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Editorial on the Research Topic

The Roles of Lipids in Immunometabolism: The Crosstalk Between Lipid Metabolisms
and Inflammation

Mammalian cells contain a variety of lipid molecules and it was estimated that more than 1,000
lipid species can be found in one cell (1). Lipids constitute over 10% dry weight of a mammalian
cell (2) and glycerophospholipids alone contribute to 20 ~ 25% of the dry weight in brain
tissues (3). The heterogeneity of the cellular lipid molecules is in agreement with their diverse
functions, ranging from supporting membrane structures (e.g., phospholipids, cholesterol, and
glycolipids), energy storage (e.g., triglycerides), to intracellular and intercellular signaling (e.g.,
lipoprotein complexes, oxysterols, phosphoinositides, and prostaglandins). An emerging research
field called immunometabolism has been inspired by the observations that abnormal cellular
metabolism, including lipid metabolism, is often associated with an abnormal immune response
(4). Alteration in lipid metabolism in immune cells (e.g., macrophages, dendritic cells, neutrophil,
B cells, and T cells, etc) and non-immune cells (e.g., endothelial cells, smooth muscle cells, platelets)
often play a significant role in systemic inflammation, leading to various diseases including
atherosclerosis, diabetes, obesity, and cancer [Berkowitz et al; Khafagy and Dash, (5, 6)]. Vice
versa, pro-inflammatory cytokines and signaling regulate lipid metabolism. For example, TNF-a
upregulated LDL receptor (LDLR) and downregulated scavenger receptor class B type-I (SR-BI),
leading to cholesterol accumulation in human arterial endothelial cells (7). In another study, TNF-
a attenuated ABCAL1 expression through NF-kB pathway and reduced cholesterol efflux to HDL
in human intestinal cells (8). Taken together, it is clear that lipid metabolism is closely coupled
with inflammation.

Despite accumulating evidence indicating a crosstalk between lipid metabolism and
inflammation, underlying molecular mechanisms under physiological and pathophysiological
conditions remain poorly understood. Our contributors to this Research Topic have provided
their novel data and ideas through both research and review articles, addressing the fundamental
question how lipids cause health issues through the immune system.
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LIPOPROTEINS IN REGULATION OF THE
IMMUNE SYSTEM

As hydrophobic molecules, extracellular lipids often group
together in extracellular vesicles or are associated with lipid-
carrying proteins, forming lipoprotein complexes such as VLDL,
LDL and HDL. In human circulation, LDL are the predominant
lipoproteins, which are mostly cleared by LDLR in the liver via
receptor-mediated endocytosis (9). Consistently, knocking out
of LDLR in mice leads to very high plasma LDL levels and
diet-induced atherosclerosis, which becomes one of the widely
used atherosclerotic animal models (10). Proprotein convertase
subtilisin/kexin type 9 (PCSK9) is an enzyme promoting
degradation of LDLR, and therefore regulates plasma LDL
cholesterol levels. Xia et al. summarized recent progress in
understanding the regulation of PCSK9 expression and function
and discussed how these mechanisms influence both lipoprotein
metabolism and inflammation, as PCSK9 also degrades major
histocompatibility protein class I in cancer cells. Similarly, Wu et
al. provided an interesting review of recent findings that PCSK9
modulates inflammation through several pathways including
TLR4/NF-kB signaling, lectin-like oxidized-LDL receptor-1
(LOX-1)-mediated pro-inflammatory responses, and induction
of pro-inflammatory cytokines. Altogether, PCSK9 is a typical
example that lipoprotein metabolism and inflammation process
are coordinated and appears to be a promising target for
therapeutic intervention of the atherosclerotic cardiovascular
disease (CVD).

LDL are often modified due to oxidative stress in
atherosclerosis conditions, leading to accumulation of oxidized
LDL (oxLDL) and acetylated LDL (acLDL) within the vascular
tissues (11). These modified LDL induce many pro-inflammatory
responses in various immune cells. Liao et al. reported a novel
mechanism that oxLDL inhibited a microRNA, miR-491-5P in
THP-1-derived macrophages. MiR-491-5P silenced expression
of matrix metalloproteinase 9 (MMP-9), which facilitated the
pro-inflammatory responses such as reactive oxygen species
(ROS) production, expression of pro-inflammatory cytokines
TNF-a, IL-1B, and IL-6. As oxLDL reduced miR-491-5P levels,
MMP-9 expression was elevated along with its downstream
pro-inflammatory phenotypes (Liao et al.). In another study,
oxLDL bound to a macrophage surface scavenger receptor
CD36 and activated an intracellular protein kinase A (PKA),
which phosphorylated vimentin, a type III intermediate filament
protein (Kim et al.). PKA phosphorylated vimentin at Ser72,
which directed intracellular CD36 trafficking to the plasma
membrane and promoted CD36-mediated oxLDL uptake as well
as foam cell formation. Consistently, knocking out vimentin
resulted in 57% less atherosclerotic lesion formation in Apoe
null mice on high fat diet for 15 weeks (Kim et al.). While the
pro-atherogenic role of CD36 in macrophages has been widely
documented (6, 12), Rekhi et al. showed that CD36 in endothelial
cells (EC) also contribute to atherosclerosis by mediating fatty
acid uptake, leading to dysfunctional endothelium. The group
has generated EC-specific CD36 knockout mice and crossed
them with LDLR knockout mice (EC CD36~/~/LDLR™/7). They

found that female but not male EC CD36~/~/LDLR™/~ mice
were protected from diet-induced atherosclerosis, suggesting
a sex-dependent atherogenic effect in EC CD36 (Rekhi et al.).
Besides CD36, circadian genes Bmall expression appeared to
limit oxLDL uptake and maintain EC functions in a hindlimb
ischemia mouse model. Bmall inhibited inflammation by
activating anti-inflammatory cytokine IL-10 expression and
promotes angiogenesis through VEGF signaling (Xu et al.).

AcLDL is another major form of modified LDL that
facilitate macrophage intracellular cholesterol accumulation
and foam cell formation. Willemsen et al. have found
that acLDL loading in macrophages specifically suppressed
type-I interferon (IFN) signaling and IFN-p secretion. This
phenotype was also observed in monocytes isolated from familial
hypercholesterolemia patients by RNA sequencing analysis.
Thus, this study has provided a potential connection between
cellular cholesterol metabolism and inflammatory signaling in
innate immune cells (Willemsen et al). In another study,
Zhao et al. revealed a crosstalk between glycolysis pathway
and lipid metabolism that affected macrophage phenotype
during atherogenesis. They showed that solute carrier family 37
member 2 (SLC37A2), a protein regulating glycolysis is required
for alternative activation of macrophages to mediate anti-
inflammatory responses. Hematopoietic cell-specific deletion of
SLC37A2 in LDLR knockout mice lead to increased plasma
lipid during atherogenesis as well as more atherosclerosis plaque
development (Zhao et al.).

Compared to LDL and their derivatives that generally
impose detrimental effects, HDL are considered beneficial to the
human health and the most studied cardioprotective function
of HDL is their ability to promote cholesterol efflux from
peripheral cells (13). In agreement with this notion, HDL-
mediated cholesterol efflux capacity (CEC) or reverse cholesterol
transport (RCT) in macrophages is impaired in metabolic
diseases such as atherosclerosis (14) and non-alcoholic fatty
liver disease (15), both of which are associated with chronic
inflammation. Moreover, impairment of CEC has been reported
in autoimmune and pro-inflammatory conditions including
acute phase reaction (16), rheumatoid arthritis, and systemic
lupus erythematosus (17), indicating the involvement of HDL
functions in regulation of the immune system. Recent evidence
further indicate that systemic inflammation and autoimmune
disease conditions reciprocally impact the composition and
functions of HDL particles (18) as well as HDL/apoA-I plasma
levels (19). Therefore, it is more and more clear that HDL is one
of the major players in our immune system and more mechanistic
studies are urgently needed in this field.

Al-Jarallah and Babiker reported a novel anti-hypertensive
and a cardioprotective effect of HDL in spontaneously
hypertensive rats after myocardial ischemia/reperfusion.
Mechanistically, the effect was dependent on cardiac SR-BI,
a known HDL receptor. Chronic HDL treatment protected
cardiac myocytes by reducing autophagy and inflammation.
Autophagy is critical for lipid metabolism in both immune and
non-immune cells during atherosclerosis (20) and it is a process
coupling extracellular stress signals, cellular lipid handling and
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sensing, and immune cell activation (21). Therefore, the study by
Al-Jarallah and Babiker on chronic HDL effects on autophagy
deserves further exploration. However, while the beneficial
effects of HDL on cardiovascular system are widely recognized,
many questions regarding the underlying molecular mechanisms
remain to be answered. For example, do HDL directly counteract
LDL effects on vascular cells or immune cells through shared
receptors and/or downstream effectors? Alternatively, since HDL
reduce peripheral cell cholesterol levels by mediating cholesterol
efflux or reverse cholesterol transport, do HDL impose beneficial
effects on immune system indirectly through alleviating the
cellular lipid burden? In addition, similar to LDL, HDL can be
chemically modified, which appear to impair their physiological
functions (22, 23). It would be highly interesting to further
explore the impact of the modified HDL in vivo and how they
alter systemic inflammation in metabolic diseases.

LIPID METABOLISM AND
DYS-REGULATED INFLAMMATION IN
HUMAN DISEASES

The lipid-laden macrophages in the atherosclerotic plaques
are good examples of the connection between a defective
lipid metabolism and abnormal inflammatory responses.
Those macrophages show ectopic intracellular neutral lipid
accumulation, accompanied by elevated secretion of pro-
inflammatory cytokines such as IL-1f, TNF-a, MCP-1, and
IL-6 (24). Thanks to the recent advancement in single cell
RNA sequencing technologies combined with proteomics
methods, the lipid-laden macrophages are observed in other
human diseases such as cancer (25, 26), obesity (27), and
non-alcoholic fatty liver disease (NAFLD) (28). Via genetic
manipulation combined with pharmacological intervention that
reduce lipid-laden macrophages, people show that those cells are
actively involved in systemic inflammation during the disease
development. These studies further emphasize the contributing
role of abnormal lipid metabolism, especially in immune cells, in
dys-regulated inflammation.

While the underlying molecular mechanisms have been
widely characterized (29), Lee-Rueckert et al. summarized
and broadened the view of lipid-laden macrophages beyond
atherosclerosis. They discussed how the phenotypic and
functional plasticity of macrophages become entangled
in both atherosclerosis and cancer development. In fact,
contrary to the conventional view that those macrophages
simply facilitate progression in atherosclerosis and cancer,
macrophage accumulation of lipid may be a response toward
anti-inflammatory phenotypic switch through transcriptional
reprogramming. If so, it may stimulate novel ideas targeting
lipid-laden macrophages in either disease (Lee-Rueckert et al.).

Many recent studies have provided direct evidence that
lipid species result in dys-regulated immune system in human.
Patients with non-alcoholic fatty liver disease (NAFLD) are at
increased risk of developing atherosclerosis and related CVD.
Hoebinger et al. summarized and focused on the role of oxidized
lipids that act as danger signals to drive pro-inflammatory
processes and disease progression. Similarly, Karnati et al. used
quantitative lipidomic analysis and demonstrated that altered
lipid species (e.g., lysophosphatidylcholine) were associated with
pro-inflammatory cytokines in the serum of human patients with
Takotsubo Syndrome, an acute cardiac syndrome with increased
inflammation (Karnati et al.). It should be noted here that human
individual variation in many serum lipid species is high and may
require a large number of samples in order to detect difference
among groups. The power of this study is relatively low (262
individuals from three groups) and the data acquired here may
be interpreted with caution. However, as Karnati et al. managed
to show difference in lysophosphatidylchline, application of
quantitative lipidomics appears to be a promising tool for a
comprehensive study of serum lipid profiles. In another study,
Berkowitz et al. reported that ceramide, one class of sphingolipid,
plays a causative role in both type 2 diabetes and CVD. Finally,
Khafagy and Dash reviewed the current knowledge of etiology
and pathogenesis of inflammation in obesity-associated CVD.
Animal and human data both indicate that adipose tissue, a
specialized lipid storage tissue, is involved in hyperlipidemia
and systemic inflammation in obesity. Based on human genetic
and pharmacological studies, while anti-inflammatory treatment
reduces CVD, off-target effects such as increased infection limit
its broad therapeutic application, which warrants future studies
on mechanistic link between lipid metabolism and systemic
inflammation. It is our belief that this knowledge is critical for
designing novel drugs targeting lipid metabolic enzymes because,
in many disease settings, abnormal lipid metabolism may be the
real driving force of inflammation.
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Critical limb ischemia (CLI) is the most advanced clinical stage of peripheral vascular
disease with high mobility and mortality. CLI patients suffer from lower extremity rest
pain, ulceration, and gangrene caused by insufficient blood and oxygen supply. Seeking
for effective biomarkers and therapeutic targets is of great significance for improving the
life quality of CLI patients. The circadian clock has been reported to be involved in the
progression of kinds of cardiovascular diseases. Whether and how circadian genes play
a role in CLI remains unknown. In this study, by collecting femoral artery and muscle
specimens of CLI patients who underwent amputation, we confirmed that the circadian
gene Bmall is downregulated in the CLI femoral artery and ischemic distal lower limb
muscle. Furthermore, we verified that Bmal1 affects CLI by regulating lipid metabolism,
inflammation, and angiogenesis. A hindlimb ischemia model performed in wild-type and
Bmal1~/~ mice confirmed that Bmal1 disruption would lead to impaired angiogenesis.
In vitro experiments indicated that the decreased expression of Bmal1 would increase
ox-LDL uptake and impair endothelial cell functions, including proliferation, migration,
and tube formation. As for mechanisms, Bmal1 represses inflammation by inhibiting
lipid uptake and by activating IL-10 transcription and promotes angiogenesis by
transcriptionally regulating VEGF expression. In conclusion, we provide evidence that
the circadian gene Bmal1 plays an important role in CLI by inhibiting inflammation and
promoting angiogenesis. Thus, Bmall may be an effective biomarker and a potential
therapeutic target in CLI.

Keywords: circadian clock, Bmal1, critical limb ischemia, lipids metabolism, inflammation, angiogenesis

INTRODUCTION

Critical limb ischemia (CLI) is an ischemic disease of the lower extremities caused by arterial
stenosis and occlusion (1). It is a local manifestation of systemic atherosclerosis in the limbs. Its
pathological progress starts with arterial intima and middle layer degenerative and proliferative
changes and then leads to arterial wall thickening, hardening, and twisting, resulting in arterial
lumen stenosis and even obstruction and ultimately leading to the occurrence of corresponding
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ischemic symptoms at the distal end of the artery (2). There
are numerous theories about the CLI etiology, including lipid
deposition, inflammation, and thrombosis (2, 3). Kinds of
inflammatory factors and cytokines are involved in inflammatory
injury, plaque formation, plaque rupture, and final artery stenosis
or occlusion (4, 5). Patients with peripheral arterial diseases often
have accompanying kinds of severe comorbidities, including
coronary artery disease, cerebrovascular disease, respiratory
dysfunction, and end-stage renal disease (6). Thus, CLI seriously
damages the health of patients, and more importantly it is
strongly related to a high risk of mortality, especially due
to cardiovascular events. Therefore, it is urgent to clarify
the detailed pathogenesis of CLI and seek out more efficient
prediction and therapy methods.

Disordered lipid metabolism has been recognized as the
independent risk factor of atherosclerosis and related peripheral
vascular disease (7). High levels of circulating LDL or modified
LDL (i.e., ox-LDL) induce endothelial cell (EC) dysfunctions
and increased adhesion molecule and proinflammatory gene
expression (8-10). Accordingly, LDL and ox-LDL are the
major causes of atherosclerotic lesions (10). LDL would deposit
at the vascular walls, with a high serum concentration (8).
ox-LDL binds to several kinds of scavenger receptors located at
macrophages and ECs, including CD36, macrophage scavenger
receptor 1 (MSR-1), and lectin-like oxidized low-density
lipoprotein receptor 1 (LOX-1) (10). Among these, LOX-1
is the main ox-LDL receptor in ECs and mediates a host of
ox-LDL-induced effects (8, 10). Once modified LDL stimulates
the ECs, circulating monocytes are recruited through the
activated endothelium and differentiate into macrophages
(11). The activated macrophages produce inflammatory
cytokines, chemokines, oxygen and nitrogen radicals, and other
inflammatory molecules, ultimately leading to inflammation
and tissue damage (11). The important inflammatory molecules
in this process include interferon-y, interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor o (TNFa)
(11). On the other hand, anti-inflammatory factors, including
interleukin-10 (IL-10) and transforming growth factor b
(TGF-B), act as protective factors in atherosclerosis. The
inhibition of IL-10 (12, 13) and TGF-B (14) aggravates
atherosclerosis. The balance between inflammation and anti-
inflammation controls the progression of atherosclerosis and
related peripheral vascular diseases. However, the role of lipid
metabolism and inflammation in the progression of CLI is still
unclear, and the relevant mechanism needs further investigation.

Angiogenesis occurs in response to arterial occlusion and
shear force changes to restore blood flow and nutrient supply
in the heart and limbs (15). This is of great significance in the
treatment of ischemic diseases caused by arterial occlusion. The
vascular endothelial growth factor (VEGF) plays a critical role
in angiogenesis by activating target angiogenesis-related genes
(15). A hypoxic environment, inflammation-related cytokines,
and hormones are reported to be able to elevate the expression
of VEGF (15, 16). However, the VEGF expression is attenuated
in the aged and hypercholesterolemic ones. It is urgent to restore
angiogenesis to cure CLI and other vascular obstruction diseases
in these kinds of people (17).

The circadian clock, as a comprehensive regulation system
that controls the wake-sleep cycle, body temperature, hormone
secretion, etc. of an organism, plays a pivotal role in the
metabolic regulation process (18). Disordered circadian rhythms
would inevitably lead to severe metabolic disorders and related
diseases (19-22). Studies have shown that people with circadian
clock disorders are more likely to suffer from cardiovascular
diseases, metabolic-related diseases, and cancer (23-26). It is
reported that the occurrence of acute arterial occlusion of the
limbs showed a significant circadian pattern with a peak in the
early morning (27). Mice with knockout or mutant circadian
clock genes are accompanied with an abnormal activity rhythm,
metabolic disorders, and cardiovascular diseases (20, 22, 28). As
for Bmall, the core circadian gene, it plays a critical role in lipid
metabolism, inflammation, and related cardiovascular diseases.
It has been reported that plasma cholesterol ester, non-esterified
fatty acids, and phospholipids are all elevated in Bmall~/~
mice compared with wild-type (WT) mice of the same age (22).
Besides this, Bmall deficiency affects the cholesterol efflux to the
bile. Thus, a global Bmall deficiency increases atherosclerosis
(22). Moreover, an organ-specific knockout of Bmall would
also lead to disordered lipid metabolism and atherosclerosis,
including the liver (22), endothelial cells (29), and myeloid
cells (30). Among them, mice with liver Bmall deficiency have
accompanying increased hepatic triglyceride and cholesterol
levels (22). Moreover, myeloid Bmall deficiency leads to
proinflammatory macrophage phenotype changes and enhances
monocyte recruitment to the atherosclerotic lesion, which then
aggravates atherosclerosis (30). However, the role of circadian
genes, especially Bmall, in CLI needs more investigations.

This research aims to explore the relationship between the
circadian gene Bmall and CLI. By collecting ischemic artery and
the lower limb muscle of CLI patients, constructing a lower limb
ischemia animal model, and conducting in vitro experiments
in endothelial cells, we demonstrated that the disruption
of Bmall aggravates lipid deposition and inflammation and
impairs angiogenesis. Therefore, the downregulation of Bmall
would promote the occurrence and progression of CLI. Our
research may help to find effective serum markers for the early
diagnosis and prevention of CLI and to develop new potential
therapeutic targets.

MATERIALS AND METHODS

Patients

With the approval of the Ethical Committee of Zhongshan
Hospital, three pairs of femoral artery tissues and normal artery
specimens from healthy donors were collected. Nine groups of
lower limb muscle were obtained from CLI patients with lower
limb amputations. All patients signed the informed consent
before enrollment in the study. The study was conducted
in accordance with the ethical guidelines of the Declaration
of Helsinki.

Animals
Bmall*/~ mice are introduced from the Jackson Laboratory and
had been bred in the Model Animal Research Center of Nanjing
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University (The GemPharmatech Company). Heterozygous
mice were intercrossed to obtain homozygous Bmall-deficient
(Bmall~/~) mice as well as control wild-type mice. All mice were
fed with a chow diet and raised in a clean room with 12-h light
and 12-h dark cycles. All animal experiments were conducted
strictly in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Animal Care and Use Committee of Shanghai
Medical College, Fudan University.

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were
obtained from ATCC. The HUVECs were grown in 1640 medium
supplemented with 10% fetal bovine serum (FBS), 10 U/ml
penicillin and 100 mg/ml streptomycin at 37°C with 5% CO,.
The 293T cells were introduced from the Cell Bank Type
Culture Collection of the Chinese Academy of Sciences. They
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
medium supplemented with 10% FBS, 10 U/ml penicillin, and
100 mg/ml streptomycin. The cells were cultured in a humidified
CO;, incubator at 37°C.

Oil Red O Staining

To determine the lipid deposition in the sub-endothelial femoral
artery, femoral arteries from CLI patients and normal arteries are
fixed with 4% paraformaldehyde and then frozen-sectioned and
stained with Oil Red O.

HLI Mouse Model

At 6-8 weeks of age, the mice were anesthetized with
pentobarbital sodium (50 mg/kg, i.p.) and then subjected to
unilateral femoral artery ligation and resection. The blood flow
in the lower limb was monitored with a laser Doppler perfusion
imaging system (Perimed, Inc., Ardmore, PA) immediately after
surgery (day 0) and then at days 7 and 14 post-surgery. The
mice were placed on a warming pad during surgery and during
laser Doppler image acquisition to maintain a constant body
temperature of 37°C. Perfusion was expressed as the ratio of
the left (ischemic) to right (non-ischemic) hindlimb. The right
hindlimb served as an internal control for each mouse.

Small Interfering RNA, Vector, and

Lentivirus Infection

The siRNAs used to silence BMALI1 expression (siBMALIL),
VEGF expression (si-VEGF), and negative control siRNA
(si-NC) were designed and produced by RiboBio company
(Shanghai, China) which were transfected into HUVECs by
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) following the manufacturer’s instruction after the cell
density reached 80% confluence. To perform lentiviral infection,
we allowed the cells to reach 70% confluence. During the
infection, the medium was replaced with fresh medium
containing lentivirus (ad-BAMLI1 and ad-GFP), and the cells
were cultured for 24 h at 37°C, the culture was changed with a
fresh complete medium, and the cells were continuously cultured
for another 24 h.

OX-LDL Treatment

A total of 40pg/ml 1,1'-dioctadecyl-3,3,3',3'-tetramethyl-
indocarbocyanine perchlorate (Dil)-ox-LDL was added to the
culture medium of HUVEC:s for 6 h. For confocal microscopy,
the cells were fixed with 4% formaldehyde in room temperature
for 15 min and visualized using standard rhodamine excitation:
emission filters at 554:571 nm. For gene expression detection,
the cells were harvested with the TRIzol reagent according to the
instruction manual.

Cell Proliferation Assay

A total of 2 x 10* HUVECs were seeded on a 12-well plate
(Thermo) and incubated in culture medium for 96 h at 37°C and
5% CO;,. The cells in each well were digested with trypsin and
counted at 24, 48, 72, and 96 h. Each experiment was repeated
three independent times.

Cell Migration Assay

The HUVECGs (6 x 10%) were placed into Transwell chambers
(Corning Incorporated, USA) for the migration assay. The lower
chambers were filled with DMEM containing 10% FBS as a
chemoattractant. After maintaining at 37°C for 6-8h, the cells
that remained on the upper surface of the membrane were
removed. The HUVECs on the lower surface of the membrane
were fixed with 4% formaldehyde and stained with 0.1% crystal
violet. The stained cells were photographed and quantified by
counting in five random microscopic fields.

