
 

 
 
 
 

Oral Porphyromonas gingivalis Infection Induces 

Epigenetic Changes that Promote Persistence of 

Cardiovascular Disease Risk  

 

by 

 

Konrad Lehmann 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

 

Master of Science 

 

 

 

 

 

 

 

Medical Sciences – Oral Biology 

University of Alberta 

 

 

 

 

 

 

© Konrad Lehmann, 2020 



ii 

Abstract 

 

 In the last two decades, periodontitis has become recognized as a risk factor for 

cardiovascular disease (CVD), a term that encompasses many circulatory disorders, often 

underpinned by atherosclerosis. One of the major questions regarding this association has been 

whether elimination of periodontitis promotes reversal of CVD risk. Studies in edentulous 

populations have shown that residual CVD risk persists, even with clinically acceptable 

elimination of periodontitis. Owing to the strong inflammatory components of both diseases, our 

lab hypothesizes that persistence of CVD risk is in part a function of epigenetic reprogramming of 

hematopoietic stem cells in the bone marrow during periodontitis, promoting a pro-atherogenic 

phenotype in the immune system long-term.   

To simulate persistence of CVD risk, a bone marrow transplant approach was used. Bone 

marrow was transplanted into healthy, irradiated pro-atherogenic mice from two syngeneic donor 

cohorts: mice orally infected with Porphyromonas gingivalis (Pg) or sham infected. In previous 

experiments using this transplant approach, mice receiving BM from Pg-infected donors displayed 

increased atherosclerotic lesion burden, providing a strong underpinning to performing epigenetic 

analysis. Using whole genome bisulfite sequencing of donor bone marrow progenitor DNA, with 

cross-referencing of transcriptome analysis from recipient bone marrow-derived macrophages, 

differentially methylated and expressed genes were identified. Systemic lipid phenotype analyses 

were also performed as initial studies into differences in phenotype between transplant recipient 

groups.  

Mice receiving bone marrow from Pg-infected donors displayed a number of notable 

differences in plasma lipid profiles. These include increased total triglycerides, esterified 
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cholesterol, very low-density density lipoprotein (VLDL) triglycerides, and decreased high density 

lipoprotein cholesterol. Transcriptome analysis showed differential expression in oxidative 

mitochondrial metabolism and cell stress management. When cross-referenced to whole genome 

bisulfite sequencing data from progenitors, nine genes differentially methylated and expressed 

were identified as candidate genes for future phenotypic studies. PON2, APOE, CBR2, NPC2, 

ATP5O, ATPF1 were found to be hypermethylated and downregulated, while SLC23A2, ACC1, 

and SORL1 were found to be hypomethylated and upregulated. Based on their epigenetic and 

expression profiles, enrichment of these genes suggests a pro-oxidative phenotype, contributing to 

increased cellular oxidized LDL, in addition to increased triglyceride and cholesterol 

accumulation. Impaired cholesterol trafficking, as well as catabolism of triglyceride rich 

lipoproteins may explain the VLDL/triglyceride/esterified cholesterol phenotype data.   

Presently, our experiments have suggested that macrophages originating from the bone 

marrow of mice infected by Pg exhibit a more pro-atherogenic phenotype, which may be guided 

by changes in DNA methylation in upstream progenitors during hematopoiesis. If our hypothesis 

is supported by future experiments, this will necessitate the development of CVD therapeutics 

targeting epigenetic processes. Our findings may have broader applicability to other CVD risk 

factors which are also known to leave increased risk after removal, such as diabetes and smoking.
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1.1 Cardiovascular disease  

 

Cardiovascular disease (CVD) is currently one of the leading causes of death worldwide, 

accounting for approximately 17.8 million deaths in 2017 alone1, the most of any health-related 

issue that year. In the preceding decade, the CVD mortality rate increased by a staggering 21.1%1, 

even with the advent of lipid-lowering drugs and continuing research into understanding of the 

etiology and pathophysiology of the disease. This highlights not only its continued impact on the 

general health and wellbeing of society, but also the heavy strains it places on our healthcare 

systems financially. In the most recent report put out by the Public Health Agency of Canada on 

economic costs for disease, CVD accounted for approximately 13.6 billion dollars in direct 

medical costs and lost productivity in 2010 alone, having the highest hospital and drug 

expenditures of any chronic disease2. These high costs are not only true of Canada, but worldwide, 

including the European Union, where estimated costs reach a staggering 169 billion euros3. Thus, 

continued research into CVD prevention and treatment are critical to lessening its burden on our 

health care systems.  

CVD describes a wide range of vascular diseases, with the greatest proportion of CVD-

related deaths and morbidity reported due to myocardial infarctions (or heart attacks) and strokes1. 

CVD is a complex and multifactorial disease, highlighted by a long list of risk factors4 which can 

make treatment extremely difficult. The Framingham Heart epidemiological study5,6 has been 

indispensable in identifying these health-related risk factors, and associating them with increased 

CVD prevalence and incidence. These risk factors include hyperlipidemia7,8, 

hypertriglyceridemia9,10, diabetes11, and smoking12, all of which guide the screening and treatment 

of susceptible patients in practice today. On a basic level, these risk factors promote 

atherosclerosis, which is the underlying etiology for many CVD cases seen clinically. 
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Atherosclerosis is a chronic inflammatory condition of the arteries. It is characterized by the 

development of sub-endothelial plaques, which in advanced stages can lead to luminal occlusion, 

resulting in partial or complete blockage of perfusion of essential organs such as the heart and 

brain. 

1.2 Pathophysiology of Atherosclerosis and Foam Cell Formation  

Atherosclerosis initiation and progression is largely believed to be associated with risk 

factor-driven injury and dysfunction of the endothelial layer of arteries13,14. Endothelial 

dysfunction is a phenomenon characterized by two phenotypic changes that alter endothelial 

homeostasis. The first is impaired vasodilatory properties of the endothelium15-17 altering vascular 

compliance, which acts synergistically with increased expression of pro-inflammatory, thrombotic 

and chemotactic factors16,17 to promote a vascular microenvironment conducive to inflammatory 

cell migration and subendothelial lipoprotein retention18,19. This underlies the formation of initial 

fatty streak lesions, characterized by the formation of lipid-rich foam cells20. 

Foam cells are formed when macrophages, recruited into the subendothelial space by 

endothelial signalling, and activated by lipoprotein retention, become cholesterol-rich by uptake 

of subintimal-retained low-density lipoprotein (LDL) cholesterol20. LDL particles are derived 

from their predecessor, very low-density lipoprotein (VLDL). VLDL, produced by the liver, is 

mainly made up of triglycerides and cholesterol, and serves as one of the body’s primary 

mechanisms for tissue lipid delivery. At sites of need, triglycerides are liberated from VLDL by 

the action of cellular lipases21, turning the particle into its more cholesterol-enriched derivative, 

LDL. In this form, it is amiable to macrophage uptake22,23, after which processing of the cholesterol 

leads to formation of a cholesterol droplet in the cytoplasm. 
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Normally, LDL cholesterol uptake and droplet size are tightly regulated together by the 

low density lipoprotein receptor (LDLR) pathway24. Thus, cytoplasmic cholesterol excess 

promotes various cholesterol efflux pathways25,26. The primary objective of these pathways is to 

remove cholesterol through association with apolipoprotein (Apo) A1 or a high-density lipoprotein 

(HDL) particle; these particles are responsible for cholesterol clearance, by delivering excess back 

to the liver for excretion (reverse cholesterol transport)27. 

Macrophage foam cells, which initiate atherosclerosis lesion formation, can form in 

pathological states as a result of cholesterol accumulation despite this regulatory feedback.28,29. 

This is because modified forms of LDL bypass the normal LDLR mode of entry and utilize 

alternative pathways. These pathways are not bound by intracellular cholesterol regulation in the 

same way as the LDLR pathway, and involve the uptake of oxidized LDL (oxLDL)30. This 

modified form of LDL is generated by oxidative stress and overproduction of reactive oxygen 

species (ROS) by many cell types in atherosclerotic initiation, including activated endothelium 

and pro-inflammatory M1 macrophages31,32. Thus, the combination of LDL particles in an 

oxidative environment is a key etiological factor promoting foam cell formation, and thus 

atherosclerotic lesion development. 

Fatty streaks are subclinical vascular lesions that do not produce signs or symptoms. These 

occur at a basal rate in most people, and in the context of a Western diet, can even be found in 

early childhood33,34. They rely on the risk factor-mediated elaboration of endothelial dysfunction 

and inflammation to progress. Lesion progression involves further foam cell formation, 

recruitment of other immune cell types (including T cells35 and B cells36), as well as formation of 

a fibrous cap from extracellular matrix production by vascular smooth muscle cells37. Normally, 

vascular remodelling in these early progressed lesions prevents any symptomatic clue of their 
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presence38. However, as plaques grow, continued inflammation, combined with foam cell 

apoptosis and immune cell necrosis, leads to thinning of the fibrous cap, and formation of a pro-

thrombotic core that promotes plaque rupture39. Release of these pro-thrombotic agents into the 

circulation leads to clot formation, occlusion of arteries, and ischemia of vital organs.   

Various risk factors are responsible for promoting the formation and progression of 

atherosclerotic lesions. One risk factor that has been gaining some attention in  the scientific 

community in the last two decades has been periodontitis; many epidemiological and observational 

studies support periodontitis as an independent risk factor for CVD40-43. 

1.3 Periodontitis  

Periodontitis is an inflammatory disorder of the periodontium, the support apparatus of our 

teeth including the periodontal ligament, gingiva, and alveolar bone44. Inflammatory responses to 

bacterial biofilms on teeth of genetically or medically susceptible hosts leads to loss of gingival 

connective tissue attachment, followed by alveolar bone loss, which in the most severe cases can 

lead to tooth hypermobility, and even  loss45.  While the periodontal biofilm is a network of diverse 

species46, there are certain bacteria that have been highly associated with increased periodontitis-

mediated destruction, including bacteria of the Red Complex: Porphyromonas gingivalis (Pg), 

Treponema denticola, and Tannerella forsythia47. These bacteria possess a number of adaptations 

that allow them to thrive in in subgingival environment, where immune responses against these 

bacteria and others in the biofilm initiate inflammation characteristic of periodontitis44. These 

species derive energy using anaerobic metabolism48,49, equipping them to survive in the low-

oxygen environment subgingivally. Various virulence factors inherent to these bacteria also aid in 

their survival. Pg-encoded gingipains amplify inflammation50 and promote adhesion of Pg to 
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epithelium, thus allowing it to colonize the subgingival environment51. In combination with its 

ability to evade the immune system by resisting killing by innate immune mechanisms such as 

oxidative burst52 and complement53, Pg can persist in subgingival plaques, which is key to its role 

as a keystone pathogen, coined for the ability of Pg to alter biofilm dynamics and promote 

increased biofilm virulence54. 

