcal/d) for one
month

Bariatric surgery
Subcutaneous fat
biopsies (n = 40)

Controls
Subcutaneous fat
biopsies (n = 11)

Clinical screening, 
examina�on, imaging

Subcutaneous fat
biopsies (n = 37)

6 months

Proteomics

Figure 1. Participants’ flow diagram.

PROTEOMICS IN SEVERE OBESITY AND POSTBARIATRIC SURGERY

E312 AJP-Endocrinol Metab � doi:10.1152/ajpendo.00220.2024 � www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo at Univ of Turku Lib Antero Laiho (130.232.200.043) on February 24, 2025.

http://www.ajpendo.org


with Bio-Plex Manager Software version 4.1. Multiplex quanti-
fication of cytokines was performed using the MILLIPLEX
MAP Kit Human Adipokine Magnetic Bead Panels 1 and 2
(Millipore Corporation,Massachusetts).

Body composition measurement.
Body fat content was measured using bioimpedance with an
electrical scale (Omron BF400). Abdominal SAT volumes
were assessed using magnetic resonance imaging (Philips
Medical Systems, Best, The Netherlands), as previously
described (18, 19).

Indirect calorimetry.
Open-system indirect calorimetry (Deltatrac) was used to
quantify O2 consumption (V_ O2) and CO2 production (V_ CO2),
from which whole-body energy expenditure and lipid and
fat oxidation rates were calculated as previously described
(20). The resting energy expenditure (REE) was calculated as
REE (kcal/day)¼ (3.941� V_ CO2 þ 1.11� V_ O2)� 1.44 (21).

Tissue Biopsy Collection

Biopsies from SAT were collected during bariatric sur-
gery and 6 mo postoperatively under local anesthesia
using 1% lidocaine without adrenaline. In addition, SAT
biopsies from healthy controls without obesity were col-
lected for reference. The biopsies were obtained by a surgi-
cal excision. The size of the original fat biopsies was 150–
1,000 mg which was cut into smaller pieces. The samples
collected were stored in two different ways: samples used
for immunohistochemistry were stored in 10% formalin,
whereas samples used for proteomics (at minimum a 50-
mg piece) were frozen in liquid nitrogen and stored at
�70�C. The minimum sample amount of 50 mg was deter-
mined to yield a sufficient amount of protein based on a
preliminary analysis of adipose tissue test samples before
commencing the actual study.

Adipocyte cell size measurements.
Hematoxylin-eosin-stained slides from the SAT biopsies
were digitally scanned with the Pannoramic slide scanner
system (v1.15.4; 3DHISTECH, Budapest, Hungary). Themean
adipocyte size values were measured following the previ-
ously describedmethodology (18, 22).

Proteomics

Sample preparation.
The SAT biopsy samples from individuals with severe obe-
sity, both before (n ¼ 40) and after (n ¼ 37) bariatric surgery,
as well as from the control group (n ¼ 11), were utilized for
the sample preparation and subsequent proteomic analysis.
To prepare the samples, 500 lL of lysis buffer containing 1%
sodium deoxycholate in 50 mM Tris-HCl (pH 8) with com-
plete ethylenediaminetetraacetic acid-free protease inhibitor
cocktail (Merck) was added to frozen adipose samples (�100
mg), which were then homogenized with a TissueLyser LT
instrument (QIAGEN) at þ4�C, with two 60 s cycles at 50
Hz and intermittent 5 min cooling on ice. Samples were
incubated on ice for 30 min and then centrifuged for
5 min at 16,000 g at 4�C. The protein fraction was col-
lected from underneath a lipid layer and transferred to a
new Eppendorf tube. Protein concentrations were determined

using a NanoDrop device (Thermo Scientific) by measuring
absorbance at 280 nm. To remove some of the blood proteins
present in the adipose samples, the depletion of 12 high-abun-
dant serum proteins was performed by Top12 Abundant
Protein Depletion Spin Columns (Pierce Thermo, no.
85165) according to the manufacturer’s protocol. For the
depletion, 250 μg of total protein was taken. Samples were
concentrated using 10 kDa cut-off centrifugal filters
(Microcon, MRCPRT010) before and after depletion to
reduce the sample volume. Protein concentrations of the
depleted samples were measured with BioRad’s Bradford
protein assay. When possible, 50 μg of each depleted sam-
ple was used for in-solution digestion. Proteins were
reduced with dithiothreitol, then alkylated with iodoacet-
amide, and digested with trypsin at a trypsin:protein ra-
tio of 1:25. Sodium deoxycholate was removed before
desalting by briefly acidifying the digested samples and
centrifugation at 16,000 g for 20 min. Desalting was per-
formed with 96-well C18 plate (Waters) according to the
manufacturer’s standard protocol. Peptides were eluted
with 0.1% formic acid in 50% acetonitrile. Before LC-MS/
MS analysis, peptides were dissolved in 0.1% formic acid
and 500 ng of each sample was analyzed based on the pre-
viously determined protein concentrations.

