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LAY ABSTRACT 

Atherosclerosis is a disease involving the build-up of fatty plaques in the arteries, 

making them hard and narrow. This is the main cause of cardiovascular diseases such as 

heart attacks and strokes. We believe that the proteins, GSK3α and/or GSK3β, are 

involved in promoting atherosclerosis. The goal of this study is to determine if we can 

treat atherosclerosis by blocking the actions of GSK3α/β. The results of this study show 

that inhibiting GSK3α and GSK3β together stops atherosclerosis from getting worse and 

may help reduce the risk of getting cardiovascular diseases. Inhibiting GSK3α alone helps 

decrease inflammation, a major driver of atherosclerosis. However, we still need to do 

more research to find out how or if GSK3β contributes to atherosclerosis. This 

information may be used to help develop drugs to treat atherosclerosis and reduce the 

chances of people dying from heart attacks or strokes.  
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ABSTRACT 

Atherosclerosis is a major underlying cause of cardiovascular disease; however, 

the molecular mechanisms by which cardiovascular risk factors promote the development 

of atherosclerosis are poorly understood. Recent evidence from our laboratory suggests 

that endoplasmic reticulum (ER) stress signaling through glycogen synthase kinase 

(GSK)-3α/β is involved in the activation of pro-atherosclerotic processes. The objective 

of this study was to examine the role of ER stress-GSK3α/β signaling on the progression 

and regression of atherosclerosis in a mouse model system.  

We first investigated the effects of attenuating ER stress or inhibiting GSK3α/β in 

a low density lipoprotein receptor deficient (Ldlr-/-) mouse model of atherosclerosis. Mice 

treated with the ER stress alleviator 4-phenylbutyric acid (4PBA) or the GSK3α/β 

inhibitor valproate (VPA) have significantly reduced lesion areas and volumes, indicating 

that these treatments attenuated the development of atherosclerosis. 

Next, we examined the effects of 4PBA or VPA treatment in Ldlr-/- mice with 

established lesions. These treatments inhibited the progression of atherosclerosis in 

established plaques, but we did not see any evidence of plaque regression. However, the 

plaques appear to be more stable and less prone to rupture.  

Lastly, to help determine the mechanism by which GSK3α/β is involved in 

atherosclerosis, cell culture experiments were performed to characterize GSK3α or 

GSK3β deficient macrophages. Bone marrow derived macrophages were obtained from 

Ldlr-/- mice with myeloid specific GSK3α or GSK3β deficiency, and were cultured in the 
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presence of the ER stress inducing agents thapsigargin (Tg) or tunicamycin (Tm). The 

absence of GSK3α attenuated M1 polarization, but did not significantly alter cell viability 

or the expression of genes involved in lipid biosynthesis and uptake. The deletion of 

GSK3β minimally affected apoptosis induced by Tg or Tm treatment. In contrast, the 

deletion of GSK3α and GSK3β significantly improved cell viability. 

 These data support the importance of ER stress-GSK3α/β signaling in 

atherogenesis. The pharmacological attenuation of ER stress or inhibition of GSK3α/β 

impedes the development of atherosclerosis in Ldlr-/- mice and appears to promote the 

stabilization of existing lesions. This may be due in part to a reduction in the pro-

inflammatory M1 phenotype associated with the inhibition of the GSK3α homolog.  
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Burdens of cardiovascular disease 

Cardiovascular diseases (CVDs) are a group of conditions involving the heart and 

blood vessels. They are the leading cause of mortality worldwide accounting for 

approximately 30% of all deaths (17.3 million deaths in 2008)1. This number is expected 

to increase to over 23.6 million deaths per year by 20301. In Canada, CVDs account for 

25.2% of deaths in 20132, 16.9% of all hospitalizations in 2005/063, and 87.6 million 

prescriptions were dispensed for CVD treatment in 20144. In 2000, CVDs contributed to 

an annual cost of $22.2 billion, with $7.6 billion in direct costs, to the Canadian 

economy3.  

There are many different risk factors that can be associated with CVDs. Some of 

these risk factors can be altered and/or treated, while other risk factors cannot be 

controlled. Modifiable risk factors include hypertension (high blood pressure, resting 

blood pressure >140/90 mmHg), dyslipidemia (total cholesterol >240 mg/dL, low-density 

lipoprotein (LDL) >160 mg/dL, and high density lipoprotein (HDL) < 40 mg/dL), 

physical inactivity, obesity (body mass index >30 kg/m2), diabetes mellitus (high blood 

glucose, fasting glucose level >140 mg/dL), and tobacco use5. Non-modifiable risk 

factors include advancing age, ethnic characteristics (African Americans, Hispanic, and 

non-Hispanic white are at higher risk), and family history. However, the underlying 

mechanism by which these cardiovascular risk factors promotes CVDs is poorly 

understood. 
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1.2 Atherosclerosis 

The major underlying cause of CVDs is atherosclerosis. Atherosclerosis is an 

inflammatory disease characterized by the accumulation of fatty plaques in the arterial 

wall. Atherosclerotic plaques, also known as lesions, initially accumulate in regions with 

turbulent, non-laminar blood flow, such as areas with bifurcations, branches, or inner 

curvatures6. At these sites, there is increased expression of endothelial cell surface 

proteins, including vascular cell adhesion molecule (VCAM)-1 and P-selectin, which 

mediate the migration of monocytes and T lymphocytes across the endothelium into the 

sub-endothelial intima layer (Figure 1.1)7,8. Once in the sub-endothelial space, 

monocytes differentiate into macrophages that endocytose LDL and modified-LDL 

particles. The lipid engorged macrophages, known as foam cells, make up the fatty streak 

which is the earliest type of lesion. Fatty streaks are benign but can mature into more 

advanced lesions. Macrophage foam cells and lymphocytes amplify the inflammatory 

response by secreting cytokines and growth factors, such as interferon (IFN)-γ, 

interleukin-1 (IL-1), and tumour necrosis factor (TNF)-α9,10. In addition, cytokines induce 

the migration of vascular smooth muscle cells (VSMCs) from the tunica media into the 

intima11. Advanced lesions are characterized by a lesion-stabilizing fibrous cap, 

containing VSMCs and VSMC-synthesized collagen, which covers the lipid core. As the 

lesion grows, foam cells continue to uptake lipids in the form of low density lipoprotein 

particles (LDL) and modified-LDLs. The accumulation of free cholesterol in the foam 

cells can ultimately initiate apoptosis. Apoptotic cells are typically cleared by 

macrophages through efferocytosis, preventing cellular necrosis and resolves 
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inflammation. However, efferocytosis is defective in advanced lesions, resulting in the 

formation of an acellular region within the lesion known as the necrotic core. Necrosis is 

a key feature of unstable plaques that are prone to rupture. Foam cells also release 

collagenases, such as matrix metalloproteinase (MMP)-1, -2, and -9, which disrupt the 

biomechanical stability of the fibrous cap12–14. The thinning of the fibrous cap destabilizes 

the lesion, making it susceptible to rupture. When the lesion ruptures, coagulation factors 

in the blood comes into contact with pro-coagulant factors, including tissue factor, in the 

necrotic core. This promotes platelet aggregation and atherothrombosis15. The thrombus 

formed may occlude the artery, resulting in cardiovascular complications such as 

myocardial ischemia or infarction. 

Atherosclerosis appears to progress in an identical manner, regardless of the 

cardiovascular risk factor that is associated with disease development. This observation 

suggests that there may be a unifying pathway which links these factors to the 

development of the disease. Reactive oxygen species (ROS), such as superoxide and 

hydrogen peroxide, have been implicated in all stages of atherosclerosis – from the start 

of fatty streaks to the progression of plaque instability and rupture16. Furthermore, the 

major risk factors of atherosclerosis, such as aging, diabetes, hypercholesterolemia, 

hypertension, and smoking, increase the production of ROS. A major source of ROS is 

the nicotinamide adenine dinucleotide phosphate oxidase (NOX)17. NOX regulates cell 

proliferation and migration, apoptosis, lipid oxidation, and angiogenesis18. A study 

conducted by Judkin et al. demonstrated that NOX2 deficiency resulted in significantly 

reduced atherosclerosis in the descending aorta in apolipoprotein E deficient (Apoe-/-) 
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mice19. Although NOX may be an attractive target for therapy, further research is needed 

to develop NOX inhibitors that are specific and appropriate for clinical trials20.  Since 

there appears to be a major role of ROS in the progression of the disease, oxidative stress 

may be a potential molecular mechanism which drives atherogenesis. Despite the 

evidence of a role of oxidative stress in the development and progression of 

atherosclerosis, large clinical studies using anti-oxidant therapies have failed to prevent 

atherosclerosis or improve cardiovascular outcome16,21. Therefore, there may be 

additional molecular pathways or mechanisms that work in parallel, or in combination 

with oxidative stress. A better understanding of atherogenic pathways and processes, 

together with the development of treatments and strategies to reverse atherosclerosis, is of 

importance to help alleviate the burdens of CVDs. 
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Figure 1.1. The progression of atherosclerosis. 

Atherosclerosis is triggered by endothelial injury, increasing cell permeability to 

LDL particles which are modified and retained in the intima. Endothelial dysfunction 

increases the expression of adhesion molecules to recruit monocytes to the vessel wall 

and transmigrate into the intimal layer. Monocytes differentiate into macrophages that 

take up the modified LDL particles and become foam cells. Activated macrophages 

express various pro-inflammatory cytokines and chemokines. Cytokines released from 

macrophages and foam cells stimulate the proliferation and migration of collagen 

secreting vascular smooth muscle cells (VSMCs) into the intimal layer above the lesion, 

forming a fibrous cap to help stabilize the plaque. The ineffective clearance of apoptotic 

foam cells and VSMCs (efferocytosis) leads to the formation of a necrotic core and 

accumulation of extracellular lipids, forming the necrotic core. Collagenases, including 

matrix metalloproteinases from foam cells, contribute to the thinning and destabilization 

of plaques. Lesion instability may result in rupture and thrombus formation, culminating 

in a possible cardiovascular event. 
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1.3 Endoplasmic reticulum stress and the unfolded protein response 

The endoplasmic reticulum (ER) is a eukaryotic organelle responsible for protein 

modification, protein folding, and protein trafficking. A disturbance in ER function can 

disrupt the homeostatic balance between folded and misfolded protein resulting in an 

accumulation of misfolded and unfolded proteins, a condition known as ER stress 

(Figure 1.2). In response to ER stress, the cell activates the unfolded protein response 

(UPR) to help alleviate ER stress and restore ER homeostasis22,23. The UPR can be 

divided into three signalling pathways, each initiated and regulated by an ER 

transmembrane signalling protein: protein kinase RNA-like ER kinase (PERK), inositol-

requiring enzyme-1 (IRE1), and activating transcription factor (ATF)-6.  

In unstressed conditions, the ER-resident protein chaperone, glucose-related 

protein (GRP)78, is bound to and inhibits the ER transmembrane proteins PERK, IRE1, 

and ATF622,23. During ER stress, GRP78 is recruited away from the transmembrane 

proteins, activating the three signaling cascades. In the PERK signalling pathway, the 

released PERK homodimerizes and undergoes trans-autophosphorylation. The 

phosphorylated PERK then phosphorylates and inactivates the translation factor, 

eukaryotic initiation factor 2α (eIF2α), resulting in translational inhibition of most 

proteins. Under these conditions, only specific mRNAs are translated, such as the 

transcription factor ATF4. ATF4 translocates to the nucleus and upregulates the 

expression of the pro-apoptotic factor C/EBP homologous protein (CHOP), as well as the 

phosphatase, growth arrest and DNA damage-inducible protein (GADD)-34. GADD34 

negatively feedback to dephosphorylate and activate eIF2α function24. In the IRE1 
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signalling pathway, the released IRE1 homodimerizes and undergoes trans-

autophosphorylation22,23. The phosphorylated IRE1 is an endoribonuclease which is 

involved in the alternative splicing of the X-box binding protein-1 (XBP1) mRNA. XBP1 

is a transcription factor which induces the expression of ER chaperones such as GRP78 

and GRP94, and the expression of genes involved in unfolded protein degradation, known 

as ER-associated protein degradation (ERAD). Lastly, for the ATF6 signalling pathway, 

the released ATF6 translocates to the Golgi, where it is cleaved by site 1 protease (S1P) 

and site 2 protease (S2P). The released N-terminal fragment is an active transcription 

factor which enhances ER chaperone expression such as GRP78. 

Together, these signalling pathways contribute to the adaptive response of the 

UPR, where the cell inhibits general protein synthesis, increases ER folding capacity by 

enhancing ER chaperone expression, and promotes the degradation of irreversibly 

misfolded proteins. If the ER stress persists, the UPR upregulates pro-apoptotic factors 

such as CHOP to mediate apoptosis to eliminate the cell25. Although these signalling 

pathways are presented as separate signalling pathways, there is potential crosstalk 

between the three UPR pathways, where signal transduction pathways are not 

independent of each other26. 
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Figure 1.2. The unfolded protein response.  

Upon endoplasmic reticulum (ER) stress, unfolded and misfolded proteins bind 

and sequester the ER chaperone 78 kDa glucose-regulated protein (GRP78), thereby 

activating the unfolded protein response (UPR). Signaling through the protein kinase R-

like endoplasmic reticulum kinase (PERK), inositol requiring enzyme (IRE)-1, and 

activating transcription factor (ATF)-6 pathways results in the inhibition of protein 

synthesis (translation), activation of components involved in the ER-associated protein 

degradation (ERAD) pathway, and increase protein folding capacity by upregulating the 

production of ER chaperones. The activated PERK phosphorylates and inactivates the 

translation factor, eukaryotic initiation factor 2α (eIF2α), resulting in reduced mRNA 

translation. Only certain mRNAs get translated, such as activating transcription factor 4 

(ATF4). ATF4 is a transcription factor which upregulates the expression of the 

phosphatase GADD34, which dephosphorylates and inhibits eIF2α creating a negative 

feedback loop. The activated IRE1 alternatively splices the transcript of X-box binding 

protein-1 (XBP1), producing an active transcription factor which induces the expression 

of ER chaperones and ERAD proteins. Activated ATF6 translocates to the Golgi, where it 

is cleaved by proteases site 1 protease (S1P) and site 2 protease (S2P). The resulting N-

terminal fragment is an active transcription factor which enhances various ER chaperone 

expression. If ER stress persists, cells undergo apoptosis through the activation of the pro-

apoptotic factor, C/EBP homologous protein (CHOP) in PERK signalling. 
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1.4 The role of endoplasmic reticulum stress in atherosclerosis 

There is evidence suggesting a causative role for ER stress in the pathology of 

several chronic diseases including atherogenesis27–30. ER stress has been shown to 

promote lipid accumulation by activating transcription factors which regulate cholesterol 

and triglyceride biosynthesis and uptake, known as sterol regulatory element-binding 

proteins (SREBPs).24-26 ER stress also activates nuclear factor (NF)-κB, a transcription 

factor responsible for the upregulation of inflammatory cytokines such as tumor necrosis 

factor (TNF)-α and IL-6.27-29 Further, ER stress has been shown to promote caspase 

activity, which induces apoptosis.30, 31 The dysregulation of lipid metabolism and lipid 

accumulation, increased inflammation, and apoptosis are hallmark features of 

atherosclerosis. However, the underlying molecular mechanisms by which ER stress 

activates these pro-atherogenic pathways are not well understood. 

