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Abstract

Background: Diabetes and obesity are major metabolic disorders that are increasing in
prevalence around the whole world at an alarming rate. Both disorders are characterized by
dyslipidemia, which is in part contributed to by elevated triglyceride (TG)-rich very low-density
lipoprotein (VLDL-TGs). In addition to regulating glucose homeostasis, the pancreatic hormone,
glucagon is involved in the regulation of hepatic lipid metabolism. Glucagon activates its
receptor (GCGR) in the liver to affect hepatic triglyceride, fatty acid, and cholesterol
metabolism. Increased circulating glucagon reduces hepatic lipoprotein production, triglyceride
secretion, and plasma triglycerides. Glucagon can cross the blood brain barrier, specifically in
the mediobasal hypothalamus (MBH) to modulate hepatic glucose metabolism and appetite.
Another region that can respond to glucagon action to regulate hepatic glucose metabolism in the
brain is the dorsal vagal complex (DVC). The DVC is located in the brainstem and is composed
of 3 different nuclei: the nucleus of solitary tract (NTS), area postrema (AP), and the dorsal
nucleus of the vagus (DMV). The DVC is a brain region which senses nutrients and hormones to
coordinate metabolic homeostasis, including lipid metabolism. However, whether glucagon acts
in the NTS to affect hepatic triglyceride secretion and plasma triglyceride levels in healthy, high-
fat diet (HFD)-induced hypersecretion of TGs, and type 2 diabetic (T2D) animals remains
unknown. Hence, in this study we aimed to elucidate a mechanism of direct glucagon action in
the NTS to regulate hepatic triglyceride secretion in healthy, HFD-induced hypersecretion of
TGs, and T2D animals. I hypothesize that NTS glucagon infusion will lower hepatic VLDL-TG

secretion in healthy rats but not HFD-induced hypersecretion of TGs or in T2D animals.
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Methods: Eight-week-old male Sprague Dawley rats underwent stereotaxic NTS cannulation
and vascular catheterizations allowed for direct NTS infusions, intravenous injections, and blood
sampling. A subset of the rats received injections of virally delivered, GcgrShRNA, PKAshRNA
or control shRNA sequence for loss of function studies. In addition to assessing NTS glucagon in
chow-fed rats, we also tested the efficacy of NTS glucagon to regulate hepatic VLDL-TG
secretion in two additional animal models known to exhibit insulin resistance. As such, a set of
rats were placed on HFD for 3 days to induce hepatic TG hypersecretion, and another set of rats
were given intraperitoneal injections of nicotinamide and streptozotocin and placed on HFD for
7 days to induce type 2 diabetes. Plasma TGs were measured in 10h-fasted rats after intravenous
poloxamer injection to assess the rate of hepatic VLDL-TG secretion in response to concurrent
NTS infusions. At the end of experiment, tissue samples are collected for protein and gene

analysis.

Results: In regular chow-fed rats (RC), NTS glucagon decreased TG secretion compared to NTS
vehicle controls. This was mediated via GCGR and protein kinase A (PKA) since
pharmacological and genetic inhibition of GCGR, or concurrent PKA inhibitor infusion,
selectively in the NTS, blocked the TG-lowering effects of NTS glucagon. Additionally,
inhibition of downstream kinase Mek/Erk1/2 blocked the lipid-lowering effect of NTS glucagon
demonstrating the necessity of Mek/Erk1/2 to mediate the liporegulatory effects of NTS
glucagon. Interestingly, NTS glucagon did not lower TG secretion in HFD-induced
hyperlipidemic, or T2D, rats. However, direct NTS PKA activation, which was sufficient to
recapitulate the reduction in VLDL-TG secretion induced by NTS glucagon, significantly

lowered TG secretion in in both diet-induced TG hypersecretion and T2D rat models. We did not
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discover differences in liver TG content or changes in P-ACC, ACC, FAS, MTP protein levels or
Srebfic, Dgatl, Dgat2, Scdl, Lpin2, Arfl, Ppara, Cptla gene expression within the livers of the
rats from these experiments that could account for the lipid-lowering effect of NTS glucagon. Of
note, reduced VLDL-TG secretion rates were associated with significantly decreased plasma
FFA levels in RC rats given NTS glucagon and in RC, HFD, and T2D rats that received NTS

PKA activator, Sp-cAMPs, compared to their NTS vehicle control counterparts.

Conclusion: Hindbrain glucagon signalling in healthy RC rats modulates hepatic VLDL-TG
secretion via NTS GCGRs, PKA and Mek/Erk1/2. Glucagon signalling in the NTS is abolished
in models of diet-induced TG hypersecretion and T2D animals. However, direct activation of
NTS PKA recapitulates glucagon’s effect to lower hepatic VLDL-TG secretion in these three rat

models. These findings may provide insight on lowering lipids in hypertriglyceridemia.
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Chapter 1: Introduction



Chapter 1 Introduction

1.1 Obesity and diabetes

The prevalence of obesity has risen drastically in the past few decades to the point where the
WHO has classified it as an obesity epidemic'?. The WHO defines obesity as an abnormal
accumulation of fat that can present an increase in risk to health with a clinical diagnostic
criterion of a body mass index (BMI) of 30 kg/m? or greater. As of 2016, 1.9 billion adults were
considered to be overweight, which is defined as having a BMI of 25 kg/m? or greater, and over
650 million adults were obese!2. As of 2018, Statistics Canada reported that over 7.3 million
adults in Canada were classified as obese?, and globally, its occurrence has more than tripled
since 197524, The growth of obesity around the globe and within Canada has been attributed to
a sedentary lifestyle and an increased consumption of energy dense foods such as fast foods,
processed foods rich in saturated fats'=. Strikingly, obesity is known to increase the risk of
other metabolic diseases such as type 2 diabetes®”’.

In a similar fashion, the incidence of diabetes has been on an upward trajectory for many
decades. Globally, as of 2014, there were 422 million individuals living with some form of
diabetes®. Type 2 diabetes is associated with obesity and is defined as a chronic disease in which
the body cannot sufficiently utilize the insulin it produces, or at later stages of the disease, it is
unable to produce enough insulin’. Individuals with obesity or diabetes or both are at higher risk
of developing serious life-ending comorbidities such as cardiovascular disease, stroke, and
kidney disease®!°. As a result, both metabolic disorders inflict a large economic burden on
health-care systems around the globe!!. In some individuals, diabetes can be managed through

lifestyle modifications'!. However, for others, diabetes treatments may prove to be a better



course of action, hence elucidating the various mechanisms of both these metabolic disorders

could only better our understanding to help regulate and treat them.

1.1.1 Metabolic characteristics of obesity

Obesity is most often characterized by a metabolic overload of nutrients leading to the
pathophysiological expansion of adipose cells and the development of chronic low-grade

12715 Hypertrophy of the adipocytes induces the release of

inflammation in the adipose tissue
local pro-inflammatory cytokines such as IL-6 and TNFa into the circulation leading to systemic
inflammation'%!>, Chronic systemic inflammation can lead to an alteration in insulin signalling
and development of insulin resistance!?!>. Insulin resistance is a condition in which the cells of
the body have a decreased response, or do not respond at all to insulin. In adipocytes,
proinflammatory cytokines inhibit the insulin receptor, and this leads to the inhibition of lipid
synthesis, free fatty acid (FFA) uptake and glucose uptake. As a result of insulin resistance, there
is a failure to suppress the lipolytic activity of adipocytes in the presence of high insulin levels
which leads to an increase flux of FFAs into the circulation and to the liver. Plasma FFAs taken
up by the liver stimulate hepatic TG accumulation and very low-density lipoprotein rich in
triglycerides (VLDL-TGs) secretion!®13-17,

Additionally, in an insulin resistant state, the uptake of glucose is impaired in tissues that
rely on insulin to mediate glucose transport from the circulation into cells. Glucose uptake in
skeletal muscles as well as glucose and fatty acid uptake in adipose tissue is dramatically
reduced in insulin resistance!’2°, At the level of liver, there is a disinhibition of gluconeogenesis
and glycogenolysis in response to insulin resistance leading to increased glucose production and

higher levels of circulating glucose?!. As a result, the pancreas overcompensates in an attempt to

maintain homeostasis and reduce glycemic levels by secreting more insulin!”-!822, This vicious



cycle by the pancreas exacerbates the hyperinsulinemia. The sustained stimulus for insulin
secretion overtime leads to pancreatic -cell exhaustion and failure, leading to hyperglycemia
and characterizing type 2 diabetes. Both obesity and type 2 diabetes are associated with
dyslipidemia which is in part contributed to by insulin resistance. While most type 2 diabetic

individuals may develop dysregulated glucose homeostasis, not all obese individuals do?324,

1.2 Lipids

1.2.1 Digestion of dietary lipids

The digestion of dietary fats, which consists mainly of TGs and cholesteryl esters, occurs
in the stomach and the intestine?>-2°, Initially, when food enters the mouth, there is a release of
lingual lipase from the tongue, specifically from the von Ebner’s glands?’-*°. Once the food is
swallowed, the lingual lipase is transported to the stomach, where along with gastric lipases
released from the gastric mucosa, hydrolyze TGs to diglycerides (DGs), and fatty acids? 2730, At
the stomach only partial digestion of the lipids occurs. Following that, the chyme, a cocktail of
digested food and gastric juices, passes into the duodenum, the first section of the small intestine
where most lipid digestion occurs®-°, Upon entrance of food into the duodenum, it stimulates
the release of cholecystokinin (CCK) from upper small intestinal I cells, respectively?>-2%3!, CCK
is responsible for stimulating the release of bile acids and pancreatic lipases from the gallbladder
and pancreas, respectively. Bile acids are very important in the digestion of dietary lipids as they
are responsible for the emulsification of lipids to enhance lipolysis via pancreatic lipases?>-2631-32,
Lipases secreted by the pancreas hydrolyze TGs to DGs, which are then digested to form 2-

monoacylglycerol (MGs)?%33. The MGs are further digested to the end product of fatty acids and

glycerol. Simultaneously, as TGs are being digested, cholesteryl esters are hydrolyzed by an



enzyme called cholesterol esterase to form fatty acids and free cholesterol?®4. Taken together,
all the products of dietary lipid digestion are transported to the apical surfaces of enterocytes in
bile salt micelles where they are absorbed by the enterocytes. Fatty acids can be absorbed
passively or via transporters such as CD36 and other products, namely MGs are absorbed
passively?6:353841,
Within enterocytes, fatty acids are not transported freely, but rather are transported via
transport proteins called fatty acid binding protein 1 or 2 (FABP1/2)?%*2. These transport proteins
are responsible for carrying fatty acids to various locations around the cell for different purposes.
They can either be transported to the mitochondria for B-oxidation, or to the endoplasmic
reticulum they are to be synthesized back into TGs via two different pathways?®. The first is the
MG pathway, which primarily uses MGs and fatty acids, the second is the glycerol-3-phosphate
pathway which uses fatty acids and glycerol-3-phosphate (Figure 1.1). The synthesized TGs are
either stored in lipid droplets, or they are transported out of the enterocyte by lipoproteins called
chylomicrons?6#*-#, In the circulation, TGs must be transported by lipoproteins. Chylomicrons
secreted from the enterocytes enter the lymph circulation to transport dietary lipids to peripheral
tissues such as the adipose and muscles to be used for storage or energy production*®47.
Chylomicron interaction with the endothelial lipase called lipoprotein lipase (LPL) results in the
hydrolysis of its contents. The TGs found within the chylomicrons are digested to form FFAs,
which can then be taken up by adjacent cells. The leftover chylomicron product is called a

chylomicron remnant which is then cleared from the circulation by the liver via receptor-

mediated endocytosis*®.



1.2.2 Liver TG synthesis

TG synthesis in the body occurs via two pathways, the first is the MG pathway and the

99-102(Figure 1.1). Both pathways use fatty acyl-CoA

second is glycerol-3-phosphate pathway
thioesters as donors of acyl groups. The first pathway is the simplest of the two pathway as here
fatty acyl-CoA’s donates an acyl group to MG to produce DGs and this process is mediated by
the enzyme monoacylglycerol acyltransferase (MGAT)!%*1%!, The second pathway is more
complex. Using glycerol-3-phosphate and a fatty acyl-CoA, glycerol-3-phosphate acyltransferase
(GPAT) generates lysophosphatidate, which is then converted to phosphatidate by 1-
acylglycerol-3-phosphate-O-acyltransferase (AGPAT)!%%1%!, Lastly, phosphatidate can be used to
generate DG via an enzyme called phosphatidate phosphatase (PAP1). From here both pathways
converge leading to the esterification of DGs to TGs via diacylglycerol acyltransferase (DGAT).
DGAT enzymes are particularly important as they are the main enzymes involved in the
synthesis of TGs*191:193 Tn different tissues DGAT is expressed in different isoforms as well as
to varying degrees of expression between the isoforms!*1%, DGAT]1 and 2 are expressed in
many tissues, but their expression is highest in tissues that synthesize TGs such as the liver,
small intestines, and adipose!?>1%, In different species the expression of both DGAT1 and 2
changes. In human, DGATT is highly expressed in the small intestines, however DGAT?2 is more
abundant in the liver. Comparatively, in rodents DGAT1 mRNA can be found in the small
intestines and white adipose whereas DGAT?2 is highly expressed in adipose and the liver. Under
conditions of low glucose, there is direct upregulation of DGAT1 activity, whereas in the
presence of high glucose leading to the secretion of insulin it preferentially upregulates the
activity of DGAT2!Y. Likewise, in fasting conditions when insulin levels are low, DGAT2

mRNA expression is dramatically decreased in both the adipose and liver but can be rescued



upon refeeding!**1%7, The mRNA expression of DGAT1 however remains unaffected by
fasting/refeeding!%+1%7 1t is suggested that due to high expression of DGAT1 in the small
intestines, it is likely to be involved in synthesis of TGs follow lipid absorption!?’. Additionally,
because it can be activated in the presence of low glucose, it may be critical for the synthesis of
TGs in basal conditions. In contrast, DGAT2 which compared to DGAT] is highly expressed in
the liver where under conditions of excess glucose, is more likely to contribute to the synthesis

of de novo TGs and lipoprotein VLDL assembly!'%7.
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Figure 1.1: Simplified schematic representation of triglyceride (TG) synthesis. The pathway on the left
shows the monoacylglycerol pathway. Monoacylglycerol (MQG) is the substrate that is converted to
diacylglycerol (DG) by monoacylglycerol acyltransferase (MGAT). The second pathway is the glycerol-3-
phosphate (G-3-P) pathway that through a series of steps generates DGs. The enzymes in the G-3-P pathway,
are glycerol-3-phosphate acyltransferase (GPAT) 1-acylglycerol-3-phosphate-O-acyltransferase (AGPAT)
phosphatidate phosphatase (PAP1). Both pathway converge with the production of DGs. DGs are then
converted to triacylglycerol or TGs by diacylglycerol acyltransferase (DGAT). Figure adapted from Chen and

Farese Jr, 2005?43, Figure made in Biorender program.



1.2.3 Liver De novo lipogenesis

De novo lipogenesis (DNL) is process by which dietary carbohydrates are converted to
fatty acids and can be used to produce TGs or other lipid molecules!®#(Figure 1.2). In the fed
state, glucose is metabolized via the glycolytic pathway to produce citrate in the mitochondria.
Citrate is transported out of the mitochondria to the cytosol where it is split by the ATP-citrate
lyase (ACL) enzyme to produce acetyl-CoA and oxaloacetate!'®’8, Oxaloacetate can then be
reduced to form malate, allowing for pyruvate to be generated by the malic enzyme from
malate'®. Pyruvate can be transported to the mitochondria where it is carboxylated by pyruvate
carboxylase to generate oxaloacetate!®. The presence of oxaloacetate in the mitchondria drives
citrate synthesis, which as described above can provide the DNL pathway with continuous
acetyl-CoA. Subsequently, acetyl-CoA is carboxylated to form malonyl-CoA via the enzyme
acetyl-CoA carboxylase (ACC)!'37887:88 Malonyl-CoA, which described above can inhibit CPT-
la, is used as a substrate by fatty acid synthase (FAS) for the synthesis of fatty acids such as
palmitic acid'®’®. The FAS is the rate limiting enzyme of DNL. Following that, palmitic acid can
be elongated to produce long chain fatty acids via fatty acyl-CoA elongases, yielding
stearate!®78%, The resulting long chain fatty acids are desaturated by steraroyl-CoA desaturase
(SCD) to produce monounsaturated fatty acids such as oleate, which is the major fatty acid found
in TGs, cholesterol esters and phospholipids!®7##-92, The long chain fatty acids generated in the
process are then converted to their acyl-CoA ester forms by various long chain acyl-CoA
synthetases'®’®, From here, the fatty acids generated de novo can be re-esterified for storage in
the form of TGs or exported out in the form of VLDLSs by the liver!®,

The DNL pathway is regulated in a few different ways. The first is by the availability of

substrates for the synthesis of TGs. Under fed conditions, dietary carbohydrates (substrate) are



what drive the DNL pathway. The increased presence of glucose and subsequently insulin
activates transcription factor carbohydrate response element binding protein (ChREBP), which is
found in the liver and other tissues!'®86-93%4, ChREBP increases in gene expression of key
enzymes involved in DNL such as ACL, ACC, FAS, and SCD1!%2. Additionally, in the presence
of insulin, the transcription factor sterol regulatory element binding protein 1C (SREBP-1C) is
activated leading to an additive effect by increasing gene expression of the same enzymes
described above®®. However, under fasting conditions when energy stores and glucose are low,
lipogenesis is inhibited by AMP-activated protein kinase (AMPK) and glucagon activated
cAMP-dependent protein kinase (PKA)**?¢-%8, Both these proteins inhibit ChREBP and SREBP-

1C via phosphorylation when intracellular glucose is low.
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Figure 1.2: Simplified schematic representation of de novo lipogenesis pathway (DNL). The DNL
pathway uses glucose as a substrate to make triglycerides (TGs) de novo. Excess glucose taken up by cells,
undergoes the normal glycolytic pathway leading to the production of citrate. Citrate is then transported out
of the mitochondria and is converted back to acetyl-CoA. Acetyl-CoA carboxylase (ACC) converts acetyl-
CoA to malonyl-CoA which is subsequently converted to palmitate via fatty acid synthase (FAS). Palmitate
can then undergo elongation and desaturation via stearoyl-CoA desaturase (SCD1) to generate fatty acyl-
CoAs that can be used in the synthesis of TGs. Figure adapted from Ameer et al, 20148, Figure made in

Biorender program.
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1.2.4 Liver TG storage

Following the synthesis of TGs in cells, from either the biosynthesis or the DNL
pathway, they then need to be stored within the cell. Within cells, TGs are stored as neutral lipids
in specialized dynamic organelles called lipid droplets (LDs)%. At low concentrations, neutral
lipids (TGs) can remain within the leaflets of the ER membrane, but as the concentration of TGs
increases, they begin to coalesce together away from ER membrane phospholipids and proteins
forming a lens-like structure6-213216, Newly formed neutral lipid lenses continue to fuse together
in order for more efficient sequestering of neutral lipids until the lipid lens is too large to be
contained within the ER membrane. Here, it is hypothesized that fat storage-inducing
transmembrane (FIT1/2) proteins are involved in the budding process of the larger formed lipid
droplets®®-215216 While the exact mechanism of FIT1/2 involvement in the budding of lipid
droplets within the ER membrane remains unsolved, FIT protein-deficient cells had reduced
capability of lipid droplet budding, suggesting it is quite important®¢-215216, Once LDs are large
enough, some of these LDs can bud off the ER whereby they can interact with other organelles
within the cell or remain tethered to the ER. Proteins such as cell death-inducing DFFA-like
effector (CIDE) contained on the surface of the LD allow for its fusion with the ER membrane
whereby allowing the TGs contained within the LD to be shuttled into the cytosol of the ER for

the assembly of VLDL-TG particles¢-6¢.

1.2.5 Liver Lipolysis and fatty acid oxidation

TGs within the liver can be safely stored in LDs for the short-term, but excessive
accumulation of TGs can lead to non-alcoholic fatty liver disease’. TGs contained within LDs

are normally either packaged into VLDLs for secretion out of the cell or undergo lipolysis

12



generating fatty acid products that are used in fatty acid oxidation for energy production (Figure
1.3).

