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Abstract

Objective—Vertical sleeve gastrectomy (VSG) produces high rates of type 2 diabetes remission; 

however, the mechanisms responsible remain incompletely defined. VSG increases circulating bile 

acid concentrations and bile acid signalling through TGR5 improves glucose homeostasis. 

Therefore, we investigated the role of TGR5 signalling in mediating the glucoregulatory benefits 

of VSG.

Design—VSG or sham surgery was performed in high-fat-fed male Tgr5+/+ (wild type) and 

Tgr5−/− (knockout) littermates. Sham-operated mice were fed ad libitum or food restricted to 

match their body weight to VSG-operated mice. Body weight, food intake, energy expenditure, 

insulin signalling and circulating bile acid profiles were measured and oral glucose tolerance 

testing, islet immunohistochemistry and gut microbial profiling were performed.

Results—VSG decreased food intake and body weight, increased energy expenditure and 

circulating bile acid concentrations, improved fasting glycaemia, glucose tolerance and glucose-
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stimulated insulin secretion, enhanced nutrient-stimulated glucagon-like peptide 1 secretion and 

produced favourable shifts in gut microbial populations in both genotypes. However, the body 

weight-independent improvements in fasting glycaemia, glucose tolerance, hepatic insulin 

signalling, hepatic infiammation and islet morphology after VSG were attenuated in Tgr5−/− 

relative to Tgr5+/+ mice. Furthermore, VSG produced metabolically favourable alterations in 

circulating bile acid profiles that were blunted in Tgr5−/− relative to Tgr5+/+ mice. TGR5-

dependent regulation of hepatic Cyp8b1 expression may have contributed to TGR5-mediated 

shifts in the circulating bile acid pool after VSG.

Conclusions—These results suggest that TGR5 contributes to the glucoregulatory benefits of 

VSG surgery by promoting metabolically favourable shifts in the circulating bile acid pool.

INTRODUCTION

Bariatric surgery, such as Roux-en-Y gastric bypass (RYGB), is currently the most effective 

long-term treatment for obesity and often results in type 2 diabetes remission.12 However, 

the mechanisms by which this occurs are not well defined. Vertical sleeve gastrectomy 

(VSG) has gained interest as a low morbidity bariatric surgery, which is effective in 

producing weight loss and improving glucose regulation.3 VSG involves removal of ~70% 

of the stomach by transecting the greater curvature of the stomach. Similar to RYGB, VSG 

produces diabetes remission and improves glucose homeostasis in both rodent and human 

clinical studies, making this procedure increasingly popular.34

Circulating bile acid concentrations are elevated after several types of bariatric surgery, 

including VSG surgery, and have been suggested to play an important role in mediating the 

metabolic benefits of these procedures.56 Bile acids are amphipathic steroid molecules with 

detergent properties that aide in digestion of dietary cholesterol and lipid. Bile acids also 

regulate glucose homeostasis, in part, by signalling through the transmembrane G-protein 

coupled bile acid receptor (TGR5).7

TGR5 is expressed in a variety of tissues and contributes to the maintenance of glucose 

homeostasis.7 Bile acid signalling through TGR5 has been suggested to potentiate glucagon-

like peptide 1 (GLP-1) secretion from enteroendocrine L cells.8 GLP-1 exerts several 

antidiabetic actions including potentiation of glucose-stimulated insulin secretion (GSIS) 

and improved insulin sensitivity.9 In addition, in vitro studies suggest that TGR5 signalling 

in brown adipose tissue increases energy expenditure.10 Similar to the actions of TGR5 

signalling, VSG surgery improves glucose tolerance, enhances energy expenditure and 

increases postprandial GLP-1 secretion.411 Furthermore, downstream TGR5 signalling 

components, including cyclooxygenase IV and Kir6.2, are upregulated after bariatric surgery 

in humans.12 Therefore, we investigated the role of TGR5 signalling in mediating the 

glucoregulatory benefits of VSG surgery using Tgr5+/+ and Tgr5−/− mice.

MATERIALS AND METHODS

Animals and diets

Heterozygous Tgr5+/− breeding pairs generated on a C57BL/6J background were obtained 

from Taconic Laboratories and a breeding colony established. At 1 month of age, male 
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Tgr5−/−and Tgr5+/+ littermates were placed on a 45% energy high-fat diet (HFD) for 2 

months. At 3 months of age, mice underwent sham or VSG surgery. Sham-operated animals 

were either fed ad libitum (S-AL) or weight matched to VSG-operated mice (S-WM) within 

their respective genotype (n per group: S-AL wild type (WT)=9, S-WM WT=10, VSG 

WT=8, S-AL knockout (KO)=11, S-WM KO=10, VSG KO=8). S-WM mice were included 

in order to distinguish between the body weight-dependent and body weight-independent 

effects of VSG. Weight-matching was performed as previously described.1113 Mice were 

maintained on HFD throughout the study. Indirect calorimetry was performed at 5.2 months 

after surgery. Fasting blood samples were collected after an overnight fast at 4 months after 

surgery. Oral glucose tolerance tests (OGTTs) were performed at 1.5 and 3.5 months after 

surgery after an overnight fast (1 g/kg body weight gavage with dextrose). Fasted mice were 

euthanized 6 months postoperatively by an overdose of pentobarbital (200 mg/kg 

intraperitoneally), and tissues and cecal contents were collected. Islet 

immunohistochemistry, liver immunoblotting, plasma hormone measurements and bile acid 

profiling were performed using standard methodology (see online supplementary 

experimental procedures).1415

VSG surgery

Mice were placed on a liquid diet (Boost, Nestlé) 4 days prior to surgery and for 14 days 

post surgery. Anaesthesia was induced and maintained with isoflurane (1.5–5%). A 

laparotomy incision was made and the stomach was isolated outside the abdominal cavity. 

