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Abstract
BACKGROUND 
The mechanisms underlying diabetes remission after duodenal-jejunal bypass 
(DJB) remain elusive. In DJB surgery, the duodenum is excluded. However, the 
duodenum has emerged as an important regulator of glucose homeostasis, and 
elevated duodenal SIRT1 leads to improved hepatic insulin sensitivity. After DJB, 
bile acids (BAs) in the duodenum are not mixed and diluted by the ingested food. 
And activation of BA receptors promotes SIRT1 expression in many tissues. We 
hypothesized that BA-mediated upregulation of SIRT1 may contribute to diabetic 
control after DJB.

AIM 
To investigate the surgical effects of DJB on duodenal SIRT1 expression and un-
cover the potential crosslinks between BAs and SIRT1.

METHODS 
Twenty diabetic rats were randomly allocated to the sham (n = 10) and DJB (n = 
10) groups. Body weight, food intake, fasting blood glucose (FBG), serum and 
intraduodenal total BA (TBA) levels were measured accordingly. Oral glucose 
tolerance test (OGTT) and intraperitoneal pyruvate tolerance test (ipPTT) were 
performed to evaluate the effects of surgeries on systemic glucose disposal and 
hepatic gluconeogenesis. The key genes of BA signaling pathway in the duodenal 
mucosa, including farnesoid X receptor (FXR), small heterodimer partner (SHP), 
and Takeda G-protein-coupled receptor 5 (TGR5) were evaluated by real-time 
quantitative polymerase chain reaction 8 wk postoperatively. The duodenal 
SIRT1, AMPK, and phosphorylated AMPK (p-AMPK) levels were evaluated by 
western blotting. Rat small intestine epithelial IEC-6 cells were treated with 
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GW4064 and INT-777 to verify the effects of BAs on SIRT1 expression in enterocytes.

RESULTS 
The DJB group exhibited body weight and food intake comparable to those of the sham group at 
all postoperative time points. The FBG level and area under the curve for the OGTT and ipPTT 
were significantly lower in the DJB group. The DJB group exhibited higher fasting and post-
prandial serum TBA levels than the sham group at both 2 and 8 wk postoperatively. At 8 wk after 
surgery, the DJB group showed higher intraluminal TBA concentration, upregulated mRNA 
expression of FXR and SHP, and elevated protein expression of SIRT1 and p-AMPK in the 
descending and horizontal segments of the duodenum. Activation of FXR and TGR5 receptors by 
GW4064 and INT-777 increased the mRNA and protein expression of SIRT1 and promoted the 
phosphorylation of AMPK in IEC-6 cells.

CONCLUSION 
DJB elevates intraduodenal BA levels and activates the duodenal BA signaling pathway, which 
may upregulate duodenal SIRT1 and further contribute to improved glucose homeostasis after 
DJB.
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Core Tip: The intrinsic mechanisms of diabetes remission after duodenal-jejunal bypass (DJB) surgery are 
complicated. Duodenal SIRT1 is a novel therapeutic target for diabetes, and increased duodenal SIRT1 is 
linked to improved hepatic insulin sensitivity and decreased hepatic glucose output. The animal study 
demonstrated that DJB increased intraduodenal bile acid (BA) levels, activated the BA signaling pathway, 
and upregulated SIRT1 expression in the duodenal mucosa. Our cell experiments proved that farnesoid X 
receptor and Takeda G-protein-coupled receptor 5 activation increased SIRT1 expression in rat small 
intestine epithelial cells, indicating that increased intraluminal BAs and activation of BA receptors 
contributed to increased duodenal SIRT1 after DJB.
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INTRODUCTION
Diabetes is one of the fastest-growing global health issues. The International Diabetes Federation 
reported that the global prevalence of diabetes in adults was approximately 10.5% in 2021, expected to 
rise to 12.2% in 2045[1]. Bariatric surgery is much more effective and persistent in diabetes control than 
conventional medical therapy[2]. Duodenal-jejunal bypass (DJB) is a well-designed experimental 
procedure investigating the weight-independent anti-diabetic mechanisms of Roux-en-Y gastric bypass 
(RYGB). It can improve glucose homeostasis in both diabetic rats and patients[3-5], however, the 
underlying mechanisms remain unclear. A critical anatomical alteration of DJB is the exclusion of the 
duodenum. In addition, DJB liner, which mimics the duodenal-jejunal exclusion effects of RYGB, also 
improves glucose homeostasis[6]. Duodenal mucosal resurfacing, an endoscopic procedure that 
involves circumferential hydrothermal ablation and subsequent regeneration of the duodenal mucosa, 
elicits dramatic and durable glycemic improvements in patients with type 2 diabetes mellitus (T2DM)
[7]. These findings suggest that the bypassed duodenum may play an important role in diabetic control 
after DJB.

