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Abstract

The small intestine delivers dietary fat in the form of triglyceride (TG)-rich lipoproteins to
fuel the body. The production and clearance of TG-rich lipoproteins become dysregulated in
people living with type 2 diabetes resulting in more dietary fat in circulation than healthy individuals
following the same meal, contributing to cardiovascular risk. The response of the intestine to
obesity through adaptive or maladaptive changes is not well understood. This thesis characterizes
the intestinal response to diet-induced obesity and dyslipidemia, as well as extreme models of
physiology including the ketogenic diet and chronic cold stress. | hypothesized that hormonal
signalling regulates absorptive surface area which in turn modulates intestinal lipid
metabolism in response to increases in energy intake. The second chapter evaluates the
intestinal changes to chronic high-fat, high-cholesterol (HFHC) diet feeding in Ldlr’” mice with or
without the addition of dietary nobiletin, a flavonoid previously shown to improve insulin sensitivity
and attenuate atherosclerosis progression. Adding nobiletin to a HFHC diet normalized jejunal
lipid storage and jejunal de novo synthesis of intestinal lipids. Lower fasting and post-prandial
intestinal lipid levels achieved by nobiletin were associated with a more efficient handling of an
acute dietary fat challenge, namely, greater intestinal TG secretion and clearance rates compared
to mice fed the HFHC diet alone. The third chapter demonstrates that short-term ketogenic, but
not HFHC diet feeding increases fasting intestinal lipid stores and intestinal surface area
compared to controls. In response to an acute dietary fat challenge, mice previously fed the
ketogenic diet had elevated plasma TG levels. The fourth chapter evaluates the requirement of
glucagon-like peptide 1 receptor (GLP-1R), GLP-2R, and glucose-dependent insulinotropic
polypeptide (GIPR) signalling in the expansion of intestinal surface area that occurs in response
to the increased food intake that accompanies chronic cold stress in mice. Using Glp1r”-Gipr”
and Glp1r-Glp2r’- mice, we found that cold stress-induced increases in jejunal villi length and

crypt depth, but not small intestinal length, require GLP-2R signalling. Acute dietary fat challenges



revealed no impact of cold stress on lipid handling in male mice, but in female mice, greater
intestinal-TG secretion was observed in a GLP-1R/2R-dependent manner. Overall, these studies
provide molecular insights into early and chronic changes in the intestinal response to increases
in dietary fat or food intake. Furthermore, this thesis expands the intestinotrophic actions of
endogenous gut hormone action and highlights sex differences in the intestinal response to these

metabolic challenges.
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Chapter 1 : Introduction

A version of this chapter has been published:

Morrow, N.M., Morissette A., Mulvihill, E.E. (2024). Immunomodulation and inflammation: Role

of GLP-1R and GIPR expressing cells within the gut. Peptides. 176, 171200.

Morrow, N.M., Hanson, A.A. & Mulvihill, E.E. (2021). Distinct Identity of GLP-1R, GLP-2R, and
GIPR Expressing Cells and Signaling Circuits Within the Gastrointestinal Tract. Front Cell Dev

Biol. 9,703996.

1.1 The small intestine

The small intestine, which extends between the stomach and the colon, is primarily
responsible for nutrient absorption. It also integrates nutrient use with the presence of various
hormone-producing specialized enteroendocrine cells (Gribble and Reimann 2019). Within the
small intestine lumen, the surface area is ideally maximized to enhance nutrient absorption
through villi and microvilli, which increase intestinal surface area by 30-600-fold (Kiela and
Ghishan 2016). A single layer of epithelial cells lines the surface of each villus to serve as the
gateway for controlled nutrient absorption and a barrier to dietary antigens and diverse
microorganisms (Turner 2009). Absorptive enterocytes populate the villus tip and account for
>80% of intestinal epithelial cells. The remaining mature cell types include mucin-producing goblet
cells, antimicrobial defensins-producing Paneth cells, and cytokine-producing tuft cells which
reside throughout the epithelium (Figure 1.1) (Ensari and Marsh 2018). Shallow invaginations
surrounding each villus are intestinal crypts, which house highly mitotic stem cells that give rise
to progenitor cells, which in turn proliferate and become mature epithelial cells (Gehart and

Clevers 2019). The continuous supply of progenitor and epithelial cells physically promotes the



transit of the latter from the crypts up to the villus tip, where they replace the previously shed
apoptotic epithelial cells (Gehart and Clevers 2019). Therefore, in addition to the maximized
absorptive surface area, the constantly renewing barrier protects the internal environment from
the harsh conditions of the intestinal lumen. This single epithelial layer sits on a basement
membrane surrounding a connective tissue core called the lamina propria, which contains
lymphocytes and innate immune cells (Ensari and Marsh 2018). Each villus is supplied by an
arteriole that forms a capillary network, a venule that drains into larger vessels at the crypts, and
one to two terminal lymphatic vessels of the mesenteric network called lacteals (Ensari and Marsh
2018). Pericytes coat villus blood vessels while smooth muscle cells coat lacteals. The lamina
propria also contains connective tissue scaffolds, enteric nerves, fibroblasts and smooth muscle
cells (Bernier-Latmani and Petrova 2017). The lamina propria is encapsulated by a myofibroblast
shell that directly contacts the vascular network. From the villus tip to the muscularis mucosa,
onto which villi are anchored, spans the mucosal layer. The submucosal layer contains blood and
lymphatic vessels and a plexus of parasympathetic nerves (Bernier-Latmani and Petrova 2017),
while the smooth muscle cell-rich muscularis propria allows for contractile peristalsis (Collins,
Nguyen et al. 2021). The final outer layer of the intestine is the serosa, composed of loose
connective tissue and squamous epithelial cells (Collins, Nguyen et al. 2021), and is continuous
with the mesentery. The mesentery supports the intestine in the peritoneum and also contains
blood vessels, nerves, and lymphatics (Argikar and Argikar 2018). A complex integration of
signals, including local enteroendocrine production of peptide hormones, coordinate barrier
function with nutrient absorption and transit, impacting both the dynamic and highly efficient
process of nutrient assimilation. The extremely precise and beautiful design of the gut highlights
that the energy used to maintain it serves beyond what is often assumed to solely be a passive

conduit for nutrients.



Figure 1.1 Small intestinal architecture and cell types. Villus architecture is organized as
fibroblast-like cells (left), blood, lymph, and immune cells (middle), and enteric cells (right).
Reproduced from: Morrow, N.M., Hanson, A.A. & Mulvihill, E.E. (2021). Distinct Identity of GLP-
1R, GLP-2R, and GIPR Expressing Cells and Signaling Circuits Within the Gastrointestinal Tract.

Front Cell Dev Biol. 9,703996.
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1.2 Macronutrient absorption

Once mechanically digested food encounters enzymes from salivary glands, pancreas,
and the intestinal brush border, chemical digestion takes place. Nutrient absorption, in this
section, will refer to the transport of macronutrients from the intestinal lumen to the blood

circulation.

1.2.1 Dietary Glucose absorption

Pancreatic and brush-border enzymes in the proximal small intestine, including lactase
and sucrase-isomaltase hydrolyze dietary carbohydrates. Mature enterocytes residing on the
upper one-third of intestinal villi absorb the resulting monosaccharides (Hediger and Rhoads
1994). These monosaccharides include D-glucose, D-galactose, and D-fructose, however, they
cannot simply diffuse through the plasma membrane of enterocytes from the lumen of the small
intestine. To circumvent this, the sodium-potassium ATPase on the basolateral membrane of
enterocytes pumps sodium ions out of the cell, creating an electrochemical gradient across the
cell membrane (Hediger and Rhoads 1994). This electrochemical gradient allows the sodium-
dependent glucose transporter-1 (SGLT-1), spanning the apical plasma membrane of
enterocytes, to couple the transport of two sodium ions with one D-glucose or one D-galactose
molecule into the cell (Hediger and Rhoads 1994). While glucose serves as a major energy source
for most mammalian cells (Hediger and Rhoads 1994), enterocytes use amino acids such as
glutamine, glutamate, and aspartate as a primary fuel source (Alpers 2000). Therefore, as
enterocytes accumulate these monosaccharides, glucose can passively move down its
concentration gradient out of the cell via a transporter. This passive transport was thought to be
primarily facilitated by glucose transporter GLUT2 (Hediger and Rhoads 1994). The exclusive use

of GLUT2 in enterocytes is challenged by the post-prandial hyperglycemia observed in individuals



living with Fanconi-Bickel syndrome, where a single base deletion causes a truncated GLUT2
protein (Santer, Schneppenheim et al. 1997). Additionally, studies in global Glut2”- mice with a
transgenic re-expression of GLUT2 in B-cells (RIPGLUT1xGLUT2") display normal post-prandial
glycemia (Thorens, Guillam et al. 2000). Studies investigating compensatory mechanisms using
isolated intestinal perfusions in RIPGLUT1xGLUT2" mice reveal a requirement for a glucose-
phosphorylation event and the action of glucose-6-phosphate translocase for basolateral glucose
transport (Stumpel, Burcelin et al. 2001). Apical GLUT5 transports fructose into enterocytes
(Burant, Takeda et al. 1992, Davidson, Hausman et al. 1992). Undigested carbohydrates, like

cellulose, remain in the colon where they are fermented by the gut microbiota.

1.2.2 Dietary Fat absorption

Greater than 95% of dietary fat is absorbed (Pan and Hussain 2012). Fats provide a more
efficient form of energy storage compared to carbohydrates and proteins. The hydrophobicity of
dietary fat, however, dictates that it must first be hydrolyzed and emulsified. In the stomach,
dietary phospholipids stabilize the emulsion of dietary fats with stomach acid. The exocrine
pancreas secretes pancreatic lipases and phospholipase A into the duodenum to hydrolyze
dietary fats. Pancreatic lipase hydrolyzes triacylglycerol molecules into 1,2-diacyglycerol (DAG),
2-monoacylglycerol (MAG), glycerol, and free fatty acids, as well as cholesterol esters into free
cholesterol (Pan and Hussain 2012). Pancreatic phospholipase A2 hydrolyzes phospholipids to
lisophospholipids and free fatty acids. Concomitantly, the gall bladder secretes bile acids
previously synthesized in hepatocytes into the duodenum via the bile duct. Bile acids combine
with phospholipids to form an outer later around insoluble free fatty acids, MAG, DAG,
lisophospholipids, cholesterol, plant sterols, and fat-soluble vitamins. The resulting amphipathic

vesicle-like structures are called a mixed micelle (Bernier-Latmani and Petrova 2017).

