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GLP-1 attenuates intestinal fat ahsorption and
chylomicron production via vagal afferent nerves
originating in the portal vein

Simon Hoffman "', Danielle Alvares "2, Khosrow Adeli "%

ABSTRACT

Background/Objective: GLP-1R agonists have been shown to reduce fasting and postprandial plasma lipids, both of which are independent risk
factors for the development of cardiovascular disease. However, how endogenous GLP-1 — which is rapidly degraded — modulates intestinal and
hepatic lipid metabolism is less clear. A vagal gut-brain-axis originating in the portal vein has been proposed as a possible mechanism for GLP-1's
anti-lipemic effects. Here we sought to examine the relationship between vagal GLP-1 signalling and intestinal lipid absorption and lipoprotein
production.

Methods: Syrian golden hamsters or C57BL/6 mice received portal vein injections of GLP-17-%9) angd postprandial and fasting plasma TG, TRL
TG, or VLDL TG were examined. These experiments were repeated during sympathetic blockade, and under a variety of pharmacological or
surgical deafferentation techniques. In addition, hamsters received nodose ganglia injections of a GLP-1R agonist or antagonist to further probe
the vagal pathway. Peripheral studies were repeated in a novel GLP-1R KO hamster model and in our diet-induced hamster models of insulin
resistance.

Results: GLP-1¢-%% site-specifically reduced postprandial and fasting plasma lipids in both hamsters and mice. These inhibitory effects of GLP-1
were investigated via pharmacological and surgical denervation experiments and found to be dependent on intact afferent vagal signalling
cascades and efferent changes in sympathetic tone. Furthermore, GLP-1R agonism in the nodose ganglia resulted in markedly reduced post-
prandial plasma TG and TRL TG, and fasting VLDL TG and this nodose GLP-1R activity was essential for portal GLP-1s effect. Notably, portal and
nodose ganglia GLP-1 effects were lost in GLP-1R KO hamsters and following diet-induced insulin resistance.

Conclusion: Our data demonstrates for the first time that portal GLP-1 modulates postprandial and fasting lipids via a complex vagal gut—
brain—liver axis. Importantly, loss or interference with this signalling axis via surgical, pharmacological, or dietary intervention resulted in the loss
of portal GLP-1s anti-lipemic effects. This supports emerging evidence that native GLP-1 works primarily through a vagal neuroendocrine
mechanism.
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1. INTRODUCTION peptide, glucagon-like peptide (GLP)-1 has been shown by our

laboratory and others to modulate intestinal and hepatic lipoprotein

Postprandial lipid metabolism becomes altered in insulin resistant
states and type 2 diabetes (T2D), resulting in an overproduction of
apolipoprotein B-containing chylomicron (CM) particles, very low-
density lipoprotein (VLDL) particles, and elevated plasma triglycer-
ide (TG) levels. This dysregulation in blood lipids, termed dyslipi-
demia, results in the development of atherogenic fatty remnants,
precursors to the development of cardiovascular disease (CVD) [1].
Several hormones have been shown to regulate intestinal and he-
patic lipid metabolism, key among them being insulin and gut-
derived peptides released upon nutrient consumption. One such

production through a complex gut—brain—liver axis [2,3]. Peripheral
administration of GLP-1 receptor (GLP-1R) agonists such as exendin-
4 can reduce fasting VLDL accumulation and postprandial chylomi-
cron excursion [2,3]. Activation of GLP-1Rs in the central nervous
system (CNS) show a similar result, where intracerebroventricular
(ICV) injection of exendin-4 also leads to decreased postprandial
lipemia [2]. Importantly, GLP-1R agonists are used extensively in
current diabetic care, and new co-agonist compounds are an
exciting new avenue for anti-diabetic and anti-obesity pharmaceu-
ticals [4,5].
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Native GLP-1 produced by enteroendocrine L-cells in the duodenum
and distal ileum is rapidly degraded in the circulation, and while
pharmacological analogs induce dramatic reductions in lipoprotein
secretion, the potential for native GLP-1 to mimic these effects is less
evident. Endogenous GLP-1 is secreted into the portal vein which is
richly innervated with vagal afferent nerve terminals containing GLP-
1Rs, so it is possible that native GLP-1 exerts its effects here via a
neuroendocrine mechanism. This notion is supported by recent evi-
dence that GLP-1 is heavily degraded immediately after passing
through the portal venous bed by hepatic dipeptidyl peptidase (DPP)-4;
limiting its endocrine potential to travel to the pancreatic islet and
stimulate insulin release [6]. mRNA for the GLP-1R has been seen in
the portal vein [6], and recently has been shown in a Glp1r.tdTomato
reporter mouse in both the intra and extra-hepatic portal vein [7].
Indeed, GLP-1 infusion into the portal vein at both periphysiological and
pharmacological doses has been shown to significantly stimulate vagal
afferent nerve activity [8]. Importantly, portal administration of GLP-1 in
rats has been linked closely to insulin release via neuroendocrine
signalling; whereas, extra-portal GLP-1 administration has failed to
initiate neuron-mediated insulin release [8]. Since insulin has also
been shown to be a potent regulator of lipoprotein metabolism this
further supports native GLP-1 acting locally within the portal circulation
[9].

The GLP-1R-containing vagal afferent nerves overlying the portal bed
project towards the caudal brainstem, housing their cell bodies in the
nodose ganglia (NG) situated just below the skull. Importantly, the
presence of the GLP-1R in nodose ganglia neurons has been
demonstrated by RT-PCR, Northern blotting, and in-situ hybridization
[10]. Moreover, primary isolated nodose neurons show action potential
generation, coupled with increases in intracellular Ca2+ when
exposed to GLP-1 [11]. The role of these GLP-1R-containing vagal
afferent neurons in regulating peripheral metabolism has been evi-
denced previously by GLP-1R knockdown in the vagal afferent nerves
of rats, which display increased food consumption, accelerated gastric
emptying, and post-meal glycemia coupled with depressed insulin
secretion [12].

While the effects of GLP-1 on vagal afferent nerves have been studied
by others with respect to food consumption, body weight gain, insulin
secretion, and glycemia, none have investigated its effects on lipid and
lipoprotein metabolism [12—14]. Thus, the aim of the current study
was to evaluate the effect native GLP-1 signalling in the portal bed on
hepatic and intestinal lipoprotein production. We also sought to
determine the relationship between portal and nodose ganglia GLP-1R
activation. To do this we employed Syrian golden hamsters and various
surgical and pharmacological approaches to elucidate the effect of
site-specific activation of GLP-1R on vagal afferent nerves. Together,
we demonstrate a novel vagal afferent pathway through which GLP-1
may exert its effects on intestinal and hepatic lipoprotein production.

2. METHODS

2.1. Animals & diets

Male Syrian golden hamsters (Mesocricetus auratus) or C57BL/6 mice
were purchased from Harlan/Envigo Laboratories (Indianapolis, IN,
United States), or bred in-house at the Peter Gilgan Center for Research
& Learning. Syrian golden hamsters were chosen as the main experi-
mental model for this study due to the homology of their lipoprotein
profiles with human, their innate expression of cholesterol ester transfer
protein (CETP; not expressed in rat and mouse), and susceptibility to
diet-induced dyslipidemia and hepatic insulin resistance — together
making them an ideal model for the study of lipoprotein metabolism. All

animals were housed on a 12 h light/dark cycle, with ad libitum access
to standard rodent chow and water. Purchased animals were given one
week of acclimatization prior to any experimental intervention. For di-
etary interventions animals were allowed ad-libitum access to high
fructose (HF; 60% fructose, 20% casein, D161506) or high-fructose/
high-fat/high-cholesterol diet (FFC; 30% fat, 40% fructose, 0.25%
cholesterol, D101711) custom made by Dyets Inc (Bethlehem, PA, USA).
GLP-1R KO hamsters were developed via crisper cas-9 gene editing in
collaboration with Dr. Zhongde Wang's lab at Utah State University. GLP-
1R KO hamsters were bred in a heterozygous x heterozygous breeding
scheme to produce KO animals and wildtype (WT) littermates. Age- and
sex-matched animals were randomized into experimental groups. All
procedures were approved by the Animal Care Committee at the Hos-
pital for Sick Children.

