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Peripheral activation of the Y2-receptor promotes
secretion of GLP-1 and improves glucose tolerance
Keval Chandarana 1, Cigdem Gelegen 1, Elaine E. Irvine 2, Agharul I. Choudhury 2, Chloé Amouyal 3,4,
Fabrizio Andreelli 3,4, Dominic J. Withers 2, Rachel L. Batterham 1,5,*
ABSTRACT
The effect of peptide tyrosine–tyrosine (PYY) on feeding is well established but currently its role in glucose homeostasis is poorly defined. Here we
show in mice, that intraperitoneal (ip) injection of PYY3-36 or Y2R agonist improves nutrient-stimulated glucose tolerance and enhances insulin
secretion; an effect blocked by peripheral, but not central, Y2R antagonist administration. Studies on isolated mouse islets revealed no direct effect
of PYY3-36 on insulin secretion. Bariatric surgery in mice, enterogastric anastomosis (EGA), improved glucose tolerance in wild-type mice and
increased circulating PYY and active GLP-1. In contrast, in Pyy-null mice, post-operative glucose tolerance and active GLP-1 levels were similar in
EGA and sham-operated groups. PYY3-36 ip increased hepato-portal active GLP-1 plasma levels, an effect blocked by ip Y2R antagonist.
Collectively, these data suggest that PYY3-36 therefore acting via peripheral Y2R increases hepato-portal active GLP-1 plasma levels and improves
nutrient-stimulated glucose tolerance.
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1. INTRODUCTION

A number of gut-derived hormones that regulate bodyweight and
glucose homeostasis have been identified [1,2]. Recently, the marked
effects of bariatric surgery, which alters nutrient flow through the
gastrointestinal (GI) tract, on weight-loss and glucose homeostasis
has intensified research efforts aimed at understanding gut hormone
biology [3]. Gastric bypass surgery, the current gold standard bariatric
procedure, leads to marked concomitant increases in nutrient-stimulated
circulating levels of the L-cell products peptide YY (PYY) and glucagon-
like peptide-1 (GLP-1), which occur early post-surgery and indepen-
dently of weight-loss [4]. Increased PYY is thought to reduce appetite
and drive weight-loss [5], whilst increased GLP-1 mediates improved
glycemia post-surgery [5].
GLP-1 is synthesised by post-translational processing of pro-glucagon
as two major active molecular forms; GLP-1(7–36) amide, the
predominant circulating form, and GLP-1(7–37). In response to
nutrient-ingestion, circulating active GLP-1 levels increase rapidly and
remain elevated for several hours. The greatest circulating active GLP-1
concentrations are found in the hepato-portal circulation, with only a
small proportion of active GLP-1 reaching the systemic circulation [6].
The main biological actions of active GLP-1 are on glucose homeostasis;
increased glucose-stimulated insulin release and insulin biosynthesis as
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well as suppressed glucagon production. These effects are limited by its
short half-life, due to rapid degradation by dipeptidyl peptidase-4
(DPP-4). Hence, DPP-4 resistant GLP-1 analogs/receptor agonists and
DPP-4 inhibitors have been developed for treating patients with type
2 diabetes mellitus (T2DM) [7].
PYY circulates as two major forms, PYY1-36 and PYY3-36, which
exhibit differential Y-receptor (YR) subtype affinity and biological
actions. PYY1-36 activates all YR subtypes whereas PYY3-36,
generated by cleavage of two N-terminal amino acids by DPP-4 [8],
displays Y2R selectivity [9,10]. PYY3-36 is the predominant circulating
form and its role in appetite control has been well-characterised;
exogenous administration of PYY3-36 reduces food intake in both
animals and humans [10] whilst Pyy-null mice are hyperphagic and
develop obesity [11,12]. However, the exact function of PYY in energy
balance is disputed. Anatomical and electrophysiological studies in
rodents together with functional magnetic resonance imaging studies
in humans indicate that PYY3-36 acts in key homeostatic and reward
brain regions to regulate feeding behavior. Central nervous system
(CNS) pharmacological blockade, using a highly selective Y2R
antagonist (BIIE0246) [13] abrogates the anorexigenic action of
peripherally administered PYY3-36 [14], suggesting that the primary
activity of PYY, with respect to appetite regulation, is mediated by
central Y2R.
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The role of PYY in glucose homeostasis remains controversial [15].
However, several lines of evidence suggest a potential role for PYY in
glucose regulation. Pyy is expressed in pancreatic islets where it is
thought to regulate insulin secretion; in vitro studies show that PYY1-36
causes a dose-dependent inhibition of insulin secretion [16] and islets of
Pyy-null mice hypersecrete insulin [12]. Evidence for a potential gluco-
regulatory role of circulating PYY is suggested by studies in rodents
showing that intravenous PYY3-36 infusion, to high-fat diet fed mice
during a hyperinsulinaemic–euglycaemic clamp improved glucose
disposal and that repeated peripheral administration of PYY3-36 or
Y2R agonists to rodents improves glycemic indices [17–19]. However,
the concomitant effects of PYY3-36/Y2R on feeding and adiposity
observed in these studies confounds the interpretation of these findings.
In humans, PYY3-36 infusion studies have reported no effect on glucose
homeostasis [20–22]. However, circulating PYY3-36 levels are greatest
in the post-prandial state and these studies examined glucose and
insulin concentrations in the fasted state. Thus, we undertook a series of
studies in mice to examine the effects of peripheral PYY on nutrient-
stimulated glucose tolerance and investigated the potential mechanisms
underlying the gluco-regulatory actions of peripheral PYY3-36.
2. MATERIALS AND METHODS

