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ABSTRACT

Diabetes mellitus is a major independent risk factor for cardiovascular disease and
stroke. However, the molecular and cellular mechanisms by which diabetes contributes
to the development of vascular disease are not fully understood. We have shown that
conditions of hyperglycemia are associated with accumulation of intracellular
glucosamine, a downstream metabolite of glucose. Our findings indicate that elevated
levels of intracellular glucosamine can promote inflammation and lipid accumulation —
the hallmark features of atherosclerosis — in vascular cells and HepG2 cells.

Here I demonstrate that exposure of HepG2 cells to the branched chain fatty acid,
valproic acid, increases cellular resistance to glucosamine-induced lipid accumulation
and nuclear factor-kB activation. In vivo I show that hyperglycemic apolipoprotein E-
deficient (ApoE™") mice fed a diet supplemented with 625 mg/kg valproic acid have
significantly reduced lesion volumes relative to non-supplemented controls. Valproate
supplementation has no apparent effect on the plasma levels of glucose, or lipids, nor
does it affect the expression of ER chaperones. Significant reductions were observed in
total hepatic lipids (> 50.4%) and hepatic glycogen synthase kinases (GSK)-3p activity ‘
(> 55.8%) in mice fed the valproate supplemented diet.

In vitro 1 demonstrate that valproic acid directly inhibits GSK-3a/B. Also
pretreatment with novel GSK-3 inhibitors protects primary mouse hepatocytes from
glucosamine-induced unesterified cholesterol accumulation. I further establish the role of

GSK-3 by showing that GSK-3-deficient mouse embryonic fibroblasts do not accumulate
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unesterified cholesterol after glucosamine treatment. Dietary supplementation with 2-
ethylbutyric acid, a novel and potent GSK-3 inhibitor in vitro, did not reduce lesion
development in hyperglycemic ApoE” mice and significantly increased atherosclerosis in
normoglycemic mice. This may be a side effect attributed to multiple cellular pathways
controlled by GSK-3.

In conclusion, I have identified a pathway involving glucosamine-induced cellular
dysfunction that leads to accelerated hyperglycemia-associated atherosclerosis. This
pathway involves GSK-3, which regulates glucosamine-induced unesterified cholesterol

accumulation.
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1 INTRODUCTION - PART I

1.1 ATHEROSCLEROSIS

Atherosclerosis is an inflammatory disease characterized by lipid accumulation in
the walls of large arteries (Glass and Witztum 2001; Kher and Marsh 2004; Lusis 2000).
It is the underlying cause of cerebro- and cardiovascular disease (CVD) that together
account for nearly half the annual mortality in the Western society (Ross 1999; Glass and
Witztum 2001). Researchers have identified several risk factors for CVD including type
1 and type 2 diabetes mellitus, high cholesterol, stress, hypertension, smoking, obesity,

lack of exercise, and high risk diet (Anand et al. 2008).

1.1.1 Overview of disease progression

Arteries are blood vessels that carry blood from the heart to the peripheral regions
of the body. The large arteries have a thick wall comprised of three layers, the intima, the
media, and the adventitia, that allows them to endure considerable pressure (Lusis 2000).
The luminal side of the inner most layer, the intima, consists of a single layer of
endothelial cells (ECs) covering extracellular connective tissue, mostly consisting of
proteoglycans and collagen, and the internal elastic lamina (Glass and Witztum 2001;
Lusis 2000). The media is composed of vascular smooth muscle cells (SMCs), which
give the artery structure and support. The adventitia is made of connective tissues with
fibroblasts and SMCs (Lusis 2000). The development of atherosclerosis is initiated by

dysfunction of ECs in response to injury. Insult to the endothelial layer, caused by sheer

1
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stress or interaction with various substances including elevated concentrations of low
density lipoproteins (LDLs), stimulates ECs to express and display vascular cell adhesion
molecule-1 (VCAM-1), endothelial-leukocyte adhesion molecule-1 (E-selectin), and
intercellular adhesion molecule-1 (ICAM-1) that bind to circulating monocytes and T
cells. Chemokines secreted by ECs promote monocytes to migrate into the intima where
they differentiate and mature into macrophages. Macrophages express scavenger
receptors including SR-A, CD36 and CD68 that bind to and facilitate the uptake of
oxidized LDLs (oxLDLs). Macrophages that become filled with fatty droplets of
cholesterol esters are called “foam cells”, which are found in early lesions known as fatty
streaks as well as mature atherosclerotic plaques. The cytokines secreted by
macrophage/foam cells and lymphocytes reinforce the inflammatory process and induce
vascular SMCs to proliferate and migrate into the intima. SMCs secrete collagen,
glycoprotein, and elastin that collectively form extracellular matrix, giving rise to a
fibrous cap that is thought to stabilize the lesion. However, SMCs also secrete proteases
(collagenases, gelatinases, stromolysin, and cathepsins) which degrade extracellular
matrix proteins. Concurrently, other inflammatory cells including macrophages, T cells
and mast cells, release pro-inflammatory cytokines that reduce the production of collagen
by SMCs, contributing to the destabilization of the fibrous cap (Hansson and Libby.
2006). Together, these effects can lead to the thinning of the fibrous cap, which promotes
lesion rupture (Lusis, 2000; Glass and Witztum. 2001; Libby, 2008). When lesion
rupture occurs, lipids and tissue factors of the necrotic core come in contact with blood

components, initiating platelet adherence and thrombosis (Glass and Witztum. 2001,
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Lusis, 2000). The thrombus, or blood clot, can occlude the artery and block blood flow
near the site of the rupture, causing myocardial infarction or travel to the brain and cause

a stroke.
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Figure 1. Initiation of early atherosclerosis

When there is an excess amount of circulating low density lipoproteins (ILDLs) in the
blood, LDL particles penetrate into the artery wall where they undergo chemical
alterations to become modified (mLDL) or oxidized LDLs (oxLDL). The mLDL
stimulates endothelial cells to express adhesion molecules to attract monocytes and T
cells from the blood. Monocytes migrate into the intimal layer and mature into active
macrophages which ingest mLDL and oxL.LDL, becoming filled with fatty droplets. These
macrophage-derived foam cells secrete cytokines to promote migration of smooth muscle
cells from the media to the intima where they secrete collagen, glycoprotein and elastin to

produce fibrous cap over the developing plaque.
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Figure 2. Advanced atherosclerotic lesion

In advanced lesions, foam cells undergo necrosis, depositing cholesterol and lipids into
the growing plaque. Inflammatory molecules and proteases secreted by foam cells and
smooth muscle cells destabilize the fibrous cap, ultimately leading to plaque rupture.
Tissue factor and lipids in the necrotic core of the plaque then come in contact with blood
components and initiate the coagulation cascade, creating a clot or thrombus. The
thrombus can block blood flow near the site of rupture causing myocardial infarction or

travel to the brain and cause a stroke.
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1.1.2 Role of inflammation and lipid accumulation in atherogenesis

In recent years, atherosclerosis has been recognized as a chronic inflammatory
disease characterized by severe immunological activity initiated by accumulation of lipids
in the artery wall (Ross 1999; Hansson and Libby 2006). During the early events of
atherogenesis, the immune responses to the mounting lipids and lipoprotein particles in
the intima promote the expression of adhesion molecules and chemo-attracting proteins
that recruit monocytes, T-cells and leukocytes (Hansson 2005). The presence of sub-
endothelial mILDLs and oxLDLs and increased amount of unesterified cholesterol within
macrophages promote the expression and secretion of tumour necrosis factor (TNF)-

o, interferon (IFN)-y, matrix metalloproteinases (MMPs), and interleukin (IL)-1 and 6

(Ross 1999; Alam et al. 2004).

Nuclear factor-kappa B (NF-kB) is a transcription factor responsible for activation
of numerous genes involved in the inflammatory response which makes it a key player in
the body’s proper immune function (Li and Verma 2002). NF-«xB is found to be highly
activated in vessel walls of animal models of atherosclerosis and in the cells that make up
human atherosclerotic lesions (Hajra et al. 2000; Wilson et al. 2000; Brand et al. 1996;

Monaco et al. 2004).

NF-kB is comprised of relA (p65), relB, c-Rel, p105/p50, and p100/p52, which all
share a structurally conserved N-terminal region that allows dimerization, nuclear-
localization, and DNA-binding (Li and Verma. 2002). When inflammatory mediators,

such as TNF-a, bind to their receptors on the cell surface, IxkB kinase (IKK)-2
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phosphorylates IxBa, which leads to its ubiquitylation and proteosomic degradation,
releasing the p50/p65 dimer of NF-xB (Xanthoulea et al. 2005). Phosphorylation of p65
by kinases, such as protein kinase A catalytic subunit (PKAc), casein kinase (CK) II,
glycogen synthase kinase (GSK)-3f3, and IKK-1/2, is essential for its binding to cAMP
response element binding (CREB)-binding protein (CBP) in the nucleus and the

activation of target gene transcription (Li and Verma. 2002).

During the early stage of foam cell formation, most of the internalized
cholesterols in macrophages are stored as esterified cholesterol. However, as the lesion
advances, there is an increase in unesterified cholesterol content and a decrease in
esterified cholesterol (Small et al. 1984; Kruth and Fry. 1984). Accumulation of
unesterified cholesterol can lead to apoptosis in foam cells, an event that contributes to
the growth of necrotic core and plaque rupture (Tabas. 2000; Li et al. 2005). In addition,
high levels of unesterified cholesterol in macrophages have been shown to induce
secretion of TNF-o and IL-6 through the activation of NF-xB (Li et al. 2005). The
accumulation of unesterified cholesterol in the endoplasmic reticulum (ER) leads to
abnormal stiffening of the ER membrane, activating the ER stress pathway, which can

lead to cellular dysfunction, further accelerating atherogenesis (Li et al. 2004)

1.2  DIABETES MELLITUS

Diabetes mellitus (DM) is a group of diseases characterized by elevated blood

glucose levels or hyperglycaemia (Brownlee. 2001; Bell and Polonsky. 2001).
9
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Individuals with fasting blood glucose levels consistently greater than 7 mM or having
blood glucose levels at or above 11.1 mM, 2 hours after the oral glucose tolerance test
(OGTT) are diagnosed with DM. Fasting blood glucose levels between 7.0 - 11.1 mM or
glucose levels of 7.8 mM to 11.1 mM 2 hours after OGTT are considered pre-diabetic

(Melchionda et al. 2002).

Hyperglycemia usually results from deficiency of insulin action. Deficiency in
the production of insulin, generally due to autoimmunological destruction of pancreatic [3-
cells, is referred to as type 1 or insulin-dependent diabetes mellitus (T1DM). In type 2 or
non-insulin-dependent diabetes mellitus (T2DM), skeletal muscle cells and adipocytes do
not respond appropriately to the circulating insulin (Freidenberg et al. 1987). In T2DM,
the B-cells initially produce more insulin to maintain glucose levels, a condition known as
hyperinsulinemia. However, this can eventually lead to -cell death or apoptosis. (Pick et

al. 1998).
1.2.1 Glucose-induced insulin secretion

Under normal conditions, levels of insulin are responsive to the plasma levels of
glucose (Bell and Polonsky. 2001). After a large caloric intake, glucose in the blood
stream is transported into pancreatic [3-cells via glucose transporter 2 (GLUT2) where it is
converted into glucose-6-phosphate and shunted into the glycolytic pathway and Kreb
cycle to generate ATP. Increases in ATP:ADP ratio lead to closure of the ATP sensitive
K" channels on the plasma membrane, resulting in depolarization and influx of

extracellular calcium coupled with a release of calcium from the intracellular storage.

10
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These events induce insulin-containing secretory granules to fuse with the plasma

membrane resulting in release of insulin into the circulation (Bell and Polonsky. 2001).

1.2.2 Insulin signalling

Insulin signalling in peripheral tissues is initiated by the binding of insulin to
insulin receptors (IRs) that are found on skeletal muscle, adipose tissues, and many other
cell types. Insulin binding to its receptor promotes activation of intrinsic receptor protein
tyrosine kinase activity which results in its autophosphorylation (Kasuga et al. 1983)
(Figure 3). Activated residues in the cytoplasmic face of IR interact with insulin receptor
substrate proteins (IRS1 and IRS2) to phosphorylate them on specific tyrosine sites.
Phosphorylated IRS1/2, in turn, recruits the p85 subunit of phosphatidylinositol 3- kinase
(PI3K) to the plasma membrane where the p110 subunit of PI3K converts
phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P;) to the lipid second messenger
phsphatidylinositol (3.4,5) triphosphate (PtdIns(3.4,5)P3) (Frojdo et al. 2009).
PtdIns(3,4,5)P3 then recruits 3-phosphoinositide-dependent protein kinase-1 (PDK1) and
protein kinase B (PKB/Akt) to the plasma membrane so that PDK1 can activate PKB/Akt.
PKB has many substrates including Akt substrate 160 (AS160), endothelial nitric oxide
synthase (eNOS), IkB kinase (IKK)-o, mammalian target of rapamycin (mTOR) and
GSK-30/p (Lawlor and Alessi. 2001). PKB phosphorylation on Ser21/9 inactivates GSK-
3a/p, thereby relieving inhibition of glycogen synthase (GS) and eukaryotic initiation
factor 2B (elF2B), allowing insulin-induced glycogen and protein synthesis (Figure 3)

(Hurel et al. 1996; Welsh et al. 1996). Insulin-stimulated activation of PKB also aids the
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uptake of plasma glucose into the skeletal muscle cells and adipocytes through the
inhibition of AS160, which triggers translocation of glucose transporter GLUT4 to the
plasma membrane (Huang and Czech. 2007; Cohen. 2006). Studies done in human
muscle and adipose tissues from insulin resistant, obese and T2DM individuals show
defects in one or more steps of insulin signalling (Krook et al. 2000; Cozzone et al. 2008;

Nikoulina et al. 2000).

Insulin also plays an important role in various functions carried out by the liver.
Insulin-activated phosphorylation of forkhead box O1 (FoxO1) by PI3K prevents FoxO1
from entering the nucleus. This prevents transcriptional activation of
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase), the
genes involved in gluconeogenesis, thereby decreasing glucose output from the liver
(Matsumoto et al. 2006). Insulin increases transcription of SREBP-1c¢ through liver X
receptor (LXR) and specificity protein 1 (Spl) and activates SREBP-1c by inducing its
translocation into the nucleus to enhance transcription of genes involved in the
biosynthesis of fatty acid and triglyceride (Deng et al. 2007; Brown and Goldstein.
1997;). This further aids in the clearing of excess glucose from circulation and its storage

as lipids.

12
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Figure 3. Outline of the signalling pathway by which insulin initiates glycogen,

protein, and lipid synthesis

Binding of insulin to the insulin receptor (IR) initiates autophosphorylation of the
cytoplasmic domain of IR which phosphorylates insulin receptor substrates (IRS1/2).
Phosphorylated IRS1/2 recruits phosphatidylinositol 3- kinase (PI3K) to the plasma
membrane where it converts phosphatidylinositol (4.5) bisphosphate (PtdIns(4,5)P») to
PtdIns(3.,4.5)P;. This allows 3-phosphoinositide-dependent protein kinase-1 (PDK1) to
activate protein kinase B (PKB/Akt) by phosphorylation. PKB/Akt then inactivates
glycogen synthase kinase (GSK)-3 by phosphorylating it at Ser21/9. This relieves
glycogen synthase (GS) and eukaryotic initiation factor 2B (e[F2B) inhibition and
initiates insulin-induced glycogen and protein synthesis in muscle and adipose tissue.
Additionally, PKB/Akt phosphorylation of AS160 induces glucose uptake by triggering
glucose transporter GLUT4 translocation to the plasma membrane in these tissues. In the
liver, insulin inhibits gluconeogenesis and stimulates lipogenesis via activation of

SREBP-1c¢ through specificity protein 1 (Spl) and liver X receptor (LXR).
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1.3 POTENTIAL MECHANISMS LINKING DIABETES TO

ATHEROSCLEROSIS

Both Type I and Type II DM are potent independent risk factors for
atherosclerosis, and individuals with DM have a 2-4 fold increased risk of developing
CVD with reduced life expectancies (Haffner et al. 1998). Chronic hyperglycemia, a key
aspect common to both types of diabetes, is believed to be the major causative factor of
accelerated atherosclerosis. Several mechanisms have been proposed to explain the pro-
atherogenic effects of hyperglycemia. These include increased flux to the polyol pathway
and hexosamine pathway, the formation of advanced glycation end-products (AGE), and
activation of protein kinase C (PKC), all of which lead to increased oxidative stress and
activation of pro-inflammatory pathways in vascular cells (Brownlee 2005; Goldberg
2004). Elevated intracellular production of glucosamine can also lead to increased
endoplasmic reticulum (ER) stress which has been identified in several independently
compiled lists of cardiovascular risk factors (Robertson et al. 2006; Zhou et al. 2004;

Ozcan et al. 2004; Li et al. 2005; Werstuck et al. 2006).

1.3.1 Oxidative stress

Hyperglycemia-associated oxidative stress is the most extensively studied
potential mechanism through which diabetes may induce accelerated macro- and

microvascular diseases. Over-production of superoxide by the mitochondrial electron
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transport system, triggered by hyperglycemia-induced cellular pathways, has been

proposed as the unifying mechanism (Brownlee. 2005; Moreno and Fuster. 2004).

Aldose reductase (AR), the first and rate-limiting enzyme in the polyol pathway,
catalyzes the reduction of a variety of carbonyl compounds. Under normoglycemic
conditions, AR does not significantly contribute to the metabolism of glucose due to its
low affinity to the molecule (Srivastava et al. 1999). However, under conditions of
hyperglycemia, the reduction of glucose to polyalcohol sorbitol by AR increases,
resulting in depletion of NADPH. This leads to limited regeneration of glutathione and
leaves the cell vulnerable to damage by reactive oxygen species (ROS) (Kaneko et al.
2005; Chung et al. 2003). Moreover, sorbitol can be further oxidized to fructose by the
NAD"-dependent enzyme sorbitol dehydrogenase causing increased intracellular NADH
levels, thereby inhibiting the activity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). This results in increased production of AGE and diacylglycerol (DAG) which
activates PKC (Kaneko et al. 2005). Fructose can also enter the hexosamine pathway to

contribute to cellular dysfunction, as discussed below.