1.5 Glycogen synthase kinase-3 

Glycogen synthase kinase (GSK3), a serine/threonine kinase, is involved in 

various cellular pathways and has also been linked to a number of other diseases 

including bipolar mood disorder31, diabetes32, and Alzheimer’s disease33. There are two 

forms of GSK3 in mammals: GSK3α (51 kDa) and  GSK3β (47 kDa); as well as the 

splice variant of GSK3β, GSK3β2, which contains a 13 residue insert in the kinase 

domain and is primarily localized to neuronal cell bodies34. The two main isoforms are 

98% homologous in the kinase domain and are expressed ubiquitously35. Nevertheless, 

the two isoforms appear to have both redundant and distinct functionality. For example, 

both isoforms appear to display similar roles in the phosphorylation of the transcriptional 
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regulator β-catenin36. On the other hand, GSK3β is significantly more efficient at 

phosphorylating phosphatase inhibitor 2, a regulatory subunit of the ATP-Mg-dependent 

protein phosphatase, compared to GSK3α37. Many potential common and specific 

substrates of GSK3α/β have been identified, and the list is still growing. The 

physiological significance of most of these substrates is unclear. 

1.6 Endoplasmic reticulum stress and glycogen synthase kinase-3 

Our lab and others have demonstrated that ER stress activates GSK3α/β 38–40. We 

have previously shown that GSK3α/β regulates the distal components of the PERK 

signalling pathway, rather than the adaptive components of the UPR40. The activation of 

GSK3α/β upregulate the transcription factors ATF4 and CHOP. Furthermore, GSK3α/β 

have been shown to regulate lipid uptake and biosynthesis, and the expression of 

inflammatory cytokines in macrophages. The inhibition of GSK3α/β attenuated the 

uptake of free and modified cholesterol, as well as the expression of genes involved in 

regulating lipid and cholesterol metabolism, such as fatty acid synthase (FAS), sterol 

regulatory element binding protein (SREBP)-1c, SREBP-2, 3-hydroxy-3-methylglutaryl-

coenzyme A (HMGCoA) reductase, and low-density lipoprotein receptor (Ldlr)40. 

GSK3α/β is involved in the production of several pro-inflammatory cytokines including 

IL-6, IL-1β, and tumor necrosis factor TNF-α through activating the transcriptional 

activity of nuclear factor NF-κB41. Moreover, inhibiting GSK3α/β reduced the expression 

of pro-inflammatory cytokines and augments anti-inflammatory cytokine production such 

as IL-10. These findings indicate a role of GSK3α/β in cell survival, and the formation of 
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foam cells, and the production of inflammatory cytokines. Moreover, GSK3α/β may 

represent a link between ER stress and the pro-atherosclerotic processes. 

1.7 Blocking the progression of atherosclerosis 

In vivo data have shown that the modulation of the ER stress-GSK3α/β pathway 

can impede atherogenic development. For example, Erbay and colleagues have shown 

that the mitigation of ER stress, using a chemical chaperone known as 4-phenylbutyrate 

(4PBA), is protective against atherosclerosis in Apoe-/- mice42. Our group has shown that 

atherosclerosis is attenuated in Apoe-/- treated with valproate (VPA), an anti-epileptic 

drug and a known GSK3α/β inhibitor43.  Whole body39 or myeloid GSK3α deficiency44 

protects against atherosclerosis in low density lipoprotein receptor deficient (Ldlr-/-) mice. 

Mice with myeloid GSK3β deficiency were not protected against atherosclerosis, which 

may suggest a greater role of GSK3α in macrophages in the development of 

atherosclerosis compared to the beta isoform44. Consistent with these findings, a 

pharmacoepidemiological study revealed that patients with epilepsy who were treated 

with VPA had a significantly lower risk of myocardial infarctions, a potential 

complication of atherosclerosis45. Together, these studies suggest that the ER stress-

GSK3α/β pathway is involved in atherosclerotic processes; intimating that ER stress and 

GSK3α/β may be potential therapeutic targets for anti-atherosclerotic therapies (Figure 

1.3). Nothing is known with regard to the potential role of this pathway in the regression 

of atherosclerosis. 
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Figure 1.3. Working model: The endoplasmic reticulum (ER) stress-glycogen 

synthase kinase (GSK)-3α/β signaling pathway in promoting atherosclerosis.  

Multiple cardiovascular risk factors, such as dyslipidemia, hypertension, and 

smoking, induce ER stress. In response to ER stress, the cell activates the adaptive 

components of the unfolded protein response (UPR) to attenuate translation, promote ER-

associated protein degradation (ERAD), and upregulate the expression of ER chaperones. 

Downstream of these adaptive mechanisms, protein kinase R-like endoplasmic reticulum 

kinase (PERK) signaling activates GSK3α/β through the phosphorylation (P) and 

activation of eukaryotic initiation factor 2α (eIF2α). Subsequently, GSK3α and/or GSK3β 

mediate the distal components of the UPR including cell C/EBP homologous protein 

(CHOP) expression, foam cell formation, and inflammation, which contribute towards the 

acceleration of atherosclerosis.  
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1.8 Statin therapy 

Although there is currently no cure for atherosclerosis, treatment can impede the 

advancement of the disease and prevent further complications of atherosclerosis. 

Lowering LDL cholesterol is a primary goal of preventing atherosclerotic CV events72. 

Healthy lifestyle changes, which include limiting cholesterol intake to <200mg/day, 

increasing physical activity, and ceasing to smoke, are the first line of therapy to reduce 

LDL cholesterol and prevent CV consequences. However, lifestyle changes alone may 

not be sufficient in achieving target goals, and patients may need additional medicine to 

help lower LDL cholesterol levels. Lipid lowering therapy include the use of bile acid 

sequestrants (such as colesevelam), the cholesterol absorption inhibitor ezetimibe, fibrates 

(such as gemfibrozil), niacin, and statins75. Other medications may be prescribed to help 

prevent inflammation, to lower blood pressure, or to lower blood glucose levels.72–74. 

Statins, also known as HMG-CoA reductase inhibitors, are considered to be the 

lipid-lowering agent of choice because they are currently the most effective and most safe 

in reducing LDL cholesterol levels72,75. The cardiovascular protective effects may also be 

a result of the pleiotropic effects of statins, which include its anti-inflammatory and anti-

oxidant properties, as well as the improvement of endothelial dysfunction76. There are 

many different statins available on the market (e.g. atorvastatin, fluvastatin, lovastatin, 

pravastatin, rosuvastatin, and simvastatin). They can decrease LDL cholesterol and 

triglyceride levels up to 55% and 30% respectively, and increase HDL cholesterol of up 

to 15% depending on the dose and statin used72. The use of statins in clinical trials have 
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been shown to significantly reduce the risk of coronary heart disease, CV events, and 

mortality72,75.  

1.9 Atherosclerosis regression 

Evidence suggests that atherosclerotic plaques can be stabilized and/or resolved. 

Atherosclerotic regression is possible through the removal of lipids and necrotic bodies, 

improvement of endothelial function, and restoration of denuded areas46. The earliest 

interventional study to show effective regression was performed in the 1950s47. The 

rabbits displayed elevated levels of total plasma cholesterol (~26 mmol/L) and large 

lesions in the aorta after fed a high fat diet for three months. However, 10 days of 

intravenous injections containing phosphatidylcholine resulted in a significant reduction 

in arterial cholesterol stores and a reduction in plaque size. Since then, others have 

demonstrated that atherosclerosis can be reversed in various animal models such as 

rabbits, primates, mice, and pigs. These studies typically employed strategies to 

aggressively lower plasma LDL cholesterol levels through dietary changes, 

transplantation of vessels with lesions to normal hosts, transgene therapy, or methods to 

promote lipid efflux or enhance HDL cholesterol levels48,49. In these studies, large 

reductions in plasma LDL cholesterol levels were required to achieve regression. 

However, lipid lowering strategies (statin therapy) in humans is usually insufficient to 

reach or maintain the low LDL cholesterol levels that is possible in non-human primates. 

Therefore, the use of stronger lipid lowering strategies, such as proprotein convertase 

subtilisin/kexin type 9 (PCSK9) inhibitors, or the use of alternative therapies targeting 
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other aspects of atherogenesis, in parallel to lipid lowering strategies, may be required to 

achieve regression in human patients. 

1.10 Myeloid cell biology 

Hematopoietic stem cells (HSCs) generate all blood cells through the process 

called haematopoiesis50. HSCs differentiate into lymphoid or myeloid cell lines. The 

production of lymphocytes begins with the differentiation of HSCs into common 

lymphoid progenitor cells (CLPCs). CLPCs can differentiate to give rise to T cells, B 

cells, and natural killer cells. Conversely, myeloid cell production starts with the 

differentiation of HSCs into common myeloid progenitor cells (CMPCs). CMPCs 

differentiate into megakaryocytes, erythrocytes, mast cells, or myoblasts. Myoblasts 

produce basophils, neutrophils, eosinophils and monocytes. 

Monocytes are released from the bone marrow and circulate in the blood51. 

Monocytes further differentiate into dendritic cells or macrophages during inflammation. 

There are two subtypes of dendritic cells: Classical dendritic cells (cDCs) which are 

specialized in antigen-processing and presenting, and plasmacytoid dendritic cells (pDCs) 

which are specialized to respond to viral infections by producing type I interferons. 

Conversely, macrophages are believed to maintain tissue homeostasis via clearing 

apoptotic cells and producing growth factors. 

Macrophages can be polarized into distinctly different sub-types by exposure to 

diverse cytokines. Exposure to T helper type 1 (Th1) cell products, such as IFNγ or 

microbial products such as lipopolysaccharide (LPS), give rise to classical M1 

macrophages52. T helper type 2 (Th2) cell products, such as IL-4 or tumor growth factor 
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(TGF)-β, produces the alternative M2 macrophages. The M1 macrophages phenotype can 

be characterized by the high production levels of pro-inflammatory cytokines, which M2 

macrophages are characterized by their tissue remodelling properties and secretion of 

anti-inflammatory cytokines53,54. Other subtypes of macrophages have been identified 

(Mox, Mhem, M4 etc), but the M1 and M2 macrophages are considered to be the polar 

extremes of the broad range of macrophage phenotypic subtypes55 (Figure 1.4). 

Macrophages of the M1 phenotype are considered to be pro-atherogenic and are involved 

plaque progression57. Conversely, there appears to be a protective role of M2 

macrophages in atherosclerosis and may be important in regression atherosclerotic 

plaques. M1 and M2 macrophages localize in different regions of the atherosclerotic 

lesions58. M1 macrophages are predominantly found in rupture prone shoulder regions 

while M2 macrophages localize to more stable cell-rich areas of plaque away from the 

necrotic core59.  There were no differences in the distribution of the subsets at the fibrous 

caps58. Furthermore, macrophages have been shown to be plastic and can actively change 

their physiology/subtype depending on environmental stimuli60. It should also be noted 

that the M1-M2 paradigm may require further scrutiny due to the discovery of more 

polarized states which cannot be categorized along the M1-M2 spectrum61–63. 
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Figure 1.4. Macrophage polarization.  

Precursor M0 macrophages are polarized to M1 macrophages through the classical 

pathway, where type 1 T-helper (Th1) inflammatory cytokines and/or bacterial 

components promote the expression of pro-inflammatory cytokines such as TNFα, IL-1β, 

and IL-6. Conversely, polarization to M2 macrophages through the alternatively activated 

pathway are induced by type 2 T-helper (Th2) cytokines such as IL-4 and IL-13. M2 

macrophages are involved in tissue remodeling and wound repair though the production 

of cytokines such as IL-10. Although macrophages can be broadly categorized as being 

pro-inflammatory (M1) or alternatively activated (M2), plasticity results in a spectrum of 

macrophage subtypes with fully polarized M1 and M2 macrophages at the polar 

extremes. 
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1.11 Monocyte and macrophage dynamics in atherosclerosis 

Monocytes/macrophages are the main cellular components within atherosclerotic 

lesions64. Until recently, it was believed the accumulation of macrophages resulted solely 

from the recruitment of blood monocytes. However, recent evidence suggests that local 

macrophage proliferation greatly contributes to macrophage accumulation, and the 

turnover of macrophages are replenished predominately by local proliferation rather than 

monocyte influx65. Furthermore, it has recently been shown that resident macrophages 

found in the adventitia originate from the yolk sac embryonically, and are maintained via 

local proliferation64,66. These residential macrophages may also contribute to the 

progression of the disease, however, their contributions towards atherogenesis are not yet 

clear.  

The lack of effective efferoctyosis, where apoptotic bodies are engulfed and 

cleared by phagocytic cells such as macrophages, contributes towards the growing 

necrotic core. The impairment of clearance is associated with an upregulation of anti-

phagocytic ‘don’t eat me’ signals, such as cluster of differentiation (CD)-4767. This 

impairment, along with the reduced capacity of accumulated macrophages to migrate out 

of the lesion,68 compounds inflammation and further contributes to the progression of 

more advanced lesions. The resolution of impaired efferocytosis and egress can revert the 

accumulation of macrophages within plaques, alleviate necrotic bodies, and help facilitate 

regression.  

Traditionally, VSMCs and macrophages have been thought to originate from 

mutually exclusive cell lineages. However, recent cell lineage tracing experiments have 



M.Sc. Thesis – A. Huang; McMaster University – Chemical Biology 
 
 

23 
 

revealed that cells of VSMCs origin can become foam cell-like, and myeloid foam cells 

can behave like VSMCs69. This leads to the possibility of transdifferentation, where some 

macrophages may have be derived from VSMCs and vice versa70. 