2.1. Peptides and compounds
Murine PYY1-36 (Bachem, UK), murine PYY3-36 (Bachem, UK),
Y2R agonist (N-Acetyl-[Leu28,Leu31]-neuropeptide Y24–36 (Sigma, UK),
exendin9-39 (Bachem, UK), angiontensin II (Sigma, UK) were dissolved
in saline (0.9% NaCl) and used at the doses indicated in individual
experiments. The Y2R antagonist, (S)-N2-[[1-[2-[4-[(R,S)-5,11-dihydro-6
(6H)-oxodibenz[b,e]azepin-11-yl]-1-piperazinyl]-2-oxoethyl]cyclopentyl]
acetyl]-N-[2-[1,2-dihydro-3,5(2H)-dioxo-1,2-diphenyl-3H-1,2,4-triazol-
4-yl]ethyl]-argininamide, BIIE0246 formate, (Tocris, UK) was dissolved in
5% DMSO. For intracerebroventricular (ICV) studies, compounds were
further diluted in artificial cerebrospinal fluid (aCSF) as required. Animals
not receiving specific compounds for each experiment were adminis-
tered vehicle as appropriate for each study.

2.2. Mice
Male adult mice were maintained on a 12 h light/12 h dark cycle under
constant temperature, free access to water and allowed access to
standard mouse chow (Teklad Global 2018) or high-fat diet (HFD) chow
(D12451, Research Diets Inc., USA) as outlined for each study. Following
acclimatisation and handling, mice were studied aged between 10 and
16 weeks. C57BL/6 mice were purchased (Charles River Ltd., UK). The
generation and genotyping of Pyy-null mice has been previously
described [11]. Male Pyy-null and WT mice were bred and genotyped
in-house. All studies were performed in accordance to the Home Office
Animal Procedures Act (1986) and European Convention for the
Protection of Laboratory Animals. Food/mouse weights were measured
using a Sartorius BP610 balance.

2.3. Assessment of glucose homeostasis in vivo
Blood samples were collected from mice via tail vein bleeds. Glucose
phenotyping studies were carried out as previously described [23].
Intraperitoneal glucose-tolerance tests (IPGTT) were performed after an
overnight fast. A baseline (0 min) blood sample was taken. Mice were
then injected ip with D-glucose at a dose of 2 g/kg of mouse
bodyweight. Glucose concentrations were then measured at 15 min,
30 min, 60 min, 90 min and 120 min following injection. Antagonists
MOLECULAR METABOLISM 2 (2013) 142–152 Crown Copyright & 2013 Published by Elsevier GmbH.
were administered as described 30 min prior to feeding/glucose
injections. For assessment of post-prandial glucose and hormone
responses mice were trained to eat 1 g of a HFD (4.73 kcal) within a
60 min period. Mice were exposed to this procedure on four occasions
each separated by 5 days of normal feeding days prior to experiments
being carried out to allow habituation to protocol.
2.4. Intracerebroventricular (ICV) cannulation and Y2R antagonist
administration
Under isoflurane anaesthesia a stainless steel cannulae was inserted
into the third ventricle (midline 0 mm, 0.82 mm posterior from bregma,
depth 4.8 mm from skull surface). Post-operatively, mice were singly-
housed and given 1 week to recover. Cannula placement was confirmed
by a positive dipsogenic response (persistent drinking response within
2 min) following ICV administration of 1 μl angiotensin II (10 ng/μl) [24].
ICV injection of the Y2R antagonist or vehicle was administered 30 min
before an IPGTT test was performed with either glucose or glucose
containing PYY3-36 (5 μg/100 g of bodyweight).
2.5. Islet isolation and in vitro studies
Islet isolation and static incubation studies were carried out as
previously described [25]. Briefly, mice were sacrificed by cervical
dislocation and a laparotomy performed. The common bile duct was
clamped and a Liberase solution (Roche, UK) solution was injected into
the pancreatic duct resulting in pancreatic disruption. The pancreas was
excised, and mechanically disrupted. Tissue components were collected
and washed before Ficoll gradient centrifugation. Islets were hand-
picked. For insulin secretion studies, isolated islets were cultured
overnight in DMEM with 11 mmol/l glucose. Static insulin release was
assessed using batch cultures of 10 islets with additional D-glucose and/
or compounds as indicated.
2.6. Studies on Pyy-null mice and wild-type mice
Male Pyy-null mice (n¼30) and their wild-type (WT) littermates (n¼30)
were weaned at 3 weeks of age. Pyy-null mice gain more weight on
control and HFD than their WT littermates [11]. Thus, to enable weight-
matching, 6-week old WT mice were commenced on HFD whilst the
Pyy-null mice continued on control-diet until aged 14 weeks when they
were switched to HFD [26]. At 24 weeks of age, 16 weight-matched
mice from each group were transported to facilities where the surgery
was to be performed. Mice were then acclimatised for 1 week prior to
randomisation to bypass (n¼8 per genotype) or sham surgery (n¼8
per genotype). The surgery group underwent EGA under isoflurane
anesthesia as previously described [26]. In brief, a midline laparotomy
was performed and the pyloric sphincter ligatured, followed by
anastomosis between the mid-jejunum and stomach fundus, excluding
the duodenum and the proximal jejunum from nutrient flow. Sham-
operated counterparts were anesthetized for similar time periods; a
midline incision was made, and the stomach and intestines exposed and
manipulated. Previous studies by Troy et al., demonstrated that food
intake returned to pre-surgery levels in the sham-operated group and
had stabilised in the EGA group by 3 days post operatively [27]. At
5 days post-surgery, a time period chosen to allow recovery from
surgery but to minimize the weight differences between groups, mice
underwent an IPGTT. Mice were then sacrificed 10 days post-operatively
following an overnight fast and blood collected by cardiac puncture as
described below.
All rights reserved. www.molecularmetabolism.com 143
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2.7. Terminal procedures
Mice were sacrificed by terminal anaesthesia following a 16 h fast.
Blood was immediately collected by cardiac puncture or from the
hepatic portal vein. For the active GLP-1 time course experiment,
overnight fasted mice were injected ip with glucose 2 g/kg. Mice were
then anaesthetised and blood collected from the hepatic portal vein at 0,
5, 15, 20, 25 and 30 min post-injection. For measurement of active
GLP-1, DPP-4 inhibitor [10 μl/ml of blood] (Millipore, Watford, UK), was
drawn into a chilled syringe before blood collection. Blood was
transferred from syringes to tubes containing 0.5 M EDTA [50 μl/ml of
blood], and aprotinin, [5000 Kallikrein inhibitor units (KIU)/ml of blood]
(Trasylol; Bayer, UK). All samples were kept on ice until processing.
Blood tubes were centrifuged for 15 min at 10,000 rpm at 4 1C. Plasma
was then separated and stored at −80 1C until assayed.

