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Editorial on the Research Topic

Effects and mechanisms of bariatric surgery in relieving obesity and
its complications
The global prevalence of obesity has reached alarming proportions, with its associated

comorbidities imposing a significant workload on healthcare systems worldwide (1). Obesity

contributes to a spectrum of metabolic, cardiovascular, and inflammatory conditions,

including type 2 diabetes (T2D), metabolic dysfunction-associated steatohepatitis (MASH),

and renal dysfunction, while also exacerbating issues such as periodontitis and irregular

menstruation (2). Bariatric surgery has emerged as a transformative intervention for

managing morbid obesity, offering not only sustained weight loss but also profound

metabolic benefits (3–5). The studies featured in this Research Topic illuminate the

multifaceted effects and mechanisms of bariatric surgery, particularly focusing on Roux-

en-Y gastric bypass (RYGB) and sleeve gastrectomy (SG), in addressing obesity and its

complications. This Research Topic spans through the key findings from these research

papers, highlighting the evolving understanding of bariatric surgery’s therapeutic potential.

Weight loss remains a cornerstone of bariatric surgery’s benefits, with studies

underscoring its pivotal role in mediating metabolic and hormonal improvements. For

instance, Tian et al. demonstrated that total weight loss (TWL%) following bariatric surgery

is closely correlated with reductions in thyroid-stimulating hormone (TSH) levels,

suggesting enhanced thyroid function in euthyroid patients with obesity. Interestingly,

this relationship was independent of baseline factors such as age, sex, or comorbidities,

emphasizing the universal metabolic benefits of significant weight loss.

Similarly, Zhao et al. investigated the effects of SG on women with polycystic ovary

syndrome (PCOS) and found that weight loss—rather than preoperative body mass index

(BMI)—was a critical determinant of menstrual regularity. With 79.03% of participants

achieving remission of irregular menstruation within a year, this study highlights the

potential of bariatric surgery to address reproductive dysfunctions associated with obesity.
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These findings underscore the importance of targeting substantial

weight loss to maximize health outcomes, regardless of

baseline BMI.

Gender-specific differences in predictors of weight loss after SG

were highlighted in the study by Shu et al. Both men and women

achieved comparable weight loss outcomes when baseline

characteristics were matched. However, distinct predictors

emerged: in men, baseline BMI and insulin dynamics were

significant, while in women, age, thyroid function, and mental

health measures played a more substantial role. These insights

advocate for personalized preoperative evaluations to optimize

weight-loss outcomes across genders.

The role of gut microbiota in mediating the metabolic benefits

of bariatric surgery has garnered significant attention. Liu C. et al.

employed a multi-omics approach to investigate changes in gut

microbiota and metabolism following SG. They reported increased

microbial diversity and enrichment of beneficial bacteria such as

Alistipes and Parabacteroides. These microbial changes were

correlated with enhanced lipid metabolism, as evidenced by

elevated levels of free fatty acids and bile acids. Similarly, the

study by Li et al. on duodenojejunal bypass (DJB) in obese T2D

mice demonstrated that proximal gut microbiota play a dominant

role in improving glucose metabolism and reducing inflammation.

Both studies underscore the essential role of intestinal remodeling

in achieving metabolic improvements post-surgery.

Bariatric surgery is not without complications, and

gastroesophageal reflux disease (GERD) is a prominent concern,

particularly after SG (6, 7). Liu G. et al. provided a comprehensive

review of strategies to manage GERD in these patients, emphasizing

the efficacy of RYGB as the gold standard for refractory cases.

Innovative approaches such as magnetic sphincter augmentation

and antireflux mucosectomy were also explored, offering minimally

invasive alternatives for GERD management.

Periodontal health, often overlooked in obese populations, was

addressed by Bi et al. Their study found significant improvements in

periodontal parameters such as plaque index (PLI) and bleeding

index (BI) following SG, particularly in patients with T2D. Reduced

systemic inflammation, as evidenced by declines in hs-CRP and IL-

6 levels, was likely a key contributor to these improvements.

However, persistent disparities in pocket depth between diabetic

and non-diabetic groups highlight the need for continued oral

health monitoring in this population.

Chen et al. explored the molecular mechanisms underlying

MASH improvement post-bariatric surgery, identifying key genes

such as FASN, SCD1, and HMGCS1 that regulate lipid metabolism

and inflammation. Downregulation of these genes was associated

with reduced liver steatosis and enhanced metabolic health, offering

potential therapeutic targets for non-surgical interventions.

Another metabolic dimension, glycine deficiency, was

investigated by Tan et al. Obesity-induced glycine deficiency

impairs the glycine conjugation pathway, which is crucial for

detoxification and metabolite clearance. Their findings

demonstrated that bariatric surgery restores glycine synthesis and
Frontiers in Endocrinology 026
improves detoxification, highlighting an additional mechanism

through which weight loss enhances systemic health.

Obesity-related renal dysfunction, a growing concern, was

examined by Popa et al., who emphasized gender-specific

influences of visceral adiposity on renal filtration. In females,

visceral adipose tissue (VAT) mass and its associated metabolic

effects played a dominant role in renal dysfunction and recovery. By

contrast, in males, weight loss and lean mass changes were more

influential. Postoperatively, significant improvements in estimated

glomerular filtration rate (eGFR) were observed across all renal

function categories, reinforcing the reno-protective effects of

bariatric surgery.

The interplay between genetics and weight loss outcomes was

highlighted byWang et al., who identified the CAMKK2 variant as a

novel monogenic obesity variant (MOV). Using whole-exome

sequencing and postoperative data, they demonstrated that

carriers of the CAMKK2 mutation experienced less pronounced

weight loss and metabolic improvements compared to non-carriers.

This study underscores the importance of integrating genetic

insights into personalized obesity treatment strategies.

The studies in this Research Topic collectively highlight the

multifactorial mechanisms underlying bariatric surgery’s success in

addressing obesity and its complications. From gut microbiota

remodeling and molecular pathway modulation to gender-specific

influences and genetic predispositions, these findings emphasize the

importance of a multidisciplinary approach in understanding and

optimizing surgical outcomes.

While the benefits of bariatric surgery are well-documented,

challenges remain in ensuring equitable access, managing

complications, and refining surgical techniques. Further research

is needed to develop standardized guidelines for managing

postoperative complications such as GERD and nutritional

deficiencies; explore long-term outcomes in diverse populations,

with particular attention to sex and genetic variability; leverage

multi-omics approaches to identify novel biomarkers and

therapeutic targets for obesity-related diseases; enhance

interdisciplinary care, integrating endocrinology, gastroenterology,

and behavioral health to address the holistic needs of patients.

The insights presented in this Research Topic advance our

understanding of the underlying mechanisms, paving the way for

personalized and effective treatment strategies. By continuing to

integrate clinical research with molecular and genetic insights, we

can further harness the potential of bariatric surgery to improve the

lives of individuals living with obesity.
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Background: No sex-specific guidelines for surgical anti-obesity strategies have

been proposed, partially due to the controversy regarding sex-related differences

in weight loss after bariatric metabolic surgery.

Objectives: To explore sex dimorphism in the effect and predictors of weight loss

after sleeve gastrectomy (SG), thereby providing clinical evidence for the sex-

specific surgical treatment strategy.

Methods: In a prospective cohort design, participants scheduled for SG at an

affiliated hospital between November 2020 and January 2022 were assessed for

eligibility and allocated to the Male or Female group with a 1-year follow-up after

surgery. The primary outcome was the sex difference in the weight-loss effect

after SG indicated by both percentage of total weight loss (TWL%) and excess

weight loss (EWL%). The secondary outcome was the analysis of sex-specific

preoperative predictors of weight loss after SG based on univariate and

multivariate analyses. Independent predictors were obtained to construct a

nomogram model. The discrimination, calibration, and clinical utility of the

nomogram were based on receiver operating characteristic curve,

concordance index, calibration curve, and decision curve analysis, respectively.

Results: Ninety-five male and 226 female patients were initially included. After

propensity score matching by baseline body mass index (BMI), 85 male and 143

female patients achieved comparable TWL% and EWL% for 1 year after SG. For

male patients, baseline BMI, area under the curve for insulin during oral glucose

tolerance test, and progesterone were independent predictors of weight loss

after SG. Baseline BMI, age, thyroid stimulating hormone, and Self-Rating Anxiety

Scale score were independent predictors for female patients.

Conclusion: No obvious sex difference is detected in the weight-loss effect after

SG. Sex dimorphism exists in the predictors of weight loss after SG. Further

research with long-term and a multicenter design is needed to confirm the

predictive model.
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1 Introduction

Obesity has become a global epidemic affecting more than 988

million people worldwide by 2020 (1). Bariatric metabolic surgery

has been recognized as an effective and evidence-based surgical

treatment for morbid obesity (2). Sleeve gastrectomy (SG) has

become the most common bariatric metabolic procedure

worldwide (3). However, the weight-loss effect after SG varied

among patients. Insufficient weight loss and weight regain have

become challenging issues (4).

Body weight can be affected by biologic, psychosocial, and

behavioral factors (5). Given sex-related differences in psychosocial

status, hormonal homeostasis, and body fat distribution (6, 7),

responses to weight-management strategies are likely to differ by

sex. For example, males were reported to get more health benefits

from moderate-intensity exercise (8). However, females are

significantly more successful on pharmacotherapy for weight loss

(9). Moreover, there is no consensus in clinic in terms of the sex-

related differences in the weight-loss effect after SG (10, 11). As

mentioned above, further research is needed to illustrate the sex

differences in the weight-loss effect after SG.

Preoperative prediction of weight loss is helpful not only for

defining realistic expectations and maintaining motivation for

patients but also for surgeons to select good candidates and

reduce failures (12). However, the factors that predict weight loss

following SG cannot be conclusively determined (13). Moreover, no

sex-specific guidelines for surgical anti-obesity strategies have yet

been proposed. Thus, it is of great importance to identify the sex-

specific preoperative predictors of weight loss after SG.

Based on a prospective cohort, the present study aims to

determine the sex difference in the weight-loss effect after SG

indicated by both percentage of total weight loss (TWL%) and

excess weight loss (EWL%), and further construct the sex-specific

nomograms based on analysis of the sex-specific preoperative

predictors of weight loss after SG, providing clinical evidence for

the surgical treatment strategy to help achieve better weight loss.

2 Materials and methods

2.1 Study design and patients

The protocol of this study was approved by the Ethics Committee

on Scientific Research of Shandong University Qilu Hospital on

February 24, 2017. All data were retrieved from a prospectively

collected database (SDBMSR, https://sdbmsr.yiducloud.com.cn).

The conduction of this study conformed to the principles outlined

in the Declaration of Helsinki. Each participant was informed in

detail about the purpose, process, potential risks and benefits of the

research on the day of admission. All participants signed written

informed consent forms before assessment.
2.2 Patients and follow-up

Participants were assessed for eligibility if they were scheduled

for SG between November 2020 and January 2022 at University
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hospital. The exclusion criteria were as follows: (1) uncontrolled

mental illness such as schizophrenia, bipolar affective disorder or

severe organ dysfunction such as heart failure, respiratory failure;

(2) treatment with weight-loss medications; (3) SG as a revision

surgery; (4) pregnancy during follow-up; and (5) incomplete follow-

up data. Patients were assigned into Male and Female groups

according to sex.

All patients underwent follow-up at 1, 3, 6, and 12 months after

surgery. The primary outcome was weight loss after surgery

evaluated by the TWL% and EWL%. The secondary outcome was

the analysis of predictors of weight loss after SG in male and female

patients. TWL% was calculated as weight loss/baseline weight ×

100%; EWL% was calculated as [preoperative weight - postoperative

weight]/[preoperative weight - 23×(body length)2)] × 100% (14, 15).
2.3 Procedure

All SG operations were performed laparoscopically by the same

experienced team as reported before (16). The first step is the

greater curvature was dissected free from the omentum starting 2-

4 cm from the pylorus and up to the angle of His. After exposure of

the left diaphragmatic crus and adequate clearance of the posterior

stomach, a vertical gastrectomy was initiated from 4-6 cm proximal

to the pylorus with the use of a 36-Fr bougie to create a tubular

stomach. Upon discharge, the patient was given suggestions for

dietary and physical activities. Dietitians recommend gradually

transitioning from liquid to solid foods and achieving energy

balance through higher protein, lower fat and lower carbohydrate

intake. The exercise prescriber will develop an individualized

exercise prescription including training frequency, intensity, time,

and type.
2.4 Propensity score matching

Nearest-neighbor matching with caliper was used to balance

baseline body mass index (BMI) between the Male and Female

groups. Matching was performed with the use of a 1:2 protocol

without replacement, with a caliper width equal to 0.2 (17).
2.5 Psychological assessment

The Chinese versions of the Self-Rating Anxiety Scale (SAS) and

Self-Rating Depression Scale (SDS) were used to evaluate the

psychological situation of anxiety and depression of patients the

day before surgery (18, 19). A score above 50 or 53 was defined as

anxiety or depression in the SAS and SDS. The levels of anxiety or

depression were further classified according to the score.
2.6 Oral glucose tolerance test

Participants underwent a 2-hour oral glucose tolerance test

(OGTT) (75 g of glucose in 250 ml water) on the second day of
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admission after an overnight fast. Blood samples were collected at 0,

30, 60, and 120 minutes after glucose intake. The plasma levels of

glucose and insulin were determined at each time point.
2.7 Body composition by dual-energy
X-ray absorptiometry

Visceral fat area, and body fat percentage were determined with

dual-energy X-ray absorptiometry using the HOLOGIC DELPHI

system with QDR software, v.11.1 (Hologic Bedford, MA, USA).

The exams were whole-body scans, all of which were performed in a

temperature-controlled laboratory. All operations were carried out

by trained researchers according to the manufacturer’s instructional

protocols. The very few cases with missing data were excluded from

the analyses.
2.8 Biochemical analysis

Blood lipid analysis, index of thyroid function, sex hormone,

liver and renal function, and the levels of plasma glucose were

measured using a Roche Cobas 8000 modular analyzer system

(Roche Diagnostics, IN, USA). Plasma insulin was determined by

a two-site enzymatic assay using a Tosoh 2000 autoanalyzer (Tosoh

Corp., Tokyo, Japan). The homeostasis model assessment of insulin

resistance (HOMA-IR) index was calculated as fasting insulin (mU/

mL) ×fasting plasma glucose (mmol/L)/22.5.
2.9 Nomogram-based prediction

Candidate clinical predictors included age, BMI, low-density

lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides

(TG), alanine aminotransferase (ALT), thyroid stimulating

hormone (TSH), area under the curve for glucose (AUCglucose),

area under the curve for insulin (AUCinsulin), HOMA-IR, estrogen,

progesterone, androgen, prolactin, visceral fat area, body fat

percentage, SAS score, and SDS score.

There is currently no clear standard for judging postoperative

weight loss with respect to TWL%. In order to make more

convincing predictions, patients in the Male and Female groups

were ranked in descending order separately and further divided into

three equal parts according to the 1-year TWL%. Univariate

regression analysis was conducted between the one-third of

patients with the highest TWL% and the one-third with the

lowest TWL% for potential predictive factors. Those with P < 0.1

were further analyzed by multivariate regression. The results are

shown as odds ratios (ORs) with 95% confidence intervals (CIs).

Significant factors (P < 0.05) according to the results of the

multivariate regression were considered independent predictors

and used to establish the nomogram.

The area under the receiver operating characteristic (ROC)

curve (AUC) and concordance index (C-index) were used to

evaluate the predictive accuracy of the nomogram model. A

calibration curve was used to evaluate the accuracy of the
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prediction. A decision curve analysis (DCA) was performed to

assess the clinical usefulness of the nomogram. The nomogram was

internally validated for discrimination and calibration by

bootstrapping (1000 resamples).
2.10 Statistical analysis

Statistical analysis was performed using SPSS Statistics version

25.0 (SPSS Inc., Chicago, Illinois, US) and R version 4.2.2 (R

Foundation for Statistical Computing, Vienna, Austria).

Continuous variables that conformed to normal distribution were

presented as the means ± SDs and compared using the independent

t test; variables without normal distribution were given as median

with interquartile range and compared by the Mann−Whitney U

test. Categorical variables were shown as numbers with percentages

and compared with the chi-squared test or Fisher’s exact test. Two-

way ANOVA followed by Bonferroni’s multiple comparisons was

performed to analyze weight loss over time after surgery, and the

results were reported as the AP by group, BP over time, and CP due

to the interaction of the two factors. The AUC of glucose and

insulin during OGTT was calculated by the trapezoidal method. A P

value <0.05 was considered to indicate significance.
3 Results

3.1 Baseline characteristics of participants

From the 353 patients assessed for eligibility, 321 patients (95

male and 226 female) were included (Figure 1). The male patients

had a significantly higher BMI (45.43 ± 8.59 vs. 40.32 ± 6.95 kg/m2;

P<0.001; Table 1). After propensity score matching (PSM), 85

patients in the Male group and 143 patients in the Female group

were preserved with balanced baseline BMI (42.48 ± 6.31 vs. 43.65 ±

6.72 kg/m2; P=0.152; Table 2). The obesity comorbidities were

paired between the two groups. The Male group had higher levels

of ALT, TG, AUCglucose, and androgen, while having lower levels of

HDL, estrogen, progesterone, body fat percentage, SAS score and

SDS score (Table 2).
3.2 Weight loss after SG

Along with the decrease in BMI, the TWL% and EWL%

continued to increase for up to 1 year after SG in both the Male

and Female groups (Figures 2A–C). For the original 321 patients

before PSM, although no significant between-group difference was

found in TWL% after SG (AP =0.097), the Female group showed a

higher EWL% at 6 and 12 months after SG than the Male group

(Figure 2C). However, this difference disappeared after PSM by

baseline BMI. The Male and Female groups showed comparable

BMI, TWL% and EWL% after SG (Figures 2D–F). These results

suggest that for selective patients with comparable BMI, sex was not

an influencing factor of weight loss for up to 1 year after SG.
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3.3 Predictor selection and development of
the nomogram

Patients with TWL% <27.65% and >35.29% in the Male group

as well as those with TWL% <29.26% and >35.49% in the Female

group were included in the analysis of predictors. In the

multivariate analysis, factors significantly and independently

associated with the weight-loss effect in the Male group were

baseline BMI [odds ratio (OR) 1.106, 95% confidence interval

(CI) 1.019-1.201, P=0.016], AUCinsulin [OR 1.009, 95% CI 1.002-

1.017, P=0.010], and progesterone [OR 3.088, 95% CI 1.031-9.256,

P=0.044]. In the Female group, age [OR 0.929, 95% CI 0.882-0.979,

P=0.006], baseline BMI [OR 1.076, 95% CI 1.018-1.147, P=0.009],

TSH [OR 1.473, 95% CI 1.009-1.975, P=0.010], and SAS score [OR

1.053, 95% CI 1.003-1.106, P=0.038] were associated with the

weight-loss effect after SG (Tables 3, 4). These predictor factors

were incorporated into the nomogram (Figures 3, 4). Also, the

visualization of sex-specific nomogram model of weight loss effect

was illustrated in Figure 5.
3.4 Validation and clinical utility of the
nomogram for predicting

The AUC of the predicted nomogram was 0.844 (95% CI 0.745-

0.943) in the Male group and 0.761 (95% CI 0.685-0.837) in the

Female group (Figures 6A, D). The corrected C-index after

bootstrapping was 0.818 and 0.738 in the Male and Female

groups, respectively. The calibration curves of the nomogram for
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the predicted weight-loss effect in both groups showed good

agreement between prediction and observation (Figures 6B, E).

The DCA curve shows the obvious net benefits of the nomogram in

both the Male and Female groups (Figures 6C, F).
4 Discussion

The principal findings of the current study were that although

there was no sex difference in the weight-loss effect after SG, sex

dimorphism exists in predictors of weight loss after SG. For male

patients, baseline BMI, AUCinsulin, and progesterone were

independent predictors of weight loss after surgery. For female

patients, baseline BMI, age, TSH, and SAS were independent

predictors of weight loss after SG.

A marked sex disproportion exists in patients undergoing

bariatric metabolic procedures. According to the Fourth IFSO

Global Registry Report 2018, female patients was 73.7% among

those who underwent the primary procedure (20). Controversy

existed for a long time regarding whether male patients could

achieve better weight-loss outcomes after bariatric surgery. A recent

systematic review collected evidence on this issue and suggested that

sex did not have a clear effect on the weight loss efficiency of SG (6).

However, that conclusion was weakened by the high heterogeneity

and low comparability of the study design, subject characteristics, and

follow-up time in the 5 included studies. More specifically, 2 studies

favored females, 1 favored males, and 2 showed similar weight loss

between sex groups. Moreover, most of the 5 included studies did not

have a baseline BMI that was balanced between the Male and Female
FIGURE 1

Flowchart of participants. SG, sleeve gastrectomy; PSM, propensity score matching.
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TABLE 1 Baseline characteristics of total participants.

Index
Female
(n=226)

Male (n=95)
P
value

Age, years 32.08 ± 7.28 30.63 ± 7.74 0.112

BMI, kg/m2 40.32 ± 6.95 45.43 ± 8.59 <0.001

Obesity comorbidities

T2D, n (%) 67 (29.65%) 43 (45.26%) 0.007

Hypertension, n (%) 99 (43.81%) 62 (65.26%) <0.001

OSAHS, n (%) 131 (57.57%) 65 (68.42%) 0.079

PCOS, n (%) 81 (35.84%) N/A N/A

LDL, mmol/l 3.02 ± 0.70 3.01 ± 0.83 0.980

HDL, mmol/l 1.11 ± 0.21 0.99 ± 0.19 <0.001

ALT, u/l 26 (18, 53) 42 (22, 60) 0.001

TG, mmol/l 1.53 (1.08, 1.98) 1.86 (1.18, 3.20) 0.001

TSH, uIU/ml 2.00 (1.41, 2.97) 1.91 (1.40, 2.72) 0.392

AUCglucose 15.83
(13.48, 19.33)

16.48
(14.04, 28.56)

0.137

AUCinsulin 144.51
(99.90, 219.74)

133.97
(67.06, 238.83)

0.202

HOMA-IR 2.50 (1.80, 3.53) 2.80 (2.00, 3.80) 0.273

Estrogens, pmol/l 176.31
(123.70, 257.61)

137.60
(107.30, 167.50)

<0.001

Progesterone, nmol/l 0.56 (0.31, 1.45) 0.48 (0.32, 0.66) 0.011

Androgen, nmol/l 1.12 (0.73, 1.68) 7.14 (5.17, 10.02) <0.001

Prolactin, uIU/ml 257.60
(157.92, 342.48)

244.70
(170.40, 314.60)

0.453

Visceral fat area, cm2 189 (150, 221) 193 (163, 231) 0.080

Body fat percentage,
n (%)

43.32 ± 3.91 38.65 ± 5.40 <0.001

SAS 46.68 ± 8.14 45.83 ± 7.98 0.004

Normal, n (%) 130 (57.52%) 68 (71.59%)

Mild, n (%) 75 (33.19%) 23 (24.21%)

Moderate, n (%) 21 (9.29%) 4 (4.2%)

SDS 51.53 ± 9.94 48.20 ± 9.97 0.005

Normal, n (%) 130 (57.52%) 67 (70.53%)

Mild, n (%) 61 (26.99%) 18 (18.95%)

Moderate, n (%) 29 (12.83%) 9 (9.47%)

Severe, n (%) 6 (2.66%) 1 (1.05%)
F
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Data are presented as n (%), mean ± SD, or median (25th percentile, 75th percentile).
BMI, body mass index; T2D, Type 2 Diabetes; OSAHS, obstructive sleep apnea-hypopnea
syndrome; PCOS, polycystic ovary syndrome; N/A, Not Applicable; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; ALT, alanine aminotransferase; TG,
triglycerides; TSH, thyroid stimulating hormone; AUCglucose, area under the curve for
glucose; AUCinsulin, area under the curve for insulin; HOMA-IR, homeostasis model
assessment of insulin resistance; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating
Depression Scale.
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TABLE 2 Basic characteristic data in the Female and Male group
after PSM.

Index
Female
(n=143) Male (n=85)

P
value

Age, years 31.45 ± 7.26 30.86 ± 7.97 0.564

BMI, kg/m2 42.48 ± 6.31 43.65 ± 6.72 0.152

Obesity comorbidities

T2D, n (%) 45 (31.47%) 35 (41.18%) 0.137

Hypertension, n (%) 75 (52.45%) 54 (63.53%) 0.103

OSAHS, n (%) 86 (60.14%) 57 (67.06%) 0.296

PCOS, n (%) 51 (35.66%) N/A N/A

LDL, mmol/l 3.00 ± 0.70 3.04 ± 0.83 0.707

HDL, mmol/l 1.10 ± 0.19 0.99 ± 0.18 <0.001

ALT, u/l 29 (18, 56) 44 (23, 59) 0.009

TG, mmol/l 1.51 (1.08, 1.94) 2.00 (1.18, 3.36) <0.001

TSH, uIU/ml 2.14 (1.48, 3.17) 1.86 (1.36, 2.67) 0.094

AUCglucose 15.88
(13.27, 19.57)

17.42
(14.23, 23.57)

0.049

AUCinsulin 147.38
(103.73, 241.96)

126.26
(61.77, 240.10)

0.055

HOMA-IR 2.80 (1.90, 3.60) 2.80 (1.95, 3.75) 0.906

Estrogens, pmol/l 168.70
(121.33, 229.60)

130.60
(130.45, 163.00)

<0.001

Progesterone, nmol/l 0.56 (0.32, 0.97) 0.50 (0.35, 0.66) 0.044

Androgen, nmol/l 1.12 (0.73, 1.69) 7.62 (5.54, 10.49) <0.001

Prolactin, uIU/ml 260.20
(158.20, 350.20)

240.00
(151.38, 330.15)

0.186

Visceral fat area, cm2 199.00
(159.00, 228.00)

193.00
(162.00, 228.50)

0.972

Body fat percentage,
n (%)

44.22 ± 3.76 37.83 ± 4.89
<0.001

SAS 48.87 ± 7.89 46.09 ± 8.11 0.012

Normal, n (%) 81 (56.64%) 59 (69.41%)

Mild, n (%) 46 (32.17%) 19 (22.35%)

Moderate, n (%) 16 (11.19%) 7 (8.24%)

SDS 51.57 ± 9.96 48.62 ± 9.98 0.032

Normal, n (%) 77 (53.85%) 56 (65.88%)

Mild, n (%) 43 (30.07%) 19 (22.35%)

Moderate, n (%) 20 (13.99%) 9 (10.59%)

Severe, n (%) 3 (2.09%) 1 (1.18%)
fron
Data are presented as n (%), mean ± SD, or median (25th percentile, 75th percentile).
PSM, propensity score matching; BMI, body mass index; T2D, Type 2 Diabetes; OSAHS,
obstructive sleep apnea-hypopnea syndrome; PCOS, polycystic ovary syndrome; N/A, Not
Applicable; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ALT, alanine
aminotransferase; TG, triglycerides; TSH, thyroid stimulating hormone; AUCglucose, area
under the curve for glucose; AUCinsulin, area under the curve for insulin; HOMA-IR,
homeostasis model assessment of insulin resistance; SAS, Self-Rating Anxiety Scale; SDS,
Self-Rating Depression Scale.
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groups. In the present study, male patients accounted for 29.56% of

the entire cohort with higher BMI before surgery. Our results

confirmed that for patients with comparable BMI, no sex difference

was detected in the weight-loss effect after SG.
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While SG is a well-established and widely performed procedure,

there are still concerns that the weight-loss effect of SG cannot catch

up with that of Roux-en-Y gastric bypass. The weight-loss effect of

SG varied among patients and was affected by a series of factors.
A B

D E F

C

FIGURE 2

Weight-loss effect after SG. (A–C) indicated the change of BMI (A), TWL% (B), and EWL% (C) after SG in the original cohort before PSM. D-F
indicated the change of BMI (D), TWL% (E), and EWL% (F) after SG in the Male group and Female group after PSM. AP by group, BP over time, and CP
due to the interaction of the two factors. ** P <0.05 SG, sleeve gastrectomy; PSM, propensity score matching; BMI, body mass index; TWL%,
percentage of total weight loss; EWL%, percentage of excess weight loss.
TABLE 3 Factors associated with TWL% at 1 year after sleeve gastrectomy (male).

Factor
Univariate analysis Multivariate analysis

OR 95%CI P value OR 95%CI P value

Age, years 0.955 0.897 1.017 0.149

BMI, kg/m2 1.131 1.046 1.222 0.002 1.106 1.019 1.201 0.016

LDL, mmol/l 1.119 0.580 2.159 0.738

HDL, mmol/l 0.804 0.051 12.677 0.877

ALT, u/l 1.010 0.995 1.026 0.196

TG, mmol/l 0.617 0.407 0.935 0.023

TSH, uIU/ml 0.848 0.539 1.335 0.477

AUCglucose 0.852 0.774 0.939 0.001

AUCinsulin 1.012 1.005 1.019 0.001 1.009 1.002 1.017 0.010

HOMA-IR 1.512 1.039 2.199 0.031

Estrogens, pmol/l 0.999 0.988 1.010 0.820

Progesterone, nmol/l 2.465 1.024 5.935 0.044 3.088 1.031 9.256 0.044

Androgen, nmol/l 0.913 0.802 1.038 0.165

Prolactin, uIU/ml 1.002 0.998 1.007 0.323

(Continued)
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Identifying such factors can help surgeons make better care plans

for the specific patient and decrease the numbers of revisional

patients and nonresponders. Although studies are currently

exploring predictors of weight loss after SG, there is no consensus

among investigators (21). More importantly, there is a particular

lack of sex-specific prediction models. The present study aimed to

address this issue based on a prospective cohort.

The present study showed that higher baseline BMI predicted

better postoperative weight loss in both sex groups. However, some

studies have suggested that patients with a lower BMI tended to
Frontiers in Endocrinology 0714
have more weight loss after SG (22, 23). This inconsistency could be

explained by the discrepancy in the weight-loss metric used.

Specifically, those other studies used EWL% or percentage of

excess BMI loss (EBMIL%), whereas TWL% was used in the

present study. Researchers have referred to the issue as the

“Double Booby-Trap” of EWL%/EBMIL% to indicate that the

conclusion would be overturned when EWL%/EBMIL% was used

instead of TWL% (24). The “Double Booby-Trap” effect worsens

with lower baseline BMI due to the algebraic construction of the

EWL%/EBMIL%. In fact, many official academic organizations have
TABLE 3 Continued

Factor
Univariate analysis Multivariate analysis

OR 95%CI P value OR 95%CI P value

Visceral fat area, cm2 1.001 0.992 1.010 0.877

Body fat percentage, n (%) 1.215 1.075 1.374 0.002

SAS 0.990 0.931 1.053 0.752

SDS 0.972 0.926 1.021 0.252
fro
BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ALT, alanine aminotransferase; TG, triglycerides; TSH, thyroid stimulating hormone; AUCglucose, area under
the curve for glucose; AUCinsulin, area under the curve for insulin; HOMA-IR, homeostasis model assessment of insulin resistance; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating
Depression Scale.
TABLE 4 Factors associated with TWL% at 1 year after sleeve gastrectomy (female).

Factor
Univariate analysis Multivariate analysis

OR 95%CI P value OR 95%CI P value

Age, years 0.925 0.881 0.972 0.002 0.929 0.882 0.979 0.006

BMI, kg/m2 1.081 1.026 1.139 0.003 1.076 1.018 1.137 0.009

LDL, mmol/l 1.093 0.702 1.702 0.695

HDL, mmol/l 0.225 0.040 1.246 0.088

ALT, u/l 0.995 0.986 1.004 0.265

TG, mmol/l 0.942 0.605 1.465 0.790

TSH, uIU/ml 1.450 1.089 1.931 0.011 1.473 1.099 1.975 0.010

AUCglucose 0.956 0.905 1.010 0.107

AUCinsulin 1.002 0.999 1.006 0.133

HOMA-IR 1.095 0.869 1.380 0.441

Estrogens, pmol/l 0.999 0.997 1.002 0.554

Progesterone, nmol/l 0.997 0.920 1.080 0.939

Androgen, nmol/l 1.506 0.956 2.370 0.077

Prolactin, uIU/ml 1.001 0.998 1.003 0.597

Visceral fat area, cm2 1.003 0.997 1.010 0.284

Body fat percentage, n (%) 1.117 1.023 1.221 0.014

SAS 1.049 1.003 1.097 0.036 1.053 1.003 1.106 0.038

SDS 1.023 0.990 1.058 0.175
BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ALT, alanine aminotransferase; TG, triglycerides; TSH, thyroid stimulating hormone; AUCglucose, area under
the curve for glucose; AUCinsulin, area under the curve for insulin; HOMA-IR, homeostasis model assessment of insulin resistance; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating
Depression Scale.
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recommended using TWL% as an alternative to EWL% (or EBMIL

%) as the primary measure of weight loss (25). Studies are needed to

provide more evidence on the correlation between baseline BMI

and TWL% after SG. Furthermore, the necessity of PSM for baseline
Frontiers in Endocrinology 0815
BMI was further demonstrated given that baseline BMI was an

important predictor of weight loss in both sex groups.

In female patients, age is negatively associated with weight-loss

outcomes, as has been demonstrated in a large number of studies
FIGURE 3

Nomogram for prediction of weight loss effect in the Male group. BMI, body mass index; AUCinsulin, area under the curve for insulin.
FIGURE 4

Nomogram for prediction of weight loss effect in Female group. BMI, body mass index; TSH, thyroid stimulating hormone; SAS, Self-Rating
Anxiety Scale.
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(26–29). The basal energy expenditure has a tendency to decrease

tremendously with age, switching from 60 to 70% of total

metabolism around the age of 20–30 to 40% at the age of 50 (30).

In addition, younger female obese patients usually have higher

motivation for weight loss, probably because of their expectation of

regaining self-confidence (31). Our study suggests the necessity for

female patients to undergo surgery without delay because older

patients need to make more efforts to achieve better weight-

loss results.

Female patients with higher preoperative TSH levels achieved

better weight-loss outcomes. Clinical studies have demonstrated a
Frontiers in Endocrinology 0916
positive correlation between obesity and plasma TSH levels (32, 33).

A previous study initially reported that the TSH level decreased

significantly after SG in euthyroid patients. However, the TSH

decrease was not associated with EWL% (34). The exact

mechanism leading to a decrease in TSH following SG is not

clear. The main explanation, suggested by several studies, is

related to a decrease in leptin levels following surgery, which was

produced by adipocytes and was shown to have a stimulatory effect

on thyroid activity. Muraca et al. reported that baseline TSH levels

had no association with weight loss after SG (35). However, as most

studies assessing the efficiency of SG failed to report results by sex,
FIGURE 5

Visualization of sex-specific nomogram model of weight loss effect. (+) indicates positive correlation with weight loss effect; (-) indicates negative
correlation with weight loss effect. BMI, body mass index; AUCinsulin, area under the curve for insulin; TSH, thyroid stimulating hormone; SAS, Self-
Rating Anxiety Scale.
A B
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FIGURE 6

Receiver operating characteristic (ROC) curves, Calibration curves and Decision curve analysis (DCA) of the nomogram prediction in the Male group
and Female group. (A) ROC curves in the Male group; (B) Calibration curves of in the Male group. (C) DCA in the Male group. (D) ROC curves in the
Female group; (E) Calibration curves of in the Female group. (F) DCA in the Female group.
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there is still a lack of direct evidence in terms of the correlation

between baseline TSH level and the weight-loss effect after SG in

female patients. The predictive value of baseline TSH needs to be

confirmed by further studies.

The rate of psychological behavior abnormalities among obese

people who are willing to undergo bariatric surgery is as high as 70%

(36). In the present study, preoperative anxiety was another positive

predictor of weight loss in female patients. These results are believed

to be related to the increased adherence to the postoperative

instructions and were consistent with those of previous studies

(37, 38). A study published in 2022 revealed an interesting

trajectory in which patients with higher levels of anxiety lost the

most weight 12 months after bariatric surgery but tended to regain

more weight 30 months after surgery (39). The mechanisms by

which anxiety contributes to this trajectory should be examined in

future research. Our study suggested that female patients are more

susceptible to the impact of anxiety. For female patients, the

identification and intervention of psychological disorders,

especially those associated with anxiety, is of vital importance.

In the present study, higher levels of progesterone predicted

better weight-loss outcomes in male patients. Although little is

known about the physiology, endocrinology, and pharmacology of

progesterone in male, it has been found that progesterone can bind

to certain receptors in adipose tissue and regulate lipoprotein lipase,

thereby increasing fat accumulation (40). In addition, progesterone

can synergize with estrogen to reduce lipolysis and promote fat

accumulation (41). Unfortunately, there is limited evidence on the

alteration of progesterone after SG in male patients, let alone its

effect on or correlation with weight loss. A meta-analysis published

in 2019 reported the impact of bariatric surgery on male sex

hormones (42). However, no progesterone data were included.

Based on our prediction model, progesterone may play specific

physiological and pathophysiological roles in the weight-loss effect

after SG in male. Further studies are needed.

Insulin resistance is the fundamental pathophysiological change

in obesity. An increase in body weight induces insulin resistance

and compensates for hyperinsulinemia, resulting in fat

accumulation and metabolic disorders (43). AUCinsulin represents

the total amount of insulin secretion after oral glucose load and can

indicate insulin resistance to some extent (44). Our previous study

confirmed the great effect of SG on the remission of insulin

resistance (16), and the decrease in AUCinsulin after SG was

related to weight loss after surgery. Therefore, patients with

higher levels of AUCinsulin are likely to benefit more from surgery

to achieve better weight loss. The present study confirmed that

AUCinsulin was another positive predictor of weight loss after SG in

male patients.

The major strength of the present study is that the sex-specific

preoperative predictors of weight loss after SG were explored from a

comprehensive set of clinical variables based on a prospective

cohort. Our study has several limitations. First, the 1-year follow-

up time was not long enough. However, the period of weight loss

after SG is approximately 1 year, and the longer-term outcome may

be affected by more factors in addition to surgery. Second, due to the

single-center design and limited sample size, the predictive model
Frontiers in Endocrinology 1017
was validated internally by bootstrapping and needs to be further

confirmed by external validation.
5 Conclusion

The sex was not an influencing factor of weight loss for up to 1

year after SG. However, sex dimorphism still exists in terms of the

preoperative predictors of weight loss after SG. For different sex

groups, there could be differences in the focus of preoperative

evaluation in regard to the weight-loss effect. Research with

multi-centered design and long-term follow-up as well as the

mechanism of TSH affecting the weight loss effect are of great

significance in the future.
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Total weight loss induces the
alteration in thyroid function
after bariatric surgery
Ziru Tian1,2†, Yuntao Nie1*†, Zhengqi Li1, Pengpeng Wang1,
Nianrong Zhang1, Xiaofan Hei3, An Ping2, Baoyin Liu1

and Hua Meng1*

1Department of General Surgery & Obesity and Metabolic Disease Center, China-Japan Friendship
Hospital, Beijing, China, 2School of Basic Medical Sciences, Capital Medical University, Beijing, China,
3Department of Emergency, China-Japan Friendship Hospital, Beijing, China
Background: Bariatric surgery is an effective approach to weight loss, which may

also affect thyroid function. However, alteration in thyroid-stimulating hormone

(DTSH) and thyroid hormones after bariatric surgery and the relationship between

thyroid function and postoperative weight loss still remains controversial.

Methods: Data were collected from euthyroid patients with obesity who

underwent sleeve gastrectomy and Roux-en-Y gastric bypass from 2017 to

2022. The alterations of free thyroxine (FT4), free triiodothyronine (FT3), total

thyroxine (TT4), total triiodothyronine (TT3), and TSH were calculated 1 year after

surgery. Pearson correlation analysis was used to assess the correlation between

the percentage of total weight loss (%TWL) and DTSH. Multivariable linear

regression was utilized to determine the association between %TWL and DTSH.

Results: A total of 256 patients were included in our study. The mean %TWL was

28.29% after 1 year. TSH decreased from 2.33 (1.67, 3.04) uIU/mL to 1.82 (1.21,

2.50) uIU/mL (P < 0.001), FT3 decreased from 3.23 ± 0.42 pg/mL to 2.89 ± 0.41

pg/mL (P < 0.001), FT4 decreased from 1.11 ± 0.25 ng/dL to 1.02 ± 0.25 ng/dL (P <

0.001), TT3 decreased from 1.13 (1.00, 1.25) ng/mL to 0.89 (0.78, 1.00) ng/mL (P <

0.001), and TT4 decreased from 8.28 ± 1.69 ug/mL to 7.82 ± 1.68 ug/mL 1 year

postoperatively (P < 0.001). %TWL was found to be significantly correlated to

DTSH by Pearson correlation analysis (Pearson correlation coefficient = 0.184, P

= 0.003), indicating that the more weight loss, the more TSH declined. After

adjusting for covariates in multivariable linear regression, %TWL was found to be

independently associated with DTSH (b = 0.180 [95% confidence interval (CI),

0.048 – 0.312], P = 0.008). Moreover, %TWL was divided into 3 categorical

groups (%TWL ≤ 25%, 25% < %TWL ≤ 35%, and %TWL > 35%) for further

exploration, and was also found to be an independent predictor for DTSH after

adjusting for covariates in multivariable linear regression (b = 0.153 [95% CI, 0.019

– 0.287], P = 0.025).
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Conclusion: TSH, FT4, FT3, TT4, and TT3 decrease significantly 1 year after

bariatric surgery. The decline in TSH is independently mediated by postoperative

weight loss; the more the weight loss, the more the TSH decrease.
KEYWORDS

bariatric surgery, sleeve gastrectomy, Roux-en-Y gastric bypass, thyroid function,
weight loss
1 Introduction

Obesity has emerged as a global health concern, accompanied

by a variety of endocrine comorbidities, including thyroid

dysfunction (1). Evidence has shown that body weight is

associated with thyroid function, in which obesity can lead to a

higher risk of overt or subclinical hypothyroidism (2). In contrast,

weight loss may have the potential to ameliorate abnormalities in

blood glucose and lipids, reduce the inflammatory state of the body,

and protect the thyroid gland (3).

Bariatric surgery has been demonstrated to be an effective and

permanent approach to weight loss, with sleeve gastrectomy (SG) and

Roux-en-Y gastric bypass (RYGB) being the most commonly

performed procedures (4, 5). Based on previous literature, bariatric

surgery was associated with the relief of thyroid dysfunction,

alleviating overt or subclinical hypothyroidism, and reducing the

need for thyroid hormone-lowering therapy (6, 7). These effects may

be attributed to the declines in serum levels of leptin, adipokines, and

ghrelin levels after surgery (8, 9). However, changes in thyroid-

stimulating hormone (TSH) after bariatric surgery reported by

different studies varied dramatically. TSH levels were found to

decline significantly following bariatric surgery in the majority of

studies involving patients with subclinical or overt hypothyroidism

(10–12). Similar results have been noted in a number of researches

involving patients with normal thyroid function (13–15).

Nonetheless, a retrospective study by MacCuish et al. (16)

including 55 euthyroid patients undergoing RYGB found that TSH

levels remained steady after 2 years. Dall’Asta et al. (17) conducted a

retrospective study in 258 euthyroid patients who had received gastric

banding also failed to find a significant change in TSH

postoperatively. The effect of bariatric surgery on the serum levels

of free triiodothyronine (FT3) and free thyroxine (FT4) is not yet fully

understood. Patients from different countries who underwent various

surgical procedures were reported to exhibit elevated, unchanged, or

decreased FT3 and FT4 levels following surgery in prior studies (15,

18, 19). A recent meta-analysis in 2017 revealed that FT3 decreased in

euthyroid individuals after bariatric surgery, while FT4 remained

unchanged (20). Therefore, the impact of weight loss following

bariatric surgery on thyroid function in euthyroid patients with

obesity remains controversial.

The aim of our study was to investigate the alterations in TSH

and thyroid hormones 1 year after bariatric surgery in euthyroid
0221
patients with obesity, and explore the relationship between the

percentage of total weight loss (%TWL) and alterations of

TSH (DTSH).
2 Materials and methods

2.1 Study design and participants

This is a retrospective observational analysis of prospectively

collected data of patients with obesity who underwent SG or RYGB

at China-Japan Friendship Hospital from September 2017 to May

2022. All the patients were selected for bariatric surgery according

to the Chinese Surgical Guideline for Obesity and Type 2 Diabetes

by the Chinese Society for Metabolic and Bariatric Surgery

(CSMBS) (21). The inclusion criteria were (1) patients with

obesity (BMI ≥ 27.5 kg/m2 according to Chinese guidelines (21),

and guidelines from the American Society for Metabolic and

Bariatric Surgery and International Federation for the Surgery of

Obesity and Metabolic Disorders (5)), (2) age between 16 and 65

years, (3) complete preoperative and postoperative thyroid function

tests, and (4) normal preoperative TSH (< 0.50 uIU/mL or > 4.80

uIU/mL) and FT4 (< 0.58 ng/dL or > 1.75 ng/dL) levels. Patients

with a history of pituitary and/or thyroid disease, abnormal thyroid

hormone levels, a history of drug application that might affect

thyroid function (e.g. amiodarone, lithium, anticonvulsants, and

glucocorticoids), and those who had undergone a second bariatric

surgery were excluded from the study. Patients with a metformin

usage history were not excluded because it is commonly used in

patients with obesity and type 2 diabetes mellitus (T2DM), despite it

might affect thyroid function.

This study was performed in accordance with the Helsinki

Declaration and was approved by the Institutional Review Board

(IRB) of China-Japan Friendship Hospital (2021-112-K70).

Informed consent was waived by the IRB because the study was

observational and noninvasive.
2.2 Variables collection

All sociodemographic variables were extracted from the

electronic medical record system, including sex, age, height,
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weight, waist circumstance, hip circumstance, type of surgery,

T2DM, hypertension, systolic blood pressure, diastolic blood

pressure, smoking history, and alcohol consumption. The T2DM

was diagnosed according to the American Diabetes Association

guidelines (22), including fasting plasma glucose (FPG) ≥ 7.0 mmol/

L and/or 2-h plasma glucose ≥ 11.1 mmol/L during oral glucose

tolerance test and/or glycated hemoglobin (HbA1c) ≥ 6.5% and/or

patients with classic symptoms of hyperglycemia or hyperglycemic

crisis, a random plasma glucose ≥ 11.1 mmol/L and/or a diagnosis

of T2DM in the past. Diagnosis of hypertension was based on

systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure

≥ 90 mmHg and/or a history of hypertension (23).

The biochemical variables of blood samples were collected and

examined within a week preoperatively, including TSH, thyroid

hormones, lipid profiles, and glycemic profiles, et al. The serum

levels of TSH, FT4, FT3, total thyroxine (TT4), and total

triiodothyronine (TT3) were measured by electrochemiluminescence

immunoassay. The enzymatic colorimetric method was utilized to

measure the serum levels of FPG, while HbA1c was measured by high-

performance liquid chromatography. Total cholesterol (TC) and total

triglyceride (TG) were measured by standard enzymatic methods. The

serum levels of high-density lipoprotein cholesterol (HDL-C) and low-

density lipoprotein cholesterol (LDL-C) were measured by the direct

method. The normal ranges for all biochemical variables are listed in

Supplementary Table 1.

In addition, the alterations of clinical parameters were

calculated by subtracting the levels at baseline from the levels at 1

year, and the %TWL was calculated from the follow-up data.
2.3 Surgical procedures

Symmetric three-port laparoscopic SG and RYGB were

performed as described in our previous studies (24, 25). The

patients were positioned supine, with their arms extended

laterally and their legs joined. Laparoscopic SG was performed

over a 36-Fr bougie, with the sleeve beginning 4-6 cm from the

pylorus. Laparoscopic RYGB was performed using a standard 30

mL pouch, a biliopancreatic limb measuring 100 cm, and a Roux

limb measuring 100 cm. Gastrojejunostomy was made with a linear

stapler with hand-sewn defect closure. Patients with a long duration

of T2DM, weakened islet function, or severe gastroesophageal

reflux disease symptoms were recommended RYGB as a priority,

but patient preference was also considered.
2.4 Postoperative management

All patients were instructed to take a daily oral micronutrient/

multivitamin supplement (Centrum®), which contained the

following nutrients: vitamin A (4000 IU), vitamin D (400 IU),

vitamin E (30 IU), vitamin B1 (1.5 mg), vitamin B2 (1.7 mg),

vitamin B6 (2 mg), vitamin C (60 mg), vitamin B12 (6 mg), folate
(400 mg), calcium (162 mg), iron (18 mg), zinc (15 mg), and
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magnesium (100 mg). This supplementation regimen was advised

to be continued for at least 1 year for patients undergoing SG, and a

lifelong duration for patients undergoing RYGB.

