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Abstract 

Bariatric surgery (BS) remains the most effective strategy for treating obesity, offering notable 

improvements in cardiometabolic health and promoting remission of type 2 diabetes. The 

majority of post-surgical fat loss occurs in the subcutaneous adipose tissue (SAT), yet the 

functional changes within this depot and its precise role in the benefits of BS are still debated. 

To explore alterations in protein expression and associated molecular pathways in abdominal 

SAT (aSAT) following weight normalization induced by BS, we applied a proteomic strategy 

using sequential window acquisition of all theoretical mass spectra (SWATH-MS), 

complemented with Western blot, electron microscopy, and RT-qPCR analyses. Our study 

revealed that BS upregulated proteins involved in energy metabolism, the citric acid cycle, 

respiratory electron transport, triglyceride breakdown, ATP generation, pyruvate metabolism, 

glycolysis/gluconeogenesis, and thermogenic processes. Conversely, proteins associated with 

immune-related pathways were downregulated. We also observed that obesity led to reduced 

mitochondrial density and coverage in SAT, a defect that BS effectively reversed. These 

findings uncover specific proteins, genes, and molecular mechanisms that contribute to 

improved adipose tissue function after BS, including diminished inflammation, enhanced 

glucose uptake, increased insulin sensitivity, elevated de novo lipogenesis, improved 

mitochondrial performance, and smaller adipocyte size. 
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Introduction 

Excessive expansion of adipose tissue (AT) underlies 

obesity, a chronic condition [1] that is difficult to manage 

and represents one of the fastest growing public health 

challenges globally, affecting both developed and 

developing nations [2,3]. Obesity is multifactorial and 

strongly associated with increased mortality and a range of 

comorbidities, including type 2 diabetes (T2D), metabolic 

syndrome (MetS), hypertension, dyslipidemia, certain 

cancers, cellular senescence [4], sleep apnea, and 

osteoarthritis [5, 6]. It has also been linked to cognitive 

decline, including dementia and mild cognitive 
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impairment [7]. Importantly, obesity does not always 

translate into metabolic disease. According to the 

“expandability hypothesis,” metabolic health is influenced 

less by total AT and more by fat deposition in non-adipose 

tissues, which can disrupt metabolic homeostasis [8]. 

Human AT can be broadly categorized into subcutaneous 

(SAT) and visceral (VAT) compartments. SAT constitutes 

over 80% of total body fat and is further subdivided into 

central (abdominal) and peripheral (gluteal-femoral) 

depots, each exhibiting distinct functional characteristics 

[9]. Evidence indicates that fat distribution is closely 

linked to insulin resistance, with VAT serving as the 

strongest predictor of cardiometabolic risk [10,11]. While 

SAT has traditionally been considered metabolically 

neutral—surgical removal of large SAT volumes (>10 kg) 

by liposuction does not consistently improve insulin 

sensitivity or other metabolic parameters [12]—some 

studies suggest a protective role for SAT, potentially via 

higher adiponectin levels [13]. Nevertheless, recent 

research highlights that abdominal SAT (aSAT), in 

contrast to gluteal-femoral fat, may also contribute to 

insulin resistance, with central fat negatively correlating 

with adiponectin levels regardless of its visceral or 

subcutaneous location [14]. Vegiopoulos et al. (2017) 

further demonstrated that insulin-resistant obese 

individuals exhibit reduced storage capacity, larger 

adipocytes, heightened inflammation, immune cell 

infiltration, an adverse adipokine profile, and increased 

fibrosis compared with insulin-sensitive counterparts [15]. 

Despite this, the precise contribution of aSAT to metabolic 

dysfunction remains a subject of debate. 

Bariatric surgery (BS) is widely regarded as the most 

effective intervention for obesity, improving 

cardiometabolic outcomes and often inducing remission of 

T2D. Remarkably, improvements in glucose metabolism 

frequently precede significant weight loss, suggesting 

mechanisms beyond mere reduction in fat mass, though 

these mechanisms are not fully elucidated [16]. Studies 

have also linked decreases in waist circumference post-BS 

to a higher likelihood of T2D remission [17-19]. 

Considering that SAT accounts for the majority of fat loss 

following BS [20], it is plausible that changes in SAT mass 

and function contribute substantially to the metabolic 

benefits of surgery. To comprehensively investigate 

molecular changes in aSAT following BS-induced weight 

normalization, we employed a proteomic approach to map 

altered pathways. Paired biopsies underwent qualitative 

and quantitative LC–MS/MS analysis for protein 

identification and quantification. Selected proteomic 

findings were validated by Western blotting of lipogenic 

and insulin signaling proteins, while mRNA levels of 

genes related to metabolism and inflammation were 

measured. Additionally, mitochondrial parameters 

(density, coverage, area) and adipocyte size distribution 

were assessed. 

Materials and Methods 

Patients and sample collection 
This study was approved by the Research Ethics 

Committee of Galicia, Spain (reference 2014/135), and all 

participants provided written informed consent. 

Abdominal SAT samples were collected from three 

groups: morbidly obese patients undergoing bariatric 

surgery (Roux-en-Y gastric bypass or sleeve gastrectomy), 

the same patients after reaching a BMI < 30 kg/m² during 

abdominoplasty, and healthy non-obese controls 

undergoing hernia repair. Samples were collected 

intraoperatively without altering surgical protocols. Each 

biopsy was divided into three portions: one snap-frozen in 

dry ice and stored at –80 °C for molecular analyses, one 

paraffin-embedded, and one processed later for electron 

microscopy. 