2.8. Quantitative PCR analyses of gene expression
Islet total RNA was extracted using RNAeasy kit as per manufactures
instructions (Qiagen, UK). Total RNA was also extracted from homogenised
brainstem using TRIzol reagent (Invitrogen UK). Brainstem blocks were
composed of pons and medulla regions of the hind brain and excluded
cerebellum; dissection of the block started cranially at the level of
intersection between midbrain and pons, and finished caudally at the level
of intersection between pons and spinal cord [28]. Total RNA was
quantified using a NanoDrop Bioanalyzer ND1000 (NanoDrop UK) and
cDNA synthesised using a TaqMan Retrotranscription kit (Applied
Biosystems, UK). Real-time quantitative PCR was performed using
proprietary sequence Taqman Gene Expression assay FAM/TAMRA probes
with Hprt1 as the housekeeping gene (Applied Biosystems, UK).

2.9. Hormone assays
Plasma insulin and active GLP-1 were measured with ELISA kits
(Millipore, Watford, UK), and total plasma PYY was measured by
radioimmunoassay (Millipore, Watford, UK) according to manufacturer
specifications. To reduce inter-assay variation, samples from each
experiment were assayed together.

2.10. Statistical analysis
Results are expressed as mean±standard error of mean (SEM). Values
for integrated area under the curve (AUC) were calculated using the
trapezoid rule. Between treatments comparisons were made using t-test
or analysis of variance (ANOVA) with Newman–Keul or Dunnett post-hoc
tests where appropriate. P≤0.05 was considered significant.
3. RESULTS

3.1. Effect of peripheral PYY administration on glucose tolerance and
insulin secretion
To evaluate the acute effect of PYY1-36 and PYY3-36 on glucose
homeostasis we undertook IPGTT in adult male C57Bl/6 mice in
combination with exogenous PYY1-36 or PYY3-36 administration.
PYY1-36 administration (5 μg/100 g of bodyweight) had no significant
effect on glucose excursions or glucose AUC0–120 (glucose AUC0–120
[mmol/L�min]; glucose alone¼1517±46, glucose plus PYY1-
36¼1441±33, n¼10 per group, P¼0.15). In contrast, ip PYY3-36
administration (5 μg/100g of bodyweight) significantly reduced glucose
concentrations at 30 min, 60 min and 90 min post-injection (Figure 1A)
with reduced glucose AUC0–120 (Figure 1B). Assessment of plasma insulin
showed increased insulin secretion at 15 min post-glucose injection
following PYY3-36 administration compared to glucose alone with
144 MOLECULAR METABOLISM 2 (2013) 142–152 C
increased change in insulin concentration from baseline (Figure 1C) and
increased actual insulin levels (insulin concentration at 15 min post-
glucose injection (ng/ml); glucose alone¼0.34±0.04, glucose with PYY3-
36¼0.52±0.05, n¼8, P¼0.02). However, by 30 min post-injection
there was no difference in plasma insulin secretion between glucose
alone and glucose with PYY3-36 groups (data not shown). Injection of
PYY3-36 (5 μg/100 g of bodyweight) ip in the fasted state had no effect
on glucose concentrations (data not shown). However, when administered
in the post-prandial state, after a fixed-meal, PYY3-36 led to reduced
glucose levels at 15 min, 30 min and 45 min post-injection (Figure 1D);
(glucose concentration at baseline (mmol/L) ; saline alone¼6.2±0.2,
saline with PYY3-36¼6.3±0.2, n¼10, P¼0.87).