Follow-up were scheduled at 3 months, 6 months, 1 year

postoperatively, and subsequently on an annual basis. Various

parameters including weight, blood pressure, and biochemical

tests were regularly monitored during these follow-ups.
2.5 Statistical analysis

Continuous variables were presented as means ± standard

deviation (SD) for normal data and medians with interquartile

range for non-normal data, and the categorical variables were

shown as frequency (percentage). The changes between clinical

variables at baseline and 1 year postoperatively were tested by

paired sample t-test or the Mann-Whitney U test. Differences

between groups were evaluated by analysis of variance (ANOVA)

tests for continuous data. Correlation between DTSH and %TWL

was determined using the Pearson correlation analysis, in which a P

< 0.05 indicated the presence of a significant correlation. The %

TWL was utilized as both continuous and categorical variables (%

TWL group) to explore their relationship with DTSH. The %TWL

group was divided as follows: %TWL ≤ 25%, 25% < %TWL ≤ 35%,

and %TWL > 35%. The univariable and multivariable stepwise

linear regression was conducted to examine the association between

DTSH and %TWL. Three linear regression models were performed.

The Model 1 was unadjusted; Model 2 adjusted for sex, age, and

body mass index (BMI); The Model 3 further adjusted for waist-to-

hip ratio, type of surgery, T2DM, metformin use, hypertension,

smoking history, and alcohol consumption. In addition, the

subgroup analysis was conducted to assess whether the potential

covariates (sex, age, BMI, T2DM, metformin use, and hypertension)

modified the relationship between DTSH and %TWL using

multivariable linear regression models with full adjustment in

Model 3. The significance level was a P < 0.05 in all tests. Data

analysis was carried out with SPSS version 24 and R 4.1.3 software

(https://r-project.org/).
3 Results

3.1 Patient characteristics

The clinical characteristics of patients are summarized in

Table 1. A total of 256 patients were included in the study, 64.8%

of patients were female, and their median age was 35.00 (29.00,

43.75) years. The baseline average BMI was 38.37 ± 7.24 kg/m2, and

the mean waist-to-hip ratio was 0.96 ± 0.08. Two hundred and two

(78.9%) patients underwent SG, and 54 (21.1%) underwent RYGB.

Among these patients, 148 (57.8%) were diagnosed as T2DM, and

75 (29.30%) had a history of metformin use. One-hundred and nine

(46.4%) patients were diagnosed as hypertension, and the mean
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systolic blood pressure was 138.08 ± 19.57 mmHg, and the diastolic

blood pressure was 87.16 ± 15.28 mmHg.
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3.2 Postoperative weight loss

The body weight of all the patients decreased from 110.57 ±

27.42 kg at baseline to 88.37 ± 21.76 at 3 months, 81.45 ± 19.11 at 6

months, and 77.86 ± 17.08 kg at 1 year. The %TWL was 20.08 ±

6.39% at 3 months, 25.57 ± 7.59% at 6 months, and 28.62 ± 9.12% at

1 year, respectively (Figure 1).
3.3 Alterations in thyroid function and
other biochemical markers

Table 2 and Figure 2 present the serum levels of TSH and

thyroid hormones at baseline and 1 year after bariatric surgery. The

serum level of TSH decreased from 2.33 (1.67, 3.04) uIU/mL to 1.82

(1.21, 2.50) uIU/mL (P < 0.001). The serum level of FT3 decreased

from 3.23 ± 0.42 pg/mL to 2.89 ± 0.41 pg/mL (P < 0.001). The

serum level of FT4 decreased from 1.11 ± 0.25 ng/dL to 1.02 ± 0.25

ng/dL (P < 0.001). The serum level of TT3 decreased from 1.13

(1.00, 1.25) ng/mL to 0.89 (0.78, 1.00) ng/mL (P < 0.001). The

serum level of TT4 decreased from 8.28 ± 1.69 ug/dL to 7.82 ± 1.68

ug/dL (P < 0.001).

The decline was also observed in serum levels of FPG, HbA1c,

TC, TG, LDL-C, and HDL-C with statistical significance (P < 0.001

for all, Table 2).
3.4 The association between DTSH
and %TWL

According to the Pearson correlation analysis (Figure 3A),

DTSH exhibited a significant positive correlation with %TWL
FIGURE 1

Weight loss after surgery. Error bars represent standard deviations. *: P < 0.05, **: P < 0.01, ***: P < 0.001 for each visit time compared with baseline.
%TWL, percentage of total weight loss.
TABLE 1 Patient characteristics.

Variables Total (N = 256)

Female (%) 166 (64.84)

Age (years) 35.00 (29.00 43.75)

Height (cm) 168.00 (162.25, 175.00)

Weight (kg) 107.00 (91.00, 123.75)

BMI (kg/m2) 38.37 ± 7.24

Waist (cm) 117.62 ± 16.06

Hip (cm) 121.89 ± 14.46

Waist-to-hip ratio 0.96 ± 0.08

T2DM (%) 148 (57.8)

Metformin use (%) 75 (29.30)

Hypertension (%) 119 (46.4)

SBP (mmHg) 138.08 ± 19.57

DBP (mmHg) 87.16 ± 15.28

Smoking history (%) 47 (18.36)

Alcohol consumption (%) 37 (14.45)

Type of surgery

SG (%) 202 (78.91)

RYGB (%) 54 (21.09)
Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; RYGB, Roux-en-Y
gastric bypass; SBP, systolic blood pressure; SG, sleeve gastrectomy; T2DM, type 2
diabetes mellitus.
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(Pearson correlation coefficient = 0.184, P = 0.003), indicating that

the more the weight loss, the more the TSH decrease. After further
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dividing the %TWL into 3 groups, DTSH levels differed significantly

between groups (P = 0.018) and increased as the %TWL

increased (Figure 3B).

Table 3 presents the association between DTSH and %TWL/

%TWL group. The %TWL revealed a significant linear

relationship with the DTSH (b = 0.184 [95% confidence

interval (CI), 0.063 – 0.306], P = 0.003) according to the

univariable linear regression (Model 1). After accounting for

age, sex, and BMI, the similar correlation was observed (b =

0.144 [95% CI, 0.017 – 0.271], P = 0.026) (Model 2). After

making further adjustment for baseline sociodemographic

variables, the %TWL still remained correlated with DTSH (b =

0.180 [95% CI, 0.048 – 0.312], P = 0.008) (Model 3).

The %TWL group had a significant linear relationship with

DTSH (b = 0.176 [95% CI, 0.054 – 0.298], P = 0.005) according to

univariable linear regression (Model 1). After adjusting for age, sex,

and BMI, the %TWL group still presented a significant relationship

with DTSH (b = 0.136 [95% CI, 0.009 – 0.263], P = 0.035) (Model 2).

In the fully adjusted model, the %TWL group was also found to be

an independent predictor for DTSH (b = 0.153 [95% CI, 0.019 –

0.287], P = 0.025) (Model 3).

In addition, patients in subgroup analyses were categorized

based on sex (male or female), age (≤ 40 years or >40 years), BMI

(≤ 37.5 kg/m2 or >37.5 kg/m2), T2DM (yes or no), metformin use

(yes or no), and hypertension (yes or no). No significant
A B

D E

C

FIGURE 2

Alterations of TSH and thyroid hormones after bariatric surgery. (A) TSH; (B) FT3; (C) FT4; (D) TT3; (E) TT4. *: P < 0.05, **: P < 0.01, ***: P < 0.001 for
1 year after surgery compared with baseline. FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; TT3, total
triiodothyronine; TT4, total thyroxine.
TABLE 2 Alterations in TSH, thyroid hormones, and other
biochemical variables.

Variables Baseline 1 year P

TSH (uIU/mL) 2.33 (1.67, 3.04) 1.82 (1.21, 2.50) <0.001

FT3 (pg/mL) 3.23 ± 0.42 2.89 ± 0.41 <0.001

FT4 (ng/dL) 1.11 ± 0.25 1.02 ± 0.25 <0.001

TT3 (ng/mL) 1.13 (1.00, 1.25) 0.89 (0.78, 1.00) <0.001

TT4 (ug/dL) 8.28 ± 1.69 7.82 ± 1.68 <0.001

Other biochemical variables

FPG (mmol/L) 6.26 (5.36, 9.15) 4.82 (4.38, 5.24) <0.001

HbA1c (%) 6.30 (5.53, 8.38) 5.33 (5.10, 5.70) <0.001

TC (mmol/L) 4.89 ± 1.00 4.48 ± 0.96 <0.001

TG (mmol/L) 1.79 (1.33, 2.35) 0.89 (0.69, 1.21) <0.001

HDL-C (mmol/L) 1.03 (0.88, 1.20) 1.24 (1.08, 1.44) <0.001

LDL-C (mmol/L) 3.06 ± 0.80 2.58 ± 0.76 <0.001
FPG, fasting plasma glucose; FT3, free triiodothyronine; FT4, free thyroxine; HbA1c, glycated
hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; TC, total cholesterol; TG, total triglyceride; TSH, thyroid-stimulating hormone;
TT3, total triiodothyronine; TT4, total thyroxine.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1333033
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Tian et al. 10.3389/fendo.2024.1333033
interactions between %TWL and these potential covariates were

observed (all P values for interaction > 0.05) (Figure 4).
4 Discussion

Thyroid hormones play an essential role in regulating dietary

intake and energy expenditure and therefore interact with body

weight (26). Patients with obesity frequently suffer from thyroid

dysfunction, which has the potential to exacerbate the obese state.

However, the effect of bariatric surgery, a powerful method of

weight loss, on thyroid function is not known with certainty. The

main results of this study showed that TSH, FT3, FT4, TT3, and

TT4 decreased significantly 1 year after bariatric surgery in

euthyroid patients. TSH reduction was independently correlated

with %TWL, with greater weight loss correlating to greater

TSH reduction.
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Individuals with obesity have been found to have elevated TSH

when compared to normal-weight controls, as well as thyroid

hormones (27–30). According to a bidirectional Mendelian

randomization study by Wang et al. (31), it is more likely that

obesity causes elevated TSH than that elevated TSH causes weight

gain. Obesity was found to reduce the expression of TSH receptors

on adipocytes, which may induce the downregulation of thyroid

hormone receptors and action and further increase TSH (32).

Moreover, the elevation of TSH can be mediated by

compensatory activation of the hypothalamus-pituitary-thyroid

(HPT) axis in response to an increase in leptin in adipose tissue

(33, 34). Thus, the combined effect of peripheral thyroid hormone

resistance and central leptin regulation increases TSH in plasma

and has detrimental impacts on organs beyond the thyroid.

Changes in TSH and thyroid hormones after bariatric surgery

remain controversial. We analyzed the data of 256 Chinese patients

and revealed a significant decrease in TSH and other thyroid
A

B

FIGURE 3

Correlation between DTSH and %TWL. (A) %TWL was used as continuous variable; (B) %TWL was used as categorical variable. ANOVA, analysis of
variance; PCC, Pearson correlation coefficient; TSH, thyroid-stimulating hormone; %TWL, percentage of total weight loss.
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hormones (FT3, FT4, TT3, and TT4) 1 year after SG and RYGB.

The majority of studies on patients with normal thyroid function or

subclinical hypothyroidism have yielded similar outcomes (13, 18).

In contrast, Dall’Asta et al. (17) examined the effect of gastric

banding on thyroid hormones and found no postoperative change

in TSH. Zhang et al. (35) and MacCuish et al. (16) investigated the

variations in thyroid function following RYGB and discovered that

TSH remained steady. FT3 and FT4 have also been reported to be

elevated, unchanged, or decreased after bariatric surgery in previous

studies, with the varying results primarily attributable to differences

in ethnic groups, surgical procedures, and sample sizes (9, 14, 19,

36, 37). However, the present study included, to the best of our

knowledge, the largest number of Chinese euthyroid patients with

obesity and comprehensively analyzed the two most common

bariatric surgical procedures (SG and RYGB), so it may be able to

provide more reliable data for Chinese patients.
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Although a few studies failed to identify a relationship between

TSH decline and weight loss after bariatric surgery (19, 37–40),

most studies initially explored a positive correlation using

correlation analysis (14, 17, 19, 41). Neves et al. (42) analyzed

preoperative and 1-year postoperative thyroid function in 949

euthyroid patients who underwent SG, RYGB, or gastric banding

and revealed that a decrease in TSH was significantly associated

with excessive body weight loss. Juiz-Valiña et al. (27) conducted a

study comparing the TSH levels of 129 euthyroid patients before

and after SG and RYGB and observed that TSH reduction was

associated with excessive BMI loss. Moreover, a recent prospective

study by Kamal et al. (43), involving 106 euthyroid patients

undergoing SG has indicated a positive linear relationship

between %TWL and DTSH. Using Pearson correlation analysis,

we also discovered a significant correlation between DTSH and %

TWL (PCC = 0.184, P = 0.003), which is consistent with previous

findings. Similar results were observed after dividing %TWL into 3
FIGURE 4

Subgroup analysis for the association between DTSH and %TWL. The %TWL was used as continuous variable (%TWL) and categorical variable (%TWL
group). Each subgroup analysis adjusted for sex, age, BMI, waist-to-hip ratio, type of surgery, hypertension, T2DM, metformin use, smoking history,
and alcohol consumption. BMI, body mass index; T2DM, type 2 diabetes mellitus; %TWL, percentage of total weight loss.
TABLE 3 Standardized b and 95% CIs of DTSH according to %TWL.

Model 1 Model 2 Model 3

Variables b (95% CI) P b (95% CI) P b (95% CI) P

%TWL 0.184 (0.063 - 0.306) 0.003 0.144 (0.017 - 0.271) 0.026 0.180 (0.048 - 0.312) 0.008

%TWL group 0.176 (0.054 - 0.298) 0.005 0.136 (0.009 - 0.263) 0.035 0.153 (0.019 - 0.287) 0.025
frontier
Model 1: unadjusted. Model 2: adjusted for sex, age, and BMI. Model 3: adjusted for sex, age, BMI, waist-to-hip ratio, type of surgery, T2DM, metformin use, hypertension, smoking history, and
alcohol consumption.
CI, confidence interval; TSH, thyroid-stimulating hormone; %TWL, percentage of total weight loss.
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groups, with greater TSH variations as %TWL increased. To

confirm the relationship between DTSH and %TWL, we

performed multivariable stepwise linear regression. After

adjusting for several covariates, both %TWL and %TWL groups

were found to be independent predictors of TSH decline, suggesting

that changes in thyroid function after bariatric surgery are mediated

by surgically induced weight loss, with more weight loss resulting in

better thyroid function improvement.

How weight loss after bariatric surgery affects TSH and thyroid

hormones is not yet fully understood. One viewpoint proposed that

the improvement of thyroid function is mediated by weight loss

independently, rather than being exclusively attributed to the effects

of bariatric surgery (44). This was supported by the fact that weight

loss induced by lifestyle changes can also reduce TSH levels (45).

Although there are no studies directly comparing the effects of

bariatric surgery and lifestyle interventions on thyroid function, we

concluded by comparing differing degrees of weight loss after

surgery that %TWL > 35% was associated with greater TSH

changes than 25 ≤ %TWL < 35% and greater than %TWL < 25%.

Given that bariatric surgery is the most effective method of weight

loss currently available, its effect on thyroid function should be the

most significant.

Various potential factors may cause the alteration in thyroid

function after bariatric surgery. First, the tremendous decrease in fat

mass and leptin released from adipocytes after bariatric surgery not

only reduces the stimulation of the HPT axis but also inhibits the

peripheral conversion of T4 to T3, resulting in a decrease in TSH

and thyroid hormones, which may be the main mechanism for the

alteration of thyroid function after bariatric surgery (46–48).

Second, decreased expression of the TSH receptor due to obesity

can be reversed by weight loss, thereby reducing peripheral thyroid

hormone resistance (32). Third, the growth hormone is considered

as an important factor that could regulate the HPT axis and

decreased significantly in patients with obesity. After bariatric

surgery, the growth hormone rises and lowers TSH through the

HPT axis (44, 49). Fourth, the body inflammation state declined

after bariatric surgery, which has been reported to be associated

with the reduction of TSH, resulting in the improvement of thyroid

hormone resistance after surgery (50). Fifth, bariatric surgery can

inhibit the activity of B and T lymphocytes and reduce the

circulating levels of thyroid autoimmune antibodies and various

inflammatory cytokines, which may protect the thyroid gland from

inflammatory injuries and the forced release of stored thyroid

hormones (51). Finally, improvements in glycemic and lipid

profiles after bariatric surgery have also been reported to play a

role in promoting a decrease in TSH (19, 41, 52), which aligns with

our findings as the FPG, HbA1c, TC, TG, LDL-C, and HDL-C all

declined significantly after surgery.

From a clinical perspective, the present study identified a

positive correlation between bariatric surgery-induced weight loss

and TSH reduction in patients with normal thyroid function,

providing physiological encouragement for the clinical therapeutic

strategy of surgical treatment for obesity-related thyroid

dysfunction. TSH will decrease following weight loss after

bariatric surgery in patients with TSH levels approaching the

upper normal limit, without the need for additional thyroid
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hormone-lowering medication. For patients with hypothyroidism,

the current study was in accordance with the previous study that

TSH would decline after bariatric surgery, supporting the view that

the thyroid replacement medication dosage might be reduced (53).

If enhanced efficacy is needed, weight management, such as dietary

control and exercise interventions, can be strengthened

postoperatively to increase %TWL, which leads to a further

decrease in TSH.

Some limitations to our study should be noted. Firstly, since

this was a retrospective, single-center study, there was a selection

bias. Secondly, the study population comprised only Chinese

patients with obesity, so it is unknown whether these results can

be generalized to Western populations. Thirdly, antithyroid

antibodies and cytokines such as leptin were not routinely

measured in the present study, so we may not be able to further

explore the specific mechanism underlying the impact of weight

loss on TSH levels. Fourthly, due to a significant portion of patients

lacking thyroid function-related data at 3 months and 6 months

after surgery, we have not included that for analysis. Finally, the

follow-up period of this study was only 1 year; hence, the

alterations in thyroid function after 1 year and the influence of

weight regain on thyroid function cannot be studied. Future

research should establish multicenter, prospective, and long-term

follow-up cohorts to obtain more reliable data.

In conclusion, our study revealed a significant reduction in

TSH, FT3, FT4, TT3, and TT4 in Chinese euthyroid patients with

obesity 1 year after bariatric surgery. Weight loss following SG and

RYGB will improve thyroid function. The more weight loss occurs,

the more TSH decreases.
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New mechanistic insights
of anti-obesity by sleeve
gastrectomy-altered gut
microbiota and lipid metabolism
Chuxuan Liu1†, Qian Xu1†, Shuohui Dong2, Huanxin Ding1,
Bingjun Li1, Dexu Zhang1, Yongjuan Liang1, Linchuan Li1,
Qiaoran Liu1, Yugang Cheng1, Jing Wu3, Jiankang Zhu1,
Mingwei Zhong1, Yihai Cao4 and Guangyong Zhang1*

1Department of General Surgery, The First Affiliated Hospital of Shandong First Medical University,
Jinan, Shandong, China, 2Department of General Surgery, Qilu Hospital, Shandong University, Jinan,
Shandong, China, 3Department of Clinical Pharmacy, The First Affiliated Hospital of Shandong First
Medical University, Jinan, Shandong, China, 4Department of Microbiology, Tumor and Cell Biology,
Karolinska Institute, Stockholm, Sweden
Background: The obesity epidemic has been on the rise due to changes in living

standards and lifestyles. To combat this issue, sleeve gastrectomy (SG) has

emerged as a prominent bariatric surgery technique, offering substantial

weight reduction. Nevertheless, the mechanisms that underlie SG-related

bodyweight loss are not fully understood.

Methods: In this study, we conducted a collection of preoperative and 3-month

postoperative serumand fecal samples frompatientswho underwent laparoscopic

SG at the First Affiliated Hospital of Shandong First Medical University (Jinan,

China). Here, we took an unbiased approach of multi-omics to investigate the role

of SG-altered gut microbiota in anti-obesity of these patients. Non-target

metabolome sequencing was performed using the fecal and serum samples.

Results: Our data show that SG markedly increased microbiota diversity and

Rikenellaceae, Alistipes, Parabacteroides, Bactreoidales, and Enterobacteraies

robustly increased. These compositional changes were positively correlated with

lipid metabolites, including sphingolipids, glycerophospholipids, and unsaturated

fatty acids. Increases of Rikenellaceae, Alistipes, and Parabacteroidewere reversely

correlated with body mass index (BMI).

Conclusion: In conclusion, our findings provide evidence that SG induces

significant alterations in the abundances of Rikenellaceae, Alistipes,

Parabacteroides, and Bacteroidales, as well as changes in lipid metabolism-

related metabolites. Importantly, these changes were found to be closely linked

to the alleviation of obesity. On the basis of these findings, we have identified a

number of microbiotas that could be potential targets for treatment of obesity.
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1 Introduction

The prevalence of obesity has been steadily increasing over the past

half century (1). Notably, the number of people with obesity in China

grew threefold between 2004 and 2018; the mean body mass index

(BMI) increased from 22.7 to 24.4 kg/m2 (2). Obesity contributes to

numerous metabolic diseases, such as nonalcoholic fatty liver disease

(NAFLD), type 2 diabetes mellitus (T2DM), cardiovascular disease,

hypertension, coronary heart disease, depression, and cancer (3). A

sedentary lifestyle, minimal exercise, and excessive energy intake are

the main causes of obesity; obesity-related genes also constitute

important genetic factors (4). Effective alleviation and reversal of

obesity, as well as prevention of its complications and potential

damaging effects, have received considerable public health interest.

The gut microbiota is the largest microbial community in the

human body (5). At the genetic level, it contains approximately 30-

fold more genes than the human genome (6), and it is closely

associated with normal physiological functions of the human body

(7). Recent studies have shown that changes in gut microbiota are

strongly associated with the onset of obesity and obesity-related

complications (e.g., reduced intestinal microbiota richness;

reductions in Clostridiales, Deltaproteobacteria, and Pasteurellales;

and an associated increase in Burkholderiales) in patients with obesity

(8). The use of oral antibiotics may increase obesity risk (9), whereas

fecal microbiota transplantation from lean donors can improve the

metabolic status of obese patients and attenuate obesity-related

metabolic diseases such as insulin resistance (10); these findings

indicate that the gut microbiota plays an important role in obesity

onset and progression. Dysosmobacter welbionis, a newly discovered

gut probiotic, can effectively alleviate obesity, insulin resistance, and

inflammation in adipose tissue, thereby improving host metabolic

status (11). The specific mechanism of its effects may be closely

associated with the small molecule metabolites it produces during

fermentation, which can influence the local gut environment and

systemic metabolic status (12). Short-chain fatty acids in the gut

environment can regulate the progression of obesity through various

effects on appetite and the systemic metabolic profile (13). The gut

microbiota also has important effects on the production,

transportation, and enterohepatic circulation of bile acids, which

are important small molecule metabolites (14). Thus, targeted

therapy against gut microbiota is gradually becoming an important

intervention for obesity and obesity-related diseases.

Bariatric surgery, one of the most effective treatments for obesity

and hyperglycemia, has substantial effects on metabolic status; it can
Abbreviations: SG, sleeve gastrectomy; OB, obesity; FMT, fecal microbiota

transplantation; BMI, body mass index; NAFLD, nonalcoholic fatty liver

disease; T2DM, type 2 diabetes mellitus; HFD, high-fat diet; PBS, phosphate-

buffered saline; CCS, circular consensus sequence; TG, triglyceride; IPGTT,

intraperitoneal glucose tolerance test; AUC, area under the curve; LDA, linear

discriminant analysis; NIM, negative ion mode; PIM, positive ion mode; MS,

mass spectrometry; PCA, principal component analysis; PLSDA, partial least

squares-discriminant analysis; PUFAs, polyunsaturated fatty acids; Ile-Glu,

isoleucine- glutamate; COVID-19, coronavirus disease 2019; NASH,

nonalcoholic steatohepatitis; FXR, farnesoid X receptor; FAHFA, fatty acid

esters of hydroxy fatty acid.
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alleviate and prevent obesity-related diseases such as T2DM and

NAFLD (15, 16). Sleeve gastrectomy (SG), a common bariatric

surgery approach, is widely used as treatment for obesity because

of its simplicity, robust weight reduction effect, and low malnutrition

risk (17, 18). The substantial weight-loss benefits of SG do not solely

depend on gastric volume reduction; this surgical treatment can

reorganize systemic endocrine functioning to improve glucose–lipid

metabolism by regulating hormone levels, appetite, and other factors

(19, 20). However, the details of the mechanism require further

investigation. There is evidence that SG also influences gut

microbiota composition and function, in a manner closely

associated with its apparent therapeutic benefits (21). However,

only a few studies have investigated the effects of SG on gut

microbiota, mainly via 16S ribosomal RNA gene amplicon

sequencing; additional research is needed concerning the precision

and depth of its effects on microbial communities (22). Whole

metagenome shotgun sequencing, a new technique that allows all

microbial genomes in a sample to be sequenced, can localize bacteria

to the species level and facilitate functional annotation; these results

cannot be achieved using conventional 16S rDNA amplicon

sequencing (23). Because of dietary and lifestyle differences among

countries and regions, the gut microbiota displays substantial

geographical variation. Although China has a large population,

there have been few studies regarding the effects of SG on the gut

microbiota and metabolites of Chinese obese patients. Here, we used

whole metagenome shotgun sequencing, in combination with non-

targeted metabolomic profiling, to elucidate the therapeutic

mechanisms of SG from a gut microbiota perspective, identify

biomarkers of SG, and provide new insights for obesity treatment.
2 Methods

2.1 Participants and sample collection

From September 2021 to May 2022, this study recruited obese

patients who underwent laparoscopic SG at the First Affiliated

Hospital of Shandong First Medical University (Jinan, China).

None of the obese patients participating in this research had a drug

history or medication withdrawal. Inclusion criteria were (1) a

diagnosis of morbid obesity, (2) unsatisfactory results despite

lifestyle and medical therapies, and (3) age 18–65 years. Exclusion

criteria were (1) serious complications (e.g., poor cardiopulmonary

function or any vital organ dysfunction), (2) cognitive impairment or

intellectual disability, and/or (3) contraindications to laparoscopic SG

or general anesthesia. Participants’ anthropometric data, serum

samples, and fecal samples were collected (after an overnight fast)

before surgery and 3 months after laparoscopic SG. After collection,

serum and fecal samples were frozen at -80°C until analysis.
2.2 Operative procedure

After the induction of general anesthesia, each patient was

placed in the supine position and a pneumoperitoneum was

created at 12 mmHg with a Veress needle. A 10-mm trocar
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was placed for insertion of the 30° laparoscope, and four 5-mm

trocars were inserted. The gastrocolic and gastrosplenic ligaments

were dissected along the greater curvature of the stomach; dissection

was continued proximally to the angle of His. Subsequently, excess

gastric body and fundus were removed along the greater curvature of

the stomach at 4 cm from the pylorus. Barbed sutures were used for

continuous suturing to reinforce the cutting line. Next, a drainage

tube was placed in the abdominal cavity. Finally, all trocars were

removed, and the abdomen was deflated.
2.3 Whole metagenome
shotgun sequencing

2.3.1 Extraction of microbial DNA
Microbial DNA was extracted from fecal samples using the

E.Z.N.A.® Stool DNA Kit (D4015-02, Omega, Inc., USA), in

accordance with the manufacturer’s instructions. This reagent,

specifically formulated for the extraction of DNA from minimal

sample sizes, has proven to be highly efficient in extracting DNA

from a wide range of bacterial species. Sample blanks consisted of

unused swabs that were subjected to DNA extraction and confirmed

to be DNA amplicon-free. In accordance with the manufacturer’s

protocol (QIAGEN), total DNA was eluted in 50 µl of elution buffer,

then frozen at -80°C. Finally, total DNA was quantified by Lc-bio

Technologies (Hangzhou) Co., Ltd. (Hangzhou, China).

2.3.2 Construction of microbial DNA libraries
Microbial DNA libraries were constructed using the TruSeq

Nano DNA LT Library Preparation Kit (FC-121-4001). DNA was

fragmented by incubation with dsDNA Fragmentase (NEB,

M0348S) at 37°C for 30 min. Library construction begins with

fragmented cDNA. Blunt-end DNA fragments were generated

using a combination of fill-in reactions and exonuclease activity,

then ligated to indexed adapters. Each adapter is designed with a T-

base overhang, enabling the seamless ligation of the adapter to the

A-tailed fragmented DNA. Next, polymerase chain reaction

amplification of the ligated products was conducted under the

following conditions: initial denaturation at 95°C for 3 min; 8

cycles of denaturation at 98°C for 15 sec, annealing at 60°C for 15

sec, and extension at 72°C for 30 sec; and a final extension at 72°C

for 5 min.

2.3.3 Data processing
The raw sequencing reads underwent processing to extract valid

reads for subsequent analysis. Initially, sequencing adapters were

eliminated from the reads using cutadapt v1.9. Subsequently, fqtrim

v0.94 was employed to trim low-quality reads using a sliding-

window algorithm. Finally, the reads were aligned to the host

genome using bowtie2 v2 .2 .0 to e l iminate any host

contamination. Quality-filtered data were subjected to de novo

assembly by IDBA-UD v1.1.1 to construct the metagenome for

each sample. MetaGeneMark v3.26 was used to predict all coding

regions of metagenomic contigs. CD-HIT v4.6.1 was used to

remove redundant genes to obtain unigenes. To generate
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functional information, the unigenes were used as queries for

functional database (Kyoto Encyclopedia of Genes and Genomes

[KEGG]) analysis by DIAMOND v0.9.14. Based on the above data,

as well as the unigene abundance profile, the Mann–Whitney U test,

Kruskal–Wallis test (replicated groups), Unweighted Pair Group

Method with Arithmetic Mean (UPGMA), and Linear discriminant

analysis Effect Size (LEfSe) methods were used to identify features

with significant differential abundances across groups.

Subsequently, differentially enriched KEGG pathways were

identified. Alpha diversity was quantified using the Chao1, good

coverage, observed species, and Shannon indices. Beta diversity was

calculated using Bray–Curtis distance or Jensen–Shannon

Divergence distance.
2.4 Metabolomics analysis

2.4.1 Metabolite extraction
Serum and fecal samples (20 µl each) were extracted with 120 µl

or 1 ml of precooled 50% methanol, respectively, then incubated at

room temperature for 10 min. Subsequently, extraction mixtures

were stored at -20°C overnight. After centrifugation (4000 × g for 20

min), supernatants were transferred into 96-well plates and stored

at -80°C for liquid chromatography–mass spectrometry (LC-

MS) analysis.

2.4.2 LC-MS data acquisition
Samples were analyzed by LC-MS in accordance with the

system manufacturer’s instructions. The Vanquish Flex UHPLC

system (Thermo Fisher Scientific, Bremen, Germany) was used for

chromatographic separation. Reversed phase separation was

performed using an ACQUITY UPLC TC column (35°C, 0.4 ml/

min, 100 mm × 2.1 mm, 1.8 µm, Waters, Milford, USA); the mobile

phase consisted of solvent A (water, 0.1% formic acid) and solvent B

(acetonitrile, 0.1% formic acid). The gradient elution conditions

were as follows: 0–0.5 min, 5% B; 0.5–7 min, 5% to 100% B; 7–8

min, 100% B; 8–8.1 min, 100% to 5% B; and 8.1–10 min, 5%B.

Eluted metabolites were detected using a Q-Exactive high-

resolution tandem mass spectrometer (Thermo Fisher Scientific,

Bremen, Germany). Precursor spectra (70–1050 m/z) were gathered

at 70000 resolutions; the first three configurations for data

acquisition used DDA mode. Finally, fragment spectra were

collected at 17500 resolutions.

2.4.3 Data processing
The above MS data preprocessing steps (including peak

picking, peak grouping, retention time correction, second peak

grouping, and annotation of isotopes and adducts) were

performed with XCMS software. LC−MS raw data files were

converted into mzXML format and then processed by the XCMS,

CAMERA and metaX toolbox implemented with the R software.

Each peak intensity was recorded; a three-dimensional matrix was

generated containing arbitrarily assigned peak indices, sample

names, and ion intensity information. The KEGG database and

the human metabolome database (HMDB) were used to annotate
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metabolites. If the mass difference between the observed and the

database value was less than 10 ppm, the metabolite was annotated,

and the molecular formula of the metabolites was further identified

and validated through isotopic distribution measurements. An in-

house fragment spectrum library of metabolites was also used to

annotate metabolites.

Meta X was used for additional preprocessing of peak intensity

data. Features detected in fewer than 50% of quality control samples

or 80% of biological samples were removed to improve data quality,

the remaining peaks with missing values were imputed using the k-

nearest neighbor algorithm, enhancing the overall data quality.

Moreover, standard deviations were calculated across quality

control samples; samples with standard deviations > 30% were

removed. Finally, Student’s t-test was conducted to identify

differences in metabolite concentrations. Meta X software was

used to distinguish variables across groups. Furthermore, variable

importance in projection (VIP) values were calculated; a VIP cut-off

value of 1.0 was used to select important features.
2.5 Integration of metagenomic with
metabolomics data and clinical data

SPSS v26.0 was used to analyze the correlations of highly

variable microbiota with blood metabolomics data, fecal

metabolomics data, and clinical data. It was also used to evaluate

the relationships among metagenomic, metabolomic, and clinical

data. P values for hypothesis testing were considered statistically

significant when P<0.05.
3 Results

3.1 Whole metagenome shotgun
sequencing analysis of community
structure changes in gut microbiota
diversity after SG

We collected preoperative and postoperative fecal samples from

obese patients who underwent SG; the patients’ clinical

characteristics are shown in Tables 1 and 2. We defined the

preoperative obese patients as the OB group and the post-SG

patients as the SG group, the samples and clinical data between

these two groups were then analyzed. We first constructed and

plotted dilution curves for core and pan genes (Supplementary

Figures 1A, B). For our sample size, the number of genes was

generally stable, indicating that the data were ready for subsequent

analysis. Alpha diversity analysis at the species level revealed that

the Chao1, observed species, and Shannon indices were statistically

significantly higher in the SG group than in the OB group,

suggesting that SG caused significantly higher gut microbiota

richness, evenness, and diversity (Figures 1A-D). We then

investigated the effects of SG on gut microbiota composition in

obese patients via principal coordinates analysis based on Bray–

Curtis distance (Figure 1E) and sample clustering using UPGMA

(Figure 1F). We observed significant differences in microbial
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composition between the two groups. These results were validated

by ANOSIM and Adonis analyses (Supplementary Figures 1C, D).
3.2 Changes in gut microbial composition
after SG

Comparative metagenomics analysis via stacked bar charts and

heat maps at the phylum and order level revealed that taxonomic

distributions significantly differed between groups (Figures 2A, B,

Supplementary Figures 2A–D). At the phylum level ,

Verrucomicrobia richness was significantly increased in the SG

group, compared with the OB group. Additionally, at the order

level, Enterobacterales, Desulfovibrionales, Acidaminococcales,

Verrucomicrobiales, and Bacteroidetes were significantly

increased after SG, whereas Veillonellales was decreased. To more

comprehensively investigate the remodeling effect of SG on gut

microbiota, we focused on changes at the species level, which is an
TABLE 1 Demographic characteristics and operation status of
study subjects.

Variables Mean ± SD/n (%)

Participants 5

Age (years) 28.4 ± 3.2

Height (m) 1.7 ± 0.1

Body weight (kg) 127.2 ± 17.1

BMI (kg/m2) 43.9 ± 3.8

Gender

Male 2 (40%)

Female 3 (60%)

Waistline (cm) 133.4 ± 4.7

Hipline (cm) 137.0 ± 7.2

Hospital stays (days) 7.4 ± 1.1

Comorbidities

Metabolic syndrome 1 (20%)

Hypertension 1 (20%)

Hyperlipemia 1 (20%)

T2DM 1 (20%)

PCOS 1 (20%)

SAHS 5 (100%)

OGTT (mmol/L)

1 h 10.1 ± 3.8

2 h 8.1 ± 4.1

3 h 5.9 ± 3.4

Operative time (min) 141.0 ± 9.6
Data are expressed as mean ± SD or as numbers and percentages. T2DM, type 2 diabetes
mellitus; PCOS, polycystic ovary syndrome; SAHS, sleep apnoea/hypopnoea syndrome;
OGTT, oral glucose tolerance tests.
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TABLE 2 Clinical parameters before and after laparoscopic sleeve gastrectomy.

Variables Before LSG 1 month 2 months 3 months

Body weight (kg) 127.2 ± 17.1 108.6 ± 17.1 102.6 ± 16.2* 98.8 ± 16.0*

BMI (kg/m2) 43.9 ± 3.8 37.4 ± 3.9* 35.4 ± 3.9* 34.0 ± 3.8*

Alanine aminotransferase (U/L) 52.2 ± 30.3 53.1 ± 29.5 40.5 ± 20.0 22.7 ± 10.8

Aspartate aminotransferase (U/L) 28.8 ± 13.0 28.6 ± 12.8 23.8 ± 7.7 16.6 ± 3.8

Uric acid (mmol/L) 469.0 ± 143.1 538.6 ± 132.0 516.6 ± 132.7 489.2 ± 149.6

Triglyceride (mmol/L) 3.7 ± 5.3 2.4 ± 2.3 1.8 ± 1.4 1.8 ± 0.7

Total cholesterol (mmol/L) 4.7 ± 1.3 4.2 ± 1.4 4.3 ± 1.3 4.9 ± 1.4

High-density lipoprotein (mmol/L) 1.1 ± 0.1 1.2 ± 0.3 1.1 ± 0.3 1.0 ± 0.2

Low-density lipoprotein (mmol/L) 2.3 ± 1.0 2.4 ± 1.0 2.4 ± 1.1 2.4 ± 1.0

Haemoglobin A1c (%) 6.0 ± 1.2 6.1 ± 1.1 5.7 ± 0.5 5.3 ± 0.4

Fasting blood glucose (mmol/L) 5.7 ± 2.8 5.3 ± 1.0 5.1 ± 1.1 5.2 ± 0.9
F
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Data are expressed as mean ± SD. *P < 0.05 versus before LSG. LSG, laparoscopic sleeve gastrectomy; BMI, body mass index.
B
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A

FIGURE 1

Analysis of community structural changes in the diversity of gut microbiota after sleeve gastrectomy by the whole metageome shotgun sequencing.
(A) chao1, (B) goods coverage, (C) observed species and (D) Shannon estimators to indicate changes of a-diversity after SG; (E) Principal-coordinate
analysis (PCoA) of samples derived from two groups based on the Bray-Curtis distance; (F) The Unweighted Pair Group Method with Arithmetic
Mean (UPGMA) method was used to cluster the samples depending on Bray-Curtis distance. ** means P<0.01.
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advantage of shotgun sequencing and metagenome-wide

association studies compared with conventional 16S rDNA

sequencing. The resulting data were categorized and presented as

stacked bar charts, heat maps, and bar charts (Figures 2C-E). At the

species level, we found significant increases in Bacteroidales,

Alistipes, and Parabacteroides, along with substantial decreases in

Prevotella and Clostridium, after SG treatment compared with
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samples collected prior to SG. To identify species with

significantly different abundances, we established a linear

discriminant analysis (LDA) threshold value of > 3.0 and

performed analysis using the LEfSe tool. Numerous taxa were

significantly different between the two groups (Supplementary

Figures 2E, F). To identify biomarkers with greater potential for

biological relevance, we established an LDA threshold value of 4.0;
B C

D E

F

G

A

FIGURE 2

Changes in the gut microbial composition after SG. (A) Difference between two groups in the composition of the gut microbiota at the phylum level
presented as stacked plot; (B) Difference between two groups in the composition of the gut microbiota at the order level presented as stacked plot;
(C) Difference between two groups in the composition of the gut microbiota at the species presented as stacked plot; (D) Changes of post-SG
bacterial population at the species level presented as the heat map; (E) The TOP 20 differential bacteria species caused by SG, according to the P
value; (F) Cladogram of LDA Effect Size (LEfSe) for identifying species with significant differences in abundance of the SG group (LDA>4.0); (G) LDA
score of LDA Effect Size (LEfSe) for identifying species with significant differences in abundance of the SG group (LDA>4.0).
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using this value, we detected biomarker species for SG, including

Rikenellaceae, Alistipes, Parabacteroides, Bacteroidales, and

Enterobacterales; we also detected a biomarker for OB

(Prevotella) (Figures 2F, G).
3.3 SG significantly alters the genetic
characteristics and functions of
gut microbiota

Comparative analysis revealed that the number of genes in the

gut microbiota was significantly higher in the SG group than in the

OB group (Figure 3A). Furthermore, compared with the OB group,

the SG group displayed 113,420 upregulated genes and 9,305

downregulated genes (Figure 3B). Analysis using the KEGG

database revealed that the differential genes were mainly enriched

in metabolism-related pathways, suggesting that the changes in gut

microbiota after SG are associated with improvements in host

metabolic status (Figure 3C, Supplementary Figure 3A). Next, we

analyzed differences in microbial function between the two groups

based on KEGG database findings. We found no statistically

significant differences between the two groups at KEGG level1

(Supplementary Figure 3B). However, a significant difference

between the two groups was present at KEGG level2 (Figure 3D,

Supplementary Figures 3C–E). Among the differential pathways,

the lipid metabolism pathway was statistically significantly

enhanced in the SG group (Figure 3E). Further analysis according

to KEGG pathway definitions revealed additional differences in

metabolic pathways (Figure 3F, Supplementary Figures 3F–H). We

identified the top 30 functional pathways with the greatest

differences in KEGG PathwayDefinition (Figure 3G), then ranked

the top 20 and depicted them in a box plot (Figure 3H). The results

showed that the levels of amino acid metabolism (e.g., lysine and

tryptophan) and lipid metabolism (e.g., fatty acids, ether lipids, and

a-linolenic acid) pathway components were significantly increased

after SG.
3.4 Altered gut metabolite profiles after SG

Non-target metabolome sequencing of fecal samples yielded

10955 features in negative ion mode (NIM) and 18498 features in

positive ion mode (PIM), with 1194 and 986 ions of all secondary

metabolites identified, respectively. And there were 5576 and 9053

annotated primary metabolites in NIM and PIM, respectively (Table

3). In single-stage mass spectrometry (MS1) analysis, the data

identified were applied as a bulk query to the human metabolome

database (HMDB) and annotated with 4333 and 7296 individual

samples of the identifying features identified in the PIM and NIM,

respectively, and the highest abundant metabolites were lipids or lipid

analogues (Table 3; Supplementary Figure 4A). It was found that they

were mainly enriched in metabolic functional pathways, including

lipid metabolism, amino acid metabolism, cofactors, and vitamins,

and were also closely associated with endocrine disorders, in addition

to digestive disease, as shown by MS1 analysis based on the KEGG

(Figure 4A). Afterwads, we performed secondary-mass spectrometry
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analysis (MS2) and found that the metabolites were mainly related to

lipid metabolism such as sphingolipids, glycerophospholipids, and

unsaturated fatty acids (Figure 4B and Supplementary Figure 4B).

Subsequently, PCA and PLSDA showed significant group differences

between the SG andOB groups (Figure 4C and Supplementary Figure

4C). There were 2899 metabolic ions upregulated and 2827 metabolic

ions downregulated in the SG group compared to the OB group

(Figure 4D). The difference in metabolites between the two groups

was visualized by the volcano and heat maps (Supplementary Figure

4D and 4E). We then listed the 20 metabolites identified by MS2 as

differential features with the highest differences according to P values

by annotating them into the database (Figure 4E), and demonstrated

a significant increase in small molecular lipid molecules including

free fatty acids, triglycerides, ceramides, etc., and an increase in

esterified bile acids after SG, predominantly esterified deoxycholic

acid and esterified glyodeoxycholic acid. In order to clarify the

functions of the metabolites, we annotated them into the KEGG

database according to the identified primary and secondary

metabolites. The different primary metabolites between the two

groups were mainly enriched in unsaturated fatty acid (PUFAs)

metabolic pathways such as linolenic acid, linoleic acid, and

arachidonic acid and were closely associated with metabolic

pathways such as primary bile acid synthesis and steroid synthesis

(Figure 4F). Secondary metabolites are likewise mainly enriched in

metabolism-related pathways, including fatty acid synthesis,

prolongation, degradation, glycerophospholipids, ether lipids,

linoleic acid, etc. (Figure 4G). All the above results can be

corresponded to metagenome-wide association studies above.
3.5 Serum metabolic profiles change
after SG

Non-targeted metabolomic profiling of serum samples revealed

11451 and 15496 metabolic features according to MS1, 348 and 477

metabolic features according to MS2, and 6062 and 7812 annotated

primary metabolites in NIM and PIM, respectively (Table 4). Similar

to the fecal metabolomic analysis, the primary metabolites identified

were mainly lipids or lipid analogs, according to the HMDB

(Supplementary Figure 5A). Meanwhile, on the basis of the KEGG

database, the functional pathways of the primary metabolites were

amino acid metabolism, lipid metabolism, cofactor and vitamin

metabolism, which was consistent with the results obtained from

the fecal samples (Figure 5A). We further annotated the features

obtained from secondary mass spectrometry into KEGG, showing

that the functions of the metabolites in the serum samples are mainly

closely related to the metabolic pathways (Figure 5B and

Supplementary Figure 5B). We identified metabolites that differed

between the SG and OB groups, then analyzed those metabolic

features via PCA (Figure 5C) and PLSDA (Supplementary

Figure 5C); we found that samples demonstrated similarity within

the OB and SG groups, whereas they significantly differed between

groups. After SG, 2060 features were upregulated, and 1913 features

were downregulated (Figure 5D). Metabolites with changes after SG

were visualized using heat and volcano plots (Supplementary

Figures 5D, E). To further clarify the differential metabolites
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TABLE 3 Identification of the fecal metabolome.

Mode All MS2 HMDB KEGG Annotated

Negative 10955 1194 4333 2371 5576

Positive 18498 986 7926 4268 9053
F
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FIGURE 3

SG significantly alters gut microbiota genetic characteristics and functions (A) Venn diagram for differential genes between two groups; (B) Altered
gut microbial gene counts after SG; (C) KEGG enrichment analysis of differential genes between groups; (D, E) Altered function of gut microbiota
after SG based on KEGG database at the KEGG level 2; (F, G) Altered function of gut microbiota after SG based on KEGG database at the KEGG
PathwayDefinition level; (H) Top 20 most significantly different functions of gut microbiota between the two groups.
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TABLE 4 Identification of the serum metabolome.

