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Abstract
BACKGROUND
Different metabolic/bariatric surgery (MBS) approaches vary in their effect on weight loss and glucose levels, although the underlying mechanism is unclear. Studies have demonstrated that the gut microbiota might be an important mechanism of improved metabolism after MBS.

AIM
To investigate the relationship between the improvement in metabolic disturbances and the changes in gut microbiota after gastric or intestinal bypass.

METHODS
We performed sleeve gastrectomy (SG), distal small intestine bypass (DSIB) or sham surgery in nonobese rats with diabetes induced by 60 mg/kg streptozotocin (STZ-DM).

RESULTS
The group comparisons revealed that both SG and DSIB induced a reduction in body weight and significant improvements in glucose and lipid metabolism in the STZ-DM rats. Furthermore, DSIB exhibited a stronger glucose-lowering and lipid-reducing effect on STZ-DM rats than SG. 16S ribosomal RNA gene sequencing revealed the gut abundance of some Lactobacillus spp. increased in both the SG and DSIB groups after surgery. However, the DSIB group exhibited a more pronounced increase in the gut abundance of Lactobacillus spp. compared to the SG group, with more Lactobacillus spp. types increased in the gut.

CONCLUSION
The gut abundance of Lactobacillus was significantly correlated with the improvement in glycolipid metabolism and the change in serum fibroblast growth factor 21 levels.
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Core Tip: Sleeve gastrectomy and distal small intestine bypass induced a reduction in body weight and significant improvements in glucose and lipid metabolism in the rats with streptozotocin-induced nonobese diabetes. The gut abundance of some Lactobacillus spp. increased in both the sleeve gastrectomy and distal small intestine bypass groups after surgery. The gut abundance of Lactobacillus was significantly correlated with the improvement in glycolipid metabolism and the change in serum fibroblast growth factor 21 levels.


INTRODUCTION
The prevalence of type 2 diabetes has been increasing globally. The International Diabetes Federation estimates that 1 in 11 adults aged 20-79 years had diabetes in 2015 worldwide, with 642 million expected to be affected by 2040[1]. Diabetes often coexists with obesity: The Global Burden of Disease Obesity Collaborators estimate that a total of 603.7 million adults are obese, with obesity prevalence doubling in 73 countries between 1980 and 2015 and continuing to rise in most other countries[2]. In China, 34% and 16.4% of adults (≥ 18 years) were estimated to be overweight and obese, respectively, in the 2015–2019 period[3].
Metabolic/bariatric surgery (MBS), the most effective treatment for obesity, is characterized by rapid weight loss and improved metabolism. Initially, MBS was considered to include a mechanical process involving the restriction of food intake and absorption and to lead to physiological changes such as gastrointestinal hormones[4-6]. Recent studies have increasingly shown that the gut microbiota plays an important role in improving metabolism after MBS[7-9]. Currently, the most commonly performed MBS procedures are sleeve gastrectomy (SG) and gastric bypass (GBP). Studies indicate that GBP is associated with significantly better metabolic improvement than SG[10], which may be related to the bypass of a section of the small intestine during GBP. Few studies have compared the effects of SG and small intestinal bypass on the gut microbiota or determined whether the differences in changes observed in the gut microbiota are associated with improved glycolipid metabolism. The elaboration of these aspects will aid in the elucidation of the changes imposed on the human body by these surgical approaches and will provide theoretical support for nonanatomical interventions in obesity and metabolic disorders.
In the present study, we performed SG and distal small bowel bypass (DSIB) in rats with streptozotocin-induced nonobese diabetes (STZ-DM). We investigated the difference in the efficacy between SG and DSIB to improve metabolic alterations by examining the gut microbiota. We also investigated the effect of different MBS procedures on the gut microbiota and assessed whether these changes were related to the mechanisms underlying the improvement in metabolic alterations.

