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Abstract
Background & Aims—Roux-en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy
(VSG) reduce weight and improve glucose metabolism in obese patients, although it is not clear if
metabolic changes are independent of weight loss. We investigated alterations in glucose
metabolism in rats following RYGB or VSG.

Methods—Rats underwent RYGB or VSG and were compared to sham-operated rats that were
fed ad lib or pair-fed with animals that received RYGB. Intraperitoneal glucose tolerance and
insulin sensitivity tests were performed to assess glycemic function, independent of the incretin
response. A hyperinsulinemic euglycemic clamp was used to compare tissue-specific changes in
insulin sensitivity following each procedure. A mixed-meal tolerance tests was used to assess the
effect of each surgery on post-prandial release of GLP-1(7–36) and glucose tolerance, and were
also performed in rats given the GLP-1 receptor antagonist exendin9–39.

Results—Following RYGB or VSG, glucose tolerance and insulin sensitivity improved, in
proportion to weight loss. Hepatic insulin sensitivity was significantly better in rats that received
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RYGB or VSG, compared with rats fed ad lib or pair-fed, whereas glucose clearance was similar
in all groups. During the mixed-meal tolerance test, plasma levels of GLP-1(7–36) and insulin
were greatly and comparably increased in rats that received RYGB and VSG, compared with those
that were pair-fed or fed ad lib. Administration of a GLP-1 receptor antagonist prevented
improvements in glucose and insulin responses after a meal among rats that received RYGB or
VSG.

Conclusion—In obese rats, VSG is as effective as RYGB at increasing secretion of GLP-1 and
insulin secretion and at improving hepatic sensitivity to insulin; these effects are independent of
weight loss.
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obesity; surgery; weight reduction; diabetes

Introduction
Bariatric surgery is currently the most effective therapy for sustained weight loss in obese
patients. The Roux-en-Y gastric bypass (RYGB) procedure, with a gastric pouch draining
into the mid-jejunum and pancreatico-biliary flow diverted 8 to the distal jejunum, is the
most commonly performed surgery in the US 1. However, another type of surgery, the
vertical sleeve gastrectomy (VSG), a surgery in which 80% of the stomach is removed along
the greater curvature but intestinal anatomy is unaltered, is gaining in popularity 1. On
average, RYGB and VSG patients can expect to lose ≥60% of their excess body weight and
of those with preoperative type 2 diabetes ≥80% go into remission after surgery 2–4. In fact,
normal fasting glucose concentrations and favorable changes in insulin sensitivity often
occur before any substantial weight loss 5–7. This profile has led to the hypothesis that these
surgeries improve blood glucose parameters beyond what would be expected from
hypophagia and weight loss alone. It is noteworthy that although RYGB and VSG involve
very distinct manipulations of the GI tract many of the short- and long-term outcomes of
these procedures are similar3.

In addition to heightened insulin sensitivity, post-surgical increases in the release of
intestinal hormones and especially of glucagon-like peptide-1 (GLP-1)7–36 are also thought
to confer major improvements in glucose homeostasis after surgery 3, 8–10. GLP-1(7–36) is
released from L cells in the distal gut in response to nutrients 11. GLP-1(7–36) acts at a G-
protein-coupled receptor to limit postprandial glucose excursions by augmenting insulin
release, inhibiting endogenous glucose production, and decreasing gastric emptying 12. The
reason that RYGB surgery changes postprandial hormone profiles is not clear, but may
result from changing intestinal functional anatomy such that undigested chyme is delivered
closer to the distal small intestine where L-cells are in greater abundance. In this study, we
asked whether VSG enhances postprandial GLP-1(7–36) levels and improves glucose
homeostasis to the same degree as RYGB surgery, or whether, based on the surgical
alteration of the small intestine, RYGB confers additional metabolic benefits. We therefore
directly compared the effects of RYGB and VSG on glucose homeostasis and assessed
weight-independent effects using a group of sham-operated rats that were pair-fed to the
RYGB surgical group.