3.2. PYY3-36 alters glucose tolerance via peripheral Y2 receptor
activation
Next, to further evaluate the role of the Y2R in regulating glucose, we
undertook IPGTT using either D-glucose alone (2 g/kg bodyweight) or a
combination of the Y2R specific agonist, N-acetyl-[Leu28, Leu31]-NPY
24–36 at a dose of 5 μg/100 g bodyweight dissolved in D-glucose.
Similar to our findings with PYY3-36, we found that co-administration of
Y2R agonist with glucose significantly reduced blood glucose concen-
trations at 30 min, 60 min and 90 min compared to mice injected with
glucose alone (Figure 2A), resulting in an overall reduction in glucose
AUC0–120 (Figure 2B). Furthermore, blood samples collected at 0 min
and 15 min for insulin measurement revealed an enhanced insulin
secretion response with Y2R administration (Figure 2C).
The anorectic effects of peripherally administered PYY3-36 are blocked
by prior central administration of the Y2R specific antagonist, BIIE0246
[14] suggesting a central site of action of PYY3-36. Thus, we undertook
studies to assess whether PYY3-36 also elicits its effects on glucose
tolerance via central sites. First, we tested the dose and efficacy of ICV
BIIE0246 (1 μg in 1 μl) dissolved in artificial cerebrospinal fluid, by
emulating the feeding studies previously published [14]; antagonism of
Y2R in the fed state resulted in a significant increase in food intake (2 h
food intake (g): vehicle¼1.3±0.1, BIIE0246¼1.6±0.1, n¼12 per
group, P¼0.003). However, the improved glucose tolerance observed
with peripheral PYY3-36 administration was unaltered by CNS Y2R
blockade with BIIE0246 (Figure 2D). In contrast, peripheral Y2R blockade
through administration of ip BIIE0246 (2 mg/kg of bodyweight),
abolished the glucose-lowering effects of PYY3-36 (Figure 2E).
Circulating PYY3-36 levels increase post-prandially, thus we examined
the effect of peripheral Y2R blockade on post-meal glucose and insulin
concentrations. Adult C57Bl/6 mice were trained to eat 1 g of HFD
within a 1 h period in the early light phase after an overnight fast.
Vehicle or BIIE0246 (2 mg/kg bodyweight) were injected ip prior to
refeeding and blood was collected 1 h post-refeed for assessment of
glucose and insulin concentration. BIIE0246 administration resulted in
significantly elevated blood glucose concentrations and reduced insulin
levels (Figure 2F and G). Taken together, these findings suggest that
peripheral Y2R activation by PYY3-36 plays a role in regulating post-
prandial glucose and insulin.

3.3. Effect of PYY1-36 and PYY3-36 on insulin secretion from isolated
islets
To investigate whether PYY3-36 could directly modulate insulin secre-
tion from islets, we undertook studies on islets isolated from adult male
C57BL/6 mice. Islets were incubated with PYY1-36 or PYY3-36 and the
effect on insulin secretion assessed. In agreement with previous reports
[16,29,30], we found that PYY1-36 significantly reduced insulin
secretion from islets (Figure 3A). In contrast, we observed no effect of
rown Copyright & 2013 Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 1: Effect of peripheral PYY3-36 administration on glucose tolerance and insulin release in 12–14 week-old male C57Bl/6 mice. (A) Time course of blood glucose concentrations during
intraperitoneal glucose tolerance test (IPGTT), (B) glucose AUC0–120 during IPGTT and (C) delta plasma insulin concentration t0–t15 following ip injection of glucose or glucose in combination with
PYY3-36. (D) Percentage change in blood glucose concentrations following ip injection of saline or PYY3-36 following a food intake (1 g of HFD consumed within 1 h). Data are expressed as mean
±SEM. N¼10 mice per group. * Po0.05, **Po0.01 vs. control as indicated.
PYY3-36 on islet insulin secretion (Figure 3B). Next, we extracted mRNA
from isolated islets and undertook qPCR analysis for y1r, y2r, y4r and
y5r expression. In agreement with published studies we detected y1r
and y4r expression [31]. However, whilst we were able to detect y2r and
y5r in our positive control, brainstem tissue, we were unable to detect
y2r or y5r in isolated islets (Figure 3C). These results indicate that the
effects of PYY3-36 on stimulating insulin secretion in vivo are mediated
indirectly.