These studies demonstrate our current lack of understanding of atherosclerosis. 

However, the model of the disease is constantly revised as new evidence emerges. Novel 

findings will allow us to better understand the progression of atherosclerosis and help 

identify new targets or innovative strategies to combat the disease.  
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CHAPTER 2: HYPOTHESIS AND OBJECTIVES 

2.1 Hypothesis 

We hypothesize that ER stress induced activation of GSK3α and/or β promotes 

pro-atherosclerotic processes. 

We believe that attenuating ER stress or inhibiting GSK3α/β will impede the 

progression of atherosclerosis and promote regression in existing lesions. These effects 

may be a result of reduced inflammation, increased cell viability, and/or reduced lipid 

accumulation. 

2.2 Objectives 

The objectives of these studies are to: 

1. Determine the effect of attenuating ER stress or inhibiting GSK3α/β in a Ldlr-/- pro-

atherogenic mouse model. 

2. Assess whether attenuating ER stress or inhibiting GSK3α/β can reverse 

atherosclerosis. 

3. Investigate the potential pro-atherogenic effects of ER stress – GSK3α/β signaling in 

cultured bone marrow derived macrophages. 
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CHAPTER 3: 4-PHENYLBUTYRATE AND VALPROATE TREATMENT 

ATTENUATE THE PROGRESSION OF ATHEROSCLEROSIS AND STABILIZE 

EXISTING PLAQUES 

Aric Huanga,b, Tayler L. Younga, Vi T. Danga,b, Yuanyuan Shia, Cameron S. McAlpinea,c, 

and Geoff H. Werstucka,b,c 

aThrombosis and Atherosclerosis Research Institute, b Department of Chemistry and 

Chemical Biology, cDepartment of Medicine, McMaster University, Hamilton Ontario 

3.1 Foreword 

This study investigates the possibility to prevent and treat atherosclerosis by using 

small molecule inhibitors which modulates the ER stress-GSK3α/β pathway. We showed 

here that treatment with 4-phenylbutyrate or valproate attenuates atherosclerotic 

progression. Moreover, these treatment do not regress atherosclerosis, but appear to 

stabilize existing lesions. 

This work was submitted in the journal Atherosclerosis on March 8, 2017. The 

experiments in this study was carried out by Aric Huang with assistance from the co-

authors. The manuscript was written by Aric Huang in collaboration with Dr. Geoff 

Werstuck. The content of Chapter 3 is a direct representation of the submitted manuscript.  
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3.2 ABSTRACT 

Objective 

Recent evidence suggests that endoplasmic reticulum (ER) stress signaling 

through glycogen synthase kinase (GSK)-3α/β is involved in the activation of pro-

atherosclerotic processes. In this study, we examined the effects of small molecules that 

interfere with ER stress-GSK3α/β signaling on the progression and regression of 

atherosclerosis in a mouse model.  

Approach and results 

To examine atherosclerotic progression, low density lipoprotein receptor deficient 

(Ldlr-/-) mice were placed on a high fat diet (HFD) and treated with the chemical 

chaperone, 4-phenylbutyrate (4PBA, 3.8g/L drinking water), or the GSK3α/β inhibitor, 

valproate (VPA, 625mg VPA/kg diet), for 10 weeks. The 4PBA- and VPA-treated mice 

had significantly reduced lesion and necrotic core size. Treatments had no effect on 

metabolic parameters, including plasma and hepatic lipid levels, or plaque composition. 

To examine potential effects on atherosclerotic regression, 4 week old Ldlr-/- mice were 

placed on a HFD for 16 weeks. Subsets of mice were harvested at this time or switched to 

a chow (low fat) diet, or a chow diet with 4PBA or VPA treatment for 4 weeks. Mice with 

4PBA or VPA treatment showed no alterations in lesion size, but the lesions had 

significantly smaller necrotic cores, increased vascular smooth muscle cell content, and 

increased collagen content. These features are consistent with more stable plaques.  
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Conclusions 

The pharmacological attenuation of ER stress or inhibition of GSK3α/β impedes 

the development of atherosclerosis in Ldlr-/- mice and appears to promote the stabilization 

of existing lesions. 

3.3 INTRODUCTION 

Atherosclerosis is an inflammatory disease characterized by the accumulation of 

fatty plaques within the arterial wall. It is the major underlying cause of cardiovascular 

disease, which is the leading cause of mortality worldwide, accounting for approximately 

30% of all deaths1,2. Risk factors that contribute to the progression of atherosclerosis 

include diabetes mellitus, dyslipidemia, hypertension, obesity, and smoking3. The major 

complications of atherosclerosis can be attributed to thrombus formation following plaque 

rupture, which may occlude the artery and result in myocardial ischemia or infarction4,5. 

Despite many advances, our understanding of the molecular mechanisms that link 

cardiovascular risk factors to the development of atherosclerosis is incomplete. 

Furthermore, the potential to reverse the atherogenic process, through the resolution or 

stabilization of existing plaques, has only just begun to be investigated.   

Recently, our group and others have established a causative role for endoplasmic 

reticulum (ER) stress in the development and progression of atherosclerosis6–8. The ER is 

a eukaryotic organelle responsible for protein modification, protein folding, and protein 

trafficking. When the processing capacity of the ER is exceeded, there is an accumulation 

of misfolded and unfolded proteins in the ER, a condition known as ER stress. The 
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proximal intracellular response to ER stress is the activation of the unfolded protein 

response, which acts to reduce the protein load and increase ER folding capacity9. 

Chronic, unresolved ER stress can lead to activation of intracellular pathways that, 

depending on the magnitude and cell type, can include increased expression of 

inflammatory cytokines10, increased biosynthesis and accumulation of cholesterol and 

triglycerides11, and activation of pro-apoptotic processes12. There is a growing body of 

evidence that implicates ER stress in the development of several metabolic diseases and 

disorders including  cancer, neurodegeneration, type 2 diabetes, liver disease, and 

atherosclerosis13.  

The mitigation of ER stress using a chemical chaperone, 4-phenylbutyrate 

(4PBA), has been shown to be protective against atherosclerosis in apolipoprotein E 

deficient (ApoE-/-) mice14. However, the underlying molecular mechanisms by which ER 

stress affects downstream pro-atherogenic pathways are not well understood. Results 

from our lab and others have suggested that ER stress may signal through the activation 

of glycogen synthase kinase (GSK)-3α/β to promote the development of atherosclerosis15–

17. GSK3α/β is a serine/threonine kinase that is involved in the regulation of several 

different metabolic pathways and implicated in the development of a number of 

diseases18. We have shown that atherosclerosis is attenuated in ApoE-/- mice treated with 

valproate (VPA), an anti-epileptic drug and a known GSK3α/β inhibitor, as well as in low 

density lipoprotein receptor deficient (Ldlr-/-) mice with either whole body or myeloid 

GSK3α deficiency17,19,20. Together, these studies suggest that the ER stress-GSK3α/β 

pathway is involved in the activation of pro-atherosclerotic processes, and therefore may 
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be a target for anti-atherosclerotic therapies. The effect of pharmacological mitigation of 

ER stress and the inhibition of GSK3α/β on established atherosclerotic lesions have not 

been investigated. Therefore, in this study we examined the impact of the chemical 

chaperone 4PBA, and the GSK3α/β inhibitor VPA, on the development, progression and 

regression of atherosclerosis in Ldlr-/- mice.  

3.4 METHODS 

Mouse models 

All animal experiments were pre-approved by the McMaster University Animal 

Research Ethics Board. Female Ldlr-/- mice (B6.129S7-Ldlrtm1Her/J) were purchased from 

Jackson Labs. Mice were fed a high fat diet (HFD) containing 21% fat and 0.2% 

cholesterol, with 42% calories from fat (Harlan Teklad, TD97363) or a standard chow 

diet containing 18% protein and 5% fat, with 18% calories from fat (Envigo, 2918). 

Treatment of the chemical chaperone, sodium 4-phenylbutyate (4PBA), consisted of 

3.8g/L drinking water.  This concentration was determined by monitoring water intake by 

the mice, which corresponds to approximately 1g 4PBA/kg body weight/day. Treatment 

of the GSK3α/β inhibitor, sodium valproate (VPA) consisted of 625 mg VPA/kg diet. All 

mice had unrestricted access to food and water, and were maintained on a 12-hour 

light/dark cycle. Mice were fasted for 6 hours prior to sacrifice. Fasting blood glucose 

was measured using an UltraMini blood glucose meter (OneTouch). Mice were 

anesthetized with 3% isoflurane, blood was collected via cardiac puncture and livers and 

perigonadal fat pads were weighed and flash frozen. Perigonadal fat pads were collected 

as they are large, easily identified, and readily accessible. The vasculature was flushed 
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with 1X PBS buffer and perfusion fixed with 10% neutral buffer formalin. Hearts and 

aortas were collected and formalin fixed.  

Plasma PBA and VPA quantification 

Sample preparation, liquid chromatographic system and mass spectrometer 

parameters were as previously described21. L-phenylalanine-d8 and L-tryptophan-d5 were 

used as recovery and internal standards, respectively. Gradient elution was modified to 

allow for a faster method for targeted quantification. Mobile phase A was 100% 

acetonitrile (LCMS grade, Sigma Aldrich) and mobile phase B was 100% water (LCMS 

grade, Sigma Aldrich). Gradient elution started with 95% A for 0.5 min and then linearly 

decreased to 30% A at 10 min, held at 30% A for 1 min followed by a ramping up to 95% 

A for 1 min. The columns were then re-equilibrated for 12 min at 95% A prior to 

subsequent sample analysis. 

The acquired mass spectra were calibrated internally using endogenous sodium 

formate clusters (Bruker Daltonics DataAnalysis 4.0). Peak areas integrated were 

normalized with both recovery and internal standards.  

Determination of lipid content 

Plasma was fractioned using fast performance liquid chromatography with the 

FRAC-950 FPLC (Amersham Pharmacia Biotech) as previously described22, and the 

cholesterol concentration was measured using the Infinity cholesterol reagent (Thermo 

Scientific). Frozen livers were homogenized and lipids were extracted with chloroform, 

followed by resuspension in isopropanol. Total plasma and tissue cholesterol and 
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triglyceride levels were determined using the Infinity Reagent (Thermo Scientific). 

Characterization of aortic lesions 

Hearts and aortas were embedded in paraffin and 5 µm sections of the aortic root 

were collected onto slides as previously described23. Sections were deparaffinized and 

stained with Harris hematoxylin and eosin (Sigma) or Masson’s Trichrome (Sigma) for 

atherosclerotic lesion, necrotic core, and lesional collagen quantification. After removing 

surrounding fat and connective tissue, aortic arch and descending aorta were opened 

longitudinally and stained with Sudan IV solution.  

For immunofluorescent and immunohistochemical staining, sections were 

deparaffinized and antigen retrieval performed, where necessary. After blocking with 

10% normal serum, sections were immunostained with primary antibodies against the 

macrophage marker CD107b (Mac3, BD Transductions), vascular smooth muscle cell 

(VSMC) marker α-actin (Santa Cruz), and cell proliferation marker Ki67 [SP2] (Abcam). 

Secondary antibodies (BD transductions) conjugated to a fluorophore were used for 

detection. Separate sections were stained with pre-immune IgG instead of primary 

antibodies to control for non-specific staining (Supplemental Figure 3.1). The 

DeadEnd™ Fluorometric TUNEL System kit (Promega) was used according to 

manufacturer’s instructions to measure apoptotic cell death. 4′,6-diamidino-2-

phenylindole dihydrochloride (DAPI, Invitrogen) was used for immunofluorescent 

counterstaining. On a separate subset of mice, hearts were imbedded in optical cutting 

temperature (OCT) compound (Tissue-Tek) and frozen. OCT imbedded frozen tissue was 

serial sectioned at 10 μm and stained with Oil Red O (Sigma). Images of the stained 
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sections were collected using Leitz LABORLUX S microscope connected to a DP71 

Olympus camera. Lesion area and immunofluorescent staining was quantified using 

Image J 1.48v software. 

Statistical analysis 

GraphPad Prism 7 was used to perform all statistical analysis. Data were analyzed 

by one or two-way ANOVA, followed by the Bonferroni multiple comparison test between 

all groups. Error bars on all graphs represent the standard error of the mean. Data on tables 

are expressed as arithmetic means ± standard deviation. For all experiments, a p value lower 

than 0.05 was considered statistically significant. * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. 
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3.5 RESULTS 

4PBA and VPA attenuate the development of atherosclerosis 

Ldlr-/- mice do not develop atherosclerosis lesions spontaneously, but do develop 

lesions when fed a high fat diet (HFD)24. Four week old female Ldlr-/- mice were placed 

on a HFD containing 21% milk fat and 0.2% cholesterol, for 10 weeks. To determine the 

impact of 4PBA and VPA treatment on the early stages of atherosclerotic development, 

separate groups of mice were fed the HFD and treated with 3.8g 4PBA/L drinking, or 

625mg VPA/kg diet. All mice were sacrificed at 14 weeks of age and tissues were 

processed as previously described (Figure 3.1A)20,25.  

Relative to the control, no significant differences in total body weight, fasting 

blood glucose, liver weight, or fat pad weight were observed after 10 weeks of treatment 

with either 4PBA or VPA (Supplemental Table 3.1). 4PBA or VPA were only detected 

in the plasma of the mice treated with 4PBA or VPA, respectively. There were also no 

significant differences in plasma or hepatic cholesterol and triglyceride levels, or plasma 

lipid profiles (Supplemental Figure 3.2). 

To investigate the effects of 4PBA and VPA on atherosclerosis, cross-sections of 

the aortic root were stained with hematoxylin and eosin and the atherosclerotic lesion 

areas and volumes were quantified. Results show that both treatments significantly 

reduced atherosclerotic lesion area (~50% at 240 µm from the start of the aortic sinus), 

lesion volume (~46%), and necrosis (necrotic core volume normalized to lesion volume, 

50.2% for 4PBA and 77.8% for VPA treatment) (Figure 3.1B-E). Within the 
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atherosclerotic lesions, phospho-GSK3β-Ser9 staining co-localized with Mac3+ cells, 

while intense phospho-GSK3β-Tyr216 staining was observed in the acellular necrotic 

region of the plaque. The treatments did not significantly affect phosphorylation staining 

patterns (Supplemental Figure 3.3A-C, E).  

