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Cardiovascular disease (CVD) remains the leading cause of mortality throughout the
world. Atherosclerosis, the buildup of plaque within the arteries, is the main cause of
CVD. An early and essential step in the pathogenesis of atherosclerosis is the formation
of foam cells, derived from lipid-laden macrophages that become trapped within the
tunica intima. Macrophages, through the scavenger receptor CD36, take up a modified
form of cholesterol, oxidized low-density lipoprotein (oxLDL), at a rapid rate, which
causes them to become lipid-laden and trapped. Chronic inflammation causes
endothelial damage and dysfunction, increasing the permeability to circulating LDL,
which becomes oxidized within the arteries. Due to the difficulty of studying the
macrophages within atherosclerotic plaque, recent research has shifted to the study of
their biological precursor: monocytes. A high-fat meal (HFM), an experimental model
used to assess postprandial inflammation, was used to assess the role of this HFM-
induced inflammation on the likelihood of monocytes to eventually become foam cells.
We also included an additional oxLDL ex vivo treatment to gain further insight into the

potential “priming” effect of a single HFM. While there was a significant increase in



the inflammatory cytokine tumor necrosis factor alpha (TNF-a) in response to the
HFM, there were no significant changes in monocyte oxLDL uptake or cell surface
marker expression. Future studies may want to examine the inflammatory role that
higher concentrations of oxLDL may have or examine other postprandial markers of

inflammation in an older or at-risk population.
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Chapter 1: Introduction

For the last 100 years, cardiovascular disease (CVD) has been the leading
cause of mortality in the United States (Sawyer & Flagg, 2000). Though often only
associated with more highly developed nations, CVD has rapidly become a global
issue and is the leading cause of death worldwide (Libby, 2021). Atherosclerosis, the
buildup of plaque within the arteries, is widely considered to be the largest
contributor to the development of CVD (Libby, 2021)

While there are many factors that influence the development and progression
of atherosclerosis (genetics, diet, activity, environment, etc.), recent attention has
been devoted to the role of innate immunity (Frostegard, 2013; Maguire et al., 2019).
The link between atherosclerotic plague and foam cells (the prototypical
atherosclerotic cell created by immune cells) has been thoroughly examined (Maguire
etal., 2019; Y. M. Park, 2014; Yu et al., 2013), but less is known about the acute,
inflammatory processes that ultimately lead to this chronic disease.

A high-fat meal (HFM) experimental model is often used in the study of
cardiovascular disease and its surrounding risk factors (Emerson et al., 2017; Herieka
& Erridge, 2014). This model is helpful because of the role of nutrition in the
development of atherosclerosis and CVD (Torres et al., 2015). Additionally, many
humans spend the majority of their time in a postprandial state, making this state a
valuable window to understand the cellular responses that occur multiple times a day
and develop into lifestyle-related diseases. Thus, a single HFM is a practical way to

measure lifestyle choices that can influence the progression of CVD.



Cholesterol is often studied when measuring the postprandial inflammatory
response. A modified form of cholesterol, oxidized low-density lipoprotein (oxLDL),
is considered one of the most important forms of cholesterol in the development of
atherosclerosis (Frostegard, 2013; Zingg et al., 2021). In humans, chronically
elevated, circulating levels of oxLDL have been linked to cardiovascular disease risk
(Gao & Liu, 2017). Animal models reveal high-fat, Western diets increase circulating
oxLDL (Jiaet al., 2019). Even a single HFM can significantly raise the circulating
levels of oxLDL (Burton-Freeman et al., 2010; Jenkins et al., 2011), though not all
studies support this (E. Park et al., 2018). This elevated level of oxLDL is linked to
the development of atherosclerosis through several pathways—the most important
being the development of macrophage-derived foam cells (Yu et al., 2013).

While there are many animal models examining foam cell formation, the
invasive nature of the procedure to collect these cells drastically reduces feasibility of
this in human studies. Thus, recent work has examined monocytes as they are an
important precursor to macrophage-derived foam cells (Henning et al., 2018). For
example, monocytes have the ability to take up oxLDL (Henning et al., 2018),
express a proinflammatory phenotype (Khan et al., 2016; McFarlin et al., 2017), alter
their surface marker expression (Gower et al., 2011; Henning et al., 2018), and
produce cytokines (Oh et al., 2020). However, few studies have examined the
connection between a HFM model and an additional ex vivo oxLDL treatment in
monocytes. Understanding this connection could serve to bridge the gap between

acute, postprandial changes and chronic, dietary choices. Therefore, the aim of this



review is to examine the current evidence on the relationship between a HFM, oxLDL

uptake in monocytes, and the pathogenesis of atherosclerosis.



Chapter 2: Literature Review

Atherosclerosis and Foam Cell Formation

Atherosclerosis is essentially the build-up of plaque (composed of mainly
lipid-laden foam cells) in the arteries, leading to increased risk of high blood pressure,
thrombotic events, and other CVDs (Insull, 2009). The role of foam cells in the
development and progression of atherosclerosis has previously been well established
(Chistiakov et al., 2017; Maguire et al., 2019; Marchio et al., 2019; Yu et al., 2013).
The decades-long progression of atherosclerosis can be examined under several
different lenses but underlying each of these would include chronic pro-inflammatory
state.

Most of the pro-inflammatory events that relate to atherosclerosis occur within
the tunica intima—the innermost layer of the arteries. A disturbed, atherogenic
vascular wall has increased permeability to LDL (Marchio et al., 2019). As LDL
begins to accumulate within the arteries, it is oxidized via myeloperoxidase, hydrogen
peroxide, and/or nitric oxide (Guy et al., 2007). The oxLDL is now recognized as a
damage-associated molecular pattern and can bind to pattern recognition receptors,
such as toll-like receptor 4 (TLR4) (Marchio et al., 2019), which is preferentially
upregulated on macrophages and endothelial cells at the site of atherosclerotic plague
(Edfeldt et al., 2002). This binding creates a pro-inflammatory cascade during which
chemokines and adhesion molecules (MCP-1, ICAM-1, and others) are upregulated,
attracting monocytes that mature into pro-inflammatory macrophages (M1

macrophages) (Marchio et al., 2019).



In a healthy state, macrophages assist in maintaining a cholesterol balance via
cholesterol ester formation and the cleaving of cholesterol esters into free fatty acids
that can be used for other cellular purposes (Marchio et al., 2019). In an
atherosclerotic state, however, there is an upregulation of oxLDL that gets taken up
into macrophages via scavenger receptors such as CD36 (Marchio et al., 2019). Once
internalized, oxLDL serves as a ligand for peroxisome proliferator-activated receptor
(PPAR-y), a nuclear hormone receptor, which upregulates CD36 expression (Y. M.
Park, 2014). The increase in both oxLDL and CD36 leads to an overaccumulation of
lipids within the macrophages and a production of pro-inflammatory cytokines and
chemokines, as the macrophages can produce cytokines, and oxLDL continues to
serve as a ligand for TLR2 and TLR4 (Chavez-Sanchez et al., 2014; Y. M. Park,
2014). These cytokines and chemokines recruit monocytes and other immune cells to
the developing atherosclerotic lesion, worsening the problem over time (Y. M. Park,
2014). These macrophages are now considered to be lipid-laden foam cells, and the
development of foam cells is considered an early and critical step of atherosclerosis
development (Y. M. Park, 2014).