Elevated intracellular glucose levels lead to the generation of dicarbonyls which
react with the amino groups of proteins through a non-enzymatic process to form AGE
(Degenhardt et al. 1999; Wells-Knecht et al. 1995). The rate of this reaction is directly
proportional to the concentration of glucose. Enhanced levels of AGE may alter the
function of the protein by cross-linking molecules of the extracellular matrix and/or by
interaction with the receptor for AGE (RAGE) on macrophages, vascular ECs and SMCs

(Li et al. 1996; Neeper et al. 1992). The AGE-RAGE interaction triggers a signal
16
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transduction cascade producing intracellular ROS that initiate inflammatory responses
through NF-kB activation (Hofmann et al 2001; Lander et al. 1997). This leads to
increased transcription of adhesion molecules and pro-inflammatory factors including
ICAM-1, VCAM-1, E-selectin, tissue factor, TNF-a., interleukin (IL)-1a and 1L-6
(Gleissner et al. 2007). AGE has also been shown to induce endothelial permeability
allowing monocytes to pass through the vascular endothelial layer into the intima of a

damaged arterial wall in vivo (Goldin et al. 2006).

Hyperglycemia increases de novo synthesis of DAG, an activator of the majority
of PKC isoforms, in cultured vascular cells and in diabetic animals (Koya and King.
1998). PKC may also be indirectly activated by the AGE-RAGE signalling pathway and
has been shown to have increased activity when the polyol pathway is activated by
elevating the levels of ROS in vascular cells (Thallas-Bonke et al. 2004). Activation of
PKC, in turn, decreases production of nitric oxide in smooth muscle cells and inhibits
insulin-stimulated expression of eNOS in cultured endothelial cells (Kuboki et al. 2000).
PKC-a increases endothelial permeability whereas the f and & isoforms induce capillary
and vascular occlusion, activation of NF-kB, and increased ROS formation, all of which

contribute to accelerated atherosclerosis (Brownlee. 2001).

There is also an increased flux of glucose into the hexosamine pathway during
hyperglycemic episodes. Normally, only 1-3% of intracellular glucose enters in the
hexosamine pathway to produce N-acetylglucosamine (GlcNAc). GlcNAc is used for the

glycosylation of newly synthesized proteins to aid in proper folding and function
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(Marshall et al. 1991). However, increased levels of GIcNAc¢ compete with
phosphorylation of transcription factors, such as Spl. This can lead to over production of
plasminogen activator inhibitor 1 (PAI-1) and transforming growth factor-f3 (TGF-) and
cause occlusion of micro-vessels by accumulation of matrix protein (Goldberg et al.

2000; Brownlee. 2001).

Common to all of these pathways is the over-production of superoxide by the
mitochondrial electron transport chain (Brownlee. 2005). Consequently, oxidative stress
has been suggested as the unifying mechanism of hyperglycemia-induced cellular
dysfunction and researchers were hopeful that the atherogenic complications of diabetes
could be prevented by anti-oxidant treatment. Nonetheless, in all major clinical trials,
treatment of diabetic patients with anti-oxidant supplements have had little success in the
prevention of cardiovascular outcomes (Yusuf et al. 2000; Lonn et al. 2002; McQuillan et
al. 2001; Thomson et al. 2007), suggesting that other pathways may also play causative

roles in disease progression.

1.3.2 Glucosamine-induced cellular dysfunction

The first step of the hexosamine pathway involves the conversion of fructose-6-
phosphate to glucosamine-6-phosphate by the rate-limiting enzyme glutamine:fructose-6-
phosphate amidotransferase (GFAT) (McKnight et al. 1992). The glucosamine-6-
phosphate is then further metabolized to UDP-N-acetylglucosamine which can be used as
a substrate for O-linked glycosylation by O-GlcNAc transferase (OGT). O-linked
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glycosylation can be removed from a protein by the nucleocytoplasmic enzyme O-
GlcNAcase (Bouche et al. 2004; Dong and Hart. 1994). The involvement of the
hexosamine pathway has been studied mainly using over-expression of GFAT and
administration of glucosamine to cultured cells or animals. This strategy bypasses GFAT
and provides a direct substrate for UDP-GIcNAc, thereby accelerating the effect of
hyperglycemia. Increased flux of glucose into the hexosamine pathway has been
associated with insulin resistance in adipocytes and enhanced apoptosis in pancreatic 3-
cells (Vosseller et al. 2002; D’ Alessandris et al. 2004). When cultured cells were treated
with high glucose or glucosamine, there was an increase in O-glycosylation of proteins
involved in insulin signalling, such as IR and IRS1/2, resulting in reduced activation of
PKB/Akt and inhibition GSK-3 (Vosseller et al. 2002; D’ Alessandris et al. 2004). In
mouse skeletal muscle and adipose tissue, over-expression of GFAT led to a decrease in
insulin-stimulated glucose uptake and translocation of GLUT4 to the plasma membrane,
whereas GFAT over-expression in mouse liver showed increased glycogen storage,
hyperlipidemia, obesity, insulin resistance, and glucose intolerance (Cooksey et al. 1999;
Veerababu et al. 2000). In humans acute glucosamine infusion mimicked some metabolic
features of diabetes such as an increase in fasting glucose levels (Monauni et al. 2000).
However, there is also evidence suggesting that insulin resistance caused by
hyperglycemia and glucosamine may occur through pathways independent of proteins

involved in insulin signalling (Arias et al. 2004).

In addition to inhibition of eNOS by O-linked N-acetylglucosamine (O-GIcNAc)

in hyperglycemic conditions, increased flux into the hexosamine pathway and
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glucosamine production has been shown to induce pro-inflammatory responses and lipid
accumulation in cultured cells (Du et al. 2001; James et al. 2002; Kim et al. 2005). Both
glucose and glucosamine dose-dependently enhanced VCAM-1 promoter activity via NF-
kB in vitro, and glucosamine supplementation to LDL receptor-deficient mice, fed the
Western diet, enhanced early atherosclerosis (James et al. 2002; Tannock et al. 2006).
Our lab has also shown that elevated levels of intracellular glucosamine in cell types
relevant to atherogenesis, can promote cellular dysfunction characteristic to
atherosclerosis. Treatment with SmM glucosamine for 18-24 h significantly induced
accumulation of unesterified-cholesterol and NF-kB activity in human hepatocarcinoma
(HepG2) cells (Figure 4) (Kim et al. 2005; Werstuck et al. 2006). This may occur
through a mechanism involving GSK-3 activation, an enzyme shown to be activated by
glucosamine (Vosseller et al. 2002; D’ Alessandris et al. 2004). GSK-3 was shown to be |
an enzyme required for activation of NF-kB, the transcription factor that regulates pro-
inflammatory genes (Hoeflich et al. 2000). Moreover, glucosamine is a potent inducer of
ER stress, a cellular state caused by accumulation of unfolded or misfolded proteins in the
ER, which can trigger apoptosis through activation of GSK-3 (Song et al. 2002;
Srinivasan et al. 2005; Brewster et al. 2006; Takadera et al. 2007). Therefore, examining
the role of GSK-3 in the effects of elevated intracellular glucosamine levels is a critical
step in elucidating the mechanism of diabetic atherosclerosis. Currently, very little is
known about the involvement of GSK-3 in lipid metabolism and atherogenesis.

Therefore, the use of small molecule inhibitors and genetic manipulation of GSK-3 can
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serve as useful tools in delineating the involvement of GSK-3 in hyperglycemia-induced

atherosclerosis.
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Figure 4. Glucosamine increases unesterified-cholesterol content and NF-xB

signalling in HepG2 cells.

A. Filipin staining of HepG?2 cells exposed to 0 or 5 mM glucosamine (GIcN) as
indicated. After 24 hours, cells were washed, fixed in paraformaldehyde and stained with
filipin. Intracellular filipin-cholesterol complexes were visualized by fluorescence
microscopy and images were captured with a digital camera. Representative images are
shown. B. HepG2 cells were transfected with a reporter plasmid containing a luciferase
gene driven by promoters containing NF-xB or serum response factor (SRF)-binding
elements. After 24 h, cells were treated with glucosamine (5 mM) or tunicamycin (2
ug/ml) for an additional 8 h. Cell extracts were prepared and luciferase activity was
quantified. The data represent the averages + SD of three experiments, each performed in

triplicate. * P<0.05 relative to untreated controls.
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1.4  VALPROIC ACID

Valproic acid (VPA), or 2-propylpentanoic acid, is a small branched-chain fatty
acid and a potent and widely prescribed drug that acts both as an anti-convulsant in the
treatment of epilepsy and as a mood-stabilizer to control bipolar disorder (Bowden et al.
1994; Penry and Dean 1989). Despite its wide use, the specific molecular mechanisms
responsible for its clinical efficacy are not clear. Exposure to millimolar concentrations
of VPA can induce a variety of cellular responses that may be responsible for its clinical
efficacy (MacDonald and Bergey. 1979; Phiel et al. 2003; Wang et al. 1999; Williams et
al. 2002). VPA has been shown to increase chaperone levels, such as GRP78, GRP9%4,
and calreticulin in neuronal cells and in the rat cerebral cortex and hippocampus (Chen et
al. 2000; Wang et al. 2003). This may potentially protect cells from cellular dysfunctions
caused by ER stress, a condition associated with several independent risk factors for CVD
including hyperglycemia, hyperhomocysteinemia, obesity and high levels of unesterified
cholesterol (Werstuck et al. 2006; Zhou et al. 2004; Werstuck et al. 2001; Ozcan et al.
2004; Li et al. 2005). Investigation of the effects of VPA on lipid accumulation and
inflammation associated with hyperglycemia may provide a novel potential target(s) and

a therapy in diabetes-induced atherosclerosis.

1.4.1 Intracellular targets of valproic acid

1.4.1.1 ER chaperones
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Treatment with VPA in cultured neuronal cells and chronic exposure to VPA in
rats have been shown to induce elevated levels of ER chaperones (Chen et al. 2000; Wang
et al. 2003; Bown et al. 2002). ER chaperones play an essential role in the folding of
secreted proteins and proteins targeted for other organelles within the cell (Ron and
Walter. 2007; Lee 2004). The expression levels of the chaperones increase during ER
stress, a state triggered by accumulation of unfolded and misfolded proteins in the ER, to
provide higher folding capacity to the cell. However, when a cell fails to relieve ER
stress through the unfolded protein response (UPR), it undergoes lipid accumulation,
inflammation, and eventually apoptosis (Pahl 1999; Schroder and Kaufman. 2005; Ron
and Walter. 2007). The over-expression of certain ER chaperones has been shown to
protect against cellular injuries including cytotoxic chemicals, oxidative stress, and ER
stress (Reddy et al. 2003; Morris et al. 1997; Liu et al. 1998). Therefore, examining the
effects of VPA on ER chaperone levels in relation to lipid accumulation and lesion

development may provide an explanation for anti-atherogenic effect of VPA in vivo.

1.4.1.2 Histone deacetylase

Histones are elements of nucleosomes where DNA is bound to form a chromatin
structure (Gould et al. 2004). Histones can regulate gene transcription by influencing
chromatin structure and the accessibility of transcription factors to their target genes
(Haberland et al. 2009). A dynamic process of histone acetylation and deacetylation

provides a mechanism for extracellular signals to control the regulation of specific genes
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by inducing a different order of chromatin structure. Histone acetyltransferases (HATs)
and histone deacetylases (HDACs) add and remove acetyl groups on/from histones to
either enhance or reduce transcription (Haberland et al. 2009). VPA has been shown to
directly inhibit HDAC at pharmacological concentrations which may potentially control
transcription of specific genes (Phiel et al. 2001; Gottlicher et al. 2001). Interestingly, the
ability of VPA to inhibit HDAC has been linked to diminished SREBP-1a mRNA and
protein levels in adipocytes and down-regulation of human adipocyte differentiation
(Lagace and Nachtigal. 2004). Hence, it is possible that the inhibition of HDAC may

account for anti-atherogenic property seen in vivo.

1.4.1.3 Glycogen Synthase Kinase-3

There are several reports that therapeutic efficacy of VPA may lie in its ability to
inhibit GSK3 (Chen et al. 1999a; Gould et al. 2004; Eldar-Finkelman 2002). It has also
been shown that VPA can effectively inhibit GSK3 in vitro when assayed for its kinase
activity (Chen et al. 1999a; Grimes and Jope. 2001; Song et al. 2002; Hoeflich et al.
2000). Given the variety of cellular responses regulated by GSK-3 including glucose
metabolism, inflammation and apoptosis, GSK-3 may be a potential target by which VPA

reduces hepatic steatosis and lesion development.
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1.5 A MOUSE MODEL OF HYPERGLYCEMIA-INDUCED

ATHEROSCLEROSIS

In the last few decades the development of transgenic mouse models in
combination with the use of special diet has greatly advanced our understanding of
cardiovascular disease progression (Renard et al. 2006). Wild type mouse strains are
generally resistant to the development of atherosclerosis. This may result, in part, from
the relatively high levels of circulating high density lipoproteins (HDLs) and low levels
of LDLs that naturally occur in mice (Maeda et al. 2007). Deletion of the gene encoding
ApoE or LDL receptor alters the murine lipoprotein profile to a form that is similar to that
observed in humans. ApoE” mice spontaneously develop fatty streaks in aortic sinus as
early as 6 weeks when maintained on a high fat diet or 12 weeks when maintained on a
standard chow diet (Maeda et al. 2007; Hsueh et al. 2007; Renard et al. 2006). Specific
cardiovascular risk factors have been introduced into the atherosclerosis-prone ApoE™
strain in order to investigate their ability to accelerate the development of atherosclerotic

lesions.

A number of diabetic mouse models that reflect the complexity of human diabetes
have been developed by inducing hyperglycemia and/or dyslipidemia. Most type 1-like
diabetic mouse models are generated by the destruction of  cells either by injecting
exogenous toxins, such as STZ or alloxan, or through genetic modulation involving
autoimmunity found in non-obese diabetic (NOD) mice. In order to examine

atherogenesis under type 1-like diabetic conditions, we gave ApoE'/ “mice multiple low

27



PhD Thesis — A.J. Bowes McMaster- Biochemistry and Biomedical Sciences

dose injections of STZ, creating severe hyperglycemia by 7 weeks of age (Table 1).
There is much debate on which characteristics of diabetes contribute most to the
development of cardiovascular complications. There is evidence that hyperglycemia,
hyperinsulinemia, and hyperlipidemia each play a role in the development of diabetic
complications, but it has been difficult to quantify the specific contribution of each
independent phenomenon (Chait and Bornfeldt. 2008). STZ-injected ApoE™ mice are
deficient in insulin and they do not develop relative dyslipidemia until 20 to 24 weeks of
age (Werstuck et al. 2006). Therefore, I examined the tissues of 15 week old STZ-
injected ApoE”" mice which exhibit hyperglycemia without dyslipidemia in order to

isolate the effects of hyperglycemia on plaque development.
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2 RATIONALE, HYPOTHESIS AND OBJECTIVES OF STUDY-PART I
2.1 RATIONALE

Diabetes mellitus is a major independent risk factor for accelerated atherosclerosis
(Anand et al. 2008). There are several contributing factors that may lead to
atherogenesis, one of which is elevated intracellular content of glucosamine, a metabolite
of glucose. Increased levels of glucosamine have been implicated in hyperglycemia-
induced cellular dysfunctions, and we have evidence showing that glucosamine treatment
in HepG2 cells induces unesterified cholesterol accumulation and NF-kB activation
(Figure 4) (Kim et al. 2005; Werstuck et al. 2006). VPA, a drug widely used as anti-
convulsant and mood-modifier, has been shown to induce ER chaperone levels in
cultured cells (Chen et al. 2000; Wang et al. 2003) and over-expression of ER chaperones
has been shown to protect cultured cells from conditions of cellular injuries (Reddy et al.
2003; Morris et al. 1997; Liu et al. 1998). These studies suggest that VPA could protect
against hyperglycemia-induced accumulation of pro-atherogenic pathways in vitro and

accelerated atherosclerosis in a mouse model.

2.2  HYPOTHESIS

VPA attenuates the activation of pro-atherogenic pathways in vitro and the
development of accelerated atherosclerosis in a hyperglycemic apolipoprotein E-deficient

(ApoE'/ ") mouse model.
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2.3  OBJECTIVES

2.3.1 Overall objective

To determine the anti-atherogenic potential of VPA under conditions of

hyperglycemia and to identify the pathway(s) responsible for this effect.

2.3.2 Specific objectives

1. To determine the effect of VPA on lipid accumulation in cultured cells exposed to

elevated concentrations of glucose and glucosamine

2. To determine the effect of VPA on inflammatory pathways in cultured cells

exposed to elevated concentrations of glucose and glucosamine

3. To determine the effect of VPA supplementation on aortic lesion development and

hepatic steatosis in a mouse model of hyperglycemia-induced atherosclerosis.

4. To identify the pathway(s) responsible for protecting cultured cells from

glucosamine-induced lipid accumulation
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3 EXPERIMENTAL PROCEDURES

3.1 MATERIALS

VPA, glucose, mannitol, glucosamine, tunicamycin, A23187, and filipin were
purchased from Sigma (Oakville, ON). GSK-3 inhibitor II, 3-(3-carboxy-4-chloroanilino)-
4-(3-nitrophenyl) maleimide, was purchased from CalBiochem (La Jolla, CA). 3 beta-(2-
diethylaminoethoxy) androst-5-en-17-one (U18666A) was purchased from Biomol
International (Plymouth Meeting, PA). Antibodies to calreticulin (SPA-600) and the anti-
KDEL monoclonal antibody (SPA-827), which recognizes GRP78/BiP were purchased
from StressGen Biotechnologies (Victoria, BC). Anti-GADD153/CHOP (sc-7351)
monoclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-f actin (AC-15) antibodies were purchased from Sigma. Anti-acetyl-hisone H4

(Lys8) and total H4 antibodies were purchased from Upstate (Charlottesville, VA).