Damage due to periodontitis, even if treated non-surgically and deemed stable, is 

irreversible, and leaves patients with a reduced periodontium unless invasive surgery is 

undertaken. Beginning in 1999, periodontitis was described broadly by four major categories: 

chronic, aggressive, necrotizing, and due to systemic diseases55. Based on this classification, 

chronic periodontitis was associated with an older cohort of patients, high amounts of plaque and 

calculus, and a slow to moderate rate of progression56. Aggressive periodontitis was much quicker 

in progression, found at higher incidence in younger populations, and the amount of periodontal 

damage often did not correlate with the amount of plaque seen clinically56. However, population 

research over the last two decades and clinical case analyses have deemed it difficult to 

differentiate between the chronic and aggressive forms, and they are now combined under a 

periodontitis diagnosis scheme based on stage (the severity of disease) and grade (rate of 

progression), as well as a patient’s diabetes and smoking status57,58. 

1.4 The Association Between Periodontitis and Cardiovascular Disease 

A number of hypotheses have been developed regarding the mechanistic basis for the 

association between the periodontitis and CVD. Because both diseases are defined by an 

inflammatory component, the predominant hypothesis is that the response to periodontal 

pathogens, such as Pg, combines synergistically with vascular inflammation induced by CVD risk 

factors to increase atherosclerosis59,60. Various meta-analyses and clinical studies have shown 
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inflammatory markers of oxidative stress, as well as interleukin (IL)-6, and C-reactive protein, to 

be increased systemically in periodontitis patients61,62. These mediators are known to have crucial 

roles in the development of atherosclerosis and CVD63,64. In addition to systemic inflammation, 

the presence of periodontal pathogens in atherosclerotic plaques has led some to believe that 

periodontitis promotes bacteremia and direct pathogen involvement in the vascular 

microenvironment leading to an enhancement of atherosclerosis40,65. 

 One of the many questions surrounding this association is whether treatment of periodontitis 

can impact CVD risk. A ground-breaking study in 2001 investigating data from the First National 

Health and Nutrition Examination Survey (NHANES 1) showed that periodontitis patients made 

edentulous, and thus having clinical elimination of periodontitis, had the same elevated risk of 

suffering a CVD event due to coronary artery disease as those with periodontitis66. The stunning 

thing about this observation is that it was made at a 17 year follow up of the study’s participants. 

Other studies looking at long-term risk comparing edentulous and dentate periodontitis patients 

have found a reduced risk, but not a total reduction. In an analysis of cerebrovascular disease and 

non-hemorrhagic stroke risk, patients made edentulous had a lower risk of incidence or mortality, 

but residual risk was present and elevated above periodontally-healthy controls67. Similar 

observations were made for coronary heart disease events, with studies finding edentulous 

individuals having either similar risk to periodontitis patients68, or the presence of a residual risk 

above healthy controls under the age of 6069. These studies suggest that total reversal of CVD risk 

is often not fully realized, even in the absence of periodontitis or chronic dental infection.  

 The theme of persistent risk is not one limited to periodontitis. One of the other major risk 

factors for CVD is smoking. It has been shown that smoking contributes to atherosclerosis 

development by various mechanisms, including increasing vascular oxidative stress70 and oxLDL 
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production71, promoting a pro-atherogenic serum lipid (characterized by increased VLDL and 

LDL, with decreases in HDL)72, and increasing vascular inflammation73. In studies of heavy 

smokers who successfully achieve cessation of their habit, it has been noted that they continue to 

an elevated risk of suffering a heart attack twenty years after quitting74. Another pertinent example 

is that of diabetes. As with smoking, one of the main hypotheses surrounding its association 

involves a chronic systemic inflammation, brought on by insulin resistance75,76. Studies have also 

supported diabetic hyperglycemia acting on serum lipids, with glycation of serum lipoproteins not 

only promoting increased LDL oxidation77, but also impairing HDL function78. Persistent risk in 

diabetics with atherosclerosis has also been reported, as those who are able to achieve 

normoglycemia have higher risk of developing heart attacks and strokes years after controlling 

their blood glucose79,80. In all the cases above, the immune system plays a key role in the 

pathologies observed clinically.    

1.5 DNA Methylation in Inflammatory Disease  

One of the key controlling factors of immune cell phenotype and inflammation is 

epigenetic modification. While the cellular epigenetic landscape is vast, one of the most common 

is DNA methylation. This form of epigenetic change involves covalent attachment of methyl 

groups to cytosine, which alters the affinity of the DNA for nucleosomes81, but also directly alters 

binding of transcriptional factors to their regulatory sequences82, providing cells with a way of 

tightly controlling the availability of binding sites for various transcription and regulatory factors 

along the lengths of genes. The methylation level of a gene is dependent on the interplay between 

DNA methyltransferases, which place methyl groups, and DNA demethylases, which remove 

them, leading to hypermethylation or hypomethylation of genes, respectively83. DNA methylation, 

and epigenetic changes as whole, are key regulators of cell phenotype, as they are reversible, and 
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control gene expression in a sequence-independent manner84. These properties are critical in 

imparting phenotypic plasticity, allowing cells to integrate the cues and stimuli in their immediate 

environment into a functional transcriptional response.  This is particularly true in chronic 

inflammatory states. In conditions such as systemic lupus erythematosus and rheumatoid arthritis, 

DNA methylation changes have been identified that amplify the inflammatory response and 

promote disease pathogenesis85,86. Atherosclerosis and periodontitis, the two associated chronic 

diseases of interest in this dissertation, are no exception.  

In atherosclerosis studies using hypercholesterolemic mouse models, elevated blood lipids 

have been shown to promote DNA methylation changes in the bone marrow progenitor and 

hematopoietic stem cell populations; when these cells were transplanted, they promoted 

monocytosis (elevated blood monocytes) and elevated atherosclerosis87. Dietary by-products of 

inflammation, including oxLDL, have been shown to moderate DNA methylation of pro-

atherogenic genes88. Risk-factor promoted inflammation has become a hot topic in atherosclerotic 

research, with studies identifying changes in the methylation of various genes as having a potential 

association with increased risk of developing CVD89. Importantly, in mouse studies using DNA 

methylation inhibitors, the reversal of some pro-atherogenic changes was noted, reducing foam 

cell and plaque formation, and thus solidifying epigenetic changes as another therapeutic avenue 

to consider in the future90.   

The role of DNA methylation in periodontitis, just as in atherosclerosis, has been shown to 

be important in disease development. Studies of gingival biopsies and blood leukocytes from 

periodontitis patients have uncovered differential expression of a number of genes encoding pro-

inflammatory cytokines, including IL–691, tumor necrosis factor - α92, and interferon – γ93 due to 

changes in promoter methylation. Periodontal pathogens, including Pg, have been shown to have 
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the ability to induce changes in DNA methylation that may promote periodontitis progression94. 

Pilot studies looking at the ability of periodontitis treatment to reverse disease-promoting 

methylation of pro-inflammatory genes have found reversal, but also maintenance of methylation 

patterns post treatment, significant in potential for future relapse of periodontitis95. The important 

role of DNA methylation in promoting atherosclerosis and periodontitis necessitates further 

exploration into the impact epigenetic changes can have in promoting disease long-term. 

1.6 Hypothesis, Aims and Objectives 

After treatment of an inflammatory disease such as periodontitis, any risk for developing 

associated diseases such as CVD should diminish with continuous turnover of the immune system. 

The turnover of immune cells occurs on the orders of days to weeks96,97, nowhere near the 17 year 

timeline observed in the prospective study of the NHANES 1 data on periodontitis and CVD risk66. 

The fact that this risk remains elevated for such a long period of time suggests that there may be a 

mechanism, a form of memory, that might be perpetuating changes in the immune cells that are 

pro-atherogenic.  

Our lab hypothesizes that one mechanism at play involves long-term epigenetic changes 

induced during periodontitis, occurring in self-renewing hematopoietic stem cells (HSC) in the 

bone marrow. HSC are the stem cell of the immune system, possessing key self-renewing 

capabilities98 that allow for immune system maintenance and turnover. Combined with the intrinsic 

property of epigenetic changes to be passed between cells during division and development99,  

epigenetic changes would persist in the bone marrow, for years upon years, even after elimination 

of periodontitis. In effect, persistence of epigenetic changes in the bone marrow would lead to 
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long-term reprogramming of immune cells, including macrophages, which are known to have 

extensive roles in both periodontitis and atherosclerosis.  

The objective of my studies was to investigate DNA methylation changes induced in HSC 

and progenitors during chronic Pg infection in the context of a hyperlipidemic, CVD mouse model 

(LDLR knockout (KO)), to determine if epigenetic re-programming of the immune system during 

periodontitis has a role in persistent CVD risk. I used a bone marrow transplant approach with two 

syngeneic donor mouse cohorts. One was orally infected with Pg while the other was sham-

infected with vehicle. The bone marrow from both donor cohorts was transplanted into separate 

healthy, irradiated syngeneic mice. This model mimics a situation whereby any Pg-induced 

changes in the bone marrow should be passed to the recipients, but the mouse is otherwise healthy 

and free from the direct effects of Pg infection. Differences in DNA methylation in bone marrow 

progenitor cells were compared to differences in gene expression in bone marrow-derived 

macrophages (BMDM) and associated with plasma lipid analyses to determine if changes in 

immune cell phenotype can have systemic effects promoting atherosclerosis. 
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2.1 Cell Media Recipes 

2.1A. Iscove’s Modified Dulbecco’s Media (IMDM) (for flushing bone marrow cells) 

• IMDM (ThermoFisher Scientific - #12440053) 

• 10% heat inactivated (55°C waterbath for 2 hours) fetal bovine serum (FBS; Hyclone - 

SH 30396.03) 

• 100 U/mL penicillin and 100 μg/mL streptomycin (Hyclone – SV30010). 

2.1B. Bone Marrow Transplant Media  

• IMDM 

• 100 U/mL penicillin and 100 μg/mL streptomycin 

2.1C. Dulbecco’s Modified Eagle Media (DMEM) L929 Growth Media 

• DMEM (Hyclone – SH 30081.01) 

• 10% heat inactivated FBS 

• 100 U/mL penicillin and 100 μg/mL streptomycin 

• 2 mM L-glutamine (Sigma – G7513) 

2.1D. L929 Conditioned Cell Media (LCCM) 

• LCCM was made using DMEM L929 Growth Media (recipe 2.1C above). When L929 

cells were grown to near confluency in an initial 10 mL volume of DMEM L929 Growth 

Media, they were supplemented with an additional 10 mL without replacement for an 

additional 10 days. The final 20 mL supernatant collected was LCCM (see section 2.2.12 

for details). 