Micelles facilitate passive diffusion and active transport of MAG, DAG, free fatty acids,
and free cholesterol into enterocytes (Figure 1.2). MAG can enter enterocytes by passive diffusion
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(Schulthess, Lipka et al. 1994), down their concentration gradient, although there is evidence for
protein-mediated uptake as well (Ho and Storch 2001). Most dietary fatty acids diffuse through
the apical plasma membrane of enterocytes while the remainder enter through peripheral plasma
membrane fatty acid-binding protein (FABPpm), fatty acid transport proteins (FATPs), and fatty
acid translocase/cluster of differentiation 36 (FAT/CD36) by active transport (Pan and Hussain
2012). Niemann-Pick C1-like 1 protein (NPC1L1) transports dietary cholesterol and plant sterols
into enterocytes, whose activity is inhibited by the drug ezetimibe as a cholesterol-lowering
therapy (Phan, Dayspring et al. 2012). While the entire small intestine is biologically capable of

absorbing dietary fat, the jejunum performs the bulk of this process (D'Aquila, Hung et al. 2016).

Following the entry of dietary fat in the cytoplasm, enterocytes must efficiently coordinate
their transport to prevent lipotoxicity (Bernier-Latmani and Petrova 2017). Enzymes of the smooth
endoplasmic reticulum activate fatty acids and resynthesize them into triacylglycerol molecules
(Figure 1.2). Specifically, the acyl-CoA synthetase enzyme activates fatty acids to fatty acyl-CoA
(Igbal and Hussain 2009, D'Aquila, Hung et al. 2016). Triglyceride synthesis occurs through one
of two pathways. The predominant pathway in the small intestine is the MAG pathway, where acyl
coenzyme A:monoacylglycerol acyltransferase (MGAT) catalyzes the covalent linkage of one fatty
acyl-CoA to MAG yielding DAG, which is then acetylated to form one triacylglycerol molecule by
the enzymes acyl coenzyme A:diacylglycerol acyltransferase 1 and 2 (DGAT 1 and 2). The minor
pathway of triacylglycerol synthesis is using glucose for the synthesis of DAG. Glycerol-3-
phosphate acyltransferases 3 and 4 (GPAT3/GPAT4) catalyze the acetylation of glycerol-3-
phosphate, yielding lysophosphatidic acid. The enzyme 1-acyl-sn-glycerol-3-phosphate
acyltransferases (AGPAT1-5) catalyzes the esterification of lysophosphatidic acid into
phosphatidic acid. Phosphatidic acid phosphohydrolase catalyzes the hydrolysis of the phosphate
group on phosphatidic acid to yield DAG, which is converted to a triacylglycerol molecule by DGAT

1 and/or 2 as in the MGAT pathway (Pan and Hussain 2012). Short chain fatty acids, classified



as 6 carbons or less, are not resynthesized into triglycerides. Rather, they directly enter the blood
circulation and bind to albumin for transport into the portal circulation (Schonfeld and Wojtczak

2016).



Figure 1.2 Dietary fatty acid absorption and triglyceride synthesis in an enterocyte. Micelles in the
lumen of the small intestine facilitate the passive diffusion and active transport of
monoacylglycerol (MAG), diacylglycerol (DAG), and free fatty acids at the apical membrane.
Active transport of fatty acids is performed by fatty acid binding protein (FABPpm), fatty acid
transport proteins (FATP), and fatty acid translocase/cluster determinant 36 (CD36). Enzymes of
the smooth endoplasmic reticulum (ER) activate fatty acids and resynthesize them into
triglycerides. The predominant pathway begins with Acyl coenzyme A:monoacylglycerole
acyltransferase (MGAT) catalyzing the linkage of one fatty acyl-CoA to monoacylglycerol yielding
DAG. Acyl coenzyme A:diacylglycerol acyltransferase 1 and 2 (DGAT) catalyzes the linkage of
one fatty acyl-CoA to DAG, yielding a triacylglycerol molecule. The secondary pathway begins
with glycerol-3-phosphate acyltransferase 3 and 4 (GPAT3/4) to catalyze the linkage of a fatty
acyl-CoA to glycerol-3-phosphate yielding lysophosphatidic acid. The enzyme 1-acyl-sn-glycerol-
3-phosphate acyltransferases (AGPAT1-5) catalyze the esterification of lysophosphatidic acid
into phosphatidic acid. Phosphatidic acid phosphohydrolase catalyse the hydrolysis of the
phosphate group on phosphatidic acid to yield DAG, which is converted to a triacylglycerol
through the action of DGAT 1 and/or 2. Triacylglycerol molecules are temporarily stored in
cytosolic lipid droplets (CLD) or are incorporated into chylomicrons for transport into circulation.

Created with Biorender.
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Enzymes of the smooth endoplasmic reticulum also convert free cholesterol into cholesterol
ester, primarily with the addition of an oleoyl-CoA group. The enzyme cholesterol acyl transferase
(ACAT) catalyzes this esterification (Igbal and Hussain 2009, D'Aquila, Hung et al. 2016). ABCG5
and ABCGS8 heterodimer sterol transporters actively export approximately 95% of plant sterols
and 50% of dietary cholesterol from enterocytes back into the lumen for excretion into the feces
(Mulvihill 2018). The apical sodium bile acid transporter (ASBT) reabsorbs over 90% of bile acids
for circulation back to the liver while the remainder are excreted with the feces. At this point,
triacylglycerol molecules along with cholesterol esters are temporarily stored in cytoplasmic lipid
droplets (CLD) or are incorporated into lipoproteins for transport into circulation (lgbal and
Hussain 2009, Hung, Carreiro et al. 2017, Mulvihill 2018). Enterocyte CLD will be further

described in section 1.5.3.

1.3 Regulators of post-prandial metabolism

Hormone, originating from the Greek word hormon, meaning “set in motion” was proposed
by Bayliss and Starling through their discovery of a secretin, a gut-derived hormone that
stimulates the pancreas to secrete digestive juices (Bayliss and Starling 1902). Beyond their role

in facilitating digestion, hormones coordinate the cellular metabolic response to macronutrients.

1.3.1 Gut hormones GLP-1, GLP-2, and GIP

Glucose-dependent insulinotropic polypeptide (GIP) was initially discovered for its role in
inhibiting gastric acid secretion and motility in excised canine stomach pouches when
administered at high doses (Brown and Pederson 1970) and was called “gastric inhibitory
polypeptide” (Brown, Dryburgh et al. 1975). Later, however, it was shown to not have this effect
in humans (Meier, Goetze et al. 2004). Earlier studies demonstrated that intravenous infusion of
intestinal mucosal extracts lowered blood glucose in rabbits and dogs, pointing to the existence

of an intestinal hormone that stimulates endocrine pancreatic secretion, termed “incretin” (Moore
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1906, BARRE 1932). In line with this, glucose tolerance tests in humans revealed a greater insulin
response to oral versus intravenous (Elrick, Stimmler et al. 1964, Mclintyre, Holdsworth et al.
1964). Studies administering purified GIP and glucose intravenously in healthy individuals
identified GIP as the first incretin hormone (Dupre, Ross et al. 1973). Activation of the B-cell GIP
receptor (GIPR) enhances insulin secretion in response to elevated blood glucose and, to a lesser
extent, amplifies glucagon secretion from a-cells in both healthy individuals and those living with
type 2 diabetes mellitus (T2DM) (Baggio and Drucker 2007, Christensen, Vedtofte et al. 2011, El
and Campbell 2020). While the incretin effect of GIP occurred at physiological doses, GIP could
only inhibit gastric acid secretion at extremely high doses. As such, GIP was renamed glucose-

dependent insulinotropic polypeptide (Muller, Adriaenssens et al. 2025).

GIP is produced from enteroendocrine K cells in the small intestine. GIP is derived from a 144
amino acid (rodent) (Higashimoto, Simchock et al. 1992, Higashimoto and Liddle 1993, Tseng,
Jarboe et al. 1993) or 153 amino acid (human) (Takeda, Seino et al. 1987) precursor, proGIP,
and is active in its 1-42 amino acid form. Most K cells express prohormone convertase 1/3
(PC1/3), which cleaves proGIP at arginine 65, resulting in the biologically active GIP(1-42)
(Ugleholdt, Poulsen et al. 2006) that is stored in secretory granules (~450 nm) (Buchan, Polak et
al. 1978). A small population of K cells express PC2 instead of PC1/3, resulting in GIP(1-31),
which is amidated by peptidyl-glycine a-amidating monooxygenase, resulting in GIP(1-30) (Fuijita,
Asadi et al. 2010). GIP is also produced by a-cells in the pancreatic islet as well as neurons
(Muller, Adriaenssens et al. 2025). Studies using antibodies to neutralize GIP demonstrate
significantly blunted insulin release upon oral glucose in rats (Lauritsen, Holst et al. 1981). Upon
intraduodenal delivery of glucose, GIP antiserum blunts the incretin effect in anesthetized rats but
does not completely abolish it (Ebert and Creutzfeldt 1982). Additionally, in non-anesthetized rats,
14 days GIP antiserum treatment did not significantly impact oral glucose tolerance, pointing to

the existence of another hormone contributing to the “incretin effect” (Ebert and Creutzfeldt 1982).
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The generation of the first glucagon-detecting antibody (Unger, Eisentraut et al. 1959)
enabled the development of the radioimmunoassay to detect glucagon in blood and tissue
samples other than the pancreas, including the intestine (Unger, Ketterer et al. 1966, Moody,
Markussen et al. 1970, Murphy, Elmore et al. 1971). Furthermore, glucagon-like immunoreactivity
in the blood was observed upon intraduodenal, but not intravenous, infusion of glucose in dogs
with pancreatic resection (Unger, Ohneda et al. 1968). Not only did this confirm extra-pancreatic
release, but specific rise in glucagon-like immunoreactivity was observed in the mesenteric vein,
highlighting the gut as a likely source. Moreover, jejunal glucagon-like immunoreactivity was
shown to stimulate insulin release (Unger, Ohneda et al. 1968). Immunostaining and electron
microscopy studies revealed distinct morphology of glucagon immunoreactive pancreatic a-cells
compared to intestinal cells, inspiring the name of “L-cells” (Grimelius, Capella et al. 1976).
Further studies identified that glucagon originates from a larger precursor molecule, called

proglucagon, that undergoes tissue-selective processing (Muller, Finan et al. 2019).