Tube Formation Assay

A total of 1 x 10* HUVECs were suspended in culture medium
and seeded in 48-well plates that were pretreated with Matrigel
matrix. The formation of the tube networks develops in 12h
at 37°C and 10% CO, and were visualized by a microscope
and photographed at 3, 6, 8, and 12h, and the analysis was
performed with Image J. Each experiment was repeated three
independent times.

Reverse Transcription-Quantitative

Polymerase Chain Reaction

Total RNA was isolated from tissues and cells using the TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) following
the protocol of the supplier. To detect mRNA expression, total
RNA was reverse-transcribed into cDNA using a ReverTra Ace®
qPCR RT Kit (code no. FSQ-201, Toyobo, Japan), and real-time
PCR was performed using a SYBR Green kit (Toyobo, Japan).
All samples were analyzed using a Roche real-time analyzer, and
the results were normalized to the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression. The primers used are listed
in Supplementary Table 1.

Western Blotting

Cultured cells or tissues were lysed using the RIPA lysis buffer,
and total protein concentration was detected using bicinchoninic
acid assay (Beyotime Institute of Biotechnology). SDS-PAGE
(10%) was used to resolve equal amounts of protein. The
membranes were blocked with 5% milk in PBS-Tween-20 buffer
(PBST) for 1 h at room temperature prior to overnight incubation
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at 4°C with primary antibodies against specific antibodies
(listed in Supplementary Table 2). Subsequently, the membranes
were peroxidase-conjugated with secondary antibodies at room
temperature for 1.5h. After three rinses with PBST, the protein
bands were visualized using the ECL western blotting substrate
(Bio-Rad). B-ACTIN and GAPDH were considered the loading
control for normalization.

Chromatin Immunoprecipitation Assay

A total of 1 x 107 HUVEC were washed with cold phosphate-
buffered saline, fixed with 1% formaldehyde for 10min at
room temperature, and then crosslinked with 125 mM glycine
for 5min at room temperature. The cells were then harvested
in cell lysis buffer (50 mM HEPES, 500 mM NaCl, 1% Triton
X-100, 0.1% sodium deoxycholate, 1mM EDTA, and 0.1%
SDS, pH 7.5). The cell lysates were then briefly sonicated to
fragment genomic DNA. The cell lysates were then used for
chromatin immunoprecipitation using anti-BMALI and anti-
IgG antibodies. The protein A/G beads-antibody/chromatin
complexes were washed with lysis buffer and wash buffer (50 mM
Tris-HCl, 300 mM LiCl, 2mM MgCl, and 0.5% NP-40, pH 7.5),
and the antibody/chromatin complexes were subsequently eluted
with the elution buffer (50 mM Tris-HCI, 10 mM EDTA, and 1%
SDS, pH 8.0). The cross-linked protein/DNA complexes were
detached at 65°C for 4 h, followed by purification of the genomic
DNA. The PCR primers are shown in Supplementary Table 1.

Luciferase Reporter Assay

Luciferase reporter assay was conducted with the Firefly
Luciferase Reporter Gene Assay Kit from Beyotime company.
The primers for the luciferase reporter constructs are listed in
Supplementary Table 3.

Statistical Analysis

Data are presented as the mean &= SEM. Statistical comparisons
were conducted with unpaired Student’s ¢-tests/one-way ANOVA
with post-hoc Tukey test/two-way ANOVA with post-hoc
Sidak test as appropriate, and p < 0.05 was considered
statistically significant.

RESULTS

Disruption of Bmal1 Expression Is
Associated With Critical Limb Ischemia

Considering the close relationship between circadian clock and
cardiovascular diseases, we were wondering whether Bmall
plays a role in critical limb ischemia. First of all, we compared
the Bmall expression differences in femoral artery specimens
from critical limb ischemia (CLI) patients and normal artery
specimens from healthy donors (NA). It was shown that
there is a significant decreased expression of Bmall in CLI
femoral artery specimens compared with the normal artery
(Supplementary Figure 1A), suggesting that Bmall may play
a protective role in the CLI occurrence and progression. To
further investigate the relationship between Bmall and CLI
progression, we collected the proximal, middle, and distal lower
limb muscle of CLI patients with different levels of ischemic

severity. The demographic characteristics of these patients are
shown in Supplementary Table 4. The mRNA (Figure 1A) and
protein (Figures 1B,C) expressions of Bmall are both decreased
in the distal lower limb muscle compared with the proximal,
while there was a slight increase of BMALI protein expression
in the middle lower limb muscle compared with the proximal.
These results suggested that the decreased Bmall expression
may promote the progression of CLI and aggravate the ischemic
symptoms of the lower extremities.

Bmal1 Inhibits Inflammation by Repressing
Lipid Uptake and Activating IL-10

Expression

Although CLI can be caused by vasculitis, thromboembolism,
trauma, and Buerger disease, it is mostly associated with
atherosclerosis (3). Atherosclerosis is a chronic disease closely
related to inflammation, which is initiated by an inflammatory
response resulting in elevated lipid deposition, EC dysfunction,
and monocyte recruitment to the arterial intima (31). We
wondered whether Bmall plays a role in CLI progression by
affecting inflammation and lipid metabolism. First of all, we
explored the expression of inflammatory factors in CLI patients.
The mRNA expression of genes involved in inflammation
is elevated in the femoral artery specimens of CLI patients,
including pro-inflammation factors like IL-6 and TNFa and
anti-inflammation factor IL-10 (Supplementary Figure 2A). The
inflammation factor expressions were both increased in the
middle and distal muscle of the lower limbs compared with
the proximal lower limb muscle, while the increase in distal
group is much more obvious, suggesting that inflammation is
more serious in the distal lower limb (Figure 2A). By oil red O
staining, we then verified that the sub-endothelial deposition of
lipids was more pronounced in the femoral artery of CLI patients
(Figure 2B). We then explored the mRNA expression of genes
involved in lipid metabolism, including fatty acid and cholesterol
uptake, transportation, and metabolism in the femoral artery
and lower limb muscle of CLI patients. It was shown that low-
density lipoprotein receptor and ox-LDL scavenger receptors,
including CD36 and LOX-1, were elevated in CLI femoral artery
(Supplementary Figure 2B), suggesting more lipid uptake in CLI
patients. Furthermore, the above-mentioned gene expression was
also increased in the distal lower limb muscles compared with
the proximal ones (Figure 2C), indicating the association of lipid
uptake with the severity of ischemia.

To further investigate the role of Bmall in these processes,
we then explored these gene expressions in WT and Bmall =/~
mice lower limb muscle and found a significant increase of CD36,
MSR-1, and IL-6 in Bmall™/~ mice (Figure 2D). Moreover, we
measured the plasma lipid profiles in Bmall~/~ mice and their
littermates of WT mice. It was shown that the triglyceride and
LDL-C content are elevated in Bmall =/~ mice, while the HDL-
C level is downregulated in Bmall~/~ mice compared with the
WT mice (Supplementary Figure 3A). These results suggested
that Bmall may inhibit the uptake of lipids by endothelial
cells and macrophages by inhibiting ox-LDL receptors, thereby
repressing inflammation and playing a protective role in the
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FIGURE 1 | Bmal1 expression is decreased in the distal lower limb muscle of critical limb ischemia (CLI) patients. (A) Relative mRNA expression of Bmal1 in the lower
limb muscle of CLI patients detected by real-time PCR. Data are presented as mean + SEM (n = 9, one-way ANOVA with post-hoc Tukey test). *p < 0.05 distal lower
limb vs. proximal lower limb. (B,C) Immunohistochemistry conducted in the lower limb muscle of CLI patients with specific anti-BMAL1 antibody with a dilution of
1:100. The immunohistochemical staining results were assigned with a mean score considering the intensity of staining and the proportion of cells with a positive
reaction area. Each section was independently assessed by two pathologists without prior knowledge of patient data. Data are presented as mean + SEM (n = 8,
one-way ANOVA with post-hoc Tukey test). *p < 0.05 distal lower limb vs. middle lower limb.

occurrence of CLIL To prove our hypothesis, we knocked down  while the overexpression of Bmall would alleviate these changes
and overexpressed Bmall expression in HUVECs and treated  (Figures 3A,B). Furthermore, we wondered whether Bmall can
the cells with Dil-labeled ox-LDL. When Dil-ox-LDL was taken  directly regulate inflammation. By overexpressing and knocking
up by vascular endothelial cells or macrophages, the lipoprotein ~ down Bmall, we found that Bmall positively regulates IL-10
is degraded by lysosomal enzymes and the Dil (fluorescent expression (Figures 3C,D). Moreover, luciferase reporter assay
probe) accumulates in the intracellular membranes. It was  and chromatin immunoprecipitation (ChIP) assay indicated that
shown that knocking down of Bmall in HUVECs caused an  Bmall transcriptionally regulates IL-10 expression by binding
increase of Dil-ox-LDL uptake, while the overexpression of on its promoter region (Figures3EF). In conclusion, we
Bmall was associated with a downregulation of Dil-ox-LDL  demonstrated that Bmall represses inflammation in CLI by
uptake (Figure 2E). Besides this, the mRNA expression of ox-  inhibiting lipid deposition and promoting the anti-inflammatory
LDL receptors, including MSR-1 and LOX-1, was consistent  factor IL-10 expression.
with the ox-LDL uptake result (Figure 2F). Therefore, our . . . . .
results demonstrated that Bmall inhibits inflammation in CLI by Disruption of Bmal1 Impairs Angiogenesis
inhibiting the lipid uptake of endothelial cells. in CLI

To further demonstrate that Bmall regulates inflaimmation  Angiogenesis stimulated by vascular occlusion helps restore
by affecting the lipid uptake, we changed the expression of  blood and oxygen supply to the lower limbs and further alleviate
Bmall together with the addition of ox-LDL. The expression  symptoms. We then aimed to explore the role of Bmall in
alterations of the inflammatory genes verified that the addition  this process. By real-time PCR, we found that the mRNA
of ox-LDL would increase the pro-inflammatory gene expression  expression of genes involved in angiogenesis is elevated in the
and decrease the anti-inflammatory gene expression. Besides  femoral artery of CLI patients (Supplementary Figure 4A). We
this, the knockdown of Bmall would aggravate the changes, then explored the difference of angiogenesis in the proximal,
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FIGURE 2 | Bmal1 inhibits lipid uptake by endothelial cells. (A) Relative mRNA expression of inflammation factors by real-time PCR. Data are presented as mean +
SEM (n = 9, one-way ANOVA with post-hoc Tukey test). “o < 0.05 distal lower limb vs. proximal lower limb; #p < 0.05 distal lower limb vs. middle lower limb. (B) Oil
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FIGURE 2 | red O staining of normal artery and femoral artery from critical limb ischemia (CLI) patients. Qil red O staining area are measured with Image J. Data are
presented as mean £+ SEM (n = 3, unpaired t-test); o < 0.01 CLI vs. NA. (C) Relative mRNA expression of genes involved in lipid metabolism in the lower limb
muscle of CLI patients. Data are presented as mean + SEM (n = 9, one way ANOVA with post-hoc Tukey test). *o < 0.05 and **p < 0.01, distal lower limb vs.
proximal lower limb; #p < 0.05 and ##p < 0.01, distal lower limb vs. middle lower limb. (D) Relative mRNA expression of genes involved in lipid metabolism and
inflammation in wild-type and Bmal1~/~ mice lower limb muscle. Data are presented as mean + SEM (n = 4, unpaired t-test). *o < 0.05 and *p < 0.01, Bmal1~/~
vs. WT. (E) Dil-ox-LDL uptake by human umbilical vein endothelial cells (HUVECs), with the expression changes of Bmal1 measured by confocal microscopy. Ox-LDL
uptake is measured with the relative fluorescence intensity. Data are presented as mean + SEM (unpaired t-test, repeated 3 independent times). *p < 0.01 si-Bmal1
vs. si-NC and *p < 0.05 Bmal1 vs. GFP. (F) Relative mRNA expression of genes involved in lipid metabolism in HUVECs with the expression changes of Bmal1. Data
are presented as mean + SEM (unpaired t-test, repeated 3 independent times). *p < 0.05, si-Bmal1 vs. si-NC; *p < 0.05 Bmal1 vs. GFP.

middle, and distal lower limb muscle. The immunofluorescence
of CD31, an endothelial cell marker, suggested that the
capillary density is much more abundant in the middle
than the distal lower limb (Figures4A,B). Moreover, the
mRNA expression of CD31 increased significantly in the
middle lower limb muscle, suggesting that angiogenesis
is more announced (Figure4C). However, there was no
significant increase in the distal group despite of more
serious ischemia (Figure4C). We then wondered whether
the decreased angiogenesis was related to BMALI, CD31,
and BMALI] immunofluorescence co-staining results which
showed that the BMAL] expression was reduced in the
endothelial cells in the distal lower limb muscle of CLI
patients (Supplementary Figures 5A,B). We then detected the
expression of VEGE, which is the critical factor in angiogenesis,
and found that it was decreased significantly in the distal
group (Figures 4D,E). These results indicated that decreased
angiogenesis leads to serious ischemic symptoms in the distal
lower limb muscle, and it is partly attributed to reduced
VEGEF expression.

To determine whether Bmall affects CLI by regulating
angiogenesis, hindlimb ischemia (HLI) was surgically performed
in Bmall™/~ mice and their littermates of WT mice. Blood
flow measurements were performed at days 0, 7, and 14
after HLI. The results showed that, compared with the
WT mice, the blood perfusion in the ischemic limbs of
Bmall™/~ mice was significantly inhibited (Figures 5A,B).
Next, immunofluorescence staining of a-SMA and CD31 was
performed in ischemic muscle collected 14 days after HLI.
As shown in Figure 5C, a lower anti-CD31-positive capillary
density was observed in Bmall =/~ mice. Moreover, there is an
obvious elevation of CD31 and a-SMA mRNA expression after
HLI in WT mice, probably attributed to increased angiogenesis
response after HLI (Figure5D; Supplementary Figure 6A).
However, the elevation effect was eliminated in Bmall ™/~
mice with a significantly decreased mRNA expression of o-
SMA and CD31 in both non-HLI and HLI groups (Figure 5D;
Supplementary Figure 6A). Moreover, Bmall expression was
elevated in the WT HLI group compared with WT non-HLI
group (Figures 5D,E). These results indicated the promoting
effect of Bmall in angiogenesis. Consistently, Bmall deficiency
was associated with a significant decrease in the expression
of angiogenic factors, including mKC (a murine functional
homolog of IL-8) and VEGF (Figures 5D,E). Moreover, the
expression changes of inflammatory factors suggested that
inflammation regulation in Bmall ™/~ mice is disordered
(Supplementary Figure 6B). Therefore, we concluded that

BMALI1 contributes to revascularization after ischemia in mice
and CLI patients by promoting angiogenesis.

Bmal1 Promotes the Angiogenic Activity of
HUVECSs by Transcriptionally Regulating
VEGF Expression

To further determine the proangiogenic role of Bmall,
assessments of human umbilical cell (HUVECQC)
proliferation, migration, and tube formation were conducted in
Bmall knocked down or overexpressed cells. The efficiency
of Bmall knockdown and overexpression in HUVECs
was confirmed by western blotting assay (Figure 6A). Cell
proliferation in si-Bmall HUVEC was significantly slower than
the control group (Figure 6B). Consistently, an opposite result
was obtained in AdBmall HUVEC observed by cell counting
assay (Figure 6B). Furthermore, transwell chamber experiment
was conducted to determine the migration of HUVECs. The
si-Bmall HUVEC showed impaired cell migration, while
the AdBmall-HUVEC significantly increased cell migration
(Figure 6C). Moreover, compared with the control group,
tube formation in Bmall siRNA-HUVEC was significantly
reduced. In AdBmall HUVECs, tube formation was significantly
promoted (Figure 6D). Since Bmall upregulation promoted
HUVEC proliferation, migration, and tube formation, it is
implicated that Bmall is involved in angiogenesis by maintaining
HUVEC functions.

To further estimate the mechanism of Bmall in regulating
angiogenesis, we overexpressed Bmall in HUVEC and examined
the expression of genes involved in angiogenesis. We found
that there is a significant increase of VEGF expression in the
Bmall overexpressing HUVEC (Figure 7A). We then knocked
down Bmall and found an obvious downregulation of VEGF
(Figures 7B,C). Since Bmall is a transcription factor, we further
investigated whether VEGF was under the transcriptional
regulation of Bmall by luciferase reporter assay. We found
that Bmall overexpression significantly increased the luciferase
activity of VEGF promoter constructs (Figure 7D). Thus, we
generated a series of luciferase reporter constructs containing
the VEGF promoter and then investigated the effect of Bmall
overexpression on the luciferase activity of these constructs. The
result suggested that Bmall mainly binds on the —971 to 0
region of the VEGF promoter (Figure 7D). Furthermore, ChIP
assay verified that Bmall binds on the —906 to —700 and —382
to —150 regions of VEGF promoter (Figure 7E). Besides this,
knocking down of VEGF partly dismissed the pro-angiogenesis
function of Bmall overexpression in HUVECs (Figures 7E,G).
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FIGURE 3 | Bmal1 represses inflammation by inhibiting the lipid uptake and transcriptionally regulating the IL-10 expression. (A) Relative mRNA expression of genes
involved in inflammation in human umbilical vein endothelial cells (HUVECs) which had been transfected with si-NC or si-Bmal1 with or without the addition of ox-LDL.
Data are presented as mean & SEM (one-way ANOVA with post-hoc Tukey test). *p < 0.05 and *p < 0.01 vs. si-NC control; #p < 0.05 and ##p < 0.01 vs. si-NC
ox-LDL; #¥p < 0.01 vs. si-Bmal1 control. (B) Relative mRNA expression of genes involved in inflammation in HUVECs which had been transfected with adenoviruses
coding for AAGFP or AdBmal1 with or without the addition of ox-LDL. Data are presented as mean + SEM (one-way ANOVA with post-hoc Tukey test). *p < 0.05 and
“p < 0.01 vs. GFP control; ##p < 0.01 vs. GFP ox-LDL; ®p < 0.05 and *%p < 0.01 vs. Bmal1 control. (C) Relative mRNA expression of genes involved in
inflammation in HUVECs which had been transfected with adenoviruses coding for AAGFP or AdBmali. Data are presented as mean + SEM (unpaired t-test). “*p <
0.01 Bmal1 vs. GFP. (D) Relative mRNA expression of Bmal1 and IL-10 in HUVECs which had been transfected with Bmal1 siRNA or si-NC. Data are presented as
mean + SEM (unpaired t-test). *p < 0.05 and *p < 0.01 si-Bmal1 vs. si-NC. (E) Luciferase reporter constructs were created containing the truncated (—2,000,
—1,753, —1,185, —677, and —324) versions of the IL-10 promoter. The luciferase reporter constructs were co-transfected with Bmal1 overexpression vector or with
the control vector into HEK293T cells, and luciferase activity was evaluated 24 h later. Data are presented as mean 4 SEM (unpaired t-test). **p < 0.01 Bmal1 vs.
PCMV. (F) ChIP assay conducted in HUVECs with anti-BMAL1 or IgG antibody. gRT-PCR analysis was performed with primer sequences around Bmal1-binding E-box
elements in the IL-10 promoter. Data are presented as mean £+ SEM (unpaired t-test). **p < 0.01 BMAL1 vs. IgG. Each expreiment was repeated 3 independent times.

In conclusion, our results verified that Bmall promotes
angiogenesis by transcriptionally regulating VEGF expression.

DISCUSSION

In this study, we found that circadian gene Bmall disruption
aggravates critical limb ischemia by promoting lipid

inflammation and
Moreover, Bmall transcriptional
and IL-10 is involved in this process (Figure 8).
Thus, targeting therapy of Bmall in CLI patients
may both promote angiogenesis to recover blood and
oxygen supply and inhibit inflammation to alleviate
ischemic symptoms.

uptake and impairing

regulation

angiogenesis.
of VEGF
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FIGURE 4 | Angiogenesis are elevated in response to vascular occlusion in the lower limb muscle of critical limb ischemia (CLI) patients. (A,B) Immunofluorescence
conducted in the lower limb muscle of CLI patients with specific anti-CD31 antibody. Relative capillary density was determined based on immunofluorescence
staining. Data are presented as mean + SEM (n = 9, one-way ANOVA with post-hoc Tukey test). **o < 0.01, middle lower limb vs. proximal lower limb; **p < 0.01,
distal lower limb vs. proximal lower limb; **p < 0.01, distal lower limb vs. middle lower limb. (C) Relative mMRNA expression of CD31 in the lower limb muscle of CLI
patients by real-time PCR. Data are presented as mean + SEM (n = 9, one-way ANOVA with post-hoc Tukey test). *p < 0.05 middle lower limb vs. proximal lower
limb; *p < 0.05 distal lower limb vs. middle lower limb. (D) Relative mMRNA expression of VEGF in the lower limb muscle of CLI patients by real-time PCR. Data are
presented as mean + SEM (n = 9, one-way ANOVA with post-hoc Tukey test). *p < 0.01 distal lower limb vs. middle lower limb; *p < 0.05 distal lower limb vs.
proximal lower limb. (E) Relative protein expression of VEGF in the lower limb muscle of CLI patients by western blot (n = 4, one-way ANOVA with post-hoc Tukey
test). Data are presented as mean + SEM.
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t-test). *p < 0.05 Bmal1~/~ HLI vs. WT HLI.

FIGURE 5 | uninjured (non-HLI) limbs. n = 4 for Bmal1~/~ and WT mice. Data are presented as mean + SEM (unpaired t-test and two-way ANOVA with post-hoc
Sidak test). **P < 0.01 Bmal1~/~ vs. WT. (C) At 14 days after HLI, the gastrocnemius muscle was harvested from the HLI limb of Bmal1~/~ mice and WT mice and
stained for a-smooth muscle actin (@-SMA) and CD31 expression. Data are presented as mean + SEM (n = 4, unpaired t-test). *P < 0.05 Bmal1~/~ vs. WT. (D)
mRNA levels of the CD31, Bmal1, VEGF, and murine functional IL-8 homolog keratinocyte-derived chemokine (mKC) were evaluated in HLI and non-HLI limbs via
real-time PCR. Data are presented as mean + SEM (n = 4, unpaired t-test). *o < 0.05 wild-type (WT) HLI vs. WT non-HLI; #p < 0.05 Bmal1~/~ non- HLI vs. WT
non-HLI. (E) Protein expression level of BAML1 and VEGF in HLI and non-HLI limbs measured by western blot. Data are presented as mean + SEM (n = 3, unpaired

CLI is the most advanced clinical stage of peripheral arterial
disease with high mobility and mortality. It is always associated
with atherosclerosis (3). It has been reported that circadian
genes are involved in atherosclerosis and cardiovascular diseases.
Firstly, global or organ-specific knockout of Bmall is reported to
attribute to the progression of hyperlipidemia and atherosclerosis
(22, 29, 30). Besides this, other circadian genes including Clock
(28), Cry (32), and Reverb (33) are all critical in atherosclerosis.
However, whether and how circadian clock genes play a role
in the occurrence and progression of CLI remains unclear. In
this study, we found that the circadian gene Bmall plays an
important role in CLI. Bmall expression in the femoral artery
and distal lower limb muscle of CLI patients is decreased. Our
study suggested that Bmall is a protective factor in CLI. We
are the first to indicate the important role of circadian clock
in CLL Therefore, our research suggested that circadian rhythm
disorder may be one of the pathogenic factors of CLI. Moreover,
our research may provide theoretical basis for CLI treatment,
including chronotherapy and gene-based therapy.