2.1E. Bone Marrow Resuscitation Media  

• Roswell Park Memorial Institute (RPMI) media (Hyclone – SH 30255.01) 

• 10% heat inactivated FBS 

• 100 U/mL penicillin and 100 μg/mL streptomycin 

• 2 mM L-glutamine 

2.1F. BMDM Differentiation Media  

• RPMI 

• 10% heat inactivated FBS 

• 100 U/mL penicillin and 100 μg/mL streptomycin 

• 2 mM L-glutamine 

• 15% LCCM  

2.1G. Progenitor Flush Media 

• Ca2+, Mg2+, biotin free phosphate buffered saline (PBS, made from 10X stock; Hyclone - 

SH30258.01) 
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• 2% heat inactivated FBS  

• 1 mM EDTA (Fisher Scientific – 46-034-CI) 

2.1H. Fluorescence-activated cell sorting (FACS) buffer 

• Sterile, Ca2+, Mg2+, biotin free PBS 

• 2% heat inactivated FBS 

2.1I. FACS Blocking Buffer 

• Ca2+, Mg2+, biotin free PBS 

• 2% heat inactivated FBS 

• 20% Rat Serum (STEMCELL – 13551) 

2.1J. Progenitor Expansion Media  

• StemSpan™ Serum-Free Expansion Medium (STEMCELL – 09650) 

• 100 U/mL penicillin and 100 μg/mL streptomycin 

• 2 mM L-glutamine  

• 40 μg/mL human LDL (STEMCELL – 02698) 

• 10 ng/mL mouse recombinant IL-3 (STEMCELL – 78042.1) 

• 10 ng/mL human recombinant IL-6 (STEMCELL – 78050.1) 

• 50 ng/mL mouse recombinant stem cell factor (STEMCELL – 78064.1) 

 

2.2 Experimental Methodology  

*Please note: All recipes for the various types of media used are outlined in section 2.1*  

 

2.2.1 Mice 

All animal procedures were approved by the University of Alberta Animal Care and Use 

Committee under animal use protocol # 570 (Febbraio). All animals were housed and cared for by 

the University of Alberta Health Sciences Laboratory Animal Services. Studies were done using 

LDLR KO male mice from Jackson Laboratories (Strain #002207; B6.129S7-Ldlrtm1Her/J). These 

mice develop atherosclerotic lesions concomitant with the feeding of a high fat diet (HFD)59,100,101. 

2.2.2 Periodontitis Mouse Model  
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All studies used an experimental mouse model of periodontitis involving oral infection 

with Pg. This model has been used extensively by investigators in the field, and has been shown 

to induce alveolar bone loss and a systemic cytokine and antibody response102-104. Oral infection 

with Pg was accomplished by modification of a previously described protocol105. Briefly, ~2x109 

colony forming units/mL Pg were resuspended in 2% sterile carboxymethylcellulose (a food 

thickener to promote bacterial adherence). Mice were infected by oral lavage, by application of Pg 

using a microbrush into each of the 4 quadrants of the dentition (previously Pg was introduced 

with a micropipette). Mice were infected every other day for two weeks. Mice were euthanized at 

16-20 weeks by pentobarbital overdose.  

2.2.3 Pg cultivation  

Pg was purchased from ATCC (strain #33277). Bacteria were grown in Schaedler’s 

broth (Oxoid - #CM0497) supplemented with 1% Vitamin K1 + Hemin (BD Bioscience - #212354) 

under anaerobic conditions (Mitsubishi AnaeroPack™ 2.5L anaerobe jar – ThermoScientific 

R685025; AnaeroPack™ - Anaero Anaerobic Gas Generator – ThermoScientific R681001) for 24-

48 hours. Cultures grown to saturation were centrifuged @ 20,000 x g. Pellets were resuspended 

in 2% sterile carboxymethylcellulose made in saline.  

2.2.4 Bone Marrow Donor Cohorts  

Male LDLR KO mice 6-8 weeks old were randomly assigned to one of two bone marrow 

donor groups. Mice in the first group were infected with Pg orally as described in 2.2.2; mice in 

this group will henceforth be referred to collectively as Pg donors. Mice in the second group 

received 2% sterile carboxymethylcellulose applied by lavage as a control and will be known as 

the sham donors. Prior to lavage, mice were anesthetized to surgical plane by intra-peritoneal (IP) 
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injection of a ketamine-xylazine cocktail at doses of 100 mg/kg and 10 mg/kg, respectively. 

Concomitant with the first instance of lavage in both groups, mice were fed a HFD (Envigo Teklad 

#88137) for 16-20 weeks prior to bone marrow transplantation. This diet is 21% fat by weight and 

contains 0.15% cholesterol, and has been used extensively to promote development of 

atherosclerosis in LDLR KO mice100,101. 

2.2.5 Bone Marrow Recipient Cohorts 

After a minimum of 16 weeks HFD feeding to induce atherosclerosis, bone marrow was 

harvested from donor mice from both cohorts for transplantation. Bone marrow was transplanted 

into 12-week-old healthy, irradiated LDLR KO male mice. Mice receiving bone marrow from Pg 

donors will be known as Pg bone marrow recipients; those with transplanted bone marrow from 

sham donors will be known as sham bone marrow recipients.  

2.2.6 Mouse Irradiation and Bone Marrow Transplantation  

Recipient mice were irradiated using a split dose protocol, 2 x 5.5 Gray (Gy) for a total 

dose of 11 Gy from a Cesium-137 source (Gammacell 1000 Elite irradiator, Alberta Diabetes 

Institute Core Facility). The time of irradiation (T) necessary to generate 5.5 Gy of radiation was 

calculated according to the following formula: 

𝑇 =  
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐷𝑜𝑠𝑒 (𝐺𝑦)

(𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝐷𝑜𝑠𝑒 𝑅𝑎𝑡𝑒 [
𝐺𝑦

𝑚𝑖𝑛]) ∗ 𝐷𝑒𝑐𝑎𝑦 𝐹𝑎𝑐𝑡𝑜𝑟
 

Central dose rate, or the amount of Cesium-137 released per unit time, was 11.53 Gy/min. The 

decay factor was a function of the Cesium-137 half-life and changed depending on the date of 

transplant. Once calculated, 5.5 Gy was administered twice, 4 hours apart, and mice were rested 

for 2 hours prior to transplantation. 
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During this time, Pg and sham donor mice were euthanized with IP injection of 

pentobarbital at a dose of 200 mg/kg (BiMeda-MTC Animal Health Inc, 00141704). Hind limbs 

were surgically removed, and cleaned of skin, muscle, and connective tissue. The tibia and femur 

were then detached at the knee joint to allow for separate processing of each bone. Bones were 

pierced by a 25-gauge needle at either end, and marrow was flushed with a 25-gauge needle 

connected to a 1cc syringe, by passing IMDM media for flushing (solution 2.1A) several times 

through the bones, until they were clear of cells. Cells (~2x107/donor mouse) were centrifuged (5 

minutes @ 3783 x g) and resuspended at a concentration of ~107 cells/mL in bone marrow 

transplant media (solution 2.1B).  

An equal volume of donor bone marrow was transplanted into 4-5 recipient mice/donor 

mouse by retroorbital injection (~5x106 donor cells/mouse). Recipient mice were then fed normal 

chow (4% fat by weight) for the remainder of the experiment.  

2.2.7 Progenitor and Stem Cell Isolation 

The first set of experiments performed aimed at analyzing hematopoietic progenitor 

methylomes in both the Pg and sham donor bone marrows. For progenitor isolation, bone marrow 

was flushed as described in 2.2.6, however with progenitor flush media (solution 2.1G), for 

compatibility with the EasySep™ Mouse Hematopoietic Progenitor Cell Isolation Kit 

(STEMCELL – 19856). Isolation was then carried out according to the manufacturer’s 

instructions. Briefly, following flush, bone marrow was centrifuged (10 minutes @ 300 x g) and 

resuspended in 500 μL of fresh progenitor flush media. Bone marrow cells were then mixed and 

incubated with two kit components. The first was an antibody cocktail (STEMCELL – 19856C) 

capable of binding non-progenitor bone marrow cell markers (CD5, CD19, B220, Ly6G, TER119, 

7-4; added at 50 μL/mL of sample). This step negatively selected for the bone marrow progenitor 
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population, by having antibodies bind various terminal immune cell populations. In addition, rat 

serum (STEMCELL – 50001) was added to block non-specific antibody binding to surface Fc 

receptors. Incubation with antibodies and rat serum lasted 15 minutes at 4°C. Cells were further 

incubated with RapidSpheres™, magnetic beads that had the capability to sequester antibody-

bound cells, for 10 minutes at 4°C, at a concentration of 75 μL/mL of sample. The volume of the 

cell suspension was then increased to 2.5 mL with progenitor flush media and placed in an 

EasySep™ magnet (STEMCELL – 18000) for 3 minutes. This allowed cells bound to magnetic 

beads to be sequestered out of solution. The remaining solution, containing the purified 

hematopoietic progenitors, was poured off. Magnet sequestration of immune cells was repeated 

once more, after which purified cells were counted using a hemocytometer, and cultured. 

2.2.8 Stem Cell and Progenitor Culture  

Following isolation, the purified progenitors were cultured, to expand the populations for 

whole genome bisulfite sequencing (WGBS) and methylome analysis. Expansion of the stem 

cell/progenitor population was done according to previously published protocols106. Briefly, 2x104 

progenitor cells were plated in 6 wells of a 24-well tissue culture plate (Corning – 353047) in 1 

mL of progenitor expansion media (solution 2.1J). Fives days after initial plating, coincident with 

cell confluency, cells were lifted by gentle pipetting, and split 1:3 in 666 μL of fresh progenitor 

expansion media and 333 μL of the 1 mL used to initiate culture on day 1. After splitting, cells 

were grown in culture until day 8.  

2.2.9 Progenitor DNA Isolation 

 Eights days after initiating progenitor culture, cells were removed from plates by gentle 

pipetting, and centrifuged (5 minutes @ 870 x g). Cells were then resuspended in progenitor flush 

media (solution 2.1G) and passed through the EasySep™ Mouse Hematopoietic Progenitor Cell 
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Isolation Kit to remove any other cell types that may have been generated during culture (section 

2.2.7). Isolated progenitor cells were then resuspended in 200 μL of PBS for the purpose of 

genomic DNA extraction using the PureLink® Genomic DNA Mini Kit (Invitrogen – K1820-01). 

Briefly, cells were incubated with Proteinase K and RNase A (both at 1.67 mg/mL) for 2 minutes 

at room temperature. Cells were then mixed with a lysis/binding buffer and incubated at 55°C for 

20 minutes to promote RNA and protein digestion. The lysate was then mixed with 200 μL of 

100% ethanol, vortexed, and moved to a spin column. The binding buffer and ethanol promoted 

DNA binding to the silica membrane, and when the lysate was centrifuged (10,000 x g for 1 

minute), most of the contaminating cellular components were removed. Two further washes were 

used to remove contaminants, with one centrifugation between them (10,000 x g for 1 minute), 

and one at the end (20,184 x g for 3 minutes) to remove any residual wash buffer and contaminants 

in the spin column. Spin columns were then placed into sterile microfuge tubes, and DNA was 

eluted in Tris-HCl (10 mM) – EDTA (0.1 mM) buffer by centrifuging at 20,184 x g for 1 minute. 

