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Abstract

The resolution of type 2 diabetes after Roux-en-Y gastric bypass (RYGB) attests to the important

role of the gastrointestinal tract in glucose homeostasis. Previous studies in RYGB-treated rats

have shown that the Roux limb displays hyperplasia and hypertrophy. Here, we report that the

Roux limb of RYGB-treated rats exhibits reprogramming of intestinal glucose metabolism to meet

its increased bioenergetic demands; glucose transporter-1 is up-regulated, basolateral glucose

uptake is enhanced, aerobic glycolysis is augmented, and glucose is directed toward metabolic

pathways that support tissue growth. We show that reprogramming of intestinal glucose

metabolism is triggered by the exposure of the Roux limb to undigested nutrients. We demonstrate

by positron emission tomography–computed tomography scanning and biodistribution analysis

using 2-deoxy-2-[18F]fluoro-D-glucose that reprogramming of intestinal glucose metabolism

renders the intestine a major tissue for glucose disposal, contributing to the improvement in

glycemic control after RYGB.

Roux-en-Y gastric bypass (RYGB) induces substantial and sustained weight loss and is a

highly effective treatment for severe obesity (1-3). The results of three recent prospective

studies suggest that RYGB is the best treatment option for obesity-related diabetes (4-6).

Interestingly, the improvement in glucose homeostasis occurs early after the RYGB

procedure, before any appreciable weight loss, and patients are often able to discontinue

their antidiabeticmedications before hospital discharge (4, 5, 7, 8). The precise mechanisms

underlying the resolution of diabetes after RYGB have not been determined (3, 8-10).

Several studies in rodents and one study in humans have previously described that the Roux

limb displays morphological changes, characterized by hypertrophy and hyperplasia after

RYGB (11-16). However, the importance of the morphological adaptation of the Roux limb,
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in itself, in themetabolic effects of RYGB remains largely unknown. Because the

construction of the Roux limb is one of the fundamental components of the RYGB

procedure (Fig. 1A) (17, 18), we hypothesized that the beneficial effect of RYGB on glucose

homeostasis may stem from changes in the metabolism within this reconfigured jejunal

segment to meet the increased bioenergetic demands of tissue growth and maintenance,

possibly in response to its exposure to undigested nutrients. To study the Roux limb, we

performed RYGB in rats (19). RYGB led to substantial and sustained weight loss and

improvement in glucose metabolism in diet-induced obese (DIO) rats, recapitulating the

effects observed in humans (fig. S1, A to E). RYGB also improved glycemic control in two

nonobese, diabetic rodent models with impaired insulin secretion: streptozotocin (STZ)–

induced diabetic and Goto- Kakizaki (GK) rats (Fig. 1, B to D, and fig. S1, F to I). We also

observed intestinal remodeling, characterized by increased intestinal mass due to hyperplasia

and hypertrophy, in the Roux limb of RYGB-treated rats (figs. S2 to S4 and supplementary

text 1). To test our hypothesis, we initially sought to identify possible metabolic changes in

the Roux limb of RYGB-treated rats. We compared its metabolic profile with the profile of

corresponding segments of the jejunum of sham-operated rats, using a quantitative polar

metabolomic profiling platform. Themetabolomic profiling showed increased concentrations

of glucose-6-phosphate, d-gluconate, 6-phospho-d-gluconate and nicotinamide adenine

dinucleotide phosphate (NADP+) in the Roux limb, suggesting that the oxidative phase of

the pentose phosphate pathway (PPP) is stimulated (fig. S5, A and B, and table S1). The

changes in the metabolites of the nonoxidative phase of the PPP did not reach statistical

significance, but there was an increase in the intermediates of the pyrimidine and purine

biosynthetic pathways. Lactate was increased, whereas there was a decrease or no change in

the intermediates of the tricarboxylic acid (TCA) cycle. The serine and the hexosamine

biosynthetic pathways, two metabolic pathways that branch off from glycolysis, were also

augmented. The glutamine/glutamate pathway was enriched, and the metabolism of several

other amino acids appeared to be enhanced. This metabolic profile of the Roux limb

indicates that glycolysis may be up-regulated in favor of accumulation of glycolytic

intermediates that are shunted to metabolic pathways that support cellular growth and