The duodenum was primarily viewed as a digestive organ. However, accumulating evidence 
demonstrates that the duodenum has emerged as a key regulator of metabolic diseases, including 
diabetes[8]. The duodenal mucosa is exposed to various endogenous and exogenous chemical stimuli, 
such as macro- and micronutrients, gastric acid, bile acids (BAs), digestive enzymes, microorganisms, 
and drugs[9,10]. The duodenum is densely innervated by the enteric autonomous nervous system 
(ENS). Through chemical sensors located in the mucosa and ENS, the duodenum detects changes in 
luminal contents and further triggers a gut-brain negative feedback loop to inhibit exogenous nutrient 
intake and endogenous liver nutrient production[10,11]. In healthy rats, short-term intraduodenal 
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intralipid infusion inhibits hepatic glucose production (HGP) via the gut-brain-liver neural axis. 
However, this suppressive effect is negated in insulin-resistant rats[12]. Metformin and resveratrol, two 
well-known anti-diabetic drugs, can activate specific duodenal energy sensors (AMPK and SIRT1, 
respectively) even before being absorbed into the systemic circulation, and further trigger the gut-brain-
liver network to reverse insulin resistance and inhibit HGP[13,14].

SIRT1 is a conserved mammalian nicotinamide adenine dinucleotide (NAD+)-dependent protein 
deacetylase that acts as a key metabolic sensor in various metabolic tissues, including the liver, skeletal 
muscle, adipose tissue, and pancreas. It directly links the cellular metabolic status to the regulation of 
gene expression, thus modulating various cellular processes, such as glucose metabolism, inflammation, 
and stress response[15,16]. SIRT1 is also expressed in the duodenal mucosa, which is significantly 
inhibited in high-fat diet (HFD)-fed insulin-resistant rats. Duodenum-specific knockdown of SIRT1 is 
sufficient to induce hepatic insulin resistance and increase hepatic glucose output in normal chow-fed 
rats[14]. To the best of our knowledge, the anti-diabetic effects of DJB surgery that could be linked to 
duodenal SIRT1 have not been investigated.

DJB hinders the duodenum from contacting the ingested chyme, therefore, the BAs released into the 
duodenum will not be mixed and diluted by food. In addition to their widely known roles in facilitating 
lipid absorption, BAs have recently been recognized as novel endocrine molecules that modulate 
glucose, lipids, and energy metabolism[17,18]. Activation of BA receptors, including the nuclear 
farnesoid X receptor (FXR) and membrane Takeda G-protein-coupled receptor 5 (TGR5), upregulates 
SIRT1 expression in the liver and brain, respectively[19,20]. These findings raise the possibility that DJB 
might upregulate duodenal SIRT1 by increasing intraluminal BAs, which might further contribute to the 
improved glucose homeostasis after DJB. Therefore, this study aimed to investigate the impact of DJB on 
duodenal BA signaling and SIRT1 expression in HFD and streptozotocin (STZ)-induced diabetic rats, 
and further explore the roles of BAs in modulating SIRT1 expression.

MATERIALS AND METHODS
Animals
Eight-week-old male Wistar rats were purchased from the Laboratory Animal Center of Shandong 
University (Jinan, China) and individually housed in ventilated cages in a controlled environment (12 h 
light/dark cycle, 24 ± 2 °C, humidity 50%-60%). The rats had ad libitum access to rodent chow and water. 
The diabetic rat model was established by HFD (40% fat, Huafukang Biotech, China) feeding for 4 wk to 
induce insulin resistance, followed by subsequent intraperitoneal injection of low-dose STZ (35 mg/kg, 
Sigma, United States) to induce mild insulin deficiency and hyperglycemia. After 72 h of STZ adminis-
tration, 20 diabetic rats with random blood glucose ≥ 16.7 mmol/L were selected and randomly 
allocated to the sham (n = 10) and DJB (n = 10) groups. All animal protocols were approved by the 
Ethics Committee on Experimental Animals of Cheeloo College of Medicine, Shandong University.