2.2.10 Internal DNA Quality Control  

2.2.10.1 Non-denaturing agarose gel electrophoresis 

To ensure that isolated progenitor DNA met the standards for purity and integrity required 

for WGBS, non-denaturing agarose gel electrophoresis was performed. Briefly, 200 ng of DNA 

was added to sterile PCR water, and DNA loading dye (ThermoFisher Scientific – R0611). DNA 

was loaded and electrophoresed on a 1% agarose gel with a final concentration of 0.85 μM 

ethidium bromide (ThermoFisher Scientific – BP1302 – 10). The GeneRuler 1 kilobase (kb) DNA 

ladder (ThermoScientific – SM1331) was loaded for molecular weight determination. Samples 

were electrophoresed at a constant amperage (15 mA) for 25 minutes. Gels were imaged using the 

ChemiDoc™ MP Imaging System (Bio-Rad) and analyzed in Image Lab 5.0 software (Bio-Rad). 
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DNA was considered usable if it was free from protein and RNA contamination, and no visible 

smearing indicating degradation was observed. 

2.2.10.2 Qubit® Fluorometric Analysis and Nucleic Acid Spectrophotometry.  

To supplement purity analysis by gel electrophoresis, 1 μL of DNA was analyzed by a 

NanoDrop™ 2000 spectrophotometer (ThermoScientific) by assessment of A260/A280. A ratio of 

~1.8 was considered pure DNA. Genomic DNA concentration was quantified by fluorometric 

analysis using the Qubit® 2.0 Fluorometer system (ThermoScientific) in conjunction with the 

Qubit™ dsDNA High-Sensitivity Assay Kit (ThermoScientific – Q32854). Briefly, 1 μL of sample 

was added to 199 μL of a working solution containing a fluorescent nucleic acid binding reagent 

selective for dsDNA in Axygen PCR-05-C tubes (VWR – 10011-830). Samples were vortexed 

and incubated at room temperature for 3 minutes prior to reading. All Qubit®-based nucleic acid 

quantifications were performed at the University of Alberta Faculty of Medicine & Dentistry 

Applied Genomics Core (TAGC), which receives financial support from the Faculty of Medicine 

& Dentistry and Canada Foundation for Innovation awards to contributing investigators. 

2.2.11 Methylome Analyses 

All sequencing, sample preparation, bioinformatic analyses, and quality control were 

performed by Novogene Co. Ltd (https://en.novogene.com/next-generation-sequencing-

services/gene-regulation/whole-genome-bisulfite-sequencing/). 

2.2.11.1 WGBS 

Genomic DNA was fragmented to 200-400 base pair (bp) sequences. Ends were repaired 

and adenylated, providing an overhang for adaptor ligation. The DNA was then bisulfite-treated 

twice. This treatment converted non-methylated cytosines into uracil (read as thymine during 
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sequencing), while methylated cytosines were retained. Fragments in the 200-400 bp range were 

amplified by polymerase chain reaction (PCR) and used to generate libraries for sequencing. 

Sequencing was performed on the Novaseq6000 Illumina® platform, generating 150 bp paired 

end reads. By comparing bisulfite-treated fragments to the mouse reference genome (Mus 

musculus; ftp://ftp.ensembl.org/pub/release-93/fasta/mus_musculus/dna/), methylated and 

unmethylated cytosines were mapped.  

2.2.11.2 Data Quality Control  

Prior to data analysis, reads were processed according to the following 5 parameters: 

A. Sliding Window Approach. Each raw read was scanned in 4 bp increments, removing any 

sequences containing poor quality reads.  

B. Leading and Trailing. Poor quality bases, or those that could not be read, at the 5’ and 3’ 

end of read were trimmed.  

C. Illumina Clip. Adaptor sequences ligated for sequencing were removed.  

D. Minimum Length Trimming. Reads below a minimum length of 36 bp were removed from 

the pool of reads.  

E. After the trimming steps from A-D were performed, if any unpaired reads remained, these 

were discarded.  

2.2.11.3 Read Mapping and Data Analysis  

Clean reads were mapped to the mouse reference genome using Bismark software 

(0.12.5)107. Methylation level at a single-nucleotide resolution was determined as the ratio of 

methylated and total (methylated and unmethylated) cytosines at a position. Following analysis of 

methylation level, differentially methylated sites were identified using Fisher’s exact test and p-

ftp://ftp.ensembl.org/pub/release-93/fasta/mus_musculus/dna/
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value was adjusted (padj) using false discovery rate (FDR) multiple test correction. Sites with 

padj<0.05 and a difference of more than 0.2 in methylation level between the Pg and sham samples 

were considered differentially methylated. Differentially methylated regions (DMR) were 

considered candidates if padj<0.05 (Fisher’s exact test; FDR multiple corrections). Finally, 

differentially methylated promoters (DMP) were localized to 2000 bp upstream of each gene and 

were considered significant by the statistical parameters used for DMS.  

2.2.12 Production of LCCM 

L929 cells were purchased from ATCC (NCTC clone 929 [L cell, L-929, derivative of 

strain L] (ATCC® CCL-1™)). This extensively used and well-defined cell line releases proteins 

and growth factors which promote the differentiation of macrophages from total bone marrow108. 

Cells were resuscitated and expanded in DMEM L929 growth media (solution 2.1C) on tissue 

culture coated T75 flasks (ThermoFisher Scientific - 156472). Initial expansion of cells was done 

in 10 mL of this media; cells were fed as needed to confluency. At confluency, 2 mL of 0.25% 

trypsin-EDTA (Gibco - 25200-072) was used to detach cells from the flask, and cells were 

passaged 1:5 into new T75 flasks for LCCM (solution 2.1D) production. At passage, cells were 

plated in 10 mL of DMEM L929 growth media, and at near confluency were further supplemented 

with 10 mL of media (without replacement). L929 cells were then cultured for 10 days before 

supernatant was collected, sterilized through a 0.2 μm filter, aliquoted and stored at -20°C until 

needed.  

2.2.13 Generating BMDM 

Sham and Pg recipients were sacrificed by IP injection of pentobarbital at a dose of 200 

mg/kg. The tibia and femur were removed, cleansed of tissue, and flushed in IMDM flushing media 

as before. Flushed bone marrow cells were centrifuged out of suspension (5 minutes @ 3783 x g), 
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and frozen in 90% FBS and 10% dimethyl sulfoxide (DMSO) at ~1x107 cells/cryovial. Cells were 

placed in -80°C for 24 hours, before being preserved in liquid nitrogen.  

BMDM were generated according to protocols published elsewhere108. Briefly, when 

needed, frozen total bone marrow cells were resuscitated by thawing at 37°C gently, and then 

resuspended in 9 mL bone marrow resuscitation media (solution 2.1E) to dilute out DMSO. Media 

was added dropwise along the wall of the tube. Cells were centrifuged (5 minutes @ 870 x g), and 

pelleted cells were resuspended in 10 mL BMDM differentiation media (solution 2.1F). Cells were 

plated on 100 mm bacterial plastic dishes. On day 4 after initial culture, 10 mL of additional 

BMDM differentiation media was added without replacement to the culture, and macrophages 

were allowed to grow to confluency.  

2.2.14 F4/80 expression assessment of BMDM 

To ensure our protocol to differentiate macrophages from bone marrow was effective, 

expression of F4/80, a pan macrophage marker, was measured by flow cytometry. LCCM was 

removed from the culture dish and replaced with 4 mg/mL lidocaine hydrochloride (Sigma - 

CAS73-78-9) made in 1X PBS. After a 10-minute incubation at room temperature, cells were lifted 

by gentle pipetting, and centrifuged at 870 x g for 5 minutes. Cells were washed once with sterile 

PBS, and aliquoted into V bottom plates (Costar - 3897) at 1x106 cells/100 μL of FACS buffer 

(solution 2.1H). Non-specific antibody binding was blocked by a 15-minute incubation of cells in 

FACS blocking buffer (solution 2.1I) at room temperature. Cells were then incubated with anti-

mouse F4/80-Alexa Fluor 488 antibody (Life Technologies - MF48020, 1:100) made in FACS 

buffer for 30 minutes, at room temperature, in the dark. Cells were washed twice in 100 μL of 

FACS buffer and fixed in 4% paraformaldehyde (ThermoFisher Scientific - 28908) for 10 minutes 

at room temperature. Cells were washed once with 100 μL of FACS buffer after fixation and 
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resuspended in 250 μL PBS. Flow cytometry was performed using the Attune NXT Flow 

Cytometer (ThermoFisher Scientific) using the parameters of the BL1 laser (Excitation: 488nm; 

Emission: 530/30 nm). All flow cytometry experiments were performed at the University of 

Alberta Faculty of Medicine & Dentistry Flow Cytometry Facility, which receives financial 

support from the Faculty of Medicine & Dentistry and Canada Foundation for Innovation awards 

to contributing investigators.  

2.2.15 RNA isolation from Recipient BMDM 

To determine if differences in DNA methylation identified in donor progenitors correlated 

with changes in transcription post-transplant, recipient BMDM were processed for RNA after 

reaching confluency. Briefly, BMDM differentiation medium was removed from confluent 

cultures and replaced with 4 mg/mL lidocaine hydrochloride made in PBS. Lidocaine is one of the 

extensively used methods for detaching macrophages grown on bacterial plastic109,110. Cells were 

incubated for 10 minutes at 37°C, before being lifted by gentle pipetting. After being centrifuged 

(5 minutes @ 870 x g) from lidocaine, cells were washed once in PBS. After centrifugation (5 

minutes @ 870 x g) to remove PBS, cells were lysed and homogenized in 1 mL of TriZol Reagent 

(Invitrogen – 15596026) by repeated pipetting. Samples were then frozen at -80°C in anticipation 

of RNA isolation.  

RNA was prepared using TriZol reagent following a protocol modified from the 

manufacturer’s instructions. Upon reaching room temperature after thawing, 200 μL of molecular 

biology-grade chloroform (ThermoFisher Scientific – BP1145- 1) was added per 1 mL of TriZol. 

Samples were mixed gently by inversion and incubated on ice for 5 minutes. The aqueous (RNA–

containing), interphase (DNA-containing), and organic (protein-containing) layers were separated 

by centrifugation (12,000 x g for 15 minutes at 4°C). The uppermost aqueous phase was removed, 
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mixed with 500 μL of 2-propanol (Sigma Aldrich – 19516), and incubated at room temperature 

for 10 minutes. Following incubation, RNA was pelleted by centrifugation (12,000 x g for 15 

minutes at 4°C). RNA was then washed 3 times with RNase-free 70% ethanol, centrifuging (7500 

x g for 5 minutes at 4°C) and decanting the wash buffer each time. RNA was then allowed to dry 

for approximately 5-10 minutes, before being resuspended in RNase-free water. Secondary RNA 

structure was denatured by incubation at 55°C for 10 minutes prior to freezing RNA samples at -

80°C.  

