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Background: Laparoscopic sleeve gastrectomy (LSG) is considered as an effective bariatric and metabolic surgery for patients with 
severe obesity. Chronic low-grade inflammation of adipose tissue is associated with obesity and obesity-related complications.
Objective: This study intends to establish a nomogram based on inflammatory response-related methylation sites in intraoperative 
visceral adipose tissue (VAT) to predict excess weight loss (EWL)% at one-year after LSG.
Methods: Based on EWL% at one-year after LSG, patients were divided into two groups: the satisfied group (group-A, EWL%≥50%) 
and the unsatisfied group (group-B, EWL%<50%). Next, we defined genes corresponding to the methylation sites in the 850 
K methylation microarray as methylation-related genes (MRGs). We then took the intersection of MRGs and inflammatory response- 
related genes. After that, inflammatory response-related methylation sites were identified based on overlapping genes. Moreover, 
difference analysis was carried out to obtain inflammatory response-related differentially methylated sites (IRRDMSs) between group- 
A and group-B. LASSO analysis was used to identify the hub methylation sites. Finally, we developed a nomogram based on the hub 
methylation sites.
Results: There were 26 patients in the study, with 13 in group-A and 13 in group-B. After data filtering and difference analysis, 200 
IRRDMSs were identified (143 hypermethylated sites and 57 hypomethylated sites). Then, we identified three hub methylation sites 
(cg03610073, cg03208951, and cg18746357) by LASSO analysis and built a predictive nomogram (Area under the curve=0.953).
Conclusion: The predictive nomogram based on three inflammatory-related methylation sites (cg03610073, cg03208951, and 
cg18746357) in intraoperative visceral adipose tissue can predict one-year EWL% after LSG effectively.
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Introduction
Recently, the number of people with excess body weight has surpassed 2 billion, accounting for 30% of the global 
population.1 Obesity increases the incidence of other diseases, such as type 2 diabetes mellitus (T2DM), coronary heart 
disease, stroke, hypertension, and cancer.2 In individuals with overweight and obesity, metabolic disease and organ tissue 
complications are mechanistically related to chronic low-grade inflammation of adipose tissue.3,4 Chronic inflammation 
in adipose tissue is linked to dysfunctional adipocytes that secret inflammatory adipokines and immune cells that produce 
cytokines and chemokines.5 Chronic inflammation-mediated tissue damage has been observed in many organs, including 
the heart, pancreas, liver, lungs, brain, and intestines.6 Currently, an increasing number of studies attempt to investigate 
the mechanisms of obesity from the perspective of inflammation.
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Weight control is essential for both treating obesity and preventing obesity-related complications.7 Treatment methods 
for obesity include bariatric and metabolic surgery (BMS), medication intervention, lifestyle modification, and nutritional 
changes.8 BMS is considered the most satisfied and cost-effective procedure for patients with severely obesity by altering 
the gastrointestinal tract.9,10 The most common BMS is laparoscopic sleeve gastrectomy (LSG), accounting for nearly 
half of all obesity surgeries performed worldwide.11 The excess weight loss% (EWL%)≥50% proves to be a specific and 
sensitive criterion for satisfied BMS.12 However, poor EWL% was observed in about 20–30% of patients with severely 
obesity who underwent BMS.13 Thus, it is particularly important to explore effective methods to identify patients at high 
risk of poor EWL%.

There is a correlation between a patient’s epigenetic background and the outcome of BMS.14,15 DNA methylation is 
one of the essential types of epigenetic modifications, primarily characterized as the attachment of a methyl group at the 
5th carbon of a cytosine, known as 5-methyl cytosine (5-mC).16 As a kind of epigenetic modification, DNA methylation 
has been reported to be linked with obesity.17,18 What’s more, aberrant DNA methylation profiles could exacerbate 
inflammation. Thus, it is reasonable to explore the impact of DNA methylation profiles on the outcome of BMS from the 
perspective of inflammatory response. However, it must be acknowledged that research about inflammatory response- 
related methylation sites (IRRMSs) in BMS is still in its infancy and significant questions remain.

This study proposes developing a nomogram based on IRRMSs in intraoperative visceral adipose tissue (VAT) to 
predict EWL% at one year after LSG. Our study sheds new light on the prediction of EWL% after BMS from the 
perspective of IRRMSs.