3.2 CELL LINES AND CULTURE CONDITIONS

3.2.1 Human Hepatocarcinoma cells

HepG2 were obtained from American Type Culture Collection (ATCC, Rockville,
MD) and cultured in Dulbecco’s Modified Eagle’s Medium (Life Technologies,
Burlington, ON) containing 10% fetal bovine serum (FBS) (HyClone, Logan, UT). Cells

were maintained in a humidified incubator at 37°C with 5% CO..
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3.2.2 Human Aortic Smooth Muscle Cells

Human aortic smooth muscle cells (HASMC) were purchased from Cascade
Biologicals (Portland, OR) and cultured in Medium 231 supplemented with 20% smooth
muscle growth supplement and PSA solution containing 100 U/ml penicillin, 100 pg/ml
streptomycin and 0.25 pg/ml amphotericin (Cascade Biologicals). Cells were maintained

in a humidified incubator at 37°C with 5% COs,.

3.3  UNESTERIFIED CHOLESTEROL STAINING

The accumulation of unesterified cholesterol was determined by filipin staining
(Kruth, 1984). Mouse embryonic fibroblasts (MEFs), grown on cover slips, were treated
with 4 mM VPA or 200 nM GSK-3 inhibitor II for 1 hour and challenged with
glucosamine (5 mM) for an additional 18 hours. Cells were washed three times with
Medium 1 (150 mM NacCl, 5 mM KCI, 1 mM CaCl,, 20 mM HEPES pH 7.4, 2 g/
glucose), fixed with 4% paraformaldehyde for 20 minutes at room temperature and then
incubated for 2 hours with 50 pg/ml filipin in Medium 1 at room temperature. Cells were
washed three times with Medium 1 and then filipin bound unesterified cholesterol
complexes were visualized by fluorescence microscopy with excitation at 335-385 nm
(emission at 420 nm). The accumulation of unesterified cholesterol in primary mouse
hepatocytes was quantified using Sigma Scan. The intensity threshold was set to a range
of 234-249 for measuring all intensities in the fluorescence pictures taken. The average

intensity per cell surface area was plotted for each treatment group.
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34 NF-«B ACTIVITY MEASUREMENT USING LUCIFERASE ACTIVITY

HASMC were cultured in 6-well plates and co-transfected at 50% confluency with
1.5ug of pNF-kB-luc reporter gene (Stratagene) and 1.5ng of pRL-luc reporter gene
(Promega) using ExGen500 (Fermentas). 30 hours after transfection, the cells were
pretreated with test compounds for 2 hours and then treated with 0-5mM of glucosamine
and harvested 18 hours after the treatment. The luciferase activity of the lysates was
determined using a luminometer (TD-20/20 Luminometer, Turner Designs). 20uL of the

sample or standard was mixed with S0uL of the luciferase substrate (LAR II, Promega)

and the relative light units were measured immediately at room temperature. 50ul of the
Stop & Glo Reagent (Promega) was added subsequently to quench firefly luciferase and
activate Renilla luciferase. The firefly luminescence was normalized to the Renilla

luminescence of the transfection control.

3.5 MOUSE MODELS

Five week old female ApoE” (B6.129P2-ApoE"™'""®) mice were placed on a
defined chow diet (Harlan Teklad, TD92078) and randomly divided into two groups
(n=24/group). To induce hyperglycemia, one group was injected intraperitoneally with
multiple low doses of streptozotocin (STZ) (40 mg/kg) as previously described (Werstuck
et al. 2006; Kunjathoor et al. 1996). After one week, half of the mice in each group were
switched to the control diet supplemented with 625 mg/kg VPA (TD02165). All mice had

unrestricted access to both food and water throughout the study. Mice were sacrificed at
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15 weeks of age and blood and tissues were collected for further analysis. The McMaster

University Animal Research Ethics Board approved all procedures.
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Figure 5. Study design: induction of hyperglycemia and diet treatment.

A and B. Five week old female ApoE™ (B6.129P2-ApoE™ V™) mice were placed on a
defined chow diet and randomly divided into two groups (n=24/group). To induce
hyperglycemia, one group was injected intraperitoneally with multiple low doses of
streptozotocin (STZ) (40 mg/kg) or same volume of citrate buffer. After one week, half

of the mice in each group were switched to the control diet supplemented with 625 mg/kg

VPA (TD02165).
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3.6 PLASMA ANALYSIS

Random and fasting (12 hours) whole blood glucose levels were measured using a
DEX glucometer (Bayer). Plasma glucose and lipid levels were determined in non-fasted
mice using the colorimetric diagnostic kits for total cholesterol, triglycerides and glucose
purchased from Thermal DMA Inc. Plasma VPA concentrations were determined using

an AxSYM system (Abbott Laboratories, Mississauga, ON).

3.7 IMMUNOBLOT ANALYSIS

Cytoplasmic proteins were isolated from mouse liver using a NE-PER Kit (Pierce,
Rockford, IL) and total protein lysates were prepared from mouse liver solubilized in
RIPA buffer (150 mM NaCl, 5% DOC, 50 mM Tris-base, 1% NP-40, 0.1% SDS, 100
mM NaF, and 2mM PMSF). These lysates (40 pg) were solubilized in Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) sample buffer (50 mM Tris, pH
6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue and 50 mM dithiothreitol) and
separated on SDS-polyacrylamide gels under reducing conditions. Proteins were
transferred to nitrocellulose membranes (Bio-Rad) using a wet transfer apparatus (Bio-
Rad). Membranes were blocked overnight with 5% non-fat milk in 1X TBST (50 mM
Tris; pH 7.5, 120 mM NaCl, 0.02% Tween20) at 4°C. After incubation with the
appropriate primary and horseradish peroxidase (HRP)-conjugated secondary antibodies
(Life Technologies, Burlington, ON), the membranes were developed using the

Immobilon Western chemiluminescent HRP substrate (Millipore, Billerica, MA), and
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Kodak X-OMAT Blue XB-1 film (Perkin-Elmer). Protein levels were normalized using

anti-B-actin immunoblot on the same nitrocellulose membrane.

3.8  AORTIC LESION ANALYSIS

Mice were euthanized, hearts were flushed with 1X PBS and were then perfusion-
fixed with 10% neutral buffered formalin. After removal, hearts, including the aortic root
were cut transversely and embedded in paraffin. Serial sections (4 pum) of the aortic root
were collected on pre-coated glass slides for measurement of lesion size (hematoxylin and
eosin staining) or immunohistochemical staining (Paigen B et al. 1987). The Vectastain
ABC System was used for immunohistochemical analyses. Sections were stained with
primary antibodies and visualized using appropriate biotinylated secondary antibodies
and Nova Red. Non-specific staining was controlled for using a similar section and pre-
immune [gG. Images were captured with a charge coupled device (CCD) color video
camera (Sony) and analyzed using Northern Exposure (Empix) and Wright Cell Imaging

Facility (WCIF) customized ImageJ (NIH) software.

3.9 LIPID STAINING

Liver cryo-sections, 7 um thick, were collected on slides and fixed in formal
calcium for 30 minutes. Neutral lipids were visualized in sections that were rinsed and

incubated in a saturated, filtered solution of Oil red O (Sigma) for 7 minutes. After rinsing
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with H,O, nuclei were stained with hematoxylin, and slides were mounted in
Crystalmount (Sigma-Aldrich) (Westuck et al. 2001). Relative amounts of lipid staining

were quantified using Image J 1.35 Software (NIH).

3.10 GSK-3 KINASE ASSAY

15 uM synthetic GSK-3 substrate (phospho-Glycogen Synthase Peptide-2) and 0.5
uCi/puL [y3 2P] ATP were added to recombinant GSK-3a/B in reaction mixture containing,
20 mM MOPS (pH7.4), 50 uM EDTA, 2.5 mM Mg acetate, 5 mM MgCl,, 5 mM f-
glycerol phosphate, ] mM EGTA, 0.25 mM Na3VO,, 0.25 mM DTT, and 35 uM ATP in
a total volume of 40 uL. 0-5 mM VPA was added to GSK-3 before the substrate and
ATP were added. GSK-3 with 20 mM Li (a GSK-3 inhibitor) was used as a positive
control. The samples were placed on ice immediately following a 30 min incubation at
30°C. 30 pL samples were spotted onto Whatman P81 phosphocellulose paper, washed
3X with 0.75% o-phosphoric acid and 1X with acetone. Scintillation counting was used

to determine **P incorporation on to the substrate.

3.11 STATISTICAL ANALYSIS

Results are presented as the mean + standard deviation. One-way analysis of

variance (ANOVA) was used for repeated measurements of the same variable, and
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Duncan’s multiple range t-test was used to assess differences between experimental

groups and controls. Probability values of <0.05 were considered statistically significant.
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4 RESULTS

41  EFFECT OF VALPROIC ACID ON GLUCOSAMINE-INDUCED

CELLULAR DYSFUNCTION

4.1.1 Valproic acid blocks glucosamine-induced lipid accumulation in HepG2 and
HASMC

Our lab has demonstrated that elevated levels of glucosamine, a condition
resulting from hyperglycemia, can cause cellular dysfunction through dysregulation of
cholesterol and fatty acid metabolism in HepG2 cells (Figure 4) (Werstuck et al. 2001).
We also discovered that VPA, a small fatty acid, can induce ER chaperone levels, which
may offer cyto-protection in conditions of ER stress (Kim et al. 2005). In order to
determine if VPA attenuates glucosamine-induced lipid accumulation, we monitored the
levels of unesterified cholesterol by staining cells that are relevant to atherogenesis with
filipin (Kruth. 1984). HepG2s, an immortal hepatocarcinoma cell line, were chosen for
studying cholesterol accumulation.

The liver is the central organ in regulation of both lipid and glucose synthesis and
metabolism (Taniguchi et al. 2006). Cholesterol is synthesized on the hepatic ER
membrane where it is packaged with other lipids in the form of very low density
lipoprotein (VLDL) for delivery to peripheral tissues. The liver is the main centre for
gluconeogenesis when the body undergoes hypoglycemic conditions. Conversely, the
liver is the site of glycogen and fatty acid synthesis during periods of hyperglycemia

(Montminy and Koo. 2004; Taniguchi et al. 2006). Therefore, HepG2 cells, which retain
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the ability to perform gluconeogenesis and lipid biosynthesis and packaging, were utilized
to elucidate the effect of VPA on glucosamine-induced lipid accumulation.

HASMCs were also used as a model system to investigate the effect of VPA.
SMCs, normally found in the medial layer of the artery wall, migrate into the intima in
early atherosclerosis and participate in the production of inflammatory mediators (Dzau et
al. 2002; Glass and Witztum. 2001). SMCs, like macrophages, also give rise to lipid-
laden foam cells by taking up cholesterol (Doran et al. 2008). Human, rat, and rabbit
SMCs have been shown to express receptors for cholesterol uptake, such as LDL
receptor, CD36, and type I and type II scavenger receptors (Ruan et al. 2006; Lim et al.
2006; Matsumoto et al. 2000; Bickel et al. 1992). Therefore, the relevance of VPA with
respect to glucosamine-induced lipid accumulation was also examined in HASMCs.

Treatment of cells with 10 mM glucosamine for 18 hours significantly increased
the unesterified cholesterol content of HepG2 cells, consistent with our preliminary
results (Figure 6. A. b). 10 mM of mannitol, a six carbon polyol that cannot be
metabolized into glucose or glucosamine, was used as an osmotic control. Unesterified
cholesterol accumulation was evident around the nuclei of glucosamine treated cells on
what appears to be the ER membrane. This observation is consistent with the localization
of endogenous cholesterol biosynthesis in the smooth ER. Cells treated with mannitol did
not accumulate unesterified cholesterol, which confirms that 10 mM of six carbon polyol
treatment alone does not induce osmotic stress associated lipid accumulation (Figure 6. A.

c). Pretreatment of HepG2 cells with VPA significantly decreased unesterified
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cholesterol accumulation associated with exposure to glucosamine in a dose responsive
manner (Figure 6. A. d and ¢).

Treatment of HASMC with 5 and 10 mM glucosamine also resulted in higher
luminosity than the untreated cells, indicating greater accumulation of unesterified
cholesterol (Figure 6. B. b and c¢). Nonetheless, 4 mM VPA treatment decreased the
effect of 5 and 10 mM glucosamine on lipid accumulation in HASMCs (Figure 6. B. d

and e).
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Figure 6. Valproic acid blocks glucosamine-induced unesterified cholesterol
accumulation.

HepG2 cells (A) and human aortic smooth muscle cells (HASMC) (B) were pretreated
with 0-4 mM valproic acid (VPA) for 2 hours and then with 5 or 10 mM glucosamine or
mannitol (an osmotic control) for 18 hours. Cells were stained with filipin for 2 hours to
visualize unesterified cholesterol and the images were captured using a fluorescence
microscope with excitation at 335-385 nm and emission at 420 nm. Images were taken
using a digital camera and the representative figures are shown.

(A) a. untreated, b. 10 mM glucosamine, ¢. 10 mM mannitol, d. 1 mM VPA + 10 mM
glucosamine, e. 4 mM VPA + 10 mM glucosamine. (B) a. untreated, b. 5 mM
glucosamine, ¢. 10 mM glucosamine, d. 4 mM VPA + 5 mM glucosamine, e. 4 mM VPA

+ 10 mM glucosamine.
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4.1.2 Valproic acid blocks glucosamine-induced NF-xB activation in HASMC

Inflammatory responses by macrophages and T-cells play a central role in all
stages of atherosclerosis (Ross. 1999; Hansson and Libby. 2006). NF-«B is a key
transcription factor in the expression of genes encoding inflammatory factors including
ICAM-1, VCAM-1, E-selectin, tissue factor, TNF-a, IL-1a and IL-6 (Gleissner et al.
2007; Li and Verma. 2002). The effect of glucosamine on NF-xB activation and the
ability of VPA to modulate this effect were examined. A luciferase assay was developed
by transfecting HASMC with the plasmid pNF-kB-luc along with an internal transfection
control Renilla luciferase (Promega). 1 and S mM glucosamine treatments of HASMC
caused significant increases in luciferase signal, indicating elevated levels of NF-xB
activity, relative to levels detected in untreated cells or cells treated with SmM mannitol
(an osmotic control) (Figure 7). In celis treated with VPA, the ability of glucosamine to
induce NF-kB was attenuated. This result suggests that VPA may protect against

inflammation caused by increased amounts of glucosamine.
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Figure 7. Valproic acid blocks glucosamine-induced NF-xB activation in HASMC.
HASMCs were transfected with pNF-kB-luc (firefly luciferase) and pRL-SV40
plasmid (Renilla luciferase). After 30 hours, cells were pretreated with 0-4 mM valproic
acid (VPA) for 2 hours and then exposed to 0 or 5 mM glucosamine (GlcN) or 5 mM
mannitol. 18 hours later, the cells were lysed and luciferase activity was measured. The
firefly luciferase activity was normalized to the Renilla luciferase activity of each sample
and the average activity of untreated cells was set as 100%. (n=3. *P<0.05 vs. untreated,

**P<0.05 vs. GlcN alone)
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4.2  EFFECTS OF VALPROIC ACID SUPPLEMENTATION ON

HYPERGLYCEMIC APOLIPOPROTEIN E-DEFICIENT MICE

4.2.1 Induction of hyperglycemia and effects of valproic acid supplementation on

metabolic parameters

In cultured cells, we have shown that VPA attenuates glucosamine-induced
unesterified cholesterol accumulation and NF-kB activation (Figures 6 and 7). These
results suggest that VPA may exhibit anti-atherogenic effects in vivo. We tested this
possibility in a hyperglycemic ApoE”” mouse model of accelerated atherosclerosis.
Hyperglycemia was induced in female ApoE” mice by multiple low dose intraperitoneal
injections of STZ (Werstuck et al. 2006, Kunjathoor et al. 1996). STZ was used to induce
apoptosis in pancreatic B cells, causing insulin deficiency and hyperglycemia (Kunjathoor
et al. 1996; Park et al. 1998). Blood glucose levels were monitored weekly in all
experimental groups. All STZ-injected mice were hyperglycemic by the time of the last
injection. At the time of sacrifice (15 weeks of age), 12 hour fasting plasma glucose
concentration in STZ-injected mice was 7.6+2.1 mmol/L versus 4.320.7 mmol/L
(P<0.05) in control mice (Table 1). As previously reported, the lesion volume in STZ
mice fed control diet was significantly larger than the lesion volume observed in control
mice (Park et al. 1998; Werstuck et al. 2006). VPA supplementation, however,

significantly reduced the elevated lesion volume in STZ mice (Table 1).
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Supplementation of defined mouse chow with 625 mg/kg VPA increased plasma
VPA levels from undetectable to 37.5£14.9 pmol/L in control ApoE'/ “mice (Table 1).
Plasma VPA levels were not significantly different in hyperglycemic ApoE’/' mice
relative to normoglycemic mice fed the same diet. VPA supplementation had no
significant effect on body or liver weight in any of the experimental groups relative to age

matched mice fed a control diet.