Serum lipids have a critical role in the pathogenesis of
atherosclerosis and related peripheral vascular diseases. In
particular, the serum LDL level is closely related to the human
risk of cardiovascular diseases. LDL- and ox-LDL-mediated EC
dysfunctions are thought to be the initial step of atherosclerosis
(31). The upregulated expression of ox-LDL receptors in
the CLI femoral artery and distal lower limb found in our
research suggested that excessive lipid uptake and deposition
are important factors in the formation and progression of CLIL.
Moreover, we found that Bmall inhibits ox-LDL uptake by
repressing the expression of LOX-1, the main ox-LDL receptor
of ECs. Thus, attenuated Bmall expression in CLI patients
leads to increased lipid deposition and severe inflammation
response. It has been reported that lipid metabolism is under
the regulation of circadian clock. First of all, the concentration
of circulating lipids displays a significant circadian rhythm (34),
including triglyceride, cholesterol, and LDL (31). Moreover,
many genes involved in lipid absorption (35) and biosynthesis
(34) are under circadian clock regulation. Consistently, the
circadian gene mutant mice, including Clock”!®, Bmall=/~,
and Rev-erba™/~ mice, are all hyperlipidemic and prone to
cardiovascular diseases (19, 22, 28, 36). The role of Bmall in
inhibiting LOX-1, CD36, and MSR-1 as found in our research
demonstrated that lipid uptake by ECs and macrophages is
also under the regulation of the circadian clock. Our research
supplements the role of circadian clock in lipid metabolism and
cardiovascular diseases.

Emerging evidence suggested that inflammation plays an
important role in the progress of CLI (4, 5). In support of this
theory, it was shown that the circulating levels of cytokines

(IL-6 and TNFa), adhesion molecules (VCAM-1 and ICAM-1),
and selectins in patients with peripheral arterial disease are
elevated (37). This is consistent with our findings that the
pro-inflammatory factor expression is increased in the femoral
artery of CLI patients. Moreover, we demonstrated that the
expression of inflammatory factors is associated with the severity
of ischemic symptoms in the lower limb muscle of CLI patients.
Studies have suggested that the circadian clock is involved in the
regulation of inflammation. First of all, the number of Ly6Ch
monocytes in peripheral blood shows a diurnal oscillation (38),
indicating that the circadian clock plays a role in this process.
Besides this, it has been demonstrated that Bmall represses
the expression of Ccl2; thus, myeloid-specific Bmall deletion
increases monocyte recruitment and worsens atherosclerosis
(30). Moreover, Rev-erba also plays a role in inflammation
by regulating the expression of Ccl2 (39). In our research,
we verified that circadian gene Bmall regulates inflammation
by inhibiting lipid uptake and by directly promoting IL-10
expression. Therefore, Bmall may inhibit the inflammatory
response by promoting the expression of the anti-inflammatory
factor IL-10, thereby reducing the ischemic symptoms of CLI.

Angiogenesis occurs in response to tissue hypoxia in
CLI patients, and it would lead to feeder collateral and
small vessel formation. Angiogenesis plays important roles in
many physiological processes, including embryonic development
and reproduction (40). Stimulation of angiogenesis can be
therapeutic in wound healing and peripheral arterial disease,
while excessive angiogenesis may be the basis of certain diseases,
including cancer (41) and atherosclerotic plaque vulnerability
(42). Controlling angiogenesis is of great value in the treatment
of these diseases. Targeting angiogenesis therapy in CLI has
attracted great interests these years, mainly by growth factor
application and stem cell therapy (1). Despite the application
of VEGF (43), FGF (44), HGF (45, 46), and HIFla (47) in
CLI treatment, the effects were minimal mainly because of
the formation of immature vessel walls or the activation of
inflammation. Among them, only HGF showed a potential
therapeutic role in CLI because of its angiogenic property while
inhibiting the inflammation function (48). In our research, we
found that the circadian gene Bmall plays an important role in
angiogenesis by transcriptionally regulating VEGF expression.
Besides this, it was demonstrated that Bmall is involved in
the anti-inflammation process by inhibiting lipid uptake and
activating IL-10 expression. Therefore, Bmall may be a potential
therapeutic target in CLI treatment.

In conclusion, we demonstrated that Bmall downregulation
worsens CLI by impairing angiogenesis and promoting
inflammation. Thus, Bmall may be a biomarker for diagnosis
and a therapeutic target in CLI patients.
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FIGURE 7 | Data are presented as mean + SEM (unpaired t-test). **o < 0.01 Bmal1 vs. GFP; *P < 0.05 Bmal1 vs. GFP. (B,C) Relative mRNA and protein expression
of Bmal1 and VEGF in HUVECs which had been transfected with Bmal1 siRNA or si-NC. Data are presented as mean + SEM (unpaired t-test). *p < 0.01 si-Bmal1
vs. si-NC; *p < 0.05 si-Bmal1 vs. si-NC. (D) Luciferase reporter constructs were created containing the truncated (—2,000, —1,216, —971, —785, —736, —540, and
—43) versions of the VEGF promoter. The luciferase reporter constructs were co-transfected with Bmal1 overexpression vector or with the control vector into
HEK293T cells, and luciferase activity was evaluated 24 h later. Data are presented as mean + SEM (unpaired t-test). **p < 0.01 and *p < 0.05 Bmal1 vs. PCMV. (E)
ChIP assay conducted in HUVECs with anti-BMAL1 or IgG antibody. A gRT-PCR analysis was performed with primer sequences around Bmal1-binding E-box
elements in the VEGF promoter. Data are presented as mean + SEM (unpaired t-test). *p < 0.05 BMAL1 vs. IgG. (F) Relative mRNA expression of Bmal1 and VEGF in
HUVECs which had been transfected with/without VEGF siRNA and Bmal1/GFP. Data are presented as mean + SEM (one-way ANOVA with post-hoc Tukey test). **p
< 0.01 si-NC Bmal1 vs. si-NC GFP; ##p < 0.01 si-VEGF Bmal1 vs. si-VEGF GFP; #%p < 0.01 si-VEGF GFP vs. si-NC GFP. (G) Endothelial tube formation in matrigel
in HUVECs. Data are presented as mean & SEM (one-way ANOVA with post-hoc Tukey test). *p < 0.01 si-NC Bmal1 vs. si-NC GFP; #p < 0.05 si-VEGF Bmal1 vs.
si-VEGF GFP; ¥%p < 0.01 si-VEGF Bmal1 vs. si-NC Bmal1. Each expreiment was repeated 3 independent times.
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Ox-LDL Aggravates the Oxidative
Stress and Inflammatory Responses
of THP-1 Macrophages by Reducing
the Inhibition Effect of miR-491-5p on
MMP-9

Yiling Liao, Enzheng Zhu and Wanxing Zhou*

Department of Internal Cardiology Medicine, The First Affiliated Hospital/School of Clinical Medicine of Guangdong
Pharmaceutical University, Guangzhou, China

Background: Oxidized low-density lipoprotein (ox-LDL) can induce oxidative stress
and inflammatory responses in macrophages to facilitate the genesis and development
of atherosclerosis. However, the intermediate links remain unclear. MiR-491-5P can
inhibit matrix metalloproteinase 9 (MMP-9); however, it remains unclear whether ox-LDL
enhances MMP-9 expression and aggravates the oxidative stress and inflammatory
responses under the mediating effect of miR-491-5F.

Method: THP-1 macrophages were divided into 10 groups: blank (control), model
(ox-LDL), miR-491-5P high-expression (miR-491-5P mimic), miR-491-5P control
(mimic-NC), MMP-9 high-expression (MMP-9-plasmid), MMP-9 control (plasmid-NC),
miR-491-5P+plasmid-NC, miR-491-5P+ MMP-9-plasmid, MMP-9 gene silencing
(MMP-9-siRNA), and gene silencing control (siRNA-NC). The cells were transfected for
48 h and then treated with 50 wg/mL of ox-LDL for 24 h. MMP-9 mRNA and miR-491-5P
expression levels in the cells were detected using reverse transcription-quantitative
polymerase chain reaction, and the MMP-9 levels were detected with western blotting.
The levels of oxidative stress factors (malondialdehyde [MDA]), reactive oxygen species
(ROS), and antioxidant factors (superoxide dismutase [SOD]), and the expression levels
of inflammatory factors (tumor necrosis factor [TNF-a] and interleukin-1p and—6 [IL-1p
and IL-6]) in the supernatant were detected with enzyme-linked immunosorbent assay.

Results: MDA, ROS, TNF-qa, IL-18, IL-6, and MMP-9 levels were increased, SOD
activity was reduced, and miR-491-5P expression was downregulated in the ox-LDL
group compared to the control group. In the miR-491-5P mimic group, the MDA, ROS,
TNF-a, IL-1B, IL-6, MMP-9 mRNA and protein levels were downregulated, and SOD
activity was enhanced compared to the ox-LDL group. MMP-9-plasmid elevated the
MDA, ROS, TNF-a, IL-18, IL-6, MMP-9 mRNA and protein levels, and downregulated
SOD activity and miR-491-5P expression. Following transfection with MMP-9-siRNA,
the MMP-9-plasmid outcomes were nullified, and the resulting trends were similar to the
miR-491-5p simulation group. Oxidative stress and inflammatory responses were higher

Frontiers in Cardiovascular Medicine | www.frontiersin.org 25

October 2021 | Volume 8 | Article 697236


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.697236
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.697236&domain=pdf&date_stamp=2021-10-01
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zhouwanx2015@sina.com
https://doi.org/10.3389/fcvm.2021.697236
https://www.frontiersin.org/articles/10.3389/fcvm.2021.697236/full

Liao et al.

miR-491-5P/MMP-9 Axis in Atherosclerosis

in the miR-491-5P mimic+MMP-9-plasmid co-transfection group than

miR-491-5P mimic group.

in the

Conclusion: Ox-LDL aggravates the oxidative stress and inflammatory responses of
THP-1 macrophages by reducing the inhibition effect of miR-491-5p on MMP-9.

Keywords: ox-LDL, miR-491-5P/MMP-9 axis, THP-1 macrophages, oxidative stress, inflammatory response

INTRODUCTION

Oxidative stress and the inflammatory response play critical
roles in the development of atherosclerosis (AS) (1). Low-
density lipoprotein (LDL) is the primary lipoprotein involved
in cholesterol-induced AS. Oxidized LDL (ox-LDL) is extremely
pro-inflammatory and has pro-oxidative stress effects (2,
3). Macrophages, derived from mononuclear cells (1), can
phagocytize ox-LDL to form lipid-laden foam cells, induce
the generation of reactive oxygen species (ROS), secrete pro-
inflammatory factors, and cause inflammation of vascular
walls and their subsequent repair, leading to the genesis
and development of plaques (4, 5). Matrix metalloproteinase
9 (MMP-9) is a proteolytic enzyme that can degrade the
extracellular matrix (ECM) in plaque fibrous caps, weakening
them and causing plaque instability (6, 7). MMP-9 is present
at high expression levels in unstable plaques (8). MMP-9
exerts a positive feedback effect on many pro-inflammatory
factors (9) and can aggravate the inflammatory response (10,
11), leading to the development and instability of plaques
(12). Ox-LDL can induce macrophages to secrete MMP-
9 (13). However, the complete bio-molecular mechanism is
not comprehensively understood. MiR-491-5P is a micro-RNA
(miRNA), a micromolecular non-coding RNA with a length of
20-22 nucleotides (14). It can inhibit the expression of target
mRNA by binding to it, thus exerting a regulatory effect (15, 16).
MiR-491-5P achieves targeted inhibition of MMP-9 expression
(17). When the regulatory effect of miR-491-5P on MMP-9 is
removed, MMP-9 expression is upregulated, thus increasing the
incidence of atherosclerotic cerebral infarction (18). However,
whether ox-LDL enhances MMP-9 expression and aggravates the
oxidative stress and inflammatory responses under the mediating
effect of miR-491-5P remains unclear. To address this gap in
understanding, in vitro cell experiments were conducted and are
described here.

MATERIALS AND METHODS
Cell Culture and Grouping

Human monocytes (THP-1) were purchased from the Cell
Bank of the Chinese Academy of Sciences. The cells were
cultured in RPMI-1640 culture medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.). The F5 cells were incubated in a complete
medium containing 100 ng/mL phorbol-12-phorbol myristate
acetate (Sigma-Aldrich; Merck KGaA) for 48 h and differentiated
into THP-1 macrophages as the experimental cells.

The experimental cells were divided into 10 groups:
control, model (ox-LDL), miR-491-5P high-expression (miR-
491-5P mimic), miR-491-5P no-load (mimic-NC), MMP-9
high-expression (MMP-9-plasmid), MMP-9 no-load (plasmid-
NC), miR-491-5P+plasmid-NC, miR-491-5P+ MMP-9-plasmid,
MMP-9 gene silencing (MMP-9-siRNA), and gene silencing
control (siRNA-NC). Six wells were used in each group.

Cell Transfection

The oligonucleotide sequences (Gene Pharma, Shanghai, China)
of miR-491-5P mimic (miR-491-5P imported) and miR-491-
5P mimic-NC (miR-491-5P control), MMP-9 gene silencing
(MMP-9-siRNA), gene silencing control (siRNA-NC), MMP-
9 high-expression (MMP-9-plasmid), and plasmid control
(plasma-NC) sequences (Santa Cruz Biotechnology) were used
to establish the corresponding transfection systems. In each
group, lipofectamine™ 2000 transfection reagent (Invitrogen
Life Technologies, CA, USA) was used to transfect the THP-1
macrophages for 48 h.

Co-Incubation of Ox-LDL and Transfected

Macrophages

The differentiated THP-1 macrophages were incubated using
10, 30, 50, or 70 pg/mL ox-LDL (Sigma, USA) in an incubator
(temperature: 37°C, saturated humidity: 5% CO;) for 24h
to determine the appropriate ox-LDL concentration (19).
The transfected THP-1 macrophages were then treated with
50 pg/mL of ox-LDL (Sigma) for 24 h.

Analysis of Cell Viability

The cell counting kit-8 (CCK-8) assay was used to analyze cell
viability (Abcam, USA). Briefly, THP-1 cells were plated in 96-
well plates and differentiated into macrophages. After exposure to
50 pg/mL ox-LDL and cell transfection, 10 pL of CCK-8 working
solution was added to each well, and incubation was continued
for 4h at 37°C. The plates were detected at 450 nm using a
spectrophotometer (Thermo Fisher Scientific).

Verification of THP-1 Macrophage Foaming
Oil Red O Staining

THP-1 macrophages were incubated with or without ox-LDL and
transfected with miR-491-5P mimic, MMP-9-plasmid, MMP-9-
siRNA, or miR-491-5P mimic+MMP-9-plasmid for 48 h before
exposure to 50 pg/mL ox-LDL. After washing three times with
phosphate-buffered saline (PBS), the cells were fixed with 4%
paraformaldehyde for 25 min. Oil Red O solution (for cultured
cells) was added and the cells were incubated for 30 min at 37°C
and counterstained with Mayer Hematoxylin solution, according
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to the manufacturer’s protocol (G1262 Solarbio Beijing, China).
After extensive washing with PBS, the cells were immediately
photographed using a microscope (Olympus). After removing
the staining solution, the dye retained in the cells was eluted
into isopropanol and the IOD value of the Oil Red O staining
was detected at 540 nm using a spectrophotometer (Thermo
Fisher Scientific).

Lipid Accumulation Assay

Lipid drop (LD) accumulation was evaluated using BODIPY
493/503 (10 pwg/mL; Thermo Fisher, D2148) staining. The
nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI)
staining solution. The average LD intensity from BODIPY
493/503 staining was quantified using Image J software (National
Institutes of Health).

Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from the cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Hi Script TM II Q
RT Super Mix (Vazyme Biotech Co., Ltd.) was used for the reverse
transcription of total RNA into ¢cDNA. Subsequently, a SYBR
Green PCR kit (Vazyme Biotech Co., Ltd.) was used for qPCR.
Quantification was undertaken using the 2- A ACq method (20),
and the internal references were GAPDH (for mRNA) and U6
(for miRNA). The assays were repeated three times for each
sample and the mean value was used. The PCR primer sequences
were as follows:

MiR-491-5P forward 5-GGAGT GGGG AACCCTTCC-3';
reverse 5 -GTGGGGGAGGGGATTC-3'
U6 forward 5'-GCTTC GGAGCACATACT AAAA T-3/;
reverse 5 -CGCTTCACGAATTT GCGTGTCAT-3’

MMP-9 forward 5'-AGACCTGCGAGGAGATTCCAA3;
reverse 5-CGGAGGAGTCGAGT-3;

GAPDH forward 5'-CTTGGGGGTA GGAAGGACTC-3/;
reverse 5'-GTA GAGAGGAGATGATGTTCT-3'.

Western Blotting Analysis

The cells were pyrolyzed using RIPA pyrolytic buffer solution
(Beyotime Institute of Biotechnology, Shanghai, China), and the
total protein was extracted. A BCA Protein Assay kit (Beyotime
Institute of Biotechnology, Shanghai, China) was used to quantify
the total protein. The equivalent amount of protein was treated
for 40 min with 12% SDS-PAGE Gel SuperQuick Preparation
Kit for electrophoretic separation. The separated protein was
transferred to polyvinylidene difluoride membranes (Millipore
Corporation) and sealed using 5% skim milk to prevent
nonspecific binding. Next, the membranes were incubated with
the indicated primary antibodies, including MMP-9 (1:1000,
Abcam), and left overnight at 4°C. The primary antibodies
were rinsed, and the membrane was incubated with secondary
antibodies for 2 h; anti-GAPDH antibody (1:1000, Abcam) was
used as the internal reference. After rinsing, the protein bands
were assessed using an enhanced chemiluminescence reagent
(WBKLS0100, Millipore, USA).

Detection of Oxidative Stress-Related

Factors

A superoxide dismutase (SOD) assay kit (Cayman Chemical
Company) was used to determine SOD activity, as per
the manufacturer’s protocol. Malondialdehyde (MDA) activity
was measured using an MDA assay kit (Cayman Chemical
Company), according to the manufacturer’s protocol. ROS levels
were analyzed using a specific kit.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The concentrations of inflammatory cytokines, including tumor
necrosis factor o (TNF-a), interleukin-1f (IL-1f), and IL-6,
were detected using ELISA kits (R & D, USA). Specific ELISA
kits were used to detect the related markers, according to the
manufacturer’s protocols.

Statistical Analysis

Statistical analysis was performed using SPSS 26.0, followed
by graphical analysis using GraphPad Prism 8.0 software
(GraphPad Software Company). The normal distribution test
and homogeneity test of variance were undertaken initially, and
the normally distributed data were expressed as the mean =+
standard deviation (SD). The least significant difference test
was used to compare every two groups for homogeneity of
variance. One-way analysis of variance was undertaken for multi-
group comparisons; non-parametric tests were used in the case
of heterogeneity of variance. P < 0.05 was interpreted as a
statistically significant difference.

RESULTS

Ox-LDL Downregulated miR-491-5P in

THP-1 Macrophages

To investigate the effect of ox-LDL on THP-1 macrophages,
THP-1 macrophages were treated with ox-LDL at different
concentrations (0, 10, 30, 50, and 70 pg/mL) for 24h. Ox-
LDL significantly reduced THP-1 macrophage activity and mir-
491-5p expression and upregulated MMP-9 levels in a dose-
dependent manner (Figures 1A-C). There was no significant
difference between the 50pg/mL and 70ug/mL ox-LDL
treatments; therefore, the 50 ug/mL concentration was selected
for subsequent experiments.

Ox-LDL Induced Oxidative Stress and
Inflammatory Response of THP-1
Macrophages by Regulating mir-491-5p
and MMP-9

Subsequently, the expression levels of MMP9 and miR-491-
5p in ox-LDL-induced THP-1 macrophages oxidative stress
and inflammatory response were detected. The ox-LDL group
had significantly higher ROS and MDA levels and lower SOD
activity than the control group (Figures 2A-C). ELISA results
showed that the ox-LDL group increased the secretory levels of
TNF-a, IL-1f, and IL-6 (Figure 2D). RT-qPCR/western blotting
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FIGURE 1 | Ox-LDL downregulated miR-491-5P and upregulated MMP-9 in THP-1 macrophages. THP-1 macrophages were induced by different concentrations (0,
10, 30, 50, and 70 pwg/mL) of ox-LDL. (A) Cell viability was determined using CCK-8. (B,C) gRT-PCR analysis measured MMP-9 level and mir-491-5p level in THP-1
macrophages stimulated with different doses of ox-LDL. Data are presented as the mean + SD, n = 6. *P < 0.05, **P < 0.01, and ***P < 0.001.

analyses showed that ox-LDL induced downregulation of miR-
491-5p expression (Figure2E) and upregulation of MMP-9
protein (Figure 2F) and mRNA (Figure 2G) expression in THP-1
macrophages. These results indicated that mir-491-5P and MMP-
9 might mediate oxidative stress and inflammatory response
induced by ox-LDL.

MMP-9 Overexpression and Knockdown
Promoted and Inhibited Ox-LDL-Induced
Oxidative Stress and Inflammatory
Response in THP-1 Macrophages,

Respectively

Next, protein and mRNA expression levels of MMP-9 in THP-
1 macrophages were upregulated via gene introduction in the
MMP-9-plasmid group and downregulated in the MMP9-siRNA
group (Figures 3A-D). RT-qPCR and western blotting analyses
demonstrated the ox-LDL treatment downregulated mir-491-
5p (Figure 3E) and upregulated MMP-9 protein (Figure 3F)
and mRNA (Figure 3G) expression levels. These changes were
intensified by MMP-9-plasmid and suppressed by MMP-9-
siRNA (Figures 3E-G). The MMP-9-plasmid group had higher
ROS (Figure 3H) and MDA (Figure 3I) release and lower SOD
activity (Figure 3J) than the ox-LDL group; however, the MMP-
9siRNA group had significantly lower ROS and MDA release and
higher SOD activity than the ox-LDL group (Figures 3H-J). In
addition, the ox-LDL treatment markedly increased the secretory
levels of TNF-a, IL-1B, and IL-6 (Figure 3K); however, these
changes were aggravated by MMP-9-plasmid and inhibited by
MMP9-siRNA. These results hinted that MMP-9 mediated ox-
LDL-induced oxidative stress and inflammatory response in
THP-1 macrophages.

MMP-9 Overexpression Promoted
Ox-LDL-Induced THP-1 Macrophage

Foaming

Meanwhile, to further investigate the effect of MMP-9 on ox-
LDL-induced cell foaming, we evaluated the intracellular lipid
accumulation of both MMP-9 overexpression or knockdown

in THP-1 macrophages by oil red staining and fluorescence
microscopy. The results showed that cytoplasmic lipid drops
staining and quantitative analysis were significantly increased
in the ox-LDL group, indicating THP-1 macrophage foaming
(Figures 4A,B). The MMP-9-plasmid group had significantly
aggravated THP-1 macrophage foaming (Figure4A) and
lipid uptake (Figure4B) compared to the ox-LDL group,
whereas MMP-9-siRNA significantly reduced ox-LDL-induced
macrophage foaming and lipid uptake (Figures 4A,B). These
data identified that MMP-9 not only worsened ox-LDL-induced
THP-1 macrophage oxidative stress and inflammatory response
but also caused cell foaming.