2.2.16 Assessment of RNA Quality 

2.2.16.1 Non-denaturing agarose gel electrophoresis  

RNA purity and integrity were measured by non-denaturing agarose gel electrophoresis as 

described in section 2.2.10.1 with the following adaptations: 

• 400-600 ng of RNA was loaded per sample 

• Samples were electrophoresed at constant voltage (70V) for 45-60 minutes.  

• RNA was considered acceptable if it was free from protein and DNA contamination, and 

the 28S:18S ratio was ~2:1. 

2.2.16.2 Qubit® Fluorometric Analysis and Nucleic Acid Spectrophotometry 

Qubit® and NanoDrop™ RNA analyses were performed as described for DNA previously 

(section 2.2.10.2) with the following adaptations: 

• An A260/A280 of ~ 2 was considered pure for RNA 

• The kit used for fluorometric RNA quantification was the Qubit™ RNA HS Assay Kit 

(ThermoFisher Scientific – Q32852). 
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2.2.17 mRNA-sequencing (mRNA-seq) 

mRNA-seq, transcriptome analyses, and further quality control measures were performed 

by Novogene Co. Ltd (https://en.novogene.com/next-generation-sequencing-services/gene-

regulation/mrna-sequencing-service/) 

2.2.17.1 Library Preparation and Quality Control  

Transcriptome cDNA libraries were prepared generally by mRNA enrichment, RNA 

fragmentation, and cDNA synthesis using random hexa-primers. Adaptors were ligated to ends, 

and cDNAs between 250-300 bp were amplified by PCR. Sequencing was performed using 

Illumina® Next Generation sequencing technology, utilizing paired sequencing of 150 bp from 

each side of the cDNA. 

To ensure quality of our sequencing data, reads used for downstream analyses were first 

filtered from the raw pool of reads based on the follow characteristics: 

i. Reads did not have adaptors still ligated. 

ii. Reads had <0.1% of bases that could not be read. 

iii. Reads were of good quality overall. 

2.2.17.2 Transcriptome Analysis  

Clean reads were then aligned to the Mus musculus reference genome (GRCm38/mm10) 

using STAR (v2.5) software.  The number of times each gene was read, and expression level was 

measured using FPKM (fragments per kilobase of transcript sequenced per millions of base pairs 

sequenced), taking into account the number of reads that were mapped, the gene length, and the 

sequencing depth. Based on the FPKM values calculated, differential gene expression analysis was 
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performed. Resulting p-values were adjusted by the Benjamini-Hochberg method to control for 

FDR, and a padj <0.05 was set to define genes that were differentially expressed. Genes identified 

were then organized based on gene ontology (GO; http://www.geneontology.org/), roles in 

biological systems (KEGG; http://www.kegg.jp/), and pathway and reaction involvement 

(Reactome; http://www.reactome.org). Statistically-significant enrichment was considered when 

padj<0.05 (Benjamini – Hochberg FDR correction). 

2.2.18. Mouse Plasma Collection  

Mice were fasted overnight for 16-18 hours prior to plasma collection. Pg and sham 

recipient mice were euthanized by IP injection of 200 mg/kg pentobarbital. A 1cc syringe was 

coated with 0.05M EDTA – 2K+, and EDTA was loaded to a final concentration of 5 mM when 

~1 mL of blood was collected by cardiac puncture. Total blood was centrifuged (3783 x g for 5 

minutes) to separate erythrocytes, leukocytes, and plasma. Plasma was collected, aliquoted, and 

stored at -20°C, or used immediately for lipoprotein analyses. 

2.2.19. Lipoprotein Analyses 

All lipoprotein analyses were performed by the Lipidomics Core Facility, part of the 

Faculty of Medicine and Dentistry at the University of Alberta, Edmonton, Canada, which receives 

financial support from the Faculty of Medicine & Dentistry, the Women and Children’s Health 

Research Institute, and Canada Foundation for Innovation awards to contributing investigators. 

The distribution of plasma cholesterol and triglycerides among the VLDL, LDL, and HDL 

fractions were measured using fast lipoprotein chromatography (FPLC)111,112. Briefly, plasma (15 

μL for cholesterol analysis; 27 μL for triglyceride analysis) was injected by autosampler into an 

Agilent 1200 HPLC instrument that was outfitted with a Superose 6 HR 10/300 gel-filtration FPLC 

http://www.reactome.org/
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column. This system separated intact lipoproteins based on size. An in-line assay for total 

cholesterol (Cholesterol-SL reagent from Sekisui Diagnostics – 234-60) or triglycerides 

(Triglyceride-SL reagent from Sekisui Diagnostics – 236-60) was performed using post-elution 

reactions at 37°C. Reactions were monitored in real-time at 505 nm, with data analysis performed 

using Agilent ChemStation software.  

The representative areas under the curves for VLDL, LDL, and HDL were calculated. 

Differences between Pg and sham recipients were statistically compared by Mann-Whitney U 

analysis, where significance was set at p<0.05. All statistical analyses were performed using 

GraphPad Prism software (Version 5.0). 

2.2.20 Cholesterol and Triglyceride Analysis 

In addition to lipoprotein analyses, plasma was analyzed by validated colorimetric kits 

from FujiFilm Wako Diagnostics U.S.A for total cholesterol (#99-02601) and triglyceride (#290-

63701), as well as free cholesterol (#993 – 02501). Esterified cholesterol was extrapolated by 

subtracting the free, non-esterified cholesterol from the total cholesterol measured for each 

replicate.  

To measure total cholesterol, 2 μL of plasma was mixed with a buffer solution containing 

a number of enzymes. Cholesterol ester hydrolase was present to release cholesterol from its 

esterified form bound to fatty acids. Together with the already free cholesterol, newly released 

cholesterol was oxidized by cholesterol oxidase to form hydrogen peroxide. In the presence of 

peroxidase, 3,5–dimethoxy-N-ethyl-N-(2-hydroxy-3-sulfopropyl)-aniline sodium salt, and 4-

aminoantipyrine, hydrogen peroxide participates in a reaction to form a blue pigment, measured 

by absorbance at 600 nm. Absorbance was measured using a Synergy™ H1 Microplate Reader 
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(BioTek) 5 minutes after mixing plasma and buffer solution. Reactions were monitored and 

analyzed using Gen 5 2.07 software (BioTek). To measure the proportion of free cholesterol in 

plasma, cholesterol oxidase reaction was used to form hydrogen peroxide in the same manner as 

for total cholesterol. Total triglyceride was measured by combining 2 μL of plasma with a buffer 

containing, among other components, lipoprotein lipase. This enzyme breaks down triglycerides 

into its principal components, glycerol and fatty acids. Glycerol kinase then converts glycerol into 

glycerol-3-phosphate, which is oxidized by glycerol-3-phosphate oxidase to form hydrogen 

peroxide and produce blue pigment as above.  

Differences between Pg and sham recipients in plasma levels of these different parameters 

were statistically compared by unpaired t-test (if samples passed the D'Agostino & Pearson 

omnibus normality test) or Mann-Whitney U analysis, where significance was set at p<0.05. All 

statistical analyses were performed using GraphPad Prism software (Version 5.0). 
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CHAPTER 3 

Results 
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3.1 Control bone marrow irradiation/transplant experiment demonstrates 

protocol efficacy 

This experiment, as well as those in sections 3.2-3.4, were performed prior to me starting 

my MSc. I was not involved in any part of these experiments, but I cite them here as the rationale 

for my experiments. 

To ensure the efficacy 

of the irradiation 

protocol (outlined in 

section 2.2.6) used for 

ablation of native 

recipient bone marrow, 

we performed a control 

bone marrow 

transplant experiment 

using CD36 KO 

donors and wildtype 

(WT) recipients. This 

was necessary because 

our transplants 

involved syngeneic donor and recipient LDLR KO mice, and thus immune cell phenotypes could 

not be differentiated post-transplant. After gating monocytes on the CD11b+/CD11c- subset (Fig. 

1A), they were stained for CD36 expression. Non-transplanted, WT controls showed a CD36+ 

monocyte population of 18.6% in the blood (Fig. 1B).  Following transplant of WT mice with 
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CD36 KO bone marrow, the percent CD36+ monocyte populations dropped below 1% in three 

independent transplants (Fig. 1C-E), representing ~95% decrease in CD36+ monocytes in recipient 

mice. 

3.2 Pg recipient mice displayed an increased atherosclerotic lesion burden, with 

significant differences observed primarily in male mice 

LDLR KO recipient mice were irradiated and transplanted with bone marrow from Pg or 

sham donor mice. Following the reconstitution phase, in which the recipients were fed normal 

chow for 4 weeks, to allow for 

turnover of circulating blood cells, 

the mice were fed a HFD for 16 

weeks to promote atherosclerosis 

(LDLR KO mice do not develop 

atherosclerotic lesions unless fed a 

HFD). Pg recipient mice displayed 

a 38% increase in atherosclerosis 

in the aorta as measured by aortic 

morphometry (Fig. 2A; p<0.05). 

When mouse sex was taken into 

account, only male Pg recipient mice showed a significant increase (63%) in atherosclerotic lesion 

burden compared to their sham counterparts (Fig. 2B; p<0.05); the increase observed in female Pg 

recipient mice was not significant (Fig. 2B).  
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3.3 Donor mice did not display differences in total plasma cholesterol or weight 

Sham and Pg bone marrow donor mice of both sexes were assessed for differences in 

weight and total plasma cholesterol, 

potential confounding factors that 

could impact bone marrow stem cell 

phenotype. Both male and female 

Pg-infected bone marrow donor 

mice did not display any differences 

in weight (Fig. 3A) or total plasma 

cholesterol (Fig. 3B) when compared 

to their sham counterparts. 

 

3.4 Pg recipient-derived macrophages display differences in promoter 

methylation, with an elevated pro-inflammatory cytokine profile 

The differences in aortic atherosclerosis observed only between Pg and sham recipient 

male mice (Fig. 2B) prompted the lab to continue using male mice to investigate a potential 

epigenetic underpinning to these results. Following transplant, peritoneal macrophages elicited 

from both recipient groups were sent for WGBS methylome analysis. In these studies (Fig. 4A), 

differences in gene promoter methylation were observed between the Pg and sham recipient 

groups. These results further prompted initial studies investigating differences in macrophage 

phenotype. With atherosclerosis being a chronic inflammatory disease, inflammatory status of 
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recipient macrophages was 

measured by global cytokine array; 

macrophages elicited from Pg 

recipient mice displayed a more pro-

inflammatory cytokine repertoire 

overall (Fig. 4B). This major 

finding, combined with the initial 

WGBS data obtained, gave support 

to a Pg infection-mediated 

epigenetic reprogramming of HSC, 

promoting increased atherosclerosis 

in Pg recipient mice post-transplant 

(Fig. 2B). To build on these studies, 

the research in this dissertation 

eliminated epigenetic pressure of the 

HFD in the recipients. Placing recipients on normal chow allowed the lab to attribute phenotypes 

and DNA methylation changes observed in recipients to donor Pg infection.  