In addition, VPA supplementation had no significant effect on plasma glucose and
plasma cholesterol levels in fasted or fed animals (Table 1). Consistent with previous
studies, the induction of hyperglycemia did not significantly affect plasma cholesterol
levels in 15 week old ApoE™ mice (Werstuck et al. 2006). There was a significant
increase in plasma triglyceride levels in STZ mice fed control diet accompanied by a
large standard deviation, which may be indicative of the start of dyslipidemia seen around
week 20 (Werstuck et al. 2006). STZ mice fed VPA supplemented diet, however, did not
show a significant increase in plasma triglyceride levels compared to control mice (Table
1). These findings indicate that this level of VPA supplementation is sub-symptomatic,
which is consistent with previous pre-clinical analyses of VPA toxicity in rodents

(Walker et al. 1990).
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Table 1. Metabolic parameters in ApoE'/ “mice

Experimental Group

control control STZ STZ
+ VPA + VPA

body weight (g) 20.9+1.8 20.9+1.1 19.5+0.6 20.1+1.6

0.85+0.1 0.80+0.9 0.88+0.13 0.94+0.21
liver weight (g)
lesion volume 3.80+0.55 3.21+0.56 8.62+1.23" 4.98+0.76
(10°mm?>)
Plasma
VPA (umol/L) 0 37.5+14.9 0 33.746.2
Fasting glucose 4.3+0.7 4.7£0.5 7.6+2.1° 8.3+2.7°
(12h) (mmol/L)
Fed glucose 14.0+2.7 12.6+3.5 23.245.6° 27.0+0.9°
(mmol/L)
cholesterol 11.6+2.1 13.123.7 12.743.1 13.543.5
(mmol/L)
triglyceride 0.21+0.06 0.28+0.10 0.41+0.26" 0.29+0.14
(mmol/L)

STZ, streptozotocin-injected; n = 9-16/treatment group for each measurement

*P<0.05 relative to control mice fed control diet.

TP<0.05 relative to HG mice fed control diet

$P<0.05 relative to control mice fed the same diet
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4.2.2 Hyperglycemic mice have elevated levels of hepatic O-linked protein

glycosylation

Glucosamine is a product of glucose flux through the hexosamine pathway and an
ER stress-inducing agent that we have previously linked to diabetic atherogenesis
(Werstuck et al. 2006; Kim et al. 2005). Alterations in intracellular glucosamine
concentration were determined by evaluating the extent of O-linked glycosylation of the
nuclear pore protein p62 using immunoblot analysis with the RL.2 antibody (Werstuck et
al. 2006; Han et al. 2000). Hyperglycemic mice have significantly elevated levels of O-
linked N-acetyl glycosylation (GlcNAc) of p62 in the liver relative to control mice
(Figure 8). The supplementation of their diet with VPA did not affect the observed levels
of O-linked glycosylation (Figure 8). These findings are consistent with the similar blood
glucose concentrations observed in supplemented and non-supplemented mice. This
result suggests that VPA does not significantly affect glucose flux through the

hexosamine pathway.
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Figure 8. Effect of valproic acid supplementation on intracellular O-linked

glycosylation

Livers were frozen in liquid nitrogen during the organ harvest at 15 weeks of age. Livers
were later thawed on ice to be homogenized in RIPA buffer for lysate preparation. Total
protein lysates were resolved by SDS-PAGE, transferred to nitrocellulose membranes and
immunoblotted with the RL-2 antibody. The relative amounts of the O-glycosylated
nuclear pore protein, p62 (p62-O-GlcNAc) were quantified and plotted for each group.
NG, normoglycemic; HG, hyperglycemic; VPA, valproic acid. n=3-6/group; *P<0.05

relative to controls.
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4.2.3 Valproic acid supplementation does not increase chaperone levels in mice
VPA has been shown to induce ER and cytosolic chaperone levels in cultured
cells and in rat brain (Cui et al. 2007; Shao et al. 2006). Increase in chaperone levels may
provide protection against inflammation and lipid accumulation caused by oxidative
stress and ER stress (Cui et al. 2007; Kim et al. 2005; Bowes et al. 2009). To investigate
the effects of dietary VPA on chaperone levels in vivo, liver sections from normo- and
hyperglycemic mice fed a control or VPA-supplemented diet were immunostained with
an anti-KDEL antibody, directed against ER chaperones GRP78/94. Consistent with our
previous findings, hyperglycemia correlates with increased hepatic levels of KDEL
staining, most likely indicative of ER stress (Figure 9) (Werstuck et al. 2006; Bowes et al.
2009). Dietary supplementation with VPA did not significantly induce ER chaperone
protein levels in either normoglycemic or hyperglycemic mice compared to the mice fed
non-supplemented control diet (Figure 9. ¢ and d). This suggests that VPA

supplementation does not significantly induce ER chaperone levels in vivo.
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Figure 9. Effect of valproic acid supplementation on ER chaperone levels
Paraffin-embedded sections of liver from each of the treatment groups were collected on
pre-coated glass slides. Sections were stained with primary antibodies raised against the
KDEL sequence and visualized using biotinylated secondary antibodies and Nova Red.
Images were captured with a CCD color video camera (Sony) and analyzed using
Northern Exposure (Empix) and SigmaScan Pro software. Dark burgundy colour

indicates positive staining for the antibody.
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4.2.4 Valproic acid supplementation reduces hepatic steatosis

Hepatic steatosis, or fatty liver, is a complication frequently observed in
individuals with DM and animal models of diabetes (Ohno et al. 2000; Werstuck et al.
2006; Cusi 2009). Since VPA attenuates lipid accumulation in HepG2 cells, I examined
the effect VPA supplementation has on hepatic steatosis. Cryo-sections of liver isolated
from each of the treatment groups were stained with Oil Red O to visualize neutral lipids
(Figure 10). Consistent with our previous findings, conditions of hyperglycemia promote
the accumulation of hepatic lipids in ApoE™ mice (Werstuck et al. 2006). Significantly
reduced levels of hepatic lipid were observed in hyperglycemic mice that received dietary
supplementation with VPA relative to non-supplemented control (Figure 10). This finding
is supported by an observed increase in hepatic mRNA transcripts encoding proteins
involved in lipid biosynthesis, including SREBP-1c¢, FAS, and HMG-CoA reductase, in
hyperglycemic mice fed control diet (Bowes et al. 2009). Hyperglycemic mice fed the
VPA supplemented diet had significantly lower levels of these transcripts (Bowes et al.
2009). This suggests that VPA protects hyperglycemic mice from dysregulation of lipid

metabolism in the liver.
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Figure 10. Effect of valproic acid supplementation on hepatic steatosis.
Representative sections of liver from control or hyperglycemic ApoE™ mice fed control
diet or valproic acid (VPA) supplemented diet, as indicated, were stained with Oil Red O
(red). 7 um thick liver cryo-sections were collected on slides and fixed in Formal calcium
solution before incubation with Oil red O solution. After rinsing with distilled water,
nuclei were stained with hematoxylin (blue), and slides were mounted using
Crystalmount. Images of several fields within the same treatment group were taken using

a light microscope.
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4.2.5 Valproic acid supplementation reduces lesion size in the aortic root of

hyperglycemic mice

We next examined the effect VPA supplementation has on overall atherosclerosis
by measuring the size of the lesion in aortic roots. Consistent with our observation in
hepatic tissues, VPA supplementation did not increase chaperone levels in aorta (Bowes
et al. 2009). Nevertheless, our in vitro data suggest that VPA may still exert a protective
effect against lipid accumulation and inflammation in the absence of the elevation of
chaperone levels (Kim et al. 2005). Hence, the effect of VPA on hyperglycemia-
associated accelerated atherosclerosis was examined. Hyperglycemia significantly
increased mean atherosclerotic lesion volume at the aortic root of ApoE” mice relative to
control ApoE”" mice (2.3 fold) (Figure 11) which is consistent with reported data (Levi et
al. 2003). Interestingly, dietary supplementation with VPA correlated with a significant
decrease in cross sectional lesion area and total mean lesion volume in hyperglycemic
mice (4.98+0.76 versus 8.62+1.23 X 10°mm?, P<0.05) relative to non-supplemented
controls (Table 1). In hyperglycemic mice the reduced lesion volume corresponded with
a significant reduction in the number of Mac-3 positive macrophage-derived foam cells
within the atherosclerotic plaque (Bowes et al. 2009). A non-significant trend toward
smaller lesion volume was observed in normoglycemic ApoE™ mice fed the VPA diet. In
all mice, atherosclerotic lesion development was confined to a region within 120 um of
the aortic root and no lesions were observed in the descending aorta or the aortic arch of
any of the treatment groups (Figure 28). The finding that VPA can protect hyperglycemic
ApoE”" mice from accelerated atherosclerosis and hepatic steatosis, leads to the next step
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in identifying the in vivo target(s) of VPA which will advance our knowledge in

developing potential therapeutic intervention.
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Figure 11. Effect of valproic acid supplementation on atherosclerotic plaque area in

hyperglycemic ApoE'/ " mice

Lesion areas were determined at the aortic root (0 um) and at 40 um intervals in aortae
isolated from 15 week old normoglycemic (NG) or hyperglycemic (HG) mice fed control
diet or control diet supplemented with valproic acid (+VPA). The mice were perfusion-
fixed with 10% neutral buffered formalin and hearts, including the aortic root, were cut
transversely and embedded in paraffin. 4 uM sections of aortic root were collected on
pre-coated glass slides for hematoxylin and eosin stain. The lesion area (average + s.e.m.)
was determined using WCIF ImagelJ software and plotted against the distance across the
aortic root. n=10-12/group; *P<0.05, relative to control mice; **P<0.05, relative to

similar treatment group in the absence of VPA supplementation.
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43 INTRACELLULAR EFFECTS OF VALPROIC ACID

4.3.1 Effect of valproic acid on chaperone levels

Treatment with VPA can induce ER chaperone levels in neuronal cells and over-
expression of chaperones has been shown to protect cells from inflammation caused by
many cellular insults (Chen et al. 2000; Reddy et al. 2003; Morris et al. 1997; Liu et al.
1997). 1 examined whether there is a correlation between induction of chaperone levels
and protection of cells from glucosamine-induced lipid accumulation. A time course
study of 0.5 mM VPA treatment in HepG2 cells indicates that GRP78/BiP, HSP47,
calreticulin, PDI and HSP70 protein levels are increased between 24 to 48 hours after the
cells have been incubated with VPA (Figure 12. A). Previous results showed that VPA
protects cells from glucosamine-induced lipid accumulation and NF-xB activation at
around 18 or 24 hours of treatment (Figures 6 and 7). This suggests that the induction of
chaperones, which happens at later time points, may not be responsible for the beneficial
effects of VPA. In primary mouse hepatocytes, 12 to 120 hours of VPA treatment did not
induce GRP78/BiP levels while the positive control, an ER stress-inducing agent

tunicamycin, was able to induce GRP78 after 8 hours of treatment (Figure 12. B).
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Figure 12. Valproic acid induces the expression of ER-resident chaperones in HepG2
cells but not in primary mouse hepatocytes.

A) Immunoblot analysis of protein chaperone levels in HepG?2 cells. HepG?2 cells were
treated with 0.5 mM VPA for 0 — 96 hours. Total protein lysates were resolved by SDS-
PAGE, transferred to nitrocellulose membranes and immunoblotted with antibodies
against GRP78/BiP, HSP47, calreticulin, PDI or HSP70 as indicated. As a loading
control, an identical blot was immunoblotted with an antibody against -actin. B)
Immunoblot analysis of GRP78/BiP and HSP47 in primary mouse hepatocytes for 0-120

h in the presence of 0-0.5 mM VPA or 8 h of 10 pug/ml tunicamycin (Tm).
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4.3.2 Effect of valproic acid on histone deacetylase

Other groups have shown that VPA can inhibit HDAC at pharmacological
concentrations and may lead to potential alteration of gene expression to confer athero-
protection (Phiel et al. 2001; Gottlicher et al. 2001). The effect of VPA on histone
acetylation was investigated by measuring the amount of acetylated lysine 9 on histone
H3 (AcH3 lys9) in primary hepatocytes isolated from 4 day old ApoE” mice. Exposure
of the cultured cells to 600 nM of the HDAC inhibitor Trichostatin A (TSA) or 1 mM
VPA significantly increased AcH3 lys9 levels after 48 hours (Figure 13). Treatment with
50 uM VPA, a concentration corresponding to the mouse plasma levels, did not affect
histone acetylation in primary hepatocytes (Figure 13). However, the result with 50 uM
VPA is difficult to translate to its potential in vivo since plasma concentration of VPA
does not fully represent intracellular concentration of VPA in a mouse chronically
exposed to dietary VPA.
In vitro effects of VPA on histone acetylation indicate that it is possible that VPA may

exert athero-protection via inhibition of HDAC.
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Figure 13. Effect of valproic acid on HDAC activity.

Primary hepatocytes treated with 600 nmol/L TSA, or valproic acid (VPA) (50 pmol/L or
1 mmol/L) were resolved by SDS-PAGE and probed with antibodies specific for
acetylated histone H3 (AcH3)-lys 9 or total histone H3. Immunoblots were quantified by
densitometry and AcH3-lys9 was normalized to total H3 in each and plotted as a percent

of control. n=3, *P<0.05 relative to untreated hepatocytes.

71



PhD Thesis — A.J. Bowes

McMaster- Biochemistry and Biomedical Sciences

700
o
£ 600
O
(®)
2 500
o
T 400
o
S 30
(@)]
2
. 200 -
T
) i
g 100
0

|

Untreated TSA 50 uM
VPA

72



PhD Thesis — A.J. Bowes McMaster- Biochemistry and Biomedical Sciences

4.3.3 Effect of valproic acid and valproic acid derivatives on GSK-3

Several groups have suggested that the therapeutic effect of VPA requires its
ability to inhibit GSK-3 activity. However, it is unclear if GSK-3 is a target of VPA or a
target of enzymes upstream of GSK-3 that are modulated by VPA (Chen et al. 1999a;
Eldar-Finkelman 2002; Gould et al. 2004). There are reports suggesting that VPA may
inhibit GSK-3 through an indirect mechanism that is yet unknown as in vitro kinase
assays failed to show VPA inhibiting GSK-3 at its therapeutic range (Hall et al. 2002).
There is also a report suggesting that GSK-3 is unaffected by VPA in neurons (Williams
et al. 2002).

In order to clearly determine if GSK-3 is a direct target of VPA, an in vitro cell-
free kinase assay was utilized. Addition of lithium, a widely used inhibitor of GSK-3,
showed dose-dependent inhibition of both a and P isoforms of recombinant GSK-3
(recGSK-3) (Figure 14. A). Using this assay system, VPA inhibited recGSK-3 in the
absence of other enzymes capable of phosphorylating GSK-3, proving that VPA can
directly inhibit GSK-3 (Figure 14. B). It also appears that VPA is more potent toward the
B isoform than the a isoform. The effect of VPA on intracellular GSK-3 was examined
by treating HepG2 cells with 0.5 mM VPA for 2-6 hours and purifying GKS-3a and § by
immunoprecipitation using appropriate antibodies. Results of the kinase assay indicate
that VPA can inhibit intracellular GSK-3 as well. However, VPA appears to be a more
potent inhibitor in cellular systems when comparing its effect towards recGSK-3 at the
same concentration (Figure 14. B and C). This potentially indicates that VPA may also

be acting on proteins upstream of GSK-3 that modify GSK-3 through phosphorylation.
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Figure 14. Valproic acid inhibits GSK-3a and f in both cell-free and cell culture

systems.

Recombinant GSK3a and P activity in the presence of A) 0-50 mM lithium chloride (Li)
or B) 0-5 mM valproic acid (VPA). The enzyme activity was determined in vitro by
assaying the ability of the recombinant kinase to phosphorylate a synthetic substrate (p-
GS2) at 30°C for 30 minutes. Quantitative values were converted to a percentage of
recombinant GSK3a or f§ activity in the absence of inhibitor. C) GSK3a and f activity
immunoprecipitated from HepG2 cells treated with 0.5 mM VPA for 2-6 hours.
Quantitative values were converted to a percentage of recombinant GSK3a or B activity +

standard deviation in the absence of VPA. n=3, *P<0.05.
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5 INTRODUCTION - PART 11

5.1 GLYCOGEN SYNTHASE KINASE-3

5.1.1 GSK-3isoforms and substrates

GSK-3 is a serine/threonine kinase expressed in all eukaryotic cells. It is
expressed as two mammalian isoforms, GSK-3a and GSK-3$ with molecular weights of
51 and 47 kDa respectively, that are each encoded by a distinct gene (Al et al. 2001;
Doble and Woodgett, 2003). GSK-3a has a glycine-rich domain at the N-terminus,
which is responsible for the size difference, but both isoforms share a high degree of
identity (nearly 98%) within their kinase domain (Doble and Woodgett, 2003; Jope and
Johnson. 2004). Both isoforms have similar biochemical and substrate binding properties
with very few exceptions. Substrates proposed to be specific for each of the isoforms
include NF-xB, (GSK-3f3) which regulates inflammatory pathways, and amyloid
precursor protein (GSK-3a) which is linked to Alzheimer’s disease (Hoeflich et al. 2000;
Phiel et al. 2003). Proteins that are substrates for both isoforms include GS, caspase-3, B-
catenin, microtubule associated protein Tau, and cubitus interruptus, among others
involved in transcription, translation, intracellular vesicular transport, cell cycle
progression, and circadian rhythm regulation (Jope and Johnson. 2004; Grimes and Jope.
2001). The broad regulatory influence of GSK-3 suggests that its activity must be

carefully regulated by mechanisms customized for each substrate. GSK-3 has a peculiar
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preference for primed substrates. Pre-phosphorylation at a serine or threonine residue
located four residues towards the carboxy terminus of the site of GSK-3 phosphorylation
increases its binding and activity by more than a thousand fold. This provides further
control of GSK-3 substrate phosphorylation through priming kinases (Jope and Johnson.

2004).

5.1.2 Regulation of GSK-3

Unlike many signal transduction kinases, GSK-3 is constitutively active in resting
cells. Its activity can be regulated by mitogens and growth factors including insulin,
insulin-like growth factor-1, and epidermal growth factor, as well as conditions of cellular
stress including heat shock, oxidative stress, and ER stress (Kockeritz et al. 2006; Jope et
al. 2007). As outlined in section 1.2.2, insulin activates the PI3K and PKB/Akt pathway
to inactivate GSK-3a/B by phosphorylation at Ser21/9. In contrast, phosphorylation at
Tyr279/216 has been shown to increase the activity of GSK-3o/pB (Jope and Johnson.

2004; Cohen and Frame. 2001).