MiR-491-5p Inhibited Ox-LDL-Induced
THP-1 Macrophages Inflammation and
Oxidative Stress by Downregulating
MMP-9 Expression

To further demonstrate whether the effects of mir-491-5p
on inflammatory cytokines and oxidative stress induced by
ox-LDL by regulating MMP-9 in THP-1 macrophage cells,
experiments were carried out through the transduction of mir-
491-5p mimic or mir-491-5p mimic+MMP-9 plasmid into
THP-1 macrophage cells before treatment with 50 pg/mL ox-
LDL. After transduction of miR-491-5p into macrophages in
the miR-491-5p mimic group, miR-491-5p expression was
upregulated (Figure 5A), and mRNA (Figure 5B) and protein
(Figure 5C) expression levels of MMP-9 in THP-1 macrophages
were significantly downregulated. These changes were reversed
after co-transfection with the MMP9-plasmid in the miR-
491-5p mimic+ MMP-9-plasmid group (Figures5B,C). To
investigate the role of mir-491-5P in ox-LDL-mediated damage,
THP-1 macrophages transduced with mir-491-5p mimic or
mimic-NC were stimulated with 50 pg/mL ox-LDL. CCK-8
analysis showed that high mir-491-5p expression increased
the viability of THP-1 macrophages compared to the ox-
LDL treatment alone (Figure 5D). MMP-9 mRNA (Figure 5E),
protein (Figure 5F), ROS, MDA (Figures 5G,H), IL-6, IL-1f,
and TNF-a (Figure 5J) expression levels were downregulated,
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and SOD activity was improved (Figure5I) in the miR-491-  Mir-491-5p Attenuated Ox-LDL-Induced THP-1

5P mimic group compared to the ox-LDL group. In contrast, Macrophages Foaming

these observational indicators were reversed in the miR-491-  Similarly, we observed the effect of mir-491-5p on ox-LDL-
5P mimic+MMP-9-plasmid group (Figures 5E-J). These results  induced THP-1 macrophage foaming by oil red staining and
suggested that mir-491-5p inhibited ox-LDL-induced oxidative  fluorescence microscopy. Oil Red O and BODIPY 493/503
stress and inflammatory cytokines in THP-1 macrophages by  staining showed that ox-LDL induced the THP-1 macrophage
inhibiting MMP-9 expression. foaming and increased content lipid droplets contentment
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group, ##p < 0.01.

in cells (Figures 6A,B). The mir-491-5P mimic group had
significantly lower THP-1 macrophage foaming (Figure 6A) and
lipid uptake (Figure 6B) than the ox-LDL group, whereas the
mir-491-5P mimic+MMP-9-plasmid significantly reversed these
phenomena (Figures 6A,B). These results suggested that miR-
491-5p inhibited ox-LDL-induced THP-1 macrophage foaming
by inhibiting MMP-9 expression.

DISCUSSION

LDL is the primary lipoprotein inducing AS, and ox-LDL
cannot be easily recognized and scavenged by the relevant
receptors (3). The macrophages differentiated by monocytes
can phagocytize ox-LDL to form lipid-laden foam cells, thus
becoming a component of plaques (4, 5). Macrophage foaming
and increased intracellular lipid content can be used as markers
of the severity of arteriosclerosis caused by lipids. Macrophage
foaming and lipid accumulation were visual after Oil Red O and
BODIPY 493/503 staining, and the intracellular lipid droplets
were quantitatively assessed using the mean optical density
value (mean IOD) and average LD intensity, respectively. Ox-
LDL can stimulate macrophages to release oxygen free radicals
and inflammatory factors, resulting in local tissue necrosis and

triggering and facilitating the formation of plaques (21). ROS and
MDA levels reflect the lipid peroxidation degree, and SOD is an
antioxidant factor (2). Upregulated expression of TNF-a, IL-18,
and IL-6 infer aggravation of the inflammatory response (12).
Further, ox-LDL can stimulate macrophages to release MMP-9
and elevate MMP-9 expression level in plaques (22, 23). In the
present study, after the macrophages were co-incubated with ox-
LDL, the MMP-9, ROS, MDA, TNEF-a, IL-1f, and IL-6 expression
levels were upregulated in the model group. Simultaneously,
SOD activity was reduced, and foam cell formation and lipid
accumulation were increased, validating the expected effect of ox-
LDL on the macrophages, consistent with previous studies (19,
24). In contrast, the miR-491-5P expression level was lowered.
Further investigations illustrated that the effects of ox-LDL on
macrophages were lessened in the ox-LDL 4 miR-491-5P mimic
group after the miR-491-5P expression level was elevated via
gene introduction. This phenomenon was nullified in the ox-LDL
+ miR-491-5Pmimic+MMP-9plasmid group with high miR-
491-5P and MMP-9 expression levels. However, the MMP-9
expression level increased in the MMP-9-plasmid group, and the
corresponding oxidative stress and inflammatory responses and
the degree of cell foaming were enhanced. Those in the MMP-
9-siRNA group with MMP-9 silencing showed the opposite
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-491-5P mimic was determined using

FIGURE 5 | Effect of miR-491-5p and MMP-9 on ox-LDL-induced THP-1 macrophages. (A) The transfection efficiency of miR

491-5P mimic+MMP-9-plasmid.

-5P and miR-

491

gRT-PCR. (B,C) MMP-9 mRNA and protein levels were detected in THP-1 macrophages transduced with miR

5P mimic transfection was assessed using CCK-8.
r-491-5p mimic and mir-491-5p mimic +MMP-9-plasmid.

(D-J) Transfected THP-1 macrophages were stimulated with 50 g/mL ox-LDL. (D) Cell activity after mir-491

(E,F) MMP-9 mRNA and protein were detected in ox-LDL-induced THP-1 macrophages transduced with mi

, and IL-6) were measured with

ELISA. Data are presented as the mean = SD, n = 6. Compared with the control group, **P < 0.01; compared with the ox-LDL+mimic-NC group, ##p < 0.01;

(G-1) ROS and MDA levels and SOD activity were examined using commercial kits. (J) Levels of inflammatory factors (TNF-a, IL-18
compared with the ox-LDL + miR-491-5Pmimic+plasmid-NC group, ¥4P < 0.01.
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FIGURE 6 | Oil Red O and BODIPY 493/508 staining after mir-491-5P mimic and mir-491-5P mimic +MMP-9-plasmid transfections. (A) THP-1 macrophage cells
were transfected before incubation with ox-LDL and staining with Oil Red O (x 200, 100 wm), the intracellular lipid droplets of the mean optical density value (mean
|OD) were used to reflect the degree of cellular foam. (B) Lipid droplets were labeled with green fluorescence and the nuclei were labeled with DAPI (blue) (x 200,
100 wm), average LD intensity was used to quantify the lipid uptake. Data are presented as the mean + SD, n = 6. Compared with the control group, **P < 0.01;
compared with the ox-LDL group, ##p < 0.01; compared with the ox-LDL+mir-491-5pmimic group, &&p < 0.01.

trend, indicating that ox-LDL might aggravate the oxidative and the conversion of pri-miR to miRNA might play essential
stress and inflammatory responses of THP-1 macrophages viathe  roles in regulating miRNA expression. Previous tumor cell
repression of the miR-491-5P/MMP-9 axis. studies found that the Foxil protein, belonging to the forkhead
Recently, extensive research attention has focused on the  gene family, is a potential upstream regulator of miR-491-5p, and
biological functions of miRNA. MiR-491-5P, a type of miRNA,  can bind to miR-491-5p binding sites to regulate the expression
can regulate the expression of the MMP-9 gene by binding to  of miR-491-5p (27). Another study found that circ0001361,
the 3’'UTR non-coding site of MMP-9 (25, 26). Recent in vitro  a circular RNA member, can specifically inhibit miR-491-5P
studies have shown that miR-491-5P can inhibit the growth and ~ (28) and upregulate MMP-9 to promote cell proliferation and
migration of vascular smooth muscle cells through the targeted  migration. Although the existing literature indicates that the
inhibition of MMP-9 expression (17). Furthermore, clinical  Foxil protein and circ0001361 are upstream of miR-491-5p,
studies have indicated that the binding site for miR-491-5P and it is unclear whether the Foxil protein or CIRC0001361 play
MMP-9 undergoes mutation due to the gene polymorphism of  a role in mediating the ox-LDL-induced oxidative stress and
MMP-9; therefore, miR-491-5P fails to bind to MMP-9, the in  inflammatory responses of THP-1 macrophages. If so, it remains
vivo MMP-9 expression level of the patient is increased, and  unclear what their upstream factors are. The pathway between
the risk of atherosclerotic cerebral infarction is amplified (18).  ox-LDL and miR-491-5p appears to be complex and requires
According to the present study, miR-491-5P repressed the ox-  further exploration in future studies.
LDL-induced oxidative stress and inflammatory responses of As a proteolytic enzyme, MMP-9 degrades the fibers in
THP-1 macrophages through the targeted inhibition of MMP-9,  plaque ECM. The plaques become soft, fiber caps become thin,
and cell foaming and lipid uptake were significantly decreased,  and the plaques become unstable, increasing the probability
further demonstrating the role of the miR-491-5P/MMP-9  of clinical cardiovascular events (7). Another study has shown
pathway in AS attack. that MMP-9 exerts a “positive feedback” regulatory effect on
However, the upstream promoter of miR-491-5P must be  inflammatory factors, and its high expression can aggravate
further clarified. Transcription factors, epigenetic modification,  the inflammatory response (9). IL-1p and IL-8 are essential
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inflammatory cytokines; MMP-9 facilitates the transformation of
the inactive precursor IL-1f into active IL-1f by activating the IL-
1B invertase (10) and pyrolyzes IL-8 to enhance its chemotactic
activity and further aggravate the inflammatory response (11).
In inflammatory diseases, MMP-9 gene silencing can also restrict
ROS accumulation (29), obstruct MMP-9 activation, repress the
redox reaction, and relieve neuroinflammation (30). The present
study showed that high MMP-9 expression further enhanced
the oxidative stress and inflammatory responses to ox-LDL.
MMP-9 silencing led to the opposite outcome, further verifying
the oxidative stress-promoting and pro-inflammatory effects of
MMP-9. Moreover, the gene introduction downregulated the
miR-491-5P expression level under high MMP-9 expression.
In the MMP-9 gene silencing condition, the miR-491-5P
level was upregulated, suggesting that MMP-9 might exert
negative feedback on miR-491-5P. Nevertheless, the mechanism
remains unclear.

Several limitations need to be considered in the present study.
The in vitro experiment confirmed that miR-491-5P/MMP-9
mediated a possible induction mechanism of ox-LDL in AS.
However, as the formation of arterial plaques could not be
directly observed, this requires further verification through
follow-up in vivo and pathophysiological studies of plaque
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High levels of free fatty acids (FFA) are closely associated with obesity and the
development of cardiovascular diseases. Recently, nicotinamide adenine dinucleotide
(NAD) metabolism has emerged as a potential target for several modern diseases
including diabetes. Herein, we explored the underlying mechanisms of NAD metabolism
associated with the risk of cardiovascular disease. Our study found that nicotinamide
N-methyltransferase (NNMT) mRNA levels were significantly increased in the hearts of
FFA-bound-albumin-overloaded mice and in H9C2 cells treated with palmitic acid (PA).
We studied the mechanisms underlining the anti-inflammatory and anti-oxidant activities
of 1-methylnicotinamide (1-MNA), a metabolite of NNMT. We found a significantly
higher level of reactive oxygen species, inflammation, apoptosis, and cell hypertrophy
in PA-treated HO9C2 cells and this effect was inhibited by 1-MNA treatment. in vivo,
1-MNA improved inflammation, apoptosis, and fibrosis damage in mice and this inhibition
was associated with inhibited NF-kB activity. In conclusion, our study revealed that
1-MNA may prevent high fatty diet and PA-induced heart injury by regulating Nrf2 and
NF-«B pathways.

Keywords: 1-methylnicotinamide, free fatty acids, inflammation, apoptosis, fibrosis, Nrf2, NFkB

INTRODUCTION

Elevated plasma free fatty acid (FFA) levels have emerged as a major link between obesity, metabolic
syndrome and cardiovascular diseases. Circulating free fatty acids (FFA), mainly originating from
lipolysis in the adipose tissue, has been recognized as one of the most important factors causing
systemic organ damage to the heart, liver, and skeletal muscle. These adverse effects are defined
lipotoxicity (1). Elevated plasma FFA levels induce chronic inflammation, cardiovascular disease,
and insulin resistance (2, 3).

Increased levels of FFA promote the expression of pro-inflammatory mediators, such
as TNF-a, IL-1, and IL-6. These pro-inflammatory factors further induce oxidative stress.
FFA activates the NF-kB pathway (4) and may also induce cell apoptosis and damage
(5). It has been reported that cellular redox is closely related to high levels of palmitic
acid (PA), which generates excessive lipid-derived free radicals. Studies have shown
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that a high-fat diet (HFD) results in elevated blood FFA
levels and induces inflammation and oxidative stress in various
organs including the heart, which subsequently leads to fibrosis,
cell apoptosis, and heart injury (6, 7). Anti-inflammatory and
antioxidant therapies, therefore, may have important protective
and antagonistic effects on injury induced by FFA.

Nicotinamide adenine dinucleotide (NAD) is a coenzyme
for redox reactions in eukaryotes and plays an important
role in the occurrence and development of cell apoptosis
and redox reactions (8). In mammals, key molecules of
NAD metabolism regulate various physiological processes (9).
For instance, 1-methylnicotinamide (1-MNA) is an effective
treatment for refractory hyperproteinuria as it reduces lipid-
mediated oxidative stress and cell damage (10). Under Regulation
2015/2283 of the European Parliament and Council, and the
European Commission issued Regulation 2018/1123, 1-MNA
chloride has been authorized as a dietary supplement.

Experimental treatment of 1-MNA has shown promise in
some diseases (11). However, the protective effect of 1-MNA on
FFA and HFD-induced heart injury is still unclear. In this study,
we explored the anti-inflammatory and anti-oxidant activity of
1-MNA in vitro using the cardiomyocyte HOC2 cell line and
in vivo using a mouse model of hyperlipidemia. Our results
showed that 1-MNA mitigated PA and HFD-induced heart
cardiac hypertrophy, apoptosis, and myocardial fibrosis. This
effect occurred through the activation of Nrf2 and inhibition of
the NF-«kB pathway.

MATERIALS AND METHODS

Materials

PA and 1-MNA were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Stock solutions of 5mM PA/10% BSA were prepared
as follows and the stored at —20°C. Stock solutions were
heated at 37°C for 20min and 1-MNA was dissolved in
DMEM and isotonic saline for in vivo experiments. Enhanced
chemiluminescent reagent kits, Annexin V-FITC apoptosis
detection kits, and TUNEL apoptosis detection kits were
purchased from Beyotime (Beyotime Biotechnology, Beijing,
China). Anti-fluorescence Quenching Mounting Tablets were
purchased from SouthernBiotech (0100-01, Birmingham, USA).

Cell Culture and Measurement of Oxidative
Stress (ROS)

The H9C2 embryonic mouse heart cell line was obtained from
the Shanghai Cell Bank, Chinese Academy of Sciences and was
cultured in DMEM/F12 medium (Gibco, Eggenstein, Germany)
with 10% FBS, 2.25 g/L glucose, 100 U/mL penicillin, and
100 mg/mL streptomycin. The H9C2 cell was cultured at an
ambient temperature of 37°C and 5% CO2 humid environment.

Abbreviations: FFA, free fatty acids; NAD, nicotinamide adenine dinucleotide;
NNMT, nicotinamide N-methyltransferase; PA, palmitic acid; 1-MNA, 1-
methylnicotinamide; HED, high-fat diet; SIRT1, silent information regulator 1;
SAM, S-adenosylmethionine; TG, Triglycerides; TC, Serum total cholesterol; LDL,
Low-density lipoprotein.

The intracellular ROS level was measured using 2,7-dichloro-
dihydro fluorescein diacetate (DCFH-DA). Cells were pretreated
with 1-MNA (10 mM) for 6 h, incubated with PA (500 wM) for
12h. Then, 2 pmol/L (DCFH-DA) was added to cells at 37°C
for 30 min. The fluorescence intensity was measured using a
fluorescence microscope, at an excitation wavelength of 488 nm.
Cells were collected and sorted by flow cytometry (Beckman
Coulter) and Cell Quest software for flow cytometry.

Immunofluorescence Staining
Immunofluorescence was used to measure the cell surface area
and apoptosis. To determine apoptosis, the cells were harvested
cells and stained with Annexin V and propidium iodide after
treatment, and then analyzed by flow cytometry using the
sorting flow cytometer and Cell Quest software. For morphology
examination and cell surface measurement, the cells were fixed
with 4% paraformaldehyde for 20min in a completely dark
environment, washed 3 times with PBS at room temperature.
Cells were permeabilized in 0.1% Triton X-100 for 10min,
washed 3 times with PBS at room temperature, and then stained
with rhodamine-phalloidin at a concentration of 50 pg/mL for
30 min at room temperature. Specimens were covered with a
cover slip and nail polish. The slides were washed 3 times with
PBS and subjected to fluorescence microscopy.

In the immunofluorescence study to detect NF-kB, the cells
were fixed and permeabilized as indicated above, and the cells
were incubated with p65 antibody (1:200) at 4°C overnight, and
then incubated with FITC secondary antibody (1:200) at room
temperature for 2 h. After each incubation of the antibody, slides
were washed 3 times with TBST, 5min each time. The stained
sections were observed under a Nikon fluorescence microscope
(Nikon, Japan).

Animal Model

Eight week-old 18-22 g male C57BL/6 mice were purchased from
the Animal Center of the Second Affiliated Hospital of Harbin
Medical University. Thirty mice (n = 30) were housed in cages in
a controlled environment of 22 + 2.0°C and 50 %+ 5% humidity
and were maintained on 12-h light/12-h dark cycles with free
access to water and food. The mice were divided into two groups.
Group I mice (n = 10) were fed on normal diet as a control group.
Group II mice (n = 10) were given a HFD (Hyperlipidemia
model feed from Beijing Keao, China). Group III mice were given
HFD and a daily gavage of 100 mg/kg/day 1-MNA solution. After
eitghteen weeks, all animals were euthanized using CO; and the
heart weights were recorded. Blood samples were collected by
cardiac puncture as follows. Animals were fixed on their back
and with the index finger of the operator’s left hand touching the
strongest apex of the heart in the third to fourth intercostal space
on the left, the right hand used a syringe with a needle to puncture
and collect the sample. Blood was mixed with Hank’s solution
and centrifuge for 15 min at 4°C to collect serum. Mouse hearts
were collected under aseptic conditions and heart weights were
measured. The tissues used for RNA analysis were snap-frozen
and stored at —80°C. The tissues used for histology study were
fixed in 10% formalin.
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Western Blotting Analysis

Cultured HI9C2 cells or mouse heart tissues were homogenized in
RIPA lysis buffer (Beyotime Biotechnology, Beijing, China). Total
protein concentrations were determined using a BCA protein
concentration kit (Beyotime Biotechnology, Beijing, China).
Equal amounts of total protein were analyzed by western blotting.
The samples were electrophoresed and electrotransferred to
polyvinylidene difluoride membranes (Immobilon; Millipore,
Bedford, MA, USA). The membranes were incubated with
the indicated primary antibodies and horseradish peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies
(Abcam, Cambridge, UK). The blots were visualized using
an enhanced chemiluminescence detection system (Beyotime,
Beijing, China). The density of the protein bands was quantified
using a gel imaging system (BioRad, Hercules, CA). The
following antibodies were used in this study: NRF2 (12721T,
CST, Danvers, MA), NQO-1 (sc-376023, Santa Cruz, California,
CA),HO-1 (82206S, CST, Danvers, MA), GCLC (ab53179,
Abcam, Cambridge, MA), B-actin (3700s, CST, Danvers, MA).
BAX (sc-7480, Santa Cruz, California, CA), BCL2 (sc-7382, Santa
Cruz, California, CA), Caspase 3 (9662, CST, Danvers, MA),
Cleaved Caspase 3 (9664, CST, Danvers, MA), Tgf-p (3711s, CST,
Danvers, MA), SMAD3 (9523, CST, Danvers, MA), p-SMAD3
(9520s, CST, Danvers, MA), COL-1 (91144s, CST, Danvers, MA),
I kappa B-alpha (sc-1643, Santa Cruz, California, CA), TNF-a
(ab183218, Abcam, Cambridge, MA), MMP9 (ab283575, Abcam,
Cambridge, MA), and SIRT1 (8469s, CST, Danvers, MA).

RNA Extraction and Quantitative
Real-Time PCR (qRT-PCR)

Total RNA was extracted from tissues and cells using the
Trizol method. The cDNA was synthesized using a high-capacity
cDNA reverse transcription kit. qRT-PCR was performed on
the ABI PRISM 7,500 Sequence Detection System. Primers
for NNMT, TNF-a, IL-6, IL-1, TGF-B, Nrf2, heme oxygenase-
1 (HO-1), glutamate-cysteine ligase (GCLC), and NADPH
quinineoxidoreductase-1 (NQO-1), type 1 collagen, connective
tissue growth factor (CTGF), matrix metallopeptidase 9 (MMP-
9), a-myosin heavy chain (a-MyHC), brain natriuretic peptide
(BNP), and B-actin were purchased from Life Technologies. The
mouse housekeeping gene B-actin was used as an internal control.
Relative mRNA expression levels were normalized to 3-actin. The
primer sequences are provided in Supplementary Table 1.

Histological Analysis

The heart tissues fixed in 10% formalin were dehydrated using
gradient alcohol, cleared by xylene, and embedded in paraffin.
The sections were cut into slices at a thickness of 7 um using
a Leica RM 2145 microtome (Leica Microsystems, Nussloch,
Germany). The paraffin sections were baked in a 60°C oven
for 3h and then de-waxed with xylene 3 times for 20 min in
each solution. The tissues were then dehydrated sequentially in
absolute ethanol I, absolute ethanol II, 95% ethanol, 90, 80, and
70% alcohol, and finally washed in distilled water for 10 min.
Tissues were treated with antigen repair buffer by microwave
and washed in PBS (PH 7.4). The first and second antibodies
were added successively and incubated at 4°C and 37°C for

color development. The nuclear stain DAPI was applied as
a counterstain. The slides were air dried and mounted with
anti-fluorescence quenching mounting medium, then observed
at 400 magnification under fluorescence microscope (Nikon
Inc., Japan).

Measurement of Blood Lipid Levels

Blood lipid levels were determined by using total cholesterol
assay Kkit, triglyceride assay kit and low-density lipoprotein
cholesterol assay kit (Nanjing Jiancheng Institute of
Bioengineering, China). Briefly, samples, as well as blank
distill water and calibrator were mixed with working solution
in proportion, then incubated at 37°C for 10min. Samples
were analyzed at wavelength 510 nm, light path 0.5cm using
automatic biochemical analyzer (Chemray240, Rayto, China)
to measure the concentration of serum triglyceride (TG), total
cholesterol (TC), and low-density lipoprotein (LDL).

Masson’s Trichrome Stain

Paraffin sections were deparaffinized and hydrated in distilled
water. The sections were rinsed gently with deionized water
blotting the excess liquid on the slides. Weigerts iron
hematoxylin staining was applied for 10min, followed by
1% hydrochloric acid alcohol differentiation. After cleaning,
Ponceau acid fuchsin solution staining was applied for 10 min,
phosphomolybdic acid aqueous solution treatment for about
5min, and aniline blue liquid counterstaining was applied for
5 min. Slides were dehydrated with anhydrous ethanol, mounted
with anti-quenching mounting plate solution, and then observed
under a microscope.

TUNEL Staining

The cell apoptosis were analyzed uing TUNEL apoptosis
detection kits. Paraffin sections are deparaffinized and hydrated
in distilled water 100 pl of 20 pug/ml Proteinase K solution
were added and incubated at room temperature for 20 min.
After washing, 100 pl 1x Equilibration Buffer were added and
incubate at room temperature for 15min. The tissue sections
were incubated with Alexa Fluor 647-12-dUTP Labeling Mix in a
wet box at 37°C for 60 min. After washing in PBS, the slides were
nuclear counterstained with DAPI for 5 min and mounted with
anti-fluorescence mounting solution. The slides were examined
under a fluorescence microscope.