Methods
Animals

Male Long-Evans rats (n=54) (Harlan Laboratories, Indianapolis, IN; 250–300 g) were
individually housed and maintained on a 12/12-h light/dark cycle (lights off at 1400 h) at 25
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°C and 50–60% humidity. All procedures for animal use were approved by the University of
Cincinnati Institutional Animal Care and Use Committee. Prior to surgery rats were given
ad libitum access to water and a high-fat butter diet (Research Diets, New Brunswick, NJ,
4.54 kcal/g; 41% fat) previously documented to produce metabolic impairments 13. After 8-
weeks on the HFD the assigned surgical groups (RYGB, VSG, ad lib-fed Sham or sham-
operated pair-fed) were counterbalanced based on fat mass.

Surgical Procedures
Bariatric Surgeries—VSG was performed in anesthetized rats (isoflurane) to remove
~80% of the stomach as described previously 14. To perform the RYGB, anesthetized rats
had a laparotomy and the jejunum was transected 30 cm from the ligament of Treitz. A
longitudinal antimesenteric incision was made 10 cm distal to the transected bowel and was
connected to the afferent limb with a running 7-0 Vicryl® Absorbable Suture (Ethicon
Endo-Surgery, Somerville, NJ). The stomach was isolated and the fundus was excised by
making a vertical cut along the edge of the corpus with an ETS-FLEX 35 mm staple gun
(Ethicon Endo-Surgery, Somerville, NJ). A second staple line was placed across the waist of
the stomach creating a gastric pouch that was ~10% the size of the original stomach. The
distal remnant was returned to the peritoneal cavity and an incision was made on either side
of the gastric pouch that spared the vascular architecture. The efferent limb of the transected
jejunum was connected to the gastric pouch with a running 8-0 Prolene non-absorbable
suture. After reintegrating the gastric pouch into the peritoneal cavity the abdominal wall
was closed in layers using a running stitch and a running subcuticular stitch, respectively.
For the sham surgery, after the laparotomy a section of jejunum was isolated and cut 30 cm
beyond the ligament of Treitz. The two halves were then anastomosed end-to-end and the
laparotomy was closed in layers.

Post Operative Care—Subcutaneous injections of Metacam (0.25mg/100g BW once
daily for 4-days), gentamicin (0.8 mg/100g BW on the day of surgery), Buprenex (0.3 ml 2X
per day for 5-days), and warm saline (10 ml and 5 ml 2X per day for days 0–3 and 4–5,
respectively) were given to all post-operative rats. A wire grate was used for 5-days post-
operatively to prevent rats from eating their bedding.

Food Intake and Body Weight
3-days pre-operatively the high fat diet was replaced with Ensure Plus™ liquid Diet (1.41
kcal/g; 29% Fat) (Abbott Nutrition, Columbus, OH) for the remainder of the study. Pair-fed
rats were given access to the amount of food eaten by the RYGB animals on the previous
day. All rats were given access to food for 18-h each day (Food on at 1400-h; food off at
0800-h). Body composition was assessed using an EchoMRI analyzer (Houston, TX) ~1
week pre- and at 28-days and 105-days post-operatively.

Insulin Tolerance Test
After a full recovery (4-weeks after surgery), 6-h fasted rats were given an IP injection of
insulin (0.5 U/kg) delivered in 1 ml/kg saline. Blood glucose was measured at baseline (0),
15, 30, 45 and 60-min after injections with a hand-held glucose analyzer (Accu chek, Roche
Diagnostics, Indianapolis, Indiana).

Glucose Tolerance Test
5-weeks after surgery, 6-h fasted rats were given an IP injection of 50% dextrose (1.5 g/kg).
Blood glucose was measured at baseline (0), 15, 30, 45, 60 and 120-min. Plasma insulin was
measured at 0, 15 and 60-min.
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Hyperinsulinemic Euglycemic Clamp Studies
Another cohort of rats was generated as described above except that catheters were placed in
the carotid artery and jugular vein immediately after the respective gastrointestinal surgery.
Glucose turnover was assessed 2-weeks after surgery in 6-h fasted rats, with a primed,
continuous infusion of HPLC purified [3-3H]glucose (Perkin Elmer Life Sciences, Boston,
MA) as described previously 15. Briefly, a primed (8 mU/kg/min), continuous (4 mU/kg/
min) infusion of insulin was given and a variable rate of dextrose was infused to maintain
euglycemia. Insulin was analyzed at 100 and 240-min. Glucose turnover (glucose rates of
appearance, glucose production, and glucose utilization) were calculated according to
previous methods 15.