Using anglerfish islet preproglucagon cDNA, the predicted protein sequence revealed the
presence of two peptides with striking homology to glucagon and GIP (Lund, Goodman et al.
1981, Lund, Goodman et al. 1982, Lund, Goodman et al. 1983). The identification of these two
glucagon-related peptides in rats, hamster, bovine, and human proglucagon sequence led to their
identification as glucagon-like peptide 1 (GLP-1) and glucagon-like peptide 2 (GLP-2) (Bell,
Sanchez-Pescador et al. 1983, Bell, Santerre et al. 1983, Lopez, Frazier et al. 1983, Heinrich,
Gros et al. 1984, Heinrich, Gros et al. 1984). In the gut, posttranslational processing of the 160
amino acid proglucagon by prohormone convertase 1/3 (PC1/3) yields active peptides glicentin,
GLP-1, intervening peptide 2 (IP2), and GLP-2 (Mojsov, Heinrich et al. 1986, Orskov, Holst et al.
1986). In addition to the L cell, there is evidence of GLP-1 production in pancreatic a-cells and
neurons. GLP-1, first identified from amino acids 1-37 and 1-33 (Drucker, Mojsov et al. 1986), is

active upon N-terminal truncation yielding GLP-1(7-37) and GLP-1(7-36)amide (Drucker, Philippe
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et al. 1987, Holst, Orskov et al. 1987). The activation of 3-cell GLP-1 receptor (GLP-1R) promotes
glucose-stimulated insulin secretion and inhibits glucagon secretion (Orskov, Holst et al. 1988,
Nauck, Kleine et al. 1993, Baggio and Drucker 2007). The active form of GLP-2 in tissue and
circulation is the complete 1-33 amino acid (Brubaker, Crivici et al. 1997) upon C-terminal
truncation of 2 amino acids (Orskov, Buhl et al. 1989). The intestinotrophic effects of GLP-2 were
first demonstrated in mice and accelerated clinical trials testing the effectiveness of this action in
individuals living with intestinal failure because of surgical resection, known as short bowel
syndrome (Brubaker 2018) to improve nutrient absorption and reduce parenteral nutrition

requirements.

GLP-1, GLP-2, and GIP initiate signalling in their target cells through their respective class B,
G-protein coupled receptor (GPCR). GCPRs have 7 transmembrane helices, and in the cases of
GIPR, GLP-1R and GLP-2R, signal via Gs-mediated cAMP production and downstream signaling
cascades. They are all class B1 GPCRs and share significant sequence similarity (Usdin, Mezey
et al. 1993). Enterocytes, hepatocytes, and adipocytes do not express GLP-1R, GLP-2R, or GIPR.
Therefore, their impact on metabolism is indirect. The physiological secretion of the peptide
hormones GIP, GLP-1, and GLP-2 are tightly controlled by the nutrient-sensing abilities of their
respective enteroendocrine cells. Additionally, the serine protease dipeptidyl peptidase 4 (DPP4)
limits the bioavailability of GIP, GLP-1, and GLP-2 by cleaving the first two amino acids rendering
them inactive to initiate receptor signalling (Deacon, Johnsen et al. 1995, Knudsen and Pridal
1996, Hansen, Deacon et al. 1999). In healthy humans, GIP has a circulating half-life of 7 min
(Meier, Nauck et al. 2004), GLP-1 has a circulating half-life of 1-2 min (Deacon, Johnsen et al.
1995), and GLP-2 has a circulating half-life of 7 min (Drucker, Shi et al. 1997, Hartmann, Harr et
al. 2000). GIP concentrations are much greater than GLP-1 in the post-prandial state (Meek,

Lewis et al. 2021). Prolonged activation of GLP-1, GLP-2, and GIP receptors is achieved through
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receptor agonists resistant to DPP4 cleavage or through compounds that inhibit DPP4 activity

(Jeppesen, Sanguinetti et al. 2005, Baggio and Drucker 2007).

1.3.2 Enteroendocrine cells

Enteroendocrine cells are highly sensitized to nutrient intake due to their polarized shape,
direct contact with the lumen, and proximity to the vasculature for peptide hormone secretion.
Enteroendocrine cells are equipped with GPCRs and transporters to sense the macronutrients
and release the appropriate hormones (Spreckley and Murphy 2015). These include: G-protein
coupled receptor family C group 6 subtype A (GPRCG6A), taste receptors, G-protein coupled
receptor 93 (GPR93) (peptones), free-fatty acid receptor 2 (FFAR2), free-fatty acid receptor 3
(FFAR3), short-chain fatty acid (SCFA) receptors, free-fatty acid receptor 1 (FFAR1), free-fatty
acid receptor 4 (FFAR4), long-chain fatty acid (LCFA), and G-protein coupled receptor 119
(GPR119) (Spreckley and Murphy 2015). Upon ligand binding to a cell surface receptor and
subsequent cell depolarization, hormone-containing granules fuse with the lateral and basal
membrane for discharge into the villus capillaries (Paternoster and Falasca 2018). This idealistic
design favours rapid and precise peptide delivery in circulation to initiate signaling through their

respective receptors to control metabolism.

1.3.2.1 L cells produce GLP-1 and GLP-2

GLP-1+ cells reside in crypts and the villus epithelium; their density along the gut
increases distally with the highest abundance in the ileum in rodents and the colon in humans
(Eissele, Goke et al. 1992). Within L-cells, GLP-1 is stored in granules in its active form (7-36
amide) (Eissele, Goke et al. 1992) in the small (Orskov, Bersani et al. 1989) and large intestine
(Deacon, Johnsen et al. 1995). GLP-1+ cells are also found in the stomach fundus (Ribeiro-
Parenti, Jarry et al. 2021). GLP-1 and GLP-2 are co-secreted in equimolar ratios. In rodents, upon

PKA activation, cAMP binds its response element in the promoter of Gcg (Drucker and Brubaker
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1989, Drucker, Jin et al. 1994). Insulin activates Gcg expression in the intestinal L cell via a PI3-
K-dependent, Akt-independent nuclear translocation of B-catenin, which heterodimerizes with
transcription factor-4/lymphoid enhancer binding factor (TCF-4/LEF) (Brubaker 2018).
Additionally, the transcription factor paired box 6 (PAX6) increases the transcription of Geg (Hill,
Asa et al. 1999). Colonic L-cells contain twice as much GLP-1 peptide than proximal intestine L-
cells (Reimann, Habib et al. 2008). Forty-eight hours of fasting in rats significantly reduces ileal
Gcg mRNA (25-50%), which was associated with a 41-60% decrease in plasma bioactive GLP-2
levels (Nelson, Murali et al. 2008). Both plasma GLP-2 and ileal Gcg mRNA levels were found to
be restored upon 2 days of refeeding or 4 days of continuous intragastric, but not intravenous,
refeeding with total parenteral nutrition solution (32% energy from fat 68% energy from dextrose)
(Nelson, Murali et al. 2008), highlighting the critical importance of luminal nutrient exposure for

gut hormone release.
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Figure 1.3 Nutrient stimulation for L cells. The transcription factor PAX6 promotes the expression
of preproglucagon (GCG). Microvilli protrude from the apical side of the cell into the lumen.
Incoming macronutrients from the lumen are detected and sensed by apical receptors. Long-
chain fatty acids are sensed by G-protein coupled receptors GPR119, GPR43/FFAR2, and
GPR41/FFAR3. GPR119 is also a receptor for oleoylethanolamide (OEA). Bile acids are detected
by Takeda G-protein coupled receptor 5 (TGR5). Amino acids are sensed by GPRC6A. Sweet
taste receptors (T1R2/T1R3) sense the presence of glucose. Microbial fermentation leads to the
production of short chain fatty acids (SCFA), which are sensed by GPR40/FFAR1 and
GPR120/FFAR4. On the basolateral side, somatostatin receptors 2 and 5 (SSTR2/5) sense
somatostatin from D cells, and the interleukin-6 and leptin receptors are expressed. Chylomicrons
also stimulate GLP-1 secretion independent of lipoprotein lipase (LPL) activity. Created with

Biorender.
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1.3.2.2 Carbohydrate secretagogues

In healthy men, oral glucose has been shown to significantly increase plasma total GLP-
1 (GLP-1(1-36) and GLP-1(7-36)) levels after 30 minutes (Herrmann, Goke et al. 1995). The same
study revealed that intraduodenal infusion of glucose induces a rapid 200% increase in GLP-1
that returns to baseline by 30 min (Herrmann, Goke et al. 1995). In rats, ileal luminal perfusion of
a 5% glucose solution induces a rapid rise (~2-fold) in portal plasma GLP-1 in 30 minutes
(Herrmann, Goke et al. 1995). The GLP-1/GLP-2 ratio (detecting C-terminal of GLP-1 and N-
terminal of GLP-2) has been shown to significantly increase at 120 and 250 min during an oral
glucose tolerance test in obese men (Matikainen, Bjornson et al. 2016). Intraduodenal
administration of sucrose, sucralose, and the artificial sweetener PALSWEET in rats have each
been shown to significantly increase lymph GLP-2 output compared to saline control (Sato, Hokari

et al. 2013), indicating that GLP-2 can be stimulated by non-caloric cues from the gut lumen.