proliferation (fig. S5, A and B, and table S1). We next examined gene and protein

expression patterns of enzymes involved in glucose metabolism. In comparison with

corresponding segments of the jejunum of sham-operated rats, the Roux limb of RYGB-

treated rats showed increased RNA and protein levels of hexokinase 2 (HK2),

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and lactate dehydrogenase (LDH),

which are key glycolytic enzymes (Fig. 2, A to C, and fig. S5C). M2 isoform expression of

pyruvate kinase (PKM2) and phosphorylated PKM2 were also up-regulated in the Roux

limb, further suggesting an increase in aerobic glycolysis to generate upstream glycolytic

intermediates that are diverted into anabolic pathways (Fig. 2, A and B) (20, 21). The

decreased glucose flux through the TCA cycle is also supported by the higher expression

levels of pyruvate dehydrogenase kinase 1 (PDHK1), which phosphorylates and inactivates

pyruvate dehydrogenase (PDH) (Fig. 2C). There was also an increase in the protein levels of

both G and H forms and the enzymatic activity of glucose-6-phosphate dehydrogenase

(G6PD), the rate-limiting enzyme of the PPP (Fig. 2, C and D). RNA levels of key enzymes

of gluconeogenesis were suppressed or unchanged in the Roux limb of RYGB-treated rats

(fig. S5D). We also detected augmented RNA and protein levels of factors and enzymes
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involved in the biosynthesis of cholesterol in the Roux limb of RYGB-treated rats (Fig. 2, E

to G, and fig. S6A). Cholesterol is essential for cellular growth and proliferation. The up-

regulation of intestinal cholesterol biosynthesis may further explain the enhanced utilization

of glucose by the Roux limb through the PPP, because the PPP provides a reduced form of

NADP+ (NADPH), which is involved as a donor of reducing equivalents in cholesterol

biosynthesis. The expression of low-density lipoprotein receptor (LDLR) was also higher in

the Roux limb, suggesting that cholesterol uptake may also be augmented (Fig. 2, E to G,

and fig. S6B). The hepatic cholesterol biosynthetic pathway was not changed (fig. S6C).

Serum and hepatic lipid profiles were improved after RYGB (fig. S6, D to I). Taken

together, our results support our hypothesis that the Roux limb of RYGB-treated rats

exhibits reprogramming of intestinal glucose metabolism to meet the increased anabolic

demands of intestinal tissue growth and maintenance. We also found that the PI3K/AKT/

mTOR signaling pathway was activated in the Roux limb of RYGB-treated rats, which also

indicates that there is augmented anabolic activity and increased glucose utilization (fig. S7)

(21). To confirm that RYGB induces enhanced intestinal glucose uptake and utilization, we

performed positron emission tomography–computed tomography (PET/CT) scanning using

2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG). These experiments were done with RYGB-

treated and sham-operated DIO, STZinduced diabetic, and GK rats. [18F]FDG is taken up at

a rate proportional to the rate of glucose utilization within a given tissue. There was intense

[18F]FDG uptake by the Roux limb of all groups of RYGB-treated rats in comparison with

the jejunum of sham-operated rats (Fig. 3A and movie S1). To further characterize the

reprogramming of intestinal glucose metabolism in the Roux limb, we focused our study on

basolateral glucose transporters, since in PET/CT scanning, [18F]FDG is administered

intravenously and enters the intestinal cells through their basolateral and not their luminal

side. The Roux limb of RYGB-treated rats displayed an increase in RNA and protein levels

of glucose transporter-1 (GLUT-1) but no significant change in GLUT-2 and GLUT-3 levels

(Fig. 3, B and C, and fig. S8, A to C). GLUT-1 is normally abundantly present in fetal

intestine but progressively disappears until it is barely detected in adult intestine (22). It is

considered to play a role in early intestinal tissue growth in the fetus (23). PET/CT scanning

with or without the administration of phloretin, a GLUT-1 inhibitor, showed that phloretin

substantially blunted [18F]FDG uptake by the Roux limb (Fig. 3D and fig. S8D). These

results suggest that increased intestinal glucose uptake is primarily mediated through