Approximately 70% of the stomach was removed, leaving a tubular remnant. Sham surgeries 

were performed by isolating the stomach and placing a simple continuous pattern of suture 

extending through the gastric wall and along both gastric walls in the same location as the 

VSG-operated animals.

Gut microbial analysis

DNA was isolated from cecal contents using the MoBio PowerSoil DNA Isolation Kit 

(Carlsbad, California, USA). The V4 region of the 16S rRNA gene was amplified using 

barcoded 515F and 806R primers and sequenced on an Illumina MiSeq at the Cornell 

Biotechnology Resource Center Genomics Facility.16 β-Diversity was calculated using the 

unweighted and weighted UniFrac metrics on an OTU table rarefied to 38 000 sequences per 

sample.17 Taxonomic groups that were differentially abundant between treatments were 

identified using the Galaxy version of LEfSe.18 See online supplementary methods for 

further details.

Statistics and data analysis

Data are presented as mean±SEM. All data were analysed by two-factor analysis of variance 

with Tukey’s post test, unless otherwise stated. Differences were considered significant at 

p<0.05.
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RESULTS

VSG surgery decreases energy intake and body weight and increases energy expenditure 
independent of genotype

VSG surgery reduced cumulative energy intake, body weight gain and total white adipose 

tissue (WAT) mass in both Tgr5+/+ and Tgr5−/− mice compared with S-AL controls (figure 

1A–C, see online supplementary table S1; p<0.05). Body weight and WAT mass did not 

differ between the S-WM and VSG-operated groups, nor did it differ between genotype for 

the three different treatment conditions. Therefore, we were able to assess the body weight-

independent effects of VSG and body weight-independent contributions of TGR5 signalling 

to the glucoregulatory benefits of VSG.

Dietary bile acid supplementation has been reported to increase energy expenditure in vivo, 

with in vitro work implicating TGR5 as an upstream mediator.10 Energy expenditure did not 

differ between genotype within the three different treatment conditions, suggesting that 

TGR5 signalling does not play a crucial role in the regulation of metabolic rate in vivo. VSG 

resulted in an ~15% increase in light, dark and 24 h energy expenditure compared with S-

AL in both genotypes (figure 1D,E; p<0.05). Respiratory quotient did not significantly differ 

between groups, except for a lowering in S-WM WT compared with S-AL WT (see online 

supplementary table S1; p<0.05). Overall, the elevation in energy expenditure was similar 

between VSG WT and VSG KO mice, suggesting that TGR5 does not contribute to VSG-

induced increases in energy expenditure.

The glucoregulatory benefits of VSG surgery are blunted in Tgr5−/− mice

Fasting blood glucose concentrations were reduced ~25% in VSG WT mice compared with 

S-AL WT and ~20% compared with S-WM WT at 4 months after surgery (figure 2A; 

p<0.05). However, fasting blood glucose in VSG KO did not significantly differ compared 

with S-WM KO, suggesting that VSG-induced body weight-independent improvements in 

fasting glycaemia are attenuated in the absence of TGR5 signalling. At 1.5 months after 

surgery, glucose tolerance was improved in VSG-operated mice compared with S-AL and S-

WM controls in both genotypes (see online supplementary figure S1B; p<0.05). At 3.5 

months after surgery, the improvement in glucose tolerance was preserved in VSG WT 

animals relative to S-AL WT and S-WM WT (figure 2B; p<0.05). In contrast, the glucose 

area under the curve (AUC) in VSG KO rose such that glucose tolerance no longer differed 

between VSG KO and S-WM KO. The glucose AUC decreased by −4±11% between 1.5 and 

3.5 months after surgery in VSG WT, but rose by 48±25% in VSG KO (p<0.05 by Student’s 

t test). Direct comparison of VSG WT with VSG KO revealed a 51% increase in the glucose 

AUC in VSG KO compared with VSG WT (see online supplementary figure S1A; p<0.05 

by Student’s t test). Therefore, this data set suggests that TGR5 signalling contributes to the 

long-term maintenance of body weight-independent improvements in glucose tolerance after 

VSG.

The percent increase in plasma insulin concentrations from fasting to peak values was 

significantly higher in VSG-operated animals compared with S-AL and S-WM during both 

the 1.5-month and 3.5-month OGTTs, demonstrating an improvement in GSIS (see online 
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supplementary figure S1C, figure 2C, online supplementary table S2; p<0.01). GSIS did not 

significantly differ between VSG WT and VSG KO at either time point, suggesting that 

TGR5 signalling does not contribute to postoperative increases in GSIS. Fasting plasma 

insulin was significantly lower in VSG WT compared with S-AL and S-WM WT during 

both the 1.5-month and 3.5-month OGTTs. In contrast, fasting plasma insulin did not differ 

among Tgr5−/− groups at 1.5 months postoperatively and was only significantly lower in 

VSG KO compared with S-AL KO at 3.5 months postoperatively (online supplementary 

table S3, p<0.05). Similarly, fasting plasma leptin and total cholesterol concentrations at 4 

months after surgery were twofold to sixfold lower in VSG compared with S-AL and S-WM 

in Tgr5+/+ but were only reduced relative to S-AL in Tgr5−/− (see online supplementary 

table S3; p<0.01). Therefore, the body weight-independent reductions in fasting plasma 

insulin, leptin and cholesterol after VSG appear to rely, in part, on TGR5.