LC-MS/MS analysis.
The LC-MS/MS analyses were performed on a nanoflow
high-performance liquid chromatography (HPLC) system
(Easy-nLC1200, Thermo Fisher Scientific) coupled to a Q
Exactive HF mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) equipped with a nanoelectrospray ioni-
zation source. Peptides were first loaded on a 2-cm trap-
ping column and subsequently separated inline on a 15-cm
C18 column (75 μm � 15 cm, ReproSil-Pur 5 μm 200 Å C18-
AQ, Dr. Maisch HPLC GmbH, Ammerbuch-Entringen,
Germany). The mobile phase consisted of water with 0.1%
formic acid (solvent A) or acetonitrile/water [80:20 (vol/
vol)] with 0.1% formic acid (solvent B). A 120-min chro-
matographic method was used to elute peptides (90-min
gradient from 6% to 35% solvent B, following 8 min from
35% to 100% solvent B) followed by reequilibration with
A. The flow rate was 300 nL/min. MS data were acquired
automatically using Thermo Xcalibur 4.1 software (Thermo
Fisher Scientific). A data-dependent acquisitionmethod con-
sisted of an Orbitrap MS survey scan of mass range 300–
2,000 m/z followed by higher-energy collisional dissociation
(HCD) fragmentation of the 10 most intense peptide ions in
each scan cycle.

The raw MS files were processed with MaxQuant (ver-
sion 1.6.5.0) (23). The spectra were searched against a
UniProt/Swiss-Prot Homo sapiens database (4 May 2019,
20,418 entries). Matching between runs was used, with a
matching time window of 0.7 min and an alignment time
window of 20 min. Methionine oxidation and N-terminal
acetylation were defined as variable modifications, and
cysteine carbamidomethylation was defined as a fixed
modification. Trypsin was selected for protein digestion
allowing up to two miscleavages. The false discovery rate
(FDR) was set to 1% for both peptide and protein identifi-
cations. Protein quantification is based on the sum of all
identified peptide-ion intensities (MS).
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Quantification and Statistical Analysis

The R environment (v. 4.0.4) was used for data analysis.
Identifications to reverse peptide sequences and known con-
taminants were filtered from the data, and only proteins
identified by two unique peptides were kept. This leaves
2,752 individual proteins or sets of indistinguishable proteins
identified from the SAT specimens. Proteins with an overall
estimated intensity of zero were replaced by NA to denote
missing values. None of the detected proteins were com-
pletely missing in any of the presurgery, postsurgery, or
control groups, and only a few proteins had a high propor-
tion of missingness (>66% missing) in at least one of the
study groups as illustrated in the Supplemental Fig. S1 (15).
The intensity matrix of all samples was normalized using
variance stabilization normalization (24). To filter adipose
tissue samples that were contaminated with blood, a speci-
alized scoring metric was used. Signature lists were
acquired from the Human Protein Atlas (25) for adipose
tissue (168 elevated proteins) and from the Human Blood
Atlas for blood (26) (207 elevated proteins). Calculating the
score for each sample was done by first calculating the dif-
ference of protein intensities to their mean value over all
samples, then performing a ranked gene set enrichment
analysis (27) against the signature sets. The final score for
each of the samples was defined as:

score ¼ ð1� PadiposeÞ � signðESadiposeÞ
� �� ð1� PbloodÞ � signðESbloodÞ½ 	

2

where ES is the enrichment score, and P is its significance.
The final score ranging from 1 (adipose tissue) to�1 (blood)
represents the estimated bias. A total of 13 samples with
the highest blood-like signature were removed before fur-
ther analysis (including SAT bariatric surgery 7, after sur-
gery 4, controls 2) based on them being below the selected
cutoff of �0.75.

Differential expression between samples from bariatric
surgery and after surgery was compared using linear mixed
effects model, where the potential confounding from weight
at surgery, weight loss during presurgery very low-calorie
diet, surgery type, diabetes status, as well as lipid, blood
pressure, and diabetes medication was accounted for. In
addition, sex and each individual were considered as ran-
dom terms in the model. We used a filtering criterion of hav-
ing at least 50% of non-missing values over all the samples
when comparing the samples from bariatric surgery and af-
ter surgery to ensure that there were sufficient number of
cases to have representative samples for the covariates used
in the linear mixed effects models. Comparisons between the
bariatric surgery and after surgery samples versus controls
without obesity were performed using the Reproducibility-
Optimized Test Statistic (R package ROTS) (28), which has
been shown to have excellent performance for the statistical
analysis of differential protein expression data in several
benchmarking studies (29–31). In the ROTS analyses, each of
the tested groups had at least three nonmissing values for
each comparison. The number of bootstrap samples (B) was
set to 1,000, and the largest top-list size to be considered (K)
was set as the size of the full data. A paired test was used in
comparisons involvingmeasurements before and after surgery
from the same individuals. A ranked gene set enrichment

analysis for the differential expression results was performed
against Molecular Signatures Database (MSigDB, version
2022.1.Hs) using the R package fgsea (32). Spearman’s rank cor-
relation was used to estimate the relationships between clini-
cal variables and protein abundances. It was calculated only if
there were at least 10 measurements to compare. The heat-
maps were drawn using the ComplexHeatmap (33) R package.
The protein comparisons and gene set enrichment analyses
were adjusted for FDR using the Benjamini–Hochbergmethod
(34). An FDR threshold of 0.01 was used to limit the proportion
of false discoveries among the results presented and to focus
on the protein findings that are most likely important. The
complete results of the differential expression analysis and
gene set enrichment analysis are provided as supplemental
resources to this paper (15).

