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ABSTRACT

Glucagon-like peptide-1 (GLP-1) secretion is greatly enhanced after Roux-en-Y gastric bypass (RYGB).
While intact GLP-1exerts its metabolic effects via the classical GLP-1 receptor (GLP-1R), proteolytic
processing of circulating GLP-1 yields metabolites such as GLP-1(9-36)amide/GLP-1(28-36)amide, that
exert similar effects independent of the classical GLP-1R. We investigated the hypothesis that GLP-1,
acting via these metabolites or through its known receptor, is required for the beneficial effects of RYGB
using two models of functional GLP-1 deficiency — a-gustducin-deficient (a-Gust’") mice, which exhibit
attenuated nutrient-stimulated GLP-1 secretion, and GLP-1R-deficient mice. We show that the effect of
RYGB to enhance glucose-stimulated GLP-1 secretion was greatly attenuated in a-Gust’™ mice. In both
genetic models, RYGB reduced body weight and improved glucose homeostasis to levels observed in
lean control mice. Therefore, GLP-1, acting through its classical GLP-1R or its bioactive metabolites,

does not seem to be involved in the effects of RYGB on body weight and glucose homeostasis.
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1. INTRODUCTION

Bariatric surgery is the most effective treatment for weight loss and randomized, controlled
trials demonstrate its superiority compared to medical therapy for diabetes control [1, 2]. RYGB is the
most commonly performed bariatric procedure in the U.S. and one of the most efficacious [3, 4].
Several clinical observations suggest that the gut-derived peptide hormone glucagon-like peptide-1 (GLP-
1) is responsible for the beneficial effects of RYGB on glucose and energy homeostasis. First, GLP-1
secretion is substantially enhanced early after RYGB, independent of weight loss and calorie restriction
[5, 6]. Second, enhanced meal-stimulated insulin secretion and B-cell glucose sensitivity observed after
RYGB are suppressed by the GLP-1R antagonist Exendin (9-39) [7-10]. Third, administration of
octreotide to patients after RYGB inhibits the secretion of GLP-1 (and other gut hormones), and also
decreases satiety and increases food intake [5]. Finally, in rodents undergoing RYGB and other models
of bariatric surgery, food intake is also increased by octreotide and glucose tolerance worsened by
Exendin (9-39) [11-15]. In addition, GLP-1 responsiveness in rodents predicts improved glucose
tolerance after RYGB [16]. An understanding of the role of GLP-1 during RYGB will facilitate the
development of less-invasive therapies for weight loss and metabolic control that can be more broadly

applied than surgery.

GLP-1is a peptide hormone secreted by entero-endocrine L-cells of the intestine and colon. In
addition to its incretin effect (i.e., increased insulin secretion in response to oral versus intravenous
glucose delivery), GLP-1 delays gastric emptying, enhances satiety, reduces food intake, suppresses
glucagon secretion, and regulates hepatic and peripheral glucose flux [17, 18]. These effects occur via
the GLP-1 receptor (GLP-1R), which is widely expressed in the intestine, pancreatic islets, and central
and peripheral nervous systems [19], and are clinically meaningful as GLP-1 mimetics are used to treat
type 2 diabetes and also confer weight loss [20]. GLP-1 circulates as two equipotent forms, GLP-1(7-
37) and GLP-1(7-36)amide [18]. Intact GLP-1(7-36)amide is rapidly metabolized to GLP-1(9-

36)amide, which in turn can be further cleaved to GLP-1(28-36)amide, and both of these peptides also



improve glucose homeostasis and control body weight in experimental models of diabetes and obesity
[21, 22]. GLP-1(9-36)amide and GLP-1(28-36)amide mediate their effects independent of the classical
GLP-1R [21, 23]. Thus, GLP-1 exerts its beneficial effects through both classical GLP-1R (via intact
GLP-1) and GLP-1R-independent mechanisms (via these bioactive GLP-1 derivatives) suggesting that

loss of function experimental studies should address both.

We hypothesized that GLP-1 is required for the effects of RYGB on body weight, body
composition, and glucose homeostasis. GLP-1 is one of several peptide hormones of known metabolic
function derived by post-translational processing of the precursor proglucagon [18], complicating the
generation of specific GLP-1 deficient mice. We therefore chose to test our hypothesis by performing
RYGB in two models of functional GLP-1 deficiency, a-gustducin deficient (a-Gust’") mice and GLP-1R
deficient (GIp1r"") mice. The G-protein o-subunit a-gustducin couples sweet and bitter taste receptors of
the lingual epithelium to intracellular signaling and taste perception [24]. a-Gustducin is also co-
expressed with GLP-1 in L-cells and has been implicated in GLP-1 secretion in response to extracellular
glucose, bile acids, and fatty acids [25, 26]. In a-Gusf”™ mice, the afy-gustducin heterotrimer does not
form and any signals mediated by its coupled receptors are lost [27]. In response to oral glucose, a-Gust™
mice do not exhibit elevated serum GLP-1 observed in wild-type mice resulting in blunted glucose-
stimulated plasma insulin and abnormal glucose tolerance [25]. In addition, ghrelin secretion and
octanoylation induced by bitter taste receptor agonists is attenuated and glucose-dependent insulinotropic
polypeptide secretion occurs earlier in response to glucose in a-Gust’™ mice compared to wild-type [25,
28, 29]. The roles of these hormones in the effects of bariatric surgery are controversial [30, 31].
However, their altered secretions could compensate for the attenuated GLP-1 secretion of o-Gust”™ mice.
Nonetheless, as GLP-1(9-36)amide and GLP-1(28-36)amide are derived exclusively from intact GLP-1,
a-Gust’” mice afford the unique opportunity to investigate classical GLP-1R-independent functions of
GLP-1 occurring via these bioactive GLP-1 peptide derivatives. GlpIr" mice lack the classical GLP-1R

