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The differential expression

of adipose tissue genes in short,
medium and long-term periods
after bariatric surgery
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Bariatric surgery is an approved treatment for obesity that consistently improves metabolic
syndrome, with well-documented beneficial effects on dyslipidemia, cardiovascular risk, nonalcoholic
fatty liver disease and glucose homeostasis. In this study, we determined the differential expression
genes in three periods after bariatric surgery: short-term (4-months), medium-term (1- and 2-years),
and long-term (5-years) periods. Two microarray profiles were downloaded from the Gene Expression
Omnibus (GEO) database. Differentially expressed genes (DEGs) were identified by comparing

the expression of adipose tissue genes before surgery compared to short, medium and long-term
periods following surgery. Shared DEGs for the medium-term were evaluated by comparing the DEGs
for both 1 and 2 years. 165, 65, and 59 DEGs were identified in short-medium-long periods. The
protein—protein interactions were analyzed by STRING. A co-expression network was constructed

by mapping the DEGs onto the GeneMANIA plugin of Cytoscape. Gene Ontology (GO) enrichment,
Kyoto Encyclopedia of Genes and Genomes (KEGG) and wikipathway analysis were done for each
group of DEGs. Interleukin-8 receptor activity, complement receptor activity and opsonin receptor
activity/N-formyl peptide receptor activity in GO Function enrichment and cellular response to
interleukin-8, positive regulation of hippocampal neuron apoptotic process, and positive regulation
of hippocampal neuron apoptotic process in GO Process showed the best scores in short-, medium-,
and long-term periods, respectively. Eight genes, including CCL2 (Chemokine ligand 2), CXCR4 (CXC
motif chemokine receptor 4), EGR2 (Early Growth Response 2), FPR1 (Formyl Peptide Receptor 1), IL6
(interleukin-6), RGS2 (regulator of gene protein signaling2), SELPLG (Selectin P Ligand), and THBS1
(Thrombospondin 1) were identified as shared DEGs in the three periods after surgery. Importantly,
results of DAVID database analysis showed 7, 6, 4, and 4 of these genes have roles inimmune/ cancer/
cardiovascular diseases, type 2 diabetes, myocardial infarct, and atherosclerosis, respectively.
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Obesity is increasing in prevalence resulting in a global epidemic. In patients with severe obesity, bariatric
surgery can be an effective intervention resulting in significant and sustained weight loss with documented
effects on improving health-related quality of life, longevity and remission of type 2 diabetes (T2D)'~!2. Bariat-
ric surgery may be performed using several different procedures that include Roux-en-Y gastric bypass, sleeve
gastrectomy, adjustable gastric band, biliopancreatic diversion with duodenal switch, and single anastomo-
sis duodeno-ileal bypass with sleeve gastrectomy!. Various bariatric surgery proceedures are associated with
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substantial and durable weight loss'*. Many benefits of bariatric surgery appear to occur rapidly after surgery
with a marked reduction in cardiovascular risk factors'® and with rapid improvement in glycemic control in those
with diabetes!®, effects that may last at least 12 years!”. It is therefore evident that the clinical and biochemical
parameters improve following bariatric surgery'’, but it is unclear if the metabolic processes normalize even
if body mass index (BMI) remains elevated above the accepted upper limit of normal (BMI above 25kg/m?).

Microarray is a technology to show gene expression patterns in various tissues, which can help us understand
the biology and molecular mechanisms. This tool can be used to find differentially expressed genes (DEGs), bio-
markers, and therapeutic targets'”. Increasing global obesity and its associated public health burden underscores
a pressing need for early biomarker predictors of weight-loss success. There is differential gene expression after
bariatric surgery, as shown in the bioinformatic study on subcutaneous adipose tissue, which demonstrated dif-
ferential gene expression for immunoregulation after bariatric surgery. Identification differential gene expression
after bariatric surgery could help scientists to elucidate the mechanistic beneficial effects of bariatric surgery.
The gene MXRAS5 was suggested to be involved in the regulation of lipid metabolism'®. This is indicative of the
metabolic processes and improved function'? that are reported following surgery. The differential gene expres-
sion at differing time points following surgery is less clear; however, their analysis would give an indication of
the overarching dynamic processes occurring because of surgery, whether these are maintained after surgery or
if they return to pre-surgery expression levels, hence the rationale for this study.

Methods

Data collection and preprocessing

We used two gene expression profiles including GSE29411 and GSE199063 to explore the gene expression dif-
ferences caused by bariatric surgery (Table 1). These data were downloaded from the Gene Expression Omnibus
(GEO, https://www.ncbi.nlm.nih.gov/geo) and preprocessed with GEO2R (Version information of R script: R
3.2.3, Biobase 2.30.0, GEOquery 2.40.0, limma 3.26.8).