Although there are other oxLDL receptors, CD36 is of particular importance
in the uptake of oxLDL and resultant formation of atherosclerotic lesions. A member
of the scavenger receptor (SR) class B family, CD36, and another receptor, SR-A,
account for 75-90% of oxLDL uptake in macrophages (Yu et al., 2013). CD36 is
expressed on monocytes and macrophages, along with other cell types, such as
adipocytes and platelets (Y. M. Park, 2014). In animal studies, CD36 has been found

to play a significant role in atherosclerotic lesion development in apoE-/- mice fed a



Western diet for 35 weeks (Guy et al., 2007). Additionally, uptake of oxLDL was
significantly decreased in macrophages taken from CD36/apoE double-null mice
compared with apoE null mice, while uptake of native LDL was not different between
the two (Febbraio et al., 2000).

In human studies, monocytes and monocyte-derived macrophages isolated
from CD36-deficient individuals had a significantly reduced capacity to bind to
oxLDL compared with healthy controls (Nozaki et al., 1995). However, CD36-
deficient patients tend to exhibit many of the metabolic disorders associated with
metabolic syndrome, including hypertension, dyslipidemia, and hyperglycemia
(Masuda et al., 2009). Additional studies have shown that CD36-deficient individuals
exhibit elevated triglyceride (TG) and free fatty acids (FFA) at baseline as well as a
heightened postprandial response (Masuda et al., 2009).

Higher levels of plasma soluble CD36 are associated with atherosclerosis,
markers of insulin resistance, and increased likelihood of fatty liver in a non-diseased
population (Handberg et al., 2012). Additionally, in patients with acute coronary
syndrome, monocytes express higher levels of CD36 on the cell surface, and an
increased density of CD36 expression is correlated with higher circulating levels of
oxLDL (Piechota et al., 2012). While the data on the role of CD36 in human health
cover a broad spectrum of pathologies, the current data clearly point to a high
relevance of CD36 in the development of atherosclerosis. More information is needed
to understand the effects of a HFM on CD36 in order to understand potential acute

changes that form long-term problems.



Cytokine Responses to a High-Fat Meal

The HFM experimental model is commonly used to assess the postprandial
state in which most people spend the majority of their time. However, there is a large
amount of variability when considering both the magnitude and timing of the
inflammatory, postprandial response (Emerson et al., 2017). This variation can be
attributed to a number of different factors including study population, meal content or
calories, the inclusion of pre- or post-meal exercise, supplementation, duration of the
postprandial assessment, and timing of blood draws, among others (Emerson et al.,
2017). In order to present the current HFM literature in a manner relevant to the
proposed study, this review will mainly focus on HFM models in a healthy, adult
population—unless a study uses a different population with particular significance.
All meal types will also be included, though it will be noted if a particular food or
nutrient is included that may have impacted the study outcome. Additionally, there
are many elements of the postprandial milieu that contribute to an inflammatory state,
and the current literature presents a wide range of postprandial data. However, this
review will mainly focus on acute postprandial changes in cytokines, oxLDL, and
peripheral blood mononuclear cells (PBMCs) that may reflect the eventual
development of atherosclerosis.

A 2014 review thoroughly examined the HFM literature to assess correlations
among commonly reported variables in the postprandial, inflammatory response
(Herieka & Erridge, 2014). That review assigned an inflammatory score to all of the
studies calculated by dividing the inflammatory outcome variables that increased by

the inflammatory outcomes that were measured (Herieka & Erridge, 2014). They



reported no statistical significance between these inflammatory scores, subject
characteristics (age, sex, BMI), or meal/energy content (Herieka & Erridge, 2014).
While it can be useful to compare HFM studies that use similar study designs, these
data suggest that comparing between various populations and meals may not have a
negative impact on the accuracy of comparisons.

Additionally, that review (Herieka & Erridge, 2014) and a later review
(Emerson et al., 2017) noticed similar trends in which plasma markers of
inflammation seemed irregular and inconsistent. To understand this, they examined
markers of leukocyte activation, monocyte protein markers, and peripheral blood
mononuclear cell (PBMC) markers, in which postprandial inflammatory changes
seem to be more consistent and reliable (Herieka & Erridge, 2014). These variables
support the notion of a HFM being an inflammatory stimulus eliciting an immune
response (Herieka & Erridge, 2014). While there are inconsistencies regarding which
variables change in the postprandial state and the ideal way to measure these
variables, it is typically agreed that the pro-inflammatory, postprandial state is
characterized by increases in some cytokines.

According to a 2017 review examining HFM studies in healthy adult men and
women, 71% of studies report an increase in interleukin-6 (IL-6), a cytokine
commonly used to measure postprandial inflammation (Emerson et al., 2017). Of
note, there was a moderate inverse correlation between the percent change in IL-6 and
the percent of energy from fat in the experimental meal (Emerson et al., 2017). This
could help explain some of the variation that can be seen between different meal

types. Tumor necrosis factor alpha (TNF-a), another commonly studied and highly



inflammatory cytokine, did not change in 68% of studies (Emerson et al., 2017). IL-
1B, an important and often unreported cytokine, was only measured in 3 of the
reviewed studies—two of which reported no significant change, while one reported a
significant decrease (Emerson et al., 2017). IL-8, a chemokine involved in the
recruitment of immune cells, increased in only 1 of 4 studies in which it was
measured, while the remaining 3 studies reported no change from baseline (Emerson
etal., 2017).

While pro-inflammatory cytokines and chemokines are some of the most
common postprandial measurements, anti-inflammatory cytokines are not reported as
often. IL-10, a potent anti-inflammatory cytokine, has been measured in several
papers with varying results. For example, some studies report no increase from
baseline (Altman, 2014; Emerson et al., 2016; Gower et al., 2011; Strohacker et al.,
2012) while others report a significant increase (Fogarty et al., 2015; Rocha et al.,
2017) or decrease (Teeman et al., 2016a). However, IL-10 remains an interesting
cytokine to study to understand the anti-inflammatory, postprandial changes that may
work to combat the robust pro-inflammatory changes.

This postprandial change in cytokines is noteworthy as certain cytokines
(specifically, IL-6, TNF-a, and IL-1[3) released into circulation trigger the release of
C-reactive protein (CRP) and other acute phase proteins (Herieka & Erridge, 2014).
Chronically elevated CRP is a well-established risk factor for CVD, type 2 diabetes,
obesity, and other chronic diseases (Herieka & Erridge, 2014). These pro-
inflammatory cytokines also play an important role in the progression of

atherosclerosis, and there is abundant pro-inflammatory cytokine production at the



site of atherosclerotic plague (Poznyak, Bharadwaj, et al., 2021). These cytokines
play a role in increasing chemokines and adhesion molecule expression on the
endothelium (Ait-Oufella et al., 2011) which creates a positive feedback loop of

inflammation at the atherosclerotic lesion.

Triglycerides, Lipopolysaccharide, and the Inflammatory Responses to a High-Fat

Meal

It is important to describe the mechanisms by which this postprandial
inflammation leads to this increase in cytokines after a HFM in order to understand
exactly how a single meal contributes to an elevated disease risk profile. In the
context of a HFM, it is thought that TLRs can be activated via triglycerides (TG)
and/or lipopolysaccharide (LPS). TLR binding of LPS and/or TG leads to an
activation of nuclear-factor kappa B (NF-kB) and the resulting production of
cytokines (Mo et al., 2020). Many studies report that consuming a HFM leads to an
increase in circulating TG (Emerson et al., 2016; Kackov et al., 2013; Kennedy et al.,
2015; Lassenius et al., 2014a; Lyte et al., 2016; Meher et al., 2014; Rosenkranz et al.,
2010; Teeman et al., 2016a), which could bind with TLRs and increase circulating
cytokine levels. The postprandial changes in LPS, however, are more controversial
with some studies reporting an increase (Erridge et al., 2007; Henning et al., 2018;
Lassenius et al., 2014b; Lyte et al., 2016) and others reporting no change (Ahn et al.,
2017; Bakker et al., 2019; Fuller et al., 2017; Gower et al., 2011; Milan et al., 2017,
Mo et al., 2020).