GLUT-1 after RYGB. To quantify the relative contribution of the intestine to whole-body

glucose disposal, we performed biodistribution analysis using [18F]FDG in RYGB-treated

and sham-operated rats. The intestine exhibited the highest rate of glucose uptake and

became a major tissue for glucose disposal after RYGB (Fig. 3E). Specifically, glucose

disposal per gram of tissue doubled in the intestine of RYGB-treated rats, with the glucose

uptake by the Roux limb and common limb being higher in comparison with the glucose

uptake by the jejunum of sham-operated rats (Fig. 3, E and F). We observed interanimal

variability in the intestinal glucose uptake of RYGB-treated rats, and this variability

correlated with the degree of intestinal remodeling (fig. S9A). Importantly, there was a

positive correlation between the improvement in glycemic control after RYGB and the

intestinal glucose uptake (fig. S9, B and C). Consistent with improved whole-body glucose

disposal, the [18F]FDG blood signal was lower in RYGB-treated rats, because they

displayed a higher rate of [18F]FDG disposal from the blood into the tissues in comparison
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with sham-operated rats (Fig. 3G). These data demonstrate that reprogramming of intestinal

glucose metabolism, marked by enhanced intestinal GLUT-1–mediated basolateral glucose

uptake and utilization, contributes to the improvement in glycemic control after RYGB,

independently of weight loss, improved insulin secretion, or improved insulin sensitivity

(supplementary text 2). RYGB alters the flow of nutrients and reroutes undigested nutrients

to the Roux limb (Fig. 1A). We wanted to investigate whether intestinal remodeling and

reprogramming of intestinal glucose metabolism are triggered by the exposure of the Roux

limb to undigested nutrients. To this end, we developed a rat model in which a loop of

jejunum is transected and transposed between the esophagus and the stomach without

performing any other anatomic alterations of the RYGB procedure [esophago-stomach

jejunal loop interposition (ES-JLI) model] (Fig. 4A and movie S2). This transposed jejunal

loop resembles the Roux limb of RYGB as it is exposed to undigested nutrients. ES-JLI–

treated DIO and GK rats exhibited improved glycemic control, similar to RYGB-treated rats

(fig. S10). We observed the same morphological adaptation between the transposed jejunal

loop of ES-JLI– treated rats and the Roux limb of RYGB-treated rats. GLUT-1 and HK2

RNA and protein levels were increased in the transposed jejunal loop of ES-JLI treated rats,

and [18F]FDG PET/CT scanning also showed intense [18F]FDG uptake by the transposed

jejunal loop (Fig. 4, B and C). These data are consistent with our hypothesis that intestinal

remodeling and reprogramming of intestinal glucose metabolism are triggered by the

exposure of the Roux limb to undigested nutrients. To further support this hypothesis, we

compared gene expression levels of key factors and enzymes involved in glucose and

cholesterol metabolism between the various intestinal segments of RYGB-treated rats and

corresponding segments of the intestine of sham-operated rats. A gradient in the change in

RNA levels of key factors and enzymes involved in glucose uptake and utilization and in

cholesterol biosynthesis and uptake was observed along the altered nutrient flow path in the

intestine of RYGB-treated rats (figs. S11 and S12). The highest increase was detected in the

Roux limb, which is exposed to undigested nutrients, but no change was found in the

biliopancreatic limb, which is exposed to the gastric, hepatic, and pancreatic secretions but

no nutrients, or in the distal common limb, which is exposed to fully digested nutrients. The

effectiveness of RYGB in the resolution of type 2 diabetes attests to the important role of the

gastrointestinal tract in glycemic control. Most studies have attributed the improved glucose

metabolism to a number of advantageous changes in the levels of gastrointestinal hormones

that control glucose homeostasis and occur after RYGB, with enhanced postprandial

glucagonlike peptide-1 (GLP-1) secretion being cited as the most important (3, 8, 24).