Surgical procedures
The rats were deprived of solid food but were given free access to water and 10% enteral nutrition 
powder (Ensure, Abbott Laboratories B.V., Netherlands) two days preoperatively. Complete fasting was 
initiated 12 h preoperatively. All operations were conducted under anesthesia with 10% chloral hydrate 
(3 mL/kg). DJB and sham surgeries were performed as previously described[21].

DJB: First, a midline incision was made in the upper abdomen and the duodenum was then transected 1 
cm distal to the pylorus and the stump was sealed. Next, the jejunum was transected approximately 10 
cm distal to the ligament of Treitz, and the distal limb of the jejunum was anastomosed to the proximal 
duodenum in an end-to-end manner. Finally, the biliopancreatic limb was anastomosed to the jejunum 
15 cm distal to the duodenojejunal anastomosis in a Roux-en-Y manner.

Sham: Sham surgery was performed via an incision comparable to that of the DJB group. The intestines 
were transected at the same sites where enterotomies were performed in DJB, and re-anastomosis was 
made in situ. The operation time was prolonged equally to that of the DJB group to achieve similar 
surgical and anesthetic stress.

The rats were only given access to water during the first 24 h postoperatively, followed by 10% 
enteral nutrition powder for three days, and thereafter a standard rodent chow until the end of this 
study. Body weight and food intake were recorded preoperatively and once a week postoperatively. 
Fasting blood glucose (FBG) levels were measured at baseline and at 1, 2, 4, 6, and 8 wk postoperatively.

Oral glucose tolerance test
Oral glucose tolerance test (OGTT) was performed 2 and 8 wk postoperatively. The rats were 
administered with 20% glucose (1 g/kg body weight) by oral gavage after overnight fasting. Blood 
samples were collected from the tail vein at baseline and at 15, 30, 60, 120, and 180 min after glucose 
administration to measure blood glucose levels. The area under the curve for the OGTT (AUCOGTT) was 
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calculated by trapezoidal integration.

Intraperitoneal pyruvate tolerance test
The intraperitoneal pyruvate tolerance test (ipPTT) was conducted 2 and 8 wk postoperatively to 
evaluate hepatic gluconeogenic capacity and hepatic insulin resistance. After 12 h of fasting, 10% 
pyruvate solution (1 g/kg body weight) was administered intraperitoneally into conscious rats. Blood 
glucose levels were monitored at baseline and at 15, 30, 60, and 120 min after injection. The AUC for 
ipPTT (AUCipPTT) was calculated using trapezoidal integration.

Systemic and duodenal BAs parameters
Fasting and postprandial systemic total BAs (TBAs) were measured 2 and 8 wk postoperatively. The 
rats were fasted for 12 h and then administered with 10% Ensure (10 mL/kg body weight) via 
intragastric gavage. Blood samples were collected from the retrobulbar venous plexus into chilled SST 
tubes at baseline and 60 min after gavage to measure the systemic TBAs.

Eight weeks after the surgery, the rats were euthanized immediately after blood collection. Intestine 
segments of 0.5 cm length were excised from the descending and horizontal duodenum separately 
without rinsing. TBAs in the duodenum lumen were extracted by mixing the duodenal segments with 1 
mL of 50% tert-butyl alcohol for 1 h at 37 °C. After centrifugation, the supernatant was collected and 
stored at -80 °C until analysis. BAs were measured with an automatic biochemistry analyzer (Roche 
Cobas 8000 system) using an enzyme cycling method.

Cell culture
Rat small intestine epithelial IEC-6 cells were purchased from Fuheng Biology (Shanghai, China), and 
cultured in Dulbecco’s Modified Eagle Medium (Gibco, CA, United States) supplemented with 10% fetal 
bovine serum (Gibco, CA, United States), and maintained under standard culture conditions (in 
incubators at 37 °C in a 5% CO2/95% air atmosphere). To investigate the effects of FXR and TGR5 
activation on SIRT1, AMPK, and phosphorylated AMPK (p-AMPK) expression, IEC-6 cells were treated 
with GW4064 (5 μM, 24 h) and INT-777 (10 μM, 1 h) respectively, and the control groups were treated 
with an equal volume of dimethyl sulfoxide. At the end of the study, cells were harvested for protein 
and gene expression analyses.