LDs which are tethered to the ER membrane undergo lipolysis via lipases such as adipose
triglyceride lipase (ATGL), phospholipase domain containing 3 (PNPLA3), hormone-sensitive
lipase (HSL) and monoacylglycerol lipase (MAGL) that are contained within the surface of the
LD, The lipase ATGL, along with HSL and PNPLA3 hydrolyze the TGs contained within the
cytosolic LDs into diacylglycerol (DGs). Subsequently, HSL and PNPLA3 also catalyze the
hydrolysis of DGs to monoacylglycerol (MGs)”. Lastly, MAGL completes the lipolytic reaction
with the hydrolysis of MGs to glycerol. As a result of this lipolytic process, 3 fatty acid
molecules are sequentially generated which can be used in fatty acid oxidation’.

Fatty acids released from internal hepatic stores or flux of fatty acids from the adipose
can be used in energy production by B-oxidation’®77-22!, Plasma FFAs can enter the liver via 2
mechanisms. They can either readily diffuse across the phospholipid bilayer or they are taken up
by transport proteins such as CD36 and FATP2/5!8, Fatty acids taken up by the liver serve as

)78-80218 "which is activated

ligands for the peroxisome proliferator-activated receptor oo (PPARa
under conditions of negative energy balance such as the fasting state, and activates genes
involved in B-oxidation such as carnitine palmitoyltransferase 1a (CPT-1a)’88!:82, Interestingly,
malonyl-CoA an intermediary of de novo lipogeneis can inhibit the function of CPT-1a under
anabolic conditions, such as the fed state’®818% In the first step of fatty acid oxidation, fatty acids
are converted to fatty acyl-CoAs by acyl-CoA synthetase?!*?2°, The newly generated fatty acyl-
CoAs are transported to the mitochondria via CPT-1a the rate limiting enzyme in this process,

which catalyzes the production of acyl-carnitine. Acyl-carnitine is then transported to the

mitochondrial matrix via a translocase enzyme, where acyl-CoA is regenerated via CPT-I17331:82,
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The acyl- CoA can then enter the B-oxidation pathway whereby in the end acetyl-CoA is
generated and can be shuttled into the Krebs cycle leading to FADH> and NADH formation. The

FADH,; and NADH can then be used in the electron transport chain to generate ATP3485,
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Figure 1.3: Simplified schematic representation of fatty acids in the liver. Starting with the uptake of fatty
acids via CD36, or FATP2/5, they then can act as ligands for peroxisome proliferator-activated receptor o
(PPAR«) which upregulates beta-oxidation genes such as CPT1a. Once in the cell fatty acids are converted to
acyl-CoAs by acyl-CoA synthetase (ACS). Acyl-CoAs are converted to acylcarnitine for transport into the
mitochondria by CPT1a. The acylcarnitine is transported into the matrix of the mitochondria where it is
converted back to acyl-CoA and oxidized to produce acetyl-CoA which is then goes into the Krebs cycle for
energy production. Fatty acids can also be used in TG synthesis pathway and stored in lipid droplets but first
they must undergo conversion to acyl-CoA. Fatty acids for beta-oxidation can also come from lipid droplets
within the cell as the lipid droplet undergoes lipolysis by enzymes adipose triglyceride lipase (ATGL),
phospholipase domain containing 3 (PNPLA3), hormone-sensitive lipase (HSL) and monoacylglycerol lipase
(MAGL) that are contained within the surface of the LD. Lastly, TGs from lipid droplets in the liver can be
packaged into VLDLs to be secreted out of the liver. Figure adapted from Saponaro et al, 2015%*, and Banks

EJ, 2002%%. Figure made in Biorender program.
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1.2.6 Production and secretion of APOB-containing lipoproteins

In the liver, TGs are synthesized, stored, hydrolyzed for energy, and lastly, they can also
be transported out of the liver via TG-rich very low-density lipoproteins (VLDL-TGs) to prevent
excessive accumulation of TGs or when energy stores are low (fasted state)’’. Similarly,
chylomicrons secreted from the intestine post-prandially are TG-rich lipoprotein molecules
responsible for the transportation of TGs to peripheral tissues?®#**¥, Both lipoproteins are
structurally composed of a phospholipid monolayer that contains apolipoproteins, free
cholesterol, surrounding a hydrophobic core containing cholesteryl esters, and TGs?%43:4849 The
functions of apolipoproteins are primarily to help provide structure to the lipoprotein molecule,
and function as ligands for LPL and lipoprotein receptors. The main apolipoprotein for both
chylomicrons and VLDLs is apolipoprotein B (APOB)*-3, More specifically chylomicrons
predominately contain APOB-48, whereas VLDLs contain APOB-100. While this separation in
humans is quite pronounced, in rats however, the liver primarily secretes VLDL particles
containing APOB-48 but some are made with APOB-100%%3°-52, Each molecule of chylomicron
or VLDL contains a single APOB protein. APOB-48 is generated from posttranscriptional
modification of the Apob mRNA resulting in the translation of a shorter protein.

In the liver, TGs which are newly synthesized or stored in lipid droplets are packaged
into VLDL molecules before they are transported out into the circulation®*>*. The synthesis of
VLDL particles is regulated by many factors and is done in two steps. The first step called the
co-translational step is where TGs are recruited and transferred to a nascent APOB via the
microsomal triglyceride transfer protein (MTP) to generate a primordial VLDL particle within

the endoplasmic reticulum®*3-?, Simultaneously, MTP lipidates another molecule in the lumen

of the endoplasmic reticulum known as the APOB-free lipid droplet™-73%¢0, The APOB-free
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lipid droplet contains lipids, and other apolipoproteins. Both molecules are transported to the
Golgi apparatus using COPII vesicles®!. In the second step, called the post-translational step, the
primordial VLDL molecule is further lipidated using core lipids from the APOB-free lipid
droplet>*->7->%, This process is sometimes described as the bulk lipidation of VLDL-TGs. The
bulk lipidation of the VLDL particle is dependent on a few factors, such as the ADP-ribosylation
factor 1 (ARF1) and DFF4-like effector B (CideB)%*%. ARF1 is also responsible for activating
phospholipase D, leading to the production of phosphatidic acid (PA) from phosphatidylcholine
(PC), which is essential in the assembly of VLDLs®>%%, Once the VLDL-TG particle is mature, it
is transported from the Golgi apparatus to the plasma membrane in vesicles where is secreted out

of the hepatocyte>*S!.

1.2.7 White adipose tissue and triglyceride metabolism

Once VLDL-TGs or chylomicrons are secreted into the circulation, they travel to
peripheral tissues, including the white adipose tissue (WAT) where they can interact with an
endothelial lipase called lipoprotein lipase (LPL) resulting in the hydrolysis of its contents*¢47.
The TGs found within the VLDL-TGs and chylomicrons are digested to form FFAs, which can
then be taken up by adjacent cells. Plasma FFAs absorbed by the WAT are re-esterified to form
TGs via the TG synthesis pathways and stored in LDs similar to the liver, as described. In fed
states, insulin signaling at the adipose increases cAMP degradation via phosphodiesterases
(PDE) preventing lipolytic activity???. However, in fasted states glucagon signalling at the
adipose increases cCAMP and PKA activation which directly phosphorylates HSL to initiate
adipose LD lipolysis.

Lipolysis of LDs in the adipose tissue is not too different to that of hepatic LDs. The

enzymes involved are ATGL and its co-activator comparative gene identification 58 (CGI-58),

17



HSL and MGL*-75, Similar to the processes described above, adipose stores of TGs are
hydrolyzed to DGs by ATGL and CGI-58. Interestingly, HSL can also perform this function.
Notably, the hydrolysis of DGs to MGs is done exclusively by HSL followed by the hydrolysis
of MGs by MGL, and HSL*7>222, The purpose of lipolysis of TGs in the adipose is to release
fatty acids and glycerol in states of negative energy balance, or under conditions of stress, when
the body has an increased demand for energy production. Fatty acids can be secreted directly into

the circulation, where they can travel to the liver to aid in energy production via B-oxidation

(described above)’3- 7>,

1.3  Glucagon

1.3.1 Glucagon synthesis and secretion

Glucagon is a 29 amino acid peptide hormone that plays a fundamental role in regulation
of glucose homeostasis; importantly, it is also involved in the regulation of lipid and protein
metabolism!'%-113, Glucagon is synthesized in the alpha-cells of the pancreatic islet from the
preproglucagon gene!%:19:112 Thijs gene is expressed in many different tissues around the body
such as the pancreatic alpha-cells, enteroendocrine cells of the small intestine and certain parts of
the brain. The preproglucagon gene is transcribed to form preproglucagon mRNA that undergoes

translation to form the preproglucagon polypeptide!?®1%°

. The preproglucagon peptide undergoes
a signal peptide cleavage to form proglucagon which depending on the expression of specific
proconvertases (PCs) in different tissues undergoes further cleavage to different peptides!®®10°,
In the alpha-cells, PC2 is predominately expressed leading to the production of glucagon;

however, in the small intestines and the brain, PC3 is highly expressed which generates

glucagon-like peptide 1/2 (GLP-1 or 2)!08109,
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The secretion of glucagon can be regulated in a few ways (Figure 1.4). The first is
through the action of glucose on alpha cells!*®!1%!117 Under conditions of high glucose, the
ATP/ADP ratio within the cell rises whereby the activity of Katp channels functions at an
intermediate level and hence blocking the secretion of glucagon!®®!13-115 However, when
glucose concentration is low the ATP/ADP ratio drops allowing for the inhibition of Katp
channels, raising intracellular K* levels and depolarization of the membrane. Upon
depolarization, there is an influx of Ca?" and Na" into the cell leading to the exocytosis of
glucagon containing granules!%®!13-115 The second is via the action of hormones that regulate
glucagon release. Insulin binding to its receptor on alpha cells activates downstream cascade
through phosphatidylinositol-3 kinase (PI3K) and increasing activity of Katp channels which
leads to the hyperpolarization of the membrane and blocking glucagon secretion!%®!17-118 The
action of insulin can be further reinforced by GLP-1, which enhances insulin secretion by beta-
cells leading to inhibition of glucagon. Additionally, somatostatin is another paracrine hormone
which is secreted from the delta cells of the pancreas and can directly bind to alpha cells via its
receptor SSTR2. Similar to insulin, somatostatin signaling via a G-protein coupled receptor
increases Katp channel activity therefore hyperpolarization of the membrane. Glucagon secretion
can also be regulated via neural control'%!1311° The islets of Langerhans are heavily innervated
by parasympathetic and sympathetic nerves. Release of either acetylcholine or noradrenaline
increases glucagon secretion by the alpha-cells as they potently increase Ca®* flux into the cell to

accelerate glucagon mobilization.
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Figure 1.4: Simplified schematic representation of glucagon secretion regulation. Glucagon secretion can
be regulated in a few different ways. The first is through paracrine actions of insulin and somatostatin,
released from beta, delta cells in the pancreas that act directly on alpha cells to inhibit glucagon secretion.
Second, GLP1 secretion from the intestines inhibits glucagon secretion from alpha cells via binding to beta
cells and promoting secretion of insulin. Thirdly, high levels of glucose directly inhibit glucagon secretion.
Additionally, neural regulation of glucagon can both increase and decrease secretion directly or decrease
secretion via promoting somatostatin release by delta cells. Figure adapted from creative diagnostics?4.

Figure made in Biorender program.
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1.3.2 Glucagon receptor and secondary messengers

Once glucagon is secreted from the pancreas it enters the portal circulation where it
reaches its primary target in the body, the liver. Glucagon receptors (GCGR) are present in
various tissues, but the liver contains the highest number of them!%%!!13120(Figure 1.5). The
GCGR is a G-coupled protein receptor, part of the Gs class of receptors! 9113121122 [Jpon
glucagon binding, it leads to the activation of adenylate cyclase (AC), a membrane bound protein
that produces an intracellular molecule called cyclic AMP (¢cAMP)!21:122. The production of
cAMP is very important in glucagon signaling as cAMP is required by protein kinase A (PKA),
the main downstream protein kinase for glucagon signaling. PKA is made up of a total of 4
subunits, 2 are regulatory subunits and 2 are catalytic subunits'?®. In order for PKA to be
activated, 4 cAMP molecules must bind to a total of 4 binding sites on the 2 regulatory subunits
to allow for the catalytic subunits to be released and perform the active functions of PKA. Once
PKA is activated, it is the main kinase by which PKA activates targets of glucagon signaling
such as phosphorylating cAMP response element binding protein (CREB)!!*!121.122. CREB is a
transcription factor by which glucagon can increase expression of gluconeogenic and
glycogenolytic genes in the liver.

Another mechanism by which glucagon can signal is through the Gq class of g-coupled
protein receptors!2!:122, The activation of this receptor type leads to the activation of
phospholipase C (PLC) and subsequent increase in intracellular levels of inositol 1,4,5, -
triphosphate (IP3). In turn, IP3 activates downstream signaling mechanisms that releases Ca**
from the ER and activates CREB-regulated transcription co-activator 2 (CRTC2). The purpose of

CRTC2 is to further potentiate the response occurring via CREB.
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While it is widely known that PKA is the main signaling kinase in the glucagon signaling
pathway, a lesser known signaling kinase in this pathway involves Mek/Erk1/2223223, Treatment
of glucagon in a HEK cell line expressing the glucagon receptor (GCGR) led to a dose-
dependent increase in PKA and ERK1/2. MEK1/2 phosphorylates ERK1/2, and treatment of
HEK cells with a MEK inhibitor blocked the phosphorylation of ERK1/2 in glucagon-treated
cells?2*224, Furthermore, treatment of the cell line with a PK A-specific inhibitor blocked the
phosphorylation of ERK1/2, suggesting that ERK1/2 kinases are downstream of PKA. This
suggests that the MEK1/2 is activated via PKA leading to the downstream phosphorylation of

ERK1/2 which plays a key role in downstream glucagon signaling??>224,
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Figure 1.5: Simplified schematic representation of glucagon signalling pathway. Glucagon binds to its
receptor the glucagon receptor (Gegr), a G-protein couple receptor. This leads to downstream activation of
adenyl cyclase (AC) and increase production of cAMP. Subsequently the rise in intracellular cAMP levels
leads to the activation of protein kinase A (PKA). Following this, PKA can do 2 things, 1) it can activate the
Mek/Erk pathway or 2) translocate to the nucleus where it phosphorylates cAMP related binding protein

(CREB) to regulate gene transcription. Figure made in Biorender program.

23



1.3.3 Glucagon regulates hepatic glucose metabolism

Glucagon, which is primarily known to be a glucoregulatory hormone, responds to the
body’s needs when glucose levels are low!9:124125 Tt acts mainly upon the liver to increase
glucose production and output into the circulation (Figure 1.6). Binding of glucagon to its
receptors activates various glycogenolytic and gluconeogenic genes in the liver, and an outline of
how glucagon regulates these processes is described below.

In line with rapidly producing glucose, glucagon stimulates glycogenolysis, which is the
breakdown of glycogen to its monomer, glucose, which can then be released into the circulation
from the liver!?*!2, Glucagon regulates glycogenolysis by phosphorylating glycogen
phosphorylase kinase (GPK) via PKA activation. The activated GPK promotes the breakdown of
glycogen production of its product glucose-1-phosphate (G-1-P) and subsequently glucose-6-
phosphate (G-6-P), which serves as the substrate for the glucose-6-phophatase (G-6-Pase) to
produce glucose!'?*!12°, Additionally, glucagon decreases the production of glycogen by inhibiting
the activity of glycogen synthase (GS).

In addition to producing glucose from glycogen, glucagon also stimulates
gluconeogenesis. Interestingly, glucagon via the PKA-CREB-CRTC2 pathway promotes the
expression of the G-6-Pase and directly increases the activity of G-6-Pase which catalyzes
conversion of G-6-PO4 to glucose during gluconeogenesis'?>!24, Another action of glucagon is to
increase the expression of its target genes such as PGC-1a, PEPCK via the PKA-CREB-CRTC2
pathway. Gluconeogenesis converts non-carbohydrate substrates to oxaloacetate (OAA) which is
then subsequently converted to phosphoenolpyruvate (PEP) by PEPCK, the rate limiting enzyme
in this process!?2. Additionally, PKA inhibits phosphofructokinase-2 (PFK-2), and the lower

activity of PFK-2 leads to enhanced activity of fructose-2,6-bisphosphatase (FBPase-2), which
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results in lower levels of fructose-2,6-bisphosphate (F-2,6 -P»). The lower levels of F-2,6-P»
enhance the activity of fructose-1,6-bisphosphatase (FBPase-1) which converts a fructose-1,6-
bisphosphate (F-1,6-P») to fructose-6-phosphate and hence increase gluconeogenesis.
Simultaneously, this decreases the activity of phospofructokinase-1 (PFK-1) and thus inhibit

glycolysis.

1.3.4 Glucagon regulates hepatic lipid metabolism

While glucagon is primarily known for being a glucoregulatory hormone, it also has very
important role in regulating hepatic lipid metabolism!!%!26(Figure 1.6). Working via the PKA
pathway, glucagon inhibits ACC in hepatocytes preventing the conversion of acetyl-CoA to
malonyl-CoA!!?. As described above malonyl-CoA is an important intermediatory that drives
DNL and inhibits fatty acid oxidation. By inhibiting malonyl-CoA production, glucagon inhibits
lipogenesis. Simultaneously, CREB acts to increase the expression of genes involved in fatty
acid oxidation such as peroxisome proliferator activated receptor alpha (PPARa)??°, forkhead
transcription factor A2 (FoxA2)!'10226227 Both PPARa and FoxA2 enhance CPT1 and CPT2
gene transcription?26-227-228 Increased expression of CPT1a and decreased malonyl-CoA levels
drives FFAs within the cell into the mitochondria for B-oxidation rather than to TG re-
esterification. The process of B-oxidation is described above. Overall, due to glucagon levels
being highest during fasting levels the purpose of hepatic glucagon signaling is to decrease

lipogenesis and increase B-oxidation to increase energy stores!!?.
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Figure 1.6: Simplified schematic representation of glucagon’s peripheral effects. Glucagon binds to liver
by binding to its receptor the glucagon receptor (Gegr leading to downstream activation protein kinase A
(PKA). With this, glucagon increases overall glucose production at the liver by increasing glycogenolysis

(glycogen breakdown) and gluconeogenesis (formation of new glucose). In addition to its glucoregulatory

role, glucagon can decrease hepatic VLDL secretion by increasing beta-oxidation and decreasing lipogenesis.