1.3.2.3 Fatty acid secretagogues

In healthy men, oral ingestion of corn oil has been shown to induce a 1000% increase in
the early phase of GLP-1 secretion, which did not return to baseline even after 120 min
(Herrmann, Goke et al. 1995). A 20% infusion of Intralipid, an emulsion of essential fatty acids, in
the perfused rat ileum, however, does not significantly increase portal plasma GLP-1 from
baseline (Herrmann, Goke et al. 1995). This suggests that since orally ingested fatty acids do not
typically reach the ileum, a direct sensing mechanism for this lipid composition does not exist in
the ileum, or that GLP-1 in this experiment bypassed portal circulation. Consistent with the latter
option, experiments directly administering corn oil into either duodenal or ileal luminal
compartments in anesthetized rats demonstrate significantly increased plasma GLP-1 obtained
from the carotid artery to the same extent from baseline (Roberge and Brubaker 1993). Taken
together, these experiments highlight the complexity of GLP-1 secretion as it relates to time,

location of nutrient exposure and circulatory compartment.
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The GLP-1/GLP-2 ratio remains consistent throughout an oral fat tolerance test performed
in obese men, where this ratio is significantly higher at 120 and 250 min during an oral glucose
tolerance test due to a drop in GLP-2 at these time points (Matikainen, Bjornson et al. 2016). This
finding is in line with a more predominant role for GLP-2 in lipid metabolism compared to glucose
absorption. Lymph fistula experiments in rats reveal post-prandial levels in intestinal lymph are 5-
6 times higher for GLP-1 compared to portal venous plasma (D'Alessio, Lu et al. 2007, Lu, Yang
et al. 2007). Similarly, GLP-2 concentrations in the lymph are significantly higher (~2-fold) than in
blood at fasting and 2 hours after (~3-fold) duodenal infusion of perilla oil (Sato, Hokari et al.
2013). The physiological advantage for lymph versus blood secretion is not clear; however, DPP4
activity during fasting or post-meal is 20-fold higher in plasma than in lymph (D'Alessio, Lu et al.

2007), suggesting a route to bypass the degradation by DPP4.

Studies in vitro or ex vivo have shown that in the presence of glucose, chylomicrons
significantly increase GLP-1 secretion from murine immortalized enteroendocrine cells (GLUTag),
murine duodenal cultures, and human duodenal cultures (Psichas, Larraufie et al. 2017).
Experiments in GLUTag cells reveal that chylomicron-induced release of GLP-1 requires
lipoprotein lipase, which is highly expressed in duodenal L cells and GLUTag cells (Psichas,
Larraufie et al. 2017). However, lipoprotein lipase is dispensable in chylomicron-stimulated GLP-
1 secretion in duodenal cultures, which may be related to the lack of basolateral access to
chylomicrons (Psichas, Larraufie et al. 2017). The relationship between chylomicrons and GLP-1
secretion is interesting given the control GLP-1R action has on systemic post-prandial

chylomicron levels, which will be further discussed in section 1.6.

1.3.2.4 Mixed meal

Oral galactose and amino acids rapidly increase plasma GLP-1 levels in healthy humans
(Herrmann, Goke et al. 1995). Oral ingestion of a mixed meal containing soybean oil, casein, and

glucose induces a rapid ~6-fold increase in GLP-1 levels by 15 and 30 minutes, which returns to
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baseline by 120 minutes (Herrmann, Goke et al. 1995). lleal luminal perfusion of a mixed meal in
rats induces a rapid rise (2-fold) in portal plasma GLP-1 in 30 minutes (Herrmann, Goke et al.
1995). Additionally, in response to a meal, in patients living with short bowel syndrome with a
preserved colon (jejuno-colonic anastomosis), both baseline and meal-stimulated GLP-1 and
GLP-2 are elevated, with GLP-2 levels threefold greater than control patients (average
concentration of 72 pmol/L), which persists throughout the post-prandial period (Jeppesen,
Hartmann et al. 2000), indicating that colonic L cells can compensate for the loss of ileal L cells

when all or large parts of the ileum are surgically removed .

1.3.2.5 Hormonal control of GLP-1 release

Plasma GLP-1 levels peak within 5-15 minutes of food ingestion, where certainly these
nutrients do not reach the ileum to directly stimulate L cells (Borgstrom, Dahlqvist et al. 1957).
Plasma GIP secretion in response to duodenal luminal administration of corn oil occurs earlier
than GLP-1 secretion (Roberge and Brubaker 1993, Rocca and Brubaker 1999), and
administration of corn oil to duodenal luminal compartments elicits the same plasma GLP-1
response compared to corn oil administration to ileal luminal compartments (Roberge and
Brubaker 1993). Despite the presence of L cells in the duodenum, they are not responsible for
the GLP-1 release as removing the jejunum-ileum before infusing the duodenal compartment with
fat prevents the observed increase of plasma GLP-1 (Roberge, Gronau et al. 1996). Importantly,
intravenous infusion of post-prandial levels of GIP increases plasma GLP-1 levels 2-fold,
independent of blood glucose levels (Roberge and Brubaker 1993), suggesting that GIP
stimulates early GLP-1 secretion in response to duodenal luminal nutrients. Indeed, GLP-1
secretion is abolished upon corn oil infusion to the proximal duodenal compartment in
vagotomised rats (Rocca and Brubaker 1999). Electrical stimulation of the vagus nerve stimulates
GLP-1 secretion, even in the absence of nutrients (Rocca and Brubaker 1999). GIP can stimulate

the first phase of GLP-1 secretion independent of the vagus nerve, but only when infused at
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suprapharmacological levels, as evidenced by the rapid rise and fall in plasma GLP-1 upon
supraphysiological infusion of GIP in sham and vagotomised rats (Rocca and Brubaker 1999).
Additionally, L cells express leptin receptors. Leptin stimulates GLP-1 secretion from rodent
(GLUTag) and human L cells (NCI-H716) in vitro in a dose-dependent manner, as well as in ob/ob
mice (Anini and Brubaker 2003). Overall, these studies unveil the existence of a neuroendocrine
loop that in the proximal and distal intestine to stimulate ileal L cells when dietary fat enters the

duodenum.

1.3.2.6 Enteroendocrine K cells produce GIP

GIP mRNA (Tseng, Jarboe et al. 1993) and peptide concentrations (Bryant, Bloom et al.
1983) are enriched in duodenal and jejunal mucosal tissues in rodents and humans compared to
the distal ileum. Correspondingly, K-cells in the proximal small intestine contain more GIP protein
and secrete more GIP in response to intestinal lard oil perfusion than distal K cells (lwasaki,
Harada et al. 2015). In K cells, transcription factor X6 (RFX6) binds the Gip promoter to increase
MRNA expression (Suzuki, Harada et al. 2013) (Figure 1.4). Pancreatic and duodenal homeobox-
1 (PDX1) is a transcription factor that maintains K-cell number, intestinal GIP protein and mRNA
expression (Ikeguchi, Harada et al. 2018). The number of K cells and their Gip mRNA content
increases with age, which corresponds to the GIP hypersecretion observed in 1 year old mice
compared to 3—4-month-old mice (Ikeguchi, Harada et al. 2018). Moreover, the mRNA expression
of transcription factor Pdx71, but not Rfx6 increases with age in K cells (Ikeguchi, Harada et al.
2018). High-fat feeding does not increase K-cell number in mice, instead, it increases GIP protein
and mRNA expression, which correlates to increased Rfx6 and Pdx1 mRNA expression (Suzuki,
Harada et al. 2013). Both glucose (4-fold) and fat (2.5-fold) ingestion increase Gip mMRNA
expression compared to chow-diet feeding (Higashimoto, Opara et al. 1995). Therefore, through
different mechanisms, both diet-induced obesity and aging lead to increased GIP reserves for

secretion into circulation.
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Figure 1.4 Nutrient stimulation of K cells. Regulatory factor x6 (RFX6) and insulin promoter factor
1 (PDX1) enhance the expression of GIP. Long-chain fatty acids are sensed by G-protein coupled
receptors GPR119, GPR43/FFAR2, and GPR41/FFAR3. GPR119 is also a receptor for
oleoylethanolamide (OEA). Luminal glucose is transported through the sodium-glucose linked
transporter-1 (SGLT1). GLUTS transports luminal fructose. Amino acids are sensed by GPRC6A.
Microbial fermentation leads to the production of short chain fatty acids (SCFA), which are sensed
by GPR120/FFAR4 and GPR40/FFAR1. On the basolateral side, lipoprotein lipase (LPL) action

on chylomicrons stimulate GIP secretion. Created with Biorender.
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1.3.2.7 Carbohydrate secretagogues

Carbohydrates stimulate GIP secretion into circulation (Figure 1.4) (Pederson, Schubert
et al. 1975, Brown and Otte 1979, McCullough, Miller et al. 1983). Consistent with K cell location,
glucose delivery in the upper intestine significantly increases circulating levels while glucose
injection in the colon does not (Moriya, Shirakura et al. 2009, Wang, Khan et al. 2025). GIP
secretion increases more rapidly in response to simple, fast-absorbing carbohydrates compared
to complex, slow-absorbing carbohydrates (Collier, McLean et al. 1984). K and L cells express
the SGLT-1 glucose transporter on the apical membrane. Therefore, as glucose is being absorbed
by neighbouring enterocytes, the coupled uptake of two sodium ions with each molecule of
glucose triggers cell membrane depolarization and voltage-gated entry of calcium ions, thereby
releasing the peptide hormones (Gribble and Reimann 2019). Genetic elimination of ATP-
sensitive potassium (Katp) channels (Kir6.27mice) significantly increases glucose absorption and
glucose-stimulated GIP secretion, associated with an increase in duodenal Sg/t7 mRNA
expression (Ogata, Seino et al. 2014). Indeed, Sgl/t1 knockout mice display impaired plasma
insulin, GIP, and GLP-1 in response to an oral gavage of glucose (Gorboulev, Schurmann et al.
2012). Preventing glucose absorption with SGLT1 inhibitor phloridizin abolishes glucose-
stimulated GIP secretion in healthy wild-type (Sykes, Morgan et al. 1980) and Kir6.27- mice
(Ogata, Seino et al. 2014). Interestingly, glucose metabolism is not required for the stimulation of
GIP secretion, as shown by the administration of nonmetabolizable sugar a-methyl-D-
glucopyranoside, however, SGLT1 inhibitor phloridizin significantly blunts this action (Moriya,

Shirakura et al. 2009).