Access of GSK-3 to its substrates can also be regulated by intracellular
localization. GSK-3 has been found in the cytosol, nucleus, and mitochondria (Jope and
Johnson. 2004; Bijur and Jope. 2001). Increased nuclear GSK-3 has been linked to the
stimulation of apoptosis which may be due to increased access to various transcription
factors (Meares and Jope. 2007). Another important mechanism in regulating GSK-3
activity is through association with protein complexes. The regulation and
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phosphorylation of $-catenin are dependent on a multi-protein Wnt signalling complex
composed of Adenomatous polyposis coli (APC), Axin, and GSK-3 (Cohen and Frame.
2001). Regulation of GSK-3 through phosphorylation, cellular localization, and
interaction with neighbouring proteins may allow individually tailored control of GSK-3
towards different substrates without affecting the diverse array of other cellular functions

regulated by GSK-3 (Jope and Johnson. 2004).
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5.1.3 GSK-3: a multi-tasking kinase

Dysregulation of GSK-3 has been associated with numerous pathological
conditions, such as T1DM, T2DM, muscle hypertrophy, cancer, bipolar disorder,
schizophrenia, and Alzheimer’s disease (Song et al. 2002; Brownlee. 2001; Pilcher.
2003). As aresult, GSK-3 has become a popular drug target. Due to the complexity of
GSK-3’s involvement in various cellular functions, complete inhibition of GSK-3 would
likely have detrimental effects on the entire cell and perhaps to the body. An ideal GSK-
3 inhibitor would therefore specifically inhibit the subset of GSK-3 involved in a

particular pathway of interest. To date no such specific inhibitors have been identified.

GSK-3 was first identified as one of many enzymes capable of phosphorylating
GS, the enzyme involved in the last step of glycogen synthesis (Embi et al. 1980).
Constitutively active GSK-3 inhibits GS in resting cells, and insulin signalling alleviates
this inhibition. Since its original discovery, numerous other essential cellular functions
were found to be regulated by GSK-3. Some of the other metabolic enzymes that are
substrates of GSK-3 include IRS-1, e[F2B, and pyruvate dehydrogenase (Eldar-
Finkelman and Krebs. 1997; Hoshi et al. 1996; Grimes and Jope. 2001). Phosphorylation
of structural proteins Tau and Amyloid-f§ by GSK-3 is thought to contribute to
neurofibrillary tangles and senile plaque formation in relation to Alzheimer’s disease
(Martinez and Perez 2008). GSK-3 is also involved in regulation of apoptosis through
activation of Caspase-3 and destabilization of p53 in neuronal cells and mouse embryonic

fibroblasts (Song et al. 2002; Qu et al. 2004). Regulation of nuclear factor of activated T-
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cells (NFAT) by GSK-3 can alter axonal growth and vertebrate development while
activation of NF-xB is compulsory for embryonic hepatic development, activation of pro-
inflammatory responses, and maintenance of leukaemic cell growth (Grimes and Jope.
2001; Hoeflich et al 2000; Holmes et al. 2008). Recently, much interest has been drawn
to GSK-3 for its role in hematopoietic stem cell repopulation by regulating the Wnt,

Hedgehog, and Notch pathways (Trowbridge et al. 2006; Doble et al. 2007).

Its multiple roles in metabolism and growth, and involvement in several
pathologic conditions have drawn a great deal of interest to GSK-3 (Cohen and Frame.
2001; Frame and Cohen, 2001). There is ongoing research to characterize this enzyme

and elucidate its relevance as a therapeutic target.
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Figure 15. Effect of GSK-3 on inflammatory and apoptotic pathways.

Glycogen synthase kinase (GSK)-3 can stimulate inflammatory responses through the
activation of Nuclear factor-xB (NF-xB), which induces transcription of pro-
inflammatory molecules, including tumour necrosis factor (TNF)-a, Interleukin (IL)-1p,
and IL-12. GSK-3 also inhibits cAMP response element binding protein (CREB), leading
to decreased production of anti-inflammatory molecule IL-10. GSK-3 can regulate

apoptosis by inducing caspase-3 and -9 activation, and through destabilization of p53.
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5.1.4 GSK-3 and Diabetes Mellitus

The inability of cells to properly respond to insulin may result from increased
GSK-3 activity which can lead to inhibition of GS even when plasma glucose levels are
high (Eldar-Finkelman et al. 1999). Diabetic mice display decreased inhibitory
phosphorylation at Ser21/9 of GSK-3/f, resulting in hyper-stimulation of the enzyme
(Lajoie et al. 2004; Laviola et al. 2001). Elevated expression and activity levels of GSK-
3 have been reported in human muscle and mouse 3-cells under hyperglycemic conditions
(Liu et al. 2008; Nikoulina et al. 2000; Eldar-Finkelman et al. 1999; Ciaraldi et al. 2006).
Direct involvement of GSK-3 in diabetes associated cellular dysfunction has been shown
through a study demonstrating that GSK-3 inhibitors can lower blood glucose levels by
stimulating glycogen synthesis in skeletal muscles (Nikoulina et al. 2002). These
findings support the relevance of GSK-3 in insulin signalling and suggest that controlled

inhibition of GSK-3 may improve cellular and molecular defects in diabetic individuals.
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6 RATIONALE, HYPOTHESIS, AND OBJECTIVES OF THE STUDY-PART II

6.1 RATIONALE

In the previous study, I demonstrated that VPA protects cultured cells from
glucosamine-induced unesterified cholesterol accumulation and NF-kB activation
(Figures 6 and 7). The protective effect of VPA is also extended to an in vivo model of
atherosclerosis of which dietary VPA supplementation significantly reduced hepatic
steatosis and atherosclerotic lesion development in aortic root in hyperglycemic ApoE”
mice (Figures 10 and 11). There are several intracellular pathways through which VPA
may act to exert an anti-atherogenic effect. Exposure to VPA has been shown to induce
the expression of chaperones such as HSP70, GRP78/BiP, HSP47, PDI, and calreticulin
in rat neurons and HepG?2 cells (Kim et al. 2005; Wang et al. 1999). However, no
significant increase in ER chaperones was detected in HepG2 and primary mouse
hepatocytes after 18 hours of treatment, which is the time point when the reduction of
glucosamine-induced unesterified cholesterol accumulation and NF-xB activation were
observed. Another potential mechanism by which VPA may affect atherogenesis is by
regulation of gene expression patterns through the inhibition of HDACs (Phiel et al. 2001;
Gottlicher et al. 2001). HDAC inhibitors have been shown to inhibit vascular SMC
proliferation but actually exacerbate atherosclerosis in a LDL receptor-deficient mouse

model (Okamoto et al. 2006; Choi et al. 2005).
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There are several reports that therapeutic efficacy of VPA may lie in its ability to
inhibit GSK-3 (Chen et al. 1999a; Gould et al. 2004; Eldar-Finkelman. 2002). The
involvement of GSK-3 in the activation of inflammatory pathways and apoptosis has been
suggested by various groups (Hoeflich et al. 2000; Song et al. 2002; Brewster et al. 2006;
Bijur and Jope. 2001). There have been many studies conducted to elucidate the role of
GSK-3 in relation to Diabetes, Alzheimer’s disease, and bipolar disorder, however not
much is known about its role in atherogenesis. Therefore, we carried out experiments to
determine if GSK-3 is an in vivo target of VPA. We further investigated the involvement
of GSK-3 in hyperglycemia-induced accelerated atherogenesis using a library of

compounds based on the structure of VPA and GSK-3knock-out cell lines.

6.2 HYPOTHESIS

VPA reduces hyperglycemia/glucosamine-associated lipid accumulation and

atherosclerosis by inhibition of GSK-3 activity.

6.3 OBJECTIVES

6.3.1 Overall objective
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To characterize the role of GSK-3a and B in diabetic atherogenesis using a variety
of GSK-3 inhibitors in cultured cells and a mouse model of hyperglycemia-accelerated

atherosclerosis.

6.3.2 Specific objectives

1. To identify VPA derivatives with the ability to reduce glucosamine-induced lipid

accumulation in vitro

2. To determine the involvement of GSK-3 in glucosamine-induced lipid

accumulation using GSK-3 deficient MEFs

3. To determine the effect of VPA supplementation on hepatic GSK-3 in vivo

4. To determine the effect of dietary supplementation with a more potent GSK-3
inhibitor, EBA, on atherosclerosis and hepatic steatosis in hyperglycemic ApoE”

mice
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7 EXPERIMENTAL PROCEDURES

71  MATERIALS

VPA derivative compounds were synthesized and provided by Dr. Fred Capretta
(McMaster University, Hamilton, ON). VPA, glucose, mannitol, glucosamine,
tunicamycin, A23187, and filipin were purchased from Sigma (Oakville, ON). GSK-3
inhibitor II, 3-(3-carboxy-4-chloroanilino)-4-(3-nitrophenyl) maleimide, was purchased
from CalBiochem (La Jolla, CA) and SB415286 was purchased from Sigma. The anti-
KDEL monoclonal antibody (SPA-827), which recognizes GRP78/BiP was purchased
from StressGen Biotechnologies (Victoria, BC). Monoclonal antibodies recognizing total
GSK-3 were purchased from Upstate (Charlottesville, VA). Anti-p actin (AC-15)

antibodies were purchased from Sigma.

7.2  CELL LINES AND CULTURE CONDITIONS

7.2.1 Human Hepatocarcinoma cells

HepG2 were obtained from American Type Culture Collection (ATCC; Rockville,
MD) and cultured in Dulbecco’s Modified Eagle’s Medium (Life Technologies,
Burlington, ON) containing 10% FBS (HyClone, Logan, UT). Cells were maintained ina

humidified incubator at 37°C with 5% CO,.

7.2.2 Primary Mouse Hepatocytes
One to twelve days old mice were anaesthetized with CO, prior to cervical

dislocation and immersed in 70% ethanol for 5 minutes in a biological hood. The liver
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was exposed and 500 mg of the tissue was removed using autoclaved scissors and
forceps. The tissue was washed twice in Hank’s solution (Hank’s balanced salt solution
with penicillin and streptomycin). The tissue was diced into small pieces and washed
three times with Hank’s solution. 1 ml of 1x trypsin was added and the mixture was
incubated in a water bath for 30 minutes at 37°C. The supernatant was removed and 5 mi
of DMEM with 10% FBS was added. The trypsinized liver tissue was pipeted up and
down ten times and let stand for 10 minutes. The cell suspension was collected and

plated onto a dish to grow in a humidified incubator at 37°C with 5% CO,.

7.2.3 Mouse Embryonic Fibroblasts

Wild type, GSK-3a", and GSK-3B" MEFs were generous gifts from Dr. B.
Doble and Dr. J. Woodgett (McMaster University and University of Toronto, ON). The
cells were cultured in DMEM (Life Technologies, Burlington, ON) containing 10% FBS

and maintained in a humidified incubator at 37°C with 5% CO,.

7.3 IMMUNOBLOT ANALYSIS

Total protein lysates (40 pg) from cultured cells were solubilized in SDS-PAGE
sample buffer (50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 0.01% bromophenol blue
and 50 mM dithiothreitol) and separated on SDS-polyacrylamide gels under reducing
conditions. Proteins were transferred to nitroceilulose membranes (Bio-Rad) using a wet
transfer apparatus (Bio-Rad). Membranes were blocked overnight with 5% non-fat milk
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in 1X TBST (50 mM Tris; pH 7.5, 120 mM NaCl, 0.02% Tween20). After incubation
with the appropriate primary and HRP-conjugated secondary antibodies (Life
Technologies, Burlington, ON), the membranes were developed using the Immobilon
Western chemiluminescent HRP substrate (Millipore, Billerica, MA) and Kodak X-
OMAT Blue XB-1 film (Perkin-Elmer). Protein levels were normalized using an anti--

actin immunoblot on the same nitrocellulose membrane.

74  GSK-3 KINASE ASSAY

15 uM synthetic GSK-3 substrate (phospho-Glycogen Synthase Peptide-2) and 0.5
uCi/uL [y**P] ATP were added to recombinant GSK-30/f in a reaction mixture
containing, 20 mM MOPS (pH7.4), 50 uM EDTA, 2.5 mM Mg acetate, 5 mM MgCl,, 5
mM B-glycerol phosphate, 1 mM EGTA, 0.25 mM Na3VOy, 0.25 mM DTT, and 35 uM
ATP in a total volume of 40 pL.. 4 mM VPA derivatives or 2 pL. of DMSO were added to
GSK-3 before the substrate and ATP were added. GSK-3 with 20 mM Li (a GSK-3
inhibitor) and 20 uM of SB415286 (a synthetic GSK-3 inhibitor) were used as positive
controls. The samples were placed on ice immediately following a 30 min incubation at
30°C. 30 pL sample was spotted onto Whatman P81 phosphocellulose paper, washed 3X
with 0.75% o-phosphoric acid and once with acetone. Scintillation counting was used to

determine **P incorporation on to the substrate.
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7.5  UNESTERIFIED CHOLESTEROL STAINING

The accumulation of unesterified cholesterol was determined by filipin staining
(Kruth, 1984). MEFs, grown on cover slips, were treated with 4 mM VPA or 200 nM
GSK-3 inhibitor II for 1 hour and challenged with glucosamine (5 mM) for an additional
18 hours. Cells were washed three times with Medium 1 (150 mM NaCl, 5 mM KCl, 1
mM CaCl,, 20 mM HEPES pH 7.4, 2 g/l glucose), fixed with 4% paraformaldehyde for
20 minutes at room temperature and then incubated for 2 hours with 50 pg/ml filipin in
Medium 1 at room temperature. Cells were washed three times with Medium 1 and then
filipin bound unesterified cholesterol complexes were visualized by fluorescence
microscopy with excitation at 335-385 nm (emission at 420 nm). The accumulation of
unesterified cholesterol in primary mouse hepatocytes was quantified using Sigma Scan.
The intensity threshold was set up at a range of 234-249 for measuring all intensities in
the fluorescence pictures taken. The average intensity per cell surface area was plotted

for each treatment group.

7.6  ANALYSIS OF UNESTERIFIED CHOLESTEROL STAINING USING

FLUORESCENCE-ACTIVATED CELL SORTING (FACS)

MEFs were grown on 100 mm diameter culture dishes to 50% confluency and
treated with drugs as described above. The cells were washed three times with Medium

1, fixed in 4% paraformaldehyde at room temperature for 20 minutes, and incubated with

50 pg/ml filipin for 2 hours at room temperature. Cells were washed with PBS,
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trypsinized, and stored in PBS containing 1% FBS. Filipin fluorescence was measured
using a FACS VantageSE™ instrument with 350-70 nm UV laser and emission detection

at 420-460 nm. Data were analyzed using FlowJo software (Treestar).

7.7  RNA ISOLATION AND QUANTITATIVE REVERSE TRANSCRIPTASE-

POLYMERASE CHAIN REACTION (qRT-PCR)

Total RNA was extracted from MEFs using commercially available TRIzol®
Reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. The
concentration and purity of the RNA were determined by measuring the absorbance at 260
and 280 nm. cDNA was synthesized from 2 pg of total RNA using a commercially
available kit (High Capacity cDNA Reverse Transcription Kit, Applied Biosystems)
following the guidelines provided by the manufacturer. Real-Time PCR was conducted
at the following settings: one cycle at 95 °C for 10 min followed by 40 cycles at 95 °C for
1 min and at 60 °C for 1 min using a GeneAmp 7300 sequence detection system (Applied
Biosystems, Foster City, CA) and SYBR® GreenER qPCR SuperMix for ABI PRISM®
(Invitrogen, Carlsbad, CA). Template cDNAs were amplified using the following
primers: for SREBP-2, the forward primer was 5'-GCGTTCTGGAGACCATGGA-3'and
reverse was 5'-ACAAAGTTGCTCTGAAAACAAATCA-3', the amplicon size is 131 bp;
for 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG-CoAR), the forward primer was
5S-CTTGTGGAATGCCTTGTGATTG-3"and reverse was 5'-

AGCCGAAGCAGCACATGAT-3', the amplicon size is 76 bp; for 3-actin, the forward
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primer was 5'-GGCACCACACCTTCTACAATG-3'and the reverse was 5'-
GGGGTGTTGAAGGTCTCAAAC-3'; the amplicon size is 132 bp. The standard method
was used for the quantification of the mRNA expression in the livers using B-actin as a

normalization control gene.

7.8 MOUSE MODELS

Five week old female ApoE™ (B6.129P2-ApoE™!V™) mice were placed on a
defined chow diet (Harlan Teklad, TD92078) and randomly divided into two groups
(n=24/group). To induce hyperglycemia, one group was injected intraperitoneally with
multiple low doses of STZ (40 mg/kg) as previously described (Bowes et al. 2009). After
one week, one third of the mice in each group were switched to the control diet
supplemented with 625 mg/kg 2-ethylbutyric acid (TD07473) and another third to the
control diet supplemented with 312.5 mg/kg 2-ethylbutyric acid (TD07427). All mice had
unrestricted access to both food and water throughout the study. Mice were sacrificed at
15 weeks of age and blood and tissues were collected for further analysis. The above
experiment was repeated using control diet, 625 mg/kg VPA diet (TD02165), and 312.5
mg/kg 2-ethylbutyric acid (TD07427). The McMaster University Animal Research

Ethics Board approved all procedures.
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Figure 16. In vivo study design

Five week old female ApoE” (B6.129P2-ApoE™'V™) mice were placed on a defined
chow diet and randomly divided into three groups (n=18/group). To induce
hyperglycemia, one group was injected intraperitoneally with multiple low doses of
streptozotocin (STZ) (40 mg/kg) or the same volume of citrate buffer. After one week,
one third of the mice in each group were switched to A) the control diet supplemented
with 312.5 mg/kg 2-ethylbutyric acid (EBA) (TD07427) and another third to 625 mg/kg
EBA 2X EBA) (TD07473), or B) the control diet supplemented with 312.5 mg/kg EBA

(TD07427) and another third to 625 mg/kg VPA (TD02165).
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7.9 PLASMA ANALYSIS

Random and fasting (12 hours) whole blood glucose levels were measured using a
DEX glucometer (Bayer). Plasma glucose and lipid levels were determined in non-fasted
mice using the colorimetric diagnostic kits for total cholesterol, triglycerides and glucose
purchased from Thermal DMA Inc. Plasma VPA concentrations were determined using

an AXSYM system (Abbott Laboratories, Mississauga, ON).