At the adipose tissue, glucagon overall increases lipolysis. Figure adapted from Galsgaard et al., 2019'1°,

Figure made in Biorender program.
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1.4  Brain regulation of peripheral metabolism

Thus far, an overview of lipid metabolism and its regulation has been provided, with a
focus primarily on its peripheral regulators. This includes the direct effects of nutrients (e.g. fatty
acids) and hormones (insulin and glucagon) on liver TG metabolism and VLDL-TG secretion,
for example. In addition to these effects directly on the liver, it is now recognized that the brain
can also sense nutrients and hormones to regulate liver lipid metabolism. This next section will
introduce two key brain regions which have been the most extensively studied in the regulation

of peripheral metabolism (Figure 1.7).
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Figure 1.7: Simplified schematic of medio-basal hypothalamus (MBH) and dorsal vagal complex (DVC)
anatomy. The MBH region is comprised of the arcuate nucleus (ARC) located adjacent to the 3" ventricle in
the hypothalamus. The DVC is a brainstem region comprised of the area postrema (AP), nucleus of solitary

tract (NTS), and the dorsal motor nucleus of the vagus (DMV). Figure adapted from Vohra et al., 2022?47 and

Ludwig et al., 2021'%, Figure made in Biorender program.
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1.4.1 Hypothalamic regulation of peripheral metabolism

The medio-basal hypothalamus (MBH) is a region of the forebrain located within the
hypothalamus!?’. It is made up mainly of the arcuate nucleus (ARC), an important region of the
brain involved in mediating a wide span of neuroendocrine and physiological functions. Located
adjacent to the third ventricle, the ARC is located dorsally to the median eminence, which is a
circumventricular organ; thus the ARC is in close proximity to an area of the blood brain barrier
with highly permeable fenestrated capillaries'?®. This allows for neurons within the ARC to sense
and respond to fluctuations in systemic hormones and nutrients to maintain homeostasis. In
response to these peripheral cues, the MBH can modulate food intake, energy expenditure,
peripheral glucose and lipid metabolism!2°-13¢,

Circulating levels of nutrients such as glucose, amino acids and fatty acids, can readily
cross into the MBH region from the systemic circulation. The hypothalamus is known to have
glucose sensors that help to maintain peripheral glucose homeostasis by modulating hepatic
glucose output!*”-138, Stereotaxic surgeries to implant guide cannula to target specific brain nuclei
have allowed researchers to directly test the effects of selective nutrients and hormones within
the brain on metabolism in vivo. Studies in rodents have shown that infusing physiological
concentrations of glucose directly into the intra-cerebral ventricular (ICV) system targeting the
hypothalamus led to a significant inhibition of both glycogenolysis and gluconeogenesis'*”.
Analysis of hepatic tissues showed significant inhibition of hepatic G-6-Pase, an enzyme that
drive gluconeogenesis. This suggests that hypothalamic regulation of glucose metabolism in
response to glucose functions in a negative feedback mechanism. Additionally, it was found that

direct infusions of leucine decreased circulating levels of glucose by supressing hepatic glucose

production (GP), which consists of gluconeogenesis and glycogenolysis!#’. Similarly, ICV
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infusion of oleic acid significantly reduced plasma glucose, food intake and interestingly

141

increase hepatic insulin sensitivity'*'. Of note, however, in animals fed with a high-fat diet

(HFD) for as little as 3 days, central oleic acid is unable to decrease food intake and normalize

142,143

glucose homeostasis . This suggests that the ability of nutrient sensing within the

hypothalamus to regulate glucose and energy metabolism can become impaired by acute HFD-
feeding!4%143,

In addition to sensing nutrients from the periphery, the MBH contains receptors for
peripheral hormones!*. For example, insulin receptors within the ARC are localized to two
neural populations, pro-opiomelanocortin (POMC) and agouti-related peptide (AgRP) neurons.
Insulin signaling within the MBH, produces similar metabolic effects to that of insulin signalling
in tissues in the periphery. Within the hypothalamus, insulin binds to its receptor, IR, and signals
through the IRS1/2 — PI3K — AKT pathway, to suppress hepatic GP'#-147 ICV administration of
potent KATP blockers has been shown to prevent the decrease in hepatic GP following
hypothalamic insulin action suggesting the glucoregulatory effects of hypothalamic insulin
action are mediated by a altering the firing rate of hypothalamic AgRP neurons through the
opening of KATP channels and consequent cellular hyperpolarization!43:14%-150,

Furthermore, rats receiving vagotomies could no longer decrease hepatic expression of
G6Pase and PEPCK required to decrease hepatic GP in response to ICV infusions of insulin,
which suggests that the hepatic vagus nerve is responsible for mediating the glucoregulatory
effects of hypothalamic insulin signalling on the liver'*°. Furthermore, similar to that which was

observed with hypothalamic glucose sensing, the ability of hypothalamic insulin to suppress

hepatic glucose production was likewise compromised in rats that were fed HFD?2%23°, This
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suggests HFD can impair both nutrient sensing mechanisms and hormone action in the
hypothalamus to regulate glucose metabolism.
1.4.1.1 MBH regulation of peripheral lipid metabolism

In addition to the MBH being capable of regulating food intake and glucose metabolism,
it can also regulate peripheral lipid metabolism. ICV3 infusion of glucose and/or lactate reduced
hepatic VLDL-TG secretion, increased hepatic TG content, and decreased hepatic oleic acid
content due to the reduction in SCD1 activity!!. Interestingly, however, in 3-day HFD
conditions, hypothalamic glucose sensing was disrupted because ICV3 glucose could no longer
lower hepatic VLDL-TG secretion in a HFD model'>!. Hypothalamic insulin action, which
already described above with regards to glucose homeostasis has also been implicated in lipid
homeostasis. ICV administration of insulin targeting the third ventricle, has been shown to
promote both WAT and hepatic lipogenesis, due to increased fat mass, adipocyte size, adipose
tissue lipoprotein lipase (LPL) expression, hepatic VLDL-TG secretion and decrease hepatic
lipid levels'*%!32, Administration of GLP-1 or glucagon-like peptide-1 receptor agonists to the

hypothalamus have been shown to lower VLDL- TG secretion!>?

. Direct leptin infusion into the
MBH of rats inhibits WAT DNL!>4. Of note, ICV infusion of leptin targeting the third ventricle
of rats, leads to an increase in hepatic VLDL-TG secretion and a decrease in hepatic DNL!%,
Interestingly, leptin action in the brain is associated with changes in liporegulatory genes and
proteins, such as decreases in hepatic FAS and SCDI1 protein and mRNA expression!>:136,
However, in contradiction, an ICV infusion of NPY targeting the third ventricle of rats stimulates
hepatic VLDL-TG secretion, due in part to an increase in hepatic Scdl, Arf-1, and lipin-1 mRNA

131,157-159

expression and protein levels . Furthermore, central NPY signaling can negate the

inhibitory effect of insulin on VLDL-TG secretion!®®. All in all, the MBH can detect and respond
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to various peripheral nutrients and hormones to regulate peripheral glucose and lipid metabolism
but may be susceptible to impairment after HFD-feeding.
1.4.1.2 MBH glucagon in the regulation of glucose metabolism and feeding

In addition to sensing other hormones, the hypothalamus can respond to circulating levels
of glucagon in order to maintain peripheral glucose homeostasis. Glucagon receptors are known

to be expressed in the hypothalamus, specifically the ARC!61:162

. Hypothalamic glucagon
signaling via the GCGR activates a familiar pathway seen in the periphery. MBH GCGR
activation leads to activation of adenylate cyclase and increases in cAMP which activates PKA.
Direct MBH glucagon infusions significantly lowered hepatic glucose production under
pancreatic clamp conditions and improved glucose tolerance in response to an intravenous
glucose bolus'®?. These changes were independent of changes in the utilization of glucose and
circulating levels of insulin and glucagon. Notably, this is quite interesting because peripheral
glucagon acting on the liver directly stimulates glucose production and elicits a rise in blood
glucose, which is the opposite the effects of the direct central action of glucagon. Interestingly, a
modest increase in circulating levels of glucagon can cross the blood brain barrier to activate the

glucagon receptors in the MBH to regulate hepatic glucose production'¢%!63

. Hypothalamic
glucagon sensing is proposed to be a physiological mechanism in place that allows to counter
regulate the stimulatory effect of elevated plasma glucagon levels on the liver and prevent
hyperglycemia when hyperglucagonemia is sustained'®?. However, MBH glucagon infusion fails
to lower hepatic glucose in animals fed a 3-day HFD, but this glucoregulatory improvement
could be rescued with direct activation of MBH PKA. Direct PKA activation significantly

lowered hepatic GP in the HFD model'%2. Additionally, another group independently discovered

that hypothalamic glucagon infusion via the identical signal transduction pathway through
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GCGR and PKA activation significantly decreased food intake!®*. Furthermore, the downstream
decrease in MBH Ca?" -calmodulin dependent protein kinase kinase f (CaMKKp), pAMPK,
pACC, contributed to the anorectic phenotype seen with MBH glucagon infusion!®*. Taken

together, glucagon signalling in the hypothalamus can regulate glucose metabolism and appetite.

1.4.2 Brainstem regulation of peripheral metabolism

The dorsal vagal complex (DVC) is brain region located in the brainstem part of the
brain!®>. It is a larger region made up of three different nuclei and includes the area postrema
(AP), nucleus of solitary tract (NTS), and the dorsal motor nucleus of the vagus (DMV). Similar
to the MBH, the DVC is located adjacent to the fourth ventricle, and the AP is considered to be a
circumventricular organ due to its close proximity to a highly permeable and fenestrated blood
brain barrier!?%195, The DVC is a major region that relays signals to and from the gut, forebrain,
and midbrain to facilitate energy and nutrient homeostasis'®®. Additionally, nutrients and
hormones can act directly in the DVC to facilitate regulation of food intake, glucose metabolism
and lipid metabolism. one of the earliest research findings suggesting that the brain could
regulate peripheral glucose homeostasis dates back to the 19" century: Claude Bernard’s work
involving lesions of the fourth ventricle which leads to altered glucose homeostasis resulting in
hyperglycemia!®’.

Nonetheless, glucose sensing in the brainstem occurs in the NTS. Direct glucose
infusions targeted at the NTS in the DVC under pancreatic clamp conditions led to significant
reductions in glucose production!%®, suggesting a similar mechanism of action described above
for glucose sensing in the hypothalamus. In contrast to insulin signaling in hypothalamus in
which insulin activated a PI3-kinase-Akt mediated signalling pathway, administration of insulin

directly into the DVC preferentially activated an IRS1/2 — MEK1/2 — ERK1/2 pathway leading
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to subsequent decrease in hepatic glucose production and food intake!'®%2*!, Furthermore,
inhibition of Katp channels selectively in the DVC downstream of the pathway described above,
blocked insulin’s glucose lowering effect, suggesting the importance of DVC Kartp channels,
similar to its signaling pathway in the hypothalamus!'®®23!, The DVC is notably recognized for its
involvement in the regulation of food intake and strikingly, targeting the GLP-1 receptor (GLP-
1R) has become a primary area of research in the diabetic and obesity field. With exogenous
activation of DVC GLP-1R using GLP-1 or its agonist, there is a significant reduction in food
intake, and it promotes weight loss'®17°, Additionally, loss of GLP-1R in the NTS specifically,
promotes hyperphagic behaviour!”!. Notably the DVC can also respond to nutrients to regulate
food intake. Direct NTS infusions of L-leucine, an amino acid, reduced food intake and 24-hour
body weight compared to saline controls'®®. Additionally, administration of L-leucine maintained
a decreased meal size past 24 hours, and L-leucine was shown to signal via mTORC1/p70 S6
kinase 1 (S6K1), an important effector in the regulation of energy balance!”2,
1.4.2.1 DVC regulation of peripheral lipid metabolism

The DVC, while not extensively studied for its role in lipid metabolism, is emerging as a
target of research for potential treatments in obesity. Oleic acid infusions into the DVC lowered
hepatic VLDL-TG secretion!®®, similar to its ability in the hypothalamus to lower VLDL-TG via
a neurocircuit involving DVC NMDA receptor transmission and the hepatic vagus nerve!*,
Furthermore, DVC oleic acid sensing requires long-chain acyl-CoA synthetase (ACSL) for re-
esterification; when intralipid was administered intravenously to raise plasma free fatty acids
while simultaneously blocking ACSL in the DVC, it blocked the ability of central oleic acid to
lower VLDL-TG secretion. Furthermore, 3-day HFD feeding disrupted DVC oleic acid’s ability

to lower VLDL-TG secretion. Together, this work enhanced our understanding of DVC sensing
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of peripheral fatty acids and its ability to regulate lipid metabolism. Additionally, glycine, both
an amino acid and an important regulator of NMDA receptor transmission has been described to
lower hepatic VLDL secretion!*>. DVC infusions of glycine led to increase in NMDA receptor
activation and inhibition of hepatic Scdl. As described above, Scdl is involved in the production
of monounsaturated fatty acids in the lipogenesis pathway and is a key enzyme in VLDL
assembly. In contrast, leptin infusions into the DVC activated leptin receptors and increased
VLDL-TG secretion via hepatic vagal branch!>. Like the hypothalamic leptin signaling, DVC
leptin signaling was associated with decrease in hepatic DNL due to decreases in hepatic FAS
and SCD1 protein and mRNA expression.
1.4.2.2 DVC glucagon in the regulation of glucose metabolism

While it is not yet known whether glucagon regulates food intake and lipid metabolism
via a direct signalling pathway in the DVC, it has been established that it can regulate glucose
metabolism. Glucagon infusion into the DVC activates GCGR, which has been shown to be
present in the DVC!7. Furthermore, inhibition of PKA downstream of the GCGR in the DVC
blocked glucagon’s ability to decrease hepatic glucose production, proving the requirement of
PKA in DVC glucagon signaling. Interestingly, inhibition of the MAPK/ERK1/2 signaling
pathway downstream of PKA and inhibition of Katp channels independently of each other
negates glucagon’s ability to lower hepatic glucose production, suggesting both are required for
glucagon to regulate glucose metabolism'”3. Furthermore, in rats, circulating levels of glucagon
increase when placed on high protein, low carbohydrate, low fat diet. It has already been shown
that high circulating levels of glucagon can cross the BBB to signal in the hypothalamus!62163,
Notably, when a glucagon receptor antagonist was infused into the DVC of rats placed on high

protein diet, thereby blocking DVC glucagon signalling action, it produced higher rates of
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glucose production than rats placed on high protein diet infused with a control DVC vehicle
solution'”3. All in all, this suggests circulating levels of glucagon can cross the BBB to the DVC

where it can regulate peripheral glucose metabolism.

1.5 Short-term high-fat diet-feeding as a model of dysregulated metabolism

1.5.1 Effects of (short-term) HFD on [brain] hormone-sensing mechanisms to regulate

metabolism

It has been established that hypothalamic and hindbrain nutrient and hormone sensing is
defective in animal models of HFD feeding and obesity. The sensing impairment has been shown
to disrupt metabolic homeostasis by promoting aberrant glucose regulation and the development
of obesity!7#!7>. Certain examples of these are described above. Increased levels of saturated
fatty acids such as palmitate and stearate crossing the BBB into the hypothalamus, accumulate in
the neurons!’®. This triggers pro-inflammatory signaling cascades via toll like receptor 4 (TLR4)
signaling. Hypothalamic inflammation in turn induces insulin and leptin resistance in the
hypothalamus; however, inhibiting TLR4 signaling in HFD ameliorates the fatty acid-induced
insulin and leptin resistance. This suggests a possible mechanism whereby short-term HFD
feeding negative impacts the brain’s ability to sense hormones and nutrients to regulate
metabolism. Studies have shown that restoration of hypothalamic sensing in respond to nutrients
and hormones is paramount in normalization of glucose homeostasis and energy balance in

overfed rodents'#?

. Taken together, both hypothalamic and brainstem nutrient and hormone
sensing undoubtedly play important physiological roles in regulating whole-body homeostasis

and are both involved in the development of metabolic perturbations found in obesity and

diabetes.
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1.6  Aim, hypothesis, and objectives

1.6.1 Aims

In light of finding that glucagon, insulin, other hormones and nutrients such as glucose,
FFAs, amino acids can regulate glucose homeostasis, food intake, and lipid metabolism via their
actions in the hypothalamus, and brainstem!34135:140.15LI55,162,164.168.170 'the aim of this project is to
delineate for the first time the mechanisms of action of glucagon in the DVC, and specifically the
NTS, to regulate hepatic VLDL-TG secretion. We hypothesize that glucagon activates a GCGR-

mediated signaling cascade within the NTS to regulate hepatic lipid metabolism (Figure 1.8).

1.6.1.1 Aim 1: To delineate a mechanism of glucagon action in the NTS to lower VLDL-TG
secretion in chow-fed rats

With the knowledge that that GCGR protein is detected in the DVC, and that a prior
study demonstrates that glucagon acts through the GCGR-mediated signalling cascade to lower
hepatic glucose production!’?, we aim to determine whether a glucagon signalling pathway
within the NTS affects hepatic VLDL-TG secretion. We hypothesize that NTS glucagon infusion
will lower VLDL-TG secretion from the liver via activation of PKA and MEK-ERK in the NTS

(Figure 1.8).

1.6.1.2 Aim 2: To assess NTS glucagon’s ability to modulate hepatic VLDL-TG secretion in
a model of diet-induced hypersecretion of TGs

Given that studies have shown that as little as 3-days of HFD feeding in rodents is
enough to replicate a pre-obese state with hypertriglyceridemia, hepatic insulin resistance,

135,162,176

hyperinsulinemia, hyperglycemia, and central inflammation , we aim to elucidate
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whether glucagon signalling will still be intact in the NTS to regulate hepatic lipid metabolism.
We hypothesize that NTS glucagon signalling in a model of diet-induced hypersecretion of TGs

will be impaired and insufficient to lower hepatic VLDL-TG secretion (Figure 1.8).

1.6.1.3 Aim 3: To assess NTS glucagon’s ability to modulate hepatic VLDL-TG secretion in
an animal model of type 2 diabetes

Lastly, type 2 diabetes and obesity are most commonly associated with dyslipidemia,
which in part is contributed to by an increase in VLDL-TG secretion from the liver!”’.
Furthermore, the type 2 diabetic phenotype is characterized by hyperglycemia, hepatic insulin
resistance, hyperinsulinemia, and certain patients have hyperglucagonemia'!'>!78-181 Hence, we
sought to better understand potentially if there is similar signalling defect in the NTS, which
prevents the reduction of VLDL-TGs. We hypothesize that NTS glucagon signalling in an animal
model of early type 2 diabetes will be impaired and insufficient to lower hepatic VLDL-TG

secretion (Figure 1.8).
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Figure 1.8: Schematic representation of the working hypothesis. Glucagon in the nucleus of solitary tract
(NTS) region of the dorsal vagal complex (DVC) acts on the glucagon receptor (GCGR) to lower hepatic
VLDL secretion via downstream protein kinase A (PKA) and MEK/Erk activation. NTS glucagon action was
assessed in 3 different rat models: 1) healthy rats fed chow diet (RC), 2) model of diet-induced
hypersecretion of TGs generated by feeding rats 3-day high fat diet (HFD), 3) model of type 2 diabetes
induced using streptozotocin/nicotinamide injection and 7-day HFD. The glucagon signaling pathway was
assessed through pharmacological activation and inhibition of Gegr, PKA, and/or MEK/Erk. Pharmacological
activators used in this study are glucagon, and Sp-cAMPs (PKA activator). Pharmacological inhibitors used
in this study are GegrA (Gegr inhibitor), Rp-cAMPs (PKA inhibitor), and Meki (Mek/Erk inhibitor).
Additionally, loss of function studies were confirmed through genetic knockdown of GCGR and PKA via

GegrShRNA, and PKAshRNA. Figure made in Biorender program.
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Chapter 2 Methods

All protocols regarding in vivo experimentation and care of animals were approved by the
University of Alberta Animal Care and Use Committee (protocol #1604) and in compliance with

rules and regulations set forth by the Canadian Council for Animal Care.

2.1 Animal model

Eight-week-old male Sprague Dawley (SD) rats used in this study for in vivo
experimentation were obtained from Charles River Laboratories (Stone Ridge, NY, USA) and
housed in the University of Alberta animal facility. Rats (initially arrived weighing at 220-240g),
were individually housed on a standard 12h light-dark cycle and given ad libitum access to water
and standard rat chow (RC) (LabDiet PicoLab Laboratory Rodent Diet, SLOD; 60% cal. from
carbohydrate, 28% cal. from protein and 12% cal. from fat; 3.0 kcal/g of total metabolizable
energy). For the diet induced hypersecretion of TGs model, a subset of the animals was placed
on 3 days of high fat diet (HFD) 10% lard-oil enriched diet (TestDiet Modified LabDiet
Laboratory Rodent Diet, 5001; 44% cal. from carbohydrate, 22% cal. from protein and 34% cal.
from fat; 3.9 kcal/g of total metabolizable energy). Literature has shown that with rats placed on
a 3-day HFD develop mild hyperglycemia, hepatic insulin resistance, hypertriglyceridemia, and
defects in brain sensing of peripheral hormones and nutrients'®>!7, For the type 2 diabetic (T2D)
animal model, a subset of the rats received an intraperitoneal (IP) injection of nicotinamide (170
mg/kg) followed by streptozotocin (60 mg/kg) injection and were placed on a 7-day HFD. It has
been shown that this T2D model is characterized with hyperglycemia, hepatic insulin resistance,

hyperinsulinemia!!>178-181,
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2.2 Surgical procedures

2.2.1 Stereotaxic cannulation surgery

Following a week-long acclimatization period, the animals were anesthetised (IP
administration of 60 mg/kg ketamine (Ketalean, Bimeda-MTC), 8 mg/kg xylazine (Rompun) and
subjected to a bilateral stereotaxic cannulation surgery targeting the nucleus of solitary tract
(NTS) using aseptic technique. The 26-gauge, stainless steel, bilateral cannula was implanted
into the NTS following the coordinates 0.0 mm on the occipital crest, 0.4 mm lateral to midline,
7.9 mm below the cranial surface. The stereotaxic surgery enabled direct NTS infusions (rate of
0.0055 pL/min) of 0.9% saline (control) (Medical Mart #533-JB1323), synthetic glucagon
(Glen) ( Sigma Aldrich #G2044) (5 pg/nL, supraphysiological levels), glucagon receptor
antagonist (GegrA) ( Cedarlane #2216/1) (5000 pg/nL) , Sp-cAMPs (Cedarlane #1333/1) (40
uM), Rp-cAMPs (Cedarlane #1337/1) (40 uM), PD98059 (Meki) ( Sigma Aldrich #19-143) (40
puM). Immediately following NTS cannulation surgery, a subset of the animals received a
bilateral - 3 pL injection of a lentivirus (LV) that expresses a mouse GCGR ShRNA (Santa Cruz
sc-45766-V), rat PKA ShRNA (Santa Cruz sc-156094-V), or a control ShRNA (GFP or
mismatch sequence) (Santa Cruz sc-108084 or sc-108080) both of which are made under the
CMYV promoter to enhance the shRNA expression. The purpose of using the GFP as a control
was to measure the spread of our LV injections; the use of a GFP coupled to GCGR or PKA
shRNA would be more ideal to better assess the region of knockdown from the LV injection. To
verify the positioning of the bilateral cannulae and the localization of brain infusions for the

NTS, 3 uL bromophenol blue dye was injected following completion of VLDL-TG experiments.
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2.2.2 Vascular catheterization surgery

Following recovery from stereotaxic cannulation surgery for roughly 6-8 days, animals
underwent vascular catheterization surgery. The animals were anesthetised (IP administration of
90 mg/kg ketamine (Ketalean, Bimeda-MTC), 10 mg/kg xylazine (Rompun) and subjected to
catheterization of the left carotid artery and right jugular vein to enable repeated direct intra-
arterial plasma sampling and intravenous (IV) injections in conscious, unrestrained rats. The
catheters were made using polyethylene (PE-50) (ID: 0.58 mm, OD: 0.965 mm; Becton,
Dickinson and Company) and silastic tubing (Jugular: ID: 0.64 mm, OD: 1.19 mm; Carotid: 1D:
0.51 mm, OD: 0.94 mm; Dow Corning Corporation). Postoperatively, the catheters were filled
with 10% heparinized saline to maintain patency and sealed with a metal pin. Additionally, the
surgerized rats were treated with 2 mg/kg Metacam (analgesic) for 2 days following surgery.
Post-vascular catheterization of animals was closely assessed by examining daily body weight,
food intake, and general health. Animals that attained at minimum 90% pre-vascular

catheterization surgery body weight were used for in-vivo experiment studies.