Protein identification by LC–MS/MS 
Total protein extracts were prepared in lysis buffer (pH 

7.5) containing 50 mM Trizma-HCl, 1 mM EGTA, 1 mM 

EDTA, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM 

sodium orthovanadate, 1 percent Triton X-100, a protease 

inhibitor cocktail (complete Mini EDTA-free; Roche 

Diagnostics), 0.25 M sucrose, and 0.1 percent β-

mercaptoethanol. Lysates were centrifuged at 12,000×g 

for 30 min at 4 °C. For LC–MS/MS analysis, 100 μg of 

protein from four patients pre- and post-BS was denatured 

in SDS-loading buffer (62.5 mM Trizma-HCl pH 6.8, 5 

percent SDS, 10 percent glycerol, 5 percent β-

mercaptoethanol, 0.0025 percent bromophenol blue) for 

5 min and loaded onto a 10% SDS-PAGE gel, stopping 

when the dye front entered 3 mm into the resolving gel [21, 

22]. Proteins were visualized with Sypro-Ruby (Lonza, 

Switzerland), excised, and digested in-gel with trypsin as 

previously described [23]. Peptides were extracted 

through three consecutive 20-min incubations in 40 μL of 

60 percent acetonitrile/0.5% HCOOH, pooled, 

concentrated in a SpeedVac, and stored at –20 °C for 

further analysis. 

Mass spectrometry using shotgun DDA 

For peptide separation, 4 μL (4 μg) of digested samples 

were injected into a micro-liquid chromatography system 

(Eksigent nanoLC 400, AB SCIEX, Madrid, Spain) 

interfaced with a high-speed TripleTOF 6600 mass 

spectrometer (AB SCIEX) equipped with a microflow 

source. Analytical separation was achieved using a Chrom 

XP C18 column (150 mm × 0.3 mm, 3 μm particle size, 

120 Å pore size; Eksigent), while a YMC-TRIART C18 

trap column (3 μm, 120 Å; YMC Europe GmbH) 

functioned inline to concentrate peptides before entering 
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the analytical column. The loading pump delivered 0.1% 

formic acid in water at 10 μL/min, whereas the gradient 

pump ran at 5 μL/min using mobile phase A (0.1% formic 

acid in water) and mobile phase B (0.1% formic acid in 

acetonitrile). Peptide elution followed a 90-minute 

gradient, ramping from 2% to 90% B. 

MS data acquisition employed a data-dependent strategy 

on the TripleTOF 6600 system (ASSY. Nº 5060890), with 

the following source parameters: ion spray voltage 

5500 V, curtain gas 25, collision energy 10, and gas 1 

(GS1) 25. The software Analyst TF 1.7.1 controlled 

operation. Selection of precursor ions required m/z 350–

1400, charge states 2–5, mass tolerance of 250 ppm, and 

minimum intensity of 200 counts. Previously fragmented 

ions were excluded for 15 s, and instrument calibration 

was performed every four hours using PepCalMix 

peptides. 

Data processing 

MS/MS files were processed using ProteinPilot™ 5.0.1 

(AB SCIEX), employing the Paragon™ algorithm for 

sequence matching and Progroup™ for protein grouping. 

Searches were conducted against a human-specific 

Uniprot database with iodoacetamide as the Cys alkylation 

and methionine oxidation as fixed modifications. Only 

identifications with a global false discovery rate ≤1% were 

retained, based on a non-linear fitting approach [24]. 

Label-Free quantitation using SWATH-MS 

Spectral library construction 

To build the SWATH spectral library, pooled peptide 

mixtures representing all study groups were analyzed 

using the same shotgun DDA micro-LC–MS/MS setup. 

Each 4 μL pooled sample underwent separation using a 

40-minute gradient (5%–95% B over 30 min, followed by 

5 min at 90% B and 5 min re-equilibration at 5% B). MS 

acquisition consisted of a 250 ms survey scan (400–

1250 m/z) followed by 25 ms MS/MS scans of the top 65 

precursor ions (100–1500 m/z), with a total cycle of 2.8 s. 

Fragmented ions were dynamically excluded for 15 s, and 

singly charged species were ignored. 

Peptide and protein identification was performed in 

ProteinPilot™ 5.0.1 using the same Uniprot human 

database and modification settings. A 1% FDR cutoff was 

applied at both the peptide and protein levels. The high-

confidence spectra (≥99% confidence) were then used to 

generate the SWATH library in PeakView 2.2 with the 

MS/MSALL SWATH Acquisition MicroApp 2.0, 

enabling subsequent label-free quantification. 

Relative quantification using SWATH-MS 

Eight abdominal SAT samples were analyzed, comprising 

four from morbidly obese patients and four from the same 

individuals after bariatric surgery once their BMI was 

below 30. Each sample (4 μL) was processed using the 

LC–MS/MS setup and gradient previously described for 

spectral library generation, but acquisition was performed 

with the SWATH-MS data-independent method. This 

approach consisted of sequentially cycling through 65 

overlapping precursor isolation windows (with 1 m/z 

overlap) spanning the 400–1250 m/z range. Each cycle 

included a preceding TOF MS scan (400–1250 m/z, 

50 ms) followed by the 65 MS/MS scans (400–1500 m/z, 

high-sensitivity mode, 50 ms per scan), resulting in a total 

cycle time of 6.3 s. Window widths were optimized for 

each set using ion density data from prior DDA runs and 

the SWATH variable window calculator provided by 

Sciex. 

Data analysis 

Extraction of fragment ion chromatograms from the 

SWATH runs was performed in PeakView 2.2 using the 

SWATH Acquisition MicroApp 2.0, referencing the 

spectral library generated from the DDA analysis. For 

each protein, up to ten peptides and seven fragments per 

peptide were selected based on signal intensity, excluding 

modified peptides. Ion chromatograms were extracted 

with a 5-minute retention window and 30 ppm width. After 

alignment of retention times, integrated peak areas were 

exported to MarkerView 1.3.1 (AB SCIEX) for relative 

quantification. MarkerView performed data alignment to 

correct minor variations in mass and retention time, 

ensuring accurate comparisons across samples. To account 

for possible differences in sample preparation, peak areas 

were globally normalized to the total sum of all detected 

transitions for each replicate. Unsupervised multivariate 

analysis using principal component analysis (PCA) with 

Pareto scaling was conducted to compare the samples 

(data not shown). The mean peak area per protein across 

replicates was calculated and subjected to Student’s t-test 

in MarkerView to assess differences between groups, with 

statistical significance reported as p-values. Proteins 

displaying a p-value <0.5 and at least a 1.5-fold change 

were considered differentially expressed. 