Identification of DEGs

Differentially expressed genes (DEGs) before and after surgery were constructed, short-, medium- and long-
term periods were investigated as shown in Table 2. For the medium-term period, shared DEGs between the
two time points, one and 2 years, were assessed. Genes with a Log fold change (LFC) > 1 and p-value < 0.05 were
considered to be DEGs. A positive fold change value indicates an increase in gene expression, while a negative
fold change indicates a decrease in gene expression. A p-value of <0.05 was accepted as showing significant gene
expression changes. The series matrix files were annotated with official gene symbols using the platform files and
annotation packages in the R software. For GSE199063, only NCBI accession numbers were given, which were
converted to the gene symbols using the NCBI database (https://www.ncbi.nlm.nih.gov/). Venn plot, volcano
plot, and gene fold change bar plot created by SRPLOT tools (https://www.bioinformatics.com.cn/en). Other
related plots were created using GEO2R analysis.

Interaction networks

The STRING online tool (https://string-db.org/) was used for the identification of protein—protein interactions
(PPI) of identified DEGs. The STRING database covers the number of 67.6 million proteins from 14,094 organ-
isms. It provides direct (physical) interactions and indirect (functional) associations; they stem from computa-
tional prediction, knowledge transfer between organisms, and from interactions aggregated from other (primary)
databases.

GEO accession

Experiment type Source Type of sample Groups/number Treatment

Before (n=5)

GSE29411 Expression profiling by array Obese women Subcutaneous adipose tissue After 4 months (n=5) Bariatric surgery
After 1 year (n=5)
Before (n=50)

GSE199063 Expression profiling by array Obese women Subcutaneous adipose tissue After 2 years (n=49) Bariatric surgery

After 5 years (n=38)

Table 1. Gene expression profiles were used in this study.

Periods | Groups GEO accession | Number of DEGs
1 Short Before surgery/after 4 months | GSE29411 165
2 Before surgery/after 1 year GSE29411 515
Medium
3 Before surgery/after 2 years GSE199063 175
4 Long Before surgery/after 5 years GSE199063 102

Table 2. DEGs in each period divided by GSEs.
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The interaction networks at the gene level were built by the GeneMANIA Cytoscape plugin. Gene co-
expression network of DEGs contain physical, co-expression, and pathway gene-gene interactions were con-
structed. Moreover, Transcription Factor Enrichment Analysis (TFEA), Kinase Enrichment Analysis (KEA), and
eXpression2Kinases Network were retrieved from X2Kweb (https://maayanlab.cloud/X2K/).

Gene ontology and pathway enrichment analysis.
Gene ontology, KEGG and WIKIpathway analysis were retrieved from string results. Pathway analysis bar graph
of DEGs after weight loss was retrieved from EnrichR (https://maayanlab.cloud/Enrichr/).

Evaluation of shared key genes in short-, medium- and long-term periods after metabolic
surgery

DEGs identified in short-, medium- and long-term periods were compared and shared DEGs in these three
periods were discovered. The effect of these genes in metabolic-related disease was evaluated using DAVID
bioinformatics resources (https://david.ncifcrf.gov) and were converted to GO chord format using metascape
to GO chord format conversion tool (https://www.bioinformatics.com.cn/GO_chord_data_format_convert_
t002_en). Then chord plots were designed using GO chord tool (https://www.bioinformatics.com.cn/plot_basic_
GOplot_chord_plot_085_en).

Results

Identification of the DEGs

Bariatric surgery was considered as the target treatment; therefore, gene expression of patients before and after

treatment was compared. Plots including volcano plot, gene expression value distribution for dataset, Q-Q plot,

mean variance trend and expression density curve were applied for each comparison of the datasets (Fig. 1).
The genes with p-value <0.05 and | LFC | > 1 were considered DEGs. DEGs of GSE29411 and GSE199063

in each group were identified (Table 2).

Identification of DEGs in short-term following bariatric surgery

In GSE29411, we compare gene expression before and 4 months (short-term) after bariatric surgery. In total,
92 up- and 73 down-regulated DEGs were found for short-term and Supplementary Table 1 shows the list of
identified DEGs in short-term after bariatric surgery. The top 20 DEGs for short-term, based on the magnitude
of | LFC | , was given in the gene fold change bar plot (Fig. 2A). FOSB, NR4A2, and FOS were the most up-
regulated and CSN1S1 and EGFL6 were the most down-regulated for short-term DEGs. Further X2K analysis
were done to identify up-stream regulation of the top short-term DEGs. Results demonstrated STAT3, SRE and
RUNXI1 and MAPK1, CDKI1, and ERK1 as up-stream transcription factors and kinases (Fig. 2B-D).