To further characterize the plaque and to determine the vascular smooth muscle 

cell (VSMC) and macrophage content of the lesion, aortic cross sections were stained 

with antibodies against α-actin or Mac3, respectively. No change in VSMC content or 

macrophage content was observed for either treatment, relative to the control 

(Supplemental Figure 3.4). Furthermore, analysis of lesions revealed no significant 

changes in caspase-3 activation (Supplemental Figure 3.5), collagen content 

(Supplemental Figure 3.6), the expression of the M1 macrophage marker CD36, or the 

expression of the M2 macrophage marker Arg1 (Supplemental Figure 3.7). These 

results indicate that the treatment with 4PBA or VPA for 10 weeks can impede the 

development of atherosclerosis without significantly altering plaque composition in Ldlr-/- 

mice. 
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Figure 3.1. 4PBA and VPA inhibit progression of atherosclerosis in Ldlr-/- mice.  

A. Experimental design of the atherosclerotic progression model. Ldlr-/- female mice at 4 

weeks of age were fed a high fat diet (HFD, 21% milk fat and 0.2% cholesterol) for 10 

weeks. Subsets of mice were treated with 4PBA (1g/kg body weight/day in drinking 

water) or VPA (625 mg/kg diet). B. Representative hematoxylin and eosin stained 

sections of aortic root from mice fed HFD (control), or HFD along with 4PBA or VPA 

treatment for 10 weeks. Atherosclerotic lesions are outlined in yellow. Quantification of 

the C. lesion area at the aortic sinus and ascending aorta, D. lesion volume, and E. 

necrosis normalized to lesion volume. Data are the mean ± SEM; n = 10 mice/group, 

except in E. where numbers were lower due to outliers (n = 8-10); *p < 0.05, **p < 0.01 

compared with the HFD control. 
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4PBA and VPA attenuate further progression of established atherosclerotic lesions 

To investigate the effect of 4PBA or VPA on established plaques, Ldlr-/- mice 

were placed on a HFD for 10 weeks prior to the treatment with 4PBA or VPA. After 10 

weeks, subsets of mice were; sacrificed (baseline), switched to a low fat chow diet for 4 

weeks (control), or switched to a low fat chow diet along with 4PBA or VPA treatment 

for four weeks. All mice were sacrificed by 18 weeks of age (Figure 3.2A).  

There were no significant differences in body weight, fasting blood glucose, liver 

weight, or fat pad weight between the treatment groups (Supplemental Table 3.2). 

However, the control and both 4PBA- and VPA-treated mice had significantly lower total 

plasma cholesterol (~50%) and triglyceride (~75%) levels compared to the baseline 

(Supplemental Figure 3.8A, B). There was also a significant decrease in cholesterol 

(~90%) and triglyceride (~55%) levels in the liver compared to the baseline 

(Supplemental Figure 3.8C, D). These differences in lipid concentration are likely 

attributed to the diet of the mice. The baseline group, which were fed a HFD and not 

switched to standard chow, had elevated levels of very low density lipoprotein (VLDL), 

intermediate density lipoprotein (IDL), and low density lipoprotein (LDL). The diet 

switch to the standard chow lowered the VLDL, IDL, and LDL level in all other groups 

(Supplemental Figure 3.8E).  

The control group had significantly larger lesion area (77.0% at 240 µm from the 

start of the aortic sinus) and volume (56.2%) compared to the 10 week HFD baseline 

group indicating that the lesions continued to grow after the switch to a chow diet (Figure 

3.2B-D). This was unexpected since published regression studies indicated no significant 
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changes in lesion size in Ldlr-/- mice after a switch to chow diet26,27. Treatment with 

4PBA significantly reduced lesion area (34.5% at 240 µm from the start of the aortic 

sinus), and VPA treatment significantly reduced lesion area (43.6% at 240 µm from the 

start of the aortic sinus) and volume (35.5%) compared to the control (Figure 3.2B-D). 

The relative volume of the lesion that was necrotic was not significantly different 

between the groups (Figure 3.2E). Together, these results indicate that treatment with 

4PBA or VPA can prevent the atherosclerotic progression in Ldlr-/- mice with established 

plaques. 
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Figure 3.2. 4PBA and VPA inhibit the progression of atherosclerosis in Ldlr-/- mice 

with established atherosclerotic plaques.  

A. Experimental design of the late stage atherosclerotic progression model. Ldlr-/- female 

mice at 4 weeks of age were fed a HFD for 10 weeks (baseline); followed by a diet 

change to chow (control), or a chow diet switch along with 4PBA or VPA treatment for 4 

weeks. B. Representative hematoxylin and eosin stained sections of aortic root from each 

experimental group. The atherosclerotic lesions are outlined in yellow. C. Quantification 

of the lesion area at the aortic sinus and ascending aorta.  Quantification of the D. lesion 

volume and E. necrosis volume normalized to lesion volume. n = 9-10 mice/group; *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with the baseline; †p < 0.05, 

†† p < 0.01, compared with the control. 
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Treatment with 4PBA or VPA does not promote regression of established lesions 

To determine if 4PBA or VPA treatment can induce the regression of 

atherosclerotic lesions, 4 week old female Ldlr-/- mice were placed on a HFD for 16 

weeks. At this time, a subset of mice were sacrificed (baseline) whereas other subsets of 

mice were switched to chow (control), or chow plus 4PBA or VPA treatment for 4 weeks. 

All mice were sacrificed by 24 weeks of age (Figure 3.3A).  

There were no significant changes in body weight between experimental groups. 

However, there was a significant increase in fasting blood glucose in the control group 

(19.0%) relative to the baseline. There was a significant reduction in liver weight (~25%) 

between all groups relative to the baseline. Further, there was a significant reduction in fat 

pad weight for the control (44.2%) and 4PBA treatment group (55.8%) compared to the 

baseline (Supplemental Table 3.3). The control and both 4PBA and VPA treated groups 

had a significant decrease in hepatic cholesterol (~80%) and a non- significant reduction 

in triglyceride, compared to the baseline (Supplemental Figure 3.9A-B). The control and 

both 4PBA- and VPA- treated mice had significantly lower total plasma cholesterol 

(~60% decrease) and triglyceride (~65% decrease) levels compared to the baseline 

(Supplemental Figure 3.9C-D). The plasma lipoprotein profiles for these mice are very 

similar to the late-progression mouse model, where the chow diet switch greatly reduced 

VLDL, IDL, and LDL levels compared to the baseline (Supplemental Figure 3.8E, 

3.9E). Together, the changes in metabolic parameters appear to be influenced by diet 

rather than the treatment with 4PBA or VPA. 
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To determine if 4PBA- or VPA-treatment affected lesion size, histochemical 

analysis was performed. Quantification of atherosclerotic plaque within the whole aorta 

as well as the cross-sectional aortic sinus was determined by Sudan IV and hematoxylin 

and eosin staining, respectively. In this model, a switch to chow diet after 16 weeks of 

HFD arrested lesion growth. Furthermore, no significant changes in lesion area or volume 

were detected between any of the experimental groups (Figure 3.3B-E). However, both 

4PBA and VPA treatment resulted in a significant reduction (34.7% and 42.7%, 

respectively) in necrosis compared to the control (Figure 3.3F). The treatments did not 

significantly alter the phosphorylation of GSK3β at Ser9 or Tyr216 (Supplemental 

Figure 3.3D, F), caspase-3 activation, or TUNEL staining (Supplemental Figure 3.10).  
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Figure 3.3. 4PBA or VPA treatment does not regress atherosclerosis, but does 

reduce lesional necrosis.  

A. Experimental design of the atherosclerotic regression model. Ldlr-/- female mice at 4 

weeks of age were fed a HFD for 16 weeks (baseline); followed by a diet change to chow 

(control), or a chow diet switch along with 4PBA or VPA treatment for 4 weeks. B. 

Representative en face images of the aortic arch and thoracic aorta from experimental 

groups stained with Sudan IV. C. Quantification of the Sudan IV staining to the total 

area; n = 4-5 mice/group. D. Representative hematoxylin and eosin stained sections of 

aortic root from baseline, control, or 4PBA- or VPA-treated mice. Atherosclerotic lesions 

are outlined in yellow. Quantification of the E. lesion area at the aortic sinus and 

ascending aorta, F. lesion volume, and G. necrosis volume normalized to lesion volume. 

Data are the mean ± SEM; n = 9-14 mice/group, more mice were placed in the control 

group to ensure that lesion size have stabilized; *p < 0.05, **p < 0.01. 
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4PBA or VPA treatment increases lesional VSMC and collagen content 

Immunofluorescence staining was used to characterize the lesion composition in 

each of the experimental groups.  Both 4PBA and VPA treatment significantly increased 

lesional VSMC content by approximately 60%, relative to the control (Figure 3.4A, C). 

4PBA reduced lesional macrophage content by 51% compared to the baseline. Since the 

chow diet switch resulted in a slightly lower macrophage content (although not 

significant), this reduction may have resulted in part due to the alleviation of lipid burden 

(Figure 3.4B, D). No indications of differences in macrophage or VSMC proliferation 

were detected in serial sections stained with the proliferation marker Ki67 (Supplemental 

Figure 3.11). Consistent with the increase in VSMC content, trichrome staining revealed 

that mice treated with 4PBA or VPA had a significant increase in collagen content within 

the plaque compared with the baseline and control, respectively (Figure 3.5A, B). The 

quantification Oil red O staining showed no variance in neutral lipid staining between the 

experimental groups (Figure 3.5C, D). Neither treatment appeared to alter the expression 

of the M1 macrophage marker CD36 (Supplemental Figure 3.12A, C), or the expression 

of the M2 macrophage marker Arg1 (Supplemental Figure 3.12B, D).  
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Figure 3.4. 4PBA or VPA treatment alters atherosclerotic plaque composition 

during atherosclerotic regression in Ldlr-/- mice.  

Representative sections of aortic root stained with A. α-actin (red) or B. Mac3 (green) 

merged with DAPI nuclei stain (blue). Atherosclerotic lesions are outlined (yellow). 

Quantification of C. α-actin and D. Mac3 staining area normalized to the lesion area. Data 

are the mean ± SEM; n = 9-10 mice/group; *p < 0.05. 
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Figure 3.5. 4PBA or VPA treatment increases lesional collagen content during 

atherosclerotic regression in Ldlr-/- mice.  

Representative sections of aortic root stained with A. Masson’s trichrome (collagen stains 

blue), or B. Oil Red O. Atherosclerotic lesions are outlined (yellow). Quantification of C. 

collagen staining area normalized to the lesion area; n = 10, and D. Oil Red O staining 

area normalized to lesion area. Data are the mean ± SEM; n = 5 mice/group; *p < 0.05, 

**p < 0.01. 
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3.6 DISCUSSION 

We have previously identified a role for ER stress signalling through GSK3α/β in 

the development of accelerated atherosclerosis28. Here we utilize small molecule 

interventions to explore how this pathway may regulate atherosclerotic progression and 

regression in mouse models. Past studies have identified 4PBA as a chemical chaperone 

that can alleviate ER stress by preventing protein aggregation in the ER, both in vitro and 

in animal models29. We and others have shown that 4PBA can attenuate the development 

of atherosclerosis in ApoE-/- mice14,30. VPA is a short branch chain fatty acid that has been 

shown to inhibit GSK3α/β both directly and indirectly31–33. We have shown that VPA 

treatment can attenuate accelerated atherosclerosis in Ldlr-/- and ApoE-/- mice17,20. In this 

study, we investigated the effects of small molecule interventions, 4PBA and VPA, on the 

initiation, progression and regression of atherosclerosis in Ldlr-/- mice.  

We have previously shown that VPA can be used in vivo to attenuate GSK3α/β 

activity using an Apoe-/- mouse model of atherosclerosis28. Our laboratory and others have 

previously shown that VPA can both directly and indirectly inhibit GSK3α/β31,32. The 

activity of GSK3α/β can be regulated by multiple mechanisms including phosphorylation 

(inhibitory Ser21/S9 or activating Tyr279/216), association with different protein 

partners, or cellular localization34,35. Our results indicated that neither 4PBA or VPA 

significantly affected the phosphorylation of GSK3β in Ldlr-/- mice.  

We show that HFD fed Ldlr-/- mice presented with significantly smaller 

atherosclerotic lesions with smaller necrotic cores when treatment with either 4PBA or 

VPA was introduced prior to the initiation of atherogenesis. We also show that treatment 
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with either 4PBA or VPA can prevent the further progression of established lesions in 

Ldlr-/- mice. These results further support a role for ER stress-GSK3α/β signalling in 

atherosclerotic lesion development and progression. Finally, we show that treatment with 

4PBA or VPA for four weeks does not reduce the size of established lesions in this 

model. However, the lesions of these 4PBA- or VPA-treated mice did have increased 

VSMC and collagen content; attributes that are indicative of more stable atherosclerotic 

lesions. These results are consistent with a previous study which showed that inducing ER 

stress in ApoE-/- mice caused a reduction in lesional VSMCs and collagen content, and an 

increase in necrotic core destabilization36,37. Furthermore, the increase in lesional VSMC 

and collagen found in VPA-treated mice are consistent with previous studies which have 

suggested a role of GSK3α/β in regulating VSMC migration and survival, and plaque 

stability38,39. Although our data suggest that ER stress/GSK3α/β regulate apoptotic 

pathways, we did not identify downstream pathways which mediates cell survival. 

However, previous studies have identified a role of GSK3α/β in regulating the anti-

apoptotic protein Mcl140,41. These studies implicate the possibility of the inhibition of 

GSK3α/β which allowed for the stabilization of Mcl1 and promote cell survival of 

VSMCs.  

Despite recent advances in diagnostic technologies to detect atherosclerosis, the 

presence of this disease is often not revealed until the later stage when atherosclerotic 

plaques are already established42. Rather than looking for preventative medication, 

patients seeking therapeutic intervention typically already have established 

atherosclerosis and are looking to reverse the disease. As such, it is critical to identify the 
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therapeutic drug targets for regressing or reversing atherosclerosis. Toward this goal, 

atherosclerosis regression models have been established in rodents, swine and primates. 

Most of these systems have involved the drastic reduction of plasma lipid levels 

accomplished through dietary changes, transplant of diseased vessels into normolipidemic 

hosts, or induction of reverse cholesterol transport by a variety of means43.   