3.5 Systemic triglyceride levels are elevated in Pg recipient mice, with no 

differences in weight or total plasma cholesterol 

 Post-transplant, male recipients were fed normal chow to remove the potential pressure 

from the HFD. Eight months post-transplant, Pg and sham mice did not show differences in weight 

(Fig. 5C). Total plasma cholesterol (Fig. 5A) was slightly higher in the Pg recipients (219.6 ± 21.0 

mg/dl) compared to those from the sham group (194.1 ± 18.38 mg/dl), but the difference  
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was not statistically significant (p>0.05). Interestingly however, there was a significant increase in 

plasma triglycerides in the Pg recipients (151.0 ± 13.1 mg/dl versus 102.3 ± 9.5 mg/dl; p<0.01; 

Fig. 5B).  

3.6 Plasma HDL and esterified cholesterol were significantly different in Pg 

recipient mice 

 In addition to total plasma 

cholesterol, we also measured two other 

cholesterol attributes. The first were the 

proportions of total cholesterol that was 

present in the esterified (covalently 

bound to fatty acid) or free (or 

unesterified) forms. Pg recipients 

displayed significantly higher amounts 
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of esterified cholesterol (Fig. 6B; p<0.05), however did not show any differences in free 

cholesterol (Fig. 6A). The second property analyzed was the distribution of cholesterol in various 

plasma lipoprotein: VLDL, LDL and HDL (Fig. 7C). No significant differences were observed in 

VLDL (Fig. 7A) and LDL (Fig. 7B), however the amount of cholesterol in the HDL fraction was 

significantly less (p<0.01) in the Pg recipient mice (Fig. 7B). 

3.7 Triglyceride is significantly increased in VLDL of Pg recipient mice  
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Analyzing the distribution of triglycerides in plasma VLDL, LDL and HDL (Fig. 8C), Pg 

recipient mice showed increased triglycerides in VLDL (p<0.05; Fig. 8A), but not the LDL (Fig. 

8A) or HDL (Fig. 8B) fractions. 

3.8 Donor Bone Marrow 

Progenitor WGBS 

Analysis 

 To begin cataloging 

DNA methylation differences 

induced in Pg donor mice, and 

identify differences promoting 

atherosclerosis and lipid 

phenotype observed in Figures 

5-8, bone marrow progenitor 

cell DNA from Pg and donor 

mice was isolated and sent for 

WGBS analysis (Novogene). 

Descriptive information about 

the Pg (WDPg; N=2) and sham 

(WD; N=3) samples sequenced 

are presented in Table 1. Raw 

base sequencing data generated 

across samples varied from 

approximately 241,000,000 – 

380,900,000 (36.2 Gb – 57.1 
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Gb) reads, with 34.1 – 54.8 Gb being filtered as clean base reads, and thus used for mapping to the 

genome. Bisulfite conversion was greater than or equal to 99.89% in all samples. On average, 

approximately 76% of reads were uniquely mapped (i.e. only mapped once) to the Mus musculus 

genome. Sample sequencing depth varied between 8.27 and 13.53 but remained around the ~10x 

depth initially sought for each replicate. On a global level, progenitors from Pg donor mice as a 

group did not show statistically significant differences in global genome methylation (Fig. 9A). 

However, analysis at the gene level, specifically in DMP, showed skewing towards gene 

hypermethylation in the Pg donors (Fig. 9B). 

3.9 Recipient BMDM Transcriptome Analyses  

To correlate changes in DNA methylation with differential expression in macrophages, 

macrophages were differentiated from bone marrow progenitors isolated from recipient mice 8 

months post-transplant and analyzed by mRNA-seq (Novogene). Macrophages were chosen for 

differential expression analysis owing to their important roles in the initiation of atherosclerosis20. 

Prior to RNA isolation, macrophage differentiation was assessed using the pan marker F4/80, as 

has been done in other studies using the L929 method for BMDM generation108. Flow cytometry 

analysis of BMDM showed approximately a two-log difference between unstained controls and 
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those stained for F4/80, with 99% of the 

BMDM staining positive for F4/80 above 

unstained controls in both independent 

replicates (Fig. 10). Descriptive 

information about sham (rmWD; N=3) 

and Pg (rmWDPg; N=3) data following 

mRNA-seq is found in Table 2. Raw base 

sequencing data produced between 75-94 

million reads (11.3 – 14.1 Gb of data). Following filtering procedures there were 73.8 – 92.5 

million clean reads, representing between 11.1 -13.9 Gb of data that was mapped to the mouse 

genome. Of the clean reads mapped, approximately 94% of them were uniquely mapped to a region 

of the genome across all replicates. Of the transcripts mapped to the genome, a total of 1358 genes 

were identified as differentially expressed in the Pg recipient BMDM (padj<0.05; Fig. 11), with 

538 being upregulated, and 775 being downregulated. 
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3.10 Macrophages derived from Pg recipient mice display transcriptional 

changes in oxidative metabolism and cell stress management  

Following mRNA sequencing of data, differentially expressed genes were organized by 

bioinformatics analysis based on gene ontology and function (GO enrichment), and involvement 

in cellular pathways (reactome and KEGG analyses). In GO analysis (Table 3), interesting trends 

were observed regarding cell metabolism. Many 

of the top cellular functions involving 

differentially expressed genes had functions in 

ATP metabolism, purine metabolism, 

mitochondrial electron transport, as well as 

oxidative phosphorylation (p<0.00005). In 

addition, cell detoxification was significantly 

impacted by differential expression (p<0.0005). 

This was supported by the results of the 

reactome and KEGG enrichment, serving to 

group genes into functional pathways. KEGG 

analysis revealed a significant number of genes 

involved in oxidative phosphorylation (p<5x10-

18; Table 4). Reactome analysis indicated cellular responses to stress and detoxification of ROS as 

pathways significantly enriched in the differentially expressed gene population, (p<0.05; Table 4), 

in addition to genes involved in respiratory electron transport and the citric acid cycle (p<5x10-8; 

Table 4). 
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3.11 Identifying differentially methylated and differentially expressed genes 

contributing to a pro-atherogenic phenotype 

Based on the initial overall 

results from the GO enrichment 

(Table 3) and the KEGG and 

reactome analyses (Table 4), WGBS 

data from donor bone marrow 

progenitors was cross referenced 

with data from recipient BMDM 

mRNA-seq. Genes identified in both 

data sets, with correlations between methylation status and differential expressions were noted and 

data mining was performed to identify patterns consistent with promoting atherosclerosis. There 

were nine candidate genes identified involved in oxidative metabolism, regulation of ROS 

production, as well as lipid metabolism (Table 5). Those that were hypermethylated included 

PON2, APOE, CBR2, NPC2, ATP5O, ATPF1 (Table 5). Those that were hypomethylated included 

SLC23A2, ACC1, and SORL1 (Table 5). A more detailed display of the methylome analysis, 

including regions methylated is found in Table 6.  

Table 6. Raw descriptive data of differentially methylated and expressed regions identified in WGBS 

 

Gene Name/Chromosome 

Number and Description  

Functional Gene 

Element (s) and 

Corresponding 

Chromosomal 

Region 

Methylation 

Level Percent 

Difference 

(Comparing Pg 

to sham) 

Fold Change in 

Expression 

 

(rmWDPg vs 

rmWD) 

 

padj (for differential 

expressions analysis) 

SLC23A2/2 

Sodium-Dependent 

Vitamin C Transporter 2  

Exon, UTR3 

 

132054745 - 

132055299 

 

-18.2% 1.24 1.86E-2 
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PON2/6 

Paraoxanase 2 

Exon, Intron 

 

5271502 - 

5272755 

 

 

+24.0% 0.84 2.49E-2 

ACC1/11 

Acetyl-CoA Carboxylase 1 

Exon, Intron, 

Promoter 

 

84279808 - 

84280402 

-18.3% 

 

1.35 

 

1.75E-2 

Intron 

 

84271649 -

84271923 

-14.2% 

Intron 

 

84211287-

84211532 

-17.4% 

Intron 

 

84241657 - 

84242454 

-20.2% 

Exon, Intron 

 

84245246 - 

84246010 

 

-26.8% 

Exon, Intron 

 

84399268 - 

84399634 

 

-35.9% 

SORL1/9 

Sortilin-Related Receptor 1 

Exon, Intron 

 

42031869 - 

42031976 

 

-22.8% 

 

1.38 6.86E-3 

Intron 

 

42122944 - 

42123307 

 

 

-35.7% 

Intron 

 

42024507 - 

42025055 

 

-16.7% 

Intron 

 

42121755 - 

42121933 

-24.8% 



43 

 

 

Intron 

 

42032339 - 

42032636 

 

-18.7% 

Intron 

 

42034651 - 

42035174 

 

 

-19.4% 

Intron 

 

42120902 - 

42121411 

 

-20.0% 

APOE/7 

Apolipoprotein E 

Exon, Intron, 

UTR5, Promoter 

 

19698308 - 

19698939 

 

 

+47.9% 0.63 2.51E-3 

CBR2/11 

Carbonyl Reductase 2 

Exon 

 

120767327 - 

120767537 

 

 

+20.9% 0.61 2.44E-4 

NPC2/12 

NPC Intracellular 

Cholesterol Transporter 2 

Promoter 

 

84773754 - 

84774419 

 

 

+27.1 0.78 2.2E-2 

ATP5O/16 

ATP Synthase Peripheral 

Stalk Subunit OSCP 

Intron 

 

91851874 – 

91852316 

 

+19.5% 

0.83 4.95E-2 

Intron 

 

91794214 – 

91795367 

 

+43.8% 

Intron 

 

91852879 – 

91853282 

 

+13.8% 

Intron 

 

91838393 – 

91838799 

+13.9% 
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ATP5F1 

ATP Synthase Peripheral 

Stalk-Membrane Subunit B 

Exon, Promoter 

 

157409959 - 

157411015 

 

+26.2% 0.82 2.63E-2 

 

3.12 Macrophages from Pg recipient mice display methylation and expression 

changes consistent with a pro-oxidative phenotype 

Following data mining of differentially methylated and expressed genes (Tables 5 and 6), 

genes impacting macrophage ROS production were noted to be enriched in Pg recipient mice (Fig. 