Identification of DEGs in medium-term following bariatric surgery

DEGs in each data sets of GSE199063 and GSE29411 were identified compared to baseline prior to surgery
(Supplementary Tables 2 and 3). Subsequently, the 515 DEG genes in GSE199063 were compared with the 300
DEGs in GSE29411. Finally, 65 shared DEGs in the medium-term were identified (Fig. 3 and Table 3). IL6, RGS]I,
CCL2, and EGR2 were the most up-regulated and TF, SLC7A10, and FGFBP2 were the most down-regulated
DEGs in the medium-term. Up and down regulated genes were shown in gene fold change bar plot (Fig. 4A
and B). Further X2K analysis were done to identify up-stream regulation of top medium-term DEGs. Results
demonstrated SPI1, RUNX1, POU5F1 and CSNK2A1, MAPK1, and MAPK3 as up-stream transcription factors
and kinases (Fig. 4C-E).

Identification of DEGs in long-term following bariatric surgery

In GSE199063, gene expression was compared before and 5 years after bariatric surgery. In total, 59 up- and 43
down-regulated DEGs were found in long-term following bariatric surgery as shown in Supplementary Table 4.
Top 20 DEGs in long-term based on the magnitude of | LFC | was given in the gene fold change bar plot
(Fig. 5A). TYROBP, FCERI1G, and VSIG4 and ELOVL6 were the most up-regulated and SLC27A2 and PKP2
were the most down-regulated long-term DEGs. Further X2K analysis were done to identify up-stream regula-
tion of top long-term DEGs. Results demonstrated SPI1, RUNXI, and IRF8 and MAPK3, ABL1, and MAPKI as
up-stream transcription factors and kinases (Fig. 5B-D).

Interaction networks of the DEGs
The PPI was analyzed by the STRING online tool. In total, 401 DEGs in short-term, 65 DEGs in medium-term,
and 855 DEGs in long-term were separately analyzed (Fig. 6). Properties of the networks are shown in Table 4.
P-values of all these networks are very significant, indicating that the proteins have more interactions among
themselves than what would be expected for a random set of proteins of the same size and degree distribution
drawn from the genome. Such an enrichment indicates that the proteins are at least partially biologically con-
nected as a group.

Co-expression network for DEGs were constructed by mapping genes onto a database of functional-interac-
tion datasets in the GeneMANIA plugin of Cytoscape (Fig. 7). Gene-correlation interactions consisting of 182
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Fig. 1. Identification of DEGs. Rows: 1: after 4 months, 2: after 1 year, 3: after 2 years, 4: after 5 years. Columns:
A. volcano plot, B. Gene expression value distribution for dataset (Each box plot represents gene expression
value of one patient sample), C: Q-Q plot, D: mean variance trend, E: expression density curve.

nodes and 5040 edges in short-term, 85 nodes and 2589 edges in medium-term, and 79 nodes and 2574 edges
in long-term.

GO enrichment and, pathway analysis

GO enrichments including component, function, and process were done for each group of DEGs. Five top results
of GO enriched terms in each time period based on the false discovery rate and strength are shown in Table 5.
Moreover, Pathway analysis using KEGG and WikiPathways studies were done for each group of DEGs. Five
top pathway results in each time period based on the false discovery rate and strength are shown in Table 6.

Key DEGs in short-, medium- and long-term periods after bariatric surgery

Shared DEGs in short-, medium- and long-term periods were evaluated and named as key genes. 8 key genes
including CCL2, CXCR4, EGR2, FPR1, IL6, RGS2, SELPLG, and THBS1 were identified as shared genes in the
three periods (Table 7). The effect of these genes on metabolic-related diseases was investigated. As shown in
Fig. 8, results of DAVID database showed that 7 genes have roles in immune, cancer, and cardiovascular diseases.
Moreover, 6, 4, and 4 genes play roles in Type 2 Diabetes, myocardial infarct and atherosclerosis, respectively.
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Fig. 2. Top DEGs for short-term (4 months) after bariatric surgery. (A) Gene fold change bar plot of top 20
DEGs in based on the magnitude of | LFC | . (B) Transcription Factor Enrichment Analysis (TFEA). (C)
Kinase Enrichment Analysis (KEA). (D) eXpression2Kinases Network.
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Fig. 3. Venn plot of shared DEGs in GSE199063 and GSE29411 from the medium-term following surgery. (A)
Venn plot upregulated genes. (B) Venn plot of downregulated genes.

Comparing DEGs after bariatric surgery with DEGs after diet-induced weight loss

To explain whether the gene expression change that occurred was due to weight loss or due to the impact of
surgery, we used microarray data set from subcutaneous adipose tissue obtained in 27 moderate obese women
who underwent diet induced weight loss (GSE112307). Gene expression before and after diet induced weight loss
was analyzed and DEGs were identified. Diet-DEGs were compared with three sets of DEGs (short, medium, and
long-term following bariatric surgery) separately; however, no similar DEGs were found. Further functional anal-
ysis showed that diet-DEGs impacted on pathways of the Sterol Regulatory Element Binding Proteins (SREBP)
signaling, biosynthesis of unsaturated fatty acids, and regulation of cholesterol biosynthesis by SREBP (Fig. 9).