Gene ontology, functional networks, and pathway 

mapping 

To explore functional implications of weight-dependent 

protein changes, qualitative protein datasets—those 

detected only during obesity or post-weight 

normalization—were analyzed for enrichment in gene 

ontology (GO) categories, protein classes, and biological 

pathways using the PANTHER tool (version 14.1, 

www.pantherdb.org) [25]. For quantitative datasets of 

proteins up- or down-regulated after bariatric surgery, GO 

enrichment was performed using FunRich (version 3.1.3, 

http://www.funrich.org) [26]. Reactome pathway analysis 
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for differentially expressed proteins after weight loss was 

conducted with STRING (version 11, https://string-

db.org) [27]. Only proteins with statistically significant 

changes were included. Heatmaps representing expression 

patterns were generated using matrix2png (version 1.2.2, 

http://www.chibi.ubc.ca/matrix2png/). 

Western blot analysis 
Protein expression levels of fatty acid synthase (FAS), 

AKT, phosphorylated AKT (pAKT), acetyl-CoA 

carboxylase (ACC), phosphorylated ACC (pACC), 

AMPKα1, phosphorylated AMPKα (pAMPKα), and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

were evaluated in aSAT samples using Western blot. Total 

protein extracts were prepared as described previously. 

For each sample, 15 µg of protein lysate was denatured in 

SDS-loading buffer for 5 min at 100 °C and separated by 

SDS-PAGE (7 percent or 10 percent gels), followed by 

transfer onto polyvinylidene fluoride membranes 

(Millipore). Membranes were blocked for 1 h at room 

temperature in 5% BSA prepared in 1× Tween-Tris-

buffered saline (TTBS; 25 mM Tris-HCl, 150 mM NaCl, 

0.05% Tween-20, pH 7.5) and washed three times with 

TTBS. Primary antibodies were incubated overnight at 

4 °C: ACC and pACC-Ser79 (Millipore); AMPKα1, 

pAMPKα-Thr172, AKT, pAKT-Ser473 (Cell Signaling); 

FAS (Santa Cruz Biotechnology); and GAPDH (Thermo 

Fisher Scientific). Following washing, membranes were 

incubated with horseradish peroxidase-conjugated 

secondary antibodies (Dako) for 1 h at room temperature. 

Proteins were detected using enhanced 

chemiluminescence (Pierce ECL, ThermoFisher) and 

imaged with an Amersham Imager 600 (GE Healthcare 

Life Sciences). Band intensities were quantified by 

densitometry with ImageJ software (v1.52a, NIH, USA) 

[28], and all protein levels were normalized to GAPDH. 

Hexokinase (HK) activity assay 
aSAT samples were homogenized in a 1:4 ratio with ice-

cold buffer containing 20 mM Tris-HCl (pH 7.4), 250 mM 

sucrose, 1 mM EDTA, 1 mM dithiothreitol, 100 mM NaF, 

and protease inhibitor cocktail (Roche, Sweden). HK 

activity was determined by monitoring NADH formation 

at 340 nm using a microplate reader (Tecan, Sunrise). 

Reactions were initiated by adding 50 µL of homogenate 

and 20 µL of substrate (omitted in controls) to a final 

volume of 0.25 mL, and incubated at 37 °C for 5 min. 

Activity was assessed according to previously described 

methods with minor modifications [29] and normalized to 

total protein, which was measured using the Bradford 

assay (Bio-Rad) with bovine serum albumin as the 

standard. 

Quantitative real-time PCR (RT-qPCR) 

Total RNA was extracted from adipose tissue using 

TRIzol reagent (Invitrogen). RNA integrity was verified 

by agarose gel electrophoresis, and concentrations were 

measured using a NanoDrop ND-1000 spectrophotometer 

(Thermo Scientific). For cDNA synthesis, 0.8 µg of RNA 

per sample was reverse-transcribed in a 20 µL reaction 

using SuperScript IV reverse transcriptase and random 

hexamers (Invitrogen). Quantitative PCR was performed 

with SYBR Green qPCR Master Mix (Roche) on a Roche 

LightCycler 480 system. The primer sets used were: 

• FBXL10: F 5′-TACGACGAGAACGAGGACTT, R 5′-

AGGCATCTTAATTCCCAGTCCA 

• IPO8: F 5′-ACAATGTGTCTCCGTGCCAT, R 5′-

AGCTTGCACTGCTCTGTGAT 

• ADH1B: F 5′-AAGGGGGCTGTTTATGGTGG, R 5′-

ACGTCAGGACGGTACGGATA 

• FAS: F 5′-CTGCACTTCCATAGCCCCAA, R 5′-

AAGGAGTTGATGCCCACGTT 

• SLC2A4/GLUT4: F 5′-

CGTCGGGCTTCCAACAGATA, R 5′-

CACCTTCTGAGGGGCATTGA 

• S100A8: F 5′-TGTTGACCGAGCTGGAGAAA, R 5′-

CCCTGTAGACGGCATGGAAAT 

Relative expression levels were calculated using standard 

curves generated from serial dilutions of a reference 

cDNA sample. Gene expression was normalized to the 

geometric mean of the two reference genes, IPO8 and 

FBXL10. PCR cycling conditions included an initial 

denaturation at 95 °C for 10 min, followed by 40 cycles of 

95 °C for 15 s, 60 °C for 55 s, 72 °C for 5 s, and a final 

extension at 72 °C for 10 min. 