In an effort to clarify the differences in TLR activation, one study (Mo et al.,

2020) compared the cytokine production in heparinized whole blood samples after a
10



HFM with and without LPS inhibitor polymyxin B. They concluded that even if a
HFM increases LPS absorption, it may be metabolized too quickly to have a
significant effect on postprandial cytokine production as the addition of polymyxin B
did not significantly decrease postprandial cytokines (Mo et al., 2020). Additionally,
they tested the production of cytokines in an LPS-independent manner and concluded
that TGs may be the cause of the cytokine production as non-esterified fatty acids and
saturated fat can activate TLR4 (Mo et al., 2020).

However, other research demonstrates that the fat content (i.e.,
monounsaturated fatty acids, polyunsaturated fatty acids, saturated fatty acids, etc.)
rather than the amount of fat in a given meal may have an impact on LPS
concentration, after a test meal high in saturated fatty acid increased postprandial LPS
significantly more than a separate test meal containing higher amounts of
polyunsaturated fatty acid (Lyte et al., 2016). Of note, the HFM meals used in this
study were drastically lower in percent calories from fat than many other studies
(Emerson et al., 2017), and the inclusion of orange juice in the test meal could have
influenced the postprandial inflammatory profile (Rocha et al., 2017).

While this study (Mo et al., 2020) and others (Fogarty et al., 2015) may
suggest LPS has less to do with the postprandial response than originally thought,
there is still a connection between dietary fat consumption and LPS—evidenced by
high-fat diets that increase circulating LPS (Pendyala et al., 2012). Additionally,
current research reveals a connection between metabolic disorders and LPS (Cani &
Delzenne, 2009), as well as a correlation between increased LPS and risk for

atherosclerosis (Wiedermann et al., 1999).
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The activation of TLRs via LPS and/or TGs is important to understand as this
activation is integral to the postprandial cytokine response. While there is clearly an
important connection between diet, LPS, and risk factors for CVD, the conflicting
evidence surrounding LPS and high-fat meals will not be the focus of the remainder
of this literature review. It is discussed to simply mention other variables that play a
role in the postprandial cytokine response, though the increase in circulating TGs
seems to be a more reliable source of postprandial TLR activation. This review will
now focus on the role of dietary fat and its modified forms, particularly the role of

oxLDL and the pathogenesis of atherosclerosis.

Cholesterol Responses to a High-Fat Meal

High-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein
cholesterol (LDL-C) are the two most common forms of cholesterol reported in HFM
studies. Elevated levels of LDL-C are associated with increased risk of
atherosclerosis and CVD (Luo et al., 2020). HDL-C is colloquially considered the
“good” form of cholesterol and is responsible for transporting circulating cholesterol
back to the liver in order to maintain an optimal cholesterol balance (Luo et al.,
2020). LDL-C is the form in which most circulating cholesterol is found and can be
taken up by peripheral cells (Luo et al., 2020).

In the current literature, some studies report total cholesterol changes in
response to a HFM while others report changes in HDL-C and/or LDL-C. The
literature also does not provide consistent results when it comes to postprandial
cholesterol responses. For example, some report an increase in total cholesterol

(Bakker et al., 2019; Benson et al., 2018; Demmer et al., 2016; Rosenkranz et al.,
12



2010), a decrease in total cholesterol, LDL-C, and HDL-C (Gower et al., 2011; Meher
et al., 2014; Teeman et al., 2016a), a decrease in just LDL-C and/or HDL-C (Bakker
et al., 2019; Demmer et al., 2016; Nestel et al., 2012) no change in HDL (Kennedy et
al., 2015; Lassenius et al., 2014b), or no change in any form of cholesterol (Ahn et
al., 2017; Strohacker et al., 2012). Likely, these variations are due to the meal
compositions, postprandial time window, and inevitable participant variability.
However, it is important to mention these changes in cholesterol, particularly in LDL-
C, as they impact the availability of LDL to be oxidized, contributing to foam cell
formation.

OxLDL is a modified form of cholesterol and is often not reported in studies
of responses to a HFM. However, it is important to study oxLDL due to its integral
role in the inflammatory process via activation of monocytes and macrophages and
eventual formation of foam cells. The oxidation of LDL, the uptake of the oxidized
form via scavenger receptors, and the storage of cholesterol within macrophages is
intimately connected with the development and progression of atherosclerosis
(Poznyak, Nikiforov, et al., 2021) and can be controlled via diet (Fit6 et al., 2007;
Wang et al., 2020).

There are a few human studies that report circulating oxLDL changes after a
single HFM. Some studies report an increase in postprandial oxLDL (Burton-
Freeman et al., 2010; Jenkins et al., 2011), though the former study was conducted in
hyperlipidemic and overweight men and women and the latter conducted in active
men. Another study (Phillips et al., 2013) reported no change in oxLDL post-HFM in

lean, obese, or diabetic men. Clearly, there is a current gap in the literature regarding
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the effects of a single meal (not to mention the varying effects of different meal
compositions) on fluctuations in circulating oxLDL.

Despite the variations in the literature regarding postprandial inflammation, it
is generally agreed that a HFM is an experimental model that allows researchers to
gain greater insight into the acute, inflammatory effects a single meal can have. Given
the frequency with which HFMs are consumed in the typical, Western diet, this
postprandial window gives us great insight into the acute changes that create chronic

health challenges.

Monocytes as a Precursor to Macrophages/Foam Cells

While macrophages are the cell type responsible for foam cell formation in
vivo, it is not feasible to obtain tissue-resident macrophages from human
atherosclerotic lesions in most scenarios. Thus, some studies have transitioned to
using circulating monocytes as they are a precursor to foam cells (Henning et al.,
2015, 2018; Henning & McFarlin, 2017).

Specifically, these studies examine changes in monocyte phenotype and
function after a HFM in an attempt to understand this connection between HFMs and
foam cell formation. After consumption of a HFM, there is an increase in adhesion
molecule expression (CD11a+CD18+) in both classical (CD14+CD16-) and
nonclassical (CD14+CD16+) monocytes (Henning et al., 2018). Furthermore, this
same study examined acetylated LDL (acLDL) uptake and CD36 expression after a
HFM and 1hr acLDL treatment and reported that both classical and nonclassical
monocytes that were positive for acLDL internalization expressed more CD36 on

their surface than monocytes without acLDL internalization (Henning et al., 2018).
14



While this study does not examine any postprandial changes that may have occurred
without acLDL treatment or measure CD36 expression over time, their results
demonstrate that a HFM does influence monocyte adhesion markers and acLDL
uptake — perhaps making them more likely to adhere to the endothelium and
transform into foam cells (Henning et al., 2018).