Evaluation of key DEGs

To evaluate the identified key DEGs, we evaluated identified key DEGs in another microarray dataset (GSE83223)
that contain transcriptional profiling of women following Roux-en-Y Gastric Bypass in peripheral blood samples.
LFC of key DEGs in this dataset after 6 months is shown in Fig. 10. Expression of IL6 and CCL2 were not found
in this dataset. RGS2, EGR2, CXCR4, SELPLG, THBSI, FPR1 were found to be up-regulated in adipose samples
after bariatric surgery in three time point. Similarly, in blood samples of GSE83223 profile, CXCR4, SELPLG,
THBS1, FPR1 were upregulated; although, RGS2 and EGR2 were down-regulated.

Discussion

This study has shown that there was a marked increase in the number of DEGs following bariatric surgery.
The best scores in the short, medium, and long-term period following bariatric surgery were for interleukin-8
receptor activity, complement receptor activity and opsonin receptor activity/N-formyl peptide receptor activity
in GO Function enrichment and cellular response to interleukin-8, positive regulation of hippocampal neuron
apoptotic process and positive regulation of hippocampal neuron apoptotic processes. Eight genes including
CCL2, CXCR4, EGR2, FPR1, IL6, RGS2, SELPLG, and THBS1 were identified as sharing DEGs in the three
periods after surgery. These genes have roles in immunity, cancer and cardiovascular diseases and have been
related to disease processes, including type 2 diabetes, myocardial infarction, and atherosclerosis. This is seen
from a clinical perspective with an improvement in diabetes'®* a reduction in cardiovascular events®* and the
long-term reduction in cancer incidence®.

Rapid weight loss following surgery is anticipated, with a sustained and progressive loss over the first year
that tends to plateau after that**. Marked improvement in the metabolic features is seen in the short term (4
months), and therefore it was expected that the DEGs would be increased compared to baseline following surgery;
however, the number of DEGs increased further at 1 year and then overall fell subsequently, though still greater
than baseline. The chemokine CCL2, which has an important role in the infiltration of monocytes/macrophages
in inflammation?, increased within 4 months and increased further at 1 year before decreasing thereafter, but
not to presurgical levels. CXCR4, which improves T cell homing and function?, increased within 4 months and
increased further at 1 year before decreasing to presurgical levels at 2 years, but it is unclear why it increased
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Gene symbol Gene title SPOT_ID
ADAMTS4 ADAM metallopeptidase with thrombospondin type 1 motif 4 NM_005099//RefSeq
ALOX5AP Arachidonate 5-lipoxygenase activating protein NM_001204406//RefSeq
AQP9 Aquaporin 9 NM_020980//RefSeq
BCL2Al BCL2 related protein Al NM_001114735//RefSeq
Clorf162 Chromosome 1 open reading frame 162 NM_001300834//RefSeq
C1QB Complement C1q B chain NM_000491//RefSeq
C3AR1 Complement component 3a receptor 1 NM_004054//RefSeq
C5AR1 Complement component 5a receptor 1 NM_001736//RefSeq
CCL18 C-C motif chemokine ligand 18 NM_002988//RefSeq
CCL2 C-C motif chemokine ligand 2 NM_002982//RefSeq
CCR1 C-C motif chemokine receptor 1 NM_001295//RefSeq
CD14 CD14 molecule NM_000591//RefSeq
CD300A CD300a molecule NM_001256841//RefSeq
CD83 CD83 molecule NM_001040280//RefSeq
CDKN2C Cyclin dependent kinase inhibitor 2C NM_001262//RefSeq
CORO1A Coronin 1A NM_001193333//RefSeq
CTSS Cathepsin S NM_001199739//RefSeq
CXCR4 C-X-C motif chemokine receptor 4 NM_001008540//RefSeq
CYTIP Cytohesin 1 interacting protein NM_004288//RefSeq
DOCK2 Dedicator of cytokinesis 2 NM_004946//RefSeq
EGR2 Early growth response 2 NM_000399//RefSeq
ELOVL6 ELOVL fatty acid elongase 6 NM_001130721//RefSeq
FASN Fatty acid synthase NM_004104//RefSeq
FCERIG Fc fragment of IgE receptor Ig NM_004106//RefSeq
FCGR2A Fc fragment of IgG receptor ITa NM_001136219//RefSeq
FGFBP2 Fibroblast growth factor binding protein 2 NM_031950//RefSeq
FGR FGR proto-oncogene, Src family tyrosine kinase NM_001042729//RefSeq
FOLR2 Folate receptor beta NM_001288705//RefSeq
FPR1 Formyl peptide receptor 1 NM_001193306//RefSeq
FPR3 Formyl peptide receptor 3 NM_002030//RefSeq
GPR183 G protein-coupled receptor 183 NM_004951//RefSeq
GPR65 G protein-coupled receptor 65 NM_003608//RefSeq
HCK HCK proto-oncogene, Src family tyrosine kinase NM_001172129//RefSeq
HCLS1 Hematopoietic cell-specific Lyn substrate 1 NM_001292041//RefSeq
IL6 Interleukin 6 NM_000600//RefSeq
ITGAM Integrin subunit alpha M NM_000632//RefSeq
JAML Junction adhesion molecule like NM_001098526//RefSeq
LCP2 Lymphocyte cytosolic protein 2 NM_005565//RefSeq
LILRB2 Leukocyte immunoglobulin like receptor B2 NM_001080978//RefSeq
LYVEL Lymphatic vessel endothelial hyaluronan receptor 1 NM_006691//RefSeq
MNDA Myeloid cell nuclear differentiation antigen NM_002432//RefSeq
MS4A4A Membrane spanning 4-domains A4A NM_001243266//RefSeq
MYOIF Myosin IF NM_012335//RefSeq
NCF2 Neutrophil cytosolic factor 2 NM_000433//RefSeq
NCF4 Neutrophil cytosolic factor 4 NM_000631//RefSeq
PIK3CG Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma | NM_001282426//RefSeq
PTGDS Prostaglandin D2 synthase NM_000954//RefSeq
PTPN6 Protein tyrosine phosphatase, non-receptor type 6 NM_002831//RefSeq
RARRES1 Retinoic acid receptor responder 1 NM_002888//RefSeq
RASSF2 Ras association domain family member 2 NM_014737//RefSeq
RGS1 Regulator of G-protein signaling 1 NM_002922//RefSeq
RGS2 Regulator of G-protein signaling 2 NM_002923//RefSeq
SELPLG Selectin P ligand NM_001206609//RefSeq
SGK1 Serum/glucocorticoid regulated kinase 1 NM_001143676//RefSeq
SLC7A10 Solute carrier family 7 member 10 NM_019849//RefSeq
SLCO2B1 Solute carrier organic anion transporter family member 2B1 NM_001145211//RefSeq
Continued
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Gene symbol Gene title SPOT_ID

