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Abstract

Background and aims—Altered metabolism is an important regulator of macrophage (M®)
phenotype, which contributes to inflammatory diseases such as atherosclerosis. Broadly, pro-
inflammatory, classically-activated Mds (CAM) are glycolytic while alternatively-activated Mds
(AAM) oxidize fatty acids, although overlap exists. We previously demonstrated that M® fatty
acid transport protein 1 (FATP1, S/c27a) was necessary to maintain the oxidative and anti-
inflammatory AAM phenotype /n vivoin a model of diet-induced obesity. The aim of this study
was to examine how M® metabolic reprogramming through FATP1 ablation affects the process of
atherogenesis. We hypothesized that FATP1 limits M®-mediated inflammation during
atherogenesis. Thus, mice lacking M® FatpI would display elevated formation of atherosclerotic
lesions in a mouse model lacking the low-density lipoprotein (LDL) receptor (Lalr™").

Methods—We transplanted bone marrow collected from Fafp*/* or Fatpl™~ mice into Ldlr~
mice and fed chimeric mice a Western diet for 12 weeks. Body weight, blood glucose, and plasma
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lipids were measured. Aortic sinus and aorta lesions were quantified. Atherosclerotic plaque
composition, oxidative stress, and inflammation were analyzed histologically.

Results—Compared to Fafpl*’*Ldlr”~ mice, Fatn1™~Ldlr”~ mice exhibited significantly larger
lesion area and elevated oxidative stress and inflammation in the atherosclerotic plaque.
Macrophage and smooth muscle cell content did not differ by FaifpI genotype. There were no
significant systemic alterations in LDL, high-density lipoprotein (HDL), total cholesterol, or
triacylglyceride, suggesting that the effect was local to the cells of the vessel microenvironment in
a FatpI-dependent manner.

Conclusions—M® Faipl limits atherogenesis and may be a viable target to metabolically
reprogram Mas,
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1. Introduction

Macrophages (M®s) play a central role in the pathogenesis of atherosclerosis through
clearance of modified LDL particles, efferocytosis, and control of the immune milieu [1-3].
Mas are a diverse population of cells based on site of origin, location, surface markers,
functional analysis, and metabolic phenotype [4, 5]. While most work has focused on the
former characteristics, little work has been conducted on understanding the metabolic
phenotype of M®ds, or how M® metabolic phenotype influences disease progression, until
recent years [6, 7]. In general, /n vitro studies have shown that pro-inflammatory classically
activated Mds (LPS and IFN+y- stimulated, CAM or M1-like) are highly glycolytic while
immunoregulatory alternatively activated M®s (IL4-stimulated, AAM or M2-like) primarily
oxidize fatty acids [8, 9]. However, /in vivo M® phenotype is highly dynamic, with mixed
inflammatory and metabolic phenotypes [7, 10-13].

Previous reports from our lab and others have provided evidence that when substrate
metabolism is modulated, a macrophage’s response to specific stimuli is dramatically
altered. Fatty acid transport protein 1 (FATP1, S/c27al) is an acyl-CoA synthetase wherein
expression within hematopoietic populations is limited to Mds and plasmacytoid dendritic
cells [14], but not other cells that may contribute to inflammation in atherosclerosis,
including monocytes, microglia, B cells, T cells, neutrophils and eosinophils [9]. We have
recently reported through loss and gain of function models that FATP1 is necessary to
maintain the immunoregulatory AAM phenotype /n vivo and ex vivo. Fatpl is
downregulated with pro-inflammatory stimulation of bone marrow derived M®s [9].
Chimeric mice lacking Fatp through bone marrow transplantation and fed high fat diet
gained more weight and had impaired glucose tolerance on high fat diet, along with greater
white adipose mass, M® infiltration, and crown-like structures formation. Consequently, in
white adipose tissue of Fafp1~~ transplanted mice, inflammation was elevated with evidence
of oxidative stress. Fafpl™" adipose tissue Mds (ATMs) isolated from white adipose were
more CAM-like compared to ATMs isolated from FazpI*/* transplanted mice fed a high fat
diet [9]. /n vitro studies additionally demonstrated that Mds lacking Fazpl displayed a
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hyper-inflammatory response to CAM stimuli, with elevations in iINOS (Nos2), among
others, and reductions in immunoregulatory AAM marker arginase 1 (ArgZ). Furthermore,
absence of Faip1 led to a metabolic shift from fatty acid uptake and oxidative metabolism to
increased glucose transporter GLUT1 expression, glycolysis, and metabolic intermediates
associated with oxidative stress and pentose phosphate pathway [9]. Conversely, an in vitro
gain of function model was utilized by over-expressing Fazp? in the RAW264.7 CAM-like
M cell line. RAW Mds over-expressing Fafpl failed to be CAM activated, displayed
blunted GLUTL1 expression and reduced glucose metabolism, and exhibited increased fatty
acid uptake and metabolism [9]. Thus, Fafp1 cannot only direct the metabolic flexibility of
Mas, but the inflammatory phenotype /n vitro and in high fat diet-exposed mice, which begs
the question of the role of M® Faipl in other metabolic diseases.