Methods
Patient Population
This study included 26 patients with obesity who underwent LSG in our hospital. We collected VAT at the time of LSG 
from 26 patients. Based on EWL% at one year after LSG, patients were divided into two groups: the satisfied group 
(group-A, EWL%≥50%) and the unsatisfied group (group-B, EWL%<50%). The Institutional Review Board (IRB) of our 
hospital approved this study (Approval No. sjtkyll-lx-2019-58). The study protocol conformed to the ethical guidelines of 
the 1975 Declaration of Helsinki. Written informed consent was obtained from each participant.

Clinical Characteristics
The detailed inclusion and exclusion criteria have been described in Supplementary File 1. The detailed LSG procedure 
was described in Supplementary File 2. The procedures for 850 K methylation microarray were described in 
Supplementary File 3. Clinical characteristics collected in this study included sex, age, body mass index (BMI), waist- 
to-hip ratio (WHR), T2DM, hypertension, hyperuricemia, hyperlipidemia, fatty liver and marital status. Post-operative 
follow-up was carried out by telephone.

Formula Calculation
Based on the original data, BMI, WHR, EWL%, and β-value for this study were calculated using the following formula.

(1) BMI = weight in kg/(height in m)2;
(2) WHR = waist in cm/hip in cm;
(3) EWL%=(weight loss/baseline excess weight)×100%, where weight loss = preoperative weight−postopera-

tive weight; baseline excess weight = initial weight−the ideal weight. Where ideal weight was calculated 
using an ideal BMI, and the ideal BMI cutoff point is 23 kg/m2.

(4) β-value = methylated probe intensity/overall probe intensity (overall probe intensity=methylated intensity 
+unmethylated probe intensity+constant α, where α = 100).
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Identification and Validation of Hub Methylation Sites
Firstly, we defined genes corresponding to the methylation sites in the 850 K methylation microarray as methylation- 
related genes (MRGs). Inflammatory response-related genes were obtained from the Gene Set Enrichment Analysis 
(GSEA) gene set (http://www.gsea-msigdb.org/gsea/index.jsp, M5932). Then, we took the intersection of MRGs and 
inflammatory response-related genes. After that, IRRMSs were identified based on overlapping genes. Moreover, 
difference analysis was carried out to obtain inflammatory response-related differentially methylated sites (IRRDMSs) 
between group-A and group-B. The least absolute shrinkage and selection operator (LASSO) analysis was utilized to 
identify hub methylation sites. Finally, three different methods were used to evaluate hub methylation sites: (1) 
Correlation analysis between β-values of hub methylation sites and EWL% at one-year after LSG; (2) Difference 
analysis of hub methylation sites between group F and group S; (3) Receiver operating characteristic (ROC) curves.

Establishment and Evaluation of Nomogram
We built a predictive nomogram using the “RMS” R package based on hub methylation sites. Then, the ROC and 
calibration curves were used to assess the predictive ability of the nomogram. Furthermore, decision curve analysis 
(DCA) was performed to evaluate the clinical usefulness of the nomogram.

Statistical Analysis
t-tests were used to evaluate differences for quantitative data and regularly distributed variables, while Wilcoxon rank- 
sum tests were used to analyze differences for non-normally distributed variables. The linear association between 
variables was assessed by the Spearman’s rank correlation coefficient test. All statistical p-values were two-sided, and 
p-value < 0.05 indicates statistical significance. All of the data were processed in the R version 4.2.1 software.

Results
The workflow of this study was illustrated in Figure 1.

Patient Classification and Clinical Characteristics
Based on EWL% at one year after LSG, 26 patients were divided into two groups: 13 in group-A (EWL%≥50%) and 13 
in group-B (EWL%<50%). There were no statistically significant differences in the preoperative characteristics (age, sex, 
WHR, BMI, T2DM, hypertension, hyperlipidemia, hyperuricemia, and fatty liver) between group-A and group-B 
(Supplementary Table 1).