3.4. Effect of bariatric surgery on glucose tolerance in WT and Pyy-null
mice
Bariatric surgery increases circulating PYY levels in rodents and humans
and is associated with improved glucose tolerance [3]. Thus, we
examined the effect of global Pyy deletion on glucose tolerance (IPGTT)
following modified gastric bypass (EGA) surgery in mice. Previously, we
have shown that Pyy-null mice lose less weight in the early post-
operative phase than their WT littermates [26]. Thus, in order to
minimise the effect of weight-loss differences on glucose homeostasis
we undertook IPGTT at 5 days post-surgery when there were no
significant bodyweight differences between groups (mouse bodyweight
(g): WT sham 31.6±1.3, WT EGA¼30.1±0.9, Pyy-null sham¼34.4
±2.2, Pyy-null EGA¼32.5±1.0, P40.05). Following EGA surgery, WT
mice displayed improved glucose tolerance with reduced glucose
AUC0–120 compared to WT sham mice (Figure 4A) whereas no significant
MOLECULAR METABOLISM 2 (2013) 142–152 Crown Copyright & 2013 Published by Elsevier GmbH.
differences were observed in Pyy-null mice (Figure 4A). Between post-
operative day 5 and day 10 WT EGA lost weight, whereas WT sham-
operated mice, Pyy-null EGA and Pyy-null sham-operated mice
were weight-stable. Mice were sacrificed at day 10 post-surgery at
which point WT EGA mice weighed less than WT sham-operated mice
(bodyweight (g): WT sham¼32.7±1.3, WT EGA¼25.7±1.3, Po0.01)
whilst EGA and sham-operated Pyy-null mice exhibited similar body-
weights (bodyweight (g): Pyy-null sham¼33.6±0.9 and Pyy-null
EGA¼35.8±2.4). Fasting PYY concentrations were increased in WT
EGA mice compared to WT sham mice (Figure 4B). Interestingly, fasted
active GLP-1 levels were increased in WT EGA mice compared to WT
sham (Figure 4C) but in Pyy-null mice active GLP-1 levels were similar
in EGA and sham groups (Figure 4C). This observation suggested that
endogenous PYY levels may regulate active GLP-1 levels.

3.5. PYY3-36 increases nutrient-stimulated hepatic portal vein active
GLP-1 concentrations via the Y2R
In overnight fasted adult C57Bl/6 male mice we undertook an active
GLP-1 time course study to evaluate the temporal change in plasma
active GLP-1 levels in the hepatic portal vein following ip glucose
(2 g/kg) injection. Peak active GLP-1 levels were observed at 15 min
post-injection (Figure 5A). Thus, we examined the effect of acute of ip
PYY3-36 administration (5 μg/100 g bodyweight) on glucose-stimulated
active GLP-1 levels in the systemic circulation and the hepatic portal
All rights reserved. www.molecularmetabolism.com 145
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Figure 2: PYY3-36 alters glucose tolerance via peripheral Y2 receptor activation. (A) Time course of blood glucose concentrations during IPGTT, (B) glucose AUC0–120 during IPGTT and
(C) delta plasma insulin concentration t0–t15 following ip injection of glucose alone or in combination with synthetic Y2 receptor agonist (Y2Rag). (D) Glucose AUC0–120 during IPGTT with glucose
alone or glucose with PYY3-36 in mice pre-treated with ICV vehicle or Y2R antagonist BIIE0246 (Y2R antag). (E) Glucose AUC0–120 during IPGTT with glucose alone or glucose with PYY3-36 in
mice pre-treated with ip vehicle or Y2R antagonist BIIE0246 (Y2R antag). (F and G) Adult C57Bl/6 mice were trained to eat 1 g of high-fat diet within a 1 h period in the early light phase after an
overnight fast. Vehicle or BIIE0246 (Y2R ant) were injected prior to refeeding. Blood glucose (F) and plasma insulin (G) concentrations were measured 1 h post-refeed. Data are expressed as mean
±SEM. N¼8–14 mice per group. * Po0.05, **Po0.01 vs. control as indicated.
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vein at 15 min post-glucose injection. We found that whilst systemic
active GLP-1 concentrations were unaltered by PYY3-36 co-administra-
tion (systemic active GLP-1 concentration (pmol/L): glucose¼2.8±0.4,
glucose plus PYY3-36¼2.8±0.5, n¼12–14 per group), hepatic portal
146 MOLECULAR METABOLISM 2 (2013) 142–152 C
vein active GLP-1 concentrations were significantly elevated (Figure 5B).
Additionally, pre-administration of the Y2R antagonist BIIE0246 elimi-
nated this enhanced hepato-portal vein active GLP-1 response to
exogenously administered PYY3-36 (Figure 5C). These findings suggest
rown Copyright & 2013 Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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Figure 4: Effect of bariatric surgery on glucose tolerance in WT and Pyy-null mice. (A) Glucose AUC0–120 during IPGTT in WT and Pyy-null mice 5 days following either sham procedure or
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Figure 5: PYY3-36 increases nutrient-stimulated portal vein active GLP-1 concentrations via the Y2R. (A) Plasma concentration of active GLP-1 in the hepatic portal vein following ip injection of
glucose. (B) Plasma concentration of active GLP-1 in the hepatic portal vein 15 min following ip injection of glucose or glucose in combination with PYY3-36. (C) Plasma hepatic portal vein
concentration of active GLP-1 with pre-dosing of vehicle or Y2R antagonist (BIIE0246) (Y2R antag) before glucose or glucose combined with PYY3-36. (D and E) Hepatic portal vein plasma
concentrations of (D) PYY and (E) active GLP-1 in the fasted state and following a 1 g HFD meal following ip injection with vehicle or Y2R antagonist (Y2R antag). Data are expressed as mean
±SEM. N¼8–14 mice per group. * Po0.05, **Po0.01, ***Po0.001 as indicated.