To investigate atherosclerotic regression, atherosclerosis was first established in 

an Ldlr-/- mouse by HFD feeding, after which lesion progression is stabilized by 

switching the mouse diet to a standard chow. Rayner et al (2011) have previously used 

this model to show that inhibition of the microRNA, miR-33, can reduce the area of 

established lesions by inducing the expression of the cholesterol transporter ABC 

transporter A127. To determine if blocking the ER stress-GSK3α/β pathway can also 

induce regression, we treated the mice with established plaques with 4PBA or VPA, after 

switching to the chow diet. Similar to what we observed in the atherosclerosis progression 

models, neither 4PBA nor VPA treatment significantly affected body weight or plasma 

lipid levels. Although we did not see a reduction in lesion area or volume, we did observe 

changes in the morphology of the lesion that are consistent with plaque stabilization. 

These observations are similar to the findings of Hewing et al (2013), where they saw 

beneficial alterations in plaque composition, but no reduction in plaque size, when 

inhibiting microsomal triglyceride transfer protein in a similar regression model26. 

Together, our results may indicate that ER stress-GSK3α/β signalling is a driving force in 

the activation of proatherogenic pathways involved in lesion growth and progression. 

This is consistent with our previous finding that HFD fed GSK3α-deficient Ldlr-/- mice 
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are protected from accelerated atherosclerosis17. However, based on the neutral lipid and 

macrophage staining, the interference in ER stress-GSK3α/β signalling  in established 

atherosclerotic lesions do not appear to promote reverse cholesterol transport and/or 

macrophage egress from the artery wall that would be required to significantly shrink the 

size of the lesions.   

The results of this study support a role for ER stress signalling through GSK3α/β 

in the development of atherosclerosis in Ldlr-/- mice. Treatment with 4PBA or VPA also 

prevented the progression of established lesions. Moreover, although these treatments do 

appear to help stabilize the plaques in existing lesions, they do not reverse atherosclerosis. 

Nevertheless, increasing plaque stability is believed to be more important than decreasing 

absolute plaque size because unstable plaques are prone to rupture and increases the risk 

of cardiovascular events44,45. These findings are particularly interesting given that 

epileptic patients who were treated with VPA had a significantly lower risk of myocardial 

infarctions, a potential complication of atherosclerosis46. Indeed, 4PBA (buphenyl) is 

currently used in human patients to manage urea cycle disorder, and VPA is used to treat 

both epilepsy and bipolar disorder. The efficacy of these drugs in humans suggests that 

they may represent a feasible treatment option for cardiovascular disease. However, it is 

more likely that they represent leads in the development of compounds that more 

specifically targets GSK3α/β in order to minimize associated off-target side effects. 

Together, these results suggest that targeting the ER stress-GSK3α/β pathway with small 

molecule inhibitors may be a viable strategy to prevent further complications of 

atherosclerosis.  
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Supplemental Figure 3.1. Negative immunofluorescent staining controls. 

Representative images of control IgG immunofluorescent staining and specific antibody 

staining for A. p-GSK3β-Ser9, B. p-GSK3β-Tyr219, C. α-actin, D. Mac3, E. CD36, and 

F. Arg1. 
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Supplemental Figure 3.2. Hepatic and plasma lipid and plasma lipoproteins in the 

Ldlr-/- atherosclerotic progression model.  

Ldlr-/- mice were fed a HFD or a HFD with 4PBA or VPA treatment for 10 weeks. No 

significant differences were observed in A. total hepatic cholesterol, B. hepatic 

triglycerides, C. fasting plasma cholesterol, or D. plasma triglycerides. E. Plasma lipid 

profiles between the two treatment groups compared to the control. Plasma is pooled from 

four mice per group. 
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Supplemental Figure 3.3. 4PBA and VPA do not affect GSK3β phosphorylation 

status in atherosclerotic plaques in the progression or regression models.  

Representative sections of aortic root stained with A. phospho-GSK3β-Ser9 (red), or B. 

phospho-GSK3β-Tyr216 from the regression baseline group. Sections were co-stained 

with the macrophage marker Mac3 (green), and the atherosclerotic lesions are outlined 

(yellow). Similar staining patterns were observed between all groups. Quantification of C. 

phospho-GSK3β-Ser9 and E. phospho-GSK3β-Tyr216 staining intensity in arbitrary units 

(A.U.) in the Ldlr-/- atherosclerotic progression model. Quantification of D. phospho-

GSK3β-Ser9 and F. phospho-GSK3β-Tyr216 staining intensity in the Ldlr-/- 

atherosclerotic regression model. Data are the mean ± SEM; n = 5 mice/group.  
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Supplemental Figure 3.4. 4PBA or VPA treatment does not change atherosclerotic 

plaque composition during atherosclerotic progression in Ldlr-/- mice.  

Representative sections of aortic root were stained with A. α-actin (red) or B. Mac3 

(green). Atherosclerotic lesions are outlined (yellow). Quantification of C. α-actin and D. 

Mac3 staining area normalized to the lesion area. Data are the mean ± SEM; n = 5 

mice/group. 
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Supplemental Figure 3.5. 4PBA or VPA treatment does not alter caspase-3 

activation during atherosclerotic progression in Ldlr-/- mice.  

Representative sections of aortic root stained with A. cleaved caspase-3 (brown). 

Atherosclerotic lesions are outlined (yellow). B. Quantification of cleaved caspase-3 

staining area normalized to the lesion area. Data are the mean ± SEM; n = 5 mice/group.  
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Supplemental Figure 3.6. 4PBA or VPA treatment does not alter lesional collagen 

content during atherosclerotic progression in Ldlr-/- mice.  

Representative sections of aortic root stained with A. Masson’s trichrome (collagen stains 

blue). Atherosclerotic lesions are outlined (yellow). B. Quantification of collagen staining 

area normalized to the lesion area. Data are the mean ± SEM; n = 5 mice/group. 
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Supplemental Figure 3.7. 4PBA or VPA treatment does not affect M1 or M2 

polarization of macrophages during atherosclerotic progression in Ldlr-/- mice. 

Representative sections of aortic root stained for A. the M1 polarization marker CD36 

(red) or B. the M2 polarization marker Arg1 (red). Atherosclerotic lesions are outlined 

(yellow). Quantification of C. CD36 and D. Arg1 staining area are normalized to the 

macrophage area obtained from Mac3 staining. Data are the mean ± SEM; n = 5 

mice/group. 
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Supplemental Figure 3.8. Hepatic and plasma lipid and plasma lipoproteins in the 

Ldlr-/- late stage progression model.  

Ldlr-/- mice were fed a HFD for 10 weeks (baseline), and then switched to chow diet 

(control) or a chow diet along with 4PBA or VPA treatment for 4 weeks. Hepatic A. 

cholesterol and B. triglycerides, as well as fasting plasma C. total cholesterol and D. 

triglycerides were quantified. Data are the mean ± SEM; n = 5 mice/group; ***p < 0.001, 

****p < 0.0001. E. Plasma lipoprotein profiles of baseline, control, and 4PBA and VPA 

treatment groups. Plasma is pooled from four mice per group. 
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Supplemental Figure 3.9. Hepatic and plasma lipid and plasma lipoproteins in the 

Ldlr-/- regression model.  

Ldlr-/- mice were fed a HFD for 16 weeks (baseline), and then switched to chow diet 

(control) or a chow diet along with 4PBA or VPA treatment for 4 weeks. Hepatic A. 

cholesterol and B. triglycerides, as well as fasting plasma C. total cholesterol and D. 

triglyceride were quantified. Data are the mean ± SEM; n = 5 mice in each group; **p < 

0.01, ***p < 0.001, ****p < 0.0001. E. Plasma lipid profiles of baseline, control, and 

4PBA and VPA treatment groups. Plasma is pooled from four mice per group. 
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Supplemental Figure 3.10. 4PBA and VPA do not affect apoptosis in atherosclerotic 

plaques in regression model using Ldlr-/- mice.  

Representative sections of aortic root stained with A. cleaved caspase-3 (brown), or B. 

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) (green) 

merged with DAPI (blue). Arrows indicate positively stained nuclei in the arterial wall. 

Atherosclerotic lesions are outlined (yellow). Quantification of C. cleaved caspase-3 

staining area normalized to the lesion area, and D. positively TUNEL stained nuclei 

relative to total nuclei within the lesion area. Data are the mean ± SEM; n = 5 mice/group.   
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Supplemental Figure 3.11. 4PBA and VPA do not affect cell proliferation in 

atherosclerotic plaques.  

A. Representative sections of aortic root stained with an antibody against cell 

proliferation marker Ki67 (green) merged with DAPI (blue) and α-actin (red). 

Atherosclerotic lesions are outlined (yellow). Quantification of B. the percentage of 

positively stained Ki67 cell which are also positively stained with α-actin, and C. the 

percentage of positively stained Ki67 cell which are negatively stained with α-actin. Data 

are the mean ± SEM; n = 5 mice/group. 
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Supplemental Figure 3.12. 4PBA and VPA do not alter the expression of markers of 

M1 or M2 macrophage polarization.  

Representative sections of aortic root stained with A. an antibody against the M1 

macrophage polarization marker CD36 (red) or B. an antibody against the M2 

macrophage polarization marker Arg1 (red). Atherosclerotic lesions are outlined (yellow). 

Quantification of C. CD36 and D. Arg1 staining area are normalized to the macrophage 

area obtained from Mac3 staining. Data are the mean ± SEM; n = 4-5 mice/group. 
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CHAPTER 4: INVESTIGATING THE ROLE OF GLYCOGEN SYNTHASE 

KINASE-3α/β IN FOAM CELL FORMATION 

4.1 FOREWORD 

This study investigates the role of GSK3α and GSK3β in macrophages in the 

progression of atherosclerosis. Bone marrow derived macrophages were obtained from 

Ldlr-/- mice with myeloid GSK3α, GSK3β, or GSK3α/β deficiency. We demonstrate that 

the GSK3α and GSK3β isoforms are both involved in regulating cell viability, and the 

deletion of both isoforms are required to impede ER stress induced apoptosis. Further, 

GSK3α deficiency inhibited M1 polarization in macrophages. There were no alterations 

in the expression of genes involved in lipid biosynthesis and uptake in GSK3α deficient 

macrophages. These studies provide an initial look at the potential role of GSK3α and 

GSK3β in foam cell formation. Additional work will be required to more fully delineate 

the molecular mechanisms.  

4.2 ABSTRACT 

Objective 

Evidence suggests a role for ER stressed induced glycogen synthase kinase 

(GSK)-3α/β signalling in the development of atherosclerosis. The specific functions of 

the GSK3α and GSK3β homologs in atherosclerosis are unknown. This study investigated 

the role of the GSK-3α/β isoforms in the formation of foam cells. 
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Approach and results 

GSK3α, GSK3β, or GSK3α/β deficient bone marrow derived macrophages were 

isolated and differentiated into M1 or M2 macrophages. These macrophages were then 

treated in culture with the ER stress inducing agents, thapsigargin (Tg) or tunicamycin 

(Tm). The deletion of GSK3α attenuated M1 polarization but did not affect M2 

polarization, resulting in a lower M1/M2 ratio. GSK3α deficiency did not significantly 

affect cell viability or the expression of the transcripts associated with lipid biosynthesis 

or uptake. The ablation of GSK3β did not have a large impact on cell viability or 

apoptosis. However, the deletion of GSK3α/β improved cell viability. 

Conclusions 

These findings suggest that GSK3α may play a role in atherosclerosis by 

promoting M1 macrophage polarization. Further, GSK3α and GSK3β may have 

redundant roles in regulating cell viability.  

4.3 INTRODUCTION 

Atherosclerosis is the underlying cause of heart attacks and strokes which is the 

leading cause of morbidity and mortality worldwide. Myeloid lineage cells account for 

the majority of the cellular components of atherosclerotic lesions and these cells play a 

critical role in the development and progression of atherosclerosis1,2. Macrophages within 

the atherosclerotic lesion endocytose modified lipid particles, becoming lipid engorged 

foam cells. Macrophages are often classified as pro-inflammatory (M1) or anti-

inflammatory (M2) depending on whether a Th1 or Th2 immune response was induced. 

M1 macrophages produce pro-inflammatory cytokines and promote atherosclerotic lesion 
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development and complexity3,4. M2 macrophages produce anti-inflammatory and tissue 

remodeling cytokines, patrol tissue, promote tissue repair and healing, and display 

enhanced efferocytosis. Macrophages are highly plastic and can switch from one 

phenotype to the other depending on stimuli from the microenvironment. Plaque stability 

depends on the balance between these polarization states. Other macrophage phenotypes 

have been identified, including M4, Mhem, and Mox. All of these have been found within 

the complex and heterogeneous environment of an atherosclerotic plaque5,6. However, 

these macrophage subtypes are not as well studied. The modulation of macrophage 

phenotype may be a potential strategy to treat atherosclerosis. However, currently our 

understanding of the mechanisms which regulates macrophage polarization is limited.  

Glycogen synthase kinase (GSK)-3 α and β are homologous serine/threonine 

kinases encoded by separate genes and are involved in various metabolic signaling 

networks7. Although GSK3α and GSK3β share some common substrates, they are not 

redundant and do have distinct functions8,9. The inhibition of GSK3α/β in macrophages 

attenuated the expression genes associated with apoptosis and exhibited reduced lipid 

biosynthesis and uptake10. Further, the pharmacological inhibition of GSK3α/β in mice 

attenuates the formation of atherosclerotic lesion and hepatic steatosis11,12 (also evident in 

Chapter 3). Mice with whole body GSK3α deficiency are viable and have no overt 

phenotype13,14. Furthermore, we have shown that GSK3α deficiency attenuates 

atherosclerosis in low-density lipoprotein receptor deficient (Ldlr-/-) mice. However, 

whole body GSK3β deletion is embryonically lethal. We have recently found that the 

deficiency in myeloid GSK3α exhibited reduced atherosclerosis and less advanced 
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plaques in Ldlr-/- mice15. Further, the deletion of GSK3α appeared to enhance 

macrophages to polarize towards the M2 phenotype and suppressed the inflammatory M1 

phenotype in vivo. Myeloid GSK3β deficiency did not detectibly affect atherosclerosis. 

Despite the evidence of a role for GSK3α/β in atherosclerosis, the specific roles of the 

two isoforms in atherogenesis is not known. In this study, to further delineate the role of 

GSK3α and GSK3β in the context of atherosclerosis, we investigated the alterations in 

functionality in GSK3α and GSK3β deficient macrophages in vitro.  