RESULTS

The patients who underwent surgery lost an average of
24.5% of their body weight between baseline measure-
ments and 6 mo after surgery [Supplemental Table S1 (15)].
Of the patients with T2DM, 63% experienced remission af-
ter surgery. Six months post surgery, an upregulation of 46
proteins and a downregulation of 34 proteins out of the
2,254 compared proteins were observed in SAT (FDR <

0.01) compared with baseline [Supplemental File S1A (15)].
The effects of potential confounders such as weight at the
time of surgery, weight loss during the presurgery very
low-calorie diet, surgery type, diabetes status, as well as
lipid, blood pressure, and diabetes medications on these
findings were insignificant (Fig. 2). A principal component
analysis (PCA) of the proteomics results showed consider-
able overlap between the postsurgery results and the
healthy controls (Fig. 3). In a ranked gene set enrichment
analysis, three upregulated and eight downregulated
Hallmark gene sets were found when comparing SAT from
6 mo after surgery to the before surgery specimens, reflect-
ing a reversal in several pathways that were dysregulated
in the before surgery biopsies (Fig. 4).

Protein expression in SAT was compared between the
patients and controls for reference [detailed results are
provided in Supplemental File S1, B and C (15)]. After
adjusting for FDR, 25 out of 2,523 proteins were signifi-
cantly downregulated and 11 proteins were upregulated in
SAT of persons with severe obesity presurgery compared
with controls [FDR < 0.01; Supplemental File S1B (15)].
After surgery, only three SAT proteins were significantly
different compared with controls which is in line with the
PCA result [Supplemental File S1C (15)].

Differential Protein Expression Profiles Highlight
Metabolic and Cellular Alterations in Persons with
Severe Obesity

In the group with severe obesity (before surgery), a signifi-
cant decrease in key proteins involved in relevant metabolic
pathways was observedwhen comparedwith the control group
[Supplemental File S1B (15)]. Specifically, proteins involved in
maintaining a number of fundamental cellular processes,
including the integrity of the mitochondrial matrix and RNA
localization within cells, were found to be downregulated
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[Supplemental File S2A (15)], such as LRPPRC important for
maintaining the integrity of the mitochondrial matrix, and
COQ9 which is required for the biosynthesis of coenzyme Q10,
a vital component of the electron transport chain in mitochon-
dria. In addition, enzymes like ALDH6A1 and BCAT2, which
play pivotal roles in cellular amino acid catabolism and BCAA
metabolic pathways, were downregulated. Regulatory proteins,

including CDKN2C, involved in the regulation of cellular amide
metabolic processes and RNA localization, were reduced.
Furthermore, enzymes like ACADL, ECHS1, ACADM, and
DECR1 were downregulated, which are fundamental to lipid
metabolism pathways such as lipid oxidation, lipid modifi-
cation, fatty acid b-oxidation, and fatty acid catabolic proc-
esses. In addition, Hallmark and Gene ontology gene set
enrichment analyses were consistent with a decrease in oxi-
dative phosphorylation, fatty acid metabolism, adipogene-
sis, and cholesterol homeostasis in severe obesity [Fig. 4;
Supplemental File S2A (15)].

Proteins associated with cytoskeletal components, cellu-
lar organization, and intercellular communication, such
as TUBB4B, VIM, PYGL, PPA1, and PSMD14, showed higher
expression levels in the group with obesity compared with the
controls [Supplemental Files S1B and S2A (15)]. Moreover, the
enrichment analysis indicated an increase in heme metabo-
lism, IL6 JAK STAT3 signaling, KRAS signaling, complement,
and coagulation factors in the patients with severe obesity
compared with controls (Fig. 4).

Downregulation of Immune, Metabolic, and Structural
Proteins following Bariatric Surgery-InducedWeight
Loss

Surgery-induced weight loss caused reductions in several
pathways that were either significantly or nominally upregu-
lated in individuals with severe obesity before surgery
[Fig. 4; Supplemental File S2B (15)]. These pathways include
the ROS pathway, heme metabolism, complement, coagula-
tion, mTORC1, interferon a and c responses, as well as KRAS
signaling. Moreover, downregulation of several proteins
associated with key biological functions was observed post-
surgery compared with baseline [Figs. 2 and 5; Supplemental
Files S1A and S2B (15)]. In the category of the complement
system and immunity, the downregulation of C4B, C3, CFI,
and CD47 may signify adjustments in immune function and

Figure 2. A: number of proteins affected by time (post- vs. presurgery), lipid, diabetes, and blood pressure medications, surgery type, weight loss (by pre-
surgery diet), weight, and diabetes based on linear mixed effects analysis. This analysis shows that only two proteins were affected by other factors than
time. B: change in protein abundance from pre- to postsurgery. All FDR< 0.01. FDR, false discovery rate.