2.2. Pharmacological treatments

Native GLP-17-38) (10 pg/kg; Bachem, Torrence, CA, USA) was used
for portal vein experiments, and for nodose ganglion GLP-1R agonism
experiments Exendin-4 (250ng/ganglia; Bachem, Torrence, CA, USA)
was employed. GLP-1 was additionally used for nodose ganglia in-
jections (1pg/ganglia) in GLP-1R KO and FFC-fed hamster studies. The
GLP-1R antagonist Exendin 9-39 (Bachem, Torrence, CA, USA) was
used as a pre-treatment for both portal (50 nmol/kg; IV) and nodose
ganglion studies (500 ng/ganglia). For pharmacological blockade of
vagal signalling atropine (40 p.g/kg; Sigma Aldrich, Darmstadt, Ger-
many) was administered subcutaneously, and for sympathetic
blockade a combination of propranolol (1 mg/kg; ThermoFisher,
Waltham, MA, USA) and phentolamine (1 mg/kg; TCI, Portland, OR,
USA) was administered intraperitoneally. For denervation experiments
capsaicin (25 mg/kg; Millipore, Damstadt, Germany) was administered
via three IP injections at 0, 18 and 24 h to denervate small
unmylenated primary vagal afferents neurons. Capsaicin was dissolved
(25 mg/ml) in a 1:1 solution of dimethyl sulfoxide (DMS0) and 0.9%
NaCl in sterile water. For selective deafferentation of vagal GLP-1R-
containing neurons Exenatide-Saponin (1 pg/ganglia) or a blank
scramble protein Blank-Saponin (1 pg/ganglia) was acquired from
Advanced Targeting Systems (Carlsbhad, CA, USA). All pharmacological
treatments were dissolved in 1x PBS unless otherwise stated.

2.3. Jugular vein cannulation

Hamsters were anesthetized using isoflurane (3% mixed with oxygen)
and given meloxicam (2 mg/kg SC). A small paralateral incision was
made above the clavicle and the tissue teased away to expose the
jugular vein. The vein was isolated, and a small incision made to insert
ajugular catheter (filled with heparinized saline). The catheter was tied
to the jugular vein using silk suture thread and the catheter is then
threaded to back of the neck. The incision over the clavicle was su-
tured shut and the catheter was tucked under the skin on the back of
the neck and sutured in place with silk suture thread.

2.4. Portal vein injection

Animals were anesthetized using isoflurane (3% mixed with oxygen)
and meloxicam was given as analgesia (Hamster, 2 mg/kg SC; mouse,
5 mg/kg SC). An incision (1.5—2 cm) was made at the midline starting
at the sternum. The portal vein was exposed by externalization of the
intestines, which were maintained in sterile gauze soaked in warm
saline. The portal vein was then injected with either treatment or
vehicle (100 pl volume) using a 30G needle attached to a 1cc syringe.
Gauze was applied to staunch bleeding. The intestines were then
returned to anatomical position, and the musculo-peritoneum and
overlying skin stitched.
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2.5. Intraduodenal injection

Hamsters were anesthetized using isoflurane (3% mixed with oxygen)
and meloxicam was given as analgesia (2 mg/kg, SC). An incision
(1 cm) was made at the midline starting at the sternum and retracted
to expose the intestines. The duodenum was exposed by gentle
manipulation of the intestine with sterile swabs. Olive oil (200 pl) was
then delivered into the duodenum just distal to the pyloric sphincter via
a 30G needle attached to a 1cc syringe. The intestines were then
returned to anatomical position, and the musculo-peritoneum and
overlying skin stitched.

2.6. Vagotomy

Hamsters were anesthetized using isoflurane (3% mixed with oxygen)
and meloxicam was given as analgesia (2 mg/kg SC). An incision
(1.5—2 cm) was made at the midline starting at the sternum. Using
fine forceps, the anterior and posterior vagal trunks were isolated from
the esophagus and severed, then peeled back to remove a 2 mm
section of the nerve. In sham animals the vagal trunks were isolated
but not transected. The intestines were then returned to anatomical
position, and the musculo-peritoneum and overlying skin is stitched.
Hamsters were given a one-week recovery period prior to portal vein
injection experiments.

2.7. Nodose ganglia injection

Hamsters were anesthetized using isoflurane (3% mixed with oxygen)
and meloxicam was given as analgesia (2 mg/kg SC). A small incision
was made from clavicle to mandible and the platysma was blunt
dissected through. The sternomandibular and sternohyodeius muscles
were separated by blunt dissection to expose the vagus nerve. The
nerve was traced superiorly to the base of the skull to locate the
nodose ganglion. The nodose ganglion was then injected just above the
superior laryngeal nerve using a custom 34 G needle with a 35° bevel,
attached to a 10 pL gastight Hamilton syringe. The incision was then
sutured shut. Nodose ganglion injection volume was fixed at 1 pl; for
experiments requiring two injections the volume was halved to 0.5
per compound.

2.8. Assessment of lipoprotein production

Hamsters were fasted for 16 h and then baseline blood was drawn via
a jugular catheter or retro-orbital bleed. Hamsters then underwent
surgical injection into the portal vein or nodose ganglia under gas
anesthesia. Hamsters were then recovered and left fasted for VLDL
experiments or briefly restrained for an oral gavage of olive oil
(Sigma—Aldrich, Mississauga, ON; 200 pl) for postprandial experi-
ments. The non-ionic detergents Tyloxapol or Pluronic F-127 (2 g/kg,
IV or IP respectively) were administered to halt triglyceride-rich lipo-
protein catabolism and triglyceride uptake (via lipoprotein lipase inhi-
bition) and then serial blood draws were performed over a 6 h period.
Mice were fasted for 5 h and then baseline blood was collected via the
tail vein. Mice then underwent portal vein injection. Following injection
mice received pluronic F-127 (2 g/kg, IP) and were fat loaded with a
200 pI gavage of olive oil for postprandial experiments. Serial blood
draws were performed over a 2 h period. Experiment-specific details
are provided in figure legends. Both portal vein and nodose ganglia test
agent injections were performed 15 min prior to olive oil gavage and/or
Tyloxapol/Pluronic injection. Stitching of the incision site exceeded no
longer than 5 min, then animals were given a minimum of 10 min to
recover from the gas anesthesia. Animals begin to display their righting
reflex within 3 min and are fully ambulatory and alert after 10 min. All
animals were monitored for alertness, normal nesting behaviour, and
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hunched posture/rapid breathing throughout the timecourse to ensure
there was no undue stress from the surgery itself.

2.9. Lipoprotein isolation

Blood samples were collected in heparinized tubes and then centri-
fuged for 10 min at 4 °C and 6000 rpm (F2402H rotor, Beckman
Coulter, ON, Canada). Plasma was isolated and treated with protease
inhibitor (SIGMAFAST Protease Inhibitor Cocktail; Sigma—Aldrich). TRL
and VLDL fractions were isolated via density ultracentrifugation.
Briefly, plasma (150 ) was overlayed with 4 ml of KBr (1.006 g/ml)
and centrifuged for 70 min (for TRL isolation) or 120 min (for VLDL
isolation) at 35,000 rpm at 10 °C (SW-55-Ti rotor; Beckman Coulter,
ON, Canada). Both fractions were isolated as the upper 300 pl of the
tube volume.