Further evidence demonstrates that postprandial monocytes increase
expression of CD11b and CD11c — which can recognize vascular cell adhesion
molecule-1 (VCAM-1) on endothelial cells, aiding in monocyte binding (Gower et
al., 2011). Also, this research found a correlation between elevated postprandial TGs
and monocyte adhesion using a microfluidic flow channel (Gower et al., 2011).
Additional studies have noted postprandial increases in CD11a/b/c and CD18 after
one HFM (Kra¢merova et al., 2014) or two consecutive HFMs (McFarlin et al.,
2017).

Previous animal research also demonstrates the important role of monocytes
in the development of atherosclerosis. One study fed apoE-/- mice a high-fat Western
diet and characterized the development of foamy monocytes — monocytes with
confirmed intracellular stores of lipids (Xu et al., 2015). After just 3 days of a
Western diet, slightly more than 10% of monocytes were foamy, with this number
increasing to 20% after 1 week, and 30% after 3 weeks (Xu et al., 2015). In addition
to this shift, the majority of these foamy monocytes were CD11c+CD36+, suggesting
that a chronic Western diet in mice may lead to phenotypic changes in monocytes that
predispose them to becoming macrophages and ultimately foam cells (Xu et al.,

2015). Additionally, animal models using hypercholesteremic mice fed a high-fat diet

15



have shown the progression of atherosclerosis that correlates with increase in
numbers and changes to the phenotype of monocytes (Swirski et al., 2007).

Since this study examined postprandial monocytes and their response to an
oxLDL treatment, CD11c+CD36+ cells were quantified to identify monocytes that
have an enhanced ability to uptake oxLDL, adhere to the endothelium, and become
foam cells. Additionally, non-classical (CD14+CD16+) monocytes were examined to
compare differences in postprandial inflammation and oxLDL uptake, as non-
classical monocytes are considered to be pro-inflammatory (Mukherjee et al., 2015)

and can be impacted by a HFM (Henning et al., 2018).

Interaction between Oxidized LDL and Monocytes

Previous studies have examined the interaction between oxLDL and
monocytes in vitro. Currently, the literature is inconsistent regarding ex vivo oxLDL-
induced cytokine production. For example, it has been reported that treatment with
oxLDL results in cytokine production from monocytes and macrophages, particularly
TNF-a (Chen & Khismatullin, 2015; Jovinge et al., 1996), but other studies note that
an overnight or 24hr incubation with oxLDL did not induce IL-6, TNF-a, or IL-1B
production (Bekkering et al., 2014; Sieg et al., 2020). However, the experiment
conducted by Bekkering et al. in 2014, restimulated the monocytes with TLR ligands
6 days later and reported an increase in IL-6, TNF-a, IL-8, and MCP-1 production,
relative to monocytes that had not been previously treated with oxLDL (Bekkering et
al., 2014). Native LDL did not have the same results (Bekkering et al., 2014).
Additionally, this study reported that monocytes that were treated with oxLDL on day

1, cultured into macrophages, and then treated with oxLDL again on day 7 became
16



foam cells with a greater frequency than control cells (Bekkering et al., 2014). This
suggests that the monocytes were potentially primed with a pro-inflammatory
stimulus, which elicited a stronger cytokine response to a second stimulus.
Furthermore, this same study noted that in addition to changes in cytokine production,
oxLDL treatment can change monocyte phenotypes as monocytes treated with
oxLDL upregulated CD36 compared to control monocytes (Bekkering et al., 2014).

In an effort to bridge the gap between human experimental models and cell
culture models, this study used monocytes obtained before and after a HFM and
expose them to oxLDL. The exposure to both the HFM-induced inflammation in vivo
and the oxLDL treatment ex vivo may elicit stronger cytokine responses than either
stimulus on its own.

In support of this, a previously mentioned study that combined both a HFM
and an acLDL treatment reported both non-classical and classical monocytes obtained
after a HFM increased their uptake of acLDL more than those obtained before the
HFM (Henning et al., 2018). Furthermore, the pro-inflammatory monocytes that had
internalized acLDL had a greater expression of CD36 than the monocytes that had not
(Henning et al., 2018). These researchers concluded that a single HFM has the ability
to alter monocyte surface marker expression and subsequent acLDL uptake in the
postprandial window (Henning et al., 2018).

The literature clearly demonstrates that HFMs and/or high-fat diets can
influence markers of atherosclerosis and that monocytes play a particularly important
role in this pathogenesis. Since it is not often feasible to study macrophage-derived

foam cells, the literature often shifts to studying their precursor: monocytes. The data
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demonstrate that monocytes express CD36, an important scavenger receptor for the
uptake of oxLDL — a modified lipid that contributes to inflammation and highly
influences the development of foam cells and atherosclerosis. Additionally, the
current data reveal that a HFM or diet can alter the function of these monocytes and
may predispose them to becoming these macrophage-derived foam cells. However,
there is a current gap in the literature connecting the transient changes after a single
HFM to the long-term, systemic changes that may occur over time. It is important to
understand these changes to accurately assess preclinical markers of atherosclerosis
and to further understand the postprandial role of monocytes. Additionally, only one
study mentioned above (Henning et al., 2018) attempted to understand the
relationship between the postprandial window and acLDL treatment.

Therefore, the overarching aim of this study was to assess the impacts of a
single HFM on the ability of monocytes to take up oxLDL, alter cell surface
expression of adhesion markers and CD36, and produce inflammatory cytokines. The
initial exposure to the HFM-induced inflammation may “prime” monocytes and
predispose them to take up more oxLDL ex vivo. This is a potentially important
mechanism when considering the impact of repeated bouts of inflammation that may

occur over a day or a lifetime of postprandial inflammation.
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Chapter 3: Aims and Hypotheses
Aim 1: To quantify the difference in oxLDL uptake in monocytes after a high-fat

meal with or without oxLDL treatment
Hypothesis 1: After a high-fat meal, more monocytes will take up oxLDL than
monocytes obtained prior to a high-fat meal.
Aim 2: To quantify differences in cell surface markers indicating inflammation
(CD16), oxLDL uptake (CD36), and adhesion (CD11c) on monocytes after a
high-fat meal with or without oxLDL treatment
Hypothesis 2a: oxLDL treatment will increase the number of monocytes
expressing CD16, CD36, and CD11c.
Aim 3: To quantify differences in pro-inflammatory (TNF-a) and anti-
inflammatory cytokine (IL-10) production from monocytes after a high-fat meal
with or without oxLDL treatment
Hypothesis 3: Monocytes exposed to oxLDL treatment after a high-fat meal
will release greater amounts of TNF-a and I1L-10 than monocytes exposed to a

high-fat meal or oxLDL treatment alone.
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Chapter 4: Methods

Experimental Approach

This research study was designed to test the response of monocytes to two
inflammatory stimuli: a HFM and an oxLDL treatment. Obtaining monocytes after a
HFM and then exposing these cells to an ex vivo oxLDL treatment allowed us to test
the hypothesis that the two inflammatory stimuli would result in greater uptake of
oxLDL, increased expression of adhesion and pro-inflammatory markers on the cell
surface, and increased secretion of cytokines. Study participants underwent blood
draws at baseline (BL), 2 hours post-HFM, and 4 hours post-HFM. PBMCs were
isolated immediately after obtaining blood samples at each time point and frozen.
After cryopreservation, cells were thawed and split into two experimental groups:
HFM or HFM + oxLDL. This allowed us to test the above responses in monocytes
only exposed to a HFM versus monocytes exposed to both a HFM and an oxLDL

treatment.