Original article
that exogenous PYY3-36 acting via the Y2R increases active GLP-1
levels in the hepato-portal circulation.
Next, we investigated whether endogenous post-prandial PYY acting via
the Y2R regulated hepatic portal vein plasma active GLP-1 concentrations.
Adult male C57Bl/6 mice were trained to eat 1 g of HFD within a 1 h
period in the early light phase after a 16 h fast. On the study day, mice
were randomised to three cohorts all matched for bodyweight. One cohort
148 MOLECULAR METABOLISM 2 (2013) 142–152 C
was sacrificed in the fasted state and the remaining two cohorts of mice
were treated with either vehicle or Y2R antagonist, BIIE0246 administered
ip (2 mg/kg bodyweight) immediately before food was returned to the
mice. One hour following re-feeding, mice were sacrificed by terminal
anaesthesia and blood was collected from the hepatic portal vein for
measurement of PYY and active GLP-1 concentrations. Mice that failed
to eat the entire 1 g HFD were excluded. Hepatic portal vein plasma
rown Copyright & 2013 Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com
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PYY levels were significantly higher in the fed state in both the vehicle
and BIIE0246 cohorts compared to the fasted cohort with no difference
observed between treatment groups (Figure 5D). However, BIIE0246
administration led to a significant reduction in hepato-portal plasma
active GLP-1 concentrations compared to the vehicle treated group
(Figure 5E). Taken together, these findings suggest that endogenous
PYY3-36 acting via the Y2R leads to increased hepatic portal vein plasma
active GLP-1.

3.6. GLP-1 receptor blockade with exendin 9-39 abolishes the effects
of PYY3-36 on glucose tolerance
We then investigated whether the improvement in glucose tolerance
after PYY3-36 was altered by blockage of the GLP-1R with the GLP-1R
antagonist, exendin 9-39 (Ex9-39). We found that ip injection of Ex9-39
(30 μg/100 g bodyweight) increased glucose levels and glucose AUC0–
120 following IPGTT compared to glucose alone. Prior ip treatment with
Ex9-39 (30 μg/100 g bodyweight) abolished the improved glucose
tolerance (Figure 6A and B) observed in the PYY3-36 group. Glucose
AUC0–120 in mice treated with Ex9-39 and PYY3-36 was not significantly
different from glucose alone or with Ex9-39 plus glucose. Collectively,
these findings suggest that the effects of PYY3-36 on glucose home-
ostasis are, in part, mediated by GLP-1.
4. DISCUSSION