Electronic microscopy and mitochondrial 

quantification 
Adipose tissue biopsies were immersed in a fixative 

solution containing 0.5 percent glutaraldehyde, 4 percent 

paraformaldehyde, and 15 percent picric acid in 0.1 M 

phosphate buffer (pH 7.4) and maintained at 4 °C for 

48 hours. Samples were then stored at 4 °C in phosphate 

buffer with 0.1 percent sodium azide until further 

processing. After washing three times in phosphate buffer, 

50 µm sections were prepared using a vibratome. The 

sections underwent osmium tetroxide post-fixation for 

15 minutes and sequential dehydration in increasing 

ethanol concentrations. To enhance ultrastructural 

contrast, 1 percent uranyl acetate was incorporated into the 

70% ethanol step. Subsequently, tissues were embedded 

flat in Durcupan resin. Ultrathin sections were produced 

with a Leica ultramicrotome, mounted on Formvar-coated 

single-slot grids, and examined using a Tecnai 12 Biotwin 

electron microscope equipped with an AMT XR-16 

camera. Only clearly defined cells were included in the 

analysis. Mitochondrial parameters, including coverage, 

density, and aspect ratio, were measured using ImageJ 
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software. Density was defined as the number of 

mitochondria per cytosolic area, while coverage was 

calculated as the proportion of cytosol occupied by 

mitochondria. 

Assessment of adipocyte size 
Tissue samples were fixed in 4% paraformaldehyde for 

24 hours, dehydrated, and embedded in paraffin. Sections 

of 5 µm thickness were cut, deparaffinized, and 

rehydrated. Hematoxylin and eosin staining (Mayer’s 

hematoxylin and 1% eosin Y) was applied according to 

established protocols [30]. After dehydration and clearing 

in xylene, slides were mounted with a resinous medium. 

Adipocyte dimensions were measured from microscope 

images acquired with an Olympus BX61, using the 

CellSens Dimension software to calculate cell size. 

Statistical procedures 
Proteomic data were processed as described previously. 

All other datasets were analyzed with SigmaStat 3.1 

(Systat Software, Inc., Germany) and reported as mean ± 

SEM. For datasets following a normal distribution, one-

way ANOVA with Tukey’s post hoc test was applied. 

Non-parametric datasets were assessed with the Kruskal–

Wallis test followed by Dunn’s post hoc test. Statistical 

significance was defined as p < 0.05. Distinct letters above 

graphical bars indicate statistically significant differences 

between groups. 

Results 

Qualitative proteomic profiling of aSAT pre- and 

post-weight reduction 
To examine proteomic alterations associated with weight 

loss, paired aSAT samples from the same individuals were 

analyzed before and after bariatric surgery. Relevant 

anthropometric and biochemical characteristics of these 

patients are provided in Table 1. The qualitative 

proteomic analysis identified 1,353 proteins in total 

(Figure 1A). Of these, 100 proteins were exclusively 

present in the obese state, whereas 650 proteins were 

detected only after patients had reached normalized body 

weight. Six hundred and three proteins were common to 

both conditions. Notably, the number of proteins identified 

increased following bariatric surgery (Figure 1A), 

indicating that obesity is associated with a reduction in 

protein diversity within abdominal subcutaneous adipose 

tissue. 

 
Figure 1. (A) Impact of obesity and bariatric surgery on 

protein profiles in the abdominal subcutaneous adipose 

tissue (aSAT). Venn diagrams depict the qualitative 

proteomic comparison of aSAT from four obese 

patients before bariatric surgery (pre-BS) and the same 

patients after weight normalization following bariatric 

surgery (post-BS). The diagrams show the number of 

proteins unique to each condition, as well as the overlap 

for each individual patient (Patients 1–4) and the total 

number of proteins detected. (B) Quantitative 

proteomic results are illustrated in a volcano plot, where 

proteins are plotted according to statistical significance 

(p-value, y-axis) and log2-transformed fold-change 

between post-BS and pre-BS aSAT samples (x-axis). 

Points located far from the center represent proteins 

with the largest differences between the two conditions. 

Proteins were considered significantly altered if fold-

change ≥ 1.5 and p < 0.05. 

 

 

Table 1. Anthropometric and biochemical parameters of patients used for mass spectrometric analysis 
 Patient 1 Patient 2 Patient 3 Patient 4 

Gender Female Female Female Male 

Type of Bariatric 

Surgery 
Sleeve Sleeve Bypass Sleeve 

 Before BS After BS 
Before 

BS 

After 

BS 
Before BS 

After 

BS 

Before 

BS 

After 

BS 

Age (years) 45.3 +27 m 31.4 
+33 

m 
58 

+24 

m 
45.4 

+22 

m 

D2M 1 0 0 0 1 0 0 0 

Hypertension 1 0 0 0 1 0 0 0 

BMI (kg/m2) 49.2 29.2 44.6 26.3 39.8 29.2 66.3 29.8 
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FAT (%) 53 38.9 51.4 32.4 51.7 39.3 47.2 11.4 

Medication Amlodipine/Valsartan Atorvastatin 0 0 

Simvastatin 

Metformin 

Dapagliflozin 

0 0 0 

Glucose (mg/dL) 127 81 78 86 131 85 83 81 

Cholesterol (mg/dL) 267 166 123 165 159 190 158 150 

HDLc (mg/dL) 39 55 19 45 43 75 27 45 

LDLc (mg/dL) 191 100 91 104 97 101 99 87 

Triglycerides (mg/dL) 165 52 63 80 94 70 119 91 

AST (UI/L) 27 13 21 14 61 76 28 22 

ALT (UI/L) 36 9 18 10 51 99 70 20 

GGT (UI/L) 68 19 17 14 40 37 96 35 

Insulin (µUI/mL) 7.61 <2 3.3 3 11.4 3.1 8.1 <2 

ApoA (mg/dL) 124 161 60.4 136 152 – 97.4 119 

ApoB (mg/dL) 123 80.8 99.6 86.8 94.4 – 100 76.8 

CRP (mg/dL) 2 0.32 0.88 0.02 1.5 – 1.33 0.01 

HbA1c (%) 6.2 5 5.4 4.9 8 5.2 5.6 5.2 

HOMA-IR 2.21 0.4 0.63 0.64 3.69 0.65 1.7 0.4 

Abbreviations: BMI: body mass index; HDLc: high-density lipoprotein cholesterol; LDLc: low-density lipoprotein cholesterol; AST: aspartate 

aminotransferase; ALT: alanine aminotransferase; GGT: γ-glutamyltransferase; ApoA: Apolipoprotein A; ApoB: Apolipoprotein B; HbA1c: glycated 

hemoglobin; HOMA: homeostasis model assessment index; CRP: C-reactive protein; BS: bariatric surgery. (–) indicates data not available in the medical 

records. 