1.3.2.8 Fatty acid secretagogues

Many studies have identified dietary fat as a strong stimulus for GIP secretion (Pederson,
Schubert et al. 1975, Brown and Otte 1979, McCullough, Miller et al. 1983). Plasma GIP levels
rise significantly upon oral fat consumption compared to glucose in mice (Shibue, Yamane et al.
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2015) and in humans (Yamane, Harada et al. 2012). Ingestion of a mixed carbohydrate and fat
meal significantly increases plasma GIP levels compared to carbohydrates alone in healthy
humans (Collier, McLean et al. 1984) but this increase is not as great as ingestion of fat alone in
healthy humans (Creutzfeldt, Ebert et al. 1978). GIP secretion in response to oral fat is greater in
patients with obesity and glucose intolerance and does not change with the addition of glucose to

the meal (Creutzfeldt, Ebert et al. 1978).

Chylomicrons, intestinally produced triglyceride rich lipoproteins, promote GIP secretion
from K cells (Figure 1.4). Earlier work demonstrates that blocking chylomicron transit from the
endoplasmic reticulum to the Golgi by Pluronic L-81 in rats robustly reduces (~4.5 fold) lymph GIP
levels and secretion rates in response to fat delivery by Liposyn to levels similar to saline controls
(Lu, Yang et al. 2012). Therefore, GIP secretion from K cells in response to Liposyn requires post-
Golgi chylomicron transit, not lipid absorption alone (Lu, Yang et al. 2012). This work is supported
by experiments preventing micelle formation via common bile duct ligation; this abolishes GIP
secretion upon a lard gavage compared to sham controls, independent of meal transit (Shibue,
Yamane et al. 2015). GIP secretion increases in response to chylomicrons alone or in the
presence of glucose in both murine and human duodenal cultures in a dose-dependent fashion
(Psichas, Larraufie et al. 2017). Glucose stimulation of chylomicron secretion is well documented
(Robertson, Parkes et al. 2003, Stahel, Xiao et al. 2019, Xiao, Stahel et al. 2019) where glucose
promotes chylomicron secretion from lipid stores in enterocytes, which may in turn provide

additional stimulus for GIP secretion.

The free fatty acid receptor GPR120 is enriched in proximal K cells while GPR40, GPR41,
and GPR43 are significantly enriched in distal K cells (lwasaki, Harada et al. 2015). Gpr120” mice
display a 75% reduction in plasma GIP concentration upon lard oil gavage compared to wild-type
mice (lwasaki, Harada et al. 2015). Similarly, oral pretreatment with a GPR120 partial antagonist,

grifolic acid methyl ether, reduces GIP secretion by 80% in response to lard oil gavage (lwasaki,
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Harada et al. 2015). All GIP+ cells express fatty acid-binding protein 5 (FABP5) (Shibue, Yamane
et al. 2015). While whole-body elimination of FABP5 in mice does not impact GIP content or K
cell number, these mice secrete significantly less GIP into plasma 60 minutes after a lard gavage

compared to wild-type controls (Shibue, Yamane et al. 2015).

GIP concentrations in the bloodstream are the highest in hepatic portal plasma, however,
lymph GIP concentrations are ~3-fold higher upon the same stimulus (D'Alessio, Lu et al. 2007,
Lu, Yang et al. 2008), indicating peptide transit from K cells to villus lacteals. Co-intraduodenal
infusion of mixed nutrients (carbohydrate, dextrose) and lipid (20% Liposyn) in rats significantly
increase GIP secretion in lymph to a greater extent than either nutrient at the same meal caloric
value alone, suggesting a synergistic effect (Lu, Yang et al. 2008). As discussed for the case of
GLP-1 and GLP-2 in the lymph, the role of lymphatic GIP levels is unclear. Further
characterization of the lymph GLP-1R+, GLP-2R+, and GIPR+ cells in fasted and postprandial

state are required.

1.3.3 Endocrine hormones

In addition to the role of the exocrine pancreas in nutrient digestion described above, the
endocrine pancreas comprises specialized cells that release hormones to maintain metabolic
balance. Islet cell populations are distinguished by the hormone they predominantly produce: a-
cells with glucagon, B-cells with insulin, &-cells with somatostatin, y-cells with pancreatic
polypeptide, and e-cells with ghrelin (Campbell and Newgard 2021). These hormones play
important roles in metabolic homeostasis. Since glucose serves as the major fuel source for the
brain, pancreatic islets are charged with maintaining blood glucose levels. Hormones secreted
from the pancreas have great influence on the metabolism of glucose, amino acids, and lipids

(Campbell and Newgard 2021).
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1.3.3.1 Insulin

The year 2021 marked the 100 year anniversary of Banting and Best’s description of the
discovery of insulin at the University of Toronto (Lewis and Brubaker 2021). Insulin promotes
metabolic fuel storage, thereby activating anabolic pathways. Post-prandial rises in blood glucose
levels trigger insulin secretion, which can be amplified by amino acids, fatty acids, and other

hormones that rise in concert (Campbell and Newgard 2021).

B-cells store insulin in granules in preparation for increases in blood glucose levels in the
post-prandial state. As post-prandial glucose is metabolized in the B-cell by glycolysis, the cellular
ATP/ADP ratio increases. B-cells express Katp channels; and as ATP produced from glycolysis
increases, these channels close leading to the accumulation of intracellular potassium. This
increase in intracellular potassium triggers the cell membrane to depolarize, leading to the
opening of voltage-gated calcium channels. The influx of calcium ions activates the exocytosis of
the readily releasable pool of insulin granules, known as the first phase of insulin secretion. The
first phase of insulin secretion covers the first 10-20 minutes of the post-prandial period. The
second phase of insulin secretion consists of a lower but sustained secretion rate, driven by the
readily releasable pool as well as granules from a storage pool, lasting the remainder of the post-

prandial period (Campbell and Newgard 2021).

1.3.3.2 Insulin receptor signalling

Virtually all mammalian cells express the insulin receptor and are therefore responsive to
insulin (Haeusler, McGraw et al. 2018). Upon ligand binding, the insulin receptor internalizes and
is either degraded in the lysosome or recycled back to the cell surface. Therefore, as plasma
insulin levels rise, the receptor cell surface levels decrease, leading to termination of insulin
signalling. Correspondingly, as plasma insulin levels fall, the receptor repopulates the cell surface

(Haeusler, McGraw et al. 2018).
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The insulin receptor is a tyrosine kinase, meaning it phosphorylates tyrosine residues on
target proteins (Figure 1.5). Upon insulin binding, the insulin receptor autophosphorylates its own
tyrosine residue as well as the insulin receptor substrate proteins (Haeusler, McGraw et al. 2018).
The availability of these “phosphotyrosine sites” allows for lipid kinase PI3K to bind insulin
receptor substrate proteins, which synthesize the triphosphorylated inositol, Ptdins(3,4,5)Ps
(PIP3) at the plasma membrane. This converts the initial tyrosine phosphorylation signal into a
lipid kinase signal. PIP3 availability at the plasma membrane recruits phosphoinositide-dependent
kinase (PDK), which can then phosphorylate the threonine 308 residue of AKT (Haeusler,
McGraw et al. 2018). Concomitantly, mTOR2 phosphorylates serine 473 of AKT, leading to its
activation. Activated AKT can now phosphorylate target proteins at serine or threonine residues,
including the gluconeogenic transcription factor forkhead family box O (FOXO). AKT also leads
to the activation of mMTORC1 by phosphorylating and inhibiting TSC. The active mTORC1 leads
to the increased expression and phosphorylation of transcription factor sterol regulatory element
binding protein 1c (SREBP1c) (Haeusler, McGraw et al. 2018). Through AKT-mediated
phosphorylation, insulin impacts glucose production, glucose uptake, as well as the synthesis of

glycogen, proteins, and lipids.

Termination of the insulin signalling cascade is mediated by a series of dephosphorylation
events catalyzed by phosphatases. Protein tyrosine phosphatase 1B (PTP1B) dephosphorylates
tyrosine residues on the insulin receptor and the insulin receptor substrate proteins (Haeusler,
McGraw et al. 2018). Lipid phosphatases PTEN and SHIP2 convert PIP; into PIP,, (Haeusler,
McGraw et al. 2018). Phosphatases pleckstrin homology domain and leucine-rich repeat protein
phosphatase 1a (PHLPP1a), PHLPP13, and PHLPP2 dephosphorylate AKT at serine 473.

Protein phosphatase 3A (PP2A) also dephosphorylates AKT (Haeusler, McGraw et al. 2018).
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Figure 1.5 Overview of the insulin receptor signalling pathway upstream of de novo lipogenesis
in hepatocytes. Upon insulin binding, the insulin receptor autophosphorylates itself and the insulin
receptor substrate (IRS) proteins. The lipid kinase PI3K can now bind insulin receptor substrate
proteins, where it synthesizes the triphosphorylated inositol, PtdIins(3,4,5)P3 (PIP3) at the plasma
membrane. PIP3 recruits phosphoinositide-dependent kinase (PDK) to phosphorylate AKT at
threonine 308 while mTOR2 phosphorylates AKT at serine 473. AKT can now phosphorylate
target proteins including transcription factors such as forkhead family box O (FOXO), leading to
its nuclear exclusion, and TSC, leading to MTORC1-dependent upregulation of sterol regulatory
element binding protein 1c (SREBP-1C). In the phosphorylated state, SREBP-1C enters the
nucleus to turn on the expression of genes involved in de novo lipogenesis such as fatty acid
synthase (Fasn), acetyl-CoA carboxylase (Acaca), and stearoyl-CoA desaturase 1 (Scd7).
Adapted from Morrow, N.M., and Mulvihill E.E. (2023). Complexity in Hepatic Insulin Resistance
— Unraveling the Role of Ubiquitin-Specific Protease 14 in Protein Homeostasis of Metabolic

Transcription Factors. J Pharmacol Exp Ther. 1; 1-4.
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1.3.3.3 Glucagon

In 1923, Kimball and Murlin discovered the pancreatic “glucose agonist” that opposed the
role of insulin in glucose homeostasis, named glucagon (Kimball and Murlin 1923). Pancreatic o-
cells produce glucagon (Vuylsteke, Cornelis et al. 1952, Fodden and Read 1954). Post-prandial
glucose and insulin levels suppress glucagon secretion, whereas fasting rises in amino acid and
fatty acid levels stimulate it (Campbell and Newgard 2021). Transcription factors PAX6, cMAF,
and MAFB within a-cells induce transcription of the GCG gene and translation to the proglucagon
160-amino acid precursor peptide (Zeigerer, Sekar et al. 2021). The GCG gene also contains a
cAMP-response element. Therefore, when cellular cAMP levels rise, the cAMP-response element
binding protein (CREB) promotes GCG transcription (Zeigerer, Sekar et al. 2021). By contrast,
insulin inhibits a-cell GCG expression (Zeigerer, Sekar et al. 2021). Proglucagon processing in
the a-cell by prohormone convertase 2 (PC2/PCSK2) also yields major proglucagon fragment and

glicentin-related pancreatic polypeptide (Zeigerer, Sekar et al. 2021).