2.3 Invivo VLDL-TG secretion experiments

On day of experiments, 10-hour fasted, conscious, unrestrained rats were subjected to
continuous NTS infusions of either saline (control), glen, GegrA, Sp-cAMPs, Rp-cAMPs, Meki
for the entirety of the experiment after a basal blood sample was withdrawn (Figure 2.1). Rats
were fasted for 10 hours to prevent the detection of gut-derived lipoproteins. Literature has
shown that gut-derived lipoproteins in rats fasted more than 4 hours were barely detectable in
plasma suggesting any TGs detected would be from liver derived VLDL-TGs!31:134, After a

blood sample was taken at time 0, the rats received an IV injection of Poloxamer-407 (Sigma,

43



#16758, 600 mg/kg, dissolved in saline) (Figure 2.1), a lipoprotein lipase (LPL) inhibitor,
preventing the clearance of TG-rich VLDL particles derived from the liver. Intra-arterial
sampling was conducted at timepoints indicated in Figure 2.1 followed by centrifugation of
blood samples in heparinized tubes to separate red blood cells from the plasma. Plasma samples
were immediately analyzed for glucose concentration via the glucose oxidase methodology using
a glucose analyzer (GM9, Analox Instruments). In brief, the GM9 uses a reagent solution
containing glucose oxidase, which catalyzes the oxidation of glucose in the plasma to gluconic
acid and hydrogen peroxide, and the rate of oxygen consumption by the sample is directly related
to glucose concentration. The Clark-type amperometric oxygen electrode within the analyzer
measures oxygen concentration in the plasma. Plasma samples collected from each animal were
aliquoted and frozen at -20°C for future analysis of plasma TGs, FFAs, and protease inhibitor
(Sigma Aldrich, P8340) was added to tubes containing plasma for measurement of plasma
APORB, insulin, and glucagon. The rate of TG secretion was calculated as the slope of the line
plotted for plasma TG levels over time (min). The remaining plasma and blood cells were
resuspended in 0.2% heparinized saline and re-infused into rats after each sampling time point to
prevent hypovolemia, anemia, and other stress-inducing symptoms. At the end of experiments,
rats received an IV 50 pL injection of ketamine and euthanized using the decapitation method.
The DVC (containing NTS), liver and WAT tissues were immediately collected, and flash frozen

in liquid nitrogen and stored at -80°C for future analysis (Figure 2.1).
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Figure 2: Schematic representation of the in-vivo experimental design. Male Sprague Dawley (SD) rats were
subjected to bilateral stereotaxic NTS cannulation with a subset of animals receiving either a lentiviral
GegrShRNA, PKAshRNA, or control shRNA. Then the animals underwent vascular catheterizations that allow for
sampling of blood and intravenous (IV) infusions. A subset of rats prior to experiments underwent a 3-day high fat
diet (HFD). Another subset of rats were injected with nicotinamide (170 mg/kg) and streptozotocin (60 mg/kg) and
placed on HFD to induce type 2 diabetes (T2D), 7-days prior to experiment day. On the day of experiment at the
start of experiment (time = -60) animals were subjected to continuous NTS infusion of either vehicle (veh),
glucagon (glcn), glucagon receptor antagonist (GegrA), co- infusion of glen + GegrA, PKA inhibitor (Rp-cAMPs or
Rp), PKA activator (Sp-cAMPs or Sp), co-infusion of Rp + Sp, Mek inhibitor (Meki), Co-infusion of Meki + Glcn.
Following the pre-infusion period, at time = 0 the animals received an IV injection of lipoprotein lipase inhibitor,
poloxamer. Following poloxamer injection, plasma samples were taken from the animal every 30 mins for a total of
240 mins. At the end of the experiment, brain cannulae placement were verified, and the liver, white adipose

(WAT), and the DVC tissues were collected. Figure made in Biorender program.
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2.4  Plasma TG assay

Plasma triglycerides (TGs) were measured using a commercially available enzymatic
colorimetric assay kit from Fujifilm Wako Chemicals lab (Cedarlane Cat# 994-02891, Cat# 990-
02991, Cat# 464-01601). The Wako kit is specific for plasma TG and not total lipids. The
methodology of this 2-step assay first involves the elimination of free glycerol present in the
sample followed by the hydrolysis of plasma TGs to glycerol. The glycerol leads to the
generation of a product that reacts with a peroxidase producing a blue pigment colour that can be
detected using a microplate spectrophotometer at an absorbance wavelength of 600 nm. The
absorbance values can be interpolated on a standard curve of known concentrations to determine
the TG concentration of each plasma sample.

The protocol for the WAKO TG kit is as follows. Frozen plasma samples were thawed on
ice, vortexed and centrifuged at 2500 rpm at 4°C for 30 seconds and then placed on ice for the
remainder of the assay. A glycerol standard provided as powder was reconstituted with distilled
water and pipetted in duplicates into a 96 well plate, followed by 4 pL of undiluted plasma
samples. Then 90 pL of the first regent (R1) was added to each of the wells containing either the
standard or samples and incubated at 37°C for 5 mins. R1 is added to the samples to decompose
free glycerol to a product that will not contribute to the colorimetric reaction. Reaction shown

below.

Free glycerol + ATP GK — Glycerol3phosphate + ADP
Glycerol3phosphate + O, GPO — Dihydroxyacetone phosphate + H,0,
2H,0, Catalase - 0, + 2H,0

Following the incubation step, the well plate was placed in the spectrophotometer where

the absorbances of the samples were read. Then 30 pL of the second reagent (R2) was added to
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each of the wells and incubated at 37°C for 5 mins. R2 is added to the samples to hydrolyze the
triglycerides in each sample producing a hydrogen peroxide that causes 4-aminoantipyrine and
HMMPS to undergo oxidative condensation leading to the generation of a blue pigment.
Reaction shown below.
Triglyceride + 3H,0 LPL — Glycerol + 3 Fatty acids
Free glycerol + ATP GK — Glycerol3phosphate + ADP
Glycerol3phosphate + 0O, GPO — Dihydroxyacetone phosphate + H,0,
4aminoantipyrine + HMMPS POD — Blue pigment + OH™ + 3H,0
Following the second incubation step, the well plate was placed in the spectrophotometer where
the absorbances of the samples were read. The data was quantified by subtracting sample
background (data read after R1 added) from absorbance values of blue pigment (data after R2

added). Followed by plotting the absorbance values against the reference curve from known

standards to determine concentration of TGs (mM).

2.5  Plasma FFA assay

Plasma free fatty acids (FFAs) were measured using a commercially available enzymatic
colorimetric assay kit from Fujifilm Wako Chemicals Lab (Cedarlane Cat# 999-34691, Cat#
995-34791, Cat# 993-35191, Cat# 991-34891). The methodology of this 2-step assay first
involves the formation of acyl-CoAs from plasma free fatty acids present in the sample followed
by the oxidation of plasma acyl-CoA to form hydrogen peroxide. In the presence of peroxidase
enzyme (added to the reaction), the hydrogen peroxide allows for the oxidative condensation of
4-aminoantipyrine and MEHA, producing a blue pigment colour that can be detected using a
microplate spectrophotometer at an absorbance wavelength of 550 nm. The absorbance values
can be interpolated on a standard curve of known concentrations to determine the FFA

concentration of each plasma sample.
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RCOOH + ATP + CoA ACS —» AcylCoA + AMP + PPi
AcylCoA+ 0, ACOD - 2,3transEnoylCoA + H,0,
4aminoantipyrine + MEHA POD — Blue pigment + OH™ + 3H,0
The protocol for the WAKO FFA kit is as follows. Frozen plasma samples were thawed
on ice, vortexed and centrifuged at 2500 rpm at 4°C for 30 seconds and then placed on ice for the
remainder of the assay, like the TG assay kits. The standard curve is generated using non-
esterified fatty acid (provided by the kit) and was diluted with double distilled water and pipetted
in duplicates into a 96 well plate, followed by 4 puL of undiluted plasma samples. Then 200 pL of
the first regent (R1) was added to each of the wells containing either the standard or samples and
incubated at 37°C for 5 mins. The R1 added to the samples contains the acyl-CoA synthetase
(ACS) that is responsible for generation of acyl-CoA from plasma FFAs. Following this step,
100 puL of R2 is added to the 96 wells, which contains the acyl-CoA oxidase (ACOD) enzyme
that generates hydrogen peroxide from acyl-CoA. The plate is incubated at 37°C for 5 mins,
leading to a colorimetric enzyme reaction, the resulting colour change absorbance was measured
at 550 nm using a spectrophotometer. By plotting the absorbance values against the reference

curve from known standards concentration of plasma FFAs (mM) was determined.

2.6 Plasma Insulin

Plasma insulin levels were measured by a commercially available radioimmunoassay
(RIA) kit (EMD Millipore Corporation, RI-13K) with 100% specificity for rat insulin. The RIA
assay which is done in a 2-day process is a very sensitive assay technique that measures antigen
(eg: insulin) concentrations by determining how much of the antigen of interest binds to its

antibody. The assay principle of antigen binding to the antibody occurs when a fixed
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concentration of labelled tracer antigen (eg: '*°I-labeled insulin) is incubated with a known
amount of antibody resulting in the two binding with one another. Hence, when unlabeled insulin
from plasma sample is added, the result is a competition between the labelled and unlabelled
insulin for the binding sites of the antibody. The increase in concentration of the unlabeled
insulin from the plasma samples, leads to a decrease in the amount of labeled insulin binding to
the antibody and resulting in more free labeled insulin. The antigen that is bound and unbound is
separated using precipitation and centrifugation. The supernatant that is aspirated from the
sample contains unbound labeled antigen, and the radioactivity of the remaining precipitate is
measured using a gamma counter?*2. The concentration of unlabeled plasma sample can be
determined by interpolation of standard curve which is generated with increasing known
concentrations of unlabeled standard antigen.

The protocol used was as follows. The assay was completely conducted in borosilicate
12x75mm glass tubes (Fisher Scientific, 14-961-26). On Day 1, the insulin standard curve
(0.156, 0.313, 0.625, 1.25, 2.5, 5.0, 10.0 ng/ml) was prepared using the 10ng/ml standard
provided. The standards, quality controls and each experimental plasma sample treated with 5 pL
protease inhibitor were then pipetted (50 pl) into their respective tubes. Assay buffer was added
to non-specific binding (NSB=blank) tubes (100 pl) and in reference (B0=100% binding) tubes
(50 pl). 1?°I-labeled insulin (50 pl) was added to all tubes followed by 50 ul of insulin antibody
(guinea pig anti-rat insulin serum). Total count (TC) and NSB tubes however did not receive
any. Then all tube were vortexed, covered with parafilm and incubated overnight (20-24h) at
4°C. On day 2, 500 pl cold precipitating reagent was added to all tubes except the TC tubes. All
tubes were vortexed, and a 20-minute incubation followed at 4°C. All tubes except TCs were

then centrifuged at 2000xg for 20 min at 4°C to form an insulin-bound pellet. Then using an
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aspiration apparatus, the supernatant in each tube was aspirated to generate a liquid free pellet.
Using a gamma counter (Packard, Cobra II Series) the radioactivity of the pellet was measured
for 5 minutes. The sample and standard counts (B) were expressed as a percentage of the mean
counts of the total binding B0 tubes:

o B Sample or Standard
% Total Binding = %B— = B %X 100
0

0
The percentage of total binding (%B/B0) for all standards and plasma samples was

plotted against the standard curve from the known standards (0.156 - 10.0 ng/ml) and

interpolated allowed for insulin concentrations to be determined.

2.7  Plasma Glucagon

Plasma glucagon levels were measured by a commercially available radioimmunoassay
(RIA) kit (EMD Millipore Corporation, GL-32K) with 100% specificity for rat glucagon. The
principle of the assay is the same as described above.

The 3-day protocol used was as follows. Similar to the insulin RIA assay, the entire assay
was completely conducted in borosilicate 12x75mm glass tubes (Fisher Scientific, 14-961-26)
On day 1, using the 400 pg/ml standard provided, the glucagon standard curve (12.5, 25, 50, 100,
200 pg/ml) was prepped. The NSB tubes, B0 tubes, standards and quality controls and each
sample tube received 300 pl, 200 pl, 100 pl, 150 pl assay buffer, respectively. Before pipetting
the standards, quality controls and experimental plasma, each of their tubes was treated with
protease inhibitor. Then all tubes received 100 pl Glucagon antibody (guinea pig anti-rat
glucagon serum) except the TC and NSB tubes. All tubes were then vortexed, covered with
parafilm and incubated overnight (20-24h) at 4°C. On day 2, 100 ul '*’I-labeled glucagon was
added to all tubes, then vortexed and covered with parafilm to be incubated overnight (22-24h) at

4°C. On day 3, all tubes received 1 mL of cold precipitating reagent except the TC tubes. Then
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those tubes were vortexed and incubated for 20-minutes at 4°C. All tubes except TCs were then
centrifuged at 2000xg for 20min at 4°C to form an glucagon-bound pellet. Then using an
aspiration apparatus, the supernatant in each tube was aspirated to generate a liquid free pellet.
Using a gamma counter (Packard, Cobra II Series) the radioactivity of the pellet was measured
for 5 minutes. The sample and standard counts (B) were expressed as a percentage of the mean
counts of the total binding B0 tubes: The percentage of total binding for standards and plasma
samples was plotted against the standard curve and interpolated allowed for glucagon

concentrations to be determined. The values generated were corrected for dilution factors.

2.8  Hepatic TG content

Hepatic TG content was measured using a modified version of the Folch method?**. The
protocol of measuring hepatic TG content is as follows. On day 1, approximately 50 mg of
frozen liver samples (weight of all livers recorded) were homogenized in 12x75mm glass tubes
(Fisher Scientific, 14-961-26) using 5 mL of 2:1 chloroform: methanol solution. The glass tubes
were wrapped in parafilm and left untouched overnight at 4°C. On the following day, the
homogenized solution was filtered through #1 Whatman paper (4.25 cm, #1001-042) into
13x100mm glass tubes (Fisher Scientific, 14-961-27). Then 2 mL of 2:1 chloroform: methanol
solution was added into original 12x75mm glass tubes to remove any leftover liver tissue and
filtered into the 13x100mm glass tube. 1.25 mL of acidified saline solution (100 mL 0.9% saline
solution and 1 mL of 1N HCI (Fisher Scientific, SA48B-1)) was added to the filtrate and
vortexed. The solution was left for 5 mins at room temperature and centrifuged at 1000 rpm for
15 mins. Following centrifugation, the upper phase of the solution was removed via Pasteur
pipette (Fisher Scientific, 13-678-20C) and discarded. Then same amount of acidified saline
solution was added, and steps repeated until upper phase removal. Following this, 1.25 mL of an
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upper phase solution containing methanol (480 mL/L), chloroform (30 mL/L), water (470
mL/L), and calcium chloride dehydrated (400 mL/L) (Fisher Scientific, BP5100500) was added
to the leftover liquid phase. The solution was vortexed, centrifuged and the top layer removed
was described above. These steps were repeated 1 more time. The leftover solution was dried
under nitrogen gas, and the remaining pellet was resuspended and dissolved in 100 pl of 100%
ethanol (Commercial Alcohols, Greenfield Global, PO16EAAN). The sample was diluted (1:5
ratio) and WAKO TG assay was conducted (described above). Once TG concentrations (mM)
were determined by plotting the absorbance values against the reference curve from known
standards then next step was to determine the concentration of TGs in liver tissues. Using the
mM concentration of TGs, the units were converted to g/L followed by conversion to ug of TGs
per 100 pl of ethanol. Then using the mg weight of livers that was recorded, the amount of TGs
in pg/mg of liver tissue could be determined. By calculating hepatic TGs in (pug/mg) we could

compare hepatic TG content from livers of different weights.

2.9 Western Blots

2.9.1 Tissue westerns

The protocol for tissue westerns was as follows. Frozen liver (~20 mg), white adipose
tissue (WAT) (~50 mg) and DVC wedges (~15 mg) were used for westerns that were obtained
following VLDL experimentation. The tissues were homogenized in a 1% NP-40 lysis buffer (20
mM Tris-HCI (pH 7.4), 5 mM EDTA, 1% (w/v) Nonidet P-40, 2 mM sodium orthovanadate, 5
mM sodium pyrophosphate tetrabasic, 100 mM sodium fluoride, phosphatase, and protease
inhibitor) using a Dounce homogenizer. Homogenized tissues were left on ice for 30 mins and

then centrifuged at 1200xg for 30 mins at 4°C. The supernatant (lysate) was collected and
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transferred to a new tube on ice. In another set of new tubes, lysates were diluted with ddH20
using a 1:20 ratio for liver and DVC tissues, and 1:10 for WAT. Then a Pierce BCA Protein
Assay Kit (ThermoFisher Scientific, 23225) was used to determine protein concentration of the
lysates. This colorimetric assay uses a microplate spectrophotometer (described above) and the
absorbance of the assay is measured at 540 nm. Loading samples for all tissues were prepped at a
final concentration of 1.67 pg/uL (25 pg of protein/lane and 15 pL volume of loading sample/
lane).