Real-time quantitative polymerase chain reaction
Total mRNA of the duodenal mucosa and IEC-6 cells were extracted using TRIzol Reagent (Cwbio, 
China). The total mRNA was then reverse-transcribed into cDNA using a HiFiScript cDNA Synthesis 
Kit (Cwbio, China) according to the manufacturer’s instructions. The cDNA was subjected to real-time 
quantitative polymerase chain reaction (RT-qPCR) quantitation with UltraSYBR Mixture (Cwbio, China) 
on a RT-qPCR system (Hehui biotech, China). GAPDH was used as an internal control. Primers used in 
this study are listed in Table 1.

Enzyme-linked immunosorbent assay
The duodenal mucosa was immediately flash-frozen in liquid nitrogen after the rats were euthanized. 
The cyclic adenosine 3’, 5’-monophosphate (cAMP) concentration in the duodenal mucosa was 
measured using an enzyme-linked immunosorbent assay kit according to the manufacturer’s 
instructions (Sigma-Aldrich, United States).

Western blotting
Total proteins of the duodenal mucosa and IEC-6 cells were extracted with RIPA lysis buffer (Beyotime, 
China) and analyzed using a BCA protein assay kit (Beyotime, China). The primary antibodies used in 
western blotting were SIRT1 (Cell Signaling Technology, United States), AMPK (Cell Signaling 
Technology, United States), p-AMPK (Cell Signaling Technology, United States), and GAPDH 
(Proteintech, China). The protein bands were visualized using ECL solution (Millipore, United States), 
and band densitometry was assessed with ImageJ software.

Statistical analysis
Quantitative data were expressed as mean ± SD. The intergroups differences were evaluated by the 
Student’s t-test except for blood glucose levels in the OGTT and ipPTT studies, which were analyzed by 
two-way repeated measures ANOVA (mixed model ANOVA) followed by Bonferroni’s multiple 
comparison test. All analyses were performed using SPSS (Version 26). The criterion for statistical 
significance was set at P < 0.05.
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Table 1 Primer sequence

Gene Forward (5’-3’) Reverse (5’-3’)

SIRT1 GGGAACCTCTGCCTCATCTACAT CGCCACCTAACCTATGACACAA

AMPK GAAGATCGGACACTACGTGCT ACTGCCACTTTATGGCCTGTC

FXR CATTACAACGCGCTCACCTG CCCATCTCTCTGCACTTCCT

TGR5 TACTCACAGGGTTGGCACTG CAAAAGTTGGGGGCCAAGTG

SHP TCCGGTCCCCAGCATACTTA GAAAGACTCCAGGCAGTGCT

GAPDH GATTTGGCCGTATCGGAC GAAGACGCCAGTAGACTC

FXR: Farnesoid X receptor; SHP: Small heterodimer partner; TGR5: Takeda G-protein-coupled receptor 5.

RESULTS
Effects of DJB on body weight and food intake
Body weight and food intake were comparable between the two groups before operation. Due to 
surgical stress, unrestored gastrointestinal function, and decreased food intake, the body weight of both 
groups fell to a minimum point in the first week after surgery. As food intake increased, the body 
weight of both groups gradually recovered to preoperative levels approximately 4 wk after operation. 
As a nonrestrictive surgery, the DJB group exhibited similar body weight and food intake as the sham 
group at all measured time points postoperatively (Figures 1A and B).

DJB rapidly improved glucose homeostasis in diabetic rats
There were no significant differences in FBG levels between the two groups preoperatively. The FBG of 
the DJB group rapidly and significantly declined as early as one week postoperatively and was 
maintained at a relatively stable level. While the FBG of the sham group was not alleviated after 
operation and showed a tendency to deteriorate over time. Compared to the sham group, the DJB group 
exhibited lower FBG at all postoperative time points (Figure 1C).

Consistent with rapidly reduced FBG, the DJB group showed significantly lower blood glucose 
excursion and AUCOGTT during the OGTT studies at 2 and 8 wk postoperatively (Figures 1D-F), 
indicating improved glucose tolerance and increased systemic glucose disposal after DJB. To evaluate 
the impact of DJB on hepatic gluconeogenic capacity, ipPTT was conducted at 2 and 8 wk postoper-
atively. As shown in Figures 1G-I, the DJB group exhibited reduced glucose excursion and AUCipPTT in 
response to intraperitoneal pyruvate challenge, implying that DJB improved hepatic insulin sensitivity 
and decreased hepatic glucose output in diabetic rats early after surgery.