Subjects and Screening

This study was approved by the Institutional Review Board at the University
of Maryland, College Park. All study procedures and potential risks were explained to
the participant in detail and all questions were answered prior to obtaining written
informed consent. Participants were between the ages of 18-35 years old, had a
calculated body mass index (BMI) less than 30 kg/m?, had a resting blood pressure
lower than 140/90 mmHg, had no current or previous heart, lung or metabolic

disease or diabetes, were not currently pregnant, had regular menstrual cycles
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(females), had not been sick in the past two weeks, had not been users of tobacco or
nicotine products, and were not currently taking any prescription medications (other
than oral contraceptive pills where participants were tested during their placebo
phase). To recruit participants, flyers were placed throughout the University of
Maryland campus and brief presentations were given at undergraduate courses. The
participants included in this study were chosen because they had full sets of PBMCs

from each time point to be used for analysis.

High-fat Meal Preparation and Administration

During the first visit to the lab, participants underwent a VO2zpeak exercise
test on a cycle ergometer (Parvo Medics, Salt Lake City) to establish cardiovascular
fitness level in order to consider the impact of fitness on our results. Following 5-10
minutes of a warm-up, participants began cycling at an intensity of 50 Watts at 75
revolutions per minute (rpm) or more. The intensity was increased by 25 Watts every
2 minutes until the participate could not maintain the cadence. Heart rate was
continuously monitored via an exercise strap, and oxygen consumption was
monitored with the use of a face mask and metabolic cart. In addition, basic
anthropometric measurements (height, weight) were taken. The second visit occurred
at least 24 hours later. Participants were instructed to arrive after an overnight fast
and to avoid exercise 24 hours before the visit. During this visit, participants
underwent a baseline blood draw, a HFM, and subsequent blood draws (at 2 and 4
hours postprandial). After the baseline blood draw, the participants were instructed to
consume the HFM within 10 minutes. The meal consisted of heavy whipping cream,

chocolate syrup, and non-fat powdered milk normalized to the subject’s body surface
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area. Calorically, the meal was 85.3% fat, 11.3% carbohydrates, and 3.4% protein,
with a 3869 serving containing 1362 kcal. The meal size was normalized to the
participant’s body surface area (386g per 2m? body surface area). This meal has

previously been used by studies in our laboratory (Jenkins et al., 2011).

Blood Collection and PBMC Isolation

Blood was collected via venipuncture at each time point (baseline, 2 hours
postprandial, and 4 hours postprandial) in a 10 mL ethylenediaminetetraacetic acid
(EDTA) tube. EDTA tubes were centrifuged at 1500xg for 15 minutes. Plasma was
then aliquoted and stored at -80°C for future analysis. The remaining blood was then
diluted 1:1 in 1x phosphate buffer solution (PBS). This mixture was layered onto 3-
5mL of Lymphocyte Separation Medium (Corning, Corning), before being spun at
400xg for 20 minutes at 4°C. Then the buffy coat was collected and mixed with 2mL
1x PBS before being spun at 500xg for 5 minutes at 4°C. After aspirating the
supernatant, the cells were incubated with 2mL 1x RBC lysis buffer (Biolegend, San
Diego) for 10 minutes. After spinning at 500xg for 5 minutes at 4°C, the cells were
washed and spun twice more with 2mL 1x PBS. They were counted and stored in
1.5mL aliquots containing 900uL of cell solution that includes PBS with 2% Fetal
Bovine System (FBS) (Lifeline Cell Technology, Frederick), and 100uL of DMSO

(Fisher Chemical, Pittsburgh) at -80°C for future analysis.

OxLDL Uptake and Cell Surface Marker Expression: Aims 1 and 2

In order to address Aims 1 and 2, PBMCs were thawed and 2.0 x 108 cells

were used per time point per assay. After thawing, cell viability was confirmed via
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Trypan blue (Thermo Fisher Scientific, Waltham) for all assays. PBMCs from each
time point were divided into two conditions: HFM and HFM+oxLDL.

For the HFM condition, each time point (BL, 2 hours post-HFM, 4 hours post-
HFM) was stained with the following fluorescent antibodies: anti-CD45 (APC Cy7)
(Biolegend, San Diego), anti-CD14 (APC) (Biolegend, San Diego), anti-CD11c (PE
Cy7) (Biolegend, San Diego), anti-CD16 (PE Dazzle 594) (Biolegend, San Diego),
and anti-CD36 (PerCP eFluor 710) (Biolegend, San Diego). A viability dye (DAPI)
(Thermo Fisher Scientific, Waltham) was also included in the antibody cocktail to
verify the presence of live or dead cells. The antibody titration and staining protocols
have been previously optimized by our lab and others (Henning et al., 2018). Cells
were fixed with a solution of PBS and 2% paraformaldehyde (PFA) before analysis in
a flow cytometer.

For the HFM+oxLDL condition, each time point (BL, 2 hours post-HFM, 4
hours post-HFM) was treated with 1ug/mL oxLDL, as this was determined to be the
optimal dosage to observe differences in oxLDL uptake while minimizing apoptosis
during our optimizations. Cells were then incubated at 37°C at 5% CO2 for 1 hour.
This incubation duration was optimized by our lab to allow for sufficient uptake
while minimizing apoptosis. After incubation, the excess oxLDL was washed off by
spinning the cells at 500xg for 5 minutes and aspirating the supernatant. Then, the
cells were stained and fixed exactly as described for the HFM condition. PBMCs

were analyzed via a BD FACS Il Canto Flow Cytometer at 250,000 events/sample.
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Figure 1: Gating strategy used for all flow analysis. PBMCs were analyzed via a
BD FACS Il Canto Flow Cytometer at 250,000 events/sample. (A) Singlet gate
obtained via FSC-A and FSC-H. (B) Cells were then gated as DAPI- cells to ensure a
population of only live cells. (C) Histogram gate used to quantify CD45+ cells, a pan-
leukocyte marker. (D) CD14+ monocytes were gated based on size and color. (E)
Histogram gate was used to quantify CD14+/CD36+ monocytes. (F) Histogram gate
used to quantify CD14+/CD11c+ monocytes. (G) CD14+ monocytes were split into
CD16- and CD16+ cells. (H) The 16+ monocytes from Figure G were gated based on
CD36+ marker. (1) Of the cell population obtained in Figure H, they were further
quantified by the CD11c+ histogram. (J) A representative histogram gate for oxLDL+
monocytes. Abbreviations: peripheral blood mononuclear cells (PBMCs), forward
side scatter area/height (FSC-A/H), oxidized low-density lipoprotein (oxLDL).

Production of Cytokines: Aim 3

In order to address Aim 3, PBMCs were thawed for each condition: HFM and
HFM+oxLDL. For the HFM condition, 600,000 cells/well were plated in duplicate in
a 24-well plate with 600uL Roswell Park Memorial Institute (RPMI) 1640 medium
(Thermo Fisher Scientific, Waltham) supplemented with 2% FBS. For the
HFM+oxLDL condition, cells were plated the same way, but with the addition of
5ug/mL oxLDL for 24 hours. This dosage was optimized by our lab to maximize cell
viability after 24 hours. These cells were incubated at 37°C and 5% CO2 for 24 hours.
After 24 hours, conditioned media was collected, centrifuged at 2500xg for 20
minutes, and the supernatant was frozen at -80°C for at least 24 hours before being
analyzed via an enzyme-linked immunosorbent assay (ELISA) for TNF-a and IL-10

(Thermo Fisher Scientific, Waltham).

