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Abstract
Background and Objective: Current cardiovascular disease risk reduction guidance focuses on
overall dietary patterns, rather than single foods and nutrients. However, due to a lack of viable
animal models few basic research studies have examined the effect of dietary patterns on
coronary artery disease (CAD) development. Additionally, though statin medications are
commonly prescribed in concurrence with dietary modifications for the prevention of CAD little
data exists on potential diet x statin interactions. Epicardial adipose tissue (EAT) is the
perivascular adipose tissue surrounding the coronary arteries. EAT inflammation is thought to
potentiate the development of CAD and may be modulated by both diet quality and statin therapy.
The objective of this thesis was to assess the effect of diet quality, statin therapy, and their
potential interaction on coronary atherosclerosis and EAT using the Ossabaw miniature pig
model.
Methods: To meet this objective, pigs were fed a Heart Healthy (high in unsaturated fat,
unrefined grain, fruits/vegetables [HHD]) or Western diet (high in saturated fat, cholesterol,
refined grain [WD]) with or without atorvastatin (HHD+S and WD+S). Diets were food-based
and designed to reflect human dietary patterns. Diets were matched for macronutrient
composition and fed in isocaloric amounts. The effect of the respective diets and statin therapy
was assessed by transcriptomic analyses of gene expression in both the left anterior descending
(LAD) coronary artery and the surrounding EAT, and the determination of EAT fatty acid
composition by gas chromatography.
Results: The WD, relative to the HHD, led to the significant differential expression of 142 genes
in the LAD coronary artery. Statin therapy resulted in the significant differential expression of 2
genes (CHRNB4 and an unknown transcript). Pathway analysis of differential expression
attributable to the WD indicated the up-regulation of 8 pathways related to immune and
inflammatory responses associated with atherosclerosis. EAT of pigs fed the WD, relative to the
HHD, had a 12-fold increase of RSAD2; a gene induced by interferon signaling. Statin therapy
resulted in the differential expression of 17 genes predominately induced by interferon signaling.
A diet x statin interaction was found for 4 genes (IDO1, NKL, MYL4, and MYL7). Pathway
analysis indicated an up-regulation of interferon signaling in response to the WD, statin therapy,
and a potential diet x statin interaction implying up-regulation in interferon signaling by statin
therapy is decreased in EAT of pigs fed the WD. A signature of all differentially expressed genes
in EAT had no significant association with a histological assessment of atherosclerosis in the
LAD. EAT fatty acid composition largely reflected dietary fat composition. SFAs (total SFAs,
capric, lauric, palmitic and stearic acids) had positive associations with two genes involved in
interferon signaling (IRF7 and IFIT1) and PTGS2. Total n-6 PUFAs, linoleic acid, and n-3
PUFAs (total n-3 PUFAs, α-linolenic, EPA, DPA and DHA) had strong positive associations with
two anti-inflammatory genes (FFAR4 and PPARG), and weak to moderate positive associations
with ALOX5. DHA was negatively associated with IL-1β.
Conclusions: Collectively these findings indicate that poor diet quality, exemplified by the WD,
induces expression of genes implicated in atherosclerosis development in the LAD coronary
artery but did not have a similar effect on EAT gene expression. Statin therapy and to a lesser
extent diet quality, potentially mediated by SFAs, induced changes in EAT gene expression
predominately related to interferon signaling, which was not significantly associated with the
development of coronary atherosclerosis. Results from this thesis imply that the Ossabaw
miniature pig is a valuable model for the study of dietary patterns and CAD in vivo. However, the
modulation of interferon stimulated genes in EAT may not be a mechanism by which diet quality
and statin therapy effect the development of CAD in the Ossabaw miniature pig.
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Chapter 1: Introduction

2
1. 1 Introduction
Coronary artery disease (CAD) is characterized by the development of atherosclerotic
lesions in the arteries supplying blood to the heart. The accumulation of atherosclerotic
lesions leads to reduced or blocked blood flow through the coronary arteries, resulting in
myocardial ischemia and clinically presenting as angina and myocardial infraction (1). As
CAD is estimated to contribute to 1 out of every 7 deaths in the United States lifestyle
modifications and therapies to prevent or mitigate progression are of great importance
(2).

It is well established that poor diet quality contributes to the development of CAD.
Concurrently, changes in diet quality are considered a top priority in the prevention and
mitigation of CAD (3). Both the United States Dietary Guidelines for Americans and the
joint American Heart Association/American College of Cardiology risk reduction
recommendations have shifted focus from single foods or nutrients to dietary patterns
which encompass whole diet quality (3–5). Observational studies have adopted this
approach to investigate diet and cardiovascular diseases including CAD (6). Yet, due to
limitations inherent in animal models (e.g. rodents) commonly used to investigate diet
and CAD relationships, there is limited basic research data examining the effects of
dietary patterns on CAD in vivo. Furthermore, while statin therapy is prescribed for both
primary and secondary prevention of CAD few studies have characterized potential
interactions between statin therapy and dietary patterns (7).
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An emerging risk factor in the development of CAD is epicardial adipose tissue (EAT).
EAT is an adipose tissue on the heart adjacent to the coronary arteries (8). Similar to
abdominal visceral adipose tissue, poor diet quality and over-nutrition are thought to
potentiate a dysfunctional EAT phenotype characterized by an increase in adipose tissue
volume and inflammation (9). It is hypothesized that inflamed EAT may act locally on
the underlying coronary arteries to potentiate the development of CAD (10). Indeed,
numerous studies have revealed positive associations of EAT volume with CAD,
coronary artery calcium score, and plaque characteristics (11). Additionally, studies have
found that EAT from individuals with CAD, compared to those without CAD, is
characterized by higher expression of inflammatory cytokines and increased macrophage
infiltration (10).

Common lifestyle modifications recommended for CAD, such as weight loss and
physical activity, have also been associated with reductions in EAT volume (12). Yet,
few studies have examined the effect of diet quality, independent of weight loss, on EAT
volume (12). EAT from humans is collected during cardiac procedures, a situation not
suitable for a prior dietary intervention. Standard rodent models lack EAT and are poor
translational models of dietary patterns and CAD (13,14). To date, no study has examined
the effect of diet quality, independent of weight loss, on EAT gene expression. In
addition to lifestyle modifications, statin therapy has been associated with EAT
regression and is hypothesized to reduce EAT volume via their pleiotropic antiinflammatory effects (15). The modulation of EAT inflammation may represent one
mechanism by which both diet quality and statin therapy ultimately effect CAD.
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In order to study effects of diet quality and statin therapy directly on coronary artery
atherosclerotic lesion development and EAT in vivo an appropriate research model is
required. We addressed this gap using the Ossabaw miniature pig. Compared to rodents,
pigs are considered a better translational model of atherosclerosis, produce a robust EAT
depot, and are suitable for the study of human-like dietary patterns (14,16). We have
recently completed a study establishing the Ossabaw miniature pig as a model of
atherosclerosis using food-based diets, designed to mimic human dietary patterns, fed in
isocaloric amounts, with or without atorvastatin (17, Appendix A.3). In concordance with
this study we used the Ossabaw miniature pig to examine the effect of a Western type
dietary pattern, relative to a Heart Healthy dietary pattern, and statin therapy on gene
expression in the left anterior descending coronary artery and adjacent EAT. As fatty
acids are considered modulators of inflammation we then characterized the effect of
dietary fat type on EAT fatty acid composition and the relationship between individual
saturated and polyunsaturated fatty acids and the expression of genes in EAT related to
inflammation. Collectively this work provides novel insight into the role of diet quality
and statin therapy on coronary atherosclerosis and EAT in the Ossabaw miniature pig.
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1.2 Statement of Hypothesis
The overall objective of the project was to a) determine the effect of diet quality and
statin therapy on gene expression in the left anterior descending (LAD) coronary artery;
b) determine the effect of diet quality and statin therapy on gene expression in epicardial
adipose tissue (EAT) surrounding the LAD coronary artery; and c) determine the effect
of dietary fat type on EAT fatty acid composition and assess the relationship between
EAT fatty acids and gene expression.

The objective of this study was pursued using tissue samples generated from a parent
study designed to assess the appropriateness of using the Ossabaw miniature pig as a
translational model to evaluate the relationship between dietary patterns, statin therapy,
and the development atherosclerosis (Appendix A.3). Pigs were randomized using a 2x2
factorial design and fed either a Heart Healthy diet (HHD) or Western diet (WD), with or
without atorvastatin. Diets were fed in isocaloric amounts for six months. Tissue sample
from the LAD coronary artery and surrounding EAT were collected for the purposes of
this study.

Hypothesis 1: Relative to a HHD, Ossabaw miniature pigs fed a WD will have
increased expression of vascular markers associated with atherosclerosis
progression in the LAD coronary artery and statin therapy will modulate this
association.
Specific Aims:
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1a. Characterize LAD coronary artery gene expression attributable to diet (WD relative to
HHD), statin therapy (statin relative to no statin), and diet x statin interactions in the
LAD coronary artery using a transcriptomics approach.

1b: Determine protein expression of vascular markers integral in the development of
atherosclerosis (monocyte chemoattractant protein 1 [MCP1], vascular cell adhesion
molecule 1 [VCAM1], and scavenger receptor A [SRA]) in the LAD coronary artery using
immunofluorescence.

Hypothesis 2: Transcriptome and pathway analysis of EAT surrounding the LAD
coronary artery will reveal in unique gene expression signatures associated with the
presence of early atherosclerotic lesions in Ossabaw miniature pigs fed an WD,
compared to pigs fed a HHD, and statin therapy will modulate these association.
Specific Aims:
2a: Characterize EAT gene expression attributable to diet (WD relative to HHD), statin
therapy (statin relative to no statin), or a diet x statin interaction using transcriptomics
and pathway analysis.

2b: Determine gene expression signatures attributable to diet, statin therapy, and diet x
statin interactions and determine their association with histological measures of
atherosclerosis in the LAD coronary artery.
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Hypothesis 3: Fatty acid composition of EAT surrounding the LAD coronary artery
will reflect dietary fat type and be associated with the expression of genes involved
in inflammation.
Specific Aims:
3a: Determine the effect of dietary fat type on EAT fatty acid composition using gas
chromatography.

3b: Determine the strength of associations between EAT saturated and polyunsaturated
fatty acids, and expression of genes related to inflammation.

3c. Determine the strength of associations between EAT fatty acid composition and
serum fatty acid profiles.
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1.3 Literature Review
1.3.1 Coronary Artery Disease
Cardiovascular disease (CVD) remains the leading cause of death globally, resulting in
over 17 million deaths annually (1). Of particular importance is coronary artery disease
(CAD), the build-up of plaque in the in the arteries that oxygenate the myocardium (2).
CAD may cause reduced or blocked blood flow to the myocardium leading to ischemia
(2). Clinically, the manifestations of CAD may present as acute coronary syndrome,
which is characterized by unstable angina and/or a myocardial fraction and increases the
risk of stroke (3). In the United States alone CAD leads to over 650,000 myocardial
infractions each year, resulting in an immense diminished quality of life and economic
burden (1)

Pathogenesis of Atherosclerosis
Atherosclerosis, the development of arterial plaque, is the underlying pathology of CAD.
It is widely recognized that atherosclerosis is not just a disease of vascular lipid
accumulation but also a disease of vascular inflammation. Preceding the development of
an atherosclerotic lesion is dysfunction in the endothelial lining. Under normal conditions
endothelial cells release vasodilators and anticoagulant factors (4). Prolonged stimuli
such as hypertension, dyslipidemia, and the oxidative modification and sub-endothelial
retention of apolipoprotein B containing lipoprotein particles contribute to endothelial
cell dysfunction (2). A perturbation of the endothelial lining triggers a cascade of
responses; vascular smooth muscle cell (VSMC) migration, increased cell permeability,
expression of inflammatory cytokines, and the expression of chemoattractant and
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adhesion molecules that promote the migration of blood leukocytes to the site (5,6).
While many immune cells (monocyte-derived macrophages, dendritic cells, T cell, B
cells, and mast cells) are involved in atherosclerotic lesion development the
transmigration of monocytes and T cells through the endothelial lining is of particular
importance (5). In the intima monocytes differentiate to macrophages and take up
oxidized lipids. This facilitates their transformation into foam cells, the predominant
feature of early atherosclerotic lesion (7). Once activated, macrophages and T cells in the
intima promote the release of cytokines and growth factors and elicits VSMC
proliferation; further potentiating the formation of atherogenic lesions (2,6). Eventually,
the atherogenic process results in the development of a fibrous lipid laden plaque (5).
1.3.2 Epicardial Adipose Tissue
An emerging area of interest in the study of CAD is epicardial adipose tissue (EAT).
EAT is the perivascular adipose tissue surrounding the coronary arteries and is in direct
contact with the myocardium (8,9). There is no fascial layer separating EAT and the
coronary arteries and it is vascularized by the coronary vasa vasorum (10). Similar to
visceral adipose tissue (VAT), EAT originates from the splanchnopleuric mesoderm (8).

Evidence suggests that EAT has both protective and adverse effects on the heart. In
metabolically healthy individuals EAT provides a readily available source of fatty acids
for heart muscle and has thermogenic properties similar to brown adipose tissue (BAT)
(8,10). However, in metabolically unhealthy individuals EAT secretes pro-inflammatory
cytokines and is hypothesized to promote coronary artery atherosclerotic lesion
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progression (10). An alternative hypothesis is that inflammatory signaling from the
diseased vessel to EAT promotes its dysfunction (10).

Observational studies
Advanced imaging techniques (computerized tomography and magnetic resonance
imaging) has allowed for a comprehensive study of EAT mass and/or volume in humans.
Data from the both the Framingham Heart Study and Jackson Heart Study indicate
significant positive associations between pericardial adipose tissue, which encompasses
EAT, and both coronary artery calcification score and myocardial infarction, after
adjusting for abdominal VAT (11–13). Other work has reported significant positive
associations between EAT and coronary artery calcification progression, with the
association being the strongest among young, non-obese individuals (14–17). It has been
proposed that EAT volume increases the predictive value of coronary artery calcification
(CAC) scores and serves as an independent risk factor of future events in individuals
without known CAD (18).

Human Epicardial Adipose Tissue Studies
The only source of human derived EAT is from elective cardiac procedures such as
coronary artery bypass grafts (CABG). This has allowed for the comparison of EAT in
individuals with and without CAD as well as the comparison between EAT and matched
subcutaneous adipose tissue (SAT). Due to the invasive nature of cardiac procedures
comparisons of EAT with matched abdominal VAT are rare. The majority of human
derived EAT analyses have focused on markers of inflammation. They have concluded
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that compared to SAT, EAT displays higher inflammatory gene expression and protein
secretion including interleukin 6 (IL-6), interleukin 1 beta (IL-1β), monocyte chemotactic
protein (MCP-1) and tumor necrosis factor alpha (TNFα) (19–21). Likewise, individuals
with CAD, compared to those without CAD, have been reported to have higher
expression of inflammatory cytokines, macrophage infiltration, and presence of M1 proinflammatory macrophages as opposed to M2 anti-inflammatory macrophages (22–24).
EAT from individuals who are obese or have CAD have lower expression and secretion
of beneficial adipokines such as adiponectin (20,21). In vitro, the addition of recombinant
globular adiponectin to EAT collected from individuals with CAD reduced expression of
adhesions molecules and was inversely associated with migration of THP-1 cells (20).
Adiponectin secreted from EAT may act locally; potentially reducing inflammation,
oxidative stress, and promoting vasodilation on the underlying vessel and myocardium
(8,20).

Animal Studies
Rodents produce little to no EAT on the heart (25,26). Yamaguchi et al, confirmed that
only with forced expression of peroxisome proliferator activated receptor gamma
(PPARy) did C57BL/6 mice produce small amounts of EAT along the atrioventricular
groove (25). Nonetheless, due to the limitations in studying human EAT it is common for
research done on perivascular adipose tissue (PVAT) in rodent models to be extrapolated
to EAT. Such experiments typically study PVAT surrounding the aorta or carotid arteries.
An elegant experiment performed by Ohman et al transplanted VAT or SAT from ApoE /- mice on to the respective right carotid artery and found that mice receiving VAT
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PVAT, compared to SAT, had greater atherosclerosis surface area and lesion thickness
(27). A similar study reported accelerated plaque development in mice with PVAT
transplanted from adiponectin knockouts, highlighting the potential beneficial effects of
PVAT secreted adiponectin, and additional work has reported similarities between PVAT
and BAT suggesting a “protective” role of PVAT and thermogenic capabilities (28-30).
While these studies provide critical insight on the relationship between vascular lesion
development and PVAT, further studies should utilize appropriate animal models for the
study of EAT.

Summary
Taken together observational studies and evidence from human EAT implies a strong
case for EAT exerting local effects on coronary artery lesion formation. However,
limitations of these data should be noted such as inconsistencies in terms of which depots
have been measured, what methodologies were used to measure EAT volume, and
concerning EAT collected from humans, the dearth of tissue from healthy controls.
Nonetheless, the modulation of EAT inflammation is now of interest as a therapeutic
target for CAD. While lifestyle modifications for CAD prevention such as increased
physical activity and weight loss have been associated with reduced EAT volume, little
data exists on diet quality and EAT volume (31–33). Further, virtually no data exists
examining diet quality and EAT gene expression.
1.3.3 Dietary Modifications and Statin Pharmacotherapy
Dietary Patterns
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Diet quality is considered a key mediator in the development of CAD and the
manifestation of associated cardiometabolic risk factors associated with CAD.
Specifically, poor diet quality influences numerous atherogenic risk factors including
blood pressure, plasma lipid and lipoprotein concentrations, diabetes and obesity (34). A
critical area in the study of atherosclerosis is dietary approaches to prevent, stop, or
reverse lesion development. Countless studies have examined the interplay between
individual dietary components and atherosclerosis. While this has produced invaluable
mechanistic insights on the role of nutrients in chronic disease the direct translation of
this research to nutrient-specific dietary guidance is now considered misguided. It is now
widely accepted that we must consider dietary patterns rather than individual nutrients or
foods, as they better reflect habitual eating patterns (34,35).

The 2015 Dietary Guidelines for Americans and the joint American Heart
Association/American College of Cardiology risk reduction recommendations now focus
on dietary patterns, which encompass diet quality (36,37). Resultantly, research on shifts
in dietary patterns and improvements in overall diet quality is a top priority in the
prevention of CAD. Numerous observational studies have found that Western type
dietary patterns, characterized by high amounts of added sugar, refined grains, butter and
sweets, are associated with inflammation, type 2 diabetes, and CVD (38–41). By contrast,
dietary patterns characterized by high amounts of whole grains, fruits, vegetables, and
fish have been associated with decreased incidence of CVD (38,40–43). However, due to
the cost and logistical challenges of conducing human trials with hard endpoints it is
difficult to adjudicate most dietary patterns. Viable experimental models are critically
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needed to study the impact of dietary modification on the development and progression
of atherosclerosis.

Dietary Fat and Fatty Acids
In regard to diet quality there has been a particular emphasis on dietary fat. The
replacement of saturated fat (SFAs) with polyunsaturated fats (PUFAs) is associated with
decreased risk of CVD; including CAD (44–46). Undoubtedly, the concurrent increases
in low-density lipoprotein cholesterol (LDL-C) with consumption of SFAs play a large
role in these associations (46). However, it is important to note that SFAs and PUFAs are
also known modulators of inflammation.

SFAs bind to surface toll-like receptors (TLRs) inducing an inflammatory signaling
cascade (47). TLR signaling may activate the pro-inflammatory transcription factor
nuclear factor kappa B (NFκ B) leading to the expression of pro-inflammatory cytokines
and chemokines (48). TLR signaling may also elicit an innate immune response by the
induction of type I interferon signaling (47). Activation of type I interferon signaling
induces the expression of pro-inflammatory cytokines and also interferons, which
actively potentiates type I and II interferon signaling cascades (49). Independent of TLR
signaling SFAs have been implicated in the activation of the NOD-like receptor, pyrin
domain containing 3 (NLRP3) inflammasome facilitating the activation of the proinflammatory cytokine IL-1β (50). In addition, SFAs serve as substrates for ceramides
which have been reported to promote insulin resistance and be associated with CVD
progression (51,52).
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PUFAs modulate inflammation through a variety of mechanisms including signal
transduction and gene expression, acting as substrates for lipid mediators, and membrane
enrichment (53). In particular n-3 PUFAs modulate inflammation by signal transduction,
altering the production of pro-inflammatory cytokines or activing anti-inflammatory
transcription factors (53). N-3 PUFAs can both activate free fatty acid receptor 4
(FFAR4) and inhibit TLRs, ultimately inhibiting the activation of NFkB and subsequent
expression of pro-inflammatory cytokines. Alternatively, through the activation of
peroxisome proliferator activated receptor gamma (PPARG) n-3 PUFAs may increase
production of the anti-inflammatory adipokine adiponectin (54,55).

Additionally, both n-3 and n-6 PUFAs serve as substrates in the production of lipid
mediators. Cycolooxygenase and lipoxgenase enzymes facilitate the production of PUFA
derived eicosanoids (56). Arachidonic acid, an n-6 PUFA, is the major substrate for these
enzymes which results in production of pro-inflammatory 2-series prostaglandins and 4series leukotrienes (56). Eicosapentaenoic acid (EPA), and n-3 PUFA, may displace
arachidonic acid in cell membranes, acid shifting the balance from pro-inflammatory
arachidonic acid derived lipid mediators to less inflammatory EPA derived lipid
mediators. Long chain n-3 PUFAs may also serve as substrates for lipid mediators with
direct anti-inflammatory effects such as resolvins and protectins (56).

Both dietary and endogenous fatty acids may be assessed through the measurement of
fatty acids profiles (57). Adipose tissue is the primary storage site of fatty acids, and due
to slow turnover, is representative of long-term dietary fat intake (57). In humans, a
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profile of 16 fatty acids in EAT has been characterized in comparison to matched SAT
and was found to have significantly higher proportions of SFAs and lower proportions of
MUFAs (58). However, no study has examined the effect of dietary fat on EAT fatty acid
composition or the evaluated the relationship between EAT fatty acid composition and
inflammatory gene expression.

Statin Medications
Statin medications reduce LDL-C concentrations via the inhibition of 3-hydroxy-3methyl-glutaryl-coenzyme A (HMG CoA) reductase activity. They are the most
commonly prescribed drug for the primary and secondary prevention of atherosclerotic
cardiovascular diseases; including CAD (59). Under current guidelines it is estimated that
over 60 million Americans are eligible to receive statin therapy (60). Though dietary
modification is recommended prior to and in combination with statin use few studies
have examined potential diet and statin interactions (61). One such study demonstrated
that, compared to habitual diet, a Mediterranean-type diet potentiated the LDL-C
lowering effect of simvastatin (62). In addition to LDL-C lowering, statins are thought to
confer benefits via pleiotropic anti-inflammatory effects, including a reducing plasma Creactive protein (CRP) and inflammatory cytokines (63).

In regard to EAT, statin therapy and intensity of dose have been associated with EAT
regression (64). In the Beyond Endorsed Lipid Lowering with EBT Scanning (BELLES)
trial, statin use was associated with EAT regression (median -3.38%) and was strongest
in those patients treated with 80 mg of atorvastatin, compared 40 mg of pravastatin (65).
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Further, EAT regression appeared to be independent of reductions in LDL-C
concentrations. In patients with atrial fibrillation similar results were observed after 3
months of treatment with 80 mg atorvastatin (66). Moreover, simvastatin has been
associated with decreased expression of inflammatory markers, including IL-6, TNFα,
and leptin, in EAT (67). Hence, it is hypothesized that statin therapy may promote EAT
regression via its anti-inflammatory properties.

1.3.4 Research Gaps and Animal Models
A major impediment to the in vivo study of diet quality, exemplified by dietary patterns,
on CAD and EAT is the lack of a viable animal model. Though rodent models have been
critical in the studying precise disease mechanisms they are poor translational models for
atherosclerosis in humans. Rodents and humans have dissimilar have lipoprotein profiles
and unless genetically modified or fed extreme diets, rarely develop atherosclerosis
(68,69). Typical studies involving rodent models primarily focus on the quantity of
dietary fat, not considered a major factor in ideology of CVD in humans or one that
aligns with current cardiovascular risk reduction guidance (37). Importantly, there are
also anatomical differences to consider. Rodents do not develop EAT and have coronary
arteries that are challenging to study due to their small size (69). By contrast, pigs
represent a viable translational model of CAD. They produce EAT, develop diet induced
atherosclerotic lesions, and have lipoprotein profiles and a cardiovascular architecture
similar to humans (68,69). Further, pigs are omnivorous making them a promising model
for the study of food-based dietary patterns (68,69).
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Among the available porcine models, the Ossabaw miniature pig displays a “thrifty
genotype” thought to result from enduring feeding and famine cycles (70). These pigs
have been established as a porcine model of metabolic syndrome including obesity,
dyslipidemia, hypertension, insulin resistance, hyperglycemia and atherosclerosis, when
fed an extreme high-fat, high-fructose diet in caloric excess (71–73). In addition to
displaying cardiometabolic dysfunction the Ossabaw miniature pig displays a robust EAT
depot and is recognized as a model to assess EAT (74,75).

We have evaluated the Ossabaw miniature pig as translational model of dietary patterns
and coronary atherosclerosis (76, Appendix A.3). Pigs were fed a food-based Heart
Healthy diet or Western type diet; designed to reflect human dietary patterns. Diets were
matched in macronutrient composition and fed in isocaloric amounts; intended to reflect
diet quality. To assess the potential interactions between diet and statin therapy half of
the pigs in each diet group received atorvastatin. After six months a blinded boardcertified veterinary cardiovascular pathologist confirmed the presence of atherosclerosis
in the right, left circumflex, and left anterior descending coronary arteries on the basis of
the Stary System of classification of atherosclerosis (77). Our findings include that
compared to pigs fed a Heart Healthy diet, pigs fed a Western type diet exhibited higher
LDL-C concentrations and systemic inflammation, and higher incidence and severity of
early atherosclerosis (Stary score type I to III) and have established the Ossabaw
miniature pig as a translational model of dietary patterns and atherosclerosis (76,
Appendix A.3).
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2.1 Abstract
Current cardiovascular lifestyle risk reduction guidance focuses on shifts in dietary
patterns, rather than single foods or nutrients. Yet, few basic research studies have
examined the effect of dietary patterns on coronary artery disease (CAD). Statin
medications are commonly prescribed in concurrence with dietary modifications for the
prevention of CAD. However, little data exists on potential interactions between diet and
statin therapy. Our objective was to determine the effect of diet quality and statin therapy
on gene expression in the left anterior descending (LAD) coronary artery in the Ossabaw
pig. Pigs were randomized to one of four groups and fed isocaloric diet for 6 months;
Heart Healthy diet (high in unsaturated fat, unrefined grain, fruits/vegetables [HHD]) or
Western diet (high in saturated fat, cholesterol, refined grain [WD]), with or without
statin therapy (atorvastatin). A two-factor edge R analysis identified significant
differential expression in 144 genes. The WD, relative to the HHD, resulted in
differential expression of 142 genes, while statin therapy resulted in the differential
expression of 2 genes. Pathway analysis of differential expression attributable to the WD
indicated an up-regulation of 8 pathways indicative of immune and inflammatory
responses involved in atherosclerosis. Oxidized LDL receptor (LOX-1) was identified as
the top gene to discriminate pigs based on presence of atherosclerosis and was
significantly associated with plasma C-reactive protein and Stary score. Together these
data indicate that a WD, relative to the HHD, induces gene expression in the LAD
coronary artery that is consistent with the development of early atherosclerosis.
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2.2 Introduction
Diet quality is considered a key mediator in the development of coronary artery disease
(CAD) and the manifestation of cardiometabolic risk factors associated with CAD.
Specifically, Western type dietary patterns, high in added sugar, refined grains, butter and
sweets, have been associated with inflammation, type 2 diabetes, and clinical
manifestations of CAD [1–4]. In contrast, dietary patterns rich in whole grains, fruits,
vegetables, and fish have been associated with decreased incidence of CAD and its
clinical manifestations [1,2,4–6]. Therefore, improvements in diet quality remains a top
priority for the prevention of CAD [7–9].

The foundation for cardiovascular disease (CVD) risk reduction is dietary modification,
to which statin therapy may be added [10]. Statin medications reduce low-density
lipoprotein cholesterol (LDL-C) concentrations via the inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA) reductase and are prescribed for primary and
secondary prevention of CAD [10,11]. In addition to LDL-C lowering statins are thought
to confer benefits via pleiotropic anti-inflammatory effects [12]. Though dietary
modification is recommended prior to and in combination with statin use few studies
have examined potential interactions between diet and statin therapy but have suggested a
healthy dietary pattern may potentiate the LDL-C lowering effect of statins [13,14].

Despite current CVD risk reduction guidance focusing on shifts in dietary patterns, rather
than single foods or nutrients, basic research studies do not typically adopt this approach.
One obstacle in addressing this gap is the lack of appropriate animal models for the study
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of dietary patterns and CAD. While rodent models have been instrumental in identifying
precise disease mechanisms they are a poor translational model of atherosclerosis as they
have lipoprotein profiles that are dissimilar to humans and unless genetically modified or
fed extreme diets, rarely develop atherosclerosis [15–17]. Additionally, in rodents the
coronary arteries are challenging to study due to their small size [17]. By contrast,
porcine models are well suited for the translational study of CAD [15–18]. Their
cardiovascular anatomy and disease pathogenesis is similar to that of humans [15,17].
Further, pigs are omnivorous making them a promising model for the study of food-based
dietary patterns [15,19].

We have previously established the Ossabaw miniature pig as a suitable translational
model of dietary patterns and CAD [19]. Pigs were fed a food-based Heart Healthy or
Western type diet; designed to reflect human dietary patterns [19]. To better understand
potential interactions between diet and statin therapy half of the pigs in each diet group
received atorvastatin [19]. After six months of isocaloric feeding we confirmed CAD by
histological evaluation of atherosclerosis in the right, left circumflex, and left anterior
descending (LAD) coronary arteries. To determine the effect of the respective diets and
statin therapy on gene expression in the LAD coronary artery we have completed an
exploratory transcriptomic analysis in a subset of pigs.

2.3 Materials and Methods
Study design, animals, and diets
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This research was conducted as an exploratory pilot study to a larger previously
published investigation examining the effect of dietary patterns and statin therapy on
atherosclerosis development in the Ossabaw miniature pig [19]. The parent study
randomized Ossabaw miniature pigs using a 2x2 factorial design into four groups: Heart
Healthy (HHD); Heart Healthy diet + atorvastatin (HHD+S); Western diet (WD); and
Western diet + atorvastatin (WD+S). We examined a subset of 16 Ossabaw miniature
pigs (7 boars and 9 gilts): WD (n= 4); WD+S (n= 4); HHD (n= 3); and HHD+S (n= 5).
The HHD and WD were designed to reflect human dietary patterns and were fed in
isocaloric amounts for six months following a two-month acclimatization period. A
detailed diet composition has previously been reported [19]. Briefly, diets provided 38%
of energy (E) from fat, 47% E from carbohydrate and 15% E from protein but differed in
the type of dietary fat and carbohydrate, and the amount of fiber and cholesterol [19].
Specifically, the HHD contained 29% E from unsaturated fats (canola, soybean and corn
oils); 9% E from saturated fats (anhydrous milk fat); 47% E from whole wheat flour, oats
and a freeze-dried fruit/vegetable mix providing 13g of fiber per 100g of diet; and a 0.1%
wet weight of cholesterol. The WD contained 22% E from saturated fat (anhydrous milk
fat); 16% E from unsaturated fat (canola, soybean, and corn oils); 47% E from sugar and
white flour; 7g of fiber per 100g of diet, and 1.5% wet weight of cholesterol. Both diets
contained a 2.5% wet weight of a vitamin and mineral mix. Pigs in the HHD fed groups
were supplemented with fish oil capsules (Epanova 1g, 550mg eicosapentaenoic acid
[EPA] + 200mg docosahexaenoic acid [DHA]) three times per week. Statin treated pigs
had atorvastatin (Lipitor), administered at a dose of 20 mg/day during months 1-3, and 40
mg/day during months 4-6.
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Sample collection
Blood and coronary artery tissue samples were collected at the time of necropsy. The
collection of blood and fixation of samples for histology has been previously described
[19]. A 5mm section of the LAD coronary artery was collected approximately 5mm from
the aortic root and flash frozen in liquid nitrogen. Samples were stored at -80’C until
processing.

Sample Processing
Serum and Plasma Sample Processing
Serum concentrations of total cholesterol, triglycerides, high-density lipoprotein
cholesterol (HDL-C), and LDL-C were measured as part of the parent study and have
been described previously [19]. Serum HDL-C concentrations were measured on a
AU400 clinical chemistry analyzer (Beckman Coulter, Inc., Brea CA) and LDL-C was
estimated using the Friedewald equation [20]. Plasma high sensitivity C-reactive protein
(hsCRP) concentrations were measured by a two-site enzyme-linked immunoassay
procedure, (Pig High-Sensitive CRP ELISA Cat. No. KT-184, Kamiya Biomedical
Company, Seattle, WA.).

Histology
As part of the parent study histological presence of atherosclerosis in the proximal LAD
coronary artery was determined by a blinded board-certified veterinary cardiovascular
pathologist and evaluated using the previously established Stary System of classification
[19,21].
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Tissue RNA isolation
Coronary artery samples were homogenized, and RNA was isolated using RNeasy
Universal Mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
Isolated RNA was treated with Turbo DNase (Ambion, Waltham, MA) to minimize
genomic DNA contamination. RNA quality was assessed using the Experion RNA
analysis electrophoresis kit (Bio-Rad, Hercules, CA). Samples with an RNA Quality
Indicator (RQI) greater than 7 were sequenced.

Tru Seq Library Preparation, Sequencing, and Processing of reads
Preparation for RNA sequencing was done using the Illumina TruSeq RNA Sample
Preparation Kit v2 (Illumina, San Diego, CA) and AMPure XP beads (Beckman Coulter,
Brea, CA) according to the manufacturer’s instructions as described previously (Chapter
3). DNA fragment size was determined using Experion DNA 1K chips (Bio-Rad,
Hercules, CA) and library quantification was completed using the KAPA Library
Quantification kit (KAPA Biosystems, Wilmington, MA). Samples were sequenced on an
Illumina HiSeq 2000 sequencer (Illumina, San Diego, CA) with 100 base pair single end
reads. As previously described raw data in FASTQ format was processed for quality
using CLC Bio Genomic Workbench (Qiagen, Valencia, CA) and the transcriptome was
assembled using the annotated Sus scrofa 10.2 as a reference genome [22].

2.5 Transcriptome and Pathway Analyses
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Transcriptomic and pathway analyses were completed as previously described in Chapter
3. Briefly, a differential expression analysis was performed using a two-factor model
design matrix in edge R, a Bioconductor package based on a negative binomial
distribution [23]. One pig (WD) was excluded from further analysis due to abnormally
low counts across all genes. Count data on annotated genes was filtered based on a
minimum of at least one count per million across three samples in all groups and
normalized using the trimmed mean of M values (TMM) method. The two-factor edge R
model was designed to determine differentially expressed genes attributable to diet,
statin, and a diet x statin interaction. A Benjamini-Hochberg false discovery rate (FDR)
was used to adjust p-values for multiple comparisons [24]. Differentially expressed genes
were considered gene with a FDR adjusted p <0.1 and absolute fold change ≥1.5. Fold
change for differentially expressed genes identified by the two-factor edge R model is
interpreted as: diet effect: fold change of WD relative to HHD, statin effect: fold change
of statin relative to no statin, diet x statin: effect of statin on WD relative to the effect of
statin on the HHD. Differentially expressed genes were analyzed using Ingenuity
Pathway Analysis (IPA; v 9.0, Mountain View, CA, USA) to determine relevant
biological pathways effected by diet, statin and a diet x statin interaction. A total of 142
differentially expressed genes were uploaded to IPA for canonical pathway analysis. For
each pathway identified, a Z-score was calculated indicating up- or down-regulation, and
gene matching to IPA Knowledge Base (observed versus predicted). Pathways with an
absolute Z score ≥ 2 and an FDR adjusted p ≤ 0.05 were considered significant.

Further Statistical Analysis
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Pigs from all groups were pooled (n=15) to determine associations of genes with LDL-C,
HDL-C, hsCRP concentrations, and Stary score by Spearman’s correlation coefficients.
In total four genes were selected to represent both the diet and statin effects. Two
differentially expressed genes attributed to the diet affect were selected with the R
package MLSeq [25]. Using MLSeq raw count data underwent a deseq normalization and
voom transformation and a random forest model was run using a k fold cross validation
(cv = 10) and repeated 1000 times. The two genes with top variable importance scores
were selected based on ability to classify presence of atherosclerosis in the proximal
LAD coronary artery. Presence of atherosclerosis was a binary variable with a Stary score
of 0 indicating no presence of atherosclerosis and ≥1 representing presence of
atherosclerosis. Additionally, the two differentially expressed genes attributable to a
statin effect in the LAD coronary artery were used. Due to the exploratory nature of this
study correlation coefficients were considered significant at the p < 0.05 level.

2.4 Results
Transcriptomic analysis
In total the two-factor analysis in edge R identified a total of 144 genes with significantly
altered expression attributable to the WD or statin therapy. Fold change and expression
levels for complete list of genes is available in Online Appendix Table A.1. Of these
genes 142 had significant differential expression in the LAD coronary artery attributable
to a diet effect (WD relative to the HHD). Fold change and expression levels for the top
30 annotated significant differentially expressed genes attributable to the diet effect are
presented in Table 1 and a complete list of significant diet effect genes and their
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respective biological processes is provided in Table S1. Of the 142 differentially
expressed genes 138 were upregulated and 4 were down regulated. Notably, many of
these genes were involved in biological processes related to immune response and
inflammation. Six differentially expressed genes (oxidized LDL receptor [LOX-1],
macrophage scavenger receptor [MSR], cytochrome P450 family 7 subfamily A member
1 [CYP7A1], ATP binding cassette subfamily A member 1 [ABCA1], apolipoprotein E,
[APOE], and phospholipid transfer protein [PLTP]) were directly involved in cholesterol
homeostasis. Statin therapy led to the significant differential expression of 2 genes in the
LAD coronary artery. Expression of cholinergic receptor nicotinic beta 4 subunit
(CHRNB4), part of the nicotinic acetylcholine receptor, was increased by 109-fold (FDR
p value = 0.069) and expression of a gene that has yet to annotated (Unknown 1
[ENSSSCG00000027848]) was increased by 78-fold (FDR p value = 0.069). There were
no genes significantly affected by a diet x statin interaction.

IPA analysis
IPA analysis identified 8 pathways significantly related to differentially expressed genes
in the LAD coronary artery attributable the diet effect (Table 2). The pathways identified
were 1) Dendritic Cell Mutation, 2) Production of Nitric Oxide and Reactive Oxygen
Species in Macrophages 3) TREM1 Signaling, 4) PI3K Signaling in B Lymphocytes, 5)
IL-8 Signaling, 6) Leukocyte Extravasation, 7) Neuroinflammation Signaling, and 8) NFkB Signaling. All pathways were up-regulated and are involved immune or inflammatory
signaling. Genes involved in immune signaling (toll-like receptor 4 [TLR4], toll-like
receptor [TLR8], triggering receptor expressed on myeloid cells 2 [TREM]), chemotaxis
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(integrin subunit beta 2 [ITGB2] and selectin P ligand [SELPLG]), T cell activation
(CD83 molecule [CD83] and CD86 molecule [CD86]) and extracellular matrix
degradation (matrix metallopeptidase 9 [MMP]) were implicated in the pathways
identified by IPA.