Mode All MS2 HMDB KEGG Annotated

Negative 11451 348 5065 4431 6062

Positive 14296 477 6815 5523 7812
F
rontiers in Endocrinology
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FIGURE 4

Comparative metabolomics analysis revealed the alteration in gut metabolites after SG. (A) Annotation of overall gut metabolic features identified by
MS1 based on the KEGG database; (B) Annotation of overall gut metabolic features identified by MS2 based on the KEGG database; (C) PCA for gut
metabolites from two groups; (D) Statistical bar graph of the change in the count of differentially metabolized ions, caused by SG; (E) Heat maps
revealing the different intestinal metabolites between the two groups; (F) The KEGG Enrichment Analysis for gut metabolites identified by MS1;
(G) The KEGG Enrichment Analysis for gut metabolites identified by MS2.
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between groups, the identified metabolite ions were annotated into

the database and a visual analysis of the TOP20 differential

metabolites was performed based on P values (Figure 5E). The

levels of dihydroxyoctadecanoate, cryptotanshinone, tetraethylene

glycol, and isoleucine- glutamate (Ile-Glu) significantly decreased

after SG, whereas the levels of 3-hydroxydodecanoic acid,

hydrocortisone, lauroyl-L-carnitine, and acylcarnitine significantly

increased. Finally, we performed separate functional analyses of
Frontiers in Endocrinology 1039
primary and secondary differential metabolites via KEGG

enrichment analysis and bubble mapping. Differential primary

metabolites were mainly associated with linoleic acid, a type of

polyunsaturated fatty acids (PUFAs), and steroid hormone

biosynthetic pathways (Figure 5F). In contrast, differential

secondary metabolites were mainly associated with purine

metabolism, glycerophosphate metabolism, and linoleic acid

metabolism (Figure 5G).
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FIGURE 5

Comparative metabolomics analysis revealed the alteration in serum metabolites after SG. (A) Annotation of overall serum metabolic features
identified by MS1 based on the KEGG database; (B) Annotation of overall serum metabolic features identified by MS2 based on the KEGG database;
(C) PCA for serum metabolites from two groups; (D) Statistical bar graph of the change in the count of differentially metabolized ions, caused by SG;
(E) Heat maps revealing the different serum metabolites between the two groups; (F) The KEGG Enrichment Analysis for serum metabolites identified
by MS1; (G) The KEGG Enrichment Analysis for serum metabolites identified by MS2.
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3.6 Combined multi-omics analysis reveals
SG-mediated remodeling of the
gut microenvironment

For systematic assessment of the mechanism by which SG

alleviates obesity through gut microenvironment remodeling, we

performed integrated analysis using a multi-omics approach in

combination with clinical data. During whole metagenome

shotgun sequencing and LEfSe analysis, we tentatively identified

several microbes with substantial changes in abundance after SG,

including Rikenellaceae, Alistipes, Parabacteroides, Bacteroidales,

Enterobacterales, and Prevotella; we compared them with differential

metabolites from fecal samples (Supplementary Figure 6A) and serum

samples (Supplementary Figure 6B). Because of the large amount of

data, we performed correlation analysis between the above differential

microbiota and the 20 most significantly different metabolites in feces
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(Figure 6A) and serum (Figure 6B). We found that Rikenellaceae,

Alistipes, Parabacteroides, and Enterobacterales had statistically

significant correlations with most of the differential metabolites,

whereas Prevotella and Bacteroidales were poorly correlated with

differential metabolites; these findings were consistent across

metabolites from fecal and serum samples, suggesting that the first

four bacteria contribute to the weight-loss effect of SG. Accordingly, we

performed a linear analysis of BMI, an important clinical indicator of

obesity, using the above six groups of bacteria. We found that

Rikenellaceae, Alistipes, and Parabacteroides were correlated with

BMI (Figures 6C-E), whereas the other three microbiota were not

correlated with BMI (Supplementary Figures 6C–E). Taken together,

these results suggest that the increased abundances of Rikenellaceae,

Alistipes, and Parabacteroides in the gut microbiota after SG have

important effects on the outcome of SG-mediated weight

reduction therapy.
B

C D E

A

FIGURE 6

Integreted multi-omics analysis revealed the remodeling of intestinal microenvironment mediated by SG. (A) The correlation analysis between
specific differential bacteria and TOP 20 fecal differential metabolites; (B) The correlation analysis between specific differential bacteria and TOP 20
serum differential metabolites; (C) The linear correlation analysis between abundance of Alistipes and BMI; (D) The linear correlation analysis
between abundance of Parabacteroides and BMI; (E) The linear correlation analysis between abundance of Rikenellaceae and BMI.
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4 Discussion

Obesity and its related complications pose a serious public health

threat worldwide (1, 24). In the context of the COVID-19 pandemic,

the metabolic disease aspect of obesity has received increasing attention

based on findings that it increases COVID-19 risk and severity (25, 26).

SG as a common bariatric surgery operation, has demonstrated a

substantial weight-loss effect in obese patients; it also alleviates obesity-

related complications and delays their progression (27, 28). However,

additional research is needed to fully elucidate the therapeutic

mechanisms of SG, particularly from an gut microecological

perspective. In the present study, we utilized a multi-omics approach

to analyze changes in gut microbiota and metabolites after SG among

obese patients from Shandong, China. Such changes had important

effects on host metabolism and might offer biomarkers forgut

microecology after SG.

Previous studies have shown that bariatric surgery can

significantly contribute to improvement in the gut dysbacteriosis

associated with obesity (29). SG alters the normal structure of the

gastrointestinal tract and rearranges the gut microecology whcih may

play a central role in the effect of SG. In this study, the whole

metagenome shotgun sequencing revealed a significant increase in

alpha diversity after SG, suggesting significant increases in microbiota

richness and diversity. Subsequently, principal coordinates analysis of

samples from the OB and SG groups revealed similarities within each

group and differences between groups. Based on these results, we

conducted further exploration of the gut microbiota composition.

LEfSe analysis was performed to investigate the effect of SG on gut

microbial community composition at various levels, especially the

species level. Rikenellaceae, Alistipes, Parabacteroides, Bacteroidales,

and Enterobacterales were identified as characteristic bacteria in the

SG group; Prevotellawas identified as the characteristic bacteria in the

OB group. In a previous study, Rikenellaceae abundance was

considerably decreased in the intestines of obese patients compared

with lean patients; its abundance was positively correlated with the

level of ClpB, a bacterial protein that was negatively correlated with

BMI, waist circumference, and total fat mass (30). Alistipes

abundance in the gut microbiota is significantly dysregulated in

obese mice; modifications that restore its abundance can partially

reverse lipid metabolism disorders (31). The abundance of Alistipes

gradually decreases as NAFLD progresses to nonalcoholic

steatohepatitis and cirrhosis (32). Parabacteroides spp. are

suspected to mediate anti-obesity effects through enhancement of

fat thermogenesis, maintenance of gut integrity, and reduction of the

serum insulin resistance level (33). Fecal microbiota transplantation

from bariatric surgery patients to experimental mice revealed a

significant increase in Parabacteroides abundance in the mice,

along with improved glucose metabolism (34). Similarly,

Bacteroidales spp. are closely associated with obesity-related

diseases such as NAFLD and hepatic fibrosis. Additionally, they

have demonstrated significant correlations with the abundances of

bile acids, such as deoxycholic acid (35) Enterobacterales spp. are

generally the focus of infectious disease research, but their roles in

lipidmetabolism and related fields have not been extensively explored

(36). Considering the increased abundance of Enterobacterales

observed after SG in the present study, the roles of Enterobacterales
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spp. in metabolism require further investigation. Notably, the

abundance of Prevotella in the intestinal contents of rats was

significantly increased after SG compared with the control group,

indicating that Prevotella spp. could have a therapeutic effect on the

disturbance of host glucose metabolism by increasing bile acid

production and activating farnesoid X receptor (FXR) (37).

However, our findings suggested that Prevotella abundance

decreased after SG and this discrepancy may be the result of

species differences, sample sources, differences in dietary structure,

and differences in study location. Furthermore, this difference

illustrates the need for analyses of gut microbiology to be

conducted via clinical trials, rather than animal models alone.

For the alteration of gut microbial function after SG, a series of

related analyses at the gene level were performed and showed that a

number of genes in the gut contents was substantially increased after

SG. Subsequently, we elucidated the mechanism by which SG improves

obesity through the gut microbiota, using an approach that involved

KEGG-mediated functional annotation of the microbiota at various

levels. We found that overall metabolic functions (e.g., fatty acids,

amino acids such as tryptophan, and PUFAsmetabolic pathways) were

generally upregulated after SG. Tryptophan metabolism plays an

essential role in the microbiota–gut–brain axis; it is also involved in

many psychiatric and neurological disorders (38). Moreover,

tryptophan-related metabolites in the gut environment can bind to

aryl hydrocarbon receptor ligands and regulate metabolic functions

(39). In patients with metabolic disorders, an important gut finding is a

decrease in tryptophan, which leads to a decrease in aryl hydrocarbon

receptor binding and the activation of both GLP-1 and interleukin-22;

this pathway ultimately promotes inflammation, insulin resistance, and

hepatic steatosis (40, 41). PUFAs are susceptible to oxidative

degradation because of their unstable double bonds; this degradation

can lead to tissue damage (42). However, the gut microbiota can allow

the host to resist obesity during high-fat diet intake via regulation of

PUFAs metabolism (43). The present study also revealed that SG

significantly increased the levels of tryptophan and PUFAs, helping to

explain the mechanism underlying the superior weight-loss effect of SG

from the perspective of gut microecology.

According to the whole metagenome shotgun sequencing, SG

could lead to changes in the metabolic function of gut microbiota.

Therefore, we conducted non-targeted metabolomic profiling of

fecal samples from obese patients undergoing SG; this approach

enabled the identification of a greater number of small molecule

metabolites. Metabolic ions identified in fecal samples were mainly

lipid molecules, which may be associated with the production of

short-chain fatty acids by the gut microbiota that were subsequently

absorbed by the intestine and finally excreted into feces (44); our

whole metagenome shotgun sequencing results corroborated this

previous finding. Furthermore, we observed a small increase in the

number of gut metabolites after SG, which may be associated with

greater gut microbial diversity and richness. We focused on the top

20 different small molecule metabolites according to P-values. A

decrease in sphingomyelin in the gut environment was observed

after SG. Sphingomyelin has been significantly positively correlated

with the level of serum cholesterol; a lower level of sphingomyelin

was significantly associated with alleviation of hypercholesterolemia

(45). We also found that fatty acid esters of hydroxy fatty acids
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(FAHFAs) were significantly downregulated after SG. Notably, the

effects of FAHFAs on metabolism are controversial; some studies

show anti-inflammatory and anti-diabetic effects (46), whereas

other studies show contrasting findings (47). Thus, the roles of

FAHFAs in metabolism, particularly lipid metabolism, require

further investigation. Additionally, we found that SG led to

increases in gut sterol sulfate, glycodeoxycholic acid, and

phosphatidylglycerol. In a previous study, sterol sulfate tended to

be negatively correlated with serum cholesterol and low-density

lipoprotein (48). Glycodeoxycholic acid was negatively correlated

with insulin clearance, and patients with obesity generally exhibited

lower insulin clearance (49). Phosphatidylglycerol remodeling can

significantly improve hepatic steatosis by stabilizing mitochondrial

structure (50). Although SG leads to a significant weight-loss effect

and improves lipid metabolism, we observed significant increases in

the levels of free fatty acids and triglycerides in fecal samples

collected from patientsunderwent SG. Recent studies have shown

that short-chain fatty acids, among the major products of gut

microbiota, can function as signaling molecules to regulate lipid

metabolism and glucose homeostasis in liver, adipose tissue, and

skeletal muscle, thereby exerting anti-obesity effects (51, 52). In

summary, the increased levels of various metabolites with favorable

roles in the regulation of glucolipid metabolism after SG, along with

decreases in the levels of some metabolically harmful substances,

provide important insights concerning the weight-loss therapeutic

effect of SG from an gut metabolite perspective.

Considering the altered metabolic profile observed after SG, we

profiled serum small molecule metabolites. We initially analyzed the

metabolic ions identified in our study which were dominated by lipid-

like molecules and closely associated with metabolism-related

functional pathways, such as amino acids and lipids. Analysis of

differential metabolites after SG revealed a significant reduction in

isoleucine, a type of branched-chain amino acid; this finding was

consistent with the results of a study regarding altered serummetabolic

profiles after bariatric surgery (53). Moreover, it may partially explain

the mechanism of SG because an elevated serum branched-chain

amino acid level was strongly associated with obesity, insulin

resistance, and T2DM in humans (54). Additionally, hexaethylene

glycol, heptaethylene glycol, cryptotanshinone, and tetraethylene glycol

were substantially lower after SG. To our knowledge, the roles of these

fourmetabolites in glucose–lipidmetabolism and obesity have not been

determined thus far; follow-up studies are needed to explore whether

they can be used as therapeutic targets for obesity. Furthermore, we

found increases in serum myristoleic acid, hydrocortisone, lauroyl-L-

carnitine, and acylcarnitine after SG, compared with samples collected

before SG. An increase in myristoleic acid, a class of long-chain fatty

acids, has potential anti-obesity effects that involve activating brown

adipose tissue and promoting the production of beige fat. In a previous

study, the serum hydrocortisone concentration reportedly was

decreased after SG (55), which is inconsistent with our findings. This

discrepancy is probably related to regional differences in dietary

structure, which may influence bacterial metabolites (56). An

elevated level of acylcarnitine may enhance mitochondrial b-
oxidation, thereby reducing lipid accumulation (57). However,

lauroyl-L-carnitine had a positive association with T2DM in a

clinical study (58).
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The human metabolic profile involves multidimensional crosstalk,

and a single omics approach cannot fully illuminate the intricate

mechanisms by which SG improves metabolism. Therefore, a multi-

omics approach was performed in combination with an analysis of

clinical data. We initially identified several candidate bacterial

groups via LEfSe analysis, then explored their relationships with

differential metabolites in feces and serum samples. We identified

four types of bacteria—Rikenellaceae, Alistipes, Parabacteroides, and

Enterobacterales—that were negatively correlated with pro-obesity

metabolites (e.g., sphingomyelin) and positively correlated with anti-

obesity metabolites (e.g., myristoleic acid). Additionally, linear

correlation analysis between these bacteria and BMI revealed that

only Rikenellaceae, Alistipes, and Parabacteroides were both

significantly associated with differential metabolites and linearly

correlated with BMI. Thus, we concluded that Rikenellaceae,

Alistipes, and Parabacteroides are key bacteria with important roles

in the ability of SG to alleviate obesity.Among these, Alistipes was

identified as a novel distinctive feature in gut microbiota after SG in this

study, compared to previous studies using 16S ribosomal RNA

sequencing to detect the effects of SG on gut microbiota (22). These

bacteria represent potential targets for future obesity therapies, and set

the stage for exploring new non-invasive modality in treating obesity

and its related complications.

However, there are several limitations to our study. Due to the

fact that many patients undergoing bariatric surgery come from

other regions, it is challenging for them to return to our hospital for

follow-up examinations due to the long distances involved.

Additionally, post-surgery constipation experienced by many

patients makes it difficult to collect fecal samples. Consequently,

the sample size in this study is relatively small. A larger sample

cohort experiment is still needed in the future to further verify the

above conclusion, and provide novel targeted drugs with specific gut

microbiota for obese patients. Moreover, there was only a

correlation between these bacteria we identified and the altered

metabolic and clinical parameters. In order to establish causation,

additional animal experiments should be further performed.

5 Conclusions

In the present study, we collected fecal and serum samples from

obese patients before and after SG, and then classified and

functionally analyzed the samples using the whole metagenome

shotgun sequencing and the non-targeted metabolomic profiling.

We revealed the remodeling of gut microbiota by SG through a

multi-omics approach, and identified Rikenellaceae, Alistipes, and

Parabacteroide as the key strains of SG exerting weight-loss effects.

This study elucidated the mechanism of SG from the perspectives of

gut microbiota and metabolites.

Trial registration

This study was granted approval by the Ethics Review Committee

of the First Affiliated Hospital of Shandong First Medical University

(Permission number: 2023-S358). Registered 12 May 2023.
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SUPPLEMENTARY FIGURE 1

(A) The dilution curves for Core genes; (B) The dilution curves for Pan genes;
(C) The result for the Analysis of similarities (Anosim) between the two groups;

(D) The result for the Adonis analysis between the two groups.

SUPPLEMENTARY FIGURE 2

(A) Changes of post-SG bacterial population at the phylum level presented as
the heat map; (B) Changes of post-SG bacterial population at the order level

presented as the heat map; (C) The TOP 20 differential microbial composition
at the phylum level caused by SG, according to the P value; (D) The TOP 20

differential microbial composition at the order level caused by SG, according
to the P value; (F) Cladogram of LDA Effect Size (LEfSe) for identifying species

with significant differences in abundance of the SG group (LDA>3.0); (G) LDA
score of LDA Effect Size (LEfSe) for identifying species with significant
differences in abundance of the SG group (LDA>3.0).

SUPPLEMENTARY FIGURE 3

(A) The KEGG enrichment analysis of differential genes between groups
presented as the scatterplot map; (B) Altered function of gut microbiota

after SG based on KEGG database at the level1; (C, D, E) Altered function of

gut microbiota after SG based on KEGG database at the KEGG level2; (F, G, H)
Altered function of gut microbiota after SG based on KEGG database at the

KEGG PathwayDefinition level.

SUPPLEMENTARY FIGURE 4

(A) the HMDB super class graph of the overall annotated gut metabolic

features identified by MS1 based on the HMDB database; (B) the scatterplot

graph of the overall annotated gut metabolic features identified by MS2 based
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on the KEGG database; (C) The partial least squares discriminant analysis
(PLSDA) for gut metabolites between the two groups; (D) The volcano plot

revealing the different gut metabolites between the two groups; (E) The heat

maps revealing the different gut metabolites between the two groups.

SUPPLEMENTARY FIGURE 5

(A) the HMDB super class graph of the overall annotated serum metabolic

features identified by MS1 based on the HMDB database; (B) the scatterplot
graph of the overall annotated serum metabolic features identified by

MS2 based on the KEGG database; (C) The partial least squares discriminant

analysis (PLSDA) for serum metabolites between the two groups; (D) The
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volcano plot revealing the different serum metabolites between the two
groups; (E) The heat maps revealing the different serum metabolites

between the two groups.

SUPPLEMENTARY FIGURE 6

(A) The correlation analysis between differential gut microbiota and gut
differential metabolites; (B) The correlation analysis between differential gut

microbiota and serum differential metabolites; (C) The linear correlation
analysis between abundance of Bacteroidales and BMI; (D) The linear

correlation analysis between abundance of Enterobacteriaceae and BMI; (E)
The linear correlation analysis between abundance of Prevotella and BMI.
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Key genes involved in
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bariatric surgery
Xiyu Chen1, Shi-Zhou Deng1, Yuze Sun1, Yunhu Bai1,2,
Yayun Wang3* and Yanling Yang1*

1Department of Hepatobiliary Surgery, Xi-Jing Hospital, The Fourth Military Medical University,
Xi’an, China, 2Department of General Surgery, 988 Hospital of Joint Logistic Support Force,
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Background: Nonalcoholic steatohepatitis (NASH) is the advanced stage of

nonalcoholic fatty liver disease (NAFLD), one of the most prevalent chronic

liver diseases. The effectiveness of bariatric surgery in treating NASH and

preventing or even reversing liver fibrosis has been demonstrated in numerous

clinical studies, but the underlying mechanisms and crucial variables

remain unknown.

Methods: Using the GSE135251 dataset, we examined the gene expression levels

of NASH and healthy livers. Then, the differentially expressed genes (DEGs) of

patients with NASH, at baseline and one year after bariatric surgery, were

identified in GSE83452. We overlapped the hub genes performed by protein-

protein interaction (PPI) networks and DEGs with different expression trends in

both datasets to obtain key genes. Genomic enrichment analysis (GSEA) and

genomic variation analysis (GSVA) were performed to search for signaling

pathways of key genes. Meanwhile, key molecules that regulate the key genes

are found through the construction of the ceRNA network. NASH mice were

induced by a high-fat diet (HFD) and underwent sleeve gastrectomy (SG). We

then cross-linked the DEGs in clinical and animal samples using quantitative

polymerase chain reaction (qPCR) and validated the key genes.

Results: Seven key genes (FASN, SCD, CD68, HMGCS1, SQLE, CXCL10, IGF1) with

different expression trends in GSE135251 and GSE83452 were obtained with the

top 30 hub genes selected by PPI. The expression of seven key genes in mice

after SG was validated by qPCR. Combined with the qPCR results from NASH

mice, the four genes FASN, SCD, HMGCS1, and CXCL10 are consistent with the

biological analysis. The GSEA results showed that the ‘cholesterol homeostasis’

pathway was enriched in the FASN, SCD, HMGCS1, and SQLE high-expression

groups. The high-expression groups of CD68 and CXCL10 were extremely

enriched in inflammation-related pathways. The construction of the ceRNA
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network obtained microRNAs and ceRNAs that can regulate seven key

genes expression.

Conclusion: In summary, this study contributes to our understanding of the

mechanisms by which bariatric surgery improves NASH, and to the development

of potential biomarkers for the treatment of NASH.
KEYWORDS

bariatric surgery, sleeve gastrectomy, nonalcoholic fatty liver disease, nonalcoholic
steatohepatitis, gene expression omnibus datasets, competitive endogenous RNA
1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent

chronic liver disease (1). It is estimated that more than one billion

people worldwide suffer fromNAFLD, representing approximately 25%

of the global population (2). Nonalcoholic steatohepatitis (NASH), and

nonalcoholic fatty liver disease (NAFL), commonly referred to as simple

fatty liver, are two of the diseases that fall under the umbrella of NAFLD

(3). A patient is considered to have NAFLD if the liver steatosis is more

than 5%. If the steatosis is accompanied by hepatocellular balloon

degeneration and lobular inflammation, the patient is considered to

have NASH (4). Patients with NAFLD are often associated with

metabolic syndrome comorbidities such as obesity, hyperlipidemia,

hypertension, and type 2 diabetes mellitus (T2DM) (5). They share

the same epidemiologic and pathophysiologic features (6). T2DM

seems to be the most significant risk factor for NAFLD and NASH

among these comorbidities, as well as the most significant predictor of

unfavorable outcomes like advanced liver fibrosis and mortality (7).

Although NAFLD is usually clinically asymptomatic, over time

NASH can progressively deteriorate and lead to cirrhosis,

hepatocellular carcinoma (HCC), end-stage liver disease, or the

necessity for transplantation (8). NAFLD treatment currently lacks

U.S. Food and Drug Administration (FDA)-approved drugs.

Moderate weight loss has demonstrated efficacy in reducing

hepatic steatosis, improving the histological manifestations of

steatohepatitis, and reversing biopsy-proven fibrosis (9). However,

achieving and maintaining the necessary level of weight loss

through dietary control and increased physical activity remains

challenging for NASH improvement. Right now, bariatric surgery is

the most successful therapeutic approach to achieve significant (i.e.

25 - 30%) and enduring weight reduction (10), effectively treating

NAFLD (11), along with comorbidities such as Obstructive sleep

apnea (OSA) (12), T2DM, and hypertension (13). Bariatric surgery

encompasses gastric restriction techniques (e.g. SG), malabsorption

procedures (e.g. Biliopancreatic diversion), or a combination

thereof (e.g. Roux-en-Y gastric bypass) (14). At present, SG is the

most widely utilized bariatric surgery technique globally (15).

The mechanism of NAFLD progression is often described by the

“multiple hit” theory, which states that triglyceride accumulation,
0247
endoplasmic reticulum stress response, protein misfolding, oxidative

stress, and mitochondrial damage in stressed cells lead to a persistent

chronic inflammatory state. This leads to excessive activation of

immunity and inflammation in liver tissue (16). Activation of the

innate and adaptive immune systems triggers, and exacerbates liver

inflammation and damage, contributing to NAFLD/NASH (17).

Moreover, it has been noticed that an understanding of the

interrelationships between gut hormones, the microbiome, obesity,

and bariatric surgery may lead to the exploration of new, more specific,

non-surgical therapeutic measures to cure severe obesity and its co-

morbidities (18). In addition to this, there are a number of factors that

have been associated with remission after NASH, including bile acid

metabolism (19), gut microbiota (20), gut - brain - liver axis (21),

mitochondrial function (22), lipid metabolism (23), and chronic

inflammation (24). Future research is needed to explore the effects of

these factors on the improvement of obesity-related co-morbidities.

Transcriptome analysis, a widely utilized bioinformatics tool,

enables the identification and quantification of transcript levels in

different states. It has been extensively employed in mining

transcriptome data, elucidating disease pathogenesis, and identifying

key targets for diagnosis and treatment (25, 26). The application of

transcriptome technology facilitates a better understanding of disease

pathogenesis and establishes the connections between RNAs and

diseases in the field of disease research.

In this study, we aimed to explore the potential mechanism

underlying the improvement of NASH induced by bariatric surgery.

We conducted a comprehensive analysis of the differentially

expressed genes (DEGs) in NASH patients compared to healthy

individuals, as well as before and after bariatric surgery in NASH

patients. This allowed us to describe the changes occurring in

NASH patients and evaluate the effects of bariatric surgery on

NASH. By overlapping the genes with different expression from

both datasets with the top 30 genes from protein-protein interaction

(PPI) analysis, we identified core genes that play crucial roles in

NASH pathogenesis. Furthermore, we employed Genomic

enrichment analysis (GSEA) and genomic variation analysis

(GSVA) to identify signaling pathways associated with these key

genes. To explore regulatory molecules targeting key genes, we

constructed a competitive endogenous RNA (ceRNA) network. In
frontiersin.org
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addition, we established high fat diet (HFD) induced NASH mouse

models and performed Sleeve gastrectomy (SG) to verify the

glycolipid metabolism and the expression of key genes following

bariatric surgery. Our findings aim to uncover key factors involved

in improving NASH through bariatric surgery and provide insights

for non-operative treatment strategies for this condition.
2 Methods

2.1 Bioinformatics analysis

2.1.1 Data source and analysis
The RNA-seq data and corresponding clinical and pathological data

used in our study were obtained from the Gene Expression Omnibus

(GEO, https://www.ncbi.nlm.nih.gov/geo/) database, including

GSE135251, GSE83452, GSE48452, and GSE61260. GSE135251

collected 155 NASH liver samples and 10 healthy liver samples.

GSE61260 collected 24 NASH liver samples and 38 healthy liver

samples. GSE48452 collected 17 NASH liver samples and 12 healthy

liver samples. GSE83452 is a large dataset from liver samples of obese

patients, we selected samples for 14 NASH patients, they were

diagnosed with “not NASH” 1 year after bariatric surgery. The

differentially expressed genes (DEGs) between NASH and normal

liver samples in GSE135251 were identified by the “DESeq2” package,

while the DEGs between Pre-surgery and Post-surgery in GSE83452

were identified by the “Limma” package (27, 28). The inclusion criteria

of DEGs were|log2 FC| ≥ 0.585 and p-adjust < 0.05. Venn diagraming

was used to find the overlap DEGs between GSE135251 and GSE83452.

2.1.2 Functional enrichment analysis
To investigate the biological role of DEGs, enrichment analysis

using the GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of

Genes and Genomes) dictionaries was carried out using the R

package “clusterProfiler” (29, 30). Pathways with p < 0.05 were

considered statistically significant. A part of the results was

visualized using the “ggplot2” package.

2.1.3 Protein-protein interaction
network construction

To predict the interaction of DEGs, we construct a protein-

protein interaction (PPI) network by an online tool STRING (http://

www.string-db.org/) with the cut-off standard as a combined score

>0.4. Cytoscape software (version 3.9.0) was used to visualize the PPI

network of the DEGs which are linked to each other (31). In addition,

to explore the hub genes in the PPI network, we employed a plug-in

of Cytoscape named Cytohubba to construct a sub-network by the

Maximal Clique Centrality (MCC) algorithm (32).

2.1.4 Gene set enrichment analysis and gene set
variation analysis

Depending on the median hub gene value, patients were divided

into high and low subgroups. The potential biological significance

of the hub genes was investigated using gene set enrichment

analysis (GSEA) and gene set variation analysis (GSVA).
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Two predefined gene sets including “h.all.v2023.1.Hs.symbols”

and “c2.cp.kegg.v2023.1.Hs.symbol” were downloaded on

Molecular Signatures Database (MSigDB, https://www.gsea-

msigdb.org/gsea/msigdb/index.jsp).

The R package “clusterProfiler” was used to conduct GSEA

analysis, the inclusion criteria of the pathway were normalized

enrichment score (NES) > 1, adjusted p value < 0.05, and false

discovery rate (FDR) < 0.25 (33).

GSVA analysis was performed to calculate the specific pathway

scores (GSVA scores) of each sample. Then, the GSVA scores were

compared between high and low subgroups (34).

2.1.5 ceRNA network construction
Miranda (http://www.microrna.org/microrna/home.do),

miRDB (http://mirdb.org/), and TargetScan Human 7.2 (http://

www.targetscan.org/vert_72/) were online databases to predict the

miRNAs of mRNA (35–37). SpongeScan was an online database to

predict the interaction of lncRNA and miRNA (38). By using

the above online tools, we have built the ceRNA networks of hub

genes respectively. The ceRNA networks were visualized by

Cytoscape software.
2.2 Animal experiment

2.2.1 Mouse NASH model
8-week-old male C57BL/6J mice (The Jackson Laboratory, Bar

Harbor, Maine, USA) were given a high-fat diet (HFD) with 60% of

the kcal derived from fat (D12492, 60% kcal Fat Diet, biopike,

China) and the control group was given normal chow diet (NCD),

kept on the same diet after the surgery. Mice were housed at 24 - 26

°C with a circadian rhythm of 12 h for ad libitum food and water

intake. All animal protocols followed the Guidelines for the Care

and Use of Laboratory Animals (license number IACUC-20190107)

and were carried out in accordance with the rules of the Animal

Welfare Ethics Committee of the Air Force Military Medical

University. Mice (n = 6 per group) were sacrificed by

intraperitoneal injection with sodium pentobarbital (50 mg/kg) at

16 weeks after HFD or NCD, and at 12 weeks after surgery.

2.2.2 Sleeve gastrectomy
After 16 weeks of HFD, mice underwent SG or sham surgery,

and the surgical approach was referred to in the previous research

(39). In the sham group, only the abdomen was opened and sutured,

but the same duration of anesthesia was ensured. 10% sugar

water was given from 6 hours postoperatively and a liquid diet

was started after 24 hours, and a normal HFD was started after 3

days. At the same time, the sugar water was replaced with normal

drinking water.

2.2.3 Glucose and lipid metabolism analysis
Intraperitoneal glucose tolerance test (IPGTT): After six hours of

fasting, mice in each group were intraperitoneally injected with 20

percent glucose (1 g/kg). Tail vein glucose levels were then recorded

using a glucometer (Roche, Germany) before, 15, 30, 60, 90, and 120
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minutes after the injection. Intraperitoneal insulin tolerance test (IPITT):

The mice in every group were fasted for six hours before receiving an

intraperitoneal injection of insulin (0.05 U/kg). Blood glucose levels were

taken in the tail vein before the injection and 15, 30, 60, 90, and 120

minutes later. The free fatty acid (FFA) in serum samples was tested

with the FFA Content Assay Kit (BC0590, Solarbio, Beijing, China).

2.2.4 Histological analysis
Liver specimens were fixed in 4% formalin buffer, paraffin-

embedded, and serial 4 mm thick sections were used for HE staining

to evaluate hepatocyte morphology. To assess hepatic steatosis, the

frozen section oil red O staining of the fixed liver specimens

was performed.

2.2.5 Quantitative PCR analysis
TRIzol reagent (DP419, Tiangen, Beijing, China) was used to

extract total RNA, and then employing a PrimeScript RT reagent Kit

(RR037A, Takara, Dalian, China) for reverse transcription into cDNA.

The PCR-amplification products were quantified using TB Green

(RR820A, Takara, Dalian, China). As directed by the manufacturer,

qPCR assays were run on the CFX Connect real-time PCR detection

system (1855201, Biorad, USA). The associated genes’ mRNA
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expression levels were adjusted to match the level of the housekeeping

gene b-actin. Primer information is in Supplementary Table 1.

2.2.6 Statistical analysis
All the bioinformatics studies in this research were statistically

analyzed using R software (V.4.1.2), and the rest were statistically

analyzed using GraphPad Prism V.8 (GraphPad Software, La Jolla,

California, USA). The significant differences between the groups

were analyzed with Student’s t-test (parametric samples) and

Wilcoxon signed-rank test (non-parametric samples). A p value

of < 0.05 was considered statistically significant. Significance was

represented by *p < 0.05, **p < 0.01 and ***p < 0.001. Error bars

used the Standard error of mean (SEM).
3 Results

3.1 Identification of DEGs between NASH
patients and healthy individuals

The workflow of this article was illustrated in Figure 1. To

investigate the DEGs associated with NASH, we compared the
FIGURE 1

The work flowchart in this study.
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transcriptome information of 155 NASH patients and 10 healthy

individuals in GSE135251. A total of 5442 DEGs were obtained, 2944

DEGs were upregulated and 2498 DEGs were downregulated

(Figure 2A). Gene ontology (GO) analysis and KEGG enrichment

analysis were performed to elucidate the biological pathways associated

with DEGs. Detailed information about the GO analysis was shown in

Figure 2B. DEGs were mainly enriched in lipid localization and lipid

transport in biological process (BP). They were associated with the

cellular component (CC) such as the cell-substrate junction, vacuolar

membrane and lysosomal membrane. Pathways related to molecular

function (MF) include carbohydrate blinding, kinase regulator activity,

oxidoreductase activity, and lipid transporter activity. The analysis of
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KEGG signaling pathways revealed that DEGs were primarily linked to

the insulin, FoxO, apelin, and AMPK signaling pathways, which are

involved in signaling pathways that regulate inflammation and

glycolipid metabolism (Figure 2C).
3.2 Identification of DEGs before and after
bariatric surgery

To investigate the key factors for remission of NSAH by

bariatric surgery, we chose the GSE83452 dataset and selected 14

patients to compare baseline (NASH liver specimens obtained
B C
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FIGURE 2

Identification and Enrichment analysis of DEGs in GSE135251 and GSE83452. (A) Volcano plots of gene expression in GSE135251, with the threshold of P<0.05
and |log FC| > 0.5. (B) GO enrichment analysis of the DEGs in GSE135251. (C) KEGG enrichment analysis of the DEGs in GSE135251. (D) Volcano plots of gene
expression in GSE83452. (E) GO enrichment analysis of the DEGs in GSE83452. (F) KEGG enrichment analysis of the DEGs in GSE83452. (E) Venn diagram of
the common DEGs in GSE135251 and GSE83452. (F) GO enrichment analysis of the common DEGs. (G) KEGG enrichment analysis of the common DEGs.
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during bariatric surgery) and follow-up (NASH remission at one

year after bariatric surgery) transcriptomic data. A total of 184

DEGs were identified compared to the baseline, with 32 genes

upregulated and 152 genes downregulated after bariatric surgery

(Figure 2D). The BP of the GO dataset was mainly enriched in

leukocyte migration and leukocyte cell-cell adhesion. CC was most

significantly enriched in the external side of plasma membrane,

focal adhesion, and enriched in plasma lipoprotein particle,

lipoprotein particle, and protein-lipid complex, which are closely

related to lipid metabolism. DEGs were also enriched in MF with

cytokine activity, RAGE receptor binding, and cargo receptor

activity (Figure 2E). The three most frequently enriched pathways

for DEGs in the KEGG database were the TNF signaling pathway,

PPAR signaling pathway, and Rheumatoid arthritis (Figure 2F).

The remaining signaling pathways were mainly associated with

inflammation, lipid metabolism, and immunity.
3.3 Identification of common DEGs
between GSE135251 and GSE83452

The DEGs in GSE135251 and GSE83452 were intersected

using the Venn diagram, and a total of 75 common genes were

obtained (Figure 2G). To understand the functions of these

common DEGs, GO and KEGG enrichment analyses were

performed. In GO analysis, it was found that BP was mainly

focused on the response to metal ions, such as cellular response to

cadmium ion, response to metal ion, etc. Pathways related to CC

were mainly enriched in RNA polymerase II transcription

regulator complex and platelet alpha granule lumen. The most

significant differences in MF statistics were in proteoglycan

binding, DNA-binding transcription activator activity, and RNA

polymerase II-specific (Figure 2H). The remaining pathways were

mainly related to inflammation and chemokines. KEGG analysis

showed that the candidate genes were mainly enriched in

pathways related to inflammation such as the IL-17 signaling

pathway, TNF signaling pathway, and p53 signaling pathway.

Other pathways Lipid and atherosclerosis, non-alcoholic fatty

liver disease, and PPAR signaling pathway are related to lipid

metabolism. The rest are Mineral absorption, Osteoclast

differentiation, Rheumatoid arthritis, etc (Figure 2I).
3.4 PPI network construction and key
genes identification

To determine the interaction of 75 common genes and screen

hub genes, we constructed a PPI network of 75 common genes

using the STRING online database (Figure 3A). Next, we hid

separate nodes in the network, 51 genes remained in the network

and were visualized by Cytoscape (Figure 3B). Subsequently, the

top 30 hub genes for the MCC algorithm were identified by the

CytoHubba plugin (Figure 3C). To identify the key factors of

bariatric surgery to alleviate NASH, we intersected the DEGs

downregulated in GSE135251 with those upregulated in
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GSE83452, to obtain a total of 4 candidate genes (Figure 3D).

The DEGs upregulated in GSE135251 and downregulated in

GSE83452 were overlapped to obtain 19 candidate genes

(Figure 3E). The top 30 genes of PPI were considered to

intersect with 23 candidate genes, and finally, seven key genes

were obtained (FASN, HMGCS1. SQLE, SCD1, CXCL10, CD68,

IGF1, Figure 3F). After bariatric surgery, the expressions of FASN,

HMGCS1.SQLE, SCD1, and CXCL10 were decreased, while the

expression of IGF1 was increased (Figure 1). To verify the

accuracy of the selection of these seven key genes, we obtained

similar results in the NASH-related datasets GSE48452

(Figure 3G) and GSE61260 (Figure 3H). Merging the results

from the two datasets yielded similar results (Figure 3I). FASN,

HMGCS1.SQLE, SCD1, CXCL10, and IGF1 showed the same

trend and were statistically significant. Although there was no

statistical difference in CD68, the trend was the same.
3.5 Functional enrichment of key genes

To further study the potential role of seven key genes in

improving NASH after bariatric surgery, we performed GSEA and

GSVA analysis. In the HALLMARK gene set, the GSEA results

showed that the ‘cholesterol homeostasis’ pathway was enriched in

the FASN, SCD1, HMGCS1, and SQLE high expression groups

(Figures 4A, B, D, E), and the ‘protein section’ pathway was

enriched in the SCD, HMGCS1, SQLE, and IGF1 high expression

group, but in the FASN low expression group (Figures 4A, B, D, E,

G). The ‘myogenesis’ pathway was enriched in the FASN, SCD1,

HMGCS1, and SQLE low expression groups (Figures 4A, B, D, E).

The ‘allograft rejection’, ‘IL2 STAT5 signaling’, ‘inflammatory

response’, ‘interferon gamma response’, and ‘KRAS signaling up’

pathways were enriched in the CD68 and CXCL10 high expression

groups (Figures 4C, F). In the KEGG gene set, the GSEA results are

shown in Supplementary Figure 1.

The GSVA results of the HALLMARK gene set are shown in

Figure 5, ‘KRAS signaling DN’ pathway was enriched in the FASN,

SCD, HMGCS1, SQLE, CXCL10, and IGF1 high expression

groups (Figures 5A, B, D–G) and CD68 low expression groups

(Figure 5C). ‘WNT b catenin signaling’ pathway was enriched in

the SCD, CD68, HMGCS1, SQLE, CXCL10, and IGF1 high

expression groups (Figures 5B, C, D–G) and FASN low

expression groups (Figure 5A). Different from GSEA, the

‘cholesterol homeostasis’ pathway was enriched in the FASN,

SCD, HMGCS1, and SQLE low expression groups (Figures 5A,

B, D, E). The results in the KEGG gene set are shown in

Supplementary Figure 2.
3.6 ceRNA network construction of
key genes

We created a ceRNA network construction to investigate what

influences the regulation of key genes. By binding to mRNAs,

microRNAs could silence genes, but ceRNAs-which include
frontiersin.org

https://doi.org/10.3389/fendo.2024.1338889
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Chen et al. 10.3389/fendo.2024.1338889
circRNAs and lncRNAs-can control gene expression by

competitively binding to microRNAs (40). A ceRNA can bind

multiple microRNAs, and the microRNA binding sites on ceRNAs

are called microRNA recognition elements (MREs) (41). Normally

there are one or more MREs on the ceRNAs, and as the expression

of the ceRNAs increases, the microRNAs compete for binding,

leading to an increase in the transcription level of the mRNAs and

ultimately an increase in the expression level of the proteins and

vice versa (41, 42). We constructed a ceRNA network of seven key

genes (Figures 6A–G), indicating the miRNAs that can bind to the

mRNAs of the key genes and the ceRNAs that can bind to the

miRNAs. We established the role of seven key genes in NASH

remission after bariatric surgery (Figure 7).
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3.7 The expression level of key genes and
glycolipid metabolism in NASH
mouse models

To verify the expression of key genes and glycolipid metabolism in

NASH, we induced amouse NASHmodel with HFD (Figure 8A). After

16 weeks of HFD, the liver of the mice increased in size and yellow

granules were visible to the naked eye (Figure 8B). HE staining and oil

red O staining were performed on the livers (Figure 8B), which showed

balloon-like hepatocytes, inflammatory cell infiltration, and a large

number of lipid droplet aggregates in the livers of HFD mice. The

percentage of steatosis of liver tissue is shown in the Figure 8C.

Meanwhile, free fatty acids (FFA) in serum were significantly elevated
B C

D E F

G H I

A

FIGURE 3

PPI network of common genes and identification of key genes. (A–C) PPI nrtwork of 75 common DEGs in GSE135251 and GSE83452. (D) Venn
diagram of candidate DEGS down-regulation in GSE135251 and up-regulation in GSE83452. (E) Venn diagram of candidate genes up-regulation in
GSE135251 and down-regulation in GSE83452. (F) Venn diagram of top 30 DEGs of PPI and 23 candidate genes in (D, E), obtained 7 key genes
(FASN, SCD, CD68, HMGCS1, SQLE, CXCL10, IGF-1). (G) 7 key genes expression in NASH dataset GSE48452. (H) 7 key genes expression in NASH
dataset GSE61260. (I) Merge the expression of 7 key genes in two datasets (G, H).
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(Figure 8D). IPGTT found that blood glucose in the HFD group

decreased slowly after increasing blood glucose, with an increase in

the area under the curve (AUC) and impaired glucose tolerance

(Figure 8E). IPITT found that after insulin injection, blood glucose

decreased more slowly in the mice of the HFD group than that of the

NCD group, the AUC was higher than that of the NCD group, and

insulin sensitivity was reduced (Figure 8F).We verified the expression of

seven key genes in NASH mice by qPCR. Compared with NCD, HFD

mice showed upregulated expression of FASN, SCD1, HMGCS1 and

CXCL10 and reduced expression of IGF1, which was consistent with the

results of bioinformatics analysis. However, no significant changes were

detected in the expression of SQLE and CD68 (Figure 8G).
3.8 The expression level of key genes and
glycolipid metabolism in NASH mouse
models after SG

To explore the effect of bariatric surgery on the expression of

key genes and metabolic changes in NASHmice, we performed SG
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on NASH mice. 12 weeks after SG (Figures 9A, D), the liver of

mice had a regular liver arrangement, ballooning hepatocytes,

inflammatory cells and fat granules were significantly reduced

compared to the Sham group (Figure 9B). The percentage of

steatosis of liver tissue is shown in the Figure 9C. Serum FFA was

significantly decreased (Figure 9E). The IPTGG results showed

that blood glucose increased slowly and decreased in magnitude in

the SG group, with a lower AUC and an increase in glucose

tolerance (Figure 9F). IPITT results showed that the curve

decreased in the SG group, the AUC decreased, and insulin

sensitivity increased (Figure 9G). The expression of seven key

genes in SG mice was verified by qPCR (Figure 9H). Compared

with the Sham group, the expression of FASN, SCD, HMGCS1,

CXCL10, and SQLE was downregulated, and the expression of

CD68 was upregulated, but the expression of IGF1 did not show

any significant change. Among them, FASN, SCD1, HMGCS1,

CXCL10, and SQLE expressions were consistent with the analyzed

results. Combined with the qPCR results of NASH mice, all four

genes of FASN, SCD1, HMGCS1, and CXCL10 were consistent

with the biological analysis.
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FIGURE 4

Gene set enrichment analysis (GSEA) of key genes in HALLMARK gene set. GSEA of FASN (A), SCD (B), CD68 (C), HMGCS1 (D), SQLE (E), CXCL10 (F),
and IGF1 (G) in HALLMARK gene set.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1338889
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Chen et al. 10.3389/fendo.2024.1338889
4 Discussion

With the rising prevalence of obesity, NAFLD has become the

most prevalent chronic liver disease worldwide (43). Despite many

advances in disease research, there are still no FDA-approved

medications for NASH (44). Current evidence suggests that

weight reduction is an effective way to alleviate NAFLD (45).

However, achieving sustained and significant weight loss through

dietary improvements and increased exercise remains challenging.

Bariatric surgery is effective in reducing weight and alleviating

metabolism-related diseases such as T2DM and dyslipidemia,

making it a promising long-term treatment option for NASH

(46). Although it is uncontroversial that bariatric surgery relieves

NASH, the underlying mechanisms remain unclear. Bioinformatic

methods have been widely used to mine transcriptomic information

to explore the key factors affecting disease onset and progression.

Therefore, we performed a whole transcriptome analysis using

bioinformatic methods to search for key genes that may mediate

bariatric surgery to alleviate NASH. Additionally, we established a

mouse model of NASH and performed qPCR assays to verify the

expression of key genes.

In this study, we included two microarray studies comparing

transcriptome information from NASH patients and healthy
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individuals in GSE135251. A total of 5442 DEGs were obtained,

2944 DEGs were upregulated and 2498 DEGs were downregulated

(Figure 2A). Also, when comparing baseline (NASH liver samples

collected during bariatric surgery) and follow-up (patients with

NASH remission one year after bariatric surgery) in GSE83452, a

total of 184 DEGs were obtained, with 32 genes upregulated and 152

genes downregulated in the postoperative DEGs (Figure 2D).

Intersecting the two datasets yielded a total of 75 candidate genes

(Figure 2G). To identify the key factors for the alleviation of NASH

by bariatric surgery, we intersected the genes with different

expressions in the two datasets and obtained a total of 23

candidate genes (Figures 3D, E). Using the PPI network, the top

30 DEGs were sorted by degree value and taken as candidate genes.

Seven key genes (FASN, HMGCS1. SQLE, SCD1, CXCL10, CD68,

IGF1, Figure 3F) were finally obtained by intersecting with 23

candidate genes. Among them, FASN, HMGCS1, SQLE, SCD1,

CXCL10, and CD68 were downregulated and IGF1 was upregulated

after bariatric surgery.

Fatty acid synthase (FASN) is a pivotal enzyme in the process of

fatty acid synthesis. The initial step in hepatic lipogenesis involves

the conversion of citrate to acetyl-coenzyme A (CoA) by ATP

citrate lyase. Acetyl-CoA Carboxylases (ACC) 1 and 2 next convert

CoA to malonyl-CoA, which is then transformed into fatty acids by
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FIGURE 5

Gene set variation analysis (GSVA) of key genes in HALLMARK gene set. GSVA of FASN (A), SCD (B), CD68 (C), HMGCS1 (D), SQLE (E), CXCL10 (F),
and IGF1 (G) in HALLMARK gene set.
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FASN (47). FASN expression is increased in NAFLD patients and

HFD mice (48, 49), and excess fatty acids in the animals can form

fats through esterification, which increases fat deposition in the

animals. However, studies on FASN expression after bariatric

surgery are lacking. In this experiment, we found that the

expression of FASN was reduced after SG. This reduction

suggests that bariatric surgery may reduce fatty acid synthesis by

down-regulating FASN expression, thereby reducing the deposition

of lipids in the liver and alleviating NAFLD. At the same time, the

reduction in FASN expression leads to the accumulation of

malonyl-CoA, which acts on the hypothalamus to suppress

appetite and induce significant weight loss and fat reduction (50).

Steroidal coenzyme A desaturase (SCD) is the rate-limiting

enzyme of monounsaturated fatty acids and a key enzyme in the

synthesis of triglycerides (TG) (51). SCD also known as SCD1, was

estimated to be higher in NASH patients than in patients with
Frontiers in Endocrinology 1055
normal liver function (52), while SCD expression was increased in

HFD-induced NASH mice (Figure 8G), suggesting that high SCD

activity is associated with NASH. Hepatic SCD expression is

required for carbohydrate-induced obesity (53). In rodents,

downregulation of SCD expression reduces body fat, increases

energy expenditure, and upregulates the expression of several

genes for fatty acid b-oxidases in the liver. It has been observed

that lowering SCD enhances insulin sensitivity and activates

adenosine monophosphate-activated protein kinase (AMPK) (54).

Intraperitoneal injection of SCD-targeted antisense oligonucleotide

(ASO) in mice inhibits SCD in the liver and adipose, resulting in

increased insulin sensitivity, decreased hepatic fatty acid synthesis,

and prevention of HFD-induced obesity and hepatic steatosis (55).

Lipid metabolism plays a key role in the onset of insulin resistance

and diabetes, and insulin resistance is a direct result of obesity and

the buildup of extra lipids in non-adipose tissues. Therefore,
B C

D
E

F

G

A

FIGURE 6

ceRNA network construction of key genes. ceRNA network construction of FASN (A), SCD (B), CD68 (C), HMGCS1 (D), SQLE (E), CXCL10 (F), and IGF1 (G).
frontiersin.org

https://doi.org/10.3389/fendo.2024.1338889
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Chen et al. 10.3389/fendo.2024.1338889
increased insulin sensitivity in SCD-deficient mice is predicted by

the reduced lipid synthesis and increased lipid oxidation seen in

these animals. In hepatic stellate cells, reduced SCD expression

resulted in a reversal of their fibrotic phenotype (56). Aramchol is

an SCD inhibitor in a Phase II B clinical study of the effect of

Aramchol on NASH. Compared to the placebo group, the

Aramchol group had significantly lower liver fat content (p =

0.045) and a higher rate of NASH remission (16.7% vs 5%, OR =

4.74; p = .0514) (57). However, the effect of bariatric surgery on

SCD expression is missing. In this study, SG reduced SCD

expression (Figure 9H), one of the important factors in the theory

of palliation of NASH by bariatric surgery.