12). Foam cell ROS production is a key characteristic that not only impacts cytoplasmic oxLDL 

levels113, but also upon extracellular release, can oxidize LDL in the intimal environment, and 

amplify endothelial cell activation and immune cell infiltration into atherosclerotic plaques114,115, 

resulting in further progression and increase in atherosclerotic plaque formation (Fig. 12). One of 

the major ROS-producing mechanisms cells, including macrophages, make use of involves 

dysregulated electron transport in the mitochondrial electron transport chain (ETC)116. Classically, 

the ETC is composed of 5 protein complexes (referred to colloquially as complexes I – V), with 

complex V encoding an ATP synthase. Its normal function lies in oxidative phosphorylation and 

metabolism, where it uses electron transfer to generate a proton gradient by which ATP synthase 

powers ATP production. ATP5O and ATP5F1, which were both hypermethylated and 

downregulated in the consolidated data (Table 5), encode the OSCP and B subunits of ATP 

synthase, respectively117-119. Downregulation of subunits of ATP synthase in cardiac disease has 

As an extension of Table 5, genes are localized to a chromosome and regions identified to be differentially 

methylated by bioinformatics analysis and are presented as the functional element of the gene they are contained 

in, as well as their nucleotide range. Methylation level is also presented as a percent difference comparing Pg 

bone marrow progenitors to sham bone marrow progenitors. 

 



45 

 

recently been shown to increase mitochondrial superoxide anion (O2
-) production120 with 

concomitant increases in the 

proton gradient being 

suggested as the major 

mechanism for ROS 

generation121. Production of 

ROS in the ETC occurs 

primarily by complexes I and 

III122, which is further aided by 

the hypermethylation and 

downregulation of a key anti-

oxidant in the mitochondria, 

PON2. PON2 encodes for 

paraoxanase 2, an enzyme that 

has been shown to be 

associated with complex III in 

the mitochondria123. In PON2 

deficiency studies, 

macrophages expressing lower 

levels of PON2 were shown to 

produce elevated 

mitochondrial ROS, 
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contributed to by dysfunction of complexes I and III123. The impairment of the ETC, as well as the 

antioxidant capabilities of the mitochondria, represent mechanisms increasing ROS production. 

Furthermore, hypermethylation and downregulation of additional genes have implications 

in ROS accumulation in the lipid droplet (Fig. 12). CBR2, encoding carbonyl reductase 2, is a 

member of a family of enzymes known for preventing lipid peroxidation124, one of the critical 

pathways by which oxLDL production occurs in foam cells125. APOE, encoding apolipoprotein E, 

has been shown to have a critical role in regulating oxidative stress, with APOE  KO macrophages 

displaying elevated ROS production126,127. In addition to its mitochondrial function, PON2 has 

cytoplasmic anti-oxidant function, with studies showing the role of cytoplasmic PON2 in 

preventing intracellular LDL oxidation125. Together, not only will increased ROS levels 

intracellularly lead to oxLDL production, but leakage into the extracellular space has implications 

for macrophages in the sub-intimal space, with the possibility of increased, non-regulated uptake 

of oxLDL generated extracellularly (Fig. 12). 

Elevated ROS production is often a precursor step to cell apoptosis128. For Pg recipient 

macrophages to withstand ROS-mediated intracellular damage, and thus promote oxLDL 

production necessary for atherosclerosis progression, SLC23A2, encoding a sodium-dependent 

vitamin C transporter, was hypomethylated and upregulated (Table 5). Vitamin C is a key 

antioxidant that has been suggested in in vitro studies to prevent macrophage apoptosis and 

oxidative stress, without impairing uptake of oxLDL129. In vivo studies support SLC23A2’s key 

role in promoting atherosclerosis and macrophage survival130. Together, the expression and 

methylation patterns of these six genes suggests a macrophage undergoing oxidative stress. 

Mitochondrial ROS production promotes oxLDL formation both intracellularly, and 

extracellularly with its release into intimal spaces. In the presence of increased vitamin C to help 
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the cell deal with oxidative stress, unregulated oxLDL uptake is amplified with increased 

extracellular levels, thus increasing oxLDL presence in the lipid droplet. 

3.13 BMDM from Pg recipient mice display methylation and expression 

changes consistent with increased triglyceride and cholesterol accumulation 

In addition to 

methylation and sequencing 

data suggesting a more pro-

oxidative phenotype, changes 

were observed in Pg recipient 

mice consistent with increased 

triglyceride and cholesterol 

accumulation (shown in Fig. 

13), both traits consistent with 

foam cell formation131-133. 

Intracellular triglyceride and 

cholesterol are stored as part of 

an esterified cholesterol 

droplet, whose size becomes 

dysregulated in foam cells134. Acetyl-CoA carboxylase 1, encoded by ACC1, was hypomethylated 

and upregulated. This enzyme catalyzes the rate limiting step in fatty acid synthesis, converting 

acetyl-CoA into malonyl CoA135. This, in combination with the PON2 deficiency, which has been 

shown to increase macrophage triglyceride synthesis and content136, would promote triglyceride 

accumulation, and thus lipid droplet size (Fig 12, 13).  Furthermore, increased availability of 
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cholesterol due to ROS-enhanced extracellular oxLDL and unregulated uptake, would contribute 

to a greater lipid droplet. As mentioned previously, the size of the lipid droplet in steady state is 

regulated, with excess esterified cholesterol being transported to the plasma membrane and 

removed by efflux pathways25,26. APOE and NPC2 (encoding NPC intracellular cholesterol 

transporter 2), both of which were hypermethylated and downregulated, are two important proteins 

in this process26,137,138 (Fig.13). A reduction in cholesterol efflux is consistent with the reduced 

HDL production observed in the plasma (Fig. 7B), as APOE is a key mediator in the formation of 

HDL39. Impaired cholesterol efflux, together with increased triglyceride and cholesterol 

accumulation, suggests an increase in the lipid droplet size.  

3.14 Pg recipient macrophages display methylation and expression changes 

consistent with impaired trafficking and catabolism of triglyceride-rich 

lipoproteins 

Once in the plasma, HDL has the ability to exchange APOE with VLDL and its 

intermediates, such as intermediate low-density lipoprotein (IDL), so that it can be cleared by the 

remnant receptor pathway in the liver39 (Fig. 14). The lack of exchange, due to hypermethylation 

and downregulation of macrophage APOE may contribute to lack of VLDL and IDL clearance; 

this is supported in part by the higher VLDL triglyceride fraction in the Pg recipients (Fig. 8A), 

thus leading to increased plasma triglycerides (Fig. 5B). However, macrophage APOE in the 

plasma only accounts for a small proportion (5-10%) of total plasma APOE139, thus this may only 

represent a minor  mechanism. Another gene, which was upregulated and hypomethylated in Pg 

recipient macrophages was SORL1 (sortilin-related receptor 1). This protein has been shown to 

prevent triglyceride liberation from plasma VLDL through two major mechanisms140, regulating 
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lipoprotein lipase secretion and 

uptake of apoAV, a lipase 

plasma activator141,142 (Fig. 

14). Thus, the combination of 

APOE downregulation and 

SORL1 upregulation could 

provide a mechanistic basis by 

which the plasma triglycerides 

(Fig. 5B) and esterified 

cholesterol (Fig. 6B) in the Pg 

recipients are elevated. 

Generally, foam cells are 

associated with increased 

triglyceride uptake from their 

surrounding environment143, 

however it may be that the increase in intracellular synthesis is the major contributive factor to the 

foam cell phenotype in Pg recipients (Fig. 13). This leaves high plasma triglycerides as a potential 

pro-atherogenic mechanism for other cell types involved in atherosclerosis including endothelial 

cells, promoting dysfunction144,145 that may accelerate atherosclerosis development. 
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CHAPTER 4 

General Discussion 
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The objective of the studies outlined in this dissertation was to catalog DNA methylation 

changes in the bone marrow of Pg-infected mice, and use data mining, transcriptome analysis, and 

systemic lipid analysis to identify changes in immune cell gene methylation consistent with a pro-

atherogenic phenotype. These experiments were performed as a model of periodontitis-induced 

persistence of CVD risk, whereby transplant of bone marrow from orally-infected Pg donors into 

naïve recipients allowed Pg-induced bone marrow changes to be present in recipients without 

direct effects of elevated Pg. While oral Pg infection in mice is one of the most extensively used 

mouse models of periodontitis102-105, it does suffer some limitations in its applicability to 

periodontitis in humans. Periodontitis is more complex than infection by one periodontal pathogen; 

it is characterized by a response to a diverse bacterial biofilm in a susceptible (either genetically 

or medically) host, foundational traits not replicated in this mouse model46,146. Thus, any 

conclusions based on these studies need to be placed in the context of a Pg infection, as a model, 

rather than true representation of periodontitis in humans. 

WGBS and mRNA-seq studies allowed a global approach to identifying genes 

differentially methylated and transcribed, promoting a pro-atherogenic phenotype in immune cells.  

Rather than isolating HSC hypothesized as the vehicle for propagating changes in DNA 

methylation long-term, immediate downstream bone marrow progenitors were used as a surrogate 

owing to the limited size of the HSC population98 and the feasibility of collecting enough DNA 

for sequencing. In our studies, each replicate was only sequenced at a coverage of around 10x; a 

coverage of 20x per replicate is recommended by the NIH Roadmap Epigenomics Project to gauge 

whole genome methylation147, but this continues to evolve. This sparser sequencing depth may 

play a role in why no significant differences in total genome methylation were observed between 

Pg and sham samples (Fig. 9A). Recent studies in patients with diabetes, hypertension, and chronic 
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kidney disease have shown global leukocyte hypermethylation as a predisposing factor for CVD 

events148,149. This trend to genome hypermethylation has been supported by studies in human 

atherosclerotic lesions150. Thus, repeating these experiments in this mouse model are key at a 

higher coverage, and are warranted given the skew to promoter hypermethylation observed at the 

gene level in Pg donor bone marrow progenitors (Fig. 9B). However, for identification of DMRs 

and DMPs, coverage of 5x-10x has been used in other WGBS studies151,152, and was thus sufficient 

for analysis at the gene level.   

It was necessary to confirm that differential methylation identified by WGBS correlated 

with changes in transcription, thus mRNA-seq was performed on macrophages derived from the 

bone marrow of recipient mice. This provided a basis for representing persistence of these 

epigenetic changes, 8 months post-transplant and without Pg challenge. An 8-month endpoint was 

chosen for these studies to determine if any epigenetic and systemic phenotype changes could be 

observed at a timepoint longer than the initial 16-20 week endpoint used in preliminary studies in 

figures 2 and 4. In the experiments following these preliminary studies, ensuring macrophages 

were derived from bone marrow was key to eliminating the mRNA input of peripheral tissue 

resident macrophages. However, deriving macrophages from a total bone marrow cell population 

did not account for contamination with macrophage memory cells homing to the bone marrow. 