TGR5 signalling has been suggested to potentiate GLP-1 secretion.8 Therefore, we 

investigated the role that TGR5 signalling may play in the elevation of nutrient-stimulated 

GLP-1 secretion after VSG. GLP-1 secretion did not differ between genotype in sham-

operated mice. Peak GLP-1 concentrations were approximately threefold greater in VSG-

operated animals at 1.5 and 3.5 months after surgery in both genotypes (see online 

supplementary figure S1D, figure 2D; p<0.01). The GLP-1 AUC did not significantly differ 

between genotype in VSG-operated mice (see online supplementary table S2). However, the 

enhancement of GLP-1 secretion in VSG-operated mice relative to S-WM was mildly 

blunted in Tgr5−/− compared with Tgr5+/+ at 1.5 months, but not at 3.5 months, 

postoperatively. The GLP-1 AUC was significantly elevated in VSG WT compared with S-

WM WT but only tended to be elevated in VSG KO compared with S-WM KO at 1.5 

months after surgery (see online supplementary figure S1D; p<0.05). Therefore, TGR5 

signalling may make a small contribution to the increase in GLP-1 secretion at early time 

points after VSG. Despite this difference in GLP-1 secretion, VSG-operated mice of both 

genotypes exhibited similar improvements in glucose tolerance during the 1.5-month OGTT. 

Collectively, these data suggest that the contribution of TGR5 to the long-term maintenance 

of improved glucose tolerance after VSG is independent of GLP-1 and insulin secretion.

In order to investigate the molecular basis for the contribution of TGR5 to the body weight-

independent enhancement in glucose tolerance after VSG, we analysed a downstream 

component of insulin signalling in liver of fasted animals at study termination. AktSer473 

phosphorylation was ~50% higher in VSG WT compared with S-WM WT. Furthermore, 

AktSer473 phosphorylation was higher in VSG WT compared with VSG KO (figure 3A; 

p<0.05). Two important contributors to the development of hepatic insulin resistance are 

increased inflammatory signalling and increased ectopic triglyceride deposition.19 

Therefore, we measured hepatic triglyceride content and the protein expression of two 

inflammatory mediators, monocyte chemotactic protein 1 (MCP-1) and tumour necrosis 

factor-α (TNF-α). Hepatic triglyceride content was significantly reduced in S-WM and 

VSG compared with S-AL in both genotypes (figure 3B; p<0.05). Therefore, TGR5 does not 

appear to contribute to postoperative reductions in hepatic triglyceride deposition. VSG 

reduced hepatic MCP-1 and TNF-α expression relative to S-WM in Tgr5+/+, but not in 

Tgr5−/−. Furthermore, MCP-1 and TNF-α protein expression were elevated in VSG KO 

compared with VSG WT (figure 3A; p<0.05). Therefore, TGR5 may contribute to VSG-
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induced improvements in glucose tolerance by promoting improved hepatic insulin 

signalling through reductions in inflammation.

Immunohistochemistry was performed on pancreatic sections collected at study termination 

in order to assess changes in islet morphology. Similar to our previous findings after ileal 

interposition surgery,14 β-cell area per islet was lower in VSG WT and S-WM WT 

compared with S-AL WT (figure 3C, D; p<0.001). β-Cell area per islet tended to be lower in 

VSG KO compared with S-AL KO, but did not significantly differ between these groups. β-

Cell area per islet did not differ among the Tgr5−/− groups, suggesting that TGR5 signalling 

may contribute to VSG-induced improvements in islet morphology.

Metabolically beneficial shifts in the circulating bile acid profile after VSG surgery are 
impaired in Tgr5−/− mice

Fasting plasma bile acid profiles were assessed at 2 and 4 months after surgery in order to 

gain detailed insight into the effect of VSG on bile acid profile composition and the potential 

contribution of TGR5 to these postoperative changes. Two months after surgery, fasting 

plasma total bile acid concentrations were lower in S-WM WT compared with S-AL and 

VSG WT (see online supplementary table S4; p<0.05). At 4 months after surgery, fasting 

plasma total bile acid concentrations were elevated in VSG WT and VSG KO compared 

with their respective S-AL and S-WM control groups (figure 4A; p<0.01). Similar to our 

previous work in rats,11 this increase in plasma total bile acid concentrations appears to be 

primarily driven by an increase in conjugated bile acids (see online supplementary figure 

S2A, B).

In addition to increases in plasma total bile acid concentrations, it is important to take into 

consideration the impact of VSG-induced shifts in bile acid profiles. Increased 12α-

hydroxylated bile acids (cholic acid and deoxycholic acid) to non-12α-hydroxylated bile 

acids (12αOH:non-12αOH) is associated with insulin resistance in humans.20 The 12αOH: 

non-12αOH ratio was significantly reduced in VSG WT compared with S-AL WT at 4 

months after surgery, but was unchanged in VSG KO compared with S-AL and S-WM KO 

(figure 4B; p<0.01). Furthermore, the ratio of 12αOH: non-12αOH bile acids was twofold 

higher in VSG KO compared with VSG WT (figure 4B; p<0.001). Notably, regression 

analysis of the 3.5-month OGTT glucose AUC with the 12αOH:non-12αOH ratio revealed a 

positive correlation between these variables in the Tgr5+/+ groups (see online supplementary 

figure S2C; p<0.05, r2=0.21). At 4 months after surgery, plasma deoxycholate and 

taurodeoxycholate concentrations were elevated fourfold in VSG KO compared with VSG 

WT (see online supplementary table S4; p<0.05). Plasma taurocholate concentrations were 

elevated, both as an absolute value and as a percentage of the total circulating bile acid pool, 

in VSG KO compared with VSG WT (see online supplementary tables S4 and S5; p<0.05). 