Gene Associations with Cardiometabolic Risk Factors and Atherosclerosis
Least square means of LDL-C, HDL-C, and hsCRP concentrations, and mean
atheromatous change of Stary score in the proximal LAD coronary artery by pig group
have previously been reported on the full sample of pigs [19]. Here correlations were
assessed independent of pig group using the values of the respective markers from the
subset of 15 pigs. LDL-C values ranged from 32 to 657 mg/dL (median: 102 mg/dL),
HDL-C from 34 to 130 mg/dL (median: 70 mg/dL), and hsCRP from 43 to 114 mg/L
(median: 74 mg/dL). Stary score in the proximal LAD coronary artery ranged from 0 to
2; with 0 representing no presence of an atherosclerotic lesion, 1 representing intimal
thickening, and 2 representing the intracellular accumulation of lipids. Genes attributable
to the diet effect with the top variable importance score were 1) LOX-1 and 2)
phosphoinositide-3-kinase adaptor protein 1 (PIK3AP1). PIK3AP1 had positive
associations with both LDL-C (r = 0.72, p < 0.05) and HDL-C concentrations (r = 0.60, p
< 0.05) (Table 3). LOX-1 was positively associated with hsCRP concentrations (r = 0.54,
p < 0.01) and had a positive association with Stary score (r = 0.54, p < 0.01) (Table 3).
Unknown 1 (ENSSSCG00000027848), a gene attributable to the statin effect, had inverse
associations with LDL-C and HDL-C (r = 0.24, p < 0.05 and r = 0.41, p < 0.01,
respectively) (Table 3).
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2.5 Discussion
Limited data exists on the effects of dietary patterns and statin therapy on coronary gene
expression. The present study was designed to address this gap by examining the effects
of isocaloric HHD and WD type dietary patterns, with or without atorvastatin, on
coronary artery gene expression using the Ossabaw miniature pig model. We found that
the WD, relative to the HHD, resulted in the differential expression of 142 genes while
statin therapy resulted in the differential expression of 2 genes. Pathway analysis of
differentially expressed genes attributable to the diet effect identified 8 pathways related
to immune and inflammatory signaling; indicating a potential up-regulation in immune
response in the LAD coronary artery of pigs fed the WD. Expression of LOX-1 was
identified as the top gene, by variable importance, in the classification of atherosclerosis
and was positively associated with hsCRP concentrations and Stary score.

Diet effect
Our previous histological evaluation of CAD indicated the presence of early
atherosclerosis in the proximal and medial sections of the LAD coronary artery which
was significantly increased in pigs fed the WD [19]. The histological presence of early
atherosclerosis in the proximal LAD coronary artery was characterized by intimal
thickening and the presence of foam cells and macrophages [19,21]. Accordingly, gene
expression induced by the WD appeared to be indicative of the early stages of
atherosclerotic lesion development. Pathways associated with differentially expressed
genes attributable to the WD characterize many features in the early development of
atherosclerosis including the activation of endothelial cells, migration of immune cells to
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the endothelium, activation of macrophages, and the production of reactive oxygen
species [26]. Together these pathways indicate an up-regulation of innate, and potentially
adaptive, immune responses associated with atherosclerosis.

In addition to the aforementioned pathways, we identified 6 differentially expressed
genes with increased expression attributable to the diet effect and involved in cholesterol
homeostasis (LOX-1, MSR1, ABCA1, PLTP, APOE, and CYP7A1). Two of these genes,
LOX-1 and MSR1, are involved in uptake of modified LDL-C by macrophages which
facilitates the internalization of LDL-C into the arterial wall and the formation of foam
cells [27]. In contrast, both ABCA1 and PLTP are involved in cholesterol efflux;
transporting cholesterol to nascent HDL-C and facilitating the maturation of HDL-C
[27,28]. Similarly, increased APOE expression has anti-atherogenic effects such as
increasing cholesterol efflux, reduced formation of oxidized LDL-C, and antiinflammatory effects [29–31]. Lastly, there was a significant diet effect indicating
increased expression of CYP7A1. CYP7A1 is involved in cholesterol catabolism by
conversion of cholesterol to bile acids and in humans is primarily expressed in hepatic
tissue [32]. In pigs, CYP7A1 expression has been detected in multiple tissues including
liver, lung, ovary, and adipose tissue [33]. To our knowledge this is the first report of
CYP7A1 expression in porcine coronary tissue or immune cells. Of note, a previous
examination of induced CYP7A1 expression in macrophages reported an increase
expression of ABCA1 and the rate of cholesterol efflux [32]. Here we report a fold
change over 400 for CYP7A1 in pigs fed the WD relative to the HHD. The large fold
change value for CYP7A1, and the aforementioned cholesterol related genes, is likely
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due to the near absence of expression in pigs fed the HHD (Figure 1). Together,
increased expression of these genes may indicate an increased uptake of oxidized LDL-C,
consistent with the histological assessment of foam cell formation, and a corresponding
increase in cholesterol efflux; which aligns with our previous report of a significant
increase in HDL-C of pigs fed the WD [19].

Statin effect
In regard to statin therapy, we observed a modest effect with the upregulation of
CHRNB4 and an unknown transcript (ENSSSCG00000027848). CHRNB4 encodes for
part of the α7 nicotinic acetylcholine receptor expressed in both nerve and immunes cells.
In macrophages it has been demonstrated to inhibit production of inflammatory cytokines
[34,35]. While the effect of statins on α7 nicotinic acetylcholine receptor expression has
been studied to a greater extent in context of the nervous system various statin
medications have been found to increase levels of expression [36,37]. Here, increased
expression may represent a mechanism for the anti-inflammatory effects of atorvastatin.
The unknown transcript corresponds to the human analog unc-13 homolog A (UNC13A),
a gene involved in neurotransmitter release. Although little data has been reported on the
relationship between UNC13A expression and statin therapy, a UNC13A single
nucleotide polymorphism has been reported as part of a genetic risk score for CAD [38].
The modest effect of statin therapy on LAD coronary artery gene expression aligns with
our previous work observing no significant effect on the histological assessment of
atherosclerosis in the proximal LAD coronary artery and may indicate a higher dose is
needed to prevent or delay the development of atherosclerosis.
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Gene Associations with Cardiometabolic Risk Factors and Atherosclerosis
LOX-1 was considered the top gene when classifying pigs by presence of atherosclerosis
and its expression had strong positive correlations with plasma hsCRP concentrations and
Stary score. This is consistent with prior work reporting increased protein expression of
LOX-1 in the LAD coronary artery of obese Ossabaw miniature pigs [39]. LOX-1 is a
major scavenger receptor for the uptake of oxidized LDL and is induced by atherogenic
stimuli including oxidized LDL-C and various inflammatory cytokines [40,41]. LOX-1 is
expressed in endothelial cells, smooth muscle cells, and macrophages [40]. High
expression is a characteristic of atherosclerotic lesions and is associated with endothelial
dysfunction and foam cell formation [40,42]. Additionally, it has been reported that CRP
serves as a ligand for LOX-1; further potentiating LOX-1 expression [41,43].

Our study investigated gene expression in whole artery sections of the LAD coronary
artery. Consequently, gene expression may correspond to the endothelium, smooth
muscle, adventitia, or immune cells from the atherosclerotic lesion. Large fold change
values were observed in differentially expressed genes and were likely due to low gene
counts in a particular group of pigs (e.g. HHD or no statin). Hence, direction of fold
change and match of differentially expressed genes to biological pathways should be
interpreted as better indicators of a diet or statin effect than magnitude of fold change.
Transcriptomic analyses provide a descriptive assessment of gene expression, and
although out of the realm of this study, provide direction for targeted analyses on both the
gene and protein expression. While our study is exploratory in nature, and was completed
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on a subset of 15 pigs, our results strongly imply that, relative to a HHD, a WD results in
a gene expression phenotype consistent with early atherosclerosis and corresponds to our
previous histological evaluation.

In summary, the present study utilized a transcriptomic approach to determine the effects
of diet quality and statin therapy in the LAD coronary artery of Ossabaw miniature pigs.
Genes differentially expressed in response to WD, relative to the HHD, indicated an upregulation in immune and inflammatory signaling consistent with presence of early
atherosclerosis. Additionally, we noted an increased fold change in 2 genes involved in
the uptake of oxidized LDL and 4 genes involved in cholesterol efflux. There was a
modest effect of statin therapy which resulted in the differential expression of 2 genes;
CHRNB4 and an unknown transcript. LOX-1 was identified as the top gene in the
classification of atherosclerosis and was associated with plasma hsCRP and Stary score.
These data provide further mechanistic evidence for the Ossabaw miniature pig as a
translational model of dietary patterns and CAD.
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2.7 Tables and Figures
Table 1. Top 30 Annotated Diet Effect Differentially Expressed Genes in the LAD Coronary
Artery1

1

LAD: left anterior descending, FC: fold change, Diet effect: WD relative to HHD, HHD: Heart
Healthy diet, WD: Western diet

1

LAD: left anterior descending, Diet effect: WD relative to HHD, HHD: Heart Healthy diet, WD: Western diet

Table 2. Biological Pathways of Diet Effect Differentially Expressed Genes in the LAD Coronary Artery
1
Artery
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1

Diet effect: WD relative to HHD, Statin effect: statin therapy relative to no statin therapy, HHD: Heart Healthy
diet, WD: Western, diet, LOX-1: oxidized LDL receptor, PIK3AP1: phosphoinositide-3-kinase adaptor protein 1,
CHRNB4: cholinergic receptor nicotinic beta 4 subunit
2
Unknown 1: Ensembl ID: ENSSSCG00000027848
* p < 0.05
** p <0.01

1

Table 3. Associations of Diet and Statin Effect Gene Expression with Cardiometabolic Risk Factors and CAD
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Figure 1. Average expression in reads per kilobase million (rpkm) of A) LOX-1: oxidized LDL receptor, B) MSR1:
macrophage scavenger receptor, C) CYP7A1: cytochrome P450 family 7 subfamily A member 1, D) ABCA1: ATP binding
cassette subfamily A member 1, E) APOE: apolipoprotein E, and F) PLTP: phospholipid transfer protein.
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2.8 Supplemental Material
Supplemental Table 1. Annotated Diet Effect Differentially Expressed Genes in the LAD
Coronary Artery1
Diet Effect
Gene
Symbol

Average Expression (rpkm)

Biological
1

Gene Name

2,3

ATP binding
ABCA1

cassette subfamily
A member 1

Process3

FC

FDR

WD

WD+S

HHD

HH+S

44.47

0.002

0.88

0.90

0.02

0.29

18.68

0.070

6.70

8.70

0.35

0.63

13.20

0.007

0.35

0.27

0.02

0.17

20.72

0.022

8.42

9.67

0.41

0.56

18.20

0.029

0.81

0.52

0.04

0.13

6.40

0.007

1.35

1.38

0.21

0.60

24.97

0.082

154.85

149.63

6.20

12.34

323.96

0.002

0.84

1.07

0.00

0.00

2.69

0.073

7.98

6.60

2.95

2.08

cholesterol
homeostasis,
cholesterol
efflux

ADAM
ADAM28

metallopeptidase

proteolysis

domain 28
G-protein
AKAP13

A-kinase

coupled

anchoring protein

receptor

13

signaling
pathway
biomineral

AMBN

ameloblastin

tissue
development

AOAH

acyloxyacyl

nflammatory

hydrolase

response

anaphase
APC1

promoting
complex subunit 1

protein
ubiquitination
cholesterol

APOE

apolipoprotein E

efflux,
cholesterol
homeostasis

ATP6V0D
2

ATPase H+

ATP hydrolysis

transporting V0

coupled proton

subunit d2

transport

ATPase H+
ATP6V1A

transporting V1
subunit A

cellular iron ion
homeostasis

55
ATPase
ATP8B4

phospholipid
transporting 8B4

BCL-G

BCL2 like 14

phospholipid
translocation
apoptotic
process

C17ORF8
7
C20ORF1
94
C2ORF55
C6ORF11
5

63.34

0.047

0.16

0.15

0.00

0.08

68.72

0.086

0.18

0.24

0.00

0.02

10.29

0.073

0.49

0.87

0.05

0.06

4.23

0.041

1.16

1.19

0.28

0.79

220.98

0.007

0.57

0.06

0.00

0.02

5.79

0.073

1.65

1.90

0.27

0.65

10.55

0.037

0.55

0.46

0.05

0.08

13.38

0.076

1.42

2.09

0.11

0.11

180.90

0.054

0.47

0.85

0.00

0.06

9.27

0.055

3.11

4.47

0.33

0.41

18.53

0.054

19.58

25.24

1.05

1.96

6.49

0.093

2.05

3.58

0.32

0.35

positive
CADM1

cell adhesion

regulation of

molecule 1

cytokine
secretion

C-C motif
CCR1

chemokine
receptor 1

immune
response
positive
regulation of

CD101

CD101 molecule

myeloid
leukocyte
differentiation
regulation of

CD48

CD48 molecule

adaptive
immune
response
cellular

CD68

CD68 molecule

response to
organic
substance
positive

CD83

CD83 molecule

regulation of
CD4-positive,
alpha-beta T

56
cell
differentiation
adaptive
CD86

CD86 molecule

immune

11.60

0.054

1.45

1.45

0.11

0.28

9.79

0.095

1.63

2.35

0.16

0.42

66.05

0.006

4.55

6.66

0.06

0.44

5.99

0.070

9.03

12.01

1.51

4.04

93.50

0.070

0.24

0.32

0.00

0.03

8.11

0.000

2.49

2.30

0.32

1.01

response
CH242168I5.2
CH242305H5.1
positive
CHI3L1

chitinase 3 like 1

regulation of
angiogenesis

C-type lectin
CLEC5A

domain
containing 5A

CLTC
CNTRL
COL6A5

clathrin coat

chain

assembly

centriolin

cell division

48.31

0.064

0.12

0.01

0.00

0.03

cell adhesion

11.76

0.070

1.39

0.24

0.11

0.06

3.31

0.051

3.59

2.63

1.07

0.94

10.92

0.076

3.16

3.35

0.28

0.41

15.35

0.029

56.97

73.37

3.71

6.33

10.55

0.060

36.98

27.19

3.51

5.16

19.38

0.018

5.78

9.04

0.29

0.59

414.97

0.004

1.08

0.33

0.00

0.02

collagen type VI
alpha 5 chain
phosphoesterase
domain
containing 1
colony

CSF2RB

stimulating factor
2 receptor beta
common subunit

CTSS

cathepsin S
C-X-C motif

CXCL14

chemokine ligand
14

CYBB

CYP7A1

response

clathrin heavy

calcineurin like
CPPED1

innate immune

cytochrome b-245
beta chain

protein
dephosphorylati
on
cellular protein
metabolic
process
proteolysis
immune
response
oxidationreduction
process

cytochrome P450

cholesterol

family 7

homeostasis,

57
subfamily A

bile acid

member 1

biosynthetic
process

DOCK10

dedicator of

regulation of

cytokinesis 10

cell migration

2.89

0.095

4.92

6.24

1.69

3.53

7.78

0.060

1.46

2.01

0.17

0.52

28.65

0.006

4.06

3.56

0.14

0.18

3.09

0.054

2.86

1.67

0.92

2.04

7.24

0.086

0.28

0.12

0.04

0.22

ENSSSCG00000010907

58.61

0.006

0.61

1.12

0.01

0.05

ENSSSCG00000011331

-33.08

0.070

0.00

0.05

0.09

0.05

-2139.54

0.046

0.00

3.74

5.58

2.79

8.23

0.096

88.22

99.56

10.71

8.98

2.82

0.047

9.23

8.75

3.25

5.66

DOCK8

dedicator of
cytokinesis 8

positive
regulation of T
cell migration

ENSSSCG00000006793
ubiquinolENSSSCG

cytochrome c

00000007

reductase core

843

protein 2

oxidative
phosphorylation

(UQCRC2)
ENSSSCG

clock circadian

circadian

00000008

regulator

regulation of

911

(CLOCK)

gene expression

eukaryotic
ENSSSCG

translation

00000012

initiation factor 2

178

subunit gamma B

translational
initiation

(EIF2S3L)
ENSSSCG
00000013
551

positive
complement C3

regulation of

(C3)

apoptotic cell
clearance
protein

ENSSSCG
00000015
140

heat shock protein
family A (Hsp70)
member 8
(HSPA8)

targeting to
lysosome
involved in
chaperonemediated
autophagy
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ENSSSCG
00000020

leukocyte
immunoglobulin

adaptive
79.11

0.060

0.20

0.10

0.00

0.01

6.89

0.006

0.59

0.47

0.08

0.41

8.91

0.054

0.59

0.61

0.05

0.09

68.45

0.035

0.17

0.13

0.00

0.05

9.03

0.073

0.17

0.09

0.01

0.11

ENSSSCG00000024211

6.98

0.078

0.89

0.77

0.12

0.16

ENSSSCG00000026890

45.14

0.006

1.12

0.99

0.02

0.04

20.96

0.007

0.22

0.16

0.01

0.13

31.69

0.097

0.08

0.13

0.00

0.11

4.23

0.049

0.24

0.19

0.08

0.24

5.01

0.007

1.02

0.75

0.19

0.73

-1165.99

0.060

0.00

1.83

3.04

1.73

913

like receptor B5
(LILRB5)

immune
response

ENSSSCG00000020940
positive
ENSSSCG

RAB7B, member

regulation of

00000022

RAS oncogene

NF-kappaB

family (RAB7B)

transcription

307

factor activity
ENSSSCG00000022711
ENSSSCG
00000022
786

mannosyloligosaccharide
glucosidase
(MOGS)

ENSSSCG

DNA repair

00000027

ATPase SMC5

959
ENSSSCG
00000028
605

linked
glycosylation

DNA repair

(SMC5)
DNA

cellular

topoisomerase II

response to

binding protein 1

DNA damage

(TOPBP1)

stimulus

ENSSSCG

TRAF2 and NCK

00000028

interacting kinase

905

protein N-

(TNIK)

positive
regulation of
protein
phosphorylation

ENSSSCG
00000029

cullin 5 (CUL5)

198
ENSSSCG
00000029
864

negative
regulation of cell
proliferation
(EIF1AY)

59

ERAP2

endoplasmic

adaptive

reticulum

immune

aminopeptidase 2

response

19.29

0.008

0.35

0.48

0.01

0.14

62.47

0.029

0.16

0.09

0.00

0.09

24.30

0.073

0.27

0.24

0.01

0.08

237.79

0.005

0.62

0.63

0.00

0.07

9.53

0.096

3.72

3.84

0.39

0.61

138.04

0.022

0.36

0.25

0.00

0.00

27.38

0.049

0.85

1.07

0.02

0.05

3.80

0.084

333.71

366.83

87.81

117.35

25.03

0.086

0.26

0.33

0.01

0.01

8.28

0.086

0.84

0.59

0.10

0.10

4.59

0.047

22.04

22.31

4.80

5.95

66.08

0.012

7.68

4.61

0.12

0.39

family with
FAM102B

sequence
similarity 102
member B
family with

FAM26F

sequence
similarity 26,

ion transport

member F
GRB2 associated
FAM59B

regulator of
MAPK1 subtype
2

FCGR1A

immune response

FCRL1

Fc receptor like 1

FCRL3

Fc receptor like 3

FN1

fibronectin 1

immune
response
B cell activation
regulation of B
cell activation
integrin binding
adenylate
cyclase-

GPR65

G protein-coupled
receptor 65

activating Gprotein coupled
receptor
signaling
pathway

GPRIN3

GUSB

GPRIN family
member 3
glucuronidase,
beta

carbohydrate
metabolic
process
negative

HAVCR2

hepatitis A virus

regulation of T

cellular receptor 2

cell activation
via T cell

60
receptor contact
with antigen
bound to MHC
molecule on
antigen
presenting cell
hematopoietic
HCLS1

cell-specific Lyn
substrate 1
HECT and RLD
domain

HERC5

containing E3
ubiquitin protein
ligase 5

cellular
response to
cytokine

5.76

0.056

6.50

5.25

1.13

1.00

3.62

0.070

2.20

4.10

0.60

0.95

13.73

0.049

1.85

1.76

0.13

0.18

3.57

0.086

3.25

5.28

0.89

1.21

13.72

0.054

9.69

10.52

0.70

1.21

3.41

0.047

2.81

2.22

0.83

1.29

-7.56

0.065

0.05

0.03

0.37

0.08

13.48

0.054

20.23

23.63

1.49

2.05

6.01

0.086

29.93

34.42

4.98

6.17

stimulus
regulation of
defense
response to
virus
positive
regulation of

HPSE

heparanase

vascular
endothelial
growth factor
production

interferon induced
IFIT3

protein with

response to

tetratricopeptide

virus

repeats 3
ITGB2
KIF1B
LCN15

integrin subunit

leukocyte cell-

beta 2

cell adhesion

kinesin family

lysosome

member 1B

localization

lipocalin 15
T cell activation

LCP1

lymphocyte

involved in

cytosolic protein 1

immune
response

lipase A,
LIPA

lysosomal acid
type

inflammatory
response

61

LY75
LY9
LYZ

lymphocyte

inflammatory

antigen 75

response

lymphocyte

innate immune

antigen 9

response

Lysozyme

inflammatory
response

30.85

0.007

0.98

1.19

0.02

0.12

16.51

0.078

0.68

0.96

0.04

0.11

117.41

0.017

90.18

98.85

0.77

7.62

6.54

0.070

1.42

1.18

0.20

0.16

7.70

0.054

0.66

0.80

0.08

0.17

177.19

0.009

4.22

2.70

0.03

0.09

11.04

0.049

16.55

20.03

1.49

3.10

25.52

0.025

13.63

14.90

0.53

1.36

7.57

0.006

2.30

4.28

0.31

0.69

9.08

0.057

6.37

6.53

0.69

1.00

30.36

0.001

4.78

4.39

0.15

0.50

16.64

0.029

4.61

4.96

0.27

0.39

5.69

0.093

0.42

0.36

0.07

0.22

15.54

0.037

4.26

6.25

0.27
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mitogen-activated
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3.1Abstract
Epicardial adipose tissue (EAT) inflammation is thought to potentiate the development of
coronary artery disease (CAD). Diet quality and statin therapy are important modulators
of inflammation and CAD progression. Our objective was to examine the effects and
interaction of diet quality and statin therapy on EAT gene expression in the Ossabaw pig.
Pigs were randomized to one of four groups; Heart Healthy diet (high in unsaturated fat,
unrefined grain, fruits/vegetables [HHD]) or Western diet (high in saturated fat,
cholesterol, refined grain [WD]), with or without atorvastatin. Diets were fed in
isocaloric amounts for 6 months. EAT adjacent to the proximal left anterior descending
coronary artery was collected. A two-factor edge R analysis identified the significant
differential expression of 21 genes. Relative to the HHD, the WD resulted in a significant
12-fold increase of radical s-adenosyl methionine domain containing 2 (RSAD2); a gene
induced by interferon signaling. Statin therapy resulted in the significant differential
expression of 17 genes predominately involved in interferon signaling. A significant diet
x statin interaction was found for four genes. Pathway analysis confirmed the upregulation of interferon signaling in response to the WD and statin therapy, and a
potential diet x statin interaction indicating the up-regulation in interferon signaling by
statin therapy is increased in EAT of pigs fed the HHD. A differential gene expression
signature had no predictive capability on a histological assessment of atherosclerosis.
These results suggest that a WD and statin therapy evoke an interferon mediated immune
response in EAT from the Ossabaw pig.
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3.2 Introduction
Epicardial adipose tissue (EAT) is the perivascular adipose tissue surrounding the
coronary arteries and in direct contact with the myocardium [1]. Continuity between EAT
and the coronary arteries is characterized by lack of fascial layer separating the tissues
and the vascularization of EAT by the coronary vasa vasorum [1]. As a readily available
source of fatty acids EAT may serve as an energy store for heart and provide thermal
insulation. Like abdominal visceral adipose tissue (VAT) EAT originates from the
splanchnopleuric mesoderm and when compared to subcutaneous adipose tissue has
higher expression of pro inflammatory cytokines such as interleukin 6 (IL-6), interleukin
1 beta (IL-1β), tumor necrosis factor alpha (TNFα.), and the chemokine monocyte
chemotactic protein (MCP-1) [2,3].

In humans, EAT volume is thought to associate with EAT inflammatory status, with
larger EAT volume representing increases in both adipocyte size and number, and in
infiltration of immune cells [4,5]. It is hypothesized that inflamed EAT may secrete
inflammatory cytokines to the underlying coronary arteries and potentiate the
development of coronary atherosclerosis. Concurrently, EAT volume, independent of
body mass index and/or abdominal VAT mass, has been positively associated with
coronary artery calcification, plaque progression, presence of unstable plaques, and future
incidence of coronary artery disease (CAD) [6–11]. Consistent with these observations
EAT from individuals who are obese or have CAD have lower expression and secretion
of adiponectin, and higher expression of inflammatory cytokines (IL-6, IL-1β, and TNFα)
and macrophage infiltration (CD68, CD11c, CD206) [3,12–14]. Together, these data
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imply that EAT may be an independent risk factor in the development of CAD,
potentially by exerting inflammatory effects locally on to the coronary arteries.
Accordingly, EAT may represent a therapeutic target for the prevention and mitigation of
CAD.

Lifestyle modifications including changes in diet, increasing physical activity, and weight
loss are standard recommendations for the prevention of cardiovascular diseases (CVD),
including CAD [15,16]. Likewise, studies have demonstrated that weight loss from
caloric restriction and physical activity is associated with a reduction in EAT volume
[17]. Current United States dietary guidance encourages improvements in habitual dietary
patterns [18]. Dietary patterns high in whole grains, fruits, vegetables, and fish have been
associated with lower systemic inflammation and incidence of CVD. Whereas, dietary
patterns characterized by high intakes of added sugar, refined grains, butter and sweets,
are associated with higher systemic inflammation and incidence of CVD [19–25]. Few
studies have examined the impact of diet quality, independent of weight loss, on EAT
volume [17,26,27]. Further, due to the opportunistic nature of collecting EAT in humans,
and the lack of EAT in standard rodent models, there is virtually no data examining the
effect of diet quality, independent of weight loss, on EAT gene expression [1,28].

Statins, inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG CoA) reductase,
are a standard pharmacotherapy for individuals at elevated risk for cardiovascular events
due to high low-density lipoprotein cholesterol (LDL-C) concentrations [29]. Both statin
therapy and intensity of dose have been associated with EAT regression [30–32].
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Additionally, simvastatin has been associated with decreased expression of inflammatory
markers in EAT, suggesting statins may reduce EAT volume through their pleiotropic
anti-inflammatory effects [31,33].

We have previously established the Ossabaw miniature pig as a translational model of
diet-induced CAD by feeding food-based diets, designed to reflect human dietary
patterns, with or without atorvastatin [34]. Compared to pigs fed a Heart Healthy diet,
pigs fed a Western type diet exhibited higher LDL-C concentrations, systemic
inflammation and higher incidence and severity of early coronary atherosclerosis (Stary
score type I to III) [34]. Here our objective is to use a transcriptomics approach to
characterize the effect of diet quality and statin therapy on EAT gene expression in the
Ossabaw miniature pig. We hypothesize that, relative the Heart Healthy diet, EAT from
pigs fed the Western diet will be characterized by a significant increase in the expression
of genes related to inflammation which will be in part mitigated by statin therapy.

3.3 Materials and Methods
Study Design, Animals, and Diets.
The present investigation reports results from ancillary work to a parent study designed to
assess the effect of diet quality and statin therapy on atherosclerosis in the Ossabaw
miniature pigs [34]. Briefly, 32 Ossabaw miniature pigs (16 boars, 16 gilts) were
randomized using a 2x2 factorial design into four groups: Hearty Healthy (HHD); Heart
Healthy diet + atorvastatin (HHD+S); Western diet (WD); and Western diet +
atorvastatin (WD+S). One pig assigned to the HHD group died during the acclimatizing
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period and another pig in the WD group died during the baseline blood collection
resulting in a final sample size of 30 pigs. Diets were designed to reflect human dietary
patterns and were fed in isocaloric amounts for six months following a two-month
acclimatization period. A detailed diet composition has been previously reported by
Matthan et al [34]. Briefly, diets were composed of 38% energy (E) from fat, 47% E from
carbohydrate and 15% E from protein but differed in the type dietary fat and
carbohydrate, and the amount of fiber and cholesterol [34]. Specifically, the HHD
contained 29% E from canola, soybean, corn, and fish oils; 9% E from anhydrous milk
fat; 47% E from whole wheat flour and oats; 13g of fiber per 100g of diet; 0.1% wet
weight of cholesterol; and 2.5% wet weight of a vitamin and mineral mix. The WD
contained 16% E from canola, soybean, and corn oils; 22% E from anhydrous milk fat;
47% E from sugar and white flour; 7g of fiber per 100g of diet,1.5% wet weight of
cholesterol; and 2.5% wet weight of a vitamin and mineral mix. HHD fed pigs were
supplemented with fish oil capsules (Epanova 1g, 550mg eicosapentaenoic acid [EPA] +
200mg docosahexaenoic acid [DHA]) three times per week. Statin treated pigs had
atorvastatin (Lipitor), administered daily at a dose of 20 mg/day during months 1-3, and
40 mg/day during months 4-6.

Sample Collection
Blood and EAT samples were collected at the time of necropsy. The collection of blood
and fixation of samples for histology has been previously described [34]. EAT adjacent to
the proximal left anterior descending artery was collected and flash frozen in liquid
nitrogen. Samples were stored at -80°C until processing.

74

Sample Processing
Serum and Plasma Samples
LDL-C and high sensitivity C-reactive protein (hsCRP) measurements were assessed and
reported in the parent study [34]. LDL-C was estimated using the Friedewald equation
[35]. Plasma hsCRP was measured by a two-site enzyme-linked immunoassay procedure,
(Pig High-Sensitive CRP ELISA Cat. No. KT-184, Kamiya Biomedical Company,
Seattle, WA.).
Histology
As part of the parent study histological presence of atherosclerosis in the proximal left
anterior descending coronary artery was determined by a blinded board-certified
veterinary cardiovascular pathologist using the previously established Stary System of
classification [34,36].
EAT RNA Isolation
EAT was homogenized and RNA was isolated using RNeasy Universal Midi kit
(Qiagen, Valencia, CA) according to the manufacturer’s instructions for lipid rich tissue.
Isolated RNA was treated with Turbo DNase (Ambion, Waltham, MA) to minimize
genomic DNA contamination. RNA quality was assessed using the Experion RNA
analysis electrophoresis kit (Bio-Rad, Hercules, CA). Only samples with an RNA Quality
Indicator (RQI) greater than 7 were sequenced.

TruSeq Library Preparation, Sequencing, and Processing of Reads
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Prior to RNA sequencing sample processing (mRNA purification and fragmentation,
cDNA synthesis, end repair, 3’ adenylation, adaptor ligation, and DNA enrichment) was
done using the Illumina TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego,
CA) and AMPure XP beads (Beckman Coulter, Brea, CA) according to the
manufacturer’s instructions. DNA fragment size was determined using Experion DNA
1K chips (Bio-Rad, Hercules, CA) and library quantification was completed using the
KAPA Library Quantification kit (KAPA Biosystems, Wilmington, MA). Samples were
sequenced on an Illumina HiSeq 2000 sequencer (Illumina, San Diego, CA) with 100
base pair single end reads. Raw data in FASTQ format was processed for quality
including assessment of base quality for each read, removal of adapter sequencing and
quality trimming, using CLC Bio Genomic Workbench (Qiagen, Valencia, CA). The
EAT transcriptome was assembled using the annotated Sus scrofa10.2 as a reference
genome [37].

Transcriptomic Analysis
Differential expression analysis was performed on 22,862 genes using a two-factor model
design matrix in edge R, a Bioconductor package based on a negative binomial
distribution [38]. Three pigs (one HHD and two HHD+S) displayed abnormal high
counts across all genes and were excluded from subsequent analysis. Count data on
annotated genes was filtered based on a minimum of at least one count per million across
six samples in all groups and normalized using the trimmed mean of M values (TMM)
method. The edge R two-factor model was designed to determine differential gene
expression attributable to diet, statin, or a diet x statin interaction. Differentially
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expressed genes were identified using the Cox-Reid profile-adjusted likelihood method
and likelihood ratio test. A Benjamini-Hochberg false discovery rate (FDR) method was
used to adjust p-values for multiple comparisons [39]. Genes were considered
differentially expressed based on a FDR adjusted p <0.1 and absolute fold change ≥1.5.
Fold change for genes identified by the edge R two-factor model were interpreted as: diet
effect: fold change of WD relative to HHD, statin effect: fold change of statin relative to
no statin, diet x statin: effect of statin on WD relative to the effect of statin on the HHD.
Differentially expressed genes were only attributed to main effects (diet and statin) if
there was no significant diet x statin interaction. Interaction plots were created to increase
interpretability of significant diet x statin interactions (Figure 1.).

Pathway Analysis
Following differential expression analysis genes were analyzed using Ingenuity Pathway
Analysis (IPA; v 9.0, Mountain View, CA, USA) to determine relevant biological
pathways effected by diet, statin and a diet x statin interaction. In total1432 genes with an
absolute fold change ≥1.5, were uploaded to IPA and evaluated using the canonical
pathway analysis. Z-scores were calculated for each pathway and indicate the direction of
pathway regulation (activated versus inhibited) and match to IPA Knowledge Base
(observed versus predicted). Pathways with an absolute Z score ≥ 2 and an FDR adjusted
p ≤ 0.05 were considered significant.

Additional Statistical Analyses
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A principal component analysis (PCA) was performed on all EAT differentially
expressed genes (Table 1.) to create a gene expression signature associated with the
observed EAT gene expression. Expression data (reads per kilobase million [rpkm]) for
all differentially expressed from a pooled sample of pigs (n=30) was scaled and centered
prior to PCA analysis. The first principal component explained over 78% of the variance
and was used as a gene expression signature of EAT differentially expressed genes
(EATPC). Three logistic regression models were assessed to determine the capability of
the EAT signature to predict presence of coronary atherosclerosis in the proximal left
anterior descending coronary artery and determine if the EAT signature provided
additional capability in the presence of LDL-C, and hsCRP. Three hsCRP values were
more than two standard deviations beyond mean values and were replaced by median
values for pigs in the respective diet +/- statin group. Model 1 evaluated EATPC; model
2 evaluated LDL-C and hsCRP; and model 3 evaluated LDL-C, hsCRP and EATPC. For
each pig Stary score corresponds to assessment in the proximal left anterior descending
artery. A score of 0 was defined as no presence of atherosclerosis and scores ≥ 1 were
defined was presence of atherosclerosis. Likelihood ratio tests were used to determine
model significance and compare models. Receiving operating characteristic (ROC)
curves displaying area under the curve (AUC) were used to evaluate predictive
capability. ROC curves and AUC were generated using the pROC package in R [40].

3.4 Results
Differential Expression Analysis
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With the FDR adjusted p value cutoff of < 0.1 the two-factor edge R analysis identified a
total of 21 genes with altered expression. There was 1 significant gene with differential
expression attributable to the diet effect, 17 significant genes with differential expression
attributable to the statin effect, and an additional 4 significant genes with a significant
diet x statin interaction. All significant genes had an absolute fold change value > 1.5.
Fold change and average expression values for significant diet, statin, and diet x statin
interaction differentially expressed genes are displayed in Table 1 and values for all
genes are in Online Appendix Table A.2. Radical s-adenosyl methionine domain
containing 2 (viperin [RSAD2]), a gene involved in immune response, had a more than
12-fold increase in expression in EAT of pigs fed the WD relative to the HHD. Statin
therapy resulted in increased expression of 15 genes and decreased expression of 2 genes
(Table 1). Genes with increased expression due to statin therapy were largely involved in
immune response and inflammation whereas pleiotrophin (PTN), a gene involved in cell
proliferation, and collagen triple helix repeat-containing protein (CTHRC1), a gene
involved in cell migration, had decreased expression. Four genes were significantly
affected by a diet x statin interaction (Table1, Figure 1). Pigs fed the WD with statin
therapy had decreased expression of indoleamine 2,3-dioxygenase 1 (IDO1), whereas
IDO1 expression was increased with statin therapy in EAT pigs fed the HHD. Statin
therapy resulted in decreased expression of antimicrobial peptide NK-lysin (NKL) in
EAT of pigs fed the WD but had a relatively small decrease in EAT of pigs fed the HHD.
Additionally, statin therapy led to large increases in expression of two genes, myosin
light chain 4 (MYL4) and myosin light chain 7 (MLY7), in EAT of pigs fed the WD but
small decreases in EAT of pigs fed the HHD.
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Pathway Analysis
To further determine biological relevance of the diet, statin, and diet x statin effects an
IPA canonical pathway analysis was conducted. This analysis was exploratory in nature
with genes from the respective effects with an absolute fold change >1.5 analyzed. IPA
identified 5 pathways significantly regulated diet effect genes, 11 by statin effect genes
and 6 by diet x statin genes (Table S1). The three top scoring pathways and associated
genes for the diet, statin, and diet x statin interaction effects are displayed in Table 2.
Top pathways in EAT of pigs fed the WD compared to the HHD included and upregulation of 1) Interferon signaling, 2) Neuropathic Pain Signaling in Dorsal Horn
Neurons, and 3) Role of Pattern Recognition Receptors in Recognition of Bacteria and
Viruses. Statin therapy led to an up-regulation of 1) Interferon Signaling and downregulation of 2) IL-8 Signaling and 3) Leukocyte Extravasation Signaling. Changes in
gene expression due to a diet x statin interaction suggested that statin therapy in EAT of
pigs fed the WD resulted in a down-regulation of 1) Interferon signaling, 2) ILK
Signaling, and 3) Nitric Oxide Signaling in the Cardiovascular System when compared to
the effect of statin therapy on these pathways in pigs fed the HHD.

EAT Gene Expression Signature and Presence of Atherosclerosis
We have previously reported diet and statin effects on LDL-C and hsCRP concentrations
[34]. Here, we sought to examine the relationship between identified differentially
expressed genes in EAT and the presence of atherosclerosis independent of diet or statin
therapy (see Methods 2.7). We examined if a EAT gene expression signature added
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predictive capability to a model with, LDL-C and hsCRP, two established cardiovascular
risk factors (LDL-C and hsCRP) [41–43]. Using the pooled group of pigs (n=30) LDL-C
concentrations ranged from 32 to 745 mg/dL with a median value of 115 mg/dL and
hsCRP concentrations ranged from 42 to 163 mg/L with a median value 79mg/L. The
EATPC contained all EAT differentially expressed genes. However, ISGs had relatively
high factor loading scores while unrelated genes such as PTN and CTHRC1 had negative
scores (Figure S1). Thus, the EATPC may be considered representative of ISG
expression. Model 1 (EATPC alone) was not a significant classifier of atherosclerosis (X2
= 1.74, p = 0.187). Models 2 (LDL-C + hsCRP) and 3 (LDL-C + hsCRP + EATPC) were
significant (X2 = 6.82, p = 0.033 and X2 = 7.98, p = 0.047 respectively); however, there
was no significant difference between them (X2 = 1.15, p = 0.283). Concurrently, the
AUC of model 1 was 0.49 (95% CI: 0.28, 0.71) indicating that EAT signature was not a
significantly better predictor of atherosclerosis than random chance (Figure 2). In
contrast, the AUCs for models 2 and 3 were 0.74 (95% CI: 0.53, 0.90) and 0.79 (95% CI:
0.60, 0.92) respectively (Figure 2) indicating that they EAT gene expression signature
added little additional predictive capability to known risk factors.

3.5 Discussion
Promising data suggest weight loss and statin therapy reduce EAT volume in humans.
However, little evidence exists examining the effects of diet quality and statin therapy,
independent of weight loss, on alterations in EAT gene expression. The present study was
designed to address this gap using the Ossabaw miniature pig model of diet-induced
CAD.
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We found that the WD, relative to the HHD, led to a significant increase in expression of
RSAD2, an interferon stimulated gene (ISG) involved in immune response. Statin
therapy resulted in significant increases in expression of genes predominately related to
interferon signaling, including ISGs. A diet x statin interaction was identified for four
genes; two of which are involved in immune response. Additional analysis to provide
biological interpretability identified Interferon Signaling (Figure 3) as the top pathway
for both diet and statin effects and suggested that although the WD and statin therapy
independently resulted in an up-regulation of the Interferon Signaling pathway this effect
may be mediated by a diet x statin interaction. Lastly, we determined that a EAT gene
expression signature of differentially expressed genes was not significantly associated
with the presence of in the underlying artery and added little predictive value to
established risk factors.

Diet Effect:
While the expression of several genes was affected by the diet, only the RSAD2 gene had
significantly higher expression in EAT of pigs fed the WD relative to the HHD. This
effect may have been mediated in part by the effects of fatty acids on toll-like receptor
(TLRs) signaling [44]. Saturated fatty acids act agonists for TLR2 and TLR4 which
initiate type I interferon signaling [45–47]. Additionally, it has been demonstrated that
palmitic acid, the predominate fatty acid in anhydrous milk fat, induces type I interferon
expression in both hepatocytes and macrophages [48]. Although, the HHD and WD were
matched for total fat content (38% of energy), 22% of energy in WD was from anhydrous
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milk fat (rich in saturated fatty acids) compared to 9% of energy in the HHD [34]. As
adipose tissue is the major site of de novo lipogenesis in the pig, the endogenous
synthesis of saturated fatty acids may have in part mitigated significant differences in
saturated fatty acid induced gene expression between diets resulting in only a modest
effect of the WD [49].