However, the primary role of GLP-1 as a mediator of the beneficial effect of RYGB on

glycemic control is debated (25, 26). It has also been reported that release of glucose, via

intestinal gluconeogenesis, into the portal vein of mice that underwent enterogastric

anastomosis (EGA), resulted in improved insulin sensitivity of hepatic glucose production;

thus, it has been hypothesized that intestinal gluconeogenesis could account for the

improvement in glucose homeostasis after RYGB (27). It should be noted that EGA is not

similar to RYGB, because the Roux-en-Y configuration is not constructed and no intestinal

segment is representative of the Roux limb. Also, two recent reports in obese diabetic

animals and in humans with type 2 diabetes and our study did not find evidence for

induction of intestinal gluconeogenesis after RYGB (28, 29). A decrease in intestinal

glucose absorptive capacity due to the exclusion of the duodenum after RYGB has also been
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proposed as a mechanism underlying the improvement in glycemic control (11), but other

studies have found that RYGB does not suppress glucose absorption from the intestinal

lumen (10, 30-32). Our study shows that changes in the metabolism of the Roux limb itself

may play a direct role in the improvement in glucose homeostasis after RYGB. We report

that the Roux limb exhibits reprogramming of intestinal glucose metabolism to meet the

increased bioenergetic demands of intestinal remodeling. We show that intestinal

remodeling and reprogramming of intestinal glucose metabolism are triggered by the

exposure of the Roux limb to undigested nutrients. We demonstrate that reprogramming of

intestinal glucose metabolism renders the intestine amajor organ for glucose disposal,

contributing to the improvement in glycemic control afterRYGB. Enhancing intestinal

glucose uptake and utilization could offer an opportunity to regulate wholebody glucose

disposal and improve glycemic control in type 2 diabetes. Exploitation of the changes that

occur in intestinal metabolism after RYGB could represent an approach to bypass the

bypass, that is, to replace the gastric bypass by equally effective, but less invasive,

treatments for obesity-related diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RYGB improves glycemic control
(A) Schematic drawing of RYGB (left). Intraoperative picture of RYGB in rats (right).

RYGB in rats closely resembles the procedure performed in humans. The stomach (S) is

divided, and a small gastric pouch is created (GP). The jejunum (J) is transected, and the

distal part is brought up and connected through a gastro-jejunostomy (GJ) to the GP [this

jejunal loop is called the Roux limb (RL)]. The continuation of the gastrointestinal (GI) tract

is reestablished by reconnecting at the jejuno-jejunostomy (JJ), the proximal part of the

jejunum further down to the RL [this is called the biliopancreatic limb (BP) because it drains

the gastric, hepatic, and pancreatic secretions]. The part of the small intestine distal to the JJ

is called the common limb (CL). RYGB reconfigures the GI tract and alters the flow of

nutrients; nutrients flow from the esophagus (E) to the GP and then to the RL directly,

bypassing the distal stomach (DS), the duodenum (D), and part of the proximal jejunum.

Thus, the RL is exposed to undigested nutrients; the BP is exposed to the gastric, hepatic,

and pancreatic secretions but no nutrients; and the CL is exposed to a mixture of nutrients

with the gastric, hepatic, and pancreatic secretions. (B) Blood glucose levels were lower in

RYGB-treated rats in comparison with sham-operated rats, 7 days after diabetes was

induced by the administration of STZ. (C) RYGB-treated GK rats exhibited better glucose

excursion curves after oral glucose administration. The inset shows the area under the curve

(AUC) of the oral glucose tolerance test. (D) There was no difference in the insulin

tolerance test between RYGB-treated and sham-operated GK rats. The inset shows the AUC

of the insulin tolerance test. [(B) to (D)] N = 5 to 7 rats, 2 months postoperatively; mean T

SEM; *P < 0.05; unpaired t test.
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Fig. 2. RYGB increases the gene and protein expression levels of key factors and enzymes
involved in glucose and cholesterol metabolism in the Roux limb
(A to C) RNA and protein levels of glycolytic enzymes and G6PD were increased in the

Roux limb of RYGB-treated rats. B2M, b2 microglobulin. (D) The enzymatic activity of

G6PD was increased in the Roux limb of RYGB-treated rats. (E and F) RNA and protein

levels of factors and enzymes involved in cholesterol biosynthesis and uptake were

increased in the Roux limb of RYGB-treated rats. HMGCS1, 3-hydroxy-3-methylglutaryl-

CoA synthase 1; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; MVD, mevalonate