Mixed Meal Tolerance Test
Approximately 5-months after surgery, 6-h fasted rats were gavaged with 2.5 ml (3.7 kcal)
of Ensure Plus Liquid diet. The caloric load was based on the animals’ previously
determined average 15-min intake of Ensure Plus liquid diet (Data not shown). Blood
glucose was measured and 180 μl of blood was collected into tubes containing 20 μl of anti-
proteolytic cocktail (4.65g EDTA + 92mg aprotinin + 40000U of Heparin in 50ml saline)
every 15-min for 1-h. GLP-1(7–36) was measured by an electrochemiluminescence assay
(Meso Scale Discovery, Gaithersburg, Md). Six weeks later the experiment was repeated in
rats pretreated with an IP injection of the selective GLP-1 receptor antagonist, Exendin(9–
39) (American Peptide Company, CA; 50 μg/kg), 30-min prior to baseline.

Statistical Analysis
The data were analyzed using 2-way and 1-way mixed-model ANOVAs where appropriate.
Significant differences between treatments were followed up with Bonferroni Multiple
comparisons tests. In all cases statistical significance was set at P<0.05. The data are
displayed as mean ± SEM.

Results
RYGB and VSG Reduce Food Intake and Body Weight Comparably

RYGB and VSG both reduced food intake and body weight relative to ad lib sham-operated
controls (Figure 1A-B), P<0.05. This was primarily due to body fat which was significantly
decreased in RYGB, VSG, and pair-fed groups at 28-days and 105-days post-op. Lean mass
was slightly reduced in pair-fed at 28-days and in VSG at 105-days post-op compared to
sham animals (Figure 1C-D). There were no significant differences in body weight between
pair-fed, RYGB and VSG rats at any time point (P>0.05).

RYGB and VSG improve IP Insulin Sensitivity and Glucose Tolerance In Proportion to
Weight Loss

In order to assess peripheral insulin sensitivity and glucose tolerance, independent of the gut,
IP insulin and glucose tolerance tests were performed. In response to insulin, blood glucose
fell to significantly lower levels in RYGB, VSG, and pair-fed rats compared to Sham when
expressed as an absolute value (Figure 2A) or as a percentage of baseline (Figure 2B),
P<0.05. During an IP glucose tolerance test (Figure 2C), blood glucose levels were similar
among RYGB, VSG and pair-fed rats, all of which were significantly lower than sham
levels, P<0.05. Plasma insulin during the IP glucose tolerance test was also significantly
lower in RYGB, VSG and pair-fed rats compared with shams at baseline (0), 15 and 60-min,
P<0.05 (Figure 2D). These data indicate that IP insulin sensitivity and glucose tolerance
after RYGB and VSG surgery occurred in proportion to weight loss.
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Hepatic Insulin Sensitivity is Improved in RYGB and VSG Independent of Changes in Body
Weight

To examine tissue-specific effects of RYGB and VSG on insulin sensitivity, an additional
cohort of animals was generated and studied during a hyperinsulinemic euglycemic clamp.
On the day of the clamp, basal glucose levels were similar among groups (sham 162±5 mg/
dL, RYGB, 157±9 mg/dL, VSG 150±9 mg/dL, pair-fed 164±12 mg/dL), P =0.68, whereas
plasma insulin levels were significantly higher in sham rats (3.5±0.3 ng/ml) relative to
RYGB (1.7±0.2 ng/ml), VSG (1.9±0.3 ng/ml) and pair-fed animals (1.4±0.4 ng/ml),
P<0.0001. During the clamp (final 40-min) glucose (sham 141±2 mg/dL, RYGB 133±3 mg/
dL, VSG 139±7 mg/dL, pair-fed 137±6 mg/dL), P=0.75, and insulin levels (sham 9.5±0.5
ng/ml, RYGB 8.3±1.3 ng/ml, VSG 8.3±0.9 ng/ml, pair-fed 6.6±0.9 ng/ml), were similar
among treatments, P>0.05. The average glucose infusion rate over the final 40 min was
significantly greater in RYGB and VSG rats relative to shams, P<0.05 (Figure 3). The
glucose infusion rate in the pair-fed rats was not significantly different compared to either
surgical group or to the sham rats, P>0.05. Endogenous glucose production was similar at
baseline across treatments. During the clamp endogenous glucose production was
significantly inhibited in RYGB and VSG, but not sham or pair-fed rats, P<0.05 (Figure
4A). Glucose clearance was similar among treatments at baseline and increased similarly
during the clamps (Figure 4B). Significant reductions in endogenous glucose production
indicate that RYGB and VSG surgeries increase hepatic insulin sensitivity independent of
changes in body weight.