Figure 3. Principal component analysis on the proteome from before and
after surgery and from controls. The plot describes how the results from
different cases and time points overlap across the two most important
principal components. The principal components 1 and 2 explained 27%
and 15% of variance over the protein measurements, respectively.
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complement activation postsurgery. Proteins involved in
response to oxidative stress and redox balance, as well as
detoxification-related genes such as PRDX2, PRDX4, GPX1,
and NQO1, were downregulated. In addition, metabolic, and
enzyme-related proteins like GCLC, CES1, ALAD, MPST, PGD,
PPA1, ALDH16A1, and GCLC, showed decreased expression.
Moreover, proteins associated with cellular structure and
transport (CAV2, RILP, SPTAN1, and TUBB4B), cellular signal-
ing and transport (CAPZA1, CFL1, CLU, LGALS1, PYGL, and
COQ7), as well as proteasome and cellular regulation (PSMD9)
were downregulated. The expression levels of proteins
involved in pathways of mRNA metabolism and oxidative
stress such as G3BP2, and in maintaining cellular energy ho-
meostasis such as CKM, were lower in the patients after sur-
gery compared with controls [Supplemental File S1C (15)]. On
the contrary, these was little evidence for a difference in
mRNA metabolism or oxidative stress pathways in the GSEA
analysis after surgery compared with controls, suggesting that
these pathways were largely normalized [Supplemental File
S2C (15)].

Bariatric Surgery Upregulates Metabolic Enzymes and
Proteins Involved in a Number of Key Cellular Pathways

Bariatric surgery-induced weight loss increased the
expression of oxidative phosphorylation, G2M checkpoint,

and MYC targets V1 pathways (Fig. 4). Furthermore, proteins
associated with metabolic shifts and an enhanced capacity for
protein synthesis, such as RPSA, AK2, and OGDH, showed
increased expression [Supplemental Files S1A and S2B (15)].
Transcription and RNA processing are likely to be influenced
by the upregulation of proteins like TCEB1 and various hetero-
geneous nuclear ribonucleoproteins (HNRNPU, HNRNPCL4,
HNRNPCL1, HNRNPCL3, and HNRNPCL2) [Supplemental
File S2B (15)]. Proteins involved in maintaining cellular struc-
tural components and junctional integrity, including CNN3
and TJP1, showed increased expression levels [Supplemental
File S1A (15)]. In addition, the upregulation of proteins like SSB,
ANXA4, and HMGB1 indicated an improved capacity for DNA
binding, repair, and genomic stability [Supplemental File S2B
(15)]. Moreover, proteins like CDKN2C regulating the cell cycle,
and EIF5 involved in translation initiation, were upregulated,
suggesting enhanced cellular proliferation and protein synthe-
sis. Mitochondrial function is most likely significantly
impacted by the upregulation of proteins such as CHCHD2,
SUOX, PCCB, PCCA, LRPPRC, and PITRM1 [Supplemental File
S2B (15)]. Furthermore, a group of proteins associated with the
remodeling of the extracellular matrix, including VCAN,
TGFBI, and EPB41L1, displayed increased expression after sur-
gery compared with baseline [Supplemental Files S1A and S2B
(15)]. Proteins involved in protein folding and trafficking, such
as FKBP9, were upregulated, indicating enhanced protein proc-
essing. The upregulation of DBN1 suggested altered regulation
of the actin cytoskeleton, contributing to cellular structural
changes. Furthermore, the upregulation of NMT1 is suggestive
of increased post-translationalmodification throughmyristoyl-
ation. The expression levels of proteins responsible for tubulin-
specific chaperone activity, such as tubulin-specific chaperone
D (TBCD), were higher in the postsurgery group with severe
obesity compared with controls [Supplemental File S1C (15)].
Despite the surgery-induced weight loss, the metabolic proc-
esses associated with cholesterol homeostasis, fatty acid me-
tabolism, adipogenesis, oxidative phosphorylation, bile acid
metabolism, and glycolysis did not attain a complete return to
the normal state in the postsurgery group with severe obesity
comparedwith the controls [Fig. 4; Supplemental File S2C (15)].

DISCUSSION

In the present study, we observed significant alterations in
the adipose protein expression profiles of individuals with
severe obesity both before and after bariatric surgery. Pre
surgery, there was a decrease in proteins involved in essen-
tial metabolic pathways as compared with healthy controls,
contrary to the increased expression of proteins associated
with cytoskeletal components, cellular organization, heme
metabolism, interferon response, complement, and coagula-
tion. Bariatric surgery induced a profound change in the mo-
lecular profile, marked by increases in proteins related to
RNA processing, cellular respiration and signaling, as well as
decreases in proteins associated with cellular adhesion and
lysosomal functions. Importantly, there was an upregulation
of metabolic enzymes postsurgery and reductions in heme
metabolism, interferon response, complement, and coagula-
tion pathways. Linear mixed effects analysis accounting for
possible confounders further confirmed these observed pro-
tein expression patterns, emphasizing the significance of the