Cardiovascular diseases such as atherosclerosis are the cause of approximately 1 in 3 deaths
within the United States and are the leading cause of death worldwide [15]. M®-mediated
inflammation is a critical component of atherosclerotic plaque formation with M®
glycolysis associated with poorer outcomes [16]. Atherosclerosis is an ongoing
inflammatory process, during which Mds mediate all stages of the disease, from initiation
through progression and, ultimately, thrombotic complications, as well as resolution [1]. Our
previous work indicated that there is a critical link between fatty acid transport/metabolism
and inflammation in atherosclerosis, demonstrating the need to further understand novel
regulators of M® substrate metabolism [17-20]. Because M® lipid metabolism plays a
central role in the pathogenesis of atherosclerosis, we hypothesized that M®s, with
demonstrated blunted fatty acid metabolism and elevated glycolysis due to lack of Fafp1,
would display increased atherogenesis. Herein, we report that while lack of hematopoietic
Fatpl led to no systemic alterations in lipids, FazoZ™~Ld/r”~ mice displayed greater plaque
formation, with evidence of oxidative stress and inflammation compared to Fatp1*/*Ladlr~”"~
mice.

2. Materials and methods

2.1 Animals and maintenance

Animal studies were performed with approval and in accordance with the guidelines of the
Institutional Animal Care and Use Committee at the University of North Carolina at Chapel
Hill. Mice were housed in a climate controlled animal facility and had ad /ibitium access to
food and water. FatpI™~ mice [21] were provided by Dr. Andreas Stahl (University of
California, Berkeley). Falp1 total body knockout (FafpZ™") and Fafp? wild type
(Fatp1*/*)bone marrow donor mice were generated using FatpZ™* breeding pairs to generate
littermate controls. Lad/r”~ mice (stock number. 002207, Jackson Labs) were obtained at 4
weeks of age. At 6 weeks of age, bone marrow transplant was performed, (BMT, below).
Chimeric La/r”~ mice were then housed in a sterilized environment. Mice were maintained
on chow diet for four weeks before challenge with Western Diet (Harlan Teklad, TD88137)
for 12 weeks.
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2.2 Bone marrow transplantation

Upon arrival, N=34 4-week-old male Ld/r”~ mice were randomized to two experimental
groups. At 6 weeks of age, recipient La/r”~mice were administered two doses of X-ray
irradiation (500cGy x 2, spaced 4 h apart; X-RAD, North Branford, CT) as in previous work
[9]. Simultaneously, bone marrow was harvested from 6-8 week old male FazpZ”~ and
FatpI*"* donor mice. The femur and tibia were collected and bone marrow cells were
flushed by ice-cold PBS, then centrifuged at 1,200 RPM at 4°C for 5 min. Cell pellets were
resuspended in HBSS buffer. Each recipient mouse received approximately 5x106 bone
marrow cells through retro-orbital injection under anesthesia in 100 pl. Control animals were
transplanted with the HBSS buffer only, and died within 10 days of lethal irradiation.

2.3 Body weight and composition

Body weight was measured prior to starting mice on diet, and weekly until sacrifice. Body
composition was measured at 6, 10, 13, 16, 19 and 22 weeks of age using the EchoMRI-100
quantitative magnetic resonance whole body composition analyzer (Echo Medical Systems,
Houston, TX). Fat mass is presented as percent fat mass over total body weight [22].