Our studies suggest that PYY1-36 and PYY3-36 exert differential effects
on glucose homeostasis through different YR subtypes and sites of
action. PYY is known to be co-expressed in pancreatic islets with
glucagon, somatostatin and pancreatic polypeptide [16]. Previous
studies undertaken on isolated islets have shown that PYY1-36 inhibits
glucose-stimulated insulin secretion [29,32], that PYY immunoneutrali-
sation enhances islet insulin release [30] and that islets lacking either
PYY [12] (global Pyy-null mice) or Y1R [31] (y1r-null mice) exhibit
enhanced glucose-stimulated insulin secretion. In agreement with these
studies, we also found that PYY1-36 inhibited glucose-stimulated insulin
secretion from isolated islets whilst, PYY3-36 had no effect. Our YR
subtype expression studies on isolated islets revealed high abundance of
the y1r with lower y4r abundance but no detectable y2r or y5r. The
MOLECULAR METABOLISM 2 (2013) 142–152 Crown Copyright & 2013 Published by Elsevier GmbH.
actions of PYY1-36 on insulin secretion appear to be predominantly
mediated by intra-islet PYY, as we observed no effect of exogenously
administered PYY1-36 on glucose handling in mice. Collectively, these
data suggest that intra-islet PYY1-36 acts through either the Y1R or Y4R
to inhibit glucose-stimulated insulin secretion and that PYY3-36 has no
direct effect on islet insulin secretion. In contrast, we found that
exogenously administered PYY3-36 significantly improved glucose
tolerance and stimulated insulin secretion when co-administered with
glucose or in the fed state. Exogenous PYY3-36 administration had no
effect on glucose concentrations in the fasted state suggesting that the
effect of PYY3-36 on glucose homeostasis is nutrient-dependent. In
addition, our studies employing either Y2R agonist or Y2R antagonist
implicate the Y2R as the key receptor mediating the actions of
exogenous PYY3-36 on glucose homeostasis. The Y2R is widely
distributed throughout the periphery and CNS [33] with central Y2R
implicated in mediating the anorectic effects of PYY3-36 [14]. In
contrast, our studies with peripheral and ICV Y2R antagonist (BIIE0246)
administration suggest that exogenous PYY3-36 acts mainly through
peripheral Y2R activation to modulate glucose homeostasis. Further
studies are now warranted in mice with tissue-specific Y2R deletion in
order to delineate the main tissue(s) responsible for the effect of PYY3-
36 on glucose homeostasis. Our isolated islet studies examining the
effects of PYY1-36 and PYY3-36 on insulin secretion and YR expression
were undertaken on islets from normal weight C57BL/6 mice on normal
chow. However, given that high-fat feeding and DIO have been shown to
alter hypothalamic and brainstem YR expression [34,35] these studies
should be extended to mice receiving HFD and with DIO.
Bariatric surgery is currently the most effective treatment for obesity
resulting in sustained weight-loss, a reduction in obesity-related co-
morbidities and reduced mortality [3]. Additionally, the majority of patients
with T2DM that undergo GBP show immediate glycemic improvements
prior to any significant weight-loss post-surgery [36]. Post-operative
changes in circulating gut hormone concentrations are thought to play a
key role in mediating changes in appetite/food intake and glucose
homeostasis. Following GBP, circulating PYY and GLP-1 increase
concomitantly and independently of weight-loss [36]. A key role for
GLP-1 in mediating post-surgery glycemic improvement is supported by
the finding that GLP-1R blockade with Ex9-39 attenuates surgically-
induced improvement in glucose excursion and insulin secretion [5,27].
All rights reserved. www.molecularmetabolism.com 149
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However, the role of GLP-1R in mediating post-operative changes in
insulin sensitivity are less clear as Ex9-39 administration fails to reverse
the effect of EGA surgery on insulin sensitivity [27]. Indeed, a number of
interacting mechanisms; reduced nutrient intake, reduced hepatic
gluconeogenesis, improved pancreatic beta cell function, increased
peripheral insulin sensitivity and increased insulin secretion have all been
suggested to play a role in the improvement in glucose homeostasis post-
operatively [27,36,37].
Previously, we have shown that Pyy-null mice lose less weight in the
early post-operative phase than WT mice, implicating a role for PYY in
contributing to post-operative weight-loss [26]. In light of our finding,
that exogenous PYY3-36 improved glucose tolerance, we next examined
the effect of EGA surgery on post-operative glucose handling in WT and
Pyy-null mice. Whilst several groups have reported that gut hormone
changes and glycemic improvements occur independently of weight-
loss [37], in order to diminish the potential confounding effects of
weight-loss difference between groups we undertook IPGTT 5 days
post-surgery. At this time-point glucose tolerance was significantly
improved in the WT EGA mice compared to WT sham-operated mice but
no difference in glucose tolerance was apparent between Pyy-null EGA
and Pyy-null sham-operated groups. Moreover, while WT EGA mice
exhibited increased fasting PYY and active GLP-1 concentrations
compared to WT sham-operated mice, no differences in active GLP-1
levels were apparent between Pyy-null EGA mice and Pyy-null sham-
operated mice. These results coupled with our findings that exogenous
PYY3-36 increased glucose-stimulated insulin secretion, with no direct
effect on isolated islets, suggested a potential regulatory effect of PYY3-
36 on circulating active GLP-1 concentrations. A potential limitation of
our studies is the early post-surgery time point at which we undertook
our glucose studies, as at this stage mice may not have fully recovered.
However, given that the surgical procedures undertaken were identical
in Pyy-null and Pyy WT mice and that we have no evidence to suspect
that post-operative recovery would be affected by genotype, the
difference in glycemic response following EGA between Pyy-null are
Pyy-WT mice are likely to be real. Our studies suggest that PYY impacts
upon both weight-loss and glucose homeostasis in the early post-
operative period. However, additional studies are needed to examine the