These elevations in deoxycholate, taurodeoxycholate and taurocholate contributed to the 

increased ratio of 12αOH:non-12αOH bile acids in VSG KO.

Different bile acid subtypes exhibit varying degrees of hydrophobicity, which is determined 

by factors such as state of ionisation and conjugation status.21 Hydrophobic bile acids are 

associated with endoplasmic reticulum stress, inflammation, cell death and have been 

implicated in cancer pathogenesis.2223 Therefore, the hydrophobicity index of the circulating 
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bile acid pool was calculated as previously described.24 VSG resulted in a notable reduction 

in the hydrophobicity index in Tgr5+/+ and Tgr5−/− mice (figure 4C; p<0.001). However, the 

VSG-induced reduction in circulating bile acid pool hydrophobicity was blunted in Tgr5−/− 

compared with Tgr5+/+ (p<0.001), suggesting that TGR5 signalling contributes to this 

important shift in the circulating bile acid profile. TGR5-mediated increases in muricholates 

(hydrophilic bile acid species) and decreases in deoxycholates (hydrophobic bile acid 

species) contributed to the reduction in bile acid hydrophobicity index in VSG-operated 

Tgr5+/+ mice. Muricholates increased as a percentage of the total circulating bile acid pool 

in Tgr5+/+ mice, but not in Tgr5−/− mice. In particular, tauro-α-muricholate was twofold 

lower in VSG KO compared with VSG WT at 4 months after surgery (see online 

supplementary table S4; p<0.05).

In order to gain preliminary insight into how TGR5 may influence bile acid profile, we 

measured hepatic protein expression of small heterodimer partner (SHP), Cyp27a1, Cyp7a1 

and Cyp8b1. SHP is an FXR regulated gene that acts as an atypical nuclear receptor to 

decrease hepatic bile acid synthesis and, therefore, could play a role in VSG-induced 

alterations in bile acid metabolism.21 Hepatic SHP, Cyp7a1 and Cyp27a1 protein expression 

did not differ between groups (figure 4D). Interestingly, hepatic Cyp8b1 protein expression 

was approximately twofold lower in VSG WT compared with S-WM WT and tended to be 

lower compared with VSG KO (figure 4D; p<0.05). Cyp8b1 is a critical enzyme in the 

biosynthesis of cholic acid; one of the main bile acid subtypes responsible for the increase in 

the 12αOH:non-12αOH ratio in VSG KO compared with VSG WT.21 Therefore, our data 

suggest that there is a TGR5-dependent reduction in Cyp8b1 expression after VSG that 

contributes to the TGR5-dependent postoperative decrease in the 12αOH:non-12αOH ratio.

Differential shifts in gut microbial populations in VSG-operated Tgr5−/− mice

Primary bile acids are synthesised in the liver and are then secreted into the gut where they 

are converted into secondary hydrophobic bile acids by specific gut microbes.25 Thus, 

alterations in gut microbial populations may contribute to shifts in bile acid profile after 

VSG. Therefore, we assessed gut microbial populations within cecal contents by 16S rRNA 

profiling. Unweighted UniFrac analysis revealed differential clustering of VSG groups 

compared with S-WM and S-AL groups along principal component 1 (figure 5A; p<0.001). 

However, weighted UniFrac analysis did not reveal differential clustering between groups 

(see online supplementary figure S3A), suggesting that low abundance bacteria comprise the 

major differences between VSG and controls. Rarefaction analysis revealed no significant 

differences between groups in gut microbiome richness (α-diversity) (see online 

supplementary figure S3B).

At the phyla level, the relative abundance of members of the non-photosynthetic 

cyanobacteria (class Melainabacteria) was approximately 10-fold higher in VSG WT 

compared with S-AL WT and S-WM WT (figure 5B; p<0.01). However, the relative 

abundance of cyanobacteria remained low and unchanged in VSG KO compared with S-AL 

and S-WM KO, suggesting that TGR5 signalling contributes to this postoperative change. 

Verrucomicrobia is a phylum of bacteria that is typically represented in the mammalian gut 

by just a few genera, including the genus Akkermansia, which was decreased in VSG 
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relative to S-AL and S-WM in both genotypes (figure 5C; p<0.01). In contrast, previous 

studies in rodents and humans report elevations of this genus after RYGB surgery, 

illustrating differential shifts in gut microbial populations in different bariatric surgery 

types.2627 Akkermansia is known to dwell in and degrade mucus, so shifts in its abundance 

may reflect changes to the mucosal dynamics of the system. The relative abundance of 

Turicibacteraceae, a family within the Firmicutes phylum, was 20-fold lower in the VSG 

groups compared with the S-AL groups (figure 5D; p<0.01). Previous studies have reported 

decreased Firmicutes after RYGB surgery;2627 however, alterations in Turicibacteraceae 

have not been previously reported.