Statin Effect:
Statin therapy resulted in a more pronounced effect on genes involved in interferon
signaling and ISGs. Our results were unexpected as statins are recognized to have
pleiotropic anti-inflammatory effects [50]. Additionally, the association between statin
therapy and EAT regression is thought to be mediated by the anti-inflammatory effects of
statins [30–32]. It has been suggested that statins mitigate adipose tissue inflammation
via inhibition of TLR4/IRF3/IFNβ signaling; a phenomenon we did not observe [51]. Our
differential expression and pathway analysis results indicate that atorvastatin led to an upregulation in type I interferon signaling. Though few studies have examined the effect of
statins directly on IRFs and ISGs, crosstalk between interferon signaling and sterol
biosynthesis exists [52,53]. Type I interferon signaling has been demonstrated to inhibit
sterol regulatory element-binding protein-2 (SREBP2) in vitro, whereas statins have been
reported reduce viral replication via the inhibition of HMG-CoA reductase and have been
shown to modulate the production of interferons (INFα, IFNβ, and IFNγ) [52–58].
Additionally, one in vitro study has demonstrated the up-regulation of gene and protein
expression of ISGs by the targeted down-regulation of HMG-CoA reductase or treatment
with simvastatin [55]. The induction of ISGs may be once mechanism mediating anti-
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viral effects of statins observed in vitro. The results here corroborate the association
between statins the expression of ISGs in EAT of the Ossabaw miniature pig.

Diet x Statin Interaction:
Our differential expression analyses suggested a diet x statin interaction for four genes
(Figure 1). In particular statin therapy resulted in decreased expression of two immune
response genes, including the ISG IDO1, in EAT of pigs fed the WD relative to the HHD.
Interferon signaling pathways undergo “priming” to heighten response to stimuli under
conditions of low interferon concentrations [59]. Type I interferon signaling induced by
the WD may have prevented this priming. The HHD contained a high proportion of
polyunsaturated fatty acids; known modulators inflammation [60]. Omega-3 fatty acids
such as DHA may inhibit TLR signaling, whereas arachidonic acid, and its eicosanoid
derivatives, have been reported to inhibit IFNγ induced expression of IDO1 [47,61–63].
Resultantly, inhibition of, or reduced, interferon signaling in EAT of pigs fed the HHD
may have resulted in priming; ultimately leading to an exacerbated response with statin
therapy.

EAT Gene Expression Signature:
The gene expression signature was of all differentially expressed genes in EAT but
largely representative of ISGs. This signature was not associated with presence of
atherosclerosis and had no predictive value. Though ROC curves demonstrated that
adding this gene expression signature to a model with LDL-C and hsCRP slightly
improved the predictive capability, there was no significant difference between this
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model and a model including only LDL-C and hsCRP. These results imply that the
specific EAT phenotype we observed likely had limited, if any, local effects on the
development of atherosclerosis in the underlying coronary artery.
Interferon Signaling:
Interferon signaling is integral in the response and regulation of the innate immune
system [64]. Additionally, interferons, and the proteins that regulate their signaling
(interferon regulatory factors [IRFs]), have been associated with obesity, adipose tissue
inflammation and atherosclerosis [46,65–71]. In contrast, it has also been reported that
type I interferon signaling, and the expression of ISGs, in adipose tissue may protect
against metabolic dysfunction [48,72,73]. The modest up-regulation of interferon
signaling in EAT of pigs fed a WD and a more pronounced up-regulation in EAT of pigs
receiving statin therapy was predominately attributable to the number of differentially
expressed genes that were ISGs. ISGs are induced by interferons binding to their
respective receptors, ultimately leading to the phosphorylation and translocation of IRFs
into the nucleus where they bind to an interferon stimulated response element (ISRE)
[46,74,75]. Notably, we did not detect differences in the expression of interferons (INFα,
IFNβ, and IFNγ) or inflammatory cytokines typically induced by interferon signaling.
While we cannot determine here if the expression of ISGs is protective against adipose
tissue inflammation, or if prolonged interferon signaling may induce EAT inflammation,
the lack of coinciding differential expression in inflammatory cytokines likely explains
why the signature of differentially expressed genes in EAT had no association with
atherosclerosis.
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The present study has several strengths but is not without limitations. As adipose tissue
homogenates were sequenced gene expression may be attributable both adipocytes and
cells in the stromal vascular fraction. Notably, our sequencing analysis did not detect
changes in inflammatory cytokines that have previously been associated with an inflamed
EAT and are thought to mediate the association between EAT and CAD in humans. This
may be due to feeding the two diets in isocaloric amounts, ensuring effects of diet quality
and statin therapy were independent of weight status. Moreover, both diets were fed in
caloric excess and pigs from all groups had final body weights in the range of 80kg
(75kg-92kg) making it unlikely that changes in gene expression more closely associated
with obesity would be detected here [34]. While the relationship we presented between
atorvastatin and interferon signaling is intriguing this may not directly translate to human
EAT. Prior work has reported increases in myocardial oxidative stress associated with
atorvastatin therapy (1.5-3 mg/kg/day) in porcine models; hence, it is possible that the
pattern of differentially expressed genes attributed to statin therapy is in part unique to
this model [76,77]. Strengths include the translational value of the study, including the
use of the food-based diets designed to replicate human dietary patterns [34]. This
approach better reflects human eating behaviors and effectively translates how the totality
of an individual’s diet may affect EAT gene expression. Lastly, porcine models, like the
Ossabaw miniature pig, represent an innovative approach to study the effects of diet on
EAT as they provide the benefit of controlled feeding but also produce an EAT depot,
similar to humans.
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In conclusion, we investigated the effects of diet quality and statin therapy on EAT in the
Ossabaw miniature pig. Our transcriptomic and pathway analyses indicated that relative
to a HHD, a WD resulted in an upregulation of interferon signaling. Additionally, statin
therapy resulted in a more pronounced up-regulation of interferon signaling which may in
part be mediated by a diet x statin interaction; exacerbating interferon signaling in EAT
of pigs fed a HHD. This gene expression profile exhibited no predictive capability on a
histological determination of atherosclerosis. These results indicate a role for a SFA rich
WD and statin therapy to induced interferon signaling EAT which may in turn influence
the regulation of EAT inflammatory status.
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3.7 Tables and Figures
Table 1. Diet, statin, and diet x statin interaction differentially expressed genes in EAT

1

*FDR adjusted p value <0.1, ** FDR adjusted p value <0.05
1
EAT: epicardial adipose tissue, FC: fold change, HHD: Heart Healthy diet, WD:
Western diet, Diet effect: WD relative to HHD, Statin effect: statin relative to no statin,
Diet x Statin: effect of statin on WD relative to the effect of statin on the HHD.
2
Unknown transcript
3
Ensembl ID
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Table 2. Top biological pathways of EAT differentially expressed genes with a fold change
of ± 1.51
Adjusted
Top Pathways
Activation
Molecules
P-value
Diet effect
IFIT1, IFIT3, IFITM1, IRF1, IRF9, MX1,
Interferon Signaling
Up
6.57e-03
OAS1, STAT1

Neuropathic Pain
Signaling in Dorsal Horn
Neurons

Up

CAMK4, CAMK2B, FGFR3, FOS,
GPR37, GRIN3A, GRM4, KCNH2, KL,
PLCD4, PLCH1, PRKCB, PRKCZ

9.39e-03

Role of Pattern
Recognition Receptors in
Recognition of Bacteria
and Viruses
Statin effect
Interferon Signaling

Up

CASP1, CCL5, IL8, FGFR3, IFIH1,
IL25, IRF7, KL, MAPK10, OAS1,
OAS2, PRKCB, PRKCZ

2.68e-02

Up

IFI35, IFIT1, IFIT3, IFITM1, IRF1,
IRF9, MX1, OAS1, SOCS1, STAT1,
STAT2

7.02e-07

IL-8 Signaling

Down

ANGPT2, CCND2, CR2, IL8, CYBB,
BEK, FGFR3, FRS2, GNA13, TGAM,
MMP9, MYL7, NCF2, PIK3C2G,
PTGS2, RHOU

2.69e-03

Leukocyte Extravasation
Signaling

Down

CLDN4, CLDN12, CLDN19, CXCL12,
CYBB, EZR, BEK, FGFR3, FRS2,
ITGAM, MMP9, MMP25, NCF1, NCF2,
PIK3C2G, RASGRP1

Down

IFI35, IFIT1, IFIT3, IFITM1, IRF1,
IRF9, MX1, OAS1, SOCS1, STAT1

9.61e-05

ILK Signaling

Up

ACTA1, ACTC1, ACTN2, CREB3L4,
DSP, FGFR3, FOS, FRS2, IRS1, ITGB2,
ITGB7, ITGB8, JUN, MMP9, MYH6,
MYH7, MYL3, MYL4, MYL7,
PIK3C2G, PPP2R2C, PTGS2, RHOU

2.21e-04

Nitric Oxide Signaling in
the Cardiovascular System

Up

CACNA1C, CACNA1E, FGFR3, FRS2,
GUCY1A2, IRS1, PDE1A, PIK3C2G,
PLN, PRKCB, PRKG1, RYR2, SLC7A1

7.80e-03

Diet x Statin effect
Interferon Signaling

1

4.47e-03

EAT: epicardial adipose tissue, Diet effect: WD relative to HHD, HHD: Heart Healthy
diet, WD: Western diet, Statin effect: statin relative to no statin, Diet x Statin: effect of
statin on WD relative to the effect of statin on the HHD.
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Figure 1. Interaction plots displaying mean expression in reads per kilobase million
(rpkm) of differentially expressed genes with a significant diet x statin interaction. Y:
Yes, N: No A) IDO1: Indoleamine 2,3-dioxygenase 1, B) MYL4: Myosin light chain 4,
C) MYL7: Myosin light chain 7, D) NKL: Antimicrobial peptide NK-lysin.

Figure 2. Receiving operating characteristic curves demonstrating predictive performance of three different models on
the classification of atherosclerosis determined by histological assessment using the Stary Score Classification System. A)
Model 1: gene expression signature of EAT differentially expressed genes, B) Model 2: LDL-C and hsCRP, C) Model 3:
LDL-C, hsCRP, and genetic signature of EAT differentially expressed genes. EAT: epicardial adipose tissue, LDL-C:
LDL cholesterol, hsCRP: high sensitive C-reactive protein.
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A

B

C

Figure 3. Interferon signaling pathway generated by IPA canonical pathway
analysis of genes with an absolute fold change >1.5 representative of the A) diet
effect, B) statin effect, and C) diet x statin interaction. Up-regulated molecules
are colored in red and down-regulated molecules are colored in green.
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3.8 Supplemental Tables and Figures
Table S1. Significant Biological pathways of EAT differentially expressed genes with a fold
change of ± 1.51

Top Pathways

Activation

Molecules

Adjusted
p value

Diet
Interferon Signaling

Up

Neuropathic Pain Signaling
in Dorsal Horn Neurons

Up

Role of Pattern
Recognition Receptors in
Recognition of Bacteria
and Viruses

Up

UVA-Induced MAPK
Signaling

Up

Calcium Signaling

Up

IFIT1, IFIT3, IFITM1,
IRF1, IRF9, MX1, OAS1,
STAT1
CAMK4, CAMK2B,
FGFR3, FOS, GPR37,
GRIN3A, GRM4, KCNH2,
KL, PLCD4, PLCH1,
PRKCB, PRKCZ
CASP1, CCL5, IL8,
FGFR3, IFIH1, IL25, IRF7,
KL, MAPK10, OAS1,
OAS2, PRKCB, PRKCZ
FGFR3, FOS, KL,
MAPK10, PARP9,
PARP12, PARP14, PLCD4,
PLCH1, SMPD3, STAT1
ATP2B2, ATP2B3,
CAMK4, CAMK2B,
CHRNA3, CHRNB2,
CHRNB4, CREB3L4,
GRIN3A, MYH6, MYL4,
MYL7, SLC8A2, TRPC4

6.57E-03

9.39E-03

2.68E-02

3.00E-02

3.27E-02

Statin
Interferon Signaling

Up

IL-8 Signaling

Down

IFI35, IFIT1, IFIT3,
IFITM1, IRF1, IRF9, MX1,
OAS1, SOCS1, STAT1,
STAT2
ANGPT2, CCND2, CR2,
IL8, CYBB, BEK, FGFR3,
FRS2, GNA13, TGAM,
MMP9, MYL7, NCF2,
PIK3C2G, PTGS2, RHOU

7.02E-07

2.69E-03
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Leukocyte Extravasation
Signaling

Down

Complement System

Up

Sphingosine-1-phosphate
Signaling

Down

GP6 Signaling Pathway

Down

Ga12/13 Signaling
Pathway

Down

Thrombin Signaling

Down

Glioblastoma Multiforme
Signaling

Down

Mitotic Roles of Polo-Like
Kinase

Down

Glioma Invasiveness
Signaling

Down

LXR/RXR Activation

Up

Diet x Statin

CLDN4, CLDN12,
CLDN19, CXCL12, CYBB,
EZR, BEK, FGFR3, FRS2,
ITGAM, MMP9, MMP25,
NCF1, NCF2, PIK3C2G,
RASGRP1
C2, C4BPA, CFB, CFI,
CR2, ITGAM
CASP1, FGFR2, FGFR3,
FRS2, GNA13, PIK3C2G,
PLCD4, PLCH2, PLCL1,
RHOU, SMPD3
COL1A1, COL1A2,
COL3A1, COL4A5,
COL4A6, COL6A5,
FGFR2, FGFR3, FRS2,
GRAP2, PIK3C2G
CDH10, CDH11, F2,
F2RL1, FGFR2, FGFR3,
FRS2, GNA13, MYL4,
MYL7, PIK3C2G
F2, FGFR2, FGFR3, FRS2,
GATA5, GATA6, GNA13,
MYL4, MYL7, PIK3C2G,
PLCD4, PLCH2, PLCL1,
RHOU
E2F8, FGFR2, FGFR3,
FRS2, FZD7, PIK3C2G,
PLCD4, PLCH2, PLCL1,
RHOU, WNT16, WNT5A
CCNB1, CCNB,2 CCNB3,
CDK1, KIF11, KIF23,
PLK2
FGFR2, FGFR3, FRS2,
MMP9, PIK3C2G, PLAU,
RHOU,
APOD, IL1A, LYZ, MMP9,
PLTP, PON3, PTGS2,
RBP4, SCD

4.47E-03

7.18E-03

8.80E-03

1.29E-02

1.33E-02

1.51E-02

1.54E-02

1.88E-02

2.31E-02

4.10E-02
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IFI35, IFIT1, IFIT3,
IFITM1, IRF1, IRF9, MX1, 9.61E-05
Interferon Signaling
Down
OAS1, SOCS1, STAT1
ACTA1, ACTC1, ACTN2,
CREB3L4, DSP, FGFR3,
FOS, FRS2, IRS1, ITGB2,
ITGB7, ITGB8, JUN
ILK Signaling
Up
2.21E-04
MMP9, MYH6, MYH7,
MYL3, MYL4, MYL7,
PIK3C2G, PPP2R2C,
PTGS2, RHOU
CACNA1C, CACNA1E,
FGFR3, FRS2, GUCY1A2,
Nitric Oxide Signaling in
IRS1, PDE1A, PIK3C2G,
Up
7.80E-03
the Cardiovascular System
PLN, PRKCB, PRKG1,
RYR2, SLC7A1
CDH10, CREB3L4, F2,
F2R, F2RL1, FGFR3, FOS,
FRS2, GNA13, IRS1, JUN,
Ga12/13 Signaling
Up
1.07E-02
LPAR4, MYL3, MYL4,
MYL7, NTF3, PIK3C2G,
SPRY1
CREB3L4, FGFR3, FOS,
Neurotrophin/TRK
FRS2, IRS1, JUN, NTF3,
Up
2.71E-02
Signaling
PIK3C2G, SPRY1
ACTA1, ACTC1, ACTN2,
F2, F2R, FGFR3, FRS2,
Actin Cytoskeleton
GNA13, IRS1, ITGA4,
Up
4.97E-02
MYH6,
MYH7, MYL3,
Signaling
MYL4, MYL7, MYLK,
PIK3C2G
1
EAT: epicardial adipose tissue, Diet effect: WD relative to HHD, HHD: Heart Healthy
diet, WD: Western diet, Statin effect: statin relative to no statin, Diet x Statin: effect of
statin on WD relative to the effect of statin on the HHD

Supplementary Figure 1. A) Screen plot displaying the proportion of variance captured by each principle
component. B) Factor loadings of EAT differentially expressed genes on to principle component 1.
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Adipose Tissue Fatty Acid Composition and Gene
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4.1 Abstract:
Background: Little is known about the influence of dietary fat and statin therapy on
epicardial adipose tissue (EAT). The Ossabaw pig produces a robust EAT depot and has
been used as a translational model of human dietary patterns.
Objective: To examine EAT fatty acid (FA) composition in pigs fed a Heart Healthy diet
or Western diet, with or without atorvastatin (HHD, HHD+S, WD, and WD+S) and the
associations of selected EAT saturated (SFAs) and polyunsaturated (PUFAs) FAs with
inflammatory gene expression.
Methods: Thirty-two Ossabaw pigs were randomized to one of the four groups and fed
either the HHD (high in unsaturated fat, unrefined grain, fruits/vegetables) or WD (high
in saturated fat, cholesterol, refined grain) with/without atorvastatin. Diets were fed in
isocaloric amounts for 6 months. Serum, and EAT adjacent to the left anterior descending
coronary artery, were collected during necropsy. Gene expression was determined by
RNA sequencing and FA composition by gas chromatography.
Results: EAT FA composition largely reflected dietary fat composition; however, there
was no significant effect of atorvastatin. SFAs (total SFAs, capric, lauric, palmitic and
stearic acids) had positive associations with IRF7, IFIT1, and PTGS2. Total n-6 PUFAs,
linoleic acid, and n-3 PUFAs (total n-3 PUFAs, α-linolenic, eicosapentaenoic,
docosapentaenoic and docosahexaenoic acids) had strong positive associations with
FFAR4 and PPARG, and weak to moderate positive associations with ALOX5.
Docosahexaenoic acid was negatively associated with IL-1β. Capric and lauric acids had
weak negative associations with IL-6. Strong associations emerged between EAT and
serum FAs.
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Conclusions: These data document, for the first time, that EAT FA composition is
influenced by dietary fat type. Associations between EAT SFAs and PUFAs, and
expression of genes related to inflammation provide a link between dietary type fat and
EAT inflammation. Serum FAs could potentially serve as a surrogate marker of EAT FA
composition.
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4.2 Introduction
Chronic low-grade inflammation is thought to be a key mediator in the association
between obesity and the development of chronic diseases such as type II diabetes and
cardiovascular disease (CVD) (1–3). Obesity is associated with an increase in adipose
tissue mass (hypertrophy and hyperplasia) and activation of both innate and adaptive
immune systems (3). Consequently, adipose tissue displays a dysfunctional phenotype
characterized by hypoxia, immune cell infiltration, increased free fatty acid release, and
increased production of pro-inflammatory adipokines and cytokines (3–5). In particular,
visceral adipose tissue depots have been shown to convey this phenotype (6,7).

Epicardial adipose tissue (EAT) is an adipose depot of the heart that is thought to be
similar to visceral adipose tissue (8). Anatomically EAT is adjacent to the coronary
arteries and in direct contact with the myocardium (9). In humans, EAT volume has been
associated with coronary artery calcification as well as plaque severity and progression
(8,10–12). EAT from individuals with coronary artery disease (CAD) is characterized by
increased expression of both pro-inflammatory cytokines and adipokines and macrophage
infiltration (13,14). It is hypothesized that EAT with this inflammatory phenotype acts
locally on the underlying coronary arteries via paracrine signaling, potentiating the
development of CAD (7,9,15,16). As EAT is considered a therapeutic target for CAD
mechanisms that modulate EAT inflammation are of great interest (7,17).

Fatty acids have the potential to alter inflammation via direct/indirect changes in gene
expression and through their metabolism to lipid mediators (4,18,19). Saturated fatty
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acids (SFAs) bind to surface toll-like receptors (TLRs) triggering an innate inflammatory
response (20–22). Moreover, studies have implicated SFAs in the activation of the NODlike receptor, pyrin domain containing 3 (NLRP3) inflammasome (23,24).
Polyunsaturated fatty acids (PUFAs), in particular n-3 PUFAs, may modulate
inflammation by signal transduction leading to the inhibition of pro-inflammatory
transcription factors or the activation of anti-inflammatory transcription factors (25,26).
Additionally, n-3 PUFAs may alter the production of pro-inflammatory n-6 lipid
mediators and increase the production of anti-inflammatory mediators (25). Both dietary
and de novo synthesized fatty acids affect inflammatory status; the former offers a
potential approach to alter inflammation.

Serum and adipose tissue fatty acid profiles are considered biomarkers of dietary fat type
and have been associated with CAD, type II diabetes, stroke, and heart failure (27–36).
Similarly, estimated desaturase actives have been associated with obesity, adipose
inflammation, CVD risk and CVD mortality (28,37–40). Various blood lipid fraction
(serum/plasma, phospholipid, cholesteryl ester, triacylglycerol, and erythrocytes) fatty
acid profiles have been used to indicate shot term dietary fat intake, whereas adipose
tissue fatty acid composition has been used to reflect long-term intake (27,35). In
humans, a profile of 16 fatty acids has been compared between EAT and matched
subcutaneous adipose tissue. EAT was found to have significantly higher proportions of
SFAs and lower proportions of monounsaturated fatty acids (MUFAs) (41). To our
knowledge no study has examined the influence of dietary fat on EAT fatty acid
composition (41). In humans, the use of statin therapy has been associated with changes
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in blood fatty acid profiles and regression of EAT volume but the potential influence of
statins on EAT fatty acid composition has yet to be examined (17,42–45).

We have established the Ossabaw miniature pig as a suitable translational model of dietinduced early atherosclerosis (46). Whereas rodent models do not develop EAT the
Ossabaw miniature pig develops a robust EAT depot, similarly to humans (8,47). Our
objectives were to 1) determine the influence of a Western-style diet (high in saturated
fat) and a Heart Healthy (high in unsaturated fat) with and without atorvastatin on EAT
fatty acid composition, 2) assess the relationship between selected EAT SFAs and
PUFAs with EAT inflammatory gene expression, and 3) evaluate the level of
concordance between EAT and serum FA profiles in the Ossabaw miniature pig.

4.3 Methods:
Study Design, Animals, and Diets
This study used samples generated from an investigation designed to determine the effect
of dietary patterns and statin therapy on atherosclerosis development in the Ossabaw
miniature pig (46). Briefly, 32 Ossabaw miniature pigs (16 boars, 16 gilts) were
randomized into four groups using a 2x2 factorial design: Heart Healthy diet (HHD),
HHD+ statin (HHD+S), Western diet (WD), and WD+ statin (WD+S). Two pigs died
during the course of the study (one HHD and one WD) resulting in a sample size of 30.
Diets were designed to reflect human dietary patterns and were fed in isocaloric amounts
for 6 months following a 2-month acclimatization period. A detailed diet composition has
been previously described (46). Diets provided 38% energy from fat, 47% energy from
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carbohydrate and 15% energy from protein but differed in the type of dietary fat and
carbohydrate (whole grain versus refined); and the amount of fiber and cholesterol (46).
The primary source of dietary fat in the WD was anhydrous milk fat (high in SFAs),
while the primary sources in the HHD were canola, soybean and corn oils (high in
MUFAs and PUFAs) (46). HHD fed pigs were supplemented with fish oil capsules
(Epanova 1g, 550mg eicosapentaenoic acid [EPA, 20:5n-3] + 200mg docosahexaenoic
acid [DHA, 22:6n-3]) three times per week. The detailed diet composition has been
previously described by Matthan et al (46). Statin treated pigs had atorvastatin (Lipitor)
administered at a dose of 20 mg/day during months 1-3, and 40 mg/day during months 46 of the intervention period.

Sample Collection
All samples were collected at the time of necropsy following euthanasia (46). Serum was
aliquoted and frozen at -70oC until processing. EAT adjacent to the proximal left anterior
descending artery was collected, flash frozen in liquid nitrogen, and stored at -80oC until
processing.

Fatty Acid Extraction
EAT and serum lipids were extracted using a modified Folch method (48). Fatty acid
profiles were determined by gas chromatography and expressed as molar percentage
(mol%) as described previously (49). Thirty-six fatty acids were resolved. Fatty acid
product-to-precursor ratios were calculated to estimate desaturase enzyme activities
(stearoyl-CoA-desaturase 1 [SCD1; 161n-7/16:0], stearoyl-CoA-desaturase 2 [SCD2;
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18:1n-9/18:0], delta-6-desaturase [D6D; 20:3n-6/18:2n-6] and delta-5-desaturase [D5D;
20:4n-6/20:3n-6]).

EAT Gene Expression
EAT gene expression was determined by RNA sequencing as described previously (50).
Briefly, EAT RNA was isolated using RNeasy Universal Midi kit (Qiagen, Valencia,
CA) per the manufacturer’s instructions. The RNA was treated with Turbo DNase
(Ambion, Waltham, MA) and RNA quality was assessed using an Experion RNA
analysis electrophoresis kit (Bio-Rad, Hercules, CA). Samples with an RNA Quality
Indicator (RQI) greater than 7 were sequenced. Preparation of samples for RNA
sequencing was completed using the Illumina TruSeq RNA Sample Preparation Kit v2
(Illumina, San Diego, CA) and AMPure XP beads (Beckman Coulter, Brea, CA)
according to the manufacturer’s instructions. DNA fragment size was determined using
Experion DNA 1K chips (Bio-Rad, Hercules, CA) and libraries were quantified using the
KAPA Library Quantification kit (KAPA Biosystems, Wilmington, MA). Samples were
sequenced on an Illumina HiSeq 2000 sequencer (Illumina, San Diego, CA) with 100
base pair single end reads. Raw FASTQ data was processed for quality using CLC Bio
Genomic Workbench (Qiagen, Valencia, CA). The EAT transcriptome was assembled
using the annotated Sus scrofa10.2 as a reference genome (51).

Statistical Analysis
Data was analyzed using R (version 3.3.2) run on RStudio (version 1.0.153, RStudio:
Integrated Development for R. RStudio, Inc., Boston, MA) and SAS for Windows
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(version 9.4; SAS Institute, Cary, NC). Data from one pig was removed from the analysis
due to sample oxidation that prevented the complete resolution of fatty acids. A two-way
ANOVA (PROC GLM) with a Tukey-Kramer post hoc was used to determine diet, statin
and diet x statin effects on EAT fatty acid composition. Residual plots were assessed to
determine normality and a Kruskal-Wallis test (PROC NPAR1WAY) was used for fatty
acids not exhibiting a normal distribution. In all cases the Kruskal-Wallis test and twoway ANOVA analyses agreed. Since results of the two-way ANOVA proved to be robust
to departures from normality they are reported. A p ≤ 0.05 was considered significant.

Spearman’s correlation coefficients were calculated to determine associations between
EAT fatty acids and gene expression. The following fatty acids and genes were selected
based on their role in diet induced inflammation and/or prior analysis: SFAs (total SFAs,
capric acid [10:00], lauric, acid [12:0)] palmitic acid [16:0], stearic acid [18:0]), n-6
PUFAs (total n-6 PUFAs, linoleic acid [18:2n-6], arachidonic acid [20:4n-6], and n-3
PUFAs (total n-3 PUFAs, α-linolenic acid [18:3n-3], EPA, docosapentaenoic acid [DPA,
22:5n-3], and DHA), and EAT gene expression (arachidonate 5-lipoxygenase [ALOX5],
free fatty acid receptor 4 [FFAR4], interleukin 1 beta [IL-1β], interleukin 6 [IL-6],
monocyte chemotactic protein [MCP1], peroxisome proliferator activated receptor
gamma [PPARG], prostaglandin-endoperoxide synthase 2 [PTGS2], interferon induced
protein with tetratricopeptide repeats 1 [IFTIT1], interferon regulatory factor 3 [IRF3],
interferon regulatory factor 7 [IRF7], toll like receptor 2 [TLR2], and toll like receptor 4
[TLR4]). Spearman’s correlation coefficients were calculated between the EAT fatty
acids (mol%) and EAT gene expression (rpkm) using pigs pooled from all groups (n =
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29). A Bonferroni correction was used to adjust for multiple comparisons between 13
fatty acids and 12 genes, and p ≤ 0.0003 was considered significant. Additionally, after
pooling all pigs (n = 29) Spearman’s correlation coefficients were calculated to determine
associations between estimated desaturase enzyme activities and EAT gene expression
(ALOX5, FFAR4, IL-1β, IL-6, MCP1, PPARG, PTGS2, IFTIT1, TLR2, and TLR4). A
Bonferroni correction was used to adjust for multiple comparisons between 4 estimated
desaturase activities and 12 genes and p ≤ 0.001 was considered significant.

To evaluate the utility of serum fatty acid profiles as surrogate markers for EAT fatty
acid composition Spearman’s correlation coefficients were calculated using data from all
the pigs (n = 29) and a Bonferroni correction was used to adjust for multiple comparisons
between 41 fatty acids and p ≤ 0.00002 was considered significant. For all correlation
analyses, values beyond two standard deviations of the mean were replaced with median
proportion of the fatty acid for pigs in the respective diet +/- statin group. Correlation
coefficients are interpreted as: weak (r < 0.20), moderate (r = 0.20 – 0.49), strong (r =
0.50 – 0.69), and very strong (r ≥ 0.70).

4.4 Results
EAT Fatty Acid Composition
EAT fatty acid composition largely exemplified dietary fat composition. There was no
significant effect of atorvastatin or a diet x statin interaction (Table 1). Relative to the
HHD fed pigs, pigs fed the WD had significantly higher proportions of total SFAs and
trans fatty acids; including higher proportions of palmitic acid, stearic acid, vaccenic acid
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(18:1n-7t), and conjugated linoleic acid (18:2 CLA) (all p < 0.01). There were no
significant differences in total MUFAs; however, pigs fed the HHD had higher
proportions of oleic acid (18:1n-9) (p < 0.01). Pigs fed the HHD had higher total n-6
PUFAs and n-3 PUFAs; including linoleic acid, α-linolenic acid, EPA, and DPA (all p
<0.01) but not DHA. Estimated desaturase enzyme activity for SCD2 was higher in pigs
fed the HHD, whereas estimated SCD1 and D6D activities were lower (all p <0.01).
Estimated D5D activity was similar between diets.

Associations Between EAT Fatty Acids and Gene Expression
A heat map of correlation coefficients between selected SFAs and PUFAs (mol%), and
gene expression (rpkm) is displayed in Figure 1, and the associated correlation
coefficients are presented in Supplemental Table 1. Scatter plots displaying correlations
r > 0.50 are shown in Supplemental Figures 1-3. SFAs (total SFAs, capric acid, lauric
acid, palmitic acid, and stearic acid) had moderate positive associations with IRF7 and
IFIT1 (all p < 0.0003). All SFAs had moderate positive associations with PTGS2, but
associations were weak for capric and lauric acids (all p < 0.0003). Total n-6 PUFAs,
linoleic acid and n-3 PUFAs (total n-3, α-linolenic acid, EPA, DPA, and DHA) had
strong positive associations with FFAR4 and PPARG (all p < 0.0003). Weak to moderate
positive associations emerged between ALOX5 and all PUFAs (all p < 0.0003). Few
significant associations were found between fatty acids and inflammatory cytokines.
DHA was negatively associated with IL-1β while capric and lauric acids were weakly and
negatively associated with IL-6 (all p < 0.0003). No significant associations were found
between SFAs or PUFAs and TLR2, TLR4, MCP1, or IRF3.
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Associations Between EAT Estimated Desaturase Activities and Gene Expression
Associations between EAT estimated desaturase enzyme activities and EAT gene
expression are represented in Figure 2, correlation coefficient values are included in
Supplemental Table 2, and scatter plots of relationships with a correlation coefficient r
> 0.45 are displayed in Supplemental Figure 4. Estimated SCD1 activity was positively
associated with IFIT1, and had moderate negative associations with FFAR4, ALOX5, and
PPARG (all p < 0.001). Estimated SCD2 activity had moderate positive associations with
FFAR4, PPARG and IL-6, and moderate to strong negative associations with genes
involved in interferon signaling (IRF3, IRF7, and IFIT1) (all p < 0.001). Estimated D5D
activity had moderate positive associations with PTGS2, IRF7 and IFIT1 but moderate
and strong negative associations with FFAR4 and PPARG (all p < 0.001). Estimated D6D
activity had moderate positive associations with TLR2, MCP1, and ALOX5 (all p <
0.001). There were no significant associations between estimated desaturase activities
and IL-1β.

Association of EAT and Serum Fatty Acids
Associations between EAT and serum fatty acids are shown in Table 2. Total SFAs in
EAT and serum shared a strong positive association (p < 0.00002). Among the individual
SFAs, lauric, pentadecylic (15:0) and palmitic acids were positively associated (all p <
0.00002), with no associations being observed for capric and stearic acids. Proportions of
total MUFA in EAT and serum differed by over 50% and exhibited a moderate negative
association (p < 0.00002). A similar pattern was observed for oleic acid, the predominant
MUFA in both EAT and serum (p < 0.00002). Proportions of total n-6 PUFAs in EAT
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and serum differed by over 100% and were positively associated (p < 0.00002). Linoleic
and eicosadienoic acids (20:2n-6) had the highest positive associations among n-6
PUFAs (all p < 0.00002). Total n-3 PUFAs in EAT and serum shared a very strong
positive association (p < 0.00002). All individual n-3 fatty acids in EAT and serum were
positively associated, and strong associations were observed for α-linolenic acid, EPA,
DPA, and DHA (all p < 0.00002). Total trans fatty acids had a very strong positive
association reflecting the positive associations of the individual trans fatty acids (all p <
0.00002). There was a very strong positive association with the estimated SCD1 and D5D
activities, and a moderate negative association with the estimated SCD2 activity (all p <
0.00002). There was no significant association between EAT and serum estimated D6D
activity.

4.5 Discussion
Our study documented that dietary fat type is a significant determinant of EAT fatty acid
composition in the Ossabaw miniature pig. We also determined that the relative
proportions of SFAs and PUFAs in EAT are significantly associated with the expression
of genes related to inflammation. Additionally, we demonstrated strong associations
between serum and EAT fatty acid composition for SFAs, trans, and PUFAs, suggesting
that serum fatty acid composition may be a useful surrogate marker of EAT fatty acid
profiles.

While EAT fatty acid composition was largely reflective of the respective dietary fat
sources, we cannot rule out the possible contribution of endogenous synthesis, and

120
preferential storage of SFAs which accounted for a large proportion (38%-48%) of total
fatty acids across all groups (27). Similarly, as MUFAs are endogenously synthesized and
preferentially stored in adipose tissue, we observed no differences in total MUFAs
between diet groups (27). We did however note a significant diet effect on oleic acid,
which may in part be due to the significant increase of estimated SCD2 activity, in pigs
fed the HHD.

With regard to the association between fatty acid composition and gene expression in
EAT, we observed a pattern in which PUFAs were positively associated with FFAR4,
PPARG and ALOX5 gene expression. PUFAs serve as ligands for both PPARG and
FFAR4 (52). Induction of PPARG has been demonstrated to reduce inflammation and
improve insulin sensitivity of adipose tissue, whereas, FFAR4 is a cell surface receptor
that when stimulated by n-3 PUFAs promotes anti-inflammatory signaling (52,53).
Hence, the positive associations between n-3 PUFAs and PPARG and FFAR4 may
represent the induction of anti-inflammatory signaling. Both ALOX5 and PTGS2 are
involved in the synthesis of lipid mediators derived from n-6 and n-3 PUFAs (54,55). The
n-6 PUFA arachidonic acid is considered the major substrate for these enzymes.
However, n-3 PUFAs may displace arachidonic acid in the membrane shifting the
balance from pro-inflammatory arachidonic acid derived lipid mediators to less
inflammatory or anti-inflammatory n-3 PUFAs derived lipid mediators (54,55). The
strongest positive associations between PUFAs and ALOX5 expression were with EPA,
DPA, and DHA; potentially indicating their role as both substrates and inducers of n-3
derived lipid mediators (56–59). Notably, we did not observe associations between
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proportions of arachidonic acid with ALOX5 or PTGS2. Though EPA and DHA have
been demonstrated to reduce the expression, and/or production, of inflammatory
cytokines in our analysis we only observed a relationship between DHA and IL-1β
(52,60–62).

Palmitic, stearic and total SFAs were positively correlated with PTGS2. This observation
is consistent with prior work suggesting that SFAs induce PTGS2 expression (63,64).
SFAs were also associated with IRF7 and IFIT1, two genes involved in type I interferon
signaling. The relationship between SFAs and interferon signaling is mediated by TLRs
and it has been demonstrated that that palmitic acid induces type I interferon signaling
(20–22,65). Although we observed some trends towards a positive association between
SFAs and TLRs 2/4 they did not reach significance. Unexpectedly no associations were
observed between total SFAs or palmitic acid with gene expression of IL6, IL1β, and
MCP1. This may be an indication that weight gain or additional dietary factors
contributed more to the expression of these genes.

The strongest associations between estimated desaturase enzyme activities and gene
expression were negative associations between SCD2 and IRF7 and IFIT1, a positive
association between D5D and PTGS2, and a negative association between D5D and
PPARG. D5D facilitates the conversion of dihomo-y-linolenic acid (20:3n-6) to
arachidonic acid and eicosatetraenoic acid (20:4n-3) to EPA (66). Accordingly, the
positive association between D5D and PTGS2 is likely reflective of an increase in
substrates for PTGS2. Similarly, the negative association between D5D and PPARG may
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be reflective of EPA’s conversion to lipid mediators, depleting the availability of EPA or
its elongation products to act as PPARG agonists.

We have previously reported the effect of HHD and WD with or without atorvastatin on
serum fatty acid profiles in these pigs (46). One of the objectives of the current work was
to assess the utility of serum fatty acid profiles as a surrogate marker for EAT fatty acid
composition. The most strongly associated fatty acids were individual n-3 PUFAs,
individual trans fatty acids, and the estimated SCD1 and D5D activities. While total
SFAs in serum and EAT were strongly associated, this was primarily driven by palmitic
acid. The negative associations between total MUFAs and oleic acid in serum and EAT
are likely due to endogenous synthesis and preferential storage in adipose tissue,
indicating that serum MUFA values cannot be used as markers of these in EAT.

While previous work has examined the effect of statins on the proportions of blood fatty
acid profiles in humans to our knowledge no study has examined the effect of statin use
on EAT fatty acid composition (42–45). In humans the effect of statins on proportions
blood fatty acids profiles has been unclear. In particular studies have reported contrasting
effects on the proportions of n-6 PUFA and n-3 PUFAs (43,44). This ambiguity may be
due to the differing types and doses of statins used and differences in reported measures
(individual proportions and ratios). We did not observe a significant effect of atorvastatin
or a diet x atorvastatin interaction on EAT fatty acid composition or estimated desaturase
activities. Accordingly, associations between EAT fatty acid composition and gene
expression were not stratified by statin group.
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The parent study was designed to compare the effects of two dietary patterns, a HHD and
WD, on the development of atherosclerosis in Ossabaw miniature pigs, rather than
dietary fat type, per se (46). While this approach increases the translational value of our
study we cannot rule out the possibility that other dietary components influenced EAT
fatty acid composition and gene expression. One key mechanism by which PUFAs may
modulate inflammation is via the production of lipid mediators. Though our results
suggest a shift in balance from n-6 PUFA arachidonic acid to n-3 PUFAs derived lipid
mediators with the HHD we cannot confirm this without a direct measurement. The
strong relationship we observed between serum and EAT fatty acid profiles implies
serum fatty acid composition may be a useful indicator of EAT fatty acid composition;
however, we would not expect correlations to be as strong in humans. Serum is an
indicator of short term dietary fat intake whereas adipose tissue is indicative of long term
intake. Subsequently, natural variation in dietary intake may weaken these correlations
(27). Additionally, here the only adipose tissue depot assessed was EAT. Future work
should consider comparing multiple adipose tissue depots to determine unique influences
of dietary on EAT. Lastly, while the Ossabaw miniature pig is an established model of
atherosclerosis, the development of obesity associated chronic inflammation in this
model has been debated (67). Moreover, difficulties associated with porcine research
make it challenging to achieve a large sample size.