longer term effects of Pyy-deletion on energy and glucose homeostasis
following bariatric surgery.
Pyy-null mice exhibit hyperphagia and increased adiposity [11]. Thus, in
order to achieve weight-matching of Pyy-null and WT mice at the time of
surgery at 25 weeks of age, we commenced WT mice on HFD at
6 weeks of age and Pyy-null mice at 14 weeks of age. However, recent
studies have shown that HFD exposure causes hypothalamic injury, a
response which evolves over time [38]. Thus, our protocol of
differentially exposing WT and Pyy-null mice to HFD may have impacted
upon hypothalamic inflammation/injury and the subsequent responses of
these two groups. This limitation of our experimental paradigm needs to
be borne in mind when interpreting our findings.
Our studies with ip administration of PYY3-36, in combination with a
Y2R antagonist revealed that PYY3-36, acting via the Y2R, enhanced
nutrient-stimulated plasma active GLP-1 levels in the hepatic portal vein.
Moreover, our Y2R antagonist studies undertaken in the post-prandial
state following a fixed-meal, leading to high endogenous PYY3-36
levels, showed that Y2R blockade increased glucose excursions and
reduced active GLP-1 hepatic portal vein plasma levels. These data
strongly suggest that endogenous PYY3-36 acting through the Y2R
increases nutrient-stimulated active GLP-1 hepatic portal vein plasma
levels. The secretion of active GLP-1 from L-cells is regulated by an ever
increasing number of different stimuli including direct nutrient contact,
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paracrine and endocrine regulation and neural mechanisms [39,40]. The
widespread distribution of Y2R throughout the small and large intestine
[41], on vagal afferents and within the enteric nervous system [42]
means that the effects of PYY3-36 on active GLP-1 could be due to a
direct effect on L-cells or an indirect effect either hormonal or neural
and additional studies are now warranted to further delineate the
underlying mechanism.
In keeping with the established actions of GLP-1 on glucose home-
ostasis, we found that Ex9-39 administration impaired glucose home-
ostasis post-IPGTT compared to glucose alone. Combined administration
of PYY3-36 and Ex9-39 resulted in glucose handing that was not
significantly different to mice injected with glucose alone and markedly
impaired compared to mice treated with PYY3-36 alone. Interestingly,
the adverse effect of Ex9-39 on glucose tolerance was partially
attenuated by PYY3-36 co-administration. However, there was no
significant difference in glucose AUC0–120 between Ex9-39 alone and
Ex9-39 plus PYY3-36 groups. These findings taken together with our
data showing that exogenous PYY3-36 increased glucose-stimulated
insulin secretion but that PYY3-36 exerted no direct effect on insulin
secretion from isolated islets, suggest that increased hepato-portal
active GLP-1 levels mediate the effects of PYY3-36 on insulin secretion
in vivo. Our finding that PYY3-36 administration partially attenuated the
effect adverse effect of Ex9-39 of glucose tolerance suggest that
additional non-GLP-1R dependent mechanisms, either humoral or
neural, mediated by the Y2R, may also be involved in mediating the
effects of PYY3-36 on glucose homeostasis.
Collectively, our studies demonstrate the complex interplay between
PYY, the Y2R and GLP-1. This situation is potentially further
complicated by DPP-4, which terminates the biological action of active
GLP-1 and is also thought to be responsible for converting PYY1-36 to
PYY3-36. Whilst PYY3-36 exhibits relative specificity for the Y2R,
PYY1-36 binds to all known YR including the Y2R. Thus, one might
have expected that exogenous administration PYY1-36 would have
also improved glucose homeostasis acting through the Y2R. However,
we observed no effect of PYY1-36 on glucose tolerance. Interestingly,
studies comparing the effects of PYY1-36 and PYY3-36 on food intake
in both humans and rodents also found that whilst PYY3-36 decreased
food intake, a similar dose of PYY1-36 was ineffective [22,43].
Moreover, Chelikani et al., undertook a dosage ranging study with
PYY1-36 and PYY3-36 in rats and found that PYY1-36 was an order of
magnitude less potent in reducing food intake [43]. The mechanisms
underlying the differential effects of peripheral PYY1-36 and PYY3-36
on both feeding and glucose homeostasis are unclear but may relate to
the additional actions of PYY1-36 exerted via Y1R, Y4R or Y5R. DPP-4
inhibitors are currently being used to treat patients with T2DM based
on their ability to increase active GLP-1 concentrations. However, our
data suggest that their efficacy may be limited by their effects on PYY.
DPP-4 inhibition may lead to increased intra-islet PYY1-36 with
reduced glucose-stimulated insulin release whilst also reducing
circulating PYY3-36 with potential effects on appetite and glucose
homeostasis. These interactions warrant further investigation.
In agreement with previous studies, we found that active GLP-1 and PYY
concentrations were higher in hepatic portal vein plasma than systemic
plasma [44–46]. These findings highlight the importance of examining
gut hormone and metabolic changes within the hepato-portal system
rather than just the systemic circulation. Indeed, the marked immediate
effect of bariatric surgery on glucose homeostasis compared to the
lesser effects of GLP-1 analogs may, in part, be due to the disparity
between the profiles and concentrations of active GLP-1 within the
hepato-portal system and lymphatics post-surgery compared to those
rown Copyright & 2013 Published by Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



achieved with systemic administration. Several research groups are
aspiring to medically mimic the gut hormone milieu of bariatric surgery
by systemic administration of a combination of gut hormones [4].
However, the key to developing a medical equivalent of bariatric surgery
may lie in mimicking the post-operative hormonal changes that occur
within the hepato-portal system. In order to achieve these, we first need
to gain a greater understanding of the complex interplay between gut
hormones together with a greater understanding of the biology of
enteroendocrine cells.
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