Tissue loading samples were loaded onto a polyacrylamide gel and were subjected to gel
electrophoresis (Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, Bio-Rad) until desired
separation between proteins was achieved. The proteins were transferred (90V for 2 hours and 30
minutes at 4°C) from gel to a nitrocellulose membrane (0.45 um, Bio-Rad, #1620115). The
nitrocellulose membrane was stained using Ponceau S solution (Abcam, ab270042) to confirm
efficiency of the transfer and destained using wash buffer. Membranes were incubated for 1 hour
in blocking buffer (5% milk in Tris-buffered saline containing 0.2% Tween-20 (TBST) (Sigma,
P1379)) at room temperature and rinsed in 1x TBST. Membranes were incubated overnight with
primary antibody of protein of interest at 4°C (Tables 2.1-2.3). On the following morning,
membranes were washed three times with 1x TBST for 5 mins each and then incubated for 1
hour with horseradish peroxidase-linked secondary antibody at room temperature (Table 2.4).
Membranes were washed three times with 1x TBST for 5 mins each and protein expression was
enhanced using a chemiluminescence reagent (Pierce™ ECL Western Blotting Substrate,
ThermoFisher Scientific, 32106). The western blots were detected using a chemiluminescent
imaging system (Bio-Rad ChemiDoc) and quantified by densitometry with ImagelJ image

analysis software.
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2.9.2 Plasma APOB westerns

Loading samples for plasma APOB westerns were prepped using plasma treated with
protease inhibitor that was diluted (1:50 ratio) by adding 2 pL of plasma in 98l of double
distilled water, plus 100 pl of 2x Laemmli Sample Buffer (Bio-Rad, 1610737). The samples were
then boiled at 95°C for 5 mins. Plasma loading samples were loaded (15 pL/lane) in a 4-15%
gradient gel (4-15% Mini-PROTEAN TGX Precast Protein Gels, Bio-Rad, #4561086 and were
subjected to gel electrophoresis until desired separation between proteins achieved. The plasma
proteins were then transferred from the gel to a nitrocellulose membrane and the western

protocol described above was followed after ponceau S staining.
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Antibody & Molecular

Weight

Anti-Phospho-Acetyl-CoA
Carboxylase (Ser79)
(P-ACC) - 265, 280 kDA

Anti-Acetyl-CoA Carboxylase
(ACC) - 265, 280 kDA

Anti-Fatty Acid Synthase (A-5)
(FAS) — 270 kDA

Anti-Microsomal Transport
Protein
(MTP) — 97 kDA

Anti-B-actin (C4)
(B-actin) — 43 kDA
Anti-a-tubulin
(a-tubulin) — 52 kDA

Anti-Vinculin
(Vinculin) — 117 kDA

Company &
Catalog Number

Cell Signaling — #3662

Cell Signaling — #3661
Santa Cruz — #sc-55580

BD Transduction
Laboratories — #612022

Santa Cruz — #sc-47778
Cell Signaling — #2144

Santa Cruz — #sc-25336

Dilution

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

Table 2.1: Primary antibodies used in hepatic western blots.

Secondary
Antibody

GAR

GAR
GAM

GAM

GAM
GAR

GAM
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Antibody & Molecular

Weight

Company &
Catalog Number

Dilution

Secondary
Antibody

Anti-Phospho-Hormone Sensitive
Lipase (Ser660)
(P-HSL) - 81, 83 kDA

Anti-Hormone Sensitive Lipase
(HSL) - 81, 83 kDA

Anti-Adipose Triglyceride Lipase
(ATGL) - 54 kDA

Anti-Comparative Gene
Identification 58 (E-1)
(CGI-58) — 39 kDA

Anti-B-actin (C4)
(B-actin) — 43 kDA

Cell Signaling — #45804

Cell Signaling — #4107

Cell Signaling — #2138

Santa Cruz — #sc-376931

Santa Cruz — #sc-47778

1:1000

1:1000

1:1000

1:1000

1:1000

GAR

GAR

GAR

GAM

GAM

Table 2.2: Primary antibodies used in white adipose tissue western blots.



Antibody & Molecular

Weight

Anti-Glucagon Receptor
(Gegr) — 54 kDA

Anti-Phospho-cAMP Response
Element Binding Protein
(Ser133) (87G3)
(P-CREB) — 43 kDA

Anti-cAMP Response Element
Binding Protein (48H2)
(CREB) - 43 kDA

Anti-B-actin (C4)
(B-actin) — 43 kDA
Anti-a-tubulin
(a-tubulin) — 52 kDA

Company &
Catalog Number

Abcam — #ab75240

Cell Signaling — #9198

Cell Signaling — #9197

Santa Cruz — #sc-47778

Cell Signaling — #2144

Dilution

1:1000

1:1000

1:1000

1:1000

1:1000

Table 2.3: Primary antibodies used in brain western blots.

Secondary
Antibody

GAR

GAR

GAR

GAM

GAR
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Secondary Antibody Company &

Catalog Number

Anti-Mouse IgG, HRP-linked Antibody (GAM) Cell Signaling — #7076

Anti-Rabbit IgG, HRP-linked Antibody (GAR) Cell Signaling — #7074

Table 2.4: Secondary antibodies used in western blots.

Dilution

1:1000

1:1000
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2.10 Quantitative PCR (qPCR)

2.10.1 RNA extraction

In sterile microtubes ~35- 50 mg of liver tissue was homogenized using 1 mL Trizol
(Ambion, 15596026) and placed on ice. The sample was then centrifuged at 8700 rpm for 10
mins at 4°C and the supernatant was transferred to new sterile microtube. Then 200 pL of
chloroform was added to the solution, leading to a phase separation where protein will be
extracted into the organic phase and RNA will remain in the aqueous phase. The solution was
centrifuged at 8700 rpm for 15 mins at 4°C and the upper phase was transferred to a new sterile
microtube, where 500ul of isopropanol (Sigma- Aldrich, 439207) was added. The samples were
mixed, and then left overnight at -20°C. The next day the samples were centrifuged at 12,000xg
for 10 mins at 4°C. The supernatant was carefully discarded and then 1 mL of 75% ethanol was
added followed by centrifugation of the sample at 7500xg for 5 mins at 4°C. The supernatant
was again carefully discarded and steps from ethanol addition and supernatant removal was
repeated another 2-3 times. The samples were air dried in the fumehood at room temperature for
30 mins and resuspended in 100 uL. RNase free water. Next RNA was quantified using a
NanoDrop 1000 spectrophotometer (ThermoFisher Scientific) by measuring density at 260 and
280nm using 1.5pl of sample. Samples with a 260/280 ratio ranging between 1.8 and 2.0 and
260/230 ratio between 2.0 and 2.2 (which indicate relatively pure RNA) were used for cDNA

synthesis.
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2.10.2 c¢DNA synthesis

Complementary DNA (cDNA) was synthesized using RNA extracted from liver tissue
samples. First, the volume of sample required to make 2 pg of total RNA in 9 pL of RNase free
water (Invitrogen, #10977-015) was determined using the concentration of RNA determine by
the NanoDrop. Next, the samples were primed by adding 2ul of Random Hexamer Primers
(1pg/ul) (Invitrogen, #48190011) to each sample and ran through a PCR program (Eppendorf,
Mastercycler gradient) to be denatured (70°C for 10 mins). A master mix was prepped using
Superscript I IV VILO Master Mix kit (Invitrogen, #11756050), 1.25mM dNTP (Invitrogen,
#10297-018), 2U/uL RNaseOUT (Invitrogen, #10777-019), and 9 uL. was added to each sample,
yielding a final volume of 20 pL per sample. The sample was then run through a PCR program
for cDNA transcription at 40°C for 1 hour to yield cDNA at a concentration of 100 ng/uL. The
cDNA was then diluted (1:100 ratio) using RNase-free water for a final concertation of 1.0

ng/pL.

2.10.3 qRT-PCR

Quantitive real time PCR (qQRT-PCR) was conducted using a StepOne Real-Time PCR
Systems (Applied Biosystems) in triplicates. All qRT-PCR was performed in a MicroAmp 96-
Well Reaction Plate with Barcode (Applied Biosystems, #4346906) using POWER SYBR
Master Mix (Applied Biosystems, #4367659) and custom designed primers, developed by
Integrated DNA Technologies (Table 2.5). All expression values were normalized to the internal

control gene, Cyclophilin (gene name: Ppia) for the efficiency of amplification and quantified

2—AACt d234.

via the metho
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Gene Name Forward Primer Reverse Primer

Srebflc 5’-ACA AGA TTG TGG AGC TCA 5°-TGC GCA AGA CAG CAG ATT
AGG-3’ TA-3’
dgatl 5’-TAC GGC GGG TTC TTG AGA T-3’ 5’-CGT GAA TAG TCC ATG TCC
TTG A-3’
dgat2 5’-GTG TGG CGC TAT TTT CGA G-3’ 5’-CGT CAG CAG GTT GTG TGT
CTT-3’
Scdl 5’-CAT GTC TGA CCT GAA AGC 5°-CAG GCG GCC AGG CTT GTA G-
TGA-3’ 3
Lpin2 5’-AAG ATG CCG AAG AAA TCT 5’-CTT GGT CTC CGG CAA CTG-3’
GG-3’
Arfl 5’-TGG CGC CAC TAC TTC CAG-3’ 5°-TCG TTC ACA CGC TCT CTG TC-
3
Ppara 5°-TGC GGA CTA CCA GTA CTT 5’-GGA AGC TGG AGA GAG GGT
AGG G-3’ GT-3’
Cptla 5’-ACA ATG GGA CAT TCC AGG 5’-AAA GAC TGG CGC TGC TCA-3’
AG-3’

Table 2.5: qPCR gene and probes used for gene expression analysis in liver tissue.
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2.11 Immunohistochemistry

Tissues for immunohistochemical analysis were obtained from a separate subset of
Sprague Dawley rats, that underwent vascular catheterization of the left carotid artery. On day of
experiments, 10-hour fasted rats were subjected to phosphate buffered saline (PBS) infusion into
the carotid artery followed by 4% paraformaldehyde (PFA) (pH 6.9). Brain tissue was collected
from the animals and stored 4% PFA solution for 24 hours followed by in a 30% sucrose
solution at 4 °C until sectioning. The tissue was embedded in optimal cutting temperature (OCT)
compound and sectioned in 30-micron slices using a cryostat (Leica CM1850) at stereotaxic
coordinates of -2.5 bregma to -3.5 bregma for the MBH and -13.6 bregma to -14.2 bregma for
the DVC. The brain sections were placed in 1x PBS overnight at 4 °C. On the following day, the
tissue was washed in 1x PBS three times for 10 mins each and blocked with 10% normal goat
serum (NGS, Sigma Aldrich G9759) for 1 hour at room temperature. The tissue was then
incubated with primary antibodies (Table 2.1) overnight at 4°C. The next day, the tissues were
washed with 1xPBS three times for 10 mins each and incubated in secondary antibody for 1 hour
at room temperature, followed by 5 min DAPI staining. The tissues were then mounted onto
superfrost microscope slides (Fisher Scientifc, 12-550-15) followed by the addition of prolong
gold antifade reagent (ThermoFisher Scientific, P36961) and coverslips (Fisherbrand 12-543).

Immunostaining was detected using a Zeiss COLIBRI Fluorescence microscope.
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Dilution

Secondary
Antibody

Antibody & Molecular Company &
Weight Catalog Number
Anti-Glucagon Receptor ThermoFisher Scientific
— #AGR-024
Anti-NeuN Abcam — ab104224
Anti-GFAP ThermoFisher Scientific
— #MAS5-12023
Anti-NPY Abcam - ab30914
Goat Anti-Rabbit Alexa Fluor Abcam — ab150077
488
Goat Anti-Mouse Alexa Fluor Abcam — ab175473
568

Table 2.6: Antibodies used in Immunohistochemistry.

1:200

1:1000

1:1000

1:1000

1:1000

1:1000

Alexa Fluor 488

Alexa Fluor 568

Alexa Fluor 568

Alexa Fluor 488

N/A

N/A



2.12  Statistical analysis

All data values have been presented as the mean + standard error of the mean (SEM).
Results were tested for significance using unpaired Student’s t-tests if statistical analysis was
performed between 2 groups. For more than 2 groups, a One-Way ANOVA was performed, and
if significant, a Tukey’s post hoc test was used to determine the statistical significance between
the groups. Two-Way ANOV A was performed for comparing more than 2 factors, and if
significant, a Tukey’s post hoc test was consequently used. For measurements taken repeatedly
over time, a repeated measures ANOV A was conducted, and if the data was significant, then a
Tukey’s post hoc test was used to determine the statistical significance between the groups. If
values had a p-value < 0.05, they were deemed significant. P<0.05 and sample sizes of each

group have been indicated in the figure captions in addition to the results section.
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Chapter 3: Results
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Chapter 3  Results

3.1 Effect of NTS glucagon infusion on plasma TGs in chow-fed rats

3.1.1 Acute glucagon infusion into the nucleus of the solitary tract decreases hepatic

triglyceride secretion in chow-fed rats.

To evaluate whether glucagon (glcn) action in the nucleus of solitary tract (NTS)
regulates secretion of triglyceride (TG)-rich very-low density lipoprotein (VLDL-TG) secretion
in vivo, we conducted hepatic TG secretion experiments with intravenously injected poloxamer
(“VLDL-TG experiments’) with concurrent NTS infusions on 10-hour fasted, conscious, freely
moving Sprague Dawley rats which had been given a regular chow (RC) diet.

Direct glucagon infusion into the NTS significantly decreased plasma triglycerides
(Figure 3.1.1A) and hepatic VLDL-TG secretion (Figure 3.1.1B), compared to vehicle (veh)
animals. The changes seen upon NTS glcn infusion on plasma TGs were independent of
differences in body weight at the start of the experiment (Figure 3.1.1C) and plasma glucose
(Figure 3.1.1D) at the end of the experiment. Additionally, there was no significant difference in
plasma insulin (Figure 3.1.1F) or glucagon (Figure 3.1.1G) between the two groups. However,
plasma FFAs (Figure 3.1.1H) were significantly lowered upon NTS glucagon infusion compared
to NTS veh controls. Interestingly, NTS glucagon lowered hepatic TG secretion without
affecting hepatic TG content (Figure 3.1.11). These results suggest that acute glucagon infusion
into the NTS lowers hepatic VLDL secretion independent of changes in hepatic TG content but
possibly via a mechanism related to a decrease in plasma FFAs.

We then assessed the effect of NTS glucagon on plasma APOB levels. As described

above, one VLDL particle contains one APOB protein; hence, the amount of APOB found in the
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plasma can be directly related to the amount of VLDL particles secreted from the liver. Western
blots of plasma samples from NTS glucagon and NTS vehicle animals showed no differences in
basal (t=0) APOB-48 and APOB-100 levels (Figure 3.1.1E). There was a significant increase of
plasma APOB-48 (Figure 3.1.1E) and APOB-100 (Figure 3.1.1E), between the start (t=0) and
the end (t=240min) of the experiment in both groups, which is expected with poloxamer
injection. Interestingly, although it lowered plasma TG, NTS glucagon did not affect plasma
APOB-48 (Figure 3.1.1E) or APOB-100 (Figure 3.1.1E) protein levels by the end of the
experiment as compared to NTS vehicle, suggesting that NTS glucagon may affect the lipidation

of VLDL particles rather than the total number of VLDL particles secreted.
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Figure 3.1.1: NTS glucagon infusion lowers plasma TG concentration. A) Plasma TG concentrations from in vivo

VLDL experiments. Treatment groups shown are RC NTS vehicle (n=15), RC NTS glucagon (glcn) (n=11). B) Hepatic

VLDL-TG secretion rate. C) Mean body weight of animals measured before start of experiment. D) Plasma glucose at

end of experiment. E) Representative western blot and quantification for plasma ApoB48 and ApoB100 protein levels.

F) Plasma insulin, G) Plasma glucagon, and H) Plasma FFA concentration at end of experiment. I) Hepatic TG content.

Data was measured as mean + SEM. For A) NTS glen vs NTS vehicle *P < 0.05 for effect of time, treatment, and

interaction between time and treatment. *P<0.05 at t=240 min using Tukey’s posthoc test. For B) and H): *P < 0.05 for

NTS glen vs NTS vehicle. For E) APOB48 and APOB100 graphs: *P < 0.05 for effect of time, treatment effect n.s., and

interaction between time and treatment n.s.
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3.1.2 Glucagon receptor (GCGR) is required by NTS glucagon to lower hepatic VLDL

secretion in chow-fed rats.

As the receptor for the glucagon peptide, the glucagon receptor has previously been
described to be found in the NTS region, and we first sought to validate the presence of GCGR
with what has already been described in the literature!”>. Western blot analysis of rat DVC
tissues (which includes the NTS region) showed presence of the GCGR protein (Figure 3.1.2).
While GCGR can be readily detected in the mediobasal hypothalamus using
immunohistochemistry (Suppl. Fig. 1), it was not detectable in the NTS (Supple. Fig. 2).

Next, we sought to elucidate the requirement of GCGR in lowering hepatic VLDL
secretion in response to glucagon infusion into the NTS (Figure 3.1.3A). Chow-fed animals
given a NTS infusion of glucagon receptor antagonist (GegrA) showed no effect on plasma TGs
(Figure 3.1.3B), similar to the vehicle group, suggesting that inhibiting basal glucagon action in
the NTS has no effect on plasma TGs. Importantly, however, a concurrent NTS infusion of
GcgrA + glucagon inhibited glucagon’s ability to lower plasma TGs (Figure 3.1.3B, C). Starting
body weights for all groups were similar (Figure 3.1.3D). The effects seen were independent of
differences in plasma glucose (Figure 3.1.3E), insulin (Figure 3.1.3F), and glucagon (Figure
3.1.3G). Of note, NTS GegrA also blocked the effect of NTS glucagon to lower plasma FFAs
(Figure 3.1.3H), further implicating a glucagon-specific effect within the NTS to affect
peripheral lipid metabolism. Taken together, we provide evidence that NTS GCGRs are required
for NTS glucagon to lower plasma TGs and hepatic VLDL-TG secretion.

To alternatively assess the necessity of NTS GCGRs to mediate glucagon’s ability to
lower hepatic VLDL-TG secretion and plasma TGs, a subset of the chow-fed animals received a

lentiviral GCGR short-hairpin RNA sequence (GecgrShRNA) to genetically knockdown the
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GCGR selectively in DVC tissue two weeks prior to VLDL-TG experiments (Figure 3.1.5A).
Rats that received the NTS-specific lentiviral GcgrShRNA injection had a significantly lower
level of GCGR protein in DVC tissues compared to animals that received a control lentiviral
GFP sequence (Figure 3.1.4). The injection of the GecgrShRNA vs the control GFP sequence had
no effect on plasma TGs and VLDL-TG secretion (NTS GegrShRNA veh vs NTS GFP veh,
Figure 3.1.5B, C). This is consistent with data showing that acute GCGR inhibition in the NTS
with GegrA does not affect plasma TG. Whereas glucagon infused into the NTS of control GFP
rats had significantly lower plasma TGs and VLDL-TG secretion rate vs control GFP vehicle
animals (Figure 3.1.5B, C). NTS glucagon infusion was not able to lower plasma TGs and
VLDL-TG secretion rate when it was infused into the NTS of rats with GegrShRNA knockdown
(NTS GegrShRNA glucagon vs NTS GFP glucagon, Figure 3.1.5B, C). The effects seen were
independent of body weight (Figure 3.1.5D) and plasma glucose values (Figure 3.1.5E). This

further validates that NTS GCGRs are required for NTS glucagon’s lipid lowering effect.
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Figure 3.1.2: DVC glucagon receptor (GCGR) protein levels. Representative western
blot demonstrating the relative amount of glucagon receptor protein found in liver
(positive control), muscle (negative control), medio-basal hypothalamus (MBH) and

dorsal vagal complex (DVC) tissues.
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Figure 3.1.3: NTS glucagon infusion lowers plasma TG concentration via GCGR in chow-fed rats. A) Schematic
representation of NTS glucagon signaling pathway. Glucagon receptor was inhibited using glucagon receptor
antagonist. B) Plasma TG concentration from rats that received NTS vehicle (n= 15), NTS glucagon (glen) (n=11),
NTS glucagon receptor antagonist (GegrA) (n=9), NTS GegrA + Glen (n=10). C) Hepatic VLDL-TG secretion rate.
D) Mean body weight of animals measured before start of experiment. E) Plasma glucose at end of experiment. F)
Plasma insulin, G) Plasma glucagon, and H) Plasma FFA concentration at the end of experiment. Data was measured
as mean + SEM. For B) NTS glcn vs NTS vehicle, NTS GcegrA, and NTS GegrA + glen *P < 0.05 for effect of time,
treatment, and interaction between time and treatment. *P<0.05 at t=240 min using Tukey’s posthoc test. For C) and

H): *P < 0.05 for NTS glcn vs NTS vehicle, NTS GegrA, and NTS GegrA + glen.
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Figure 3.1.5: Alternative assessment of NTS GCGR necessity for NTS glucagon to lower plasma TG

concentration. A) Schematic representation of NTS glucagon signaling pathway. Chronic knockdown of the
glucagon receptor done using GecgrShRNA. B) Plasma TGs for treatment groups: NTS GFP vehicle (n=7), NTS
GFP glucagon (glen) (n=10), NTS GegrsShRNA vehicle (n=7), NTS GcgrShRNA glen (n=7). C) Hepatic VLDL-

TG secretion rate. D) Mean body weight of animals measured before start of experiment. E) Plasma glucose at

end of experiment. Data was measured as mean + SEM. For B) NTS GFP glcn vs NTS GFP vehicle, NTS

GcegrShRNA vehicle, and NTS GegrShRNA glen *P < 0.05 for effect of time, treatment, and interaction between

time and treatment. *P<0.05 at t=240 min using Tukey’s posthoc test. For C) *P < 0.05 for NTS GFP glen vs NTS

GFP vehicle, NTS GegrShRNA vehicle, and NTS GegrShRNA glen.