DJB increased systemic and intraduodenal TBAs, and activated duodenal BA signaling
Compared with the sham group, the DJB-operated rats exhibited elevated fasting and postprandial 
serum TBAs at 2 and 8 wk postoperatively (Figure 2A). Altered food and digestive juice flow in the 
gastrointestinal tract also affected luminal TBAs after DJB. As shown in Figure 2B, the DJB group 
displayed elevated intraluminal TBAs in both the descending and horizontal duodenum 8 wk postoper-
atively.

To determine the effects of increased intraduodenal TBAs on duodenal BA signaling, the mRNA 
levels of FXR, TGR5, and small heterodimer partner (SHP) in the duodenal mucosa were evaluated by 
RT-qPCR eight weeks after surgery. The mRNA expression of FXR and its target gene SHP were concur-
rently increased in the duodenal mucosa of the DJB group (Figures 2C and D), indicating that the BAs-
FXR-SHP pathway was activated. As a membrane bound receptor, TGR5 activation leads to cAMP 
accumulation in cells. Although DJB did not enhance TGR5 gene expression in the duodenal mucosa 
(Figures 2C and D), it increased the cAMP content in the horizontal duodenum (Figure 2E). cAMP also 
tended to increase in the descending duodenum of the DJB group despite no statistical significance 
(Figure 2E). These results suggest that the duodenal TGR5 receptor may also be activated after DJB.

DJB increased SIRT1 expression and promoted phosphorylation of AMPK in the duodenal mucosa
The ipPTT studies suggested that hepatic gluconeogenesis was reduced after DJB. Elevated duodenal 
SIRT1 and p-AMPK are associated with suppressed hepatic glucose output via the gut-brain-liver neural 
loop[13,14]. Therefore, to elucidate the underlying mechanism of improved hepatic insulin sensitivity 
and glucose homeostasis after DJB, duodenal SIRT1 and p-AMPK expression were investigated by 
western blotting eight weeks after surgery. As shown in Figure 3, DJB increased SIRT1 expression and 
promoted phosphorylation of AMPK in both the descending and horizontal parts of the duodenum.
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Figure 1 Effects of duodenal-jejunal bypass on metabolic parameters. A: Body weight of rats; B: Food intake of rats; C: Fasting blood glucose of rats; 
D: Oral glucose tolerance test (OGTT) at 2 wk after operation; E: OGTT at 8 wk after operation; F: Area under the curve (AUC) of OGTT at 2 and 8 wk after operation; 
G: Intraperitoneal pyruvate tolerance test (ipPTT) at 2 wk after operation; H: ipPTT at 8 wk after operation; I: AUCipPTT at 2 and 8 wk after operation. cP < 0.001 
duodenal-jejunal bypass (DJB) vs sham group by the Student’s t-test or post-hoc Bonferroni’s multiple comparison test. dP < 0.001, DJB vs sham group by mixed 
model ANOVA. AUCOGTT: Area under the curve of oral glucose tolerance test; AUCipPTT: Area under the curve of intraperitoneal pyruvate tolerance test; OGTT: Oral 
glucose tolerance test; ipPTT: Intraperitoneal pyruvate tolerance test; DJB: Duodenal-jejunal bypass.

FXR and TGR5 activation increased SIRT1 expression and promoted phosphorylation of AMPK in 
IEC-6 cells
To verify whether increased SIRT1 and p-AMPK could be attributed to activated BA signaling in the 
duodenal mucosa, we treated rat small intestine epithelial IEC-6 cells with FXR and TGR5 agonists, 
respectively. Upon FXR activation by GW4064, the mRNA expression of FXR, SHP, and SIRT1 were all 
dramatically upregulated in IEC-6 cells (Figure 4A). Although INT-777 stimulation did not induce TGR5 
transcription, it promoted the mRNA expression of SIRT1 (Figure 4B). In line with the increased mRNA 
expression, the protein levels of SIRT1 were also significantly elevated upon the activation of both BAs 
receptors (Figures 4C, D, F and G). Although FXR and TGR5 agonists did not increase the gene and 
protein expression of AMPK, they both promoted AMPK phosphorylation in IEC-6 cells (Figures 4C, E, 
F and H). These results indicate that the activated BA signaling pathway contributes to the upregulation 
of SIRT1 and the phosphorylation of AMPK.