MATERIALS AND METHODS
Animal studies
Eight-week-old SD male rats (269.3 ± 8.9 g) were provided by Slac Laboratory Animals Ltd. (Shanghai, China). Diabetes was induced in rats by 60 mg/kg streptozotocin, and the rats were housed in individually ventilated cages. They were acclimatized to their environment for at least 1 wk prior to the experiment and had free access to tap water and standard rat chow. Rats were randomly divided into SG, DSIB and sham groups. Body weight, food intake, postprandial blood glucose product and fasting blood glucose (FBG) were recorded weekly after surgery. The oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) were recorded preoperatively and 6 wk postoperatively. The animal experiments were conducted according to the Nanchang University Guide to Animal Experiments and approved by the Nanchang University Animal Ethics Committee. Standard animal care and laboratory guidelines were followed according to the ARRIVE guidelines.

Surgical procedure
After 14 h of fasting, the rats were operated on under anesthesia (isoflurane, 4% for induction and 2% for maintenance). The abdomen was trimmed, and the peritoneal cavity was accessed through a 4 cm midline incision.
For SG, the endopath ETS-FLEX 35 mm anastomosis (Ethicon Endo-Surgery, LLC, Cincinnati, OH) was used to transect the lateral 80% of the stomach along a large curve, leaving a sleeve-shaped gastric remnant in the lumen. For the DSIB group, the point near the ileocecal flap was used as a reference point. From this point to 40 m distal to the flexural ligament, approximately 60% of the entire length of the small bowel is bypassed, and intestinal continuity is restored by side-to-side anastomosis between the distal jejunum and ileum. Lumenal occlusion is performed by silk ligation in the first part of the bypass section. For the sham, the peritoneal cavity is accessed through a 4 cm midline incision, and the bowel is gently manipulated. The abdominal cavity was closed with 3-0 silk sutures. The operative time was approximately 45 min. All rats were injected subcutaneously with 10 mL of sterile saline postoperatively and placed in separate cages to recover from anesthesia.

OGTT and ITT
OGTT and ITT were performed preoperatively and 6 wk postoperatively. rats underwent OGTT after a 14-hour fast. Baseline blood glucose readings were obtained from the tail at the end of the fast. SD rats were given 20% glucose (1 g/kg) by gavage. Blood glucose was measured at 0, 15, 30, 60, 90 and 120 min, and the area under the glucose tolerance curve (AUCOGTT) was calculated. SD rats underwent ITT after 6 h of fasting. After baseline blood glucose readings, rats were injected intraperitoneally with insulin (0.5 IU/kg), and blood glucose levels were measured at 0, 15, 30, 45 and 60 min. Insulin sensitivity was assessed by the ratio of blood glucose to basal blood glucose at each time point, and the area under the insulin tolerance curve (AUCITT) was calculated.

Biochemical tests
Blood glucose levels were measured in blood collected from the tail vein of conscious rats by an electronic glucometer (Accu-Chek Performa, Roche Diagnostics, Switzerland). For FBG, food was removed at 8:00 a.m. and blood glucose levels were measured at 8:00 p.m. prior to surgery and each day after surgery, after an 8-h fast.
Rats were executed after a 1 night fast, and blood was collected from the portal vein into biochemical tubes containing anticoagulant. After centrifugation at 3000 rpm for 15 min at 4 °C, the separated sera were immediately transferred to new tubes and stored at -80 °C until analysis. Serum total bile acids (TBA), serum total bilirubin, serum direct bilirubin (DBIL), serum total cholesterol (CHOL), serum total triglyceride (TG), serum high-density lipoprotein, serum low-density lipoprotein (LDL) and serum nonhigh-density lipoprotein (NHDL) were determined using a fully automated biochemical analyzer. The analyses and tests were performed by the Biochemistry Laboratory of The Second Affiliated Hospital of Nanchang University.