2.4 Lipids and glucose measurement

After 6 h of fasting, blood was collected. Total cholesterol, LDL-cholesterol, HDL-
cholesterol, and triacylglyceride were measured in the UNC Animal Clinical Chemistry and
Gene Expression Core Facility by Vt350 Automated Chemical Analyzer from Ortho-
Clinical Diagnostics Company (Rochester, NY). Mice were fasted for 6 h before blood
glucose was measured and GTT was conducted. Blood glucose was measured using a
FreeStyle Freedom Lite glucometer (Abbot Diabetes Care, Inc., Alameda, CA).
Intraperitoneal GTT was performed after 7 weeks on diet at 16 weeks of age. Briefly, 2.0
gm/kg body weight of glucose was injected intraperitoneally and blood glucose was
measured over 120 min [9].

2.5 Histology and quantification

Hearts were either transferred from 10% formalin to 70% ethanol stored at 4°C for creation
of formalin fixed paraffin embedded (FFPE) sections or transferred to 30% sterile sucrose
for 72 h for cyrosectioning. Serial interrupted sections from FFPE hearts and frozen hearts
were either cut at 5 um or 10 um thickness. FFPE sections were stained with Masson’s
trichrome for quantification of collagen content, necrotic core areas, and subendothelium
cell numbers, MOMAZ2 (macrophage/monocyte monoclonal antibody) for M®ds, anti a-SMA
(alpha-smooth muscle actin) for smooth muscle cells (SMC), anti 4HNE (4-
hydroxynonenal) for oxidative stress, and anti-1L6 (interleukin 6) for inflammation. The
antibodies used for immunostaining were: MOMAZ2 (BioRad, MCA519G), anti a-SMA
(Sigma, A5228), anti 4HNE (Abcam, ab48506), and anti IL6 (Novushio, NB600-1131),
which were respectively diluted as: MOMAZ2 (1:25), anti a-SMA (1:200), anti 4HNE
(1:400), anti IL6 (1:400). The secondary antibodies were reacted with peroxidase substrate
(\Vectorlabs, SK-4605). Finally, slides were counterstained with methyl green. A color
deconvolution algorithm, developed in collaboration with the UNC Translational Pathology
Laboratory, was used to separate collagen for digital quantification (Definiens software).
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Quantification of collagen was calculated as optical density (OD) x percent of total positive
area stained with collagen. Necrotic core areas and subendothelial cell numbers were
normalized to the total quantified areas using Aperio ePathology software (Aperio, Buffalo
Grove, IL) [22-24]. Quantification of M®, SMC, oxidative stress, and inflammation were
calculated as OD x percent of total positive area stained with MOMAZ2, anti a-SMA, anti
4HNE, and anti IL6 similar to previous work [22]. Frozen sections were stained with Oil red
O to stain neutral lipids and hematoxylin counterstain for quantification of lesion area.
Quantification of atherosclerotic lesions was performed as described [25]. Serial interrupted
sections were cut through the aorta at the origins of the aortic valve leaflets, and every other
section (10 um) throughout the aortic sinus (1600 um) was stained with Oil Red O. Aortic
lesion size from each section was measured by Aperio ImageScope software. Total aortic
lesion size of each animal was obtained by the summation of 5 sections from the same
mouse.

2.6 Cell culture

Mouse thioglycollate-elicited peritoneal M®ds were obtained as described [20]. Using
carboxylate microspheres, phagocytic capacity was measured ex vivo [26]. Briefly,
thioglycollate-elicited peritoneal Mds were seeded on collagen coated Nunc Lab-Tek
Chamber Slide (Sigma Aldrich, St. Louis, MO) overnight. Next day, carboxylated
microspheres were incubated with M®s for either 20 min or 60 min at 37°C. Goat anti-
Mouse Rhodamine red-X (Life Technologies, CA) was first incubated with cells for 15 min.
Cells were then permeabilized. Goat anti-Mouse Cy5 and Alexa 488-Phalloidin (Life
Technologies, CA) were then incubated with cells for another 30 min. Cells were then
mounted with Fluorescent mounting media. A ZEISS LSM 700 confocal microscope was
used to capture the images (UNC Microscopy Core). Phagocytosis Index (PI) was calculated
by numbers of microspheres adherent to or engulfed by cells, respectively, divided by total
nuclei in the field and reported as beads/cell. Experiments were repeated 3 times, with 4
technical replicates per genotype per experiment, and 2 fields/well from each experiment
were captured for analysis.