DISCUSSION
In this study, we performed DJB and sham surgeries on diabetic rats induced by HFD and STZ, and 
demonstrated that DJB elevated intraduodenal TBAs, activated the BA signaling pathway and 
upregulated SIRT1 expression in the duodenal mucosa. By using specific BA receptor agonists, we 
proved that FXR and TGR5 activation increased SIRT1 expression and promoted phosphorylation of 
AMPK in rat small intestine epithelial cells, indicating that increased intraluminal BAs and activation of 
BA receptors contributed to the increased duodenal SIRT1 after DJB.

SIRT1 is an evolutionarily conserved NAD+-dependent deacetylase that belongs to the Sirtuins 
family (SIRT1-SIRT7)[22]. SIRT1 acts as a key metabolic sensor in the liver, skeletal muscles, adipose 
tissues, pancreatic islets, and other metabolic tissues. It plays an important role in various aging-related 
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Figure 2 Duodenal-jejunal bypass increased serum and intraduodenal total bile acids and activated bile acids signaling in the duodenal 
mucosa. A: Fasting and postprandial serum total bile acids (TBAs) at 2 and 8 wk after operation; B: Intraluminal TBAs in the descending and horizontal duodenum 
at 8 wk after operation; C and D: Expression of key genes involved in BA signaling pathway in the mucosa of descending and horizontal duodenum; E: Cyclic 
adenosine 3’,5’-monophosphate concentration in the duodenal mucosa. aP < 0.05, bP < 0.01, cP < 0.001 duodenal-jejunal bypass vs sham group. DJB: Duodenal-
jejunal bypass; TBAs: Total bile acids; FXR: Farnesoid X receptor; SHP: Small heterodimer partner; TGR5: Takeda G-protein-coupled receptor 5; cAMP: Cyclic 
adenosine 3’,5’-monophosphate.

diseases, including insulin resistance, diabetes, obesity, hepatic steatosis, and cardiovascular diseases
[22,23]. Liver-specific deletion of SIRT1 impairs hepatic and systemic insulin sensitivity in mice[24]. 
Muscular SIRT1 levels are decreased in patients with T2DM and HFD-induced insulin-resistant rats, 
and overexpression of SIRT1 in skeletal muscle improves muscular insulin sensitivity[25,26]. Adipose 
tissue-specific ablation of SIRT1 results in increased fat deposition, impaired glucose tolerance and 
insulin sensitivity in mice[27]. SIRT1 activation protects the function and morphology of residual 
pancreatic β-cells and induces β-cell regeneration from progenitor cells, thus improving glucose 
homeostasis[28].

Sleeve gastrectomy (SG) upregulates hepatic SIRT1 and dramatically ameliorates hepatic steatosis in 
HFD-fed obese mice[29]. RYGB activates the AMPK/SIRT1/PGC-1α pathway in the skeletal muscle of 
diabetic Zucker fatty rats, which contributes to diabetes remission[30]. Laparoscopic bariatric surgery 
increases SIRT1 levels in the peripheral blood of patients with obesity and T2DM, which is higher in the 
effective than in the ineffective group[31]. The effects of bariatric surgeries on duodenal SIRT1 
expression have not been investigated previously. Duodenal SIRT1 is a novel therapeutic target for 
insulin resistance and diabetes. HFD-fed insulin-resistant rats exhibit significantly downregulated SIRT1 
in the duodenal mucosa, and duodenum-specific knockdown of SIRT1 is sufficient to induce hepatic 
insulin resistance in normal chow-fed rats[14]. Our study is the first to demonstrate that DJB promotes 
SIRT1 expression in the duodenal mucosa. As duodenal SIRT1 activation further inhibits HGP and 
improves hepatic insulin sensitivity by triggering the gut-hypothalamus-liver neural network[14], we 
postulate that increased duodenal SIRT1 at least partly accounts for the improved hepatic insulin 
resistance and glucose homeostasis after DJB.