We conclude that dietary fat type influences EAT fatty acid composition. Associations
between EAT SFAs with pro-inflammatory genes, and EAT PUFAs with antiinflammatory genes, provide a link between dietary type fat and EAT inflammation.
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Changes in dietary fat quality may represent a viable nutritional strategy to reduce EAT
inflammation. Moreover, serum fatty acid profiles could be considered as a potential
surrogate marker of EAT fatty acid composition.

Acknowledgments
The authors would like to acknowledge Jean Galluccio and Kathryn Baldyga for the gas
chromatography analysis of the epicardial adipose and serum samples for fatty acid
profiles and Kathryn Barger for statistical support.

Statement of authors’ contribution
MEW, NRM, and AHL: designed the research; NRM and AHL: critically revised the
manuscript; NRM, GSA, SLF, JFUJr., and AHL: designed the parent study; MEW,
NRM, GSA, HM, SLF, AG, SJ, SL, AM, and JFUJr: conducted the research; MEW:
analyzed the data; MEW: wrote the manuscript; MEW: had primary responsibility for the
final content; and all authors: read and approved the final manuscript

125
4.6 References
1. Hotamisligil GS. Inflammation and metabolic disorders [Internet]. Nature. 2006
[cited 2018 Jan 7]. Available from: https://www-naturecom.ezproxy.library.tufts.edu/articles/nature05485
2. Bastien M, Poirier P, Lemieux I, Després J-P. Overview of Epidemiology and
Contribution of Obesity to Cardiovascular Disease. Prog Cardiovasc Dis.
2014;56:369–81.
3. Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic
disease. J Clin Invest. 2017;127:1–4.
4. Reilly SM, Saltiel AR. Adapting to obesity with adipose tissue inflammation. Nat
Rev Endocrinol. 2017;13:633–43.
5. Lee M-J, Wu Y, Fried SK. Adipose tissue heterogeneity: implication of depot
differences in adipose tissue for obesity complications. Mol Aspects Med.
2013;34:1–11.
6. Vecchié A, Dallegri F, Carbone F, Bonaventura A, Liberale L, Portincasa P,
Frühbeck G, Montecucco F. Obesity phenotypes and their paradoxical association
with cardiovascular diseases. Eur J Intern Med. 2017;
7. Akoumianakis I, Tarun A, Antoniades C. Perivascular adipose tissue as a regulator of
vascular disease pathogenesis: identifying novel therapeutic targets. Br J Pharmacol.
2017;174:3411–24.
8. Fitzgibbons TP, Czech MP. Epicardial and perivascular adipose tissues and their
influence on cardiovascular disease: basic mechanisms and clinical associations. J
Am Heart Assoc. 2014;3:e000582.
9. Iacobellis G. Local and systemic effects of the multifaceted epicardial adipose tissue
depot. Nat Rev Endocrinol. 2015;11:363–71.
10. Nerlekar N, Brown AJ, Muthalaly RG, Talman A, Hettige T, Cameron JD, Wong
DTL. Association of Epicardial Adipose Tissue and High-Risk Plaque
Characteristics: A Systematic Review and Meta-Analysis. J Am Heart Assoc.
2017;6:e006379.
11. Kunita E, Yamamoto H, Kitagawa T, Ohashi N, Oka T, Utsunomiya H, Urabe Y,
Tsushima H, Awai K, Budoff MJ, et al. Prognostic value of coronary artery calcium
and epicardial adipose tissue assessed by non-contrast cardiac computed tomography.
Atherosclerosis. 2014;233:447–53.

126
12. Goeller M, Achenbach S, Marwan M, Doris MK, Cadet S, Commandeur F, Chen X,
Slomka PJ, Gransar H, Cao JJ, et al. Epicardial adipose tissue density and volume are
related to subclinical atherosclerosis, inflammation and major adverse cardiac events
in asymptomatic subjects. J Cardiovasc Comput Tomogr. 2017;
13. Baker AR, Silva NF da, Quinn DW, Harte AL, Pagano D, Bonser RS, Kumar S,
McTernan PG. Human epicardial adipose tissue expresses a pathogenic profile of
adipocytokines in patients with cardiovascular disease. Cardiovasc Diabetol.
2006;5:1.
14. Ozen G, Daci A, Norel X, Topal G. Human perivascular adipose tissue dysfunction
as a cause of vascular disease: Focus on vascular tone and wall remodeling. Eur J
Pharmacol. 2015;766:16–24.
15. Patel VB, Shah S, Verma S, Oudit GY. Epicardial adipose tissue as a metabolic
transducer: role in heart failure and coronary artery disease. Heart Fail Rev.
2017;22:889–902.
16. Fernández-Alfonso MS, Gil-Ortega M, Aranguez I, Souza D, Dreifaldt M, Somoza B,
Dashwood MR. Role of PVAT in coronary atherosclerosis and vein graft patency:
friend or foe? Br J Pharmacol. 2017;174:3561–72.
17. Iacobellis G. Epicardial fat: a new cardiovascular therapeutic target. Curr Opin
Pharmacol. 2016;27:13–8.
18. Rocha DM, Bressan J, Hermsdorff HH. The role of dietary fatty acid intake in
inflammatory gene expression: a critical review. Sao Paulo Med J Rev Paul Med.
2017;135:157–68.
19. Teng K-T, Chang C-Y, Chang LF, Nesaretnam K. Modulation of obesity-induced
inflammation by dietary fats: mechanisms and clinical evidence. Nutr J. 2014;13:12.
20. Rocha DM, Caldas AP, Oliveira LL, Bressan J, Hermsdorff HH. Saturated fatty acids
trigger TLR4-mediated inflammatory response. Atherosclerosis. 2016;244:211–5.
21. Hwang DH, Kim J-A, Lee JY. Mechanisms for the activation of Toll-like receptor
2/4 by saturated fatty acids and inhibition by docosahexaenoic acid. Eur J Pharmacol.
2016;785:24–35.
22. Fessler MB, Rudel LL, Brown JM. Toll-like receptor signaling links dietary fatty
acids to the metabolic syndrome. Curr Opin Lipidol. 2009;20:379–85.
23. Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MT-H, Brickey WJ, Ting JP-Y. Fatty
acid-induced NLRP3-ASC inflammasome activation interferes with insulin signaling.
Nat Immunol. 2011;12:408–15.

127
24. Robblee MM, Kim CC, Porter Abate J, Valdearcos M, Sandlund KLM, Shenoy MK,
Volmer R, Iwawaki T, Koliwad SK. Saturated Fatty Acids Engage an IRE1αDependent Pathway to Activate the NLRP3 Inflammasome in Myeloid Cells. Cell
Rep. 2016;14:2611–23.
25. Calder PC. Omega-3 fatty acids and inflammatory processes: from molecules to man.
Biochem Soc Trans. 2017;45:1105–15.
26. Rodríguez-Cruz M, Serna DS. Nutrigenomics of ω-3 fatty acids: Regulators of the
master transcription factors. Nutrition. 2017;41:90–6.
27. Hodson L, Skeaff CM, Fielding BA. Fatty acid composition of adipose tissue and
blood in humans and its use as a biomarker of dietary intake. Prog Lipid Res.
2008;47:348–80.
28. Matthan NR, Ooi EM, Horn LV, Neuhouser ML, Woodman R, Lichtenstein AH.
Plasma Phospholipid Fatty Acid Biomarkers of Dietary Fat Quality and Endogenous
Metabolism Predict Coronary Heart Disease Risk: A Nested Case-Control Study
Within the Women’s Health Initiative Observational Study. J Am Heart Assoc.
2014;3:e000764.
29. Del Gobbo LC, Imamura F, Aslibekyan S, Marklund M, Virtanen JK, Wennberg M,
Yakoob MY, Chiuve SE, Dela Cruz L, Frazier-Wood AC, et al. ω-3 Polyunsaturated
Fatty Acid Biomarkers and Coronary Heart Disease: Pooling Project of 19 Cohort
Studies. JAMA Intern Med. 2016;176:1155–66.
30. Matsumoto C, Matthan NR, Lichtenstein AH, Gaziano JM, Djoussé L. Red blood cell
MUFAs and risk of coronary artery disease in the Physicians’ Health Study. Am J
Clin Nutr. 2013;98:749–54.
31. Wu JHY, Marklund M, Imamura F, Tintle N, Ardisson Korat AV, de Goede J, Zhou
X, Yang W-S, de Oliveira Otto MC, Kröger J, et al. Omega-6 fatty acid biomarkers
and incident type 2 diabetes: pooled analysis of individual-level data for 39 740
adults from 20 prospective cohort studies. Lancet Diabetes Endocrinol. 2017;5:965–
74.
32. Saber H, Yakoob MY, Shi P, Longstreth WT, Lemaitre RN, Siscovick D, Rexrode
KM, Willett WC, Mozaffarian D. Omega-3 Fatty Acids and Incident Ischemic Stroke
and Its Atherothrombotic and Cardioembolic Subtypes in 3 US Cohorts. Stroke.
2017;48:2678–85.
33. Matsumoto C, Hanson NQ, Tsai MY, Glynn RJ, Gaziano JM, Djoussé L. Plasma
phospholipid saturated fatty acids and heart failure risk in the Physicians’ Health
Study. Clin Nutr Edinb Scotl. 2013;32:819–23.

128
34. Wolk A, Furuheim M, Vessby B. Fatty Acid Composition of Adipose Tissue and
Serum Lipids Are Valid Biological Markers Of Dairy Fat Intake in Men. J Nutr.
2001;131:828–33.
35. Arab L. Biomarkers of Fat and Fatty Acid Intake. J Nutr. 2003;133:925S–932S.
36. Garland M, Sacks FM, Colditz GA, Rimm EB, Sampson LA, Willett WC, Hunter DJ.
The relation between dietary intake and adipose tissue composition of selected fatty
acids in US women. Am J Clin Nutr. 1998;67:25–30.
37. Warensjö E, Ohrvall M, Vessby B. Fatty acid composition and estimated desaturase
activities are associated with obesity and lifestyle variables in men and women. Nutr
Metab Cardiovasc Dis NMCD. 2006;16:128–36.
38. Paillard F, Catheline D, Duff FL, Bouriel M, Deugnier Y, Pouchard M, Daubert J-C,
Legrand P. Plasma palmitoleic acid, a product of stearoyl-coA desaturase activity, is
an independent marker of triglyceridemia and abdominal adiposity. Nutr Metab
Cardiovasc Dis NMCD. 2008;18:436–40.
39. Vaittinen M, Walle P, Kuosmanen E, Männistö V, Käkelä P, Ågren J, Schwab U,
Pihlajamäki J. FADS2 genotype regulates delta-6 desaturase activity and
inflammation in human adipose tissue. J Lipid Res. 2016;57:56–65.
40. Warensjö E, Sundström J, Vessby B, Cederholm T, Risérus U. Markers of dietary fat
quality and fatty acid desaturation as predictors of total and cardiovascular mortality:
a population-based prospective study. Am J Clin Nutr. 2008;88:203–9.
41. Pezeshkian M, Noori M, Najjarpour-Jabbari H, Abolfathi A, Darabi M, Darabi M,
Shaaker M, Shahmohammadi G. Fatty acid composition of epicardial and
subcutaneous human adipose tissue. Metab Syndr Relat Disord. 2009;7:125–31.
42. Kofink D, Eppinga RN, van Gilst WH, Bakker SJL, Dullaart RPF, van der Harst P,
Asselbergs FW. Statin Effects on Metabolic Profiles: Data From the PREVEND IT
(Prevention of Renal and Vascular End-stage Disease Intervention Trial). Circ
Cardiovasc Genet. 2017;10.
43. Jula A, Marniemi J, Rönnemaa T, Virtanen A, Huupponen R. Effects of Diet and
Simvastatin on Fatty Acid Composition in Hypercholesterolemic Men: A
Randomized Controlled Trial. Arterioscler Thromb Vasc Biol. 2005;25:1952–9.
44. Kurisu S, Ishibashi K, Kato Y, Mitsuba N, Dohi Y, Nishioka K, Kihara Y. Effects of
lipid-lowering therapy with strong statin on serum polyunsaturated fatty acid levels in
patients with coronary artery disease. Heart Vessels. 2013;28:34–8.

129
45. Würtz P, Wang Q, Soininen P, Kangas AJ, Fatemifar G, Tynkkynen T, Tiainen M,
Perola M, Tillin T, Hughes AD, et al. Metabolomic Profiling of Statin Use and
Genetic Inhibition of HMG-CoA Reductase. J Am Coll Cardiol. 2016;67:1200–10.
46. Matthan NR. The Ossabaw Pig Is a Suitable Translational Model to Evaluate Dietary
Patterns and Coronary Artery Disease Risk. J Nutr.
47. McKenney ML, Schultz KA, Boyd JH, Byrd JP, Alloosh M, Teague SD, ArceEsquivel AA, Fain JN, Laughlin MH, Sacks HS, et al. Epicardial adipose excision
slows the progression of porcine coronary atherosclerosis. J Cardiothorac Surg.
2014;9:2.
48. Folch J, Lees M, Stanley GHS. A SIMPLE METHOD FOR THE ISOLATION AND
PURIFICATION OF TOTAL LIPIDES FROM ANIMAL TISSUES. J Biol Chem.
1957;226:497–509.
49. Lichtenstein AH, Matthan NR, Jalbert SM, Resteghini NA, Schaefer EJ, Ausman
LM. Novel soybean oils with different fatty acid profiles alter cardiovascular disease
risk factors in moderately hyperlipidemic subjects. Am J Clin Nutr. 2006;84:497–
504.
50. Solano-Aguilar G, Molokin A, Botelho C, Fiorino A-M, Vinyard B, Li R, Chen C,
Urban J, Dawson H, Andreyeva I, et al. Transcriptomic Profile of Whole Blood Cells
from Elderly Subjects Fed Probiotic Bacteria Lactobacillus rhamnosus GG ATCC
53103 (LGG) in a Phase I Open Label Study. PloS One. 2016;11:e0147426.
51. Sus scrofa - Ensembl genome browser 91 [Internet]. [cited 2018 Feb 5]. Available
from: https://useast.ensembl.org/Sus_scrofa/Info/Index
52. Calder PC. Mechanisms of Action of (n-3) Fatty Acids. J Nutr. 2012;142:592S–599S.
53. Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, Li P, Lu WJ, Watkins
SM, Olefsky JM. GPR120 Is an Omega-3 Fatty Acid Receptor Mediating Potent
Anti-inflammatory and Insulin-Sensitizing Effects. Cell. 2010;142:687–98.
54. Calder PC. n−3 Polyunsaturated fatty acids, inflammation, and inflammatory diseases
[Internet]. [cited 2018 Jan 10]. Available from: http://ajcn.nutrition.org
55. Calder PC. Marine omega-3 fatty acids and inflammatory processes: Effects,
mechanisms and clinical relevance. Biochim Biophys Acta. 2015;1851:469–84.
56. Dalli J, Colas RA, Serhan CN. Novel n-3 immunoresolvents: structures and actions.
Sci Rep. 2013;3:1940.
57. Serhan CN, Petasis NA. Resolvins and Protectins in Inflammation-Resolution. Chem
Rev. 2011;111:5922–43.

130

58. Yoo S, Lim JY, Hwang SW. Resolvins: Endogenously-Generated Potent Painkilling
Substances and their Therapeutic Perspectives. Curr Neuropharmacol. 2013;11:664–
76.
59. Calder PC. Omega-3 Fatty Acids and Inflammatory Processes. Nutrients.
2010;2:355–74.
60. Liddle DM, Hutchinson AL, Wellings HR, Power KA, Robinson LE, Monk JM.
Integrated Immunomodulatory Mechanisms through which Long-Chain n-3
Polyunsaturated Fatty Acids Attenuate Obese Adipose Tissue Dysfunction. Nutrients.
2017;9:1289.
61. Williams-Bey Y, Boularan C, Vural A, Huang N-N, Hwang I-Y, Shan-Shi C, Kehrl
JH. Omega-3 Free Fatty Acids Suppress Macrophage Inflammasome Activation by
Inhibiting NF-κB Activation and Enhancing Autophagy. PLoS ONE [Internet]. 2014
[cited 2018 Jan 10];9. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4049592/
62. Allam-Ndoul B, Guénard F, Barbier O, Vohl M-C. Effect of n-3 fatty acids on the
expression of inflammatory genes in THP-1 macrophages. Lipids Health Dis
[Internet]. 2016 [cited 2018 Jan 10];15. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4820929/
63. Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated fatty acids, but not unsaturated
fatty acids, induce the expression of cyclooxygenase-2 mediated through Toll-like
receptor 4. J Biol Chem. 2001;276:16683–9.
64. Hellmann J, Zhang MJ, Tang Y, Rane M, Bhatnagar A, Spite M. Increased saturated
fatty acids in obesity alter resolution of inflammation in part by stimulating
prostaglandin production. J Immunol Baltim Md 1950. 2013;191:1383–92.
65. Wieser V, Adolph TE, Grander C, Grabherr F, Enrich B, Moser P, Moschen AR,
Kaser S, Tilg H. Adipose type I interferon signalling protects against metabolic
dysfunction. Gut. 2018;67:157–65.
66. Russo GL. Dietary n−6 and n−3 polyunsaturated fatty acids: From biochemistry to
clinical implications in cardiovascular prevention. Biochem Pharmacol.
2009;77:937–46.
67. Vieira-Potter VJ, Lee S, Bayless DS, Scroggins RJ, Welly RJ, Fleming NJ, Smith
TN, Meers GM, Hill MA, Rector RS, et al. Disconnect between adipose tissue
inflammation and cardiometabolic dysfunction in Ossabaw pigs. Obes Silver Spring
Md. 2015;23:2421–9.

131
4.7 Tables and Figures
Table 1. EAT fatty acid (mol%) composition of Ossabaw miniature pigs fed a HHD or
1
WD +/- atorvastatin.
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1

Data shown as mean ± SD. Superscripts denote significant diet effect (p ≤ 0.05) by a
two-way ANOVA. EAT: epicardial adipose tissue, WD: Western diet, HHD: heart
healthy diet, S: atorvastatin use, SFAs: saturated fatty acids, MUFAs:
monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids, Trans: trans fatty
acids, CLA: conjugated linolenic acid, SCD1: stearoyl-CoA-desaturase 1 (161n7/16:0), SCD2: stearoyl-CoA-desaturase (18:1n-9/18:0), D5D: delta-5-desaturase
(20:4n-6/20:3n-6), D6D: delta-6-desaturase (20:3n-6/18:2n-6).
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Table 2. Spearman’s correlation c6oefficients between proportions (mol%) of EAT
fatty acids and serum fatty acids of Ossabaw miniature pigs.1
EAT
Serum
EAT vs Serum
Fatty Acid
Mean
SD
Mean
SD
r
SFAs
44.06
4.87
34.24
2.62
0.67*
10:0
0.14
0.05
0.29
0.22
0.03
12:0
0.22
0.08
0.11
0.07
0.51*
14:0
3.49
0.75
0.03
0.04
-0.43*
15:0
0.39
0.09
0.17
0.05
-0.53*
16:0
22.31
2.46
16.94
2.37
0.62*
18:0
17.18
1.94
14.62
1.67
0.02
20:0
0.26
0.04
1.77
0.46
0.38*
22:0
0.07
0.17
0.21
0.18
0.09
24:0
0.01
0.00
0.09
0.05
0.28*
MUFAs
43.40
1.88
24.72
3.82
-0.24*
14:1n-5
0.07
0.04
0.03
0.02
0.64*
16:1n-9
0.37
0.06
0.48
0.11
0.32*
16:1n-7
1.96
0.56
1.38
0.86
0.74*
18:1n-9
37.51
1.98
21.00
2.83
-0.38*
18:1n-7
2.51
0.19
1.52
0.25
-0.11
20:1n-9
0.81
0.17
0.13
0.17
0.03*
22:1n-9
0.16
0.10
0.01
0.01
-0.78*
24:1n-9
0.01
0.01
0.17
0.06
0.14*
n-6 PUFAs
10.25
4.17
36.06
4.80
0.52*
18:2n-6
9.31
3.99
27.70
4.98
0.57*
18:3n-6
0.03
0.01
0.40
0.23
0.34
20:2n-6
0.42
0.17
0.23
0.07
0.49*
20:3n-6
0.12
0.02
0.75
0.45
-0.09
20:4n-6
0.27
0.04
6.32
1.27
0.18*
22:4n-6
0.09
0.01
0.21
0.10
0.27*
22:5n-6
0.01
0.00
0.45
0.20
0.19*
n-3 PUFAs
1.40
0.96
3.78
1.66
0.73*
18:3n-3
1.10
0.80
1.07
0.76
0.62*
18:4n-3
0.03
0.01
0.07
0.04
0.29*
20:5n-3
0.03
0.02
0.67
0.38
0.73*
22:5n-3
0.11
0.03
0.96
0.32
0.62*
22:6n-3
0.07
0.06
0.92
0.58
0.59*
Trans
0.89
0.46
1.20
0.53
0.74*
16:1n-7t
0.02
0.01
0.06
0.03
0.78*
16:1n-9t
0.10
0.05
0.16
0.09
0.66*

134
18:1n-7t
18:1n-9t
18:1n-10 -12t
18:2t
18:2CLA

0.20
0.15
0.15
0.09
0.18

0.08
0.08
0.09
0.05
0.10

0.05
0.34
0.28
0.10
0.21

0.02
0.15
0.10
0.09
0.15

-0.11*
0.76*
0.69*
0.48*
0.70*

SCD1
SCD2
D5D
D6D

0.09
2.22
0.02
2.20

0.02
0.32
0.01
0.32

0.08
1.47
0.03
13.70

0.04
0.35
0.02
11.95

0.73*
-0.31*
0.83*
0.21

Ratios

1

Mean, SD and correlation coefficients represent pooled analysis of pigs, n=30. EAT: epicardial
adipose tissue, WD: Western diet, HHD: heart healthy diet, SFAs: saturated fatty acids, MUFAs:
monounsaturated fatty acids, PUFAs: polyunsaturated fatty acids, Trans: trans fatty acids, CLA:
conjugated linolenic acid, SCD1: stearoyl-CoA-desaturase 1 (161n-7/16:0), SCD2: stearoyl-CoAdesaturase (18:1n-9/18:0), D5D: delta-5-desaturase (20:4n-6/20:3n-6), D6D: delta-6-desaturase
(20:3n-6/18:2n-6).
* Significant after Bonferroni adjustment (p ≤ .00002)
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Figure 1. Heat map representing Spearman’s correlation coefficients between
proportions (mol%) of SFAs, capric acid, lauric acid, palmitic acid, stearic acid, PUFAs
n-6, linoleic acid, arachidonic acid, n-3 PUFAs, α- linolenic acid, EPA, DPA, and DHA
and EAT gene expression (rpkm). A Bonferroni correction was used to adjust for
multiple comparisons (* p ≤ 0.0003). SFAs: saturated fatty acids, PUFAs:
polyunsaturated fatty acids, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid,
DHA: docosahexaenoic acid, TLR4: toll like receptor 4, TLR2: toll like receptor 2,
FFAR4: free fatty acid receptor 4, IL1β: interleukin 1 beta, IL6: interleukin 6, MCP1:
monocyte chemotactic protein, PTGS2: prostaglandin-endoperoxide synthase 2, ALOX5:
arachidonate 5-lipoxygenase, PPARG: peroxisome proliferator activated receptor gamma,
IRF3: interferon regulatory factor 3, IRF7: interferon regulatory factor 7, IFTIT1:
interferon induced protein with tetratricopeptide repeats 1, EAT: epicardial adipose tissue.
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Figure 2. Heat map representing Spearman’s correlation coefficients between EAT
estimated desaturated enzyme activities and EAT gene expression (rpkm). A Bonferroni
correction was used to adjust for multiple comparisons (* p ≤ 0.001). SCD1: stearoylCoA-desaturase 1 (161n-7/16:0), SCD2: stearoyl-CoA-desaturase (18:1n-9/18:0), D5D:
delta-5-desaturase (20:4n-6/20:3n-6), D6D: delta-6-desaturase (20:3n-6/18:2n-6), TLR4:
toll like receptor 4, TLR2: toll like receptor 2, FFAR4: free fatty acid receptor 4, IL1β:
interleukin 1 beta, IL6: interleukin 6, MCP1: monocyte chemotactic protein, PTGS2:
prostaglandin-endoperoxide synthase 2, ALOX5: arachidonate 5-lipoxygenase, PPARG:
peroxisome proliferator activated receptor gamma, IRF3: interferon regulatory factor 3,
IRF7: interferon regulatory factor 7, IFTIT1: interferon induced protein with
tetratricopeptide repeats 1, EAT: epicardial adipose tissue.

Correlation coefficients represent pooled analysis of pigs, n=29. EAT: epicardial adipose tissue, SFA: saturated fatty
acids, PUFA: polyunsaturated fatty acids, EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA:
docosahexaenoic acid, PPARG: peroxisome proliferator activated receptor gamma, FFAR4: free fatty acid receptor 4,
PTGS2: prostaglandin-endoperoxide synthase 2, ALOX5: arachidonate 5-lipoxygenase, IL1B: interleukin 1 beta, IL6:
interleukin 6, MCP1: monocyte chemotactic protein, TLR4: toll like receptor 4, TLR2: toll like receptor 2, IRF3:
interferon regulatory factor 3, IRF7: interferon regulatory factor 7, IFTIT1: interferon induced protein with
tetratricopeptide repeats 1.
* Significant after Bonferroni adjustment (p ≤ .0003)

1

Table 1. Spearman’s correlation coefficients between proportions (mol%) of EAT fatty acids and EAT gene
1
expression (rpkm) of Ossabaw miniature pigs.
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4.8 Supplemental Material

Correlation coefficients represent pooled analysis of pigs, n=29. EAT: epicardial adipose tissue, SCD1: stearoyl-CoA-desaturase 1
( 161n-7/16:0), SCD2: stearoyl-CoA-desaturase (18:1n-9/18:0), D5D: delta-5-desaturase (20:4n-6/20:3n-6), D6D: delta-6desaturase (20:3n-6/18:2n-6), PPARG: peroxisome proliferator activated receptor gamma, FFAR4: free fatty acid receptor 4,
PTGS2: prostaglandin-endoperoxide synthase 2, ALOX5: arachidonate 5-lipoxygenase, IL1B: interleukin 1 beta, IL6: interleukin 6,
MCP1: monocyte chemotactic protein, TLR4: toll like receptor 4, TLR2: toll like receptor 2, IRF3: interferon regulatory factor 3,
IRF7: interferon regulatory factor 7, IFTIT1: interferon induced protein with tetratricopeptide repeats 1.
* Significant after Bonferroni adjustment (p ≤ .001)

1

Table 2. Spearman’s correlation coefficients between proportions (mol%) of EAT estimated desaturated enzyme activities and
1
EAT gene expression (rpkm) of Ossabaw miniature pigs.
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Supplemental Figure 1. (A) Scatterplot displaying the correlation between the proportion of SFA (mol %)
and PPARG gene expression (rpkm) in EAT. (B) Scatterplot displaying the correlation between the
proportion of palmitic acid (mol %) and PPARG gene expression (rpkm) in EAT. (C) Scatterplot
displaying the proportion of steric acid (mol %) and IRF7 gene expression (rpkm) in EAT. HHD: Heart
Healthy diet, WD: Western diet, S: atorvastatin use, PPARG: peroxisome proliferator activated receptor
gamma, SFA: saturated fatty acids, IRF7: interferon regulatory factor 7, IFTIT1: interferon induced protein
with tetratricopeptide repeats 1. EAT: epicardial adipose tissue.
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Supplemental Figure 2. (A) Scatterplot displaying the correlation between the proportion of n-6
PUFA (mol %) and FFAR4 gene expression (rpkm) in EAT. (B) Scatterplot displaying the
correlation between the proportion of n-6 PUFA (mol %) and PPARG gene expression (rpkm) in
EAT. (C) Scatterplot displaying the proportion of linoleic acid (mol %) and FFR4 gene
expression (rpkm) in EAT. (rpkm) in EAT. (D) Scatterplot displaying the proportion of linoleic
acid (mol %) and PPARG gene expression (rpkm) in EAT. HHD: Heart Healthy diet, WD:
Western diet, S: atorvastatin use, FFAR4: free fatty acid receptor 4, PUFA: polyunsaturated fatty
acids, PPARG: peroxisome proliferator activated receptor, EAT: epicardial adipose tissue.
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Supplemental Figure 3. (A) Scatterplot displaying the correlation between the
proportion of n-3 PUFA (mol %) and PPARG gene expression (rpkm) in EAT. (B)
Scatterplot displaying the correlation between the proportion of α linolenic acid (mol %)
and PTGS2 gene expression (rpkm) in EAT. (C) Scatterplot displaying the proportion of
α linolenic acid (mol %) and PPARG gene expression (rpkm) in EAT. (rpkm) in EAT.
(D) Scatterplot displaying the correlation between the proportion of EPA (mol %) and
PPARG gene expression (rpkm) in EAT. (E) Scatterplot displaying the correlation
between the proportion of DPA (mol %) and FFAR4 gene expression (rpkm) in EAT. (F)
Scatterplot displaying the correlation between the proportion of DPA (mol %) and
PPARG gene expression (rpkm) in EAT. HHD: Heart Healthy diet, WD: Western diet, S:
atorvastatin use, PPARG: peroxisome proliferator activated receptor, PUFA:
polyunsaturated fatty acids, PTGS2: prostaglandin-endoperoxide synthase 2, EPA:
eicosapentaenoic acid, FFAR4: free fatty acid receptor 4, and DPA: docosapentaenoic
acid, EAT: epicardial adipose tissue.
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Supplemental Figure 4. (A) Scatterplot displaying the correlation between estimated SCD2
activity and IRF7 gene expression (rpkm) in EAT. (B) Scatterplot displaying the correlation
between estimated SCD2 activity and IFIT1 gene expression (rpkm) in EAT. (C) Scatterplot
displaying the estimated D5D activity and PTGS2 gene expression (rpkm) in EAT. (D)
Scatterplot displaying the estimated D5D activity and PPARG gene expression (rpkm) in EAT.
HHD: Heart Healthy diet, WD: Western diet, S: atorvastatin use, SCD2: stearoyl-CoA-desaturase
(18:1n-9/18:0), IFTIT1: interferon induced protein with tetratricopeptide repeats 1, IRF7:
interferon regulatory factor 7, D5D: delta-5-desaturase (20:4n-6/20:3n-6), PTGS2: prostaglandinendoperoxide synthase 2, PPARG: peroxisome proliferator activated receptor gamma, EAT:
epicardial adipose tissue.
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Chapter 5: Summary
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5.1 Research summary
Poor diet quality is a leading contributor to the development of coronary artery disease
(CAD) (1,2). Dietary patterns consider overall food consumption; shifting focus from
emphasizing single foods or nutrients to the overall diet quality, better reflecting how humans
eat (1). Dietary patterns also consider potential synergistic effects of foods in the progression
or mitigation of disease states (1). In vivo studies of atherosclerosis are typically done with
genetically modified rodents models and often use extreme diets (3,4). Though these studies
have provided important insights into disease mechanism, rodents are a poor translational
model for human cardiovascular anatomy and disease pathology (4,5). Diets used in these
studies primarily focus on the quantity of dietary fat, a variable that does not align with
current cardiovascular risk reduction guidance (6). Moreover, though statin medications are
increasingly prescribed in addition to lifestyle modifications there is little data on potential
interactions between diet and statin therapy (7).

Epicardial adipose tissue (EAT) is an adipose tissue depot on the heart, surrounding the
coronary arteries, and is thought to contribute the development and/or progression of CAD
(8,9). Dysfunctional EAT is characterized by adipocyte hyperplasia and hypertrophy,
increased expression of inflammatory cytokines, and increased immune cell infiltration
which may contribute to the progression of CAD by acting locally on the underlying
coronary arteries (8,10). Current evidence suggests that both EAT volume and inflammatory
gene expression are positively associated with CAD. Hence, the modulation of EAT
inflammation is of interest (8,11). As diet quality, exemplified by dietary patterns, effects
both systemic inflammation and CAD, it may also modulate EAT inflammation (12–15).
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Lifestyle modifications and pharmacotherapies for the prevention of CAD, particularly
statins, have been associated with reduced EAT volume (11,16,17). While there is limited
data examining the effect of diet quality on EAT volume, to our knowledge no data exists
examining the effect on of diet quality and statin therapy on EAT gene expression in vivo
(18).

The overall objective of this thesis was to determine the effect of diet quality, statin therapy,
and potential diet x statin interactions on the development of atherosclerosis, specifically in
the left anterior (LAD) coronary artery, and the surrounding EAT. The rationale was that the
modulation of EAT inflammation may be one mechanism by which diet quality and statin
therapy alter CAD progression. To address this objective, we used the Ossabaw miniature
pig; a model we have previously established for the study of dietary patterns and
atherosclerosis (19, Appendix A.3). Pigs were fed a Heart Healthy (HHD) or Western type
diet (WD) with or without atorvastatin (HHD+S and WD+S). Diets were food-based and
designed to reflect human dietary patterns. Diets were matched for macronutrient
composition and fed in isocaloric amounts; reflecting diet quality. The effect of the
respective diets and statin therapy was assessed by transcriptomic analyses of gene
expression in both the LAD coronary artery and the surrounding EAT and by the
determination of EAT fatty acid composition.

We first completed a transcriptomic analysis in a proximal section of the LAD coronary
artery in a subset of 15 pigs (Chapter 2). We hypothesized that compared to pigs fed a HHD,
pigs fed the WD would have higher expression of genes related to atherosclerosis. Using the
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Stary System of histological classification, we previously observed the presence of early
atherosclerosis in the proximal LAD coronary artery; characterized by intimal thickening and
presence of foam cells and macrophages (19,20). Of note, a greater severity of atherosclerotic
lesions was observed in the proximal LAD coronary artery of pigs fed the WD (19). In total
the two-factor analysis in edge R identified 144 genes with an FDR adjusted p value < .1, all
of which had an absolute fold change ≥1.5. Our analysis indicated a strong diet effect (WD
relative to HHD) with the differential expression of 142 genes, a modest statin effect (statin
relative to no statin therapy) with the differential expression of 2 genes (cholinergic receptor
nicotinic beta 4 subunit [CHRNB4] and a gene that has yet to be annotated
[ENSSSCG00000027848]), and no diet x statin effect. Differentially expressed genes
attributable to the WD were largely involved in immune and inflammatory response.
Pathway analysis of differentially expressed genes attributable to the diet effect identified the
up-regulation of 8 pathways which were all involved in immune signaling consistent with the
development of atherosclerosis. In an effort to relate observed gene expression to
atherosclerotic lesion development and cardiometabolic risk factors we examined
associations between two genes representative of the diet effect and the two differentially
expressed statin effect genes. A random forest algorithm was used to select the two diet
effect genes with the highest variable importance measure when classifying pigs with or
without presence of atherosclerosis in the LAD coronary artery. Oxidized LDL receptor
(LOX-1) was identified as the top gene and phosphoinositide-3-kinase adaptor protein 1
(PIK3AP1) as the second. LOX-1 expression had strong positive correlations with plasma Creactive protein (hsCRP) concentrations and Stary score (a histological assessment of
atherosclerosis). PIK3AP1 expression was positively correlated with low-density lipoprotein
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cholesterol LDL-C and high-density lipoprotein cholesterol (HDL-C) concentrations.
Together these data imply that the WD induced expression of genes indicative of early
atherosclerosis and are consistent with prior histological evaluation.

We then sought to examine the effects of the respective diets and statin therapy on the EAT
surrounding the proximal LAD coronary artery section (Chapter 3). We hypothesized that
EAT from pigs fed the WD, relative to the HHD, may be characterized by inflammatory gene
expression. With the FDR adjusted p value cutoff of < 0.1 the two-factor edge R analysis
identified a total of 21 genes with differential expression. There was a modest diet effect
(WD relative to HHD) characterized by the up-regulation of radical s-adenosyl methionine
domain containing 2 (RSAD2), but a more robust statin effect (statin relative to no statin
therapy) characterized by the up-regulation of 15 genes and the down regulation of 2 genes.
In addition to RSAD2, 11 of the genes up-regulated by statin therapy were classified as
interferon stimulated genes (ISGs). There was a significant diet x statin interaction (the effect
of statin on the WD relative to the effect of statin on the HHD) for 4 genes (indoleamine 2,3dioxygenase 1 [IDO1], myosin light chain 4 [MYL4], myosin light chain 7 [MYL7], and
antimicrobial peptide NK-lysin [NKL]). An exploratory pathway analysis identified
interferon signaling as the top pathway for all effects. Both diet and statin effects resulted in
an up-regulation of interferon signaling, whereas the diet x statin interaction resulted in a
down-regulation of interferon signaling. These data imply that in EAT of pigs fed the WD,
relative to the HHD, statin therapy reduced the magnitude of increase or even decreased
expression of these genes. Given the association between EAT inflammation and CAD we
then examined if expression of the differentially expressed genes in EAT was related to
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presence of atherosclerosis. Principle components analysis (PCA) was used to create an EAT
gene expression signature of all differentially expressed genes and logistic regression models
were fitted to classify pigs by the presence of atherosclerosis in the proximal LAD coronary
artery (from prior histological assessment). The first principle component explained 78% of
the variance, was largely representative of ISGs, and was used as the gene expression
signature. The EAT gene expression signature was not associated with the presence of
atherosclerosis and a further assessment of receiver operating characteristic (ROC) curves
indicated the EAT signature was not a better predictor of atherosclerosis than random chance.
Though, ROC curves demonstrated that adding this gene expression signature to a model
with LDL-C and hsCRP concentrations slightly improved the predictive capability (AUC: .74
vs. AUC .79), there was no significant difference between this model and a model that
included only LDL-C and hsCRP concentrations. These results imply that the differentially
expressed genes in EAT likely had limited, if any, local effects on the development of
atherosclerosis in the underlying LAD coronary artery.

Dietary fat type is of particular importance when examining diet quality. The replacement of
saturated fat (SFAs) with polyunsaturated fats (PUFAs) is associated with reduced risk of
CAD (21). EAT fatty acid composition largely exemplified dietary fat composition. EAT of
pigs fed the WD had higher proportions of total SFAs and trans fatty acids; including higher
proportions of palmitic acid and stearic acid. EAT of pigs fed the HHD had higher
proportions total n-6 PUFAs and n-3 PUFAs; including linoleic acid, α-linolenic acid,
eicosapentaenoic acid (EPA), and docosapentaenoic acid (DPA), but not docosahexaenoic
acid (DHA). There was no significant effect of statin therapy or a diet x statin interaction on
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EAT fatty acid composition. Given that both SFAs and PUFAs modulate inflammation we
then assessed associations between EAT SFAs and PUFAs fatty acid composition and the
expression of genes related to inflammation independent of diet and statin therapy. All SFAs
examined (total SFAs, capric, lauric, palmitic, and stearic acids) were positively associated
with the expression of prostaglandin-endoperoxide synthase 2 (PTGS2) and two genes
involved in interferon signaling (interferon regulatory factor [IRF] 7 and interferon induced
protein with tetratricopeptide repeats 1 [IFIT1]). Whereas, total n-6 PUFAs, linoleic acid and
all n-3 PUFAs examined (total n-3, α-linolenic acid, EPA, DPA, and DHA) were positively
associated with free fatty acid receptor 4 (FFAR4), peroxisome proliferator activated receptor
gamma (PPARG) and arachidonate 5-lipoxygenase (ALOX5). DHA was inversely associated
with inflammatory cytokine interleukin 1 beta (IL1B).