SMAP2 Small ArfGAP2 NM_001198978//RefSeq
TF Transferrin NM_001063//RefSeq
TFRC Transferrin receptor NM_001128148//RefSeq
THBS1 Thrombospondin 1 NM_003246//RefSeq
TLR1 Toll like receptor 1 NM_003263//RefSeq
TLR8 Toll like receptor 8 NM_016610//RefSeq
TNFAIP3 TNF alpha induced protein 3 NM_001270507//RefSeq
TYROBP TYRO protein tyrosine kinase binding protein NM_000397//RefSeq
VSIG4 V-set and immunoglobulin domain containing 4 NM_001100431//RefSeq

Table 3. List of identified shared DEGs in medium-term.

again at 5 years. EGR2, which is important in macrophage function?, increased within 4 months and increased
further at 1 year before decreasing to presurgical levels at 2 years. FPR1, which is important in chemoattrac-
tion of macrophages, phagocytosis, and the inflammatory profile of macrophages®, increased within 4 months
before decreasing to presurgical levels at 1 year, but it is unclear why there was an increase again at 5 years. IL6,
which has pleiotropic functions in both immune and nonimmune cells*, increased within 4 months and was
still elevated at 1 year before decreasing to presurgical levels at year two. RGS2, which has a role in vascular
contractility®?, increased at 4 months and at 1 year before decreasing, but not to presurgical levels, but again it
is unclear why there was an increase again at 5 years. SPLG, which is involved in the recruitment of activated
lymphocytes®, increased at 1 year and continued to be expressed at 2 and 5 years.