2.10. TG, cholesterol, and insulin measurement

TG and cholesterol were determined by enzymatic-based colorimetric
assays (Randox, Crumlin, UK) and plasma insulin levels were
measured by ELISA (Mercodia, Uppsala, Sweden) according to the
manufacturer’s instructions.

2.11. Reverse transcriptase polymerase chain reaction (RT-PCR)

Tissue was flash frozen in liquid nitrogen then crushed with a mortar
and pestle. RNA was extracted using TRIzol (Thermo-Fisher Scientific,
CA, USA) according to manufacturer’s instructions. Synthesis of cDNA
and quantitative RT-PCR were performed as previously described [3].

2.12. Statistical analyses

All results are presented as mean = SEM. Time course experiments
were analyzed via two-way ANOVA with Bonferroni post-hoc analysis.
Comparisons between two groups were analyzed via two-tailed un-
paired t-tests, and comparisons between 3 or more groups were
analyzed via one-way ANOVA. All statistical comparisons were made
using GraphPad Prism V8.0 (San Diego, CA, USA). All experiments
described here were performed using a between subject paradigm.

3. RESULTS

3.1. Portal vein injection of GLP-1 lowers postprandial and fasting
plasma TG and TRL independent of gastric emptying or insulin
secretion

To examine the effect of native GLP-1 in the portal vein on postprandial
lipid metabolism, Syrian golden hamsters gavaged with olive oil were
surgically injected with an acute bolus of GLP-1 directly into the portal
vein. Portal vein injection of GLP-17-%®) (10 pg/kg) caused a marked
decrease in postprandial plasma TG and TRL TG over a 6 h period, and
in the plasma and TRL TG AUC (P < 0.05; Figure 1A—D). When the
same dose of GLP-17"9 was infused into an extra-portal site (IV;
jugular vein) this effect was lost, with no divergence from vehicle
control (P > 0.05; Figure 1A—D). To confirm this effect was dependent
on GLP-1R activation, we pretreated hamsters with an IP injection of
the GLP-1R antagonist Exendin 9-39 10 min prior to portal GLP-1¢-39)
injection. GLP-1R antagonism was able to completely block the portal
GLP-1 effect, and these hamsters exhibited greater plasma and TRL TG
accumulation at the 6 h timepoint compared to hamsters treated with
portal GLP-1-% alone (<0.05; Figure 1E—G). Moreover, portal GLP-1
also affected lipid metabolism in the fasted state, as portal injection of
GLP-17-%8) (40 pig/kg) in fasting hamsters was able to elicit significant
reductions in fasting plasma lipids and VLDL TG over a 4 h period
(P < 0.05; Supp Figure 1A, E).
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Figure 1: Portal vein injection of GLP-1 lowers postprandial plasma TG and TRL TG independent of gastric emptying in both hamster and mouse. A-D: Hamsters were
fasted for 16 h then received an injection of GLP-17%®) (10 jig/kg) or vehicle (PBS) into the portal vein, or an IV infusion of GLP-1 (10 pg/kg) through the jugular line. Hamsters were
then fat-loaded with olive oil via oral gavage (200 pl), received IV tyloxapol (2 g/kg), and blood was drawn over a 6 h period via a jugular catheter. E-H: Alternatively, hamsters
were pretreated with IP exendin 9-39 10-minutes prior to portal GLP-1 injection. (A/E) Plasma TG, (B/F) plasma TG AUC, (C/G) TRL TG, (D/H) TRL TG AUC. I-L: 16 h fasted
hamsters received portal vein injections of GLP-17-%8) (10 ng/kg) or vehicle (PBS) and then received an intraduodenal infusion of olive oil (200 ). Pluronic F-127 was administered
(2 g/kg; IP) and blood was drawn via retro-orbital bleed over a 6 h period. (I) Plasma TG, (J) plasma TG AUC, (K) TRL TG, (L) TRL TG AUC. M-P: C57BL/6 mice were fasted for 5 h
then received a portal vein injection of GLP-17-% (10 pa/kg) or vehicle (PBS), or an extra-portal injection of GLP-1 (10 pg/kg) into the inferior vena cava (IVC). Mice were then fat
loaded with an oral gavage of olive oil (200 pl) and received an IP injection of Pluronic F-127 (2 g/kg). Blood was drawn over a 2 h period via the tail vein. (M) Plasma TG, (N)
plasma TG AUC, (0) Plasma cholesterol, (P) plasma cholesterol AUC. Data is presented as means + SEM (A-H: n=5—6/group; I-L: n=6/group; M-P: n=5—6/group).
(*P < 0.05, **P < 0.01, ***P < 0.001). *; Vehicle vs. Portal GLP-1, IV GLP-1 vs. Portal GLP-1, $; IP 9—39 + Portal GLP-1 vs. Portal GLP-1.

Since GLP-1 has a well-documented effect on gastric emptying we  bypassed the stomach by administering olive oil directly into the du-
then sought to identify whether portal GLP-1’s effect on postprandial  odenum via a surgical injection. GLP-17-39) injection into the portal
lipids was due to delayed gastric emptying. To address this, we vein of hamsters who received intraduodenal olive oil still manifested

4 MOLECULAR METABOLISM 65 (2022) 101590 © 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

A. B. C. D. E.
ns ns ns ns
- *
= 2.0+ 5o kX Xk 100 200 '—| |_| |_| ~ 67
o —_ —_ -
£ 3 Cl 5
© = - - —_
£ 5] E2 4 5 % 3 150 £
e S g g £ = 4
o< 34 £ 60 =) o
g o 5 ] 2
£ 1.0 29 2 100 9
@ =0 c = o
8 P 27 G 401 > 2
o oo 3} K O 24
.°E> 0.5 m 2 14 3 204 3 504 3
3 © b 2
@ o
@ 0.0- 0- 0 0- 0
G QN NI N @ & e o ) N N
A N Ry AR SR R\ & O o NS NS - O
P L Ff F E & & &F By &
QT QT QT QN S o NN €S
F. G. H. I
10+ 40 67 15+
jy =
©° g °
g8 * o 307 E
g8 201 Eg 5
O S 44 O ] e
o o o 24 5-]
° 10 °
2
s s
o o
0 T T T T T T 0- 0 T T T T T 0-
0 15 30 60 90 120 \0\0 & 0 15 30 60 90 & &
Time (min) & Q,;»‘ Time (min) 45*‘ ng‘
[¥ia [¢id
J. K. L. M.
* ook _ .
20 AA 20 3 8+ B
¥ = *% [3)
[<]
) A ee o g 2
3 154 @@ S 154 £E 6 § 6]
£ z 3 5
£ o = b7}
~ = 2 o
o 10 s 10 ® 4 S 4
= £ 92 <
: : : S
& 5 o 54 O 24 £ 2+
S ol @
o E £
©
0 T T T 0- o0 T T T 0-
N N N N
0 4 6 4"?\9' 4":{\\9' 0 ) 4 6 4,30\3. 46"‘\3'
Time (h) A‘;}V () vg/ () Time (h) 4é«v S? vgqua
7 7
460 o (,Vg 40‘(‘ < 0?'
N. 0. P. Q.
*% * * *
57 AR 54 = 1007 1.5
@e@ = [$]
5 o - : 2
= 2} g 0.757 z
o =) £ 2 1.0
E 34 I 31 s g
% e 8 050 3
2+ 2 2+ 8 2
5 = E S 054
E . 5 oz 2
| [
x
0 " . ' 0- F 0.0 T T T 0.0-
N N
0 4 6 St 0 4 6 SN &N
Time (h) e () Ry © Time (h) o7 o\’vg/ [
4 7
4,30 (4 ng X 4é(v ol ovg 7