Hydroxy-3-methylglutaryl-CoA synthetase 1 (HMGCS1) is a

protein-coding gene associated with cholesterol biosynthesis and

steroid metabolism (58). HMGCS1 expression is upregulated in

NASH mice (Figure 8G), which promotes fatty acid synthesis and
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disruption of lipid metabolism (59) and facilitates intrahepatic lipid

deposition, leading to excessive lipid content in the liver (60). Like

regulating FASN, SCD1, SG also downregulated HMGCS1

expression. Rather than alleviating NASH by specifically reducing

the expression of a particular gene, SG seems to restore insulin

sensitivity (Figure 9G), inhibit fatty acid synthesis (Figure 9E), and

reduce lipid deposition in the liver by attenuating the expression of

FASN, SCD1, and HMGCS1 (Figure 9H).

The enzyme squalene epoxidase (SQLE) limits the rate at which

cholesterol is synthesized and encourages the build-up of

cholesterol and cholesteryl esters in hepatocytes (61). In both

NASH mouse models and humans, SQLE is expressed at a high

level. However, in this experiment, there was no significant

difference in SQLE expression in NASH mice (Figure 8G).

Meanwhile, in a porcine NASH model, SQLE was negatively

correlated with hepatic lipid droplet area (62). The reason for this
FIGURE 7

Role of seven key genes in remission of NASH after bariatric surgery. Fatty acid synthase (FASN) is a key enzyme in fatty acid synthesis. Malonyl-CoA
is changed into fatty acids (FA) by FASN. Steroidal coenzyme A desaturase (SCD) is the rate-limiting enzyme of monounsaturated fatty acids and a
key enzyme in the synthesis of triglycerides (TG). It has been observed that lowering SCD enhances insulin sensitivity. Hydroxy-3-methylglutaryl-CoA
synthetase 1 (HMGCS1) is a protein-coding gene associated with cholesterol (TC) biosynthesis and steroid metabolism and promotes FA synthesis
and disruption of lipid metabolism. The enzyme squalene epoxidase (SQLE) limits the rate at which TC is synthesized and encourages the build-up
of TC and cholesteryl esters in hepatocytes. C-X-C motif chemokine 10 (CXCL10) is secreted by macrophages and causes an inflammatory cascade
response when it interacts with its cognate receptor C-X-C motif receptor 3 (CXCR3), resulting in inflammation and hepatocyte damage. the
expression of hepatic inflammation-related marker CD68 was elevated in NASH. Insulin-like growth factor 1 (IGF1) is primarily produced by growth
hormone (GH) stimulated hepatic production in adults. IGF1-induced insulin sensitization has been in rodent models of liver disease, including
models of NAFLD and NASH. And IGF1 can have an anti-inflammatory effect by acting on macrophages. Bariatric surgery alleviates NASH by altering
the expression of these seven key genes, reducing liver steatosis, hepatocyte damage, inflammation.
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may be due to insufficient modeling time and species differences.

SQLE overexpression in transgenic TG mice leads to hepatic

cholesterol accumulation, which triggers pro-inflammatory

nuclear factor-kB signaling and steatohepatitis. By directly

binding to carbonic anhydrase III (CA3), SQLE triggers the

activation of sterol regulatory element binding protein 1C, as well

as the expression of SCD, FASN, and acetyl coenzyme A

carboxylase, which in turn triggers de novo hepatic lipogenesis

(63). Through the induction of cholesterol biosynthesis and

adipogenesis, which is mediated by the SQLE/CA3 axis, SQLE

drives the initiation and progression of NASH. It has been

demonstrated that targeting SQLE and CA3 together is effective

in treating NASH (63). Decrease in SQLE expression after SG

surgery (Figure 9H), thereby reducing cholesterol synthesis.
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Sharing a similar function with FASN, SCD, and HMGCS1, i.e.,

being involved in explaining the reduction of hepatic fat deposition.

Persistent inflammation is an important factor in the

progression of NASH. Chemokines, which control the movement

and activity of hepatocytes, Kupffer cells, hepatic stellate cells,

endothelial cells, and circulating immune cells, regulate hepatic

inflammation (64). A chemotactic ligand known as C-X-C motif

chemokine 10 (CXCL10), which is secreted by macrophages, causes

an inflammatory cascade response when it interacts with its cognate

receptor C-X-C motif receptor 3 (CXCR3). CXCL10, highly

expressed in NASH mice (Figure 8G), targets CXCR3 to directly

cause hepatocyte damage, resulting in inflammation and liver injury

(65). This may mediate macrophage-associated inflammation in

NASH mouse models. Macrophage p38a induces the secretion of
B
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FIGURE 8

Establishment of mouse NASH model and key gene expression. (A) Flow chart of HFD-NASH mice (n=6/group). (B) Gross morphology, H&E staining
and Oil Red O staining of hepatic tissue from control and HFD diet mice (16 weeks on the indicated diet, n=6/group), Scale bar: 200mm. (C)
Percentage of liver tissue with steatosis. (D) Intraperitoneal glucose tolerance test (IPGTT) and the areas under the curve (AUC) at 16 weeks after the
indicated diet (n=6/group). (E) Serum free fatty acid (FFA) content at 16 weeks after indicated diet (n=6/group). (F) Intraperitoneal insulin tolerance
test (IPITT) and AUC at 16 weeks after indicated diet (n=6/group). (G) Relative mRNA expression in the liver of 7 key genes by qPCR (16 weeks after
indicated diet, n=6/group). All Figures: ns, no significance; *p < 0.05, **p < 0.01, ***p < 0.001.
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pro-inflammatory cytokines such as CXCL10, IL6, and TNFa,
leading to M1 macrophage polarization and exacerbation of

steatohepatitis alterations in hepatocytes (66). In CXCL10

knockout mice, hepatic inflammation, subsequent hepatic injury,

and fibrosis were reduced (67). SG likely attenuates hepatocyte

damage and liver tissue inflammation by reducing CXCL10

expression in mice (Figure 9H).

CD68 is used as a marker for macrophages, and its high

expression is closely associated with hepatic inflammation (68). In

the present study, different from the results from bioinformatics

analysis, we have noticed that qPCR results have shown that there

was an increase in CD68 expression in livers of NASH mice, when

compared to that of Sham group (Figure 9H). There are two reasons
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to explain the difference. First, the objects of bioinformatics analysis

and qPCR are so different. In the bioinformatics analysis, all

databases are from patients, while qPCR results are obtained from

experimental mice. Second, the time points of bioinformatics

analysis and qPCR are quite different. The time point on patients

for the comparison of CD68 expression levels in bioinformatics

analysis is 52 weeks after bariatric surgery (SG or RYGB), while the

time point on mice for the comparison of CD68 expression levels by

qPCR is 12 weeks after SG surgery. It is deduced that NASH

patients receiving surgery after more than one year have

improved so greatly that CD68 expression might return to the

normal level. Different from the long recovery course of patients,

the livers of NASH mice after 12 weeks after SG operations have
B C

D E F
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A

FIGURE 9

The expression of 7 key genes after SG. (A) Flow chart of SG (n=6/group). (B) HE staining and Oil Red O staining of liver tissue from sham and SG
group (8 weeks post-surgery, n=6/group), Scale bar: 200mm. (C) Percentage of liver tissue with steatosis. (D) The main procedure of SG; a: Expose
the body of stomach; b: Fix the gastric body with ophthalmic forceps; c: Excise the greater curvature of stomach; d: Suture stump. (E) IPGTT and
AUC at 8 weeks post-surgery (n=6/group). (F) Serum FFA content at 8 weeks post-surgery (n=6/group). (G) IPITT and AUC at 8 weeks post-surgery
(n=6/group). (H) Relative mRNA expression in the liver of 7 key genes by qPCR at 8 weeks post-surgery (n=6/group).
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been still suffered from inflammation attack, therefore it is

reasonable for the absence of the decrease of CD68 expression.

Our present result is consistent with previous study which has

reported the increased expression of CD68 in adipose tissue of mice

after SG (69). It is deduced that the increase of CD68 level could

represent the presence of inflammatory state.

Insulin-like growth factor 1 (IGF1) is primarily produced by

growth hormone (GH) stimulated hepatic production in adults

(70). GH primarily affects metabolism by stimulating lipolysis in

white adipose tissue, raising free fatty acid levels in the blood,

blocking glucose oxidation, and decreasing insulin sensitivity in the

liver and peripheral tissues (71). An increasing body of research

indicates that IGF1 directly targets the liver, as well as hepatocytes,

macrophages, and hematopoietic stem cells, through a variety of

mechanisms that inhibit the progression of nonalcoholic fatty liver

disease (72). It was verified in this experiment that IGF1 expression

levels were reduced in NASH mice (Figure 8G). GH and IGF1 have

also been reported to reduce oxidative stress in hepatocytes,

suggesting that they have different effects on the multiple strikes

of NASH (73). In diet-induced obese mice, the knockdown of IGF1

receptors in macrophage precursor cells led to an increase in M1

macrophages and induced metabolic dysfunction, suggesting a

protective effect against inflammation in the IGF1 signaling

pathway in macrophages (74). IGF1-induced insulin sensitization

has been in rodent models of liver disease, including models of

NAFLD and NASH, and has been demonstrated to have antifibrotic

properties (73, 75). However, no significant changes in IGF1 were

seen after SG, suggesting that the recovery of insulin sensitivity in

animals is not dependent on IGF1 concentration.

In GSEA, FASN, SCD, HMGCS1, and SQLE high-expression

groups are enriched in the ‘cholesterol homeostasis’ pathway. It is

suggested that ‘cholesterol homeostasis’ is closely related to the

development of NASH, and bariatric surgery may reduce lipid

deposition by reducing the ‘cholesterol homeostasis’ pathway. The

‘allograft rejection’, ‘IL2 STAT5 signaling’, ‘inflammatory response’,

‘interferon gamma response’, and ‘KRAS signaling up’ pathways

were enriched in the CD68 and CXCL10 high-expression groups

(Figures 4C, F). It is suggested that the inflammatory pathway is

closely related to the occurrence of NASH, and bariatric surgery

may alleviate NASH by reducing the inflammation-related pathway.

NASH patients have increased de novo lipogenesis and increased

fatty acid flux in the liver, leading to heightened production of

lipotoxic substances that significantly contribute to hepatic

inflammation and hepatocyte death associated with steatohepatitis

(76). By down-regulating lipid metabolism-related genes (FASN,

SCD, HMGCS), bariatric surgery reduces free fatty acid levels,

restores insulin sensitivity, and reduces lipid deposition in the liver.

Meanwhile, it may mitigate hepatocyte injury and liver tissue

inflammation by down-regulating CXCL10 expression, thereby

achieving the purpose of alleviating NASH. Recent data have

revealed that myeloid cell-derived growth factor (MYDGF)

alleviates NAFLD and inflammation in a manner involving IKKb/
NF-kB signaling, and serves as a factor involved in the crosstalk

between the liver and bonemarrow that regulates liver fat metabolism

(77). Moreover, stem cell growth factor-beta (SCGF-b) has shown an

activity on granulocyte/macrophage progenitor cells in combination
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with granulocyte macrophage colony-stimulating factor (GM-CSF)

and macrophage colony-stimulating factor (M-CSF). In fact, in

obesity patients with NAFLD, SCGF-b levels have been linked to

insulin resistance and hepatic steatosis severity with the mediation

role of CRP (78). In the present study, qPCR results have shown the

increase of CD68 expression in livers of NASH mice receiving SG.

We have discussed this might be due to the inflammatory infiltration

of monocytes/macrophages into livers. This result is consistent with

previous study that Da Riva et al. have reported that CD68-positivity

could be detected in SCGF-positive areas, which has indicated the

inflammatory infiltration state (79). It has been also noticed that Kim

ML et al. have reported that the level of CXCL10 is elevated in sera

from patients with acute rheumatic fever, and CXCL10 could bind to

CXCR3 of T cells to activate the release of GM-CSF from T cells (80).

This result is consistent with our present study that SG operation

treatment could decrease the CXCL10 level of NASH mice.

Therefore, growth factors, as key factors in NASH, may be

potential therapeutic targets for NASH.

Bariatric surgery may be done by altering the expression of key

genes (FASN, HMGCS1, SQLE, SCD, CXCL10, CD68, IGF1) to

improve NASH. CeRNA network construction provides a new

choice for regulating the expression of the key genes. In the

future, the mRNA level of the target genes may be regulated by

changing the level of related ceRNAs or microRNAs. The ultimate

goal is to obtain remission of NASH without the use of a scalpel.

Limitations of this study

Although obvious changes in glucose and lipid metabolism were

observed in HFD-NASHmice, the hepatic inflammation exhibited a

mild phenotype. We verified that the key genes are limited to the

mRNA level rather than the protein level, which does not reflect

their final levels within the organism. Obesity, T2DM, sex and age

may be the influential factors of NASH. However, this study did not

account for potential confounding variables when screening DEGs.

The ceRNA network construction only found microRNAs and

ecRNAs that could regulate mRNA levels of key genes, but it was

not verified in NASH mice and humans.
5 Conclusion

In this study, we obtained seven key genes (FASN, HMGCS1.

SQLE, SCD1, CXCL10, CD68, IGF1) by analyzing transcriptomic

information that may be the key to alleviating NASH after bariatric

surgery. It was found that SG reduced FFA levels and lipid deposition

in the liver by down-regulating lipid metabolism-related genes (FASN,

SCD1, HMGCS1). Meanwhile, it may reduce hepatocyte injury and

liver tissue inflammation by down-regulating CXCL10, to achieve the

purpose of alleviating NASH. CeRNA network construction of the key

genes provides a new choice for improving the NASH.
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Early-onset obesity is a rising health concern influenced by heredity. However,

many monogenic obesity variants (MOVs) remain to be discovered due to

differences in ethnicity and culture. Additionally, patients with known MOVs

have shown limited weight loss after bariatric surgery, suggesting it can be used

as a screening tool for new candidates. In this study, we performed whole-

exome sequencing (WES) combined with postoperative data to detect candidate

MOVs in a cohort of 62 early-onset obesity and 9 late-onset obesity patients. Our

findings demonstrated that patients with early-onset obesity preferred a higher

BMI and waist circumference (WC). We confirmed the efficacy of the method by

identifying a mutation in known monogenic obesity gene, PCSK1, which resulted

in less weight loss after surgery. 5 genes were selected for further verification,

and a frameshift variant in CAMKK2 gene: NM_001270486.1, c.1614dup, (p.

Gly539Argfs*3) was identified as a novel candidate MOV. This mutation

influenced the improvement of metabolism after bariatric surgery. In

conclusion, our data confirm the efficacy of WES combined with postoperative

data in detecting novel candidate MOVs and c.1614dup (CAMKK2) might be a

promising MOV, which needs further confirmation. This study enriches the

human monogenic obesity mutation database and provides a scientific basis

for clinically accurate diagnosis and treatment.
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1 Introduction

The increase in obesity presents a significant health issue as it

has become a major contributor to the global occurrence of chronic

diseases, including type 2 diabetes, cardiovascular diseases and

some types of cancer (1, 2). Of particular concern is early-onset

obesity, which refers to obesity that develops during childhood or

adolescence. The prevalence of early-onset obesity is on the rise in

low-income and middle-income countries, as well as many high-

income countries (3). The role of genetics in the transmission of

early-onset obesity and its associated health conditions is

undeniable. Through genome-wide association studies (GWAS)

and whole-exome sequencing (WES), numerous genetic loci

linked to obesity have been identified (4, 5). However, a

significant portion of patients with obesity remains unexplained

by the currently identified individual genes. This implies that

numerous unknown genes are yet to be discovered, and this

genetic diversity is especially enhanced by differences in ethnicity

and culture.

Bariatric surgery has emerged as an effective treatment for

severe obesity, leading to sustained weight loss over a 10-year

period and improvements in comorbidities and quality of life (6).

However, it has been reported that patients carrying known MOVs

experience lower weight loss after undergoing bariatric surgery (7),

suggesting long-term negative effects of MOVs on patients

following bariatric surgery. We therefore wondered whether this

could be used to screening novel candidate MOVs.

In the current study, we employed WES in combination with

weight data obtained after bariatric surgery to identify candidate

MOVs that are enriched in patients with early-onset obesity. We

hypothesized that candidate MOVs would be selectively enriched in

the cases and filtered out in the control group. Our study

successfully identified PCSK1, a known monogenic obesity gene,

in 4 patients who experienced less weight loss after surgery, thereby

confirming the validity of our method. Additionally, our study

provides evidence for another candidate MOV found in the coding

sequence of the CAMKK2 gene.

These findings highlight the potential of using WES combined

with post-surgical weight data to identify and characterize

candidate MOVs. By expanding our understanding of the genetic

factors contributing to obesity, we can gain insights into the

underlying mechanisms and potentially develop more

personalized and targeted approaches for the management and

treatment of obesity.
2 Methods

2.1 Subjects

Obese patients (BMI >30kg/m2) who underwent bariatric

surgery at the Gastrointestinal Minimally Invasive Center of the

Third People’s Hospital of Chengdu during years of 2021 to 2022

were selected. The early-onset obesity group included subjects who

were obese before 10 years old while the control group were after,
Frontiers in Endocrinology 0264
according to the criteria of the Working Group for Obesity in China

(WGOC) (8). Finally, a total of 62 early-onset obesity and 9 controls

were included. Patient blood samples were collected, and

preoperative clinical data and postoperative follow-up

information were recorded. All procedures involving human

subjects were approved by the Ethics Committee of The Third

People’s Hospital of Chengdu. The clinical trial registration number

is ChiCTR2300073353. The volunteers were provided with full

information about the study, and their informed consent

was obtained.
2.2 Whole-exome sequencing and
variants analysis

Genomic DNA was isolated from peripheral blood using the

Blood Genome DNA Extraction Kit (TIANGEN Biotech, Beijing,

China) according to manufacturer’s protocols. Whole-exome

sequencing analysis was performed using the Illumina HiSeq2500

platform (Illumina San Diego, CA, USA) with 150 bp paired-end

reads. All reads were mapped against the hg38 reference genome

using the Burrow–Wheeler aligner (BWA). The identification of

variants was performed using a custom pipeline that utilizes the

GATK Best Practices workflow (9).

Variants were filtered according to minor allele frequency

(MAF) ≥ 5% in the 1000 Genomes and Exome Aggregation

Consortium (ExAC) databases. Variants showed in the controls

and synonymous variants, assumed to be benign or likely benign,

were also excluded. Frameshift, stop gain and stoploss were

considered damaging. The nonsynonymous variants were

predicted to be damaging by annotation in dbNSFP database. In

detail, different prediction software (SIFT, Polyphen2_HDIV,

Polyphen2_HVAR, LRT, MutationTaster, MutationAssessor,

FATHMM, PROVEAN, MetaSVM, MetaLR, M-CAP, CADD,

fathmm-MKL) were used to assign scores for the nonsynonymous

variants. Considering that some software may lack annotations for

certain mutations, for those with available scores, if half or more of

the software predicts damaging, the variant is considered

deleterious. Then, Criteria of the American College of Medical

Genetics and Genomics (ACMG) were used to determine the

pathogenicity of variants, building on the automatic classification

provided by VarSome (https://varsome.com/). Finally, variants for

further verification were selected based on mutation category and

literature data.
2.3 Statistical analysis

The early-onset subjects were divided into groups of non-

carriers and carriers depending on whether they carried the

particular variant in each comparison, e.g., non-carriers of PCSK1

mutation vs carriers of PCSK1 mutation. In the postoperative

period of bariatric surgery, patients’ weight was followed up at 1

month, 3 months, 6 months, and 12 months, and the percent of

weight loss was calculated. Independent t tests were conducted to

compare the percentage of weight loss between the two groups at
frontiersin.org
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each time point, and the P values were adjusted via the FDR. Paired

t tests were used to compare HDL, LDL, TC and TG between

baseline and 12 months after surgery. To compare the percentage

changes in HDL, LDL, TC and TG from baseline to 12 months post-

surgery between CAMKK2 non-carriers and carriers, independent t

tests were also performed. A value of 0.05 was considered to be

statistically significant. Statistical analyses were carried out with the

use of IBM SPSS Statistics, GraphPad Prism 8 and R software.
3 Results

3.1 Clinical characteristics of patients

All individuals included in the whole exome sequencing (WES)

and assessments were classified as obese (BMI >30 kg/m2). Control

subjects were selected from individuals who developed obesity after

the age of 10 (n=9), while the early-onset obesity group consisted of

individuals who developed obesity before the age of 10 (n=62). The

clinical characteristics of both groups are summarized in Table 1.

The results showed a significant difference in BMI and waist

circumference (WC) between the control and early-onset obesity

groups (P< 0.05), with the latter exhibiting higher BMI and WC,

suggesting that early-onset obesity has a more pronounced impact

on overall weight gain compared to individuals who develop obesity

later in life. However, there is no significant change in waist-hip

ratio (WHR), visceral fat level (VFL), and percent body fat (PBF)

between them, indicating that early-onset obesity has a greater

impact on weight rather than on fat distribution, potentially

influenced by genetic factors that influence appetite and

energy homeostasis.
3.2 Identification of MOVs

WES was performed for 62 early-onset obesity and 9 late-onset

obesity and an average sequencing depth of 100× was obtained.

Variants were selected according to mutation damaging prediction

software, the American College of Medical Genetics (ACMG)
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guidelines (10) and literature data for further analysis. Candidate

MOVs were verified by the weight loss data after bariatric surgery,

as previous study reported that MOVs lead to less weight loss after

bariatric surgery (7).

A total of 567 variants (variant frequency ≥5%) predicted as

deleterious were identified in patients with early-onset obesity

(including nonsynonymous SNVs and frameshift Indels). 11 were

predicted pathogenic (P) or likely pathogenic (LP) and 60 were

considered variants of uncertain significance (VUS) according to

ACMG guidelines (Supplementary Table 1). We found 1 missense

variant in the PCSK1 gene (c.242G>A) (Table 2) that was already

known to be associated with monogenic early-onset obesity (11, 12),

which mutation led to less weight loss after bariatric surgery (7). We

also found 5 genes (2 frameshift insertion, 2 frameshift deletion and

1 stop-loss) reported associating with obesity, adipogenesis or

previously linked to obesity-associated traits by genome-wide

association studies: SLC25A5 (13), AIM2 (14), SNX16 (15),

CAMKK2 (16–18), PDE11A (19) (Table 2) and they were selected

for further verification.

To test the validity of the post-operative data to identify

candidate MOVs, analysis was first performed on PCSK1

mutation carriers, and the results showed that the PCSK1

mutation resulted in less weight loss with a significant difference

(FDR<0.05) (Figure 1), indicating that the method is effective.

Therefore, to validate whether other gene variants are candidates,

analysis were performed between non-carriers and carriers of each

variant, including c.450del (SLC25A5), c.1029dup (AIM2),

c.1033T>C (SNX16), c.1614dup (CAMKK2), c.20_21del

(PDE11A). Compared to the non-carriers, CAMKK2 variant

carriers exhibited poorer weight loss with a significant difference

(FDR<0.001) (Figure 2), with no overlapping individuals with

PCSK1 variant carriers, indicating that the effect of the CAMKK2

variant on weight loss is independent. AIM2 variant carriers also

showed less weight loss from 1 month until 12 months after surgery,

but similar with other three gene variants (c.450del (SLC25A5),

c.1033T>C (SNX16), c.20_21del (PDE11A) carriers, the difference

was not statistically significant compared to the non-carriers group

(Supplementary Figure 1). In order to rule out other genetic

mutations carried by CAMKK2 mutation carriers resulting in less

weight loss, we took the intersection of all the mutations carried by

the 8 CAMKK2 mutation carriers, and none of the mutations were

screened. Therefore, we consider c.1614dup (CAMKK2) might be a

promising MOV but needs further confirmation.

The calcium/calmodulin dependent protein kinase kinase 2

(CAMKK2) is a member of the serine/threonine protein kinase

family and Ca(2+)/calmodulin-dependent protein kinase subfamily

requiring the presence of calcium and calmodulin to be active. The

c.1614dup (CAMKK2) variant involves the insertion of an A base at

position 1615, which is identical to position 1614. This results in the

mutation of glycine to arginine at position 539 of the CAMKK2

protein and a premature truncation from 556 amino acids to 540

amino acids. It is important to note that this mutation is predicted

to cause nonsense-mediated mRNA decay (NMD), a process by

which mRNAs that contain premature termination codons are

degraded, indicating that even though it only reduces 16 amino

acids, it is critical for the stability of this protein.
TABLE 1 Clinical information of individuals with obesity.

Subject Control
(n=9)

Early-onset
obesity (n=62)

P
value

Male/Female 4/5 29/33

Age (years) 30.00 ± 5.94 28.84 ± 8.25

Hypertension 1 10

Diabetes 2 13

BMI (kg/m2) 33.52 ± 3.54 40.13 ± 5.95 0.002

WC (cm) 110.64 ± 8.20 121.21 ± 12.69 0.02

WHR 0.99 ± 0.04 1.01 ± 0.07

VFL 17.89 ± 2.67 19.10 ± 1.87

PBF (%) 42.91 ± 7.00 44.85 ± 5.78
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3.3 CAMKK2 variant influences metabolism
improvement after bariatric surgery

To evaluate the effect of c.1614dup (CAMKK2) on metabolism

after bariatric surgery, we compared lipid levels between baseline

and 12 months post-surgery between carriers and non-carriers of

the CAMKK2mutation (Figure 3A), and compared their percentage

change from baseline to 12 months after surgery (Figure 3B). Final

data were collected from 43 non-carriers and 7 carriers of the

mutation due to loss of follow-up in some patients. Both groups

showed a statistically significant increase in HDL cholesterol levels

(mean HDL levels increased from 1.15mmol/L to 1.44mmol/L in

CAMKK2 mutation non-carriers, FDR = 0, and from 1.17mmol/L

to 1.30mmol/L in CAMKK2 carriers, FDR = 0.038) (Figure 3A), and

there was a significant difference in the percentage change between

the two groups (CAMKK2 non-mutation carriers 27.3%, CAMKK2

mutation carriers 11.5%, FDR = 0.046) (Figure 3B). LDL cholesterol

was down-regulated in both groups. However, the changes between

baseline and 12 months after surgery were statistically significant in

CAMKK2 mutation non-carriers but not in carriers (Figure 3A),

likely due to the limitation of the sample size. Furthermore, there
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was no significant difference in the percentage change between the

two groups (Figure 3B). Meanwhile, both groups exhibited a

statistically significant decrease in triglyceride (TG) levels

(Figure 3A) and the percentage decrease was greater in

individuals without the CAMKK2 mutation (29.5%) compared to

those with the mutation (14%) (FDR = 0.029) (Figure 3B). However,

no significant changes in total cholesterol (TC) levels were observed

in either group (Figure 3A) or in percentage change between the two

groups (Figure 3B). The results indicate that patients, regardless of

whether they carry the CAMKK2 mutation or not, experience

improved metabolism after undergoing bariatric surgery.

However, the degree of improvement varies, with non-carriers of

the CAMKK2 mutation showing significant changes in elevated

levels of HDL and reduced levels of TG compared to carriers of the

CAMKK2 mutation.
4 Discussion

Identifying the underlying causes of early-onset obesity is a

challenging task due to the complex interplay of genetic and
FIGURE 1

12-month weight-loss ratio for obese individuals with/without the PCSK1 mutation after bariatric surgery. PCSK1 variant led to less weight loss after
bariatric surgery compared with PCSK1 non-carriers. Independent t tests were conducted at 1, 3, 6, 12 months, respectively, and the P values were
adjusted via the FDR. *FDR<0.05, ns, no significance.
TABLE 2 Variants selected for further analysis.

Gene Transcript Variant Protein dbSNP 1000G ACMG
classification

ACMG
tags

Carriers/
Total

SLC25A5 NM_001152.5 c.450del p. Ala150fs*64 rs759019641 . LP PVS1, PP5 9/62

AIM2 NM_004833.3 c.1029dup p. *344Ileext*3 rs1557889335 0.0129792 LP PM4,
PM2, BP4

4/62

SNX16 NM_152836.3 c.1033T>C p.
*345Glnext*15

rs150053915 0.00199681 LP PM4,
PM2, BP4

4/62

CAMKK2 NM_001270486.1 c.1614dup p.
Gly539Argfs*3

NA . VUS PM2 8/62

PDE11A NM_001077197.2 c.20_21del p.
Arg7Thrfs*30

rs202117698 0.00219649 VUS PVS1,
PP5, BS2

4/62

PCSK1 NM_000439.5 c.242G>A p. Arg81Lys NA . VUS PM2 4/62
*means change in a stop codon. NA, Not Available.
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A

FIGURE 3

CAMKK2 variant influences metabolism improvement after bariatric surgery. (A) Changes in HDL, LDL, TC, and TG after bariatric surgery (12months)
(blue) compared with baseline (pink) between CAMKK2 mutation non-carriers (n = 43) and carriers (n = 7). (B) Percentage changes from baseline to
12 months post-surgery of HDL, LDL, TC and TG. TC and TG were logarithmically transformed using GraphPad Prism 8. Compared t tests and
independent t tests were performed, and the P values were adjusted via the FDR. *FDR<0.05, ***FDR<0.001, ns, no significance.
FIGURE 2

12-month postoperative weight-loss ratio in obese patients with/without CAMKK2 mutation. CAMKK2 variant carriers exhibited poorer weight loss
after bariatric surgery compared with CAMKK2 non-carriers. Independent t tests were performed at each time point and the P values were adjusted
via the FDR. ***FDR<0.001, ns, no significance.
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environmental factors. WES has emerged as an effective tool for

detecting novel candidate genes associated with these disorders. In a

study conducted by Li et al., the researchers investigated whether

MOVs influence the effectiveness of bariatric surgery (7). Similarly,

the long-term outcomes of bariatric surgery were evaluated in

patients with bi-allelic mutations in known monogenic obesity

genes such as POMC, LEPR, and MC4R (20). The findings from

both studies suggested that carriers of monogenic obesity gene

mutations exhibit less weight loss after bariatric surgery, indicating

that bariatric surgery could potentially be used as a screening

method for detecting MOVs following WES analysis. In the

present study, WES was performed on a cohort of 62 individuals

with early-onset obesity and 9 individuals with late-onset obesity.

This analysis led to the identification of a known monogenic obesity

gene, PCSK, with a mutation that was associated with less weight

loss in our study. This finding further validated the effectiveness of

using WES combined with postoperative data as a method for

detecting candidate MOVs. Then, we selected 5 variants in genes

previously reported to be associated with obesity, adipogenesis or

linked to obesity-associated traits by genome-wide association

studies (SLC25A5, AIM2, SNX16, CAMKK2 and PDE11A) for

further analysis to identify candidate MOVs. In combination with

weight data after bariatric surgery, we finally identified c.1614dup

(CAMKK2) as a novel candidate MOV.

CAMKK2 is expressed both in hypothalamus (17) and

preadipocytes (16). It plays a key role in the calcium/calmodulin-

dependent (CaM) kinase cascade through the phosphorylation of the

downstream kinases, including CaMKI, CaMKIV and AMP-activated

protein kinase (AMPK) (17, 21–23). Among these, AMPK is a key

regulator of cellular energy balance, which is involved in the leptin-

melanocortin signaling pathway (24). CAMKK2 null mice developed

obesity, insulin resistance, and less glucose tolerance with standard

chow whereas displayed a considerably smaller increase in adiposity

and adipocyte size with high-fat diet compared with WT mice by

regulating NPY and therefore affecting appetite (17). NPY is a known

appetite regulator and its mutation led to obesity and metabolic

syndrome (25). In vitro, inhibition or deletion of CAMKK2 in

preadipocytes promoted their differentiation into mature adipocytes,

which could be rescued by AMPK activation (16). These studies

suggest that the CAMKK2 variant carriers identified in this study

may have followed a normal diet structure instead of a high-fat diet,

which surprisingly lead to weight gain. After bariatric surgery, all

patients, including CAMKK2 variant carriers, are instructed to follow a

specific dietary structure, which is more closely aligned with a standard

diet, rather than a high-fat diet, leading to suboptimal weight loss.

Among the other genes variants that lacked statistical

significance, AIM2 necessitates further validation. AIM2, a

member of the IFN-inducible HIN200 protein family (26), is a

cytoplasmic double-stranded DNA sensor and a tumor suppressor

(27, 28). AIM2 knockout mice exhibited increased both

subcutaneous and visceral adiposity compared to WT, with no

differences in food intake. For the reason, AIM2 null mice showed a

reduction in energy expenditure and impaired function of their

brown adipose tissue. Furthermore, AIM2 knockout led to insulin

resistance and glucose intolerant (14). AIM2 variants have not been

reported to cause obesity yet, and in our study, a frameshift variant
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of AIM2 was found in 4 patients who had a family history of

obesity. Although their weight loss after bariatric surgery did not

reach statistical significance, it is important to note that the sample

size was limited, suggesting additional studies with larger sample

sizes or different populations may help to clarify whether AIM2 is a

candidate monogenic obesity gene.

Furthermore, in 70 genes predicted pathology, likely pathology

and variants of uncertain significance, MPP2 is predominantly

expressed in the brain (Genotype-Tissue Expression), which is an

established key region in the regulation of energy homeostasis and

food intake. However, its role in obesity or metabolic disorders has

not been reported and need to be further explored in the future.

In summary, the present investigation indicates that individuals

with early-onset obesity have significantly higher BMI and waist

circumstance (WC) compared to subjects with late-onset obesity.

This data verified the efficiency of WES combined with postoperative

data to identify candidate monogenic obesity genes and also identified

c.1614dup (CAMKK2) as a promising MOV in a cohort of patients

experiencing early-onset obesity. Further research with larger sample

sizes is needed to confirm these findings and to determine the long-

term effects of the c.1614dup (CAMKK2) variant on metabolism.
5 Conclusions

WES combined with weight data following bariatric surgery is

an effective strategy for identifying novel candidate MOVs and

c.1614dup (CAMKK2) might be a new MOV.
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Total weight loss rather than
preoperative body mass index
correlates with remission of
irregular menstruation after
sleeve gastrectomy in patients
with polycystic ovary syndrome
Yian Zhao1†, Sisi Xiong1†, Teng Liu1, Jiaxin Shu1, Tao Zhu1,
Shumin Li2, Mingwei Zhong3, Shigang Zhao4, Xin Huang1*

and Shaozhuang Liu1*

1Division of Bariatric and Metabolic Surgery, Department of General Surgery, Qilu Hospital of
Shandong University, Jinan, China, 2Center for Reproductive Medicine, Renji Hospital, School of
Medicine, Shanghai Jiao Tong University, Shanghai, China, 3Division of Bariatric and Metabolic
Surgery, Department of General Surgery, the First Affiliated Hospital of Shandong First Medical
University, Jinan, China, 4Center for Reproductive Medicine, Cheeloo College of Medicine, Shandong
University, Jinan, China
Introduction: Polycystic ovary syndrome (PCOS) is the most common

endocrinopathy affecting reproductive-aged women. Some retrospective

studies with small sample sizes have reported that bariatric metabolic surgery

is effective in remission of irregular menstruation in patients with PCOS and

obesity. However, the correlation between preoperative body mass index (BMI),

postoperative weight loss, and remission of irregular menstruation in patients

with obesity and PCOS after sleeve gastrectomy (SG) is lack of consensus.

Methods: We enrolled 229 participants with obesity and PCOS who underwent

SG. All patients were followed up for one year after surgery. Remission of

irregular menstruation was defined as a spontaneous consecutive six-month

menstrual cycle in one year. Subgroup analysis was conducted using tertiles of

preoperative BMI and postoperative total weight loss (TWL)% to determine their

correlation with the remission of irregular menstruation after SG.

Results: 79.03% (181/229) patients achieved remission of irregular menstruation

one year after SG with a TWL% of 33.25 ± 0.46%. No significant difference was

detected in the remission rate among the subgroups with different BMI

(P=0.908). TWL% was correlated with the remission of irregular menstruation

(OR 1.78, 95% CI 1.18-2.69, P<0.05).

Conclusions: SG had a significant effect on the remission of irregular menstruation

in patients with obesity and PCOS. Preoperative BMI did not emerge as a decisive

factor correlated with remission; instead, TWL% showed potential as a key factor.
KEYWORDS

obesity, total weight loss, polycystic ovary syndrome, sleeve gastrectomy, irregular
menstruation
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1 Introduction

Polycystic ovary syndrome (PCOS) is the most common

endocrinopathy affecting reproductive-aged women with a 10%-

13% prevalence (1), accounting for nearly 80% of infertility cases

(2). The clinical presentation of PCOS is complex, with

reproductive, metabolic, and psychological features that impact

across the lifespan (3). Among the typical characteristics of

PCOS, irregular menstruation is a key concern for patients

because of infertility and an increased risk of endometrial cancer.

PCOS is strongly associated with obesity and other metabolic

disorders. More than 60% of women with PCOS are estimated to

be overweight or obese (4). Obesity further amplifies and worsens

all the metabolic and reproductive outcomes of PCOS (5).

Weight management is recommended as the mainstay treatment

for PCOS (1), and symptoms commonly improve with 5%-10% weight

loss (6). However, when combined with morbid obesity, the required

25%-50% weight loss is difficult to achieve, depending on lifestyle or

medical treatment (7). In addition, patients with PCOS and obesity

tend to respond poorly to pharmacological treatments for ovarian

stimulation and assisted reproductive technology (8). Therefore, the

traditional treatment methods for patients with PCOS and morbid

obesity have encountered dilemmas.

As the most effective and reliable treatment for morbid obesity,

bariatric metabolic surgery (BMS) also results in greater improvement

in obesity-related comorbidities, including type 2 diabetes,

hypertension, dyslipidemia, sleep apnea, and osteoarthritis, than non-

surgical treatment (9). Sleeve gastrectomy (SG) is the most common

bariatric metabolic procedure, accounting for more than 60% of both

total and primary procedures globally (10). Previous studies with small

sample sizes reported that BMS was effective for PCOS in terms of

improving ovulatory dysfunction, hyperandrogenism, and infertility

(11–13). However, BMS is still conditionally recommended for patients

with PCOS and obesity in the 2023 International Assessment and

Management of PCOS owing to the absence of high-level evidence (1).

Moreover, although a correlation between PCOS and obesity has been

confirmed, there is no consensus on whether the degree of preoperative

obesity influences PCOS improvement after BMS. Further research is

required to elucidate the effect of postoperative weight loss on the

prognosis of postoperative PCOS.

To confirm the efficacy of SG in patients with PCOS and

obesity, we conducted a prospective multi-center cohort named

“Sleeve Gastrectomy for Obese Polycystic Ovary Syndrome”

(SGOP). Based on the subdatasets of the SGOP cohort, the

current study aimed to investigate the correlation of preoperative

BMI and postoperative weight loss with remission of irregular

menstruation after SG.
2 Materials and methods

2.1 Study design and patients

Beginning in January 2020, patients in the SGOP cohort were

prospectively recruited at Qilu Hospital of Shandong University
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(Center A) in Jinan, Shandong province and First Affiliated

Hospital of Shandong First Medical University (Center B) in

Jinan, Shandong province. Among the SGOP serial studies, the

SGOP-01 study aimed to compare the efficacy of SG with that of

drug therapy, and was registered in the Chinese Clinical Trial

Registry with the identification number ChiCTR1900026845.

A subset of patients from the SGOP-01 study was recruited for

the current study. The current study was approved by the Medical

Ethics Committee of Qilu Hospital of Shandong University. The

inclusion criteria of this study were as follows: (1) BMI≥32.5 kg/m2

or BMI≥27.5kg/m2 combined with diabetes or two components of

metabolic syndrome, (2) aged 18–42 years, and (3) PCOS with

irregular menstruation. PCOS was diagnosed based on the 2003

Rotterdam criteria (14). Patients who received pharmacological

treatment for PCOS, had previously undergone BMS, had

incomplete preoperative data, or had poorly controlled

psychological disorders were excluded.

All patients were followed up for at least one year after SG.

Remission of irregular menstruation was defined as a spontaneous

consecutive six-month menstrual cycle (21-35 days) in one year

after SG.
2.2 Procedure and follow-up

All SG procedures at each center were performed by the same

experienced bariatric and metabolic teams. The surgical process was

consistent with that previously described (15). All sleeve

gastrectomy at each center was performed laparoscopically by the

same experienced bariatric and metabolic teams. Briefly, the greater

curvature was dissected free from the momentum starting 2–4 cm

from the pylorus and up to the angle of His, with a tubular sleeve

created using a 36-Fr bougie. All the patients received suggestions

for postoperative diet and exercise. Weight reduction and menstrual

status were recorded each month after SG. The total weight loss

(TWL)% was calculated to evaluate weight loss.
2.3 Biochemical analysis

Sex hormone, thyroid function, blood lipid analysis, and fasting

plasma glucose (FPG) levels were measured using a Roche Cobas

8000 modular analyzer system (Roche Diagnostics, IN, USA).

Plasma insulin and C-peptide levels were determined using a

two-site enzymatic assay with a Tosoh 2000 Autoanalyzer (Tosoh

Corp., Tokyo, Japan). Homeostatic model assessment of insulin

resistance (HOMA-IR) was performed as follows: fasting insulin

(mU/mL) × FPG (mmol/L)/22.5 (16).
2.4 Oral glucose tolerance test

After fasting overnight, the participants underwent a 2-h oral

glucose tolerance test (OGTT) (75 g of glucose in 250 mL of water).

Blood samples were collected in chilled EDTA tubes at 0, 30, 60, and
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120 min after glucose intake. The areas under the curve (AUC) of

glucose and insulin levels during the OGTT were calculated using

the trapezoidal method.
2.5 Body composition via dual-energy
X-ray absorptiometry

Body composition was determined via DEXA using the

HOLOGIC DELPHI system with QDR software, v.11.1 (Hologic,

Bedford, MA, USA). Four trained and certified personnel

performed whole-body scans. Body fat ratio was calculated as fat

volume/body volume, and body lean percentage was calculated as

lean mass/body mass.
2.6 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics

Version 25.0 for Windows (SPSS Inc, Chicago, IL, USA).

Continuous variables are presented as the mean ± SEM, or as the

median with the interquartile range. One-way analysis of variance

(ANOVA), the Kruskal Wallis H test, t-test and the Mann-Whitney

U test were used to compare continuous variables and differences in

mean values. The chi-square test was used to compare differences in

menstrual outcomes among the groups. The TWL% changes over

time among groups were analyzed using two-way ANOVA,

followed by the Bonferroni post hoc test, and the results were

reported as AP by group, BP over time, and CP due to the

interaction of the two factors. Univariate logistic regression

analysis was performed to assess the correlation between TWL%

and remission of irregular menstruation. In all analyses, P<0.05 was

considered statistically significant.
3 Results

3.1 Participants

Between January 8, 2020, and July 1, 2022, a total of 229 patients

(mean [SEM] age, 28.68 [0.35] years; mean [SEM] BMI, 40.91 [0.44]

kg/m2) with oligo-/anovulatory PCOS and obesity underwent SG in

centers A and B (Figure 1). All patients completed at least one-year

follow-up.
3.2 Participants’ baseline characteristics

All participants were divided according to tertiles of baseline

BMI (group A, ≤37.65 kg/m2; group B, >37.66, ≤42.98 kg/m2; group

C, >42.99 kg/m2), and participants’ characteristics are shown in

Table 1. The waist-hip ratio (WHR), body fat ratio, and body lean

percentage were significantly different among groups A, B, and C

(P<0.05). No significant differences were detected among the three

groups with respect to glycolipid metabolism, thyroid function, or
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sex hormone levels, except anti-mullerian hormone (AMH)

(P<0.01). As BMI increased, AMH levels decreased, and there was

a significant difference between groups A and C (P<0.01).
3.3 Weight loss effect after SG

The mean ( ± SEM) TWL% at 1, 3, 6, and 12 months after SG

were 12.27 ± 0.21%, 21.90 ± 0.33%, 29.46 ± 0.40%, and 33.25 ±

0.46%, respectively. Overall, TWL% showed an upward trend

within 1 year after SG. There were no significant differences

among the three groups at 1,3,6, and 12 months after SG

(Figure 2). The results indicated that the preoperative BMI did

not correlate with postoperative weight loss effect.
3.4 Remission of irregular menstruation
after SG

After SG, 79.03% (181/229) and 20.97% (48/229) of the patients

did and did not achieve remission of irregular menstruation in the one-

year follow-up, respectively (Figure 3). It follows that SG achieved

significant remission of irregular menstruation in patients with oligo-/

anovulatory PCOS. Patients who achieved remission seven months

after SG initiated menstruation within the first month after surgery.

Regular menstrual cycles were initiated within the first and third

months in 31.0% (71/229) and 60.7% (139/229) of patients,

respectively. Interestingly, the patients who did not initiate regular

menstruation within six months after SG continued to face this

challenge for up to one year after SG. Therefore, the effect of SG on

menstrual remission can be observed in the early postoperative period,

and most patients with oligo-/anovulatory PCOS are sensitive to SG.
3.5 Correlation between preoperative BMI
and remission of irregular menstruation
after SG

The remission rates of irregular menstruation in groups A, B, and

C were 80.52%, 77.63%, and 78.95%, respectively. No significant
FIGURE 1

Flowchart of study participants.
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difference was detected among groups A, B, and C with respect to the

remission rate (Figure 4A). Furthermore, there was no significant

difference between patients with remission and without remission

with respect to preoperative BMI (Figure 5A). Thus, there was no

correlation between preoperative BMI and postoperative remission of

irregular menstruation in patients with PCOS and obesity.
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3.6 Correlation between TWL% and
remission of irregular menstruation
after SG

To further investigate the correlation between weight loss effect

and remission of irregular menstruation, all participants were
TABLE 1 Baseline characteristic of participants with obesity and oligo-/anovulatory polycystic ovary syndrome.