and exhibit impaired glucose tolerance and impaired glucose-stimulated insulin secretion [32]. We



therefore used a-Gust’ mice to investigate the functional consequences of blunted GLP-1 secretion,
thereby lowering levels of intact GLP-1 and consequently its bioactive metabolites, and GlpIr" mice to
investigate the consequences of the absence of GLP-1 signaling via its classical GLP-1R function on the

effects of RYGB.

2. MATERIALS AND METHODS

2.1 Animals

All studies were conducted in accordance with the University of Texas Southwestern Medical
Center Institutional Animal Care and Use Committee. Lean and diet-induced obese C57BL/6 (WT) mice
were obtained from Taconic. Glplr” and a-Gust” mice were generated as previously described [32, 33].
Animals were provided high fat diet (D12492; Research Diets, Inc.) or regular chow (Teklad), as
specified. All mice were back-crossed into a pure C57BL/6 background, housed individually, and

maintained on a 12-hr light-dark cycle.

2.2 Surgery

RYGB and sham procedures were performed after an overnight fast as previously described [34].
RYGB involved reconstruction connecting a restricted gastric pouch to a jejunal alimentary limb. The
proximal gut was excluded from alimentary flow using a hemostasis clip (Ethicon Endosurgery) placed
immediately distal to the gastrojejunostomy. The sham procedure involved gastrotomy, enterotomy and
repair. Anesthesia was provided using a scavenged circuit of isoflurane and time-standardized between
groups. Mice were maintained on a standardized re-feeding protocol during which liquid diet was
provided on post-operative days 2-7. On days 6 and 7, 0.25g of high fat diet was also provided. From
day 8 through the end of the study, high fat diet was provided ad libitum (RYGB and sham mice) or

calorie-restricted as necessary (WM-sham and PF-sham mice).



2.3 Study design

Male mice were maintained on high fat diet from 6 weeks of age and, upon reaching 45g,
randomized to RYGB or sham procedures. The pre-operative weights of mice from all intervention
groups are presented in Supplementary Table 1 for comparison. Where specified, subsets of sham-
operated mice were pair-fed (PF-sham) or weight-matched by calorie restriction (WM-sham) to RYGB
counterparts of the same genotype. Non-operated, age-matched, C57BL/6 mice maintained on regular
chow were evaluated in parallel as lean controls. Energy balance was evaluated from post-operative
week 1 through 5. As we have previously published [34], RYGB and sham operations both induce
substantial post-operative weight loss due to the combined effects of peri-operative stress and calorie
restriction. Sham-operated mice do not regain their full pre-operative body weight and obtain the weight
of non-operated diet-induced obese mice until approximately week 5. Thus, studies conducted before
week 5 are confounded by the metabolic effects of post-operative convalescence. For this reason, glucose
homeostasis was evaluated during weeks 6 to 8. To circumvent this issue, WM-sham mice were studied
in parallel to evaluate for weight-independent gluco-regulatory effects of RYGB. Stimulated GLP-1
levels were measured in WT and a-Gust’ mice from tail vein blood during week 9; fasted levels were

measured from blood collected at the time of sacrifice. All animals were sacrificed during week 10.

2.4 Energy balance

Total 24-hr energy expenditure was estimated using an energy balance technique in which change
in energy stores are subtracted from energy intake over time. This methodology has been validated
versus indirect calorimetry for the accurate measure of long-term changes in energy expenditure [35].
Over a period of 27 days (from the beginning of post-operative week 2 through the end of week 5), body
weight and food intake were measured daily. Body composition was measured during weeks 2 and 5
using nuclear magnetic resonance (Bruker Minispec mq10, Bruker Optics). So as not to disturb the

energy balance experiment, stool from a separate cohort of RYGB-treated and sham-operated a-Gust”



mice was collected, dried, and weighed on a daily basis during weeks 2 and 5 to measure total fecal
calories by bomb calorimetry, as previously described [34].

Metabolizable energy intake, defined as grams of high fat diet ingested per day multiplied by
22.0 kJ/gram, was calculated from the food intake measurements. Feeding efficiency was calculated by
dividing weight change (in mg) by food consumed (in kJ). The contribution of reduced absorption to
energy balance was evaluated using adjusted feeding efficiency, in which total intake was multiplied by
the percentage of total calorie absorption. Total calorie absorption used to calculate adjusted feeding
efficiency in WT mice was previously determined [34]. In this methodology, mean total 24-hr energy
expenditure (kJ/d) represents the consumed energy remaining for physical activity and basal metabolism
after accounting for changes in body mass [35-38]. The energetic cost of fat mass and lean mass
deposition was estimated using values of 55.3 kJ/g and 9.2 kJ/g, respectively and the energy contents of
fat and lean mass were estimated as 37.7 kJ/g and 4.2 kJ/g, respectively [36, 39]. When animals lost
weight, there was no energetic cost of deposition and the body energy lost was subtracted from the energy

equation [35, 37, 38].