The PANTHER classification system [25] was applied to 

proteins detected exclusively in either the obese state or 

after bariatric surgery-induced weight loss. Comparing the 

100 proteins identified only during obesity with the 650 

proteins unique to the post-weight loss condition revealed 

notable molecular effects associated with obesity and 

subsequent surgical weight reduction. Enriched gene 

ontology (GO) categories for cellular component, 

molecular function, and biological process are 

summarized in Table S1, along with detailed analyses of 

protein classes and biological pathways. Following weight 

loss, the proportion of proteins linked to the extracellular 

region and cell junctions decreased, whereas proteins 

localized to organelles increased. Proteins associated with 

immune system processes and responses to external 

stimuli were reduced after weight normalization. Notably, 

a substantial number of proteins detected only post-

surgery were implicated in diverse metabolic pathways 

(see Table S1 for details). 

Quantitative analysis of differentially expressed 

proteins in aSAT before and after weight loss and 

bioinformatic enrichment 
Using the criteria described above, a total of 651 proteins 

were quantitatively measured across all patients pre- and 

post-bariatric surgery (Table S2). To visualize the data, a 

volcano plot was constructed showing the log2 fold-

change for each protein against its p-value (Figure 1B). 

Proteins were considered significantly altered if they had 

a p-value < 0.05 and a fold-change > 1.5. Following 

weight loss induced by bariatric surgery, 228 proteins 

were significantly up-regulated, while 136 proteins were 

significantly down-regulated. The expression levels of 

these differentially regulated proteins are presented in a 

heat map in Figure 2. 

 
Figure 2. Heatmap showing proteins in abdominal 

subcutaneous adipose tissue (aSAT) that were 

significantly altered following bariatric surgery-

induced weight loss, analyzed using the SWATH-MS 

technique. A total of 364 proteins were significantly 
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regulated, with 228 up-regulated and 136 down-

regulated. Protein expression intensity is represented on 

a scale from white to blue in arbitrary units. To 

standardize visualization, expression values for each 

protein were normalized to the mean expression in the 

four patients before surgery, which was set as 100%. 

Proteins are arranged by p-value: the first column 

ranges from 5.25E–12 to 5.47E–05, the second from 

5.97E–05 to 0.00283, and the third from 0.00284 to 

0.04071. Statistical significance was defined as p < 

0.05. Data were plotted using matrix2png version 1.2.2 

(http://www.chibi.ubc.ca/matrix2png/). P1–P4 indicate 

Patients 1–4. 

 

To explore functional categories of the proteins 

significantly modulated after weight normalization, the 

up- and down-regulated protein sets were analyzed using 

FunRich software, which applies a hypergeometric test for 

GO term enrichment [26]. 

In the GO enrichment analysis, both up- and down-

regulated proteins were largely associated with similar 

cellular compartments, including exosomes, cytoplasm, 

lysosomes, mitochondria, cytosol, extracellular regions, 

and centrosomes (Figure 3A). However, notable 

differences were observed: up-regulated proteins after 

weight loss showed stronger enrichment in mitochondria, 

including the mitochondrial matrix, inner membrane, and 

ATP synthase complex, whereas down-regulated proteins 

were more associated with extracellular components, 

nucleosomes, and the fibrinogen complex (Figure 3A). 

For molecular function, up-regulated proteins were 

predominantly linked to transporter activity, extracellular 

matrix interactions, structural constituents, and chaperone 

activity, while down-regulated proteins showed higher 

enrichment in structural molecule activity and 

complement activity (Figure 3B). Regarding biological 

processes, the most enriched pathways involved 

metabolism and energy production, a pattern particularly 

evident among up-regulated proteins following weight 

loss (Figure 3C). 

 
Figure 3. Gene ontology (GO) enrichment analysis of the 364 proteins significantly regulated in aSAT following bariatric 

surgery, performed using FunRich functional annotation. Histograms illustrate the most enriched categories for cellular 

component (A; p < 10⁻⁵), biological process (B; p < 0.05), and molecular function (C; p < 0.05) for up- and down-regulated 

proteins quantified by SWATH-MS. Extended GO enrichment data are provided in Table S3 
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To gain deeper insights into the biological relevance of the 

changes induced by bariatric surgery and weight loss in 

aSAT, functional pathway enrichment analysis was 

conducted using the STRING reactome database 

(https://string-db.org/). Proteins up-regulated after 

bariatric surgery, showing the most significant p-values, 

were mainly involved in metabolic processes, including 

the citric acid cycle, respiratory electron transport, 

triglyceride catabolism, ATP synthesis, pyruvate 

metabolism, glycolysis/gluconeogenesis, and 

thermogenesis (Table S4). Conversely, down-regulated 

proteins with the lowest p-values were predominantly 

linked to immune system pathways (Table S4). These 

findings align with the observations from the qualitative 

proteomic analysis. 

Collectively, these results indicate that bariatric surgery 

modulates key pathways in metabolism, energy 

production, and immune function in aSAT. 