4.4 METHODS 

Mouse models 

All animal experiments were conducted with the approval from the McMaster 

University Animal Research Ethics Board. All mice were fed a standard chow diet 

(Harlan Teklad, TD92078) beginning at 3 weeks. Mice had unlimited access to food and 

water and were maintained on a 12-hour light/dark cycle. Myeloid GSK3α or GSK3β 

deficient mice, were obtained as previously described15. Briefly, low-density lipoprotein 

receptor deficient mice with loxP-flanked GSK3α gene (Ldlr−/−GSK3αfl/fl) were crossed 

with mice expressing a single copy of the Cre recombinase gene controlled by the 

myeloid specific lysozyme M promoter (Ldlr−/−LyzMCre+/-GSK3αfl/fl). By using this 

breeding method, we were able to generate the Ldlr-/- myeloid-specific GSK3α knockout 

mice (Ldlr−/−LyzMCre+/-GSK3αfl/fl) and the control Ldlr-/- GSK3α floxed mice 

(Ldlr−/−GSK3αfl/fl) at the expected Mendelian ratio of 1:1. The Ldlr-/- myeloid specific 

GSK3β deficient mice were bred similarly to obtain Ldlr-/- myeloid-specific GSK3β 

knockout mice (Ldlr−/−LyzMCre+/-GSK3βfl/fl) and the control Ldlr-/- GSK3β floxed mice 
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(Ldlr−/−GSK3βfl/fl). Breeding strategies using the above mice were also used to generate 

Ldlr-/- myeloid-specific GSK3α/β deficient mice (Ldlr−/−LyzMCre+/-GSK3αfl/flGSK3βfl/fl) 

and the control Ldlr-/- GSK3α/β floxed mice (Ldlr−/−GSK3αfl/flGSK3βfl/fl). 

Bone marrow derived macrophage isolation and polarization  

Bone marrow was collected from tibias and femurs of 10 week old mice, passed 

through a 70 µm nylon mesh to remove small pieces of bone and debris, and resuspended 

in Dulbecco's Modified Eagle Medium (DMEM) containing 15% (v/v) fetal bovine 

serum, 100 IU/mL penicillin and 100 μg/mL streptomycin, 1X MEM non-essential amino 

acids, and 20 ng/mL recombinant macrophage colony-stimulating factor (M-CSF). Viable 

cells were cultured in 100 mm bacterial plates containing 5 x 106 cells in 10 mL of 

medium. At day 3, 5 mL of fresh medium was added to the cultured cells. At day 6, 

macrophages were washed twice with warm Dulbecco’s phosphate buffered saline 

(DPBS) without calcium or magnesium, detached with Accutase, counted with a 

hemocytometer, and plated for subsequent experiments. Macrophages were polarized into 

M1 macrophages by exposure to 10 ng/ml lipopolysaccharide (LPS, Sigma) or M2 

macrophages by exposure to 10ng/ml IL-4 (PeproTech) for 24 hours, or left unstimulated 

as M0 macrophages using 1X DPBS. ER stress was then induced using 5 or 10 µM 

thapsigargin (Tg, Sigma), or 5 or 10 µg/mL tunicamycin (Tm, Cayman Chemical 

Company), or left untreated for 24 hours. Dimethyl sulfoxide (DMSO) vehicle was used 

as control. M0, M1, or M2 inducing agents were maintained during ER stress induction. 

Humidified 37°C incubators with 5% CO2 were used for all cell incubations. 
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To confirm that we have successfully induced the bone marrow progenitor cells to 

differentiate into macrophages, cells were labelled with antibodies against the 

macrophage-specific surface markers, CD11b and F4/80. Briefly, cells were detached 

with Accutase and cells were incubated with the fluorescently labelled antibodies, anti-

CD11b-APC (Life Technologies, 1:50) and anti-F4/80-PE (BD Pharmagen, 1:50), for 1 

hour after 30 minutes of blocking with an Fc-receptor blocking antibody (anti-CD16/32, 

eBioscience, 1:100). Cells were then washed with FACS buffer (PBA, 0.1% BSA, 0.1% 

sodium azide). Flow cytometry was performed to determine the presence of CD11b+ and 

F4/80+ cells (Figure 4.1). We demonstrated here we have a large population of the cells 

have differentiated into macrophages. Our gating method was able to capture over 95% of 

CD11b+ and F4/80+ cells. 

Alamar Blue cell viability assay 

Bone marrow derived macrophages were cultured in 96 well tissue culture plates 

at 1 x 105 cells/well/100 µL medium. After polarization, cells were then treated with the 

ER stress inducing agent, Tg or Tm, at the indicated concentrations for 24 hours as 

described above. Cell viability was determined using the Alamar Blue assay (Bio-rad). 

Reduction wavelength was measured at 570 nm and oxidation wavelength was measured 

at 600 nm. 

Gene expression 

Bone marrow derived macrophages were cultured in 12-well tissue culture plates 

at 4 x 105 cells/well/1 mL medium. Following polarization and ER stress induction, total 
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RNA was isolated with the TRIzol® Reagent (Invitrogen). Purified RNA was 

resuspended in DNase/RNase-free water and concentration was measured by absorbance 

at 260 nm. RNA purity was verified by calculating the ratio of the absorbance at 260 and 

280 nm. 1 μg of total RNA was transcribed into cDNA using the High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems). 

Quantitative real-time reverse transcription polymerase chain reaction (RT-PCR) 

was performed on the StepOne Plus (Applied Biosystems) using 1 μL of resulting cDNA 

(corresponding to 0.1 μg of total RNA used to reverse transcription), 12.5 μl SensiFAST 

SYBR No-Rox Kit (Bioline), 1.25 μl of forward and reverse primers (500 nM, Table 

4.1), and 8 μl of RNase-water for a total volume of 24 μl/well. cDNA was amplified 

under the following conditions: 10-minute hold at 95 °C, followed by 40 cycles 

consisting of a 15-second melt at 95 °C, followed by a 1-minute annealing at 60 °C. 

Relative quantitative analysis (2-ddCt) was performed by normalizing data to the β-actin 

reference gene.  

Lipid uptake 

Bone marrow derived macrophages were cultured in 12-well suspension plates at 

4 x 105 cells/well/400 µL medium. Cells were polarized and treated as indicated above. 

Cells where then treated with 2.5, 5, or 10 µg/mL of Alexa Fluor® 488 conjugated 

AcLDL (Molecular Probes) in serum free medium containing 0.3% fatty acid free bovine 

serum albumin (BSA, Sigma) for 2 hours. AcLDL uptake was detected using the BD 
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FACSCalibur flow cytometer. Staining intensity was quantified using FlowJo v10.2 to 

determine median fluorescent intensity. 

Statistical analysis 

Fold changes were calculated relative to the untreated M0 GSK3α floxed 

macrophages. Data are reported as the mean ± standard deviation. Data were analyzed 

using two- or three-way ANOVA with Tukey multiple comparison test. A value of p < 

0.05 was considered statistically significant. 
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Figure 4.1. F4/80 and CD11b expression on cultured bone marrow–derived 

macrophages.  

Bone marrow progenitor cells were isolated from Ldlr-/- mice with myeloid GSK3α or 

GSK3α deficiency. Cells were cultivated in medium containing 20 ng/mL M-CSF for 6 

days, and processed for flow cytometry the following day. Cells were incubated with a 

PE-conjugated rat anti-mouse F4/80 mAb (1:50 dilution) and an APC-conjugated rat anti-

mouse CD11b Ab (1:50 dilution). 30000 cells from each experimental group were 

examined on a BD FACScalibur flow cytometer. Bone marrow derived macrophages 

(F4/80+CD11b+) were gated at the indicated box. A small population of mostly F4/80-

CD11b- cells were observed.   
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4.5 RESULTS 

M1 and M2 polarization of bone marrow derived macrophages 

Bone marrow was isolated from the tibia and femurs of Ldlr−/−GSK3αfl/fl mice. 

Because we want to determine the effects of GSK3α/β deficiency in different macrophage 

subtypes, the macrophages were left unpolarized (M0) or polarized into classical M1 or 

alternative M2 macrophages by 24 hour exposure to 10 ng/mL lipopolysaccharide (LPS) 

or IL-4, respectively. To assess our ability to polarize the bone marrow derived cells into 

M1 or M2 macrophages, total RNA was isolated from the cells and the expression level 

of iNOS and Arg1, indicative of M1 and M2 polarization respectively, were determined 

by RT-PCR. As expected, the exposure to LPS resulted in the elevated expression of the 

M1 marker iNOS, and exposure to IL-4 increased the expression of the M2 marker Arg1 

(Figure 4.2A, B). These results show that we can effectively polarize mouse 

macrophages towards the M1 or M2 phenotype. Interestingly, macrophages with 

deficiency in GSK3α were more polarized towards the M2 phenotype, rather than an M1 

phenotype, when treated with LPS compared to the GSK3α floxed (wildtype, WT) 

control (Figure 4.2C).  
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Figure 4.2. M1 and M2 polarization in cultured bone marrow derived macrophages. 

Bone marrow derived macrophages were isolated from Ldlr-deficient mice with floxed 

GSK3α or deficiency in GSK3α. Macrophages were left uninduced as M0, or exposed to 

10 ng/ml LPS to induce M1 polarization or 10 ng/ml IL-4 for 24 hours to induced M2 

polarization. The expression of the gene associated with M1 and M2 macrophage 

polarization were determined by RT-PCR. A. M1 polarization marker iNOS. B. M2 

polarization marker Arg1. C. M1/M2 ratio of iNOS/Arg1 mRNA expression. Data are 

normalized to the βactin reference gene. Results are reported as the fold change relative to 

GSK3α floxed (WT) uninduced control (M0). n=3-4; mean ± SD; ****p < 0.0001 (Two-

way ANOVA). 
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Effect of GSK3α deficiency on UPR activation in M1 and M2 macrophages 

 After polarizing the macrophages towards the M1 or M2 phenotype, we elicited 

ER stress through the treatment of ER stress inducing agents, thapsigargin (Tg, 5 µM or 

10 µM) or tunicamycin (Tm, 5 µg/mL or 10 µg/mL), for 24 hours. Exposure to LPS or 

IL-4 was maintained to preserve the M1 or M2 phenotype, respectively. The induction of 

ER stress on these cells was determined by assessing the expression levels of the UPR 

genes encoding GRP78, GRP94, and CHOP (Figure 4.3). As expected, the ER stress 

inducing agent increased the expression levels of each of these UPR genes, indicating that 

these treatments did indeed elicit ER stress in these macrophages. However, there were 

no differences in ER stress levels between the treated GSK3α floxed and the respective 

GSK3α knockout (KO) macrophages. Therefore, the deficiency of GSK3α does not 

appear to affect the unfolded protein response to ER stress. 
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Figure 4.3. GSK3α deficiency in cultured bone marrow derived macrophages did 

not alter the unfolded protein response. Bone marrow derived macrophages were 

isolated from Ldlr-deficient mice with floxed GSK3α or deficiency in GSK3α. 

Macrophages were treated in vitro with ER stress inducing agents thapsigargin (Tg, 5 or 

10 µM), or tunicamycin (Tm, 5 or 10 µg/mL), or left untreated (UT, DMSO vehicle) for 

24 hours after macrophage polarization. Gene expression level of A. GRP78, B. GRP94, 

and C. CHOP, were quantified. Data are normalized to the βactin reference gene. Results 

are reported as the fold change relative to the M0 GSK3α floxed (WT) untreated (UT) 

control. n=3-4; mean ± SD; * is relative to the respective UT group, and † is the 

comparison between M0, M1, and M2 within treatments; *p<0.05, **p<0.01, ***p < 

0.001, ****p < 0.0001; (Three-way ANOVA). 
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Effects of polarization in ER-stressed induced M0, M1, or M2 GSK3α deficient 

macrophages 

To determine if the ER stress inducing agents affected macrophage polarization, 

iNOS and Arg1 expression levels were assessed upon Tg or Tm treatment. There was a 

modest decrease in iNOS expression after 48 hours of LPS induction compared to 24 

hours of treatment (Figure 4.2A, Figure 4.4A). However, Tg treatment augmented iNOS 

expression in M1 polarized macrophages, while Tm treatment did not affect iNOS mRNA 

levels. GSK3α deficiency did not significantly influence iNOS expression. Arg1 mRNA 

levels remained elevated after 48 hours of IL-4 induction (Figure 4.4B). Both Tg and Tm 

treatment elevated Arg1 expression in M0 macrophages. These results suggest that 

conditions of ER stress promote M0 macrophages to polarize towards an M2 state. 

Interestingly, treatment of GSK3α deficient M0 macrophages with Tg resulted in elevated 

Arg1 expression, while Tm treatment reduced Arg1 expression. The differential results of 

Tg and Tm treatments suggests that these effects are most likely drug-specific, rather than 

related to the induction of ER stress. To determine the proportions of M1 and M2 

phenotypic states, we calculated the iNOS and Arg1 ratios (Figure 4.4C). GSK3α 

deficient M1 macrophages have a reduced ratio of iNOS/Arg1 mRNA level when treated 

with Tg compared to the controls.  
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Figure 4.4. M1 and M2 polarization in ER stressed cultured bone marrow derived 

macrophages. Bone marrow derived macrophages were cultured from Ldlr-deficient 

mice with floxed GSK3α or deficiency in GSK3α. Macrophages were treated with 10 

ng/ml LPS (M1 polarization) or IL-4 (M2 polarization) for 24 hours. Cells were then 

treated with ER stress inducing agents thapsigargin (Tg, 5 or 10 µM), or tunicamycin 

(Tm, 5 or 10 µg/mL), or left untreated (UT, DMSO vehicle) for 24 hours. The expression 

level of the A. M1 polarization marker iNOS, B. M2 polarization marker Arg1, and C. 

M1/M2 ratio of iNOS/Arg1 mRNA expression were assessed. Results are reported as the 

fold change relative to the M0 GSK3α floxed (WT) untreated (UT) control. n=3-4; mean 

± SD; * is relative to the respective UT group, † is the comparison between M0, M1, and 

M2 within treatments, and # is the comparison between WT and KO; *p<0.05, **p<0.01, 

***p < 0.001, ****p < 0.0001; (Three-way ANOVA). 
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Assessing cell viability on GSK3α or GSK3β deficient macrophages 

Having successfully polarized the macrophages and demonstrated the ability of Tg 

and Tm to activate the UPR, we then assessed cell viability to determine if macrophages 

with GSK3α or GSK3β deficiency are protected against the cytotoxic effects of Tg or Tm. 