74



3.1.3 Investigation of hepatic mechanisms involved in NTS glucagon’s ability to lower

hepatic VLDL secretion in chow-fed rats.

To begin decoding the underlying mechanisms involved in NTS glucagon’s ability to
lower hepatic VLDL secretion at the level of the liver, hepatic regulators of lipid metabolism
were examined. The proteins and genes investigated are involved in processes such as hepatic
lipogenesis, fatty acid oxidation, and VLDL-TG secretion.

Firstly, we assessed the effects of NTS glucagon on hepatic proteins involved in hepatic
lipogenesis and synthesis of VLDL-TG particles. Liver protein levels of phosphorylated-acetyl
CoA carboxylase (P-ACC) to acetyl CoA carboxylase (ACC), fatty acid synthase (FAS), and
microsomal triglyceride transfer protein (MTP) were similar in all groups (Figure 3.1.6A-D). As
such, the effect of NTS glucagon infusion to decrease plasma TGs and VLDL-TG secretion was
independent of hepatic protein levels pACC, FAS, and MTP.

Following qPCR analysis, we observed no changes in the expression of hepatic sterol
regulatory element- binding protein 1c (Srebfic), which is considered the master regulator of
gene expression for genes involved in lipogenesis (Figure 3.1.7A). Furthermore, there was no
difference in mRNA expression between NTS glucagon and NTS vehicle animals of hepatic
diacylglycerol acyltransferase 1 (Dgatl) or Dgat2, stearoyl-CoA desaturase 1 (Scdl), lipin 2
(Lpin2), ADP- ribosylation factor 1 (4Arf1) (Figure 3.1.7B-F). These are genes involved in the
regulation TG synthesis, production, and secretion of VLDLs. Additionally, there was no
difference in the mRNA expression of genes involved in fatty acid oxidation such as peroxisome
proliferator-activated receptor alpha (Ppara), and carnitine palmitoyltransferase la (Cptla)

(Figure 3.1.7G, H). Together, this suggests that the change in hepatic VLDL-TG secretion and
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plasma TGs in response to NTS glucagon infusion was independent of changes in proteins and

genes involved in processes such as TG synthesis, VLDL-TG assembly, and fatty acid oxidation.
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Figure 3.1.6: The decrease in VLDL-TG secretion was independent of changes in hepatic
liporegulatory proteins. A) Representative western blot demonstrating relative protein levels of hepatic
phosphorylated-acetyl CoA carboxylase (P-ACC), acetyl-CoA carboxylase (ACC), fatty acid synthase
(FAS), microsomal triglyceride transfer protein (MTP), and B-actin (loading control). B) Quantification of
P-ACC to total ACC. C) Quantification of FAS to B-actin. D) Quantification of MTP to B-actin. Data was

measured as mean + SEM.
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Figure 3.1.7: The decrease in VLDL-TG secretion was independent of changes in mRNA expression of
hepatic liporegulatory genes. A) Quantification of hepatic sterol regulatory element- binding protein 1c
(Srebfic), B) diacylglycerol acyltransferase 1 (Dgatl), C) Dgat2, D) stearoyl-CoA desaturase 1 (Scdl), E)
lipin 2 (Lpin2), F) ADP- ribosylation factor 1 (4rf1), G) peroxisome proliferator-activated receptor (Ppara),

H) carnitine palmitoyltransferase 1a (Cptla). Data was measured as mean + SEM.
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3.1.4 NTS protein kinase A (PKA) activation is required by NTS glucagon and sufficient

to lower hepatic VLDL secretion in chow-fed rats.

We next continued to delineate mediators of glucagon-GCGR signalling in the NTS that
affects VLDL-TG secretion. PKA is a well-known target of the glucagon-GCGR signalling
pathway. To assess the requirement of PKA in mediating the effects of glucagon signaling in the
NTS, we utilized both pharmacological and genetic methods of PKA inhibition in vivo (Figure
3.1.8A, Figure 3.1.9A). Rp-cAMPs, a pharmacological inhibitor of PKA, administered into the
NTS yielded plasma TG concentrations and hepatic VLDL-TG secretion similar to that of NTS
vehicle rats (Figure 3.1.8B, C) suggesting that NTS inhibition of PKA alone has no effect on
plasma TGs. However, when Rp-cAMPs was concurrently infused with NTS glucagon, the lipid-
lowering effects of glucagon were abolished. These effects were independent of body weight
(Figure 3.1.8D) and plasma glucose (Figure 3.1.8E). To alternatively assess the role of PKA in
mediating the effects of glucagon in the NTS, a subset of the chow-fed animals received a
lentiviral PKA short-hairpin RNA sequence (PKAshRNA) during NTS cannulation to
genetically knockdown the alpha catalytic subunit of DVC PKA. Rats that received the NTS-
specific lentiviral PKAshRNA injection had a significantly lower level of alpha catalytic subunit
of the PKA protein in DVC tissues compared to animals that received a control lentiviral GFP
sequence (Figure 3.1.9F). NTS glucagon infusion into rats that received NTS PKAshRNA failed
to lower plasma TG concentration and VLDL-TG secretion (Figure 3.1.9B, C). The effects seen
were independent of body weight (Figure 3.1.9D) and plasma glucose values (Figure 3.1.9E).
Thus, both pharmacological and genetic inhibition of PKA within the NTS suggests that NTS

PKA is required for NTS glucagon to exert its hepatic VLDL-TG secretion lowering effect.
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Following the experiments to determine the requirement of PKA by NTS glucagon in
lowering plasma TGs, we next sought to determine whether direct activation of PKA within the
NTS would be sufficient to replicate the effects of NTS glucagon. Chow-fed rats received a NTS
infusion of a pharmacological activator of PKA called Sp-cAMPs (Figure 3.1.10A). Sp-cAMPs
infusion into the NTS significantly lowered plasma TGs and VLDL-TG secretion compared to
vehicle controls (Figure 3.1.10B, C). To determine the specificity of this effect, Sp-cAMPs was
simultaneously infused with Rp-cAMPs; Rp-cAMPs abolished the lipo-lowering effect of Sp-
cAMPs (Figure 3.1.10B, C), demonstrating that the pharmacological activator is specific for
PKA. The effects of PKA activation in the DVC occurred independently of body weight (Figure
3.1.10D) and blood glucose (Figure 3.1.10E). Additionally, NTS activation of PKA significantly
decreased plasma FFA (Figure 3.1.10H) but did not affect plasma insulin (Figure 3.1.10F) or
plasma glucagon (Figure 3.1.10G), levels at the time point at which plasma VLDL-TG was
lowered. Taken together, this data suggests direct activation of PKA using its pharmacological

activator replicates the effects of NTS glucagon to reduce plasma TG and FFA levels.
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Figure 3.1.8: NTS PKA is necessary for NTS glucagon to lower plasma TG concentration. A)

Schematic representation of NTS glucagon signaling pathway. Protein kinase A (PKA) is inhibited using

its inhibitor, Rp-cAMPs. B) Plasma TGs for treatment groups: NTS vehicle (n= 15), NTS glucagon (glcn)

(n=11), NTS Rp-cAMPs (PKA inhibitor) (n=12), NTS Rp-cAMPs + glcn (n=9). C) Hepatic VLDL-TG

secretion rate. D) Mean body weight of animals measured before start of experiment. E) Plasma glucose

at end of experiment. Data was measured as mean + SEM. For B) NTS glcn vs NTS vehicle, NTS Rp-

cAMPs, and NTS Rp-cAMPs + glen *P < 0.05 for effect of time, treatment, and interaction between time

and treatment. P<0.05 at t=240 min using Tukey’s posthoc test.. For C) *P < 0.05 for NTS glcn vs NTS

vehicle, NTS Rp-cAMPs, and NTS Rp-cAMPs + glen.
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Figure 3.1.9: Alternative assessment of NTS PKA is necessity for NTS glucagon to lower plasma TG
concentration. A) Schematic representation of NTS glucagon signaling pathway. Protein kinase A (PKA) is
chronically knockdown using PKAshRNA. B) Plasma TGs for treatment groups: NTS GFP vehicle (n=7), NTS
GFP glucagon (glen) (n=10), NTS PKAshRNA vehicle (n=8), NTS PKAshRNA glcn (n=7). C) Hepatic VLDL-
TG secretion rate. D) Mean body weight of animals measured before start of experiment. E) Plasma glucose at
end of experiment. F) Representative and quantification of western blot demonstrating the relative amount of
DVC PKA protein knockdown by PKAshRNA. The DVC tissues used for blot were from NTS GFP glen (n=6),
NTS PKAshRNA glen (n=5). Data was measured as mean + SEM. For B) NTS GFP glcn vs NTS GFP vehicle,
NTS PKAshRNA vehicle, and NTS PKAshRNA glen *P < 0.05 for effect of time, treatment, and interaction
between time and treatment. P<0.05 at t=240 min using Tukey’s posthoc test. For C) *P < 0.05 for NTS GFP
glen vs NTS GFP vehicle, NTS PKAshRNA vehicle, and NTS PKAshRNA glen. For F) *P < 0.05 for NTS

PKAShRNA vs NTS GFP.
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Figure 3.1.10: NTS PKA is sufficient to lower plasma TG concentration. A) Schematic representation of NTS
glucagon signaling pathway. Protein kinase A (PKA) is blocked using its inhibitor, Rp-cAMPs and also directly
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Plasma glucagon, and H) Plasma FFA concentration at the end of experiment. Data was measured as mean + SEM.
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3.1.5 [Investigation of white adipose tissue mechanisms involved in NTS glucagon’s ability

to lower hepatic VLDL secretion in chow-fed rats.

Since the reductions of hepatic VLDL-secretion observed upon both NTS glucagon
infusion and direct PKA activation in the NTS were both associated with significantly decreased
plasma FFAs, we next examined the white adipose tissue (WAT). WAT lipolysis in fasted states
is a major source of circulating FFAs?**. Direct NTS PKA activation with Sp-cAMPs did not
change any protein levels of WAT lipolytic enzymes such as phosphorylated-hormone sensitive
lipase (P-HSL) to total hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL), and
comparative gene identification-58 (CGI-58) (Figures 3.1.11A-D). The results were compared to
other control groups such as NTS Rp-cAMPs and NTS Rp-cAMPs + Sp-cAMPs. This suggests
that the reduction in plasma FFAs may not be due to a reduction in protein levels of WAT

lipolytic enzymes.
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Figure 3.1.11: The decrease in VLDL-TG secretion was independent of changes in white adipose tissue

(WAT) lipolytic proteins. A) Representative western blot demonstrating relative protein levels of WAT

phosphorylated-hormone sensitive lipase (PHSL), hormone sensitive lipase (HSL), comparative gene

identification-58 (CGI-58), adipose triglyceride lipase (ATGL), and B-actin (loading control) B)

Quantification of P-HSL to total HSL. C) Quantification of CGI-58 to B-actin. D) Quantification of ATGL to

B-actin. Data was measured as mean + SEM.
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3.1.6 NTS glucagon reduces plasma TGs via activation of downstream Mitogen-Activated

Protein Kinase Kinase (MEK) and Extracellular Signal-Regulated Kinase (ERK).

To further characterize the signaling pathway of glucagon within the NTS in lowering
plasma TGs, we next examined the mitogen-activated protein kinase kinase (MEK) and
extracellular signal-regulated kinase (ERK) pathway in vivo (Figrure 3.1.12A). A
pharmacological inhibitor of MEK/ERK, PD98059 (MEKi), was acutely infused into the NTS of
chow-fed rats. The plasma TG levels of NTS MEKi rats was similar to that of chow-fed NTS
vehicle rats suggest that MEKi inhibition alone does not affect plasma TGs (Figure 3.1.12B).
Next, upon concurrent infusion of MEKi + glucagon into the NTS, the effect of glucagon to
lower plasma TGs was abolished, suggesting that activation of the MEK/ERK pathway is
necessary for glucagon to lower plasma TGs (Figure 3.1.12B, C). This effect was independent of
changes in body weight (Figure 3.1.12D) and plasma glucose (Figure 3.1.12E). However, it is
not known whether the MEK/ERK pathway functions independently of PKA activation in the
glucagon signaling pathway; hence further examination was necessary. To test if NTS PKA
activation requires NTS MEK/ERK activation to lower plasma TGs, a concurrent infusion of
PKA activator, sp-cAMPs and MEKi was given during a VLDL-secretion experiment (Figure
3.1.13A). Whereas NTS Sp-cAMPS alone lowered VLDL secretion, simultaneous inhibition of
NTS MEK/ERK blocked the lipid-lowering of NTS Sp-cAMPs (Figure 3.1.13B, C), without
differences body weight at the start of experiments (Figure 3.1.13D) or affecting plasma glucose
at the end of experiments (Figure 3.1.13E). This suggests that the activation of MEK/ERK may

occur downstream of PKA to mediate the liporegulatory effects of NTS glucagon signalling.
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Figure 3.1.12: NTS Mek/Erk is necessary for NTS glucagon to lowers plasma TG concentration. A)

Schematic representation of NTS glucagon signaling pathway. Mek/Erk kinases is blocked using its inhibitor,
Meki. B) Plasma TGs for treatment groups: NTS vehicle (n=15), NTS glucagon (glcn) (n=11), NTS Meki (n=5),
NTS Meki + glen (n=6). C) Hepatic VLDL-TG secretion rate. D) Mean body weight of animals measured before
start of experiment. E) Plasma glucose at end of experiment. Data was measured as mean + SEM. * P < 0.05 for
NTS glen vs NTS vehicle, NTS Meki, NTS Meki + Glen. For B) NTS glen vs NTS vehicle, NTS Meki, and NTS
Meki + Glen *P < 0.05 for effect of time, treatment, and interaction between time and treatment. P<0.05 at t=240
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Glen.
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Figure 3.1.13: NTS Mek/Erk pathway is downstream of NTS PKA. Both are required for NTS glucagon to

lower plasma TGs. A) Schematic representation of NTS glucagon signaling pathway. Protein kinase A (PKA) is

directly activated by its activator, Sp-cAMPs and Mek/Erk kinases is blocked using its inhibitor, Meki. B)

Plasma TGs for treatment groups: NTS Meki (n=5), NTS Sp-cAMPs (n=12), NTS Meki + Sp (n=7). C) Hepatic

VLDL-TG secretion rate. D) Mean body weight of animals measured before start of experiment. E) Plasma

glucose at end of experiment. Data was measured as mean + SEM. For B) NTS Sp-cAMPs vs NTS Meki, and

NTS Meki + Sp-cAMPs *P < 0.05 for effect of time, treatment, and interaction between time and treatment.

P<0.05 at t=240 min using Tukey’s posthoc test. For C) *P < 0.05 for NTS Sp-cAMPs vs NTS Meki, and NTS

Meki + Sp-cAMPs.
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3.2 NTS glucagon’s effect on plasma TGs in a model of diet-induced hypersecretion of

TGs.

3.2.1 Three-day high fat diet alters metabolic profile in rat model.

Having demonstrated that NTS glucagon signaling lowers hepatic VLDL-TG secretion in
chow-fed rats, we next tested the efficacy of NTS glucagon to improve lipid metabolism in a
model of diet induced hypersecretion of TGs. Previous literature has described that a 3-day high
fat diet (HFD) induces mild hyperglycemia, hyperinsulinemia, and hypertriglyceridemia!34 13>

155, Comparing the metabolic profile of our chow-fed rats to our HFD rats, we found that HFD
feeding trended towards mildly elevated basal plasma TG levels (RC: 0.412+0.029 mM vs HFD:
0.536+0.149 mM, P=0.066) (Figure 3.2.1G) and led to significant increases in basal plasma
glucose (RC: 125.8+1.2 mg/dL vs HFD: 134.1+2.8 mg/dL, P<0.02) (Figure 3.2.1H), basal
plasma FFA (Figure 3.2.1A), and basal plasma insulin (Figure 3.2.1B) levels but not plasma
glucagon levels (Figure 3.2.1C). Following poloxamer injection, HFD-fed rats showed increased
plasma TGs (Figure 3.2.1D) and VLDL secretion rate (Figure 3.2.1E). Notably, this mild
hyperglycemia, hyperinsulinemia, and hyperlipemia occurred even before any diet-induced
changes in body weight (Figure 3.2.1F). Taken together, our 3-day HFD model exhibited

hyperinsulinemia and hypersecretion of TGs from the liver.
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Figure 3.2.1: Metabolic effects of rats fed a 3-day (short-term) high fat diet (HFD). A) Plasma FFA,
B) Plasma insulin, and C) plasma glucagon concentration at start of experiment. D) Treatment groups
shown are chow-fed (RC) NTS vehicle (n= 15), HFD NTS vehicle (n=6). E) Hepatic VLDL-TG secretion
rate. F) Mean body weight of animals measured before start of experiment. G) Basal TG and H) glucose
values. Data was measured as mean + SEM. For A), B), E): *P < 0.05 for HFD NTS vehicle vs RC NTS
vehicle. For D) HFD NTS vehicle vs RC NTS vehicle *P < 0.05 for effect of time, treatment, and

interaction between time and treatment. P<0.05 at t=240 min using Tukey’s posthoc test.
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3.2.2 Effect of acute NTS glucagon infusion on plasma TGs in a model of diet-induced

hypersecretion of TGs.

To evaluate whether NTS glucagon regulates secretion of hepatic VLDLs in a model of
diet-induced hypersecretion of TGs, rats were placed on a 3-day HFD prior to conducting
VLDL-TG experiments (Figure 3.2.2A). Interestingly, although it has potent TG-lowering
effects in chow-fed rats, direct glucagon infusion into the NTS of HFD rats did not lower plasma
TGs compared to HFD NTS vehicle controls (Figure 3.2.2B, C) suggesting a possible
impairment in NTS glucagon signaling in this HFD model. DVC tissue protein levels of GCGR,
however, were not changed with HFD-feeding (Figure 3.2.2F). Thus, we next sought to
determine whether NTS glucagon signalling downstream of the GCGR was affected, and we
directly activated NTS PKA using Sp-cAMPs. Surprisingly, NTS Sp-cAMPs infusion led to a
significant reduction in plasma TGs and VLDL-TG secretion (Figure 3.2.2B, C) providing
evidence that the signaling breakdown occurs upstream of PKA activation. Next, to test the
specificity of Sp-cAMPs to PKA in our model of diet induced hypersecretion of TGs, a
concurrent infusion of Rp-cAMPs + Sp-cAMPs was done. As it did in chow-fed rats, Rp-cAMPs
negated the lipid lowering ability of Sp-cAMPs (Figure 3.2.2B, C). The resulting plasma TG
reduction occurred independent to differences of body weight (Figure 3.2.2D), plasma glucose
(Figure 3.2.2E), plasma insulin (Figure 3.2.2G), and plasma glucagon (Figure 3.2.2H), and
hepatic TG content (Figure 3.2.2J). However, interestingly plasma FFAs were significantly
decreased upon NTS Sp-cAMPs infusion compared to NTS vehicle control in HFD-fed rats
(Figure 3.2.21), a feature that was also seen in our chow-fed rats.