Figure 2: Portal GLP-1 is sensitive to capsaicin-deafferentation. Chow-fed Syrian golden hamsters were deafferented via IP capsaicin injection (see methods). Two weeks
later hamsters underwent OGTT and ITT (n = 12/group) (F-I), then on the third week hamsters were fasted for 16 h and vehicle-treated (Veh_XX) or capsaicin-treated (CAP_XX)
hamsters received portal vein injections of GLP-17-30 (10 ng/kg) or vehicle (PBS). Hamsters were then fat loaded via an oral gavage of olive oil (200 pl) and received IP Pluronic F-
127 (2 g/kg). Blood was drawn over a 6 h period via retro-orbital bleeds. (A) Baseline plasma TG, (B) baseline plasma cholesterol, (C) food consumption, (D) body weight, (E) 2-
week fasting blood glucose, (F) OGTT, (G) OGTT AUC, (H) ITT, (I) ITT AUC, (J) plasma TG, (K) plasma TG AUC, (L) plasma cholesterol, (M) plasma cholesterol AUC (N) TRL TG, (0)
TRL TG AUC, (P) TRL cholesterol, (Q) TRL cholesterol AUC. Data is presented as means & SEM (n=6/group). (*P < 0.05, **P < 0.01, ***P < 0.001). *; Veh_Veh vs. Veh_GLP-

1,7 Veh_GLP-1 vs. CAP_Veh, @; Veh_GLP-1 vs. CAP_GLP-1.

significant reductions in postprandial plasma TG and TRL TG overa 6 h
period, and in the plasma and TRL TG AUC (P < 0.05; Figure 1I-L).
Similarly, GLP-1 is also known to increase insulin secretion — another
key modulator of postprandial lipid absorption. Plasma insulin over a
6 h period did not differ between portal GLP-17-3® injected and vehicle
injected hamsters, or in the insulin AUC (P > 0.05; Supp Figure 2A—B).
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Lipogenic genes in the jejunum of these hamsters were assayed via
RT-PCR, however, we did not see any significant variation in expres-
sion despite a significant reduction in jejunal lipid content (P > 0.05;
Supp Figure 2C—D).

To confirm our effect was not hamster-specific we repeated portal
GLP-17-%%) injection in mice as well. Experiments in C57BL/6 mice
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gavaged with olive oil revealed comparable results where portal vein
GLP-1-38) (10 pg/kg) injection reduced plasma TG at the 60- and 90-
minute mark, whereas extra-portal injection (inferior vena cava) did not
affect postprandial plasma lipids (P < 0.05; Figure 1M, 1N). As in
hamsters, portal GLP-1’s lipid lowering effect in mice was not limited
to the postprandial state, as 2 h fasting plasma TG and VLDL TG also
showed significant reductions after portal GLP-173® injection in
fasted C56BL/6 mice (P < 0.05; Supp Figure 11, 1M).

3.2. Loss of vagal afferent signalling abrogates the effects of portal
GLP-1 on postprandial plasma TG and TRL TG

Since GLP-1Rs in the portal bed are located on vagal afferent nerve
terminals we next investigated whether vagal afferent signalling is
required to elicit reductions in postprandial plasma TG and TRL TG via
portal injection of GLP-1. To do this, chow-fed Syrian-golden hamsters
were partially deafferented via serial IP injections of capsaicin.
Capsaicin treated hamsters showed no change in fasting plasma TG
and cholesterol, food consumption, or body weight three weeks after
denervation compared to vehicle control (P > 0.05; Figure 2A—E).
However, capsaicin-treated hamsters did exhibit elevated fasting blood
glucose, and worsened glucose tolerance during OGTT, with no change
in insulin sensitivity during ITT (P < 0.05; Figure 2F—I). After olive oil
gavage capsaicin-treated hamsters showed no significant difference in
plasma or TRL TG and cholesterol compared to vehicle controls, nor
were they sensitive to portal vein injection of GLP-17-%% (P > 0.05;
Figure 2J—Q). Indeed, compared to non-deafferented hamsters
injected with portal GLP-17-39) both capsaicin treated groups showed
significantly higher plasma TG at 4- and 6 h and in the plasma TG AUC,
with significantly higher TRL TG at 6 h. Portal GLP-17-3® injection in
non-deafferented hamsters was the only group to show significant
reductions in plasma and TRL TG and cholesterol at the 6 h mark or in
the AUC compared to vehicle controls (P < 0.05; Figure 2J—Q).

To further confirm that vagal afferent signalling was necessary to
propagate the effects of portal GLP-1, hamsters underwent sub-
diaphragmatic truncal vagotomy surgery. Vagotomised hamsters who
received portal GLP-17-9 (10 pg/kg) no longer exhibited significant
reductions in postprandial plasma TG or TRL TG (P > 0.05; Supp
Figure 3E—F), however, sham-treated hamsters who received portal
GLP-17-38) were still able to display significant reductions in post-
prandial TRL production 6 h post-injection and in the TRL AUC
(P < 0.05; Supp Figure 3G,H). Pharmacological inhibition of vagal
signalling via atropine pre-treatment showed similar results, where
atropine treated animals were no longer sensitive to portal GLP-17-39)
injection (P > 0.05; Supp Figure 3A—D), whereas vehicle controls still
exhibited significant reductions in the plasma and TRL AUCs and in the
TRL TG at 6 h (P < 0.05; Supp Figure 3A—D).

3.3. Selective deafferentation of GLP-1R containing vagal neurons
in nodose ganglia blocks the portal GLP-1 effect and results in
elevated postprandial TG and cholesterol

While general interruption of vagal signalling via pharmacological and
surgical strategies was able to successfully block the portal GLP-1
effect, we wished to further examine whether the specific loss of
GLP-1R-containing vagal neurons was sufficient to alter postprandial
lipid homeostasis. To do this we selectively deafferented this sub-
population of vagal afferents via bilateral injections of Saponin-
Exenatide into the vagal nodose ganglia. Saponin is a potent neuro-
toxin which on its own is inert, but upon its endocytosis causes the
activation of apoptotic pathways and neuronal death. When linked to a
ligand for a G-protein coupled receptor, saponin will be selectively
internalized into cells expressing that receptor, thus allowing targeted

culling of a subpopulation of neurons. We exploited this pathway to
selectively deafferent GLP-1R containing neurons in the nodose gan-
glion by linking saponin (SAP) to exenatide (a GLP-1R agonist) and
injecting it bilaterally. We observed no difference in fasting plasma TG
or cholesterol, or in body weight gain with this treatment, however
there was a trend toward increased food consumption in the SAP
hamsters after two weeks (P > 0.05; Figure 3A—D). However, ham-
sters who received nodose injections of SAP exhibited elevated post-
prandial TG and cholesterol accumulation at 6 h post olive oil gavage,
which was reflected in the plasma TG and cholesterol AUCs (P < 0.05;
Figure 3E—H). This was combined with increased TRL TG at 6 h, and
significant rise in the TRL AUC (P < 0.05; Figure 3I—J).