Glucagon promotes the mobilization and oxidation of metabolic stores, thereby activating
catabolic pathways. Glucagon binds to its GPCR, GCGR, from the class B family of GPCR. While
liver hepatocytes express the greatest levels of Gcegr, cells in the kidney, adipose, pancreas,
spleen, intestine, and adrenal glands (rats) also express a functional GCGR (Zeigerer, Sekar et
al. 2021). The GCGR exists as a heterotrimer, a/f/y, and in the inactive state is bound to the Gsq
subunit. In hepatocytes, glucagon bindings to its receptor and activates its canonical pathway via
G protein Gs (Zeigerer, Sekar et al. 2021). When glucagon activates Gs, the Gy subunit
disassociates from the G protein a/p/y heterotrimer, thereby allowing it to interact with adenylate
cyclase (Zeigerer, Sekar et al. 2021). Upon this interaction, adenylate cyclase becomes active,
enhancing its production of cAMP. As cellular levels of cAMP rise, protein kinase A becomes
active. Protein kinase A translocates to the nucleus, phosphorylating cAMP response element

binding protein (CREB)-regulated transcription coactivator 2 (CRTC2), allowing it to bind to CRE
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elements in the promoters of target genes, inducing their transcription (Zeigerer, Sekar et al.
2021). These gene expression programs include the de novo glucose production,
gluconeogenesis, and breakdown of glycogen, glycogenolysis (Zeigerer, Sekar et al. 2021).
Glucagon also stimulates the catabolism of amino acids, leading to the production of urea (Wewer
Albrechtsen, Holst et al. 2023). Glucagon inhibits de novo lipogenesis and enhances the activity
of adipocyte hormone-sensitive lipase (ATGL) to hydrolyze stored triglycerides (Wewer
Albrechtsen, Holst et al. 2023). The glucagon signal terminates when GCGR is phosphorylated
by GPCR kinase, liberating it from Gs. This liberation enables the recruitment of $-arrestins to the
GCGR, where this new complex is directed to the clathrin coated pits of the cell membrane,
leading to the internalization of the ligand-receptor complex (Luttrell and Lefkowitz 2002, Zeigerer,
Sekar et al. 2021). Here, GCGR can either be recycled back to the plasma membrane or degraded

by the lysosome.

1.3.3.4 Leptin

In 1949, the V stock of Jackson Laboratory mice had 43 obese mice out of 212, where
this 3:1 ratio is indicative of a recessive gene which was named “obese” with the symbol “ob”.
These mice rapidly gained weight, to about four times that of littermate controls, and homozygotes
were found to be sterile (Ingalls, Dickie et al. 1950). Cloning and sequencing of the mouse and
human ob gene uncovered a 4.5 kb adipose tissue mMRNA encoding a 167-amino acid sequence
with 84% conservation from mouse to human (Zhang, Proenca et al. 1994). Characterization of
the ob gene in C57BL/6J ob/ob mice revealed a nonsense mutation and a 20-fold increase in the

ob mRNA levels (Zhang, Proenca et al. 1994).

The discovery of the adipocyte-secreted protein, leptin, named after the Greek word
“leptos” for thin (Kelesidis, Kelesidis et al. 2010), expanded the role of adipocytes in energy
metabolism beyond energy storage. Adipocytes secrete the majority of leptin, however, the

placenta, stomach, and skeletal muscle also contribute to this pool. Leptin secretion follows
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diurnal variation with higher levels in the evening and early morning, where levels correlate with
the amount of energy stored in fat (Kelesidis, Kelesidis et al. 2010). Leptin levels significantly
decrease upon fasting (Boden, Chen et al. 1996). The leptin receptor is produced from the
diabetes (db) gene (Tartaglia, Dembski et al. 1995). The leptin receptor is expressed in brain,
particularly in the hypothalamus, where leptin activates neural circuits that modulate appetite. In
the mesolimbic dopamine system, leptin modulates the motivation and reward circuits of feeding.
In the nucleus of the solitary tract of the brainstem, leptin contributes to satiety (Kelesidis,

Kelesidis et al. 2010).

1.4 Lipoprotein metabolism

Triacylglycerol and cholesterol ester molecules are hydrophobic. These molecules,
however, must be transported from the cells that absorb or synthesize them to other tissues for
energy use or storage, steroid synthesis, or cell membrane formation. Blood and lymphatic
vasculature are aqueous mediums, where highly polar molecules, such as proteins, circulate. As
such, several enzymes catalyze the formation of lipid-protein complexes, called lipoproteins, to
tightly package these hydrophobic triacylglycerol and cholesterol ester molecules within their
cores (Griel and McCarthy 1969). Specifically, the monolayer of phospholipids and
apolipoproteins that surround their hydrophobic cores increase the solubility of lipoproteins in
blood and lymph. Lipoproteins in the systemic circulation are broadly divided into 4 classes:
Chylomicron, very low-density lipoprotein (VLDL), low density lipoprotein (LDL), and high-density
lipoprotein (HDL) (Figure 1.6). Plasma lipoproteins are classically defined by the densities at
which they float upon ultracentrifugation: chylomicrons above 1.006 g/mL, VLDL above 1.019
g/mL, LDL above 1.063 g/mL, and HDL above 1.21 g/mL (Griel and McCarthy 1969). The brain
synthesizes its own class of lipoproteins to transport lipids in the aqueous cerebrospinal fluid

within the central nervous system, however, this will not be the focus of the thesis and | direct the
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reader to excellent reviews on this topic (Merrill, Davidson et al. 2023, Tsujita, Melchior et al.

2024).

1.4.1 Chylomicrons

As absorbed fatty acids and partial glycerol lipids are resynthesized into triacylglycerol
and cholesterol ester molecules within the endoplasmic reticulum, the scaffold protein for
chylomicrons is being transcribed from the APOB gene. During translation in the rough
endoplasmic reticulum, a large multiprotein complex, including APOBEC-1, converts codon 2153
(CAA) in the mRNA transcript to a premature stop codon (UAA), yielding a product that is 48% of
the primary sequence, hence the name apoB48 (Chen, Habib et al. 1987, Hospattankar, Higuchi
et al. 1987, Powell, Wallis et al. 1987, Higuchi, Hospattankar et al. 1988). In mice, ~88% of
enterocyte apoB mRNA is apoB48 (Higuchi, Kitagawa et al. 1992). Microsomal triglyceride
transfer protein (MTP) not only assists in apoB48 protein folding, but also transfers triacylglycerol,
cholesterol ester and phospholipid molecules onto apoB48 as it is being translated into the
endoplasmic reticulum lumen, forming primordial chylomicrons (Julve, Martin-Campos et al.
2016). Primordial chylomicrons detach from the endoplasmic reticulum membrane and expand
their lipid cores by MTP or by fusing with cytosolic lipid droplets. Chylomicrons also acquire
apolipoprotein A-IV (apoAlV), resulting in a pre-chylomicron particle (Pan and Hussain 2012).
Next, pre-chylomicron transport vesicles shuttle these particles for fusion to the cis-Golgi, where
they acquire Apo-Al and Apo-Alll (Mulvihill 2018). Secretory vesicles containing these mature
chylomicrons bud off from the trans-Golgi and fuse with the enterocyte basolateral membrane to
release mature chylomicrons into the lamina propria of the villus (Pan and Hussain 2012). The
core of chylomicrons consists of 80-90% triacylglycerol, 10% cholesterol ester, and trace fat
soluble vitamins (A, D, E, K) while the surface is 2% free cholesterol, 7% phospholipid, and 2%

apolipoproteins.
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Figure 1.6 Lipoprotein classes and their associated apolipoproteins. Chylomicrons, very-low
density lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density lipoproteins (HDL).
Free cholesterol (FC), triglyceride (TG), cholesterol ester (CE), phospholipid (PL). Created with

Biorender.
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Chylomicrons enter the lymphatic lacteal where evidence for both transcellular and
paracellular transport in lymphatic endothelial cells exists and is debated (Dixon 2010). Once in
the lymph, chylomicrons acquire apoC-Il, C-lll and E from HDL (Julve, Martin-Campos et al.
2016). Chylomicrons enter the blood circulation at the left subclavian vein via the thoracic duct,
thereby bypassing the liver and transporting dietary fat to the heart, muscle, and adipose tissue
(D'Aquila, Hung et al. 2016, Mulvihill 2018). Chylomicrons are too large to cross endothelial cell
junctions of the vasculature to reach their target organs. The heart, muscle, mammary, and
adipose tissue express lipoprotein lipase (LPL) as an inactive enzyme and secrete it into the
interstitial space. Here, glycosylphosphatidylinositol anchored high density lipoprotein binding
protein 1 (GPIHBP1) binds to LPL and transports it across endothelial cells of the vasculature to
the lumen. Here, LPL is also anchored by heparan sulfate proteoglycans (Feingold 2000, Julve,
Martin-Campos et al. 2016, Chait, Ginsberg et al. 2020). LPL dimerizes, noncovalently, leading
to its active form (Osborne, Bengtsson-Olivecrona et al. 1985). In the capillary lumen, several
active LPL enzymes bind one chylomicron, where chylomicron apoC-II stimulates the hydrolytic
activity of LPL, converting liberated fatty acids from triacylglycerol molecules within the
chylomicron core. LPL activity is limited by chylomicron apoC-Ill, which inactivates it (Julve,
Martin-Campos et al. 2016). The liberated fatty acids are either taken up into target tissue by

CD36 and FABPs or are captured by circulating albumin for transport to the liver (Feingold 2000).