7.10 SUDAN IV STAINING OF AORTAE

Descending aortac were collected and periadventitial tissue was removed. Clean
aortae were washed in 70% ethanol, stained with 0.5% Sudan IV for 15 minutes,
destained with 80% ethanol and rinsed with dH,O. After longitudinal dissection, stained
aortac were mounted en face and the images were visualized using a microscope
(Yokogawa CSU22 on an Olymus BX61WI base) and captured using a CCD colour video

camera (Sony).

7.11 AORTIC LESION ANALYSIS

After the mice were euthanized, hearts were flushed with 1X PBS and perfusion-

fixed with 10% neutral buffered formalin. After removal, hearts, including the aortic root

were cut transversely and embedded in paraffin. Serial sections (4 pm) of aortic root were
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collected on pre-coated glass slides for measurement of lesion size (hematoxylin and
eosin staining) or immunohistochemical staining (Paigen et al. 1987). The Vectastain
ABC System was used for immunohistochemical analysis. Sections were stained with
primary antibodies and visualized using appropriate biotinylated secondary antibodies
and Nova Red. Non-specific staining was controlled for using a similar section and pre-
immune IgG. Images were captured with a CCD color video camera (Sony) and analyzed

using Northern Exposure (Empix) and WCIF ImageJ software.

7.12 LIPID STAINING

Liver cryo-sections, 7 um thick, were collected on slides and fixed in Formal
calcium for 30 minutes. Neutral lipids were visualized in sections that were rinsed and
incubated in a saturated, filtered solution of Oil red O (Sigma) for 7 minutes. After rinsing
with H,O, nuclei were stained with hematoxylin for 10 seconds, and slides were mounted
in Crystalmount (Werstuck et al. 2001). Relative amounts of lipid staining were

quantified using Image J Software.

7.13 IMMUNOBLOT ANALYSIS OF MOUSE LIVER PROTEINS

Cytoplasmic proteins were isolated from mouse liver using a NE-PER Kit (Pierce,
Rockford, IL) and total protein lysates were prepared from mouse liver solubilized in

RIPA buffer. Equivalent amounts of total protein were separated on SDS-polyacrylamide
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gels and transferred to nitrocellulose membranes (BioRad, Hercules, CA), as described
previously (Kim et al. 2005, Werstuck et al. 2001). After incubation with the appropriate
primary and HRP-conjugated secondary antibodies, the membranes were developed using
the Immobilon Western chemiluminescent HRP substrate (Millipore, Billerica, MA).

Specific bands were quantified using ImageQuant (GE Healthcare).

7.14 GSK-3p KINASE ACTIVITY ASSAY

GSK-3p was immunoprecipitated from total protein lysates prepared from mouse
liver with antibodies directed against the B isoform (2 pg, BD Bioscience). 15 uM
synthetic GSK-3 substrate (phospho-Glycogen Synthase Peptide-2) and 0.5 pCi/uL. [v**P]
ATP were added to immunoprecipitated GSK-30/ in reaction mixture containing, 20
mM MOPS (pH7.4), 50 uM EDTA, 2.5 mM Mg acetate, 5 mM MgCl,, S mM B-glycerol
phosphate, 1 mM EGTA, 0.25 mM Na3VOy, 0.25 mM DTT, and 35 uM ATP in a total
volume of 40 ul.. The samples were placed on ice immediately following a 30min
incubation at 30°C. 30 pL sample was spotted onto Whatman P81 phosphocellulose
paper, washed 3X with 0.75% o-phosphoric acid and once with acetone. Scintillation

counting was used to determine **P incorporation on to the substrate.

7.15 STATISTICAL ANALYSIS
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Results are presented as the mean + standard deviation. ANOVA was used for
repeated measurements of the same variable, and Duncan’s multiple range t-test was used
to assess differences between experimental groups and controls. Probability values of

<0.05 were considered statistically significant.
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8 RESULTS

8.1 EFFECTS OF VALPROIC ACID DERIVATIVES
8.1.1 Screening valproic acid derivatives to identify novel GSK-3 inhibitors

In previous studies, I have demonstrated that VPA can protect HepG2 cells and
HASMC:s from glucosamine-induced lipid accumulation and NF-xB activation (Figures 6
and 7). I also observed that VPA can reduce hepatic steatosis and lesion development in
aortic root in hyperglycemic ApoE'/ “mice (Figures 10 and 11). In order to identify the
pathway(s) responsible for anti-atherogenic effect of VPA, the effect of VPA on ER
chaperone levels, HDAC activity, and GSK-3 activity was examined in vitro. We
narrowed down the potential target to GSK-3 based on our results showing VPA
inhibition of GSK-3 and other reports suggesting its involvement in apoptosis and
inflammation. To establish the role of GSK-3 in atherogenesis, a library of compounds
were synthesized based on the structure of VPA through collaboration with Dr. Alfredo
Capretta (McMaster University) (Figure 17).

Eleven VPA derivatives, along with established inhibitors of GSK-3 (LiCl and
SB415286), were tested for their ability to inhibit recGSK-3. 4 mM, the concentration at
which VPA showed approximately 50% inhibition of GSK-3f, was chosen for the initial
kinase assay. When the inhibition at 4 mM of a compound was greater than 75%, the
effect of reduced concentrations was also tested. The kinase assay showed several
compounds that were able to inhibit both isoforms to various degrees, such as C14 and

C15 (Figure 17). Several compounds with preferential inhibition towards the 3 isoform
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were discovered, including 4 mM of C3, C5, C9, C11, and 0.5 mM C15. 4 mM of C1,

C2, C6, C8, and C13 did not affect either GSK-3a or B (Figure 18).

A dose response curve was used to determine the potency of one of the novel
inhibitors of GSK-3. The most promising compound C15 is 2-ethylbutyric acid (EBA)
which differs from VPA by the absence of two methyl groups. EBA almost completely
inhibited both GSK-3 isoforms at 2.5 mM concentration and showed higher potency

towards the p isoform at 0.5 mM concentration (Figure 19).
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Figure 17. Valproic acid and valproic acid derivatives.

The structure of valproic acid (VPA) and VPA derivatives synthesized and purified in Dr.
Capretta’s laboratory (Werstuck et al. 2004). C12 is VPA and C15 is 2-ethylbutyric acid

(EBA).
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Figure 18. Effect of valproic acid derivatives on recombinant GSK-3.

Recombinant GSK3a and B activity in the presence of 4 mM VPA derivatives (C1-C15),
20 mM lithium chloride (Li) or 20 uM SB415286. The enzyme activity was determined
in vitro by assaying the ability of the recombinant kinase to phosphorylate a synthetic
substrate (p-GS2) at 30°C for 30 minutes. Quantitative values were converted to a

percentage of recombinant GSK3a or B activity in the absence of testing compound or

inhibitor. n=3, * P<0.05
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Figure 19. Dose response curve for inhibition of recombinant GSK-3a and B by 2-

ethylbutyric acid.

Recombinant GSK3a (A) and B (B) activity in the presence of 0-5 mM valproic acid
(VPA) or 2-ethylbutyric acid (EBA). The enzyme activity was determined in vitro by
assaying the ability of the recombinant kinase to phosphorylate a synthetic substrate (p-
GS2) at 30°C for 30 min. Quantitative values were converted to a percentage of

recombinant GSK3a or B activity in the absence of inhibitor. n=3, *P<0.05

107



PhD Thesis — A.J. Bowes McMaster- Biochemistry and Biomedical Sciences

>

GSK-3a

Activity (% of control)

[Inhibitor] mM

GSK-3p

B.
_120
3 —e—VPA
5100 &,
S 80 —8— EBA
S
°\° 60 ~
240 |
=
© 20 -
<

0 L I

0 2 4 6

[Inhibitor] mM

108




PhD Thesis — A.J. Bowes McMaster- Biochemistry and Biomedical Sciences

8.1.2 Testing valproic acid derivatives for their effect on glucosamine-induced lipid
accumulation

To determine the role of GSK-3 in glucosamine-induced lipid accumulation, the
novel GSK-3 inhibitors were tested for their ability to inhibit unesterified cholesterol
accumulation induced by glucosamine in primary mouse hepatocytes using filipin
staining. In comparison to untreated primary mouse hepatocytes, 30 mM glucose
treatment for 18 hours showed a modest increase in fluorescence while 10 mM
glucosamine treatment induced significantly higher fluorescence levels, indicating
accumulation of unesterified cholesterol in these cells (Figure 20. A and B). Pretreatfnent
with 1 and 4 mM VPA gave dose dependent protection against glucosamine-induced
unesterified cholesterol accumulation which is consistent with previous findings (Figure
20) (Kim et al. 2005). While C1 showed no significant effect, EBA, C3, C5, and C11
demonstrated various degrees of reduction in glucosamine-induced unesterified
cholesterol accumulation. The compounds that showed an ability to inhibit GSK-3a or
were also able to block glucosamine-induced unesterified cholesterol accumulation as
observed in VPA, C3, C5, C11, and C15 (EBA) (Figure 20). Consistently, C1, the
compound which had no inhibitory effect on GSK-3, did not reduce glucosamine-induced
lipid accumulation. This suggests that there is an association between the ability of a
compound to inhibit GSK-3 and the ability to decrease glucosamine-induced unesterified
cholesterol accumulation. EBA, the most potent inhibitor of GSK-3 among VPA
derivatives, was chosen to be tested for its efficacy in preventing hyperglycemia-induced

atherosclerosis in our in vivo mouse model.
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Figure 20. Effect of valproic acid derivatives on glucosamine-induced unesterified

cholesterol accumulation.

A) Primary mouse hepatocytes were pretreated with 0 or 4 mM of indicated compounds
for 1 hour and challenged with 0 or 10 mM glucosamine (GlcN) for an additional 18
hours. Cells were stained with filipin and fluorescence was examined by fluorescence
microscopy with excitation at 335-385 nm and emission at 420 nm. B) The fluorescence
was quantified using SigmaScan. **P<0.05 relative to control, *P<0.05 relative to GIcN

treatment. N > 4000 cells
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8.2 EFFECT OF GSK-3 DEFICIENCY ON GLUCOSAMINE-INDUCED LIPID

ACCUMULATION

8.2.1 Verification of GSK-3 deficiency in knock-out MEFs

Small molecule inhibitors are a valuable tool for testing the involvement of an
enzyme in cellular and physiological pathways. However, small molecule inhibitors
often affect other intracellular pathways, and thus, it is hard to interpret the results from
these experiments and to distinguish between different pathways that may be responsible
for the protective effect. One of the other ways to determine the involvement of a gene is
by using a knock-out (KO) cell line. Further analyses of the role of GSK-30/f in
glucosamine-induced lipid accumulation was performed using GSK-3a or B deficient

MEFs generated by Drs. Bradley Doble and Jim Woodgett.

Upon the receipt of the KO cell lines, I verified knock-out of specific genes using
an antibody against total GSK-3. Immunoblot analysis confirmed that GSK-3a KO cells
only contain the B isoform of GSK-3 and GSK-3f KO only contains the a isoform

(Figure 21).
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Figure 21. Verification of GSK-3a and B knock-out in mouse embryonic fibroblasts.
Immunoblot analysis of GSK-3a and P protein levels in wild-type (WT), GSK-3a” (™),
and GSK-3 B'/' (B'/ ) mouse embryonic fibroblasts (MEFs). MEFs were grown to 80%
confluency and harvested using 4X SDS loading buffer. 25 pg of total protein lysates

were resolved by SDS-PAGE, transferred to nitrocellulose membranes and

immunoblotted with antibodies against total GSK-3.
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8.2.2 GSK-3 deficiency reduces glucosamine-induced lipid accumulation in MEFs

I have established that elevated levels of glucosamine can promote unesterified
cholesterol accumulation in specific cell types including HepG2 cells (Figures 4 and 6)
(Kim et al. 2005). Next, the potential role of GSK-3 activity in this response was
determined using the GSK-3 deficient MEFs. Filipin staining of MEFs treated with
glucosamine was analyzed using FACS and fluorescence microscopy (Figure 22).
Results show that exposure to 5 mM glucosamine induces significant unesterified
cholesterol accumulation in wild-type MEFs but not in GSK-3a™" or GSK-3p" MEFs.
This effect appears to be specific to glucosamine treatment because the machinery for
unesterified cholesterol accumulation is functional in the GSK-3 deficient MEFs when
exposed to 3 beta-(2-diethylaminoethoxy) androst-5-en-17-one (U18666A), a chemical
that induces cholesterol biosynthesis by blocking intracellular trafficking of cholesterol
(Underwood et al. 1996) (Figure 23). These findings suggest that both the o and  GSK-

3 isoforms are required for glucosamine-induced unesterified cholesterol accumulation.
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Figure 22. Effect of GSK-3 deficiency on glucosamine-induced cholesterol

accumulation

Wild-type, GSK-3a™", and GSK-3p" MEFs were challenged with 0 or 5 mM
glucosamine (GlcN) for 18 hours. Cells were stained with filipin for 2 hours at room
temperature and fluorescence was examined by A) fluorescence activated cell sorting
(FACS) and B) fluorescence microscopy with excitation at 335-385 nm and emission at
420 nm. For FACS, >10,000 cells were analyzed from each treatment group using
excitation wavelengths of 350-370 nm and emission detection at 420-460 nm. The data

was analyzed using FlowJo software (Treestar).
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Figure 23. Effect of GSK-3 deficiency on U18666A-induced cholesterol

accumulation.

Wild-type, GSK-3a” and GSK-3p” MEFs were exposed to 2 pg/mL 3 beta-(2-
diethylaminoethoxy) androst-5-en-17-one (U18666A) for 18 hours. U18666A is a small
molecule inhibitor of intracellular cholesterol trafficking that induces endogenous
cholesterol biosynthesis and accumulation. Cells were stained with filipin and
fluorescence was examined by fluorescence activated cell sorting (FACS). >10,000 cells
were analyzed from each treatment group using an excitation wavelength at 350-370 nm
and emission detection at 420-460 nm. This result indicates that the cholesterol

biosynthesis pathway is functional in GSK-3 deficient MEFs.
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8.2.3 Inhibition of GSK-3 using small molecules reduces glucosamine-induced lipid

accumulation in wild-type MEFs

I have previously shown that VPA can inhibit both recombinant and intracellular
GSK-3a/pB activity (Figure 14). I have also shown that VPA and other GSK-3 inhibitors
attenuate glucosamine-associated unesterified cholesterol accumulation in cultured
HASMC and HepG?2 cells (Figure 20) (Kim et al. 2005; Bowes et al. 2009 supplementary
data). Here I examined the effect of VPA and a potent maleimide-based GSK-3 inhibitor
on glucosamine-induced cholesterol accumulation in wild-type MEFs. FACS analysis of
filipin stained wild-type MEFs indicates that glucosamine-induced unesterified
cholesterol accumulation is significantly lower in cells pretreated with VPA or GSK-3
Inhibitor II (Figure 24). This result is consistent with my previous findings suggesting
that GSK-3 activity plays a role in glucosamine-associated unesterified cholesterol

accumulation.
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Figure 24. Effect of GSK-3 inhibition on glucosamine-induced lipid accumulation.
Wild-type MEFs were challenged with 0 or 5 mM glucosamine (GIcN) in the presence of
4 mM valproic acid (VPA) or 200 uM GSK-3 inhibitor II. Cells were stained with filipin
and analyzed by A) FACS and B) fluorescence microscopy. For FACS, >10,000 cells
were analyzed from each treatment group using excitation wavelengths of 350-370 nm

and emission detection at 420-460 nm.
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8.3 EFFECT OF GSK-3 DEFICIENCY ON STEROL REGULATORY

ELEMENT BINDING PROTEIN TRANSCRIPTION LEVELS

I have shown that deficiency or inhibition of GSK-3a or B interferes with
glucosamine-induced unesterified cholesterol accumulation in MEFs using filipin
staining. In order to elucidate possible mechanism(s) by which GSK-3 is affecting
cholesterol metabolism in these cells, I examined the transcription levels of genes
regulating unesterified cholesterol levels in wild-type and GSK-3a/p KO MEFs using
real-time PCR. SREBP-2 precursor proteins are embedded in the ER membrane as a
protein complex with SCAP and Insig, which act as sensory proteins that monitor the
levels of cholesterol (Yang et al. 2002; Rawson 2003). When Insig senses low levels of
cholesterol, SREBP-2 is transported to the Golgi apparatus for proteolytic activation. The
active SREBP-2 translocates into the nucleus to initiate transcription of proteins involved
in cholesterol biosynthesis (Raghow et al. 2008). HMG CoA Reductase, one of the
enzymes transcribed by SREBP-2, is a rate-limiting enzyme in cholesterol synthesis and

is often used as an indication of increased biosynthesis of cholesterol (Rawson 2003).

Transcripts encoding SREBP-2 were doubled in wild-type MEFs when treated
with glucosamine but this elevation was not seen in either of the GSK-3 KO cells under
the same condition (Figure 25). There was a slight increase in the transcription levels of
HMG CoA Reductase with glucosamine treatment in wild-type cells but the levels were

not significantly different from untreated controls. These results indicate that GSK-3a
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and [ signal through SREBP-2 to increase unesterified cholesterol levels upon treatment

with glucosamine.
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Figure 25. Effects of glucosamine treatment on the cholesterol biosynthetic pathway.