2.7 Statistics

3. Results

Statistical differences between experimental groups were determined by unpaired Student’s
Etests using statistical software within GraphPad Prism (GraphPad Software, Inc., La Jolla,
CA). All data are shown as mean + standard error of the mean (SEM). pvalues less than
0.05 were considered statistically significant.

3.1 Fatp1** LdIr”~ and Fatp1~/~LdIr~~ chimeric mice gained weight and adiposity at same

rates

To study the effect of FafpZ on mediating M®’s contribution to atherogenesis, chimeric
models were created by bone marrow transplantation (study design outlined in Supplemental
Fig. 1A). Six-week-old La/r~" irradiated mice were transplanted with either HBSS or bone
marrow collected from Fatp1*/* or Fatpl™~ mice. Control mice transplanted with just HBSS
died within 10 days (data not shown). After rescue from marrow transplant, Fatp1** Ldlr”~
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and Fatp1™~Ldlr”~ mice were placed on western diet at 9 weeks of age and were
maintained on diet until sacrifice at 22 weeks of age. There were no differences in weight
gain or body composition between genotypes (Supplemental Fig. 1B and C).

3.2 Lack of Fatpl led to increased atherogenesis in Fatp1™~LdIr~ mice compared to

Fatp1**LdIr’~ mice
After 12 weeks on western diet, mice were sacrificed and aortas were isolated and stained
with Oil Red O for lesion quantification (Fig. 1A). £n face analysis indicated that
Fatp1™~Ldlr” mice displayed significantly greater (1.77-fold) plaque area compared to
FatoI**Ldlr” mice (Fig. 1 B, p=0.001). Aortic root analysis was also conducted on
sections stained with Oil Red O to determine lesion size. Aortic sinus lesion area was
significantly increased by 1.72-fold in Fatp1™~Ldlr”~ mice compared to Fatol**Ldlr”’"
mice (Fig. 2A and B, £=0.015). Deletion of FaptZ did not change the percent necrotic area in
aortic sinus. (Fig. 2 C and D). Collagen positive area in aortic sinus was digitally quantified
(Fig. 2E) and total nuclei within the subendothelium plaque area were counted (Fig. 2F);
there were no FatpI-mediated significant differences detected in either parameter.

3.3 There were no systemic alterations in plasma lipids or glucose tolerance in
Fatpl™~LdIr’~ mice compared to Fatpl**LdIr’~ mice

Because significant FafpI-dependent differences were evident in atherogenesis, we next
examined plasma lipid levels, to exclude potential systemic metabolic effects resultant from
hematopoietic FafpI deletion. Fig. 3 demonstrates that there were no differences in total
plasma cholesterol, LDL cholesterol, HDL cholesterol or triacylglyceride in Fatn1™~Ldlr”~
mice compared to Fatp1*/*Ldlr”~ mice (Fig. 3A-D). No differences in fasting blood
glucose concentrations were detected from 10 to 22 weeks of age (Supplemental Fig. 2A).
Likewise, a GTT was conducted at 16 weeks of age after 7 weeks on diet, which indicated
that there was no genotype effect on glucose tolerance (Supplemental Fig. 2B).

3.4 Deletion of Fatpl did not alter plaque composition but increased oxidative stress and
inflammation in atherosclerotic plaque

To further investigate potential mechanisms leading to increased lesion size, we analyzed
atherosclerotic plaque cell composition and evidence of damage from oxidative stress and
inflammation. IHC analysis showed that lack of Fafp did not change M® and SMC content
within the plaque as assessed by MOMAZ2 and aSMA staining (Fig. 4A-D). Evidence of
oxidative stress was measured by 4HNE staining, which showed a significant 1.63-fold
increase in Fatpl™~Ldlr”’~ mice compared to Fatpl**Ladlr”~ mice (Fig. 4E-F, p=0.013). To
investigate if lacking Faip1 lead to increased plaque inflammation, IHC staining against 1L-6
was performed. A 1.5-fold increase of IL6 staining in FatpI™~ Ldlr”~ mice was detected
compared to Fatpl™*Ladlr”~ mice (Fig. 4G-H, p=0.014).