Enzyme-linked immunosorbent assay
Serum samples were collected and stored in aliquots at -80 °C until use. Insulin in serum was detected by enzyme-linked immunosorbent assay kits: Insulin (Millipore, Billerica, MA, United States); GLP-1, ghrelin, PYY, leptin, FGF21 (Uscn Life Sciences, Wuhan, China).

16S rDNA amplicon sequencing
Microbial community DNA was extracted using MagPure fecal DNA KF kit B (Magen, China) according to the manufacturer's instructions. DNA was quantified using a Qubit-dsDNA-BR analysis kit (Invitgen, United States) using a Qubit fluorophotometer and checked for quality in aliquots on a 1% agarose gel. After extraction of DNA, the samples were tested; the samples that passed the test were used to construct the library: the target amplicon fragment was recovered, the interrupted sticky ends were repaired to flat ends using T4 DNA Polymerase, Klenow DNA Polymerase and T4 PNK, and then the DNA fragment was ligated to a special junction with a "T" base at the 3' end by adding a base "A" at the 3' end. The DNA fragment was then ligated to a special joint with a "T" base at the 3' end. Sequencing was performed on the PacBio (Sequel) platform (BGI, Shenzhen, China), and sequences were assigned to operational taxonomic units (OTUs) based on 97% sequence similarity. The clean tags were clustered into OTUs using USEARCH software (v7.0.1090), and then the OTUs were annotated to complete the species classification of the OTUs. After obtaining the OTU representative sequences, the OTU representative sequences were compared with the database Greengene_2013_5_99 by RDP classifier (v2.2) software, and species annotation was performed with a confidence threshold set to 0.5. The overall diversity of the gut microbiota was assessed using the Shannon index, and the taxonomic classification of OTUs was annotated from the phylum level to the species level. The overall composition of the gut microbiota was further visualized using principal coordinate analysis. Linear discriminant analysis effect sizes with default parameters were used to identify differentially enriched bacterial taxa in different groups, and this analysis was performed on the Galaxy (harvard.edu) website.

Statistical analyses
Data are expressed as the mean ± SEM. All analyses were performed using GraphPad Prism version 8.4 and R 4.1.3, with the significance level set at 0.05. The area under the receiver operating characteristic curve (AUC) was calculated using trapezoidal integration. Differences between the two groups were analyzed using a t test. Changes in body weight, change in food intake, FBG, OGTT and ITT over time were analyzed using two-way analysis of variance. Bonferroni's test was used for pairwise comparisons between groups. Statistical significance was as follows: aP < 0.05, bP < 0.01, cP < 0.001. 

RESULTS
SG and DSIB reduce body weight and improve glucose metabolism in diabetic rats
To compare the efficacy between bypass surgeries involving the gastric and intestinal tracts, we randomized Sprague-Dawley rats with diabetes induced by STZ (60 mg/kg) to undergo SG, DSIB or sham surgery (Figure 1). Compared with the sham group, the body weight was significantly lower in the SG and DSIB groups 6 wk after surgery (Figure 2A). At two weeks postoperatively, food intake was significantly lower in the DSIB group than in the SG and sham groups and in the SG group compared to the sham group; however, the difference in food intake gradually declined at later time points (Figure 2B). At six weeks postoperatively, the glycated serum protein (GSP) was lower in the DSIB group than in the SG and sham groups (Figure 2C). FBG was significantly lower in the SG and DSIB groups than in the sham group at six weeks postoperatively, and the improvement was greater in the DSIB group than in the SG group (Figure 2D). The AUC for feeding glucose (FEG) after surgery was significantly lower in the DSIB group than in the SG and sham groups (Figure 2E). The FEG level was significantly lower in the DSIB group than in the SG group.