Figure 4. Difference in proteins of the Molecular Signatures Database
Hallmark gene sets in subcutaneous adipose tissue when comparing sam-
ples taken from patients with severe obesity before or after surgery or
from controls without obesity (comparisons explained on the x-axis labels).
Only proteins that have a significant difference in at least one of the com-
parisons are shown on the heatmaps. ���adj. P < 0.001, ��adj. P < 0.01,
�adj. P < 0.05. NES, normalized enrichment score; SAT, subcutaneous
adipose tissue.
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findings. In fact, there was little difference in individual pro-
tein abundances when comparing postsurgery results to con-
trols. This may seem surprising when the average BMI of the
patients was still above 30 kg/m2 post surgery. However, we
have previously shown that SAT glucose and fatty acid
uptake per kg of tissue, SAT adipocyte size as well as fasting
insulin and free fatty acid levels were similar or close to
those of controls after surgery which aligns with the proteo-
mics findings [Supplemental Table S1 (15, 18, 19)]. On the
contrary, results from the enrichment analyses showed that
even though differences in the expression of individual pro-
teins between the patients after surgery and controls
were minor, on a pathway level, SAT from the patients
still showed downregulation of substrate oxidation path-
ways. In addition, the larger fat mass capable of releasing
more fatty acids at fasting state and the fact that the
patients were still losing weight probably explains why
the patients post surgery had still elevated fatty acid oxi-
dation rates and higher triglycerides compared with controls

[Supplemental Table S1 (15, 18, 35)]. Collectively, these
results increase our understanding and provide a valuable
resource regarding the molecular changes associated with
severe obesity, and the impact of weight loss induced by
bariatric surgery.

Regulation Mitochondrial Function and Oxidative
Phosphorylation Pathway

One of our key findings is the downregulation of proteins
vital for maintaining mitochondrial integrity and function,
including Leucine-rich PPR motif-containing protein
(LRPPRC) and COQ9, in the adipose tissue of individuals
with obesity. LRPPRC protects mitochondrial mRNAs from
30 exoribonuclease digestion and is thus important for main-
taining the integrity of the mitochondrial matrix (36). Its
reduction causes a reduction of several electron transport
chain proteins in the liver, skeletal muscle, and brown adi-
pose tissue which may lead to oxidative dysfunction (37, 38).
Thus, the reduced LRPPRC expression may be in part

Figure 5. A heatmap describing individual differences in protein abundance across the proteins that were differentially expressed in subcutaneous adi-
pose tissue before and after surgery at group level.
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responsible for the reduction of mitochondrial proteins in
obesity. Mitochondrial function was significantly impacted
after surgery as indicated by the upregulation of the oxida-
tive phosphorylation pathway and proteins such as SUOX,
PCCB, PCCA, LRPPRC, and PITRM1. Increased SAT expres-
sion of transcripts related to oxidative phosphorylation has
been shown after weight loss induced by bariatric surgery,
consistent with the present observations (39). Propionyl-CoA
carboxylase (PCC) is the enzymewhich catalyzes the carboxyl-
ation of propionyl-CoA tomethylmalonyl-CoA and is encoded
by the genes PCCA and PCCB (40). Coenzyme Q9 homolog
(COQ9), on the contrary, is essential for the biosynthesis of
coenzyme Q10, a critical component of the electron transport
chain in mitochondria. Adipose tissues from patients and
mice with insulin resistance show decreased levels of the COQ
biosynthetic proteins COQ7 and COQ9, leading to reduced
CoQ levels in the mitochondria (41). Furthermore, research
has linked lower levels of COQ with higher levels of oxidants
in themitochondria (41).

Modulation of Oxidative Stress, Inflammatory Pathways,
and Immune Responses

Increased levels of oxidants often lead to oxidative stress,
mitochondrial dysfunction, and increased activation of
inflammatory pathways. The downregulation of the ROS
pathway and specifically proteins related to oxidative stress
response (PRDX2, PRDX4, GPX1, MPST, and NQO1) indicates
a potential reduction in oxidative stress and restoration of
the redox balance postsurgery. Glutathione peroxidase 1
(GPX1) is a selenium-dependent enzyme that reduces intra-
cellular hydrogen peroxide and lipid peroxides. Global GPX1
deficiency has been reported to enhance insulin sensitivity
in mice fed a high-fat/high-sucrose diet (42). In obesity, the
generation of ROS exceeds the antioxidant reserve and can
contribute to insulin resistance. 3-Mercaptopyruvate sulfur-
transferase (MPST) is a redox-sensitive enzyme that belongs
to the rhodanese phosphatase superfamily (43). MPST is
expressed in adipocytes (44) and is downregulated in obesity
(43). Lack of MPST reduces mitochondrial protein import,
leading to attenuated b-oxidation, tricarboxylic acid (TCA)
cycle, and oxidative phosphorylation, thus increasing lipid
storage (43). A partial knockdown of MPST in adipocytes
impairs the expression of proteins related to the mainte-
nance of adipocyte function and promotes inflammation
(45). Thus, the observed downregulation of MPST post sur-
gery may reflect its reduced need as the adipose tissue meta-
bolic status approaches normal. NQO1 [NAD(P)H Quinone
Dehydrogenase 1] plays a direct role in protection from oxi-
dative stress via its activity as a superoxide scavenger (46).
NQO1 was found to be highly expressed in both human
omental and SAT adipocytes and was positively correlated
with BMI, fasting insulin, as well as with the levels of insulin
and glucose during oral glucose tolerance test (OGTT) (47).
Pharmacological stimulation of NADH oxidation via NQO1-
mediated catalysis has been associated with amelioration of
both obesity (48) and hypertension (49) in mice, suggesting
that NQO1 upregulation may be an effective therapeutic strat-
egy for treating metabolic syndrome. As for MPST, the down-
regulation of NQO1 post surgery may reflect its reduced need
as the adipose tissuemetabolic status approaches normal.