RYGB and VSG increase postprandial plasma GLP-1(7–36) and Insulin
Postprandial GLP-1(7–36) and insulin release were assessed in response to the mixed-meal
(Ensure) tolerance test. Basal GLP-1(7–36) levels were similar among treatments, P>0.05
(Figure 5). 15-min after the gavage of Ensure, RYGB and VSG rats had significantly higher
circulating GLP-1(7–36) than pair-fed and Sham animals, P<0.05, and these increases were
sustained through 60-min. Thus, GLP-1(7–36) secretion was increased to a similar extent by
RYGB and VSG surgery and this was independent of changes in body weight.

In response to Ensure, glucose levels were similar among all groups at 15-min, however,
unlike sham and pair-fed rats, the RYGB and VSG rats sharply declined such that at 30-min,
glucose levels were significantly lower in RYGB and VSG rats relative to their 15-min time
point, P<0.05 (Figure 6A). In contrast, blood glucose levels continued to rise in Sham and
pair-fed rats such that after 60 min blood glucose levels had risen significantly relative to
their 15 min time point, P<0.05. When analyzed as AUC, RYGB, VSG and pair-fed animals
had improved meal tolerance rative to sham operated rats (Figure 6B).

Next, we examined whether the enhanced GLP-1(7–36) release in VSG and RYGB rats
secondarily increased insulin levels (Figure 6C). At baseline, plasma insulin levels were
significantly lower in RYGB and VSG rats relative to sham animals, P<0.05, and were not
significantly different from pair-fed rats. Consistent with the hypothesis that the incretin
effect was greater in RYGB and VSG rats, plasma insulin levels were significantly higher
compared with pair-fed animals, after 15-min, P<0.05. When expressed as a percentage of
baseline (Figure 6D), insulin excursions were higher in RYGB and VSG rats at 15 and 30-
min, P<0.01, vs. both sham and pair-fed animals. These results indicate that the GLP-1(7–
36) response was increased in VSG to the same extent as with RYGB surgery. Further, this
effect occurred independently of food intake or body weight.

To assess the degree to which GLP-1(7–36) signaling affected the glucose and insulin levels
in RYGB and VSG rats, we repeated the mixed-meal tolerance test in the presence of the
GLP-1(7–36) receptor antagonist, Exendin(9–39). The improvements in glucose after
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Ensure were blunted in RYGB and VSG rats relative to ad lib-fed Sham animals at each
time point (Figure 7A). The VSG rats also had significantly greater glucose AUC responses
compared to the pair-fed rats, P<0.05 (Figure 7B). In RYGB and VSG rats, blood glucose
levels did not decline, relative to the 15-min time point, until 45-min, P<0.05, and they were
significantly higher than levels in pair-fed rats after 15-min, P<0.05. These data imply that,
despite the presence of a GLP-1(7–36) receptor antagonist, the improvements in oral glucose
tolerance were maintained in pair-fed, but not in RYGB and VSG rats, relative to ad lib-fed
Sham animals.

Pretreatment with Exendin(9–39) also blunted differences in insulin levels between RYGB,
VSG, and sham-operated ad lib and pair-fed animals, P>0.05 (Figure 7C). When the data
were expressed as a percentage of baseline, VSG rats were not significantly different from
any of the other treatment groups, P>0.05. Although insulin excursions in RYGB rats were
higher than pair-fed and ad lib-fed Sham animals at 15-min, P<0.05 (Figure 7D), this
increase was substantially reduced relative to what was seen in the previous experiment
(261±61% vs. 526±67%). Taken together, these data support the view that increased
GLP-1(7–36) signaling is responsible for a majority of the improved meal tolerance and
insulin secretion produced by RYGB and VSG.