3.5 Fatpl does not alter phagocytic capacity

Local M® function in the lesion microenvironment may also have contributed to the
exacerbated atherogenesis in the absence of Fafpl. M®s bind and phagocytize oxidized LDL
particles in the vessel intima or debris in the lesion [27]. To investigate if Fafp? alters Md’s
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ability to bind particles akin to oxidized LDL, 10uM beads were used to model this behavior
in thioglycollate-elicited peritoneal Mds [28, 29]. Beads were allowed to bind for either 20
min or 60 min. Adherent and engulfed beads were quantified for each time point
(Supplemental Fig. 3A and B). No significant differences were observed in adherent or
engulfed beads at either time point.

4. Discussion

Increasingly, M® substrate metabolism has been shown to dictate inflammatory tone in
complex ways as atherosclerotic lesions form and change over time [27]. Increased glucose
metabolism promotes pro-inflammatory cytokines and reactive oxygen species production
[9]. Classically- and alternatively-activated Mds are detected in atherosclerotic lesions [30].
The classical M1-like M® has been reported to be associated with plaque progression, while
the immunosuppressive alternatively-activated M2-like phenotype is associated with smaller
lesions and regression of plaques [13, 16, 31-36]. We previously reported that pro-
inflammatory activation is achievable by enhancing glucose metabolism via glucose
transporter 1 (GLUTL1) overexpression using an /7 vitro model - even in the absence of
external stimuli [37] - in a demonstration of the tight immunometabolic link between M®
metabolic reprogramming and activation state. In contrast, increased fatty acid metabolism
stimulates anti-inflammatory cytokine production or blunts pro-inflammatory activation [12,
13, 38]. For example, upregulating fatty acid oxidation through inhibition of miR-33 can
metabolically reprogram Mds to the immunoregulatory AAM-like phenotype, and
consequently promotes resolution of atherosclerosis [13]. Our current study supports the
notion that altering M® fatty acid metabolism can modulate inflammatory diseases such as
atherosclerosis. A critical aspect of our current work is that we demonstrate that specific
deletion of FATP1 in monocyte-derived cells negatively regulates atherogenesis without
disruption of systemic lipid metabolism.

Metabolic reprogramming of M®ds offers a novel means of regulating inflammation in
diseases ranging from diet induced obesity and insulin resistance to cancer [39, 40]. We
previously reported that metabolism of fatty acids by FATP1 played a critical role in
suppressing ATM-mediated inflammation and maintaining glucose tolerance [9]. FATPs are
expressed in tissues where lipid metabolism is central to the organ’s function, such as
adipose tissue; or where lipids provide the predominant fuel, such heart and skeletal muscle
[41-43]. FATP1 activates long and very long chain FAs through its acyl-coA synthetase
activity [44, 45]. Previous studies employing FATP1 total body knockout (FatpZ™~) mice
demonstrated decreased insulin resistance, abated intramuscular accumulation of fatty acyl-
CoAs, and reduced rate of diet-induced obesity when fed a high fat diet compared to
Fatp1*/* mice [21, 46]. Due to its complex expression pattern, the contribution of FATP1 to
the development of metabolic dysfunction is likely to be tissue- and cell-type specific.
Indeed, in contrast to the whole body Fazp21™~ mice, our lab reported that chimeras created
by bone marrow transplantation were more susceptible to diet-induced obesity and glucose
intolerance compared to wild type transplanted mice without altering hematopoietic cell
numbers [9]. We also demonstrated that there was increased M® infiltration, inflammatory
cytokine production, and oxidative stress in the adipose tissue of mice transplanted with
FatpI™~ marrow compared to FatpI*/* transplanted mice. Our published findings further
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support the varied cell-specific roles for FATP1 which may explain the observed discrepancy
in phenotype between Fatp1~~[21, 46] and chimeric FatpI5~~ mice [9]. Thus Fafpl acts as
a critical metabolic hub; allowing long chain fatty acid metabolism, which in turn decreases
glucose utilization [9] and associated inflammatory sequelae including oxidative stress.