Statistical Analysis

Data are presented as the mean = SEM. Comparison of multiple
groups was performed using analysis of variance (ANOVA)
with post-test Bonferroni-corrected t-test as post hoc test. An
unpaired Student’s ¢-test was used to compare two unmatched
groups. Pearson’s correlation coefficients were calculated to
investigate the association between indicated parameters. P-
values < 0.05 were considered statistically significant. For
graphing and statistical analysis, we used GraphPad Prism
(version 8, GraphPad Software Inc., San Diego, CA).
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RESULTS

Elevated NNMT mRNA Levels in

PA-Treated H9C2 Cells

NNMT enzyme transfers the methyl group from S-
adenosylmethionine (SAM) to nicotinamide resulting in
the formation of 1-MNA. To examine the possibility that
NNMT is associated with PA-induced heart damage, we
first investigated the mRNA expression level of NNMT in
cardiomyocyte HOC2 cells. As shown in Figure 1A, the mRNA
expression of endogenous NNMT increased 2.4-fold (p < 0.01)
following PA treatment. 1-MNA prevented PA-induced NNMT
expression by 27.4% (p < 0.05). This result indicated that NNMT
was functionally overexpressed in H9C2 cells and in the PA
overload model.

1-MNA Prevented ROS Formation and
Oxidative Stress in PA-Induced H9C2 Cells

Elevated circulating FFA levels result in cardiovascular
complications and oxidative stress. We measured the
intracellular ROS level in H9C2 cells treated with PA or PA
plus 1-MNA using 2,7-dichloro-dihydro fluorescein diacetate
(DCF). As shown in Figure 1B, ROS production and ROS-
positive DCFH-DA intensity was 241.4% increased in cells with
500 LM PA treatment than in the control group (p < 0.01). This
increase was markedly reduced by 1-MNA treatment by 65.1%
(p < 0.001). Next, we used qRT-PCR and western blotting to
study the expression of Nrf2 after the removal of ROS by 1-MNA
(Figures 1C,D). In cells treated with 10mM 1-MNA, mRNA
and protein levels of Nrf2 were increased 347.1% (p < 0.01) and
44.8% (p < 0.05), respectively. Next, we measured the expression
of Nrf2-dependent antioxidant defense genes including HO-1,
GCLC, and NQO-1. mRNA (Figure 1C) and protein expression
(Figure 1D) of HO-1 and NQO-1 increased significantly after
1-MNA treatment, which similar to that observed for Nrf2. The
up-regulated genes in1-MNA treatment group werel.25-12-fold
increase, whereas the protein levels were increased by 0.5-1.3-
fold. However, the protein expression of GCLC was almost
unchanged after 1-MNA treatment. These results indicated that
1-MNA may act as an antioxidant by upregulating Nrf2 and
antioxidant-related genes.

1-MNA Inhibited Apoptosis of PA-Induced

HI9C2 Cells

We next explored the protective effects of 1-MNA on HIC2 cells
damaged by PA. Cell apoptosis were detected by Annexin V-FITC
staining (Figure 2A). Flow cytometry analysis demonstrated
that the apoptosis of PA treated H9C2 cells was significantly
ameliorated under 10 mM 1-MNA treatment. The cells treated
with PA showed an increase of Annexin V-FITC staining positive
cells by 41% (vs. DMSO, p < 0.01). I-MNA treatment reduced
PA-induced, the apoptosis rate by 25.7% (p < 0.001). In the figure,
the cell dots in the quadrant (upper left quadrant) where Annexin
V-FITC staining is negative and PI staining is positive (Annexin
V-/PI+) is the detection error within the allowable range. In
this experiment apoptotic cells and necrotic cells were identified
as apoptotic cells. We also examined the key pro-apoptotic

protein expression. In response to the PA treatment, the proteins
expression of cleaved caspase-3 and BAX/BCL2 were increased
by 503.6% (p < 0.0001) and 989.1% (p < 0.01), respectively. This
effects were reduced by 10 mM 1-MNA by 46.2% (p < 0.001) and
72.2% (p < 0.01; Figure 2B).

1-MNA Exerted Anti-inflammatory Effects
on H9C2 Cells Induced by PA

Next we evaluated the anti-inflammatory activity of 1-MNA in
HIC2 cells. To detect the expression and distribution of NF-
kBp65 in HIC2 cells, we performed an immunofluorescence
assay. In unstimulated cells, the majority of NF-kB resides in
the cytoplasm in association with the IkB family of inhibitory
molecules, which mask the nuclear localization signals of
NF-kB. By PA treatment, degradation of IkB releases NF-
kB to translocate to the nucleus where it binds kB enhancer
elements and modulates gene expression and 1-MNA can
significantly hinder this process. Figure 3A showed NFkB-p65
accumulated in the nucleus in PA-treated cells. We measured the
mRNA expression of several inflammatory cytokines which were
activated by NF-kB such as TNF-q, IL-1, and IL-6 (Figure 3B).
PA increased the mRNA levels of TNF-a by 151.2% (p < 0.01),
IL-1by 228.6% (p < 0.01), and IL-6 1238.1% (p < 0.01). However,
the activation of NF-kB pathway by PA was significantly inhibited
in 1-MNA treated cells. 1-MNA decreased the mRNA expression
of TNF-a, IL-1, and IL-6 by 48.4% (p < 0.05), 34.5% (p < 0.05)
and 42% (p < 0.05) induced by PA.

1-MNA Attenuated PA-Induced

Hypertrophy in H9C2 Cells

Cardiac hypertrophy and fibrosis are the major pathological
features of chronic heart disease. We used rhodamine-phalloidin
to detect the surface area of H9C2 cell (n = 100). As shown
in Figure 4A, 1-MNA significantly inhibited hypertrophy in PA
treated H9C2 cells by 25.1% (p < 0.0001). qRT-PCR analysis
showed that the mRNA level of TGF-B (Figure 4B), a marker
gene of myocardial fibrosis, was increased by 648.2% (p < 0.01)
in the cells treated with PA. 1-MNA treatment resulted in a
decrease of TGF-p by 57.5% (p < 0.05) induced by PA. We then
examined multiple TGF-p signaling pathway related proteins. 1-
MNA treatment inhibited PA-induced Col-1 (31.6% p < 0.05)and
TGF-B (34.5% p < 0.05) (Figure 4C).

1-MNA Reduced Levels of Some Obesity
Indicators in HFD-Fed Mice

The HFD-induced lipotoxicity mouse model used in this study
was previously reported by Tanaka et al. (10). Mice fed with HFD
or fed with HFD and 100 mg/kg/day 1-MNA for 18 weeks. At the
end of the experiment, the mouse body weight, TG, TC, and LDL
were measured. Figure 5A showed the body weight of mice fed
with HFD increased 11% (p < 0.01). 1-MNA administration did
not significantly reduce HDF caused body weight. This could be
due to relatively short period of 18 weeks experiment. Mice fed
HFD showed significantly increased TG (90.6% p < 0.001), TC
(69.2% p < 0.001), and LDL (195.1% p < 0.01) (Figures 5B-D),
while mice given 1-MNA demonstrated decreased TG (14.4%
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FIGURE 1 | Effects of 1-MNA on PA-induced Oxidative stress in HIC2 cells. (A) Real-type quantitative polymerase chain reaction analysis of mMRNA expression of
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Expression is expressed as the mean =+ SEM. Differences in expression were analyzed by the unpaired Student's t-test and one-way ANOVA (n = 3, NS = no
significance, *P < 0.05, **P < 0.01, **P < 0.001).
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p < 0.05) and LDL (35.5% p < 0.05) compared with HDF = HFD-fed mice heart tissue samples, reflecting a relative increase
mice. TC also decreased but the results did not reach statistical ~ of 32.6%. 1-MNA treatment increased Nrf2 mRNA expression by

significance (Figure 5C). 55.2% (p < 0.05) in comparison to the HFD group. However,
the elevated protein expression was not statistically significant.
1-MNA Influenced Oxidative Stress and There was an elevation of 294.1% (p < 0.05) in the HFD

group and no significant change in expression after 1-MNA
treatment (Figure 6E). Consistently, the mRNA expression of the
downstream antioxidant genes, such as HO-1 and NQO-1 were
decreased in HFD group, which were decreased at 60.9% (p <
0.05) and 32.7% (p < 0.01), respectively. After 1-MNA treatment,
the mRNA expression of HO-1 and NQO-1 were increased 84.1%
(p < 0.05) and 223.3% (p < 0.01) (Figure 6D). In response to
the HFD treatment, the proteins expression of HO-1 and NQO-
1 were increased by 180.8% (p < 0.01) and 232.6% (p < 0.05),
respectively, but similarly, no significant changes were reflected
in the HFD+1-MNA group (Figure 6E).

Inflammation in the HFD-Fed Mouse Heart
The IkB degradation is a key step in NF-kB activation, as it
allowed NF-kBp65 to be transported from the cytoplasm to
the nucleus. Next, we investigated the expression of IkB at
the protein level to determine whether 1-MNA inhibited the
activation of NF-kB. As shown in Figure 6A, protein levels of
IkB-a in heart samples of mice from the HFD-fed group were
reduced by 62.8% (p < 0.05), while IkB-a protein levels were
partially restored in mice treated with 1-MNA which is a 123.6%
(p < 0.05) increase. mRNA expression of TNF-a, IL-1f, and IL-6
(Figure 6B), which are closely related to the activation of NF-kB,
increased 2-2.6 fold (p < 0.05) in HFD-fed mice as compared . . .
to the untreated control. 1-MNA inhibited the expression of 1-MNA Induced Anti-fibrotic Effects in the
inflammatory cytokines induced by HFD by 40-56.2% (p < 0.05). Mouse Heart

TNF-a protein levels were increased by 309.6% (p < 0.05) in  Next, we assessed the histological changes of mouse cardiac
the HFD group (Figure 6C), 1-MNA administration inhibited  tissue. HFD-fed mice showed myocardial fiber fracture and cell
HFD-induced TNF-a expression by 50.9% (p < 0.05). Next, we  morphological abnormalities. 1-MNA administration alleviated
measured the effects of 1-MNA on oxidative stress in mouse  cardiac damage caused by HFD (Figure 7A). The tibia length
hearts. Figure 6D showed the increased expression of Nrf2 in  will no longer change after the mouse matures and can be used
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as a quantitative comparison standard. We measured the heart
weight/tibia length (HW/TL) ratio. Compared with controls,
growth of HW/TL increased by 39.7% (p < 0.0001) on week
18 in HFD mice. After 1-MNA treatment, the HW/TL ratio
was reversed by 11.7% (p < 0.001) (Figure 7A). Two cardiac
hypertrophy marker genes, BNP and a-myosin heavy chain, were
analyzed by real-time PCR. 1-MNA treatment reduced HFD-
induced BNP(37.7% p < 0.05) and a-myosin heavy chain(30.8%
p < 0.05) gene expression (Figure 7B). These results further
indicate that 1-MNA has anti-fibrosis and hypertrophy function
in the treatment of heart injury induced by hyperlipidemia. The
structure change of the myocardial tissue was further examined
by Masson’s trichrome staining (Figure 7C). The results showed
that the myocardial fibers in the HFD group were disordered and
dissolved, the intercellular space was widened, and the deposition
of collagen fibers increased. Thses morphological alteration was
improved after 1-MNA treatment. The collagen volume fraction
in the HFD group was significantly higher than the control group,

while the 1-MNA treated mice have a lower collagen volume
fraction than the HFD group.

qRT-PCR analysis showed an increase of 200.8% (p < 0.01)
of CTGF and 147.8% (p < 0.01) of TGF-B expression in the
HED group (Figure 8A). After 1-MNA treatment, the expression
of CTGF and TGF-p were downregulated 34.2 and 32.7% (p <
0.01) (Figures 6A,B), and the deposition of collagen was also
ameliorated. We further detected the mRNA expression level
of extracellular proteins including collagen 1 and MMP-9 in
total RNA from heart tissue (Figures 8A,B). These two genes
expression were elevated 260.2% (p < 0.05) and 185.1% (p <
0.01). The genes expression was decreased 35% (p < 0.05) and
79.3% (p < 0.01) in the HFD+1-MNA group compared to the
HED group. Similar results were observed at the protein level
(Figure 8B), TGF-B, MMP9 and COL-1 were increased by 63.6-
157.1% (p < 0.05) in HED group. 1-MNA administration reduced
TGEF-B,MMP9 and COL-1 levels by 27.8-60.9% (p < 0.05) as
compared to the HED group.
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Anti-apoptotic Effects of 1-MNA in

Cardiomyocytes

Finally, we investigated the anti-apoptotic effects of 1-MNA. We
observed a significant increase (209.1%, p < 0.01) in the pro-
apoptotic gene BAX in heart tissue of mice fed a HFD. 1-MNA
effectively prevented HFD-induced BAX by 23.1% (Figure 8C).
Tunel staining experiment (Figure 8D) showed that the number
of positive cells was increased by 332.3% (p < 0.001) in HFD
group. 1-MNA treatment significantly reduced TUNEL positive
cells by 55.2%. Parallel to our in vitro study, administration of
1-MNA to HFD-fed mice effectively induced activation of Bax
and reduced the ratio of Tunel positive cells; thus, the anti-
apoptotic effects of 1-MNA may be associated with the inhibition
of inflammation and oxidative stress.

DISCUSSION

Hyperlipidemia is caused by high serum levels of TC, TG,
and LDL cholesterol, or low levels of circulating high-
density lipoprotein cholesterol (12). Hyperlipidemia is
a disorder of systemic lipid metabolism, and is one of
the main risk factors for inducing atherosclerosis, fatty
liver, and cardiovascular and cerebrovascular diseases
(13, 14). Hyperlipidemia consists of hypertriglyceridemia,
hypercholesterolemia, and mixed hyperlipidemia, in which

both TG and TC are elevated. High levels of TGS and TC,
are accompanied by a large amount of FFA and LDLs in
the blood, are the most essential features of hyperlipidemia.
Our research also confirmed this (Figures 5B,D). Diseases
such as stroke, atherosclerosis, and coronary heart disease are
closely related to hyperlipidemia (15). FFA and its metabolite
TG cause cell damage, which is called lipotoxicity. Studies
have shown that the leading cause of liver lipotoxicity is
FFA rather than TGs. In hyperlipidemia, the increase in
plasma FFA is the most important feature. It has become
the main cause of obesity-related diseases such as coronary
heart disease and atherosclerosis (16). According to our
research,we clarified the preventive effects of 1-MNA on
cardiac histopathological changes, the oxidative stress response,
inflammation, and cell death pathways in the HFD mouse model
and PA-treated cardiomyocytes.

Adipokines are mainly secreted by adipose tissue and can
regulate glucose and lipid metabolism, inflammation, immune
response, and cardiovascular function (17, 18). The relationship
between obesity and cardiovascular disease has been confirmed
in clinical and experimental models (19, 20). Thus, there is
an urgent need to clarify the mechanism of hyperlipidemia-
induced heart damage and to discover new therapeutic agents.
1-MNA, a primary metabolite of NNMT enzyme catalyzed
the methylation of nicotinamide, plays an important roles
in inflammatory response and immune function. We first
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FIGURE 9 | Schematic illustration. A schematic illustration for the prevention of 1-MNA from FFA/HFD-induced injury in cardiomyocytes and hearts.
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demonstrated that 1-MNA is spontaneously secreted and acts in
PA-induced H9C2 cells through work such as literature review
and pre-experiments (Figure 1A), whereby we next explored the
possible antioxidant role of 1-MNA in a model of PA-induced
cardiomyocyte injury.

PA is the main saturated FFA in plasma, which stimulates
the production of ROS in endothelial cells and smooth
muscle cells to promote the expression of inflammatory
cytokines (21). In our experiments, PA treatment in HIC2 cells
clearly showed an increase in ROS stress. Many studies
have confirmed that Nrf2 is involved in the control of
many oxidative stress-related genes (22, 23). Nrf2 activates
antioxidant factors such as NQO1, HO-1, SOD, and CAT,
etc, and also regulates the GSH redox system to inhibit
oxidation. Our results showed that 1-MNA treatment
increased the expression of Nrf2 in wvitro (Figures 1C,D).
Further, 1-MNA treatment also significantly increased the
expression of Nrf2 downstream genes GCLC, HO-1, and NQO-1
(Figures 1C,D).

Although several studies (24, 25) have revealed the
mechanisms involved in 1-MNAs antioxidant effects, our
observations differed slightly from those of a previous report
by Tanaka et al. (10), which found that 1-MNA treatment did
not influence the increase in PA-induced antioxidant enzymes
such as manganese superoxide dismutase and HO-1 mRNA
levels. 1-MNA treatment improved PA-induced apoptosis and
necrosis by inhibiting mitochondrial oxidative stress in PTCs
(Proximal tubule cells), without influencing the mRNA levels
of antioxidant enzymes or the intracellular concentrations of
NAD or NADH. Some potential reasons for these differences
include: (1) different cell types used in the studies, (2) unique cell
culture conditions, and signaling molecules, (3) and the source
of 1-MNA.

Recently, it has been reported that 1-MNA improves
oxidative stress and cell death of proximal renal tubular cells
which is caused by lipid toxicity (10). Furthermore, 1-MNA
has been shown to interact with inflammatory mediators
and regulate the inflammatory response in tissues (26), but
the role of 1-MNA in patient heart with hyperlipidemia
remains to be explored. We found significantly improved
pathological indicators of HFD-induced heart damage after
1-MNA treatment. The administration of 1-MNA at 100
mg/kg/day ameliorated the characteristics of HFD-induced
hyperlipidemia (Figure 5), indicating that one of the effects of
1-MNA on the HFD-fed mice heart is to decrease the blood
lipid levels.

Chronic inflammation is closely related to obesity and it has
been confirmed that obesity-related chronic inflammation is a
high-risk factor for cardiovascular disease (27). Hyperlipidemia
promotes the production of a variety of inflammatory molecules,
which aggravate the inflammatory response. In macrophages,
FFA triggers inflammation by activating Toll-like receptor
4, peroxisome proliferator receptor, and inflammatory gene
expression by NF-kB (28). NF-kB is a key transcription
factor that regulates inflammation, and is mainly composed
of two subunits, p50 and p65. NF-kB is activated in response
to cytokines, pathogens, and radiation. Our study showed

that PA increases p65 translocation and NF-kB activity in
cultured cardiomyocytes, while HFD reduces IkB-a levels in
heart tissue of mice. Further, 1-MNA significantly inhibited
PA/HFD-induced NF-kB activation, thereby reducing the
expression of inflammatory cytokines such as TNF-a, IL-6,
and IL-1 in vitro and in vivo. The results indicated that
1-MNA may suppress PA-induced cardiac inflammation by
inhibiting NF-«B.

The occurrence and development of cardiac hypertrophy are
closely related to oxidative stress. The expression of a-MyHC and
BNP are considered molecular markers of cardiac hypertrophy
(29), which we confirmed were upregulated in our study.
Moreover, 1-MNA treatment attenuated a-MyHC- and BNP-
induced cardiac hypertrophy in HFD-fed mice. Pathological
cardiac hypertrophy is caused by the accumulation of collagen
and the expansion of the ECM due to inflammation. As
a significant feature of obesity, oxidative stress participates
in the formation of fibrosis by activating TGF-B (30). We
observed a wide range of fibrotic reactions in HFD-fed
mice hearts, which was confirmed by the increase in mRNA
expression of TGF-8, CTGE collagen 1, and MMP-9. The
antagonism of 1-MNA to fibrosis was confirmed in vivo and
in vitro.

Our experiment also had many unsatisfactory problems,
such as the low number of animals in some of the in vivo
experiments. Because of some objective unavoidable factors,
in the Western Blot experiment in vivo, only 3 mice were
left for experiments. In terms of statistics, n > 3 does
have a small sample size. However, combined with the cell
experiments we think our experimental results still have some
credibility, the small sample ¢-test is still barely usable. This is
a inadequacy of this paper, and we will continue the relevant
research in the future that will expand the sample size of
each group to make the conclusions more convincing and
will systematically explore the potential role of 1-MNA in
heart disease.

In conclusion, our study confirmed that the myocardium
of the HFD mouse animal model presents evidence of chronic
fibrosis. TGF-B and CTGF expression in the tissue of HFD-
fed mice hearts increased, which subsequently induced the
expression of ECM proteins such as collagen 1. Our study
showed that following 1-MNA treatment, these fibrosis indices
were all downregulated, which revealed the anti-fibrotic
ability of 1-MNA in HFD-fed mice hearts. High fat-induced
inflammation, apoptosis, fibrosis, and hypertrophy were
improved by 1-MNA both in vivo and in vitro. These effects
of 1-MNA are closely dependent on its ability to increase
Nrf2 expression and inhibit NF-kB activity (Figure9). 1-
MNA may inhibit TGF-B collateralization by activating
SIRT1. Moreover, our study explored the regulatory effects
of Nrf2 and NF-kB on hyperlipidemia-induced cardiac
injury, through which we shed light on its protective role
in cardiac hypertrophy-induced oxidative stress and PA-
stimulated inflammation. Unfortunately, we did not use
pathway inhibitors in the current study, and in future studies
we will add inhibitors to explore the specific mechanisms by
which 1-MNA acts. In conclusion these results suggest that
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Nrf2, NF-kB and SIRT1 may be important targets for the
treatment of myocardial injury and related diseases caused
by hyperlipidemia.
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Proprotein convertase subtilisin/kexin type 9 (PCSK9) promotes degradation of
low-density lipoprotein receptor (LDLR) and plays a central role in regulating plasma
levels of LDL cholesterol levels, lipoprotein(a) and triglyceride-rich lipoproteins, increasing
the risk of cardiovascular disease. Additionally, PCSK9 promotes degradation of major
histocompatibility protein class | and reduces intratumoral infiltration of cytotoxic T cells.
Inhibition of PCSK9 increases expression of LDLR, thereby reducing plasma levels of
lipoproteins and the risk of cardiovascular disease. PCSK9 inhibition also increases cell
surface levels of major histocompatibility protein class | in cancer cells and suppresses
tumor growth. Therefore, PCSK9 plays a vital role in the pathogenesis of cardiovascular
disease and cancer, the top two causes of morbidity and mortality worldwide. Monoclonal
anti-PCSK9 antibody-based therapy is currently the only available treatment that
can effectively reduce plasma LDL-C levels and suppress tumor growth. However,
high expenses limit their widespread use. PCSK9 promotes lysosomal degradation
of its substrates, but the detailed molecular mechanism by which PCSK9 promotes
degradation of its substrates is not completely understood, impeding the development
of more cost-effective alternative strategies to inhibit PCSK9. Here, we review our current
understanding of PCSK9 and focus on the regulation of its expression and functions.

Keywords: lipid metabolism, cardiovascular disease, atherosclerosis, cancer immunotherapy, PCSK9, LDL
receptor, major histocompatibility protein class |

INTRODUCTION

Plasma low-density lipoprotein cholesterol (LDL-C) levels are positively correlated to the risk of
cardiovascular disease (CVD). Statins, the currently most-prescribed lipid-lowering drug, reduce
cardiovascular events by 20-40%. However, there is mounting evidence that about 50% of statin-
treated patients and 80% of very high-risk patients do not achieve the recommended cholesterol
values even with the highest tolerated dose. Furthermore, up to 20% of statin-treated people show
statin intolerance, and about 10-12% of cases exhibit maladaptive side effects (1). Thus, there is an
urgent need to develop a non-statin-based cholesterol-lowering drug.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) plays a
regulating plasma cholesterol homeostasis through promoting LDL receptor

critical role in
(LDLR)
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degradation (Figure 1). Gain-of-function mutations in PCSK9
cause autosomal dominant hypercholesterolemia, while loss-of-
function mutations are associated with reduced plasma levels
of LDL-C (2-6). PCSK9 also promotes major histocompatibility
protein class I (MHCI) degradation and suppresses immune
attacks to tumors (7) (Figure 1). Therefore, PCSK9 plays a central
role in the pathogenesis of CVD and cancers. In addition, it has
been reported that PCSKO9, especially extra-hepatic PCSK9, can
recruit inflammatory cells and induce local inflammation (8, 9).
Here, we summarize the latest advances in PCSK9 and focus on
its role in lipid metabolism and cancer immunotherapy and the
molecular mechanisms for the regulation of PCSK9 expression.