Bone marrow derived macrophages with GSK3α or GSK3β KO were cultured as M0, 

M1, or M2 macrophages. The cells were then treated with Tg or Tm, and cell viability 

was assessed using the Alamar Blue assay (Figure 4.5). M1 macrophages have drastically 

enhanced viability while M2 macrophages have no alterations in cell viability, compared 

to the M0 macrophages. There were no differences in cell viability between the GSK3α 

KO or WT macrophages (Figure 4.5A). However, GSK3β deficient M1 and M2 

macrophages slightly worsened cell viability (Figure 4.5B). The viability of M0 

macrophages were not significantly affected by GSK3β deficiency. Macrophages 

deficient in GSK3α and GSK3β have significantly improved viability for all M0, M1, and 

M2 under all treatment conditions (Figure 4.5C). 

To further assess for alterations in cell viability, TUNEL staining was performed 

to determine the proportion of apoptotic macrophages. Staining on the treated cells 

revealed a dose response relationship between ER stress and the percentage of TUNEL 

positive apoptotic cells, where only macrophages treated with the higher concentrations 

of Tg or Tm had significant increases in the proportion of TUNEL positive cells (Figure 

4.6). Consistent with the results informed by the Alamar Blue assay, M1 macrophages 

have relatively low levels of TUNEL positive cells, suggestive of higher cell viability. 

Further, there were no differences in TUNEL staining between the GSK3α KO or floxed 
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macrophages, indicating that GSK3α deficiency does not affect ER stress induced 

apoptosis (Figure 4.6A). The M0 macrophages with GSK3β deficiency have a 

significantly higher proportion of cells which were stained positive with TUNEL when 

treated with Tg or Tm at high concentrations (Figure 4.6B). 
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Figure 4.5. Characterization of the toxic effects of thapsigargin (Tg) or tunicamycin 

(Tm) following 24 hours of treatment in Ldlr-deficient GSK3α or GSK3β KO bone 

marrow derived macrophages. Alamar Blue cell viability assay was used to measure 

the amount of reduced Alamar Blue as an indication of cell viability. Cytotoxic effects of 

Tg or Tm was assessed by determining the cell viability of the A. GSK3α KO, B. GSK3β 

KO, or C. GSK3α/β KO macrophages. Cell viability was quantified by normalizing the 

reduced Alamar Blue values to their respective untreated control. For the A. GSK3α KO 

and B. GSK3β KO macrophages, n = 4, and for the B. GSK3β KO macrophage, n = 8. 

Data are shown as mean ± SD; * is the comparison between WT and KO; **p<0.01, ***p 

< 0.001, ****p < 0.0001; (Three-way ANOVA). 

 

 

  



M.Sc. Thesis – A. Huang; McMaster University – Chemical Biology 
 
 

108 
 

  

  



M.Sc. Thesis – A. Huang; McMaster University – Chemical Biology 
 
 

109 
 

Figure 4.6. TUNEL staining in ER stressed cultured bone marrow derived 

macrophages. Bone marrow derived macrophages were cultured from Ldlr-deficient 

mice with floxed GSK3α or deficiency in GSK3α. Macrophages were treated with ER 

stress inducing agents thapsigargin (Tg, 5 or 10 µM), or tunicamycin (Tm, 5 or 10 

µg/mL), or left untreated (UT, DMSO vehicle) for 24 hours after macrophage 

polarization. Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling 

(TUNEL) staining were performed on the A. GSK3α KO or B. GSK3β KO macrophages. 

Data are normalized to the total cell count determined by the DAPI nuclei staining. 

Results are reported as the fold change relative to the M0 GSK3α floxed (WT) untreated 

(UT) control. For the A. GSK3α KO macrophages, n = 11-12, and for the B. GSK3β KO 

macrophage, n = 7-8. Data are sown as the mean ± SEM; * is the comparison between 

WT and KO; ***p < 0.001, ****p < 0.0001; (Three-way ANOVA). 
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Lipid accumulation in bone marrow derived macrophages 

We wanted to determine if the loss of GSK3α would affect the accumulation of 

lipids in foam cells. To examine this, cultured GSK3α deficient macrophages were treated 

with the ER stress inducing agent, Tg or Tm, to upregulate the expression of genes 

associated with the accumulation of lipids. The expression levels of transcripts associated 

with lipid biosynthesis and uptake were determined by RT-PCR. The expression of genes 

involved in regulating lipid metabolism such as FAS and HMG-CoA reductase, were 

upregulated upon ER stress (Figure 4.7A, B). The expression of ABCG1, which mediates 

cellular cholesterol efflux to HDL, was suppressed under ER stress (Figure 4.7C). The 

absence of GSK3α appear to only alleviate the Tm induced upregulation of HMG-CoA 

reductase, but do not significantly alter the HMG-CoA reductase expression elicited by 

Tg. Together, these results suggest that GSK3α do not affect the expression of genes 

involved in lipid homeostasis.      

Next, we wanted to devise an experiment to assess for lipid uptake. We 

hypothesized that M2 macrophages have elevated cholesterol uptake capacities compared 

to M1 macrophages.  To examine our ability to effectively quantify the uptake of 

modified LDL in these macrophages, labelled acetylated low density lipoprotein 

(AcLDL) was added to M1 or M2 polarized WT macrophages after 24 hours of ER stress 

treatment. After 2 hours of incubation, AcLDL uptake was determined by quantifying 

staining intensity using flow cytometry (Figure 4.8). Results showed no alteration in lipid 

uptake between the polarized macrophages, which suggests that these experimental 

parameters cannot accurately assess lipid uptake. 
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Figure 4.7. The role of GSK3α in regulating macrophage lipid metabolism. ER stress 

was induced Ldlr and GSK3α deficient bone marrow derived M0, M1, or M2 

macrophages using thapsigargin (Tg, 5 or 10 µM) or tunicamycin (Tm, 5 of 10 µg/mL). 

Transcript expression of lipid metabolism genes such as A. fatty acid synthase (FAS), B. 

5-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, and C. ATP-binding 

cassette sub-family G member 1 (ABCG1) were determined by RT-PCR. * is relative to 

the respective UT group, † is the comparison between M0, M1, and M2 within 

treatments, and # is the comparison between WT and KO; *p<0.05, **p<0.01, ***p < 

0.001, ****p < 0.0001; (Three-way ANOVA).  
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Figure 4.8. Testing for lipid uptake in bone marrow derived macrophages. Bone 

marrow derived macrophages were isolated from Ldlr-deficient mice with expressing 

normal GSK3α/β were polarized to M1 or M2 macrophages for 24 hours in A. serum-

containing (15% FBS) or B.  serum-free (0.3% BSA) media. Macrophages were then 

exposed to 10, 5, or 2.5 µg/mL of labelled AcLDL in serum-free conditions. Lipid uptake 

was assessed by the mean fluorescence intensity determined by flow cytometry. n = 2; 

data are shown as mean ± SD. 
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4.6 DISCUSSION 

Evidence suggests a causative role for ER stress in the development and 

progression of atherosclerosis16–18. However, the mechanism of how ER stress induces 

promotes atherosclerosis is poorly understood. We have previously demonstrated that ER 

stress signalling activates GSK3α/β through the unfolded protein response (UPR)12. The 

use of pharmacological inhibitors of GSK3α/β attenuates atherogenesis in mice11,13. 

However, it is unclear whether this was a consequence of inhibiting one of the two 

isoforms or if this effect only occurs upon inhibiting both isoforms. Mice with myeloid 

specific GSK3α deficiency develop smaller atherosclerotic lesions and have elevated 

levels of the M2 anti-inflammatory cytokines15. Atherosclerosis development and 

macrophage polarization was not affected in mice with myeloid GSK3β deficiency. While 

these isoforms can be involved in divergent cellular processes9, the functional differences 

of GSK3α and GSK3β in macrophages have yet to be explored.  

In this study, we investigated the role of these isoforms by characterizing the 

phenotypic differences of macrophages with GSK3α or GSK3β deficiency. To initiate 

signalling through GSK3α/β, macrophages were treated with Tg or Tm to induce ER 

stress. Consistent with our previous study using these macrophages, we found that the 

GSK3α deficient macrophages were less M1-like15. However, this resistance towards M1 

polarization in GSK3α deficient macrophages was greatly diminished or disappeared after 

48 hours.  

We observed that ER stress induces the expression of Arg1 in macrophages, 
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indicative of a M2 phenotype. This is consistent with previous studies using ER stress 

inducing agents on macrophages10,19. Interestingly, Tg treatment amplified iNOS 

expression in M1 macrophages. Furthermore, the absence of GSK3α reduced Arg1 

expression in Tm treated macrophages and diminished M1 polarization in Tg treated 

macrophages. Although we observed differences in polarization states between normal 

and GSK3α deficient macrophages, we cannot conclude that this is a result of ER stress 

signaling as different effects were observed between Tg and Tm treatments. This 

discrepancy may be a result of the distinctly different intracellular effects of Tg and Tm. 

Tg inhibits the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase and causes a reduction 

in ER calcium levels, while Tm inhibits N-acetylglucosamine-1-phosphate transferase 

(GPT) and interferes with the biosynthesis of glycoprotein in the ER20. This suggests that 

the role of GSK3α deficiency in the modulation of macrophage polarization is dependent 

on the specific mode of action causing ER stress.  

Chronic ER stress induces to macrophage death and contribute towards the 

growing pro-thrombotic necrotic core, increasing the risk of plaque rupture21,22. The 

expression of CHOP and macrophage apoptosis have been correlated with advanced 

lesions, and the genetic deletion of CHOP in Apoe-/- and Ldlr-/- mice have reduced 

lesional macrophage apoptosis and plaque necrosis23,24. Since mice with myeloid specific 

GSK3α or GSK3β deficiency have smaller necrotic core, we hypothesized that the 

GSK3α or GSK3β deficient macrophage would be resistant to apoptosis and exhibit 

enhanced viability. We assessed cell viability by performing the Alamar Blue cell 

viability assay and staining for apoptotic TUNEL positive cells. Macrophages with 
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GSK3α deficiency did not confer any protection against the cytotoxic effects of Tg or 

Tm. The contrasting findings between the in vivo studies and our in vitro experiments 

may indicate that our cell culture conditions cannot capture the stresses or complexities in 

atherosclerotic lesions, or the smaller necrotic cores observed in our previous study are 

caused by other cell types, such as the apoptosis of smooth muscle cells or the clearance 

of apoptotic bodies by phagocytic cells. Interestingly, results from the Alamar Blue assay 

suggested that macrophages with GSK3α or GSK3β deficiency were protected against the 

toxic effects of Tm and demonstrated higher cell viability. This suggests that GSK3α and 

GSK3β have redundant functions in regulating cell viability. 

Both M1 and M2 macrophages have the ability to ingest lipids and become foam 

cells25. Foam cells promote the progression of atherosclerosis and is a pathological 

hallmark of the disease21. Although the formation of foam cells is typically linked to a 

pro-inflammatory phenotype, the mechanisms which link cholesterol loading to 

inflammatory reactions in macrophages are not well defined26.  In human plaques, M2 

macrophages were found to be localized in more stable regions of the lesion away from 

the necrotic core27. The M2 foam cells contained smaller lipid droplets compared to M1 

foam cells. M2 macrophages from healthy donors showed less foam cell formation 

compared with resting macrophages27. Contrastingly, M2 polarized macrophages from 

human diabetic macrophages demonstrated increased modified LDL cholesterol uptake 

through the upregulation of scavenger receptor CD36 and SR-A119, while M1 

macrophages have reduced CD36 expression28. In the lesions of Apoe−/− mice fed a high 

fat diet, M2 macrophages were localized toward the centre of the plaque and had higher 
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cholesterol deposition while M1 macrophages localized to the periphery of the plaque and 

accumulated less cholesterol19. In addition, the induction of ER stress was reported to be 

sufficient to generate the M2 phenotype in macrophages through p-JNK-PPARγ 

signalling. Inhibiting ER stress decreased foam cell formation by reducing cholesterol 

uptake and increasing cholesterol efflux. Our results were consistent with these findings, 

where the macrophages treated with the ER stress inducing agents Tg and Tm elevated 

the expression the M2 polarization marker Arg1. Moreover, the ER stressed and M2 

polarized macrophages show increased FAS and HMG-CoA reductase expression 

(cholesterol and fatty acid synthesis), and decreased ABCG1 expression (cholesterol 

efflux), suggestive of a greater capability to become foam cells. Together, the suppression 

of macrophage ER stress, or its distal components, may be a potential therapy for 

atherosclerosis. We have previously shown that inhibiting GSK3α/β, serine/threonine 

kinase attenuates ER stress associated foam cell formation. Therefore this may be a target 

to treat atherosclerosis10. Interestingly, the deletion of GSK3α appear to ameliorate the 

expression of HMG-CoA reductase (cholesterol synthesis), although the results were only 

significant in M0 and M2 macrophages treated with 10 µg/mL of the ER stress inducer, 

Tm.  

Together, gene analysis assays revealed that GSK3α deficient macrophages are 

resistant towards a M1 polarization. Therefore, the atheroprotective effect observed in 

myeloid GSK3α deficient mice15 may be due to a resistance towards the pro-

inflammatory M1 polarization with no impact on the ability of macrophages to undergo 

apoptosis. Interestingly, GSK3α/β deficiency improved cell viability. Further work needs 
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to be conducted to determine the effect of GSK3α deficiency on lipid uptake and foam 

cell formation, as well as the investigation on the effects of GSK3β and GSK3α/β 

deficiency. 
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CHAPTER 5: GENERAL DISCUSSION 

Even with the ongoing research on atherosclerosis, heart disease and stroke 

continue to be the leading cause of death worldwide1,71. Family history and age are non-

modifiable risk factors attributed to atherosclerotic CVD. Modifiable risk factors which 

contributes to the disease include diabetes, high cholesterol, obesity, physical inactivity, 

and smoking5. CVD mortality rates have been declining, which may be caused by a 

combination of lifestyle changes, more effective treatments, and preventative medicine1. 

Lipid lowering therapy is often prescribed to help patients achieve lower LDL cholesterol 

levels. Despite the success of statins in lowering lipid levels and reducing cardiovascular 

risk, patients are still at risk for atherosclerosis and CVD78. In this project, we explored an 

alternative molecular pathway in atherosclerosis that can be targeted therapeutically, and 

works independently from the lipid lowering strategies (Chapter 1, Figure 1.3). 