2.5 Glucose homeostasis

2.5.1Basal. Fasting blood glucose was measured from the tail vein of mice fasted overnight
(1700-1000) using a hand-held glucometer (Bayer Healthcare). Plasma insulin was also measured from
tail vein blood using an ultra-sensitive mouse insulin ELISA (Crystal Chem). Homeostasis Model
Assessment — Insulin Resistance (HOMA-IR), a mathematical model approximating treatment effects on
insulin homeostasis that has been validated in humans and rodents, was calculated as previously described
[40].

2.5.2 Glucose tolerance. In fasted mice (1700-1000), blood glucose level was measured from tail
vein blood collected before and at the indicated times after administration of 1g/kg D-glucose (Sigma-

Aldrich) by oral gavage with a feeding tube.



2.5.3 Glucose-stimulated plasma insulin. Tail vein blood was collected before, 15 and 30
minutes after oral glucose gavage with a feeding tube to measure plasma insulin as described above.

2.5.4 Insulin tolerance. Four hour fasted mice (0900-1300) were administered 0.75 U/kg insulin
(Eli Lilly) by intraperitoneal injection. Blood glucose was measured from tail vein blood using a hand-

held glucometer before and at the indicated times after injection.

2.6 GLP-1 measurement

Peripheral plasma active GLP-1 was measured after an overnight fast (1700-1000) and five
minutes after oral gavage of 1.5 g/kg D-Glucose [41]. Glucose was administered via a feeding tube to
avoid stimulation of the taste buds of the lingual epithelium. Blood was collected into EDTA coated
Microvettes (SARSTEDT) preloaded with enzyme inhibitor cocktail containing 0.5 M EDTA (Fisher),
283 uM aprotinin (Sigma-Aldrich), 10,000 U/mL heparin (Sigma-Aldrich), and 1.265 mM Diprotin A
(Bachem) [14]. GLP-1 was measured using the Active GLP-1 (ver.2) Assay Kit from Meso Scale
Discovery, which measures intact GLP-1 [GLP-1(7-36)amide and GLP-1(7-37)] to a lower limit of
detection of 0.12 pg/mL and has <0.1% cross reactivity with all other GLP-1 metabolites, including

GLP-1(9-36)amide and GLP-1(28-36)amide.

2.7 Tissue chemistries
Triglyceride levels were measured from frozen liver tissue by the UT Southwestern Medical

Center Mouse Metabolic Phenotyping Core.

2.8 Statistical analysis

All data are presented as mean + SEM. P-values less than .05 were considered statistically
significant. Student’s t-test was used to compare two sets of means with Welch’s correction, if required.
One-way ANOVA, followed by Tukey-Kramer post-hoc analysis, was used to compare three or more

means with one independent variable. Repeated measures two-way ANOVA was used to analyze body



weight curves. Glucose and insulin excursion curves were analyzed by area-under-curve analysis using
one-way ANOVA followed by Tukey-Kramer post-hoc analysis. Age-matched lean C57BL/6 control
mice were compared to RYGB-treated a-Gust’™ and GlpIr”~ mice using Student’s t-test, when

appropriate.

3. RESULTS
3.1 RYGB-enhanced GLP-1 secretion is attenuated in a-Gust™ mice

To first evaluate GLP-1 secretion in a-Gust’ mice with and without RYGB treatment, we
measured GLP-1 in the peripheral blood of WT and a-Gust"™ mice after RYGB or sham operations.
Fasting GLP-1 was undetectable in sham-operated WT and a-Gust’ mice (Table 1). By contrast,
fasting GLP-1 was elevated in RYGB-treated mice of both genotypes (Table 1). However, this effect
was attenuated in a-Gusf’ mice compared to WT (Table 1). After glucose administration via oral
gavage with a feeding tube, GLP-1 secretion was greatly enhanced in RYGB-treated WT mice
compared to sham (118+33, WT RYGB versus 21.6+£3.2 pg/mL, WT sham, P<.05) and this effect was
also attenuated in a-Gust’”™ mice (118+£33, WT RYGB versus 14.3+£2.4 pg/mL, a-Gust” RYGB, P<.05;
Figure 1 and Table 1). In fact, glucose-stimulated GLP-1 was actually lower in RY GB-treated a-Gust”
mice than in sham-operated WT mice (14.3+2.4, a-Gust’” RYGB versus 21.6+3.2 pg/mL, WT sham;
Figure 1 and Table 1). Since glucose-stimulated GLP-1 levels are lower in RYGB-treated a-Gust’™ than
in sham-operated WT mice, RYGB-induced effects occurring in a-Gust’™ mice are unlikely to be

related to enhanced glucose-stimulated GLP-1 levels.