To confirm that this subpopulation of vagal neurons was necessary
for the activity of portal GLP-1 we repeated portal vein injections of
GLP-17-38) in a new cohort of deafferented animals or vehicle con-
trols. In line with our initial observations deafferentation caused no
change in biometrics, fasting plasma TG or cholesterol, or in insulin
tolerance (P > 0.05; Figure 4A—G). When deafferented hamsters
received portal vein injections of GLP-17-2®) (10 pg/kg) they showed
no reductions in plasma TG or cholesterol in either the plasma or TRL
fraction over a 6 h period following olive oil gavage (P > 0.05;
Figure 4H—0). Indeed, compared to non-deafferented hamsters
treated with portal injections of GLP-17-3®) poth deafferented ham-
ster groups had significantly higher plasma TG at 4- and 6 h post-
gavage, and in the plasma TG AUC (P < 0.05; Figure 4H,l). Similar
results were seen in the TRL TG and TRL TG AUC, where deafferented
hamsters were significantly higher than portal GLP-17-% treated
controls (P < 0.05; Figure 3L,M).

3.4. Pharmacological blockade of sympathetic signaling abrogates
the anti-lipemic effects of portal GLP-1

We have previously demonstrated that intracerebroventricular injection
of a GLP-1R agonist results in attenuated postprandial plasma TG and
TRL TG [2]. This effect was dependent centrally on MCR4 receptor
activation and was conducted to the periphery via efferent sympathetic
signaling. To connect the disparate components of peripheral and
central GLP-1R signaling we hypothesized that portal GLP-1 would rely
on changes in efferent sympathetic tone as well. To examine this, we
pretreated Syrian golden hamsters gavaged with olive oil with a
cocktail of both alpha- and beta-adrenergic receptor antagonists prior
to portal GLP-1-39 injection. In line with our previous work, sympa-
thetic blockade completely abrogated the portal GLP-1 effect on
postprandial plasma and TRL TG at all timepoints (P > 0.05;
Figure 5A—B,E—F). Moreover, hamsters treated with adrenergic
blockade exhibited significantly higher plasma TG at 4- and 6-h
postprandially compared to vehicle controls treated with portal GLP-
17-38) _ this difference was seen in the plasma TG AUC as well
(P < 0.05; Figure 5A—B).

3.5. Bilateral nodose ganglion injections of Exendin-4 significantly
reduce postprandial plasma TG and TRL TG accumulation

GLP-1R containing neurons in the portal vein project superiorly to-
wards the nodose ganglion, a collection of vagal neuronal cell bodies
situated just below the base of the skull. Nodose ganglion neurons
have been shown by others to express GLP-1 receptors, and these
neuronal bodies project directly to GLP-1-producing neurons in the
nucleus tractus solitarius (NTS) [10]. Since we have demonstrated that
portal GLP-1Rs require an intact vagal afferent cascade to reduce
postprandial and fasting lipoprotein production, we then sought to
investigate whether the nodose ganglion was involved in the propa-
gation of the portal GLP-1 signal. To address this, we injected to GLP-
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Figure 3: Selective vagal denervation of GLP-1R-containing neurons results in elevated postprandial blood lipids. Chow-fed Syrian golden hamsters received bilateral
nodose ganglia injections of Exenatide-Saponin (SAP) (Tug in 1 pl), or a blank scramble protein linked to Saponin (Blank). Two weeks later hamsters were fasted for 16 h then
received an oral gavage of olive oil (200 i) and were injected with IP Pluronic F-127 (2 g/kg). Blood was collected over a 6 h period via retro-orbital bleeds. (A) 2-week fasting
plasma TG, (B) 2-week fasting plasma cholesterol, (C) food consumption, (D) body weight change (E) plasma TG, (F) plasma TG AUC, (G) plasma cholesterol, (H) plasma
cholesterol AUC, (I) TRL TG, (J) TRL TG AUC, (K) TRL cholesterol, (L) TRL cholesterol AUC. Data is presented as means + SEM (n=5/group). (*P < 0.05, **P < 0.01).

1R agonist Exendin-4 into the nodose ganglia to examine the intrinsic
effects of GLP-1R activation on lipid metabolism. Hamsters which
received bilateral nodose ganglion injections of Exendin-4 (250 ng in
1 ul PBS) displayed significant reductions in postprandial plasma and
TRL TG accumulation at 6 h and in the plasma and TRL TG AUC
compared to vehicle controls (P < 0.05; Figure 6A—D). Pre-treatment
of nodose ganglion neurons with injections of the GLP-1R antagonist
Exendin 9-39 (500 ng in 1 pl PBS) blocked the ability of Exendin-4 to
illicit reductions in postprandial TG, however injections of Ex 9—39
alone did not significantly alter postprandial plasma and TRL TG
(P > 0.05; Figure 6A—D). Similarly, injections of Ex-4 (250 ng in 1 pl
PBS) into the nodose ganglia in fasting hamsters was able to signifi-
cantly lower circulating plasma TG, VLDL TG, and VLDL TG AUC over a
4 h period (P < 0.05; Supp Figure 4AE,F). Although plasma choles-
terol was unaffected, VLDL cholesterol was significantly reduced over a
4 h period, which was also reflected in the VLDL cholesterol AUC
(P < 0.05; Supp Figure 4G,H). This corroborates our earlier experi-
ments, and further demonstrates the importance of vagal signalling as
an effector of GLP-1’s anti-lipemic properties.

To elucidate whether portal GLP-1 requires the activity of GLP-1Rs in
the nodose to conduct its signal to the NTS in the caudal brainstem, we
blocked nodose ganglia GLP-1R with Exendin 9-39 and then did a
portal vein injection of GLP-17-3®) or vehicle. Portal vein injection of
GLP-17-39) still caused significant reductions in plasma and TRL TG
when nodose ganglion GLP-1 receptor signalling was left intact [(PVI-
GLP-1 + NG-Veh) vs. (PVI-Veh + NG-Veh)] (P < 0.05; Figure 6E—F,|—
J). However, bilateral injection of Ex 9—39 into the nodose ganglion
prior to portal vein injection of GLP-17-3® abrogated its ability to
reduce postprandial TG accumulation [(PVI-GLP-1 + NG-9-39) vs.
(PVI-GLP-1 + NG-Veh)] (P > 0.05; Figure 6E—F,I—J). In line with our
previous observations, Ex 9—39 injected alone into the nodose gan-
glion failed to cause alterations in postprandial TG accumulation in
either the plasma or TRL TG [(PVI-Veh + NG-9-39) vs. (PVI-Veh + NG-
Veh)] (P > 0.05; Figure 6E—F,1—J). Portal injection of GLP-17-%¢)
compared to vehicle alone [(PVI-GLP-1 + NG-Veh) vs. (PVI-Veh + NG-
Veh)] was able to reduce postprandial plasma and TRL cholesterol over
a 6 h period, which was also reflected in the plasma and TRL
cholesterol AUC (P < 0.05; Figure 6G—H,K—L).
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Figure 4: Selective vagal denervation of GLP-1R-containing neurons abrogates the portal GLP-1 effect. Chow-fed Syrian golden hamsters received bilateral nodose ganglia
injections of Exenatide-Saponin (SAP) (1ug in 1 pl), or a blank scramble protein linked to Saponin (Blank). Two weeks later hamsters were fasted overnight and then Blank-treated
(Blank_XX) or Saponin-treated (SAP_XX) hamsters received a portal vein injection of either GLP-17-% (10 ug/kg) or vehicle (PBS). Hamsters were then fat loaded with an oral
gavage of olive oil (200 pl) and given an IP injection of Pluronic F-127 (2 g/kg). Blood was drawn over a 6 h period via retro-orbital bleeds. (A) 2-week fasting plasma TG, (B) 2-
week fasting plasma cholesterol, (C) food consumption, (D) body weight change, (E) Organ weight, (F) ITT, (G) ITT AUC, (H) Plasma TG, (I) plasma TG AUC, (J) plasma cholesterol,
(K) plasma cholesterol AUC, (L) TRL TG, (M) TRL TG AUC, (N) TRL cholesterol, (0) TRL cholesterol AUC. Data is presented as means 4+ SEM (A-G: n = 10/group; H-0: n = 5/
group). (*P < 0.05, **P < 0.01). *; Blank_Veh vs. Blank_GLP-1, " SAP_Veh vs. Blank_GLP-1, $; SAP_GLP-1 vs. Blank_GLP-1.