PCSK9 FUNCTION

Human and mouse PCSKY9 is encoded by the PCSK9/Pcsk9 gene
located at chromosome 1p32.3 and 4C7, containing thirteen and
twelve exons that encode a 692 and 694-amino acid PCSK9
protein, respectively (10). PCSK9 is highly conserved among
mammals, including chimpanzee, monkey, camel, alpaca, rat,
and mouse, with an approximate amino acid identity of 99,
96, 82, 81, 77, and 77%, respectively. The majority of identified
gain-of-function and loss-of-function mutations occur in entirely
conserved residues, such as gain-of-function mutations D35Y,
L108R, S127R, D129G, N157K, R215H, F216L, R218S, A220T,
R357H, D374Y, N425S, R468W, R496W and R499H, and loss-
of-function mutations R104C, R105Q, G106R, G236S, L253F,
G316C, N3541 and S462P (2, 4, 11, 12). However, loss-of-function
mutations R46L and R93C and gain-of-function mutations R96L,
A168E, R499H, and S636R are not conserved between human
and mouse or rat PCSK9. The correspondence residues of Arg46,
Arg93, Arg96, Alal68, Arg499, and Ser636 in mouse/ rat PCSK9
are Pro49/Pro48, GIn93/GIn92, His99/His95, Thr211/Thr167,
Trp512/Arg498, and Ser639/Ser635, respectively. Whether the
difference in these residues affects PCSK9 function, however,
is unclear.

PCSK9 contains a signal peptide [amino acid (aa) 1-30], a
prodomain (Pro) (aa 31-152), a catalytic domain (CAT) (aa 153-
425) and a Cys and His-rich C-terminal domain (CTD) (aa
426-692) (13) (Figure 1). The CAT contains a classical serine
protease catalytic triad of Asp186, His226 and Ser386 and is
highly conserved with the CAT of other proprotein convertases.
PCSKO is self-cleaved by the CAT at the FAQ152/SIPK site in the
endoplasmic reticulum (ER). After autocleavage, the prodomain
is associate with the CAT and masks the catalytic activity of
PCSKO9. This process is required for PCSK9 maturation and
secretion. Compared to the other subtilisin-like serine protease
family members, the CTD of PCSK9 is unique and contains
multiple potential protein-protein interaction motifs (13). The
CTD is positively charged and may interact with the negatively
charged ligand-binding repeats of LDLR in the acidic endosomal
environment, blocking recycling of the receptor (14, 15). In
addition, partial deletion of the CTD markedly damages PCSK9
secretion, indicating its essential role in this process (16, 17).
However, the underlying mechanism is unclear. Our recent study
suggests that the CTD mediates PCSK9 secretion, possibly via a
coat protein complex IT (COPII) component Sec24 (17).

PCSK9 induces degradation of LDLR and its family members,
including very low-density lipoprotein receptor (VLDLR),
apolipoprotein E receptor 2 (ApoER2), and LDLR-related
protein 1 (LRP1) (10, 18-20), thereby playing an essential
role in lipid metabolism. However, PCSK9 at a physiological
concentration can effectively degrade LDLR but not other LDLR
family members in cultured cells (19, 20). Similarly, PCSK9
degrades LDLR but not LRP1 in mouse liver (21), but it can
regulate visceral adipogenesis likely through promoting VLDLR
degradation in mouse adipose tissues (22). Conversely, loss
of functional PCSK9 in humans does not cause any known
abnormality except for reduced plasma cholesterol levels (3, 6).
Nevertheless, these findings indicate that PCSK9’s action on its
substrates is cell/tissue-type and/or species-dependent.

The CAT of PCSK9 directly binds to the epidermal growth
factor precursor homology domain A (EGF-A) of LDLR on
the cell surface. After endocytosis, PCSK9 remains bound
to LDLR in the acidic endosome, preventing LDLR from
recycling and redirecting the receptor to the lysosome for
degradation (Figure 1) (19, 21, 23, 24). PCSK9 can also promote
LDLR degradation via an intracellular pathway, especially when
overexpressed in cultured cells (25). Of note, evolocumab and
alirocumab are humanized monoclonal anti-PCSK9 antibodies
targeting the catalytic domain of PCSK9. They block PCSK9
binding to LDLR on the cell surface and do not affect
the intracellular pathway. On the other hand, Inclisiran is
a small siRNA that targets PCSK9 mRNA and reduces its
expression. It can inhibit both the intracellular and extracellular
pathways. However, evolocumab, alirocumab, and Inclisiran all
markedly reduce plasma LDL cholesterol levels in patients to
a similar degree (26-28). Therefore, the extracellular pathway
appears to be mainly responsible for the LDL-lowering effect of
PCSKO9 inhibition.

PCSK9 directs its substrates for lysosomal degradation
(Figure 1), which does not require its proteolytic activity (29).
Both caveolae-dependent and clathrin-mediated endocytosis
have been reported to play an important role in the endocytosis
of PCSK9/LDLR complex in HepG2 cells (30-32). Additionally,
DeVay et al. reported that amyloid beta precursor-like protein 2
(APLP2) directly bound to PCSK9 and targeted the PCSK9/LDLR
complex to lysosomes for degradation in HepG2 cells (33),
while other studies showed that APLP2 did not affect PCSK9-
promoted LDLR degradation in mice, HepG2, or Huh7 cells
(34, 35). Differences in approaches and/or models used in
these studies may cause these discrepancies. However, further
studies are required to elucidate the underlying mechanism for
PCSK9-promoted LDLR degradation.

PCSK9 and LDL

Plasma LDL is eliminated from circulation primarily via hepatic
LDLR. Upon binding, the LDL-LDLR complex is internalized
via the clathrin-coated pits and subsequently delivered to
endosomes, where LDL is released from LDLR and then
transported to lysosomes for degradation, while LDLR is recycled
to the cell surface to clear more LDL. Mutations in LDLR cause
familial hypercholesterolemia (FH), characterized by elevated
plasma levels of cholesterol, particularly LDL cholesterol, and

Frontiers in Cardiovascular Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 764038


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Xia et al. PCSKO9, Lipid Metabolism, and Cancer Immunotherapy

g -
P

FIGURE 1 | PCSK9, LDLR, and MHCI. PCSK9 is auto-cleaved in the ER. Mature PCSKS is transported to the Golgi and then secreted. PCSK9 binds to LDLR and
MHCI on the cell surface. After, the complex is delivered to endosomes via endocytosis and then transported to the lysosome for degradation. LDLR binds to its
ligands such as LDL, VLDL, and Lp(a) and then the receptor/ligand complex enters cells via receptor-mediated endocytosis and is delivered to the endosome. In the
acidic endosomal environment, the ligand, such as LDL, is released from LDLR and transported to the lysosome for degradation. LDLR is recycled to plasma
membrane. PCSK9-promoted degradation of LDLR increases plasma levels of LDL and Lp(a). Pro, prodomain; CAT, catalytic domain; CTD, C-terminal domain.

increased risk of CVD (36). PCSK9 promotes LDLR lysosomal ~ LDL cholesterol levels in Ldlr~/=/Apobecl™/~ mice (40).
degradation. Circulating PCSK9 preferentially degrades LDLRin ~ Conversely, gain-of-function mutant PCSK9 increases apoB100
mouse liver (37), which may be due to hepatic heparan sulfate  secretion in a rat hepatoma-derived cell line, McArdle-7777
proteoglycans (HSPG). HSPG can recruit circulating PCSK9  cells (41). These findings indicate that, in addition to reducing
to hepatocytes, enhancing its action on LDLR (38). Knockout  the availability of hepatic LDLR, PCSK9 may promote the
of PCSK9 increases hepatic LDLR levels, reduces plasma LDL  production of LDL through increasing secretion of VLDL.
cholesterol levels, and improves sensitivity to statin treatment in ~ However, hepatocytes typically produce apoB100 in abundance,
mice (37). and the rate-limiting step in VLDL secretion is lipidation of
LDL is derived from VLDL catabolism, which is a  apoB100. Therefore, the physiological role of PCSK9-promoted
triglyceride-enriched lipoprotein exclusively secreted by the  VLDL secretion may not be significant in vivo.
liver. Triglycerides in VLDL are hydrolyzed by lipoprotein lipase, PCSKO9 is also expressed in extra-hepatic cells and tissues, such
resulting in intermediate-density lipoprotein (IDL), which can  as the vascular smooth muscles cells (VSMCs), macrophages,
be further metabolized to LDL (39). PCSK9 can directly interact ~ endothelial cells, the pancreas, the kidneys, the intestine and the
with apoB100, the main structural lipoprotein on VLDL, and  central nervous system (10). The arterial vessel has the maximal
inhibit apoB100 degradation, thereby promoting its secretion.  secretion of PCSK9 at the lowest level of shear stress that occurs
Knockout of PCSK9 reduces hepatic apoB secretion and plasma  in the aortic branching and aorta-iliac bifurcation regions of
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the mouse aorta. Cultured VSMCs produce substantially more
PCSKO9 than endothelial cells (42). Elevated PCSK9 in VSMCs can
reduce LDLR levels in VSMCs and macrophages (42, 43), which
may impair LDL clearance and accelerate retention of LDL in
VSMCs and macrophages in the location of arterial bifurcation.
PCSK9 is also expressed in and secreted from pancreatic beta
cells. However, inhibition of PCSK9 does not affect insulin
secretion in the human EndoC-betaH1 beta cell line and
mice even though PCSK9 promotes LDLR degradation in beta
cells (44). Together, these findings indicate a cell-type-specific
function of PCSKO9.

PCSK9 and Triglyceride-Rich Lipoproteins
Elevated plasma levels of triglyceride-rich lipoproteins and their
remnants are an independent risk factor for atherosclerosis and
CVD. Hepatic LDLR binds to apoE on remnant lipoprotein
particles to mediate their clearance (36). Therefore, PCSK9
can affect plasma triglyceride and remnant cholesterol levels
through the LDLR pathway. Elevated plasma PCSK9 levels are
positively associated with plasma TG levels in humans upon a
short-term high-fructose intake (45). Treatments with PCSK9
inhibitors increase clearance of VLDL remnants in patients (46).
Alirocumab, a fully human PCSK9 monoclonal antibody, reduces
LDL particles by 56.3% in human patients. This reduction is
partly due to an increase in the clearance rate of IDL particles,
thereby decreasing the conversion of IDL to LDL (27).

PCSK9 is expressed in the intestine and can affect chylomicron
metabolism. Knockout of PCSK9 in mice significantly reduces
lymphatic apoB48 secretion and increases secretion of TG-
rich large chylomicrons. Clearance of chylomicron remnants
is also increased in Pcsk9~/~ mice (47). Rashid et al. further
demonstrated that PCSK9 promoted chylomicron secretion
through both LDLR-dependent and -independent pathways in
mice and a human enterocyte cell line, CaCo-2 cells, such
as increasing the expression of apoB, microsomal triglyceride
transfer protein and lipogenic genes in enterocytes (48).
However, inhibition of PCSK9 by evolocumab or alirocumab
does not significantly affect VLDL production or postprandial
plasma levels of apoB48 and triglycerides in healthy humans or
patients with hypercholesterolemia (49). Conversely, in patients
with type-II diabetes mellitus, evolocumab reduces postprandial
apoB48 levels even though the effect on postprandial triglyceride
levels is not significant, while alirocumab can significantly reduce
fasting plasma apoB48 and TG levels and postprandial TG
levels (50). Plasma PCSKO9 levels are also correlated with plasma
apoB48-containing TG-rich lipoproteins in men with insulin
resistance (51). However, the impact of PCSK9 on plasma levels
of TG-rich lipoproteins, such as VLDL and chylomicrons, is
much less than its effect on plasma LDL (52). This may be
because VLDL and chylomicron remnants can also be effectively
cleared by an LDLR-independent pathway, such as LRP1 (53).
In summary, extracellular PCSK9 regulates LDLR-mediated
catabolism, and intracellular PCSK9 modulates apoB secretion;
the two pathways might act in a complementary fashion to
regulate TG-rich lipoproteins metabolism with the extracellular
pathway as the primary contributor.

PCSK?9 and Lipoprotein(a)

Elevated plasma lipoprotein(a) [Lp(a)] levels are a highly
prevalent risk factor for cardiovascular disease, especially for
myocardial infarction, atherosclerotic stenosis and aortic valve
stenosis. Lp(a) is an apoB100-containing lipoprotein particle
covalently linked to the plasminogen-like glycoprotein apo(a)
by a disulfide bond (54). The statin treatment and lifestyle
interventions hardly affect circulating Lp(a) levels, which brings
a real challenge for successfully managing elevated Lp(a) levels
in patients. Conversely, PCSK9 inhibitors dramatically reduce
plasma Lp(a) levels up to ~35% in patients (54, 55). Inhibition
of PCSK9 reduces the risk of coronary heart disease to a
much greater degree in patients with a high plasma Lp(a)
level compared to patients with a low plasma Lp(a) level (23
vs. 7%) (54). However, how PCSK9 regulates Lp(a) levels is
unclear. Plasma Lp(a) levels are determined by its production
and clearance. Lp(a) is removed from circulation through LDLR,
SR-BI, and LRP1(54). Lp(a) levels are increased in FH patients
who carry loss-of-function mutant LDLR. Overexpression of
LDLR enhances Lp(a) clearance in mice. PCSK9 promotes
LDLR degradation and reduces Lp(a) catabolism in HepG2
cells and primary fibroblasts (31). These findings indicate that
PCSK9 can regulate plasma Lp(a) levels in a LDLR-dependent
pathway. However, while statin treatment increases LDLR levels,
it has no significant effect on plasma Lp(a) levels in patients.
Furthermore, lymphocytes from patients with homozygous FH
can effectively take up Lp(a) particles, and PCSK9 inhibitors
can lower circulating Lp(a) in homozygous FH patients (56),
indicating a LDLR-independent pathway. Lp(a) usually cannot
compete with LDL for binding to LDLR. It has been proposed
that PCSK9 inhibition can promote hepatic clearance of Lp(a)
through LDLR-mediated endocytosis when plasma LDL levels
are low (57). Nevertheless, although the mechanism by which
PCSKO9 inhibitors reduce Lp(a) levels remains to be determined,
the fact that PCSK9 inhibitors provide an additional beneficial
effect in lowering circulating Lp(a) may confer protection against
CVD from a clinical perspective. Further work is needed to
understand the role of PCSK9 in the overall metabolism of
apoB-containing lipoproteins, especially for Lp(a).

PCSK9 and Cancer Cell Immunity

MHCI on the cell surface presents specific antigens to T-cell
receptors (TCR) on CD8" T cells, activating CD8" T cell-
mediated cell killing. After antigen presentation, MHCI enters
cells via endocytosis and is recycled to present new antigens.
On the other hand, programmed cell death protein 1 receptor
(PD-1) on the cell surface interacts with its ligand programmed
death-ligand 1 (PD-L1) on T cells to act as an immune
checkpoint, which suppresses the immune response and prevents
indiscriminate attacks (58).

During tumor development, cancer cells evolve various
mechanisms to escape immune attacks, such as stimulating
immune checkpoint targets and reducing tumor-specific antigen
(TSA) presentation. Monoclonal anti-PD1 or PDL1 antibodies,
which inhibit the PD1 pathway and promote antitumor immune
response, have been approved to treat various types of cancers
such as melanoma, bladder cancer, non-small cell lung cancer,
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and renal cell carcinoma. On the other hand, MHCI on the cancer
cell surface presents TSA to CD8+ cells, activating CD8+ cell-
mediated cancer cell killing (58). Recently, Liu et al. reported
that PCSK9 bound to MHCI on the cancer cell surface and
redirected it to the lysosome for degradation, thereby reducing
cell surface MHCI levels and TSA presentation. Knockout of
PCSK9 or inhibition of circulating PCSK9 increased CD8" T
cell intratumoral infiltration and enhanced antitumor activity
of CD8" T cells in mice. This suppressed tumor growth of
several mouse cancer cell lines, including 4T1 (breast cancer),
MC38 (colon adenocarcinoma), and the PD-1 inhibitor-resistant
cancer cell line, MC38R, in mice (7). In addition, knockout of
PCSK9 suppressed tumor growth in Ldlr~/~ mice, indicating a
LDLR-independent mechanism. However, Yuan et al. reported
that inhibition of PCSK9 attenuated MC38 tumor growth in
a LDLR-dependent manner. They found that LDLR directly
interacted with T-cell receptor complex (TCR) and increased
its cell surface levels. Inhibition of PCSK9 increased LDLR
and TCR levels in MC38 tumors, enhancing TCR signaling
and CD8' T cell-dependent cancer cell killing in mice. The
reason for the discrepancy is unclear. Yuan et al. did not
report whether MHCI levels in MC38 tumors were affected
by PCSK9, but they found that PCSK9 inhibition did not
alter MHCI levels in B16F10 melanoma cells (59), indicating
that PCSK9 regulates MHCI levels in a tumor/cell type-specific
manner. These findings suggest that PCSK9 may control tumor
growth through the LDLR and the MHCI pathway independently
and/or collaboratively.

PCSK9 produced locally in vascular cells and cardiomyocytes
can promote inflammation via the NF-kB signaling pathway (60,
61). Chronic inflammation increases the risk of cancer. PCSK9
expression is high in various cancers, such as hepatocellular
carcinoma, gastricadenocarcinoma and prostate cancer cell lines
(62-64). Zhang et al. reported that PCSK9 expression is positively
correlated with poor prognosis. The authors found that PCSK9
suppressed apoptosis in cultured hepatoma-derived cell lines
through the Bax/Bcl-2/Caspase9/3 pathway (64). Consistently,
inhibition of PCSK9 by siRNA promotes apoptosis in a human
lung adenocarcinoma cell line, A549 cells, via activation of
caspase-3 and stimulation of ER stress (62). On the other
hand, silencing PCSK9 by siRNA reduces radiation-induced
apoptosis in prostate cancer cell lines, PC-3 and LnCap and
thus enhances cell viability (65). However, the authors did not
investigate the potential contribution of inflammation in these
studies. Nevertheless, these studies suggest that PCSK9 plays a
complex role in cancer development via different mechanisms.
Cancer risk analysis of subjects carrying loss-of-function and
gain-of-function mutations in PCSK9 will further reveal and
confirm the role of PCSK9 in cancer progression.

REGULATION OF PCSK9

PCSK9 plays a critical role in regulating circulating lipid
homeostasis and MHCI-dependent immune responses. The
complexity of PCSK9s functions indicates that its activity is
strictly regulated by various mechanisms at multiple levels.

Regulation of PCSK9 Expression

Epigenetically, binding of forkhead box O (FoxO) 3 to the
promoter of PCSK9 recruits Sirt6 to deacetylate histone H3,
suppressing PCSK9 expression (Figure2) (66). On the other
hand, histone nuclear factor P (HINFP) binds to a HINFP motif
in 20 bp upstream of the sterol regulatory element motif (SRE) in
PCSK9 promoter, promoting histone H4 acetylation to activate
sterol regulatory element-binding protein 2 (SREBP2)-mediated
upregulation of PCSK9 transcription (67). Furthermore, PCSK9
promoter is methylated. Alcohol use disorder (AUD) causes
hypomethylation in PCSK9 promoter and consequently reduces
PCSK9 expression and plasma cholesterol levels in a mouse
model of AUD, which may partially contribute to the protective
effect on CVD risk observed in light alcohol users (68).

At the transcriptional level, both SREBP1 and SREBP2 have
been reported to bind to SRE in PCSK9 promoter and thus
upregulate PCSK9 expression in cultured cells; however, PCSK9
is predominantly regulated by SREPB2 in vivo (69-71). Statin
treatment activates the transcriptional activity of SREBP2 and
thus increases the expression of LDLR and PCSK9 (71). However,
Poirier et al. reported that the expression of PCSK9 in the rodent
central nervous system was regulated in a SREBP2-independnet
manner (72). PCSK9 promoter also contains a binding site of the
transcription factor hepatocyte nuclear factor 1 alpha (HNF1la)
(70, 73). Silencing of HNFla but not HNFI1P significantly
reduced PCSK9 expression. Furthermore, insulin increases the
mTORCI signaling pathway and activates PKC3, which reduces
HNFla-mediated expression of PCSK9 and increases hepatic
LDLR levels (74). Li et al. reported that HNFla worked
cooperatively with SREBP2 to activate PCSK9 transcription
since mutations in the HNF1a-binding site significantly reduced
SREBP2-mediated upregulation of PCSK9 transcription (73).
However, the HNFla binding site is just 28 bp upstream of
the SREBP2 bindings site. Mutations in the HNFla binding
site may affect the integrity of SRE and then indirectly impair
SREBP2 binding.

The HNFla binding site in the promoter of PCSK9 contains
a consensus FoxO binding site (Figure 2). FoxO3 can inhibit
PCSK9 expression competitively via inhibiting HNFla-mediated
upregulation of PCSK9 (66). In addition, Lai et al. reported that
transcription factor E2F2 could bind to the PCSK9 promoter
region and upregulate its expression under a condition of feeding
or high cellular cholesterol levels (75). The promoter region of
PCSKO9 also contains NF-Y and SP1 binding sites upstream of
SRE (71). The putative NF-Y binding site appears not to affect
PCSK9 expression. However, the SP1 site may mediate basal
transcription of PCSK9 since it is not required for the sterol-
dependent regulation of PCSK9 expression, but mutations in this
site reduce PCSK9 expression (69). A variant, C-332C>A, in the
SP1 binding site, increases PCSK9 expression by approximately
2.5-fold independent of lovastatin treatment (76).

Several lines of evidence demonstrate the regulation of PCSK9
transcription by small molecules (Figure 2). Curcumin and the
methanol extract of Cajanus cajan L. leaves reduce HNFla
levels and downregulate PCSK9 transcription in HepG2 cells
(77, 78). Epigallocatechingallate (humans, Sprague-Dawl rats,
HepG2 and Huh7 cells), ascorbic acid (mice, HepG2 and
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FIGURE 2 | Regulation of PCSK9 expression. Transcriptional factors, such as SREBP2, HNF-1a, SP-1and E2F2, upregulate PCSK9 transcription. FGF21 and resistin
inhibit and increase SREBP2-mediated transcription of PCSK9, respectively. Barberine reduces PCSK9 expression via suppressing the activity of SREBP2 and
HNF-1a on PCSKO transcription. 9K suppresses PCSK9 expression through SP1 and HNF-1a, while Curcumin, 7030B-C5 inhibits HNF-1a-induced transcription of
PCSK9. Alcohol use causes hypomethylation of PCSK9 promoter and then reduces PCSK9 expression. Insulin activates mTROC1 and then PKCS to suppress
PCSK9 transcription via HNF-1a. miR-483-5p, miR-1228-3p, miR-143-5p, miR-564, and miR-4721 bind to the 3'UTR of PCSK9 mRNA, reducing PCSK9
expression, while miR27a somehow increases PCSK9 expression. R-IMPP inhibits 80S ribosome and reduces PCSK9 expression. After autocleavage in the ER,
PCSKQ is transported to the Golgi via classical COPII vesicles. There, PCSK9 undergoes posttranslational modifications, such as phosphorylation, glycosylation, and
sulfation. Mature PCSK9 is then secreted into the extra cellular environment.