While the macrophage memory response has not been described in response to periodontal 

pathogens as of yet, the idea of innate immune memory is one that has been shown for a variety 

of other infections153-155. Therefore, future studies are necessitated to derive macrophages from a 

purer bone marrow progenitor population, such as those used for WGBS, to eliminate these as 

possible contaminating cells in sequencing experiments.  
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Following completion of experiments, several genes corresponding to critical macrophage 

functions in atherosclerosis were enriched in differential methylation and expression. The idea of 

mitochondrial dysfunction leading to increased ROS production has been suggested as a key 

mechanism in cardiovascular disease, atherosclerosis and foam cell formation156-159. In Pg 

recipient mice, hypermethylation and downregulation in subunits of ATP synthase of the ETC 

(ATP5O, ATPF1) and mitochondrial antioxidant enzymes (PON2) represent a mechanistic basis 

by which macrophages derived from this bone marrow are epigenetically pre-disposed to elevated 

mitochondrial ROS production (Fig. 12). Downregulation of other subunits of ATP synthase in 

cardiac disease and increased O2
- production have been reported recently120, highlighting the role 

mitochondrial dysfunction plays in CVD progression. Once in the cytoplasm, mitochondrial ROS 

may promote lipid droplet oxidation, increasing its oxLDL content, especially as hypermethylation 

and downregulation of genes involved in cytoplasmic lipid antioxidant activity (CBR2, PON2) and 

ROS production (APOE) would prevent cellular pathways responsible for detoxification of oxLDL 

(Fig. 12). High intracellular oxLDL content represents another key characteristic of foam 

cells125,160,161. Furthermore, extracellular release of this ROS is key not only to promoting oxLDL 

production in the intimal spaces LDL18 for further macrophage uptake (Fig. 12), but the uptake of 

oxLDL by other cell types also promotes atherosclerotic progression. For example, endothelial 

cells, like macrophages have been shown to express oxLDL receptors162, and its uptake has been 

shown to promote expression of  leukocyte adhesion molecules163, intracellular ROS production164, 

and cell proliferation165, all key endothelial functions promoting atherosclerosis. To improve 

survival in oxidative stress, macrophages from Pg recipient mice displayed hypomethylation and 

upregulation of SLC23A2, a vitamin-C transporter shown to be critical in preventing cellular 

apoptosis during times of oxidative stress128,130 (Fig 12). This, in combination with pro-oxidative 
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mitochondrial changes in methylation and expression, suggest a phenotype in Pg recipient 

macrophages consistent with promoting intracellular oxLDL formation, ROS generation, and 

oxLDL uptake.  

The intracellular accumulation of oxLDL in Pg recipient mice is further amplified by the 

increase in the size of the lipid droplet, suggested by triglyceride accumulation (due to synthesis 

increase by PON2 deficiency and ACC1 increase), the increase in oxLDL unregulated uptake, as 

well as deficiencies in cholesterol efflux (NPC2, APOE) (Fig. 13). Deficiencies in cholesterol 

efflux are consistent with decreased plasma HDL formation in Pg recipient mice (Fig. 7B). In 

human studies, macrophage cholesterol efflux impairment observed in monocytes derived from 

high-risk patients did not seem to contribute to total plasma HDL166. However, it may be important 

to consider that any epigenetic changes induced in HSC in Pg-infected donors can manifest in 

many other immune cell types, including dendritic cells, in which APOE deficiency promoted 

cholesterol accumulation, antigen presentation and T cell activation167. Thus, from a multicellular 

perspective, impaired cholesterol efflux from many cell types in the immune system may be 

sufficient to result in the in vivo plasma HDL effects observed in these studies. 

As part of this dissertation, while no phenotypic analysis was done at the cellular level, 

there was interest in the possibility of bone marrow-derived epigenetic changes impacting systemic 

phenotype, specifically plasma lipid phenotype. In addition to the HDL differences observed (Fig. 

7B), the analysis of plasma cholesterol and triglycerides, as well as their plasma lipoprotein 

distribution gleaned three other interesting trends. The first was increased total plasma 

triglycerides in Pg recipient mice (Fig. 5B). This was attributed to the combinatorial effects of 

APOE hypermethylation and downregulation, as well as SORL1 hypomethylation and upregulation 

(Fig. 14). Along with the greater esterified cholesterol fraction uncovered in Pg recipient mice 
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(Fig. 6B) and VLDL triglycerides (Fig. 8B), these results may suggest decreased triglyceride 

catabolism by macrophages (and immune cells from Pg bone marrow as a whole). As with the 

results seen in HDL, the idea that initiation of these epigenetic changes in not only macrophages, 

but many cells of the immune system from a common stem cell, may provide an explanation as to 

how these epigenetic changes may manifest systemically.  

The differences in methylation and transcriptional expression of genes involved in 

mitochondrial ROS production168, increase in cytoplasmic oxLDL169, fatty acid synthesis170, and 

impaired cholesterol efflux171 are highly suggestive of a more pro-inflammatory M1 macrophage 

phenotype. M1 macrophages have been shown to be big players in in vitro172, as well as in vivo 

Pg studies measuring alveolar bone loss173,174.  It is interesting that many of the changes in 

methylation and mRNA expression observed in Pg recipient mice correlated with this macrophage 

phenotype, suggesting a “memory” effect where the bone marrow is conditioned to respond as if 

Pg is still present. 

From a more global perspective, oxidative phosphorylation, oxidative metabolism, and cell 

detoxification were identified more broadly by GO, KEGG, and Reactome analyses to contain 

many genes differentially regulated (Tables 3 and 4), many more than the nine genes identified 

above. This begs the question as to whether there are other epigenetic mechanisms at play outside 

of DNA methylation.  Histone modifications may be induced in Pg recipient BMDM that are 

leading to these differences, as these genes were not identified to be differentially methylated by 

WGBS. Those of particular interest are histone acetylation175 and methylation176, which have been 

shown to be key regulators of atherosclerosis development, and need to be included as part of the 

epigenetic analyses in future experiments.  
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In interpretation of the results as whole, it is important to regard these sequencing studies 

as observational in nature, identifying candidate pro-atherogenic trends in gene methylation and 

expression for further phenotypic testing. This is because they lack data validation with qPCR (for 

mRNA seq), validation at the protein level, and validation of effects on cellular and systemic lipid 

phenotype. These are experiments that are now being planned and will be performed in the future. 

Building on these studies, future experiments should have three aims. First, they must validate the 

mechanistic role of bone marrow DNA methylation, by repeating them in presence of DNA 

methyltransferase inhibitors, such as 5-aza-2’-deoxycytidine, shown in atherosclerosis studies to 

reverse methylation changes promoting inflammatory macrophages90. Second, studies should be 

repeated in HFD-fed recipient mice rather than normal chow-fed mice. With atherosclerosis and 

cardiovascular disease being multifactorial, placing persistent risk due to Pg infection in a 

hypercholesteremic environment induced in the HFD model would allow for the observation of 

potential synergetic effects of multi risk-factor presence on immune cell methylation, and thus 

phenotype. Third, while DNA methylation is one of the major epigenetic mechanisms used by 

cells to control gene expression, epigenetic studies may be expanded to look at histone 

modifications, especially because a number of differentially methylated genes identified in 

mRNA-seq could not be correlated to changes in DNA methylation. 

In addition to studies needing to validate phenotype, studies evaluating the mechanistic 

basis by which Pg infection imparts epigenetic changes in the bone marrow need to be performed. 

As mentioned, one of the predominant beliefs as to how periodontitis and CVD are related is 

through systemic inflammation59,60. One aspect of this inflammation is oxidative stress, which has 

been shown in studies to be increased systemically in periodontitis patients177-179. Research into 

other inflammatory diseases, including diabetes, has shown that oxidative stress induces DNA 
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methylation changes contributing to diabetic complications including blindness180, as well as 

wound healing181. In diabetic mouse studies, transplantable changes in DNA methylation observed 

in HSC were responsible for M1 macrophage polarization and impaired wound healing in bone 

marrow recipients181, highlighting the role HSC methylation status may have on persistent disease 

risk after. Thus, future studies should strive to confirm oxidative stress as the mechanistic basis 

for these epigenetic changes, using systemic antioxidant treatment in donor mice to ablate pro-

atherogenic epigenetic changes induced by Pg infections. 

These studies were inspired by studies in edentulous patients, which no longer have 

periodontitis, but have either the same risk as periodontitis patients for CVD or residual long-term 

risk66-69. Unfortunately, studies assessing periodontitis treatment in dentate patients and its effect 

on CVD risk long-term are lacking, with systematic reviews identifying only very low-level 

evidence182. This is important, when a more representative measure of clinically acceptable 

periodontitis elimination in the current periodontology climate is non-surgical and surgical options 

in dentate patients, allowing them to retain their teeth. In a recent article published on the American 

College of Cardiology Website183, two key reasons why such studies are difficult to conduct were 

suggested, owing to the requirements of large sample sizes and ethical considerations of refusing 

periodontal treatments to a control group. Thus, these reasons need to be kept in mind when 

planning studies to address whether residual risk remains long-term even with periodontal 

treatment in dentate patients.   

It is key to consider, however that while such studies have not been conducted in 

periodontitis patients, there have been studies following elimination of other CVD risk factors, and 

they have supported reduced risk following disease treatment. For example, recent studies in 

smoking cessation184 and statin-treated hyperlipidemic patients185 show reduced CVD risk and 
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events over a 5 year period, suggesting that risk factor intervention can have beneficial effects in 

shorter timelines. Therefore, studies with longer follow-up periods, as long as 20 years74, are key 

to establishing that residual risk remains long-term, and thus it is key to implement control 

strategies for other risk factor a patient may present with, such that this residual risk is not the 

tipping point to suffering a CVD event.  

While in the beginning stages, these studies and those in the future will contribute to the 

idea that epigenetic processes may be responsible for persistent risk. This is a relatively new and 

paradigm-shifting concept, especially in the field of therapeutics and CVD. These studies will 

necessitate the development of CVD therapeutics against epigenetic processes, or inflammatory 

pathways that promote these changes. These ideas may also apply in a broader context, even to 

other risk factors for CVD; studies in diabetic mice have already shown hyperglycemia-induced 

inflammation to induce bone marrow-derived epigenetic changes contributing to disease 

progression and persistence such as diabetes181,186. The targeting of epigenetic processes with 

treatment and pharmacology isn’t novel and has been gaining steam in recent years, especially in 

cancers, where histone deacetylase inhibitors187 and DNA methylation inhibitors188 have been 

tested as potential therapeutic options in the last decade. Epigenetic re-programming of cells in 

cardiovascular disease, and many others for that matter, represents another frontier in health that 

is promising, not only in terms of understanding disease pathogenesis, but also providing each 

patient with an individualized approach of treatment specific to their epigenetic background.  
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