Discussion
Initially developed to preserve the pylorus and reduce the likelihood of dumping syndrome
in patients undergoing biliopancreatic diversion, a bypass procedure that is similar to
RYGB 16, VSG is gaining in popularity as a stand-alone procedure. This is likely due to the
fact that that VSG is less complicated and invasive, requires less follow-up than RYGB 2
and is comparably effective in terms of weight loss and the resolution of diabetes 2–4. Our
data add to these findings as this is the first report to directly compare the weight-
independent effects of RYGB with VSG on glucose handling and insulin sensitivity.
Surprisingly, VSG increased post-prandial GLP-1(7–36) and insulin release to the same
degree as occurred with RYGB during a mixed-meal tolerance test. The increased GLP-1(7–
36) was not the result of reduced body weight or caloric intake as pair-feeding had no
significant effect on postprandial GLP-1(7–36) or insulin release. IP glucose tolerance and
insulin sensitivity improved in proportion to weight loss. However, when insulin sensitivity
was assessed using the more sensitive hyperinsulinemic euglycemic clamp technique, it was
revealed that hepatic insulin sensitivity was increased beyond the benefit produced by pair-
feeding in both procedures. The fact that both procedures were similarly effective was
surprising as the improvements in glucose homeostasis produced by RYGB surgery are
thought to result primarily from the surgical alteration of the gastrointestinal anatomy, rather
than from gastric restriction and weight loss per se.

Increased GLP-1(7–36) is often implicated as a mechanism for the improvements in glucose
homeostasis after bariatric surgery. Several studies have reported increased GLP-1(7–36)
after RYGB 3, 7–10 and one study has reported increased GLP-1(7–36) after VSG 3. While it
is true that RYGB 3, 7, 9, 10 and VSG 3 both increase postprandial insulin release, the data
linking the increase in GLP-1(7–36) to insulin secretion have only been correlative. In our
study, along with the increase in GLP-1(7–36), we saw higher insulin excursions during a
mixed-meal tolerance test in RYGB and VSG rats, but not during an IP glucose tolerance
test, which is consistent with the likelihood that the enhanced insulin release is driven by an
enhanced incretin effect rather than from the direct actions of circulating glucose on β-cells
per se. To assess the degree to which increased GLP-1(7–36) release in RYGB and VSG rats
improved oral glucose tolerance, we performed a mixed-meal tolerance test in the presence
of Exendin(9–39). We found that the majority of the incretin effect after both RYGB and
VSG was prevented by blocking GLP-1(7–36) receptors. If antagonizing GLP-1(7–36)
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receptors had produced a general impairment in oral glucose tolerance, then bariatric and
pair-fed animals would have been equally affected during the mixed meal tolerance test.
However, pair-fed animals had significantly lower blood glucose levels relative to each
bariatric group, consistent with the conclusion that RYGB and VSG animals were
disproportionately sensitive to the effects of Exendin(9–39). Together, these data are the
first to establish that the large increase in GLP-1(7–36) after RYGB and VSG is responsible
for the increased insulin secretion during a meal, and also establish that the incretin effect is
an important weight-loss independent effect of both surgeries.

The most common example of a weight-loss independent effect of RYGB is the rapid
improvement in glucose homeostasis following surgery. In RYGB, diabetic patients have
been found to have normalized glucose and significant improvements in insulin resistance
less than 1-week after surgery 5, 6. Although not as well characterized, VSG appears to
produce similar effects, with improved fasting glucose and insulin levels in as little as 3-
days 6. In that study, additional weight loss produced no further changes in glucose or
insulin, and similar results were not observed in obese humans that were fed a similar diet
after undergoing cholecystectomy. The rapidity of the effects has been taken as evidence
that insulin sensitivity increases independent of the weight loss produced by these
surgeries 6. One caveat is that prior studies poorly controlled for the effect of caloric
restriction on insulin sensitivity or did not control for it at all. Campos et al. used
standardized caloric restriction to control for weight loss produced by RYGB surgery, and
with a hyperinsulinemic euglycemic clamp they found increased glucose infusion rate, an
index of whole body insulin sensitivity, that correlated with the magnitude of weight loss 7.
Thus, the clinical data suggest that there are both weight loss-dependent and -independent
effects of both RYGB and VSG. However, the difficulty in controlling for caloric restriction
after bariatric surgery may explain contradictory findings.