3.2 RYGB reduces body weight and improves body composition in a-Gust” mice despite their
attenuated GLP-1 secretion

To investigate the consequence of attenuated GLP-1 secretion on RYGB-induced effects, we
examined body weight and body composition after RYGB or sham operations in a-Gust” mice. RYGB

and sham operations were performed in WT mice in parallel. RY GB-induced effects on body weight and



composition were compared to age-matched, non-operated lean controls to assess the magnitude of
RYGB-induced effects. RYGB reduced the body weight of a-Gust’ mice compared to sham mice
(Figure 2A, left). Expressed as a percentage of pre-operative weight, shams weighed 102.8+1.7% during
post-operative week 5 (Figure 2A, left). In contrast, RYGB mice weighed only 62.6+3.1% (Figure 2A,
left). As total body weight, shams weighed 47.2+1.0 g while RYGB mice weighed 28.9+1.5g, a
reduction of 39% (Figure 2B). RYGB reduced fat mass by 70% and lean mass by 15% (Figure 2, C and
D). Body weight, fat mass, and lean mass were reduced to a comparable extent by RYGB in WT mice
(Figure 2, A-D) and these parameters in RY GB-treated a-Gust”™ mice were comparable to non-operated,

age-matched lean C57BL/6 mice (Figure 2, B-D).

3.3 RYGB reduces food intake and increases energy expenditure in a-Gust”™ mice

In a-Gust"™ mice, daily food intake was reduced after RYGB from post-operative day 8 (the first
day of ad libitum feeding) through 24 after which it was equivalent to shams (Figure 3A). As measured
through post-operative week 5 (day 35), cumulative intake was reduced by 18% in RY GB-treated mice
compared to shams (Figure 3B). In WT mice after RYGB, daily food intake was reduced from day 8
through 11 after which it was equivalent to shams (Figure 3C). As a result of this more contracted period
of early reduced intake, cumulative intake through week 5 was not reduced (Figure 3D).

To investigate the contribution of this pattern of reduced intake to RYGB-induced weight
reduction, a cohort of sham-operated a-Gust’ mice were pair-fed to RYGB mice from day 8 through the
end of week 5. Compared to the 40.2% reduction of normalized body weight observed in RYGB mice,
the reduction observed in PF-shams was only 16% (Figure 2A, left). This difference in body weight was
predominately due to a difference in fat mass (Figure 2C). A similar pattern was observed in WT mice
except that the body weight difference between PF-sham and sham mice was only 6.4% (Figure 2A, right)
consistent with their more protracted interval of early reduced intake.

Consistent with the greater weight reduction observed in RYGB mice compared to PF-Shams,

RYGB also reduced feeding efficiency (weight gain per kJ consumed) in a-Gust’ mice by 86.4% and



84.0% compared to sham and PF-sham mice, respectively (Figure 3E, left). We have previously
demonstrated that RYGB in mice reduces total calorie absorption to a small extent [34] and this effect
was also observed in a-Gust”™ mice (Supplementary Figure 1A). However, even after adjusting for this
reduced absorption, feeding efficiency was still reduced by 84.6% (Supplementary Figure 1B)
demonstrating a relatively insignificant contribution of fecal calorie losses to RYGB-induced weight loss.
We have also previously demonstrated that RYGB has no effect on physical activity in mice [34].
Substantially reduced feeding efficiency in the setting of insignificant fecal calorie losses would therefore
suggest the predominant mechanism of weight loss is increased energy expenditure. To estimate the
relative contribution of increased energy expenditure to the observed weight loss, we calculated total 24-
hr energy expenditure. In a-Gust™ mice, RYGB increased total energy expenditure by 12.8% and 30.9%
compared to sham and PF-sham mice, respectively (Figure 3F, left). In WT mice, RYGB induced a
similar reduced feeding efficiency and increased total energy expenditure as in a-Gust”™ mice (Figure 3, E
and F). These data demonstrate that despite attenuated GLP-1 secretion, RYGB still reduced body weight,
fat mass, lean mass, food intake, and feeding efficiency as well as increased energy expenditure in a-

WA
Gust’™ mice.

3.4 RYGB improves glucose homeostasis in a-Gust™ mice

In a-Gust"™ mice, RYGB improved glucose and insulin tolerance and reduced fasting blood
glucose, fasting plasma insulin, HOMA-IR and glucose-stimulated plasma insulin (Figure 4, A-F).
Notably, these measures were improved to levels observed in lean, age-matched C57BL/6 control mice
(Figure 4, A-F). RYGB also reduced fasting hepatic triglyceride content (Supplementary Figure 2).
Consistent with our previous observations [34], RYGB induced similar improvements in glucose
homeostasis and hepatic triglyceride in WT mice (data not shown).