Validation of SWATH-MS results 
It is well established in humans that impaired lipogenesis 

and increased lipolysis in adipose tissue can promote 

insulin resistance through the release of cytokines and 

lipid metabolites [31]. Following SWATH-MS 

quantification, we sought to validate the effects of obesity 

and bariatric surgery on key enzymes involved in de novo 

lipogenesis and insulin signaling. To this end, a control 

group of healthy individuals with normal BMI was 

included. Anthropometric and biochemical characteristics 

of these patients are summarized in Table S5, with 

enzymatic and protein data shown in Figure 4A–C. 

We first examined hexokinase (HK) activity, as glucose 

phosphorylation limits downstream metabolic processes 

such as glycolysis and de novo lipogenesis. Obesity was 

associated with a marked reduction in HK activity, which 

was restored after weight normalization post-bariatric 

surgery. A similar trend was observed in protein 

expression levels of FAS, ACC (total and 

phosphorylated), and AMPK (total and phosphorylated), 

confirming the SWATH-MS results for FAS. 

Interestingly, for both FAS and ACC, protein levels after 

weight loss not only returned to baseline but exceeded 

those of the control group, suggesting an enhanced 

capacity for de novo lipogenesis following bariatric 

surgery.

 
Figure 4. Hexokinase (HK) activity in aSAT (A) and protein expression levels of enzymes involved in lipid metabolism 

and insulin signaling (B, C) in control subjects, obese patients before bariatric surgery (BS), and the same patients after 

BS. Data represent means ± SEM for six individuals per group (HK activity) or 4–5 per group (Western blot). Different 

letters above bars indicate statistically significant differences (p < 0.05). P.1–P.4 = Patient 1–Patient 4. “B” = before 

bariatric surgery, “A” = after bariatric surgery. Controls = healthy individuals with normal BMI 
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Insulin, a key endocrine hormone, plays a central role in 

regulating energy balance and lipid metabolism. In 

obesity, peripheral tissues often develop reduced insulin 

sensitivity [32]. Although the mechanisms underlying 

insulin resistance remain debated, AKT activation has 

been identified as a critical mediator [33]. Activated AKT 

promotes the translocation of GLUT4 to adipocyte 

membranes, facilitating glucose uptake [33]. As shown in 

Figure 4B, C, obesity reduced both total and 

phosphorylated AKT levels, which were restored 

following weight loss. 

To reinforce the reliability of our proteomic and 

bioinformatic findings, we extended the analysis to 

examine mRNA expression of GLUT4 and key proteins 

involved in metabolism and inflammation that were 

highlighted in the SWATH-MS analysis: FAS, ADH1B, 

and S100A8. This approach allowed us to expand the 

sample size considerably for control subjects (n = 27) and 

obese patients before weight loss (n = 145). However, for 

post-bariatric surgery patients, sample collection was 

limited (n = 6) because many individuals, despite losing 

weight, did not meet the criteria for abdominoplasty 

(Table S6 presents anthropometric and biochemical data 

for these patients). 

GLUT4 mRNA levels were reduced in the aSAT of obese 

individuals but returned to baseline after weight loss 

(Figure 5). These results parallel the changes observed in 

HK activity and AKT protein levels (Figure 4), indicating 

that glucose uptake is impaired during obesity, likely due 

to diminished insulin sensitivity, and is restored following 

body weight normalization. Similarly, FAS and ADH1B 

mRNA expression decreased markedly in obesity and 

rebounded after weight loss, in some cases exceeding 

control levels, although statistical significance was limited 

due to the small number of post-BS samples (Figure 5). 

Collectively, these findings suggest that obesity 

diminishes insulin sensitivity, glucose uptake, glycolysis, 

and de novo lipogenesis in aSAT, whereas bariatric 

surgery-induced weight loss effectively restores—and in 

some instances enhances—these metabolic functions 

compared with healthy controls. 

 

 

 

 
Figure 5. mRNA expression levels of GLUT4, FAS, 

S100A8, and ADH1B in aSAT from control subjects, 

obese patients before bariatric surgery (BS), and the 

same patients after BS and weight normalization. Data 

are presented as means ± SEM. Different letters above 

bars indicate statistically significant differences (p < 

0.05). Control = healthy subjects with normal BMI, n = 

27; Before BS, n = 145; After BS, n = 6. BS = bariatric 

surgery 

S100A8, a calcium- and zinc-binding protein, plays a key 

role in modulating inflammatory responses and immune 

system activity, including in cardiovascular disease [34]. 

Chronic, low-grade inflammation of adipose tissue is a 

major contributor to obesity pathophysiology [35], and 

elevated S100A8 in adipose tissue can enhance 

macrophage migration, promoting persistent local 

inflammation [36]. In line with this, the SWATH-MS 

analysis showed a marked reduction in S100A8 protein 

levels following bariatric surgery-induced weight loss. 

Correspondingly, S100A8 mRNA expression (Figure 5) 

was elevated in obesity but returned to levels comparable 

to controls after weight normalization, supporting the idea 

that BS-mediated weight loss mitigates adipose tissue 

inflammation. 

Adipose tissue from insulin-resistant individuals also 

exhibits reduced expression of proteins involved in 

mitochondrial function, which limits the availability of 
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mitochondria-derived energy required for lipogenesis 

[31]. Notably, many proteins upregulated after weight loss 

were associated with mitochondrial components (Figure 

3A) and were implicated in pathways related to respiratory 

electron transport and ATP production (Table S2). To 

further investigate these observations, we analyzed 

mitochondrial morphology and metrics. Figure 6 

illustrates mitochondrial aspect ratio (AR), density, and 

coverage. An AR of 1 represents a perfect circle, while 

higher values reflect more elongated mitochondria. 

Obesity appeared to induce slightly elongated 

mitochondria, a trend that was reversed after weight loss, 

although not statistically significant (Figure 6A). Both 

mitochondrial density and coverage were reduced in 

obesity but were restored after bariatric surgery, in some 

cases exceeding levels observed in control subjects 

(Figure 6B,C). 