In our study, the weight-independent effects of bariatric surgery were not detected during IP
glucose and insulin tolerance tests. However, the most sensitive technique for assessing
insulin sensitivity, the hyperinsulinemic euglcyemic clamp, showed that RYGB and VSG
surgeries enhanced hepatic insulin sensitivity beyond the improvement produced by pair-
feeding. Laferrere et al.9 found that oral glucose tolerance was significantly better in Type 2
diabetic patients that underwent RYGB, compared to control subjects that lost a similar
amount of weight through dieting. To some extent, we have similar findings in our rodent
model. In our mixed-meal tolerance test, although differences in blood glucose levels
between bariatric rats and pair-fed animals never reached significance, in the surgical rats
glucose significantly decreased while in the pair-fed rats glucose actually increased from
15–60 min after the gavage, indicating that the pair-fed rats had an impaired inability to
clear the glucose load. Thus, improved hepatic insulin sensitivity may explain part, or all, of
the weight loss-independent effect observed by Laferrere et al 9.

While a role of GLP-1(7–36) on insulin secretion is expected, its role in improving insulin
sensitivity is less clear. Interestingly, over-expressing GLP-1(7–36) in mice has been
reported to increase hepatic insulin sensitivity and the expression of insulin receptor protein
substrates 17. Additionally, a peripheral infusion of GLP-1(7–36) has been shown to
suppress hepatic glucose production in humans 18, and we have previously observed that
GLP-1(7–36) increases hepatic insulin sensitivity through actions in the hypothalamus in
rat 15. Thus, it is possible that the pharmacological increases in GLP-1(7–36) seen with
RYGB and VSG have important insulin-sensitizing effects specifically at the liver.
Additional studies that examine the molecular underpinnings of RYGB and VSG-induced
increases in hepatic insulin sensitivity are needed.
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Taken together, the present data suggest that that GLP-1(7–36) is critical to the effect of
both surgeries on glucose homeostasis. However, it is worth pointing out that GLP-1(7–36)
is only one of a number of factors that are altered after bariatric surgery that could
potentially improve glucose homeostasis. RYGB surgery slightly increases postprandial
levels of gastric inhibitory polypeptide (GIP), in humans 9, 19 but not in rats 10, whereas the
effect of VSG on GIP is unknown. In humans 3, 7, 19 and in rodents 10, prandial peptide
YY(3–36) and amylin release are also increased after both surgeries, and all of these
hormones have favorable actions on glucose homeostasis, although only GLP- 1(7–36) and
GIP increase insulin release.

The fact that these different surgeries produced comparable improvements in metabolism is
surprising. While the cause(s) of these metabolic improvements cannot be ascertained from
these experiments, and we cannot entirely eliminate the possibility of subtle differences
between VSG and RYGB that these experiments were unable to detect, it seems unlikely
that specific alterations of the size of the stomach, or rerouting of the chyme through the
intestines, are key. Rather, common endocrine or other changes resulting from the surgical
procedures must be invoked.

In RYGB, nutrients bypass the duodenum and upper intestine and enter directly into the
lower jejunum. The decreased time that it takes for nutrients to reach the GLP-1(7–36)
producing L-cells of the lower bowel presumably results in enhanced GLP-1(7–36) release.
In contrast, VSG may increase GLP-1(7–36) through actions in the proximal bowel. The
possibility that enhanced nutrient delivery into the foregut increases GLP-1(7–36) release
seems inconsistent with the fact that the number of L-cells in the gut increases as you move
distally towards the colon. However, since under normal feeding conditions GLP-1(7–36) is
rapidly released before most of the glucose reaches the lower gut during a meal, it seems
likely that glucose activates the release of GLP-1(7–36) through means other than direct
contact with L-cells specifically within the ileum 20. Consistent with this hypothesis Rocca
and Brubaker demonstrated that the secretion of GLP-1(7–36) from the ileum is regulated by
a complex neuroendocrine loop, in which nutrients in the duodenum induce GLP-1(7–36)
release from ileal L-cells via vagal innervation21.