To control for gluco-regulatory effects of RYGB-induced weight loss, we also studied a-Gust”

and WT WM-sham mice. In these mice, post-operative body weight (Supplementary Figure 3A) and



composition (data not shown) were equivalent to RYGB mice of the same genotype. As expected, fasting
GLP-1 was undetectable in WM-shams (Table 1). Compared to shams, glucose-stimulated GLP-1 was
slightly reduced in WM-shams of both genotypes, reaching significance in only o-Gust’ mice (Figure 1).
As seen in sham and RYGB mice, glucose-stimulated GLP-1 was attenuated in o-Gust” WM-shams
compared to their WT counterparts (Figure 1). Despite reduced GLP-1 compared to shams, WM-shams
of both genotypes exhibited improved fasting blood glucose and insulin, HOMA-IR, glucose tolerance,
insulin tolerance, and fasting hepatic triglyceride content to an equivalent extent as in RYGB-treated mice
(Figure 4, Supplementary Figure 2, and data not shown). These data demonstrate that despite attenuated
GLP-1 secretion, RYGB induced the expected improvement in glucose homeostasis and reduction of
hepatic triglyceride in o-Gust’ mice.

To investigate if the enhanced GLP-1 secretion is involved in the augmented glucose-stimulated
plasma insulin observed after RYGB, we compared plasma insulin levels 15 minutes after administration
of oral glucose in WT and a-Gust” RYGB and WM-=-sham mice. This time-point was chosen as it
represents the peak of the plasma insulin curve observed after oral glucose administration (Figure 4B).
Responses in RYGB and WM-sham mice were compared to control for the effect of weight reduction on
plasma insulin. In WT mice, RYGB increased glucose-stimulated plasma insulin compared to WM-
shams and this effect was lost in a-Gust™ mice (Supplementary Figure 3B, left and middle panels). As
glucose tolerance was comparably improved in WT and a-Gust’~ mice, this suggests that augmented

glucose-stimulated insulin secretion is not required for improved glucose tolerance after RYGB.

3.5 GLP-1R is dispensable for the beneficial effects of RYGB on body weight and energy balance.

While RYGB-induced GLP-1 secretion was substantially attenuated in a-Gust”™ mice, which
would lead to diminished levels of circulating intact GLP-1 and GLP-1(9-36)amide/GLP-1(28-

36)amide, it was not completely absent (Figure 1). Thus, the possibility still exists that enhanced GLP-



1R signaling, perhaps reflecting receptor/post-receptor sensitization, contributes to an effect of GLP-1
during RYGB. We investigated this hypothesis using Glp/r"~ mice. Despite complete absence of the
classical GLP-1R receptor, RYGB reduced body weight, fat mass, and lean mass in GlpIr”"" mice
(Figure 5, A-C) and these parameters were reduced to levels observed in lean, age-matched C57BL/6
controls (Figure 5, A-C). The effects of RYGB to transiently reduce daily energy intake, reduce
feeding efficiency, and increase total energy expenditure were all preserved in GlpIr’~ mice (Figure 5,

D-F).

3.6 GLP-1R is dispensable for the beneficial effects of RYGB on glucose homeostasis.

Again, despite complete absence of the classical GLP-1R, RYGB improved glucose tolerance and
insulin tolerance in GlpIr” mice (Figure 6, A and B). Glucose-stimulated plasma insulin was unchanged
(Figure 6C). In the fasted state, blood glucose was reduced after RYGB, but not plasma insulin (Figure 6,
D and E). Nonetheless, HOMA-IR was still reduced (Figure 6F). These findings demonstrate an overall
pattern of improved insulin sensitivity occurring in Glpr”~ mice after RYGB. Glucose and insulin
tolerance, fasting blood glucose, HOMA-IR, and fasting hepatic triglyceride content were comparably
improved in RYGB-treated and WM-sham GIp1r" mice (Figure 6 and Supplementary Figure 2). As in a-
Gust"™ mice, RYGB failed to increase plasma insulin 15-minutes after administration of oral glucose
compared to WM-shams (Supplementary Figure 3B, right). Thus, GLP-1 function via its classical

receptor is dispensable for the weight-reducing, energetic, and gluco-regulatory effects of RYGB.



4. DISCUSSION

Herein, we demonstrate that attenuated secretion of GLP-1 (including that of its bioactive
metabolites) and lack of classical GLP-1R signaling do not prevent the overall beneficial effects of
RYGB in mice using two models of functional GLP-1 deficiency. We intentionally studied two distinct
yet complementary mouse models exhibiting altered GLP-1 action, a-Gust’”™ mice and GlpIr”~ mice, to
delineate the importance of the classic GLP-1R versus the potential contribution of two smaller GLP-1-
derived peptides, GLP-1(9-36)amide and GLP-1(28-36)amide. Both GLP-1 degradation metabolites
improve glucose homeostasis, suppress hepatic glucose production, decrease hepatic steatosis, and
attenuate weight gain through GLP-1R-independent mechanisms, actions overlapping, to a considerable
extent, with those exhibited by degradation-resistant GLP-1R agonists acting through the classical GLP-
IR [21, 22]. Hence, genetic disruption or pharmacological blockade of the GLP-1R would not eliminate
the contribution(s) of GLP-1(9-36)amide and GLP-1(28-36)amide to the phenotypes observed after
RYGB. In contrast, a-Gust"™ mice exhibit markedly lower levels of RYGB-induced intact GLP-1
secretion, and consequently its most common degradation products, GLP-1(9-36)amide and GLP-1(28-
36)amide.