Identification of DMSs
A total of 743,543 methylation sites and 24,645 MRGs were detected in VAT of patients with obesity. Two hundred 
inflammatory response-related genes were obtained from the GSEA (Supplementary Table 2). Then, 195 overlapping genes 
between the MRGs and inflammatory response-related genes were discovered using venn tools (Figure 2A, Supplementary 
Table 3). We mapped overlapping genes to methylation sites based on their genomic location, a total of 4974 IRRMSs were 
identified (Supplementary Table 4). After data filtering and difference analysis, 200 IRRDMSs (143 hypermethylated sites 
and 57 hypomethylated sites) were identified between group-A and group-B (Figure 2B and C).

Characteristics of IRRDMSs
The percentages of hypermethylated sites were 46.15%, 27.27%, 11.89%, 6.29%, 4.20%, 2.80%, and 1.40% in the body, 
200–1500 bases upstream of the transcription start site (TSS1500), 5’ untranslated region (5’ UTR), 0–200 methylation 
profile analysis in obesity 1441 bases upstream of the transcription start site (TSS200), 1st Exon, 3’ UTR, and Exonbnd, 
respectively (Figure 3A). However, the percentages of hypomethylated sites were 26.32%, 26.32%, 22.81%, 17.54%, 
5.26% and 1.75% in the body, TSS200, 5’ UTR, TSS1500, 1st Exon, and Exonbnd, respectively (Figure 3B). The 
percentages of hypermethylated CpG sites in the open sea, shore, island, and shelf were 59.44%, 19.58%, 13.99%, and 
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6.99%, respectively (Figure 3C). At the same time, the percentages of hypermethylated CpG sites in the open sea, shore, 
island, and shelf were 59.65%, 22.81%, 8.77%, and 8.77%, respectively (Figure 3D).

Identification and Validation of Hub Methylation Sites
We identified three hub methylation sites, including cg03610073, cg03208951, and cg18746357 by LASSO analysis 
(Figure 4A and B). And cg03610073, cg03208951, and cg18746357 maps to toll-like receptor 2 (TLR2), epithelial membrane 
protein 3 (EMP3), and p65 (RELA), respectively. The results of the correlation analysis (Figure 4C–E) showed that 
cg03610073 and cg18746357 were significantly positively correlated one-year EWL% after LSG (Rcg03610073=0.58, 
Pcg03610073=0.003, and Rcg18746357=0.41, Pcg18746357=0.041), but cg03610073 was significantly negatively correlated one- 
year EWL% after LSG (Rcg03610073=−0.52, Pcg03610073<0.001). The violin diagram showed statistically significant differences 
in β-values of three hub methylation sites between group-B and group-A (Figure 4F). The ROC curves showed the area under 
the curve (AUC) were 0.840, 0.840, and 0.834 for cg03610073, cg03208951, and cg18746357, respectively (Figure 4G).

Establishment and Evaluation of Nomogram
Based on the three hub methylation sites, we developed a nomogram to predict EWL% at one year following LSG 
(Figure 5A). The ROC curve for the nomogram was positioned near the desirable upper left corner while the AUC was 

Figure 1 Design and workflow of the study. 
Abbreviations: VAT, visceral adipose tissue; IRRDMSs, inflammatory response-related differentially methylated sites; LASSO, least absolute shrinkage and selection 
operator; ROC, receiver operating characteristic; DCA, decision curve analysis.
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0.953, indicating that the accuracy of the nomogram was high (Figure 5B). The calibration plot demonstrated the concordance 
of our nomogram result with the actual endpoints (Figure 5C). Decision curve analysis (DCA) indicated that our nomogram 
yielded a high clinical net benefit (Figure 5D). The nomogram was used in the following way: the β-values of three hub 
methylation sites were detected in VAT collected from patients who underwent LSG. Assuming that the three hub methylation 
sites’ β-values were 0.59 (cg03610073), 0.13 (cg03208951), and 0.60 (cg18746357), corresponding to the scores 25, 52, and 
30 in turn. Therefore, the total score was calculated to be 107. The probability of EWL%≥50% at one-year following LSG was 
considered 10–30%.