Statistical Analysis

All analyses were performed using GraphPad Prism. A 2x3 repeated measures
analysis of variances (ANOVA) was used for each aim with condition (HFM or

HFM+oxLDL) and HFM timepoint (BL, 2 hours postprandial, 4 hours postprandial)
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as separate factors. A one-way ANOVA was used for the oxLDL uptake outcome in
the HFM + oxLDL condition. Post hoc t-tests were conducted when the ANOVA
provided statistically significant results with an accepted p-value of p<0.05.
Essentially, most of the following data are presented as the percent of CD14+

monocytes. All data are presented as means + SEM unless otherwise specified.
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Chapter 5: Results

Subject Characteristics

Participant demographic information is shown in Table 1.

Table 1: Subject Demographics

Age (years) 24.1+3.9

Sex (male/female) 9/5

BMI (kg/m?) 223+28

VO: peak (mL/kg/min) 444 +2.6
n=14

Data are expressed as means + SD.

CD14+ monocytes and oxLDL uptake

We first assessed the absolute values of CD14+ monocytes in each sample,
revealing no significant interaction or main effect of the HFM or oxLDL treatment
(Figure 2A, p=0.18-0.84). We next analyzed the percentage of CD14+ cells that co-
expressed CD16, CD36, or CD11c in both the HFM condition and the HFM + oxLDL
condition, finding no effect of the HFM or oxLDL treatment on the numbers of these
cells. There were no interaction or main effects of the HFM or oxLDL treatment on
the number of CD14+ cells that co-expressed CD36 (Figure 2B, p=0.13-0.36). The
same was true for the number of CD14+ cells that co-expressed CD16 (Figure 2C,

p=0.28-0.89) or CD11c (Figure 2D, p=0.28-0.97).
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Figure 2: CD14+ monocytes co-expressing CD36, CD16, or CD11 after a HFM,
with or without oxLDL treatment. PBMCs from baseline, 2hrs post-HFM, and 4hrs
post-HFM were split into two groups (HFM and HFM + oxLDL). The HFM + oxLDL
group was incubated with 1ug/mL of fluorescently-tagged oxLDL for 1hr. Both groups
were stained with fluorescent antibodies, and the sample were run through a BD FACS
Il Canto Flow Cytometer and analyzed via FlowJo. Absolute CD14+ cell count is
depicted in Figure A, revealing no differences after the HFM or oxLDL treatment. The
percentages of CD14+ monocytes that co-express CD36+ (B), CD16 (C), and CD11c
(D) follow. A 2x3 ANOVA revealed no significant interactions or main effects of time
or condition in any group. Data are presented as means + SEM. Abbreviations:
fluorescence activated cell sorting (FACS), high fat meal (HFM), oxidized low-density
lipoprotein (oxLDL).

Then, we assessed the changes in oxLDL uptake in these same populations
after a 1-hour incubation (Figure 3). There were no significant differences before or
after the HFM (Figure 3A, p=0.42) in the number of CD14+ monocytes positive for

oxLDL. We then examined changes in the number of oxLDL+ cells in the subsets of

CD14+ cell co-expressing CD36, CD16, or CD11c, revealing no significant
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differences in CD14+/CD36+/0xLDL+ monocytes (Figure 3B, p=0.38),
CD14+/CD16+/oxLDL+ monocytes (Figure 3C, p=0.35), or

CD14+/CD11c+/oxLDL+ monocytes (Figure 3D, p=0.50).
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Figure 3: oxLDL uptake in subsets of CD 14+ monocytes after a HFM. Cells in the
HFM + oxLDL condition were treated with 1ug/mL of fluorescently-tagged oxLDL for
1 hour. To examine potential changes in oxLDL uptake in various cell types, cells were
stained and analyzed accordingly. An ANOVA revealed no significant differences in
oxLDL uptake in CD14+ monocytes (A) or CD14+ monocytes that expressed CD36
(B), CD16 (C), or CD11c (D). All data are presented as means £ SEM. Abbreviations:
high fat meal (HFM), oxidized low-density lipoprotein (oxLDL).
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CD14+/CD16+ monocytes and oxLDL uptake

To analyze potential inflammatory changes in cell phenotypes after a HFM
and oxLDL incubation, we further assessed the numbers of CD14+/CD16+
monocytes co-expressing CD36 or CD11c (Figure 4). As there were no differences in
the absolute numbers of CD14+/CD16+ cells among conditions (Figure 4A, p=0.31-
0.99), we quantified the percentage of CD14+/CD16+ cells that co-expressed CD36
or CD11c. There was no effect of the HFM or the oxLDL treatment on
CD14+/CD16+/CD36+ monocytes (Figure 4B, p=0.76-0.95). Then, we quantified
CD16+ monocytes that also co-expressed CD11c, but there were no significant
differences between the two experimental groups (Figure 4C, p=0.22-0.71). Lastly,
we wanted to assess the cells that expressed all three of these markers, starting with
the CD14+ monocytes that were previously determined to be CD16+/CD36+ and then
isolating the percentage of those cells that were also CD11c+. There were no
significant interaction or main effects of the HFM or oxLDL treatment on the

population of CD14+/CD16+/CD36+/CD11c+ monocytes (Figure 4D, p=0.37-0.65).
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Figure 4: CD14+/CD16+ monocytes co-expressing CD36 and/or CD11 in the HFM
and HFM + oxLDL conditions. PBMCs from BL, 2hrs post-HFM, and 4hrs post-
HFM were split into two groups (HFM and HFM + oxLDL). The HFM + oxLDL group
was incubated with 1ug/mL of fluorescently-tagged oxLDL for 1hr. Both groups were
stained with fluorescent antibodies, and the sample were run through a BD FACS lI
Canto Flow Cytometer and analyzed via FlowJo. These cell populations are all double-
positive for CD14+/CD16+, and there was no difference in CD14+/CD16+ monocytes
in either condition (A). (B) and (C) represent the percentage of CD14+/CD16+ that co-
express CD36 and CD11c, respectively. (D) depicts the CD14+/CD16+/CD36+, that
also co-express CD11c. A 2x3 ANOVA revealed no significant interaction effects or
main effects of time or condition. All data are presented as means + SEM.
Abbreviations: Abbreviations: fluorescence activated cell sorting (FACS), high fat
meal (HFM), oxidized low-density lipoprotein (oxLDL).

We also quantified the oxLDL uptake in these cell phenotypes. As shown
above in Figure 3C, there were no significant differences in oxLDL uptake for

CD14+/CD16+ monocytes. Additionally, there were no significant differences in

oxLDL uptake in CD14+/CD16+/CD36+monocytes, (Figure 5B, p=0.32),
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CD14+/CD16+/11c+ monocytes (Figure 5C, p=0.62), or

CD14+/CD16+/CD36+/CD11c+ monocytes (Figure 5D, p=0.34).
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Figure 5: oxLDL uptake in subsets of CD14+/CD16+ monocytes after a HFM.
Cells in the HFM + oxLDL condition were treated with Lug/mL of fluorescently-tagged
oxLDL for 1 hour. To examine potential changes in oxLDL uptake in various cell types,
cells were stained and analyzed accordingly. A 1x3 ANOVA revealed no significant
differences in oxLDL uptake in CD14+/CD16+/CD36+ monocytes (A),
CD14+/CD16+/CD11c+ monocytes (B), or CD14+/CD16+/CD36+/CD11lc+
monocytes (C). All data are presented as means £ SEM. Abbreviations: high fat meal
(HFM), oxidized low-density lipoprotein (oxLDL).