First, we demonstrate that the effect of RYGB to enhance GLP-1 secretion is a-gustducin-
dependent as GLP-1 secretion was significantly attenuated in a-Gust™ mice. Nonetheless, RYGB still
reduces body weight, reduces fat and lean mass, reduces food intake, increases total energy expenditure,
improves glucose homeostasis, and reduces hepatic triglyceride in these mice. Thus, enhanced GLP-1
secretion (and generation of its bioactive metabolites) does not seem predominantly responsible for the
beneficial effects of RYGB on body weight, body composition, energy balance, or glucose homeostasis.

While peripheral GLP-1 levels are substantially attenuated in a-Gust”™ mice, they are not entirely
lost. In addition, GLP-1 is also expressed in the central nervous system where it is believed to play
important roles in feeding, weight regulation, and glucose homeostasis [18, 42, 43]. To investigate the

possibility that central GLP-1 and/or enhanced GLP-1 function, perhaps as a consequence of



receptor/post-receptor sensitization, are involved in effects of RYGB, we performed RYGB in Glp1r"
mice. We found that RYGB still reduces body weight, improves body composition, reduces food intake,
increases total energy expenditure, improves glucose homeostasis, and reduces hepatic triglyceride
content in Glp/r"" mice. The magnitude of the effect of RYGB in both genetic models is demonstrated by
the fact that RYGB improves body weight/composition and glucose homeostasis to the same degree as in
WT diet-induced obese mice as well as to the levels observed in age-matched, lean C57BL/6 control mice
despite different diets (ad libitum consumption of regular chow by lean controls versus high fat diet).
Thus, enhanced GLP-1 function (central or peripheral) via the classical GLP-1R is not required for the
beneficial effects of RYGB. The Glp/r~ model represents the more robust dataset regarding the role of
GLP-1 during RYGB as these mice lack the classical GLP-1R, through which most of the appetitive,
gastrointestinal motility, insulinomimetic, insulinotropic, and gluco-regulatory functions of GLP-1 occur
[18]. Our data are consistent with that from the Seeley group who recently found that GLP-1R is not
required for weight loss and improved glucose homeostasis after vertical sleeve gastrectomy in mice. Our
results extend this notion to RYGB, which is an important finding given studies in humans [40, 44] and
rats [45, 46] suggesting that RYGB and vertical sleeve gastrectomy may differ mechanistically as well as
anatomically (reviewed in [47]).

A seemingly minimal role for GLP-1 in the gluco-regulatory effects of RYGB is further
supported by our findings in WM-sham mice. In WT and a-Gust”~ WM-sham mice, glucose-stimulated
peripheral GLP-1 is actually reduced compared to shams. Despite this, glucose homeostasis was
improved in WM-sham mice (of all three genotypes) compared to shams and to an equivalent extent as
seen in RYGB-treated mice. Thus, the anti-diabetic effect conferred by comparable weight loss to that of
RYGB is sufficient to improve glucose homeostasis in the settings of attenuated peripheral GLP-1 levels
and lack of GLP-1R signaling. This is consistent with human studies in which patients undergoing
equivalent weight loss via mechanisms that do not enhance gut hormone secretion (i.e., calorie restriction
and restrictive bariatric procedures) exhibit comparable improved glucose homeostasis to RYGB [6, 48-

51]. In addition, despite the fact that WT WM-sham mice do not exhibit the enhanced glucose-stimulated



plasma insulin observed in WT RYGB mice, glucose excursion in these mice is equivalent. Thus, this
effect on plasma insulin is also dispensable for improved glucose homeostasis after RYGB. While the
significance of this effect for improved glycemia is unclear, it requires a-gustducin and GLP-1R. These
findings are consistent with reports in patients in which pharmacologic GLP-1R antagonism attenuates
enhanced insulin secretion observed after RYGB yet has no or only a minimal effect on glycemia [8-10].
Our data do not eliminate the possibility that GLP-1, either via its intact peptide acting via the
GLP-1R or through GLP-1(9-36)amide or GLP-1(28-36)amide, is involved in effects of RYGB on energy
balance, glucose homeostasis, and hepatic triglyceride, but rather that it is not required. It remains
possible that GLP-1 is sufficient for or only a minor contributor to the myriad of RYGB-induced
beneficial effects given the effects of pharmacologic GLP-1R antagonism to attenuate enhanced insulin
secretion in patients and improve glucose homeostasis in rodents after RYGB. Our data also do not
eliminate the possibility that gut hormones other than GLP-1 are involved, as would be suggested by the
effects of octreotide (an inhibitor of gut hormone secretion) to increase food intake in patients and rodents
after RYGB [5, 11]. It would be surprising that any single hormone could explain a complex mechanism
of cross talk between the gut and the remaining viscera. Therefore, single molecule knock-outs will
probably fail to explain a complete story of bariatric procedures’ effects on metabolism. A more
plausible theory is that multiple hormones or neuro-hormonal circuits relay the altered message from the
gastrointestinal tract to other organs involved in energy and glucose homeostasis after RYGB. Definitive
clarification of the possible role of other gut hormones in RYGB effects and the mechanism by which a-

gustducin enhances GLP-1 secretion after RYGB remains an important goal.