Variables
Total

Participants
(n=229)

Group A (n=77)
BMI ≤ 37.65 kg/m2

Group B (n=76)
BMI ≥ 37.66, ≤ 42.98 kg/m2

Group C (n=76)
BMI ≥ 42.99 kg/m2 P Value

Age, years 28.68 ± 0.35 28.88 ± 0.54 28.46 ± 0.67 28.70 ± 0.63 0.89

BMI, kg/m2 40.31(35.96, 44.64) 35.05(32.99, 35.96) 40.32(39.05, 41.74)** 46.40(44.86, 50.78)##, && <0.01

WHR 0.94 ± 0.01 0.93 ± 0.01 0.94 ± 0.01 0.96 ± 0.01# 0.04

Body fat ratio, % 43.75 ± 0.31 41.54 ± 0.44 43.95 ± 0.54** 45.78 ± 0.50##, & <0.01

Body lean percentage, % 51.71 ± 0.33 54.66 ± 0.36 51.81 ± 0.60** 48.64 ± 0.50##, && <0.01

Testosterone, nmol/L 1.76 ± 0.05 1.74 ± 0.09 1.83 ± 0.09 1.69 ± 0.09 0.56

Estradiol, pmol/L 140.00(62.48, 195.10) 123.40(59.34, 174.44) 134.05(62.18, 213.30) 145.60(80.51, 193.35) 0.56

Progesterone, nmol/L 0.42(0.16, 0.77) 0.50(0.19, 1.03) 0.42(0.16, 0.78) 0.38(0.16, 0.70) 0.30

Prolactin, uIU/ml
283.90

(213.40, 411.70)
283.90(200.13, 391.35) 265.45(227.51, 457.28) 288.15(203.80, 408.20) 0.53

AMH, ng/ml 4.91 ± 0.19 5.67 ± 0.36 4.97 ± 0.34 4.07 ± 0.25## <0.01

LH, mIU/ml 8.38 ± 0.31 8.58 ± 0.61 8.30 ± 0.56 8.25 ± 0.44 0.90

FSH, mIU/ml 5.08 ± 0.11 4.99 ± 0.19 4.91 ± 0.19 5.34 ± 0.17 0.22

LH/FSH 1.70 ± 0.06 1.81 ± 0.13 1.72 ± 0.10 1.59 ± 0.08 0.38

FT3, pmol/L 5.07 ± 0.07 5.09 ± 0.16 5.09 ± 0.08 5.04 ± 0.09 0.94

FT4, pmol/L 15.26 ± 0.19 15.58 ± 0.40 14.87 ± 0.28 15.32 ± 0.32 0.32

TSH, uIU/ml 2.99 ± 0.44 2.47 ± 0.19 2.68 ± 0.18 3.83 ± 1.29 0.40

FPG, mmol/L 6.43 ± 0.20 6.36 ± 0.36 6.26 ± 0.35 6.66 ± 0.33 0.69

Fasting C-peptide, ng/ml 3.60 ± 0.14 3.45 ± 0.23 3.60 ± 0.28 3.75 ± 0.21 0.69

Fasting insulin, uIU/ml 33.99 ± 2.22 32.84 ± 3.08 38.14 ± 5.46 31.02 ± 2.31 0.40

HbA1c, % 6.49 ± 0.10 6.41 ± 0.20 6.34 ± 0.17 6.73 ± 0.16 0.25

HOMA-IR 6.87(4.63, 11.46) 6.91(4.13, 11.03) 6.70(4.36, 10.62) 7.37(5.34, 11.85) 0.32

AUCglucose 21.28 ± 0.55 20.97 ± 0.93 20.88 ± 1.01 22.00 ± 0.90 0.66

AUCinsulin 231.14 ± 8.13 235.51 ± 15.36 246.02 ± 12.54 211.83 ± 14.07 0.22

Triglyceride, mmol/L 1.59(1.23, 2.33) 1.80(1.31, 2.85) 1.56(1.27, 2.24) 1.53(1.05, 2.00) 0.08

Total cholesterol,
mmol/L

4.80 ± 0.06 4.80 ± 0.11 4.73 ± 0.09 4.87 ± 0.11 0.63

HDL-C, mmol/L 1.05(0.94, 1.16) 1.03(0.91, 1.14) 1.05(0.95, 1.17) 1.06(0.95, 1.17) 0.87

Non-HDL-C, mmol/L 3.64(3.16, 4.22) 3.72(3.16, 4.29) 3.59(3.25, 4.01) 3.66(3.13, 4.44) 0.84

NEFA, umol/dL 68.71 ± 1.35 65.10 ± 2.65 68.73 ± 1.88 72.34 ± 2.39 0.09
fro
Data are presented as mean ± SE, or median (25th percentile, 75th percentile). *P < 0.05, **P < 0.01 Group A vs. Group B;#P < 0.05, ##P < 0.01 Group A vs. Group C;&P < 0.05, &&P < 0.01 Group
B vs. Group C.
WHR, waist hip ratio; AMH, anti-mullerian hormone; LH, luteinizing hormone; FSH, follicle-stimulating hormone; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid stimulating
hormone; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; AUC, area under the curve; HDL-C, high density
lipoprotein-cholesterol; NEFA, nonesterified fatty acid.
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divided according to tertiles of TWL% at one year after SG (group

D, ≤30.27%; group E >30.28%, ≤35.71%; group F >35.72%). The

chi-square test results showed that there was a significant difference

among groups D, E, and F with respect to remission rate (P<0.05)

(Figure 4B). The result of univariate logistic regression analysis

confirmed that TWL% at one year after SG [odds ratio (OR) 1.78,

95% confidence interval (CI) 1.18-2.69, P < 0.05] was a potential key

factor that impacted remission of irregular menstruation after SG.

And patients with remission of irregular menstruation had a higher

TWL% at one year after SG compared to patients without remission

(P<0.05) (Figure 5B).

4 Discussion

The principal finding of the current study is that SG is effective

in the treatment of PCOS with a 79.03% remission of irregular

menstruation one year after surgery. Furthermore, TWL%, rather

than preoperative BMI, correlated with the remission after SG.

Irregular menstruation is a key concern in patients with PCOS

even beyond infertility partially because of the increased risk of
Frontiers in Endocrinology 0574
endometrial cancer (17). This study showed that 79.03% (181/229)

of the patients achieved remission of irregular menstruation after

SG, which is similar to that of a previous Chinese single-center

study (78% remission rate) and higher than that of a study from

Iran (66% remission rate) (18, 19). Another Chinese study by Meili

Cai et al. (20) reported that 78.56% of patients achieved remission of

irregular menstruation within six months after SG. The definition of

remission in the study above required a consecutive three-month

menstrual cycle (20). Limited by small sample sizes and

inconsistency of remission standard of aforementioned studies,

although the efficacy of BMS in the treatment of PCOS has been

elucidated, it is underemphasized in present PCOS treatment

guidelines. Our study, based on a prospective PCOS cohort with

largest sample size, further confirmed that SG is effective in the

treatment of irregular menstruation in Chinese patients with PCOS.

Considering that patients with PCOS and obesity have a more

severe phenotype than those with PCOS and normal weight,

including more severe menstrual irregularities and infertility

(7, 21), it is reasonable to hypothesize that differences exist in

menstrual remission after SG among patients with different

preoperative body mass index (BMI) classes. To investigate this

issue, we divided patients the into three groups (A, B, and C)

according to tertiles of preoperative BMI. Surprisingly, our results

indicated that no significant differences were detected among the

three groups with respect to the remission rate. Obesity is the most

common cause of insulin resistance and compensatory

hyperinsulinemia, which are the primary pathological features of

PCOS. Previous studies have demonstrated that insulin resistance

plays a role in determining the degree of menstrual irregularity in

patients with PCOS (22, 23). However, in the current study, for

PCOS patients with an average BMI of 40.91 kg/m2, no significant

differences were observed in HOMA-IR and AUCinsulin of OGTT

values among the different BMI groups; therefore, it is reasonable

for these patients to have a similar response to SG in the remission

of irregular menstruation. This result further confirms that

although obesity plays an important role in the occurrence and

development of PCOS, the degree of obesity is not a key factor

determining postoperative menstrual outcomes in patients

undergoing SG.

Effective and sustained weight loss is the most fundamental

change after SG. The follow-up results of this study also showed that

patients with PCOS and obesity achieved an average TWL% of

33.25 ± 0.46% (with the range of 16.91% to 58.95%) 1 year after SG.

This result was similar to that of a Chinese study (n=41) focusing on

patients with PCOS and obesity, with an approximate TWL% of

33.38% (18). Furthermore, our study showed that the greater the

TWL% achieved one year after SG, the greater the likelihood of

remission of irregular menstruation. Hu et al. (18) concluded that

endpoint BMI, rather than baseline BMI, is associated with the

remission of irregular menstruation after SG. However, for patients

with PCOS and obesity with an average BMI of 40.91 kg/m2 and a

maximum BMI of 73.35kg/m2, it is unrealistic to simply pursue

endpoint BMI without considering the difficulty of weight loss

caused by baseline BMI. In our opinion, TWL%, which could reflect

the magnitude of weight loss and concomitant metabolic changes,
FIGURE 2

The total weight loss percentage of the three groups with different
class of preoperative body mass index up to one year after sleeve
gastrectomy. Total weight loss percentage was defined as weight
loss/baseline weight *100%. AP by group, B P over time, and CP due
to the interaction of the two factors.
FIGURE 3

The percentage of patients achieved remission of irregular
menstruation after sleeve gastrectomy.
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should be a better index for predicting remission of irregular

menstruation after SG than the endpoint BMI.

BMS is superior to drug therapy for reducing hyperinsulinemia,

and improving insulin sensitivity (24), both of which are optimal for

treating PCOS. Improvement in insulin resistance, reduction of

inflammatory markers, and loss of abdominal fat caused by sufficient

weight loss can disrupt the vicious feedback cycle among obesity,

inflammatory adipokines, and hyperinsulinemia, thereby improving

menstrual irregularity (25–28). However, it is noteworthy that 60.7% of

patients initiated regular menstruation within the third month after SG

without sufficient weight loss, indicating the existence of a weight loss-

independent effect of SG, which was similar to the mechanisms of

diabetes remission after BMS.

To our knowledge, our study elucidated the correlation of

postoperative menstrual remission with TWL% and preoperative BMI

in patients with PCOS and obesity based on a multi-center cohort with

the largest sample sizes. However, the participants were divided into

groups based on tertiles of preoperative BMI and TWL% rather than

international or Asian standards, whichmay limit the generalizability of

the study results. Furthermore, a longer follow-up period is required to

evaluate long-term effects and pregnancy outcomes.
Frontiers in Endocrinology 0675
The present study further confirmed that SG has a significant

effect on menstruation remission in patients with obesity and

PCOS. Preoperative BMI was not a decisive factor that correlated

with remission; instead, TWL% emerged as a potential key factor.
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FIGURE 4
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FIGURE 5

The compare of preoperative body mass index (A) and total weight loss percentage (B) between patients with complete remission and non-
remission of irregular menstruation one year after sleeve gastrectomy.
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Department of Pediatrics, Baylor College of Medicine, Houston, TX, United States, 3Department of
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Background: Glycine is an integral component of the human detoxification

system as it reacts with potentially toxic exogenous and endogenously produced

compounds and metabolites via the glycine conjugation pathway for urinary

excretion. Because individuals with obesity have reduced glycine availability, this

detoxification pathway may be compromised. However, it should be restored

after bariatric surgery because of increased glycine production.

Objective: To examine the impact of obesity-associated glycine deficiency on

the glycine conjugation pathway. We hypothesize that the synthesis rates of

acylglycines from endogenous and exogenous sources are significantly reduced

in individuals with obesity but increase after bariatric surgery.

Methods: We recruited 21 participants with class III obesity and 21 with healthy

weight as controls. At baseline, [1,2-13C2] glycine was infused to study the glycine

conjugation pathway by quantifying the synthesis rates of several acylglycines.

The same measurements were repeated in participants with obesity six months

after bariatric surgery. Data are presented as mean ± standard deviation, and p-

value< 0.05 is considered statistically significant.

Results: Baseline data of 20 participants with obesity were first compared to

controls. Participants with obesity were significantly heavier than controls (mean

BMI 40.5 ± 7.1 vs. 20.8 ± 2.1 kg/m2). They had significantly lower plasma glycine

concentration (168 ± 30 vs. 209 ± 50 mmol/L) and slower absolute synthesis rates

of acetylglycine, isobutyrylglycine, tigylglycine, isovalerylglycine, and

hexanoylglycine. Pre- and post-surgery data were available for 16 participants

with obesity. Post-surgery BMI decreased from 40.9 ± 7.3 to 31.6 ± 6.0 kg/m2.

Plasma glycine concentration increased from 164 ± 26 to 212 ± 38 mmol/L) and

was associated with significantly higher rates of excretion of acetylglycine,

isobutyrylglycine, tigylglycine, isovalerylglycine, and hexanoylglycine. Benzoic

acid (a xenobiotic dicarboxylic acid) is excreted as benzoylglycine; its synthesis
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rate was significantly slower in participants with obesity but increased after

bariatric surgery.

Conclusion: Obesity-associated glycine deficiency impairs the human body’s

ability to eliminate endogenous and exogenous metabolites/compounds via the

glycine conjugation pathway. This impairment is ameliorated when glycine

supply is restored after bariatric surgery. These findings imply that dietary

glycine supplementation could treat obesity-associated metabolic

complications due to the accumulation of intramitochondrial toxic metabolites.

Clinical trial registration: https://clinicaltrials.gov/study/NCT04660513,

identifier NCT04660513.
KEYWORDS

glycine deficiency, class III obesity, glycine conjugation, acylglycine, bariatric surgery
1 Introduction

Obesity leads to systemic derangement in the metabolism of

various nutrients, including amino acids. In individuals with

obesity, plasma concentrations of several amino acids, such as the

branched-chain acids (BCAAs), phenylalanine, and tyrosine, are

consistently elevated. By contrast, the plasma concentration of

glycine is significantly reduced (1–6). Glycine is traditionally

categorized as a nutritionally non-essential amino acid, meaning

the human body’s glycine requirement can be met through food

intake plus endogenous synthesis from other precursors. Yet, in

obesity, a state of nutrient oversupply, the supply of this amino acid

seems to be deficient. The reason for obesity-associated glycine

deficiency was previously unknown until we reported that it is due

to impaired de novo glycine synthesis secondary to insulin

resistance (6). Interestingly, de novo glycine synthesis rate

increased, and glycine deficiency was corrected in individuals

with class III obesity following weight loss after bariatric surgery (6).

Glycine is central to human metabolism and is required in large

amounts by the human body. Glycine serves as a substrate to

support the synthesis of proteins and is the precursor of several

critical biomolecules such as purine, creatine, porphyrin, and

glutathione. It is also a primary donor of 1-carbon, essential for

various methylation, redox, and biosynthetic reactions (7, 8). In

addition, glycine is an integral component of the human

detoxification system via the glycine conjugation pathway (7–9).

The glycine conjugation pathway is a phase II detoxification system

in the liver and is catalyzed by the enzyme glycine N-acyltransferase.

It involves the transfer of acyl groups from acylCoA (from

endogenously or exogenously derived organic acids) in the

mitochondria to glycine to form their respective acylglyicine

conjugates for urinary excretion (7–9).

The importance of glycine conjugation as an alternative route

for the elimination of toxic metabolites is exemplified in patients
0279
with inborn errors of metabolism (IEM), who accumulate a large

amount of intramitochondrial acylCoAs due to defects in fatty acid

and/or amino acid oxidation (10). Similarly, in obesity, the

accelerated turnover rates of substrates result in an increased

influx of substrates into the mitochondria for oxidation and/or

clearance. However, mitochondrial capacity may not increase in

tandem. When the influx of substrates exceeds mitochondrial

oxidative capacity, these intermediates accumulate as

intramitochondrial acylCoAs (11, 12), and the glycine

conjugation pathway may be activated as an alternative

detoxification pathway (7–9). Since glycine availability is rate

limiting for the glycine conjugation reaction (9, 13) and glycine is

deficient in patients with obesity, the glycine conjugation pathway

may be impaired.
2 Aim and hypothesis

Our understanding of the impact of obesity-associated glycine

deficiency on the glycine conjugation pathway is limited.

Furthermore, it is unclear whether glycine deficiency in

individuals with obesity affects the elimination of both

endogenous and exogenous metabolites. Our aim in this study is

to test the hypothesis that compared to healthy weight individuals,

acylglycine synthesis rates are significantly reduced in individuals

with class III obesity but will be restored six months after bariatric

surgery. Further, obesity-associated glycine deficiency affects the

elimination of both endogenous and exogenous metabolites. To

achieve our aim, we utilized stable-isotope tracer methods to study

the glycine conjugation pathway by quantifying the synthesis and

excretion rates of several endogenously and exogenously derived

acylglycines in participants with class III obesity and healthy weight.

We then repeated the measurements in the same individuals with

class III obesity six months after bariatric surgery.
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3 Methods

3.1 Subjects

This study was approved by the SingHealth Centralized

Institutional Review Board (CIRB Ref: 2018/2714), and all

participants provided written informed consent. We recruited

21 participants with class III obesity and 21 with normal weight.

Participants with class III obesity were recruited from patients

attending the Singapore General Hospital’s obesity clinic who

were scheduled for bariatric surgery. They were recruited if they

were between 21 and 65 years old and had a BMI ≥ 32.5 kg/m2 with

obesity-related complications. They were excluded if they were

receiving insulin treatment, consumed excessive alcohol (> 1

drink/day for females or > 2 drinks/day for males), received

systemic corticosteroid treatment, or had existing cardiovascular,

kidney, or liver disorders. Individuals with a healthy weight (BMI<

25 kg/m2) were recruited from our healthy volunteer database.

These participants were excluded if they had diabetes mellitus or

any significant chronic illness.

All eligible participants underwent stable-isotope tracer studies

at baseline. Participants with obesity then underwent bariatric

surgery and returned six months later for the same stable-isotope

studies to measure the post-surgery changes from baseline.
3.2 Stable-isotope infusion

[1,2-13C2] glycine (99 atom% 13C) was used to study the glycine

conjugation pathway by quantifying the synthesis rates of several

acylglycines. The tracer was purchased as a sterile and pyrogen-free

compound (Cambridge Isotope Laboratories, MA) and

reconstituted within 24 hours of the intravenous infusion.

Participants were admitted to the SingHealth Investigational

Medical Unit one day before the stable-isotope infusion. They were

asked to refrain from smoking, drinking coffee and alcohol, and

vigorous exercise (more than 1 hour of high-intensity physical

activity) during the 24 hours before the study. Dinner was prepared

by the hospital’s kitchen, with the calories kept similar to their

habitual intake. Meal energy composition consisted of 55% from

carbohydrates, 33% from fat %, and 15% from protein. Both groups’

total daily protein intake, hence dietary glycine, was similar.

Subjects also drank 200 mL of zero-calorie soda containing

benzoic acid and fasted from 10:00 PM onwards.

After an 8-hour overnight fast, two intravenous cannulas were

inserted into opposite arms; one for the infusion of tracers and the

other for blood draws. A hand warmer was used to arterialize the

venous blood collected. After collecting baseline blood and urine

samples for metabolite analysis and background isotopic enrichments

(IEs), a primed-constant infusion of [1,2-13C2] glycine (Prime=8

μmol·kgFFM-1, Infusion=8 μmol·kgFFM-1·h-1) was started and

maintained for the next 7 hours. Blood samples were collected

hourly from the 4th to 6th hour of infusion and every 15 minutes

during the last hour. Urine samples were collected at baseline (from

10 PM until the start of the infusion) and at 2, 4, 5, 6, and 7 hours.
Frontiers in Endocrinology 0380
3.3 Laboratory analyses

3.3.1 Plasma amino acid and
acylcarnitine profiling

Plasma amino acid (AA) concentrations were measured by

ultra-high performance liquid chromatography (ACQUITY H-

Class System, Waters Corporation, MA, USA) using pre-column

derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl

carbamate (Waters AccQ×Tag™ assay kit, MA, USA) and

norvaline (Sigma Aldrich, MO, USA) as internal standard.

Plasma samples were deproteinized with 10% sulfosalicylic

acid dihydrate and derivatized using AccQ-Fluor ™ derivative

reagent. The derivatized AAs were separated using gradient-

based ACQUITY UPLC BEH C18 column (130 Å, 1.7 mM,

2.1 mm x 150 mm) with ACQUIT UPLC Tunable UV (TUV)

detector (6). Total plasma cysteine (cystine plus cysteine)

concentration was measured by in vitro isotope dilution as

described previously (14). A known quantity of U-13C3-

cysteine (Cambridge Isotope Laboratories Inc.) was added as

an internal standard to the baseline plasma samples;

dithiothreitol (60 mmol/L in 0.1 mol sodium tetraborate/L)

was added to convert cystine to cysteine Cysteine was then

alkylated by adding iodoacetamide (0.5 mol/L) in 0.1 mol

ammonium bicarbonate/L. Alkylated cysteine was converted

into its DANS [5-(dimethylamino)-1-napthalene sulfonamide]

derivative and analyzed by liquid chromatography–mass

spectrometry. The ions were then analyzed by SRM mode. The

transitions observed were: m/z 412 to 170 & 415 to 170.

Acylcarnitines are formed by the conjugation of acylCoAs with

free carnitine in the mitochondria and exported back into the

plasma. Therefore, the measurement of acylcarnitines in the

plasma pool reflects the intramitochondrial content of their

respective acylCoAs. In addition, plasma concentrations of

acylcarnitines of different chain lengths correspond to their

respective acylCoAs. Short-chain acylcarnitines (C3-C5) are

derived from the metabolism of amino acids such as the BCAAs.

In contrast, medium-chain acylcarnitines (C6-C12) and long-chain

acylcarnitines (C14-C22) reflect oxidation of medium and long-

chain fatty acids, respectively. Acetylcarnitine (C2) represents intra-

mitochondrial acetylCoA, the final common metabolic product of

substrate oxidation.

In this study we measured the plasma concentrations of

acetylcarnitine (C2), propionylcarnitine (C3), butyrylcarnitine

(C4), and isovalerylcarnitine (C5), octanoylcarnitine (C8),

myristoylcarnitine (C14) and palmitoylcarnitine (C16) by in vivo

isotope dilution using internal standards from labelled carnitine

standards set B (NSK-B, Cambridge Isotope Laboratories Inc.) and

analyzed by LC tandem MS (TSQ Altis; Thermo Scientific) as

previously described (5). The ions were then analyzed by SRM

mode, and the transitions observed were: Acetylcarnitine m/z 204 to

85 & 207 to 85; Propionylcarnitine m/z 218 to 85 & 221 to 85;

Butyrylcarnitine m/z 232 to 85 & 235 to 85; Isovalerylcarnitine m/z

246 to 85 & 255 to 85; Octanoylcarnitine m/z 288 to 85 & 291 to 85;

Myristoylcarnitine m/z 372 to 85 & 381 to 85; Palmitoylcarnitine m/

z 400 to 85 & 403 to 85.
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3.3.2 Acylglycine profiling
Urine collected from 10:00 PM until the end of the study was

pooled and used to measure concentrations of various acylglycines.

Acetylglycine is derived from acetylCoA, while isobutyrylglycine,

tigylglycine, and isovalerylglycine are formed from glycine

conjugation with their BCAA-derived acylCoAs. Hexanoylglycine

and octanoylglycine are synthesized from medium-chain fatty acid

acylCoA. To estimate the ability of the glycine conjugating pathway

to eliminate exogenously derived compounds, we measured

bezoylglycine (hippuric acid), which is formed by the conjugation

of benzoic acid (consumed from the diet soda of the evening meal)

with glycine. The internal standards (2H5-acetylglycine,
2H2-

isobutyrylglycine, 13C2,
15N-tigylglycine, 13C2,

15N- isovalerylglycine,
13C2,

15N- hexanoylglycine, 2H2-octanoylglycine,
2H2- bezoylglycine)

used were from Cambridge Isotope Laboratories Inc. The urinary

acylglycine was butylated according to the method of Hobert et al.

(15) & Fisher et al. (16) and analyzed by LC tandem MS (TSQ Altis,

Thermo Scientific). The ions were then analyzed by SRM mode. The

transitions observed were: Acetylglycine m/z 174 to 76 & 179 to 79;

Isobutyrylglycine m/z 202 to 76 & 204 to 78; Tigylglycine m/z 214 to

83 & 217 to 83; Isovalerylglycine m/z 216 to 76 & 219 to 79;

Hexanoylglycine m/z 230 to 76 & 233 to 79; Octanoylglycine m/z

258 to 76 & 260 to 78; and Benzoylglycine m/z 236 to 105 & 241 to

110. Urine acylglycine concentrations were corrected for renal

function and expressed as mmol/mol creatinine (crt).
3.3.3 Isotopic enrichments
Intracellular glycine isotopic enrichment was measured in red

blood cells (RBC) using liquid chromatography-tandem mass

spectroscopy (LC-MS/MS). Briefly, RBC free glycine was

converted into its DANS [5-(dimethylamino)-1-napthalene

sulfonamide] derivative and analyzed using a Kinetex C18 2.6m
100 × 2.1 mm column (Phenomenex, Torrance, CA) on a triple

quadrupole mass spectrometer (TSQ Altis; Thermo Scientific, San

Jose, CA). The ions were then analyzed by SRM (selected reaction

monitoring) mode. The transitions observed were precursor ions

m/z 309, and 311 to product ion m/z 170.

IEs of various acylglycines in urine were measured using liquid

chromatography-tandem mass spectroscopy (LC-MS/MS).

Acylglycine was butylated and analyzed using an Omega C18

2.6m 100 × 2.1 mm column (Phenomenex, Torrance, CA) on a

triple quadrupole mass spectrometer (TSQ Altis; Thermo Scientific,

San Jose, CA). The ions were then analyzed by SRM mode. The

transitions observed were: Acetylglycine m/z 174 to 76 & 176 to 78;

Isobutyrylglycine m/z 202 to 76 & 204 to 78; Benzoylglycine m/z

236 to 105 & 238 to 105; Tigylglycine m/z 214 to 83 & 216 to 83;

Isovalerylglycine m/z 216 to 76 & 218 to 78; and Hexanoylglycine

m/z 230 to 76 & 232 to 78; Octanoylglycine m/z 258 to 76 & 260 to

78; and Benzoylglycine m/z 236 to 105 & 238 to 105.

3.3.4 Acylglycine kinetics
The kinetics of octanoylglycine was excluded because its urinary

isotopic enrichments were too low to be measured reliably.

The fractional (FRS) and absolute (ASR) synthesis rates of

acetylglycine, isobutyrylglycine, tigylglycine, isovalerylglycine,
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octanoylglycine, hexanoylglycine, and benzoylglycine were

estimated according to the precursor-product equations:

FSRacylglycine( %  pool=d)  = DIEacylglycine= IERBCx 24 (hr)

Where D IEacylglycine = isotopic enrichment slope of acylglycine

(%/h) based on the M+2 enrichment of acyglycine from time 0 to 7

hour. IERBC = m+2 enrichment of RBC free glycine (used as a proxy

for intracellular glycine enrichment) during the final hour

of infusion.

The ASR of acylglycines were calculated as described below and

expressed as mmol/mol crt/day:

ASRacylglycine ( mmol=mol crt=day)

=  FSRacylglycinex urine acylglycine concentration
3.4 Statistics

Our previous study indicated that bariatric surgery increases

plasma glycine concentration by 26 mmol/L (standard deviation =

26) (6, 17, 18). We hypothesized that this increase will result in a

significant improvement in acylglycine synthesis rate, hence, we will

need to recruit 21 subjects with class III obesity for a power of more

than 80% at a 0.05 significance level. Therefore, 21 normal-weight

participants were recruited as controls to compare the differences in

acylglycine kinetics at baseline. The distribution of continuous data

was first examined, and data with a normal distribution were

presented as mean ± standard deviation. Data that did not follow

a normal distribution was presented as medians with interquartile

range. Statistical differences in metabolic parameters between

participants with class III obesity and healthy weight were sought

using the unpaired t-test. If the residuals did not follow a normal

distribution, the Mann–Whitney U test was used.

Similarly, significant changes in metabolic parameters after

bariatric surgery were tested using the paired t-test. Wilcoxon’s

Signed Rank test was used if the residuals did not follow a normal

distribution. To examine the relationship between glycine

availability and glycine conjugation pathway, linear regression

was performed with benzoylglycine ASR as the dependent

variable and plasma glycine concentration as the independent

variable. P values< 0.05 were considered statistically significant.

Statistical testing was performed using STATA version 17 (Stata

Corp) and Prism version 9 (GraphPad Software Inc.).
4 Results

4.1 Baseline characteristics, plasma amino
acid concentration, and
plasma acylcarnitines

One healthy weight control and one participant with obesity

were excluded because their urine samples were not collected due to

menstruation. Results from 20 participants with healthy weight and

20 participants with obesity (n = 20) with complete data were
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analyzed. Participants with healthy weight and obesity were not

different in age (40 ± 10 vs. 41 ± 9 years, p = 0.726), and there was an

equal number of females (n = 16 in each group). Participants with

obesity were significantly heavier than controls, with a body weight

of 104.9 ± 15.6 vs. 56.4 ± 8.8 kg, p< 0.0001, and body mass index of

40.5 ± 7.1 vs. 20.8 ± 2.1 kg/m2, p< 0.0001.

Compared to healthy weight controls, participants with obesity

had significantly lower plasma concentrations of glycine and serine

(Table 1). By contrast, plasma concentrations of several

nutritionally non-essential amino acids (cysteine, tyrosine,

alanine, aspartate, and glutamate) and nutritionally essential

amino acids ( leucine, isoleucine, val ine, methionine,

phenylalanine, and lysine) were significantly higher in those with

obesity (Table 1).

Participants with class III obesity also had significantly higher

plasma concentrations of propionylcarnitine (C3), butyrylcarnitine

(C4), isovalerylcarnitine (C5), and myristoylcarnitine (C14)

compared to healthy weight controls. However, there were no

statistically significant differences in the plasma concentrations of

acetylcarnitine (C2), octanoylcarnitine (C8), and palmitoylcarnitine

(C16) between the two groups (Table 2).
4.2 Baseline acylglycine concentrations
and kinetics

Compared to healthy weight controls, participants with obesity

had significantly lower urine concentrations of acetylglycine [0.54

(0.30-0.90) vs. 1.02 (0.55-1.96) mmol/mol crt, p = 0.0143]

(Figure 1A), isobutyrylglycine [0.37 (0.30-0.55) vs. 0.73 (0.53-

0.89) mmol/mol crt, p = 0.0004] (Figure 1B), tigylglycine [0.57

(0.48-0.71) vs. 1.04 (0.86-1.60) mmol/mol crt, p< 0.0001]

(Figure 1C), and isovalerylglycine [0.37 (0.26-0.46) vs. 0.74 (0.46-

0.83) mmol/mol crt, p< 0.0001] (Figure 1D). There were no

significant between-group differences in the urine concentration

of hexanoylglycine [0.32 (0.15-0.26) vs. 0.26 (0.20-0.38) mmol/mol

crt, p = 0.1493] (Figure 1E) or octanoylglycine [0.32 (0.15-0.26) vs.

0.26 (0.20-0.38) mmol/mol crt, p = 0.0821] (Figure 1F).

Interestingly, the FSR and ASR of acetylglycine, isobutyrylglycine,

tigylglycine, isovalerylglycine, and hexanoylglycine were also

significantly slower in participants with obesity than healthy

weight controls (Table 3).
4.3 Post-surgery changes in clinical
parameters, plasma amino acids, and
plasma acylcarnitines

Four participants with obesity were lost to follow-up, and the

baseline sample for one individual was not available. Hence, paired

results (before and after bariatric surgery) of 16 participants with

obesity were analyzed. These participants underwent bariatric

surgery (14 sleeve gastrectomy and 2 Roux-en-Y gastric bypass)

and returned for their follow-up visit at a median of 6.5 (5.9-8.9)
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months. They experienced significant reductions in body weight

from 106.1 ± 16.5 to 82.0 ± 13.7 kg, p< 0.0001, and BMI from 40.9 ±

7.3 to 31.6 ± 6.0 kg/m2, p< 0.0001. Post-surgery plasma glycine and

serine concentrations increased significantly. In contrast, the

plasma concentrations of the nutritionally non-essential amino

acids, tyrosine, proline, aspartate, and glutamate, and nutritionally

essential amino acids, isoleucine, valine, methionine, and

phenylalanine decreased significantly (Table 4).

The plasma concentrat ions of propionylcarnit ine ,

butyrylcarnitine, and isovalerylcarnintine decreased significantly

post-surgery, while plasma acetylcarnitine concentration increased

s ignificant ly . No sta t i s t i ca l ly s ignificant changes in

octanoylcarnitine, myristoylcarnintine, and palmitoylcarnitine

were observed (Table 5).
TABLE 1 Plasma amino acid concentration of participants with healthy
weight and class III obesity.

(µmol/L)
Healthy weight

(n = 20)
Class III Obesity

(n = 20)
P value

Nutritionally non-essential amino acids

Glycine 209 ± 50 168 ± 30 0.0034

Serine 122 ± 14 105 ± 18 0.0023

Glutamine 452 ± 74 471 ± 56 0.3546

Total Cysteine 272 ± 39 338 ± 49 <0.0001

Tyrosine 50 ± 10 66 ± 8 <0.0001

Arginine
77

(66-89)
78

(72-97)
0.6017

Proline
131

(103-164)
149

(128-173)
0.2315

Alanine
227

(189-269)
314

(289-341)
<0.0001

Asparagine 35 ± 6 35 ± 6 0.8330

Aspartate 2 ± 1 3 ± 1 0.0030

Glutamate 27 ± 15 54 ± 24 0.0001

Nutritionally essential amino acids

Leucine 110 ± 17 137 ± 26 0.0004

Isoleucine 52 ± 9.3 68 ± 13 0.0001

Valine 209 ± 34 253 ± 43 0.0008

Methionine
19

(12-22)
21

(20-24)
0.0080

Phenylalanine 56 ± 6 66 ± 8 <0.0001

Threonine 104 ± 25 116 ± 39 0.1733

Lysine 163 ± 32 202 ± 31 0.0004

Histidine 75 ± 9 70 ± 10 0.0642

Tryptophan 39 ± 7 39 ± 6 0.9313
fro
Values are presented as median (inter-quartile range) or mean ± standard deviation. P value<
0.05 is considered as statistically significant.
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4.4 Acylglycine concentration and kinetics

After bariatric surgery, there were significant increases in the

urinary concentrations of acetylglycine from 0.54 (0.32-1.00) to 1.10

(0.61-1.63) mmol/mol crt, p = 0.0063 (Figure 2A), isobutyrylglycine

from 0.40 ± 0.18 to 0.64 ± 0.31 mmol/mol crt, p = 0.0036

(Figure 2B), tigylglycine from 0.62 ± 0.29 to 1.01 ± 0.47 mmol/

mol crt (Figure 2C), isovalerylglycine from 0.38 ± 0.18 to 0.54 ± 0.29

mmol/mol crt, p = 0.0214 (Figure 2D), and hexanoylglycine from

0.22 ± 0.11 to 0.30 ± 0.13 mmol/mol crt, p = 0.0050 (Figure 2E).

However, urine octanoylglycine concentration was not significantly

different from baseline (Figure 2F). Acetylglycine ASR increased

significantly post-surgery, but the post-surgery increase in its FSR

did not reach statistical significance (Table 6). On the other hand,

FSRs and ASRs of isobutyrylglycine, tigylcine, isovalerylglycine, and

hexanoylglycine were significantly higher post-surgery (Table 6).
A B

D

E F

C

FIGURE 1

Urine concentrations of Acetyglglycine (A), Isobutyrylglycine (B), Tigylglycine (C), Isovalerylglycine (D), Hexaoylglycine (E), and Octanoylglycine (F) in
participants with healthy weight and class III obesity.
TABLE 2 Plasma acylcarnitine concentration of participants with healthy
weight and class III obesity.

(µmol/L)
Healthy weight

(n = 20)
Class III Obesity

(n = 20)
P value

Acetylcarnitine (C2) 13.09 ± 3.63 15.49 ± 6.23 0.1446

Propionylcarnitine (C3) 0.35 ± 0.13 0.45 ± 0.15 0.0376

Butyrylcarnitine (C4)
0.065

(0.051-0.076)
0.126

(0.090-0.213)
<0.0001

Isovalerylcarnitine (C5) 0.056 ± 0.033 0.094 ± 0.051 0.0092

Octanoylcarnitine (C8)
0.107

(0.090-0.162)
0.115

(0.089-0.163)
0.8201

Myristoylcarnitine (C14) 0.020 ± 0.004 0.027 ± 0.009 0.0046

Palmitoylcarnitine (C16) 0.121 ± 0.022 0.135 ± 0.029 0.1115
Values are presented as median (inter-quartile range) or mean ± standard deviation.
P value < 0.05 is considered as statistically significant.
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4.5 Benzoylglycine concentration
and kinetics

Compared to healthy weight controls, the urine concentration of

benzoylglycine was significantly lower in participants with obesity

(63 ± 34 vs. 112 ± 45 mmol/mol crt, p = 0.0004) (Figure 3A) due to

significantly slower FSR (363 ± 112 vs. 521 ± 128% pool/day,

p = 0.0002) (Figure 3B) and ASR (211 ± 104 vs. 557 ± 256 mmol/

mol crt/day, p < 0.0001) (Figure 3C). Following surgery, urine

benzoylglycine concentration increased from 59.7 (38.3-100.60) to

127.4 (70.0 -152.2) mmol/mol crt (p = 0.0063) (Figure 3D). There

were similar significant increases in benzoylglycine FSR (368 ± 121 to

492 ± 83% pool/day) (Figure 3E), and ASR [232 (146-299) to 554

(352-912) mmol/mol crt/day, p = 0.0003] (Figure 3F). Regression

analysis also showed a significant association between plasma glycine
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concentration and benzoylglycine ASR (model R2 = 0.16, Beta

coefficient = 3.81, p = 0.0021) (Figure 4).
5 Discussion

Our study examined the impact of obesity-associated glycine

deficiency on the glycine conjugation pathway. Whereas substrate

turnover rates are increased in individuals with obesity leading to

the accumulation of metabolically toxic intramitochondral

aylCoAs, paradoxically plasma glycine concentration is decreased.

We found that in patients with class III obesity, the elimination rate

of various endogenously produced metabolites and exogenous

benzoic acid as acylglycines was impaired. Following bariatric

surgery, however, glycine availability improved, and this was

associated with increased synthesis and excret ion of

these acylglycines.

Participants with obesity in our study had higher plasma

concentrations of amino acids such as the BCAAs, aromatic

amino acids, and alanine compared to healthy weight controls. By

contrast, glycine and serine plasma concentrations were

significantly lower. These findings are consistent with those

reported in earlier studies by us and others (1–6); and such

changes in amino acid profile are independent predictors of

adverse cardiometabolic outcomes (17, 18). The reasons why the

plasma concentration of glycine is reduced while other amino acids,

such as the BCAAs, are elevated in individuals with obesity have

been elusive. However, we recently showed, using isotopically

labelled tracers, that the lower plasma glycine concentration in

individuals with obesity can be explained by the slower rate of de

novo glycine synthesis (6) and elevated BCAAs can be attributed to

an accelerated rate of protein breakdown in skeletal muscles due to

insulin resistance (4, 5). Glycine and serine are interconvertible via

serine hydroxymethytransferase, which explains why glycine and

serine trend in the same direction (19, 20). Our results also showed

significantly higher plasma concentrations of glycine and serine

post-surgery, which is due to faster rates of de novo glycine synthesis

from reduced insulin resistance (6). Similarly, improved insulin-

mediated suppression of skeletal muscle breakdown and BCAA

oxidation (5, 21, 22) leads to lower post-surgery concentrations of

BCAAs (except leucine), aromatic amino acids, methionine,

proline, alanine, aspartate, and glutamate. The interaction

between BCAA and glycine metabolism has been studied in

animal models of obesity, which found that glycine participates in

the disposal of excess nitrogen from skeletal muscle BCAA

oxidation via the urea cycle, and glycine deficiency may also

contribute to higher BCAA levels in obesity. Pharmacologic

inhibition of BCAA oxidation increases skeletal muscle and

plasma glycine levels and improves insulin resistance (23).

However, dietary glycine supplementation lowered BCAAs in the

muscle but did not improve insulin resistance. Extrapolating such

findings directly to humans is challenging but provides a framework

to test additional hypotheses in future studies.

The concentrations of acylcarnitines in plasma reflect the

amount and types of acylCoAs in the mitochondria and provide
frontiersin.or
TABLE 3 Acylglycine kinetics of participants with healthy weight and
class III obesity.

Healthy
weight
(n = 20)

Class III
Obesity
(n = 20)

P
value

Acetylglycine

FSR
(% pool/day)

433 ± 107 316 ± 107 0.0014

ASR
(mmol/mol
crt/day)

4.70
(2.44-6.13)

1.52
(0.92-3.71)

0.0018

Isobutyrylglycine

FSR
(% pool/day)

448 ± 94 385 ± 102 0.0509

ASR
(mmol/mol
crt/day)

3.46
(2.26-4.11)

1.49
(0.99-1.49)

<0.0001

Tigylglycine

FSR
(% pool/day)

565 ± 127 443 ± 89 0.0012

ASR
(mmol/mol
crt/day)

6.96
(4.26-9.09)

2.35
(1.99-3.76)

<0.0001

Isovalerylglycine

FSR
(% pool/day)

606 ± 126 435 ± 77 <0.0001

ASR
(mmol/mol
crt/day)

4.53
(2.76-5.41)

1.53
(1.27-1.93)

<0.0001

Hexanoylglycine

FSR
(% pool/day)

436 ± 91 340 ± 79 0.0010

ASR
(mmol/mol
crt/day)

1.19
(0.88-1.51)

0.62
(0.45-1.09)

0.0143
Values are presented as median (inter-quartile range) or mean ± standard deviation. P value<
0.05 is considered statistically significant. FSR, Fractional Synthesis Rate; ASR, Absolute
Synthesis Rate; crt, creatinine.
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an overview of substrate metabolism at the cellular level. In this

study, the higher plasma concentrations of propionylcarnitine (C3),

butyrylcarnitine (C4), and isovalerylcarnitine (C5) in individuals

with obesity compared to controls indicate the higher turnover rates

and oxidation of BCAAs. Similarly, the higher plasma

myristoylcarnitine (C14) in participants with obesity indicates

accelerated rates of lipolysis and free fatty acid oxidation.

Although the higher acetylcarnitine, octanoylcarnitine, and

palmitoylcarnitine concentrations in individuals with obesity did

not achieve statistical significance, our overall findings are

consistent with the notion that obesity is associated with faster

substrate turnover rates resulting in the intramitochondrial

production and accumulation of various amino acid and lipid

oxidation intermediates (11, 12). The reduction of BCAA-derived

acylcarnitines: propionylcarnitine (C3), butyrylcarnitine (C4), and

isovlearylcarnitine (C5) after bariatric surgery indicates a decrease

in BCAA flux frommuscle protein breakdown and its oxidation rate

following improvement in insulin resistance (3, 5, 21). The lack of

statistically significant reductions in medium or long-chain
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acylcarnitines after surgery indicate that free fatty acid flux and

oxidation remained elevated. These findings are expected as post-

surgery dietary calorie intake remains low during the first six

months after bariatric surgery (5, 9, 21). In this state of negative

calorie balance, the body’s energy requirement is dependent on the

oxidation of fatty acids mobilized from adipose tissue (24, 25).

This interpretation is supported by the higher post-surgery

concentration of acetylcarnitine, which reflects the elevated

intramitochondrial acetylCoAs generated as the final product of

fatty acid beta-oxidation. Ketone bodies generated from acetylCoA

can be further utilized by various organs as an energy source.

Oxidative stress levels are increased in individuals with obesity due

to higher production of reactive oxygen species as a byproduct of

accelerated free fatty oxidation. However, this is less of a concern

post-surgery despite a reliance on lipid oxidation, as multiple

studies have demonstrated a reduction in oxidative stress post-

bariatric surgery (26, 27). Weight loss stabilizes 12 months after

bariatric surgery (5, 9, 21), and during this phase, the associated

changes in nutrient intake will need to be considered for any

additional alterations in metabolite levels.

We measured the urine concentrations and synthesis rates of

various acylglycines to examine the ability of the glycine

conjugation pathway to eliminate potentially toxic endogenously

derived metabolites. The decrease in urine isobutyrylglycine and

isovalerylglycine have been described in individuals with obesity

(5). However, this is the first human study to use stable isotope

tracers to confirm the impact of obesity-associated glycine

deficiency on the glycine conjugation pathway. We found that at

baseline, urine concentrations of acetylglycline and BCAA-derived

acylglycines (isobutyrylglycine, tigylglycine, and isovalerylglycine)

were significantly lower in individuals with obesity compared to

healthy weight controls. The lower concentrations of medium-

chain fatty acid-derived acylglycines (hexanoylglycine and

octanoylglycine) were not statistically significant. Nonetheless, the

kinetic data showed significantly slower synthesis rates for

acetyglcyine, BCAA-derived acylglycines, and medium-chain fatty

acid-derived acylglycines in participants with obesity than healthy

weight controls. Post-bariatric surgery, the urine concentrations

and synthesis rates of acylglycines derived from acetylCoA, BCAAs,

and medium-chain fatty acids increased significantly.

To examine whether obesity-associated glycine deficiency

impairs the clearance of metabolites from exogenous sources, we

measured the urine concentration and synthesis rate of

benzoylglycine, also known as hippuric acid. Benzoic acid, a

carboxylic acid used as a food preservative and a by-product of

gut microbiome metabolism, is conjugated with glycine and

excreted as bezoylglycine (9, 13). This pathway is linked to

glycine homeostasis as glycine used to form benzoylglycine

cannot be recycled and could drain the glycine pool (28). We

found lower urine concentration and synthesis of benzoylglycine in

individuals with obesity compared to controls. When glycine

availability improved after bariatric surgery, synthesis and urine

excretion of benzoylglycine increased. Regression analysis further

revealed that a 16% variance in benzoic acid elimination can be

attributed to glycine availability. These findings are consistent with

our hypothesis that obesity-associated glycine deficiency impairs
TABLE 4 Plasma amino acid concentrations of participants with class III
obesity before and six months after bariatric surgery.

(µmol/L)
Pre-surgery
(n = 16)

Post-surgery
(n = 16)

P value

Nutritionally non-essential amino acids

Glycine 164 ± 26 212 ± 38 <0.0001

Serine 103 ± 19 114 ± 21 0.0166

Glutamine 468 ± 51 470 ± 49 0.8338

Total Cysteine 337 ± 48 337 ± 32 0.9713

Tyrosine 66 ± 8 51 ± 5 <0.0001

Arginine 83 ± 18 85 ± 14 0.6178

Proline 144 ± 22 129 ± 18 0.0119

Alanine 312 ± 28 250 ± 34 <0.0001

Asparagine 34 ± 6 36 ± 8 0.4716

Aspartate 3 ± 1 2 ± 1 0.0020

Glutamate 54 ± 26 32 ± 18 0.0005

Nutritionally essential amino acids

Leucine 134 ± 21 123 ± 16 0.1105

Isoleucine 66 ± 10 56 ± 6 0.0007

Valine 248 ± 38 224 ± 22 0.0262

Methionine
20

(20-23)
19

(17-20)
<0.0001

Phenylalanine 67 ± 8 57 ± 6 0.0001

Threonine 111 ± 30 101 ± 25 0.2628

Lysine 197 ± 30 182 ± 25 0.0783

Histidine 69 ± 8 75 ± 8 0.0779

Tryptophan 40 ± 7 37 ± 3 0.0947
Values are presented as median (inter-quartile range) or mean ± standard deviation. P value<
0.05 is considered as statistically significant.
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the glycine conjugation pathway and compromises the elimination

of endogenous and exogenous metabolites as acylglycines.

Our findings have several potential clinical implications. The

accumulation of incompletely oxidized substrates in metabolically

active organs such as the skeletal muscle, heart, and liver can lead to

mitochondrial stress and organ dysfunction (11, 12). Therefore,

methods that enhance the elimination of excess metabolites via

glycine conjugation could be developed to treat various obesity-

related metabolic complications. Supplementation with dietary

glycine is an antidote for humans with isovaleryl-CoA dehydrase

deficiency by increasing organic acid excretion as acylglycine (29).

Since the glycine conjugation reaction occurs primarily in the liver,

patients with metabolic liver disease may benefit the most from

such treatment. Oral glycine supplementation in high-fat diet

Zucker-Fatty Rats enhanced urine acylglycine excretion, reduced

serum triglycerides, and decreased hepatic short- and medium-
A B
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FIGURE 2

Urine concentrations of Acetyglglycine (A), Isobutyrylglycine (B), Tigylglycine (C), Isovalerylglycine (D), Hexaoylglycine (E), and Octanoylglycine (F) in
participants with class III obesity before and six months after bariatric surgery.
TABLE 5 Plasma acylcarnitine concentrations of participants with class
III obesity before and six months after bariatric surgery.

µmol/L
Pre-surgery
(n = 16)

Post-surgery
(n = 16)

P value

Acetylcarnitine
(C2)

14.83 ± 5.72 17.94 ± 6.83 0.0435

Propionylcarnitine (C3) 0.44 ± 0.14 0.34 ± 0.07 0.0045

Butyrylcarnitine (C4) 0.13 ± 0.05 0.09 ± 0.06 0.0006

Isovalerylcarnitine (C5) 0.09 ± 0.05 0.05 ± 0.02 0.0162

Octanoylcarnitine (C8) 0.13 ± 0.05 0.12 ± 0.04 0.3453

Myristoylcarnitine (C14) 0.03 ± 0.01 0.02 ± 0.01 0.0737

Palmitoylcarnitine (C16) 0.14 ± 0.03 0.14 ± 0.04 0.9584
Values are presented as median (inter-quartile range) or mean ± standard deviation. P value<
0.05 is considered as statistically significant.
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chain acylCoAs. However, the actual metabolic benefit at the organ

level remains to be determined (23). Another study also showed

that glycine supplementation in animals with non-alcoholic hepatic

liver disease lowered serum triglycerides, hepatic steatosis, and

inflammation (30). However, whether these improvements were

attributable to the glycine conjugation pathway or other

mechanisms was unclear. Further studies in humans are needed

to examine the effectiveness of glycine supplements to improve

glycine conjugation as a treatment for specific obesity-related

metabolic complications. The impaired elimination of benzoic

acid in patients with obesity indicates that the detoxification of

xenobiotic metabolites via glycine conjugation is compromised.

Humans in the industrialized world are exposed to various

chemicals in the environment, food, and consumer products.

Some of these molecules are regarded as endocrine-disrupting

chemicals and may contribute to various endocrine disorders

(31). Thus, individuals with class III obesity may be more

susceptible to various environmental toxins due to glycine

deficiency, but this hypothesis needs to be tested in future studies.