As an indispensable energy sensor, SIRT1 expression is closely related to energy status and environ-
mental stress[32]. The SIRT1 transcription is usually activated during fasting, which transforms the 
metabolic status from gluconeogenesis to fat mobilization and fatty acid oxidation[32]. Chen et al[33] 
demonstrated that calorie restriction (CR) increased both pancreatic and hepatic SIRT1 expression in 
rats. Additionally, Civitarese et al[34] reported that CR for 6 mo promoted muscular SIRT1 expression in 
healthy overweight individuals. In mammalian cells, acute nutrient deprivation increases SIRT1 
transcription by activating the Forkhead transcription factor Foxo3a[35]. Although food intake is not 
reduced after DJB, the duodenum is hindered from contact with ingested food, which might result in a 
duodenum-specific CR status, thus further inducing duodenal SIRT1 expression. Furthermore, gastric 
acids are not expelled into the duodenum after DJB, which increases the pH of duodenal content. The 
deacetylation activity of SIRT1 is pH-dependent, and higher pH attenuates the inhibition of SIRT1 by 
nicotinamide[36].
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Figure 3 Duodenal-jejunal bypass increased SIRT1 expression and promoted phosphorylation of AMPK in the duodenal mucosa. A: 
Western blot images of SIRT1, phosphorylated AMPK (p-AMPK), and total AMPK (t-AMPK) in the descending duodenum; B and C: The relative intensity of SIRT1 
and p-AMPK/t-AMPK in the descending duodenum; D: Western blot images of SIRT1, p-AMPK, and t-AMPK in the horizontal duodenum; E and F: The relative 
intensity of SIRT1 and p-AMPK/t-AMPK in the horizontal duodenum. aP < 0.05, bP < 0.01, cP < 0.001 duodenal-jejunal bypass vs sham group. p-AMPK: 
Phosphorylated AMPK; t-AMPK: Total AMPK; DJB: Duodenal-jejunal bypass.

Increased intraduodenal BAs might be another key contributor to elevated duodenal SIRT1 after DJB. 
It is well documented that circulating BAs are increased after numerous metabolic surgeries, including 
DJB, SG, and RYGB[3,37,38]. By using genetically modified animal models, it has been proven that both 
FXR and TGR5 are required for the metabolic benefits of SG[39,40]. As demonstrated by our study, DJB 
not only elevated serum TBAs, but also significantly increased intraduodenal TBAs. Similarly, Ueno et al
[41] demonstrated that DJB increased conjugated BAs in the bypassed jejunum just distal to the ligament 
of Treitz. Furthermore, we observed higher SHP mRNA and cAMP concentrations in the duodenal 
mucosa of DJB-operated rats, indicating that FXR and TGR5 signaling were activated after DJB. Whether 
causality exists between activated BA signaling and increased SIRT1 in enterocytes has not been invest-
igated.

Numerous studies have suggested that BAs serve as upstream signaling molecules for SIRT1 in 
various tissues. FXR activation upregulates SIRT1 expression by promoting the transcription of SHP and 
repressing the transcription of p53 and miR34a in the livers of normal mice[19]. In diabetic db/db mice, 
TGR5 activation increases both the mRNA and protein levels of SIRT1 in the kidneys[42]. Similarly, 
TGR5 activation upregulates SIRT1 expression in the brains of Sprague Dawley rats[20]. These studies 
suggest that activation of duodenal FXR and/or TGR5 might account for the increased duodenal SIRT1 
after DJB. To verify our hypothesis, we used GW4064 and INT-777 to activate FXR and TGR5 in IEC-6 
cells and showed that both agonists increased SIRT1 expression in enterocytes. We also found that 
GW4064 increased FXR gene expression in IEC-6 cells in accordance with the elevated FXR mRNA in 
the duodenal mucosa after DJB. Similar changes in FXR mRNA were also observed in mouse mesangial 
cells after GW4064 stimulation[43].

In addition, we demonstrated that DJB promoted phosphorylation of AMPK in the duodenal mucosa, 
which might also contribute to improved glucose homeostasis after DJB, as duodenal AMPK activation 
improves hepatic insulin sensitivity and inhibits hepatic glucose output via the gut-hypothalamus-liver 
neural axis[13]. Jiao et al[4] reported that DJB promoted phosphorylation of AMPK in both the liver and 
skeletal muscle, which contributed to the restoration of normoglycemia after surgery. Likewise, SG 
enhances AMPK phosphorylation in both the liver and monocytes[44]. Similarly, RYGB exhibits anti-
diabetic properties via AMPK activation in the liver and Kupffer cells[45]. Actually, as two important 
energy sensors in cells, AMPK and SIRT1 mutually regulate each other, share many common target 
molecules, and have similar effects on diverse processes such as glucose and energy metabolism[46]. 
Our study suggests that activated duodenal AMPK might also be attributed to elevated duodenal BAs 
because both FXR and TGR5 activation promoted phosphorylation of AMPK in IEC-6 cells.