Mas play a central role in the pathogenesis of atherosclerosis, hence we further questioned
whether atherogenesis can be likewise modified by altering M® energy metabolism and
thereby phenotypic state. Through transplant of Fazp1~~ bone marrow into La/r”~ mice, we
demonstrated a significant increase of atherosclerotic lesions in the absence of Fafpl by en
face analysis. Lesions in the aortic sinus were also almost two fold larger in Fatp1™”~Ldlr”~
mice compared to Fatpl*’*Ldlr”~ mice. These observed differences did not appear to be due
to altered plaque necrosis, collagen deposition (i.e. plaque stability), or infiltration of cells
into the subendothelial space including Mds or SMCs. Furthermore, Fatpl™~Ld/r”~and
Fatp1**Ldlr”~ mice did not display significant differences in weight gain, glucose
concentrations, or glucose tolerance on Western Diet. Importantly, plasma total cholesterol,
LDL cholesterol, HDL cholesterol, and triacylglycerol concentrations also did not differ by
Faitpl genotype. Thus, increased atherogenesis was not caused by impaired systemic lipid
homeostasis but instead by increased local FATP1-dependent M® phenotypic changes. We
next turned to an /n vitro model to examine FATP1’s contribution to macrophage’s binding
and phagocytic capacity since this function is essential to lesion formation, stability, and
regression [27]. There were no detectable phagocytic differences driven by FATP1. In early
lesions, M®s become foam cells through engulfment of lipids, clearing neighboring dead
cells (termed efferocytosis), and secretion of a spectrum of pro-inflammatory cytokines,
ROS, and reactive nitrogen species (RNS). In advanced lesions, Mds promote cell death,
extracellular matrix degradation, and pro-coagulation [20, 47]. Our findings suggest that
FATP1 does not regulate phagocytosis but regulates later macrophage functions including
cytokine and ROS production, although the mechanisms remain unclear.

Finally, we focused on the established role of FATP1 in maintaining the immunoregulatory
AAM phenotype [9]. FATP1 directs substrate metabolism in M®s - when M®s lack Faipl,
cells switch from oxidation of fatty acids to increased glucose utilization through elevated
glycolysis, an indicator of a CAM/M1-like pro-inflammatory activation phenotype [9]; when
Mds overexpressed Fatpl, cells displayed reduced glycolytic capacity and glucose
oxidation, a marker of AAM/M2-like immunomodulatory phenotype [9]. Our lab previously
reported that RAW264.7 Mds overexpressing Fafpl secreted significantly less IL6
compared to control M®s, further demonstrating the importance of FATP1 in the regulation
of M® phenotype [9]. In the current loss of function study, we detected significantly
increased IL6 staining in aortic root lesions of Fazpl™~ Ldlr”~ mice, suggesting that FATP1
typically acts to limit inflammation and here lack of M® FafpI promoted lesion cytokine
production. Our lab previously reported that Fazp1™~ Mds expressed increased iNOS
(Nos2)and TNFa. (Tnfa), as well as significantly reduced arginasel (Argl) [9]. Nitric oxide
and TNFa accelerate atherogenesis [48], while the expression of arginase | (a marker of
AAM/M2-like M®s) decelerates atherogenesis [49]. Expression of pro-inflammatory
cytokines is often co-incident with oxidative damage. In our previously published work,
increased oxidative damage was detected in white adipose tissue of mice transplanted with
Fatp1™~ marrow and made obese compared to mice transplanted with control Fatp*/*
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marrow. Importantly, herein we found that mice lacking M® Fafp1 displayed significantly
increased 4HNE staining in the aortic root plaque, indicating that deletion of macrophage
FATP1 exacerbated lesion oxidative stress. In conclusion, our data showed increased
atherogenesis in Fatpl™~Ldlr”~ mice, caused by deletion of FatpI-mediated local
inflammation and oxidative stress compared to Fatp1**Ldlr”~ mice. However, several
limitations to this study should be taken into account with regard to this work. First, our
previous work studying FATP1 was in mice fed a high fat diet [9], which is different from
the Western diet utilized herein and may limit comparisons across studies. Second, previous
hematologic characterization of blood cells from Fazp1*/* and Fatp1™~ mice [9] may inform
atherosclerotic findings, yet future analysis is imperative specifically in mice lacking Fafp1
in the Lalr”~ background to determine if the loss of FATP1 in the La/r”~ background alters
the immune cell composition that may explain findings herein. Finally, we have extrapolated
from previous work using typical stimuli (LPS/IFN+y or 1L4) to model /in vitro extremes of
the M® polarization spectrum. Yet, it is possible that when macrophages are challenged with
lipids such as oxidized or acetylated LDL or apoptotic foam cells which are more relevant to
the atherosclerotic lesion, different phenotypes may emerge. Ideally, single cell RNA
sequencing should be conducted on macrophages from lesions to best understand the /n vivo
phenotype and are planned for future studies.