3.6. The anti-lipemic effects of portal and nodose ganglia GLP-1R directly related to GLP-1R signalling we performed portal vein in-
activation are abrogated in a novel GLP-1R KO hamster model jections of GLP-17-38) or vehicle in GLP-1R KO hamsters. As expected,
Recently we have developed a novel whole body GLP-1R KO hamster ~ GLP-1R KO hamsters exhibited no reduction in postprandial plasma or
model. To further confirm the observations described above are TRL TG or cholesterol following portal GLP-1(7-36) injection (P > 0.05;
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Figure 5: Pharmacological blockade of sympathetic signaling abrogates the anti-lipemic effects of portal GLP-1. Chow-fed Syrian golden hamsters were fasted for 16 h
then received and IP injection of alpha- and beta-adrenergic receptor antagonists (ARB_XX) or vehicle (Veh_XX). Ten minutes later hamsters received a portal vein injection of either
GLP-17%8) (10 pg/kg) or vehicle followed by an oral gavage of olive oil (200 w) and IP Pluronic F-127 (2 g/kg). Blood was drawn over a 6 h period via retro-orbital bleeds. (A)
Plasma TG, (B) plasma TG AUC, (C) plasma cholesterol, (D) plasma cholesterol AUC, (E) TRL TG, (F) TRL TG AUC, (G) TRL cholesterol, (H) TRL cholesterol AUC. Data is presented
as means + SEM (n=5/group). (*P < 0.05, **P < 0.01). *; Veh_Veh vs. Veh_GLP-1, " ARB_Veh vs. Veh_GLP-1, $; ARB_GLP-1 vs. Veh_GLP-1.

Figure 7A—H). Indeed, both portal GLP-17%® and vehicle treated
GLP-1R KO hamsters demonstrated significantly higher TRL TG at the
6 h timepoint compared to wildtype littermates treated with portal
GLP-117-3)_ Aithough we saw no significant changes in plasma TG or
cholesterol, wildtype littermates showed significant reductions in TRL
TG at 4- and 6 h and in the TRL TG AUC. Similarly, only wildtype
littermate controls demonstrated significant reductions in TRL
cholesterol at 6 h and in the TRL cholesterol AUC (P < 0.05;
Figure 7E—H).

In line with this, when GLP-17-3®) (500 ng/ganglia) or vehicle control
was injected bilaterally into the nodose ganglion of GLP-1R KO ham-
sters or wildtype littermates, GLP-17-3% was able to reduce post-
prandial plasma TG and cholesterol at 6 h and in the plasma
cholesterol AUC in wildtype littermates only (P < 0.05; Figure 71—L).
Correspondingly, only wildtype littermates exhibited reductions in TRL
TG and cholesterol at 6 h. At no point did GLP-1R KO hamsters
demonstrate any sensitivity to GLP-17®) injection (P > 0.05;
Figure 7A—P).

3.7. Vagal afferent GLP-1Rs are sensitive to diet-induced
dyslipidemia

Over the past decade there has been emerging evidence for the concept
of GLP-1 resistance. Thus, we sought to investigate whether portal GLP-
1R remained sensitive in our fructose-fed hamster model of dyslipide-
mia and insulin resistance. Hamsters fed a high-fructose diet for 14 days
developed significant fasting dyslipidemia (P < 0.05; Figure 8A) despite
demonstrating equal feeding activity and weight gain as chow-fed
controls (P > 0.05; Figure 8B—D). 14 days of high-fructose feeding

completely abrogated the ability of portal vein GLP-17-3®) (10 pg/kg) to
reduce plasma or TRL TG (P > 0.05; Figure 8E—H).

Since portal GLP-1R became desensitized to portal GLP-1( in-
jection, we then investigated whether nodose ganglia GLP-1R showed
a similar response. For this study we employed a slightly more
aggressive diet enriched with fat, fructose, and cholesterol (FFC) [15].
Hamsters fed an FFC diet for 4 weeks displayed fasting dyslipidemia,
with elevations in fasting plasma TG and Cholesterol (P < 0.05;
Figure 81,J). Portal injection of GLP-17-3® (10 pg/kg) was no longer
able to decrease postprandial plasma or TRL lipids in FFC-fed animals
(P > 0.05; Figure 8N—Q), however, chow-fed controls still exhibited
significant reductions in both the plasma and TRL TG and cholesterol
(P < 0.05; Figure 8N—Q).

7-36)

4. DISCUSSION

GLP-1R agonists are currently one of the most effective treatments
used in T2D to improve glycemic control [16]. Importantly, these ag-
onists also display potent anti-lipemic effects which could reduce the
risk of cardiovascular events, the leading cause of death in individuals
with T2D [17]. Part of the lipid lowering ability of these GLP-1R ago-
nists is due to the incretin effect, which stimulates insulin release from
the pancreas. However, GLP-1R agonists are resistant to degradation
by DPP-4 allowing them ample time to circulate and bind to GLP-1Rs
around the body. The likelihood of endogenous GLP-1 - which has a
circulating half life of approximately 2 min - reaching distant GLP-1Rs
in the pancreatic islet is much lower [18]. This becomes even less
probable considering only 25% of GLP-1 produced by the gut is
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Figure 6: GLP-1R activation in the nodose ganglia lowers postprandial plasma TG and TRL and is necessary for the anti-lipemic effects of portal GLP-1. A-D: Chow-fed
Syrian golden hamsters were fasted for 16 h then received a bilateral nodose ganglion injection of Exendin-4 (250 ng in 1 pl PBS), Exendin 9-39 (500 ng in 1 pl PBS), Exendin 9-39
followed 10 min later by Exendin-4, or vehicle control (1 pl PBS). E-L: Chow-fed Syrian golden hamsters were fasted for 16 h then received bilateral nodose ganglion injections of
either Exendin 9-39 (500 ng in 1 pl PBS; PVI-(XX) -+ NG-(9—39)) or vehicle (1 pl PBS; PVI-(XX) + NG-(Veh). Following this, hamsters received a portal vein injection of either GLP-
17-38) (10 pg/kg; PVI-(GLP-1) + NG-(XX)) or vehicle (PBS; PVI-(Veh) + NG-(XX)). Following treatment all hamsters were fat loaded with an oral gavage of olive oil (200 pl) and
received an IP injection of Pluronic F-127 (2 g/kg). Blood was drawn over a 6 h period via retro-orbital bleed. (A/E) Plasma TG, (B/F) plasma TG AUC, (C/I) TRL TG, (D/J) TRL TG
AUC, (G) plasma cholesterol, (H) plasma cholesterol AUC, (K) TRL cholesterol, (L) TRL cholesterol AUC. Data is presented as means + SEM (A-D: n=4—7/group; E-L: n=5/
group). (*P < 0.05, **P < 0.01, ***P < 0.001). A—D: *; Vehicle vs. Exendin-4, Exendin 9-39 vs. Exendin 4, @; Exendin 9-39 + Exendin-4 vs. Exendin-4. E—L: *; PVI-
(Veh) -+ NG-(Veh) vs. PVI-(GLP-1) + NG-(Veh), ; PVI-(GLP-1) + NG-(9—39) vs. PVI-(GLP-1) + NG-(Veh), $; PVI-(Veh) + NG-(9—39) vs. PVI-(GLP-1) + NG-(Veh).

secreted to the portal circulation intact, and 40—50% of this secreted
product is cleaved in the liver — leaving only 10—15% of active GLP-1
to reach the systemic circulation [19]. Thus, there is mounting evi-
dence for a neuroendocrine signalling mechanism for GLP-1 via
afferent vagal nerves in the portal bed where its active concentration is
highest [13,20—22]. Indeed, in our experimental model an acute in-
jection of GLP-17%%) into the portal vein was sufficient to exert sig-
nificant reductions in postprandial and fasting plasma TG, VLDL and
TRL in both mice and hamsters. This decrease was not seen when an
equimolar dose of GLP-1 was administered into the circulation outside
of the portal vein (either the jugular vein or IVC), which suggests a site-
specific effect. Such specificity supports the notion of a neuroendo-
crine signalling pathway for GLP-1 originating within the portal venous
bed. This is in line with previous reports where infusion of a GLP-1R

antagonist into the portal vein but not the jugular vein was able to
impair glucose tolerance in rats [13].