5.2 Discussion
Collectively, results from this thesis demostrate that a poor diet quality, exemplified by a
WD, compared to a HHD, induces inflammatory gene expression consistent with the
development of atherosclerosis in the proximal LAD coronary artery but not in the adjacent
EAT. Though, statin therapy only had a modest effect on gene expression in the LAD
coronary artery it had a more pronounced effect in the surrounding EAT. Interestingly, while
the respective diet and statin therapy effects in the LAD coronary artery appeared to be
independent, pathway analysis identified interferon signaling as the top pathway for both the
diet and statin effects in EAT and suggest an interaction. This was an unexpected finding as
we had hypothesized that the WD and statin therapy would have contrasting effects on gene
expression.
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Left Anterior Descending Coronary Artery:
Diet Effect
Differential expression attributable to the diet effect included increased expression of both
LOX-1 and macrophage scavenger receptor (MSR1), scavenger receptors that act to take up
oxidized LDL facilitating the formation of foam cells (22). Additionally, differentially
expressed genes matched to pathways involved in immune signaling and involved in the
development of atherosclerosis including the activation of endothelial cells, migration of
immune cells to the endothelium, activation of macrophages, and the production of reactive
oxygen species (23). Results of both the differential gene expression and pathway analyses
are consistent with our prior histological assessment of early atherosclerosis (intimal
thickening and the presence of foam cells and macrophages) induced by the WD (19).
Moreover, the WD resulted in differential expression indicating increased expression of four
genes (cytochrome P450 family 7 subfamily A member 1 [CYP7A1], ATP binding cassette
subfamily A member 1 [ABCA1], apolipoprotein E, [APOE], and phospholipid transfer
protein [PLTP]) that are associated with increased cholesterol efflux, a mechanism by which
excess cholesterol is transferred to HDL-C and delivered to the liver for subsequent
metabolism or excretion (22,24). This was expected as increased consumption of SFAs, the
predominant fat in the WD, leads to increases in both LDL-C and HDL-C concentrations, a
phenotype we have previously reported in pigs fed the WD (19). It is important to note that
the differential expression of CYP7A1 was not anticipated. In humans, this gene is
predominately expressed in hepatic tissue. However, in pigs CYP7A1 expression has been
identifed in multiple tissues (25). Previous work inducing CYP7A1 expression in
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macrophages was reported to increase expression of ABCA1 and the rate of cholesterol
efflux; hence, its expression here may have a similar role (26).
Statin Effect
Relative to the effect of the WD on LAD coronary artery gene expression the effect of statin
therapy was modest; resulting in the differential expression of two genes. These results align
with our previous work where we observed a significant effect of atorvastatin therapy on
LDL-C concentrations but no significant effect on the presence of atherosclerosis in the
proximal LAD coronary artery (19). The modest effect of statin therapy likely indicates that
the dose of atorvastatin was inadequate to prevent the development of atherosclerosis.
Previous work using this porcine model administered up to 3mg/kg body weight of statin
medication (27).=. In humans, atorvastatin is typically administered at 40mg/day or
80mg/day day, which translates to .6 mg/day and 1.1 mg/day for a 70 kg person. Our pigs
received a maximum of 40mg per day but reached a final mean weight of 80kg (75kg-92kg)
by the conclusion of the study. Nonetheless, one of the genes whose expression was
significantly increased by statin therapy, cholinergic receptor nicotinic beta 4 subunit
(CHRNB4), encodes for part of the α7 nicotinic acetylcholine receptor and has been
demonstrated to inhibit production of inflammatory cytokines in macrophages (28). Hence,
expression here may demonstrate an anti-inflammatory effect of statin therapy.

Epicardial Adipose Tissue:
Diet Effect
Together our transcriptomic analysis and examination of EAT fatty acids indicated there may
be an effect of SFAs on EAT gene expression. We demonstrated that EAT fatty acid
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composition was largely reflective of the respective dietary fat sources; including SFAs. The
positive association between proportions of palmitic, stearic and total SFAs with two genes
involved in interferon signaling (IRF7 and IFIT1), but not the inflammatory cytokines
interleukin 6 (IL-6), interleukin 1 beta (IL-1β) and monocyte chemotactic protein (MCP-1),
is of particular interest. These data align with our transcriptomics analysis identifying the
significant differential expression of interferon signaling but not pro-inflammatory cytokines,
impling that SFAs may potentiate interferon signaling to some extent in EAT. SFAs can
activate TLR2/4; leading to a type I interferon response (29,30). Additionally, previous work
has demonstrated that palmitic acid induces type I interferon expression (31). Though not
significant, relative to the HHD, the WD resulted in a 1.3-fold increase of TLR2 expression.
The overall modest magnitude of the diet effect on EAT may in part be explained by the
endogenous synthesis and preferential storage of SFAs. Proportions of SFAs accounted for
38%-48% of total EAT fatty acid composition across all groups, despite the WD containing
22% energy from anhydrous milk fat (rich in SFAs) and the HHD only containing 9%.
Adipose tissue is the major site of de novo lipogenesis in the pig (32). Thus, endogenous
synthesis and preferential storage of saturated fatty acids may have in part mitigated
significant differences in saturated fatty acid induced gene expression.

Statin Effect
The relatively large gene expression response in EAT to statin therapy may in part be due to
the lipophilic properties of atorvastatin resulting in increased tissue adsorption. A targeted
analysis examining immune and adipocyte markers indicated a significant statin effect
resulting in a 1.75-fold (.81 log fold change) increase of IRF9 expression in addition to ISGs
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(Appendix A.1.2). As this differential expression analysis was only completed on 129 genes
it should be interpreted with caution; however, it suggests the up-regulation in ISGs
attributable to statin therapy may be due to increased type I interferon STAT1/IRF9
signaling. Though few studies have examined the effect of statins directly on IRFs and ISGs,
statins have been reported to reduce viral replication and at least one study has demonstrated
an up regulation of ISGs by simvastatin, or the targeted down-regulation of HMG-CoA
reductase, in vitro (33). The induction of ISGs by statins may be a mechanism by which
statin exert antiviral effects. Additionally, it has been demonstrated that type I interferon
signaling inhibits expression of sterol regulatory element-binding protein-2 (SREBP2) in
vitro (34). Hence, cross talk between pathways to inhibit sterol biosynthesis and viral
replication appears to exist and be a connection between statin medications and interferon
signaling.

Lastly, our differential expression analysis, and targeted analysis examining immune and
adipocyte markers (Appendix A.1.2), in EAT indicated a diet x statin interaction. Interferon
signaling pathways undergo “priming” to heighten response to stimuli under conditions of
low interferon concentrations (34). The WD may have induced type I interferon signaling via
TLRs; whereas, the HHD contained a high proportion of n-3 PUFAs which have known antiinflammatory effect such as the inhibition of TLR signaling by DHA (29). Additionally,
arachidonic acid, and its eicosanoid derivatives, has been reported to inhibit expression of
IDO1 (35–37). An inhibition or reduction in interferon signaling in EAT of pigs fed the HHD
may have resulted in priming; ultimately leading to an exacerbated response with statin
therapy.
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Interferon Signaling:
Interferon signaling is an essential innate immune response against viral and bacterial
pathogens (38). Upon stimuli type I and II interferon signaling induces the expression of
antiviral genes and pro-inflammatory cytokines, that contribute to inflammation (39). In
adipose tissue interferon signaling may be induced in multiple cell types such as adipocytes
and/or immune cells. Diet-induced obesity by a high-fat diet has been shown to induce
interferon signaling in adipose tissue. This response is likely due to increased signaling in
infiltrating immune cells that potentiate adipose tissue inflammation (40). While type II,
IFNγ mediated signaling has been associated with adipose tissue inflammation the effect of
type I interferon signaling and ISGs on adipose tissue inflammation is less clear (41). Reports
have indicated that type I interferon signaling and the expression of RSAD2 may protect
against adipose tissue inflammation (42–44). As the diets in our intervention were matched
for calories and proportion of dietary fat, and there were no significant differences in body
weight among pig groups, we suggest the effect of the WD was mediated by SFA induced
TLR signaling, which activated and potentiated type I interferon signaling. Further, based on
previously published literature we suggest that statin therapy may have induced ISGs by
STAT1/IRF9 type I interferon signaling which may be a mechanism mediating anti-viral
effects of statins. There was wide variation of ISG expression within experimental pig
groups. Such variation in these genes also appears in subcutaneous adipose tissue of the
domestic pig (Appendix A.1.3). Interestingly, for both the diet and statin effect we observed
differential expression of ISGs but not of interferons (INFα, IFNβ, and IFNγ) or
inflammatory cytokines that are also activated by interferon signaling. STAT3 expression is

158
thought to mediate the production of pro-inflammatory cytokines from interferon signaling
(45,46). Previous work has suggested that expression of anti-viral ISGs without a proinflammatory response is indicative of a decrease in the relative expression of STAT1 to
STAT3 and may in part be the case here (Appendix A.1.4) (45,46). The lack of differential
expression in inflammatory cytokines coinciding with the expression of ISGs may explain
why the signature of differentially expressed genes in EAT had no association with
atherosclerosis.

Conclusion
To summarize, in the Ossabaw miniature pig relative to a HHD, a WD induces inflammatory
gene expression indicative of atherosclerosis in the LAD coronary artery but does not have a
similar effect on EAT gene expression. Collectively, we found that statin therapy and to a
lesser extent diet, potentially mediated by SFAs, induced changes in EAT gene expression
related to interferon signaling. However, a gene expression signature indicative of the
differentially expressed genes in EAT was not a significant predictor of the development of
atherosclerosis in the LAD coronary artery and indicates that in EAT the differential
expression of ISGs, without pro-inflammatory cytokines, does not potentiate coronary
atherosclerosis.

5.3 Strengths and limitations
The work of this dissertation is not without limitations. First, RNA sequencing in both the
LAD coronary artery and EAT was done using tissue homogenates. For the arterial tissue this
means that gene expression may reflect endothelium, smooth muscle, adventitia or immune
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cells from the atherosclerotic lesion. Whereas, EAT gene expression may be from adipocytes
or cells in the stromal vascular fraction. RNA sequencing analyses provides a descriptive
assessment of the respective diet and statin therapy on gene expression. However, it cannot
be inferred that is indicative of protein expression or enzyme activity. Diets were fed in
isocaloric amounts but also in excess. Therefore, changes in gene expression that are more
closely associated with obesity would not be detected. In regard to our analysis of dietary fat
type and EAT fatty acid composition we cannot rule out the possibility that other dietary
components, endogenous synthesis, and preferential storage of fatty acids influenced EAT
fatty acid composition. Strengths of our study include the food-based diets we used to
simulate human dietary patterns. This approach better reflects how individuals eat allowing
for an exploration of how diet quality may affect gene expression. Lastly, the use of porcine
models has both strengths and limitations. Porcine models, including the Ossabaw, are an
innovate approach to study the effects of diet quality on both CAD and EAT. Compared to
rodents, porcine models are more similar to humans in terms of anatomy, cardiovascular
pathology, lipoprotein profiles, and presence of EAT (3). Additionally, porcine models are
omnivores making them suitable for the study of multi-component food based human diets
(3,19). However, difficulties associated with porcine research, including the acquisition and
expense of appropriate facilities and personnel, make it challenging to achieve a large sample
size.

5.4 Future work
Though our transcriptomics analysis in the LAD coronary artery indicated a strong diet effect
this analysis was only completed on a subset of 15 pigs. Future work on dietary patterns in
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the Ossabaw miniature pig should attempt to replicate this analysis with a larger number of
pigs and with a higher dose to atorvastatin. Additionally, a larger number of pigs per group
would allow for the use of more advance statistical methods to determine the impact that
changes in gene expression in both the LAD coronary artery and EAT has on the
development of atherosclerosis. Our work identified an effect of atorvastatin on interferon
signaling in EAT which appears to be independent of the expression of pro-inflammatory
cytokines and atherosclerosis development. Future work in the Ossabaw miniature pig should
aim to replicate these findings and determine if this response is specific to EAT or all adipose
tissue depots. As it has been demonstrated in vitro that there is cross talk between sterol
biosynthesis and type I interferon signaling, which may in part mediate observed anti-viral
effects of statins, additional work should be done to determine the effect of atorvastatin on
STAT1/IRF9 dependent type I interferon signaling. Such a study would further elucidate the
impact of statin medications on type I interferon signaling and ISG expression. Together, our
prior evaluation of the Ossabaw miniature pig (Appendix A.3) and the work in this thesis
indicate that the Ossabaw miniature pig is an appropriate translational model for the
evaluation of food-based dietary patterns and atherosclerosis, including diet induced changes
in gene expression. To better align with current dietary and cardiovascular risk reduction
guidance future work should consider the Ossabaw miniature pig for the in vivo assessments
of dietary patterns and CAD.
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A.1 Additional Analyses
A.1.1 Immunofluorescence of in the Left Anterior Descending Coronary Artery
In addition to our RNA sequencing analysis of the anterior descending coronary artery
(LAD), we determined protein expression of vascular markers integral in the development
of atherosclerosis in LAD coronary artery. We assessed monocyte chemoattractant protein
1 (MCP1) and vascular cell adhesion molecule 1 (VCAM1) using antibodies that had been
previously established to work on vascular tissue in the Ossabaw miniature pig.

Methods:
Sample Collection and Processing
The whole heart was perfused in situ and removed at necropsy. Sections 5mm distal from
the coronary bifurcation, right coronary (RC), LAD, and left circumflex (LCX), and
surrounding epicardial adipose tissue, were removed and flash frozen for future analysis.
The whole heart was fixed in 10% neutral buffered formalin. From the base of the aortic
root a 5mm segment of the LAD coronary artery was excised, embedded in paraffin, and
4-5µm sections were cut for slides.

Immunofluorescence
Slides were deparaffinized, rehydrated, and underwent antigen retrieval by steaming with
sodium citrate buffer (pH6). Slides were washed and permeablized with a 1x tris-buffered
saline (TBS) solution containing 0.025% Trition X-100 and incubated with a 10% normal
serum blocking buffer at room temperature. Subsequently slides were incubated with a
rabbit anti-rat MCP-1 (1:100 dilution; 500-P76; PeproTech, Rocky Hill, NJ) or rabbit
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anti-human VCAM1 (1:100 dilution; 500-p300; PeproTech, Rocky Hill, NJ) overnight at
4’C. After washing with 1x TBS solution containing 0.025% Trition X-100 twice and 1x
TBS three times slide were stained with a goat anti-rabbit IgG (H+L) Alexa Fluor 594
conjugate secondary antibody (1:1000 dilution; R37117; Thermofisher/Invitrogen,
Waltham, MA) and mounted with 4’,6-diamidino-2-phenylindole (DAPI) containing
Prolong Gold Antifade mountant (Thermofisher/Invitrogen, Waltham, MA). Coverslips
where sealed onto the slide with nail lacquer. All sections were stained in duplicate and
additional slides omitting the primary or, the primary and secondary antibody, served as
negative controls. Imaging was performed with a Nikon NIS-AR microscope at 20x and
photos were cropped using Adobe Photoshop CC 2015.5 (version 17.0.0). Data
acquisition was completed using CellProfiler (version 2.2.0; Broad Institute Cambridge,
MA).

Statistical Analysis
Statistical analysis was performed using SAS for Windows (version 9.4; SAS Institute,
Cary, NC). Staining was completed in duplicate sections and the average intensity of the
two sections for each pig was used. A two-way ANOVA (PROC GLM) with a TukeyKramer post hoc was used to determine diet, statin and diet x statin interaction effects on
average fluorescence intensity (arbitrary units) of pigs fed a Heart-Healthy diet or
Western diet, with or without atorvastatin (HHD, HHD+S, WD, and WD+S) Residual
plots were assessed to determine normality and data for both MCP1 and VCAM1 was log
transformed for normality. P values < 0.05 were considered statistically significant. A
one-way ANOVA (PROC GLM) Tukey-Kramer post hoc was used to determine

168
differences in average intensity between the respective diet +/- statin groups (HHD,
HHD+S, WD, WD+S) and the intensity of negative control slides.

Results:
There were no significant diet, statin, or diet x statin effects on MCP1 or VCAM1
expression (Table 1). A one-way ANOVA analysis including a negative control group
demonstrate that compared to the negative control, pigs from all groups (HHD, HHD+S,
WD, WD+S), had significantly higher MCP1 and VCAM1 expression (Figure 1).
Figures 2 and 3 display sections of the LAD coronary artery stained with MCP1 and
VCAM1 respectively.
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Figure 1. One-way ANOVA of diet +/- statin groups and negative control slides. A)
mean MCP expression, B) mean VCAM1 expression. Data shown as mean ± SD prior to
log transformation. WD: Western diet, WD+S: Western diet + atorvastatin, HHD: Heart
Healthy diet, HHD+S: Heart Healthy + atorvastatin, MCP1: monocyte chemoattractant
protein 1, and VCAM1: vascular cell adhesion molecule 1.
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Figure 2. Expression of MCP1 in the left anterior descending coronary artery. A)
Western diet, B) Western diet + atorvastatin, C) Heart Healthy diet, D) Heart Healthy diet
+ atorvastatin.
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Figure 3. Expression of VCAM1 in the left anterior descending coronary artery. A)
Western diet, B) Western diet + atorvastatin, C) Heart Healthy diet, D) Heart Healthy diet
+ atorvastatin.
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A.1.2 Inflammation and Adipocyte Metabolism Differential Expression Analysis of
EAT.
To further elucidate potential diet and statin effects on EAT we examined differential
expression in 129 genes related to inflammation and adipocyte metabolism. Table 2.
displays fold change values for diet, statin, and diet x statin interaction differentially
expressed genes and expression values are presented in Online Appendix A2.
Identification of differentially expressed genes was based on the following criteria: an
FDR adjusted p <0.1 and absolute fold change ≥1.5. Differentially expressed genes were
only attributed to main effects (diet and statin) when there was no significant diet x statin
interaction. Ten (7 increased and 3 decreased) differentially expressed genes were found
in EAT of pigs fed the WD relative to the HHD. Genes with increased expression were
largely involved in immune response; specifically, interferon signaling. Notably, the
adipokine leptin (LEP) and adhesion molecule E selectin (SELE) were two of the genes
with decreased expression. Fifteen (10 increased and 5 decreased) differentially
expressed genes were associated with statin use. Similar to the diet effect differentially
expressed genes, these were generally genes involved in immune response with the
specific implication of interferon signaling. Two genes involved in fatty acids
metabolism Prostaglandin-endoperoxide synthase 2 (PTGS2) and Stearoyl-CoA
desaturase (SCD) had decreased expression in EAT of pigs that were given a statin.
Lastly, there were 17 differentially expressed genes with a diet x statin interaction
(Figures 4-7). Sixteen of these genes had a negative diet x statin interaction implying that
the effect of statin was of a lesser magnitude or had an opposite effect on EAT from pigs
fed the WD relative to pigs fed the HHD. These genes were primarily involved in
immune response and specifically tended to be gene induced by interferon signaling.
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Table 2. Diet, statin, and diet x statin interaction differentially expressed genes
related to inflammation and adipocyte metabolism in epicardial adipose tissue
Diet Effect

Gene
Symbol
ABCA1_1
ACAA
ACACA_1
ACAT1
ACOX1
ACSS2
ACAT2

Gene Name
ATP binding cassette
subfamily A member 1
acetyl-CoA acyltransferase
1
acetyl-CoA carboxylase
alpha
acetyl-CoA
acetyltransferase 1
acyl-CoA oxidase 1
acyl-CoA synthetase short
chain family member 2 [
acetyl-CoA
acetyltransferase 2

Statin Effect

Diet x Statin
Effect

logFC

FDR

logFC

FDR

logFC

FDR

0.30

0.479

-0.43

0.338

0.52

0.576

-0.21

0.631

0.00

0.989

-0.11

0.957

-0.55

0.299

-0.62

0.279

0.55

0.684

-0.38

0.285

-0.15

0.730

0.33

0.723

-0.20

0.588

-0.26

0.513

0.19

0.873

-0.54

0.177

-0.39

0.395

0.39

0.718

-0.26

0.658

-0.21

0.749

0.50

0.723

ADD1

adducin 1

-0.22

0.501

-0.20

0.548

0.24

0.758

ADD2

beta-adducin

0.63

0.322

-0.14

0.836

0.82

0.576

ADIPOR1

adiponectin receptor 1

-0.16

0.652

-0.19

0.598

0.14

0.915

ADIPOR2

adiponectin receptor 2

-0.73

0.116

-0.56

0.263

0.73

0.397

angiotensinogen

-0.47

0.285

-0.14

0.765

0.04

0.967

adipose triglyceride lipase

-0.36

0.383

-0.11

0.804

0.21

0.894

-0.06

0.891

-0.14

0.765

0.13

0.957

C-C motif chemokine 5

1.10

0.252

2.34

0.006

-2.49

0.068

cyclin D2

0.95

0.257

0.86

0.348

-0.96

0.588

CD36

CD36 molecule

-0.58

0.135

-0.14

0.765

0.35

0.723

CD4

CD4 molecule

-0.27

0.776

-0.80

0.432

-0.65

0.782

CD40

CD40 molecule

-0.14

0.794

0.23

0.673

-0.29

0.851

CD40 ligand

0.61

0.645

0.28

0.822

-1.25

0.696

CD44

CD44 molecule

0.43

0.285

-0.14

0.765

-0.09

0.957

CD68

CD8 antigen alpha

-0.17

0.745

-0.32

0.548

-0.21

0.915

CD8A

CD68 molecule

1.28

0.244

1.87

0.060

-2.71

0.085

AGT
ATGL
CCL2
CCL5
CCND2

CD40LG

C-C motif chemokine
ligand 2
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CPT1A_1

carnitine

0.16

0.770

-0.13

0.803

0.00

0.999

-0.03

0.924

-0.25

0.548

0.14

0.939

-0.40

0.437

-0.43

0.467

1.10

0.158

-1.31

0.121

-2.19

0.006

2.01

0.137

0.39

0.738

0.45

0.703

-0.41

0.932

3.22

0.019

3.95

0.003

-4.82

0.009

-0.83

0.320

-0.21

0.819

0.12

0.967

-0.46

0.575

-0.99

0.186

0.46

0.851

2.20

0.017

2.23

0.007

-2.03

0.142

-0.51

0.224

-0.18

0.703

0.23

0.858

1.51

0.019

1.54

0.012

-1.36

0.206

-0.17

0.891

-0.57

0.684

0.82

0.809

0.14

0.856

-0.17

0.819

0.07

0.967

-0.14

0.770

-0.12

0.803

0.03

0.967

-0.37

0.730

-1.20

0.232

0.22

0.957

ENSSSCG00000004214

0.94

0.320

-0.02

0.985

0.68

0.809

ENSSSCG00000014565

0.99

0.040

1.19

0.010

-0.97

0.233

ENSSSCG00000021903

2.01

0.024

2.19

0.011

-1.83

0.206

eranscription factor ETV7

3.00

0.017

3.35

0.004

-3.69

0.029

FADS1

fatty acid desaturase 1

0.14

0.745

0.25

0.548

-0.40

0.684

FADS2

fatty acid desaturase 2

-0.04

0.906

-0.02

0.944

0.10

0.957

FASN_1

fatty acid synthase

-0.97

0.193

-0.80

0.338

0.93

0.576

FASN_2

fatty acid synthase

-0.59

0.399

-0.87

0.232

0.87

0.576

fibronectin 1

-0.25

0.745

-1.43

0.023

0.70

0.696

CREB
CTGF
CTHRC1
CTLA4
CXCL10
CXCL2
CYBB
DDX60
DGAT
DHX58
DKK1
DKK2
EDN1
EMR1

ETV7

FN1_2

palmitoyltransferase 1A
cAMP response element
binding protein
connective tissue growth
factor
collagen triple helix repeatcontaining protein 1
cytotoxic T-lymphocyte
associated protein 4
C-X-C motif chemokine 10
chemokine (C-X-C motif)
ligand 2
cytochrome b-245, beta
polypeptide
ATP-dependent
RNA helicase
diacylglycerol Oacyltransferase
ATP-dependent
RNA helicase
dickkopf WNT signaling
pathway inhibitor 1
dickkopf WNT signaling
pathway inhibitor 2
endothelin 1
adhesion G protein-coupled
receptor E1
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GBP1

guanylate-binding protein 1

2.28

0.019

2.91

0.003

-3.19

0.023

GBP6_3

guanylate-binding protein 6

2.59

0.017

3.34

0.001

-3.68

0.009

GPR120

free fatty acid receptor 4

-0.54

0.285

-0.27

0.619

0.03

0.967

HERC5

E3 ISG15--protein ligase

1.65

0.017

1.51

0.012

-1.41

0.173

-0.24

0.583

-0.46

0.299

0.24

0.851

-0.23

0.575

-0.20

0.619

0.18

0.894

0.33

0.583

-0.06

0.915

0.14

0.957

0.16

0.794

-0.13

0.819

0.11

0.957

-0.28

0.525

-0.12

0.801

-0.08

0.957

1.29

0.307

1.25

0.380

-2.32

0.239

2.69

0.018

3.39

0.003

-4.31

0.009

1.20

0.021

1.26

0.012

-1.05

0.233

0.99

0.078

1.19

0.022

-0.92

0.367

0.08

0.883

0.40

0.491

-0.18

0.937

1.55

0.017

1.63

0.007

-1.57

0.133

0.62

0.244

0.41

0.493

-0.45

0.723

1.14

0.080

1.43

0.015

-1.34

0.201

-0.18

0.588

-0.21

0.548

0.19

0.851

HIF1A
HMGB1

hypoxia inducible factor 1
alpha subunit
high mobility group box 1
3-hydroxy-3-

HMGCR

methylglutaryl-CoA
reductase
3-hydroxy-3-

HMGCS1

methylglutaryl-CoA
synthase 1

ICAM1
ICOS
IDO1
IFI44

intercellular adhesion
molecule 1
inducible T cell
costimulator
indoleamine 2,3dioxygenase 1
interferon-induced protein
44
interferon induced protein

IFIT1

with tetratricopeptide
repeats 1
interferon induced protein

IFIT2

with tetratricopeptide
repeats 2
interferon induced protein

IFIT3

with tetratricopeptide
repeats 3
interferon induced protein

IFIT5

with tetratricopeptide
repeats 5

IFITM1
IFNGR1

interferon-induced
transmembrane protein 1
interferon gamma receptor
1
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IL-6

interleukin 6

-1.06

0.254

-0.64

0.538

1.08

0.596

IL10

interleukin 10

-0.32

0.730

-0.61

0.513

0.23

0.957

IL1B

interleukin 1 beta

0.04

0.936

-0.56

0.513

0.16

0.957

interleukin 8

0.81

0.631

-2.23

0.173

-0.27

0.967

-0.09

0.807

0.05

0.908

0.02

0.967

0.05

0.891

0.02

0.944

-0.13

0.937

-0.10

0.837

-0.40

0.401

0.07

0.967

0.19

0.864

-0.35

0.765

-0.07

0.967

0.91

0.307

1.12

0.232

-1.11

0.576

0.63

0.177

0.81

0.061

-0.75

0.363

1.65

0.025

2.12

0.003

-2.03

0.085

integrin subunit alpha M

-0.35

0.588

-1.00

0.080

0.35

0.851

LEP

leptin

-1.02

0.091

-0.66

0.344

0.38

0.851

LIPE

hormone sensitive lipase E

-0.50

0.338

-0.35

0.548

0.46

0.730

LXR

liver X receptor

-0.08

0.837

-0.12

0.765

0.10

0.957

MGLL

monoglyceride lipase

-0.37

0.299

-0.13

0.765

0.15

0.932

MMP-2

matrix metallopeptidase 2

-0.49

0.252

-0.59

0.155

0.46

0.627

MMP7

matrix metallopeptidase 7

1.44

0.293

-0.40

0.803

-0.21

0.967

MMP9

matrix Metallopeptidase 9

1.96

0.177

-2.29

0.127

-1.16

0.758

1.65

0.017

1.57

0.008

-1.52

0.137

-0.15

0.631

-0.15

0.673

-0.02

0.967

-0.46

0.540

-0.89

0.213

0.78

0.609

-0.04

0.906

-0.03

0.944

-0.09

0.957

0.03

0.931

0.03

0.942

-0.16

0.932

IL8
IRF2
IRF3
IRF5
IRF6
IRF7
IRF9
ISG12(A)
ITGAM

MX1
MYD88
NCF1
NFKB1
NFKB2

interferon regulatory factor
2
interferon regulatory factor
3
interferon regulatory factor
5
interferon regulatory factor
6
interferon regulatory factor
7
interferon regulatory factor
9
interferon alpha-inducible
protein 27

Interferon-induced GTPbinding protein Mx1
myeloid differentiation
primary response gene 88
neutrophil cytosolic factor
1
nuclear factor kappa B
subunit 1
nuclear factor kappa B
subunit 2
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NKL

antimicrobial peptide NKlysin

1.88

0.091

3.09

0.003

-4.07

0.009

NOS

nitric oxide synthase

-0.55

0.158

-0.34

0.455

0.48

0.588

NOS1

nitric oxide synthase 1

-0.16

0.837

-0.78

0.348

1.42

0.233

NOS2A

nitric oxide synthase 2

-0.28

0.631

-0.07

0.909

0.27

0.894

1.40

0.017

1.56

0.003

-1.38

0.086

1.44

0.028

1.91

0.003

-1.54

0.158

-0.63

0.320

0.55

0.465

-0.74

0.609

OAS1
OAS2

2'-5'-oligoadenylate
synthase 1
2'-5'-oligoadenylate
synthase 2
1-phosphatidylinositol 4,5-

PLCH2

bisphosphate
phosphodiesterase eta-2

PLIN1

perilipin 1

-0.70

0.108

-0.20

0.703

0.34

0.758

PLIN2

perilipin 2

-0.49

0.268

-0.43

0.379

0.59

0.538

PLIN4

perilipin 4

-0.64

0.193

-0.37

0.513

0.68

0.531

-0.72

0.254

-0.41

0.548

0.52

0.737

-0.38

0.307

-0.35

0.422

0.26

0.809

-0.56

0.135

-0.21

0.619

0.13

0.939

-0.94

0.166

-0.43

0.548

0.80

0.596

-0.09

0.837

-0.30

0.548

0.11

0.957

-0.81

0.299

-1.44

0.053

1.29

0.363

-2.09

0.017

-3.58

0.000

3.34

0.009

3.31

0.000

3.29

0.000

-3.02

0.016

scavenger receptor class B

-0.55

0.158

-0.29

0.513

-0.05

0.967

SCD

stearoyl-CoA desaturase

-0.60

0.383

-1.29

0.044

0.89

0.576

SELE

E selectin

-1.45

0.055

-0.57

0.529

1.09

0.538

-0.49

0.285

-0.68

0.137

0.38

0.741

PPARALP

peroxisome proliferator

HA

activated receptor alpha

PPARD
PPARG
PPARGC1
B
PTGS1
PTGS2
PTN

peroxisome proliferator
activated receptor delta
peroxisome proliferator
activated receptor gamma
PPARG coactivator 1 beta
prostaglandin-endoperoxide
synthase 1
prostaglandin-endoperoxide
synthase 2
pleiotrophin
radical S-adenosyl

RSAD2

methionine domaincontaining protein 2

SCARB1

SFRP1

secreted frizzled related
protein 1
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SFRP5
SLPI

secreted frizzled related
protein 5
secretory leukocyte
peptidase inhibitor

-0.27

0.501

-0.09

0.819

0.03

0.967

0.30

0.525

0.76

0.060

-0.92

0.160

SOD1

superoxide dismutase 1

-0.03

0.931

-0.05

0.915

0.08

0.957

SOX2

transcription factor SOX-2

0.95

0.320

1.46

0.128

-0.70

0.763

0.54

0.415

0.62

0.401

-0.65

0.697

0.17

0.745

0.27

0.619

-0.16

0.939

-0.21

0.583

-0.36

0.348

0.32

0.719

-0.46

0.144

-0.17

0.620

0.28

0.723

-0.54

0.285

-0.34

0.548

0.76

0.397

-0.15

0.717

-0.28

0.513

0.00

0.999

STAT1
STAT2
STAT3
STAT5B
TCF7L2
TGFB1

signal transducer and
activator of transcription 1
signal transducer and
activator of transcription 2
signal transducer and
activator of transcription 3
signal transducer and
activator of transcription 5b
transcription factor 7 like 2
transforming growth factor
beta 1

TLR2

toll-like recptor 2

0.18

0.717

-0.35

0.493

-0.18

0.932

TLR4

toll-like recptor 4

-0.26

0.583

-0.60

0.175

0.37

0.730

tropomodulin-1

0.15

0.794

-0.75

0.175

1.08

0.205

-0.04

0.906

-0.29

0.493

0.03

0.967

1.29

0.031

1.42

0.014

-1.13

0.286

-0.52

0.320

-0.83

0.128

0.47

0.730

TMOD1
TRAF3
UBP
VCAM1

TNF receptor associated
factor 3
ubiquitin specific peptidase
1
vascular adhesion molecule
1

WNT5A

Wnt family member 5A

-0.36

0.631

-0.92

0.178

0.33

0.894

XAF1

XIAP associated factor 1

1.72

0.018

2.09

0.003

-1.88

0.091

*FDR adjusted p value <0.1, ** FDR adjusted p value <0.05
EAT: epicardial adipose tissue, FC: fold change, HHD: Heart Healthy diet, WD: Western diet,
Diet effect: WD relative to HHD, Statin effect: statin relative to no statin, Diet x Statin: effect of
statin on WD relative to the effect of statin on the HHD.
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Figure Captions
Figure 4. Interaction plots displaying mean expression in reads per kilobase million
(rpkm) of differentially expressed genes with a significant diet x statin interaction. Y:
Yes, N: No A) IDO1: Indoleamine 2,3-dioxygenase 1, B) MYL4: Myosin light chain 4,
C) MYL7: Myosin light chain 7, D) NKL: Antimicrobial peptide NK-lysin.

Figure 5. Interaction plots displaying mean expression (rpkm) of genes with a significant
diet x statin interaction from a differential expression analysis of immune and adipocyte
markers. A) CCL5: C-C motif chemokine 5, B) CD8A: CD8 antigen alpha, C) CXCL10:
C-X-C motif chemokine 10, D) DDX60: ATP-dependent RNA helicase, E) DHX58:
ATP-dependent RNA helicase, F) ETV7: Transcription factor ETV7.

Figure 6. Interaction plots displaying mean expression (rpkm) of genes with a significant
diet x statin interaction from a differential expression analysis of immune and adipocyte
markers. A) GBP1: Guanylate-binding protein 1, B) GBP6: Guanylate-binding protein 6,
C) ISG12A: Interferon alpha-inducible protein 27, D) OAS1: 2'-5'-oligoadenylate
synthase 1, E) PTN: Pleiotrophin, F) RSAD2: Radical S-adenosyl methionine domaincontaining protein 2.

Figure 7. Interaction plots displaying mean expression (rpkm) of genes with a significant
diet x statin interaction from a differential expression analysis of immune and adipocyte
markers. A) Unknown 1: ENSSSCG00000014565, B) Unknown 2:
ENSSSCG00000021903, C) XAF1: XIAP associated factor 1.
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Figure 4.

Figure 5.
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Figure 6.
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Figure 7.
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NCBI: National Center for Biotechnology and Information, RPKM: reads per kilobase of transcript, per million mapped
reads, WD: Western diet, WD+S: Western diet + atorvastatin, HHD: Heart Healthy diet, HHD+S: Heart Healthy +
atorvastatin.

1

A.1.3 Average expression levels of significant ISGs in Ossabaw epicardial adipose tissue and NCBI reference values in
subcutaneous adipose tissue from the domestic pig and humans.1
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A.1.4 Mean Expression of STAT1 and STAT3 in Epicardial Adipose Tissue

Figure 8. Mean expression of STAT1 and STAT3 in pigs fed the WD or HHD with or
without statin. Data shown as mean reads per kilobase of transcript, per million mapped
reads (rpkm). WD: Western diet, WD+S: Western diet + atorvastatin, HHD: Heart
Healthy diet, HHD+S: Heart Healthy + atorvastatin, STAT1: Signal transducer and
activator of transcription 1, STAT3: Signal transducer and activator of transcription 3.
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A.1.5 Associations Between Serum and EAT Fatty Acids, and Gene Expression
In addition to our analysis of select epicardial adipose tissue (EAT) saturated fatty acids
(SFAs) and polyunsaturated fatty acids (PUFAs) with the expression of related to
inflammation we examined the same serum fatty acids with the expression of these genes
(Chapter 4). Table 3 displays Spearman’s correlation coefficients between both serum
and EAT fatty acids with gene expression. As expected EAT and serum fatty acids with
strong correlations between them had similar correlations with gene expression. Of note,
serum and EAT capric, stearic and arachidonic acids were not strongly correlated and
resultantly had differing correlations with gene expression. Unlike EAT, proportions of
serum capric acid had a significant moderate negative correlation with interleukin 1 beta
(IL1B) and relatively strong significant correlations with interferon regulatory factor 7
(IRF7) and interferon induced protein with tetratricopeptide repeats 1 (IFIT1). Contrary
to EAT stearic acid, serum stearic acid did not have significant correlations with
peroxisome proliferator activated receptor gamma (PPARG) or (free fatty acid receptor
4) FFAR4 but had significant moderate negative associations with IRF7 and IFIT1.
While EAT arachidonic acid did not have significant associations with the expression of
any genes, serum arachidonic acid had a significant association with four genes,
including a moderate positive association with interleukin 6 (IL6) and a moderate
negative association with IRF7.