At the genus level, there was a twofold decrease in the relative abundance of the genus 

Adlercreutzia in VSG WT and KO compared with controls (figure 5E; p<0.01). This genus 

is a relatively newly identified member of the phylum Actinobacteria (family 

Coriobacteriaceae). Actinobacteria are positively associated with obesity in lean and obese 

twins28 and Coriobacteriaceae are lower in human RYGB patients.27 Enterococcus was 

enriched in the VSG-operated groups compared with the S-AL and S-WM groups (figure 

5F). Enterococcus species may be a promising probiotic with recent work suggesting that 

Enterococcus faecalis reduces adiposity and hepatic steatosis in high-fat-fed mice.29 Given 

that VSG-induced changes in Akkermansia, Adlercreutzia, Turicibacteraceae and 

Enterococcus were present in both genotypes, these shifts do not appear to contribute to 

TGR5-driven improvements in glucose homeostasis. Given that bacterial species known to 

play an important role in bile acid metabolism did not differ between VSG WT and VSG 

KO, it does not appear that alterations in the relative abundance of different gut microbial 

species contribute to VSG-induced shifts in bile acid profile.

DISCUSSION

This work suggests that bile acid signalling through TGR5 is a contributor to the 

glucoregulatory benefits of VSG. While TGR5 does not appear to contribute to decreased 

energy intake or body weight gain after VSG, a lack of TGR5 signalling attenuated the body 

weight-independent improvements in fasting glycaemia, fasting insulinemia, hepatic insulin 

signalling and glucose tolerance. Bile acid signalling through TGR5 has been previously 

reported to contribute to glucose regulation, potentially by enhancing GLP-1 secretion and 

energy expenditure.7 However, TGR5 signalling does not contribute to the effect of VSG to 

increase energy expenditure and only mildly contributes to the effect of VSG to increase 

GLP-1 secretion. Instead, TGR5 signalling appears to contribute to improved glucose 

regulation after VSG by promoting metabolically favourable shifts in the circulating bile 

acid pool.

TGR5 signalling has been reported to contribute to glucose homeostasis through the 

potentiation of GLP-1 secretion and enhancement of energy expenditure.810 Although there 

was a small attenuation of postprandial GLP-1 secretion in VSG KO mice relative to VSG 

WT at 1.5 months after surgery, this did not appear to have a significant impact on glucose 

homeostasis. Notably, recent publications in rodent models report that enhanced GLP-1 

receptor signalling does not play an important role in mediating the metabolic benefits of 

RYGB or VSG.3031 Therefore, it is unlikely that TGR5-mediated potentiation of GLP-1 
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secretion contributes to the glucoregulatory benefits of VSG. In addition, Tgr5+/+ and 

Tgr5−/− mice have similar energy expenditure after sham or VSG surgery, suggesting that 

TGR5 signalling does not play a crucial role in the enhancement of metabolic rate.

Our data suggest that TGR5 signalling contributes to the metabolic improvements seen after 

VSG by promoting metabolically favourable shifts in the composition of the circulating bile 

acid pool. Specifically, TGR5 contributes to VSG-induced reductions in the ratio of 

12αOH:non-12αOH bile acids and reductions in the circulating bile acid pool 

hydrophobicity index. Reductions in bile acid hydrophobicity may have contributed to VSG-

induced reductions in hepatic inflammation, favouring improved insulin sensitivity2332 For 

example, hydrophilic bile acids, such as ursodeoxycholic acid, decrease inflammation and 

endoplasmic reticulum stress, resulting in improved insulin sensitivity in mice.33 In contrast, 

hydrophobic bile acids, such as deoxycholic acid, damage cell membranes and promote 

inflammation and carcinogenesis in humans.2234–36 Furthermore, VSG-operated mice 

exhibited a TGR5-dependent decrease in the ratio of 12αOH:non-12αOH bile acids. This 

ratio has been elegantly shown to negatively correlate with insulin sensitivity in humans.20 

However, the enzyme responsible for hepatic production of cholic acid, Cyp8b1, is regulated 

by insulin with insulin resistance resulting in impaired inhibition of Cyp8b1, and therefore, 

enhanced cholic acid production.37 Whether changes in this ratio simply reflect alterations 

in insulin sensitivity or actively contribute to alterations in insulin sensitivity remains 

unknown. Interestingly, Cyp8b1 appears to be down regulated after VSG through a TGR5-

dependent mechanism, suggesting that the decrease in the 12αOH:non-12αOH bile acid 

ratio is not simply a by-product of improved insulin sensitivity. Notably, bile acid signalling 

through FXR has been suggested to contribute to the effect of VSG to reduce body weight 

and improve glucose homeostasis,38 emphasising the important contributions made by bile 

acid signalling to the metabolic benefits of VSG.

Gut microbial profiling revealed a genotype-dependent increase in the relative abundance of 

cyanobacteria in VSG-operated mice. Therefore, TGR5 signalling may also contribute to the 

metabolic benefits of VSG by favouring specific shifts in gut microbial populations. 

Cyanobacteria have been previously found in human and rodent gut microbial populations 

and are associated with high-fibre diet and health.39 The pronounced genotype-dependent 

increase in cyanobacteria in VSG-operated Tgr5+/+ mice suggests that these gut microbes 

may be regulated by TGR5 signalling and could play an important metabolic role requiring 

further investigation. The lack of a difference in bacterial species known to play an 

important role in bile acid metabolism suggests that TGR5-mediated gut microbial 

population shifts do not contribute to VSG-induced shifts in bile acid profile. However, 

further metagenomic and metatranscriptomic analysis is needed in order to determine 

whether there are shifts in overall gut microbial bile acid enzyme gene expression.