THBS1, which is involved in the inflammatory response with TGF-betal*, increased within 4 months and
maintained at that level of expression for up to 5 years. It can be seen that all of these genes are involved in the
immune response and/or the inflammatory response, and the results are in accord with other bioinformatic
studies on subcutaneous adipose tissue where there is evidence of differential gene expression for immunoregu-
lation and inflammation after bariatric surgery'®'°. Speculatively, this suggests that DEGs expression occurs
immediately after surgery, but that there is likely an evolution of further DEGs over the first year when weight
loss is expected to continue, which may reflect the progressive, beneficial effect of weight loss. Unfortunately,
in this data set, the BMIs were not available to answer the questions that arose from this study. For example, are
the DEGs reflecting absolute or relative weight loss, the rate of weight loss or the type of bariatric procedure
employed. It appeared that the number of DEGs fall after the first year that may be explained by the potential
scenario of weight loss of the first year that then plateaus. However, many of the DEGs remain above baseline
in the medium and long term and that may suggest this is the new "normal" following surgery. It would be
particularly interesting to compare these DEGs prospectively in a cohort following surgery or compared to
an overweight and a non-obese weight population to determine if this is gene expression, which was affected
by weight gain, has been reversed, or whether the DEGs are still being activated as a response to weight loss
surgery. In a systematic review of differentially expressed genes in subcutaneous adipose tissue of lean, obese
and post-Roux-en-Y bariatric surgery at distinct time points, the lean state as well as the post- Roux-en-Y were
similar in terms of increased gene expression for insulin-sensitization, lipogenesis induction and downregulating
inflammation cytokines and markers®, however, it was not clear at what BMI that gene expression normalized.

Investigation of gene ontology process of identified DEGs demonstrated that these genes mostly affect
immune function. DEGs in the short-term were mostly involved in interleukin 8-receptor activity and interleu-
kin 8 binding, whilst the DEGs in the medium- and long-term were mostly involved in complement receptor
activity and complement binding. Kerr et al. showed the involvement of down-regulated genes after bariatric
surgery in immune response processes. Liu et al. evaluate DEGs after bariatric surgery and found that DEGs
play roles in the immune response and neutrophil-mediated immunity*’.

Ortega et al. using bioinformatics analysis of microarray datasets found that bariatric surgery led to increased
expression of interleukin 6, interleukin 8, tumor necrosis factor a and lipopolysaccharide-binding protein and
decreased expression of GLUT4, IRS1, and adiponectin®’. Berisha et al. reported DEGs after bariatric surgery in
whole blood from eleven obese subjects with type 2 diabetes. Their results showed that 200 DEGs were altered;
among them GGT1, CAMP, DEFA1, LCN2, TP53, PDSS1, OLR1, CNTNAP5, DHCR24, HHAT and SARDH
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Fig. 4. Gene fold change bar plot of shared DEGs in the medium-term following bariatric surgery. (A)

Fold change of genes after 2 years in GSE199063. (B) Fold change of genes after 1 year in GSE29411. Red

bars represent up-regulated genes and green bars represent down-regulated genes. (C) Transcription Factor
Enrichment Analysis (TFEA). (D) Kinase Enrichment Analysis (KEA). (E) eXpression2Kinases Network. CCL2,
and EGR2 TF, SLC7A10, and FGFBP2.
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Fig. 5. Top DEGs in long-term following bariatric surgery. (A) Gene fold change bar plot of top 20 DEGs
in based on the magnitude of | LFC | . (B) Transcription Factor Enrichment Analysis (TFEA). (C) Kinase
Enrichment Analysis (KEA). (D) eXpression2Kinases Network.
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Fig. 6. PPI networks for DEGs. (A) Short-term. (B) Medium-term. (C) Long-term. The circles represent the
proteins encoded by the corresponding genes; lines represent the interactions between the proteins.
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Periods nodes | edges | Average node degree | Average local clustering coefficient | Expected number of edges | p-value

Short 162 624 7.7 0.457 196 <1.0e-16
Medium | 65 399 12.3 0.574 36 <1.0e-16
Long 59 395 13.4 0.599 32 <1.0e-16

Table 4. Properties of PPI analysis.

that have been implicated in lipid metabolism, obesity and/or type 2 diabetes™. Van der Kolk et al. investigated
differential mitochondrial gene expression in adipose tissue after weight loss through bariatric surgery or diet.
Their results showed upregulation of the OXPHOS pathway after bariatric surgery*. Nicoletti et al. identified
differentially methylated and expressed genes in leukocytes after bariatric surgery. Their results demonstrated
differentially methylation in the promoter region and gene body of ZFP36L1 and USP32 after bariatric surgery
that affects NIK/NF-kappaB signaling, MAPK cascade, and cellular responses to an insulin stimulus. These genes
were enriched in functions of orexigenic, adipogenesis, insulin metabolism pathways and oxidative stress*.

To explain that the gene expression change that occurred was due to weight loss or due to the impact of sur-
gery, DEGs after diet induced weight loss were compared to DEGs after bariatric surgery; however, no similar
DEGs were found. Moreover, pathways analysis showed different effect caused by bariatric surgery.

The strength of this study was the identification of the DEGs over the short medium and long term that
reflects the clinical information that is well recognized following bariatric surgery. This study is limited by the
number of databases that we had access to and the demographic data available. The study does not answer the
questions arising on the effect on DEG depending on the type of surgery, or expression of DEG to absolute
versus relative weight loss and if the rapidity of weight loss is also important; however, the fold increase in DEG
for some of the genes increasing to 1 year would suggest that progressive weight loss over this period may be an
important parameter.