One possibility is that faster gastric emptying rates, as occurs in both RYGB22 and VSG23,
result in increased rate of nutrient entry into the intestine and thus increased GLP-1(7–36)
release. Indeed, faster gastric emptying rates have been associated with higher weight loss
after RYGB surgery24, and the altered glucose pattern in our study, in which peak glucose
levels occurred early in both RYGB and VSG rats, suggests faster gastric emptying rates in
these animals. Other, gastric surgeries, such as partial gastrectomy and gastroenterostomy,
also increase gastric emptying and produce exaggerated GLP-1(7–36) and insulin release25

that are similar in shape and magnitude to the profile produced by RYGB and VSG in the
present study. At a first pass, the fact that increased gastric emptying stimulates the release
of a hormone that has been suggested to inhibit gastric emptying and motility may seem
paradoxical. However, it is unclear if gastric emptying and intestinal motility would be even
higher if not for the increased release of GLP-1(7–36) in RYGB and VSG patients, and
studies designed to assess these parameters are needed.

In conclusion, RYGB and VSG produced weight loss-dependent increases in whole body
insulin sensitivity, and weight loss-independent increases in hepatic insulin sensitivity,
postprandial GLP-1(7–36) and insulin release. Results from the mixed-meal tolerance test
suggest that GLP-1(7–36) is critical to the metabolic benefit of both procedures on
postprandial glucose levels. We hypothesize that increased GLP-1(7–36) after both VSG
and RYGB is important in mediating improved insulin secretion and hepatic insulin
sensitivity. Our results also show that RYGB and VSG produce similar outcomes in terms of
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effects on food intake and body weight, and support clinical data showing that these
procedures are equally effective with respect to the resolution of type 2 diabetes. Because
VSG is a technically simpler operation and requires less recovery time than RYGB, and
because VSG is not associated with the malabsorption of micronutrients, VSG may
represent the new operation of choice for many bariatric patients.
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Figure 1.
A. Cummulative food intake in Sham (n=10), RYGB (n=4), VSG (n=7), and Pair-fed (n=10)
rats after 120-days. Average cumulative food intake was significantly higher in Sham
operated rats vs. RYGB, VSG, and Pair-fed animals, P<0.05. B. Body weight was also
significantly higher in Sham rats compared to the other treatment groups, P<0.05. C. Lean
tissue mass was slightly higher in Sham operated rats vs. RYGB rats after 28-days, P<0.05,
and slightly higher than in VSG rats after 105-days, P<0.05. D. Fat tissue mass was
substantially higher in Sham vs. all other treatment groups at 28-days, P<0.05, and 105-
days, P<0.05, after surgery. Bonferroni’s Post-test; *P<0.05 vs. Pair-fed, $P<0.05 vs.
RYGB, #P<0.05 vs. VSG.
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Figure 2.
IP insulin sensitivity (A-B) and glucose tolerance (C-D) are improved in proportion to
weight loss after RYGB and VSG surgeries. A. Blood glucose levels before (time 0) and
after an IP injection of insulin in Sham (n=10), RYGB (n=4), VSG (n=7), and Pair-fed rats
(n=10). RYGB, VSG, and Pair-fed rats were more sensitive to effect of insulin on
circulating glucose levels than ad lib fed Sham rats, P<0.05. B. The same data expressed as
a percentage of baseline shows that changes in insulin sensitivity were not due to differences
in basal circulating glucose. C. Blood glucose levels before (time 0) and after an IP injection
of glucose show that RYGB, VSG, and Pair-fed rats also had lower glucose excursions and