 

 
Figure 6. Mitochondrial Morphology. Mitochondrial characteristics were assessed in aSAT samples from healthy 

individuals (normal BMI, n = 5), obese patients before bariatric surgery (n = 4), and the same patients after surgery with 

normalized body weight (n = 5). Data are shown as mean ± SEM, and statistically significant differences are indicated by 

different letters above bars (p < 0.05). The aspect ratio (AR), reflecting mitochondrial elongation, was calculated as the 

ratio between the major and minor axes (A). Mitochondrial density (B) and overall mitochondrial coverage (C) were 

determined by dividing the number of mitochondria or total mitochondrial area by the cytoplasmic area, respectively. 

Representative electron microscopy images of aSAT are displayed for controls (D), obese patients pre-surgery (E), and 

post-surgery (F). Scale bars = 2 µm, arrows indicate mitochondria 
 

Adipocyte size 
Adipocyte diameters and their distribution were analyzed 

across the groups. Measurements included more than 5000 

cells (1740 in controls, 1730 pre-surgery, and 1662 post-

surgery). As shown in Figure 7, all groups demonstrated 

a normal size distribution. Obese individuals exhibited 

larger adipocytes compared to controls and post-surgery 

patients. Following bariatric surgery, the average 

adipocyte size decreased slightly, even falling below the 

mean size observed in the healthy control group. 
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Figure 7. Distribution of Adipocyte Sizes. Representative H&E-stained sections of aSAT reveal differences in adipocyte 

size among lean control patients (A, n = 14), obese patients prior to bariatric surgery (B, n = 14), and the same patients 

following bariatric surgery with normalized body weight (C, n = 6). Panel D shows the average frequency distribution of 

adipocyte diameters, indicating that obese patients before surgery had a higher proportion of adipocytes larger than 80 μm 

and fewer smaller than 80 μm compared to either controls or post-surgery patients. Scale bars = 200 µm. Data are presented 

as means ± SEM, and statistically significant differences are indicated by different letters above the bars (p < 0.05). BS = 

bariatric surgery 

 

Discussion 

In total, more than 1300 proteins were identified, with 651 

proteins quantitatively assessed. Following body weight 

normalization, the aSAT proteome exhibited markedly 

greater diversity. Specifically, 228 proteins were up-

regulated while 136 were down-regulated after weight 

loss. Notably, the up-regulated proteins were more highly 

associated with mitochondrial structures, including the 

mitochondrial matrix, inner membrane, and ATP synthase 

proton-transporting complex, whereas down-regulated 

proteins were enriched in components such as 

extracellular regions, nucleosomes, and the fibrinogen 

complex. 

Pathway analysis of the altered proteins revealed that up-

regulated proteins were predominantly involved in 

metabolic processes, including the citric acid cycle, 

respiratory electron transport, triglyceride catabolism, 

ATP production, pyruvate metabolism, 

glycolysis/gluconeogenesis, and thermogenesis. In 

contrast, proteins that decreased after bariatric surgery 

were mainly associated with immune system-related 

pathways. 

Validation using Western blot and RT-qPCR in an 

expanded cohort including lean controls confirmed that 

obesity reduced lipogenic enzyme expression, whereas 

bariatric surgery restored and, in some cases, even 

enhanced these levels beyond those observed in controls. 

A similar trend was observed for GLUT4, FAS, and 

ADH1B mRNA expression, reflecting a “super-normal” 

state previously reported in women five years post-

bariatric surgery, who showed higher insulin sensitivity 

compared to controls [37]. 

Subcutaneous adipose tissue (SAT) serves as the primary 

lipid storage site, yet its expansion capacity is limited. 

When expansion is insufficient, hypertrophic adipocytes 

develop, leading to reduced lipid storage efficiency, 

increased lipolysis, and ectopic fat deposition, all of which 

promote systemic insulin resistance. The limited storage 

capability of SAT is a key contributor to obesity-related 

metabolic complications [38, 39]. Enhancing the lipid 

storage capacity of adipose tissue may therefore prevent 

ectopic fat accumulation and maintain metabolic 

homeostasis. 

Consistent with this, bariatric surgery–induced weight loss 

improved glucose uptake, as reflected by higher HK 

activity, and enhanced de novo lipogenesis, indicated by 

elevated ACC and FAS protein and mRNA levels. These 

changes occurred alongside improved insulin sensitivity, 

evidenced by reductions in HOMA-IR and fewer patients 

requiring T2D medication, as well as increased AKT 

levels. Furthermore, GLUT4 mRNA expression, the main 

insulin-responsive glucose transporter, was up-regulated 
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following bariatric surgery, which likely contributed to the 

observed increases in glucose uptake and lipogenesis in 

aSAT. Reduced GLUT4 and lipogenesis in adipocytes are 

known to impair synthesis of branched fatty acid esters of 

hydroxy fatty acids (FAHFAs), a lipid family secreted by 

adipose tissue that enhances insulin-stimulated glucose 

transport, promotes GLP-1 and insulin secretion, and 

exerts anti-inflammatory effects [40]. 

In humans, ADH1B expression is negatively associated 

with waist circumference, BMI, fasting plasma insulin 

[41], and adipocyte size [42], and it has also been linked 

to body weight regulation [43]. These observations have 

led to the suggestion that ADH1B may play a role in 

adipose tissue (AT) expandability [42]. In our study, both 

ADH1B protein and mRNA levels were reduced in 

obesity, but bariatric surgery (BS) not only restored these 

levels but in some cases surpassed those observed in the 

control group, reinforcing the inverse relationship between 

ADH1B and BMI, insulin resistance, and adipocyte size. 

While this does not conclusively confirm Voguel et al.’s 

hypothesis, it provides supporting evidence that aSAT 

expandability improves following BS. 