Our data provides new findings linking substrate utilization, macrophage function, and
disease susceptibility in mouse models, which implicate M® expression of Fafplas a
critical mediator of these processes. Our hypothesis regarding M® FATP1 driving
macrophage phenotype and atherosclerosis is difficult to prove in human studies but there
are important clues that this may in fact be the case. A common gene variant exists in
SLC27A1 and is associated with elevated post-prandial lipemia and alterations in LDL
particle size distribution [50]. There are also reports of Fafp genomic variants affecting the
levels of FATP1 mRNA, a putative cis-eQTL, in the Metabolic Syndromes In Men
(METSIM) study [9, 51]. More recent data from the GTEX portal indicates that there is
complex, tissue-specific genetic regulation of FATP1 [52] and a wider distribution of
expression than originally understood. These data suggest that FATP1 expression varies in
humans based on genotype and some FATP1 alleles are associated with cardiovascular
disease related phenotypes. Further study specifically targeting macrophage metabolic
phenotypes is needed to fully understand mechanisms linking fatty acid transport proteins
and macrophages in cardiovascular outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Lack of Fatp1 led to increased atherosclerotic lesions in Ld/r”~mice
. Larger lesions in FafpI™~ Ldlr”~ mice were not due to systemic changes in
lipids
. Lesions in Fafp1™~ Ldlr”~mice had greater oxidative stress and
inflammation
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Fig. 1. Fatpl‘/'LdIr'/' mice displayed increased atherosclerotic lesion size compared to
Fatp1*/*LdIr ™/~ mice as determined by en face analysis

(A) Fatp1*”* Ldlr”~ or Fatp1™~Ldlr~~ aortas were isolated and stained with Oil red O.
Representative images are shown. (B) Atherosclerotic lesion size was quantified using
Image J software. Data are presented as means + SEM, n =9. **p=0.001.
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Fig. 2. Deletion of Fatpl increased atherosclerotic lesions in the aorta sinus but not necrosis or

collagen deposition

(A) 20x representative photomicrographs of Qil Red O staining for Fafp1**Ldlr”~or
Fatp1™~Ldlr”~ aortic sinus. (B) Atherosclerotic lesion size was quantified using Aperio
ImageScope Software. (C) 20x representative photomicrographs of Masson’s trichrome
staining for Fatp1*’* Ladlr”~ or Fatnl™~Ldlr”" aortic sinus. (D) %Necrotic area/total area in

lesions was quantified using Aperio. (E) Collagen was quantified
numbers/total area in subendothelial space were quantified. Data
SEM,n=8or9. *p=0.015
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Fig. 3. Fatpl‘/‘LdIr'/‘ mice did not display alterations in plasma total cholesterol, LDL
cholesterol, HDL cholesterol, and triacylglycerol concentrations compared to Fatp1+/+LdIr

mice
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(A) Total cholesterol. (B) LDL cholesterol. (C) HDL cholesterol and (D) triacylglyceride.

Data are presented as means £ SEM, n = 18 or 16.
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Fig. 4. Deletion of Fatpl increased atherosclerotic plaque oxidative stress without changing
plaque cell composition

(A) 200 pm representative images of immunostaining macrophage marker MOMAZ. (B)
Quantification using OD x % MOMAZ2 positive staining. (C) 200 um representative images
of immunostaining SMC marker a-SMA. (D) Quantification using OD x %a-SMA positive
staining. (E) 200 um representative images of immunostaining oxidative stress marker
4HNE. (F) Quantification using OD x %4HNE positive staining. *p=0.013. (G) 200 pm
representative images of immunostaining inflammation marker IL6. (H) Quantification
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using OD x %IL6 positive staining. *p=0.014. Data are presented as means + SEM, n =7 or
9.
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