In conclusion, this analysis has shown that DEG expression for CCL2, CXCR4, EGR2, FPR1, IL6, RGS2,
SELPLG and THBSI occurs in the short-, medium-, and long-term period following bariatric surgery, which
have important functions related to immunity, cancer, cardiovascular diseases and type 2 diabetes, reflecting the
clinical improvement seen in patients undergoing successful bariatric surgery.
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Fig. 7. Gene-gene interaction networks for DEGs. (A) Short-term. (B) Medium-term. (C) Long-term following
bariatric surgery. A set of genes were provided as a query (black nodes), and additional genes were predicted to
be related (grey nodes).
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Category ID Description Strength g?:zzvery rate
A GO component G0:0035976 Transcription factor AP-1 complex | 1.96 0.0032
A GO component GO:0005641 Nuclear envelope lumen 1.56 0.0113
A GO component GO0:0034362 Low-density lipoprotein particle 1.45 0.0191
A GO component GO0:0034358 Plasma lipoprotein particle 1.1 0.0226
A GO component GO:0030665 Clathrin-coated vesicle membrane | 0.81 0.0247
A GO function GO0:0004918 Interleukin-8 receptor activity 2.08 0.0348
A GO function G0:0019959 Interleukin-8 binding 1.91 0.0496
A GO function G0:0050786 RAGE receptor binding 1.7 0.00032
A GO function GO:0016494 accglfl ifyChem"ki“e receptor 1.66 0.0115
A GO function GO:0030169 Low-density lipoprotein particle | ; 45 0.0069
binding
A GO process GO:0098759 Cellular response to interleukin-8 | 2.08 0.0005
A GO process GO0:0070488 Neutrophil aggregation 2.08 0.011
A GO process GO:0060086 Circadian temperature homeo- | ; g, 0.0161
A GO process GO:0061771 Response to caloric restriction 1.91 0.0161
A GO process G0:0070101 Pyﬂ":éﬁ;‘iéi%;}f;f&‘;;Ziﬁjv‘:yokme’ 191 0.0161
B GO component GO0:0032010 Phagolysosome 2 0.0164
B GO component GO:1990712 HFE-transferrin receptor complex | 1.88 0.0225
B GO component G0:0043020 NADPH oxidase complex 1.67 0.0416
B GO component GO0:0101003 ficolin-1-rich granule membrane | 1.3 0.004
B GO component | GO:0070821 Tertiary granule membrane 122 0.0072
B GO function GO0:0004875 Complement receptor activity 2.04 0.00024
B GO function GO0:0001848 Complement binding 1.63 0.027
B GO function GO:0140375 Immune receptor activity 1.26 6.35E-05
B GO function GO:0004888 Zé;‘xgembme signaling receptor | 5 0.0015
B GO function G0:0038023 Signaling receptor activity 0.57 0.0009
B GO process GO:0110090 Egiirtg;ear;%;:zttiir;fggspspocampal 2.48 0.0034
B GO process GO:0071727 ﬁ:}lﬁg‘(’r;:;fi‘;‘e‘“ to triacyl bacte- |, 5 0.0052
B GO process GO:1904151 f:lfii‘;if;ggi‘yif;(‘)’;‘c‘ﬁ;“’ghal 23 0.0052
B GO process GO:0038123 ;‘;gjfil‘:gr;:fgs‘j’:yTLRhTLRz 2.18 0.0073
B GO process GO:0072672 Neutrophil extravasation 2 0.0121
C GO component G0:0032010 Phagolysosome 2.04 0.0142
C GO component GO0:0043020 NADPH oxidase complex 1.71 0.0418
C GO component GO0:0101003 ficolin-1-rich granule membrane | 1.34 0.003
C GO component GO:0070821 Tertiary granule membrane 1.26 0.0055
C GO component GO:0070820 Tertiary granule 1.15 7.85E-05
C GO function GO0:0001847 Opsonin receptor activity 2.22 0.0476
C GO function GO:0004982 N-formyl peptide receptor activity | 2.22 0.0476
C GO function GO0:0004875 Complement receptor activity 2.08 0.00016
C GO function GO0:0001848 Complement binding 1.68 0.0231
C GO function GO:0140375 Immune receptor activity 1.3 2.90E-05
C GO process GO:0110090 Egiﬁ‘f;;g;i‘é‘f;;’;ggpocamp"‘1 252 0.0029
c GO process GO:0071727 gzilﬁﬁ;:;ﬁ;“ to triacyl bacte- |, 3, 0.0044
o GO process GO:1904151 Positive regulation of microglial |, 3, 0.0044
cell-mediated cytotoxicity
c GO process GO:0038123 Z{;ﬂ:ﬁfgrgzgx’aryTLRlzTLRz 2.22 0.006
C GO process GO0:0072672 Neutrophil extravasation 2.04 0.0103