There are some limitations in our study. First, we only investigated changes in TBAs in the 
duodenum after DJB. There are numerous components in the BA pool, and different components may 
exert different metabolic effects. Second, our study did not provide sufficient information on whether 
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Figure 4 Activation of farnesoid X receptor and Takeda G-protein-coupled receptor 5 increased SIRT1 and promoted phosphorylation of 
AMPK in rat small intestine epithelial IEC-6 cells. A and B: Effects of farnesoid X receptor (FXR) and Takeda G-protein-coupled receptor 5 (TGR5) 
activation on SIRT1, AMPK, and key genes involved in BA signaling pathway; C: Western blot images of SIRT1, phosphorylated AMPK (p-AMPK), and total AMPK (t-
AMPK) in IEC-6 cells after FXR activation; D and E: The relative intensity of SIRT1 and p-AMPK/t-AMPK in IEC-6 cells after FXR activation. F: Western blot images of 
SIRT1, p-AMPK, and t-AMPK in IEC-6 cells after TGR5 activation; G and H: The relative intensity of SIRT1 and p-AMPK/t-AMPK in IEC-6 cells after TGR5 activation. 
aP < 0.05, bP < 0.01, cP < 0.001 GW4064 or INT-777 vs control group. p-AMPK: Phosphorylated AMPK; t-AMPK: Total AMPK; FXR: Farnesoid X receptor; SHP: 
Small heterodimer partner; TGR5: Takeda G-protein-coupled receptor 5.

duodenal SIRT1 is indispensable for DJB-induced diabetic control, therefore, duodenum-specific SIRT1 
loss- and gain-of-function animal models would be necessary for future studies.

CONCLUSION
DJB upregulates SIRT1 expression in the duodenal mucosa, which may partly account for surgery-
induced diabetic control. Increased intraduodenal TBA levels and activated duodenal BA signaling 
pathway may contribute to the upregulation of duodenal SIRT1 after DJB.

ARTICLE HIGHLIGHTS
Research background
Duodenal-jejunal bypass (DJB) induces rapid and significant amelioration of type 2 diabetes mellitus in 
various diabetic rat models, while the mechanisms have not been fully elucidated. Duodenal SIRT1 
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regulates hepatic glucose production and hepatic insulin sensitivity through a gut-brain-liver axis, and 
activation of bile acid (BA) receptors promotes SIRT1 expression in many tissues. This study aimed at 
uncovering the roles of duodenal BAs and SIRT1 in the diabetic control after DJB.

Research motivation
To expand and deepen our understanding on the mechanisms underlying diabetes control after DJB, 
and to provide new ideas and targets for the non-surgical treatment of diabetes in the future.

Research objectives
To investigate the effects of DJB on the duodenal BA signaling pathway and SIRT1 expression in a 
diabetic rat model, and further reveal the roles of BAs in modulating SIRT1 expression in enterocytes.

Research methods
DJB and sham surgeries were performed on rats with diabetes induced by high-fat diet and low-dose 
streptozotocin. The effects of surgeries on metabolic parameters were compared accordingly. The 
intraduodenal BA concentration, the key genes of BA signaling pathway and SIRT1 in the duodenal 
mucosa were evaluated 8 wk postoperatively. Rat small intestine epithelial IEC-6 cells were treated with 
GW4064 and INT-777 to verify the effects of BA receptor activation on SIRT1 expression in enterocytes.

Research results
DJB rapidly and dramatically improved glucose homeostasis in the diabetic rats independently of body 
weight and food intake. DJB increased both systemic and intraduodenal total BAs, activated the BA 
signaling pathway and promoted SIRT1 expression in the duodenum mucosa. Activation of BA 
receptors including farnesoid X receptor and Takeda G-protein-coupled receptor 5 increased the mRNA 
and protein expression of SIRT1 in IEC-6 cells.

Research conclusions
DJB increases intraduodenal BA levels and activates the duodenal BA signaling pathway, which may 
further contribute to the improved hepatic insulin resistance and glucose homeostasis by upregulating 
SIRT1 expression in the duodenal mucosa.

Research perspectives
Our findings provide evidence that BA-mediated upregulation of SIRT1 in the duodenum contributes to 
the diabetic control after DJB. This study also implicates that duodenal BAs and SIRT1 might be 
potential targets for improving hepatic insulin sensitivity and systemic glucose homeostasis, which lays 
the groundwork for developing duodenal BA and SIRT1-specific treatments to alleviate diabetes.
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