Quantification of mRNA levels of sterol regulatory element binding protein (SREBP)-2
and 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG CoA R) using quantitative RT-
PCR in wild-type (WT), GSK-30 and GSK-3B"" MEFs treated with 5mM glucosamine
(GIcN) for 18 hours. Total RNA was extracted from the cells and real-time PCR was
conducted using SYBR GreenER (Applied Biosystems). f-actin mRNA levels were used

as an internal control. n=3
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84  EFFECTS OF VALPROIC ACID SUPPLEMENTATION ON GSK-3

ACTIVITY IN APOLIPOPROTEIN E-DEFICIENT MICE

8.4.1 Hyperglycemia increases hepatic GSK-3f activity and valproic acid

supplementation attenuates this effect in ApoE” mice

I have shown that GSK-3 is involved in glucosamine-associated lipid
accumulation in vitro using small molecule inhibitors and GSK-3 KO cells. Here, I
examined the effect of VPA supplementation on GSK-3 in a mouse model of
hyperglycemia-induced atherosclerosis. GSK-3p was immunoprecipitated from hepatic
protein lysates from normoglycemic and hyperglycemic mice to determine its kinase
activity as described in the results section. GSK-3f kinase activity was significantly
elevated in the liver of hyperglycemic mice fed control diet compared to normoglycemic
control mice (Figure 26). However, hepatic GSK-3f activities in hyperglycemic ApoE™”
mice fed VPA supplemented diet was similar to the levels found in normoglycemic mice
and significantly lower than hyperglycemic mice fed the control diet. This indicates that
oral supplementation of VPA can block the induction of GSK-3p activity by

hyperglycemic conditions in vivo.

130




PhD Thesis — A.J. Bowes McMaster- Biochemistry and Biomedical Sciences

Figure 26. Effect of valproic acid supplementation on hepatic GSK-3 activity.
GSK-3pB was immunoprecipitated from protein lysates prepared from the livers of
normoglycemic (NG) and hyperglycemic (HG) mice fed control or VPA supplemented
diet using a GSK-3f antibody. GSK-3 kinase activity was determined by measuring 2p
incorporation on to a synthetic substrate. n=3, * P<0.05 relative to non-supplemented

control. **P<(.05 relative to non-supplemented HG.
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8.5 EFFECTS OF 2-ETHYLBUTYRIC ACID SUPPLEMENTATION ON

APOLIPOPROTEIN E-DEFICIENT MICE
8.5.1 Effect of 2-ethylbutyric acid supplementation on metabolic parameters

Supported by my in vitro data showing that treatment with small molecule
inhibitors of GSK-3 prevents accumulation of lipid when cells are exposed to
glucosamine (Figure 20), we hypothesized that GSK-3 plays a role in the development of
hyperglycemia-accelerated atherosclerosis. This hypothesis was further strengthened by
our data on the effects of glucosamine in cells deficient in GSK-3a or 8 (Figure 22). In
previous studies, [ demonstrated that EBA, a novel, more potent and selective GSK-3
inhibitor, is effective in reducing glucosamine-induced unesterified cholesterol
accumulation in model cell types (Figure 19) (Werstuck et al. 2004; Shi et al. 2007). I
tested if supplementation with EBA slows the progression of atherosclerosis in diabetic
mice. | have identified non-toxic concentrations of EBA to use as a dietary supplement in
ApoE™ mice and have tested its effect on atherogenesis in vivo. We have first looked at
any differences in body weight, blood glucose, plasma total cholesterol and triglyceride

levels.

Hyperglycemia was induced in female ApoE” mice by multiple low dose
intraperitoneal injections (Werstuck et al. 2005, Kunjathoor et al. 1996). Two sets of
experiments were carried out to study the effects of EBA supplementation: 1) 0, 312.5
mg/kg, or 625 mg/kg EBA supplemented diet was given to both normo- and

hyperglycemic groups, 2) 0, 312.5 mg/kg EBA or 625 mg/kg VPA was given to both
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groups (Figure 16). Hyperglycemia and EBA supplementation had no significant effect
on the body weight of age-matched ApoE” mice in this study. There was a slight but
significant increase in non-fasted blood glucose levels of normoglycemic mice
supplemented with a higher dose (625mg/kg) of EBA compared to the group fed a regular
chow diet (15.4+1.2mM versus 13.5+1.4mM, P<0.05). In an attempt to minimize any
complication caused by an elevation of blood glucose levels seen in the group receiving
the higher dose of EBA, 312.5 mg/kg EBA was used for the parallel study with VPA
supplementation. All mice that received STZ injections had significantly higher non-
fasted blood glucose levels compared to the group receiving citrate buffer (24.2+5.8mM
versus 14.5+1.7mM, P<0.000001) whereas EBA supplementation did not significantly
change the blood glucose levels in either normo- or hyperglycemic groups (Figure 27. B).
Plasma total cholesterol levels were not influenced by EBA supplementation, but plasma
triglyceride levels were significantly increased by EBA supplementation in both normo-

and hyperglycemic mice (Figure 27. C and D).

134




PhD Thesis — A.J. Bowes McMaster- Biochemistry and Biomedical Sciences

Figure 27. Effects of 2-ethylbutyric acid supplementation on metabolic parameters

in ApoE"' mice.

ApoE'/ “mice (normoglycemic (NG) and hyperglycemic (HG)) were fed a control chow
diet or a chow diet supplemented with two doses of 2-ethylbutyric acid (+E1 or E2)
(312.5mg/kg or 625mg/kg) from 5 to 15 weeks of age. The mice were sacrificed at the
end of 15 weeks and their body weight was measured (A). The blood glucose levels (B)
were measured using a DEX glucometer (Bayer) at the time of sacrifice. Plasma lipid
levels were determined in non-fasted mice using the colorimetric diagnostic kits for total
cholesterol (C), and triglycerides (D) from Thermo DMA Inc. n=5-6, *P<0.05 versus

normoglycemic mice, **P<0.05 versus corresponding group fed a control diet.
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8.5.2 Effect of hyperglycemia and 2-ethylbutyric acid supplementation on lesion
development in the aorta at 15 weeks of age

The effect of hyperglycemia and supplementation of EBA on lesion development
in mouse aorta was determined using Sudan IV staining, a procedure used to visualize
neutral fat (Kim et al. 1976). Before staining the lesions present inside of the aortic wall,
all the visible adipose and connective tissues on the exterior of the aorta was removed
under a microscope.

No measurable lesion was found in any of the control or treatment groups at the
age of 15 weeks (Figure 28). This is consistent with previous reports regarding ApoE”
mice which do not acquire significant plaque development in the descending aortae until
the later age of 18-20 weeks (Hoen et al. 2003). Therefore, the effect EBA

supplementation may have on lesion development in the aorta was unable to be assessed.
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Figure 28. Effect of valproic acid and 2-ethylbutyric acid supplementation on lesions

in aortae of normo- and hyperglycemic mice.

Representative Sudan I'V-stained descending aortae of normoglycemic and hyperglycemic
mice fed control, valproic acid (VPA), and 2-ethylbutyric acid (EBA) supplemented diets.
Aortae were collected at 15 weeks and fixed in 10% neutral buffer formalin immediately.
Periadventitial tissue and fat was removed before staining with Sudan IV and the stained

aortae were mounted en face for the images to be taken.
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8.5.3 Effect of 2-ethylbutyric acid supplementation on hepatic steatosis in

hyperglycemic mice

In our earlier studies, VPA supplementation to hyperglycemic ApoE” mice
reduced hepatic steatosis, which correlated with decreased GSK-3 activity (Figures 10
and 27). Therefore, we examined the effect of EBA supplementation on hyperglycemia-
induced lipid accumulation in the liver. However, I observed inconsistent results
regarding Oil red O staining on frozen liver sections of some treatment groups including
the hyperglycemic group supplemented with EBA. In general, hyperglycemic mice fed
the control diet displayed more lipid staining compared to the normoglycemic mice as
previously reported (Figure 29) (Bowes et al. 2009). The EBA supplemented diet seemed
to increase lipid accumulation in normoglycemic mice compared to control mice fed non-
supplemented diet. EBA supplementation, however, showed reduced staining in the
hyperglycemic group (Figure 29). This may imply a beneficial effect of EBA
supplementation only when hyperglycemia is prevalent but not in the normal condition,
although this result needs to be interpreted with caution due to variation within each

treatment group.
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Figure 29. Effect of 2-ethylbutyric acid supplementation on hepatic steatosis
Representative sections of liver from control or hyperglycemic ApoE'/' mice fed control
diet, valproic acid (VPA), or 2-cthylbutyric acid (EBA) supplemented diet were stained
with Oil Red O. 7 um thick liver cryo-sections were collected on slides and fixed in
Formal calcium solution before incubation with Oil red O solution. After rinsing with
distilled water, nuclei were stained with hematoxylin, and slides were mounted using
Crystalmount. Images of several fields within the same treatment group were taken using

a light microscope.
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8.5.4 Effect of 2-ethylbutyric acid supplementation on lesion size at the aortic root
of hyperglycemic mice

Even though there is minimal plaque development in the descending arota, the
root of the aorta has significant development of atherosclerotic lesions at 15 weeks of age
in ApoE”" mice (Bowes et al. 2009). H&E staining was performed on paraffin embedded
aortic root sections to visualize the structure of this region. From each section, the size of
the lesion was measured and plotted against the distance from the aortic root where the
lesion first appeared. Increases in overall lesion size with a large degree of variation were
observed in normoglycemic mice fed EBA supplemented diet compared to
normoglycemic mice fed control diet (Figure 30). Even though this was not a desired
effect, it appears consistent with a slight increase in hepatic lipid levels and significantly
higher levels of plasma triglyceride levels seen in these mice (Figures 28 and 30). There
was a significant increase in lesion size in hyperglycemic mice compared to
normoglycemic mice, consistent with previous findings (Figures 11 and 31) (Bowes et al.
2009). However, neither 312.5 nor 625 mg/kg concentration of EBA supplementation
had any effect on lesion size in the aortic root. This may have occurred for several
reasons. First, oral supplementation of EBA may not be an efficient way to deliver the
drug into the circulation or to target organs. Secondly, if EBA has been delivered to the
target organs, it may have failed to inhibit GSK-3 in vivo. Thirdly, EBA may have been
rapidly metabolized to an ineffective form in the liver, or may have been excreted from
the mice before it could have had any effect on peripheral tissues. Hence, we examined

the activity of hepatic GSK-3f in the following experiment.
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Figure 30. Effect of 2-ethylbutyric acid supplementation on atherosclerotic plaque

area in hyperglycemic ApoE"' mice

Lesion areas were determined at the aortic root (0 um) and at 40 pm intervals in aortae
isolated from normoglycemic (NG) or hyperglycemic (HG) mice fed control diet or
control diet supplemented with a low dose of 2-ethylbutyric acid (EBA1) or a higher dose
EBA (EBA2). The mice were perfusion-fixed with 10% neutral buffered formalin and
hearts, including the aortic root, were cut transversely and embedded in paraffin. 4 pM
sections of aortic root were collected on pre-coated glass slides and hematoxylin and
eosin staining was performed. The lesion area (average + s.e.m.) was determined using
WCIF Imagel software and plotted against the distance across the aortic root. n=3-
6/group; *P<0.05, relative to control mice; * *P<0.05, relative to similar treatment group

in the absence of EBA supplementation.
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9 DISCUSSION

Atherosclerosis is a macro-vascular complication of DM, and accounts for the
majority of mortality in individuals diagnosed with DM (Haftner et al. 1998). There has
been a great deal of effort aimed at delineating the cellular and molecular mechanisms by
which hyperglycemia promotes CVD in order to develop an effective therapeutic

interventions.

Many basic and clinical research efforts have focused upon the role of oxidative
stress in hyperglycemia-associated accelerated atherosclerosis and CVD. However, the
therapies targeting oxidative stress have led to insignificant impact on improving
cardiovascular outcomes in clinical trials (Lonn et al. 2001; McQuillan et al. 2001; Lonn
et al. 2005; Thomson et al. 2007). This suggests that alternative mechanisms might play a

role in the progression of atherosclerosis.

Our lab has postulated a working model involving hyperglycemia-induced ER
stress in the activation of pro-atherogenic pathways. My thesis is focused on defining
some of the molecular mechanisms that are involved in this pathway. Specifically, i) the
mechanism by which VPA attenuates hyperglycemia-induced atherogenesis in cultured
cells and in an animal model, ii) the role of GSK-3 in hyperglycemia/glucosamine-
induced activation of pro-atherogenic pathways and iii) the role of GSK-3 in diabetes-

associated accelerated atherosclerosis.
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9.1  VALPROIC ACID ATTENUATES HYPERGLYCEMIA-INDUCED

ATHEROSCLEROSIS BY INHIBITING GSK-3

VPA has been used as an anticonvulsant and is also one of the primary drugs used
to treat bipolar disorder (Bowden et al. 1994; Penry and Dean 1989). VPA has been
shown to inhibit low-K"-induced apoptosis by acting on the PI3K/PKB pathway in
cerebellar granule cells (Mora et al. 1999). Neuroprotective properties of VPA have been
shown in an amyotrophic lateral sclerosis mouse model where it delays disease onset and
prolongs survival (Feng et al. 2008). Its effect on inflammation has been shown in

experimental autoimmune neuritis rats by suppressing the mRNA levels of IFN-y, TNF-a,

IL.-1B, and IL-6 (Zhang et al. 2008). The same report also showed that VPA suppressed
the accumulation of immune cells in sciatic nerves, including macrophages, T cells and B

cells (Zhang et al. 2008).

Our data indicate that VPA attenuates both hyperglycemia-induced accelerated
atherosclerosis and hepatic steatosis. VPA has been shown to initiate a variety of cellular
responses that may be responsible for these effects. . It has been reported that VPA and
other anti-convulsant drugs can stabilize neuronal growth cones by depleting intracellular
inositol concentrations (Williams et al. 2002). VPA also has been shown to regulate gene
expression by activating the AP-1 family of transcription factors and through the
inhibition of HDAC (Chen et al. 1999; Phiel et al. 2001). Immunoblot analysis in
cultured primary mouse hepatocytes showed that exposure to 1 mM VPA significantly

increased acetylation of histone 3, indicative of HDAC inhibition. However, 50 uM
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VPA, the plasma concentration typically observed in mice fed a VPA supplemented diet,
was unable to inhibit HDAC (Figure 13). This suggests that HDAC in VPA
supplemented hyperglycemic mice is also not inhibited. Nonetheless, it is still possible
that VPA has an effect in vivo since its intracellular concentration may be higher than in
the plasma of chronically-exposed mice. However, HDAC was not chosen to be further
examined in vivo taking into consideration the report that TSA, a potent inhibitor of
HDAC, resulted in intensifying atherosclerosis in LDL receptor-deficient mice rather than

protecting them from lesion development (Choi et al. 2005).

It has been demonstrated that GRP78/BiP protein and mRNA levels are increased
in rat brains injected with VPA and we have shown that VPA increases protein levels of
GRP78/BiP, GRP94, calreticulin, PDI, and HSP70 in cultured HepG2 cells (Figure 9)
(Wang et al. 1999; Bown et al. 2000; Kim et al. 2005). Chaperones are required during
the folding of nascent proteins in the ER and cytoplasm. The over-expression of specific
chaperones has been shown to protect against cellular injury and apoptotic signals
resulting from various cellular stresses (Reddy et al. 2003; Morris et al. 1997; Liu et al.
1998). There has been a suggestion that VPA induces ER chaperones by inducing ER
stress (Lee. 2001). However, the mechanism by which VPA induces expression levels of
GRP78/BiP and other chaperones seems to be independent of the UPR through the ER-
resident PKR-ER-related kinase (PERK)-dependent phosphorylation of elF2a. (Kim et al.
2005). Unlike other ER stress inducing agents, including tunicamycin and A23187 (an
ionophore), VPA treatment does not activate other arms of UPR such as

GADD153/CHOP or ATF4 (Kim et al. 2005). Also, there is rapid induction (4-8 hours)
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of ER chaperone levels by the UPR when the cells are exposed to tunicamycin,
glucosamine, or A23187. This is in contrast to the observation that prolonged incubation
with VPA for at least 48 hours is required to observe elevation of chaperone proteins
(Figure 9) (Kim et al. 2005). Therefore, it appears that VPA is able to induce cellular
chaperone levels without causing ER stress, which can enhance the cell’s ability to cope
with injury. However, the possibility that a reduction in glucosamine-induced lipid
accumulation and NF-«xB activation results from this increase in chaperones was
discounted due to the time discrepancies in observed effects. The reduction of lipid
accumulation and NF-xB activation in cultured cells occurred at the 18 hour point
whereas the chaperone levels were not increased in these cells until after 24 hours
(Figures 6, 7, and 9). Furthermore, normoglycemic mice which were fed a VPA
supplemented diet did not show elevation in GRP78/BiP, GRP 94, or HSP47 protein
levels as revealed by immunostaining of liver and aortic lesions compared to the
corresponding controls (Figure 9) (Bowes et al. 2009). Hyperglycemic mice, do show
indications of ER stress that are independent of diet (Werstuck et al. 2006; Bowes et al.

2009).