Discussion
LSG is a surgical procedure performed frequently to treat patients with obesity and associated comorbidities worldwide. 
Twenty to thirty percent of patients who undergo LSG suffer unsatisfactory outcomes, including premature weight stabiliza-
tion and weight regain after surgery.19,20 Weight regain after LSG has adverse effects on health and quality of life.21 And more 

Figure 2 Identification of inflammatory response-related differentially methylated sites (IRRDMSs). (A) The venn diagram showed the intersection of methylation-related 
genes and inflammatory response-related genes. (B) The volcano map of IRRDMSs between the group-B (EWL%<50%) and group-A (EWL%≥50%); (C) The Sankey diagram 
linked inflammatory response-related genes to IRRDMSs. 
Abbreviations: IRRDMSs, inflammatory response-related differentially methylated sites; EWL, excess weight loss.
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than 97% of specialists agreed that redo-surgeries after LSG was the appropriate treatment option in cases of weight regain or 
unsatisfied weight loss.22 Therefore, it is imperative to identify patients at high risk of suffering unsatisfied EWL% following 
LSG. DNA methylation regulates gene expression epigenetically.16 The DNA methylation marks have emerged as 
a promising tool for the screening, diagnosis, prognosis, and prediction of obesity and metabolic syndrome features.23 

Moreover, obesity appears to cause a metabolic inflammatory state, defined as a low-grade, chronic inflammation orchestrated 
by metabolic cells and inflammatory markers in response to excess nutrients and energy.24 Adipose cell-specific epigenetic 
signatures may serve as potential mechanisms underlying the restoration of metabolic health following BMS, suggesting 
useful predictive biomarkers.25,26 In this study, we aim to establish a model based on IRRMSs in intraoperative VAT to predict 
EWL% at one year after LSG. We started with obtaining the overlapping genes between MRG and inflammatory response- 
related genes in intraoperative VAT. Then, we identified IRRDMSs by difference analysis between group-A and group-B. 
Moreover, we identify hub inflammatory response-associated methylation sites by LASSO analysis. Finally, we build 
a nomogram to predict EWL% at one year after LSG.

In our study, the three hub IRRDMSs were cg03610073, cg03208951, and cg18746357, mapping to TLR2, EMP3, and 
RELA, respectively. The first hub methylation site is cg03610073, which exhibited a positive association with EWL% at one- 
year after LSG (R=0.58, P=0.003) and located in the shore of TLR2. On one hand, TLR2 is a subtype of the TLR family and 
plays an essential role in the acute phase response of inflammation.27 On the other hand, compared to normal individuals, 
TLR2 expression is increased in patients with obesity, resulting in pathogenic effects such as T2DM.28,29 Our results 

Figure 3 Genomic features of inflammatory response-related differentially methylated sites between group-B (EWL%<50%) and group-A (EWL%≥50%). (A) Distribution of 
the hypermethylated differentially methylated CpG sites across the annotated gene regions; (B) Distribution of the hypomethylated differentially methylated CpG sites 
across the annotated gene regions; (C) Distribution of the hypermethylated differentially methylated CpG sites in relation to CpG islands; (D) Distribution of the 
hypomethylated differentially methylated CpG sites in relation to CpG islands. 
Abbreviations: CpG, cytosine-guanine; EWL, excess weight loss.
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Figure 4 Identification of hub methylation sites. (A) LASSO coefficient profiles of 200 genes; (B) Cross-validation for choosing tuning parameter of LASSO model; (C) The 
results of the correlation analysis showed that cg03610073 was significantly positively correlated one-year EWL% after LSG; (D) The results of the correlation analysis 
showed that cg03208951 was significantly negatively correlated one year EWL% after LSG; (E) The results of the correlation analysis showed that cg18746357 was 
significantly positively correlated one-year EWL% after LSG; (F) Box plots showed statistically significant differences in β-values for the 3 hub methylation sites between 
group-B (EWL%<50%) and group-A (EWL%≥50%); (G) ROC curve showed the potential of cg03610073, cg03208951, and cg18746357 predicting EWL% at one year 
following LSG. 
Abbreviations: LASSO, least absolute shrinkage and selection operator; EWL, excess weight loss; ROC, receiver operating characteristic; LSG, laparoscopic sleeve 
gastrectomy.
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indicated that the β-values of cg03610073 were higher in group-A than those in group-B, which suggest that TLR2 
expression in group-A was lower than in group-B. The second hub methylation site is cg18746357, which exhibited 
a positive association with EWL% at one-year after LSG (R=0.41, P=0.041) and located in the body of RELA. RELA, 
also known as the NF-κB p65 subunit, is an important component of the NF-κB signaling pathway.30 NF-κB signaling is 
critically involved in both the activation and inhibition of the immune system.31 In our study, the β-values of cg18746357 
were higher in group-A than in group-B, which suggested that RELA expression in group-A was lower than in group-B. The 
third hub methylation site is cg03208951, which exhibits a positive association with EWL% at one-year after LSG (R=−0.52, 
P=0.007) and located in the 1stExon of EMP3 gene. EMP3 is a tetraspanin membrane protein that represses the induction and 
function of cytotoxic T lymphocytes.32 According to the results of our research, the β-values of cg03208951 were higher in 
group-B than they were in group-A, which implied EMP3 expression was lower in group-B than in group-A. The AUC 
values for cg03610073, cg03208951, and cg18746357 were 0.840, 0.840, and 0.834, respectively. The AUC is an indicator 
of a model’s accuracy. We considered AUC values 0.5–0.7, 0.7–0.9, and >0.9 to indicate low, medium, and high 