In contrast, a recent study by Aulinger et al. found that jugular infusion
of GLP-1 in rats was able to produce a greater insulin response
compared to infusion into the portal vein [6]. However, their key ob-
servations were made under conditions of a continuous infusion of
GLP-1; whereas, our experiments were conducted with an acute bolus
of GLP-1, perhaps providing less opportunity for jugular GLP-1 to hit
peripheral GLP-1Rs in distant tissues. In addition, we pursued a more
physiologically relevant approach with an oral fat gavage, activating
other classical components of the vagal afferent system such as
stretch and chemoreceptors in the stomach and esophagus. Also, in
our hamster model we did not see an increase in insulin secretion after
portal GLP-1 injection which suggests that portal GLP-1 does not rely
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Figure 7: The anti-lipemic effects of portal and nodose ganglia GLP-1R activation are abrogated in a novel GLP-1R KO hamster model. A-H: GLP-1R KO hamsters or WT
littermate controls were fasted for 16 h then received portal vein injections of either GLP-17-38) (10 ng/kg) or vehicle (PBS). I-P: Alternatively, GLP-1R KO hamsters or WT littermate
controls received bilateral nodose ganglia injections of GLP-17-% (1ug in 1 wl PBS) or Vehicle (1 I PBS). After treatment all hamsters were fat loaded with an oral gavage of olive
oil (200 pl) and then given an IP injection of Pluronic F-127 (2 g/kg). Blood was then drawn over a 6 h period via retro-orbital bleeds. (A/l) Plasma TG, (B/J) plasma TG AUC, (C/K)
plasma cholesterol, (D/L) plasma cholesterol AUC, (E/M) TRL TG, (F/N) TRL TG AUC, (G/0) TRL cholesterol, (H/P) TRL cholesterol AUC. Data is presented as means + SEM (A-H: n

=5—6/group; I—P: n=5—7/group). (*P < 0.05, **P < 0.01, ****P < 0.0001). *; WT_Veh vs. WT_GLP-1, " KO_Veh vs. WT_GLP-1, $; KO_GLP-1 vs. WT_GLP-1.

on the incretin effect to modulate postprandial lipids. Importantly,
milestone experiments by Nishizawa et al. which described this neuro-
incretin effect were conducted under constant glucose infusion [20]
and the authors determined that the neuronal-mediated insulin
component of portal GLP-1 was dependent on ambient glucose levels.
Whether the acute portal GLP-1 injection used in our model would
induce this neuro-incretin effect under mixed-meal conditions (as

opposed to the fat load solely used here) we are less certain. This could
be an interesting future direction as GLP-1 has also recently been
shown to work synergistically with insulin to stimulate nodose ganglia
neuron activity. lwasaki et al. demonstrated that over 90% of GLP-1
sensitive neurons isolated from mouse nodose ganglia were also
responsive to insulin. Co-treatment with GLP-1 and insulin produced
greater responses in GLP-1 sensitive neurons and was even able to
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Figure 8: Vagal afferent GLP-1Rs are sensitive to diet-induced dyslipidemia. A-H: Syrian golden hamsters were fed a high fructose diet or chow control for 2-weeks. Hamsters
were then fasted for 16 h before receiving portal vein injections of either GLP-17-3% (10 1g/kg) or vehicle (PBS). I-Q: Alternatively, hamsters were fed a fat/fructose/cholesterol enriched
diet (FFC) for 4 weeks. Hamsters were then fasted for 16 h before receiving bilateral nodose ganglia injections of GLP-17%® (1ug in 1 wl PBS) or vehicle (1 wl PBS). All hamsters were
then fat loaded with an oral gavage of olive oil (200 pl) and then received IV tyloxapol (2 g/kg; A-D) or an IP injection of Pluronic F-127 (2 g/kg; I-L). Blood was then drawn over a 6 h
period via jugular catheter (A-D) or retro-orbital bleeds (I-L). (A/I) 2/4-week fasting plasma TG, (B/K) food consumption, (G/L) weight, (D/M) body weight change, (J) 4-week fasting
plasma cholesterol, (E/N) plasma TG, (F/0) plasma TG AUC, (G/P) TRL TG, (H/Q) TRL TG AUC. Data is presented as means + SEM (A-H: n=6—7/group; 1-Q: n=6—7/group).
(*P < 0.05, **P < 0.01, ***P < 0.0001). *; Chow Vehicle vs. Chow GLP-1,7 Chow GLP-1 vs. Fructose/FFC Vehicle, $; Chow GLP-1 vs. Fructose/FFC GLP-1.

recruit previously unresponsive neurons to display increases in intra-
cellular [Ca2+] [23].

Along these lines, in addition to stimulating glucose-dependent insulin
release, GLP-1 has well-documented effects on gastric emptying, so
we wished to confirm whether reductions in postprandial lipids were

12

due to delayed transit of our oral fat gavage - particularly because the
effects of GLP-1 on gastric emptying have been shown to be depen-
dent on vagal afferent pathways [21]. To accomplish this, we bypassed
the stomach via an intraduodenal infusion of olive oil immediately
following portal vein injection of GLP-1. Notably, we still observed a
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significant decrease in plasma TG and TRL TG, suggesting these ef-
fects are at least partially independent of gastric emptying.

Since portal GLP-1 in our model worked in a site-specific manner we
then sought to interrogate whether this effect on postprandial and
fasting lipids was induced via a vagal signalling axis—as GLP-1R-
containing vagal afferent nerve terminals overlay the portal venous
bed. To confirm this, we employed a variety of surgical and pharma-
cological techniques. Deafferentation of small unmyelinated primary
vagal afferent neurons was achieved via capsaicin injection. Capsaicin
deafferentation has previously been shown to abrogate GLP-1’s effect
on gastric emptying [24], and in line with this deafferentation via
capsaicin completely blocked the ability of portal GLP-1 to reduce
postprandial lipids in our hamster model. Moreover, other non-specific
methods such as subdiaphragmatic truncal vagotomy also blocked the
anti-lipemic effects of portal GLP-1 injection. Interestingly, vagotom-
ised hamsters showed a lower overall TG profile, however, this may be
due to gastroparesis, a common post-operative side effect of vagotomy
[25—27]. As above, pharmacological inhibition of vagal signalling with
atropine was also able to block the ability of portal GLP-1 to reduce
postprandial TG in our hamster model. Finally, to reinforce that it is the
loss of GLP-1R-containing vagal neurons specifically that is respon-
sible for the null effect of GLP-1 during deafferentation/denervation, we
selectively deafferented this subpopulation of vagal afferent nerves via
bilateral nodose ganglia injections of the neurotoxin saponin linked to
exenatide. As expected, loss of GLP-1R-containing vagal afferent
neurons resulted in a complete loss of the anti-lipemic effects of portal
GLP-1 injection. This also decreased the likelihood that portal GLP-1
was stimulating the secretion of bioactive peptides that bound to
other vagal afferent nerve populations to modulate lipoprotein meta-
bolism. Thus, we concluded that this subpopulation of vagal afferents
was likely essential for the anti-lipemic action portal GLP-1 in our
model.