Adipocytes adapt to excess energy through structural 

remodeling, which can manifest as hypertrophy or 

hyperplasia. Evidence suggests that hypertrophy is linked 

to relative insulin sensitivity or early stages of insulin 

resistance, whereas hyperplasia is associated with more 

pronounced insulin resistance and increased risk of type 2 

diabetes (T2D) [44–47]. Individuals with a predominance 

of small adipocytes tend to exhibit impaired fat storage 

and adipogenesis, which increases their susceptibility to 

insulin resistance and T2D [48–50]. Although some 

studies have reported bimodal or trimodal distributions of 

adipocyte sizes [44, 50, 51], we did not observe such 

patterns in any of the conditions studied [37]. Across all 

groups, adipocyte diameters followed a normal 

distribution, with pre-BS obese patients displaying larger 

cells. Following BS and weight normalization, adipocyte 

size distribution was restored. The reduction in 

hypertrophy likely contributed to improved metabolic 

function, as larger adipocytes are associated with T2D, 

metabolic dysfunction, and a diminished capacity of AT to 

store lipids or release free fatty acids [16]. 

Low-grade inflammation in adipose tissue (AT) is a key 

contributor to the development of obesity-associated 

insulin resistance and cardiovascular disease [52, 53]. In 

line with our proteomic findings, which showed down-

regulation of immune-related proteins after bariatric 

surgery (BS), S100A8 mRNA expression was elevated in 

obesity and decreased following BS in aSAT. These 

observations are consistent with previous studies. In 

humans, circulating S100A8/A9 levels have been linked 

to both insulin resistance [54] and obesity [54, 55], with 

higher levels associated with persistent diabetes after BS. 

Specifically, reductions in circulating S100A8/A9 were 

observed in diabetic patients prior to, but not after, BS, and 

in non-diabetic individuals, but not consistently in diabetic 

subjects both before and after BS [56]. Additionally, 

studies in mice and humans indicate that S100A8 plays a 

role in recruiting macrophages into AT [36, 57]. Beyond 

immune-related proteins, weight loss also led to a decrease 

in oxidative stress–related proteins, such as peroxiredoxin-

2 (PRDX2; p = 1.46×10−10), which has been implicated in 

linking inflammation and oxidative stress and is associated 

with TNFα production [58]. 

Although AT inflammation is well-known to promote 

insulin resistance, its exact cause remains uncertain. AT 

hypoxia has been proposed as one potential mechanism 

[59], but Woo et al. recently suggested that mitochondrial 

dysfunction in adipocytes may be a primary driver of 

inflammation [60]. Their work demonstrated that 

mitochondrial integrity in white adipocytes is crucial for 

adiponectin production and that thiazolidinedione 

treatment enhances insulin sensitivity and adiponectin 

levels by increasing mitochondrial content [60]. In 

morbidly obese populations, an inverse relationship 

between inflammation and mitochondrial function has 

been observed: AT and SAT from insulin-resistant and 

T2D individuals show reduced mitochondrial density [61–

63], limiting mitochondria-derived energy for lipogenesis. 

Dysfunctional mitochondria in human white AT may also 

promote the release of lipid metabolites and lactate, which 

are linked to peripheral insulin resistance [31]. In our 

study, multiple proteins involved in the citric acid cycle, 

respiratory electron transport, and ATP generation via 

chemiosmotic coupling were upregulated following BS. 

We also showed that obesity reduced mitochondrial 

coverage and density, which were restored after BS, 

highlighting the connection between mitochondrial 

dysfunction in aSAT and obesity. Mitochondrial coverage 

and density were inversely correlated with inflammation 

and positively associated with glucose uptake, lipogenesis, 

and insulin sensitivity. Additionally, tumor protein D54 

(TPD54), which increased markedly after weight loss, has 

recently been localized to mitochondria; knockdown of 

TPD54 has been suggested to impair pyruvate 

dehydrogenase activity, reducing mitochondrial oxidative 

phosphorylation [64]. 

Our study has several strengths but also some limitations. 

The sample size of post-BS patients was small, limiting 

our ability to assess differences by sex, type of surgery, or 

comorbidities such as T2D. Furthermore, only a specific 

adipose biopsy area was analyzed, so regional variations 

in fat depth could not be accounted for. Nevertheless, the 

proteome was highly consistent across patients, and the 

analysis of genes, proteins, and mitochondrial 

morphometrics corroborated the proteomic data, 

reinforcing the robustness of our findings. 
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Future research should monitor these parameters 

longitudinally in larger cohorts to determine which 

changes are directly attributable to weight loss and which 

improvements occur independently of substantial weight 

reduction. 

Conclusions 

To our knowledge, this study represents the first “label-

free” quantitative proteomics analysis employing the 

SWATH-MS approach to identify proteins in aSAT whose 

expression is altered following weight loss induced by 

bariatric surgery. The pathways and protein classes most 

affected were associated with metabolism, immune 

regulation, and mitochondrial function, among others. 

Furthermore, we identified specific molecular 

mechanisms, genes, and proteins that contribute to 

improved adipose tissue function, including reduced 

inflammation, enhanced glucose uptake, increased insulin 

sensitivity, elevated de novo lipogenesis, improved 

mitochondrial performance, and smaller adipocyte size. 

Collectively, these findings indicate that bariatric surgery 

reshapes aSAT functionality, which likely underlies the 

metabolic benefits observed both locally in adipose tissue 

and systemically. 
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surgery–induced weight loss, sorted by p-value. BS = 

bariatric surgery. 

• Table S3: GO categories significantly enriched (adjusted 

p < 0.05) in proteins regulated by weight loss, based on 

FunRich analysis. 

• Table S4: Reactome pathway enrichment for proteins 

significantly altered by weight loss following bariatric 

surgery, quantified using SWATH-MS, with a p-value 

cutoff of <10−5. 
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of patients analyzed by Western blot; values are presented 

as mean ± SEM. Statistical differences are indicated by 
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are expressed as mean ± SEM, with statistically significant 
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