FFAR4
EAT r Serum r
-0.46
-0.35
-0.26
-0.09
-0.27
-0.03
-0.45
-0.37
-0.47
0.24
0.50
0.48
0.50
0.45
0.19
0.18
0.39
0.47
0.46
0.36
0.41
0.47
0.55
0.33
0.22
0.30

PTGS2
EAT r Serum r
0.41
0.23
0.01
0.02
0.03
0.31
0.41
0.23
0.35
-0.12
-0.49
-0.09
-0.49
-0.13
-0.12
0.08
-0.38
-0.25
-0.52
-0.40
-0.42
-0.16
-0.40
-0.12
-0.13
-0.15

ALOX5
EAT r Serum r
-0.04
-0.05
-0.36
0.23
-0.27
-0.10
-0.13
0.07
0.10
-0.20
0.12
-0.13
0.12
-0.08
0.05
-0.18
0.07
0.07
0.10
-0.08
0.18
0.03
0.25
0.30
0.23
0.05
EAT r
0.09
-0.11
0.04
0.07
0.01
-0.04
-0.04
-0.03
-0.10
-0.05
-0.09
0.03
-0.34

IL1B
Serum r
0.13
-0.37
0.05
-0.02
0.30
0.04
0.10
0.08
0.03
0.08
0.11
0.17
-0.12
EAT r
-0.09
-0.18
-0.16
-0.10
-0.15
-0.02
-0.02
-0.04
0.02
-0.03
0.01
0.04
-0.03

IL6
Serum r
0.07
-0.19
0.02
-0.10
0.24
0.06
0.01
0.34
0.20
0.11
0.13
0.26
0.06

MCP1
EAT r Serum r
0.07
0.06
-0.19
0.07
-0.09
-0.22
0.01
0.08
0.13
-0.06
-0.05
-0.19
-0.06
-0.04
0.12
-0.24
-0.16
0.17
-0.03
0.06
-0.05
0.09
0.03
0.38
-0.26
0.03
EAT r
0.12
-0.30
-0.17
0.14
0.08
-0.15
-0.15
0.00
-0.15
-0.17
-0.12
0.03
-0.19

TLR4
Serum r
-0.10
-0.07
0.02
-0.03
-0.15
0.13
0.21
-0.14
-0.04
-0.01
0.05
0.14
-0.23
EAT r
0.24
-0.31
-0.10
0.23
0.32
-0.20
-0.20
-0.01
-0.17
-0.22
-0.16
-0.09
0.06

TLR2
Serum r
0.11
0.25
0.00
0.13
-0.06
-0.02
0.00
0.11
-0.16
-0.30
-0.17
0.02
-0.02

EAT r
0.15
-0.23
0.07
0.07
0.26
-0.06
-0.06
0.24
-0.13
-0.06
-0.06
0.04
-0.12

IRF3
Serum r
0.31
0.22
0.06
0.26
0.11
-0.35
-0.28
0.15
-0.04
-0.20
-0.15
0.30
0.04

EAT r
0.44
-0.08
0.17
0.37
0.57
-0.33
-0.32
0.07
-0.32
-0.33
-0.29
-0.22
-0.05

IRF7
Serum r
0.30
0.54
0.22
0.41
-0.30
-0.51
-0.42
-0.22
-0.35
-0.51
-0.41
-0.08
-0.14

EAT r
0.41
0.27
0.27
0.37
0.50
-0.43
-0.43
0.26
-0.35
-0.40
-0.25
-0.42
-0.02

IFIT1
Serum r
0.39
0.45
0.14
0.56
-0.37
-0.63
-0.61
-0.07
-0.36
-0.42
-0.55
-0.11
-0.09

PPARG
FFAR4
PTGS2
ALOX5
IL1B
IL6
MCP1
TLR4
TLR2
IRF3
IRF7
IFIT1
EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r EAT r Serum r
-0.43
-0.53
-0.25
-0.61
0.15
0.25
-0.27
-0.24
0.03
-0.13
-0.06
-0.13
-0.11
-0.05
-0.04
-0.17
-0.06
-0.07
-0.09
0.00
0.07
0.28
0.33
0.46
0.40
-0.07
0.42
-0.42
-0.28
0.14
-0.08
0.10
0.03
-0.35
0.23
-0.25
-0.11
0.05
0.03
0.01
-0.24
0.01
-0.25
0.03
-0.58
0.46
-0.50
0.56
-0.62
-0.60
-0.43
-0.40
0.47
0.33
-0.14
-0.23
0.06
0.09
0.00
-0.08
0.07
-0.06
0.16
-0.10
0.18
-0.07
0.11
0.01
0.36
0.24
0.44
0.35
0.04
0.50
-0.01
0.41
-0.08
-0.26
0.36
0.15
-0.04
-0.06
0.10
0.16
0.35
-0.07
0.09
0.01
0.27
0.03
0.37
0.01
0.19
-0.30
0.39
-0.28

PPARG
EAT r Serum r
-0.55
-0.53
-0.44
0.12
-0.45
-0.34
-0.54
-0.39
-0.48
-0.18
0.66
0.37
0.68
0.39
0.09
-0.06
0.56
0.51
0.64
0.40
0.62
0.46
0.68
0.37
0.47
0.38

Correlation coefficients represent pooled analysis of pigs, n=29. EAT: epicardial adipose tissue, SFA: saturated fatty acids, PUFA: polyunsaturated fatty acids,
EPA: eicosapentaenoic acid, DPA: docosapentaenoic acid, DHA: docosahexaenoic acid, SCD1: stearoyl-CoA-desaturase 1 ( 161n-7/16:0), SCD2: stearoyl-CoAdesaturase (18:1n-9/18:0), D5D: delta-5-desaturase (20:4n-6/20:3n-6), D6D: delta-6-desaturase (20:3n-6/18:2n-6), TLR4: toll like receptor 4, TLR2: toll like
receptor 2, FFAR4: free fatty acid receptor 4, IL1B: interleukin 1 beta, IL6: interleukin 6, MCP1: monocyte chemotactic protein, PTGS2: prostaglandinendoperoxide synthase 2, ALOX5: arachidonate 5-lipoxygenase, PPARG: peroxisome proliferator activated receptor gamma, IRF3: interferon regulatory factor 3,
IRF7: interferon regulatory factor 7, IFTIT1: interferon induced protein with tetratricopeptide repeats 1.
Bold values for fatty acids indicate significant after a Bonferroni adjustment for 156 comparisons (p ≤ .0003)
Bold values for estimated desaturase activities indicate significant after a Bonferroni adjustment for 48 comparisons (p ≤ .001)

1

SCD1
SCD2
D5D
D6D

Fatt Acid (mol
%)

SFA
Capric Acid
Lauric Acid
Palmitic Acid
Steric Acid
PUFA n6
Linoleic Acid
Arachidonic Acid
n3 PUFA
Alpha Linolenic
EPA
DPA
DHA

Fatt Acid (mol
%)

Table 3. Spearman’s correlation coefficients between proportions (mol%) of EAT fatty acids and EAT gene expression (rpkm) of Ossabaw
miniature pigs.1
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A.2 Methods
A.2.1 RNA Extraction from Adipose Tissue Using the RNeasy Plus Universal Midi
Kit
Prior to procedures:
1. Clean working area and all tools/instruments with RNase Zap or 70% ethanol.
2. Keep tissue samples on dry ice to ensure that tissue stays completely frozen. NEVER
LET THE TISSUE THAW, RNase degradation will occur! Be careful not to
hold/touch tissue samples for too long as the heat from your hand can thaw the tissue.
3. Determine the correct amount of starting material. A maximum of 250mg can
generally be processed by the RNeasy Plus Universal Midi Kit. Too much tissue will
exceed the RNA binding capacity of the spin column and the lysing capacity of the
QIAzol reagent.
a. Exceptions: Brain and adipose tissue can have a maximum of 500mg. Tissue
with high RNA content (liver, spleen, thymus) use a maximum of 150mg.
b. Average tissue yields from various tissues are provided in the RNeasy
Universal handbook.
4. If not already done weigh tissue quickly without thawing it to determine average
amount of material. Keep tissue on dry ice at all times and do not let tissue thaw!
5. RWT buffer is provided in the kit as a concentrate. Before using, add 2 volumes of
ethanol (96-100%) as indicated on the bottle. Mark the bottle when done.
6. RPE buffer is is provided in the kit as a concentrate. Before using, add 4 volumes of
ethanol (96-100%) as indicated on the bottle. Mark the bottle when done.
7. Determine the appropriate amount of RNase-free water for RNA elution.
Expected total RNA yield
RNase-free water
< 150 ug
150ul
150ug – 1 mg
250ul
8. Set centrifuge on 4’C.
Adipose Tissue Homogenization
1. Keep tissue samples frozen on dry ice!
2. Prepare a set of 15ml conical tubes for each sample.
a. Sterile tubes
b. Label for each sample
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c. Add 3ml Qiazol
3. Prepare the following solutions to clean the polytron before and after each sample.
Solutions may be used no more than two times. When cleaning after the last sample
do not rinse with Qiazol (Trizol). Example: for 6 samples you would need 4 sets of
cleaning solutions and only 3 tubes of 6 ml Qiazol.
a. 15 ml conical tube with 8 ml of DEPC treated H2O
b. 15 ml conical tube with 8 ml Bleach
c. 15 ml conical tube with 8 ml of DEPC treated H2O
d. 15 ml conical tube with 8 ml of DEPC treated H2O
e. 15 ml conical tube with 8 ml of 100% EtOH
f. 15 ml conical tube with 6ml Qiazol (Trizol)
4. Clean polytron axle with the cleaning solutions in the following order:
a. 15 ml conical tube with 8 ml of DEPC treated H2O
b. 15 ml conical tube with 8 ml Bleach
c. 15 ml conical tube with 8 ml of DEPC treated H2O
d. 15 ml conical tube with 8 ml of DEPC treated H2O
e. 15 ml conical tube with 8 ml of 100% EtOH
f. 15 ml conical tube with 6ml Qiazol (Trizol)
5. With sterile instruments (rinsed with 70% ethanol after frist use) take a small piece of
tissue (25mg) and put in the corresponding pre-labeled tube containing 3 ml of
Qiazol (Trizol).
6. Homogenize with the polytron at a maximum speed for 1 minute. Make sure that the
tip of the axle is not taken out of the tube before stopping homogenization (avoid
splashing and foaming).
7. Cap and place the sample on ice.
8. Clean polytron as stated in Step 4 and repeat homogenization for the next sample.
Purification of Total RNA Using the RNeasy Plus Universal Midi Kit
1. Place tubes containing the homogenate on the benchtop at RT (15-25’C) for 5
minutes.
a. Promotes dissociation of the nucleoprotein complexes.
2. Add 500ul gDNA Eliminator Solution. Securely cap the tube containing the
homogenate, and shake it vigorously for 15 seconds.
a. gDNA Eliminator Solution will effectively reduce genomic DNA
contamination of the aqueous phase, making further treatment with DNase
unnecessary.
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3. Add 1ml chloroform. Securely cap the tube containing the homogenate, and shake
vigorously for 15 seconds.
a. Thorough mixing is important for subsequent phase separation.
4. Place the tubes on the benchtop at RT for 2-3 minutes.
5. Centrifuge at 5000 x g for 15 minutes at 4’C. After set the centrifuge to RT (15-25’C)
if the same centrifuge is being used for all steps in the procedure.
a. After centrifugation the sample separates into 3 phases:
i. An upper, colorless, aqueous phase containing RNA (approx. 3ml)
ii. A white interphase
iii. A lower, red organic phase
6. Transfer the upper, aqueous phase to a new tube (not supplied).
7. Add 1 volume (usually 3ml) of 70% ethanol, and mix thoroughly by vortexing.
Proceed immediately to the next step.
a. Precipitates may be visible after the addition of ethanol. Shake vigorously to
re-suspend and proceed immediately to the next step.
8. Transfer up to 4ml of sample to an RNeasy Midi spin column place in a 15ml
collection tube. Close the lid gently, and centrifuge for 5 minutes at 3000-5000 x g at
RT.
9. Discard the flow-through and re-use the collection tube.
10. Repeat Step 8 using the remainder of sample (up to 4ml).
11. Discard the flow-through and re-use the collection tube.
12. Add 4 ml RWT Buffer to the RNeasy spin column. Close the lid gently, and
centrifuge for 5 minutes at 3000-5000 x g at RT.
13. Discard the flow-through and re-use the collection tube.
14. Add 2.5 ml RPE Buffer to the RNeasy spin column. Close the lid gently, and
centrifuge for 2 minutes at 3000-5000 x g at RT.
15. Discard the flow-through and re-use the collection tube.
16. Add 2.5 ml RPE Buffer to the RNeasy spin column. Close the lid gently, and
centrifuge for 5 minutes at 3000-5000 x g at RT.
a. Centrifugation dries the spin column membrane, ensuring that no ethanol is
carried over during RNA elution. Residual ethanol may interfere with
downstream reactions.
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17. After centrifugation carefully remove the RNeasy spin column from the collection
tube and place and a new 15 ml collection tube. Be sure that the column does not
contact the flow-through as carry of ethanol will occur.
18. Add the appropriate amount of RNase-free water directly to the spin column
membrane.
a. Be sure to add water directly to the center of the membrane and not the side
of the column! Do not touch the membrane with the pipet tip as this may
puncture it!
19. Let column sit 1 minute then centrifuge for 3 minutes at 3000-5000 x g.
20. Repeat Steps 18 and 19 using another volume of RNase-free water, or using the elute
from Step 19.
a. If using the eluate from step 19, the RNA yield will be 15-30% less than that
obtained using a second volume of RNase-free water, but the final RNA
concentration will be higher.
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A.2.2 DNase Treatment
Reagents
• RNase Inhibitor (Ambion Cat# AM2682/84)
• 10x buffer
• Turbo DNase (4 U/sample) (Ambion Cat#AM2239)
• DNase inactivation reagent
• (n x2) 1.5ml tubes
Prior to Procedure
1. Set Thermomixer to 37’C
Procedure
1. Add the following to 1.5ml tubes in the following order
a. 20ul untreated RNA sample
b. 4ul RNase inhibitor
c. 2ul of 10x buffer (0.1 volume)
d. 1ul of Turbo DNase
2. Vortex gently and incubate at 37’C for 30 minutes
3. Add 1ul DNase to mixture. Incubate again at 37’C for 30 minutes.
4. Vortex DNase inactivation reagent. Add 5.7ul to mixture (0.2 volume).
5. Vortex mixture well and incubate at RT for 5 minutes (Flick the tube several times
throughout this incubation to ensure the efficient capture of DNase).
6. Centrifuge at 10,000 rpm for 2 minutes.
7. Transfer RNA to fresh tubes. Store at -80’C.
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A.2.3 L-32 PCR
Materials and Equipment
• 96-well PCR plate
• Optical Adhesive Film
• Aluminum foil
• 1.5ml tube
Reagents
• RNase-free water
• L-32 Forward/Reverse Primers and Probe
• ROX mix (ABgene ROX; ABI-7700/7900)
• Positive control DNA
Prior to Procedure
1. Using the L-32 calculatio template, determine the volume of Forward and Reverse
primers, probe, H2O, and ROX Mix needed for (n samples + 2 controls + excess).
2. Create a plate layout that shows into which wells the samples/controls will be applied.
3. Clean all surfaces with RNase Zap or 70% ethanol. All supplies and instruments
should be crosslinked.
4. Probe and ROX mix are light sensitive. Exposure to light should be avoided.
5. Use aluminum foil to keep the finished plate covered.
Procedure
1. Based on the calculations from above, add H2O, ROX Mix, and F/RP to an RNasefree tube. Vortex the mixture.
2. Using the single-channel electronic pipet, add 24ul of the mixture to each sample well
and to control wells.
3. Add 1ul of sample to each of the corresponding wells (see plate layout).
4. Add 1ul of DNA to positive control well and 1ul of H2O to the negative control well.
5. Visually check to make sure all used wells have equal volumes.
6. Seal the plate with optical (PCR grade) adhesive film and centrifuge at 1000 x g for 1
minute a 4’C.
7. Run the plate
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A.2.4 TruSeq RNA Prep v2
Equipment
• Thermocycler
• Experion Bioanalyzer (Bio-Rad)
• Real time PCR machine
• Centrifuge
• Vortexer
Materials and Supplies
• Micropipettes
o 10ul
o 50ul
o 200ul
o 300ul
o 1000ul
• Filtered, sterile pipet tips
• Reagent reservoirs (6+)
• .3ml 96 well plates (5+)
• Adhesive plate seals (18+)
• Optical plate seals
Reagents
• TruSeq RNA Sample Prep Kit-v2, 48, Set B:
o Insert
• NextSeq 500/550 Highout Kit v2 (150 cycles):
o Insert
• RNase/DNase free Ultrapure H2O (1000ml bottle)
• Agencourt AMPure XP Beads (Beckman Coulter, 60ml bottle)
• Library Quantification Kit – Illumina/ABI Prism (KAPA Biosystems, 500 x 20ul
reactions)
• DNA 1K chips with reagents (BioRad)
• Reverse transcriptase
Prior to protocol:
• RNA isolation, DNase, L-32, quality, calculate dilutions
• Thermocycler settings, turn on
• Take out necessary reagents and note what temperature they should be
thawed at
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TruSeq RNA Prep v2: Example Workflow
Day 1:
Purify and Fragment mRNA
Frist Strand cDNA Synthesis
Second Strand cDNA Synthesis
Repair Ends
Day 2:
Adenylate 3’ Ends
Ligate Adapters
PCR Amplification
Day 3:
Validate Library
Normalize and Pool Libraries
Purify and Fragment mRNA
This process purifies the polyA containing mRNA molecules using oligo-dT attached
magnetic beads using two rounds of purification. During the second elution of the polyA
RNA, the RNA is also fragmented and primed for cDNA synthesis.
Reagents
Bead binding buffer
Bead washing buffer
Elute, Prime, Fragment Mix
Elution buffer
Resuspension buffer
RNA purification buffer

Thaw at RT
Long thaw in H2O at RT
Thaw at RT
Thaw at RT
Long thaw in H2O at RT
Bring to RT

Consumables
96 well 0.3ml plate
Plate Seals
Reagent Reservoirs
Cold plate holder

1. Dilute RNA to 50ul final volume.
a. All samples must be diluted to a final volume of 50ul containing the desired
volume of RNA. We prepared each sample to have a contain 1000ng RNA in
50ul of RNase/DNase free water.
2. Vortex RNA Purification Beads. Add 50ul, seal plate, and mix by vortexing gently.
a. Beads should be homogenously mixed through out the sample. Ensure that the
beads are properly mixed in EACH well. Vortex the plate at a medium speed.
If the speed is too high then some sample may stick to the seal. If this is the
case centrifuge the plate for 5 seconds at a time until sample is back in the
well. When using the beads centrifuging for too long has a risk of pelleting the
beads at the bottom of the well.
3. mRNA Denaturation (Thermocycler program).
a. 65’C for 5 minutes
b. Hold at 4’C
4. Incubate at RT for 5 minutes.
5. Incubate on magnetic stand for 5 minutes.
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6. Discard supernatant, remove from magnetic stand.
a. Beads will pellet on the side of the well in contact with the magnet. Bring
pipet down on on the opposite site of the well and remove supernatant without
disturbing the beads. If beads are disturbed and do mix into the supernatant
must re-pellet on the magnetic stand.
b. Set pipet at 200ul
7. Add 200ul Bead Wash Buffer and mix thoroughly by pipetting up and down.
a. Beads should be homogenously mixed through out the sample!!
8. Incubate on magnetic stand for 5 minutes.
9. Discard supernatant, remove from magnetic stand.
a. Make sure to remove all supernatant. If any remains go in again with a 10ul
pipet.
10. Add 50ul Elution Buffer. Seal plate and mix thoroughly by carefully vortexing.
a. If vortexing does not work than mix with pipet.
11. mRNA Elution (Thermocycler program).
a. 80’C for 2 minutes
b. Hold at 25’C
12. Add 50ul Bead Binding Buffer. Pipette up and down.
a. Beads should be homogenously mixed through out the sample!!
13. Incubate at RT for 5 minutes.
14. Incubate on magnetic stand for 5 minutes.
15. Discard supernatant, remove from magnetic stand.
16. Add 200ul Bead Wash Buffer and mix thoroughly by pipetting up and down.
17. Incubate on magnetic stand for 5 minutes.
18. Discard supernatant, remove from magnetic stand.
a. If any remains go in again with a 10ul pipet. Make sure all the supernatant is
removed after last wash!!
19. Add 19.5ul Elute, Prime, Fragment Mix. Seal plate and vortex carefully, making
sure beads are fully re-suspended.
20. Elution 2- Frag/Prime (Thermocycler program).
a. 94’C for 8 minutes
b. Hold at 4’C
21. Vortex and centrifuge (5 seconds).
a. While incubating in the Thermocycler some sample may precipitate to the
sides of the well or seal. With such a small volume want to make sure that all
of the sample is in the bottom on the well and not on the seal in order to
transfer 17ul in the next step.
b. Note that all centrifuging is for short periods of time 5-10 seconds as the
centrifuge is getting to speed.
Frist Strand cDNA Synthesis
Reverse transcribes the cleaved RNA fragments primed with random hexamers into first
strand cDNA using reverse transcriptase and random primers.
Reagents

Consumables
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Frist Strand Master Mix
Thaw at RT
SuperScript II Reverse
Keep on Ice
Transcriptase
Add 50ul Superscript II to FSM tube, mix. 1:9 ratio
*add 50ul of SS to the 460ul tube of FSM

96 well 0.3ml plate
Plate Seals
Reagent Reservoirs

1. Incubate on magnetic stand for 5 minutes.
a. Place on magnetic stand very slowly. Hold so the tips of the wells are in
contact with the top of the magnet for about 30 seconds then move the plate
down very slowly. Want to ensue that the beads are pelleted high on the side
of the well. The plate should be put on this way before every transfer to a new
plate. On all other steps involving the magnetic stand you can just place the
plate on it.
2. Transfer 17ul supernatant to new plate.
3. Add 8ul Superscript II/FSM Mix. Seal plate and mix thoroughly by carefully
vortexing.
4. Frist Stand Synthesis (Thermocycler program).
a. 25’C for 10 minutes
b. 42’C for 15 minutes à actually programmed for 50 minutes
c. 70’C for 15 minutes
d. Hold at 4’C
Second Strand cDNA Synthesis
Removes the RNA template and synthesizes a replacement strand to generate ds cDNA.
AMPure XP beads are used to separate the ds cDNA from the second strand reaction
mix.
Reagents
Resuspension Buffer
Second Strand Master Mix
AMPure XP Beads
Freshly prepared 80% EtOH
1.
2.
3.
4.

Consumables
Thaw at RT in H2O 96 well 0.3ml plate
Thaw at RT
Plate Seals
Bring to RT
Reagent Reservoirs
100ml needed for
entire protocol

Add 25ul Second Strand Mix. Seal plate and mix thoroughly by carefully vortexing.
Incubate at 16’C for 60 minutes
Bring plate to RT
Vortex XP Beads. Add 90ul and mix thoroughly by pipetting up and down.
a. Beads should be homogenously mixed throughout the sample!!
5. Incubate at RT for 15 minutes.
6. Incubate on magnetic stand for 5 minutes.
7. Discard supernatant.
8. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
9. Discard supernatant.
10. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
11. Discard supernatant.
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a. Make sure to get all supernatant!
12. Air-dry at RT for 15 minutes. Remove from magnetic stand.
a. Beads will usually be dry and start to crack after about 6-8 minutes. Move on
to the next step when this occurs.
13. Add 52.5ul Resuspension Buffer. Seal plate and vortex carefully, making sure beads
are fully re-suspended.
14. Incubate at RT for 2 minutes.
15. Incubate on magnetic stand for 5 minutes.
a. Place on magnetic stand very slowly.
16. Transfer 50ul of supernatant to new plate.

SAFE STOPPING POINT!!
Store plate at -20’C for up to 7 days
Repair Ends
Converts overhangs resulting from fragmentation into blunt ends using an End Repair
Mix. The 3’ to ‘5 endonuclease activity of this mix removes the 3’ overhangs and the
polymerase activity fills in the 5’ ends.
Reagents
End Repair Mix
Resuspension Buffer
AMPure XP Beads
Freshly prepared 80% EtOH

Thaw at RT
Thaw at RT in H20
Bring to RT

Consumables
96 well 0.3ml plate
Plate Seals
Reagent Reservoirs

1. Add 10ul Resuspension Buffer.
2. Add 40ul End Repair Mix. Seal the plate and mix thoroughly by carefully vortexing.
3. End Repair (Thermocycler program).
a. 30’c for 30 minutes
4. Vortex XP Beads. Add 160ul and mix thoroughly by pipetting and down.
a. Beads should be homogenously mixed throughout the sample!!
5. Incubate at RT for 15 minutes.
6. Incubate on magnetic stand for 5 minutes.
7. Discard supernatant.
8. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
9. Discard supernatant.
10. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
11. Discard supernatant.
a. Make sure to get all supernatant!
12. Air-dry at RT for 15 minutes. Remove from magnetic stand.
13. Add 17.5ul Resuspension Buffer. Vortex carefully, making sure beads are fully resuspended.
a. Beads will usually be dry and start to crack after about 6-8 minutes. Move on
to the next step when this occurs.
14. Incubate at RT for 2 minutes.
15. Incubate on magnetic stand for 5 minutes.
a. Place on magnetic stand very slowly.
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16. Transfer 15ul supernatant to a new plate.

SAFE STOPPING POINT!!
Store plate at -20’C for up to 7 days
Adenylate 3’ Ends
A single ‘A’ nucleotide is added to the 3’ ends of the blunt fragments to prevent them
from ligating to one another during the adapter ligation process. A corresponding single
‘T’ nucleotide on the 3’ end of the adapter provides a complementary overhang for
ligating the adapter to the fragment.
Reagents
A-Tailing Mix
Resuspension Buffer

Consumables
Thaw at RT
Reagent Reservoirs
Thaw at RT in H2O Plate Seals

1. Add 2.5ul Resuspension Buffer.
2. Add 12.5ul A-Tailing Mix. Seal the plate and mix thoroughly by carefully vortexing.
3. A-Tail (Thermocycler program).
a. 37’C for 30 minutes
b. 70’C for 5 minutes
c. Hold at 4’C
Ligate Adapters
This process ligates multiple indexing adapters to the ends of the ds cDNA, preparing
them for hybridization onto a flow cell.
Reagents
Ligation Mix
Resuspension Buffer
RNA Adapter Indices
Stop Ligation Buffer
AMPure XP Beads
Freshly prepared 80% EtOH

Remove immediately
before use.
Thaw at RT
Thaw at RT
Thaw at RT
Bring to RT
Make 100ml

Consumables
96 well 0.3ml plate
Plate Seals
Reagent Reservoirs

1. Add 2.5ul Resuspension Buffer.
2. Add 2.5ul Ligation Buffer.
3. Add 2.5ul of each RNA Index. Seal the plate and mix thoroughly by carefully
vortexing.
4. Incubate at 30’C for 10 minutes (instant incubate mode).
5. Add 5ul Stop Ligation Buffer. Seal the plate and mix thoroughly by carefully
vortexing.
6. Vortex XP Beads and add 42ul. Seal the plate and mix thoroughly by carefully
vortexing.
a. Beads should be homogenously mixed throughout the sample!!
7. Incubate at RT for 15 minutes.
8. Incubate on magnetic stand for 5 minutes.
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9. Discard supernatant.
10. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
11. Discard supernatant.
12. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
13. Discard supernatant.
a. Make sure to get all supernatant!
14. Air-dry at RT for 15 minutes. Remove from magnetic stand.
a. Beads will usually be dry and start to crack after about 6-8 minutes. Move on
to the next step when this occurs.
15. Add 52.5ul Resuspension Buffer. Seal the plate and vortex carefully, making sure
beads are fully re-suspended.
16. Incubate at RT for 2 minutes.
17. Incubate on magnetic stand for 5 minutes.
a. Place on magnetic stand very slowly.
18. Transfer 50ul supernatant to a new plate.
19. Add 50ul XP Beads. Seal the plate and mix thoroughly by carefully vortexing.
a. Beads should be homogenously mixed throughout the sample!!
20. Incubate at RT for 15 minutes.
21. Incubate on magnetic stand for 5 minutes.
22. Discard supernatant.
23. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
24. Discard supernatant.
25. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
26. Discard supernatant.
a. Make sure to get all supernatant!
27. Air-dry at RT for 15 minutes. Remove from magnetic stand.
a. Beads will usually be dry and start to crack after about 6-8 minutes. Move on
to the next step when this occurs.
28. Add 22.5ul Resuspension Buffer. Seal the plate and vortex carefully, making sure
beads are fully re-suspended.
29. Incubate at RT for 2 minutes.
30. Incubate on magnetic stand for 5 minutes.
a. Place on magnetic stand very slowly.
31. Transfer 20ul supernatant to a new plate.

SAFE STOPPING POINT!!
Store plate at -20’C for up to 7 days
Enrich DNA Fragments
Uses PCR to selectively enrich those DNA fragments that have adapter molecules on
both ends and to amplify the amount of DNA in the library. The PCR is preformed with a
PCR Primer Cocktail that anneals to the ends of the adapters. Minimize the PCR cycles
to avoid skewing the representation of the library. Note: PCR enriches for fragments tat
have adapters ligated on both ends. Fragments with only one or no adapters on their
ends are by-products of inefficiencies in the ligation reaction. Neither species can be
used to make clusters. Fragments without any adapters cannot hybridize to surface-
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bound primers in the flow cell. Fragments with an adapter on only one end can hybridize
to surface bound primers, but cannot form clusters.
Reagents
PCR Master Mix
PCR Primer Cocktail
Resuspension Buffer
AMPure XP Beads
Freshly prepared 80% EtOH

Thaw at RT
Thaw at RT
Thaw at RT
Bring to RT

Consumables
96 well 0.3ml plate
Plate Seals
Reagent Reservoirs

1. Add 5ul PCR Primer Cocktail.
2. Add 25ul PCR Master Mix. Seal the plate and mix thoroughly by carefully
vortexing.
3. PCR Enrichment (Thermocycler program).
a. 98’C for 30 seconds.
b. 15 cycles of: (we had it set on 18 cycles)
i. 98’C for 10 seconds
ii. 60’C for 30 seconds
iii. 72’C for 30 seconds
c. 72’C for 5 minutes
d. Hold at 10’C
4. Vortex XP Beads. Add 50ul, seal the plate, and mix thoroughly by carefully
vortexing.
a. Beads should be homogenously mixed throughout the sample!!
5. Incubate at RT for 15 minutes.
6. Incubate on magnetic stand for 5 minutes.
7. Discard supernatant.
8. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
9. Discard supernatant.
10. Add 200ul 80% EtOH. Incubate at RT for 30 seconds.
11. Discard supernatant.
a. Make sure to get all supernatant!
12. Air-dry at RT for 15 minutes. Remove from magnetic stand.
a. Beads will usually be dry and start to crack after about 6-8 minutes. Move on
to the next step when this occurs.
13. Add 32.5ul Resuspension Buffer. Seal the plate vortex carefully, making sure beads
are fully re-suspended.
14. Incubate at RT for 2 minutes.
15. Incubate on magnetic stand for 5 minutes.
a. Place on magnetic stand very slowly.
16. Transfer 30ul supernatant to a new plate.
a. Change design of plate to 12 and 3 (or whatever corresponds with the PCR
plate you will use).
A.2.5 Validate Library
Experion DNA 1K Chip
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Determine the average library fragment size (using manual integration of peaks) and
purity.
Prior to procedure:
1. Clean the Experion with electron water and ultra pure RNase/DNase free water
according to the Experion guidelines.
2. Remove the DNA stain (blue), DNA loading buffer (yellow), and 1 tube of DNA 1K
gel (green) from storage and let come to RT. DNA stain is light sensitive. Exposure
to light should be avoided by wrapping the stain in foil.
3. If filtered Gel-Stain (GS) has previously been prepared let sit and come to room
temperature.
4. Invert each tube several times and then vortex the contents of each tube to
reincorporate any condensed liquid formed upon storage. Briefly centrifuge each tube
to bring the solutions to the bottom of the tubes. Make sure the DMSO in the stain is
completely thawed before proceeding.
Procedure
1. Prepare Gel-Stain
a. Add exactly 12.5ul DNA stain (blue) to a tube of 250 ul DNA 1K Gel (green
cap). Vortex the contents thoroughly for 10 seconds, and then briefly
centrifuge to collect the solution at the bottom of the tube.
b. Transfer all of the gel-stain solution to a spin filter tube. Label and date the
tube.
c. Centrifuge the spin filter tube containing the gel-stain at 2,400 x g for 15
minutes.
d. Visually inspect the spin filter to ensure that all of the gel-stain has passed
through the filter (if not continue centrifuging) and discard the filter basket.
Blue staining of the filter membrane is normal.
e. Wrap the tube containing the Gel-Stain (GS) in foil to protect from light. The
filtered GS should contain sufficient solution for at least 5 chips and should be
discarded within 4 weeks of preparation.
2. Prepare DNA 1K ladder
a. Briefly centrifuge and vortex DNA 1K ladder (clear). Place on ice.
3. Prime chip
a. Pipet 9ul of of GS solution into the highlighted well labeled GS. Insert the
the tip of the pipet vertically, centered and to the bottom of the well when
dispensing. Dispense only to the first stop. Do not expel air at the end of
the pipetting step. The chip will not run if there is a bubble in the well. If
bubble appear dislodge with a clean pipet tip or remove the GS and refill.
b. Place the chip on the priming station and close by pressing down on the lid.
c. For DNA 1K chips set the pressure to C and the time setting to 3 and press
start.
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4. Load samples
a. Refer the the pipetting technique described above.
b. Pipet 9 ul of the GS into the 3 wells labeled GS.
c. Pipet 5 ul of loading buffer (yellow) into each sample well (1-11) and the
ladder well. Change pipet tips between each sample. All well should be filled
with loading buffer even if the fewer than 11 samples are being run.
d. Inspect the wells to make sure there is no excessive bubble formation from
pipetting. Hold the chip above a light colored background and look down
through the wells.
e. Pipet 1 ul DNA 1K ladder into the well labeled L. If ladder is not loaded than
sample cannot be quantified.
f. Pipet 1 ul of sample into each of the 11 sample wells.
g. If running less than 11 samples, add 1 ul loading buffer, TE buffer, or DNasefree water to the unused sample well(s).
h. Vortex the chip on the Experion vortex station (make sure the chip is securely
clipped into position). Vortexer will operate for 60 seconds and then
automatically turn off.
i. Inspect the wells again to make sure there is no excessive bubble formation
and that no liquid has spilled out during vortexing.
j. Start the run immediately (within 5 minutes) to prevent excessive evaporation.

A.2.6 PROTOCOL FOR THE EXTRACTION AND METHYLATION OF FATTY
ACIDS
FROM ADIPOSE TISSUE

Chemicals
•
•
•
•
•
•
•
•
•

1
2

Boron Tri-Fluoride 14% solution in methanol (BF3- MeOH) (Sigma, B125)
Highly Toxic1
Butylated Hydroxytoluene (BHT) (Sigma, B1378)
Chloroform (VWR, JT9175-2)
De-ionized Water (DiH20)
Heptadecanoic Acid2 (Nuchek, N-17A)
Hexane (VWR, JT9304-2)
Methanol (VWR, JT9093-3)
Potassium Chloride (KCl) (VWR, JT3040-1)
Sodium Hydroxide (Sigma, S5881)

Store and transport in secondary container, store in refrigerator (4˚C).
Store in -20°C freezer.
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Glassware
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Amber vials with inserts (0.3 mL) (Wheaton, LWE225221-01)
Screw-top tubes 16x100 mm without caps (Fisher, 14-959-35AA)
Watch glass (small) (Fisher, 02-612A)
5 ¾” Borosilicate glass disposable Pasteur pipettes (VWR, 14673-010)
5 mL graduated pipette (Fisher, 13-675-3K)
5 mL volumetric pipette (Fisher, 13-650-2F)
6 mL volumetric pipette (Fisher, 13-650-2G)
10 mL graduated pipette (Fisher, 13-675-3M)
50 mL glass beakers (Fisher, 10-200)
50 mL graduated cylinder (Fisher, 03-007-32)
100 mL graduated cylinder (Fisher, 03-007-33)
250 mL reagent bottle with Teflon Stopper (Fisher, 02-920-1B)
250 mL graduated cylinder (Fisher, 03-007-34)
500 mL graduated cylinder (Fisher, 03-007-35)
1000 mL reagent bottle with Teflon stopper (Fisher, 02-920-1D)
Light resistant glass flask with stopper

Equipment
• Homogenizer
• Refrigerated centrifuge (Sorvall RT6000B, Dupont) with H-1000B Rotor
• Dry-heat bath (Fisher, 11-718-Q)
• Heating block (Fisher, 11-473-70)
• Nitrogen Evaporator (N-EVAP) (Organomation Associates, Inc., 11250)
• pH meter (Fisher, 13-636-AB15PA)
• Drummond Microdispenser 100uL (VWR, 21-169-20D)
• Replacement capillaries for Microdispenser (Fisher, 21-169F)
• Multi-tube vortexer (VWR, Vx-2500)
• Vortex genie (VWR, 58815-234)
• Teflon tape (VWR, 300009-468)
• Crimper, (Fisher, 0640618F)
• Rubber bulb 1 cc (Fisher, 03-448-26)
• Nitrogen regulator (Fisher, E 11215 D580)
• Mettler scale PM 200
• Mettler scale AX26 Delta Range
• Pipet Aid (Fisher, 13-681-15)
• Repeater pipette (Eppendorf, 4780)
• Combitips3 (Fisher, 21-381-115)
• Dewer flask
Misc.
• Aluminum weight boats (KHK Enterprises, C029-0412/3)
3

Replace Combitip for repeater pipette every 2 weeks.
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•
•
•
•
•

Weighing paper (Fisher, 09-898-12A)
Metal spatula
15 mL Conical Tubes, BD Falcon polyprop.(Fisher, 14-959-49B)
50 mL Conical Tubes, BD Falcon polyprop. (Fisher 14-432-22)
Home-made GC vial holders (5mL plastic pipette tip fitted inside a 15 mL conical
tube)
Parafilm (Fisher, 13-374-12)
Urine collection cup
PTFE lined Caps (Fisher, 14-930-15E)
Aluminum seal caps TFE/Sil (Supelco, 27360-SU)
Kim wipes (Fisher, S47299)
Test tube rack (VWR, 82024-370)
Nitrile Gloves (Fisher, 19-130-1597C)
Microspatula (VWR, 77776-848)
Aluminum foil (Fisher, 01-213-102)

•
•
•
•
•
•
•
•
•
Gases
• 99.998% Pre-Purified Compressed Nitrogen (Medical-Technical Gases, Inc.)
• Regulator CGA 380 (Fisher, catalog No. E11215 D580)
Reagents (to be prepared before starting protocol):
1.

Chloroform Methanol (CM) Mixture (make in fume hood, store under
fume hood)
Make in a 2:1:0.1 (v:v:w) ratio of chloroform:methanol:BHT.
Prepare as needed.
i.
Using the Mettler AX26 Delta Range, weigh out 25 mg BHT: Place
aluminum weigh boat on scale (open one end of weigh boat), tare scale,
scoop BHT out of bottle using a metal spatula.
ii.
Using the Mettler tongs, grab the weigh boat and tilt it over a chloroform
rinsed 1000 mL glass reagent bottle to let BHT fall into bottle.
iii.
Still holding the weigh boat with tongs, place the weigh boat back on scale
to ensure all BHT has been transferred. If any BHT remains on the weigh
boat, tilt it over the bottle again and weigh again. Repeat until the scale
reads “0.000 g” when weigh boat is placed on it.
iv.
Bring reagent bottle into fume hood. In a 250 mL graduated cylinder rinsed
with chloroform, measure 500 mL chloroform and pour into same 1000 mL
glass reagent bottle containing BHT.
v.
In another 250 mL graduated cylinder rinsed with methanol, measure 250
mL methanol and pour into same glass bottle with choloform. Insert Teflon
stopper and swirl bottle to mix (warning: reaction creates pressure inside
bottle, so remove stopper a few times to release it).

2.

0.5 N methanolic Sodium Hydroxide (NaOH) (make in fume hood, properly
dispose of any unused reagent after experiment)
Prepare everyday.
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i.
ii.
iii.
iv.

Using the Mettler PM 200, weigh out 1.00 g of NaOH: place weighing
paper on scale, tare, use a spatula to scoop NaOH out of bottle and onto
paper.
Transfer NaOH into a methanol rinsed 250 mL glass reagent bottle with
Teflon stopper.
Using the Pipet Aid and a 5 mL glass graduated pipette, add 5 mL DiH2O to
same bottle with NaOH. Insert Teflon stopper and swirl mixture to dissolve
all NaOH in DiH2O.
Once NaOH is completely dissolved, measure 45 mL methanol in a
methanol rinsed 50 mL graduated cylinder, and add to the bottle containing
the dissolved NaOH. Insert Teflon stopper and swirl bottle to mix.

3.

Methanol/ DiH2O (make in fume hood, store under fume hood)
Prepare every two weeks. Make in a 1:1 ratio (v:v).
i. Measure 100 mL methanol in a 100 mL methanol rinsed graduated cylinder
and pour into a 250 mL glass reagent bottle with Teflon stopper.
ii. Measure 100 mL DiH2O in a 100 mL DiH2O rinsed graduated glass
cylinder and pour into the reagent bottle with methanol. Insert Teflon
stopper and swirl bottle to mix.

4.

0.88% Potassium Chloride (KCl)/ DiH2O4 (make on bench top, store under
fume hood)
Prepare every two weeks.
i. Using Mettler PM 200 scale, weigh out 0.88 g of KCl: place weighing
paper on scale, tare, use a spatula to scoop KCl out of bottle.
ii. Transfer the KCl to a DiH2O rinsed 250 mL reagent bottle with Teflon
stopper.
iii. Measure 100 mL DiH2O in a 100 mL DiH2O rinsed graduated cylinder and
pour it into the reagent bottle with KCl. Insert Teflon stopper and swirl
bottle to mix (ensure all KCl has been dissolved in DiH2O).

5.

Internal Standard – C17:0, Heptadecanoic Acid, unmethylated form (make on
bench top and in fume hood, store in 4°C refrigerator)
i. Determine the concentration and volume of internal standard needed for the
study.
ii. Rinse the following items with hexane:
a. Metal spatula with scoop
b. 50 mL beaker (fill with hexane)
c. (2) 5 ¾” Borosilicate glass disposable Pasteur pipettes
d. Light resistant glass flask with Teflon stopper
iii. Using the Mettler AX26 Delta Range, measure, in mg, the amount of
heptadecanoic acid: place aluminum weigh boat on scale (open one end of
weight boat), tare, use the metal spatula with scoop to measure out the
heptadecanoic acid.

4

Acid is used to maximize the amount of fatty acid in the organic phase by carboxylating the lipids and driving them toward
chloroform.
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vi.

iv.
v.
vi.
vii.
viii.
ix.

Using the Mettler plastic tongs, grab the weight boat and tilt it over hexane
rinsed flask to let heptadecanoic acid fall into flask. Still holding the weigh
boat with tongs, place the weigh boat back on scale to ensure all
heptadecanoic acid has been transferred. If any heptadecanoic acid remains
on the weigh boat, tilt again over the flask and weigh again. Repeat until the
scale reads “0.000 g” when weigh boat is placed on it.
Insert Teflon stopper into flask and bring flask into fume hood.
With a Pasteur pipette, rinse Teflon stopper 5 times, and let all hexane drip
into the flask.
With same Pasteur pipette in step v, rinse the inside neck on the flask with
hexane 5 times.
Pour hexane from the beaker into the flask until just below the line on the
flask and insert the Teflon stopper.
Let flask sit for 15 minutes to let all hexane drain down the neck into the
flask.
Using the same Pastuer pipette from step vi, slowly add hexane (drop by
drop) until the bottom of the meniscus sits at the top of the line on the flask.
Insert Teflon stopper and wrap Teflon tape around stopper. Gently shake
flask to mix.