SG and DSIB improve glucose tolerance and insulin sensitivity in diabetic rats
The OGTT performed at six weeks postoperatively revealed that the AUC for OGTT (AUCOGTT) was significantly lower in the SG and DSIB groups than in the sham group (Figure 3) and had significantly lower peaks at 30 and 60 min (P < 0.05).
At six weeks postoperatively, the ITT indicated that the blood glucose levels at 30 and 60 min were lower in the SG and DSIB groups than in the sham group; however, the AUCITT was not significantly different between the SG and the sham groups.
Overall, the SG and DSIB groups exhibited significantly more weight loss and significantly better improvement in glucose metabolism, with DSIB showing an advantage over SG in terms of improved glucose metabolism.

DSIB increases serum bile acid levels in diabetic rats
We investigated the metabolic changes in bile acids and lipids in the context of improved glucose metabolism in the SG and DSIB groups. We measured TBA and bilirubin levels in serum using high-performance liquid chromatography in the SG, DSIB and sham groups at six weeks postoperatively. As shown in Figure 4A, the serum TBA levels were significantly higher in the DSIB group than in the sham group (P < 0.05), whereas there was no significant difference between the SG and sham groups. Additionally, the DBIL levels were significantly lower in the DSIB group than in the sham group (Figure 4C) (P < 0.05).

The lipid-lowering effect of DSIB is significantly better than that of SG in diabetic rats
DSIB was significantly more effective than SG in lowering blood lipid levels, and the CHOL levels were significantly lower in the DSIB group than in the other two groups (Figure 4D). Serum LDL and NHDL levels were significantly lower after DSIB than after sham surgery (Figure 4D and E). Overall, DSIB led to a significant increase in serum bile acid levels and improved lipid metabolism compared to SG and sham surgery.

Serum FGF21 levels are increased after DSIB in diabetic rats
Next, we measured the levels of gastrointestinal hormones in rats undergoing SG and DSIB to compare the contribution of hormones to the metabolic improvement observed after MBS. The postoperative levels of FGF21 were significantly higher in the DSIB group than in the sham group (Figure 5F). Additionally, the serum ghrelin levels were lower in the SG and DSIB groups than in the sham group (Figure 5D). At six weeks postoperatively, there were no significant differences in the serum levels of insulin, glucagon-like peptide 1 and peptide YY between the SG and sham groups or between the DSIB and sham groups (P > 0.05 for all).

SG and DSIB increase the gut abundance of Lactobacillus, whereas DSIB reduces the gut abundance of Prevotella in diabetic rats
To further elucidate the changes in gut microbiota after SG and DSIB, we collected feces from rats at six weeks after surgery and analyzed the microbiota in samples using 16S ribosomal RNA gene sequencing. Figure 6C shows the estimation of alpha diversity in the gut microbiota of the study groups using the Shannon index. As shown in Figure 6B, the assessment of overall gut microbial variation using weighted UniFrac principal coordinates analysis indicated differences in the beta diversity of fecal flora composition among the SG, DSIB and sham groups. The Shannon index did not show differences in the overall diversity among the groups (Figure 5D and E). At the phylum level, compared to the sham group, the DSIB group showed a significant increase in the abundance of Firmicutes, whereas the SG group exhibited an increase in the abundance of Bacteroides. At the genus level, the DSIB group showed a significant increase in the abundance of Lactobacillus and a significant decrease in the abundance of Prevotella.
The identity of the gut microbiota significantly differed among the SG, DSIB and sham groups using linear discriminant analysis effect size (Figure 6A and B). Specifically, the gut microbiota in the SG group was significantly enriched in Lactobacillus helveticus and Lactobacillus hamster compared to the sham group. Additionally, the gut microbiota of the DSIB group exhibited a significant increase in the abundance of Lactobacillus spp. including Lactobacillus pontis, Lactobacillus helveticus and Lactobacillus vaginalis, and a decrease in the abundance of the genus Prevotella compared to the sham group.
In general, both the SG and DSIB groups showed an increase in the gut abundance of Lactobacillus compared to the sham group, although the specific species and the degree of change differed between the SG and DSIB groups. Specifically, the DSIB group exhibited a more pronounced and species-rich increase in the abundance of Lactobacillus spp. and a decrease in the abundance of Prevotella spp.
The correlation analysis revealed that the gut abundance of Lactobacillus was significantly correlated with body weight, CHOL and serum FGF21 levels. Additionally, the increased abundance of Lactobacillus helveticus in the SG group was associated with a decrease in the AUCOGTT and body weight, and the increased abundance of Lactobacillus pontis and Lactobacillus vaginalis in the DSIB group was significantly correlated with improved glucolipid metabolism. The decreased abundance of Prevotella spp. was associated with a decrease in the AUCOGTT and food intake in all three groups.