Figure 5 Establishment and evaluation of nomogram. (A) The nomogram, based on the 3 hub methylation sites, for predicting EWL% at one year following LSG; (B) The 
receiver operating characteristic curve showed the potential of the nomogram in predicting EWL% at one year following LSG; (C) Calibration curves of the nomogram. (D) 
Decision curve analysis of the nomogram. 
Abbreviation: LSG, laparoscopic sleeve gastrectomy.
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performance, respectively. Thus, cg03610073, cg03208951, and cg18746357 all have medium predictive capacity. 
Interestingly, our study also found that cg03610073 and cg18746357 correlated positively with EWL% at one year after 
LSG, while cg03208951 correlated negatively with EWL%. Therefore, these three hub IRRDMSs could not only be utilized 
to predict outcomes at one year after LSG but also to analyze the level of EWL%.

A nomogram was established based on three hub methylation sites. The nomogram combines β-values of the three 
methylation sites, calculates the total score, and includes the possibility of outcome event EWL%≥50% in the graph. The 
nomogram can display the outcomes of the risk model intuitively and effectively and is more convenient to apply in 
clinical practice.33 The AUC value of the nomogram was greater than 0.90, indicating that the nomogram has an 
excellent predictive ability. Moreover, the calibration curve of the nomogram demonstrated a good consistency between 
the actual clinical results and the predicted outcomes. The results of the DCA further demonstrated that our nomogram 
conferred significantly high clinical net benefits. Based on our nomogram, we can identify patients at high risk of poor 
EWL% on time. These patients might need additional postoperative intervention, including but not limited to more 
stringent food intake, lifestyle reconstruction, and modest exercise.

Many preoperative factors, such as stress,34 age,35 BMI,36 and polycystic ovary syndrome,37 could be utilized to 
predict EWL% after BMS. However, traditional clinical characteristics have some shortcomings in predicting EWL%. 
These deficiencies may be attributable to the fact that deeper factors such as epigenetic background and metabolic 
inflammatory state were not considered. While, we used three hub IRRMSs for the first time to predict EWL% at 
one year after LSG. From the viewpoint of IRRMSs, this study offered new insights on predicting EWL%. In addition, 
intraoperative methylation detection provides rapid and effective feedback.

Our study has several advantages. At the beginning, we utilized IRRMSs to predict one-year EWL% after LSG for 
the first time. Second, our nomogram has a concise scoring system that allows surgeons to estimate EWL% easily at 
one year after LSG. Moreover, our nomogram was an effective model performed excellently in an independent 
population. Third, timely detection on hub methylation sites after intraoperative acquisition of VAT could lead to early 
intervention and greater clinical benefits for patients at high risk of poor EWL%.

Despite the strengths, there are several shortcomings in our study. First, DNA methylation sites detection in VAT 
requires a well-developed medical device system, which makes the nomogram difficult to be utilized in some primary 
hospitals. Second, the number of our sample was limited, and further validation is required on larger sample size and 
multiple populations.

Conclusion
The predictive nomogram based on three inflammatory-related methylation sites (cg03610073, cg03208951, and 
cg18746357) in intraoperative visceral adipose tissue can predict one-year EWL% after LSG effectively.
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