Pre-experiment:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Take out Internal Standard and set in fume hood to reach ambient temperature.
To avoid contamination and to ensure no soap residue is present, rinse all glassware
with hexane before using (pipettes, beakers, teflon caps).
Rinse reagent bottles and glass graduated cylinders with necessary solvents (see
“Reagents”).
Turn on the dry heat bath to 95˚C.
Turn on heat source for N-EVAP (level 3), to 37˚C and fill with tap water. Insert
Pasteur pipettes into holders on N-EVAP (one per sample, plus 1 extra for
flushing).
Mix reagents by inversion to ensure proper composition.
Label 6 (sample #A-F) sets of 16x100 mm tubes per sample, set tubes in test tube
rack, and cover tubes with Parafilm.
Label amber GC vials with inserts with study name, sample type, and sample # (one
for each sample being extracted).
Cut enough 2”x2” squares aluminum foil for each sample.
Fill a dewer flask with liquid nitrogen (located in the 6th floor common equipment
room). Wear protective equipment: glove liners, cryogenic gloves, goggles, and
face shield.

Procedure
OVERNIGHT LIPID EXTRACTION
Day 1; perform in fume hood.
1. Using the Pipet Aid, and a 6 mL volumetric glass pipette, add 6 mL CM mixture
into “sample #A” tube for each sample and cap.
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2. Set up homogenizer in hood in lab 440 with 2 wash tubes containing 6 mL of CM,
labeled 1 and 2.
3. Retrieve adipose tissue samples from -80°C freezer and let them reach ambient
temperature in fume hood.
4. Weigh out a 25 mg samples of tissue by placing a foil square on the scale under
the hood in Lab 439 and taring.
5. Grab tissue from the conical tube with tongs and use the scissors to cut off a
piece. Place the tissue on the foil square on the scale and record weight.
6. Uncap labeled “A” tube containing 6 mL CM, and transfer adipose tissue sample
to tube using fine tongs. Dip tongs into CM to deposit as much sample as
possible.
7. Record weight of any remaining sample on foil and subtract for net weight –
record.
8. Repeat steps 4-7 for all samples, wiping fine tongs with CM and changing foil
square between each sample.
9. In Lab 440, run homogenizer in tube 1 of CM to clean before using. Dry well with
kim wipe and open to dry blade and outer sheath.
10. Homogenize samples at speed 23 very briefly, making sure that the top hole is
always in the tube (otherwise CM will splash out of tube).
11. Remove tube slowly, catching any CM remaining on blade. Open blade slightly
with tube underneath to catch any remaining drops of CM.
12. Remove outer sheath completely and use fine tongs to remove traces of adipose
tissue on blade and outer sheath and place into CM of “sample #” tube.
13. Re-homogenize if any large pieces remain and check blade again.
14. Run homogenizer in CM tube 1 and then CM tube 2 to clean it, and dry
thoroughly with kim wipe.
15. Repeat steps 10-15 for all samples.
16. Flush samples with nitrogen (~10 seconds per sample) and cap tightly.
17. Place tubes on multi-tube vortexer for 10 minutes at level 1. After vortexing,
shake tubes to dislodge any colon tissue from top or sides of tube.
18. Leave tubes in 4°C refrigerator overnight.
19. Return samples to -80°C freezer.
EXTRACTION OF LIPID USING A MODIFIED FOLCH METHOD
Day 2; perform in fume hood.
20. Let samples sit on bench top for 15-20 min to reach ambient temperature and to
let the pellet settle. Do not disrupt pellet.
21. Using the 100 uL microdispenser pipette, add 100 uL [2:1] ISTD (must be
ambient temperature) to “sample #B” tubes.
22. Centrifuge set A tubes at 4°C at 2500 x g for 5 minutes.
23. Using a Pasteur pipette, pipette off supernatant into corresponding set C tubes. If
pellet is not settled, centrifuge set A tubes again at 4°C at 2500 x g for 5 minutes.
If tissue particles are still floating in supernatant, set tubes in beaker containing
warm water and allow to sit until pellet settles completely (~10 minutes). To
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minimize movement, pipette off supernatant from tubes while in the beaker. If
pellet comes unsettled while pipetting, allow tube to sit until the pellet resettles.
24. Using a 5 mL volumetric glass pipette and Pipet Aid, add 5 mL of supernatant
from each sample set C tubes into the corresponding sample tube from set B.
25. Vortex tubes on Vortex Genie.
26. Add 1.5 mL of 0.88% KCl with the repeater pipette (set dial to “3”) to each set B
tube and cap.
27. Shake vigorously by hand for 30 seconds (solution will appear milky white upon
shaking) and let the layers settle for 5 minutes (top layer should now be clear).
28. Using a Pasteur pipette, pipet the upper layer into a waste tube. Using a new
Pasteur pipette, transfer the lower layer into tube “sample # D,” avoiding any
remaining upper layer. Repeat for all samples, using a new Pasteur pipette
between samples.
29. With the Pipet Aid and a 5 mL graduated glass pipette, add 1 mL of methanol:
DiH2O to “D” tubes and cap.
30. Shake “D” tubes vigorously by hand for 30 seconds (solution will be milky white
upon shaking) and let the layers settle for 15 minutes (top layer should now be
clear).
31. Pipette the upper layer into a waste tube. Using a new pipette, transfer the lower
layer into the clean tube “sample # E,” avoiding any remaining upper layer.
Repeat for all samples, using a new Pasteur pipette between samples.
32. Evaporate the lower layer (“E” tubes) under nitrogen on the N-EVAP. 5

SAPONIFICATION
33. To the dried down lipid extract, add 2 mL of 0.5 N methanolic NaOH using Pipet
Aid and a 5 mL graduated glass pipette. Cap tightly to avoid evaporation during
incubation.
34. Vortex tubes on Vortex Genie and incubate in a dry heat bath at 90-95°C (do not
exceed 100°C) for 15 minutes. (Samples should be pink-tinted after reaction has
occurred.)
35. Cool the tubes on ice for 5 minutes.
METHYLATION USING MORRISON AND SMITH METHOD
36. Add 2 mL of 14% BF3-MeOH into each tube with Pipet Aid and a 5 mL
graduated glass pipette.
37. Flush tubes with nitrogen on the N-EVAP (~10 seconds per sample) under the
designated Pasteur pipette, and cap tubes tightly.
38. Vortex samples on Vortex Genie and incubate in a dry heat bath at 90-95 °C (do
let temperature exceed 100°C) for 1 hour. (Screw cap back onto the BF3-MeOH
bottle, wrap Teflon tape around the cap, and return to 4°C refrigerator.)
Samples can be capped and stored at this point in a -20˚ C freezer by adding 200uL of chloroform to the dried down sample. Flush
with nitrogen using the N-EVAP to prevent oxidation. Dry down chloroform under nitrogen with the N-EVAP before proceeding to
step 22.
5

211
39. Cool the tubes on ice for 5 minutes.
40. To the cooled tubes, add 2 mL of hexane using Pipet Aid and a 10 mL graduated
glass pipette.
41. Add 1 mL of DiH2O to the tubes using the Pipet Aid and a 10 mL graduated glass
pipette.
42. Place tubes on multi-tube vortexer for 2 minutes
43. Centrifuge tubes at 1500 x g (2500 rpm) for 5 minutes at 4˚C.
44. Using a Pasteur pipette, transfer the supernatant containing the FAMEs (fatty acid
methyl esters) into tube “sample # F” and dry down under nitrogen (do not overdry) on the N-EVAP. Be careful to avoid any bottom layer. Repeat for all
samples, using a new Pasteur pipette between samples.
45. Add 100 uL of hexane to the tube using the microdispenser with glass tip. Tip
does not need to be changed as long as it does not touch insides of tubes.
46. Using Pasteur pipette, rinse sides of tube and transfer sample (very carefully) into
labeled amber GC vials with inserts.
47. Repeat steps 34 and 35 for all samples. Use a new Pasteur pipette for each
sample.
48. Set GC vials in home-made GC vial holders on N-EVAP and dry down GC vials
under nitrogen (Do not over-dry; this should take 1-2 minutes).
49. Re-suspend each with desired amount of hexane (in uL) using microdispenser
with glass pipette tip. Wipe tip with Kim wipe between each sample. Tip does
not need to be changed as long as it does not touch insides of vials.
50. Cap GC vials with aluminum seal caps and crimper, and vortex on Vortex Genie.
Store vials in -20˚C freezer.
References:
1.

Folch J, Lees M and Sloane-Stanley GH. A simple method for the isolation and
purifications of total lipid from animal tissues. J. Biol. Chem. 1957; 226: 497-509.

2.

Morrison, WR, and Smith LM. Preparation of fatty acid methyl esters and
dimethylacetals from lipids with boron fluoride-methanol. J. Lipid Res. 1964; 53:
600-608.
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A.2.7 Protocol for Immunohischemistry of Pig Coronary Arteries
Materials:
• Pipet tip refill, 100–1250 µL, nonsterile (VWR, 89079-486)
• Disposable 5 mL Graduated Serological Pipets, Polystyrene (VWR, 89130-896)
• Disposable 10 mL Graduated Serological Pipets, Polystyrene (VWR, 89130-898)
• Eppendorf Pipette (100-1000 µL) (P1000) (Fisher, 05-402-50)
• 1 L wash bottle
• Forceps
Glassware:
• 100mL glass bottles with cap
• 1000mL glass bottles with cap
• 100mL Graduated Glass Cylinder
• 1000mL Graduated Glass Cylinders
• Coplins jars (VWR, 470174-652)
Chemicals:
• 10X Tris-buffered Saline (TBS, Boston bioproducts, BM-616)
• Bovine Serum Albumin (BSA, Sigma,
• Triton-X 100 (Sigma,
• Xylene (Sigma, 534056)
• 100% EtOH (Sigma,
• Tri-sodium citrate dehydrate (Sigma, S1804)
• Tween 20 (Sigma,
• 1N HCL (Sigma, 318949)
• 10X PBS
• De-ionized water (DiH2O)
• DAPI (Sigma, D9542; dissolve in DiH2O at 20mg/mL, aliquot and store at -20°C)
• Primary antibodies
o rabbit anti-rat MCP-1 (PeproTech, 500-p76; reconstitute and aliquot
before use)
o rabbit anti-human VCAM-1 antibody (PeproTech, 500-p300; reconstitute
and aliquot before use)
• Secondary antibodies
o Chicken anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor® 488
conjugate (Thermofisher, A-21441)
• Chicken serum (Sigma, C5405; aliquot and store at -20°C)
Equipment:
• Timer
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•
•
•
•

Pipet-Aid (Fisher, 13-681-15)
Flame-proof cabinet
Rice steamer
Scientific Device Laboratory Aqua-Hold Pap Pen (Fisher Scientific, 23-769533)

Reagents (to be prepared before protocol):
1.

1X TBST (make on bench top, store in 4°C refrigerator)
i.
Using a 1000 mL graduated cylinder, measure 900 mL of DiH2O and add
it to a 1 L glass bottle.
ii.
Using a 100 mL graduated cylinder, measure 100 mL of 10X TBS and add
it to the bottle containing the DiH2O.
iii. Add 1ml of Tween 20
iv.
Cap, shake bottle well.
Label and date.

2.
1X TBST with 1%BSA (make on bench top, store in 4°C refrigerator, make
fresh on day of experiment)
i. Add 10 mL 1X TBST to a 15mL Conical tube.
ii. Weigh out 100mg BSA.
iii. Add 100mg BSA into the glass bottle and stir for 5 min.
iv.
Cap, shake bottle well.
Label and date.
3.
1X TBS with 0.025% Triton-X 100 (make on bench top, store in 4°C
refrigerator)
i.
Take out 250ul 1X TBS from a 1 L glass bottle with 1X TBS.
ii.
Using a P1000 micropipette, pipette 250 µL of Triton-X 100 and add it to
the bottle containing the 1X TBS.
iii. Cap, shake bottle well.
Label and date.
4.
10% normal serum with 1%BSA in 1X TBST (make on bench top, store in
4°C refrigerator, make fresh on day of experiment)
i. Add 5 mL 1X TBST with 1% BSA to a 15mL Conical tube.
ii. Using a P1000 micropipette, pipette 500 µL Normal serum (serum from the
species of the secondary antibody) and add it to the bottle containing 1X
TBST with 1% BSA to a glass bottle.
iii. Cap, shake bottle well.
Label and date.
5.

Xylene with 100% EtOH (make in fume hood, store at room temperature)
i. Using a 100 mL graduated cylinder, measure 50 mL of xylene and add it to
a 100mL glass bottle.
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ii.

Using a 100 mL graduated cylinder, measure 50 mL of 100% EtOH and
add it to the bottle containing the xylene.
iii. Cap, shake bottle well.
Label and date.
6.

95% EtOH (make in fume hood, store at room temperature)
i.
Using a 100 mL graduated cylinder, measure 95 mL of 100% EtOH and
add it to a 100mL wash bottle.
ii.
Using the Pipet Aid and a 5mL serological pipette, pipette 5mL DiH2O
and add it to the bottle containing 100% EtOH.
iii. Cap, shake bottle well.
Label and date.

7.

70% EtOH (make in fume hood, store at room temperature)
i.
Using a 100 mL graduated cylinder, measure 70 mL of 100% EtOH and
add it to a 100mL wash bottle.
ii.
Using the Pipet Aid and a serological pipette, pipette 30mL DiH2O and
add it to the bottle containing 100% EtOH.
iii. Cap, shake bottle well.
Label and date.

8.

50% EtOH (make in fume hood, store at room temperature)
i.
Using a 100 mL graduated cylinder, measure 50 mL of 100% EtOH and
add it to a 100mL wash bottle.
ii.
Using a 100 mL graduated cylinder, measure 50 mL of DiH2O and add it
to the bottle containing 100% EtOH.
iii. Cap, shake bottle well.
Label and date.

9.
Sodium citrate buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0;
Store at room temperature for 3 months of at 4°C for longer storage)
i. Using a 1000 mL graduated cylinder, measure 1000 mL of DiH2O and add
it to a 1L glass bottle.
ii. Weight 2.94g Tri-sodium citrate (dihydrate) and add it to the bottle
containing DiH2O.
iii. Mix to dissolve. Adjust pH to 6.0 with 1N HCl.
iv. Add 0.5 ml of Tween 20 and mix well
v.
Cap, shake bottle well.
Label and date.
Pre-experiment or during slide heating:
1. Turn on heat bath and thaw normal serum
2. Set up rinsing containers with respective reagents for deparaffinization
3. Make 1X TBST with 1%BSA (make on bench top, store in 4°C refrigerator, make
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fresh on day of experiment)
4. Make 10% normal serum with 1%BSA in 1X TBST (make on bench top, store in
4°C refrigerator, make fresh on day of experiment)
5. Prepare moisture chamber for slide incubation
Antibody Dilutions (pre-experiment or during incubations):
•

An antibody excel sheet with box sheets and a dilution log for each antibody is on
the X drive. This document should be updated with every new antibody
aliquot/dilution and experiment.

•

IHC Experiment Worksheet is on the X drive. This document should be
completed in and put into your lab notebook for every experiment.

Procedure:
Day 1:
1. Heat slides
a. Set oven (Room 440) at 55°C, and place slides in oven for at least 40min
or until paraffin is no longer present. Stop heating when paraffin
disappears and remove slides from the oven. Cool slides for a few
minutes.
2. Deparaffinization
Note: Deparaffinization is only required when using paraffin embedded sections.
Before proceeding with the staining protocol, the slides must be deparaffinized
and rehydrated. Incomplete removal of paraffin can lead to poor staining of the
section.
a. Place the slides in a rack, and perform the following washes using staining
jars:
Solution
Incubation time
Xylene
3 min
Xylene
3 min
1:1 Xylene : 100% Ethanol
3 min
100% Ethanol
3 min
100% Ethanol
3 min
95% Ethanol
3 min
70% Ethanol
3 min
50% Ethanol
3 min
b. Place slides in running cold tap water to rinse off ethanol.
c. Keep the slides in the tap water until ready to perform antigen retrieval. At
no time from this point onwards should the slides be allowed to dry.
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Note: Drying out will cause non-specific antibody binding and therefore
high background staining.
3. Antigen retrieval
Note: Most formalin-fixed tissues require an antigen retrieval step before
immunohistochemical staining can proceed. This is due to the formation of
methylene bridges during fixation, which cross-link proteins and therefore mask
antigenic sites.
a. Set up the rice steamer according to the manufacturer's instructions and
preheat (takes 15-20min)
b. Put the container that will hold the rack of slides into the steaming tray of
the rice steamer
c. During deparaffinization step, pre-heat the antigen retrieval buffer
(~250ml sodium citrate buffer; takes 15-20min) to boiling in a container
on a hot plate. Check the temperature of buffer if needed.
d. Carefully immerse the rack of slides into the buffer. Very Hot Solution –
use insulated gloves, safety glasses and forceps!
e. Close the lid of the steamer. The container of buffer should also have a lid.
The rack of slides will initially bring the temperature of the buffer down
but it will return to 95-100°C within several min.
f. Keep the container in the steamer for 20 min from this point.
g. Allow sections to cool for 20 minutes.
h. Rinse sections with 1X TBST.
4. Staining
a. Wash the slides 2 x 5 min in TBS plus 0.025% Triton X-100 with gentle
agitation
Note: The use of 0.025% Triton X-100 in the TBS helps to reduce surface
tension, allowing reagents to cover the whole tissue section with ease. It is
also believed to dissolve Fc receptors, therefore reducing non-specific
binding. We recommend TBS rather than PBS to get a cleaner
background.
b. Drain slides for a few seconds (do not rinse) and wipe around the sections
with tissue paper.
c. Circle each section with an Aqua-Hold Pap Pen.
d. Block in 10% normal serum with 1% BSA in TBS for 2 hr at room
temperature.
• Add 200ul (can add more if the section is big) blocking buffer
inside the barrier circle. Or add 60-80mL (depends on the
volume of Coplin jar) blocking buffer into Coplin jar, and
immerse slides in the blocking buffer.
Note: The secondary antibody may cross react with endogenous
immunoglobulins in the tissue. This is minimized by pre-treating the tissue
with normal serum from the species in which the secondary was raised.
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The use of normal serum before the application of the primary also
eliminates Fc receptor binding of both the primary and secondary
antibody. BSA is included to reduce non-specific binding caused by
hydrophobic interactions.
e. Drain slides for a few seconds (do not rinse) and wipe around the sections
with tissue paper.
f. Apply primary antibody diluted in TBS with 1% BSA. Add 100-200ul
(can add more if the section is big) primary antibody inside the barrier
circle.
• Negative or blank control slides will receive blocking serum
in place of primary
Note: The primary antibody should be diluted to the manufacturer’s
recommendations or to a previously optimized dilution. Most antibodies
will be used at a concentration between 0.5 and 10 µg/ml. Make sure the
primary antibody is raised in a species different from the tissue being
stained.
g. Incubate overnight at 4°C
Note: Overnight incubation allows antibodies of lower titer or affinity to
be used by allowing more time for the antibodies to bind. Also, regardless
of the antibody's titer or affinity for its target, once the tissue has reached
saturation point no more binding can take place. Overnight incubation
ensures that this occurs.
Day 2:
h. Rinse 2 x 5 min TBS 0.025% Triton with gentle agitation.
• Rinse control slide separately to ensure it does not come into
contact with the primary antibody
The following steps should be done in the dark to avoid photobleaching.
i. Apply fluorophore-conjugated secondary antibody to the slide diluted to
the concentration recommended by the manufacturer in TBS with 1%
BSA.
• Blank control slides will receive blocking serum instead of
secondary.
j. Incubate for 1 hr at room temperature.
k. Rinse 3x for 5 min with 1X TBS.
l. Apply ProLong Gold Antifade and add coverslip.
m. Seal with nail polish
5. Image using fluorescence microscopy and analyze using Image J
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A.3.1 Abstract
Background: Animal models that mimic diet-induced human pathogenesis of chronic
diseases are of increasing importance in preclinical studies. The Ossabaw pig is an
established model for obesity-related metabolic disorders when fed extreme diets in
caloric excess.
Objective: To increase the translational nature of this model, we evaluated the effect of
diets resembling two human dietary patterns: Western Diet (WD) and Heart Healthy Diet
(HHD), without/with atorvastatin (-/+S) therapy, on cardiometabolic risk factors and
atherosclerosis development.
Methods: Ossabaw pigs (n=32, 16 boars/16 gilts, 5-8wk) were randomized according to
2x2 factorial design into 4 groups: WD-S, WD+S, HHD-S and HHD+S, and fed the
respective diets for 6 months. The WD (high in saturated fat, cholesterol, refined grain)
and HHD (high in unsaturated fat, whole grain, fruits/vegetables) were isocaloric (38%E
fat, 47%E carbohydrate, 15%E protein). Body composition was determined using dual xray absorptiometry, serum fatty acid (FA) profiles by gas chromatography,
cardiometabolic risk profile by standard procedures and degree of atherosclerosis by
histopathology.
Results: Serum FA profiles reflected the predominant dietary FA. Pigs fed the WD had
1-4 fold higher LDL-C, nHDL-C, HDL-C, hsCRP, TNFα, ALP, and ALT levels
compared to WD fed pigs (all Pdiet <0.05). Statin therapy significantly lowered LDL-C (39%), nHDL-C (-38%) and TG
(-6%) levels (Pstatin <0.02). A greater degree of atheromatous changes (macrophage
infiltration, foam-cells, fatty streaks) and lesion incidence was documented in the
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coronary arteries (Pdiet <0.05), as well as 2-3 fold higher lipid deposition in the aortic
arch/thoracic aorta of WD versus HHD fed pigs(Pdiet <0.001).
Conclusions: Ossabaw pigs manifested a dyslipidemic and inflammatory profile
accompanied by early-stage atherosclerosis when fed a WD compared to a HHD, which
was moderately reduced by atorvastatin therapy. This phenotype presents a translational
model to examine mechanistic pathways of whole-food based dietary patterns on
atherosclerosis development.
Keywords: Ossabaw pig, dietary patterns, atherosclerosis, cardiometabolic risk factors,
atorvastatin, coronary histopathology
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A.3.2 Introduction
Recognizing the role of lifestyle factors in coronary artery disease (CAD) development
has been accompanied by efforts to identify selected dietary components that can
influence the development and progression of atherosclerotic lesions, thereby affecting
disease risk and severity (1). More recently, there has been a shift in focus from
individual nutrients/foods to dietary patterns to better understand the potential synergistic
effects of multiple components within the diet (2). Data from observational studies have
documented that a “Western-type” dietary pattern, characterized by a high intake of
added sugars, fried foods, full-fat dairy products and refined grains, is associated with
higher cardiometabolic risk (3). In contrast, dietary patterns that emphasize whole grains,
legumes, fruits and vegetables, fish and limit red meat, full-fat dairy products, added
sugar, and with moderate vegetable oil and alcohol intake are associated with
improvements in cardiometabolic risk (2). Dietary intervention trials using the whole
diet approach have confirmed these observations (4-9).

Current cardiovascular disease (CVD) risk reduction recommendations focus on lifestyle
modifications prior to initiating drug therapy (10). However, a growing proportion of the
population relies on pharmacotherapy to reduce CVD risk (11). The most common form
of pharmacotherapy is statins, a class of drugs that inhibits endogenous cholesterol
biosynthesis. Data from the Centers for Disease Control indicates that approximately
40% of individuals >60 years and 50% of individuals >75 years use a statin drug to lower
LDL-C levels (11). Despite this large proportion of the population being treated with
statins, there is virtually no data on potential diet-drug interactions. Addressing this issue
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in humans is challenging due to the cost of conducing human trials with hard endpoints,
limited number of validated surrogate biomarkers to track disease progression and ethical
issues with obtaining tissue biopsies. Typical clinical biomarkers measured in plasma and
urine samples from human dietary interventions do not allow for the elucidation of
metabolic changes taking place in tissues. Thus, the majority of studies on this topic have
used rodent models fed extreme diets or have been genetically modified (12,13).
Although practical from an economic perspective, rodent models do not mimic dietinduced disease pathogenesis in humans.

The pig is a promising model to study CAD as the physiology and anatomy of its
cardiovascular system and propensity to develop atherosclerotic lesions/plaque formation
is more similar to humans (14-16). Being omnivorous the pig is suitable to study foodbased diets consistent with human dietary patterns. Moreover, similar to humans, pig
liver expresses cytochrome P450 enzyme CYP3A4, central to the metabolism of statin
drugs (17). In addition, the pig genome sequence has been completed (18). Several pig
strains have been characterized for their susceptibility to CVD. Among them, the
Ossabaw miniature pig has been established as a model for metabolic syndrome and more
recently, non-alcoholic steatohepatitis, when fed a diet high in trans fatty acids and
fructose in caloric excess (19-22). However, lacking is a comprehensive assessment of
the response of this animal model to diets designed to mimic those typically consumed by
humans. Thus, the overall objective of this study was to adjudicate the Ossabaw pig as a
CAD model to study dietary patterns and drug interactions. Specifically, we evaluated the
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effect of a “Western” in comparison to a “Heart Healthy” dietary pattern, with and
without atorvastatin therapy on cardiometabolic risk profiles and CAD development.

A.3.3 Methods
Animals
Thirty-two weaned female and castrated male Ossabaw pigs (Sus scrofa) were purchased
from the Ossabaw Research Unit (Indiana University School of Medicine, Indianapolis,
IN). At approximately 5-8 weeks of age, the pigs were transported in a temperature
controlled vehicle (Transportech LLC, Brockton, MA, USA) in kennels with access to
water and delivered overnight to the United States Department of Agriculture (USDA),
Beltsville Area Agricultural Research Center (Beltsville, MD). The pigs were group
housed for 1 week before being separated into individual pens. The pigs were randomly
stratified by weight and sex into 4 groups (8 per group, 4 boars and 4 gilts): Western dietatorvastatin [WD-S]; Western diet+ atorvastatin [WD+S]; Heart Healthy dietatorvastatin [HHD-S]; and Heart Healthy diet+ atorvastatin [HHD+S]) according to a 2 x
2 factorial design (Supplemental Figure 1). During the first month of the acclimatization
period pigs were fed a pre-weighed amount of a “grower” diet containing 20% protein,
4% fat, 6.5% fiber and supplemented with minerals and vitamins customized to the
requirements of growing miniature pigs (Lab mini-pig Chow, Labdiet, PMI Nutrition,
Brentwood, MO). Over the next month this diet was gradually replaced with an
equivalent amount of the WD or HHD until complete diet replacement was achieved. The
pigs were subsequently fed the respective diets for 6 months. One pig assigned to the
WD-S group died during the acclimatization period and another pig in the HHD-S group
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died during the baseline blood draw, resulting in a final sample size of 30 pigs. All
animal procedures were conducted in accordance with established guidelines and
approved by the Beltsville Institutional Animal Care and Use Committee (IACUC).
Approval from the Tufts Medical Center/Tufts University IACUC was obtained for
biological sample/tissue storage and analysis at the JM USDA HNRCA on Aging, Tufts
University, Boston, MA.

Experimental Diets and Drug
Diets were isocaloric with similar macronutrient profiles: 38% of energy (E) from fat,
47% E from carbohydrate and 15% E from protein (Table 1). The diets were
supplemented with recommended levels of vitamins and minerals (23). The major
differences between the diets were the type of dietary fat and carbohydrate, and amount
of fiber and cholesterol. Specifically, the WD was rich in saturated fatty acids (SFA from
anhydrous milk fat), refined carbohydrates (sugar, white flour), low in fiber (7g/100g of
diet) and high in cholesterol (1.5% w/w, sum of anhydrous milk fat and purified
cholesterol). The HHD was rich in monounsaturated and polyunsaturated fatty acids
(MUFA and PUFA from canola, soybean and corn oils), unrefined carbohydrates (whole
wheat flour, oats), fruits/vegetables (5 A Day freeze dried mix, Futureceuticals) and fiber
(13g/100g of diet), and low in cholesterol content (0.1% w/w). In addition, pigs assigned
to the HHD-S and HHD+S groups received fish oil capsules (Epanova 1g, 550mg
eicosapentaenoic acid [EPA] + 200mg docosahexaenoic acid [DHA]) three-times per
week. Atorvastatin (Lipitor) supplementation was initiated for the pigs in the WD+S and
HHD+S groups at a dose of 20mg/d during months 2-4, and 40mg/d during months 5-8.
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These doses were selected based on both the average therapeutic use in humans with
dyslipidemia (starting dose of 10 or 20 mg once daily or up to 40 mg/d for a >45%
reduction in LDL-C) (24), as well as previous porcine studies (average 1 to 1.5 mg/kg
body weight) (25-28). The fish oil capsule and/or Lipitor pill were embedded inside a
small amount of “cookie dough” and provided to each pig prior to their morning or
afternoon pre-weighed food ration, respectively, to incentivize consumption. Food
consumption was individually monitored and recorded. The energy consumed by the pigs
in all groups was gradually increased from 2174 (± 25) to 5633 (± 12) kcal/day over the
feeding period.

The macronutrient profile and fiber content of the diets was determined by chemical
analysis (Cumberland Valley Analytical Services, Inc., Hagerstown, MD and Eurofins
Scientific Inc., Des Moines, IA). The fatty acid composition and cholesterol content of
the diets was confirmed by gas chromatography (29,30). The freeze dried fruit and
vegetable mix, purchased as a single lot, contained tomatoes, red peppers, broccoli,
spinach, kale, beet, carrot, pumpkin, strawberries, cranberries, acai, mangosteen, goji,
pomegranates, blueberries and grapes. To mimic the recommended 5-8 servings/d, it was
added to the HHD at 20g/d during months 2-3 and increased to 40g/d during months 4-5
and 60g/d during months 6-8. It provided 2605ug/g total carotenoids (lycopene, betacarotene, lutein, cryptoxanthin, zeaxanthin), 609ug/g flavanols (quercitrin, hyperoside,
avicularin, rutin, quercetin, epicatechin, myricetin), and 195ug/g phenolic acids (ferulic
acid, sinapic acid, p-coumaric acid, gallic acid, 4-hydroxy-3-methoxy-phenylacetic acid,
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protocatechuic acid, caffeic acid, 3-hydroxy-benzoic acid), analyzed using previously
reported methods (31).

Sample Collection
Blood samples were collected at baseline, 2, 4, 6 and 8 (necropsy) months from pigs
fasted for 18 hours. Plasma and serum aliquots were frozen at -70oC until analysis. For
the baseline and 2 month blood draw, the pigs (< 20 kg) were manually restrained on
their back with the neck extended and front legs pulled back for collection of blood from
the jugular vein. For the latter time points, the pigs (> 20 Kg) were tranquilized with an
IM/SQ injection of Xylazine (0.5-2mg/Kg)-Ketamine (10-30mg/Kg) combination based
on pig response to sedation. All pigs were euthanized by IV injection with Euthasol (50
mg sodium pentobarbital/kg of body weight) (Virbac Animal Health, Inc.) at the end of
the study. After euthanasia, a midline sternotomy was performed and the pericardial sac
was opened to expose the heart. Small incisions were made in the distal left anterior
descending (LAD) and left circumflex (LCX) coronary arteries prior to insertion of a
catheter with a 16.5G needle into the left ventricle of the heart for perfusion with 2-3
liters of cold phosphate buffered saline. Once the effluent was clear, the aorta was cut at
the point above the diaphragm and the entire heart with aorta, vessels and lungs were
excised. The aorta was carefully detached from the pulmonary trunk and base of the
heart. The lungs were removed and the aorta cleaned of adventitia and excess adipose
tissue. The heart and aorta were then preserved in 10% neutral buffered formalin until the
time of histopathological assessment.
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Outcome Measures
Body Composition: Pigs were weighed every 4 weeks. Dual-energy x-ray absorptiometry
(DXA, Lunar Prodigy, Madison, WI) scan was performed 1 week prior to necropsy on
fasted pigs. To prevent movement during the procedure, pigs were tranquilized with the
same Xylazine -Ketamine combination used for collection of blood. The pig was
positioned on its stomach with back legs extended and the front legs placed along the
side, but slightly away from the body. Total radiation exposure from a total body scan
was less than 0.09 mrem. Total scan time was approximately 10 minutes. Total body fat,
abdominal fat, lean content and bone density of right femur was calculated after image
capture (32).

Cardiometabolic Risk Factors: Serum glucose, total cholesterol (TC), HDL-cholesterol
(HDL-C), and triglyceride (TG) levels were measured on a AU400 clinical chemistry
analyzer (Beckman Coulter, Inc., Brea CA) using enzymatic or immunoturbidimetric
reagents with inter-assay coefficient of variations (CV) being 3.2%, 2.8%, 5.0% and
3.4%, respectively. LDL-C was estimated using the Friedewald equation (33). NonHDL-C (nHDL-C) was calculated by subtracting HDL-C from TC. The assays were
standardized through the Lipid Standardization Program of the Centers for Disease
Control, Atlanta, GA. Plasma insulin was measured using a solid phase enzyme-linked
immunoassay procedure, (Human/Canine/Porcine Insulin Quantikine® ELISA kit, R&D
Systems, Minneapolis, MN), with inter-assay CV of 7.3%. Liver (alkaline phosphatase
[ALP], alanine transaminase [ALT], and aspartate transaminase [AST]) and muscle
(creatinine kinase [CK]) enzymes were measured in serum on the AU400 using
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enzymatic kinetic procedures with inter-assay CVs between 3.5-8.0% respectively.
Plasma high sensitive C-reactive protein (hsCRP) was measured by a two-site enzymelinked immunoassay procedure, (Pig High-Sensitive CRP ELISA Cat. No. KT-184,
Kamiya Biomedical Company, Seattle, WA), and interleukin-6 (IL-6) and tumor necrosis
factor alpha (TNFα) were measured in plasma by solid phase enzyme-linked
immunoassay procedures, (Porcine IL-6 and TNFα Immunoassay Quantikine® ELISA
kits, R&D Systems, Minneapolis, MN) with inter-assay CV less than 10%. Serum fatty
acids were determined by gas chromatography (29,30).

Atherosclerotic Lesion Development: Samples for histopathological evaluation were
taken from the LCX, LAD (proximal, medial and bifurcation with LCX), and right
coronary artery (RC). Approximately 1.0 cm of each coronary artery was excised
consistently from the same anatomical location in all pigs. After embedding in paraffin,
5µm transverse sections were collected every 1.0 mm throughout the segment and stained
with haematoxylin and eosin (H&E). Longitudinal sections for the LAD/LCX
bifurcation were also collected and stained with H&E. Blinded assessment of arterial
histologic sections was performed by a board-certified veterinary cardiovascular
pathologist. Histologic sections were assessed for evidence and progression of
atheromatous change using the Stary System of classification (34) (Supplemental Figure
2). The mean atheromatous change in each coronary artery section per group was then
determined. Lesion incidence (%) in each artery was calculated as the number of
segments with each stary type lesion (I to VI) by total number of segments.
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Fixed aortas were cut longitudinally prior to staining with oil red-O to determine lipid
deposition (Supplemental Figure 3). Briefly, aortas were immersed in 500mL 1X PBS
for 2 minutes then rinsed thrice to remove all formalin, prior to staining with 0.3% (w/v)
oil red-O solution (Sigma-Aldrich, St. Louis, MO) dissolved in 60% isopropanol for 10
minutes. Following staining, aortas were washed with 500mL of 60% isopropanol for 1
minute to remove excessive oil red-O, and rehydrated by immersion in 1X PBS for 10
minutes. Aortas were carefully flattened and pinned onto a black plate, and
photographed using a Canon EOS Digital Rebel XTi camera. Stained areas were
quantified using Image J software and expressed as the percentage of oil red-O positive
area in total arch or thoracic area, respectively.

Statistical Analysis
Data was analyzed using SAS for Windows (version 9.4; SAS Institute, Cary, NC).
Descriptive statistics and graphs (PROC UNIVARIATE) were used to summarize the
distributions of the outcomes. Two-way ANOVA (PROC MIXED) with the main effects
of diet, statin and diet x statin interaction was used to determine differences in LDL-C,
nHDL-C, HDL-C, TG, glucose and insulin levels at each blood sampling time point, and
hsCRP, TNFα, ALP, ALT, AST, and CK levels, as well as differences in body
composition and oil red-O staining at the end of the study. An ordered logistic regression
model (PROC LOGISTIC) with the main effects of diet, statin and diet x statin
interaction was used to test the differences in histopathological evaluation outcomes for
each coronary artery among groups. Differences among group means were compared
using the method described by Wei et al (35). Differences in serum fatty acids among
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groups were assessed using Kruskal-Wallis test (PROC NPAR1WAY) and the DwassSteel-Critchlow-Fligner method was used for post-hoc analyses. Statistical significance
was set at P < 0.05.

A.3.4 Results
Serum Fatty Acid Profiles
The serum fatty acid profiles reflected the predominant fatty acids in the diets and were
not affected by atorvastatin supplementation (Supplemental Table I). Pigs fed the WD/+S had higher proportions of SFAs, mainly 12:0 (lauric) and 16:0 (palmitic) as well as
MUFA 18:1n-9 (oleic), and trans fatty acids (16:1n-7 [palmitoleic], and 18:2 CLA
[conjugated linolenic acid]). The latter fatty acids are unique to anhydrous milk fat
(butter) the main source of fat in these groups. Conversely, the main source of dietary fat
in the HHD-/+S groups was unsaturated and this was reflected in higher proportions of n6 and n-3 PUFAs, specifically 18:2n-6 (linoleic) and 18:3n-3 (alpha linolenic), as well as
20:5n-3 (eicosapentaenoic), 22:5n-3 (docosapentaenoic) and 22:6n-3 (docosahexaenoic),
from the fish oil supplement.

Body Composition
Given the isocaloric nature of the diets, there was no significant difference in body
weights among the 4 groups of pigs over the duration of the study (Supplemental Figure
4A). Body composition analysis by DXA did not reveal any significant differences in
total fat% and femoral bone density among groups, however abdominal fat% was
significantly higher in the HHD versus WD (Pdiet = 0.022) groups (Table 2).
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Cardiometabolic Risk Factors
As depicted in the time course graphs (Figure 1), differences in lipid profiles between
pigs fed the WD relative to the HHD were observed within 2 months for LDL-C and
nHDL-C (Pdiet < 0.001), and at 4 months for HDL-C levels (Pdiet < 0.001), and these
differences were maintained until the end of the study. In the WD+S and HHD+S groups,
the observed reductions in lipid levels coincided with the initiation of 20 mg/d of
atorvastatin at 2 months and trended further downward when the dose was increased to
40 mg/d (Pstatin <0.02). At the end of the intervention period (Table 2), pigs fed the HHD
had significantly lower levels of LDL-C (-74%), nHDL-C (-72%) and HDL-C (-44%)
compared to pigs fed the WD (Pdiet < 0.001). This resulted in a more favorable TC/LDLC and LDL-C/HDL-C ratio (Pdiet <0.001). Pigs in the WD+S and HHD+S groups showed
significant improvements in LDL-C (-40%), nHDL-C (-39%) and TG (-6%) levels
compared to pigs not receiving statin therapy (Pstatin <0.01). Additionally, pigs fed the
HHD-S had lower LDL-C (-57%) and nHDL-C (-54%) levels compared to pigs fed the
WD+S.

No significant differences were observed in glucose and insulin levels among the 4
groups throughout the study. Among the inflammatory biomarkers measured, plasma
hsCRP (-40%, Pdiet = 0.047) and TNFα (-52%, Pdiet = 0.003) levels were lower in pigs fed
the HHD compared to the WD. Of note, IL-6 levels were non-detectable in the majority
of the pigs. Among the liver (ALP, ALT, AST) and muscle (CPK) enzymes that were
monitored throughout the study, no effect of statin was observed. Interestingly, a
significant diet effect was noted, with ALP and ALT levels being significantly higher in
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pigs fed the WD (77%, Pdiet = 0.004 and 21%, Pdiet = 0.027, respectively) relative to the
HHD.

Atherosclerosis Development
Histopathological evaluations of the coronary arteries revealed early stage lesions
characterized as either Stary Type I (early lesions with adaptive intimal thickening), Type
II (fatty streak with foam cells and macrophages), or Type III (pre-arethroma with
extracellular lipid droplets early atheromatous lesions). No advanced and complicated
lesions (Type IV to VI) were observed. In terms of lesion incidence, a higher proportion
of pigs fed the HHD and HHD+S had intact intima compared to pigs fed the WD and
WD+S (Figure 2). While pigs in all groups exhibited variable Type I lesions in all
arteries assessed, pigs in the HHD and HHD+S groups had a complete absence or notable
reduction in the incidence of progressive Type II lesions compared to that observed in the
WD fed pigs. Specifically, in the HHD and HHD+S fed pigs, Type II lesions were rarely
observed and only in the LAD/LCX bifurcation (13% in HHD and 14% in HHD+S) and
RC (14% in HHD+S). No Type II lesions were observed in LAD of either the HHD or
HHD+S fed pigs, regardless of location (proximal or medial). In contrast, the LAD Type
II incidence in the proximal, medial and LAD/LCX bifurcation were 13%, 50% and 75%
in the WD fed pigs and 14%, 29% and 71% in WD+S pigs, respectively. Type III lesions
were only observed in the WD fed pigs (13%).