Production of Cytokines

TNF-a
We measured TNF-a production in conditioned media after a HFM and an
oxLDL incubation and found that the HFM caused an increase in TNF-a secretion

from PBMCs (Figure 6, p=0.02).
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Figure 6: TNF-a production (pg/mL) in 24-hour conditioned media. PBMCs were
thawed and plated in a 24-well plate with 600,000 cells in 600uL FBS-supplemented
RPMI. The samples in the HFM + oxLDL condition were treated with Sug/mL of
oxLDL. Conditioned media was collected 24 hours later and analyzed via an ELISA.
*A 2x3 ANOVA revealed a main effect of the HFM to increase TNF-a secretion
(p=0.01). All data are presented as means + SEM. Abbreviations: enzyme-linked
immunosorbent assay (ELISA), fetal bovine serum (FBS), oxidized low-density
lipoprotein (oxLDL), peripheral blood mononuclear cells (PBMCs), tumor necrosis
factor alpha (TNF-a).

TNF-a and VO2

In order to examine the potential influence of fitness status on inflammatory
responses post-HFM, we assessed the relationship between 4-hour post TNF-a and
VO2 peak values, revealing a moderate, inverse relationship between the two
variables (r = -0.55, p=0.04). Additionally, the change in TNF-a values from the BL
timepoint to the 4hr timepoint also significantly correlated with VO2 max values
(Figure 6A: r = -0.55, p=0.04), indicating that participants with higher fitness levels
had a less robust inflammatory response to the HFM. There was no relationship

between the change in TNF-a values and BMI (Figure 6B).
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Figure 7: Relationship between TNF-a production (pg/mL) in conditioned
media, relative VOzpeak (ML/kg/min), and BMI (kg/m?). Figure A depicts that the
overall change in TNF-a from BL to 4 hours post was significantly correlated with
relative VO2 values (r=-0.55, p=0.04) There was no relationship between overall
change in TNF-a and BMI (B). Red circles indicate females and black circles indicate
males. Abbreviations: minute (min), milliliter (mL), kilogram (kg), picogram (pg),
tumor necrosis factor alpha (TNF-a), volume of oxygen (VO2).

IL-10
We also measured IL-10 concentrations in conditioned media after the HFM
and oxLDL incubation, revealing no significant interaction or main effect of the HFM

or oxLDL treatment (Figure 8: p=0.08-0.8).

IL-10
150
« HFM

_ = o HFM + oxLDL
£ 100
2 °
; : [ o
; 50 4 : . & 8

Jinll adn

BL 2hr 4hr  BL 2hr 4hr
Timepoint

34



Figure 8: IL-10 production (pg/mL) in 24-hour conditioned media. PBMCs were
thawed and plated in a 24-well plate with 600,000 cells in 600uL FBS-supplemented
RPMI. The samples in the HFM + oxLDL condition were treated with 5ug/mL of
oxLDL. Conditioned media was collected 24 hours later and analyzed via an ELISA.
A 2x3 ANOVA revealed no significant interaction or main effect of time or
condition. All data are presented as means £ SEM. Abbreviations: enzyme-linked
immunosorbent assay (ELISA), fetal bovine serum (FBS), interlekin-10 (IL-10),
milliliter (mL), oxidized low-density lipoprotein (oxLDL), peripheral blood
mononuclear cells (PBMCs), picogram (pg).
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Chapter 6: Discussion

This study assessed the effects of two inflammatory stimuli on the phenotype
and function of circulating monocytes. The main findings of this study are: (1)
monocytic oxLDL uptake did not change within 4 hours after a HFM; (2) expression
of cell surface markers on monocytes indicating enhanced capacity for oxLDL
uptake, inflammation, and endothelial adhesion did not change within 4 hours after a
HFM or exposure to a oxLDL treatment; (3) PBMC production of TNF-a increased
after a HFM with or without oxLDL treatment, while production of IL-10 remained
unchanged after both conditions. Thus, contrary to many of our initial hypotheses, the
HFM may not be a sufficient inflammatory stimulus to prime monocytes in young,

healthy adults, within the assessed time course.

OxLDL uptake in monocytes

Previous literature has demonstrated an enhanced monocyte responsiveness to
modified LDL after a HFM (Henning et al., 2018). This study, however, used acLDL
instead of oxLDL, which we believe does not accurately reflect the postprandial
changes that most directly correlate with foam cell formation. Despite our preliminary
experiments that suggested oxLDL uptake would increase in CD14+ monocytes after
a HFM, our study data did not confirm these findings.

Furthermore, we used a 1ug/mL dose of oxLDL for the incubation, which is a
lower concentration than the doses (5ug/mL-15ug/mL) used in other studies of
changes in monocyte responsiveness to oxLDL (Bekkering et al., 2014; Henning et

al., 2018). We tested many concentrations during our optimizations, and this

36



concentration appeared to elicit a range of oxLDL uptake in monocytes from different
individuals and minimize apoptosis, as opposed to a higher concentration of oxLDL
which may have overloaded the monocytes with oxLDL and caused an inflated
response in all monocytes. However, using the 1ug/mL dose may have limited our
ability to compare our data with previous studies or observe significant changes in
oxLDL uptake. There were no differences in oxLDL uptake among the baseline, 2-
hour and 4-hour timepoints in any of the cell types we examined, even when analyzed
using mean fluorescence intensity (MFI), which would indicate not only that a cell
was positive for oxLDL uptake, but if that cell had taken up more or less oxLDL.

Additionally, previous studies suggest that oxLDL tends to upregulate the
expression of CD36 (Bekkering et al., 2014; Y. M. Park, 2014). In our study, there
were no significant differences in the number of monocytes expressing CD36 after
the oxLDL incubation. There are several possible explanations for this finding. First,
the concentration of oxLDL may not have been high enough to induce CD36
expression. However, our results showed the vast majority of the CD14+ monocytes
co-expressed CD36+ at baseline, so we find it is more likely that there was a limited
capacity to increase (a) the number of CD14+/CD36+ monocytes and/or (b) the
number of CD36 receptors on CD14+ monocytes.

The timing of sample collection in this study may also have impacted the
ability to observe differences in oxLDL uptake. Previous literature indicates that
treating monocytes with even low doses of TNF-a can increase oxLDL uptake and
upregulate CD36 and adhesion marker expression on the cell surface (Zhu et al.,

2015). Ultimately, that study concluded that TNF-a plays an important role in
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enhancing the inflammatory capacity of monocytes and increasing their likelihood to
become foam cells (Zhu et al., 2015). This conclusion leads us to believe that if the
postprandial measures in our study exceeded the 4-hour timepoint, the significant
increase in TNF-a at 4 hours may have enhanced monocytic capacity to take up
oxLDL and may have altered the expression of the cell surface markers we examined

at a later timepoint.

Cell Surface Makers on Monocytes

For our analysis, we used both a size gate and CD14+ gate to ensure we were
analyzing only CD14+ monocytes. The primary goal of Aim 2 was to quantify the
percentage of monocytes that appeared to have the greatest propensity to become
foam cells, indicated by co-expression of CD16 (a marker of non-classical
monocytes), CD36 (the main receptor involved in oxLDL uptake) and CD11c (a
marker of endothelial adhesion capacity).