In conclusion, this study provides novel data on the mechanisms by which bile acid 

signalling contributes to the metabolic benefits of VSG. Importantly, our data suggest that 

not only do increases in circulating total bile acid concentrations likely contribute to 

metabolic improvements after VSG, but that shifts in bile acid profile may be making an 

important contribution as well. Furthermore, this study identifies a role for TGR5 in the 

regulation of bile acid metabolism. TGR5-dependent decreases in hepatic Cyp8b1 
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expression may contribute to the effect of VSG to alter bile acid profile after VSG. However, 

further work is needed to fully understand how TGR5 regulates bile acid metabolism. 

Finally, these results emphasise the potential therapeutic utility of targeting TGR5 for the 

treatment of type 2 diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Cornell Biotechnology Resource Center Genomics Facility for performing sequencing for gut microbial 
composition analysis. We thank Dr Katie Kelly for editorial input and Marco Hiller for technical support.

Funding This research was supported by DK076169, funding from Eli Lilly, start-up support from Cornell 
University, the President’s Council of Cornell Women and R01DK095960. BPC’s laboratory also received funding 
during the project period from the Cornell Comparative Cancer Biology Training Program, the US Highbush 
Blueberry Council and U24DK092993. The FGH lab is supported by R01DK090492 and R01DK095359.

References

1. Adams TD, Davidson LE, Litwin SE, et al. Health benefits of gastric bypass surgery after 6 years. 
JAMA. 2012; 308:1122–31. [PubMed: 22990271] 

2. Schauer PR, Bhatt DL, Kirwan JP, et al. Bariatric surgery versus intensive medical therapy for 
diabetes--3-year outcomes. N Engl J Med. 2014; 370:2002–13. [PubMed: 24679060] 

3. Peterli R, Wölnerhanssen B, Peters T, et al. Improvement in glucose metabolism after bariatric 
surgery: comparison of laparoscopic Roux-en-Y gastric bypass and laparoscopic sleeve 
gastrectomy: a prospective randomized trial. Ann Surg. 2009; 250:234–41. [PubMed: 19638921] 

4. Abbatini F, Rizzello M, Casella G, et al. Long-term effects of laparoscopic sleeve gastrectomy, 
gastric bypass, and adjustable gastric banding on type 2 diabetes. Surg Endosc. 2010; 24:1005–10. 
[PubMed: 19866235] 

5. Patti ME, Houten SM, Bianco AC, et al. Serum bile acids are higher in humans with prior gastric 
bypass: potential contribution to improved glucose and lipid metabolism. Obesity (Silver Spring). 
2009; 17:1671–7. [PubMed: 19360006] 

6. Steinert RE, Peterli R, Keller S, et al. Bile acids and gut peptide secretion after bariatric surgery: a 
1-year prospective randomized pilot trial. Obesity (Silver Spring). 2013; 21:E660–8. [PubMed: 
23804517] 

7. Thomas C, Pellicciari R, Pruzanski M, et al. Targeting bile-acid signalling for metabolic diseases. 
Nat Rev Drug Discov. 2008; 7:678–93. [PubMed: 18670431] 

8. Thomas C, Gioiello A, Noriega L, et al. TGR5-mediated bile acid sensing controls glucose 
homeostasis. Cell Metab. 2009; 10:167–77. [PubMed: 19723493] 

9. Campbell JE, Drucker DJ. Pharmacology, physiology, and mechanisms of incretin hormone action. 
Cell Metab. 2013; 17:819–37. [PubMed: 23684623] 

10. Watanabe M, Houten SM, Mataki C, et al. Bile acids induce energy expenditure by promoting 
intracellular thyroid hormone activation. Nature. 2006; 439:484–9. [PubMed: 16400329] 

11. Cummings BP, Bettaieb A, Graham JL, et al. Vertical sleeve gastrectomy improves glucose and 
lipid metabolism and delays diabetes onset in UCD-T2DM rats. Endocrinology. 2012; 153:3620–
32. [PubMed: 22719048] 

12. Kohli R, Bradley D, Setchell KD, et al. Weight loss induced by Roux-en-Y gastric bypass but not 
laparoscopic adjustable gastric banding increases circulating bile acids. J Clin Endocrinol Metab. 
2013; 98:E708–12. [PubMed: 23457410] 

13. Cummings BP, Stanhope KL, Graham JL, et al. Chronic administration of the glucagon-like 
peptide-1 analog, liraglutide, delays the onset of diabetes and lowers triglycerides in UCD-T2DM 
rats. Diabetes. 2010; 59:2653–61. [PubMed: 20622169] 

McGavigan et al. Page 10

Gut. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Cummings BP, Bettaieb A, Graham JL, et al. Bile-acid-mediated decrease in endoplasmic 
reticulum stress: a potential contributor to the metabolic benefits of ileal interposition surgery in 
UCD-T2DM rats. Dis Model Mech. 2013; 6:443–56. [PubMed: 23264565] 

15. Cummings BP, Bettaieb A, Graham JL, et al. Administration of pioglitazone alone or with 
alogliptin delays diabetes onset in UCD-T2DM rats. J Endocrinol. 2014; 221:133–44. [PubMed: 
24627447] 

16. Caporaso JG, Lauber CL, Walters WA, et al. Global patterns of 16S rRNA diversity at a depth of 
millions of sequences per sample. Proc Natl Acad Sci USA. 2011; 108(Suppl 1):4516–22. 
[PubMed: 20534432] 