The downregulation of inflammatory response, interferon,
complement, and coagulation pathways and proteins such
as PF4, CD47, HLA-DPA1, and C4B suggests a reduced
immune response and inflammation postsurgery compared
with baseline. In addition to promoting innate immune
responses, platelet factor 4 (PF4) can also inhibit angiogene-
sis (50). The transmembrane protein CD47 plays a significant
role in immune cell communication and cell signaling. CD47
differentially regulates adipose tissue function, contributes
to diet-induced obesity, and is associated with its comorbid-
ities (51). CD47-deficient mice were reported to display
reduced fasting blood glucose levels, improved glucose toler-
ance (52), and increased energy expenditure (53). The
reduced expression may underly the postbariatric surgery
benefits of such improvements in adipose metabolism (19),
glycemic, and lipid parameters (18, 19). Major histocompati-
bility complex, class II, DP a 1 (HLA-DPA1) plays a central
role in the immune system by presenting peptides derived
from extracellular proteins. Obesity is associated with
increased MHC class II antigen presentation in adipocytes,
which leads to increased pro-inflammatory T cell activity in
adipose tissue (54) and decreased insulin sensitivity (55).
C4B contributes to homeostasis by complementing immuno-
logical and inflammatory processes (56). Increased serum
complement levels are a risk factor for the development of
diabetes and a determinant of cardiometabolic risk in adults
(57), and increased levels of both C3 and C4 are consistent
with an enhanced inflammatory status. Downregulation of
proteins related to proteasomal activity (PSMD9 and F13A1)
after surgery suggests potential alterations in protein turn-
over and degradation processes. PSMD9 is a ubiquitous pro-
tein contributing to intracellular protein degradation into
antigenic peptides during the immune response. It may thus
play a role in inflammation as part of autoimmune processes
(10). Genetic variants in a locus containing PSMD9may con-
tribute to T2DM as well as to obesity, overweight status, and
visceral obesity (58). Higher expressions of proteins like
PYGL and PPA1 were found in the individuals with obesity
compared with controls. The increased PYGL (glycogen
phosphorylase L) expressionmay be related to abnormal adi-
pocyte glycogen accumulation observed in hypoxic and
inflamed adipose tissue (59).

Regulation of Adipocyte Function and Cellular
Pathways

Cyclin-dependent kinase inhibitor 2 C (CDKN2C, also
known as p18) was significantly suppressed in obesity.
CDKN2C acts as an important controller of adipocyte differ-
entiation, lipolysis, lipogenesis, and glucose metabolism by
exerting an inhibitory effect on cyclin-dependent kinases 4
and 6 (60, 61). CDKN2C plays an important role in adipocyte
differentiation and has a distinctively sex-specific expression
pattern with higher levels in women (61). In a previous study
(62), CDKN2C knockdown in preadipocytes led to reduced
lipid accumulation during adipocyte differentiation, sug-
gesting that CDKN2C promotes SAT lipid storage, and its
reduction in obesity could contribute to fatty acid spillover
and ectopic lipid accumulation. Of note, inhibition of cyclin-
dependent kinase 6 (CDK6), another target of CDKN2C,
improved glucose metabolism in mice with normal or high-
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fat feeding (60). Proteins such as CDKN2C regulating the cell
cycle, and EIF5 involved in translation initiation, were up-
regulated post surgery, suggesting enhanced cellular prolif-
eration and protein synthesis. Cyclin-dependent kinase
inhibitor 2 C (CDKN2C) inhibits cyclin-dependent kinase 4
and 6, thus functioning as a cell growth regulator that controls
cell cycle G1 phase progression. CDKN2C also inhibits the cell
cycle during adipocyte differentiation. Downregulation of
CDKN2C in T2DM and obesity might contribute to reduced
lipid storage in peripheral adipose tissue (62). CDKN2C
mRNA expression in SAT was negatively correlated with
hyperglycemia (HbA1C, fasting glucose, and glucose area
under the curve (AUC) during OGTT) and with the insulin re-
sistance markers homeostasis model assessment for insulin
resistance (HOMA-IR), and free fatty acid (FFA) during OGTT,
but positively with subcutaneous adipocyte insulin-stimu-
lated glucose uptake ex vivo (62). The depletion of Eukaryotic
Translation Initiation Factor 5 (EIF5) A1 is suggested to
improve glucose intolerance and may also attenuate the dys-
function of pancreatic islets induced by pro-inflammatory
cytokines (63).

The expression of profiles Kirsten Rat Sarcoma viral onco-
gene homolog (KRAS) and mammalian/mechanistic target
of rapamycin complex (mTORC1) signaling pathways were
downregulated after surgery. It has previously been
shown that inhibition of KRAS enhanced adipogenic dif-
ferentiation and adipogenesis in isolated adipocytes (64).
Similarly, activated mTORC1 regulates adipogenesis, tri-
glyceride synthesis, and mobilization in adipocytes (65).
In addition, mTORC1 expression is consistently elevated
in the adipose tissue of mice with diet-induced obesity,
suggesting its role in adipose tissue expansion (66). The
downregulation of these pathways postsurgery indicates a
shift in adipose tissue composition, possibly involving the
reduction in the lipid content and size of adipocytes (13).
Peroxiredoxins (PRXS) are a ubiquitous family of antioxi-
dant enzymes regulated by changes in phosphorylation,
oxidation, reduction, and oligomerization (67). PRX3 and
PRX5 suppress adipogenesis by regulating ROS generation
and adipogenic gene expression (68).