D. plasma insulin levels relative to sham operated rats in response to peripherally
administered glucose. Bonferroni’s Post-test; *P<0.05 vs. Pair-fed, $P<0.05 vs.
RYGB, #P<0.05 vs. VSG.
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Figure 3.
Whole body insulin sensitivity as measured by hyperinsulinemic euglycemic clamp.
Average glucose infusion rate in Sham (n=8), RYGB (n=7), VSG (n=6), and Pair-fed (n=7)
rats during steady state (final 40-min) clamp conditions. Glucose infusion rates were
significantly increased in RYGB and VSG vs. ad lib fed Sham rats, P<0.05. Differences
between RYGB, VSG, and Pair-fed rats were non-significant, P>0.05. Bonferroni’s Post-
test; $P<0.05 vs. RYGB, #P<0.05 vs. VSG.
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Figure 4.
A. Endogenous glucose production during hyperinsulinemic euglycemic was similar at
baseline between Sham (n=8), RYGB (n=7), VSG (n=6), and Pair-fed (n=7) rats, P>0.05.
However, during steady state conditions glucose production was significantly reduced in
RYGB and VSG rats vs. Sham and Pair-fed rats, P<0.05. B. Glucose clearance was similar
between treatments at baseline and during the final 40-min of the clamp, P>0.05.
Bonferroni’s Post-test; *P<0.05 vs. Pair-fed, $P<0.05 vs. RYGB, #P<0.05 vs. VSG.
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Figure 5.
Active levels of the incretin hormone GLP-1(7–36) before (time 0) and after an oral gavage
of Ensure Plus liquid diet in Sham (n=8), RYGB (n=6), VSG (n=6), and Pair-fed (n=9) rats.
Post-prandial plasma levels of GLP-1(7–36) were significantly higher in RYGB and VSG
rats relative to Sham and Pair-fed animals (15, 30, 45-min) P<0.05. RYGB rats also had
significantly higher GLP-1(7–36) relative to Pair-fed rats after 60-min. Differences between
Sham and Pair-fed rats were not significant, P>0.05. Bonferroni’s Post-test; *P<0.05 vs.
Pair-fed, $P<0.05 vs. RYGB, #P<0.05 vs. VSG.
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Figure 6.
Blood glucose (A-B) and plasma insulin (C-D) levels before (time 0) and after an oral
gavage of Ensure Plus liquid diet in Sham (n=8), RYGB (n=6), VSG (n=6), and Pair-fed
(n=9) rats. A. Blood glucose levels were significantly lower in RYGB and VSG rats relative
to ad lib fed Sham animals at 45 and 60-min, P<0.05. B. Differences in oral glucose
tolerance were not significant between treatments when the data were expressed as AUC,
P>0.05. C. Plasma insulin levels were significantly lower at baseline in RYGB and VSG
rats relative to ad lib fed Sham animals, P<0.05. Pair-feeding reduced plasma insulin levels
relative to ad lib fed Sham rats at 15, 30 and 60-min, P<0.05 D. Insulin excursions
expressed as a percentage of baseline showed that RYGB and VSG produced similar
increases in postprandial insulin release that were not seen in Pair-fed animals. Bonferroni’s
Post-test; *P<0.05 vs. Pair-fed, $P<0.05 vs. RYGB, #P<0.05 vs. VSG.
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Figure 7.
Blood glucose (A-B) and plasma insulin (C-D) levels before (time 0) and after an oral
gavage of Ensure Plus liquid diet in rats pretreated with the GLP-1(7–36) receptor
antagonist Exendin(9–39). Sham (n=8), RYGB (n=6), VSG (n=6), and Pair-fed (n=9) rats.
A. AUC glucose was significantly lower in Pair-fed vs. VSG rats, P<0.05. B. Glucose
excursions were significantly lower in Pair-fed animals vs. RYGB and VSG rats after 15-
min, P<0.05, and Pair-fed vs. ad lib fed Sham operated rats after 60-min, P<0.05. C. Plasma
insulin levels were not significantly different between treatments, P>0.05. D. Insulin levels
expressed as a percentage of baseline were significantly higher in RYGB vs. Pair-fed and
Sham rats at 15-min, P<0.05, but at no other time. *P<0.05 vs. Pair-fed, $P<0.05 vs.
RYGB, #P<0.05 vs. VSG.
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