Table 5. GO enrichment includes GO component, GO function, and GO process. A: Short-term. B: Medium-
term. C: Long-term following bariatric surgery.
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Category ID Description Strength False discovery rate
A KEGG hsa05219 Bladder cancer 1.25 0.00011
A KEGG hsa05216 Thyroid cancer 1.22 0.00045
A KEGG hsa01040 Biosynthesis of unsaturated fatty acids 1.14 0.0134
A KEGG hsa04115 p53 signaling pathway 1.13 2.74E-05
A KEGG hsa04657 IL-17 signaling pathway 1.12 1.97E-06
A WikiPathways WP3299 let-7 inhibition of ES cell reprogramming 1.78 0.0011
A WikiPathways WP688 Catalytic cycle of mammalian flavin-containing monooxygenases (FMOs) | 1.68 0.0131
A WikiPathways WP3601 Lipid particles composition 1.6 0.0023
A WikiPathways WP4586 Metabolism of alpha-linolenic acid 1.6 0.016
A WikiPathways WP4211 Transcriptional cascade regulating adipogenesis 1.45 0.005
B KEGG hsa05150 Staphylococcus aureus infection 1.45 2.77E-07
B KEGG hsa05140 Leishmaniasis 1.33 0.00028
B KEGG hsa05144 Malaria 1.29 0.0129
B KEGG hsa04145 Phagosome 1.28 2.77E-07
B KEGG hsa04610 Complement and coagulation cascades 1.26 0.00049
B WikiPathways WP3937 Microglia pathogen phagocytosis pathway 1.84 2.76E-11
B WikiPathways WP4146 Macrophage markers 1.83 0.0247
B WikiPathways WP3678 Amplification and expansion of oncogenic pathways as metastatic traits 1.73 0.0027
B WikiPathways WP2007 Iron metabolism in placenta 1.7 0.0361
B WikiPathways WP4724 Omega-9 fatty acid synthesis 1.63 0.0406
C KEGG hsa05150 Staphylococcus aureus infection 1.49 1.25E-07
C KEGG hsa05140 Leishmaniasis 1.37 0.00017
C KEGG hsa05144 Malaria 1.34 0.0103
C KEGG hsa01523 Antifolate resistance 1.33 0.0495
C KEGG hsa04145 Phagosome 1.32 1.25E-07
C WikiPathways WP3937 Microglia pathogen phagocytosis pathway 1.88 1.10E-11
C WikiPathways WP4146 Macrophage markers 1.87 0.0204
Cc WikiPathways WP3678 Amplification and expansion of oncogenic pathways as metastatic traits 1.77 0.0021
C WikiPathways WP4891 COVID-19 adverse outcome pathway 1.65 0.0419
C WikiPathways WP4136 Fibrin complement receptor 3 signaling pathway 1.61 5.82E-05

Table 6. Pathway analysis through KEGG**-?? and WikiPathways databases.

A: Short-term. B: Medium-term.

C: Long-term.
Fold change
Gene symbol | Gene title Gene ID 4months | 1year |2years |5 years
CCL2 C-C motif chemokine ligand 2 NM_002982 1.64 3.79 1.60 2.30
CXCR4 C-X-C motif chemokine receptor 4 | NM_001008540 | 1.53 2.78 1.15 2.47
EGR2 Early growth response 2 NM_000399 1.55 3.59 1.03 1.16
FPR1 Formyl peptide receptor 1 NM_001193306 | 1.44 1.04 1.04 2.25
IL6 Interleukin 6 NM_000600 3.40 5.21 1.13 1.26
RGS2 Regulator of G-protein signaling2 | NM_002923 2.07 2.43 1.01 2.42
SELPLG Selectin P ligand NM_001206609 | 1.10 1.56 1.56 2.33
THBS1 Thrombospondin 1 NM_003246 2.34 2.29 1.84 2.39

Table 7. Key DEGs in short-, medium- and long-term periods after metabolic surgery.
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Fig. 8. The effect of these genes on metabolic-related diseases.
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Fig. 10. Evaluation of key DEGs in blood samples of women following Roux-en-Y Gastric Bypass.

Data availability

This study used four datasets including GSE199063 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19
9063), GSE29411 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29411), GSE83223 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83223), and GSE112307 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgitacc=GSE112307), with all RNA sequencing data from the Gene Expression Omnibus database (GEO,
https://www.ncbi.nlm.nih.gov/geo). All datasets are publicly available datasets. Datasets were preprocessed as
indicated and those versions that were used in this study and any additional information and data can be avail-
able upon request to Maryam Mahjoubin-Tehran (mmahjoubin@gmail.com). Results are also provided in Sup-
plementary Information.
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