17. Lozupone CA, Hamady M, Kelley ST, et al. Quantitative and qualitative beta diversity measures 
lead to different insights into factors that structure microbial communities. Appl Environ 
Microbiol. 2007; 73:1576–85. [PubMed: 17220268] 

18. Segata N, Izard J, Waldron L, et al. Metagenomic biomarker discovery and explanation. Genome 
Biol. 2011; 12:R60. [PubMed: 21702898] 

19. Glass CK, Olefsky JM. Inflammation and lipid signaling in the etiology of insulin resistance. Cell 
Metab. 2012; 15:635–45. [PubMed: 22560216] 

20. Haeusler RA, Astiarraga B, Camastra S, et al. Human insulin resistance is associated with 
increased plasma levels of 12alpha-hydroxylated bile acids. Diabetes. 2013; 62:4184–91. 
[PubMed: 23884887] 

21. Lefebvre P, Cariou B, Lien F, et al. Role of bile acids and bile acid receptors in metabolic 
regulation. Physiol Rev. 2009; 89:147–91. [PubMed: 19126757] 

22. Payne CM, Bernstein C, Dvorak K, et al. Hydrophobic bile acids, genomic instability, Darwinian 
selection, and colon carcinogenesis. Clin Exp Gastroenterol. 2008; 1:19–47. [PubMed: 21677822] 

23. Perez MJ, Briz O. Bile-acid-induced cell injury and protection. World J Gastroenterol. 2009; 
15:1677–89. [PubMed: 19360911] 

24. Heuman DM. Quantitative estimation of the hydrophilic-hydrophobic balance of mixed bile salt 
solutions. J Lipid Res. 1989; 30:719–30. [PubMed: 2760545] 

25. Ridlon JM, Kang DJ, Hylemon PB. Bile salt biotransformations by human intestinal bacteria. J 
Lipid Res. 2006; 47:241–59. [PubMed: 16299351] 

26. Liou AP, Paziuk M, Luevano JM Jr, et al. Conserved shifts in the gut microbiota due to gastric 
bypass reduce host weight and adiposity. Sci Transl Med. 2013; 5:178ra41.

27. Zhang H, DiBaise JK, Zuccolo A, et al. Human gut microbiota in obesity and after gastric bypass. 
Proc Natl Acad Sci USA. 2009; 106:2365–70. [PubMed: 19164560] 

28. Turnbaugh PJ, Hamady M, Yatsunenko T, et al. A core gut microbiome in obese and lean twins. 
Nature. 2009; 457:480–4. [PubMed: 19043404] 

29. Kondoh M, Shimada T, Fukada K, et al. Beneficial effects of heat-treated Enterococcus faecalis 
FK-23 on high-fat diet-induced hepatic steatosis in mice. Br J Nutr. 2014; 112:868–75. [PubMed: 
25089585] 

30. Mokadem M, Zechner JF, Margolskee RF, et al. Effects of Roux-en-Y gastric bypass on energy and 
glucose homeostasis are preserved in two mouse models of functional glucagon-like peptide-1 
deficiency. Mol Metab. 2014; 3:191–201. [PubMed: 24634822] 

31. Wilson-Pérez HE, Chambers AP, Ryan KK, et al. Vertical sleeve gastrectomy is effective in two 
genetic mouse models of glucagon-like Peptide 1 receptor deficiency. Diabetes. 2013; 62:2380–5. 
[PubMed: 23434938] 

32. Johnson AM, Olefsky JM. The origins and drivers of insulin resistance. Cell. 2013; 152:673–84. 
[PubMed: 23415219] 

33. Ozcan U, Yilmaz E, Ozcan L, et al. Chemical chaperones reduce ER stress and restore glucose 
homeostasis in a mouse model of type 2 diabetes. Science. 2006; 313:1137–40. [PubMed: 
16931765] 

34. Bayerdorffer E, Mannes GA, Ochsenkuhn T, et al. Unconjugated secondary bile acids in the serum 
of patients with colorectal adenomas. Gut. 1995; 36:268–73. [PubMed: 7883228] 

35. Bayerdorffer E, Mannes GA, Richter WO, et al. Increased serum deoxycholic acid levels in men 
with colorectal adenomas. Gastroenterology. 1993; 104:145–51. [PubMed: 8419237] 

McGavigan et al. Page 11

Gut. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



36. Bernstein H, Holubec H, Bernstein C, et al. Unique dietary-related mouse model of colitis. 
Inflamm Bowel Dis. 2006; 12:278–93. [PubMed: 16633050] 

37. Park WH, Pak YK. Insulin-dependent suppression of cholesterol 7alpha-hydroxylase is a possible 
link between glucose and cholesterol metabolisms. Exp Mol Med. 2011; 43:571–9. [PubMed: 
21817852] 

38. Ryan KK, Tremaroli V, Clemmensen C, et al. FXR is a molecular target for the effects of vertical 
sleeve gastrectomy. Nature. 2014; 509:183–8. [PubMed: 24670636] 

39. Ley RE, Bäckhed F, Turnbaugh P, et al. Obesity alters gut microbial ecology. Proc Natl Acad Sci 
USA. 2005; 102:11070–5. [PubMed: 16033867] 

McGavigan et al. Page 12

Gut. Author manuscript; available in PMC 2017 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Significance of this study

What is already known on this subject?

• Bariatric surgery, such as vertical sleeve gastrectomy (VSG), results in high 

rates of type 2 diabetes remission.

• Circulating bile acid concentrations are increased after VSG, which may 

contribute to the metabolic benefits of this surgery.