Metabolic Adaptations and Regulation of Protein
Synthesis

After bariatric surgery-induced weight loss, proteins asso-
ciated with metabolic shifts and an enhanced capacity for
protein synthesis, such as RPSA, AK2, and OGDH, showed
increased expression. AK2 is a mitochondrial enzyme that
catalyzes the transfer of a phosphoryl group from adenosine
triphosphate (ATP) to adenosine monophosphate (AMP),
producing adenosine diphosphate (ADP), and thus main-
tains the balance of adenine nucleotides in cells (69, 70).
AK2 is markedly induced during adipocyte and B cell differ-
entiation (69) and may be important for coupling ATP pro-
duction in mitochondria with ATP utilization by the
endoplasmic reticulum (ER) (69). The enzyme 2-oxoglutarate
dehydrogenase (OGDH) is a key regulator in the TCA cycle
and plays an important role in mitochondrial metabolism. A
previous study suggested that OGDH activity in diabetic
mice may be reduced (71), consistent with the observed up-
regulation post surgery associated with improved insulin
sensitivity.

The downregulation of enzymes fundamental to lipid me-
tabolism, including ACADL, ECHS1, ACADM, and DECR1, is of
major significance in the current study. Acyl-coenzyme A de-
hydrogenase, long-chain (ACADL) catalyzes the initial step of
fatty acid b-oxidation in mitochondria. CoA hydratase short-
chain 1 (ECHS1) is a keymitochondrial enzyme involved in va-
line catabolism and fatty acid b-oxidation (72). Deficiency of
ECHS1 usually leads to the accumulation of methacrylyl-CoA
and acryloyl-CoA metabolites causing dysfunction of the py-
ruvate dehydrogenase (PDH) complex (73). PDH acts as a cen-
tral metabolic node that mediates pyruvate oxidation after
glycolysis and fuels the Krebs cycle to meet cellular energy
demands (74). The suppressed expression of ACADM may
be important in terms of the impaired fatty acid oxidation
in obesity (75). DECR1 is a 2,4-dienoyl-CoA reductase
that belongs to the short-chain dehydrogenase/reductase
family. DECR1 is a rate-limiting enzyme in the polyunsatu-
rated fatty acid b-oxidation accessory pathway, and ele-
vated expression of DECR1 enhances lipolysis (76). Thus,
the reduced expression of DECR1 possibly contributes to
reduced fatty acid oxidation in obesity (77). The LRPPRC
protein plays significant roles in energymetabolism by regulat-
ing the mitochondrial DNA-coded mRNAs (78) and promoting
fatty acid uptake, oxidation, and oxidative phosphorylation
(79) (see also Regulation Mitochondrial Function and Oxidative
Phosphorylation Pathway). Its upregulation postsurgery is thus
fully consistent with the recovery of mitochondrial function.
The pitrilysin metallopeptidase 1 (PITRM1) is involved in the
processing and degradation of peptides as they enter the mito-
chondrial matrix. Its increased expression postsurgery may
thus play an important role in increasing mitochondrial func-
tionality and efficiency in energy production (80), as failure to
degrade these peptides is toxic for the mitochondria (80).
Inorganic pyrophosphatase 1 (PPA1) catalyzes the hydrolysis of
inorganic pyrophosphate to inorganic phosphate and is
required for anabolism. A previous study found that overex-
pression of PPA1 in adipose tissue reversed obesity-associated
metabolic disorders such as impaired glucose tolerance and
severe insulin resistance in obese PPA1 knockout mice (81).
PPA1 deficiency results in mitochondrial dysfunction both in
vitro and in vivo (81). Thus, the observed increase in PPA1
expression in obesity in our studymight be a protective adapta-
tion in conditions of excess energy availability.

Alterations in Cytoskeletal Proteins and Cellular
Dynamics

Our study reveals an upregulation of proteins like
TUBB4B and VIM in the SAT of persons with severe obesity.
Tubulin b-4 b chain (TUBB4B) is essential for cell growth
and development as a component of the microtubule net-
work. The cytoskeleton undergoes significant rearrange-
ments during adipogenesis and adipocyte hypertrophy (82).
VIM gene encodes the type III intermediate filament protein
vimentin, which is important for cell motility, migration,
and endocytosis (83). In addition, vimentin forms cage-like
structures around adipocyte lipid droplets and regulates
their accumulation during adipogenesis (82). The downregu-
lation of proteins involved in cytoskeletal organization and
cellular dynamics (SPTAN1, CFL1, CAPZA1, and TUBB4B)
may reflect changes in tissue structure and cellular
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morphology and the return of SAT adipocyte size to normal
following weight loss induced by surgery. Spectrin, a, noner-
ythrocytic 1 (SPTAN1) is a cytoskeletal protein involved in
cellular functions such as DNA repair and cell cycle regula-
tion. The expression of SPTAN1 was significantly higher in
subcutaneous adipocytes of individuals with obesity with in-
sulin resistance compared with their insulin-sensitive coun-
terparts (84). SPTAN1 expression seems to be sensitive to
hypoxia and associated with the dynamics of focal adhesions
in adipose tissue remodeling, which may contribute to
improved insulin sensitivity (85). Cofilin-1 (CFL1), a key regu-
lator of the actin cytoskeleton, was found to be more highly
expressed in the adipose tissue of mice with obesity,
whereas its expression was lower in the group of animals
resistant to obesity (86). Transcriptome analyses revealed
the upregulation of CFL1 in high-fat diet-induced hyper-
trophic adipocytes and its downregulation in brown/beige
adipocytes (87). Considering the enzymatic activity of
CFL1, its upregulation in hypertrophic adipocytes might
be responsible for the subsequent attenuation of insulin-
dependent glucose uptake (87). Thus, its reduction in the
postsurgery biopsies may contribute to the increased AT
insulin sensitivity under these conditions.