Furthermore, the role of PKA in our HFD model was alternatively assessed using a

chronic, selective knockdown of PKA using a lentiviral delivered PKAshRNA (Figure 3.2.3A),

91



or a mismatch sequence as a control into the NTS. NTS Sp-cAMPs was still able to lower plasma
TGs in HFD-fed rats that received a lentiviral injection of mismatch sequence (Figure 3.2.3B, C)
compared to NTS mismatch vehicle controls. The effects seen were independent of body weight
(Figure 3.2.3D) and plasma glucose values (Figure 3.2.3E). However, NTS Sp-cAMPs infusion
into HFD-fed rats that received NTS PKAshRNA failed to lower plasma TG concentration and
VLDL-TG secretion (Figure 3.2.3B, C). Taken together, NTS glucagon infusion in a model of
diet induced hypersecretion of TGs no longer can lower plasma TGs; however, the possible

signalling breakdown can be rescued via direct activation of PKA within the NTS.
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Figure 3.2.2: NTS glucagon’s ability to lowers plasma TG concentration in a model of diet-induced hypersecretion of

TG is blocked. A) Schematic of NTS glucagon signaling pathway in our HFD model. Protein kinase A (PKA) is directly
activated by its activator, Sp-cAMPs and inhibited by its inhibitor, Rp-cAMPs. B) Plasma TGs for treatment groups: HFD
NTS vehicle (n=15), HFD NTS glucagon (glcn) (n=8), HFD NTS Rp-cAMPs (n=6), HFD NTS Sp-cAMPs (n=9), HFD NTS
Rp + Sp (n=7). C) Hepatic VLDL-TG secretion rate. D) Mean body weight measured at start of experiment. E) Plasma
glucose at end of experiment. F) Representative blot and quantification for DVC GCGR protein in RC and HFD rats. G)
Plasma insulin, H) Plasma glucagon, and I) Plasma FFA concentration at end of experiment. J) Hepatic TG content . Data
was measured as mean + SEM. For B) HFD NTS Sp-cAMPs vs HFD NTS vehicle, HFD NTS glen, HFD NTS Rp-cAMPs,
and HFD NTS Rp + Sp *P < 0.05 for effect of time, treatment, and interaction between time and treatment. P<0.05 at t=240

min using Tukey’s posthoc test. For C), and I): *P < 0.05 for HFD NTS Sp-cAMPs vs all groups.
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Figure 3.2.3: Alternative assessment of NTS PKAs ability lower plasma TG concentration in a model of
diet-induced hypersecretion of TG. A) Schematic representation of NTS glucagon signaling pathway. Protein
kinase A (PKA) is chronically knockdown using PKAshRNA. B) Plasma TGs for treatment groups: HFD NTS
Mismatch (MM) vehicle (n=6), HFD NTS Mismatch Sp-cAMPs (n=6), HFD NTS PKAshRNA vehicle (n=6),
HFD NTS PKAshRNA Sp-cAMPs (n=7). C) Hepatic VLDL-TG secretion rate. D) Mean body weight of animals
measured before start of experiment. E) Plasma glucose at end of experiment. Data was measured as mean +
SEM. For B) HFD NTS Mismatch Sp-cAMPs vs HFD NTS Mismatch vehicle, HFD NTS PKAshRNA vehicle,
and HFD NTS PKAshRNA Sp-cAMPs *P < 0.05 for effect of time, treatment, and interaction between time and
treatment. P<0.05 at t=240 min using Tukey’s posthoc test. For C) *P < 0.05 for HFD NTS Mismatch Sp-cAMPs

vs HFD NTS Mismatch vehicle, HFD NTS PKAshRNA vehicle, and HFD NTS PKAshRNA Sp-cAMPs.
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3.2.3 Investigation of hepatic mechanisms involved in HFD NTS Sp-cAMPs ability to

lower hepatic VLDL secretion in a model of diet induced hypersecretion of TGs.

As described above for the chow-fed model, we next assessed the same lipogenic factors
in our model of diet-induced hypersecretion of TGs. The effect of HFD NTS PKA activation to
decrease plasma TGs and VLDL-TG secretion was independent of changes in hepatic P-ACC to
ACC, FAS, and MTP (Figure 3.2.4A-D), which are factors known to be involved in TG
synthesis and VLDL assembly. There were no changes in the gene expression of lipogenic genes
such as Srebfic, Dgatl or Dgat2, Scdl, Lpin2, Arfl (Figure 3.2.5A-F) between HFD NTS sp-
cAMPs and HFD NTS veh. Additionally, there was no difference in the mRNA expression of
genes involved in fatty acid oxidation such as Ppara, and Cptla (Figure 3.2.5G, H). Together,
this suggests that change in hepatic VLDL-TG secretion and plasma TGs in response to HFD
NTS sp-cAMPs infusion was independent of changes in these particular proteins and genes

involved in TG synthesis, VLDL-TG assembly, and fatty acid oxidation processes in the liver.
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Figure 3.2.5: The decrease in VLDL-TG secretion by NTS PKA activation was independent of changes
in mRNA expression of hepatic liporegulatory genes in a model of diet-induced hypersecretion of TG.
A) Quantification of hepatic sterol regulatory element- binding protein lc (Srebfic), B) diacylglycerol
acyltransferase 1 (Dgatl), C) Dgat2, D) stearoyl-CoA desaturase 1 (Scdl), E) lipin 2 (Lpin2), F) ADP-
ribosylation factor 1 (4rf1), G) peroxisome proliferator-activated receptor (Ppara), H) carnitine

palmitoyltransferase 1a (Cptla). Data was measured as mean + SEM.
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3.2.4 Investigation of WAT mechanisms involved in HFD NTS Sp-cAMPs ability to lower

hepatic VLDL secretion in a model of diet induced hypersecretion of TGs.

Since we observed a similar reduction in plasma FFAs upon direct NTS PKA activation
in our chow-fed model, we also examined the white adipose tissue (WAT) to explore lipolytic
mechanisms in our HFD model. Direct NTS PKA activation with Sp-cAMPs in HFD rats did not
change protein levels of some of the lipolytic factors found in the white adipose tissue such as P-
HSL:HSL, ATGL, and CGI-58 (Figures 3.2.6A-D) compared to the other groups. Thus, the
reduction in plasma FFAs due to direct NTS PKA activation using Sp-cAMPs in our HFD model

is likely not due to changes in protein levels of the WAT lipolytic enzymes we measured.
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Figure 3.2.6: The decrease in VLDL-TG secretion via PKA activation was independent of changes in

white adipose tissue (WAT) lipolytic proteins in a model of diet induced hypersecretion of TG. A)

Representative western blot demonstrating relative protein levels of WAT phosphorylated-hormone

sensitive lipase (PHSL), hormone sensitive lipase (HSL), comparative gene identification-58 (CGI-58),

adipose triglyceride lipase (ATGL), and B-actin (loading control) B) Quantification of P-HSL to total HSL.

C) Quantification of CGI-58 to B-actin. D) Quantification of ATGL to B-actin. Data was measured as mean

+ SEM.
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33 NTS glucagon’s effects on plasma TGs in a model of type two diabetes.

3.3.1 Metabolic profile of streptozotocin and nicotinamide induced type two diabetes rat

model.

To better understand and apply this knowledge on the lipid-regulating effects of NTS
glucagon signaling, we next addressed whether the NTS glucagon signaling pathway might work
in a model of type 2 diabetes (T2D) in rats given injections of nicotinamide and streptozotocin
and fed with HFD for 7 days prior to VLDL-TG secretion experiments. Previous literature has
described this T2D model is sufficient in inducing hyperglycemia, hyperinsulinemia, and
hypertriglyceridemia!!> 178181 Comparing the metabolic profile of our chow-fed rats with our
T2D rats, we found that the T2D rats had significantly increased plasma glucose (Figure 3.3.1A)
and plasma insulin (Figure 3.3.1B) levels. Plasma glucagon levels, and FFAs however, were
unchanged in this acute model of T2D (Figure 3.3.1C, D).

In response to intravenous poloxamer injection, T2D rats showed greater increases in
plasma TGs (Figure 3.3.1E), and VLDL secretion rate (Figure 3.3.1F) compared to chow-fed
rats. Interestingly, these changes were independent of body weight (Figure 3.3.1G). Taken

together the metabolic profile of our model correlated with that of previous studies.
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Figure 3.3.1: Metabolic profile of our type-2 diabetic rats. A) Plasma glucose concentration at the start

of the experiment B) Plasma insulin, C) plasma glucagon, and D) Plasma FFA concentration prior to start
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of in-vivo experiments. E) Treatment groups shown are chow-fed (RC) NTS vehicle (n=15), T2D NTS

vehicle (n=6), F) Hepatic VLDL-TG secretion rate. G) Mean body weight of animals measured before

start of experiment. Data was measured as mean + SEM. For A), B), F): *P < 0.05 for T2D NTS vehicle vs

RC NTS vehicle. For E) T2D NTS vehicle vs RC NTS vehicle *P < 0.05 for effect of time, and interaction

between time and treatment but treatment effect is n.s. P<0.05 at t=240 min using Tukey’s posthoc test.
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3.3.2 Effect of acute NTS glucagon infusion on plasma TGs in a model of type two

diabetes.

To evaluate whether NTS glucagon regulates the secretion of hepatic VLDL-TG in a
model of T2D, rats were given intraperitoneal injections of nicotinamide and streptozotocin and
placed on a 7-day HFD prior to conducting VLDL-TG experiments. Interestingly, direct NTS
glucagon infusion in T2D rats did not lower plasma TGs compared to T2D NTS vehicle controls
(Figure 3.3.2B, C) similar to our results in the HFD model. This could possibly suggest a similar
glucagon signaling breakdown in NTS as with the HFD model. Therefore, we directly activated
NTS PKA using Sp-cAMPs infusion into the NTS to see if the signaling breakdown could be
circumvented. Direct NTS Sp-cAMPs infusion in T2D rats led to a significant reduction in
plasma TGs and VLDL-TG secretion (Figure 3.3.2B, C) compared to our T2D NTS vehicle
controls. This improvement in plasma TG levels was independent of body weight (Figure
3.3.2D), plasma glucose (Figure 3.3.2E), plasma insulin (Figure 3.3.2F), and plasma glucagon
(Figure 3.3.2G) levels at the end of the experiment. Interestingly, in line with the observed
decrease in VLDL-TG secretion, plasma FFAs at the end of the experiment were significantly
decreased in the T2D NTS Sp-cAMPs group compared to diabetic vehicle control (Figure
3.3.2H). Taken together, whereas NTS glucagon infusion fails to lower plasma TGs and VLDL-
TG secretion in T2D rats, direct NTS PKA activation downstream of the NTS glucagon

signalling defect can improve lipid profiles in this T2D model.
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Figure 3.3.2: NTS glucagon infusion no longer lowers plasma TG concentration in a
streptozotocin/nicotinamide + HFD induced model of type-2 diabetes. A) Schematic representation of NTS
glucagon signaling pathway in our T2D model. Protein kinase A (PKA) is directly activated by its activator, Sp-
cAMPs. B) Plasma TGs for treatment groups: T2D NTS vehicle (n=9), T2D NTS glucagon (glen) (n=7), T2D NTS
Sp-cAMPs (n=12). C) Hepatic VLDL-TG secretion rate. D) Mean body weight of animals measured before start of
experiment. E) Plasma glucose at end of experiment. F) Plasma insulin, G) Plasma glucagon, and H) Plasma FFA
concentration at the end of experiment. Data was measured as mean + SEM. For B) T2D NTS Sp-cAMPs vs T2D
NTS vehicle, and T2D NTS glen *P < 0.05 for effect of time, treatment, and interaction between time and treatment.
P<0.05 at t=240 min using Tukey’s posthoc test. For C) and H): *P < 0.05 for T2D NTS Sp-cAMPs vs T2D NTS

vehicle, and T2D NTS glen.
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Chapter 4: Discussion
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Chapter 4  Discussion

4.1 Significance of results

Obesity and diabetes continue to be huge economic burdens to our healthcare systems
around the globe!!. Both disorders are characterized by the overproduction and secretion of
VLDL-TGs!*!>"7, The underlying mechanisms involved in the dysregulation of hepatic VLDL-
TG secretion is multi-faceted; whereas research in the field has historically targeted peripheral
tissues as key players in the development of dyslipidemia, the brain has emerged as an important
contributor to both the regulation and dysregulation of peripheral lipid metabolism.
Hypothalamic and brainstem regions of the brain can sense fluctuations in nutrients and
hormones such as glucose!37-13%166 fatty acids!?% 141166 amino acids!'3>140,
insulin!30-145.146,148, 152,182 |onyti154-156,183-186 NPy 13LIS7-159 G P_] 153187188 apd glucagon!62164173
to regulate metabolic homeostasis. Impairments in sensing of peripheral hormones and nutrients
in both regions has led to metabolic disruptions which has been demonstrated to lead to
dysregulated glucose metabolism and development of various metabolic diseases'’*!7>, Hence,
the ability of the brain to sense and respond to peripheral nutrients and hormones to regulate
whole-body homeostasis is essential.

The data contained within this thesis contributes to the knowledge of how the brainstem,
specifically the NTS, senses glucagon to regulate peripheral metabolism. This research
contributes to the understanding of both a novel mechanism involved in the regulation of hepatic
VLDL-TG secretion and plasma TGs by NTS glucagon, and how the NTS glucagon signalling

pathway to regulate hepatic VLDL-TG secretion is impaired in animal models of diet-induced

hypersecretion of TGs and type 2 diabetes (Figure 4.1).
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Figure 4.1: Summary of thesis results and proposed intracellular mechanisms of NTS glucagon signaling to

elicit changes in lipid metabolism in chow-fed, HFD-fed, and type 2 diabetic (T2D) rat models. A) NTS

glucagon decreases hepatic VLDL secretion via NTS Gcegr, PKA & Mek/Erk. NTS glucagon’s ability to lower

hepatic VLDL secretion is abolished in both B) diet-induced hypersecretion of TGs and C) type 2 diabetic models.

Direct NTS PKA activation is sufficient to reduce hepatic VLDL secretion in both B) diet-induced hypersecretion of

TGs and C) type 2 diabetic models

NTS
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4.2 Discussion of results

4.2.1 Glucagon acts on glucagon receptor (GCGR) in the nucleus of solitary tract (NTS)

to modulate liver lipid homeostasis in chow-fed (RC) rats

Results obtained from the study highlight the role of the NTS in modulating hepatic lipid
metabolism in response to glucagon action. In conscious, freely moving, chow-fed rats, acute
NTS infusion of glucagon reduced plasma TGs and hepatic VLDL-TG secretion in 10-hour
fasted conditions. Following the completion of the in vivo experiment, in order to verify the
positioning of the bilateral cannulae and localization for the NTS glucagon infusion, we slowly
injected 3 pL of bromophenol blue dye into the bilateral cannulae and found it was localized to
only the NTS region and did not spread to other regions of the DVC such as the AP, or DMV.
The mechanism behind brain glucagon infusion leading to the regulation of hepatic TG secretion
had not yet been elucidated, until now. With acute pharmacological and chronic loss of function
techniques, we demonstrated that NTS glucagon infusion requires the expression of the GCGR in
the NTS to lower plasma TGs and VLDL-TG secretion. Since 1985, it has already been shown
that glucagon can cross the blood brain barrier and bind to its receptor in two very important
areas, the hypothalamus and brainstem!'®-!%, Both regions, which include the MBH and NTS,
respectively, are now established to be very key in the regulation of peripheral metabolism!*%1%1,
Furthermore, GCGR has been shown to be present in these regions, allowing for the binding of
glucagon to regulate homeostatic processes!6>1¢4173 Glucagon infusions into both the MBH and
DVC have independently been shown to decrease hepatic glucose production via GCGRs found
in both regions. While we confirmed the protein expression of GCGRs in the DVC (because we

do not have the specificity with WB to differentiate NTS from DVC, and we use DVC wedges)

with previous literature!’3, we however still do not know the neural populations it is associated
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with. Mighiu and Yue and colleagues discovered that the GCGRs were co-localized with AgRP
neurons!®2, Whilst most AgRP neurons tend to be GABAergic neurons, in the NTS there are
large populations of glutamatergic as well as some GABAergic neurons!*%!%3, Thus, due to the
presence of GABAergic neurons in the NTS, these populations of neurons may express the
GCGR receptor. Interestingly, Ludwig and colleagues found through single-cell RNAseq
profiling, that hormones, such as leptin and GLP-1, have receptors expressed on glutamatergic
neurons rather than GABAergic neurons within the DVC!®, Furthermore, these glutamatergic
neural populations were found to be associated with the regulation of food intake, and other
metabolic processes. Hence, performing co-localization techniques such as RNAscope can help
fill this gap in our understanding as to where GCGRs are found in the DVC and on what types of
neurons.

Furthermore, with acute pharmacological and chronic loss of function techniques, we
determined that glucagon action in the NTS to lower hepatic VLDL-TG secretion requires the
activation of downstream PKA (Figure 4.1). Additionally, inhibiting the function of the NTS
MEK/ERK pathway whilst simultaneously infusion glucagon into the NTS blocked glucagon’s
lipid lowering ability. This suggests that both PKA and MEK/ERK are required for glucagon
action in the NTS to lower plasma TGs (Figure 4.1). We also determined that NTS PKA
activation per se was sufficient to replicate the effects of NTS glucagon to lower hepatic VLDL-
TG secretion, and that this required functional MEK/ERK within the NTS to mediate its effect.
Comparable to previous literature, glucagon signaling in the NTS also activated PKA and
MEK/ERK to lower hepatic glucose production!”. Taken together, this suggests that the
regulation of peripheral glucose and lipid metabolism by NTS glucagon is mediated via NTS

PKA and MEK/ERK. However, whether glucagon signaling in the NTS activates NTS PKA and
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MEK/ERK in series or parallel remains to be elucidated. A previous study examining glucagon
signaling in cell lines found that glucagon treatment of cells stimulated MEK/ERK activation
without the activation RAP1/RAS/RAF signaling pathway which is a known activator of the
MEK/ERK pathway??. Additionally, concurrent treatment of cells with glucagon and PKA
inhibitor blocked the activation of MEK/ERK kinases further suggesting that glucagon signaling
activates MEK/ERK in a PKA-dependent manner®?. This, however, does not rule out whether in
brain tissue in vivo PKA and MEK/ERK are arranged in parallel hence, further investigation is
necessary. Interestingly, glucagon in the MBH lowered food intake via activation of
hypothalamic PKA and decreases in hypothalamic CaMKKf and P-ACC!%4. This further
confirms that glucagon action in the brain requires activation of PKA. Together, this suggests
that NTS glucagon action to decrease hepatic VLDL-TG secretion, is mediated by NTS PKA,
and Mek/ERK activation.