Our study has several limitations. We reported the effect of

glycine deficiency on the glycine conjugation pathway and

discussed its metabolic implications when this detoxification

system is compromised. However, glycine plays a central role in

various human metabolic reactions. Our understanding of the

metabolic consequence of glycine deficiency is incomplete without

examining its impact on other physiologically important pathways,

such as 1-carbon cycle metabolism, glutathione biosynthesis,

glycine-mediated signaling pathways, and gut microbiome. For

example, higher glycine availability could modulate the gut

microbiome population, although the causal relationship between

gut microbiome and disease pathogenesis remains complex (30).

We could not measure the urine concentrations and synthesis rates

of long-chain fatty acids-derived acylglycines due to technical
TABLE 6 Acylglycine kinetics of participants with class III obesity before
and six months after bariatric surgery.

Pre-surgery
(n = 16)

Post-surgery
(n = 16)

P value

Acetylglycine

FSR
(% pool/day)

317 ± 112 365 ± 83 0.0775

ASR
(mmol/mol crt/day)

1.52
(0.92-1.52)

3.92
(2.29-6.19)

0.0013

Isobutyrylglycine

FSR
(% pool/day)

378 ± 94 448 ± 93 0.0098

ASR
(mmol/mol crt/day)

1.48 ± 0.70 2.75 ± 1.14 0.0002

Tigylglycine

FSR
(% pool/day)

442 ± 89 510 ± 80 0.0433

ASR
(mmol/mol crt/day)

2.72 ± 1.28 5.18 ± 2.43 0.0002

Isovalerylglycine

FSR
(% pool/day)

429 ± 78 554 ± 97 0.0002

ASR
(mmol/mol crt/day)

1.63 ± 0.68 3.00 ± 1.63 0.0016

Hexanoylglycine

FSR
(% pool/day)

342 ± 78 413 ± 62 0.0013

ASR
(mmol/mol crt/day)

0.79 ± 0.52 1.25 ± 0.59 0.0004
Values presented as median (inter-quartile range) or mean ± standard deviation. P value< 0.05
is considered as statistical significant. FSR, Fractional Synthesis Rate; ASR, Absolute Synthesis
Rate; crt, creatinine.
A B

D E F

C

FIGURE 3

Benzoylglycine urine concentration (A), Fractional Synthesis Rate (B), Absolute Synthesis rate (C) in participants with healthy weight and class III
obesity, and Benzoylglycine urine concentration (D), Fractional Synthesis Rate (E), and Absolute Synthesis rate (F) in participants with class III obesity
before and six months after bariatric surgery.
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difficulties in preparing its internal standards. However, the glycine

conjugation pathway may also have greater selectivity for acylCoAs

of short and medium-chain lengths. We studied and reported the

improvement in the glycine conjugation pathway by correcting

glycine deficiency in individuals who underwent bariatric surgery.

However, bariatric surgery also changes body weight, body

composition, diet, and physical activity levels. It is unclear

whether these contemporaneous changes confound our measured

outcomes and should be controlled for in future studies.
6 Conclusion

Obesity-associated glycine deficiency impairs the human body’s

ability to eliminate endogenous and exogenous metabolites via the

glycine conjugation pathway. However, this impairment can be

ameliorated by correcting glycine deficiency with weight loss

secondary to bariatric surgery.
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Impact of sleeve gastrectomy
on the periodontal status of
patients with and without type 2
diabetes: a 1-year prospective
real-world study
Xiaocheng Bi1, Peikai Zhao2,3, Teng Liu2,4, Tao Zhu2,3,
Yuxuan Li2,3, Sisi Xiong2,3, Shaozhuang Liu2,4,
Xiaole Hu5* and Xin Huang2,4*

1Department of Periodontology, School and Hospital of Stomatology, Cheeloo College of Medicine,
Shandong University & Shandong Key Laboratory of Oral Tissue Regeneration and Shandong
Engineering Research Center of Dental Materials and Oral Tissue Regeneration and Shandong
Provincial Clinical Research Center for Oral Diseases, Jinan, Shandong, China, 2Division of Bariatric
and Metabolic Surgery, Department of General Surgery, Qilu Hospital of Shandong University, Jinan,
Shandong, China, 3The First Clinical College, Shandong University, Jinan, Shandong, China, 4State Key
University Laboratory of Diabetes and Obesity Surgery, Shandong University, Jinan, Shandong, China,
5Department of Operating Room, Qilu Hospital of Shandong University, Jinan, Shandong, China
Background: Periodontitis is a chronic inflammatory disease potentially

associated with obesity and type 2 diabetes (T2D). Sleeve gastrectomy (SG) has

shown substantial effect on weight loss and treatment of T2D. However, there is

no direct evidence comparing the impact of SG on the periodontal status of

patients with and without T2D.

Objectives: To determine the impact of SG on the periodontal status of patients

with and without T2D in a real-world setting.

Methods: In a prospective and two-armed cohort design, participants who were

scheduled for SG at an affiliated hospital between April 2022 and December 2022

were approached for eligibility. After a clinical evaluation and oral examination,

those with periodontitis were included and further divided into the DM group

(diabetic) and the Control group (non-diabetic) with a 1-year follow-up after

surgery. The primary outcome was the periodontal status of patients at 12

months after SG. The secondary outcomes included weight loss, diabetes

remission, and alterations in inflammatory markers for up to 1 year after SG.

Results: Fifty-seven and 49 patients were included in the DM and the Control

group, respectively. Before surgery, patients in the DM group had further

worsened periodontal condition compared with those in the Control group.

Accompanied by weight loss and glucose reduction, patients in both groups

demonstrated significant decreases in plaque index (PLI) and bleeding index (BI)

with no alterations in probing depth or clinical attachment loss for up to 1 year

after SG. Even patients in the DM group achieved less TWL% (32.79 ± 6.20% vs.

37.95 ± 8.34, P<0.01), their periodontal condition had more substantial

improvement with no significant difference in PLI and BI between groups at 1

year after SG. We also observed a significant reduction in the levels of high

sensitive C-reactive protein and interleukin-6 in both groups at 1 year after SG.
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Conclusion: Both patients with and without T2D demonstrated improved

periodontal status for up to 1 year after SG. Patients with T2D achieved less

weight loss but a more substantial improvement in periodontal condition. The

significant reduction in inflammatory biomarkers contributed to the

improvement of periodontal status after SG.
KEYWORDS

type 2 diabetes, periodontitis, obesity, sleeve gastrectomy, prospective studies
1 Introduction

The prevalence of obesity and type 2 diabetes (T2D) continues

to increase significantly in developed and developing countries.

According to the latest survey, 42% of adults are with overweight or

obesity globally (1), and approximately 537 million adults are

affected by T2D worldwide (2).

Periodontitis is a non-communicable disease characterized by

pathological loss of the periodontal ligament and alveolar bone (3).

Severe periodontitis affects 11.2% of the world’s population, being

the 6th most prevalent disease worldwide and the primary cause of

tooth loss (4). Treatment of periodontitis aims to prevent further

disease progression, reduce the risk of tooth loss, possibly restore

lost periodontal tissue, and maintain a healthy periodontium (5).

Patients with obesity are considered a risk group for

periodontitis. However, the importance of oral health in patients

with obesity, especially those with morbid obesity, is commonly

overlooked due to their other life-threatening comorbidities. The

limited available evidence has demonstrated the periodontitis

prevalence in patients with obesity and eligible for bariatric/

metabolic surgery (BMS) ranges between 45% and 70% (6–8). In

addition, there is an evident bidirectional relationship between T2D

and periodontitis. Patients with T2D are reported to have

significantly worse periodontal status and a 34% greater risk of

developing periodontitis (9). Likewise, severe periodontitis

increases the incidence of T2D by 53% (9). However, when we

focus on the patients with T2D and eligible for BMS, there has been

no direct evidence on their periodontal health status.

BMS has shown substantial effect on weight loss and the

treatment of T2D (10, 11). Sleeve gastrectomy (SG) is the most

commonly performed bariatric/metabolic procedure, accounting

for approximately 62.5% of all primary BMS worldwide (12).

Changes induced by surgery, including weight loss, a decrease in

blood glucose, a reduction in systemic inflammation, alterations in

eating habits and dietary choices, and remodeling of the oral

microbiota, could have a significant impact on the periodontal

status of patients. However, there has been no consensus in terms of

the impact of BMS on periodontal conditions. Some studies have

demonstrated an improvement in periodontal status following BMS

(13, 14), whereas others have shown a progress in periodontal
0291
degradation after BMS (6, 15). Furthermore, it is unclear whether

there is difference in the impact of SG on the periodontal status of

patients with and without T2D.

Based on a prospective cohort of patients scheduled for SG, the

main aim of the current study was to determine the impact of SG on

the periodontal status of patients with and without T2D in a real-

world setting.
2 Research design and methods

2.1 Study design and patients

This prospective, longitudinal, two-armed cohort study was

approved by the Ethics Committee on Scientific Research of

Shandong University Qilu Hospital (KYLL-202111-137-1),

registered at the Chinese Clinical Trial Registry (www.chictr.org.cn)

with the identification number ChiCTR2200060644 (diabetic

cohort) and ChiCTR2200058242 (non-diabetic cohort), and

conducted in accordance with the standards set by the

Declaration of Helsinki.

From April 2022 to December 2022, candidates were

approached for eligibility if they were scheduled for SG at Qilu

Hospital of Shandong University. SG was indicated if a patient had

a body mass index (BMI) ≥ 32.5 kg/m2, or BMI ≥ 28 kg/m2 with

obesity-related complications or with more than 2 metabolic

syndrome components, and there were no other contraindications

for general anesthesia or the surgical procedure.

The inclusion criteria of the current study were (1) body mass

index (BMI) ≥ 32.5 kg/m2 (2); aged 18-60 years (3); with a diagnosis

of periodontitis identified as a threshold of interproximal clinical

attachment loss (CAL) of ≥2 mm, or ≥3 mm at ≥2 non‐adjacent

teeth (16) (4); at least 16 remaining teeth (5); agree to participate in

this study and sign the informed consent form.

The key exclusion criteria included individuals (1) with active

smoking within the past 6 months (2); were pregnant or still in

lactation (3); had a history of radiotherapy to the head and neck (4);

with long-term use of nonsteroidal anti-inflammatory drugs or

corticosteroids (5); with any periodontal therapy less than 6 months

before the study (6); had acute infection of the affected tooth (7);
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had poor anesthesia or surgery tolerance because of severe

cardiopulmonary dysfunction; and (8) who were unwilling to

comply with follow-up visits.

Among patients included, individuals with T2D were assigned

to the DM group if they had a fasting plasma glucose (FPG) level

≥7.0 mmol/l or a glycated hemoglobin (HbA1c) level ≥6.5% (10).

Participants without diabetes were included and assigned to the

Control group if their FPG was <6.1 mmol/L and their HbA1c level

was <6.0% without taking any anti-diabetes medications or insulin.
2.2 Baseline measurements and
biochemical analysis

Clinical determinations, including demographic features,

anthropometric measurements, and laboratory test results, were

obtained at baseline before surgery. Blood lipid profiles and plasma

glucose levels were measured using a Roche Cobas 8000 modular

analyzer system (Roche Diagnostics, IN, USA). Plasma insulin

levels were determined by a two-site enzymometric assay using a

Tosoh 2000 auto-analyzer (Tosoh Corp., Tokyo, Japan). The levels

of inflammatory markers, including high sensitivity C-reactive

protein (hs-CRP), interleukin-6 (IL-6), and tumor necrosis factor

alpha (TNF-a), were determined with high sensitivity enzyme

linked immunosorbent assay kits (R&D Systems). The

homeostatic model assessment of insulin resistance (HOMA-IR)

was calculated as fasting insulin (mU/mL) × FPG (mmol/L)/

22.5 (17).
2.3 Oral clinical evaluation

The oral clinical examination was performed by an experienced

periodontist. The following periodontal parameters were recorded for

all the teeth during each examination: probing depth (PD), bleeding

index (BI), plaque index (PLI), and CAL. PD was determined by

measuring the distance from the gingival margin to the bottom of the

gingival crevice in millimeters (14). CAL was measured as the

distance from the cement–enamel junction to the bottom of the

gingival crevice in millimeters (14). PLI used the standard proposed

by Silness and Loe (18). The scoring method of BI was in accordance

with the standard proposed by Mazza in 1981 (19).

PD and CAL were measured at six sites (mesiobuccal,

midbuccal, distobuccal, distolingual, midlingual and mesiolingual)

for all present teeth (except for third molars) to the nearest

millimeter using a graded probe (Hu-Friedy, Chicago, IL). BI and

PLI were measured at two sites (midbuccal and midlingual)

per tooth.
2.4 Procedure

All SG operations were performed by the same experienced

surgical team as described previously (10). In brief, a tubular sleeve

of stomach was created by dissecting the greater curvature starting

2–4 cm from the pylorus and extending up to the angle of His.
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2.5 Follow-up and outcomes

Suggestions for diet and physical activities but not oral hygiene

were provided at the time of discharge. A reassessment of periodontal

status was performed by the same examiner at 6 and 12 months after

SG. The primary outcome of the current study was the periodontal

condition of patients at 12 months after SG. The secondary outcomes

included weight loss, diabetes remission, and alterations in

inflammatory markers for up to 1 year after SG. The weight loss

effect was evaluated by both percentage of total weight loss (TWL%)

and excess weight loss (EWL%), which was calculated as reported

previously (20). Diabetes remission was defined as HbA1c < 6.5% and

the absence of antidiabetes medications for at least 2 months (21).
2.6 Statistical analysis

SPSS version 26.0 (SPSS Inc., Chicago, IL, USA) was used for

the statistical analysis. Continuous variables are presented as the

mean ± standard deviation (SD). The unpaired t tests or Mann‒

Whitney tests was used to compare the mean values between

baseline and after surgery and also between the two groups. The

levels of TWL% and EWL% over time after surgery were analyzed

using two-way (repeated-measures) ANOVA, followed by the

Bonferroni post hoc test, and the results are reported as AP by

group, BP over time, and CP due to the interaction of the two factors.

The data of a small number of patients who were lost to follow-up

were omitted from subsequent analysis. A P value less than 0.05

indicated a statistically significant difference.
3 Results

3.1 Patient characteristics

From April 2022 to December 2022, 284 patients scheduled for

SG were approached for eligibility. 73 and 60 patients were enrolled

(as shown in Figure 1) from the diabetic and non-diabetic cohort,

respectively. After exclusion, the remaining 57 and 49 patients were

included in the DM and the Control group, and 51 (92.73%) and 41

(83.67%) of which completed the 12-month follow-up, respectively

(Figure 1). The baseline characteristics of the patients included are

detailed in Table 1. No significant difference was detected between

the DM and the Control groups in age, sex, BMI, obesity

comorbidities, or tooth brushing habits. In the DM group, 42.11%

of the patients were already on treatment for T2D, and only 4

patients were receiving insulin therapy.
3.2 Effects of SG on weight loss

The TWL% and EWL% continued to increase for up to 1 year

after SG in both groups (Figure 2). Although both groups had

comparable EWL% after surgery (AP = 0.733), patients in the DM

group achieved less TWL% at 12 months after SG (32.79 ± 6.20% vs.

37.95 ± 8.34, P < 0.01).
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3.3 Effects of SG on glucose homeostasis

At baseline, patients in the DM group demonstrated higher

levels of HbA1c, FPG, and HOMA-IR than those in the Control

group (Table 2). After surgery, both groups showed a significant

decrease in HbA1c, FPG, fasting insulin, and HOMA-IR. At 12

months after surgery, 48 of the 51 patients (94.11%) achieved

remission of diabetes, and the remaining 3 patients still needed

oral medication. No significant difference was detected between

groups at 12 months after SG except lower level of FPG in the

Control group (4.06 ± 0.56 vs. 4.49 ± 0.59, P < 0.01).
3.4 Effects of SG on blood lipid profiles

Before surgery, patients in the DM group showed significantly

higher level of triglycerides than those in the Control group (2.42 ±

1.34 vs. 1.49 ± 0.60, P < 0.01, Table 3). Patients in both the DM group

and the Control group showed an increased level of high-density

lipoprotein-cholesterol (HDL-c) as well as decreased levels of

triglycerides, low-density lipoprotein-cholesterol (LDL-c), and

nonesterified fatty acids (NEFA) after SG. No significant difference

was detected in level of total cholesterol between baseline and 6 or 12

months after SG in neither group. At 12 months after SG, patients in

the Control group achieved better improvement in levels of total

cholesterol (4.25 ± 1.17 vs. 4.84 ± 0.96, P < 0.05) and LDL-c (2.35 ±

0.77 vs. 2.76 ± 0.38, P < 0.01) compared with those in the DM group.
3.5 Impact of SG on the periodontal status
of patients

At baseline, patients in the DM group had higher levels of PD

(4.10 ± 1.08 vs. 3.68 ± 0.87, P < 0.05), BI (2.67 ± 0.68 vs. 2.13 ± 0.71,
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TABLE 1 Baseline characteristics of patients.

Parameters
DM

(n = 57)
Control
(n = 49)

P value

Age (years) 32.16 ± 6.50 31.73 ± 6.44 0.733

Sex 0.728

Female 33 (57.89) 30 (61.22)

Male 24 (42.11) 19 (38.78)

BMI (kg/m2) 42.48 ± 7.33 41.87 ± 7.63 0.676

BMI-based classes, n (%) 0.900

32.5 ≤ BMI < 37.5 17 (29.82) 15 (30.61)

37.5 ≤ BMI < 50 30 (52.63) 27 (55.10)

BMI ≥ 50 10 (17.54) 7 (14.29)

Obesity comorbidities

Hypertension, n (%) 22 (38.60) 17 (34.69) 0.678

Obstructive sleep, n (%)
apnea-hypopnea syndrome,
n (%)

34 (59.65) 26 (53.06) 0.495

Tooth brushing 0.859

≤1 time/day 16 (28.07) 13 (26.53)

≥2 times/day 41 (71.93) 36 (73.47)

Fasting plasma glucose
(mmol/L)

8.49 ± 3.39 5.04 ± 0.54 < 0.001

HbA1c (%) 7.71 ± 2.24 5.37 ± 0.28 < 0.001

Diabetes treatment, n (%) 24 (42.11) – –

On insulin therapy, n (%) 4 (7.02) – –
Data are presented as mean ± SD or n (%). P value refers to the statistical difference DM
vs. Control.
BMI, body mass index; HbA1c, glycated hemoglobin.
FIGURE 1

Flowchart of participants. NSALD, non-steroidal anti-inflammatory drug; SG, sleeve gastrectomy.
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P < 0.01), and CAL (2.04 ± 0.96 vs. 1.69 ± 0.61, P < 0.05) than those

in the Control group (Table 4), indicating the worse periodontal

condition in patients with T2D than those without. No significant

difference was detected in the level of PLI between the two groups

before surgery. Compared with those at baseline, significantly lower

PLI and BI values were detected after SG in both the DM and the

Control group. No statistically significant change was observed in

PD or CAL after SG neither in the DM group nor in the Control

group. At 12 months after SG, the DM group had similar levels of

PLI, BI, and CAL but higher level of PD (4.08 ± 0.92 vs. 3.63 ± 1.03,

P < 0.05) compared with the Control group.
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3.6 Changes in inflammatory markers
after SG

As shown in Table 5, the DM group showed higher levels of hs-

CRP and IL-6 compared with the Control group at baseline.

However, significant difference was detected only in IL-6 (4.21 ±

2.11 vs. 3.36 ± 1.91, P < 0.05). Both groups showed significantly

lower levels of hs-CRP and IL-6 as well as similar level of TNF-a
after SG than at baseline. At 12 months after SG, no significant

difference was detected between the two groups in levels of hs-CRP,

IL-6, or TNF-a.
TABLE 2 Glucose homeostasis before and after SG.

Parameters Baseline 6 months after SG 12 months after SG

n Mean ± SD n Mean ± SD aP value n Mean ± SD bP value

HbA1c (%)

DM 57 7.71 ± 2.24** 55 5.02 ± 0.82 < 0.001 51 5.06 ± 0.87 < 0.001

Control 49 5.37 ± 0.28 48 5.11 ± 0.21 < 0.001 41 5.03 ± 0.24 < 0.001

FPG (mmol/L)

DM 57 8.49 ± 3.39** 55 4.66 ± 0.67** < 0.001 51 4.49 ± 0.59** < 0.001

Control 49 5.04 ± 0.54 48 4.28 ± 0.70 < 0.001 41 4.06 ± 0.56 < 0.001

Fasting insulin (mIU/L)

DM 57 32.54 ± 24.53 55 10.05 ± 7.53 < 0.001 51 7.54 ± 4.90 < 0.001

Control 49 26.52 ± 12.52 48 8.97 ± 5.42 < 0.001 41 6.77 ± 4.02 < 0.001

HOMA-IR

DM 57 12.23 ± 10.31** 55 1.97 ± 1.12 < 0.001 51 1.46 ± 0.75 < 0.001

Control 49 5.91 ± 3.98 48 1.71 ± 0.79 < 0.001 41 1.22 ± 0.41 < 0.001
Data are presented as mean ± SD. aP value refers to the statistical difference 6 months after SG vs. baseline. bP value refers to the statistical difference 12 months after SG vs. baseline. **P < 0.01
DM vs. control.
HbA1c, glycated hemoglobin; FPG, fasting plasma glucose; HOMA-IR, the homeostatic model assessment of insulin resistance.
FIGURE 2

Weight-loss effect after SG. The TWL% (A) and EWL% (B) after SG. **P < 0.01 DM vs. Control. AP by group, BP over time, and CP due to the
interaction of the two factors in the two-way ANOVA. TWL%, percentage of total weight loss; EWL%, percentage of excess weight loss; SG,
sleeve gastrectomy.
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4 Discussion

Obesity and T2D are two of the most common chronic diseases

worldwide. Cross-sectional studies supported that there was a
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strong connection between periodontitis and obesity or T2D (9).

As the most commonly performed BMS procedure, SG has been

confirmed to be more effective than conventional medical therapy

for long-term weight loss and control of T2D (22, 23). However,
TABLE 3 Lipid profiles before and after SG.

Parameters
Baseline 6 months after SG 12 months after SG

n Mean ± SD n Mean ± SD aP value n Mean ± SD bP value

Triglycerides (mmol/L)

DM 57 2.42 ± 1.34** 55 1.17 ± 0.45 < 0.001 51 0.89 ± 0.31 < 0.001

Control 49 1.49 ± 0.60 48 1.01 ± 0.42 < 0.001 41 0.87 ± 0.45 < 0.001

Total cholesterol (mmol/L)

DM 57 5.19 ± 1.45 55 4.96 ± 1.22 0.367 51 4.84 ± 0.96* 0.147

Control 49 4.76 ± 1.28 48 4.92 ± 1.21 0.528 41 4.25 ± 1.17 0.052

LDL-c (mmol/L)

DM 57 3.03 ± 0.85 55 3.11 ± 1.03 0.654 51 2.76 ± 0.38** 0.039

Control 49 2.97 ± 0.89 48 2.93 ± 0.86 0.822 41 2.35 ± 0.77 < 0.001

HDL-c (mmol/L)

DM 57 1.13 ± 0.49 55 1.30 ± 0.34 0.036 51 1.43 ± 0.22 < 0.001

Control 49 1.15 ± 0.47 48 1.31 ± 0.54 0.123 41 1.41 ± 0.38 0.005

NEFA (umol/dL)

DM 57 83.92 ± 28.02 55 75.06 ± 20.02 0.058 51 58.73 ± 18.45 < 0.001

Control 49 85.65 ± 37.06 48 77.46 ± 32.11 0.247 41 62.44 ± 31.46 0.002
Data are presented as mean ± SD. aP value refers to the statistical difference 6 months after SG vs. baseline. bP value refers to the statistical difference 12 months after SG vs. baseline. *P < 0.05, **P
< 0.01 DM vs. control.
LDL-c, low-density lipoprotein-cholesterol; HDL-c, high-density lipoprotein-cholesterol; NEFA, nonesterified fatty acids.
TABLE 4 Comparison of periodontal status before and after SG.

Parameters
Baseline 6 months after SG 12 months after SG

n Mean ± SD n Mean ± SD aP value n Mean ± SD bP value

PLI

DM 57 2.20 ± 0.43 55 1.74 ± 0.37 < 0.001 51 1.78 ± 0.35 < 0.001

Control 49 2.05 ± 0.37 48 1.79 ± 0.44 0.002 41 1.85 ± 0.32 0.008

PD (mm)

DM 57 4.10 ± 1.08* 55 4.12 ± 0.96 0.918 51 4.08 ± 0.92* 0.918

Control 49 3.68 ± 0.87 48 3.77 ± 0.92 0.622 41 3.63 ± 1.03 0.803

BI

DM 57 2.67 ± 0.68** 55 2.09 ± 0.49 < 0.001 51 2.05 ± 0.48 < 0.001

Control 49 2.13 ± 0.71 48 1.82 ± 0.52 0.016 41 1.88 ± 0.39 0.047

CAL (mm)

DM 57 2.04 ± 0.96* 55 2.05 ± 1.12 0.960 51 2.02 ± 1.14 0.921

Control 49 1.69 ± 0.61 48 1.75 ± 0.73 0.661 41 1.66 ± 0.57 0.811
Data are presented as mean ± SD. aP value refers to the statistical difference 6 months after SG vs. baseline. bP value refers to the statistical difference 12 months after SG vs. baseline. *P < 0.05, **P
< 0.01 DM vs. control.
PLI, plaque index; PD, probing depth; BI, bleeding index; CAL, clinical attachment loss.
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further studies are needed to elucidate the impact of SG on the

periodontal status of patients with and without T2D.

The principal findings of the present study were as follows: 1.

For patients with obesity and scheduled for SG, those with T2D had

further worsened periodontal status compared with those without;

2. Both patients with and without T2D demonstrated improved

periodontal status for up to 1 year after SG, accompanied by weight

loss and glucose reduction; 3. Even patients with T2D achieved less

TWL% after surgery than those without, their periodontal

condition had more substantial improvement with no significant

difference in PLI and BI between groups at 1 year after SG; 4. The

significant reduction in the inflammatory biomarkers, including hs-

CRP and IL-6, contributed to the improvement of periodontal

status after SG in both groups.

The patients in the present study consisted of mainly females,

with a mean age of approximately 32 years. Previous studies have

confirmed that tobacco smoking has a detrimental effect on the

incidence and progression of periodontitis (24), so participants with

active smoking within the past 6 months were excluded from the

current study. 28.07% of patients with T2D and 24.40% of patients

without T2D had a tooth brushing ≤1 time/day, indicating a low

level of attention to oral hygiene in the patients included. In

addition, only 42.11% of patients with T2D were already on

treatment, suggesting the poor awareness towards personal health

among the participants.

Our study further confirmed the weight loss effect of SG with

more than 30% TWL at 1 year after surgery in both groups. A

previous meta-analysis including 6235 Asian patients reported

32.1% TWL at 1 year after SG (25). Our previous research

demonstrated that, male and female patients with balanced

baseline BMI could achieve comparable TWL% for up to 1 year

after SG (20). In addition, out results showed that patients with T2D

achieved less TWL% after surgery than those without, which is

similar to our previous report (10). Another study performed by

Diedisheim et al. demonstrated subjects with obesity and T2D who

have poor pre-operative glycemic control displayed reduced weight-
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loss and less improvement in body composition compared to

patients with obesity but without T2D (26). These results suggest

that even though the rapid and sustained weight loss effect of BMS

has been confirmed, glycemic control prior to surgery is an

important factor to be taken into account in the expectation of

the weight loss outcome after surgery.

Previous studies have confirmed that T2D is associated with a

higher prevalence, incidence, severity, and progression of

periodontitis (9, 27, 28). Patients with poorly controlled diabetes

have more serious clinical symptoms of periodontitis compared

with those without diabetes or well controlled diabetes (29, 30). A

study from Italian participants demonstrated that the probability of

severe periodontitis in patients increased by approximately 60% for

1 unit of increase in serum HbAlc (30). However, it should be noted

that the evidence abovementioned focused on the general

population, with some overweight individuals involved at most.

There has been no evidence yet for patients with pathological

obesity, especially those who meet the indications for BMS. The

present study filled in the blank of this area that we demonstrated

more serious clinical symptoms of periodontitis (with higher PD,

BI, and CAL) in patients scheduled for SG with T2D compared with

those without diabetes. PLI is a parameter that closely related to the

individual oral hygiene habits (31). There was no significant

difference in tooth brushing between the DM group and the

Control group, and that could be the reason why there was

similar levels of PLI between groups at baseline. The plausible

pathogenic mechanisms of T2D promoting the susceptibility of

periodontitis included microbiome factors, enhanced inflammatory

response via cytokines or adipokines, host immune factors, and

oxidative stress (32).

In addition to the improvements in systemic conditions

(glucose homeostasis, insulin sensitivity, and plasma lipid

profiles), the present study revealed a positive impact of SG on

periodontal status in both the DM and the Control group

characterized by a decrease in periodontal inflammation and an

improvement of oral hygiene situation, which was reflected by the
TABLE 5 Levels of inflammatory markers before and after SG.

Parameters
Baseline 6 months after SG 12 months after SG

n Mean ± SD n Mean ± SD aP value n Mean ± SD bP value

hs-CRP (mg/L)

DM 57 12.37 ± 9.14 55 5.65 ± 4.43 < 0.001 51 5.17 ± 4.51 < 0.001

Control 49 9.51 ± 7.27 48 4.93 ± 3.72 <0.001 41 5.21 ± 4.01 < 0.001

IL-6 (pg/ml)

DM 57 4.21 ± 2.11* 55 2.79 ± 1.61 < 0.001 51 2.93 ± 1.95 0.002

Control 49 3.36 ± 1.91 48 2.65 ± 1.29 0.035 41 2.37 ± 1.34 < 0.001

TNF-a (pg/ml)

DM 57 11.01 ± 7.43 55 10.54 ± 8.24 0.752 51 11.36 ± 6.41 0.795

Control 49 11.73 ± 6.86 48 11.46 ± 7.16 0.850 41 11.23 ± 5.25 0.697
Data are presented as mean ± SD. aP value refers to the statistical difference 6 months after SG vs. baseline. bP value refers to the statistical difference 12 months after SG vs. baseline. *P < 0.05 DM
vs. control.
hs-CRP, high sensitive C-reactive protein; IL-6, interleukin-6; TNF-a, tumour necrosis factor alpha.
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decrease in BI and PLI, respectively. Jaiswal et al. reported

improvements in the bleeding score and PLI 6 months after BMS

and attributed to changes in diet and oral hygiene instructions

provided to patients before surgery (13). However, another

prospective study conducted by Sales-Peres et al. demonstrated

significantly increased gingival bleeding and unaltered CAL 6

months after BMS, suggesting the deterioration of periodontal

conditions after bariatric surgery (33). The discrepancy among

studies may be attributed to differences in individual

characteristics and oral hygiene intervention. As far as we know,

there has been no existing evidence comparing the periodontal

status between patients with and without diabetes after BMS. Our

results confirmed that both patients with and without T2D could

benefit from SG in terms of periodontal status in the absence of any

instructions for oral hygiene. In addition, our results showed no

obvious change in PD or CAL after SG. The reason could be that

these parameters often change only after periodontal surgical

treatment (13), which was not involved in this study.

The real mechanisms underlying the improvement in periodontal

status after SG in patients with T2D are not well understood. Both

obesity and T2D are characterized by persistent, low-grade

inflammation (34). Low–grade systemic inflammation has also

been proposed as a potential causative factor for periodontitis (35).

The most important mediators related to this association are TNF–a
and IL–6, which may alter the activities of leukocytes, osteoblasts and

osteoclasts, causing periodontal tissue destruction (36). The present

study demonstrated significant higher level of IL-6 in the DM group

before surgery. The result is consistent with a previous report by

Rodrigues et al., in which they found higher levels of IL-6 and hs-CRP

in patients with T2D, especially in those with BMI > 30 kg/m2 (37). In

addition, our study demonstrated a significantly decrease in levels of

hs-CRP and IL-6 after SG than at baseline in both groups. Mallipedhi

et al. investigated changes in inflammatory markers after SG in

patients with impaired glucose homeostasis and T2D, and reached

the same conclusion as ours (38). In addition, they also observed a

significant improvement in leptin as well as unaltered adiponectin

and IL-10 after SG.

The major strengths of the current study are that we compared

the impact of SG on the periodontal status of patients with and

without T2D based on a prospective cohort in a real-world setting.

However, this study has several limitations. First, information on

individual oral habits after surgery was not involved. However, with

no additional instructions for oral hygiene was provided at the time

of discharge or in the process of follow-up, the possible individual

behavioral changes should originate from the surgery or its related

other improvements. Second, the generalizability of the results is

limited by the single-center design and the relatively short 1-year

follow-up period.
5 Conclusion

In conclusion, both patients with and without T2D

demonstrated improved periodontal status for up to 1 year after

SG. Patients with T2D achieved less weight loss but a more

substantial improvement in periodontal condition. The significant
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reduction in inflammatory biomarkers contributed to the

improvement of periodontal status after SG.
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Obesity-related renal
dysfunction: gender-specific
influence of visceral adiposity
and early impact of metabolic
and bariatric surgery
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Elisabeta Andreea Malinici 1,2, Catalin Copaescu3

and Simona Fica1,2

1Department of Endocrinology, Carol Davila University of Medicine and Pharmacy,
Bucharest, Romania, 2Department of Endocrinology and Diabetes, Elias Emergency University
Hospital, Bucharest, Romania, 3General Surgery Department, Ponderas Hospital, Bucharest, Romania
Introduction: Renal dysfunction is a recognized complication of obesity with an

incompletely characterized pathophysiology. Improvement of glomerular

filtration rate (GFR) after metabolic and bariatric surgery (MBS) has been

reported across all classes of renal function. Inter-gender differences with

regard to correlates of renal function have been described, but the influence

of body composition is an understudied area. We aimed to explore determinants

of renal function in obesity and to assess its variations after MBS, with a focus on

body composition parameters in males and females, respectively.

Materials, methods: We conducted a retrospective study on 196 patients who

underwent laparoscopic sleeve gastrectomy, evaluated preoperatively and 6

months after the intervention. Recorded data included clinical and biochemical

assessment, as well as body composition estimation via dual-energy X-ray

absorptiometry. Serum creatinine-based formulas were used for the estimation

of GFR.

Results: We included a total of 196 patients (80 males and 116 females), with a

mean age of 41.43 ± 10.79. Median baseline body mass index was 42.6 (6.61) kg/

m2 and 6 months excess weight loss (EWL) reached 71.43 ± 17.18%, in females,

estimated GFR correlated negatively with visceral adipose tissue (VAT) mass

(rho=-.368) and this correlation was stronger in females with type 2 diabetes

mellitus. Moreover, women in the third VAT mass tertile were 5 times more likely

to have reduced GFR compared to the first tertile. Renal function improved after

MBS across all classes of filtration. In males, this improvement correlated with

EWL (rho=.358) and leanmass variation (rho=-.412), while in females it correlated

with VAT mass variation (rho=-.266).
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Conclusions: Our results are consistent with previous findings on the positive

impact of MBS on renal function and suggest a more prominent impact of

visceral adiposity on GFR in females.
KEYWORDS

obesity, renal dysfunction, metabolic and bariatric surgery, sleeve gastrectomy, visceral
adiposity, body composition
1 Introduction

Obesity is a multisystem disease, that has undoubtedly reached

pandemic proportions. In 2020, there were over 800 million adults

living with obesity worldwide and current trends predict a prevalence

of over 1.5 billion in 2035 (1). Parallelling the obesity epidemic, chronic

kidney disease is also a major cause of morbi-mortality worldwide (2).

Multiple epidemiologic studies have shown that excessive body weight

is a risk factor for both the onset and the progression of kidney disease

across all ages and across a wide range of co-existing pathologies (3–9).

A more in-depth analysis of this relationship reveals that the

two entities are, in fact, intertwined, involving complex and

multilayered mechanisms of augmenting the detrimental effects of

one another (3, 10–12). Thus, research in the field of obesity-related

renal dysfunction is challenging and the issue remains incompletely

explored, despite the fact that the interest in this topic dates from

decades ago (13). The diversity of body composition among patients

with similar body mass index (BMI), including varying proportions

of adipose tissue components (e.g. visceral vs subcutaneous

adiposity) is widely acknowledged (14). The distinct influences

body compartments exert on renal parameters might prove useful

in shedding more light on this adipo-renal relationship.

Metabolic and bariatric surgery (MBS) is currently the most

effective intervention in severe obesity, with clear benefits on related

comorbidities (15). Among these, the postoperative improvement of

renal function has been reported in the past years and a number of

authors regard MBS as a short and long-term renoprotective

intervention (16). Specifically, MBS is associated with improved

glomerular filtration rate (GFR), decreased albuminuria and a lower

rate of progression to end-stage-renal disease upon follow-up (17, 18).

In the current study, we aimed to explore baseline determinants

of renal function, focusing on body composition parameters, as well

as short-term postoperative dynamics in patients with obesity

undergoing laparoscopic sleeve gastrectomy (LSG).
2 Methods

We conducted a retrospective study on a cohort of adult patients

with obesity who benefited from LSG at an International Federation for

the Surgery of Obesity and Metabolic Disorders (IFSO) accredited

Center of Excellence in Romania. The study followed the standards of
02100
the Helsinki Committee for Human Rights and the design received

approval from the local ethics committee. All patients provided written

informed consent. Evaluations were performed preoperatively and 6

months after the intervention.

Inclusion criteria consisted of adult age (>18 years old) and

meeting the indication for MBS as per guideline recommendations

(19). Exclusion criteria were represented by previous bariatric

therapy, documented kidney disease, family history positive for

hereditary kidney disease, usage of nephrotoxic medication during

the past year and excessive alcohol consumption (defined as 5 or

more drinks on any day or 15 or more per week for men and 4 or

more on any day or 8 or more drinks per week for women) (20). Of

the 268 patients initially included, 33 had incomplete baseline

evaluation, while an additional 39 were either lost to follow-up or

had incomplete evaluation during their second visit. Consequently,

196 patients were analyzed in the present study.
2.1 Clinical and biological evaluation

Body weight and height were measured (both at baseline and

postoperatively) using a standardized digital scale with fixed

stadiometer. BMI was calculated as weight (in kilograms) divided by

the square of height (in meters). Excess weight loss percentage (%EWL)

was calculated as [(Baseline BMI − Postoperative BMI)/(Baseline

BMI− 25)] × 100, as defined in literature (21). Arterial blood pressure

(ABP) was assessed in-office, at brachial artery level, with the patient in

seating position, using an electronic sphygmomanometer.Hypertension

(HTN) was defined as systolic ABP ≥140 mmHg, diastolic ABP ≥90

mmHg, or antihypertensive medication use following a previously

established diagnosis. Postoperative improvement of ABP was defined

as normalized ABP with consistent or de-escalated medical treatment.

Diabetes was defined per AmericanDiabetes Association criteria (22) or

by the use of anti-hyperglycemic drugs or medical nutritional therapy

following a previously established positive diagnosis. Improvement of

glycemic control was defined as improved glycated hemoglobin by at

least 0.5% and/or de-escalation of medical treatment.

Both pre- and postoperative assays were performed in the same

laboratory. Creatinine was determined through colorimetric enzymatic

assay and glomerular filtration rate was estimated (eGFR) using the

CKD Epidemiology Collaboration (CKD-EPI) 2021 serum creatinine-

based formula, adjusted for standard body surface area of 1.73 m2 (23).
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Classes of renal function were defined as: hyperfiltration (≥ 125),

normal function (90-124), mild dysfunction (60-89), mild-to-moderate

dysfunction (45-59 ml/min/1.73 m2), in accordance with KDIGO

guidelines and commonly employed hyperfiltration cut-off values

(24–26). Renal function was also estimated using the formula

proposed by Basolo and colleagues (eGFR = 53 + 0.7 × (140 − Age)

× Weight/(96xSCr) × (0.85 if female)), aimed at characterizing

hyperfiltration (27).
2.2 Scan procedure—dual-energy x-
ray absorptiometry

Whole body DXA scans using Lunar iDXA Forma (GE

Healthcare) were performed to estimate total and regional body

composition. Visceral adipose tissue (VAT) mass was quantified

using the CoreScan™ application. Appendicular skeletal mass

index (ASMI) was calculated as the sum of upper and lower

extremities lean mass expressed in kilograms over the square of

height expressed in meters. Quality assurance and control

procedures were carried out in accordance with manufacturer

indications. All scans were performed by an ISCD-certified DXA

technologist, using the same software for analysis.
2.3 Statistical analysis

Statistical analysis was performed using IBM®SPSS® v. 26.0.

Parameter variations were defined as value6 months – valuebaseline.

Qualitative data was reported as frequency (percentage).
Frontiers in Endocrinology 03101
Quantitative data was assessed with Komologorov-Smirnov test

and normally distributed data was reported as mean ± standard

deviation (SD), while parameters with non-normal distribution

were described by median and inter-quartile range (IQR).

Subsequently, independent and paired t Student tests were

performed to compare normally distributed parameters, while

Mann-Whitney U and Wilcoxon Signed Rank test were employed

for non-normally distributed data. Bivariate correlations were

explored using Pearson’s r and Spearman’s rho, respectively.

Binary and linear adjusted regression models were employed to

further explore the predictive value of parameters. Confounders

were included as covariates in binary and multinominal regression,

in order to validate the results. All analyses were 2-tailed, with a cut-

off p value of less than 0.05 for statistical significance.
3 Results

The study included a total of 196 patients (80 males and 116

females), with ages ranging from 19 to 68 and a mean of 41.43 ±

10.79, slightly lower in males versus females (p=.08). The diagnosis

of obesity had been established for an average of 18.21 ± 10.51 years,

similar between the two genders. Median baseline BMI was 42.6

(6.61) kg/m2 and 6 months EWL reached 71.43 ± 17.18%, with no

inter-gender differences.

T2DM and HTN baseline prevalences were 18.9% and 49.5%,

with 6 months de-escalation of treatment reported in 51.3% and

43.2% of patients, respectively. Fasting plasma glucose, as well as

total cholesterol, VLDL-cholesterol and triglycerides levels showed

significant decline at 6 months.
TABLE 1 Pre- and postoperative values of selected parameters.

Males, n=80 Females, n=116

Parameter* Preoperative 6 months P value Preoperative 6 months P value

BMI 43.78 ± 4.84 30.61 ± 4.11 <.001 41.79 (6.44) 30.31 (4.63) <.001

Creatinine 1 (0.2) 1 (0.2) <.001 0.9 (0.2) 0.8 (0.1) <.001

eGFR (creatinine) 93.94 (19.87) 102.48 (23.36) <.001 83.15 (17.96) 89.59 (20.17) <.001

Total cholesterol (mg/dl) 198 (66) 175 (42.74) <.001 199.15 ± 37.79 192.32 ± 35.37 .03

HDL-cholesterol (mg/dl) 47.8 (13.5) 49.9 (11.3) NS 56.47 ± 10.19 57.2 ± 10.34 NS

LDL-cholesterol (mg/dl) 106.7 (56) 107.4 (43.4) NS 112.6 (38.7) 113.6 (42.9) NS

VLDL-cholesterol (mg/dl) 32 (20.6) 20.6 (8.6) <.001 24.5 (15.2) 17.9 (7.4) <.001

Triglycerides (mg/dl) 163.5 (110) 104.5 (43) <.001 122 (70) 89 (36) <.001

Fasting plasma glucose
(mg/dl)

93.5 (22) 79 (14) <.001 94 (21) 79 (12) <.001

Total fat mass (kg) 62.07 (15.71) 30.89 (11.81) <.001 59.89 (14.11) 34.17 (9.89) <.001

Total lean mass (kg) 71.82 ± 7.29 62.16 ± 6.71 <.001 52.22 ± 5.57 45.28 ± 5.09 <.001

VAT mass (kg) 4.4 (1.56) 1.58 (0.76) <.001 2.38 (1.01) 1.06 (0.57) <.001

ASMI (kg/m2) 10.49 ± 1.09 8.92 ± 0.89 <.001 8.79 ± 0.9 7.57 ± 0.77 <.001
* values are expressed either as mean ± SD, or as median (interquartile range), depending on the type of distribution.
BMI, body mass index, EWL, excess weight loss, eGFR, estimated glomerular filtration rate (determined by CKD-EPI 2021 creatinine-based formula); VAT, visceral adipose tissue; ASMI,
appendicular skeletal muscle index.
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Males tended to demonstrate greater 6 months percentual

variations of body composition compartments - with the

exception of total lean mass variation, which was similar between

the two genders. Table 1 summarizes the evolution of

aforementioned parameters in males and females respectively.

Analysis of gender-specific determinants of renal function

revealed a number of differences. Specifically, in females, eGFR

correlated negatively with VAT mass (rho=-.368, p<.001), uric acid

(rho=-.396, p<.001), glycemia (rho=-.419, p<.001) and VLDL-

cholesterol (rho=-.239, p=.001). eGFR-VAT mass correlation was

present irrespective of T2DM status, but was stronger in females

with T2DM (rho=-.529, p=0.02). None of these results were

replicable in males. Moreover, when dividing females according

to menopause status (75% premenopausal, 25% postmenopausal),

all of the correlations were lost in postmenopausal state.

To further explore the relationship between renal filtration and

visceral adiposity, we compared renal function across VAT mass

tertiles in females. Women in the third VAT mass tertile were 5

times more likely to have eGFR<90ml/min/1.73m2 compared to the

first tertile (OR=5.2, 95%CI = [1.29,20.99], p=0.02), in a model

adjusted for BMI, number of years living with obesity, ASMI,

T2DM and smoking status. However, the model lost significance

when also accounting for menopausal state. It should be noted that

patients demonstrating hyperfiltration were excluded from this

analysis in order to ensure adequate comparison.

Stratification of baseline eGFR by standard classes of renal

function revealed a very small prevalence of hyperfiltration in our

group (1%), with the majority of patients demonstrating mild renal

dysfunction (54.6%), followed by normal function (40.3%) and mild-

to-moderate dysfunction (4.1%). Postoperatively, renal filtration

improved across all defined classes, as depicted in Figure 1. Specific

variations (expressed ml/min/1.73m2) were as follows: an increase

from 55.01 (8.4) to 68.63 (20.97) in mild-to-moderate dysfunction

class and from 79.35 (11.26) to 88.06 (19.64) inmild dysfunction class

patients. In normal function class, baseline and 6 months eGFR

values were 98.88 (13.75) and 106.92 (18.87), respectively (p=0.09).

Finally, in the two cases exhibiting renal hyperfiltration per standard

criteria, eGFR decreased postoperatively. The alternative approach of

Basolo et al. (27) for evaluating hyperfiltration in patients with obesity
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determined the reclassification of 151 patients (77%) as exhibiting

hyperfiltration and showed a significant postoperative reduction in

their eGFR (145.1 (25.08) vs. 120.64 (28.55), p<.001) (Figure 2). We

also considered a surrogate marker, eGFR/ASMI (aimed at

controlling for postoperative muscle mass loss) and confirmed a

similar pattern.

Finally, we analyzed correlates of renal function variation in all

patients exhibiting either increase or decrease of eGFR. Inter-gender

differences were evident once more. In males, eGFR variation

correlated (p<.001 for all) with EWL (rho=.358) (Figure 3), lean

mass (rho=-.412) and ASMI (rho=-.374) variations; in females, on

the other hand, eGFR variation only correlated (p=0.01) with VAT

mass (rho=-.266) (Figure 4) and LDL (rho=-.279) variations. VAT

mass variation was an independent predictor (b=-.246, p=.02) of
eGFR variation in females in a model adjusted for baseline eGFR,

menopause status, EWL, ASMI variation, LDL variation and

additionally for the improvement of both T2DM and HTN

(model data: R=.6, R2=.36, p<.001). Conversely, in males, EWL

was an independent predictor of eGFR variation (b=.32, p=.01) in
an equivalent model – adjusted for baseline eGFR, ASMI variation,

VAT mass variation and for the improvement of T2DM and HTN

(model data: R=.63, R2=.4, p<.001).
4 Discussion

In the present study we investigated the relationship between

creatinine-based estimated glomerular filtration rate and DXA-

evaluated body composition, as well as basic biochemical

parameters in a cohort of patients with severe obesity undergoing

LSG. Gender-oriented analysis identified interesting differences in

the factors influencing renal function in males vs. females, both at

baseline, as well as when considering early (6 months)

postoperative variation.

Estimation of renal function by means of serum creatinine

levels is currently the most widespread method used in clinical

practice for both screening and monitoring and it also constitutes

the basis of renal function staging (28). The CKD-EPI formula is

believed to yield more accurate results and is, hence, favored by
FIGURE 1

CKD-EPI (2021) estimated glomerular filtration rate (eGFR) variation.
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profile societies (23, 24, 28, 29). Its main limitations derive from the

influence of muscle mass and dietary protein intake on serum

creatinine levels (30), from the delayed increase in creatinine

compared to the onset of renal function decline (31) and from

the fact that the equations were developed on a population mainly

in the normal BMI range (32). These lead to inaccuracies both in the

general population with obesity, as well as in assessing the dynamics

after MBS (31–35). Various means of resolving these shortcomings

have been proposed in literature, with mostly unsatisfying results.