Despite consuming an equivalent number of daily and cumulative calories, RYGB WT mice were
more substantially weight-reduced than PF-shams (29%, RYGB versus 6.4%, PF-shams). As reduced
absorption was a negligible contributor to RYGB-induced weight loss, we can estimate that reduced
intake after RYGB accounts for 22% of the observed weight loss while increased total energy expenditure

accounts for 78%. Similar contributions of reduced intake and increased energy expenditure were



observed in a-Gust”™ and GlpIr”~ mice further demonstrating a minimal role of GLP-1 signaling in the

energetic and weight-reducing effects of RYGB.

Notably, RYGB mice of all genotypes maintained a stable reduced body weight compared to
shams during both the early period of increasing post-operative intake as well as once intake was
equivalent to shams. In addition, RYGB reduced the body weight of mice of all three genotypes to that
of lean, adult C57BL/6 control mice (e.g., WT RYGB mice weigh 33.7+1.6g versus 33.1£1.3 g for lean
adult C57BL/6 mice) , which consume ~37% fewer calories per day (data not shown) of a lower energy
diet (regular chow). These observations suggest that RYGB induces an energetic response to maintain (or
“defend”) a lower body weight. This hypothesis is reinforced by the fact that total energy expenditure is
increased by 46% increase in RYGB compared to WM-shams (data not shown), despite a comparable
reduction of body weight and fasting leptin [34]. In other words, the same degree of weight reduction and
leptin withdrawal capable of inducing a substantial compensatory anabolic response in WM-sham mice
does not do so in RYGB mice. Instead, RYGB mice remain weight neutral due to an increased
maintenance metabolic requirement. An understanding of these effects has implications for the
development of adjunctive therapy for patients undergoing RYGB aimed at augmenting early post-
operative weight loss as well as preventing substantial late post-operative weight regain by offsetting the

associated increase in feeding [52, 53].

The strengths of our study include the reproducibility of our robust model of Roux-en-Y gastric
bypass in mice that recapitulates the beneficial effects of the procedure in humans, our careful
phenotyping of loss-of-function genetic models to investigate the mechanisms of RYGB, and our
identification of a mechanism whereby the altered gut anatomy after RYGB engages entero-endocrine
cells of the gut via a-gustducin to enhance GLP-1 secretion. The limitations of our study include (1) that
the secretion profiles of ghrelin and glucose-dependent insulinotropic polypeptide, and possibly other gut
hormones, are altered in o-Gust’ mice and that these alterations may affect the phenotype (or

consequences) of GLP-1 deficiency observed in this model. (2) Despite fasting and glucose-stimulated



GLP-1 levels being substantially attenuated in o-Gust”™ mice, they are not completely lost. As we did not
assay residual GLP-1 activity, a conclusion of complete functional GLP-1 deficiency is therefore
precluded. (3) As we did not measure portal venous levels of GLP-1 (we have found this technically
impossible due to post-surgical scarring), the possibility exists that peripheral levels do not accurately
reflect the consequences of a-gustducin deficiency on GLP-1 secretion. (4) The possibility of biological
compensation always exists when using genetic models utilizing germline or early (i.e., pre-natal or neo-
natal) deletion.

In summary, using two models of functional GLP-1 deficiency (i.e., secretory and receptor/post-
receptor function), we demonstrate that intact GLP-1 (via the classical GLP-1R) and its degradation
metabolites (via GLP-1R-independent mechanisms) are unlikely to mediate the major effects of RYGB
on body weight, energy balance, body composition, glucose homeostasis, and hepatic triglyceride content.
We further demonstrate that RYGB utilizes taste receptor signaling via a-gustducin to enhance peripheral
GLP-1 secretion. In L-cells of the intestine and colon, a-gustducin couples cell surface receptors for
luminal carbohydrates, bile acids, and fatty acids to GLP-1 secretion. How the rearranged post-RYGB
gut engages this mechanism is currently unclear. Given the preserved response of a-Gust” mice to the
beneficial effects of RYGB, the significance of this interaction is also unclear. We further demonstrate
that RYGB-induced weight reduction alone (i.e., in the absence of enhanced GLP-1 secretion) is
sufficient to confer the majority of the RYGB-induced anti-diabetic effect. Continued investigation to

determine alternative afferent, gut-derived mechanisms induced by RYGB remains an important goal.
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Figure 1: RYGB-enhanced GLP-1 secretion is attenuated in a-Gusf’ mice. RYGB greatly enhanced
glucose-stimulated GLP-1 in WT mice and this effect was attenuated in a-Gust” mice. Stimulated GLP-1
was reduced in a-Gust” mice WM-sham compared to shams. (n=6, sham; n=6, RYGB; n=6, WM-sham).
Values are expressed as mean + SEM. One-way ANOVA was used to compare surgical interventions
within a genotype. Student’s t- test was used to compare the effect of surgical intervention across

genotype. -, P<.05 versus sham; *, P<.05 versus RYGB; ¢ P<.05 a-Gust " versus WT.