Surprisingly, glucagon’s lipid lowering effect was not associated with changes in protein
levels of hepatic liporegulatory proteins PACC to total ACC, FAS, MTP. These proteins are
heavily involved in the DNL pathway in the liver, that can help provide substrates for TG
synthesis and subsequent packaging of those TGs into VLDL-TG particles'®%6. In the MBH,
ICV3 infusion of NPY, another peptide hormone led to an increase in VLDL secretion but
reported no significant changes in hepatic PACC to total ACC, FAS, MTP!31:158 However, in
contrast to our results and those reported by the ICV3 NPY studies'*""!%8, ICV3 leptin infusion
which led to a significant increase in VLDL secretion, reported decreases in FAS protein
levels'>>. In the present study, we also did not observe differences in hepatic sterol regulatory
element binding protein 1c (Srebfic), stearoyl-CoA desaturase 1 (Scd1), diacylglycerol

acyltransferase 1/2 (Dgatl/2), fatty acid synthase (Fasn), lipin-2 (Lpin2), ADP-ribosylation
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factor 1 (4rf1), carnitine palmitoyltransferase l1a (Cptla), or peroxisome proliferator-activated
receptor o (Ppara) mRNA expression with NTS glucagon infusion, which lowered VLDL-TG
secretion. In contrast, the ICV3 NPY studies that reported increases in VLDL-TG secretion, also
reported increases in SCD1 and ARF1 protein levels and mRNA expression!31:157-159 This study
also reported an increase in MTP mRNA expression which can explain an increase in packaging

131,158

of VLDLs and subsequent secretion . However, in our study we did not discover any

changes in hepatic MTP protein levels, hence examining MTP mRNA expression was not

31 ysed a different species of

warranted. In contrast to our study, the ICV3 infusion of NPY study
rat, and used intraperitoneal tyloxapol instead of intravenous poloxamer 407 as the LPL
inhibitor, and collected liver 2 hours post tyloxapol injection compared to 4 hours post
poloxamer injection in our study. It is a possibility that the collection of tissues at a later
timepoint after LPL inhibitor injection may contribute to the lack of change in protein or mRNA
in the liver. However, despite no changes in protein levels and mRNA expression levels of the
aforementioned proteins and liporegulatory transcription factors within our study, this does not
exclude the possibility of a change in the activity of some of these proteins, such as SCD1. A
SCD1 activity assay could be vital in unlocking, whether the de novo lipogenesis pathway as it is
the rate limiting enzyme as well as important in providing fatty acids for TG synthesis which can
be packaged in VLDLs!!:194195 Tn addition, ICV infusion of GLP-1 receptor agonist exendin-4
in Syrian hamsters, led to significant reduction in chylomicron secretion from the intestines and
reduction in the activity of MTP, an enzyme vital for the synthesis and packaging of APOB
containing particles like VLDLs, and chylomicrons'*. Hence, performing an MTP activity assay

might help evaluate why we might be seeing a reduction in VLDL-TG secretion upon glucagon

action in the brain.
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The decrease in VLDL-TG secretion as a result of NTS glucagon action occurred
independently of changes in hepatic TG content. Furthermore, there was no significant change in
plasma glucose, which can be used as a substrate in the DNL pathway to produce fatty acids'®*3°,
The resulting fatty acids can be converted to their acyl-CoA esters to contribute to the fatty acyl-
CoA pool for TG synthesis and VLDL-TG production and secretion'®!?’, Of note, there was a
significant reduction in plasma FFAs with glucagon infusion into the NTS. Plasma FFAs can be
taken up by the liver and contribute to the synthesis of TGs that can be used for the synthesis of
the VLDL-TG particle!’. Importantly, this reduction in plasma FFA levels was recapitulated
with NTS PKA activation with Sp-cAMPs in line with parallel decrease in VLDL-TG secretion.
Both the reduction in VLDL-TG secretion and plasma FFA levels were reversed when inhibitors
of glucagon signalling (e.g. GCGR and PKA antagonists) were infused concurrent with
activation of NTS glucagon signalling, which supports the notion that NTS glucagon indeed
modulates peripheral lipid metabolism. In line with this, another group suggested that central
glucagon action, specifically within the hypothalamus where cAMP was increased 2-fold,
suppressed lipolysis in adipose tissues, hence reducing plasma FFAs!'?8. It was suggested that this
occurred via the reduction in sympathetic tone to the adipose because the experiment was
conducted under a pancreatic clamp during which circulating levels of glucagon were maintained
at control levels, as were the circulating levels of insulin. Whilst the decrease in VLDL-TG
secretion was associated with a decrease in plasma FFAs, we did not however demonstrate a
reduction in lipolytic activity upon NTS glucagon infusion. We did however see no differences
between white adipose tissue protein levels of PHSL to HSL, ATGL, and CGI-58, enzymes
involved in lipolysis with NTS PKA activation using Sp-cAMPs. Seeing that NTS glucagon

lowers plasma FFA levels, and that reduced FFA in the circulation may be providing less
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substrate for TG synthesis in the liver to be incorporated into VLDL, we would next look at
factors that facilitate FA uptake into the liver. Whilst some fatty acids can simply diffuse across
the plasma membrane, others require the help of transporters such as CD36, or FATP2 and 5, the
primary FATP transporters in the liver?*®2*7, Literature has shown that the liver specific
knockout of CD36 significantly reduced VLDL-TG secretion*¢, whilst knockout of FATP2 and
5 reduced hepatocyte uptake of plasma fatty acids?*®2%°, Liver protein levels of CD36 and
FATP2 and FATPS from our studies are currently being examined. Future studies in our lab will
further assess whether FA-mediated TG synthesis mechanisms in the liver are affected by NTS
glucagon infusion and will measure acyl-CoA synthetase enzyme levels to see whether decreased
acyl-CoA synthetases might correlate with lower VLDL secretion rates. For example, knocking
out long-chain acyl-CoA synthetase 4 in the liver of HFD-fed mice lowered VLDL-TG secretion,
showing that downregulating some isoforms of acyl-CoA synthetases affects hepatic lipid
production®?, Additionally, we will assess whether long-chain fatty acid CoA levels within the
liver may be affected by NTS glucagon signalling, as fatty acid CoAs can be re-esterified to
produce TGs. These TGs can then be used as source for TGs packaged into VLDL-TGs.

Lastly, VLDLs are lipoproteins synthesized with APOB protein. In rats APOB-48 is the
predominant form of APOB for VLDLs*!, In this study, both plasma APOB-48 and APOB-
100 expectedly increased from the time poloxamer injection (time 0) was given until the end of
experiment (time 240 min). However, there was no difference between NTS veh and NTS
glucagon treatments, suggesting that animals in both sets of treatments secrete similar amount of
VLDLs; however, it is possible that the VLDLs are less lipidated in animals that received NTS
glucagon infusion. One way to verify this theory is to obtain lipoprotein fractions from plasma

samples via high-performance liquid chromatography(HPLC)!?, gas chromatography?®, fast-

112



protein liquid chromatograph (FPLC)?! and assess VLDL particle size using nuclear magnetic

resonance spectroscopy’>!.

4.2.2 Glucagon in the nucleus of solitary tract (NTS) to modulate liver lipid homeostasis

in a model of diet (HFD) induced TG hypersecretion in rats.

As we have described above the positive effects of glucagon infusion into the NTS led to
a reduction in plasma TGs and VLDL-TG secretion. Next, we sought to determine if the role of
glucagon in a pre-obese model of diet-induced hypersecretion of TGs would be preserved to
regulate hepatic VLDL-TG secretion. However, our 3-day HFD rats only developed a trend for
higher basal TGs as well exhibited hypersecretion of TGs from the liver, hyperinsulinemia,
hepatic insulin resistance, along with mild hyperglycemia. Other studies have shown, however,
that with 3-day HFD feeding, rats develop hypertriglyceridemia, hyperinsulinemia, hepatic
insulin resistance!3*133151.179.202 "which is similar to the present findings except that a significant
increase in basal plasma was not observed in the current study. NTS glucagon infusion in 3-day
HFD-fed rats did not lower plasma TGs and VLDL-TG secretion. However, direct activation of
glucagon signaling secondary messenger, PKA, led to a significant reduction in plasma TGs,
suggesting a signaling breakdown with acute HFD-feeding has occurred somewhere between the
GCGR and PKA (Figure 4.1). Additionally, reduction in plasma TGs was independent of
circulating levels of insulin. This is in line with previous literature that showed MBH glucagon
infusion in 3-day HFD-fed rats no longer lowered hepatic glucose production; however, the
effect on glucose metabolism could be rescued upon direct activation of PKA using its

162

pharmacological activator'®~. Using both pharmacological and loss of function techniques, our
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present data suggests that PKA activation is essential in recovering glucagon signaling to lower
plasma TGs in a model of diet-induced hypersecretion of TGs (Figure 4.1).

In order to understand the changes occurring in the liver that might lead to the decrease
in VLDL-TG secretion upon direct NTS PKA activation in HFD-fed rats, we examined the
protein levels and mRNA expression of the same liporegulatory enzymes as in Aim 1. We saw
no significant changes in hepatic PACC to total ACC, FAS, MTP protein levels as well as
Srebfic, Scdl, Dgatl/2 Fasn, Lpin2, Arfl, Cptla, or Ppara mRNA expression. Interestingly, in
one study, ICV3 glucose infusion like glucagon reduced hepatic VLDL-TG secretion in chow-
fed rats however glucose sensing in the hypothalamus in 3-day HFD-fed rats became defective

leading to the phenotype being lost!>!

. Furthermore, in this study they also did not notice any
changes in protein levels of PACC to total ACC, FAS, MTP, but they did notice a reduction in
SCD1 expression which was lost upon 3-day HFD feeding!>!.

Short-term HFD feeding has been shown to disrupt the ability of the hypothalamus to
respond to peripheral nutrients and hormones leading to disruption of whole-body metabolic
regulation. This hypothalamic disruption is contributed in part by an increase in inflammation in
the MBH2%3-2%5, Within a few days of HFD feeding, there is a significant increase in markers of
inflammation in the hypothalamus of rodents due to the overconsumption of caloric dense food
which is independent of weight gain?%. In obese humans, using MRI imaging, it has been shown
that there is an increase in gliosis indicating the presence of hypothalamic inflammation and
neuronal injury?°>2%, The longer the HFD is maintained, the further the inflammation progresses
with the release of pro-inflammatory cytokines such as TNFa and IL-1p leading to the

development of hypothalamic insulin resistance!76297298 Literature has demonstrated that

administration of TNFa targeting the hypothalamus stimulates neuronal cell death via apoptotic
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signalling cascades?”. However, blocking the hypothalamic NF-xB pathway restores metabolic

control in the hypothalamus in a diet-induced obesity?!°

. Whilst there is no evidence yet of such
metabolic breakdown due to short-term HFD feeding in the NTS, we cannot rule out the
possibility of NTS inflammation as a contributor to the impairment in glucagon signalling within
the NTS. Thus, future studies can verify the presence or extent of inflammation by examining the

tissues collected at the end of the experiment in our HFD studies for pro-inflammatory and

apoptotic markers.

4.2.3 Glucagon in the nucleus of solitary tract (NTS) to modulate liver lipid homeostasis

in a model of type 2 diabetes (T2D) rats.

Lastly, we wanted to examine the effects of glucagon in a model of type 2 diabetes. This
nicotinamide/streptozotocin-HFD model of type 2 diabetes has previously been
established!”®17%241 Tt has been described in the literature that hyperglucagonemia and hepatic
glucagon resistance are partial contributors to fasting hyperglycemia and hypertriglyceridemia
due to hepatic VLDL-TG secretion seen in type 2 diabetes!'?!211:212. Thus, we wanted to examine
if glucagon could signal within the NTS and lower hepatic VLDL-TG secretion as it did in our
chow-fed model. NTS infusion of glucagon in our T2D rats could not lower hepatic VLDL-TG
secretion. On par with the mechanism described in our HFD model, we assumed that with direct
activation of PKA we may be able to revive the glucagon signaling pathway. Indeed,
pharmacological activation of PKA led to a significant reduction in plasma TGs and hepatic
VLDL-TG secretion (Figure 4.1) independent of circulating levels of insulin. One study
examined the role of inhibiting the glycine transporter-1 in the DVC in regulation of glucose and
energy homeostasis!”. Inhibition of glycine transporter-1, which potentiated NMDA

neurotransmission within the DVC, led to a suppression in glucose production, increased glucose
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tolerance, and reduced food intake and body weight gain in healthy, and notably also in T2D,
rats!”. Interestingly, this mechanism within the DVC was not impaired with metabolic disease
states like T2D!7. Similarly, activation of NMDA receptors in the DVC by NTS glycine infusion
lowered VLDL-TG secretion in chow-fed rats, and again, this was also preserved in HFD-fed
rats!®, Taken together, while some signalling pathways remain preserved in T2D or HFD-fed
rats, there are clear signs of glucagon signalling breakdown. It remains to be examined at what
level of the signaling pathway before PKA activation the signal breaks down.

We demonstrated that in both our short-term HFD model as well as our type 2 diabetic
model, rats exhibited modest hyperinsulinemia consistent with early insulin resistance which has
been described to increase secretion of TGs from the liver?*!. Additionally, this elevated
hyperinsulinemia can lead to the brain also developing insulin resistance with high fat feeding!*3.
In both models, our data shows that NTS glucagon does not reduce TG secretion from the liver;
however, this can be overcome with direct PKA activation in the NTS using NTS infusion of Sp-
cAMPs. Whether brain insulin resistance is a potential cause as to why the brain is no longer
responsive to glucagon remains to be elucidated. Additionally, it remains to be seen whether the
extent of insulin resistance found in our short-term HFD model is the same as our type 2 diabetic

model.

4.3 Future directions

4.3.1 The contribution of plasma FFAs in hepatic VLDL-TG secretion

Although we have yet to ascertain a liver-related mechanism that explains how NTS
glucagon may lower VLDL-TG secretion, an observation common to all 3 of our different

models is the reduction in plasma FFAs. This was observed both from the direct infusion of
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glucagon in the NTS or from the direct activation of PKA within the NTS in chow-fed, HFD-fed,
and T2D rats. Given that we did not see changes in hepatic TG content within the different
models, it does not appear that the liver is storing the plasma FFAs as TGs in lipid droplets. It
might be more reasonable to assume that FFAs are being shuttled to the mitochondria for -
oxidation. Hence, future studies will further explore whether NTS glucagon signalling affects

hepatic fatty oxidation.

4.3.2 Brainstem to hepatic neurocircuitry

It is still unclear how the glucagon action in the brain communicates with the liver to
decrease hepatic VLDL-TG secretion. The DVC is a major relay centre that can relay signals
from and to the periphery!®. Literature demonstrates that the DVC can communicate to the liver
through the vagus nerve!*. DVC glycine infusion decreased hepatic VLDL-TG secretion via the
activation of its receptor, the NMDA receptor. Furthermore, in this study, they demonstrated that
severing the hepatic vagus nerve near the liver in order to avoid any off-target effects, negated
glycine’s ability to lower plasma TGs and hepatic VLDL-TG secretion. Additionally, as
mentioned above, previous literature found that central glucagon action, specifically within the
hypothalamus suppressed lipolysis at the adipose, hence reducing plasma FFAs!*%. It was
suggested that this occurred via the reduction in sympathetic tone to the adipose. Studies have
already shown that the DVC can communicate to the hypothalamus, hence it is possible that
glucagon action in the NTS relays a signal to hypothalamus which may lead to a reduction in
lipolysis and reducing plasma FFAs. Alternatively, NTS glucagon signalling may also relay a
signal to areas of the brain responsible for sympathetic innervation of the adipose tissue.
Therefore, in order to determine the pathway of communication of hindbrain glucagon action,

experiments involving denervation of the hepatic vagus nerve and/or of sympathetic innervation
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of the white adipose tissue may be essential to elucidate the communication pathway of the NTS
to the liver and to determine whether sympathetically driven fatty acid release from the adipose

tissue contributes to the lipid-lowering effect of NTS glucagon.

4.4 Limitations

4.4.1 Glucagon can bind to the GLP-1R.

Given that GLP-1 receptor (GLP-1R) is highly expressed in the DVC and that GLP-1

213 it would be interesting to know whether

action in the DVC has a major role in metabolism
glucagon’s lipid-lowering effects are being mediated via GLP-1R in the hindbrain. Because both
glucagon and GLP-1 are synthesized from the same gene, they share some characteristics!®,
Glucagon can bind to the GLP-1 receptor as the binding pocket is 40% homologous to the
binding site of glucagon?!*. The binding pocket of GLP-1R is much larger than that of the
glucagon receptor which partially explains why glucagon can bind to the GLP-1R with low
affinity, but GLP-1 can’t bind to the GCGR. It is worthwhile to note, however, that we utilized
both pharmacological and GCGR knockdown approaches to determine the specificity of
glucagon’s liporegulatory role via activation of GCGR. However, we cannot rule out that GLP-
IR may contribute some effect. Hence, we will inhibit DVC GLP- 1R with GLP-1R antagonist

Exendin 9-39 and co-infuse the DVC with glucagon to determine the involvement of DVC GLP-

IR in mediating DVC glucagon’s hypolipidemic effects.

4.4.2 Timing of tissue collection

Given that we did not see any changes in the protein levels and mRNA expression of any
liporegulatory enzymes in the liver or white adipose, it is a possibility that any changes that may

have occurred by the time of tissue collection may be lost or the changes are yet to happen. In the
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study where MBH glucagon decreased hepatic glucose production, the tissues were collected
post-2 hours after starting MBH glucagon infusions!'®2, Similarly, a DVC glucagon study also
collected tissues post-2 hours of starting DVC glucagon infusions!”. Since glucagon is a peptide
hormone, it signals much more rapidly than a steroid hormone as it does not need to translocate
to the nucleus; it binds to its membrane receptor causing a signaling cascade within the cell that
carries out its action. It is possible that at the timepoint in which we collected tissues, at which
plasma TG was significantly lower in our NTS treatment groups compared to vehicle groups, the
changes occurring in the liver may have already occurred. Thus, NTS glucagon infusion time
course studies may be attempted in the future to see whether a difference in mRNA or protein

levels of liporegualtory factors in the liver and adipose can be detected.

4.4.3 Sex Differences

Given that our in vivo experiments were exclusively conducted in the male Sprague
Dawley rats, we cannot rule out the involvement of sex hormones in the regulation of hepatic
lipid metabolism. Estrogen, the main sex hormone found in female rats and humans, has been
shown to bind to the liver due to enriched expression of the estrogen receptor to regulate hepatic
lipid metabolism?*324°_ The literature has shown that female rats that express the estrogen
receptor have higher VLDL-TG secretion and lower hepatic TG content compared to estrogen
receptor knockouts suggesting that estrogen increases VLDL-TG secretion in female rats>+$-20,
One of the mechanisms shown has been related to estrogens direct effects on MTP expression.
Estrogen in female rats increased expression of APOB and MTP as well as pla2g12b
(phospholipase A2 G12B), which has been described to be involved in the regulation of

lipoprotein size?*3231:252 Tn female rats this results in the secretion of VLDLSs richer in TGs from

the liver but overall, less VLDLSs secreted compared to male rats?*®. Additionally, female rats had
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better clearance of VLDL particles from the circulation into peripheral tissues compared to male
rats and the storage of TGs was done primarily in subcutaneous fat compared to visceral fat in
males?#®, Similarly, in humans, females have a lower secretion rate of VLDL-TGs however, they
secrete larger, TG richer VLDLs and have higher VLDL clearance compared to males?2%4,
Therefore, overall total plasma concentrations of VLDLs in females is lower due to efficient
clearance of VLDLs compared to males. Overall, taken together, due to these differences in
between females and males, we would like to examine whether NTS glucagon’s ability to lower

plasma TGs is different or enhanced in female vs male rats.

4.4.4 Pharmacology of Glucagon

In our in vivo experiments we used a constant NTS infusion of synthetic glucagon at a
rate of 0.0055 pL/min for the duration of the experiment, which is a supraphysiological
concentration compared to endogenous glucagon levels in the peripheral circulation; however,
the endogenous levels of glucagon in the NTS tissue are not known and warrants future
investigation using micro dialysis studies to measure the levels of glucagon within the interstitial
fluid of the NTS. The normal half-life of endogenous glucagon in the human body is roughly 6-7
mins as glucagon is largely inactivated by degradation enzymes found at the liver and kidneys?*.
Due to our experiments being conducted using a constant infusion and not injection, the
degradation of our synthetic glucagon by endogenous proteases is likely not a major concern.
Additionally, we have yet to establish if 250 mins, which is the approximate duration of NTS
infusion of glucagon in the current study, would lead to receptor internalization or
desensitization. Other studies have shown that glucagon receptor can be internalized®®’ with as

little as 30 mins of stimulation in rat liver>°.
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4.5 Conclusion

In summary, we demonstrated a novel intracellular signaling pathway of glucagon in the
NTS region of the brainstem to regulate hepatic VLDL-TG secretion in healthy chow-fed, pre-
obese and type 2 diabetic rats. Given that in humans, some patients of type 2 diabetes exhibit
hyperglucagonemia, dyslipidemia, hyperglycemia, insulin resistance which are associated with
obesity!!4124211212 "this discovery of the novel role of glucagon in regulating one facet of
dyslipidemia, which is to regulate hepatic VLDL-TG secretion, could potentially allow future
pharmacological therapies that could target this signaling pathway to help regulate post-prandial

and fasting hypertriglyceridemia.
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Appendix

Lateral -0.10 mm

Interaural 5.86 mm Bregma -3.14 mm

DAPI DAPI DAPI

DAPI NeuN DAPI NeuN

Supplementary figure 1: Immunofluorescence images of GCGR in the MBH. A) Schematic depicting coronal section
taken at -3.14 bregma shown in panel C, G, H. B) Schematic depicting sagittal section of -3.14 bregma. C)
Immunofluorescence image of DAPI and GCGR in the hypothalamic coronal section at -3.14 bregma. D)
Immunofluorescence image of DAPI and GCGR in the Arcuate Nucleus (Arc) of MBH. E) Immunofluorescence image of
DAPI alone in Arc. F) Immunofluorescence image of GCGR alone in Arc. G) Immunofluorescence image of DAPI,
GCGR, NeuN in the hypothalamic coronal section at -3.14 bregma. H) Immunofluorescence image of DAPI, GCGR, NeuN
in Arc. I) Immunofluorescence image of DAPI alone in Arc. J) Immunofluorescence image of GCGR alone in Arc. K)

Immunofluorescence image of NeuN alone in Arc.
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Lateral 0.10 mm ure 79

Interaural -4.80 mm Bregma -13.80 mm

DAPI GFAP DAPI GFAP
e

Supplementary figure 1 : Immunofluorescence images of GCGR in the DVC. A) Schematic depicting coronal section
taken at -13.80 bregma shown in panel C-I. B) Schematic depicting sagittal section of -13.80 bregma. C)
Immunofluorescence image of DAPI (1:1000), GCGR (1:250), GFAP (1:1000) in the DVC coronal section at -13.80
bregma. D) Immunofluorescence image of DAPI in the DVC. E) Immunofluorescence image of GCGR alone in DVC. F)
Immunofluorescence image of GFAP alone in DVC. G) Immunofluorescence image of DAPI (1:1000), NPY (1:1000) in the
DVC coronal section at -13.80 bregma. H) Immunofluorescence image of DAPI in DVC. I) Immunofluorescence image of

NPY alone in DVC.
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