The most popular is de-adjusting from standard body surface area

(BSA) of 1.73m2 and adjusting for calculated BSA (de-indexed

equations). However, this method consistently overestimates renal

function, since muscle mass, and not total body mass is actually the

main contributor to the estimation bias (36, 37). In this regard,

Nankivell and colleagues demonstrated that ASMI constitutes the

best correlate of eGFR error (34). Considering these results, we used

the eGFR provided by CKD-EPI (2021) formula, adjusted for

standard body surface area and corrected our analyses for ASMI

and ASMI variation in order to provide accuracy. Through this, we

were able to stratify patients in classes of renal function and assess

their dynamics in compliance with guideline recommendations and
Frontiers in Endocrinology 05103
in line with standard clinical practice. Renal dysfunction is reported

to be more prevalent among persons with obesity (11, 38, 39) and

our results are in line with previous findings, with the majority of

patients exhibiting mild or mild-to-moderate dysfunction at

baseline. An ample study, with an 8 million person-year follow-

up, elegantly demonstrated that the risk of end-stage CKD

progressively increases with the increase of BMI. Particularly,

patients with severe obesity had a 7-fold increase in risk

compared to normal weight controls (4). Additionally, in a more

recent meta-analysis comprising a total of 3 million patients, obesity

was associated with an almost two fold increase in the risk of renal

function decline) over a 10 year follow-up (6). The largest

epidemiologic study regarding CKD in the general Romanian

population reported a cumulative prevalence of reduced kidney

function (defined as eGFR<60ml/min/1.73m2) of 3.76% (40).

Comparatively, in our cohort, mild-to-moderate renal dysfunction

had a prevalence of 4.1%. However, the majority of our patients

(56.4%) exhibited mild dysfunction, on which the aforementioned

study did not report.

Postoperatively, we identified significant increase in eGFR

in patients exhibiting subnormal renal function at baseline; this

was paralleled by a statistically insignificant (p=.09) less ample

eGFR increase in patients classified as having normal baseline

renal function (Figure 1). Interestingly, the patients exhibiting

hyperfiltration, demonstrated postoperative decrease of eGFR;

however, the very small number of subjects pertaining to

this category precludes these results from being statistically

relevant. Based on the assumption that currently used formulas

underestimate the prevalence of renal hyperfiltration (36, 41),

Basolo and colleagues devised a new formula, specifically aimed at

more accurately identifying hyperfiltration in patients with obesity

(27). Using this approach, we reclassified the majority of the patients

(77%) as exhibiting hyperfiltration and confirmed a significant

postoperative decrease of eGFR in this class (Figure 2). However,

the authors specifically excluded patients with renal dysfunction from

their original analysis; therefore, while these results provide further

confirmation of eGFR improvement across all renal function classes,

re-thinking the stratification of all patients based on the proposed

formula is likely to be inaccurate. These outcomes were also

confirmed by the comparable variation of eGFR/ASMI [analogous

to the procedure employed by Favre and colleagues who used eGFR

over lean body mass in their study (42)]. There is currently a robust

body of literature with similar results, pointing to the beneficial role of

MBS-induced weight loss on renal function (16–18, 33, 43–45).

Improvement of GFR and proteinuria are evident in the first

months-to-years following surgery, but positive effects have been

recorded up to 15 years postoperatively (43).

Obesity negatively impacts renal dynamics through a

combination of direct and indirect mechanism; of the latter, the

two most important are HTN and T2DM, both of which are widely

recognized complications of obesity and also major risk factors for

the development of kidney disease. However, direct pathogenic ways,

occurring even in the absence of overt HTN/T2DM are believed to be

of equal importance. These include hemodynamic alterations and

increased sodium reabsorption (leading to initial hyperfiltration,

followed by GFR decline), adipokine and cytokine dysregulation,
FIGURE 3

Correlation between estimated glomerular filtration rate (eGFR)
variation and excess weight loss (EWL) in males.
FIGURE 2

Estimated glomerular filtration rate (eGFR) variation in hyperfiltration
class [eGFR formula - Basolo et al. (27)].
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insulin resistance, oxidative stress and direct lipotoxicity (3, 10–12).

Visceral adipose tissue (VAT) is recognized as the metabolically

active, pathogenic compartment, linked to aforementioned

alterations (46), as opposed to subcutaneous adipose tissue (SAT),

which serves as a buffer for excess energy and has positive metabolic

impact (47, 48). Obesity-related adipose tissue dysfunction is

characterized by chronic inflammation and M1-polarized

macrophage infiltration and activation, all of which occur

predominantly in VAT (47, 49). Kidney morphology and

physiology (e.g. high vascularization, not paralleled by equally

effective local anti-inflammatory guards) determine increased renal

sensitivity towards inflammation-induced damage (50). Studies have

tied various pro-inflammatory molecules (e.g. tumor necrosis factor-

alpha (TNF-a), interleukins 1b and 6 (IL-1b, IL-6) etc.) to the onset
of chronic kidney disease (CKD) (50). A landmark study including

over 3000 patients revealed that higher circulating TNF-a and

fibrinogen levels are associated with more rapid decline of eGFR in

patients with established CKD (51). More recently, involvement of

TNF-a in renal fibrosis, as well as the benefits of its inhibition have

been described in murine aristolochic acid-induced nephropathy

(considered superior to previously employed murine models) (52).

Moriconi et al. aimed to assess the relationship between IL-1b/
Caspase-1, insulin sensitivity and early-stage obesity-related renal

damage, namely hyperfiltration. Apart from demonstrating the

capacity of IL-1b to predict hyperfiltration in patients with severe

obesity, their study had another valuable result – patients in whom

GFR did not normalize after MBS also showed failure to normalize

circulating IL-1b/Caspase-1 levels (53). These results suggest a

pathogenic role of the inflammasome in kidney dysfunction, as

well as the potential for achieving renoprotection through targeted

anti-inflammatory therapy, in concert with weight reduction. Similar

strategies are being considered in diabetic kidney disease, in which

renal benefits of medication with potential anti-inflammatory effect

(e.g. type 2 sodium-glucose cotransporter inhibitors, glucagon-like

peptide-1 receptor agonists, renin-angiotensin-aldosterone system

(RAAS) inhibitors) are evidently superior to those of medication
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that solely achieves tight glycemic control or reduction of arterial

blood pressure (54).

Apart from the mechanisms detailed above, it is noteworthy

that peri- and intrarenal accumulation of VAT also increases local

pressure, activating sympathetic and RAA systems and directly

contributes to glomerular lesions (55, 56). In line with these

concepts, central adiposity (i.e. various estimates of VAT),

perirenal adipose tissue and renal sinus fat exhibit a stronger

correlation with the occurrence of obesity-related renal

complications than BMI or subcutaneous adipose tissue (57). In a

multicentric study using bioelectrical impedance analysis aimed to

assess the ability of various obesity indicators to predict renal

impairment (GFR decline/new-onset proteinuria) during a 6-year

follow-up, only visceral fat area (with a cut-off of 100 cm2) proved

to be a sensitive marker (58). Kataoka and colleagues found that

VAT to SAT ratio serves as a predictor of eGFR decline in CKD

patients, with a greater impact in females and in patients with lower

absolute values of VAT (59). Interestingly, the relationship between

VAT mass and CKD development seems to be stronger in patients

with lower body weight. In a large scale cohort study (11000

subjects, 5.6-year follow-up), VAT was a predictor of CKD onset

only in patients with normal BMI (60).

Accurate estimation of VAT mass has been a topic of great

interest in the past years and surrogate markers such as lipid

accumulation product (LAP), visceral adiposity index (VAI) (61),

novel VAI (NVAI) (62), Chinese-population specific cVAI (63)

and, more recently, the metabolic score for visceral fat (METS-VF)

(64) have been widely used in studies of obesity-related renal

affliction. However, DXA has the advantage of providing a direct

and accurate assessment of body composition and the CoreScan™

application has been validated against MRI and CT, with

satisfactory concordance (65).

In a meta-analysis including seven studies, Fang and colleagues

concluded that VAI is a useful tool for predicting CKD (area under

the curve 0.77, prediction rate of 73% when considering a 50% pre-

test probability) (66). Another ample study revealed that both LAP

and VAI are associated with increase odds of CKD incidence (61).

Interestingly, in our study, the correlation between eGFR and VAT

mass, along with various other markers of lipotoxicity and

inflammation (uric acid, VLDL-cholesterol) was only apparent in

females, and not in males. Moreover, when analyzing VAT mass

tertiles, the odds of reduced eGFR (<90ml/min/1.73m2) was 5 times

higher in women in the third VATmass tertile compared to those in

the first one, in a model adjusted for major confounders. This is in

line with other reported findings. For example, in an ample

community-based study in Taiwan, involving approximately 2000

subjects, VAI was significantly associated with the presence of CKD

in females, but not in males (67). In another large study, comprising

5355 subjects, Xu and colleagues demonstrated a negative

correlation between eGFR and CVAI and found CVAI to more

accurately predict renal dysfunction in females compared to males

(63). Similarly, in a study involving 400 middle-aged and elderly

subjects, VAI was an independent predictor of CKD in females, but

not in males (68). Another interesting study based on the KORA

cohort, revealed a negative association between cystatin-based
FIGURE 4

Correlation between estimated glomerular filtration rate (eGFR)
variation and visceral adipose tissue (VAT) mass variation in females.
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eGFR and MRI estimated VAT only in women. However, the

authors found no correlation between creatinine-based eGFR and

VAT (69). Similarly, in a study including approximately 35000

participants from the NHANES database, no association between

VAI and eGFR could be established; nevertheless, visceral adiposity

was associated with increased odds of chronic kidney disease and

albuminuria in females (70).

In contrast, a number of studies reported negative correlation

between VAT and renal function in males, rather than in females.

For example, in a longitudinal study including almost 7000 non-

diabetic patients, VAI was found to be an independent predictor of

renal function decline only in men over a period of follow-up of 8.6

years (71). Similarly, in a cross-sectional study conducted by Seong

et al. and including almost 5000 subjects, VAI and LAP correlated

with CKD exclusively in males (72). Yu and colleagues found

METS-VF to be an independent predictor of CKD, exhibiting

superiority to other obesity indices in both sexes, but more

prominently in men (73).

Males and females differ not only in body size, but also in body

composition. Men tend to have higher BMIs, as well as a higher

absolute value of VAT and VAT: SAT ratio when compared to

premenopausal women (74, 75). Similarly, male and female kidneys

show differences that go beyond size, namely in histology and

physiology (76, 77). For example, inter-gender variability in the

abundance and functionality of renal transporters has been

described (77), explaining differences in water and solute

handling (e.g. a more rapid and efficient natriuretic response to

high salt diet in females (78)). These provide a basis for the

discrepancies in CKD evolution (known to be slower in

premenopausal women than in men (77)) on one hand, and

might explain the gender-specific renal-VAT interaction, on the

other. Gonadal hormones are likely to have the greatest impact on

these dissimilarities, influencing both body composition parameters

and renal function directly. Estrogen promotes expansion of SAT,

rather than VAT, reduces RAAS activation, promotes nitric oxide-

mediated vasodilation and attenuates inflammation (75, 79). Of

note, three types of renal estrogen receptors have been described

and estrogen is believed to also exert its direct renoprotective

actions, of which we mention attenuation of glomerular

hypertrophy, reduction of mesangial expansion and decrease of

fibrosis, mainly via ERa (80–83).

Menopause brings about a reversal of the female “advantage” in

adiposity polarization and CKD progression, further supporting the

central protective role of estrogen (81). The global consequences of

estrogen decline (e.g. inflammatory milieu alterations (84)) further

enhance the negative renal impact. In line with these findings, in

our study, menopause status influenced all preoperative correlates

of renal function. An ample prospective study, with a 15-year

follow-up, interestingly showed that women with low estimated

endogenous estrogen exposure had a higher risk of developing CKD

later in life (79), while, in a nationwide Korean study, the use of

menopausal hormone therapy was associated with a reduced risk of

end-stage renal disease (83). However, in the context of obesity,

conflicting results have been reported, with a number of deleterious

effects especially in female subjects (85–87). Moreover, the

dysregulation of systems involved in estrogen-mediated renal
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protection (e.g. RAAS) (88) might render estrogen less effective in

the context of obesity (75). In their studies on murine models,

Rodrı ́guez-Rodrı ́guez and colleagues elegantly assessed the

combined renal effects of obesity and menopause. Ovariectomized

obese mice had the most detrimental metabolic and renal responses

to obesogenic diet and also exhibited the most severe lipotoxic and

inflammatory profile in renal tissue (81, 91). These results suggest

concerted deleterious renal effects of obesity and menopause and

highlight the importance of weight control in menopause and

perimenopausal transition as a renoprotective measure.

Another noteworthy result of our research is the stronger

eGFR-VAT mass correlation in female patients with obesity and

T2DM versus female patients with obesity, but no T2DM diagnosis.

A very recent study by Liu and colleagues using DXA scans to

quantify visceral adiposity in patients with T2DM, revealed additive

interaction between diabetes and visceral adiposity on the

occurrence of albuminuria. Higher visceral adiposity was also

found to induce a stronger correlation between T2DM and

albuminuria (89).

There are multiple hypotheses regarding post-MBS renal

function improvement, derived from the positive impact on all

aforementioned obesity-related dysregulations. Most of the studies

found that improvement of renal filtration does not correlate with

the degree of weight loss, but rather with the amelioration of

metabolic profile and comorbidities, as a consequence of VAT

and ectopic adipose tissue reduction (35, 43, 44, 90). However, we

revealed a positive correlation between eGFR variation and EWL in

male patients with obesity, paralleled by negative correlations with

lean mass and ASMI reductions (which may be considered logical

in light of the influence on creatinine). These results were not

replicated in females. Instead, similar to the baseline strong

influence of visceral adiposity, VAT mass variation proved to be

an independent predictor of eGFR variation in a model adjusted for

the main confounders. Interestingly, this held significance

regardless of menopause status, suggesting beneficial effects of

VAT mass reduction in both states.

To our knowledge, no other studies have reported on the

correlation between DXA-estimated VAT and GFR dynamics

before and after MBS, neither globally, nor through gender-

oriented analysis. The availability of DXA also provides an

additional strength of our study, namely the possibility to assess

and adjust for the influence of ASMI. The main limitations stem

from the inherent issues with creatinine-based eGFR, as discussed

above. Although ideal, direct measurement or GFR is unfeasible in

clinical practice. However, estimating GFR via equations based on

both creatinine and cystatin C might increase reliability (31, 32).

Secondly, albuminuria was not assessed in our cohort and therefore

we could solely analyze renal function, rather than chronic kidney

disease. Finally, while benefiting from a fairly ample evaluation,

there are still confounders that should be considered when

interpreting these results, such as dietary intake, physical activity

levels, and socioeconomic status, which may influence both obesity

(along with body composition parameters) and renal function

(including the estimation of GFR).

The present study concentrated on the early impact of MBS on

renal function. Added value would be provided by long-term
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assessment. However, the most significant improvement in GFR

seems to occur in the early postoperative timeframe (6-12 months),

as pointed out by a meta-analysis by Huang et al. (17). Finally, our

results should be confirmed on larger and more diverse cohorts,

since we included a fairly low number of patients pertaining to the

same ethnic group.
5 Conclusion

In the current study, we demonstrated a positive impact of MBS

on obesity-related renal dysfunction and outlined gender-specific

determinants of baseline eGFR and of postoperative eGFR

variation. Our results suggest a stronger impact of visceral

adiposity and lipotoxicity on renal pathology in females with

obesity. This warrants further exploration, as it may guide future

personalized therapeutic approaches.
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Surgical treatment strategies for
gastroesophageal reflux after
laparoscopic sleeve gastrectomy
Genzheng Liu, Pengpeng Wang, Shuman Ran, Xiaobin Xue
and Hua Meng*

Department of General Surgery and Obesity and Metabolic Disease Center, China–Japan Friendship
Hospital, Beijing, China
Bariatric surgery has emerged as an effective therapeutic approach for

combating obesity. As the most commonly performed bariatric surgery,

laparoscopic sleeve gastrectomy (LSG) has a long-term and effective outcome

in weight reduction. However, studies have reported an increased incidence of

gastroesophageal reflux disease (GERD) among patients after LSG. For those who

fail to respond to conventional oral acid-suppressing medication, surgical

intervention comes into consideration. The most commonly performed

revisional surgery for sleeve gastrectomy is the Roux-en-Y gastric bypass,

which can effectively alleviate the symptoms of reflux in patients and also

continues to promote weight loss in patients who have not achieved

satisfactory results or have experienced weight regain. In addition to this

established procedure, innovative techniques such as laparoscopic magnetic

sphincter augmentation (MSA) are being explored. MSA is less invasive, has good

reflux treatment outcomes, and its safety and efficacy are supported by the

literature, making it a promising tool for the future treatment of

gastroesophageal reflux. This article also explores the role of endoscopic

interventions for GERD treatment of post-sleeve gastrectomy patients.

Although these methods have shown some therapeutic effect, their efficacy

still requires further study due to a lack of support from more clinical data. For

patients with preoperative hiatal hernia or gastroesophageal reflux symptoms,

some experts now consider performing LSG combined with hiatal hernia repair

or fundoplication to alleviate or prevent postoperative reflux symptoms. Both of

these surgical approaches have demonstrated favorable outcomes; however, the

addition of fundoplication requires further investigation regarding its long-term

effects and potential postoperative complications. This article gathers and

examines the current laparoscopic and endoscopic treatments for refractory

gastroesophageal reflux following LSG, as well as the concurrent treatment of

LSG in patients with preoperative gastroesophageal reflux or hiatal hernia.
KEYWORDS

laparoscopic sleeve gastrectomy, gastroesophageal reflux, surgical treatment,
refractory gastroesophageal reflux, revision surgery
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1 Introduction

Obesity has emerged as a critical global health concern. Between

1975 and 2014, the prevalence of obesity among adult men surged

from 3.2% to 10.8%, while the prevalence among women increased

from 6.4% to 14.9% (1). In China, the percentage of overweight

adults has climbed to 34.8%, with an obesity rate of 14.1% (2).

Bariatric surgery, with its significant weight loss outcomes, long-

term stability, and high remission rate for obesity-related

complications, has increasingly become one of the weight loss

options for obese individuals. Laparoscopic sleeve gastrectomy

(LSG) has become the most commonly performed bariatric

procedure due to its relative simplicity and positive outcomes. In

the United States, LSG accounts for approximately 57.4% of all

bariatric surgeries (3). Despite its popularity, recent research

suggests that LSG may exacerbate postoperative gastroesophageal

reflux or lead to de novo reflux episodes (4). A meta-analysis

encompassing 22 studies revealed a 35% incidence of

gastroesophageal reflux following LSG (5). In the long-term

follow-up after LSG, the incidence of new-onset gastroesophageal

reflux is 20.0% to 24.8% (6, 7). However, some studies have reported

even higher rates, with the incidence of postoperative reflux

potentially ranging from 50% to 53.8%, and the rate of new-onset

reflux reaching up to 42.3% to 73% (8–10). This discrepancy may be

attributed to demographic differences or variations in dietary habits.

Currently, when addressing gastroesophageal reflux in patients

post-LSG, the predominant approach, considering safety and the

desire to minimize postoperative patient trauma, remains focused

on dietary and lifestyle adjustments, in conjunction with the

administration of antacid and acid-suppressing pharmaceuticals.

However, there is no unified treatment guideline in the academic

community for dealing with persistent gastroesophageal reflux that

is unresponsive to long-term acid suppression therapy after LSG.

This article reviews the possible mechanism and the currently

available treatment strategies for gastroesophageal reflux after LSG,

including non-surgical treatment, surgical treatment and

concurrent surgical treatment.
2 Mechanisms of gastroesophageal
reflux after LSG

The potential factors contributing to gastroesophageal reflux

after LSG surgery include reduced gastric compliance, elevated

intra-gastric pressure, and the disruption of the anti-reflux

barrier, such as an enlarged His angle and decreased lower

esophageal sphincter pressure. Other factors may include the

presence of a hiatal hernia, gastric sleeve torsion, stenosis, etc.

(11) Quero et al. (12) employed magnetic resonance imaging, high-

resolution manometry, and dynamic pH impedance measurement

to evaluate the structure and function of the gastroesophageal

junction and stomach before and after LSG. Their research

revealed that the His angle increased from 36° to 51° following

LSG, with 78% of patients exhibiting an enlarged His angle.

Postoperatively, the average length of the lower esophageal
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sphincter decreased by 1cm, and the mean intra-gastric pressure

rose from 21.3 mmHg preoperatively to 33.5 mmHg

postoperatively. Similar results have been reported by Mion,

Balla, Poggi, and others (13–15). Furthermore, studies have

indicated that the morphology of the residual stomach after LSG

also plays a role in reflux dynamics (16).
3 Non-surgical treatment of GERD
after LSG

For patients with gastroesophageal reflux who have not

undergone surgery, conventional treatment methods include: 1.

Dietary and lifestyle interventions, which involve avoiding foods

that may trigger reflux (such as coffee, alcohol, chocolate, high-fat

foods, etc.) and highly irritating foods (such as citrus, carbonated

beverages, spicy foods, etc.), as well as losing weight, quitting

smoking, elevating the head of the bed, and avoiding lying flat

after meals. 2. The use of antacid and gastric mucosal protective

agents, such as aluminum magnesium carbonate suspension. 3. The

use of acid suppressants, including H2 receptor antagonists (such as

cimetidine), proton pump inhibitors (such as omeprazole), and

potassium-competitive acid blockers (such as vonoprazan) (17).

In the study by Peterli et al. (18), at the five-year follow-up, out

of 101 patients who underwent LSG, 7 experienced reflux

esophagitis that was unresponsive to proton pump inhibitor (PPI)

treatment, and 1 had developed de novo Barrett mucosa. All of these

patients eventually converted to RYGB. In another study by Paulina

et al. (19), a ten-year follow-up found that as many as 64.4% of

patients still required oral PPIs after LSG. For patients who remain

dependent on medication long-term or for those whose symptoms

are not adequately controlled by drugs, it becomes imperative to

explore additional surgical or endoscopic intervention strategies.
4 Surgical treatment of GERD
after LSG

4.1 Roux-en-Y gastric bypass

The most common reason for revision surgery after LSG is poor

weight loss, weight regain, or severe gastroesophageal reflux, with

RYGB being the most frequently performed revisional procedure

following LSG (20). Both the American Gastroenterological

Association and the American Society for Gastrointestinal and

Endoscopic Surgeons consider RYGB to be the preferred surgery

for obese patients with gastroesophageal reflux (21, 22). In a study

byMandalosso et al. (23), 53 patients were monitored for an average

of 39 months to assess the changes in esophageal and

extraesophageal symptoms before and after RYGB. The results

showed that 83% of patients with typical reflux symptoms prior

to surgery experienced significant improvement postoperatively.

Huynh et al. (24) utilized the Gastroesophageal Reflux Disease -

Health-Related Quality of Life (GERD-HRQL) score to evaluate the

quality of life in 41 patients who underwent RYGB following LSG.
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The average GERD-HRQL score plummeted from 31.5 before the

revision surgery to 5.6 at 6 months post-RYGB, and it still remained

7.3 at 15 months. In a retrospective study by Felsenreich and others

(25), among the 45 patients who converted from LSG to RYGB, 36

had preoperative GERD, and 6 had Barrett’s esophagus. Following

the RYGB, Barrett’s esophagus was fully resolved in 4 patients, and

symptoms of gastroesophageal reflux improved in 23 patients

(63.9%). A similar study by Dayan (26) found that out of 47

patients with GERD who underwent RYGB as a revisional

procedure after LSG, 43 (91.5%) experienced relief from their

reflux symptoms. Insufficient weight loss is also a critical

indication for revisional surgery following RYGB. In the study by

Antonio et al. (27), the percentage of excess weight loss at 1, 3, and 5

years post-bypass was 40.3%, 34.3%, and 23.2%, respectively, for the

group with poor weight reduction. In a separate study enrolling 97

individuals, those who underwent RYGB revisional surgery

achieved an average weight loss of 11.1 ± 12.9 kg. For patients

who underwent surgery to address reflux, 80.2% experienced overall

symptom improvement following the revision, and 19.4% were able

to cease PPI therapy postoperatively. However, the majority of

patients (80.5%) still required oral PPIs at the last follow-up

(average 16.5 ± 19.56 months). The incidence of complications

classified as Clavien–Dindo grade III or higher was 7.21%, including

grade IV complications accounting for 2.06% of the cases (with an

average follow-up of 16.5 ± 19.56 months) (27, 28). In contrast, the

reported short-term complication rate for primary RYGB surgery is

6.3% (29), and the 10-year complication rate is 24.4%, with an

incidence of Clavien–Dindo grade III or higher complications at

18.5% (19). However, the sample sizes for RYGB revisional surgery

studies are relatively small, and there is a scarcity of longer-term

follow-up data. Consequently, further research is needed to

compare the incidence of complications.

It is evident that RYGB has a favorable therapeutic effect in the

treatment of gastroesophageal reflux and insufficient weight loss

after LSG. Moreover, the complication rate of RYGB revisional

surgery does not appear to be significantly higher than that of the

primary RYGB. For patients who continue to struggle with

refractory reflux symptoms after LSG, RYGB remains the

preferred option for surgical revision. However, it is worth noting

that some studies have identified an increased likelihood of

experiencing weak acid reflux following RYGB (30).
4.2 Magnetic sphincter augmentation

MSA is a novel anti-reflux surgical technique, a method that

utilizes the LINX Reflux Management System to achieve the goal of

preventing reflux. The LINX device is a ring-like construct formed

from a series of titanium beads, each embedded with a magnetic

core and interconnected by independent titanium arms. This device

is implanted laparoscopically around the lower esophageal

sphincter to enhance its capability (31).

A meta-analysis encompassing three studies has revealed that

patients who underwent MSA experienced an average reduction of

17.5 points in their GERD-HRQL scores, signifying MSA’s viability

as a treatment for refractory GERD following bariatric surgery (32).
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In a clinical study by Patel et al. (33) that included 22 individuals,

82% of patients were able to cease using acid-suppressing

medication after MSA, with average postoperative GERD-HRQL

scores dropping from 43.8 preoperatively to 16.7 postoperatively,

77% of patients were “satisfied” with the MSA surgery, while 14%

were “dissatisfied.” The main reason for dissatisfaction was the

persistent need for acid suppressants to control reflux symptoms,

and a few other patients experienced dysphagia after MSA. Other

studies have also reported similar results, showing significant

improvements in GERD-HRQL scores after MSA, with proton

pump inhibitor discontinuation rates ranging from 69.2% to

90.0% (34–36). The study by Khaitan et al. (37) noted that

common adverse events following MSA included dysphagia

(16.7%), pain (10.0%), and nausea (6.7%). The research also

compared the treatment differences of MSA surgery between

patients with a history of weight loss surgery and those without

gastric surgery, suggesting similar therapeutic effects in both groups

(35, 36).

Based on the current results, MSA is a safe and effective surgical

treatment for refractory gastroesophageal reflux following weight

loss surgery. It can effectively alleviate reflux symptoms, allowing

the majority of patients to avoid long-term oral acid suppression

medication and improve their quality of life.
4.3 Antireflux mucosectomy

Antireflux mucosectomy is an endoscopic treatment technique

first reported by Inoue and colleagues for the treatment of refractory

GERD. It involves the use of endoscopic mucosal resection or

endoscopic submucosal dissection to remove mucosal tissue at the

gastroesophageal junction. As the mucosa heals, submucosal fibrosis

and scarring develop, creating a postoperative antireflux barrier.

Their study also suggests that ARMs may effectively improve

symptoms and DeMeester scores in patients with GERD (38).

Zhu and colleagues (39) have reviewed the therapeutic

outcomes of ARMs in recent studies. Analysis of six studies that

recorded GERD-HRQL scores revealed varying degrees of

improvement in patients following ARMs. In seven studies

involving 24-hour esophageal pH monitoring, DeMeester scores

significantly improved postoperatively, and the average time of

esophageal acid exposure was greatly reduced. These findings

confirm the efficacy of ARMs in the treatment of refractory

GERD. They also highl ighted common postoperat ive

complications, mainly including dysphagia (11.4%) and

bleeding (5%).

In a case study, Patil et al. (40) employed ARMs to treat a

patient experiencing refractory GERD after LSG. The patient’s

DeMeester score dramatically decreased from 159 to 13.8, and the

24-hour pHmeasurement of acid reflux time was reduced from 25%

to 4.5%. Additionally, the GREDQ score fell from 10 to 7, allowing

for the discontinuation of acid suppressants postoperatively.

Debourdeau and colleagues (41) found similar results in their

study of six patients who underwent ARMs after bariatric surgery,

with the average GERD-HRQL score dropping from 30.6 to 6.8 at

three months postoperatively. However, three patients still required
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ongoing acid suppressant therapy, and complications such as

esophageal stricture and gastrointestinal bleeding were observed

in one patient each.

ARMs demonstrate promising efficacy in the management of

refractory GERD. While more clinical evidence is needed to support

its use in patients with refractory GERD following weight loss

surgery, the current studies suggest that ARMs can be an effective

treatment option. Nonetheless, caution must be exercised to

monitor and manage potential postoperative complications.
4.4 Endoscopic radiofrequency therapy

Endoscopic radiofrequency therapy is a treatment method that

utilizes the Stretta device, which primarily consists of a catheter

with four nickel-titanium needle electrodes and a guide wire.

During treatment, the device is positioned at the gastroesophageal

junction, and heat energy is released within a 2cm range above and

below the squamocolumnar junction, with the temperature

maintained at 85°C. To prevent overheating, cold water is used to

cool the tissue, ensuring that the mucosal temperature stays below

30°C for a period of 2 minutes. This process ultimately induces scar

formation in the lower esophageal sphincter through heat

stimulation, thereby increasing the pressure in the lower

esophageal sphincter. Additionally, the radiofrequency energy can

disrupt the intramuscular vagal ganglia in the esophagus,

preventing vagally induced transient lower esophageal sphincter

relaxation, thus achieving the therapeutic goal (42, 43).

In a study that followed 83 patients for 4 years, the proportion

of patients using acid suppressants decreased from 100% at baseline

to 29.4% at 12 months, 12.1% at 36 months, and 13.75% at 48

months after radiofrequency treatment. Concomitantly, there was a

marked improvement in both the symptoms score and the quality

of life score for gastroesophageal reflux (44).

In a retrospective study involving 15 patients, the efficacy of

radiofrequency treatment for gastroesophageal reflux after LSG was

assessed. At the six-month post-treatment mark, a majority of

patients (66.7%) expressed dissatisfaction, and only a fifth (20%)

had ceased using acid suppressants. Additionally, two patients

(13.3%) required a subsequent RYGB surgery at eight months

post-treatment to address persistent reflux symptoms (45).

Therefore, the therapeutic role of radiofrequency treatment in

patients with reflux after LSG requires further investigation.
4.5 Other treatment modalities

A study comparing the conversion from LSG to One-

Anastomosis Gastric Bypass (OAGB) versus RYGB surgery

revealed that OAGB may offer superior outcomes in terms of acid

exposure and DeMeester scores, even though it was associated with

a higher prevalence of reflux symptoms in the OAGB group (25).

Additional studies suggest that OAGB might be as effective as

RYGB in addressing reflux following LSG. Data from Rheinwalt’s

research indicate that the rates of GERD remission after converting

from LSG to RYGB and OAGB were 89% and 87%, respectively
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(46). Dayan et al. (26) found that 77.4% of patients who underwent

conversion to OAGB after LSG experienced a resolution of reflux

symptoms and were able to discontinue acid suppressants, with

their average GERD-HRQL score plummeting from 9.6

preoperatively to 1.7 postoperatively.

Endoscopic interventions that are commonly used for GERD in

patients who have not had gastric surgery have not yet been widely

adopted for the treatment of post-LSG reflux. These include

procedures such as transoral incisionless fundoplication and

transoral endoscopic cardial plication. Given the uncertain safety

profile of these methods, further study is required to determine their

safety and therapeutic effectiveness in the context of post-LSG

reflux management.
5 Concurrent surgical treatment and
prevention of reflux during LSG

5.1 LSG combined with hiatal hernia repair

Excessive body weight is significantly associated with the

presence of hiatal hernia and esophagitis (47). Furthermore,

central obesity and hiatal hernia can lead to an increase in GERD

(48). A meta-analysis of 18 studies suggests that LSG combined with

Hiatal Hernia Repair (HHR) results in a 68% reduction in GERD

symptoms, as well as significant improvements in esophagitis and

GERD- HRQL. However, the article also notes that there is no

significant difference between LSG + HHR and LSG alone in terms

of new-onset GERD, with postoperative incidence rates of new

GERD at 12.0% and a recurrence rate of hiatal hernia at 11.0% (49).

Additionally, another study that included 91 patients and

completed a 7-year follow-up found that among patients with

preoperative gastroesophageal reflux, 60% experienced relief from

their symptoms. Nevertheless, 30.6% of patients reported

postoperative reflux symptoms, with 15.9% experiencing

persistent GERD and 14.8% experiencing new-onset GERD (50).

In the study by Perez et al. (51), they utilized Propensity Score

Matched Analysis to examine patients from The Metabolic and

Bariatric Surgery Accreditation and Quality Improvement

(MBSAQIP) database. They found that LSG + HHR had a similar

risk of death, postoperative bleeding, leakage, or reoperation within

30 days after surgery when compared to LSG alone. However, the

risk of postoperative pneumonia (0.45% vs 0.15%) and readmission

rates (4.69% vs 3.58%) were higher after LSG+HHR.

HHR encompasses three primary techniques: posterior repair

with mesh (PRM), posterior repair (PR), and anterior repair (AR).

Ehlers and colleagues (52) conducted an analysis of data from the

Michigan Bariatric Surgery Collaborative (MBSC) spanning from

2008 to 2019, revealing that PR was the most frequently performed

procedure, constituting 78% of the cases. The severity of heartburn

at baseline was assessed using the GERD- HRQL scale, with the

PRM group exhibiting the highest scores (PRM 1.40 versus PR 1.20

versus AR 0.99). However, the PR cohort had the lowest average

heartburn severity score at one year postoperatively (PR 0.81 vs

PRM 0.84 vs AR 0.96). Patients across all three surgical groups
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reported high levels of satisfaction at the one-year postoperative

follow-up, with no statistically significant differences in satisfaction

among the groups. Additionally, there were no significant

differences in the incidence of bleeding, leakage, or surgical

complications at 30 days postoperatively across the three cohorts.

In a separate study based on the same database covering the period

from 2015 to 2019, Hider and associates (53) focused solely on the

comparison between PR and AR. They found that patients

undergoing PR had a higher rate of improvement in GERD

symptoms (69.5% vs 64.0%) and a lower rate of new symptoms at

one year (28.2% vs 30.2%). Conversely, patients receiving AR had

higher rates of bleeding and readmission.

In conclusion, the combination of LSG and HHR has been

shown to substantially reduce GERD symptoms in patients with a

minimal risk of complications. Performing HHR concurrently with

LSG is deemed a safe surgical practice, and within the HHR

techniques, posterior repair seems to be the preferred approach.

A panel of 50 experts from across 25 nations engaged in a discourse

on LSG and GERD, with 80% of the experts supporting the

concurrent repair of large hiatal hernias during LSG, and 66.7%

supporting the concurrent repair of small hiatal hernias (54).
5.2 LSG combined with fundoplication

Fundoplication has long been the standard approach for

surgical treatment of GERD. This procedure involves using either

a portion of the stomach fundus (Dor 180°, Toupet 270°) or the

entire fundus (Rossetti, Nissen 360°) to wrap around the lower

esophageal sphincter (LES), providing structural support to

enhance its ability to prevent reflux. Studies conducted by Capua

and associates have shown that the combination of LSG and

Rossetti fundoplication can significantly elevate LES pressure in

patients following surgery (55). In a survey of 50 experts, 77.3%

reported using LSG along with an anti-reflux procedure (either

anterior or posterior fundoplication) in patients with GERD

symptoms (54).

Olmi and colleagues performed surgery using LSG combined

with a modified Rossetti fundoplication on 220 patients, of which

68.5% had preoperative reflux symptoms. Following the procedure,

98.5% of the patients reported no reflux symptoms and were not

reliant on PPI medication. Among those with preoperative

esophagitis, 96.9% experienced relief, and all four patients with

Barrett’s esophagus showed improvement. The incidence of

Clavien–Dindo grade III or higher complications was 6.9%,

primarily due to fundus perforations (56). In another study

involving 56 patients, the postoperative GERD outcomes of LSG

and LSGFD were compared. Patients without preoperative reflux

symptoms were placed in the LSG group, while those with reflux

symptoms were assigned to the LSGFD group. At 12 months

postoperatively, the incidence of new-onset GERD following LSG

was 52.2%, which reduced to 30.4% at an average follow-up of 34

months. In the LSGFD group, 86.4% experienced relief from reflux

symptoms at 12 months, and 90.9% did so at an average follow-up

of 34 months. There were no notable disparities between the two
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groups in t e rms o f we igh t lo s s and pos tope ra t i v e

complications (57).

In a meta-analysis encompassing five studies, researchers

reviewed the current evidence and outcomes of LSGFD. They

discovered that LSGFD resulted in superior GERD relief

postoperatively but may lead to a lower percentage of total weight

loss and a higher incidence of postoperative complications

(OR=2.56) (58).

LSGFD is evidently effective in the prevention and treatment of

GERD, but it also comes with an increased risk of postoperative

complications. Currently, there is a scarcity of literature comparing

the outcomes of LSG and LSGFD, and the clinical application of

LSGFD requires careful assessment of the risks versus benefits by

the surgeon. In the comparison between LSG+HHR and LSGFD,

both procedures are effective in alleviating and preventing GERD

following LSG. LSGFD demonstrates a stronger advantage in

managing reflux, but it also has a higher overall complication

rate (59).
5.3 The impact of LSG surgical technique

The LSG surgical procedure can also impact postoperative

GERD. Currently, the main disagreement among surgeons

focuses on the distance between the resection line and the

pylorus, as well as the sizes of the bougie.

A meta-analysis based on randomized controlled trials compared

four RCT studies that described post-operative GERD and the

distance between the resection line and the pylorus. It found that,

in the late postoperative period, GERD was significantly reduced in

the group where the resection was performed 6cm from the pylorus,

compared to 2cm from the pylorus (OR=0.40) (60). However, an

earlier meta-analysis showed no statistical difference in the incidence

of new-onset GERD between antral resection (with the staple line

starting 2-3 cm from the pylorus) and antral preservation (>5 cm

from the pylorus) (61). Another study, based on an observational

cohort, a shorter distance to the pylorus was found to be a predictor

of postoperative GERD relief, while a shorter distance to the angle of

His was a risk factor for new-onset GERD. But they did not find a

correlation between the distance to the pylorus and the occurrence of

GERD (62). Currently, there is still controversy over how far from the

pylorus the resection should begin. Forty-one experts from China,

Japan, and South Korea discussed postoperative GERD following

LSG in Shanghai (63), with 70.7% of the experts agreeing that starting

the resection 4-6 cm from the pylorus and reasonably preserving the

antrum during surgery could effectively reduce the incidence of

postoperative GERD.

Additionally, the choice of bougie size is quite controversial. In

a meta-analysis conducted by Yao Wang and associates (64), bougie

sizes were classified into two groups: less than or equal to 36Fr, and

greater than 36Fr. They found that the smaller bougie group had

better weight loss outcomes without increasing the risk of

postoperative leaks or GERD. In another network meta-analysis,

the bougie sizes were divided into four groups: XL (> 40 Fr), L (36–

40 Fr), M (33–36 Fr), and S (< 32 Fr) (65). They discovered that the
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S and M size bougies were more effective in reducing excess weight,

and the M size bougie had lower rates of postoperative leaks and

overall complications. However, an earlier systematic review that

included 112 studies found that bougies ≥40 Fr reduced the risk of

leaks (OR = 0.53). The distance from the pylorus was found to have

no impact on leaks or the percentage of excess weight loss (66). In

the Shanghai conference (63), considering that excessive resection

of the fundus may lead to rapid gastric emptying, affecting patients’

dietary control and weight loss outcomes, 85.4% of experts agreed to

recommend the use of 36~38Fr bougies to ensure surgical

effectiveness while reducing the incidence of postoperative GERD.
6 Conclusion

The high incidence of gastroesophageal reflux after LSG has

become a significant challenge for post-operative patients.

Currently, the primary approach to managing reflux after LSG is

through conservative medical interventions. When faced with

persistent gastroesophageal reflux that does not respond to acid

suppressants for over three months, the prevailing recommendation

within the medical community is to transition to Roux-en-Y gastric

bypass (RYGB) surgery. The revised RYGB surgery has proven

effective in controlling post-LSG reflux symptoms and enhancing

patients’ quality of life. In recent times, innovative surgical

techniques have been gaining traction as a means to address the

symptoms of refractory gastroesophageal reflux in patients after

LSG. Laparoscopic magnetic sphincter augmentation, for instance,

has shown promise in mitigating acid reflux symptoms and

reducing the duration of esophageal acid exposure. Additionally,

other endoscopic treatments have yielded positive therapeutic

outcomes. Nevertheless, the long-term safety and effectiveness of

these interventions for post-LSG reflux remain to be fully validated

through future research. For patients who are found to have hiatal

hernia during preoperative evaluation, concurrent repair of the

hiatal hernia during LSG can be contemplated. This approach

significantly reduces the probability of postoperative GERD and

has a relatively low incidence of postoperative complications,

making it a safe and effective surgical option. For those with

preoperative gastroesophageal reflux, LSGFG can be considered to

forestall the onset of postoperative GERD. However, this procedure

may introduce additional surgical risk, and the decision to proceed
Frontiers in Endocrinology 06114
with LSGFG should be made following thorough consideration by

the surgical team.
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of laparoscopic sleeve gastrectomy vs laparoscopic roux-en-Y gastric bypass on weight
loss in patients with morbid obesity: the SM-BOSS randomized clinical trial. JAMA.
(2018) 319:255–65. doi: 10.1001/jama.2017.20897

19. Salminen P, Grönroos S, Helmiö M, Hurme S, Juuti A, Juusela R, et al. Effect of
Laparoscopic Sleeve Gastrectomy vs Roux-en-Y Gastric Bypass on Weight Loss,
Comorbidities, and Reflux at 10 Years in Adult Patients With Obesity: The
SLEEVEPASS Randomized Clinical Trial. JAMA Surg. (2022) 157:656–66.
doi: 10.1001/jamasurg.2022.2229

20. Guan B, Chong TH, Peng J, Chen Y, Wang C, Yang J. Mid-long-term revisional
surgery after sleeve gastrectomy: a systematic review and meta-analysis. Obes Surg.
(2019) 29:1965–75. doi: 10.1007/s11695-019-03842-3

21. Stefanidis D, Hope WW, Kohn GP, Reardon PR, Richardson WS, Fanelli RD,
et al. Guidelines for surgical treatment of gastroesophageal reflux disease. Surg Endosc.
(2010) 24:2647–69. doi: 10.1007/s00464-010-1267-8

22. Katz PO, Gerson LB, Vela MF. Guidelines for the diagnosis and management of
gastroesophageal reflux disease. Am J Gastroenterol. (2013) 108:308–328;quiz 329.
doi: 10.1038/ajg.2012.444

23. Madalosso CAS, Gurski RR, Callegari-Jacques SM, Navarini D, Mazzini G, Pereira
M da S. The impact of gastric bypass on gastroesophageal reflux disease in morbidly obese
patients. Ann Surg. (2016) 263:110. doi: 10.1097/SLA.0000000000001139

24. Huynh D, Mazer L, Tung R, Cunneen S, Shouhed D, Burch M. Conversion of
laparoscopic sleeve gastrectomy to Roux-en-Y gastric bypass: patterns predicting
persistent symptoms after revision. Surg Obes Related Diseases. (2021) 17:1681–8.
doi: 10.1016/j.soard.2021.05.025

25. Felsenreich DM, Steinlechner K, Langer FB, Vock N, Eichelter J, Bichler C, et al.
Outcome of sleeve gastrectomy converted to roux-en-Y gastric bypass and one-anastomosis
gastric bypass. Obes Surg. (2022) 32:643–51. doi: 10.1007/s11695-021-05866-0

26. Dayan D, Kanani F, Bendayan A, Nizri E, Lahat G, Abu-Abeid A. The effect of
revisional one anastomosis gastric bypass after sleeve gastrectomy on gastroesophageal
reflux disease, compared with revisional roux-en-Y gastric bypass: symptoms and
quality of life outcomes. Obes Surg. (2023) 33:2125–31. doi: 10.1007/s11695-023-
06636-w

27. D’Urso A, Vix M, Perretta S, Ignat M, Scheer L, Mutter D. Indications and long-
term outcomes of conversion of sleeve gastrectomy to roux-en-Y gastric bypass. Obes
Surg. (2021) 31:3410–8. doi: 10.1007/s11695-021-05444-4

28. Strauss AL, Triggs JR, Tewksbury CM, Soriano I, Wernsing DS, Dumon KR,
et al. Conversion to Roux-En-Y Gastric Bypass: a successful means of mitigating reflux
after laparoscopic sleeve gastrectomy. Surg Endosc. (2023) 37:5374–9. doi: 10.1007/
s00464-023-10024-x

29. Hedberg S, Thorell A, Österberg J, Peltonen M, Andersson E, Näslund E, et al.
Comparison of sleeve gastrectomy vs roux-en-Y gastric bypass. JAMA Netw Open.
(2024) 7:e2353141. doi: 10.1001/jamanetworkopen.2023.53141
Frontiers in Endocrinology 07115
30. Rebecchi F, Allaix ME, Ugliono E, Giaccone C, Toppino M, Morino M.
Increased esophageal exposure to weakly acidic reflux 5 years after laparoscopic
roux-en-Y gastric bypass. Ann Surg . (2016) 264:871–7. doi: 10.1097/
SLA.0000000000001775

31. Riva CG, Asti E, Lazzari V, Aquilino K, Siboni S, Bonavina L. Magnetic sphincter
augmentation after gastric surgery. JSLS. (2019) 23:e2019.00035. doi: 10.4293/
JSLS.2019.00035

32. Rausa E, Manfredi R, Kelly ME, Bianco F, Aiolfi A, Bonitta G, et al. Magnetic
sphincter augmentation placement for recalcitrant gastroesophageal reflux disease
following bariatric procedures: A systematic review and bayesian meta-analysis. J
Laparoendoscopic Advanced Surg Techniques. (2021) 31:1034–9. doi: 10.1089/
lap.2020.0763

33. Patel SH, Smith B, Polak R, Pomeranz M, Patel PV, Englehardt R. Laparoscopic
magnetic sphincter augmentation device placement for patients with medically-
refractory gastroesophageal reflux after sleeve gastrectomy. Surg Endosc. (2022)
36:8255–60. doi: 10.1007/s00464-022-09261-3

34. Broderick RC, Smith CD, Cheverie JN, Omelanczuk P, Lee AM, Dominguez-
Profeta R, et al. Magnetic sphincter augmentation: a viable rescue therapy for
symptomatic reflux following bariatric surgery. Surg Endosc. (2020) 34:3211–5.
doi: 10.1007/s00464-019-07096-z

35. Leeds SG, Ngov A O, Ogola G, Ward MA. Safety of magnetic sphincter
augmentation in patients with prior bariatric and anti-reflux surgery. Surg Endosc.
(2021) 35:5322–7. doi: 10.1007/s00464-020-08025-1

36. Kuckelman JP, Phillips CJ, Derickson MJ, Faler BJ, Martin MJ. Esophageal
magnetic sphincter augmentation as a novel approach to post-bariatric surgery
gastroesophageal reflux disease. Obes Surg. (2018) 28:3080–6. doi: 10.1007/s11695-
018-3292-y

37. Khaitan L, Hill M, Michel M, Chiasson P, Woodworth P, Bell R, et al. Feasibility
and efficacy of magnetic sphincter augmentation for the management of
gastroesophageal reflux disease post-sleeve gastrectomy for obesity. Obes Surg. (2023)
33:387–96. doi: 10.1007/s11695-022-06381-6

38. Inoue H, Ito H, Ikeda H, Sato C, Sato H, Phalanusitthepha C, et al. Anti-reflux
mucosectomy for gastroesophageal reflux disease in the absence of hiatus hernia: a pilot
study. Ann Gastroenterol. (2014) 27:346–51.