As summarized in Table 3, pigs fed either the HHD-S or HHD+S had notably less
atheromatous changes in the RC (Pdiet = 0.0013, Pdietxstatin = 0.049) and LAD (proximal,
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medial and LAD/LCX bifurcation; all Pdiet < 0.03) compared to the WD-S and WD+S fed
pigs. Also, the percentage of stained area in the aortic arch and thoracic aorta was
significantly higher in the WD groups compared to the HHD groups (Pdiet < 0.001),
independent of statin therapy.

Sex Specific Trends
While our study included boars and gilts, it was not powered to perform sex specific
analysis among groups. However, given the known sex differences in the prevalence and
burden of CVD (36) as well as the high inter-individual variability in statin response (37),
we conducted descriptive analysis to determine any trends in diet and statin
responsiveness among the pigs. Analysis of the body composition data by sex did not
reveal any major differences (Supplemental Table 2 and Supplemental Figures 4B and
4C). Likewise, the LDL-C, nHDL-C and HDL-C response over the duration of the study
was similar between sexes (Supplementary Figure 5), although the mean values
(Supplemental Table 2) tended to be higher in the gilts than boars, except for TG levels.
The diet and/or atorvastatin response between sexes was similar for glucose, insulin,
inflammatory markers as well as liver and muscle enzymes. Of note, the mean
atheromatous change in the RC and LAD as well as degree of lipid deposition in the
aortic arch and thoracic aorta (Supplemental Table 3) tended to be higher in the gilts fed
the WD compared to boars fed the same diet, potentially indicating greater diet
responsiveness in the gilts.
A.3.5 Discussion
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Animal models that mimic the human pathogenesis of CAD are of increasing importance
in preclinical studies evaluating diet and/or drug interventions, and for elucidating
underlying mechanisms. We document that Ossabaw pigs develop dyslipidemia and
inflammation accompanied by early stage atherosclerosis that follows similar
pathogenesis to human lesions in terms of morphology (foam cells, fatty streaks) after
consumption of a WD relative to a HHD pattern. Atorvastatin therapy resulted in a
modest but significant lowering of LDL-C, nHDL-C and TG levels. This presents a
promising model to examine whole food based dietary patterns on CAD development.

Extensive prior work has demonstrated that feeding the Ossabaw pig an “atherogenic”
diet (ATH, 16%E protein, 38-41%E carbohydrate mainly from fructose and high fructose
corn syrup, and 43-45%E from fat sources including hydrogenated coconut oil/soybean
oil and/or lard, with supplementation of cholesterol at 2% w/w) in caloric excess relative
to a low fat “control” diet (18% E protein, 71% E carbohydrate and 11% E fat) results in
obesity and the manifestation of several pathological aspects of the metabolic syndrome,
as well as insulin resistance and atherosclerosis (19-22,38-44). Compared to the ATH
diet, the WD used in our study had a lower proportion of fat, carbohydrate and
cholesterol. In addition, hydrogenated fat and fructose were replaced with anhydrous
milk fat (butter) and refined sugar/white flour, respectively. At the end of our 6 month
feeding period mean body weights, lipid and lipoprotein profile, as well as glucose,
insulin, inflammatory marker, and liver enzymes levels, were very similar to that
observed in pigs fed the ATH diet (20,21,38,45). Our histopathologic findings of early
stage atherosclerotic lesions in pigs fed the WD are consistent with the early neointimal
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hyperplasia and increased degree of atheroma (%) in the LAD and LCX observed in
obese pigs fed the ATH diet, confirmed via histopathology and/or intravascular
ultrasound (19,44,45). Thus, our data documents the suitability of the Ossabaw pig as a
model of early stage atherosclerosis induced by feeding a diet that closely mimics a
human WD pattern, thereby increasing the translational nature of this model.

Of note, we did not observe insulin resistance which has been documented in some
Ossabaw studies (19,21). This could be due to the fact that the comparison group in these
prior studies was “lean” control pigs fed calorie restricted diets. It could also be due to
the high fructose and/or trans fatty acid content of the ATH diet. Our comparison group
was fed an isocaloric diet that was designed to mimic a HHD pattern (high in unsaturated
fat, whole grain, fruits/vegetables and low in cholesterol) and resulted in a more
favorable cardiometabolic profile. In addition, it protected against CAD progression and
possibly liver inflammation as documented by lower ALP and ALT levels. We also
observed lower HDL-C levels that is typically associated with consumption of PUFA
versus SFA rich diets (46). However the TC/HDL-C and LDL-C/HDL-C ratios which are
stronger predictors of CVD risk (47), were most favorable in pigs fed the HHD relative to
the WD. No significant differences were observed in TG levels with fish oil
supplementation in both HHD groups compared to the WD. This was not unexpected,
since TG levels are typically not as elevated as other lipoproteins in obese Ossabaw pigs
and tend to be more responsive to alterations in dietary carbohydrate.
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While a significant diet effect was observed in the Ossabaw pigs, the responsiveness to
diet with concomitant atorvastatin therapy was modest. While statins have welldocumented clinical efficacy, there is a large degree of inter-individual variability (37),
and some individuals continue to have CVD events despite statin treatment (48). On
average, it has been reported that atorvastatin therapy results in a mean LDL-C reduction
of -43% and -48% at a dose of 20mg and 40mg, respectively, with a range between -37%
to-56% (37). The average reduction in LDL-C levels at the end of our study, when the
pigs were receiving the 40mg dose of atorvastatin was -45% (WD+S vs. WD) and -37%
(HHD+S vs. HHD). The range of response was between - 37% to -71%. This suggests
that the Ossabaw pigs response to atorvastatin was similar to that observed in humans.
Part of the variability could be due to sample size as well as dosage used. In other swine
models the statin dose provided has been from 0.25 up to 3mg/kg body weight (49,50).
The body weights of our pigs toward the end of the study were in the 80kg range, but we
chose not to further increase the dose from 40 to 80 mg/day or higher, because we were
trying to mimic typical human dosage, consistent with the translational goal of the study.
There was also some concern about potential side effects reported with higher statin
doses (51). Further work on whether differences in hepatic LDLR and PCSK9 gene
expression explain some of the variability in response is also warranted (52).

There is some debate as to whether statins are as effective at primary prevention of CVD
events in women as they are in men (53). An intriguing aspect of our study was the sex
specificity of the TG response to diet and or drug therapy in the boars compared to the
gilts. However, it must be noted that the pigs in our study became sexually mature
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midway through the study, in contrast to majority of the prior studies which have used
pigs that had attained sexual maturity prior to diet initiation. It has been shown that
increases in androgen but not estrogen levels during puberty decreases hepatic lipase
activity, which can lead to related changes in lipoprotein TG composition (54). There are
also known differences in very low density lipoprotein metabolism between the sexes
(55) that are influenced by sex steroid levels (56,57), which might explain some of the
sex differences observed. Additional studies are needed to fully explore this possibility.

While the Ossabaw pig holds promise as a model for understanding the pathogenesis of
metabolic diseases and assessing treatment strategies (dietary and pharmacologic), some
limitations of large animal models must be acknowledged. The first relates to the expense
and the need for specialized facilities with expertise in care and maintenance. Second, the
availability of animals (number as well as sex) relates to the success of breeding
programs, although newer techniques that have successfully cloned Ossabaw pigs using
surrogate conventional pigs as mothers might alleviate this issue.(58) Third, while our
diets were designed to mimic human dietary patterns and provided macronutrients in
quantities typically consumed by humans rather than the extreme diets used in prior pig
studies, the 1.5%w/w of cholesterol in the WD represents >750 mg/d, which is at the
higher end of the upper level of cholesterol intake (~500-800 mg/d) in a typical WD (59).
However, this is within the range studied in randomized clinical trials that have evaluated
the effect of dietary cholesterol on CVD risk factors (60).
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In summary, this study elucidates the effects of a WD and HHD pattern with or without
statin therapy on cardiometabolic risk factors and atherosclerosis development using the
Ossabaw pig and provides a translational experimental model of CAD in which to further
study various dietary patterns and to elucidate mechanistic pathways that potentially
mediate the response.
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Composition of the Experimental Diets1

TABLE 1
Variables

Source

WD-S

WD+S

HHD-S

HHD+S

38

38

38

38

22

22

9

9

10

10

15

15

n-6 PUFA3 Soybean, Corn Oils

5

5

11

11

n-3 PUFA3 Canola, Soybean, Fish Oil4

1

1

3

3

15

15

47

47

Fat (%E)2
SFA3 Anhydrous Milk Fat (butter)
MUFA3 Canola Oil

Protein (%E)2

Soy, Cornmeal

15

15

Carbohydrate

Sugar, White Flour

47

47

(%E)2

Whole Wheat Flour, Oats

Fiber (g/100g)2

Oats, Fruit/Vegetable Mix5

Cholesterol

Cholesterol

7

7

13

13

1.5

1.5

0.1

0.1

-

20-40

-

20-40

2.5

2.5

2.5

2.5

(%w/w)3
Atorvastatin

Lipitor6

(mg/d)
Vitamins/Mine
rals (%w/w)

Pre-made Mix7

249
1

WD, western diet; HHD, heart healthy diet, S, statin; n=7 in WD-S and HHD-S, n=8 in
WD+S and HHD+S.
2
Macronutrient profile and fiber content was confirmed by chemical analysis
(Cumberland Valley
Analytical Services, Inc., Hagerstown, MD and Eurofins Scientific Inc., Des Moines,
IA).
3
Fatty acid composition and cholesterol content was confirmed by gas chromatography.
The cholesterol content is the sum of that present in the anhydrous milk fat (butter) and
added in purified form.
4
Fish oil (Epanova, 1g, 550mg EPA+200mg DHA) capsule was provided three times per
week to the pigs in the HHD-S and HHD+S groups embedded in a small amount of
“cookie dough” with their food ration.
5
5 A Day Freeze dried fruit/vegetable mix (Futureceuticals, Momence, IL).
6
Atorvastatin (Lipitor) pill was provided to pigs in the WD+S and HHD+S groups at a
dose of 20mg/d during months 2 to 4, and 40mg/d during months 5 to 8 embedded in a
small amount of “cookie dough” with their food ration.
7
Pre-made Vitamin/mineral mix (ADM Animal Nutrition “MaxLean” GF 45P CSBM
12293AAA, Quincy, IL) contained calcium carbonate, salt, monocalcium phosphate,
dicalcium phosphate, processed grain by-products, roughage products, calcium
pantothenate, vitamin E (α-tocopheryl acetate), niacin, menadione dimethylpyrimidinol
bisulfite, Riboflavin Supplement, vitamin a (𝜷-carotene), Mineral Oil, Vitamin B12
Supplement, vitamin D3, ferrous sulfate, zinc sulfate, manganese sulfate, copper sulfate,
calcium iodate, dried trichoderma reesei fermentation product, vegetable oil, sodium
selenite, zinc oxide, manganous oxide.
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TABLE 2 Cardiometabolic Risk Factor Profile of Ossabaw Pigs fed WD or HHD,
without or with S at the End of the Study1,2

1

WD, western diet; HHD, heart healthy diet, S, statin; n=7 in WD-S and HHD-S, n=8 in

WD+S and HHD+S.
2

Values are least square means [95% confidence intervals] compared using two-way

ANOVA with the main effects of diet, statin, and diet x statin interaction. Labeled means
in a row without a common letter differ, P < 0.05.

2

WD, western diet; HHD, heart healthy diet, S, statin; n=7 in WD-S and HHD-S, n=8 in WD+S and HHD+S.
Histopathological evaluation values are presented as mean atheromatous change [95% confidence intervals]
derived using Stary System of classification, compared using ordered logistic regression with the main
effects of diet, statin, and diet x statin interaction. 3Oil Red O staining values are least square mean [95%
confidence intervals] for stained area/total area expressed as a percentage, compared using two-way ANOVA
with the main effects of diet, statin, and diet x statin interaction. Labeled means in a row without a common
letter differ, P < 0.05.

1

TABLE 3. Histopathology of Coronary Vessels in the Ossabaw Pigs fed WD or HHD, without or with S
at the End of the Study1
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Figure Legends
FIGURE 1 Circulating LDL-C (A), nHDL-C (B), HDL-C (C), triglyceride (D), glucose
(E) and insulin (F) levels in Ossabaw pigs fed WD or HHD, without or with S from
months 2-8 of the study. Values are means ± SD, n=7 or 8. Labeled means at each time
without a common letter differ, P < 0.05. Two-way ANOVA with the main effects of
diet, statin, and diet x statin interaction was used to determine differences in each variable
at each time. WD, western diet; HHD, heart healthy diet, S, statin.

FIGURE 2 Type and lesion incidence in right coronary (A), left circumflex (B), left
anterior descending–proximal (C), left anterior descending artery –medial (D), and left
anterior descending/left circumflex bifurcation (E), in Ossabaw pigs fed WD or HHD,
without or with S at the end of the study. Bars represent mean lesion incidence (%)
calculated as the number of segments with either intact intima or stary type lesion (I, II or
III) by total number of segments. Evaluated were 5 slides per pig per coronary artery
section for a total of 35 slides in each group. WD, western diet; HHD, heart healthy diet,
S, statin.
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FIGURE 1
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FIGURE 2
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Online Supporting Material
Supplemental Table 1. Serum Fatty Acid Profile of Ossabaw Pigs fed WD or HHD,
without or with S at the End of the Study1
Fatty Acid
SFA

WD-S

WD+S

HHD-S

HHD+S

P value

36.6 ± 2.1a

35.7 ± 2.3a

32.1 ± 1.6b

32.6 ± 0.9b

<0.001

8:0 to 10:0

0.27 ± 0.17

12:0

a

0.33 ± 0.18

0.15 ± 0.08

0.13 ± 0.09

0.08 ± 0.04

0.06 ± 0.01

0.005

14:0

0.05 ± 0.05

0.03 ± 0.04

0.02 ± 0.01

0.04 ± 0.02

0.095

15:0

0.14 ± 0.04b

0.14 ± 0.03b

0.17 ± 0.04b

0.24 ± 0.03a

0.001

a

16:0

a

19.1 ± 1.0

a

18.5 ± 1.5

18:0

14.9 ± 1.1

20:0
22:0
24:0
MUFA

0.27 ± 0.17

0.30 ± 0.33
ab

0.917

14.3 ± 1.3

b

15.3 ± 1.5

<0.001

14.8 ± 1.9

15.0 ± 2.2

14.3 ± 1.7

0.985

1.68 ± 0.30

1.49 ± 0.43

2.01 ± 0.55

1.92 ± 0.36

0.078

0.15 ± 0.16

0.23 ± 0.20

0.19 ± 0.19

0.24 ± 0.19

0.828

b

b

b

b

ab

a

0.07 ± 0.02

0.06 ± 0.02

0.10 ± 0.03

0.15 ± 0.07

25.9 ± 1.4a

27.6 ± 4.0a

22.1 ± 3.6b

22.3 ± 3.3b

0.02 ± 0.01bc

0.01 ± 0.01c

14:1n-5

0.05 ± 0.03a

16:1n-9

ab

0.49 ± 0.06

a

0.04 ± 0.01ab
a

0.55 ± 0.14

a

b

0.41 ± 0.09

b

0.011
0.006
<0.001

ab

0.048

b

0.46 ± 0.09

16:1n-7

2.07 ± 0.25

2.21 ± 0.48

0.51 ± 0.16

0.58 ± 0.18

<0.001

18:1n-9

21.6 ± 1.2a

22.9 ± 3.0a

19.4 ± 3.2b

19.4 ± 2.7b

0.010

18:1n-7

1.45 ± 0.16

1.61 ± 0.39

1.48 ± 0.21

1.51 ± 0.19

0.923

20:1n-9

0.10 ± 0.17

0.11 ± 0.14

0.08 ± 0.07

0.19 ± 0.25

0.294

22:1n-9

0.02 ± 0.003a

0.01 ± 0.004b

0.01 ± 0.003b

24:1n-9

0.17 ± 0.07

0.14 ± 0.08

0.17 ± 0.04

0.19 ± 0.05

0.188

33.3 ± 1.5b

32.8 ± 4.1b

39.9 ± 4.3a

39.0 ± 4.0a

0.004

b

b

a

ab

n-6 PUFA

0.02 ± 0.003a

<0.001

18:2n-6

24.4 ± 1.8

24.2 ± 2.9

32.7 ± 3.9

30.4 ± 4.6

0.002

18:3n-6

0.40 ± 0.11

0.38 ± 0.12

0.27 ± 0.10

0.54 ± 0.37

0.107

20:2n-6

0.20 ± 0.05b

0.19 ± 0.04b

0.28 ± 0.07a

0.27 ± 0.08ab

0.040

20:3n-6

a

1.23 ± 0.28

a

1.09 ± 0.15

b

0.36 ± 0.19

0.28 ± 0.07

<0.001

20:4n-6

6.30 ± 1.07

6.04 ± 1.56

5.80 ± 0.69

7.07 ± 1.28

0.209

22:4n-6

0.29 ± 0.05a

0.29 ± 0.06a

0.11 ± 0.03b

0.13 ± 0.06b

<0.001

22:5n-6

0.51 ± 0.23

0.56 ± 0.23

0.42 ± 0.17

0.33 ± 0.13

0.160

n-3 PUFA
18:3n-3

b

b

b

a

a

2.54 ± 0.7

2.29 ± 0.5

5.29 ± 1.39

5.36 ± 0.64

<0.001

0.55 ± 0.19b

0.51 ± 0.17b

1.77 ± 0.82a

1.56 ± 0.58a

0.005
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18:4n-3

0.09 ± 0.02

0.07 ± 0.03

0.05 ± 0.03

0.09 ± 0.07

0.094

20:3n-3

0.04 ± 0.02b

0.05 ± 0.03b

0.13 ± 0.05a

0.13 ± 0.05a

0.001

20:5n-3

0.32 ± 0.07b

0.34 ± 0.13b

1.08 ± 0.20a

0.99 ± 0.14a

<0.001

22:5n-3

0.76 ± 0.18b

0.79 ± 0.22b

1.02 ± 0.21ab

1.25 ± 0.33a

0.004

22:6n-3

0.79 ± 0.58ab

0.54 ± 0.34b

1.23 ± 0.66a

1.34 ± 0.62a

0.024

a

b

b

a

Trans

1.66 ± 0.12

1.73 ± 0.15

0.65 ± 0.09

0.69 ± 0.12

<0.001

16:1n-7t

0.23 ± 2.1a

0.24 ± 0.03a

0.07 ± 0.01b

0.07 ± 0.01b

<0.001

16:1n-9t

0.08 ± 0.01a

0.09 ± 0.02a

0.04 ± 0.01b

0.04 ± 0.01b

<0.001

18:1n-7t

0.36 ± 0.05a

0.34 ± 0.08ab

0.21 ± 0.07bc

0.19 ± 0.06c

<0.001

18:1n-9t

0.46 ± 0.08a

0.47 ± 0.1a

0.19 ± 0.03b

0.22 ± 0.06b

<0.001

0.05 ± 0.01ab

0.05 ± 0.02ab

0.04 ± 0.01b

0.07 ± 0.02a

0.040

18:2t

0.14 ± 0.08a

0.18 ± 0.10a

0.02 ± 0.01b

0.04 ± 0.04b

0.020

18:2CLA

a

a

b

b

<0.001

18:1n-10 to 12t

0.33 ± 0.04

0.36 ± 0.06

0.07 ± 0.01

0.07 ± 0.02

1Values are means ± SD, n=7 or 8 per group. Different superscript letters
indicate significant differences (P < 0.05) between groups by Kruskal-Wallis
test. WD, western diet; HHD, heart healthy diet, S, statin; SFA, saturated
fatty acid; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids; Trans, trans fatty acids; CLA: conjugated linolenic acid.
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Supplemental Table 2. Cardiometabolic Risk Factor Profile by Sex in Ossabaw
Pigs fed WD or HHD, without or with S at the End of the Study1

1Values are least square means [95% confidence intervals], n= 7 or 8 per group. WD, western
diet; HHD, heart healthy diet, S, statin.

1Histopathological evaluation values are presented as mean score [95% confidence
intervals] derived using Stary System of classification.
2Oil Red O staining values are least square mean [95% confidence intervals] for stained
area/total area expressed as a percentage. WD, western diet; HHD, heart healthy diet;
S, statin; n=7 or 8 per group.

Supplemental Table 3. Histopathology of Coronary Vessels by Sex in Ossabaw Pigs
fed WD or HHD, without or with S at the End of the Study.
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Supplemental Figure 1. Study Design and Sampling Schedule.
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Supplemental Figure 2. Histology of representative examples of the atheromatous
changes as per of the Stary System of Classification in Ossabaw pigs fed WD or HHD,
without or with S. (A) Intact intima (LAD of pig # 2336 in HHD-S group). Arrowhead
indicates normal coronary artery wall with endothelial-lined, quiescent intimal lining and
uniform tunica media. (B) Stary Type I lesion (RC of pig # 2333 in WD+S group) with
notable intimal thickening (bracket) and scattered mononuclear infiltrates and/or foamy
macrophages (arrowhead) in the superficial layer. (C) Stary Type II lesion (LAD/LCX
bifurcation of pig # 2349 in WD+S group) with notable intimal thickening (bracket) and
focally extensive accumulations of foamy macrophages (arrowheads). (D) Stary Type III
lesion (LAD/LCX bifurcation in pig # 2348 in WD- S group) with notable intimal
thickening (bracket), widespread mononuclear infiltrates and foamy macrophages, and a
focal area of lipid pooling with reactive multinucleated giant cells (arrowhead). H&E;
Hematoxylin and Eosin stain; LAD, left anterior descending; RC, right coronary; LCX,
left circunflex; WD, western diet; HHD, heart healthy diet, S, statin.
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Supplemental Figure 3. Lipid deposition by oil red O staining in representative
examples of the aorta from Ossabaw pigs fed WD or HHD, without or with S. WD-S,
pig # 2347 (A), WD+S, pig # 2349 (B), HHD-S, pig # 2341(C) and HHD+S, pig #
2334(D). WD, western diet; HHD, heart healthy diet, S, statin.
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Supplemental Figure 4. Mean body weights (kg) in Ossabaw Pigs fed WD or HHD,
without or with S over the duration of the study. All pigs, n=7 or 8 (A), Boars, n=3 (B)
and Gilts, n=4 (C) per group. Vertical bars depict ± SD. WD, western diet; HHD, heart
healthy diet, S, statin.
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Supplemental Figure 5. Cardiometabolic risk factor profiles by sex in Ossabaw Pigs
fed WD or HHD, without or with S over the duration of the study. Serum LDL-C (A,
B), nHDL-C (C, D), HDL-C (E, F), TG (G, H), glucose (I, J) and insulin (K. L) levels
in boars and gilts, respectively. The symbols represent the mean value for pigs (n=3 or
4) in each of the 4 experimental groups. Vertical bars depict ± SD. WD, western diet;
HHD, heart healthy diet, S, statin.
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Plasma Phospholipid Fatty Acid Profiles in Korean Adults With and Without Acute
Coronary Syndrome
Maura E. Walker, Jisun So, Nirupa R. Matthan, Elizabeth J. Johnson, Sung Nim Han, IckMo Chung, Alice H. Lichtenstein
Experimental Biology 2017
Background and Objectives: Acute coronary syndrome (ACS), a clinical manifestation
of coronary artery disease presenting as unstable angina and/or myocardial infarction, is
the third-leading cause of death in South Korea. Plasma phospholipid (PL) fatty acid
profiles are considered objective biomarkers of both dietary fat type and indicator of
endogenous fatty acid metabolism and have been associated with cardiovascular disease
risk in multiple cohorts. Little data are available about the relationship between these
biomarkers and ACS in the Korean population. Our objective was to assess the
relationship of plasma PL fatty acid profiles among Korean adults with (cases) and
without (controls) diagnosed ACS.
Methods: Plasma was collected from newly diagnosed cases (n=30) and controls (n=29)
at Ewha Womans University Medical Center (EUMC), Seoul, South Korea. Cases and
controls were matched on the basis of age (51+7 y) and sex. PL fatty acids profiles were
determined by gas chromatography and expressed as molar percentage (mol%). Thirtysix fatty acids were resolved. Fatty acid product-to-precursor ratios were calculated to
estimate desaturase enzyme activities (stearoyl-CoA-desaturase [SCD1; 161n-7/16:0],
SCD2 [18:1n-9/18:0], delta-6-desaturase [D6D; 20:3n-6/18:2n-6] and delta-5-desaturase
[D5D; 20:4n-6/3n-6]). Data were analyzed using either paired t-test or Wilcoxon signed
rank test as appropriate. Fatty acids were categorized into tertiles and logistic regression
was used to calculate odds ratios (95% confidence intervals) for ACS risk with the lowest
tertile serving as the reference.
Results: Myristic (14:0; p = 0.041), gamma-linolenic (18:3n-6; p = 0.029), dihomogamma-linolenic (20:3n-6; p = 0.050), docosadienoic acid (22:2n-6; p = 0.050),
docosatetraenoic (22:4n-6; p = 0.037) and conjugated linoleic acid (18:2C; p = 0.025)
were significantly higher, whereas nervonic acid (24:1n-9; p = 0.042) and DHA/AA ratio
(p = 0.030) were significantly lower in cases compared to the control subjects. A trend
toward higher arachidonic (20:4n-6; p = 0.068) was observed in the cases. ACS risk was
significantly lower among those in the highest tertile of DHA/AA (OR: 0.25 [95% CI:
0.07- 0.94]) and significantly higher among those in the highest tertile of gammalinolenic (18:3n-6; OR: 4.6 [95% CI: 1.2-18.1]).
Conclusions: These data indicate that ACS cases have a higher proportion of fatty acids
in the endogenous omega-6 pathway and lower DHA/AA ratio.
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Low Plasma Levels of Carotenes Are Associated with an Increased Risk of Acute
Coronary Syndrome in a Korean Population
Jisun So, Maura Walker, Nirupa R. Mattan, Alice H. Lichtenstein, Sung Nim Han, IckMo Chung, and Elizabeth J. Johnson
Experimental Biology 2017
Acute coronary syndrome (ACS) includes acute myocardial infarction and unstable
angina, which are manifestations of coronary atherosclerosis. Circulating levels of
carotenoids have been suggested to exert a protective effect in the development of
coronary heart disease. We investigated whether plasma carotenoids – xanthophylls
(lutein, zeaxanthin, and b-cryptoxanthin) and carotenes (a-carotene, b-carotene, and
lycopene) – were related to the risk of developing ACS in middle-aged Korean adults.
The age- and sex-matched case-control analysis comprised 30 subjects diagnosed with
ACS and 30 controls. Plasma concentrations of carotenoids were measured by high
performance liquid chromatography. The odds ratio (OR) of each plasma carotenoid was
estimated by a logistic regression model adjusted for waist circumference.
Compared to the controls, the cases had a significantly greater waist circumference (85.0
± 8.6 cm vs. 80.6 ± 8.3 cm; p < 0.05) and lower HDL cholesterol concentration (45.9 ±
11.9 vs. 51.6 ± 11.7 mg/dl; p < 0.05). Plasma concentrations of carotenes, but not
xanthophylls, were significantly lower in the cases as compared with controls (acarotene: 0.11 ± 0.05 vs. 0.17 ± 0.18 µmol/l, p < 0.05; b-carotene: 1.00 ± 0.62 vs. 1.54 ±
0.88 µmol/l, p < 0.05; lycopene: 0.21 ± 0.16 vs. 0.62 ± 0.39 µmol/l, p < 0.001,
respectively). After adjusting for waist circumference, plasma concentrations of bcarotene (OR = 0.92, 95% CI 0.85-0.99; p = 0.025) and lycopene (OR = 0.57, 95% CI
0.42-0.79; p < 0.001) were associated with higher risk of ACS. No significant
association with the risk of ACS was observed for plasma xanthophyll concentrations.
This study provides evidence for inverse associations between plasma b-carotene and
lycopene and the risk of developing ACS, suggesting that consumption of fruits and
vegetables (especially, carrots, winter squash, tomatoes) may play a protective role in the
development of ACS in the Korean population.
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The Ossabaw Pig as a Model for Diet Induced Atherosclerosis and Statin
Responsiveness
Nirupa R Matthan, Gloria Solano-Aguilar, Stefania Lamon-Fava, Audrey Goldbaum,
Maura Walker, Huicui Meng, James Stanley, Saebyeol Jang, Sukla Lakshman, Aleksey
Molokin, Yue Xie, Ethiopia Beshah, Joseph F Urban, Jr., and Alice H Lichtenstein
Experimental Biology 2017
Background and Objectives: The Ossabaw pig has been established as a model for
obesity, metabolic syndrome, atherosclerosis and non-alcoholic steatohepatitis, when fed
an extreme diet (high trans fat and fructose) in caloric excess. To increase the
translational nature of this model, we determined if the pigs manifested cardiometabolic
risk factors and atherosclerosis when fed diets designed to provide macronutrients in
quantities typically consumed by humans (fat: 38% energy [E], carbohydrate: 45%E,
protein: 15%E), and resembling human dietary patterns. Specifically, an isocaloric
“Western Diet” (WD) high in saturated fat, cholesterol and refined grains was compared
to a “Heart Healthy Diet” (HHD) high in unsaturated fat [omega-3 and omega-6 fatty
acids], whole grain, fruits/vegetables and fiber. We also evaluated the role of atorvastatin
(S) therapy in modulating these effects.
Methods: Thirty male and female Ossabaw pigs were randomized into 4 groups: WD
[n=7]; WD+S [n=8]; HHD [n=7]; and HHD+S [n=8]) at 3 months of age and fed the
respective diets for 6 months, with S provided during the last 3 months. Body
composition was determined using dual x-ray absorptiometry, serum fatty acid (FA)
profiles by gas chromatography, cardiometabolic risk profile by standard procedures and
degree of atherosclerosis by histopathology.
Results: Serum FA profiles reflected the predominant dietary FA. Compared to pigs fed
the WD, reductions in LDL-C (−45%, −77%, −86%), HDL-C (−0.1%, −31%, −50%),
triglycerides (−48%, −30%, −51%), hsCRP (−30%, −39%, −28%) and alkaline
phosphatase (−3%, −33%, −45%) were observed in pigs fed the WD+S, HHD and
HHD+S, respectively (p<0.05, WD and WD+S vs. HHD and HHD+S). No significant
effect was observed in serum glucose, insulin, TNFα, other liver and muscle enzyme
levels, and body weight/fat distribution among groups. Histopathological evaluation
documented early atherosclerotic changes in the right coronary (RC), left anterior
descending (LAD) and left circumflex coronary arteries classifiable as Stary Type I (early
lesions with intimal thickening), Type II (fatty streak, foam cells, macrophages) and Type
III (pre-atheroma with extracellular lipid droplets) lesions, as well as greater lipid
deposition (stained area %) in the aortic arch and thoracic aorta of pigs fed the WD
relative to the HHD groups. A lower degree of lesion formation was observed in the RC,
LAD and aortic arch of pigs fed the WD+S (p<0.05).
Conclusions: These data document for the first time that Ossabaw pigs manifested a
dyslipidemic profile accompanied by early stage atherosclerosis with similar
pathogenesis to humans when fed a WD compared to a HHD, which was moderately
reduced by S therapy. This presents a new model to examine mechanistic pathways of
dietary interventions and/or diet-drug interactions in atherosclerosis development.
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The Impact of a Western Diet on Ossabaw Pig Tissue Transcriptome and Intestinal
Microbiome Composition
Gloria I Solano-Aguilar, Sukla Lakshman, Aleksey Molokin, Saebyeol Jang, Ethiopia
Beshah, Yue Xie, Joseph F Urban, Jr, Bryan Vinyard, Mariana Escalante, Maura Walker,
Audrey Goldbaum, Huicui Meng, Stefania Lamon-Fava, Alice Lichtenstein, and Nirupa
Matthan
Experimental Biology 2017
To determine the impact of dietary patterns on cardiovascular risk factors, tissue
transcriptome and intestinal microbiome, we designed a study to compare the effect of
feeding Ossabaw pigs two isocaloric diets with 38% energy from fat designed to
represent a 1) “Western diet” rich in saturated fatty acids, refined carbohydrates, low
fiber and high cholesterol versus 2) a “Heart Healthy Diet” rich in monounsaturated and
polyunsaturated fatty acids, unrefined carbohydrates, fruits/vegetables and fiber with low
cholesterol content. Half of the pigs fed each diet were also given atorvastatin (Lipitor®)
starting at three months of age. Thirty two pigs were randomly allocated in a 2 × 2
factorial design (n=8/group) and fed for six months a 1) Western diet [WD]; 2) Western
Diet+ atorvastatin [WD+ S]; 3) Heart-Healthy Diet [HHD] and a 4) Heart-Healthy Diet+
atorvastatin [HHD+S]. Compared to HHD, pigs on the WD had higher plasma total
cholesterol (C), LDL-C, non-HDL-C, HDL-C and triglyceride concentrations(p<0.05),
and developed early stage atherosclerotic lesions in the aorta and coronary arteries, with
reduced damage in WD groups in the presence of Atorvastatin therapy (p<0.1). No
significant differences were observed in inflammatory biomarker tumor necrosis factor
(TNFα), liver enzymes, DEXA-body fat distribution and visceral adipocyte
morphometry. Liver transcriptome analysis indicated a reduction in the cholesterol and
sterol molecular pathways in liver and a small increase in LDLR gene expression in
pigsfed HHD independent of statin intervention, and no change in adipose tissue derived
stromal cell transcriptome compared to WD. Analysis of fecal microbiota composition by
Illumina16S RNA sequencing indicated a significant five to six-fold reduction of
bacterial taxa abundance within Firmicutes phylum including Lachnospiraceae,
Lactobacillaceae, and Ruminococcaceae with a five-fold increase in taxa within
Actinobacteria, and two-fold within Tenericutes and Proteobacteria in WD-fed pigs
compared to baseline levels. Pigs fed the HHD showed a two- to four-fold reduction
in Lachnospiraceae, Lactobacillaceae and Ruminococcaceae with a two- to three-fold
increase in Bacteroidales, Aeromonadales and Deferribacterales (P<0.05). Statin
treatment only induced a two-fold increase in Deferribacteraceae in pigs fed HHD+S.
This study demonstrated that a Heart Healthy Diet combined with statin therapy may
prophylactically reduce clinical expression of diet-induced cardiovascular disease.
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Dietary Fat Influences Epicardial Adipose Tissue Fatty Acid Composition in the
Ossabaw Miniature Pig
Maura E. Walker, Nirupa R. Matthan, Gloria Solano-Aguilar, Audrey Goldbaum, Sukla
Lakshman, Huicui Meng, Saebyeol Jang, Joseph F. Urban, Stefania Lamon-Fava, Alice
H. Lichtenstein
Accepted: American Society of Nutrition 2018
Objective: Epicardial adipose tissue (EAT), a visceral fat depot between the heart and
pericardium, is thought to promote the development of coronary artery disease (CAD).
Little is known about the influence of dietary fat and statin therapy on EAT fatty acid
(FA) composition. Our objective was to examine EAT FAs in Ossabaw pigs fed a HeartHealthy diet (HHD) or Western diet (WD), ± atorvastatin (S).
Methods: Thirty Ossabaw pigs were randomized into four groups, HHD, HHD+S, WD,
WD+S. and fed the respective isocaloric diets, ± atorvastatin, for 6 months. Diets were
matched for macronutrient composition but differed in type of dietary fat (unsaturated vs
saturated) and carbohydrate (whole vs refined). Pigs fed the HHD were supplemented
with fish oil (Epanova 1g, 550mg EPA [eicosapentaenoic acid] + 200mg DHA
[docosahexaenoic acid]) 3x per week. EAT adjacent to the left anterior descending
coronary artery was collected and FA composition determined by gas chromatography.
Desaturase enzyme activities were estimated using FA ratios: stearoyl-CoA-desaturase
(SCD1; 161n-7/16:0), SCD2 (18:1n-9/18:0), delta-6-desaturase (D6D; 20:3n-6/18:2n-6)
and delta-5-desaturase (D5D; 20:4n-6/20:3n-6). Results were analyzed by a two-way
ANOVA.
Results: There was no significant effect of atorvastatin on EAT FA composition.
Relative to the HHD, the WD fed pigs had higher proportions of total SFA and trans
FAs, including palmitic (16:0), stearic (18:0), vaccenic (18:1n-7t) and conjugated linoleic
(18:2 CLA) acids (all p <0.01). There were no significant differences in total MUFA but
pigs fed the HHD had higher proportions of oleic acid (18:1n-9) (p <0.01). Pigs fed the
HHD also had higher proportions of total n-6 PUFA and n-3 PUFA, including linoleic
(18:2n-6), α-linolenic (18:3n-3), EPA (20:5n-3) and DPA (docosapentaenoic [22:5n-3])
acids (all p <0.01). Estimated activities for SCD1 and D6D were higher, and SCD2 was
lower in pigs fed the HHD compared to the WD. DHA content and D5D activity were
similar between diet groups.
Conclusion: These data document, for the first time, that EAT FA composition is
influenced by dietary fat type. Given the potential effect of FAs and FA-derived lipid
mediators on inflammation, the modulation of EAT by dietary fat could influence the
association between EAT and CAD.
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Associations Between Epicardial Adipose Tissue Fatty Acid Composition and Gene
Expression in the Ossabaw Miniature Pig
Maura E. Walker, Nirupa R. Matthan, Gloria Solano-Aguilar, Audrey Goldbaum,
Saebyeol Jang, Joseph F. Urban, Aleksey Molokin, Sukla Lakshman, Stefania LamonFava, Alice H. Lichtenstein
Accepted: American Society of Nutrition 2018
Objective: Dietary fat type influences epicardial adipose tissue (EAT) fatty acid (FA)
composition in Ossabaw pigs. Saturated FAs (SFA) can increase inflammation and some
polyunsaturated FAs (PUFA) can decrease inflammation via direct/indirect modification
of gene expression. Here we examine the associations of select EAT SFAs and PUFAs
with gene expression in the Ossabaw pig.
Methods: Thirty Ossabaw pigs were randomized into four groups and fed isocaloric
amounts of a Heart-Healthy diet (high in unsaturated fat, whole grain, fruits/vegetables)
or Western diet (high in saturated fat, cholesterol, refined grain), ± atorvastatin, for 6
months. EAT adjacent to the left anterior descending coronary artery was collected. Gene
expression was determined by RNA sequencing and FA composition by gas
chromatography. Pigs in all groups were pooled and Spearman’s correlation coefficients
were calculated between selected EAT FAs (mol%) and EAT gene expression (rpkm).
Results: The following associations were significant (p <.0003). SFAs (total SFA, capric,
lauric, palmitic and stearic acids) had moderate (r =0.2-.49) positive associations with
IRF7 and IFIT1. SFAs also had moderate (r =0.2-.49) positive associations with PTGS2,
but associations were weak (r <0.2) for capric and lauric acids. Total n-6 PUFA, linoleic
acid and n-3 PUFAs (total n-3 PUFA, α-linolenic, eicosapentaenoic, docosapentaenoic
and docosahexaenoic acids [DHA]) had strong positive (r > 0.50) associations with
FFAR4 and PPARG. Weak (r <0.20) to moderate (r =0.20-.49) positive associations
emerged between ALOX5 and all PUFAs. DHA was negatively associated with IL-1β
(r=0.35), and capric and lauric acids were negatively and weakly associated with IL-6
(r<0.20). No significant associations were found between any FAs and TLR2, TLR4,
MCP1 and IRF3.
Conclusion: EAT SFAs were positively associated with expression of two interferon
signaling genes (IRF7 and IFIT1) and PTGS2, whereas PUFAs were positively associated
with expression of two anti-inflammatory genes (FFAR4 and PPARG). Associations
between proportions of EAT SFAs and PUFAs with the expression of genes related to
inflammation provide a link between dietary type fat and EAT inflammation. Changes in
dietary fat type represents a potential nutritional strategy to reduce EAT inflammation.