(diphospho) decarboxylase; CYP51A1, cytochrome P450, family 51, subfamily A,

polypeptide 1 (lanosterol 14-a demethylase); SREBP2, sterol regulatory element binding

protein 2; LDLR, low-density lipoprotein receptor. There was no difference in the protein

levels of Niemann-Pick C1-like 1 (NPC1L1). (G) Representative images of Roux limb

sections of RYGB-treated rats stained with antibodies against HMGCR and LDLR (scale

bar, 100 mm). Left to right: villi, crypts, and muscular layer. HMGCR expression was

increased in the villi, the crypt cells, and the muscular layer while LDLR expression was

increased in the villi and in the ganglia of the muscular layer. [(A) to (G)] N = 7 to 9 rats;

[(A) to (F)] 2 months postoperatively; the results were reproduced at 1 and 6 months

postoperatively; (G) 2 months postoperatively; mean T SEM; *P < 0.05; [(A) and (E)] one

sample t test; (D) unpaired t test.
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Fig. 3. RYGB enhances intestinal GLUT-1 mediated basolateral glucose uptake and utilization,
which contributes to the improved whole-body glucose disposal
(A) Representative images of whole-body [18F]FDG PET/CT scanning in RYGB-treated

and sham-operated rats. [18F]FDG uptake is colorcoded, and areas of increased signal

exhibit red-orange color. There was intense [18F]FDG uptake by the Roux limb (marked

with an arrow) of RYGB-treated rats in comparison with the corresponding jejunum of

sham-operated rats. The cross indicates the exact same point of the intestine in all images.

(B and C) GLUT-1 RNA and protein levels were increased in the Roux limb of RYGB-

treated rats. (D) Representative images of whole-body [18F]FDG PET/CT scanning in

RYGBtreated rats, with or without the administration of phloretin, a GLUT-1 inhibitor.

Phloretin substantially blunted [18F]FDG uptake by the Roux limb (marked with an arrow).

The cross indicates the exact same point of the intestine in all images. (E and F) [18F]FDG

biodistribution analysis in RYGB-treated and shamoperated rats demonstrated higher

[18F]FDG uptake by the intestine of RYGB-treated rats. WAT, white adipose tissue; BAT,

brown adipose tissue. The RL of RYGBtreated rats displayed the highest [18F]FDG uptake.

The uptake by the CL of RYGB-treated rats was also increased. There was no difference in

the [18F]FDG uptake between the BP of RYGB-treated rats and the corresponding intestinal

segment of sham-operated rats. The [18F]FDG uptake was constant along the intestine of

sham-operated rats. (G) Consistent with improved whole-body glucose disposal, RYGB-

treated rats exhibited lower [18F]FDG signal in the blood. [(A) to (G)] N = 7 to 9 rats; [(A)

to (C)] and [(E) to (G)] 2 months postoperatively; the results were reproduced at 1 and 6

months postoperatively; (D) 6 months postoperatively; mean T SEM; *P < 0.05; (B) one

sample t test; [(E) to (G)] unpaired t test.
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Fig. 4. Reprogramming of intestinal glucosemetabolism is triggered by the exposure of the Roux
limb to undigested nutrients
(A) Schematic drawing (left) and intraoperative picture (right) of the ES-JLI rat model. A

loop of jejunum is transected and transposed between the esophagus and the stomach

without performing any other anatomic alterations of the RYGB procedure; that is, the

stomach is not divided, the duodenum is not excluded, and the continuity of the

gastrointestinal tract remains intact. Nutrients flow from the esophagus (E) through the

esophago-jejunostomy (EJ) to the transposed jejunal loop (TJ) and then through the jejuno-

gastrostomy (JG) to the stomach (S), the duodenum (D), the jejunum (J), and the rest of the

gastrointestinal tract. (B) GLUT-1 and HK2 protein levels were increased in the transposed

jejunal loop of ES-JLI–treated rats. (C) Representative images of whole-body [18F]FDG

PET/CT scanning in ES-JLI–treated rats. [18F]FDG uptake is color-coded, and areas of

increased signal exhibit red-orange color. There was intense [18F]FDG uptake by the

transposed jejunal loop (marked with an arrow) of ES-JLI–treated rats. The cross indicates

the exact same point of the intestine in all images. [(B) and (C)] N = 5 to 7 rats, 1 month

postoperatively; the results were reproduced at 6 months postoperatively.
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