Regulation of Amino Acid Catabolic Pathways

We observed downregulation of aldehyde dehydrogenase 6
family member A1 (ALDH6A1), a key enzyme involved in cel-
lular amino acid catabolism and the proximal enzyme in
BCAA (leucine, isoleucine, and valine) catabolism, branched-
chain transaminase 2 (BCAT2), in the adipose tissue of indi-
viduals with severe obesity. A previous study demonstrated
that isolated adipocytes of individuals with diabetes showed
reduced ALDH6A1 gene expression (88). Considerable in vitro
and ex vivo evidence suggests that adipose tissue is capable of
metabolizing significant quantities of branched-chain amino
acids (BCAAs) (89). BCAAs belong to the essential amino acids
and their levels have earlier been reported to be elevated in
plasma of individuals with obesity (90). Consistent with our
findings, a previous study reported a reduction in BCAA cata-
bolic enzyme activity in the adipose tissue of individuals
with severe obesity and insulin resistance (91). In a previ-
ous mice study, adipose tissue-specific decrease in BCAA
oxidation was associated with increased circulating BCAA
levels (89). Because the mitochondrial BCAT2 is responsi-
ble for the reversible conversion of BCAAs into branched-
chain a-ketoacids, its reduced expression may directly con-
tribute to increased BCAA levels (89). A previous study found
down-regulated pathways involving PCCA and PCCB in the
adipose tissue of individuals with a high HOMA-IR (92). The
upregulation of PCCA and PCCB after surgery thus has posi-
tive implications for metabolic pathways such as BCAA catab-
olism, propionate metabolism, glyoxylate, and dicarboxylate
metabolism.

Conclusions

This study aimed to understand the complex mecha-
nisms behind the adipose tissue dysfunction and metabolic
complications in individuals with severe obesity, as well as
the effects of weight loss achieved through bariatric sur-
gery. The study found that several key proteins involved in

mitochondrial integrity, RNA localization, amino acid ca-
tabolism, and lipid metabolism were decreased in individu-
als with severe obesity. Furthermore, enzymes that are
essential for lipid metabolism were downregulated, sug-
gesting impaired lipid processing in obesity. This dysfunc-
tion may contribute to excess fat accumulation and the
health complications commonly associated with obesity. In
contrast, proteins involved in cytoskeletal structure, cellu-
lar organization, and intercellular communication were
more highly expressed in individuals with obesity. This
may suggest a metabolic adaptation to cope with the
increased volume of adipocytes.

Following bariatric surgery, expression of proteins associ-
ated with blood components, immune function, oxidative
stress response, and metabolic pathways decreased, suggest-
ing a potential reduction in chronic inflammation, improved
insulin sensitivity, and an improvement in overall health
post surgery. Conversely, bariatric surgery was associated
with the upregulation of proteins involved in diverse cellular
pathways and metabolic processes including mitochondrial
function. These findings will enhance our understanding of
the biological and molecular pathways driving weight gain
and loss and could help researchers identify new therapeutic
targets for obesity andmetabolic diseases.

Limitations of the Study

This study has certain limitations. Some of the adipose tis-
sue samples collected in this study were contaminated with
blood. We therefore used serum protein depletion columns
to remove the 12 most abundant serum components in the
sample preparation step and employed a specialized scoring
metric based on Human Protein Atlas and Human Blood
Atlas to disqualify tissue samples containing highest blood-
like protein signatures. The cutoff used to disqualify the
samples with most blood contamination was selected by the
researchers performing the analysis and is as such somewhat
arbitrary. On the contrary, using this method to filter out the
most contaminated is still more objective and transparent
than evaluating the blood contamination visually by color.
Furthermore, filtering out data from the bloodiest adipose
tissue samples reduced the number of samples available for
analysis. Having a higher number of samples availablemight
have confirmed the trends for improvement seen after bari-
atric surgery. Furthermore, the bariatric surgery was per-
formed after a 4-wk very low-calorie diet as is required to
reduce the risk surgery complications. Thus, the diet may
have caused some bias when comparing the baseline pro-
teome from the patients with those from controls who did
not have the diet. Specifically, previous studies have shown
a considerable reduction on mitochondrial function with
diet-induced weight loss (93–95). However, these studies
had a larger, 10%–14% weight-loss compared with 7% in our
study. It is thus likely that this weight loss effect has been
smaller in our study.
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The mass spectrometry proteomics data have been deposited
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information required to reanalyze the data reported in this paper
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