DISCUSSION
No study to date has compared the efficacy between SG and DSIB in improving metabolic alterations. In the present study, we found that both SG and DSIB significantly reduced body weight and improved glucolipid metabolism in STZ-DM rats and that DSIB was significantly more effective than SG in improving metabolic alterations. In addition, the gut changed significantly after surgery in both the SG and DSIB groups, with the altered gut abundance of Lactobacillus spp. observed in both groups. Unlike the SG group, the DSIB group exhibited a significant decrease in the gut abundance of Prevotella spp. The correlation analysis suggested that the gut abundance of Lactobacillus and Prevotella was significantly correlated with several metabolic indices, including blood glucose and lipid levels. Overall, these results suggest that the changes in the gut microbiota after MBS might be related to its efficacy in improving metabolic alterations.
The gut microbiota plays an important role in catabolism and energy expenditure by producing small-molecule fatty acids through the breakdown of complex nutrients, thereby controlling nutrient absorption and metabolism[11,12]. Obesity and metabolic dysfunction are often accompanied by the reorganization of the gut microbiota, and Firmicutes and Bacteroides are two of the main gut microbiota associated with obesity[13]. Some studies reported weight loss and metabolic improvement after the transfer of gut microbiota to nonsurgical germ-free animals[14,15]. In the present study, we found an increase in the gut abundance of Firmicutes after DSIB and an increase in the gut abundance of Bacteroides after SG in STZ-DM rats (Figure 6D). This finding suggests that the differences in improved glycolipid metabolism between SG and DSIB might be related to a difference in the reorganization of the gut microbiota after surgery. Both the SG and DSIB groups exhibited weight loss and improved glucose tolerance after surgery compared to the sham group, which may be due to certain changes in gut microbiota common to the SG and DSIB groups. On the other hand, the STZ-DM rats undergoing DSIB exhibited greater improvement in glucolipid alterations than those undergoing SG, suggesting that certain other gut microbes, such as Prevotella, might have been altered with DSIB, which was not observed after SG. These results indicate that the efficacy of SG and DSIB in improving glycolipid metabolism might be affected by specific microbial profiles.
Previous studies in animals have shown that the gut abundance of Lactobacillus increases significantly after SG and that SG regulates body weight and glucolipid metabolism through the activation of the short-chain fatty acid and hypoxia-inducible factor-2α pathways[7,16]. These studies indicate that Lactobacillus spp. play an important role in weight loss and improved glucolipid metabolism after MBS. At six weeks postoperatively, we also observed a significant increase in the gut abundance of Lactobacillus spp. in both the SG and DSIB groups, including increases in 2 and 3 Lactobacillus spp. in the SG and DSIB groups, respectively, and found that the degree of increase was significantly more pronounced in the DSIB group than in the SG group (Figure 7). We speculate that this finding might be a contributor to the superior weight loss and the improved glucolipid metabolism observed after DSIB compared to SG; however, further experimental validation is warranted. The correlation analysis revealed that Lactobacillus showed a negative correlation with FGF21 and food intake, suggesting a close relationship between these three parameters. In agreement with studies showing that FGF21 can affect food intake[17], we observed a significant negative correlation between FGF21 and food intake. Although the SG group also showed an increase in the gut abundance of Lactobacillus, there was no significant change in food intake in these animals after SG compared to the sham group, whereas the DSIB group exhibited a sustained decrease in food intake compared to the sham group (Figure 2B). Therefore, we speculate that the increase in FGF21 levels might be the main reason for the decrease in food intake after DSIB and that DSIB might have affected serum FGF21 levels by altering the gut abundance of Lactobacillus, thereby reducing food intake.
Interestingly, at six weeks postoperatively, the gut abundance of Prevotella in the DSIB group decreased significantly, while the gut abundance of Prevotella in the SG group did not differ from that in the sham group (Figure 6). Further correlation analysis suggested that the gut abundance of Prevotella intestinalis was significantly and positively correlated with food intake, GSP and CHOL levels and AUCOGTT (Figure 8), suggesting that Prevotella intestinalis may play an important role in improving glucose and lipid metabolism after DSIB, another potentially important mechanism underlying the superior efficacy of DSIB compared to SG. While some studies have demonstrated that Prevotella induces insulin resistance[18], others have reported that Prevotella improves glucose metabolism by promoting glycogen storage[19]. One reason for the seemingly contradictory findings might be related to the cohort characteristics. The first study was focused on diabetes, whereas the second study was conducted in a healthy population, suggesting that Prevotella may play different roles in different populations. In the present study, we observed a decrease in the gut abundance of Prevotella in the DSIB group in association with improved glycolipid metabolism. Therefore, we hypothesize that Prevotella affects glycolipid metabolism by influencing food intake and, subsequently, glycolipid metabolism. Further experiments are needed to verify this possibility.
In many studies, circulating bile acids have been considered metabolic signaling molecules[20]. These molecules control their own synthesis and various metabolic pathways, including the secretion of FGF19 and FGF21 in the small intestine, by targeting the transcription factor farnesoid X receptor and the membrane protein Takeda G protein-coupled receptor 5[20]. Overfeeding-mediated increases in FGF21 have been shown to increase insulin sensitivity, thereby improving glucose metabolism[21,22]. In the present study, we observed better glycemic improvement in the DSIB group than in the SG group, which might be related to the higher FGF21 levels. It has also been considered that the farnesoid X receptor may be the key to postoperative weight loss and that it is involved in fatty acid and triglyceride synthesis[23] and the promotion of adipose tissue browning[24]. This finding is consistent with our observation of increased serum bile acid levels (Figure 4A) and improved lipid metabolism (Figure 4G and H) in the DSIB group, which were significantly correlated (Figure 8). In conjunction with the correlation between the serum FGF21 levels and the gut microbiota, we hypothesize that the increased gut abundance of Lactobacillus and the reduced abundance of Prevotella after DSIB regulate bile acid concentrations to improve lipid metabolism via the regulation of FGF21 secretion.
The present study has several limitations, including the relatively limited sample size and the short study duration. To further assess the relationship between the differences in the efficacy of SG and DSIB in lowering glucose, improving lipid metabolism, and leading to differential changes in gut microbiota, future studies should consider flora transplantation. In addition, the mechanisms underlying the regulation of glucose and lipid metabolism by intestinal Lactobacillus and Prevotella remain to be validated in further studies.