These GLP-1R-containing vagal afferent neurons house their cell
bodies in the nodose ganglion, which has also been shown to express
the GLP-1R. When we directly stimulated nodose ganglia GLP-1Rs with
Exendin-4 we saw marked reductions in postprandial and fasting blood
lipids. This occurred independent of stimulation of GLP-1Rs in the
portal vein. Moreover, inhibition of GLP-1R in the nodose ganglia with
Exendin 9-39 was able to abrogate the ability of portal GLP-1 to reduce
postprandial blood lipids, which suggests that these nodose ganglia
GLP-1R may be a regulatory component in propagating anti-lipemic
signals to the CNS. Whether nodose ganglia GLP-1Rs are being
directly activated by circulating GLP-1, or whether their inhibition alters
portal GLP-1R sensitivity on vagal afferent nerve terminals is unknown.
However, inhibition of nodose GLP-1Rs alone via exendin 9-39 injec-
tion did not alter postprandial lipids. In turn, selective deafferentation of
GLP-1R-containing nodose neurons via the neurotoxin saporin did
cause significant increases in postprandial (but not fasting) plasma TG,
plasma cholesterol, and TRL TG following an olive oil gavage. This was
paired with a trend towards increased food consumption over a two-
week period and elevated liver lipids. Interestingly, nodose ganglia
knockdown of GLP-1R containing nerves in rats did not affect food
consumption [12], but knockdown in the NTS via an adeno-associated
virus resulted in increased food consumption, meal size, and weight
gain [28]. It is possible that the subpopulation of GLP-1R containing
nerves we deafferented in our model were key in modulating food
consumption via other gut peptides such as cholecystokinin (CCK). This
is a probability since staining of isolated mouse nodose ganglia
revealed that approximately half of CCK1R-expressing neurons in the
nodose co-express the GLP-1R, and most GLP-1R-expressing neurons
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co-expressed CCK1R [29]. We also recognize the potential of portal or
nodose ganglia GLP-1Rs to be sensitizing vagal afferents to other
circulating factors which regulate lipoprotein metabolism. Certainly,
the reverse has been shown where pre-treatment with CCK in food-
restricted mice can enhance the satiation effect of GLP-1 via a vagal
afferent mechanism [30]. Regardless, experiments in our novel GLP-
1R KO hamster model highlighted the importance of the GLP-1R in
modulating the vagal response to GLP-1, as KO hamsters did not
respond to portal or nodose ganglia injection of its native form.
Previous work in our laboratory has demonstrated that intra-
cerebroventricular (ICV) injection of the GLP-1R agonist Exendin-4 into
the third ventricle causes significant reductions in postprandial and
fasting plasma lipids [2,3]. Recent work has demonstrated that long-
acting agonists such as liraglutide can be directly up taken and
deposited into the third ventricle via specialized cells on the blood brain
barrier called tanycytes [31]; however, this has yet to be well
demonstrated for native GLP-1. Due to native GLP-1s low concentra-
tion in the blood and short lifespan we postulate that the endogenous
pathways behind central GLP-1R activity may be the product of acti-
vated vagal afferents stimulating GLP-1-producing neurons in the NTS;
therein, causing the secretion of GLP-1 into hypothalamic nuclei
responsible for metabolic control. While not directly addressed here,
we were able to provide some evidence to support this hypothesis by
investigating the commonalities between how central and vagal GLP-
1R activation exert their effects on intestinal lipid metabolism. We have
previously demonstrated that the anti-lipemic effects of central GLP-1R
signalling were relayed to the periphery via sympathetic signalling,
since pharmacological blockade of alpha- and beta-adrenergic re-
ceptors blocked the effect of ICV exendin-4 [2]. To align our current
model with these findings we repeated portal GLP-1 injection in
hamsters who also had their sympathetic signalling impaired via
sympathetic blockade. Importantly, sympathetic blockade was able to
completely block the ability of portal GLP-1 to reduce postprandial
lipids. Together, this presents a potentially unified model of endoge-
nous GLP-1 action; wherein, GLP-1 secreted into the portal vein
stimulates GLP-1R on vagal afferent neurons, which project to and
stimulate GLP-1 producing neurons in the NTS. This results in GLP-1
secretion into hypothalamic nuclei, in turn depressing hepatic and
intestinal lipoprotein production via increased sympathetic tone. This
hypothesis is supported by the finding that hamsters treated with
sympathomimetic drugs demonstrate depressed fasting plasma TG
accumulation over a 2 h period (unpublished data), and peripheral
administration of GLP-1R agonists have been shown to increase
sympathetic tone [32]. However, to fully probe this hypothesis future
experiments are needed to directly link activation of GLP-1R containing
vagal afferents to increased hypothalamic GLP-1 levels.

This model for endogenous GLP-1 action also fits well with the rela-
tively recent concept of GLP-1 resistance. While GLP-1R agonists
remain effective in individuals with obesity and insulin resistance, this
may be due to their ability to activate GLP-1R in a myriad of tissues,
such as in the pancreas or brain. Whether vagal sensitivity to
endogenous GLP-1, which we here show acts in a narrow site-specific
window, would remain unchanged is less certain. This is supported by
evidence that children and adults with obesity and T2D have elevated
circulating GLP-1 levels compared to lean/non-diabetic counterparts
along with higher plasma TG [33—35]. Indeed, in our hamster model,
two weeks of feeding a fructose-enriched diet was sufficient to render
animals insensitive to portal vein injection of GLP-1. This is consistent
with clinical studies where men who consumed a fructose enriched
diet for 12 weeks had elevated plasma TG for 2 h after a mixed meal,
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but no increase in GLP-1 levels [36]. In obese prone rats fed a high fat
diet, the ability of exendin-4 to reduce food intake is diminished, which
was associated with decreased expression of GLP-1R mRNA in the
nodose ganglia [37]. Interestingly, high-fat diet induced inflammation
in the nodose ganglion can be seen as early as 24 h; wherein, HFD-fed
mice exhibited inflammatory gene expression and microglial infiltration
in the nodose ganglion [38]. Consistent with these reports, in our fat/
fructose/cholesterol (FFC) dietary hamster model of dyslipidemia, GLP-
1 injection into the nodose ganglia was no longer able to elicit re-
ductions in postprandial plasma TG and TRL. This agrees with a recent
study where nodose ganglia isolated from high fat diet fed mice
exhibited depressed membrane excitability in response to exendin-4
administration [39]. Thus, the development of GLP-1 resistance and
dysregulated vagal afferent signalling in insulin resistant states may
contribute to the development of dyslipidemia in T2D.

5. CONCLUSIONS

Together, the data presented here supports the concept of a complex
gut—brain—liver axis for endogenous GLP-1 signalling that is sensi-
tive to dysregulation via diet-induced insulin resistance. Notably, we
demonstrate for the first time that native GLP-1 can exert its lipid
lowering effects independent of insulin release and gastric emptying
via neuroendocrine signalling through the portal venous bed and
nodose ganglia. In addition, disruption of vagal afferent GLP-1R sig-
nalling via pharmacological inhibition, deafferentation, or poor diet will
disrupt this gut—brain axis leading to altered peripheral lipid meta-
bolism. Insights gleaned from these data explain in-part how
endogenous GLP-1 signals and becomes dysregulated during states
of metabolic dysfunction.
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