• TGR5 is a bile acid receptor that contributes to the glucoregulatory effects of 

bile acids.

What are the new findings?

• TGR5 does not contribute to the effect of VSG to reduce body weight, 

increase energy expenditure or increase glucose-stimulated insulin secretion.

• TGR5 contributes to VSG-induced improvements in glucose regulation.

• In addition to increasing circulating bile acid concentrations, VSG promotes 

metabolically favourable shifts in the circulating bile acid pool that rely, in 

part, on TGR5 signalling. Therefore, TGR5 may contribute to the 

glucoregulatory benefits of VSG by promoting metabolically favourable shifts 

in the circulating bile acid pool.

How might it impact on clinical practice in the foreseeable future?

• Understanding the mechanisms driving the glucoregulatory benefits of 

bariatric surgery will likely improve treatment strategies for type 2 diabetes 

management. This work improves our understanding of the contribution of 

TGR5 to the metabolic benefits of VSG and reveals novel actions of TGR5 

that may guide pharmaceutical targeting of this receptor.
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Figure 1. 
TGR5 signalling does not contribute to vertical sleeve gastrectomy (VSG)-induced 

reductions in energy intake and body weight or postoperative increases in energy 

expenditure. (A) Cumulative energy intake, (B) body weight gain between days 0 and 158 

post surgery, (C) body weight, (D) energy expenditure and (E) total energy expenditure. 

*p<0.05, **p<0.01, ***p<0.001 compared with sham-operated animals fed ad libitum (S-

AL); +p<0.05 compared with sham-operated animals weight matched to VSG-operated mice 

(S-WM). n=8–11 per group. KO, knockout; WT, wild type.
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Figure 2. 
TGR5 signaling contributes to improved glucose regulation after VSG. A) Fasting blood 

glucose at 4 months after surgery. *p<0.05, **p<0.01 VSG vs S-AL in Tgr5+/+ and 

Tgr5−/−, &&&p<0.001 VSG vs S-WM in Tgr5+/+ only by two-factor ANOVA with Tukey’s 

post-test. B) Blood glucose, C) plasma insulin and D) plasma total GLP-1 at 3.5 months 

after surgery during an OGTT. $p<0.05 S-WM vs S-AL in Tgr5+/+ and Tgr5−/−, **p<0.01, 

***p<0.001 VSG vs S-AL in Tgr5+/+ and Tgr5−/−, +p<0.05, +++p<0.001 VSG vs S-WM in 
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Tgr5+/+ and Tgr5−/−, &p<0.05 VSG vs S-WM in Tgr5+/+ only by two-factor ANOVA with 

Tukey’s post-test of the AUC. n=8–11 per group. KO, knockout; WT, wild type.
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Figure 3. 
TGR5 signalling contributes to improvements in hepatic insulin and inflammatory signalling 

and may contribute to improvements in islet morphology after vertical sleeve gastrectomy 

(VSG). (A) Representative immunoblots of hepatic pAktSer437, Akt, tumour necrosis factor-

alpha (TNF-α), monocyte chemotactic protein 1 (MCP-1) and β-actin. Results were 

quantified in densitromic units and pAktSer437 expressed relative to Akt, and TNF-α and 

MCP-1 expressed relative to β-actin. n=6 per group. (B) Hepatic triglyceride content. n=8–

11 per group. (C) Average β-cell area per islet. *p<0.05, **p<0.01, ***p<0.001 compared 

with sham-operated animals fed ad libitum (S-AL); +p<0.05, ++p<0.01 compared with sham-

operated animals weight matched to VSG-operated mice (S-WM); #p<0.05 compared with 

VSG wild type (WT). n=3–4 per group. (D) Representative images of pancreas sections 

immunostained for insulin and glucagon. Insulin immunostaining is in red, glucagon is in 

green and nuclei are stained blue. KO, knockout; WT, wild type.
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Figure 4. 
TGR5 contributes to metabolically beneficial shifts in circulating bile acid profiles after 

vertical sleeve gastrectomy (VSG). (A) Fasting plasma total bile acid concentration at 4 

months after surgery. (B) The ratio of 12α-OH:Non-12α-OH bile acids at 4 months after 

surgery. (C) The hydrophobicity index of the circulating bile acid pool at 4 months after 

surgery. *p<0.05, **p<0.01 compared with sham-operated animals fed ad libitum (S-

AL); +p<0.05, ++p<0.01, +++p<0.001 compared with sham-operated animals weight matched 

to VSG-operated mice (S-WM), ###p<0.001 compared with Tgr5+/+. n=8–11 per group. (D) 

Representative immunoblots of small heterodimer partner (SHP), Cyp7a1, Cyp27a1, 

Cyp8b1 and β-actin. Results were quantified in densitromic units and expressed relative to 

β-actin. n=6 per group. KO, knockout; WT, wild type.
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Figure 5. 
Vertical sleeve gastrectomy (VSG) surgery alters cecal microbial profiles. (A) Principal 

coordinate analysis plot of unweighted UniFrac distances, (B) relative abundance of 

bacterial phyla, (C) relative abundance of Akkermansia, (D) relative abundance of 

Turicibacteraceae, (E) relative abundance of Adlercreutzia and (F) relative abundance of 

Enterococcus. **p<0.01 compared with sham-operated animals fed ad libitum (S-

AL), ++p<0.01 compared with sham-operated animals weight matched to VSG-operated 

mice (S-WM). n=8–11 per group. KO, knockout; WT, wild type.
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