The ER stress-GSK3α/β signalling pathway have previously been suggested to be 

involved in atherosclerosis42,43. As presented in chapter 3, Ldlr-/- mice developed 

atherosclerosis when fed a high fat diet. Mice were treated with the ER stress alleviating 

agent 4PBA or the GSK3α/β inhibitor VPA during various stages of atherosclerosis. 

Plasma cholesterol and triglyceride levels were unaffected by the treatments. The cross 

sectional areas of the atherosclerotic lesions were quantified at the aortic root, an 

atherosclerosis-prone region in mice. Inhibiting ER stress or GSK3α/β effectively 
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impeded plaque development and progression. Our findings were consistent with 

previous studies that investigated the effects of modulating ER stress or GSK3α/β in 

Apoe-/- mice, which is a different mouse model of atherosclerosis42,43. 

To assess whether targeting this pathway would be an effective strategy to treat 

atherosclerosis beyond preventative therapy, 4PBA or VPA treatment were administered 

in mice with advanced lesions. Immunofluorescence and immunohistochemistry staining 

was performed on the aortic sections to further characterize the plaques. The treatments in 

established mouse atherosclerosis did not alter plaque size, but lesions had smaller 

necrotic cores, increased VSMC, and increased collagen content which are features of 

less vulnerable plaques. This study is the first to investigate the effects of suppressing ER 

stress or GSK3α/β in mice with established atherosclerosis. Together, these data suggest 

that inhibiting the ER stress-GSK3α/β pathway may be plausible strategy to treat 

vulnerable plaques by reducing plaque progression and promoting plaque stability. 

4PBA is approved by the Food and Drug Administration (FDA) for managing 

urea-cycle disorders. It is a chemical chaperone which prevents protein aggregation and 

assists in the folding of misfolded proteins in the ER lumen; thereby decreasing the 

amount of misfolded proteins and alleviating ER stress79. VPA is currently used in the 

treatment of bipolar disease and epilepsy80. It has also been shown to inhibit GSK381; 

however, it is unclear as to whether VPA inhibits GSK3α/β directly or indirectly by 

inhibiting upstream components82. It is also not known if the GSK3α/β inhibitory activity 

of VPA is responsible for its efficacy as an anti-convulsant83,84. Although we assume that 

4PBA and VPA can effectively modulate ER stress, small molecule drugs could 
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potentially affect other cellular pathways. For example, both 4PBA and VPA have also 

been shown to inhibit histone deacetylases (HDACs)85–87. However, given that HDAC 

inhibition exacerbates atherosclerosis, it is unlikely that the observed reduction in 

atherosclerosis is a result of the inhibition of HDACs88. 

Another evidence supporting that the inhibition of GSK3α/β attenuates the 

progression of atherosclerosis comes from the use of lithium, which like VPA, is a 

GSK3α/β inhibitor89. The use of lithium in HFD fed Apoe-/- mice reduced atherosclerotic 

lesion size by 8.2% after 6 weeks of treatment and 14% after 14 weeks of treatment. 

Despite the evidence of a role of GSK3α/β in the progression of atherosclerosis, the 

isoform specific functions of GSK3α and GSK3β are unclear as small molecules such as 

lithium and VPA can inhibit both isoforms. Ldlr-/-GSK3α-/- mice have smaller 

atherosclerotic lesions, suggesting a role for GSK3α in atherosclerosis; however, the role 

of GSK3β is unclear since the whole body deletion of GSK3β is embryonically lethal39. 

Furthermore, the systemic inhibition of GSK3α/β means that the target responsible for 

hampering atherosclerosis is unknown. To elucidate the role of GSK3α and GSK3β 

isoforms in atherosclerosis and determine their tissue specific function, our lab have 

recently developed Ldlr-/- mice with hepatocyte or myeloid cell specific GSK3α or 

GSK3β deficiency44. GSK3α or GSK3β deficiency in hepatic or myeloid cells did not 

affect plasma lipid levels. Hepatic deletion of GSK3α or GSK3β did not affect 

atherosclerosis development. Myeloid GSK3α deficiency attenuated atherosclerotic, 

evident by a reduction in lesion size and necrotic volume, and promoted an anti-

inflammatory plasma cytokine profile. GSK3β deficiency in myeloid cells did not affect 
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lesion size, but the plaques had smaller necrotic cores. This study identified homolog and 

tissue specific functions of GSK3α or GSK3β in the development of atherosclerosis. 

However, the molecular mechanisms and pathways that underlie these phenotypic 

differences and their corresponding contributions to the development of atherosclerosis 

were unclear. 

In chapter 4, we characterized the effects of abolishing GSK3α or GSK3β in 

macrophages. These experiments were performed on bone marrow derived macrophages 

obtained from the Ldlr-/- mice lacking myeloid GSK3α or GSK3β as mentioned above. 

Consistent with the observation of a less inflammatory and more anti-inflammatory 

cytokine profile in the myeloid GSK3α deficient mice, the cultured bone marrow derived 

macrophages were resistant towards polarization to the pro-inflammatory M1 phenotype. 

However, GSK3α deficiency did not significantly affect macrophage viability, modify the 

response to ER stress, or alter the expression of genes involved in lipid metabolism. 

Contrastingly, the absence of GSK3β slightly amplified ER stress induced apoptosis. 

Interestingly, the deletion of GSK3α/β improved cell viability. These results suggest that 

there may be isoform redundant function between GSK3α and GSK3β in regulating cell 

viability. Additional experiments are required to further delineate the characteristics of 

these GSK3α or GSK3β deficient macrophages. 

We presented evidence suggesting that inhibiting GSK3α/β may be a viable 

strategy to treat atherosclerosis. GSK3α/β inhibition attenuated the progression of 

atherosclerosis and stabilizes existing lesions, thus limiting the chance of rupture, which 

results in secondary cardiovascular events. Given that the pharmacological inhibition of 
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GSK3α/β with VPA would be a systemic effect, it is difficult to pinpoint the cause to a 

single cell type. Nevertheless, this may have in part resulted from the attenuated M1 

polarization upon the inactivation of GSK3α in macrophages. The imbalance in the M1 

and M2 macrophage ratio has been implicated in various diseases or inflammatory 

conditions, including atherosclerosis. Classically activated M1 macrophages promote 

inflammation and are polarized by Th1 cytokines such as IFNγ, IL-1β, and LPS90,91. 

Alternatively activated M2 macrophages promote an anti-inflammatory resolution and are 

polarized by Th2 cytokines such as IL-4 and IL-13. Generally, M1 macrophages are 

thought to promote atherosclerosis, and M2 macrophages attenuates atherosclerosis. The 

attenuation of M1 polarization through the myeloid deletion of IκB kinase in Ldlr-/- mice 

attenuated macrophage inflammatory responses and decreased lesion formation92. The 

myeloid-specific deficiency of either peroxisome proliferator activated receptor γ 

(PPARγ) or Krüppel-like factor 4, regulators of M2 polarization, suppressed M2 

macrophage polarization and accelerated lesion formation in both Apoe-/-93 and Ldlr-/-94 

mice. Moreover, macrophages switch from an M1 phenotype to an M2 phenotype during 

lesion regression95,96. This implicates that methods to decrease the ratio of M1/M2 

macrophages may be an effective therapy for patients with atherosclerosis.    

GSK3α/β have previously been shown to be involved the production of 

inflammatory cytokines through the activation of the inflammatory transcription factor 

NF-κB97. The inhibition of GSK3α/β reduced the production of pro-inflammatory IL-1β, 

IL-6, TNF-α, IL-12 and IFN-γ, and augmented the production of the anti-inflammatory 

cytokine IL-10 in human monocytes stimulated with LPS. The decrease in inflammatory 
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response was shown to be a result of augmenting the cyclic AMP response element 

binding protein (CREB) activity and promoting its association with the nuclear co-

activator CREB-binding protein, and decreasing CREB-binding protein (CBP) 

association with NF-κB and suppressing NF-κB activity. 

Isoform specific roles of GSK3α and GSK3β have been previously reported in the 

regulation of mouse T cell polarization98. The deficiency of GSK3α reduced the 

polarization of CD4+ T cells to Th1 cells, but did not affect other T cell polarization 

subtypes such as Th2, Th17, or Treg. Contrastingly, the reduction (GSK3β+/-) or absence 

(GSK3β-/-) of GSK3β in CD4+ T cells impaired the production of Th17 cells but did not 

alter differentiation to Th1, Th2, or Treg cells. Interestingly, it appears that GSK3α/β 

regulates the polarization of macrophages (myeloid lineage) and T cells (lymphoid 

lineage) in a similar fashion. The results of this study were consistent with our 

observation where the deletion of GSK3α in bone marrow derived macrophages were 

resistant towards M1 polarization. 

Our results suggest that the ER stress-GSK3α/β signalling pathway play a critical 

role in the development of atherosclerosis. Inhibiting ER stress and/or GSK3α/β may be 

an effective strategy to treat patients with atherosclerosis. This pathway presents itself as 

a novel and exciting target to treat atherosclerosis that works different from the 

conventional lipid lowering strategies. The difference in the mode of actions suggests the 

possibility of combining both treatment strategies for a more effective or potent effect. 

However, further studies are required to investigate this hypothesis and question remains 

on whether our findings in the mouse model would translate to human patient care. A 



M.Sc. Thesis – A. Huang; McMaster University – Chemical Biology 
 
 

131 
 

better understanding of GSK3α/β signalling will help determine how GSK3α/β promotes 

atherosclerosis development and progression. Moreover, the identification of homolog 

differences between GSK3α and GSK3β may help elucidate the potential side effects 

from inhibiting these isoforms.  
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CHAPTER 6: FUTURE WORK 

6.1 Completion of the study in chapter 4 

To complete the study presented in chapter 4, further characterization of the 

macrophages with GSK3α or GSK3β deficiency will be required. This will involve 

a) investigating additional markers of apoptosis (e.g. cleaved caspase-3), 

b) determining expression levels of additional markers involved in lipid metabolism 

(e.g. ABCA1, SREBP1/2, SRA, CD36, and SRB1), 

c) optimizing the AcLDL lipid uptake experiments to assess for foam cell formation, 

and 

d) extending the experiments to macrophages with GSK3β deficiency. 

Further experimentation may involve determining the molecular mechanism of 

GSK3α or GSK3β in the regulation of lipid metabolism by gene expression profiling. 

Analyzing the changes in gene expression may give insight to the molecular pathway by 

which GSK3α or GSK3β targets to regulate lipid metabolism. Moreover, future analysis 

could include macrophages with both GSK3α and GSK3β deficiency. This would allow 

us to examine for any redundant functions of GSK3α and GSK3β. 

As a control in the above experiments, GSK3α or GSK3β will be introduced into 

the corresponding GSK3α or GSK3β deficient macrophages using the adenovirus vector 

Ad-GSK3α and Ad-GSK3β, respectively, to determine if the observed effects can be 

alleviated by the adenovirus vector. 



M.Sc. Thesis – A. Huang; McMaster University – Chemical Biology 
 
 

133 
 

In addition to completing this study, there are other experiments that can be 

conducted to further delineate the specific functions of GSK3α or GSK3β and determine 

the efficacy of inhibiting one or both of these homologs in the treatment of 

atherosclerosis. 

6.2 Prolonged regression model: Assessing the effects of reducing ER stress or 

inhibiting GSK3α/β for an extended period of time 

 In chapter 3, we presented a model to investigate atherosclerotic regression in 

mice. In this model, the mice were given the treatment of 4PBA or VPA for only 4 weeks. 

We observed changes in the plaque composition, but did not see any evidence of 

regression. However, question remains as to what would happen if these mice were 

treated for a longer period of time. Would we still see differences in plaque content? 

Would we see smaller plaque sizes (regression)? Would the prolonged duration of 

treatment be detrimental to the health of these mice? 

 In order to address these questions, we started a similar regression experiment to 

the one in chapter 3, but these mice would be place on treatment for 10 weeks instead of 4 

weeks. Briefly, 4 week old female Ldlr-/- mice were placed on a HFD for 16 weeks to 

allow for the development of established lesions. Some of these mice were sacrificed at 

this time for the baseline, while other subsets of mice had their diets switched to a chow 

diet for control, or chow diet with 4PBA or VPA treatment for 10 weeks. Some of these 

mice have already been harvested and preliminary data suggests that the mice with VPA 

treatment have significantly lower levels of fasting blood glucose compared to the 
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baseline or control groups. 4PBA treatment did not alter fasting blood glucose levels. 

Treatments did not affect body weight, liver weight, or fat pad (adipose) weight. 

Experiments are underway to investigate for any differences in plaque size and 

composition. 

6.3 Regression analysis on mice with inducible myeloid GSK3α and/or β deficiency 

A limitation of the data presented in chapter 3, we assumed that the results 

obtained were the result of VPA inhibiting GSK3α/β. However, VPA has previously been 

reported to also inhibit CYP2C9, epoxide hydrolase, glucuronyl transferase, and histone 

deacetylases (HDACs)85,86,99–102. To overcome this limitation, our regression model could 

be extended into a system where we could specifically delete the GSK3α and/or GSK3β 

genes in myeloid cells.  

To do this, we are currently working on creating Ldlr-/- mice with a myeloid cell-

specific tamoxifen inducible Cre recombinase system. These mice contains a Cre 

recombinase which is flanked on both ends with a mutated G525R murine estrogen 

receptor (mer) which is under the control of the mouse colony stimulating factor 1 

receptor (Csf1r) promotor. This Mer-Cre-Mer double fusion protein does not bind to its 

natural ligand, estrogen, but will bind to the synthetic estrogen receptor ligand, tamoxifen. 

These mice will be crossed with Ldlr-/- mice containing a loxP-flanked sequence on the 

ends of GSK3α or GSK3β (GSK3αfl/fl or GSK3βfl/fl). The resulting Ldlr-/-Csf1r-Mer-Cre-

MerGSK3αfl/fl and Ldlr-/-Csf1r-Mer-Cre-MerGSK3βfl/fl mice will be placed on a HFD for 

lesion development. These mice will then be injected with tamoxifen or saline for control. 

The Mer-Cre-Mer protein complex undergoes nuclear translocation in the presence of 
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tamoxifen, allowing the Cre to mediate the site-specific recombination. This results in the 

excision of the genes between the floxed sites and ultimately ablating the expression of 

GSK3αfl/fl or GSK3βfl/fl. With the ability to dictate the genetic deletion of GSK3α or 

GSK3β, this system will allow us to investigate the role of GSK3α and GSK3β at various 

times during lesion progression or regression.  
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