CONCLUSION
In conclusion, in the present study, we show that SG and DSIB exert differential effects on weight loss and metabolic improvement. Our analyses in STZ-DM rats indicate that DSIB is associated with better improvement in glucolipid metabolism than SG, which may be related to the differential effects of these procedures on the gut microbiota. The present study findings are crucial for understanding the mechanisms underlying the improvement in glucolipid metabolism after MBS and provide additional theoretical support for the gut microbiota as an effective access point for intervention to improve metabolism.

ARTICLE HIGHLIGHTS
Research background
The effectiveness of weight loss surgery is closely related to the gut microbiome, and many scholars are exploring its mechanisms. 

Research motivation
This study focuses on the different effectiveness and gut microbiome differences of different weight loss surgeries to determine their key mechanisms through the different changes between two surgeries.

Research objectives
The study aims to explore the mechanisms behind the effectiveness of weight loss surgery and investigate non-surgical interventions that can improve metabolism.

Research methods
We performed sleeve gastrectomy (SG), distal small intestine bypass (DSIB) or sham surgery in nonobese rats with diabetes induced by 60 mg/kg streptozotocin (STZ-DM).

Research results
The group comparisons revealed that both SG and DSIB induced a reduction in body weight and significant improvements in glucose and lipid metabolism in the STZ-DM rats. Furthermore, DSIB exhibited a stronger glucose-lowering and lipid-reducing effect on STZ-DM rats than SG. 16S ribosomal RNA gene sequencing revealed the gut abundance of some Lactobacillus spp. increased in both the SG and DSIB groups after surgery. However, the DSIB group exhibited a more pronounced increase in the gut abundance of Lactobacillus spp. compared to the SG group, with more Lactobacillus spp. types increased in the gut.

Research conclusions
The gut abundance of Lactobacillus was significantly correlated with the improvement in glycolipid metabolism and the change in serum fibroblast growth factor 21 levels.