Huh7 cells), Pinostrobin (HepG2 cells), and tanshinone IIA  reducing PCSK9 expression in mouse liver (85). In addition,
(HepG2 cells) reduce PCSK9 expression in a FoxO3a-dependent  glucagon, bile acids, fibrate, and oncostatin M have been
manner, probably via attenuating HNFla-mediated activation of ~ reported to inhibit PCSK9 expression at the transcriptional
PCSK9 expression and/or methylation in the promoter region  levels in HepG2 cells (86-88), but the underlying mechanisms
of PCSK9 (79-82). A small molecular, 7030B-C5, also reduces  are unclear. On the other hand, resistin, a small cysteine-rich
PCSK9 expression in HepG2 cells and mice mainly through  protein secreted from macrophages and adipose tissues, increases
the FoxOl1 and HNFla pathway (83). In addition, Berberine = PCSK9 transcription via the SREBP2 pathway in HepG2 cells and
reduces PCSK9 expression mainly through attenuating SREBP2 ~ primary human hepatocytes (89). Nevertheless, these findings
and HNFla-mediated upregulation of PCSK9 transcription in  indicate the potential of inhibiting PCSK9 transcription as
HepG2 cells (73), which may account for its cholesterol-lowering ~ an avenue to lower plasma cholesterol levels, reducing CVD
effect. Conversely, a berberine derivative, 9k, downregulates risk. However, the aforementioned transcriptional factors also
PCSK9 expression via suppressing the transcriptional activity — regulate the transcription of many other proteins that play
of HNFla and/or SP1 in HepG2 cells (84). Fibroblast growth  important roles in various physiological processes. For example,
factor 21 inhibits the transcriptional activity of SREBP2, thereby  inhibition of SREBP2 reduces LDLR expression, attenuating LDL
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clearance. Inhibition of HNFla activity does not affect LDLR
expression. However, HNFla can act as a tumor suppressor, and
its expression is reduced in patients with liver malignancies (90).
Thus, it is a big challenge to develop small molecules that can
specifically modify PCSK9 expression at the transcriptional level.

Post-transcriptionally, the expression of PCSK9 is regulated
by microRNAs (miRNA) (Figure 2). miR-483-5p targets the
3'-UTR of the PCSK9 mRNA, reduces PCSk9 expression and
decreases plasma cholesterol levels in HepG2 cells and mice
(91). Similarly, miR-224, miR-191, miR-222, miR-1228-3p, miR-
564, miR-4721, miR-337-3p, and miR-143-5p can reduce PCSK9
expression through targeting its 3-UTR in cultured cells, such
as Huh7, HepG2 and BON-1 cells (92-94). A common variant,
1420C>G, decreases the inhibitory effect of miR-1228-3p and
miR-143-5p on PCSK9 expression, reducing plasma levels of
PCSK9 and LDL cholesterol (95). Similarly, Los et al. identified
several variants in PCSK9 3'-UTR in FH patients. The variant
345C>T impairs binding of miR-4721 and miR-564 to PCSK9 3-
UTR and increases PCSK9 expression (93). Conversely, miR-27a
upregulates PCSK9 expression, possibly through binding to the
upstream of PCSK9 promoter in HepG2 cells (96). It is of note
that a single miRNA often targets multiple genes as binding of
miRNAs to their target genes requires seed pairing of as few as
six nucleotides or even imperfect seed pairing (97). Thus, one
of the key issues of miRNA-based therapies is their potential
off-target effect.

Compared to miRNA, siRNAs bind to their complementary
sequence in mRNA that completely matches their antisense
strand, thereby specifically reducing the expression of their
target genes. Phase III trials of Inclisiran, a chemically modified
siRNA that targets PCSK9 mRNA, shows a promising lipid-
lowering effect. Subcutaneous injection of Inclisiran reduces
plasma LDL-C levels up to 50% in heterozygous FH patients
without any major side-effects (26). Inclisiran, which requires
twice-yearly administration, may reduce the cost of PCSK9
inhibitors compared to the current PCSK9 monoclonal antibody
therapy that needs administration every 2-4 weeks. However, it
is still a financial burden as a primary prevention measure for all
eligible patients. In addition, siRNAs, particularly at a high dose,
also exhibit miRNA-like off-target activity (98). Additionally,
duplex siRNA can trigger an innate immune response in Toll-like
receptors-dependent and independent mechanisms (99). Patients
with Inclisiran treatment do show a slightly increased rate of
mild-to-moderate bronchitis (4.3 vs. 0.7% for Inclisiran and
placebo, respectively) (26). Therefore, possible long-term side
effects of using siRNAs as a lifelong primary prevention strategy
need to be assessed.

A small molecule, R-IMPP, can selectively target human 80S
ribosome and inhibit PCSK9 translation. R-IMPP significantly
reduces the protein level of PCSK9, thereby increasing LDLR
levels and LDL uptake in Huh7 cells (100). However, the
therapeutic potential of R-IMPP is uncertain because ribosomes
are the core of protein translation machinery and not an ideal
therapeutic target.

Most recently, Liu et al. reported that the blood flow
rate regulated PCSK9 expression through the toll-like receptor
4-MyD88-NF-kB signaling pathway in the rabbit thoracic aorta.

Low-flow state increased, whereas high-flow state reduced the
mRNA and protein level of PCSK9 in vascular cells. Interestingly,
they observed an opposite effect on the expression of LDLR
(101), indicating that the impact of flow rate is independent of
SREBP2. Interestingly, knockdown of PCSK9 suppressed, while
overexpression of PCSK9 enhanced the toll-like receptor 4-NF-
kB signaling pathway and inflammation in the atherosclerotic
lesions of apoE_/ ~ mice (60). It will be of interest to see if
the increased expression of PCSK9 under the low-flow state
promotes the toll-like receptor 4-NF-kB signaling pathway in the
thoracic aorta.

Circulating PCSK9 is mainly produced by hepatocytes. Blood
flow rate may not have a similar effect on PCSK9 expression in
hepatocytes since hepatocytes, unlike aortic vascular cells, are not
directly exposed to blood flow. On the other hand, blood flow rate
equals blood flow divided by cross-section area. Atherosclerosis
causes blood vessels to harden and to narrow, which increases
blood flow rate. It would be of interest to assess whether PCSK9
expression in vascular cells near and at atherosclerotic lesion
area is reduced due to the increased blood flow rate, which
could lead to a beneficial outcome since vascular cell PCSK9 can
promote inflammation.

Regulation of PCSK9 Secretion

Although multiple tissues express PCSKY, circulating PCSK9 is
mainly secreted from the liver (102). Loss-of-function PCSK9
mutations such as G236, S462P, and C679X reduce its secretion,
while gain-of-function mutations such as E32K enhance PCSK9
secretion (17, 103). Furthermore, circulating PCSK9 is rapidly
cleared from the blood with a half-life of about 5min in mice
(37), indicating that targeting PCSK9 secretion is a promising
therapeutic strategy. However, the machinery system controlling
PCSK9 secretion is still elusive.

PCSK9 undergoes autocleavage in the ER (104), which
is essential for its maturation and secretion. However, the
enzymatic activity is not required for this processing. Mutant
PCSKO9 that losses its catalytic activity is retained in the ER, but
coexpression of prodomain with catalytic dead mutant PCSK9
rescues its secretion in HepG2 cells (29). In addition, deletion of
part of the C-terminal domain of PCSK9 impairs its secretion but
does not affect its autocleavage in cultured human hepatocytes,
such as HepG2 and Huh7 cells (17, 105), indicating that the
autocleavage is not sufficient to support PCSK9 secretion. After
autocleavage, the cleaved N-terminal PRO is associated with the
catalytic domain and functions as an intramolecular chaperone,
guaranteeing the correct folding of the catalytic domain in the
ER. This step is believed to be the rate-limiting step for PCSK9
mature and secretion (103).

PCSK9 is transported from the ER to the Golgi via the classical
COPII vesicles. The lack of SEC24, one of COPII components,
significantly reduces PCSK9 secretion in mice and cultured
human hepatocytes, HepG2 and Huh7 cells (17, 106). However,
PCSK9 is a secretory protein located in the ER lumen, while
SEC24 is located in the cytosol. Therefore, a cargo receptor is
required to bridge the interaction between PCSK9 and SEC24.
Emmer et al. reported that a cargo receptor Surf4 facilitated
secretion of PCSK9 that was overexpressed in HEK293 cells.
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They found that Surf4 co-immunoprecipitated with PCSK9, and
knockout of Surf4 significantly reduced the amount of PCSK9
detected in culture medium (107). Surf4 is a transmembrane
protein that mainly resides in the ER membrane. It contains
five putative transmembrane domains, an ER lumen-exposed
N-terminus that binds cargo proteins within the lumen, and
a cytoplasmic domain that interacts with COPII components,
facilitating cargo sorting into COPII vesicles. However, we found
that knockdown of Surf4 in cultured immortalized human
hepatocytes, HepG2 and Huh7 cells, did not impair endogenous
PCSK9 secretion (108). This discrepancy may be caused by
different types of cells used in the two studies. We investigated
endogenous PCSK9 secretion from cultured hepatocytes, HepG2
and Huh7 cells, while Emmer et al. studied the effect of Surf4
on secretion of PCSK9 overexpressed in HEK293 cells that do
not express endogenous PCSK9. Furthermore, we found that
knockdown of Surf4 in mouse liver had no significant effect on
plasma and hepatic PCSK9 levels. In liver-specific Surf4 knockout
mice, the levels of PCSK9 in plasma and liver homogenate were
also comparable to that in the wild-type mice (109). Therefore,
Surf4 is not required for endogenous PCSK9 secretion.

The C-terminal domain of PCSK9 has been implicated in
its secretion. Loss-of-function mutations such as E498K and
$462P located in the C-terminus of PCSK9 damage its secretion
(12, 103). Deletion of the entire C-terminal PCSK9 from amino
acids 456 to 692 does not impair PCSK9 secretion. Conversely,
removing part of the C-terminal region (from amino acids
457 to 528 or 608 to 692) damages PCSK9 secretion (16, 17,

105). Furthermore, the deletion of part of or the entire hinge
region that connects the catalytic domain and the C-terminal
domain also significantly reduces PCSK9 secretion, indicating
the important role of this region. SEC24 silencing significantly
reduces the secretion of the wild-type but not mutant PCSK9
without the C-terminal domain, indicating that the C-terminal
region of PCSK9 may be involved in SEC24-facilitated PCSK9
secretion (17). Further studies are required to elucidate how
PCSK9 is sorted into COPII vesicles. Most recently, Rogers
et al. reported that dynamin-related proteinl (DRP1)-mediated
ER remodeling involved in PCSK9 secretion (110). Inhibition
of DRP1 by mitochondrial division inhibitor 1 or knockout
hepatic DRP1 markedly reduced PCSK9 secretion in HepG2 cells
and mice.

After delivery to the Golgi apparatus, PCSK9 undergoes
various posttranslational modifications and is then packed into
secretory vesicles. The vesicles are delivered to and fused with the
plasma membrane, releasing PCSK9 into the extracellular milieu.
Gustafsen et al. reported that sortilin co-immunoprecipitated
with PCSK9, and the two proteins were colocalized in the trans-
Golgi network in HepG2 cells. Knockout of sortilin significantly
reduced plasma PCSK9 levels in mice and reduced PCSK9
secretion from mouse primary hepatocytes. The author further
showed that PCSK9 levels were positively correlated with sortilin
levels in human serum. Thus, they concluded that sortilin
interacted with PCSK9 in the trans-Golgi network, facilitating
PCSK9 secretion (111). On the other hand, Butkinaree et al.
reported that plasma levels of PCSK9 were comparable in sortilin

TABLE 1 | PSCKQ inhibitors.

Name Strategy Target Mechanism Status
Evolocumab Humanized monoclonal CAT of PCSK9 Blocking PCSK9 Approved
antibody binding to LDLR
Alirocumab Humanized monoclonal CAT of PCSK9 Blocking PCSK9 Approved
antibody binding to LDLR
Inclisiran GalNAc-conjugated siRNA mRNA of PCSK9 Inhibiting PCSK9 Under review
expression by the FDA
LIBoO3 Adnectin-human serum CAT of PCSK9 Blocking PCSK9 Phase Ill
albumin fusion protein binding to LDLR
ATO4A and ATOBA PCSK9 peptide Vaccine Aa 153-162 of PCSK9 Blocking PCSK9 Phase |
binding to LDLR
Mimetic peptide Mimicking the binding site of CAT of PCSK9 Blocking PCSK9 Preclinical
PCSCK9 on LDLR binding to LDLR
DRP Small PCSK9 inhibitor Inhibiting interaction Preclinical
between PCSK9 and
HSPG
NYX-330 Small PCSK9 inhibitor PCSK9 Inhibition of PCSK9 Preclinical
binding to LDLR
PF-0644846 Inhibitor of ribosome 808 ribosome Inhibition of PCSK9 Preclinical
translation
CRISPR-Cas9 Gene editing PCSK9 gene Knockout/knockdown Preclinical
of PCSK9 expression
9k Small inhibitor, berberine The HNF1a pathway Inhibition of PCSK9 Preclinical
derivative transcription
7030B-C5 Small inhibitor the FoxO1 and HNF1a pathway Inhibition of PCSK9 Preclinical
transcription
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knockout mice and wild-type littermates, and sortilin had no
effect on PCSK9-promoted LDLR degradation in HepG2 and
Huh7 cells. Instead, PCSK9 induced sortilin degradation (35).
The reason for this discrepancy is unclear. The mice used in the
Gustafsen study were C57BL/6] background, while Butkinaree et
al. did not report their mouse background. Nevertheless, these
findings reveal the complexity of the molecular mechanisms of
PCSKO9 secretion.

Posttranslational Modifications of PCSK9

PCSK9 is predicted to be phosphorylated on serine,
threonine, asparagine, and lysine residues by PhosphoSitePlus
(www.phosphosite.org). Mass spectrometry analysis of plasma
samples confirms this prediction. Furthermore, Dewpura
et al. reported that PCSK9 was partially phosphorylated on
serine residues at positions 47 and 688 by a Golgi casein
kinase-like kinase in a cell-type dependent manner, with the
highest phosphorylation in HepG2 cell (~70%), followed by
Huh 7 cells (~54%), HEK293 cells (~23%), and CHO-Klcells
(none). Phosphorylation may protect PCSK9 against proteolysis
and increase its stability in Huh 7 cells (112). Meanwhile,
this finding also indicates that serine phosphorylation is not
required for PCSK9’s action on LDLR since PCSK9 purified
from CHO-K1 cells is unphosphorylated and can effectively
promote LDLR degradation (38). It has also been reported
that PCSK9 was phosphorylated on serine residues at positions
47, 666, 668, and 688 by family with sequence similarity 20,
member C (FAM20C), which increased PCSK9 secretion
and enhanced its ability to promote LDLR degradation in
HepG2 cells (113). However, phosphorylation at these sites
was also not required for PCSK9-promoted LDLR degradation
since mutant PCSK9 that lost phosphorylation at the four
serine residues still could stimulate LDLR degradation. In
addition, FAM20C phosphorylates serine residue in a consensus
Ser-x-Glu motif present in many secreted proteins (114).
Thus, it cannot be ruled out that FAM20C may indirectly
affect PCSK9 secretion and function via phosphorylation of
other proteins.

PCSK9 is N-glycosylated on asparagine residue at position
533 and sulfated on tyrosine residues (104). Detailed analysis
revealed that the N-glycosylation at Asn533 and sulfation
at Tyr38 were not required for PCSK9 processing, secretion
and function in HepG2 and Huh 7 cells (115). Treatment
of cells with tunicamycin that inhibits N-glycosylation or
chlorate that inhibits tyrosine sulfation had no effect on
PCSK9 expression and secretion in the human hepatocyte
cell line, Huh7 cells. When overexpressed, mutant PCSK9
that lost the N-glycosylation and Tyr sulfation sites alone
or together could be efficiently secreted and promote LDLR
degradation in Huh7 and HepG2 cells (116). However, the
secreted mutant PCSK9 appeared to promote LDLR degradation
less effectively than the wild-type protein, suggesting that
N-glycosylation may enhance the ability of PCSK9 to stimulate
LDLR degradation.

Plasma levels of PCSK9 in subjects carrying phosphomannose
mutase 2 (PMM2) variants (p.R141H and p.P69S) are

significantly reduced by approximately 42% compared to
the controls, which might contribute to hypolipidemia observed
in these patients (116). The PMM2 variants may affect
N-glycosylation of PCSK9 and its secretion in vivo, even
though removal or inhibition of N-glycosylation in PCSK9
does not affect its secretion in cultured cells. Alternatively,
these variants may impair PCSK9 secretion indirectly by
affecting unknown factors that are important for PCSK9
secretion since PMM2 is required for the synthesis of GDP-
mannose, a mannose donor for N-glycosylation. Analysis
of secretion of N-glycosylation defective PCSK9 mutant in
Pcsk9™/~ mice might provide a clue for the potential role of
N-glycosylation in PCSK9 secretion in vivo. Nevertheless, these
studies indicate that posttranslational modifications, including
phosphorylation, sulfation and N-glycosylation, may affect
but are not required for PCSK9 processing, secretion, stability
and function.

CONCLUSION AND PERSPECTIVES

PCSK9 regulates plasma cholesterol levels and tumor-specific
antigen presentation primarily through promoting LDLR and
MHCI degradation, respectively. Of note, the lack of PCSK9
in humans does not cause any known notable side effects
(3, 6). Therefore, PCSK9 is a promising therapeutic target to
reduce the risk of the top two leading causes of mortality
worldwide, cardiovascular disease and cancer. Various strategies
have been or are being developed to inhibit PCSK9 (117-
120) (Table 1). Current PCSK9 inhibitors, evolocumab and
alirocumab, are humanized monoclonal anti-PCSK9 antibodies.
They can significantly reduce plasma LDL cholesterol levels
and cardiovascular events in patients with hypercholesterolemia
and suppress tumor growth in mice. Inclisiran, a chemically
synthesized siRNA targeting PCSK9 mRNA, also significantly
reduces plasma LDL cholesterol levels by about 30-50% with
only two injections each year. However, these strategies are
expensive, limiting their widespread use. Other strategies, such
as CRISPR-Cas9 gene editing and PCSK9 vaccine, are only
in preclinical studies or phase I clinical trials (119, 120).
Therefore, there is an urgent need for further research to
elucidate the underlying mechanisms for PCSK9’s impact on
lipid metabolism and cancer growth. For example, (1) PCSK9
binds to LDLR with a much higher affinity at the acidic
endosomal environment to block LDLR recycling. Does PCSK9
bind to MHCI in a pH-dependent manner? (2) PCSKO,
LDLR and MHCI do not contain a lysosomal targeting signal;
how is PCSK9/LDLR and PCSK9/MHCI complex redirected
from the endosome to the lysosome for degradation? (3)
Circulating PCSK9 is mainly secreted from hepatocytes and
then promotes LDLR and MHCI degradation. What machinery
system assists PCSK9 secretion? (4) HSPG facilitates PCSK9-
promoted hepatic LDLR degradation. Is there a cofactor assisting
PCSK9’s action on MHCI? Answering these questions is critical
to the development of innovative and more cost-effective
treatment options to inhibit PCSK9-promoted degradation of
LDLR and MHCI.
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Obesity is a growing public health challenge across the globe. It is associated with
increased morbidity and mortality. Cardiovascular disease (CVD) is the leading cause
of mortality for people with obesity. Current strategies to reduce CVD are largely focused
on addressing traditional risk factors such as dyslipidemia, type 2 diabetes (T2D) and
hypertension. Although this approach is proven to reduce CVD, substantial residual
risk remains for people with obesity. This necessitates a better understanding of the
etiology of CVD in people with obesity and alternate therapeutic approaches. Reducing
inflammation may be one such strategy. A wealth of animal and human data indicates
that obesity is associated with adipose tissue and systemic inflammation. Inflasmation is
a known contributor to CVD in humans and can be successfully targeted to reduce CVD.
Here we will review the etiology and pathogenesis of inflammation in obesity associated
metabolic disease as well as CVD. We will review to what extent these associations are
causal based on human genetic studies and pharmacological studies. The available data
suggests that anti-inflammatory treatments can be used to reduce CVD, but off-target
effects such as increased infection have precluded its broad therapeutic application
to date. The role of anti-inflammatory therapies in improving glycaemia and metabolic
parameters is less established. A number of clinical trials are currently ongoing which
are evaluating anti-inflammatory agents to lower CVD. These studies will further clarify
whether anti-inflammatory agents can safely reduce CVD.

Keywords: obesity, cardiovascular disease(s), inflammation, atherosclerosis, genetic pathway

INTRODUCTION

Obesity is a chronic disease which increases mortality and morbidity and has reached epidemic
proportions (1, 2). Recent data estimates that roughly 604 million adults and 108 million
children worldwide are obese (3). This has led to an increase in obesity-related comorbidities
including cardiovascular disease, type 2 diabetes (T2D), fatty liver disease, dementia, osteoarthritis,
obstructive sleep apnea, and several cancers (3-5). Cardiovascular disease (CVD) is of particular
concern due to its significant mortality, strain on healthcare systems, and loss of labor productivity
(6). Despite therapeutic progress, CVD is the leading cause of mortality in people with obesity,
accounting for ~70% of deaths in people with obesity (5, 6).

The increased risk of CVD, and in particular atherosclerotic CVD (ACVD), in people with
obesity is to a large extent mediated by traditional established risk factors such as insulin resistance,
dyslipidemia, T2D, hypertension, and obstructive sleep apnea (OSA) (7). Despite improved
treatments to target these traditional risk factors, people with obesity remain at risk of ACVD,
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suggesting that additional factors play a role (7). Recent data
indicates that inflammation is an important contributor to
ACVD (8,9).

Notably, obesity is associated with chronic low-grade
inflammation, which is a plausible mediator of the increased
CVD seen in people with obesity (10-14). Here we will review
the association between inflammation, obesity and ACVD. As
genetically validated therapeutic targets have increased likelihood
of success, we will specifically focus on the genetic evidence
for a causal association between inflammation and cardio-
metabolic disease.

THE ASSOCIATION BETWEEN OBESITY
AND ESTABLISHED CVD RISK FACTORS

Obesity is a chronic disease in which excess adiposity impairs
health (15). It is associated with insulin resistance, dyslipidemia,
T2D, hypertension, and OSA, which are established CVD risk
factors (7, 14). Although conventionally defined by a body
mass index (BMI; weight in kilograms divided by square of
height in meters) >30, this does not uniformly stratify patients
at risk of cardiometabolic disease (16, 17). In contrast, waist-
to-hip ratio (WHR) is a better predictor of both metabolic
disease and myocardial infarction compared to BMI (16, 17).
In a recent observational study from Holland which included
participants from multiple ethnic groups (African Surinamese,
South Asian Surinamese, Turkish, Moroccan, Ghanaian, and
Dutch Caucasian), WHR was the most reliable predictor of
T2D, overall and across ethnic groups, in both men and
women (18). The receiver operated curves (ROC) for WHR
was 0.78 in men and 0.81 for women (18). The ROC for
BMI was 0.68 and 0.74 in men and women, respectively
(18). Observational data also indicates that the odds ratio for
myocardial infarction significantly increased for every successive
WHR quintile (1.15, 1.39, 1.9, and 2.52, respectively) (17). Risk
of myocardial infarction for those in the top two quintiles of
BMI was 7.7%, compared to 24.3% for the top two quintiles
of WHR (17). For each 1 standard deviation increase in WHR,
the odds ratio of myocardial infarction increased by 1.37,
even following adjustment for BMI (17). In contrast, the odds
ratio increased by 1.10 for BMI and 1.02 when adjusted for
WHR (17).

OBESITY AND INSULIN RESISTANCE IN
T2D

Increased WHR, a predictor of insulin resistance and T2D, is
associated with increased centripetal adiposity and/or lack of
femoro-gluteal adiposity (16, 19). Genetic analyses suggest that
these are causal associations mediated by reduced adipose storage
capacity (7, 20). Weight gain in the presence of reduced adipose
storage capacity leads to ectopic lipid deposition in the liver,
skeletal muscle, and pancreas and increase in visceral adipose
tissue (Figure 1) (13, 14). The BMI threshold at which this occurs
is variable and influenced by age, ethnicity, sex, and genetic
factors (13, 14). Although obesity rates are higher in women,

pre-menopausal women are protected from metabolic disease
(21-26). Conversely, men develop metabolic disease at lower
BMI (21-26).