Figure 2: RYGB reduces body weight and improves body composition in a-Gust” mice. (A) Body
weight, expressed as a percentage of pre-operative values, was reduced in RYGB-treated a-Gust mice
(left) compared to sham and PF-sham mice. RYGB induced a comparable reduction in WT mice (right).
(B) Total body weight, (C) fat mass, and (D) lean mass (as measured during post-operative week 5) were
reduced after RYGB in a-Gust mice to levels observed in non-operated, age-matched lean C57BL/6
control mice (Lean (C57)). (n=6-11, sham; n=7-12, RYGB; n=7, PF-sham; n=7, Lean (C57)). Values are
expressed as mean £ SEM. Two-way ANOVA with repeated measures was used to compare weight over
time among surgical interventions within a genotype. One-way ANOV A was used to compare surgical
interventions within a genotype. Student’s t-test was used to compare RYGB-treated a-Gust’” mice and

Lean (C57) controls. " P<.05 versus sham; *, P<.05 versus RYGB; NS = not significant.

Figure 3: RYGB reduces food intake and increases total energy expenditure in o-Gust’ mice. (A)
RYGB reduced daily intake in o-Gust” mice from post-operative day 8 through 24. Thereafter, daily
intake in RYGB and sham mice was equivalent. (B) RYGB reduced cumulative intake through week 5
in o-Gust " mice. (C) RYGB reduced daily intake in WT mice from day 8 through day 11. (D)
Cumulative intake through week 5 was not reduced in WT mice after RYGB. (E) RYGB reduced
feeding efficiency and increased (F) total energy expenditure in o-Gust”™ (left) and WT (right) mice

compared to sham and PF-sham. (n=6-7, sham; n=7-9, RYGB; n=7, PF-sham). Values are expressed as



mean £ SEM. One-way ANOVA was used to compare surgical interventions within a genotype.
Student’s t- test was used to compare the effect of RYGB on daily intake compared to shams. ~, P<.05

versus sham; ”, P<.05, versus RYGB; NS = not significant.

Figure 4: RYGB improves glucose homeostasis in o-Gust” mice. (A) Oral glucose tolerance, (B)
glucose-stimulated plasma insulin, (C) insulin tolerance, (D) fasting blood glucose, (E) fasting plasma
insulin, and (F) HOMA-IR were improved after RYGB in o-Gust" mice. These parameters in RYGB
mice were comparable to WM-shams and lean C57BL/6 controls. (n=4-11, sham; n=6-12, RYGB; n=6-7,
WM-sham; n=6-7, Lean (C57)). Values are expressed as mean = SEM. Curves were analyzed by area
under the curve analysis, using trapezoidal rule. One-way ANOVA was used to compare surgical
interventions within a genotype. Student’s t-test was used to compare RYGB-treated a-Guss™ mice and

Lean (C57) controls. ", P<.05, versus sham; NS = not significant.

Figure 5: RYGB reduces body weight, improves body composition, and increases total energy
expenditure in GlpIr”" mice. (A) Body weight, (B) fat mass and (C) lean mass were all reduced in Glp/r"
mice after RYGB to the level of age-matched lean C57BL/6 control mice [Lean (C57)]. (D) Daily intake
was reduced in Glp/r"~ mice through post-operative day 18 compared to shams, but no difference was
observed thereafter. (E) Feeding efficiency was decreased and (F) total energy expenditure was increased
after RYGB in Glpl # mice. [n=9, sham; n=9, RYGB; n=7, Lean (C57)]. Values are expressed as mean

/

+ SEM. Student’s t-test was used to compare RY GB-treated Glp/r"" mice to Glplr"~ shams and Lean

(C57) controls. * P <.05, versus sham; NS = not significant.

Figure 6: RYGB improves glucose homeostasis in GlpIr” mice. (A) Oral glucose tolerance (B) insulin
tolerance, (C) glucose-stimulated plasma insulin, (D) fasting blood glucose, (E) fasting plasma insulin,
and (F) HOMA-IR in RYGB, sham, and WM-sham Gipl ¥ mice. (n=8-10, shams; n=8-11, RYGB; n=4-

7, WM-sham). Values are expressed as mean + SEM. Curves were analyzed by area under the curve



analysis, using trapezoidal rule. One-way ANOVA was used to compare surgical interventions within a

genotype. , P <.05, versus sham.

Table 1. Peripheral GLP-1 levels in WT and a-Gust”™ mice. Fasting plasma GLP-1 in WT and a-Gust”
mice was collected from tail vein after an overnight fast. Glucose-stimulated plasma GLP-1 was collected
5 minutes after administration of 1.5 g/kg of D-glucose via oral gavage through a feeding tube in both
genotypes. (n=6, sham; n=6, RYGB; n=6, WM-sham). Values are expressed as mean = SEM. One-way
ANOVA was used to compare surgical interventions within a genotype. Student’s t- test was used to
compare the effect of surgical intervention across genotype. , P<.05 versus sham; *, P<.05 versus RYGB;
bolding, P<.05 a-Gust " versus WT.

Fasting GLP-1 (pg/mL)

Stimulated GLP-1 (pg/mL)

Sham RYGB WM-Sham Sham RYGB WM-Sham
* #
WT < assay 12.96 +4.26 < assay 21.62+3.23 117.56 +32.77 8.75+2.25
* *®
a—GuSt'/' < assay 2.66 £ 0.39 < assay 8.07 +1.18 14.28 £ 2.42 1.60 £ 0.23
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Figure 3
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Figure 6
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