We examined all combinations of these cell surface markers but found no
changes in the proportions of the various cell types in response to the HFM or
exposure to oxLDL. This is consistent with a previous study that reported no
significant changes in the number of CD16+ monocytes post HFM (Henning et al.,
2018). However, that same study did report an increase in oxLDL uptake in
CD14+/CD16+/CD36+ monocytes compared with monocytes lacking the CD16
marker (Henning et al., 2018). Furthermore, additional studies have noted
postprandial changes in CD11c corresponding with the uptake of triglyceride-rich
lipoprotein (Gower et al., 2011), but our data did not indicate significant changes in

CD11c+ monocytes with the HFM or oxLDL treatment. In general, most of the
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monocytes were CD14+/CD16- (classical monocytes), and highly expressed CD36,
which is standard for monocyte phenotypes (Boyette et al., 2017; Moniuszko et al.,
2006). Given that there were no significant changes in these cell phenotypes after the
HFM or oxLDL treatment, it does not appear that either stimulus elicited a robust
inflammatory response in this young and healthy population.

We also quantified the percentage of CD14+ monocytes that co-expressed
CD16, CD36, and CD11c together, with the notion that these monocytes are the most
likely to take up oxLDL, adhere to the endothelium, and transform into foam cells.
However, there were no differences in the numbers of CD14+ monocytes co-
expressing CD16, CD36, and CD11c after the HFM or oxLDL incubation.
Importantly, though the percentage of these cells shown in Figure 4D is very high,
this number requires careful interpretation. First, these cells were isolated as CD14+
monocytes that were double-positive for CD16 and CD36 (Figure 4B). These
percentages were quite low, with values ranging from <1-5% of all CD14+
monocytes. From there, we quantified the percentage of those double-positive CD14+
monocytes that also co-expressed CD11c. So while the percentage of
CD14+/CD16+/CD36+/CD11c+ seems high, it is a percentage of a very small
proportion of total CD14+ cells. Given that these samples were obtained from a
young, healthy population, it is expected that these values would be low.

The lack of changes to cell surface marker expression could be attributed to a
number of factors. As previously mentioned, the 1ug/mL concentration of oxLDL or
the 1-hour incubation time may not have been adequate to induce these changes.

However, the changes in cell surface markers post-HFM remain inconsistent
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throughout the literature, so our results are not completely surprising. Furthermore, it
is important to note that we conducted our assays on frozen cells that had been
thawed, thus we cannot rule out the possibility that the freezing and thawing of the
PBMCs may have impacted the expression of some cell surface markers and
potentially reduced their functional capacity (Li et al., 2022). However, prior to data
collection, our optimizations involved testing the differences in fresh and frozen cells,

and we did not note any significant differences.

Pro- and anti-inflammatory cytokine production

After a HFM, the increase in circulating TGs can lead to an increase in
cytokine production via the binding of TGs to TLRs and the subsequent activation of
NF-kB (Mo et al., 2020). OXLDL uptake can also lead to cytokine production via NF-
kB activation (Chen & Khismatullin, 2015; Janabi et al., 2000). These mechanisms
likely explain the increase in TNF-a production in the conditioned media. This
increase is consistent with some previous literature in which circulating TNF-a levels
increase after a HFM (Demmer et al., 2016; Fogarty et al., 2015; Gower et al., 2011).
It is surprising, then, that the oxLDL did not pose as an additional inflammatory
stimulus and further increase TNF-ao production in our experiments. Once again, this
may be related to using a lower oxLDL concentration as previous studies
demonstrated a much more robust TNF-a response after incubating PBMCs with
>5ug/mL of oxLDL (Bekkering et al., 2014; Jovinge et al., 1996).

We also measured the production of IL-10 in order to understand any potential
compensatory, anti-inflammatory effects. There were no differences in IL-10

production after the HFM or after the oxLDL treatment. This is not particularly
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surprising, however, as it has previously been noted that the postprandial changes in
IL-10 are inconsistent with some studies reporting no change (Gower et al., 2011;
Strohacker et al., 2012) and others reporting an increase (Fogarty et al., 2015; Rocha
etal., 2017).

Further analysis of the TNF-a data revealed a statistically significant
correlation with VOzpeak Values. Specifically, both the 4-hour post-HFM TNF-a value
and the overall change in TNF-a from BL to 4 hours post-HFM revealed a moderate,
inverse correlation between the two variables. These data indicate that an individual
with a higher VO2 peak may exhibit a blunted TNF-a response after the HFM.

When comparing the VO2 values for male and female participants, the average
male VO2 was 46.8 mL/kg/min and the average female VO2 was 40.2 mL/kg/min.
These values are considered “good” for males and “fair-good” for females (ACSM,
2013). The notion that someone who is more fit would be better able to mitigate an
inflammatory stimulus is supported by previous literature in which individuals who
are classified as “high fit” have a blunted postprandial inflammatory response, likely
due to elevated HDL and lipoprotein lipase (LPL) activity, and more efficient
replenishment of intramuscular triglycerides (IMTG) (Teeman et al., 2016b).
However, previous literature has also demonstrated that this protective effect of
exercise training may be negated if more than 60 hours have passed since a subject’s
last training session (Herd et al., 2000). Participants were instructed to avoid exercise
24 hours prior to the HFM in this study, but we did not control for exercise beyond
that time. Though our participants are not considered “high fit,” it is likely that their

fair-good fitness status impacted their postprandial responses. Furthermore, the young
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age range and otherwise healthy status of the participants likely limited postprandial
responses as older individuals tend to have a more exaggerated and prolonged

postprandial response (Milan et al., 2016).

Limitations

As already mentioned in the discussion, the use of a lower oxLDL
concentration may have had a limited inflammatory impact. Future studies in our lab
and others could optimize the dosage and perhaps go further to understand how that
dose is relevant to physiological levels. Additionally, the majority of the individuals
who participated in the study were moderately fit, young males and females. This
population will have a more robust ability to counteract inflammation. Furthermore,
they are at little risk of developing atherosclerosis, so the practicality of studying
these changes in young, healthy individuals is less than studying these changes in
older or at-risk populations. Lastly, we did not use a dietary recall or any form of
dietary normalization to account for habitual dietary choices that may have impacted

some of the outcomes.

Future Directions

Moving forward, conducting this same study in older individuals or
individuals exhibiting early signs of atherosclerosis and CVD may prove to be more
useful. Additionally, running an oxLDL ELISA on the plasma from these participants
would provide useful information on the in vivo conditions the monocytes were
exposed to. Previous literature has indicated a postprandial increase in circulating

oxLDL (Burton-Freeman et al., 2010; Jenkins et al., 2011), which may correspond to
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the increase in TNF-o shown in our data and provide insight into the relationship
between TNF-a and oxLDL in monocytes. Lastly, the role of a single meal is limited
without considering the overall diet. Conducting longer-term studies that examine
changes in the monocyte population over time while exposed to sequential meals or
various diets could prove to be insightful and more significant given the amount of

time it takes to develop atherosclerosis and resultant CVD.

Conclusions

In conclusion, this study demonstrated that in a young, healthy, moderately-fit
population, there were no significant changes to monocyte phenotype or function
after a single HFM or additional oxLDL treatment. However, we did demonstrate that
the HFM was an inflammatory stimulus due to the increase in TNF-a post-HFM. This
study is unique in that we have attempted to understand the role of a single HFM and
oxLDL treatment in an effort to quantify the preliminary changes that occur in
monocytes in response to inflammation; these changes may reflect the phenotype and
function of monocyte-derived macrophages and the eventual development of
atherosclerosis. Continuing this line of study will provide important information to
the field of kinesiology as we seek to understand lifestyle choices that inform disease

pathology.
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