The hydrolysis of fatty acids via LPL shrinks the chylomicron core size, leaving the
phospholipid surface in excess. These excess phospholipids are transferred to HDL, along with
apoC-Il, apoC-lll, and apoE down their concentration gradients (Chait, Ginsberg et al. 2020). The
resulting chylomicron particle, called the chylomicron remnant, is too small to remain attached to
the LPL-GPIHBP1 complex. The released chylomicron remnant, now enriched in cholesterol ester
relative to the original chylomicron, interacts with hepatic triglyceride lipase (HTGL) at the

hepatocyte cell surface. Here, HTGL bound by GPIHBP1 hydrolyzes phospholipids and any
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remaining triacylglycerol molecules. Hepatocyte LDL receptor (LDLR) and LDL-receptor related
protein (LRP) use apoE on the chylomicron remnant as a ligand to endocytose the particle (Julve,
Martin-Campos et al. 2016). Upon internalization, dietary cholesterol esters are delivered to the
lysosome and apoB48 is directed to proteasomal degradation. Additionally, apoE is released by
the LDLR or LRP receptors into the circulation, where it binds to HDL (Chait, Ginsberg et al.

2020).

1.4.2 VLDL, IDL, and LDL

VLDL particles deliver their lipids in the fasted state (Chait, Ginsberg et al. 2020).
Substrates for very-low density lipoprotein (VLDL) synthesis include cholesterol from chylomicron
remnants, dietary fatty acids, as well as fatty acids, phospholipids, and cholesterol synthesized
de novo (Nielsen and Karpe 2012). ApoB100, transcribed from the APOB gene, serves as the
scaffold protein for VLDL particle formation and is synthesized in the rough endoplasmic reticulum
(van Zwol, van de Sluis et al. 2024). Similar to enterocytes, MTP transfers triacylglycerol,
phospholipids, and cholesterol ester molecules to apoB100 while it is being translated into the
endoplasmic reticulum lumen. ApoB100 must be sufficiently lipidated, otherwise it is ubiquitinated
and sent for proteasomal degradation (van Zwol, van de Sluis et al. 2024). In mice, but not
humans, rabbits, or hamsters, only 30% of hepatic apoB mRNA by adulthood encodes apoB100,
whereby the remaining 70% actually encodes apoB48 due to the presence of the premature stop
codon (Higuchi, Kitagawa et al. 1992), leading to the production of VLDL particles containing
apoB48. Within the smooth endoplasmic reticulum, lipid droplets offer more ftriacylglycerol
substrate to the growing VLDL particle. Next, VLDL particles bud off from the endoplasmic
reticulum membrane and travel to the Golgi via the COPII trafficking machinery. Within the Golgi,
VLDL particles undergo posttranslational modifications and final lipidations (van Zwol, van de
Sluis et al. 2024). Mature VLDL particles destined for secretion then fuse with the plasma

membrane of hepatocytes, releasing VLDL particles into liver sinusoids and circulation. Proteins
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involved in the additional lipidation and VLDL transport within the endoplasmic reticulum to the

Golgi continue to be identified (van Zwol, van de Sluis et al. 2024).

The apoE and apoC apolipoproteins carried on plasma HDL are rapidly transferred to new
VLDL particles to which they have greater affinity. In humans, VLDL particles also become
enriched in cholesterol esters from HDL, via the cholesterol ester transfer protein (CETP) (Burks,
Stitziel et al. 2025). Mice, however, do not express CETP and therefore carry most of their
cholesterol on HDL (Agellon, Walsh et al. 1991, Guyard-Dangremont, Desrumaux et al. 1998).
Reaching their target tissues, VLDL, like chylomicrons, bind to several LPL molecules, where
apoC-Il activates LPL-mediate triacylglycerol hydrolysis. High levels of chylomicrons, however,
outcompete VLDL particles for LPL access (Chait, Ginsberg et al. 2020). Additionally, due to their
smaller size, less LPL molecules are required to bind to VLDL particles than chylomicrons to
complete hydrolysis. As such, the hydrolysis rate for VLDL particles is much slower than that for
chylomicrons. Additional enzymes that encounter VLDL particles include hepatic lipase and
endothelial lipase, which also hydrolyze the lipid cores of these particles (Burks, Stitziel et al.
2025). Lipolytic activity is limited by angiopoietin-like proteins (ANGPTL) 3, 4, and 8, as well as
apoC-IIl (Burks, Stitziel et al. 2025), where ANGTL3 inhibition is a therapeutic target under current
investigation to lower LDL cholesterol levels (Adam, Mintah et al. 2020). The ~80% depletion of
the VLDL triacylglycerol core triggers the release of remnant particles and the transfer of excess
phospholipids, free cholesterol, apoE, and most of its apoC-ll and apoC-lll molecules to

neighboring HDL particles (Chait, Ginsberg et al. 2020).

VLDL remnants are classified as intermediate-density lipoproteins (IDL) and are
composed of apoB100, apoE, and a phospholipid monolayer surrounding its original cholesterol
ester core. In humans, IDL particles receive additional cholesterol ester from HDL via CETP,
further enriching their core (Feingold 2000). Eventually, the apoE ligand on IDL binds to the

hepatic HTGL-GPIHBP1 complex for hydrolysis of the remaining triacylglycerol and some surface
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phospholipids. The smaller, denser particle then lives one of two metabolic fates: receptor-
mediated endocytosis into hepatocytes via the LDLR or conversion into an LDL particle (Feingold
2000). In both cases, IDL loses it apoE to neighbouring HDL particles. In the second case, the
HTGL-GPIHBP1 releases LDL into circulation. LDL circulates throughout the body to deliver
cholesterol ester to cells. Since the only apolipoprotein remaining on LDL is apoB100, this serves
as the ligand for receptor mediated endocytosis by the LDL (Brown and Goldstein 1986). In
healthy humans, LDL receptors clear 70% of LDL particles predominantly from hepatocytes. Bulk
phase endocytosis and scavenger receptors, which are not regulated by intracellular cholesterol

levels, clear the remainder of circulating LDL particles.

1.4.3 HDL

Both the liver and the ileum of the small intestine secrete apoAl, which is considered a
lipid poor, nascent HDL particle (Rader 2006). Nascent HDL particles contain some apoAll and
very little apoC and apoE. In this form, nascent HDL accepts free cholesterol and phospholipids
that are being effluxed from the plasma membranes of cells via ABCA1 (Rader 2006). Nascent
HDL also accepts free cholesterol, phospholipid, some apoC, and some apoE from triglyceride
rich lipoproteins that are being hydrolyzed by LPL (Rader 2006). As free cholesterol accumulates
on the nascent HDL surface, LCAT esterifies free cholesterol with a fatty acid from phospholipids,
resulting in the movement of hydrophobic cholesterol esters into the core of the HDL particle
(Rader 2006). As such, once the disc-like nascent HDL particle fills out into a spherical HDL
particle, classified as HDL3, who is now available to accept more free cholesterol. As HDL;
continues to accept free cholesterol, including from ABCG1, LCAT continues to expand the
cholesterol ester core, leading to the classification of HDL (Francis 2016). CETP on HDL, can
transfer one mole of cholesterol ester to VLDL, IDL, and LDL for one mol of triglyceride, which is
the primary pathway in humans. Otherwise, HDL, can be taken up by the hepatocyte for

degradation in the lysosomes via the LDLR with apoE as the ligand, or HDL. can transfer
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cholesterol ester to hepatocytes via the scavenger receptor B1 (SR-B1), yielding the smaller,
HDL3 particle (Francis 2016). The cholesterol ester obtained from HDL, via SR-B1 is hydrolyzed
to free cholesterol and becomes part of the ER free cholesterol pool, which can be used for
membrane biosynthesis, bile acid synthesis, excretion into bile as free cholesterol or the formation
of new VLDL particles (Francis 2016). HDLs can return to the circulation to accept more free
cholesterol or it can be cleared by the kidneys (Rader 2006). The half-life of HDL is 4-6 days,

where it can perform this reverse cholesterol transport pathway many times.

1.4.4 Cholesterol control in hepatocytes

Hepatocytes maintain strict control over cellular free cholesterol levels to maintain cell
health in part through the transcriptional regulation of HMG CoA reductase, the rate-limiting step
in de novo cholesterol synthesis, and the LDLR for LDL particle binding and uptake (Scott Kiss
and Sniderman 2017). Sterol regulatory element binding protein-2 (SREBP2) transcriptionally
regulates both HMG CoA reductase and LDL receptor expression when it can enter the nucleus
and bind the sterol response elements within their promoters to turn on their transcription. When
the free cholesterol pool in the endoplasmic reticulum is high, however, the SREBP cleavage-
activating protein (SCAP) and insulin-induced gene 1 (INSIG 1) trap SREBP2 in the endoplasmic
reticulum (Horton, Goldstein et al. 2002). Specifically, cholesterol binds to SCAP and oxysterols
bind to INSIG, tightening their bind. When the endoplasmic reticulum pool of free cholesterol is
low, and therefore less oxysterols are present, INSIG releases the SCAP/SREBP2 complex,
which allows a specific sequence of SCAP to bind to Copll coat proteins. The Copll-SCAP-
SREBP-2 complex moves to the Golgi, where site 1 protease (S1P) and S2P cleave SREBP-2,
removing the domains that SCAP binds to and releasing the soluble, mature transcription factor
nSREBP2 (Scott Kiss and Sniderman 2017). Now, nSREBP2 enters the nucleus and binds to the
sterol response element within the promoters of HMGCR and LDLR, turning on their transcription

(Horton, Goldstein et al. 2002). This leads to increased HMG CoA reductase and LDLR protein

42



levels, in the ER membrane and cell surface, respectively, leading to increased synthesis and

uptake of cholesterol.

The cholesterol obtained from LDL cholesterol is used for membrane biosynthesis in all
cells and bile acid synthesis in hepatocytes. In adrenals, ovaries, and testes, however, cholesterol
is used for hormone synthesis. Free cholesterol is transported to the endoplasmic reticulum via
NPC1 and NPC2, where it can be re-esterified by ACAT2 for VLDL production, by ACAT1 lipid
droplet storage, or used for bile acid synthesis (Feingold 2000, Scott Kiss and Sniderman 2017).
As excess cholesterol ester accumulates in cells, oxysterols are produced. Oxysterols serve as
ligands that activate the transcription factor liver X receptor (LXR), which then turns on the
transcription of many genes including ABCA1 via their LXR response element in their promoter
(Scott Kiss and Sniderman 2017). ABCA1 promotes the efflux of excess cholesterol to circulating

apoA-Il, beginning HDL formation.