Research perspectives
The study found that the duodenal switch procedure has better metabolic improvement and more significant changes in gut microbiota. By examining the different effectiveness and gut microbiome changes of various weight loss surgeries, this study seeks to uncover their key mechanisms.
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Figure Legends
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Figure 1 Schematic diagram of the operation and experimental flow chart. A: Sleeve gastrectomy (SG) with distal small bowel bypass (DSIB); B: Experimental design schedule (SG n = 5, DSIB n = 6, sham n = 5). Sleeve gastrectomy: the lesser curved side of the stomach is preserved and 70% to 80% of the greater curved side of the stomach is resected; distal small bowel bypass: the reference point is near the ileocecal region. From this point to 40 cm distal to the flexural ligament, approximately 60% of the entire length of the small bowel is left open and intestinal continuity is restored by lateral anastomosis of the proximal jejunum and ileum. Lumenal occlusion is performed in the first part of the bypass section by means of a 0-gauge wire. Postprandial blood glucose, feeding glucose, glucose tolerance test, insulin sensitivity test, sham-operated control group. DSIB: Distal small bowel bypass; STZ-DM: Rats with streptozotocin-induced nonobese diabetes; FBG: Fasting blood glucose; ITT: Insulin tolerance test; SG: Sleeve gastrectomy; STZ: Streptozotocin; OGTT: Oral glucose tolerance test. 
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Figure 2 Changes in body weight eating and blood glucose in rats after surgery. A: Body weight; B: Food intake; C: Serum glycated hemoglobin; D: Postprandial glucose; E: Random blood glucose; F: Average blood glucose level of rats within six weeks. Data are presented as means ± SEM. Statistical significance was determined by two-tailed Student’s t-test or two-way analysis of variance, sleeve gastrectomy (SG) vs sham P value magnitude, aP < 0.05, bP < 0.01, cP < 0.001; distal small bowel bypass (DSIB) vs sham group P value magnitude, dP < 0.05, eP < 0.01, fP < 0.001; DSIB vs SG P value magnitude, gP < 0.05, hP < 0.01, iP < 0.001. FBG: Fasting blood glucose; FEG: Feeding glucose; GSP: Glycated serum protein.
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Figure 3 Postoperative improvement in glucose metabolism in rats. A: Oral glucose tolerance test (OGTT) in rats at 0 wk; B: OGTT in rats at 6 wk postoperatively; C: Area under the curve of OGTT; D: Insulin sensitivity test (ITT) in rats at 0 wk; E: ITT in rats at 6 wk postoperatively; F: Area under the ITT curve. Data are presented as mean ± SEM. Statistical significance was determined by two-tailed Student’s t-test or two-way analysis of variance, sleeve gastrectomy (SG) vs sham P value magnitude, aP < 0.05, bP < 0.01, cP < 0.001; distal small bowel bypass (DSIB) vs sham group P value magnitude, & DSIB vs SG P value magnitude, dP < 0.05, eP < 0.01, fP < 0.001. AUC: Area under the curve; ITT: Insulin tolerance test; OGTT: Oral glucose tolerance test. 