39. Zhu X, Shen J. Anti-reflux mucosectomy (ARMS) for refractory
gastroesophageal reflux disease. Eur J Med Res. (2024) 29:185. doi: 10.1186/s40001-
024-01789-5

40. Patil G, Iyer A, Dalal A, Maydeo A. Antireflux mucosectomy for managing reflux
symptoms in an obese patient post laparoscopic sleeve gastrectomy. Scand J
Gastroenterol. (2019) 54:1494–7. doi: 10.1080/00365521.2019.1697895

41. Debourdeau A, Vitton V, Monino L, Barthet M, Gonzalez JM. Antireflux
mucosectomy band (ARM-b) in treatment of refractory gastroesophageal reflux
disease after bariatric surgery. Obes Surg. (2020) 30:4654–8. doi: 10.1007/s11695-020-
04753-4

42. Kahrilas PJ. Radiofrequency energy treatment of GERD. Gastroenterology.
(2003) 125:970–3. doi: 10.1016/S0016-5085(03)01132-6

43. Triadafilopoulos G, DiBaise JK, Nostrant TT, Stollman NH, Anderson PK,
Edmundowicz SA, et al. Radiofrequency energy delivery to the gastroesophageal
junction for the treatment of GERD. Gastrointestinal Endoscopy. (2001) 53:407–15.
doi: 10.1067/mge.2001.112843

44. Reymunde A, Santiago N. Long-term results of radiofrequency energy delivery
for the treatment of GERD: sustained improvements in symptoms, quality of life, and
drug use at 4-year follow-up. Gastrointestinal Endoscopy. (2007) 65:361–6.
doi: 10.1016/j.gie.2006.06.036

45. Khidir N, Angrisani L, Al-Qahtani J, Abayazeed S, Bashah M. Initial experience
of endoscopic radiofrequency waves delivery to the lower esophageal sphincter (Stretta
procedure) on symptomatic gastroesophageal reflux disease post-sleeve gastrectomy.
Obes Surg. (2018) 28:3125–30. doi: 10.1007/s11695-018-3333-6

46. Rheinwalt KP, Schipper S, Plamper A, Alizai PH, Trebicka J, Brol MJ, et al.
Roux-en-Y versus one anastomosis gastric bypass as redo-operations following sleeve
gastrectomy: A retrospective study.World J Surg. (2022) 46:1. doi: 10.1007/s00268-021-
06424-6

47. Wilson LJ, Ma W, Hirschowitz BI. Association of obesity with hiatal hernia and
esophagitis. Am J Gastroenterol. (1999) 94:2840–4. doi: 10.1111/j.1572-
0241.1999.01426.x

48. Lee YY, Wirz AA, Whiting JGH, Robertson EV, Smith D, Weir A, et al. Waist
belt and central obesity cause partial hiatus hernia and short-segment acid reflux in
asymptomatic volunteers. Gut. (2014) 63:1053–60. doi: 10.1136/gutjnl-2013-305803

49. Chen W, Feng J, Wang C, Wang Y, Yang W, Dong Z, et al. Effect of concomitant
laparoscopic sleeve gastrectomy and hiatal hernia repair on gastroesophageal reflux
disease in patients with obesity: a systematic review and meta-analysis. Obes Surg.
(2021) 31:3905–18. doi: 10.1007/s11695-021-05545-0

50. Angrisani L, Santonicola A, Borrelli V, Iovino P. Sleeve gastrectomy with
concomitant hiatal hernia repair in obese patients: long-term results on
gastroesophageal reflux disease. Surg Obes Relat Dis. (2020) 16:1171–7. doi: 10.1016/
j.soard.2020.04.049

51. Perez SC, Ericksen F, Richardson N, Thaqi M, Wheeler AA. Propensity score
matched analysis of laparoscopic revisional and conversional sleeve gastrectomy with
frontiersin.org

https://doi.org/10.1097/SLA.0000000000003275
https://doi.org/10.1007/s00464-018-6344-4
https://doi.org/10.1007/s11695-017-2567-z
https://doi.org/10.1016/j.asjsur.2022.03.047
https://doi.org/10.3748/wjg.v21.i36.10348
https://doi.org/10.1007/s11695-020-04438-y
https://doi.org/10.1007/s11695-020-04438-y
https://doi.org/10.1007/s11695-016-2127-y
https://doi.org/10.1007/s11695-016-2127-y
https://doi.org/10.1007/s00423-021-02171-3
https://doi.org/10.1007/s11695-022-06126-5
https://doi.org/10.1093/dote/doad030
https://doi.org/10.1136/bmj.m3786
https://doi.org/10.1001/jama.2017.20897
https://doi.org/10.1001/jamasurg.2022.2229
https://doi.org/10.1007/s11695-019-03842-3
https://doi.org/10.1007/s00464-010-1267-8
https://doi.org/10.1038/ajg.2012.444
https://doi.org/10.1097/SLA.0000000000001139
https://doi.org/10.1016/j.soard.2021.05.025
https://doi.org/10.1007/s11695-021-05866-0
https://doi.org/10.1007/s11695-023-06636-w
https://doi.org/10.1007/s11695-023-06636-w
https://doi.org/10.1007/s11695-021-05444-4
https://doi.org/10.1007/s00464-023-10024-x
https://doi.org/10.1007/s00464-023-10024-x
https://doi.org/10.1001/jamanetworkopen.2023.53141
https://doi.org/10.1097/SLA.0000000000001775
https://doi.org/10.1097/SLA.0000000000001775
https://doi.org/10.4293/JSLS.2019.00035
https://doi.org/10.4293/JSLS.2019.00035
https://doi.org/10.1089/lap.2020.0763
https://doi.org/10.1089/lap.2020.0763
https://doi.org/10.1007/s00464-022-09261-3
https://doi.org/10.1007/s00464-019-07096-z
https://doi.org/10.1007/s00464-020-08025-1
https://doi.org/10.1007/s11695-018-3292-y
https://doi.org/10.1007/s11695-018-3292-y
https://doi.org/10.1007/s11695-022-06381-6
https://doi.org/10.1186/s40001-024-01789-5
https://doi.org/10.1186/s40001-024-01789-5
https://doi.org/10.1080/00365521.2019.1697895
https://doi.org/10.1007/s11695-020-04753-4
https://doi.org/10.1007/s11695-020-04753-4
https://doi.org/10.1016/S0016-5085(03)01132-6
https://doi.org/10.1067/mge.2001.112843
https://doi.org/10.1016/j.gie.2006.06.036
https://doi.org/10.1007/s11695-018-3333-6
https://doi.org/10.1007/s00268-021-06424-6
https://doi.org/10.1007/s00268-021-06424-6
https://doi.org/10.1111/j.1572-0241.1999.01426.x
https://doi.org/10.1111/j.1572-0241.1999.01426.x
https://doi.org/10.1136/gutjnl-2013-305803
https://doi.org/10.1007/s11695-021-05545-0
https://doi.org/10.1016/j.soard.2020.04.049
https://doi.org/10.1016/j.soard.2020.04.049
https://doi.org/10.3389/fendo.2024.1463567
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2024.1463567
concurrent hiatal hernia repair. Surg Endosc. (2024) 38(7):3866–74. doi: 10.1007/
s00464-024-10902-y

52. Ehlers AP, Bonham AJ, Ghaferi AA, Finks JF, Carlin AM, Varban OA. Impact of
hiatal hernia repair technique on patient-reported gastroesophageal reflux symptoms
following laparoscopic sleeve gastrectomy. Surg Endosc. (2022) 36:6815–21.
doi: 10.1007/s00464-021-08970-5

53. Hider AM, Bonham AJ, Carlin AM, Finks JF, Ghaferi AA, Varban OA, et al.
Impact of concurrent hiatal hernia repair during laparoscopic sleeve gastrectomy on
patient-reported gastroesophageal reflux symptoms: a state-wide analysis. Surg Obes
Relat Dis. (2023) 19:619–25. doi: 10.1016/j.soard.2022.12.021

54. Assalia A, Gagner M, Nedelcu M, Ramos AC, Nocca D. Gastroesophageal reflux
and laparoscopic sleeve gastrectomy: results of the first international consensus
conference. Obes Surg. (2020) 30:3695–705. doi: 10.1007/s11695-020-04749-0

55. Di Capua F, Cesana GC, Uccelli M, De Carli SM, Giorgi R, Ferrari D, et al. Sleeve
gastrectomy with rossetti fundoplication increases lower esophageal sphincter tone
preventing gastroesophageal reflux disease: high-resolution manometry assessment. J
Laparoendosc Adv Surg Tech A. (2023) 33:44–51. doi: 10.1089/lap.2022.0123

56. Olmi S, Uccelli M, Cesana GC, Ciccarese F, Oldani A, Giorgi R, et al. Modified
laparoscopic sleeve gastrectomy with Rossetti antireflux fundoplication: results after
220 procedures with 24-month follow-up. Surg Obes Relat Dis. (2020) 16:1202–11.
doi: 10.1016/j.soard.2020.03.029

57. Aili A, Maimaitiming M, Maimaitiyusufu P, Tusuntuoheti Y, Li X, Cui J, et al.
Gastroesophageal reflux related changes after sleeve gastrectomy and sleeve
gastrectomy with fundoplication: A retrospective single center study. Front
Endocrinol (Lausanne). (2022) 13:1041889. doi: 10.3389/fendo.2022.1041889

58. Loo JH, Chue KM, Lim CH, Toh BC, Kariyawasam GMD, Ong LWL, et al.
Effectiveness of sleeve gastrectomy plus fundoplication versus sleeve gastrectomy alone
for treatment of patients with severe obesity: a systematic review and meta-analysis.
Surg Obes Relat Dis. (2024) 20:532–43. doi: 10.1016/j.soard.2023.12.007

59. Castagneto-Gissey L, Russo MF, D’Andrea V, Genco A, Casella G. Efficacy of
sleeve gastrectomy with concomitant hiatal hernia repair versus sleeve–fundoplication
Frontiers in Endocrinology 08116
on gastroesophageal reflux disease resolution: systematic review and meta-analysis.
J Clin Med. (2023) 12:3323. doi: 10.3390/jcm12093323

60. Diab ARF, Kim A, Remmel S, Sandstrom R, Docimo S, Sujka JA, et al. Antral
preservation in sleeve gastrectomy appears to protect against prolonged vomiting and
gastroesophageal reflux disease. A meta-analysis of randomized controlled trials. Obes
Surg. (2023) 33:4103–14. doi: 10.1007/s11695-023-06884-w

61. McGlone ER, Gupta AK, Reddy M, Khan OA. Antral resection versus antral
preservation during laparoscopic sleeve gastrectomy for severe obesity: Systematic
review and meta-analysis. Surg Obes Relat Dis. (2018) 14:857–64. doi: 10.1016/
j.soard.2018.02.021

62. Lyyjynen HS, Andersen JR, Liem RSL, Mala T, Nienhuijs SW, Ottosson J,
et al. Surgical aspects of sleeve gastrectomy are related to weight loss and gastro-
esophageal reflux symptoms. Obes Surg. (2024) 34:902–10. doi: 10.1007/s11695-023-
07018-y

63. Chinese Society for Metabolic and Bariatric Surgery(CSMBS), Chinese Society
for Gastroesophageal Reflux Disease (CSGERD), Japanese Society for Treatment of
Obesity(JSTO) and Korean Society for Metabolic and Bariatric Surgery (KSMBS).
Shanghai consensus on the diagnosis and treatment of gastroesophageal reflux disease
in patients undergoing sleeve gastrectomy(2024 edition). Zhonghua Wei Chang Wai Ke
Za Zhi. (2024) 27:863–78. doi: 10.3760/cma.j.cn441530-20240819-00290

64. Wang Y, Yi XY, Gong Ll, Li Q, Zhang J, Wang Zh. The effectiveness and safety of
laparoscopic sleeve gastrectomy with different sizes of bougie calibration: A systematic
review and meta-analysis. Int J Surg. (2018) 49:32–8. doi: 10.1016/j.ijsu.2017.12.005

65. Chang PC, Chen KH, Jhou HJ, Chen PH, Huang CK, Lee CH, et al. Promising
effects of 33 to 36 Fr. bougie calibration for laparoscopic sleeve gastrectomy: a
systematic review and network meta-analysis. Sci Rep. (2021) 11:15217. doi: 10.1038/
s41598-021-94716-1

66. Parikh M, Issa R, McCrillis A, Saunders JK, Ude-Welcome A, Gagner M.
Surgical strategies that may decrease leak after laparoscopic sleeve gastrectomy: a
systematic review and meta-analysis of 9991 cases. Ann Surg. (2013) 257:231–7.
doi: 10.1097/SLA.0b013e31826cc714
frontiersin.org

https://doi.org/10.1007/s00464-024-10902-y
https://doi.org/10.1007/s00464-024-10902-y
https://doi.org/10.1007/s00464-021-08970-5
https://doi.org/10.1016/j.soard.2022.12.021
https://doi.org/10.1007/s11695-020-04749-0
https://doi.org/10.1089/lap.2022.0123
https://doi.org/10.1016/j.soard.2020.03.029
https://doi.org/10.3389/fendo.2022.1041889
https://doi.org/10.1016/j.soard.2023.12.007
https://doi.org/10.3390/jcm12093323
https://doi.org/10.1007/s11695-023-06884-w
https://doi.org/10.1016/j.soard.2018.02.021
https://doi.org/10.1016/j.soard.2018.02.021
https://doi.org/10.1007/s11695-023-07018-y
https://doi.org/10.1007/s11695-023-07018-y
https://doi.org/10.3760/cma.j.cn441530-20240819-00290
https://doi.org/10.1016/j.ijsu.2017.12.005
https://doi.org/10.1038/s41598-021-94716-1
https://doi.org/10.1038/s41598-021-94716-1
https://doi.org/10.1097/SLA.0b013e31826cc714
https://doi.org/10.3389/fendo.2024.1463567
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Yayun Wang,
Air Force Medical University, China

REVIEWED BY

Emanuel Vamanu,
University of Agricultural Sciences and
Veterinary Medicine, Romania
Wendong Huang,
City of Hope, United States
Haiming Fang,
Second Hospital of Anhui Medical University,
China

*CORRESPONDENCE

Liangping Wu

drwulp@163.com

Hongbin Zhang

zhangwater@hotmail.com

†These authors have contributed
equally to this work and share
first authorship

RECEIVED 29 June 2024
ACCEPTED 17 December 2024

PUBLISHED 08 January 2025

CITATION

Li H, He J, Hou J, He C, Dai X, Song Z, Liu Q,
Wang Z, Huang H, Ding Y, Qi T, Zhang H and
Wu L (2025) Intestinal rearrangement of
biliopancreatic limbs, alimentary limbs, and
common limbs in obese type 2 diabetic mice
after duodenal jejunal bypass surgery.
Front. Endocrinol. 15:1456885.
doi: 10.3389/fendo.2024.1456885

COPYRIGHT

© 2025 Li, He, Hou, He, Dai, Song, Liu, Wang,
Huang, Ding, Qi, Zhang and Wu. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 08 January 2025

DOI 10.3389/fendo.2024.1456885
Intestinal rearrangement of
biliopancreatic limbs, alimentary
limbs, and common limbs in
obese type 2 diabetic mice after
duodenal jejunal bypass surgery
Heng Li1,2†, Jipei He3†, Jie Hou1, Chengjun He1, Xiaojiang Dai1,
Zhigao Song4, Qing Liu5, Zixin Wang1, Hongyan Huang1,
Yunfa Ding1, Tengfei Qi1, Hongbin Zhang3,6*

and Liangping Wu1,7*

1Department of Metabolic Surgery, Jinshazhou Hospital of Guangzhou University of Chinese
Medicine, Guangzhou, China, 2Department of Endocrinology and Metabolism, Third Affiliated Hospital
of Sun Yat-Sen University, Guangzhou, China, 3Department of Basic Medical Research, General
Hospital of Southern Theater Command of People's Liberation Army (PLA), Guangzhou, China,
4Department of Cardiovascular Surgery, Zhujiang Hospital of Southern Medical University,
Guangzhou, China, 5Zhongshan Institute for Drug Discovery, Shanghai Institute of Materia Medica,
Chinese Academy of Sciences, Guangzhou, China, 6School of Laboratory Medicine and
Biotechnology, Southern Medical University, Guangzhou, China, 7Guangzhou Hualiang Qingying
Biotechnology Co. Ltd, Guangzhou, China
Bariatric surgery is an effective treatment for type 2 Diabetes Mellitus (T2DM), yet

the precise mechanisms underlying its effectiveness remain incompletely

understood. While previous research has emphasized the role of rearrangement

of the gastrointestinal anatomy, gaps persist regarding the specific impact on the

gut microbiota and barriers within the biliopancreatic, alimentary, and common

limbs. This study aimed to investigate the effects of duodenal-jejunal bypass (DJB)

surgery on obese T2DM mice. We performed DJB and SHAM surgery in obese

T2DM mice to investigate changes in the gut microbiota and barrier across

different intestinal limbs. The effects on serum metabolism and potential

associations with T2DM improvement were also investigated. Following DJB

surgery, there was an increased abundance of commensals across various limbs.

Additionally, the surgery improved intestinal permeability and inflammation in the

alimentary and common limbs, while reducing inflammation in the biliopancreatic

limbs. Furthermore, DJB surgery also improved T2DM by increasing L-glutamine,

short-chain fatty acids, and bile acids and decreasing branched-chain amino acids.

This study underscores the role of intestinal rearrangement in reshaping gut

microbiota composition and enhancing gut barrier function, thereby

contributing to the amelioration of T2DM following bariatric surgery, and

providing new insights for further research on bariatric surgery.
KEYWORDS

duodenal jejunal bypass, type 2 diabetes mellitus, gut microbiota, gut barrier,
metabonomics, bariatric surgery
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1 Introduction

Bariatric surgery is increasingly performed worldwide to treat

morbid obesity and is also known as metabolic surgery due to its

beneficial metabolic effects, especially with respect to improvement

in type 2 Diabetes Mellitus (T2DM) (1). In T2DM, relative insulin

deficiency resulting from b-cell dysfunction is a key factor

contributing to disease development, often in conjunction with

insulin resistance (2). With the evolution of metabolic surgery, it

has emerged as a viable long-term intervention for treating

diabetes (3).

Roux-en-Y gastric bypass (RYGB) is a highly effective treatment

for severe obesity and type 2 diabetes. By inducing alterations in the

anatomical structure of the gastrointestinal tract, RYGB modifies

the gut microbiota and diminishes systemic endotoxemia (4, 5).

Anatomical rearrangement of the gastrointestinal tract likely alters

the composition of the luminal milieu, consequently influencing

downstream signaling pathways that regulate host energy balance

and metabolism (1). Previous studies have highlighted the

importance of jejunal and duodenal nutrient sensing in blood

glucose homeostasis (6) with studies indicating that nutrient

infusion bypassing the duodenum enhances insulin sensitivity (7).

Rubino et al. have identified the proximal jejunum’s involvement in

the pathogenesis of T2DM (8). However, the mechanisms

underlying these effects are not fully understood. To address these

knowledge gaps, we adopted the recently developed duodenojejunal

bypass (DJB) mouse model. DJB is a metabolic procedure involving

the exclusion of nutrients from the duodenum and proximal

jejunum, followed by jejunal Roux-en-Y reconstruction and early

nutrient delivery to the distal small bowel (9). Intestinal remodeling

following DJB surgery preserves the physiological structure of the

stomach and provides an avenue for investigating the mechanism

by which the proximal jejunum improves metabolism.

Combining 16S rRNA gene sequencing with metabolomics is

considered a reliable method for analyzing structural changes in the

gut microbiota and the metabolic profiles of the gut microbiota and

the host (10). The gut microbiota is crucial for many biological

functions in the body, including intestinal development, barrier

integrity and function, metabolism, and the immune system (11,

12). In healthy individuals, the intestinal barrier consists of a

cohesive layer of epithelial cells connected by tight junctions (TJ)

(13). However, metabolites originating from the gut microbiota can

enter the circulatory system, breaching the intestinal barrier to

influence distal organs and potentially impact the progression of

T2D (10). Increasing evidence has shown compositional differences

in the gut microbiota and their metabolic characteristics, as well as

the relationship between the intestinal microbiota and metabolism

in T2D patients and healthy individuals (14). In this study, we used

16S rRNA gene sequencing and metabolomics to analyze the

changes in the proximal gut microbiota and serum metabolism,

aiming to elucidate their contributions to the DJB effect. The

proximal jejunum was surgically treated in three separate

sections, each of which may contribute to different local responses

of the gut microbiota.
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2 Materials and methods

2.1 Animals

Twenty 8-week-old male C57BL/6J mice were purchased from

China Yaokang Cavens Laboratory Animal Center, housed in a

specific pathogen-free (SPF) laboratory, and subjected to a light/

dark cycle for 12 hours. Temperature was maintained at 22 ± 2℃
and humidity 55−65%. For six weeks, the mice were provided water

and a diet containing 60% of calories from fat. To induce diabetes,

intraperitoneal streptozotocin (40 mg/kg) was administered at week

7 for 5 consecutive days. Among the twenty mice, fourteen mice

were screened for random blood glucose > 16.7 mmol/L and were

randomly assigned to DJB (n=9) and SHAM (n=5) surgery groups.

Six mice were excluded from the experiment due to substandard

blood glucose. Nine mice underwent DJB surgery, five

mice survived.
2.2 Surgical procedure

The DJB surgical procedures were performed as described in the

Supplementary Material. For SHAM surgery, gastrointestinal

transection and re-anastomosis are performed at a similar site as

DJB (Figure 1).
2.3 Measurement of food intake, body
weight, and blood glucose

The mice were allowed to recover for 1 week after surgery. Mice

were individually housed in cages, and food intake was measured by

weighing the amount of solid food before and after 24 hours. The

body weights and random blood glucose levels of the mice were

recorded before and 8 weeks after surgery. The mice were allowed to

fast for 8 hours before the oral glucose tolerance test (OGTT)

experiment in the 8th week after surgery, wherein an oral bolus of

20% D-glucose (2 g/kg) was administered to the mice, and blood

glucose levels were measured at 0, 15, 30, 60, 90, 120, 150, and 180

min after gavage. Blood glucose levels were measured in blood

collected from the tail vein using a handheld AccuChek Performa

Glucometer (Roche).
2.4 Sample collection

At 8 weeks post-surgery, the mice were fasted overnight, and

then euthanized to collect blood samples, which were stored at

room temperature for 2-4 h, and then centrifuged at 3000 rpm for

10 min to extract the sera. Carefully collected intestinal contents

and intestinal tissues of the biliopancreatic limb (BP limb),

alimentary limb (A limb), common limb (C limb), caecum limb

(CA limb), and colon limb (COL limb) were promptly frozen in

liquid nitrogen and stored at −80°C. Representative sections of the
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intestinal segments were also collected from the SHAM animals

for comparison. Histological analysis was performed on

intestinal tissues.
2.5 RNA extraction and quantitative real
time–ploymerase chain reaction (qRT-PCR)

Total RNA was extracted from intestinal tissues using an EZ-

press RNA Purification Kit (EZ Bioscience, Shanghai, China) and

reverse transcribed into cDNA using an EZscript Reverse

Transcription Mixture (EZ Bioscience, Shanghai, China)

according to the manufacturer’s protocol. qRT-PCR was

performed using the SYBR Green Master Mix (EZBioscience,

Shanghai, China). The results were normalized as relative values

of GAPDHmRNA, and the data were analyzed according to 2-DDCT.

The primer sequences are listed in Supplementary Table 1.
2.6 Hematoxylin-eosin staining
and immunohistochemistry

A hematoxylin and eosin (HE) staining kit (Beyotime

Biotechnology, Shanghai, China) was used to stain the mouse

intestinal tracts. The tissues were fixed with 4% paraformaldehyde

for 24 hours and dehydrated with ethanol. The tissues were cleaned

with xylene, embedded in paraffin, cut into 5 mm slices, dewaxed

and dehydrated, and stained with hematoxylin for 5 min and eosin

for 3 min. Morphology of the small intestine was observed under a

microscope, and immunohistochemical (IHC) analysis was

performed as previously described (15).
2.7 Immunofluorescence

Paraffin sections (4 mm thick) were dewaxed, rehydrated,

treated with ethylenediamine tetraacetic acid antigen recovery
Frontiers in Endocrinology 03119
solution (Beyotime, China), and blocked with 5% goat serum at

37℃ for 1 h. Subsequently, the sections were incubated with a

primary antibody (anti-ZO-1and anti-Claudin-5; Abcam) at 4°C

overnight, followed by Alexa Fluor 488 goat-anti-rabbit

immunoglobulin G (Cell Signaling Technology) and Alexa Fluor

555 goat-anti-mouse IgG (Cell Signaling Technology) for 1 h at 37°

C. Finally, the slices were cleaned and reverse-stained with DAPI

(Cell Signaling Technology) using a 20× lens to obtain 3–5 images

per slice.
2.8 Enzyme-linked immunosorbent
assay (ELISA)

Sera were stored at −80°C until analysis. Serum cytokines

interleukin-1 b (IL-1b), interleukin-6 (IL-6), tumor necrosis

factor-a (TNF-a), and glucagon-like peptide 1 (GLP-1) were

measured using ELISA kits according to the manufacturer’s

instructions (Ray Biotech, USA).
2.9 Metabolomic analysis

Based on previous studies, we performed a metabolomic

analysis of serum content using liquid chromatography-mass

spectrometry (LC-MS/MS) (16).
2.10 16S rRNA gene sequencing analysis

Absolute quantification of 16S rRNA amplicon sequencing was

performed by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai,

China). Total microbial genomic DNA was extracted using

E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, U.S.)

according to the manufacturer’s instructions. The V3-V4

hypervariable portions of the bacterium 16S rRNA gene were

amplified using a thermocycler PCR system (GeneAmp 9700, ABI,
FIGURE 1

Operations and intestinal sampling locations. SHAM operation. Duodenal jejunal bypass (DJB) operation. BP limb, biliopancreatic limb; A limb,
alimentary limb; C limb, common limb; CA limb, caecum limb; COL limb, colon limb.
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USA) with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Purified

amplicons were pooled in equimolar amounts and paired-end

sequenced on an Illumina PE250 platform (Illumina, San Diego,

CA, USA) according to the standard protocols of Majorbio Bio-

Pharm Technology Co. Ltd. (Shanghai, China). Raw sequencing

reads were deposited in the NCBI under the BioProject

ID PRJNA1087303.
2.11 Statistical analysis

Data were analyzed using GraphPad Prism software and expressed

as the mean ± standard deviation (SD). The area under the curve was

calculated using the trapezoidal rule. All images were analyzed using

Image-Pro Plus 6.0 (Media Cybernetics, USA). An unpaired Student’s

t-test was used to determine the significance of the intergroup

differences, and values of P< 0.05 were considered significant. The

Majorbio I-Sanger Cloud Platform (www.i-sanger.com) was utilized to

examine the 16S rRNA gene sequencing data.
3 Results

3.1 Effects of DJB on obese T2D
mice model

Within 8 weeks of DJB, no significant differences in body weight

were observed (Figure 2A), nor in food intake (Figure 2B) in both

DJB and SHAM animals; however, a notable weight control effect
Frontiers in Endocrinology 04120
was evident after DJB surgery. As anticipated, significant reductions

were observed in blood glucose levels and the area under the OGTT

curve indicating improved glucose tolerance (Figures 2C-E). GLP-1

levels were also significantly elevated (Figure 2F) in DJB animals

than in SHAM animals. These findings underscore significant

improvements in glucose tolerance and insulin sensitivity

following DJB surgery.
3.2 DJB modulated gut microbiota
composition in obese T2D mice

In this study, we analyzed the 16S ribosomal RNA (rRNA)

sequences of proximal (BP, A, and C limbs) and distal (CA and

COL limbs) gut samples. Bioinformatic analysis of the resulting

sequences for operational taxonomic units (OTUs) at 97%

similarity revealed no differences in the alpha-diversity indices

(Shannon, Simpson, Ace, and Chao) of the gut microbiota in the

DJB and SHAM groups (P > 0.05, Figure 3A). Beta diversity,

assessed using a hierarchical clustering tree, showed that the gut

microbiota was distinctly clustered among the proximal and distal

samples at the OTU level. (Figure 3B). Principal coordinate analysis

(PCoA) was analyzed at the OTU level in the distal region (P < 0.05;

Figure 3C) and proximal (P < 0.05, Figure 3D) samples, suggesting a

significant difference in the intestinal microbiome composition

between the DJB and SHAM groups. Furthermore, 411 and 604

OTUs were found in the distal (Figure 3E) and proximal regions

(Figure 3F), as shown in the Venn diagram. Overall, our results

indicated that the proximal and distal gut microbiota play different

roles after DJB surgery.
FIGURE 2

DJB improved glucose metabolism in mice with T2D. (A) Body weight. (B) Food intake. (C) Random blood glucose. (D, E) Oral glucose tolerance test
(OGTT) and area under the curve (AUC). (F) The quantitative levels of GLP-1 in serum between DJB and SHAM groups detected by ELISA. The data
are shown as mean ± SD, n=5. Statistical analyses were performed by a two-tailed, unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
OGTT, oral glucose tolerance test; AUCOGTT, the area under the OGTT curve; GLP-1, glucagon-like peptide 1; NS, no significance.
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3.3 DJB caused different segmental
changes in the distal and proximal
gut microbiota

Next, we investigated the effects of DJB surgery on the gut

microbiota in the distal and proximal gut. Analysis of the gut

microbial composition at the phylum level revealed no differences

between the distal and proximal limbs (Figures 4A, B). However, the

dominant microorganisms in the groups were explored using the linear

discriminant analysis effect size (LEfSe) analysis (Linear discriminant

analysis, LDA > 4, P < 0.05). In the CA and COL limbs, LEfSe analysis

confirmed the enrichment of Proteobacteria, Gammaproteobacteria,

Enterobacterales, and Enterobacteriaceae (Figure 4C). These changes
Frontiers in Endocrinology 05121
are similar to those observed in RYGB animals (17). Conversely, the

Faecalibaculum and Enterobacterales were enriched in DJB in the BP,

A, and C limbs (Figure 4D). At the genus level, the relative abundance

of norank_f_Desulfovibrionaceae in the CA limbs (P < 0.05, Figure 4E)

and Colidextribacter, Blautia, and Lachnospiraceae_NK4A136_group

in the COL limbs (P < 0.05, Figure 4F) significantly decreased after DJB

(Supplementary Table 2). In addition, DJB mice exhibited a higher

abundance of Faecalibaculum in the BP limbs (P < 0.05, Figure 4G) and

Bifidobacterium in limb A (P < 0.05, Figure 4H). DJB surgery

significantly decreased the abundance of Lactobacillus in the C limbs

(P < 0.05; Figure 4I and Supplementary Table 3).

According to our findings, the changes in distal gut microbes

were consistent with previous studies on bariatric surgery (17).
FIGURE 3

Overall effects of DJB on gut microbiota. (A) Alpha-diversity indexes including Shannon, Simpson, Ace, and Chao. (B-D) Beta-diversity was presented
as a hierarchical clustering tree and PCoA at the OTU level. (C) PCoA shows the Bray-Curtis distance in the CA and COL limbs between DJB and
SHAM groups, n=6. (D) PCoA shows the Bray-Curtis distance in the BP, A, and C limbs between DJB and SHAM groups. Each point represents each
sample, n=9. (E) Venn diagram of common OTUs in the CA and COL limbs, n=6. (F) Venn diagram of common OTUs in the BP, A, and C limbs, n=9.
The data are shown as mean ± SD. Statistical analyses were performed by a two-tailed, unpaired Student’s t-test. BP limb, biliopancreatic limb; A
limb, alimentary limb; C limb, common limb; CA limb, caecum limb; COL limb, colon limb.
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However, most studies have focused on distal gut microbiota, such

as fecal microbiota, neglecting the equally important proximal

intestinal gut microbiota. In the analysis of bacterial differences,

we found that DJB surgery increased the abundance of beneficial
Frontiers in Endocrinology 06122
bacteria in the BP, A, and C limbs compared to the distal gut.

Therefore, we believe that intestinal rearrangement after DJB

surgery leads to the dominance of the proximal small intestine in

improving glucose metabolism.
FIGURE 4

DJB caused different segmental changes in the distal and proximal intestinal limbs. (A) The relative abundance of gut microbiota between the CA
and COL limbs at the phylum level. (B) The relative abundance of gut microbiota between the BP, A, and C limbs at the phylum level. (C) Linear
discriminant analysis (LDA) effect size (LEfSe) analysis of microbiota composition in the CA and COL limbs between DJB and SHAM groups (LDA > 4,
n=6). (D) Linear discriminant analysis (LDA) effect size (LEfSe) analysis of microbiota composition in the BP, A, and C limbs between DJB and SHAM
groups (LDA > 4, n=9). (E) Bacteria with significant changes in the relative abundance in limb CA at the genus level, n=3. (F) Bacteria with significant
changes in the relative abundance in limb COL at the genus level, n=3. (G) Bacteria with significant changes in the relative abundance in limb BP at
the genus level, n=3. (H) Bacteria with significant changes in the relative abundance in limb A at the genus level, n=3. (I) Bacteria with significant
changes in the relative abundance in limb C at the genus level, n=3. The data are shown as mean ± SD. Statistical analyses were performed by a
two-tailed, unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. LDA, Linear discriminant analysis; BP limb, biliopancreatic limb; A limb,
alimentary limb; C limb, common limb; CA limb, caecum limb; COL limb, colon limb.
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3.4 DJB improved the gut barrier of
biliopancreatic limbs, alimentary limbs, and
common limbs

To determine whether the proximal gut microbiota affects the

gut barrier, we examined inflammation and permeability in

different segments of the proximal jejunum after DJB. The IHC

results showed that the expression of IL-1b (P < 0.05, Figures 5A, D)

and IL-6 (P < 0.05; Figures 5B, E) in BP, A, and C limbs were

significantly decreased after DJB, as well as the expression of TNF-a
in the three intestinal segments (P > 0.05, Figures 5C, F) compared

to the SHAM group. In addition, we detected a decreased serum

level of IL-1b, IL-6, and TNF-a in DJB groups (Figure 5G). Thus,

DJB surgery can be inferred to have reduced inflammation in obese

T2D mice. Meanwhile, DJB surgery decreased the villus height/

crypt depth (V/C) of the BP limbs (Figure 5H). Compared with the

SHAM group, the (V/C) of the A limbs increased significantly in the

DJB group, and there was no significant change in the C limbs. After

DJB, mice exhibit significant adaptive intestinal changes (18).

To further elucidate the effect of DJB on the mucosal barrier of

the proximal small intestine, immunofluorescence and qRT-PCR

were used to detect the expression of zonula occludens 1 (ZO-1) and

claudin-5, respectively. Immunofluorescence analysis showed that

ZO-1 and claudin-5 were strongly expressed in the intestinal surface

epithelial cells of A (Figure 5J) and C limbs (Figure 5K) after DJB

surgery, showing characteristic lateral membrane staining. After

DJB, staining was concentrated at the tips of the villi and cells in the

crypt. However, there were no significant changes in the BP limbs

(Figure 5I). Similar changes were also found by qRT-PCR, with

increased expression levels of ZO-1 and claudin-5 mRNA in the A

and C limbs, and decreased expression levels in the BP limbs

(Figure 5L). These findings suggest that DJB maintains intestinal

epithelial homeostasis by regulating TJ protein distribution

and expression.
3.5 Changes in the overall status of the
metabolome after DJB surgery

To identify the potential metabolic signals that could lead to the

loss of blood glucose levels, we examined the effects of DJB surgery

on the serum metabolism profile of mice. A total of 378 metabolites

were identified. In total, 107 differential metabolites were detected

(Supplementary Table 4), of which 75 were upregulated and 32 were

downregulated (Figure 6A). Orthogonal partial least squares

discriminant analysis (OPLS-DA) showed (Figures 6B, C) that

DJB surgery significantly altered the metabolic profile of

diabetic mice.

In addition, the Kyoto Encyclopedia of Genes and Genomes

(KEGG) analysis of the 107 differential metabolites showed

significant enrichment of pathways related to membrane

transport, amino acid metabolism, and the digestive system

(Figure 6D). To further identify the pathways affected by DJB, we

performed an enrichment analysis of the KEGG pathway for

important metabolites with known KEGG IDs among which the

top 20 pathways are shown in Figure 6E (P < 0.05). Changes in
Frontiers in Endocrinology 07123
metabolic pathways were mainly related to ABC transporters,

purine metabolism, and protein digestion and absorption

pathways. Interestingly, L-Glutamine is involved in these

metabolic pathways (Figure 6F and Supplementary Table 5). In

addition, we found that bile acids (deoxycholic acid,

tauroursodeoxycholic acid, taurocholate, apolicholic acid, and

tauro-alpha-muricholic acid), branched-chain amino acids

(Leucine and Valine) (Figure 6F), and three short-chain fatty

acids (SCFAs) (Supplementary Table 6) were elevated after DJB.
3.6 Correlation analysis between
metabolism and gut microbiota

To further understand the correlation between differential

metabolites and microbiota at the genus level, Spearman’s

correlation analysis was performed (Figure 7). The results showed

that the differential metabolites correlated with changes in the

microbiota. We found that L-Glutamine is positively correlated

with Escherichia-Shigella and Bifidobacterium and negatively

correlated with Colidextribacter and Alistipes. Branched-chain

amino acids (Leucine and Valine) were positively correlated with

Alistipes, Desulfovibrionaceae, Staphylococcus, Blautia, and

Muribaculaceae and negatively correlated with Faecalibaculum.
4 Discussion

It is increasingly evident that bariatric/metabolic surgery

involves multiple weight-independent mechanisms to improve

glucose homeostasis and enhance insulin sensitivity and secretion,

particularly during specific surgeries (19). In this study, despite

observing no significant disparities in body weight between the DJB

and SHAM groups, the mice had a relatively lower weight post-DJB

surgery. The results of random blood glucose and OGTT showed

that DJB significantly improved glucose metabolism and tolerance

in obese T2D mice, coupled with a noteworthy increase in serum

GLP-1 expression. In addition to stimulating insulin secretion,

GLP-1 also promotes insulin biosynthesis as well as b-cell
proliferation and survival (20). These findings are consistent with

those of previous studies (21, 22) that DJB surgery could be used as

a treatment for T2D.

Our study was designed to assess changes in the gut microbial

ecology before and after surgery. Marked changes were evident in the

microbial composition of CA limbs and COL limbs, with a

pronounced increase in the abundance of the Proteobacteria (class:

Gammaproteobacteria, order: Enterobacteriales, family:

Enterobacteriaceae, genus: Escherichia-Shigella). Similar results

were observed in the fecal microbiota of human patients and rats

after bariatric surgery (1, 4, 23). At the genus level, we observed a

significant decline in Colidextribacter, Blautia, Lachnospiraceae_

NK4A136_group, and norank _f_Desulfovibrionaceae. One study

reported (24) that Colidextribacter, Blautia, and the Lachnospiraceae

_NK4A136_group are closely related to branched-chain amino acids

(BCAAs). As important metabolites of the diet or gut microbiome,

BCAAs are prevalent and significantly elevated in obese and/or T2D
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FIGURE 5

DJB improved the gut barrier in BP limbs, A limbs, and C limbs. Representative micrographs of Immunohistochemical staining (A) and quantitative
data (D) of IL-1b in intestinal tissue sections of each group of mice, n=3. Representative micrographs of Immunohistochemical staining (B) and
quantitative data (E) of IL-6 in intestinal tissue sections of each group of mice, n=3. Representative micrographs of Immunohistochemical staining
(C) and quantitative data (F) of TNF-a in intestinal tissue sections of each group of mice, n=3. (G) The quantitative levels of IL-1b, IL-6, and TNF-a in
the serum of each group of mice detected by ELISA, n=3. (H) Representative micrographs of HE staining and quantitative analysis of V/C in the BP,
A, and C limbs, n=4. (I) Double-immunofluorescence staining analysis of Claudin-5 and ZO-1 in the biliopancreatic limbs. (J) Double-
immunofluorescence staining analysis of Claudin-5 and ZO-1 in the alimentary limbs. (K) Double-immunofluorescence staining analysis of Claudin-5
and ZO-1 in the common limbs. (L) The mRNA levels of ZO-1 and Claudin-5 were detected by qRT-PCR in intestinal tissue sections of each group
of mice, n=3. The data are shown as mean ± SD. Statistical analyses were performed by two-tailed, unpaired Student’s t-test. *P < 0.05, **P < 0.01,
***P < 0.001. Scales bars = 200 mm. ZO-1, zonula occludens 1; IL-1b, interleukin-1b; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; BP limb,
biliopancreatic limb; A limb, alimentary limb; C limb, common limb; ns, no significance.
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FIGURE 6

LC–MS-based metabolomics analysis of the serum samples from DJB and SHAM groups. (A) Volcano map of metabolites between DJB and SHAM
groups. Red dots represent significantly upregulated metabolites, and blue dots represent significantly downregulated metabolites, and gray dots
represent non-significant differential metabolites. The differential metabolites were identified as VIP > 1 and P < 0.05. (B) Orthogonal partial least
squares discriminant analysis (OPLS-DA) map of a positive ion. (C) OPLS-DA map of negative ion. (D) KEGG pathways on level 1 and level 2 are
related to differential metabolites. The ordinate is the name of pathway level 2, and the abscissa is the number of metabolites related to the pathway.
Different colors represent different pathways on level 1. (E) Bubble diagram showing the enriched KEGG pathways. The ordinate is the name of
Pathway 3. The size of the bubbles in the figure represents how much of the pathway is enriched into the metabolic compound. Generally, a p value
less than 0.05 is considered a significant enrichment item. (F) Comparison of the relative abundance of L-Glutamine, Deoxycholic acid,
Tauroursodeoxycholic acid, Taurocholate, Apocholic acid, Tauro-alpha-muricholic acid, Leucine, and Valine between DJB and SHAM groups, n=3.
The data are shown as mean ± SD. *P < 0.05, **P < 0.01.
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hosts, suggesting that BCAAs can inhibit the function of beta cells in

regulating insulin secretion, and are strongly associated with insulin

resistance and the risk of developing T2DM (25, 26). Similar results

were observed in our study, where BCAA levels decreased

significantly in the serum and were associated with Blautia after

DJB surgery. This suggests that Alistipes, Desulfovisbrionaceae,

Staphylococcus, and Muribaculaceae are closely related to the

occurrence and development of T2DM.

Additionally, in BP limbs, A limbs, and C limbs, significant

enrichment of Erysipelotrichales (family: Erysipelotrichaceae,

genus: Faecalibaculum) after DJB surgery was observed. DJB

surgery also resulted in a significant increase in Faecalibaculum

and Bifidobacterium and a decrease in Lactobacillus. Increased

levels of Bifidobacterium are associated with improved glucose

tolerance, glucose-induced insulin secretion, decreased body

weight, and decreased levels of inflammatory mediators (27, 28).

As previously reported, Faecalibaculum has anti-inflammatory

properties and significantly reduces the percentage of intestinal

microbiota in patients with T2D (29, 30). Furthermore, SCFAs can

inhibit bacterial invasion, maintain intestinal barrier integrity, and

regulate inflammatory responses (31). Bifidobacterium and

Faecalibaculum are important commensal bacteria that produce

SCFAs (22). Lactobacillus, classified as a probiotic, exerts beneficial

effects on human health. However, our study revealed a reduction in

the abundance of Lactobacilli following DJB surgery. Despite their

known benefits, the results of meta-analyses indicate that

Lactobacillus may also affect weight gain (32). The number of

lactobacilli in obese and obese patients with type 2 diabetes is

higher than that in healthy individuals (33, 34), which can be

considered in the context of the results of this study. This suggests
Frontiers in Endocrinology 10126
that the different effects of Lactobacillus on weight may be species-

and strain-specific. These studies suggest that DJB surgery not only

reduces weight gain but also decreases the number of proximal gut

Lactobacillus species present.

Given the proximal intestinal rearrangement after DJB surgery,

we cannot overlook the potential impact of microbial changes on

the gut barrier and insulin resistance. The results indicated a

significant decrease in the expression of the three inflammatory

factors in A and BP limbs with a similar trend observed in the C

limb. As documented in previous studies, chronic inflammation

facilitates the development of T2DM by promoting insulin

resistance and b-cell failure while decreasing insulin sensitivity

(35–37). Targeted regulation of the inflammatory system can

significantly improve hyperglycemia and may gradually become a

therapeutic strategy for T2DM (38). Chronic inflammatory diseases

of the intestine may lead to the dysregulation of TJ proteins (39).

Based on these findings, we investigated the distribution and

expression of ZO-1 and claudin-5 in three intestinal segments.

DJB altered the distribution and expression of ZO-1 and claudin-5

in the A and C limbs. Notably, both TJ proteins exhibited similar

patterns of redistribution after surgery. These results are consistent

with those of previous studies, showing that TJ proteins are

redistributed under various pathological conditions (40). Our data

showed that intestinal permeability decreased in limbs A and C after

DJB, whereas there was no significant improvement in the limbs

with BP. This is consistent with the results of a study by Yang et al.

in rats (41). Additionally, DJB surgery promoted epithelial cell

proliferation and adaptive changes in the gut, as evidenced by

increased V/C ratios in limbs A and C. These results are consistent

with those reported by Li et al. (42). In accordance with previous
FIGURE 7

Spearman correlation analysis of the top 30 between differential metabolites and gut microbiota at the genus level. *P < 0.05, **P < 0.01, ***P < 0.001.
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reports (18), macronutrients, including carbohydrates, proteins,

and fats, stimulate intestinal adaptation, which supports the

finding that the intestinal permeability of BP limbs does not

improve after DJB. In conclusion, strengthening epithelial barrier

function and tight junctions may be an adaptive mechanism

after DJB.

KEGG analysis revealed that differential metabolites further

revealed changes in several pathways. These include membrane

transport, amino acid metabolism, and digestive systems, as well as

pathways associated with ABC transporters and purine metabolism.

Studies have found that ABC transporters (43) play an important

physiological role in higher plants and animals and use the energy

generated by the hydrolysis of adenosine triphosphate (ATP) to

transport various molecules bound to it across the membrane,

thereby promoting intestinal cell development. Our KEGG

pathway analysis showed that purine metabolism was enriched,

suggesting an active microbial reproduction at this stage.

Furthermore, the surgery may facilitate transport across the

membrane and amino acid digestion and absorption to protect

the gut by preventing intestinal atrophy and other metabolic

complications. Therefore, we speculate that the surgery may

ameliorate diabetes through these pathways. Simultaneously,

some metabolites associated with improved glucose metabolism

increased after the DJB surgery. Glutamine levels are significantly

elevated after DJB surgery and are involved in multiple metabolic

pathways. Glutamine is the main energy source for intestinal cells

and can regulate the phosphorylation of tight junction proteins,

thereby improving the intestinal barrier function (44). Glutamine

supplementation may maintain intestinal homeostasis through

intestinal microbial metabolites, improve intestinal immunity, and

alleviate intestinal inflammation (45). Moreover, studies have

shown that bile acids play important roles in glucose homeostasis

(46). Changes in gastrointestinal anatomy may also affect the

enterohepatic recirculation of bile acids, possibly mediating an

increase in GLP-1 through increased uptake of bile acids in the

intestine, helping to improve blood glucose (47).

However, this study has some limitations. Firstly, in the analysis

of gut microbial diversity, there was no statistically significant

difference between the groups. Since we studied proximal gut

microbes instead of fecal microbes, this may indicate a substantial

similarity in the proximal gut microbiota. In addition, similar body

weights may be a possible mechanism for the undifferentiated gut

microbiome. Second, because the sample size was small and there

was a lack of negative control groups for the gut microbiome

analysis, the correlation was not verified. In future studies, it will

be necessary to expand the sample size and conduct further

validation. Finally, the current study mainly focused on the effect

of intestinal rearrangement in the proximal small intestine on

improving glucose metabolism after DJB surgery, and did not

explore the specific effect on blood lipids. In addition, this study

only explored the effects of proximal intestinal structural

rearrangements on gut microbiota and metabolism, and further

studies are needed to explore the underlying mechanisms.

In summary, we provide a valuable mouse model for

investigating the mechanism by which T2D improves without

weight loss and provide new insights into the BP, A, and C limbs
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after DJB surgery. Our results reveal that the post-DJB changes in

the gut microbiota and metabolites were sufficiently robust to

attenuate inflammatory responses and intestinal permeability,

consequently bolstering the stability of glycemic metabolism.

These findings suggest that proximal intestinal rearrangements

play an important role in surgery-related improvements in

patients with T2DM.
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