1.4.4.1 LdIr’- mouse

Initiation of lipid accumulation within the arterial wall occurs very early in life and
atherosclerosis progresses with time. To capture these changes and identify contributing factors,
preclinical experiments are required. Generation of the Ldlr’~ mouse by Herz, Brown, and
Goldstein on the C57BL/6 genetic background (Ishibashi, Brown et al. 1993) has led to an
expansion in the study of atherogenesis. Generation of heterozygous and Ldlr”- mice revealed a
35% and 50% elevation, respectively, in plasma total cholesterol levels compared to wild-type
controls (Ishibashi, Brown et al. 1993). Interestingly, while female wild-type and heterozygous
mice had significantly lower total plasma cholesterol than in male mice, this difference was lost in
LdIr” mice. FPLC tracings revealed a 2-fold increase in cholesterol in the IDL/LDL fraction in
heterozygous mice, where the increase was similar in male and female mice. Ldlr”- mice displayed
a massive increase in cholesterol in the IDL/LDL fraction, 7.4-fold for male and 9-fold for female

(Ishibashi, Brown et al. 1993). Additionally, a small increase in cholesterol in the VLDL fraction
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was observed. Interestingly, cholesterol in the HDL fraction was higher in the male compared to
female mice, independent of genotype. While feeding a 0.2% cholesterol/10% coconut diet did
not significantly impact the FPLC tracings for cholesterol in wild-type mice, cholesterol content
increased 3-fold in these fractions in Ldlr- mice (Ishibashi, Brown et al. 1993). Ldlr”- mice display
a 30-fold decrease in the clearance rate (10 min to 300 min) of '?I-labeled VLDL from plasma,
indicating that LDLR clears VLDL remnants and IDL from plasma. The caveat being that these
VLDL particles were generated in Ldlr”- mice thereby being particles with extended half-lives
themselves (Ishibashi, Brown et al. 1993). This increase in time that these particles circulate leads
to more conversion to LDL particles, explaining the rise in LDL levels observed in these mice.
Together, these data indicate that the LDL receptor is essential for apoE particle clearance.
Importantly, this study also shows that restoring LDLR activity by injecting Ldlr”- mice with a
recombinant adenovirus expressing the human LDL receptor cDNA restores the IDL/LDL peak in

cholesterol (Ishibashi, Brown et al. 1993).

Despite the increase in LDL-cholesterol observed in chow-fed Ldlr” mice, atherosclerosis
does not manifest. Therefore, a diet high in cholesterol is required. On a chow diet (0.01%
cholesterol, 4.4% fat) for 28 weeks, Ldlr”- mice have elevated LDL cholesterol (20.7 mmol/L) and
develop atherosclerosis with normal triglycerides, body weight gain, fasting glucose, free fatty
acids, and insulin (Hartvigsen, Binder et al. 2007). On a Western diet (0.06% cholesterol, 21%
milk fat) for 28 weeks, LdIr’- mice have elevated LDL cholesterol (41.4 mmol/L), as well as obesity,
high triglyceride levels, insulin resistance, and hepatic steatosis (Hartvigsen, Binder et al. 2007).
The cholesterol in the VLDL and IDL/LDL fractions were significantly greater in the Western diet
fed LdlIr”- mice compared to the high-cholesterol diet-fed mice. The extent of aortic atherosclerosis
evaluated by the en face method was the same in high-cholesterol vs Western diet-fed mice, but
the lesion areas in the aorta by cross-sectional analysis were 35-45% greater in the Western-diet

fed mice (Hartvigsen, Binder et al. 2007).
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1.5 Cellular Lipid metabolism

Lipid metabolism is critical for membrane synthesis and energy storage. Fatty acids make
up the structural components of membrane lipids, modulate cell signalling pathways, and serve
as fuel for oxidation and the tricarboxylic acid cycle. Cells can generate palmitic acid (C16:0),
myristic acid (C14:0), and steric acid (C18:0) (Richard Lehner 2016). The diet supplies most fatty
acids, including essential fatty acids linoleic acid (18:2n-6) and alpha-linolenic acid (18:3n-3) as
these fatty acids cannot be synthesized from carbohydrates (Spector and Kim 2015, Richard

Lehner 2016).

1.5.1 Adipocytes

Two types of adipose tissue exist in mammals, white (WAT) and brown (BAT). WAT
depots include visceral and subcutaneous. Adipose tissue protects organs from mechanical
stress and secrete several endocrine factors including adipokines and bioactive lipids that serve
a physiological signals for energy metabolism in the body (Scheja and Heeren 2019). Importantly,
adipose tissue serves as a site of calorie storage after feeding and a source of free fatty acids
during fasting (Rosen and Spiegelman 2014). White adipocytes are unilocular, meaning they
contain a single lipid droplet. Brown adipocytes contain many lipid droplets, are rich in
mitochondria, and release stored chemical energy as heat (Rosen and Spiegelman 2014).
Adipocytes store fatty acids as triglycerides into a single lipid droplet (Morigny, Boucher et al.
2021), preventing lipotoxicity in skeletal muscle and the liver. The venous drainage of visceral
WAT converges to the portal circulation and as such directly supplies the liver with fatty acids and

adipokines (Rosen and Spiegelman 2014).

1.5.1.1 Fed state

The rise in circulating insulin that follows the intake of a meal stimulates the translocation

of glucose transporter GLUT4 to the adipocyte plasma membrane (Santoro, McGraw et al. 2021).
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Additionally, under the sustained stimulation of insulin, GLUT4 undergoes multiple rounds of
recruitment to the plasma membrane to capture glucose, internalization, and rapid recycling back
to the plasma membrane (Santoro, McGraw et al. 2021). Once in the adipocyte, <5% of glucose
is stored as glycogen (Flatt and Ball 1964). Glucose undergoes glycolysis in the cytoplasm,
leading to the production glycerol-3-phosphate, the backbone of triacylglycerol molecules, which
accounts for 50% of the glucose taken into the cell (Flatt and Ball 1964). Pyruvate from glycolysis
can enter the tricarboxylic acid cycle (TCA), supplying citrate and acetyl-CoA for the de novo
synthesis of fatty acids (Santoro, McGraw et al. 2021). Alternatively, pyruvate can be converted

into lactate for systemic delivery as a fuel source or signalling metabolite.

Triglyceride-rich lipoproteins supply most of the fatty acids stored in adipocytes through
the actions of LPL (Figure 1.7). While insulin modestly increases the secretion of LPL from
adipocytes, it also increases the proportion of LPL molecules that dimerize to form active LPL on
the endothelial cell surface of the adipose capillary bed (Karpe, Bickerton et al. 2007). As
previously described, LPL hydrolyzes triacylglycerol molecules from the core of these lipoproteins.
CD36 and fatty acid binding proteins capture the liberated long chain fatty acids for entry into the
adipocytes. Fatty acid transport proteins and long-chain acyl-CoA synthetases activate the fatty
acids with an acetyl-CoA. GPAT esterifies the glycerol-3-phosphate backbone with one fatty acid,
which is then esterified once again by 1-acyl-glycerol-3-phosphate-acyltransferase (Morigny,
Boucher et al. 2021). DGAT catalyzed the formation of the triglyceride molecule. The resulting
triacylglycerol can be stored in the lipid droplet. Therefore, insulin promotes the storage of energy

in the form of triacylglycerol molecules in adipose tissue in the fed state.

1.5.1.2 Fasted state

Energy stored as triacylglycerol molecules must be released during periods of fasting or
intense exercise. Fasting increases the expression of angiopoietin-like protein 4 (ANGPTL4),

where it binds to an LPL dimer and converts it to catalytically inactive monomers (Sukonina,
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Lookene et al. 2006). Since triglycerides cannot pass through the plasma membrane, they must
be first cleaved into free fatty acids and glycerol (Figure 1.7). Adipocyte lipid droplet coat proteins,
including perilipin 1 (PLIN1), regulate the pathways that release the stored fatty acids, termed
lipolysis (Morigny, Boucher et al. 2021). The accumulation of intracellular cGMP and cAMP
activates protein kinases PKG and PKA, which phosphorylate PLIN1 on the lipid droplet (Morigny,
Boucher et al. 2021). Phosphorylation of PLIN1 releases CGI58 (ABHDS), allowing it to interact
and activate adipose ftriglyceride lipase (ATGL; PNPLA2). Activated ATGL catalyzes the
hydrolysis one fatty acid from the triacylglycerol molecule, yielding DAG (Morigny, Boucher et al.
2021). PKG and PKA also phosphorylate hormone-sensitive lipase (HSL) in the cytosol, thereby
promoting its localization to the lipid droplet. PLIN1 binds to phosphorylated HSL, which catalyzes
the hydrolysis of one fatty acid from the DAG, yielding MAG (Morigny, Boucher et al. 2021).
Finally, monoacylglycerol lipase catalyzes the hydrolysis of one fatty acid from MAG, yielding a
glycerol molecule (Morigny, Boucher et al. 2021). The three released fatty acids from the initial
triacylglycerol molecule can be released from the adipocyte to bind albumin for transport in
circulation or be oxidized (Jaishy and Abel 2016). The glycerol released from the initial
triacylglycerol molecule circulates primarily to the liver where it serves as a substrate for the de
novo production of glucose. The acetyl CoA molecules derived from fatty acid oxidation serve as
allosteric modulators of the first step of gluconeogenesis (Santoro, McGraw et al. 2021).
Therefore, adipocyte lipolysis fuels hepatic gluconeogenesis in the fasted state, when insulin no

longer inhibits this process.
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Figure 1.7 Adipocyte lipid handling in the fed and fasted state. Insulin stimulates the translocation
of glucose transporter GLUT4 to the adipocyte plasma membrane. Glucose undergoes glycolysis,
where the production of glycerol-3-phasphate, acetyl-CoA, and citrate serve as building blocks
for triglyceride synthesis. Additionally, fatty acids liberated from chylomicrons thro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>