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Figure 4 Serum bile acids and lipid metabolism in postoperative rats. A: Serum total bile acids at 6 wk postoperatively; B: Serum total bilirubin in rats at 6 wk postoperatively; C: Serum direct bilirubin in rats at 6 wk postoperatively; D: Serum total cholesterol in rats at 6 wk postoperatively; E: Serum total triglyceride in rats at 6 wk postoperatively; F: Serum high-density lipoprotein in rats at 6 wk postoperatively; G: Serum low-density lipoprotein in rats at 6 wk postoperatively; H: Serum non-high-density lipoprotein in rats at 6 wk postoperatively. Data are presented as means ± SEM. Statistical significance was determined by two-tailed Student’s t-test or two-way analysis of variance. aP < 0.05, bP < 0.01, cP < 0.001. TBA: Total bile acids; TBIL: Total bilirubin; DBIL: Direct bilirubin; CHOL: Total cholesterol; TG: Total triglyceride; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; NHDL: Nonhigh-density lipoprotein; DSIB: Distal small bowel bypass; SG: Sleeve gastrectomy.
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Figure 5 Gastrointestinal hormone levels in rats at 6 wk postoperatively. A: Serum insulin at 6 wk postoperatively; B: Serum GLP-1 in rats at 6 wk postoperatively; C: Serum PYY in rats at 6 wk postoperatively; D: Serum ghrelin in rats at 6 wk postoperatively; E: Serum leptin in rats at 6 wk postoperatively; F: Serum FGF21 in rats at 6 wk postoperatively. Data are presented as means ± SEM. Statistical significance was determined by two-tailed Student’s t-test or two-way analysis of variance, aP < 0.05, bP < 0.01, cP < 0.001. DSIB: Distal small bowel bypass; SG: Sleeve gastrectomy.
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Figure 6 Analysis of gut microbiota in rats at 6 wk postoperatively. A: PcoA analysis of gut microbiota based on the OUT data of sleeve gastrectomy (SG), distal small intestine bypass (DSIB) and SHAM groups; B: Shannon index of biodiversity in the SG, DSIB and sham groups; C: Ratio of the relative abundance of SG, DSIB, and sham Firmicutes to Bacteroidetes; D: Relative abundance of gut microbiota composition at the genus level in the SG, DSIB and sham groups. DSIB: Distal small bowel bypass; SG: Sleeve gastrectomy.
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Figure 7 Linear discriminant analysis and correlation analysis of rats faecalis flora. A and B: Linear discriminant analysis effect sizes were generated for phylogenetic trees and linear discriminant analysis scores of rats faecalis flora for the distal small intestine bypass group (A), sleeve gastrectomy group (B) and sham-operated group comparisons. Significantly enriched bacterial taxa (P < 0.05, LDA scores > 2) are marked with the indicated colours. DSIB: Distal small bowel bypass; SG: Sleeve gastrectomy.
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Figure 8 Correlation analysis of rats faecalis flora. Correlation analysis, correlations P < 0.05 are marked with circles, the colour and size of the circles indicate the magnitude of the correlation coefficient r. Blue represents positive correlations and red represents negative correlations. CHOL: Total cholesterol; DSIB: Distal small bowel bypass; ITT: Insulin tolerance test; IBIL: Indirect bilirubin; LDL: Low-density lipoprotein; NHDL: Nonhigh-density lipoprotein; OGTT: Oral glucose tolerance test; SG: Sleeve gastrectomy; TBA: Total bile acids.
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