Previously, VPA has been reported to inhibit GSK-3a and B through direct and
indirect mechanisms (Chen et al. 1999; De Sarno et al. 2002). The essential role of GSK-
3P for the activation of NF-xB has been demonstrated by its genetic knock-out, resulting
in liver degeneration and embryonic lethality (Hoeflich et al. 2000). This is consistent
with findings that both VPA and lithium are teratogenic in humans (Klein and Melton

1996; Phiel et al. 2001). Direct inhibition of GSK-3a/p by VPA was clearly
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demonstrated using recombinant human GSK-3 in a cell-free system (Figure 14).
Interestingly, greater inhibition of both GSK-3a and § was observed in HepG?2 cells after
treatment with 0.5 mM VPA than with the same concentration used on recombinant GSK-
3 in the cell-free system (Figure 14). This may be an indication that VPA also influences
GSK-3 activation indirectly by inducing Ser21/9 phosphorylation through kinases
upstream of GSK-3. The observation that inhibition of GSK-3 was conserved after
immunoprecipitation also shed light on the potential mechanism by which VPA inhibits
GSK-3. During the immunoprecipitation protocol, weak interactions between GSK-3 and
any compounds or proteins should be disrupted. Therefore, the retention of GSK-3
inhibition after immunoprecipitation from VPA treated cultured cells suggests that VPA
binds tightly to GSK-3, and/or that intracellular VPA causes covalent modification(s) on
GSK-3 such as serine phosphorylation. In the case where the immunoprecipitated GSK-3
becomes serine phosphorylated, the percentage inhibition observed during the kinase
assay may have been an underestimation of the effect of VPA in cultured cells. Inhibitory
serine phosphorylation at Ser21/9 introduces a primed pseudosubstrate that binds to the
positively charged pocket of GSK-3, the catalytic domain where primed substrates
position themselves for the phosphorylation by GSK-3 (Frame et al. 2001). However,
when there is high concentration of primed substrates, the substrates can out-compete the
inhibition by pSer21/9 (Frame et al. 2001). This may have been the case in my assay
condition given that an excess amount of substrate p-GS was used. This implies that
VPA may indeed inhibit GSK-3 in cultured cells to a much greater extent than observed

in the kinase assay.
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Increased GSK-3p activity has been reported in adipose tissue from diet-induced
diabetic mouse model and in skeletal muscle from individuals with T2DM (Eldar-
Finkelman et al. 1999; Nikoulina et al. 2000). I have determined that hepatic GSK-3j3
activity in STZ-induced hyperglycemic ApoE” mice is more than twofold higher than in
normoglycemic controls (Figure 26). This increase also corresponds to an increase in
intracellular glucosamine levels shown by heavy glycosylation of p62 in hyperglycemic
mice (Figure 8). In support of our hypothesis that GSK-3 inhibition is responsible for the
anti-atherogenic effect of VPA, we observed that hyperglycemic ApoE'/' mice fed a VPA
supplemented diet had a significant reduction in hepatic GSK-3p activity (Figure 26).
This may be directly responsible for reduced hepatic steatosis in hyperglycemic mice fed
the VPA supplemented diet. However, it is still unclear if the vascular effect of VPA is
linked to decreased activity of hepatic GSK-3. It is possible that GSK-3 is affecting
plasma lipid metabolism and in turn, influencing atherosclerosis development, but it is

difficult to determine the causative role of hepatic GSK-3 at peripheral sites.

9.2  ROLE OF GSK-3 IN GLUCOSAMINE-INDUCED UNESTERIFIED

CHOLESTEROL ACCUMULATION

GSK-3, a multifunctional Ser/Thr kinase, was first identified as one of the
inhibitory kinases capable of phosphorylating glycogen synthase, the enzyme involved in
the last step of glycogen synthesis (Embi ef al. 1980). One of the effects of insulin is to

reduce blood glucose levels by initiating glycogen and protein synthesis. This involves
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the activation of the PI3K/PKB pathway, which attenuates GSK-3 activity (Ali et al.
2001; Cohen and Frame 2001; Cohen 2001). It has been observed that diabetic mice have
decreased inhibitory phosphorylation at Ser21/9 of GSK-30/B, causing over-stimulation
of the enzyme (Lajoie et al. 2004; Laviola et al. 2001). Moreover, it has been reported
that glucosamine treatment, as well as GFAT over-expression, increases GSK-3 activity,
resulting in reduced insulin-stimulated GS activity in rat-1 fibroblasts (Singh and Crook.

2000).

The mechanism by which enhanced flux of glucose into the hexosamine pathway
increases GSK-3 activity may involve several pathways, including the insulin signalling
pathway and the ER stress pathway. Firstly, glucosamine has been shown to inhibit
tyrosine-phosphorylation of IR and IRS1/2, causing the impaired ability of the PI3K/PKB
pathway to inhibit GSK-3 (D’ Alessandris et al. 2004). Inhibiting O-GlcNAc removal
from proteins with PUGNAc¢ (O-(2-acetamido-2-deoxy-d-glucopyranosylidene)amino-N-
phenylcarbamate), thus prolonging the effect of the hexosamine pathway, resulted in the
reduction in Thr308 phosphorylation of PKB and Ser9 phosphorylation of GSK-3
(Vosseller et al. 2002). These findings suggest that elevated levels of glucosamine and/or
O-GlcNAc modification of proteins can block insulin signalling and thereby attenuate the

inhibition of GSK-3.

Secondly, glucosamine can stimulate GSK-3 hyper-activity through the ER stress
pathway. Glucosamine was identified as an ER stress inducer more than 20 years ago,

however the ability of glucosamine to cause accumulation of misfolded or unfolded
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proteins in the ER has been widely overlooked in relation to insulin resistance and
diabetes (Lin et al. 1993). Although it has not been clearly shown, it is presumed that
glucosamine causes ER stress by altering glycosylation of nascent proteins (Lee. 2001).
Many secretory cells, such as pancreatic -cells, often undergo transient ER stress as the
demand for secretory proteins or membrane proteins increases (Hotamisligil and Erbay.
2008; Ron and Walter. 2007). Cells cope with a demand for rapid protein folding through
the UPR which involves a reduction of overall protein translation and an increase in
chaperone levels, to amplify folding capacity (Ron and Walter. 2007). However, when
the ability of a cell to relieve ER stress is compromised, the cell undergoes inflammation,
lipid accumulation, and eventually programmed cell death (Schroder and Kaufman.

2005).

Our lab has shown that accumulation of intracellular glucosamine is associated
with hyperglycemia, ER stress, and accelerated atherosclerosis by observing
colocalization of O-glycosylated proteins and phospho-PERK (an ER stress marker) in
the aortic lesion of STZ-induced ApoE'/ “mice (Werstuck et al. 2006). Previously, we and
others have demonstrated that GSK-3 mediates ER stress-induced apoptotic signalling
(Kim et al. 2005; Song et al. 2002; Pluquet et al. 2005; Brewster et al. 2006; Takadera et
al. 2007; Huang et al. 2009). Song et al. first demonstrated this by showing that when
GSK-3 was inhibited using lithium, the activation of caspase-3 by various ER stress-
inducing agents could be inhibited in neuronal cells. A stable pancreatic -cell line with
80% reduction in the expression level of GSK-33 was also found to resist ER stress-

induced apoptosis (Srinivasan et al. 2005). In addition, our group has shown that
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pretreatment with VPA blocks ER stress-induced caspase-3 activity in HepG2 cells (Kim
et al. 2005). These reports suggest that GSK-3 plays a role in mediating ER stress

associated cellular dysfunction.

Disruption of the ER homeostasis and activation of the UPR have been suggested
to play a significant role during the development and progression of atherosclerosis
(Marciniak and Ron. 2006). Independent cardiovascular risk factors including
hyperhomocysteinemia, cholesterol, obesity, and DM have been linked to the activation
of the UPR and increased markers for ER stress (Zhou et al. 2004; Li et al. 2004; Ozcan
et al. 2004; Werstuck et al. 2005; Bowes et al. 2009). Increased staining of KDEL, which
stains for the retention sequence abundant in ER chaperones, was observed in liver
sections of STZ-induced ApoE” mice (Figure 9). Elevated levels of ER chaperones in
these mice are likely due to the presence of ER stress, taking into consideration that
increased levels of phospho-PERK, a diagnostic marker of ER stress, were also observed
in aortic lesions of STZ-induced mice (Werstuck et al. 2006). In both control and STZ-
induced mice, VPA supplementation did not appreciably alter chaperone levels (Figure
9). This is consistent with our hypothesis that VPA reduces accelerated lesion
development by inhibiting GSK-3, a step subsequent to ER stress, and therefore has no

effect on the UPR (Song et al. 2002; Srinivasan et al. 2005; Kim et al. 2005).

Hepatic steatosis is a complication associated with DM in humans and a
characteristic of hyperglycemic rodent models (Ohno et al. 2000; Werstuck et al. 2006;
Cusi 2009). We proposed that glucosamine induces lipid accumulation by a pathway that

involves GSK-3 activation. This hypothesis is supported by the observation that GSK-3™"
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MEFs do not accumulate unesterified cholesterol when exposed to elevated levels of
glucosamine (Figure 22). The cholesterol biosynthetic pathway appeared to be functional
in GSK-3"" cells as revealed by an independent cholesterol up-regulator, U18666A, which
produced higher levels of unesterified cholesterol in these cells compared to the untreated
cells (Figure 23). These results suggest that a pathway involving GSK-3 is specific to

glucosamine treatment.

There are many enzymes involved in cholesterol biosynthesis, which contribute to
glucosamine-induced unesterified cholesterol accumulation, that could be affected by
GSK-3. Our group has shown previously that exposure of HepG2 cells to glucosamine
induces unesterified cholesterol accumulation by activation of SREBP-2, and that VPA
pretreatment reduces the formation of mature SREBP-2, the active form of this
transcription factor (Kim et al. 2005). The SREBPs are a family of transcription factors
that control cholesterol and lipid metabolism (Brown and Goldstein. 1999). Of the three
proteins in this family, SREBP-1a and SREBP-1c are involved in triglyceride and fatty
acid metabolism, and SREBP-2 is known to induce the expression of proteins involved in
cholesterol synthesis such as HMG CoA Reductase (Rawson 2003). When the WT and
GSK-3"7"MEFs were examined for the transcription levels of these genes, there was a
significant increase in SREBP-2 transcription levels in WT MEFs treated with
glucosamine but not in GSK-37 cells (Figure 25). A similar but non-statistically
significant trend was seen with HMG CoA Reductase. These results suggest that SREBP-
2 is involved in glucosamine-induced GSK-3 activation leading to unesterified cholesterol

accumulation.
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9.3 EFFECT OF A NOVEL INHIBITOR OF GSK-3 IN A HYPERGLYCEMIC

MOUSE MODEL OF ATHEROSCLEROSIS

EBA is a small branched fatty acid that is very similar in structure to VPA (Figure
17). EBA shares some characteristics that are similar to VPA but also possesses several
different cellular and physiological effects. Previously, EBA has been shown to exhibit
anticonvulsant activity without increasing the content of GABA in the mouse brain
(Keane et al. 1983). Recently, EBA has been demonstrated to possess an inositol-
depleting effect without exerting adverse effects on cell growth, making it less toxic than
VPA and a potential candidate for mood-stabilizing therapy (Azab et al. 2009). We have
also shown that EBA has no effect on HDAC inhibition unlike VPA (Shi et al. 2007).
When tested for its effect on ER chaperone levels and the UPR, EBA did not induce
GRP78/BiP, GRP94, or GADD153, suggesting that EBA does not alter the protein
folding capacity of the ER (Shi et al. 2007). Therefore, the ability of EBA to inhibit
GSK-3 at higher potency than VPA without affecting many other intracellular pathways
made it a great tool to assess the involvement of GSK-3 in hyperglycemia-induced

atherogenesis and to test its potential as a novel anti-atherogenic agent.

EBA supplementation, however, had no significant effect on overall aortic lesion
development and only a slight effect on hepatic steatosis in STZ-induced ApoE™ mice
(Figures 29 and 30). The underlying reason for the lack of an athero-protective effect in
vivo is currently not known although there are several possible explanations. First, the
bio-availability of dietary EBA may be insufficient. It is possible that EBA is not

efficiently absorbed in the gut. It is also possible that EBA is rapidly excreted or
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metabolized into an inactive compound. These hypotheses are consistent with the
observation that hepatic GSK-3 activity levels were not significantly affected in EBA-
supplemented mice. Plasma EBA concentrations could be tested using mass spectrometry

and high-performance liquid chromatography (HPLC) (Miwa and Yamamoto. 1990).

It appeared, however, that EBA also had some unforeseen effects on normoglycemic
mice. EBA did not alter plasma cholesterol levels in any of the test groups, but
significantly increased plasma triglyceride levels in control and STZ-induced ApoE™
mice (Figure 27). Although there was some variation between animals, many of the
control mice fed an EBA supplemented diet showed elevated hepatic lipid levels
compared to control mice fed normal chow diet (Figure 29). In addition, there was a
significant increase aortic lesion size of normoglycemic mice fed an EBA supplemented
diet. The significant increase in triglyceride levels may be due to prolonged
transcriptional activation by SREBP-1, a transcription factor regulating triglyceride and
fatty acid synthesis (Raghow et al. 2008; Rawson 2003). It has been shown that GSK-3
plays a direct role in the regulation of SREBP-1 (Figure 3). Specifically, GSK-3
phosphorylates multiple sites on SREBP-1 in response to DNA binding to initiate its
subsequent ubiquitination and proteosomal degradation (Punga et al. 2006; Bengoechea-
Alonso and Ericsson. 2009). This may be a control mechanism for the down-regulation
of SREBP-1 (Punga et al. 2006). Increased levels of plasma triglyceride and increased
atherosclerosis in normoglycemic mice may be a side effect of inhibiting a
multifunctional kinase using a potent inhibitor such as EBA, leading to uncontrolled

synthesis of triglyceride and fatty acids. Thus, by “over-inhibiting” GSK-3 the beneficial
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effect is over-whelmed by detrimental consequences of other pathways targeted by GSK-
3. If this is the case, it suggests that less potent inhibitors of GSK-3, like VPA, may be a
better candidate for anti-atherogenic therapy. This hypothesis could be directly tested by
monitoring hepatic GSK-3 and SREBP-1 activity in VPA and EBA fed ApoE” mice. In

addition, EBA may also be having effects on pathways that are independent of GSK-3.

94 THE OVERALL WORKING MODEL

Through the current thesis work I have identified that conditions of chronic
hyperglycemia associated with DM can accelerate the development and progression of
atherosclerosis by a novel mechanism involving glucosamine-induced cellular
dysfunction (Figure 31) (Werstuck et al. 2006; Bowes et al. 2009). Hyperglycemia
increases intracellular glucose levels in some cells including vascular smooth muscle cells
and endothelial cells. Elevated intracellular glucose enhances flux into the hexosamine
pathway, generating glucosamine. Increased glucosamine levels induce NF-kB activation
and unesterified cholesterol accumulation processes involved in progression of
atherosclerosis in cultured HASMC, HepG2 cells, and MEFs. Glucosamine-induced
cellular dysfunction can be blocked in vitro by inhibition of GSK-3 using small molecule
inhibitors such as VPA, or by knock-out of the gene. VPA also slows the progression of

hyperglycemia-induced accelerated atherosclerosis by inhibition of GSK-3.
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9.5  SIGNIFICANCE OF THIS WORK

The incidence of DM is increasing rapidly within Canada and is already on its
way to becoming a global epidemic (Ohinmaa et al. 2006; Hossain et al. 2007). With
cardiovascular complications being the major cause of morbidity and mortality among
individuals with DM, understanding how diabetes promotes atherosclerosis is critical in
developing strategies to prevent CVD. Identification and establishment of this novel
therapeutic target will promote a rational approach to prevent cardiovascular

complications in diabetic patients.
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Figure 31. Overall working model: development of atherosclerosis in diabetic

patients.

Both type I and type 1I diabetes are characterized by hyperglycaemia which increases
intracellular glucosamine levels in some cells including vascular smooth muscle cells and
endothelial cells. Elevated glucosamine promotes the increased activation of GSK-3, an
enzyme that regulates sterol responsive element binding protein (SREBP), and nuclear
factor-kB (NF-kB). SREBP activation leads to increased lipid synthesis and its uptake,
and NF-«xB is responsible for transcriptional activation of inﬂafnmatory pathways. We
hypothesize that GSK-3-induced lipid accumulation and inflammation plays a causative

role in accelerated atherosclerosis.
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9.6 FUTURE DIRECTIONS

Based on the findings of this project, the following future experiments would shed
light on the detailed mechanism(s) by which GSK-3 may activate glucosamine-induced
cellular dysfunction leading to atherogenesis in conditions of hyperglycemia.

A. Test the effect of glucosamine on insulin signalling pathway. Currently, very little
is known about which pathways are involved in glucosamine-induced GSK-3 activation.
One of the potential mechanisms may involve deactivation of the insulin signalling
pathway (D’Alessandris et al. 2004). First, an experiment testing tyrosine-
phosphorylation of IR, IRS1/2, and PKB/Akt after glucosamine treatment will provide
information regarding the involvement of this pathway. If there is an alteration in the
phosphorylation levels of these proteins, a follow-up experiment using mutated IR,
IRS1/2, or PKB/Akt that cannot be de-phosphorylated, can be used to examine the effect
of glucosamine on GSK-3 activation and insulin-stimulated glucose uptake.

B. Test the involvement of ER stress and PERK upstream of GSK-3. With the
finding that glucosamine is an ER stress inducer and that GSK-3 regulates ER stress-
induced apoptosis, it is necessary to examine the proteins involved in the UPR to
determine their involvement in glucosamine-induced GSK-3 activation (Lee. 2001; Song
et al. 2002; Baltzis et al. 2007). PERK has been shown to affect degradation of p53
during the early phase of ER stress through the activation of GSK-3 (Baltzis et al. 2007).
The involvement of PERK in the activation of GSK-3 can be determined by examining
the effect of glucosamine treatment on GSK-3 activity and accumulation of unesterified

cholesterol in PERK -deficient MEFs.
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C. Test the mRNA levels of SREBP-1 in mice fed EBA supplemented diet.
Observation that EBA supplemented diet increases atherogenesis in normoglycemic
ApoE'/ " mice but not in hyperglycemic ApoE'/ “mice suggests that various degrees of
GSK-3 inhibition in vivo may complicate the outcome of GSK-3 effects on lipid
metabolism. In order to verify the hypothesis that “over-inhibition” of GSK-3 is
responsible for elevated lesion development in normoglycemic mice fed EBA
supplemented diet, the transcription levels of SREBP-1 should be determined.

D. Test the activity of aortic GSK-3. Hepatic GSK-3p activity in hyperglycemic mice
has been shown to be elevated compared to normoglycemic mice, and VPA
supplementation normalized this effect. However, the role of hepatic GSK-3p in athero-
protective effect of VPA in aorta is not clear. A direct measurement of aortic GSK-3 will
determine the role of GSK-3 at the site of lesion development.

E. Generate a cross between ApoE™ and GSK-30" mice. Even though the use of
small inhibitors is an important tool to establish the role of GSK-3, there are many other
intracellular targets affected by the inhibitor that may contribute to the outcome as
discussed previously. Therefore, a genetic knock-out animal model can provide a more
direct answer. GSK-3a” mice are fully viable although GSK-3 B mice die due to liver
degeneration during the embryonic stage (MacAulay et al. 2007; Hoeflich et al. 2000).

Therefore, a cross between GSK-3a”" and ApoE™ mice will provide a valuable means to

evaluate the effect of GSK-3a in accelerated atherosclerosis.
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