Ectopic lipid in liver and skeletal muscle has been causally
implicated in insulin resistance via lipid intermediaries such as
diacylglycerol and ceramides (27, 28). Pancreatic lipid deposition
likely impairs beta cell function (29). Weight loss of 5-10%
can reduce ectopic lipid, thus improving insulin sensitivity and
glycemica (30). Greater weight loss of ~15% or more, either
through reduced caloric intake or bariatric surgery (the most
efficacious weight loss treatment), can reverse ectopic lipid
deposition and potentially reverse insulin resistance and T2D
(29, 31-33).

OBESITY AND INSULIN RESISTANCE
IN DYSLIPIDEMIA

Patients with obesity and insulin resistance frequently have
elevated triglyceride (TG), triglyceride rich lipoproteins (TRL),
low high density lipoproteins (HDL), and increased small dense
low density lipoproteins (LDL) (34). The increase in TG and
TRL is likely mediated by compensatory hyperinsulinaemia,
secondary to insulin resistance in the presence of increased
lipid flux to liver and intetsine (34). Consequently, hepatic
lipogenesis, and production of TRL from liver (very low-
density lipoprotein secreted in the fasted and post-prandial
state) and intestine (chylomicrons secreted after meals) increases
(34). Increased TG/TRL results in triglyceride enriched HDL
which has enhanced hepatic clearance which reduces reverse
cholesterol transport and lowers HDL. Increased TRL also yields
smaller dense LDL particles (13). TRL undergo lipolysis to yield
remnant particles. Both TRL remnants and small dense LDL
likely have atherogenic properties (13). Human genetic studies
have consistently implicated TRL as a causative risk factor for
CVD (35-39).

Weight loss improves dyslipidemia in patients with insulin
resistance (13). Weight loss through lifestyle intervention,
pharmacotherapy, and bariatric surgery have been shown to
lower plasma triglycerides (TG) and increase plasma HDL
but whether this translates to lower CVD is not conclusively
established (40-42) Pharmacotherapy to reduce plasma TG,
which does not always result in reduced TRL/TRL remnant
particle number, has not consistently translated to reduced
CVD (13).

OBESITY AND INSULIN RESISTANCE IN
HYPERTENSION

Obesity is estimated to contribute to ~70% of the risk for
primary/essential hypertension (14, 16). Mechanical effects
of visceral fat on natriuresis, leptin-mediated sympathetic
system activation as as increased
aldosterone action likely contribute to obesity-associated
hypertension (43-45).

Obesity is associated with a 2-fold increased risk in OSA
and prevalence of OSA in those with obesity has been
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FIGURE 1 | Proposed mechanisms linking obesity, inflammation and cardiovascular disease. When adipose storage capacity is exceeded, increased lipid flux, and
ectopic lipid in liver, skeletal muscle, and pancreas reduce insulin sensitivity and beta cell function. Compromised adipose storage is also associated with adipose and
systemic inflammation, which can potentially potentiate atheroma development. Increased TRL and FFA, which are features of insulin resistance, may also increase
inflammation and atheroma development. FFA, free fatty acids, IR, insulin resistance; TRL, triglyceride rich lipoproteins.
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reported to be ~45% (46, 47). Treatment of OSA with
continuous positive airway pressure (CPAP) therapy induces
small but significant improvement in hypertension (48). Weight
loss through lifestyle changes, the medication liraglutide and
bariatric surgery attenuates many of the underlying pathological
processes contributing to hypertension and improves/resolves
hypertension, especially early in the course of the disease before
end organ damage (40, 41, 43, 49).

OBESITY, INSULIN RESISTANCE AND
INFLAMMATION

As alluded to earlier, compromised adipose storage capacity
in the setting of weight gain is causally associated with
cardiometabolic disease. WHR is a better predictor of
compromised adipose storage and cardiometabolic disease than
BMI (16, 19). Compromised adipose storage is associated with
adipose hyperplasia and hypertrophy and hypoxia with apoptosis
(50, 51). This is associated with recruitment of inflammatory
cells including macrophages, neutrophils, and lymphocytes (50).
Compromised adipose storage is also associated with increased
visceral adipose tissue and visceral adipose inflammation
(50). Adipose tissue macrophages in insulin resistant states
are polarized to a more inflammatory phenotype and secrete
inflammatory cytokines including tumor necrosis factor-alpha
(TNF-alpha), interleukin-lbeta and interleukin-6 (Table 1)
(50, 52). Administration of TNF-alpha in mice induces insulin
resistance, while attenuation of TNF-alpha with genetic
or pharmacologic manipulation protects against metabolic
dysfunction (52). TNF-alpha has been shown to increase the
activity of kinases such as c-Jun N-terminal kinases (JNK 1 and
2) and I kappa B Kinase (IKK), which phosphorylate insulin
receptor substrate at serine residues to impair insulin action

(52). Adipose inflammation is also associated with recruitment
of neutrophils which release neutrophil elastase, promoting
further increase in adipose tissue macrophage infiltration (52).
Innate lymphoid cells, CD4+ helper T cells, cytotoxic CD8+
cells and innate-like T cells further propagate inflammation with
secretion of inflammatory cytokines including, TNF-alpha and
gamma-interferon (50). In animal models, gamma-interferon
has been implicated in impaired insulin signaling, reduced
adipogenesis, and adipose storage via JAK-STAT signaling (50).
Depleting these sub-populations of lymphocytes in obesity in
mouse models is associated with protection against metabolic
disease (50).

Free fatty acids, which are increased in obesity and insulin
resistance, can directly impact inflammation. Palmitate, which
is increased in high fat fed mice, activates the NACHT, LRR,
and PYD domain-containing protein 3 (NLRP3) inflammasome
protein complex which secretes caspase-1 (52). This results
in cleavage and secretion of active IL-1beta and II-18 from
macrophages (52, 53). In addition to insulin resistance, IL-1 beta
has been implicated in impaired insulin secretion and T2D (53).
Fatty acid can also promote inflammation via activating TLR4
(toll like receptor 4), which in turn can activate macrophages and
TNEF-alpha production (52).

IMPACT OF INFLAMMATION ON
ATHEROMA DEVELOPMENT

Inflammation plays an important role in the development
of an atheroma (8, 9). Blood vessels have three layers:
tunica intima (facing the lumen), tunica media, and tunica
adventitia. Vessel wall damage in the tunica intima layer and
endothelial dysfunction are early steps in the pathogenesis of
atherosclerosis (8). Under these circumstances, endothelial
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TABLE 1 | Critical regulators of inflammation in obesity and CVD (50, 52).

Impact on metabolic function Impact on atherosclerosis

Activates NLRP3
inflammasome and TLR4 in
macrophages

Free fatty acid - Contributes ectopic lipid
deposition and insulin

resistance and type 2 diabetes

IL-6 - Impairs insulin sensitivity and - Secreted by macrophages to
increases T2D risk in genetic further increase inflammation in
analyses atheromas

PAI-1 - FFA increases production - Increases risk of intravascular

- Elevated levels found in thrombus and CVD by
individuals with abdominal inhibiting tPA and contributing
fat accumulation to fibrinolysis and

atherothrombosis

TNF-alpha - Secreted by macrophages in - Secreted by macrophages and

adipose tissue. Implicated in
reduced insulin signaling in
animal models -

inflammatory cells in atheromas
to further increase inflammation
Causally implicated in CVD in
Mendelian randomization
analysis

FFA, free fatty acid; IL, interleukin; IR, insulin resistance; PAI-1, plasminogen activator
inhibitor-1; T2D, type 2 diabetes; TG, triglycerides; TNF, tumor necrosis factor; tPA, tissue
plasminogen activator; WC, waist circumference.

express adhesion molecules such as vascular cell adhesion
molecule-1 (VCAM-1) and chemoattractant proteins such as of
monocyte chemoattractant protein 1 (MCP-1), which recruit
inflammatory cells including monocytes and lymphocytes to
the endothelium and can further propagate inflammation by
secretion of cytokines such as interleukin-1, interleukin-6,
TNF-alpha, and colony stimulating factor 1 (8). Monocytes
recruited to vessel mature into macrophages and take up
cholesterol particles to form foam cells (8). The cytokine milieu
promotes vascular smooth cell proliferation within the intima,
which with the secretion of extracellular matrix gives further
propagates atheroma development (8). Animal data indicates
that vascular smooth muscle cells from the tunica media can
migrate to the intima and undergo metaplasia and acquire
foam cell markers (8, 9). Apoptosis and ineffective clearance
of phagocytes and other inflammatory entities promotes the
development of a necrotic core in the atherosclerotic lesion
(8, 9). Superficial erosion of the plaque due to loss of the
endothelial monolayer can result in entrapped neutrophils
releasing “neutrophil extracellular traps, which further
propagate inflammation and thrombus formation with healing
leading to stenosis of the vessel (8, 9). Plaque rupture activates
a coagulation cascade and thrombus formation with acute
ischemia/infarction (8).

Obesity and associated inflammatory processes can potentially
modulate these steps in atheroma development. Vessel wall
damage and recruitment of inflammatory cells is likely enhanced
under conditions of systemic inflammation (8). TRL, which
are increased with insulin resistance, promote inflammation
directly given their apolipoprotein CIII content and by delivering
cholesterol to macrophages in the atheroma (8). In in vitro
studies, TRL remnant particles upregulate the expression MCP-
1, a key step in the recruitment of monocytes to vascular

endothelial cells (54). It also upregulates a number of cellular
adhesion molecules such as VCAM-1 (vascular cell adhesion
molecule-1) and ICAM-1 (intracellular adhesion molecule-1).
These processes facilitate retention of monocytes and formation
of foam cells (54). TRL particles promote vascular smooth
muscle cell proliferation in vitro, a key step in plaque
progression. In animal models, insulin resistance, and associated
hyperinsulinemia is associated with selective insulin resistance
in the vasculature; insulin signaling via Phosphoinositide 3-
kinase (PI3K) is impaired but insulin signaling via mitogen-
activated protein kinase (MAPK) signaling is increased (13).
The increased MAPK signaling promotes vasoconstriction due to
endothelin-1 secretion, proliferation of vascular smooth muscle
cells, secretion of pro-coagulant factors such as Plasminogen
activator inhibitor-1 (PAI-1) and secretion of chemo-attractant
proteins and cell adhesion molecules which promote recruitment
of macrophages (13).

To what extent obesity associated inflammation modulates
atheroma development in people with established CVD is
not established. Circulating C-reactive protein, a marker of
inflammation, is a predictor of CVD and is higher in people
with obesity, in particular centripetal adiposity (55). Among
individuals with high CRP free of CVD, those with obesity
have higher CRP and higher coronary artery calcium scores and
carotid artery intima thickness (55). However, this association
appeared to be independent of CRP (55). Data on other
inflammatory markers were unavailable—notably Mendelian
randomization indicates that raised CRP per se does not cause
CVD (56).

CLONAL HEMATOPOIESIS OF
INDETERMINATE POTENTIAL

Somatic mutations in hematopoietic stem cells leads to clonal
expansion of hematopoietic cells and has been implicated in
various hematological malignancies (54, 57, 58). The majority of
patients with clonal hematopoiesis do not develop malignancy
(clonal hematopoiesis of indeterminate potential) (54, 57, 58).
This is however associated with increased risk of CVD in part due
to increased secretion of pro-inflammatory cytokines, including
IL-6, with greater recruitment and retention of macrophages
in plaques and increased vascular smooth muscle proliferation
contributing to ACVD and heart failure (54, 57, 58).

GENETIC EVIDENCE FOR A POTENTIAL
ROLE FOR OBESITY ASSOCIATED
INFLAMMATION IN ACVD

Circulating cytokines: As alluded to above, obesity and insulin
resistance are associated with increased circulating concentration
of inflammatory cytokines including TNF-alpha, IL-1beta, IL-6,
and I1-18 (54, 57, 58). Mendelian randomization studies assess the
genetic association between a trait and a downstream outcome.
Such associations are suggestive of a causal link, providing the
genetic instrument does not affect an intermediary trait that can
influence the downstream outcome (59). Genetically-determined
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increase in TNF have been associated with ACVD, suggesting
a causal link (60). However, it also protects against malignancy
(60). Whether this impacts insulin resistance or T2D is not
established. Genetically-determined increase in IL-6 action is
associated with both increased risk for T2D and CVD, suggesting
shared underlying etiology (61, 62). Data from genetic and
pharmacologic studies of IL-1 receptor modulation have not been
consistent. Genetically-determined IL-1 receptor antagonist was
surprisingly has been associated with increased CVD; whether
this is due to dual IL-1 alpha and beta reduction is not clear (62).
Genetically modulated IL-1 receptor activity does not impact
T2D risk (63). Notably, pharmacological IL-1beta blockade has
been shown to reduce CVD in a large randomized control trial
with no effect on progression of glycemia (64). Genetically-
determined IL-18 is not associated with either T2D or CVD
(62, 63).

CHIP: In the Women’s Health Initiative study, CHIP
increased with increased BMI in post-menopausal women
(highest in those with BMI>30 vs. BMI 27-30 kg/m? compared
to normal weight women) (65). This suggests obesity may be
associated with increased CHIP. CHIP may also be increased in
patients with T2D (66). A potential contributor to CHIP in T2D
and obesity may be the adipokine leptin (67). Circulating leptin
concentration is proportional to fat mass and increase/decrease
with fat gain/loss (68). Leptin increases haematopoiesis and
activates Janus kinase 2 (JAK2), a critical node for CHIP (66, 69).
In mice, reduction in leptin via exercise-induced weight loss
reduced CHIP (67).

In summary, the available evidence suggests increased
circulating IL-6 and TNF-alpha, which are features of obesity
associated insulin resistance, likely causally increase risk of
CVD. CHIP, a more recently reported CVD risk factor, may be
increased in T2D and obesity.

PHARMACOLOGICAL EVIDENCE
SUPPORTING A ROLE OF INFLAMMATION
IN T2D AND CVD

Recently, there has been pharmacologic evidence for the
association between inflaimmation and CVD (Table2). The
JUPITER trial concluded that individuals with increased levels of
the inflammatory biomarker C-reactive protein (CRP) responded
to rosuvastatin pharmacotherapy and had significant decreases
in major cardiovascular events, regardless of presence of
dyslipidemia (71). Statins are known to lower cholesterol, as
well as high-sensitivity CRP (71). Healthy adults with a high
CRP treated with rosuvastatin were found to have, on average,
a 47% lower risk of myocardial infarction, stroke, or death
from cardiovascular causes compared to those who did not
receive statin therapy (71). This confirms that CVD is an
inflammatory disorder and that inflammatory markers can be
utilized to stratify patients, independent of traditional risk factors
such as LDL. ~40% of patients in the trial had evidence of
metabolic syndrome; to what extent centripetal adiposity/obesity

modulated atherosclerosis and the response to statin treatment is
not known (71).

A number of anti-inflammatory agents have been evaluated
in CVD outcomes trials. These agents are not known to
affect weight or metabolic disease and thus any effects are
independent of weight loss and metabolic status (64, 74,
78-81). The CANTOS trial evaluated the role of IL-1 beta
antagonism on the incidence of T2D and CVD. CVD decreased
by ~15% in patients with elevated hsCRP, an effect seen with
and without T2D (64, 78). These finding are scientifically
important as they represent the first convincing evidence that
a strategy that targets a specific inflammatory pathway reduces
CVD. The long term feasibility of this therapy remains to
be determined given potential side effects, including sepsis,
and cost (64). Intriguingly, although canakinumab reduced
CVD in patients with T2D, it did not affect glycaemia in
the long term (78). It did not prevent incident T2D in
normoglycaemic patients and those with pre-T2D. Furthermore,
the magnitude of reduction in CVD risk in patients with T2D
compared to those without (78). These results suggest that
IL-1b contributes to CVD risk in patients with inflammation
but likely does not play a major role in the etiology
of T2D.

The CALCOT trial evaluated the use of colchicine in
individuals with a recent myocardial infarction (79). It concluded
that low-dose colchicine resulted in a significantly lower risk
of cardiovascular events compared to placebo post-myocardial
infarction (79). However, there was an increase in incidence of
pneumonia in the treatment group (79). These CVD benefits
of colchicine were confirmed in the Low Dose Colchicine 2
(LoDoCo2) study, although there was a trend toward increased
non-CVD death (82). Colchicine inhibits tubulin polymerization
and microtubule generation and its role in CVD is linked to
inhibition of the NLRP3 inflammasome (79). Although initial
data suggested colchicine may be beneficial for improving
insulin sensitivity and glycemia, this has not been subsequently
confirmed (79-81).

In the CIRT study, low-dose methotrexate, an anti-
inflammatory agent, did not reduce levels of interleukin-1b,
interleukin-6 or CRP, nor did it result in a difference in
cardiovascular events compared to placebo (74). Methotrexate
inhibits dihydrofolate reductase which may not be of relevance
in CVD (9, 74). Darapladib, an Ip-PLA2 (Lipoprotein-associated
phospholipase A2) inhibitor, and varespladib, an sPLA2
(secretory phospholipase A2) inhibitor, have not been promising
either in clinical trials (9). They target phospholipase A2 which
are secreted by inflammatory cells and postulated to contribute
to atherosclerosis. Notably genetic studies of this pathway
in humans have not consistently showed an association with
CVD (9).

There is considerable interest in utilizing tocilizumab, an IL-
6 receptor antagonist, for treating CVD and T2D as this is a
genetically validated target as discussed above (9). However, a
potential concern with IL-6 inhibition is an increase in LDL due
to reduced clearance (83).

In summary, there is growing evidence that reducing
inflammation can lower incident CVD but off-target effects,
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TABLE 2 | Pharmacologic therapies for CVD targeting inflammatory pathway.

Drug Trial (Author) Mechanism Study findings Comments
Anakinra VCU-ART3 Abbate Decrease IL-1 receptor CRP AUC decreased with Significantly decreased death,
etal. (70) treatment in patients with STEMI new onset HF or
(median 67 vs. 214; p < 0.001) death/hospitalization for HF as
well; effets short-term (rebound
CRP and IL-6 upon stopping);
not supported by genetic studies
Canakinumab CANTOS Ridker et al. Decreasing IL-1b Nonfatal MI, stroke or CV death Independent of dyslipidemia;
(64) decreased with the 150mg dose patients had high CRP at
(HR 0.83; p = 0.005) baseline; higher incidence of fatal
infection compared to placebo;
no significant impact on
all-cause mortality
Colchicine CALCOT Tardif et al. Decrease CRP, NLRP3 CV death, resuscitated cardiac Significant Gl side effects
(71) inflammasome inhibitor arrest, M, stroke, or urgent
hsopitalization for angina
requiring coronary
revascularization decreased with
treatment (HR 0.77; p = 0.02)
Darapladib SOLID-TIMI 52 Decrease Ip-PLA2 No significant difference in major Genetic studies inconsistent;

O’Donoghue et al. (72)

Low dose IL-2 LILACS Zhao et al. (73) Promotes regulatory T-cells

Methotrexate CIRT Ridker et al. (74) Dihydrofolate reducatase

inhibitor
JUPITER Ridker et al.

Rosuvastatin Decrease high-sensitivity

(1) CRP

Tocilizumab ASSAIL-MI Broch et al. Anti-IL-6 receptor antibody
(75)

Varespladib VISTA-16 Nicholls et al. Decrease sPLA2
(76)

Xilonix El Sayed et al. (77) Anti-IL-1a antibody

coronary events with treatment
(HR0.99; p = 0.78)

Results pending

Nonfatal Ml, stroke or CV death
not significantly changed with
treatment (HR 0.96; p = 0.91)
M, stroke or death from CV
causes decreased with
treatment (HR 0.56; p<0.00001)

Myocardial salvage in acute
STEMI larger with treatment
(difference 5.6; p = 0.04)

CV death, nonfatal MI, nonfatal
stroke and unstable angina did
not significantly decrease with
treatment (HR 1.25; p = 0.08)

MAGCE did not significantly
change with treatment (9% vs.
24%; p = 0.22)

Ip-PLA2 did not decrease
inflammatory markers

Effective in preclinical data; more
selective T-cell regulators than
Aldesleukin being developed
Treatment did not decrease
inflamsmatory markers; pathway
may not be relevant

Independent of dyslipidemia

No significant difference in infarct
size between treatment and
placebo; non-specific blocker of
IL-6 signalling

Trial stopped early for greater risk
of Ml with treatment;
non-specific treatment; pathway
not supported by Mendelian
randomization

Limited clinical data available; did
not lower CRP

AUC, area under the curve; CRR, C-reactive protein; CV, cardiovascular; Gl, gastrointestinal, HF, heart failure; HR, hazard ratio; IL, interleukin; Lp-PLA2, lipoprotein-associated
phospholipase A2; MACE, major adverse cardiovascular events; MI, myocardial infarction; S-PLA2, secretory phospholipase A2; STEMI, ST-segment elevation myocardial infarction.

in particular infection/sepsis, are a concern. In contrast, we
do not have convincing evidence yet that anti-inflammatory
therapies lead to sustained reduction in T2D and metabolic
disease (72, 73, 75-77, 84).

IMPACT OF WEIGHT LOSS

Weight loss can potentially reduce inflammation and improve
multiple CVD risk factors. In the LOOK-AHEAD trial, modest
weight loss associated with intensive lifestyle changes was
associated with improvement in cardiometabolic parameters in
patients with T2D but overall no CVD benefit was seen (42).
Post-hoc analyses suggest that those who achieved sustained

weight loss of 10% or more had a reduction in CVD
(85). Similarly, weight loss through pharmacotherapy improves
cardiometabolic parameters, but whether this translates to
benefits in major CVD outcomes is unknown (40, 86). GLP-
1 receptor agonists (GLP-1RA) have beneficial cardiovascular
outcomes in patients with T2D (86). The exact mechanisms
have not been delineated but are likely independent of glucose
lowering as not all glucose lowering drugs prevent CVD (87).
Further, the effects are likely independent of blood pressure
lowering and weight loss as the GLP-1RA albiglutide reduces
CVD despite no significant reduction in weight or blood pressure
(88). Animal models suggest that GLP-1 may have beneficial
effects on vascular inflammation (89). Higher doses of GLP-1
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analogs are now being used and evaluated as weight loss agents
(40, 90). Whether these agents will improve cardiovascular
outcomes remains to be seen. The SELECT study will evaluate
the effect of 2.4 mg once weekly of semaglutide on heart disease
and stroke in patients with obesity and CVD (NCT03574597).

To date, bariatric surgery remains the most efficacious weight
loss treatment and improves multiple metabolic parameters,
including adipose tissue and systemic inflammation (51, 70,
91, 92). Retrospective data analysis suggests that bariatric
surgery is associated with reduced major adverse cardiovascular
outcomes in patients with obesity both with and without T2D
(70, 91-93). The extent to which this is mediated by reduced
inflammation secondary to weight loss will require more detailed
mechanistic studies.

EFFECT OF WEIGHT LOSS ON
INFLAMMATORY MARKERS

As discussed earlier, increased WHR is likely causally associated
with increased adipose and systemic inflammation. Consistent
with that weight loss is associated with reduced adipose and
systemic inflammation. Bariatric surgery is associated with
decreases in CRP and interleukin-6 concentrations in proportion
to weight less, however, TNF-alpha levels did not change (51, 94)
Despite this, insulin resistance was not normalized and some
adipose pathology remained post-surgery (51). Lifestyle weight
loss interventions, with or without statins, have also been found
to decrease CRP but whether this translates to reduced CVD
is not established (95). Liraglutide treatment, which is known
to reduce CVD in people with T2D, has been associated with
reductions in inflammatory markers, but to what extent this is
mediated by weight loss is unknown (40).
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CONCLUSION

Although considerable progress has been made in reducing
the burden of CVD, it remains the leading cause of mortality
in people with obesity. Thus, further therapies are needed
to reduce the burden of CVD. Inflammation is a key
mediator of atherosclerosis and can potentially be targeted for
reduction in CVD; its role in treating T2D and metabolic
disease is less established. However, to date, lack of efficacy,
and off-target effects have limited the broad utility of anti-
inflammatory treatments. The emergence of more “omics” data
will likely identify further anti-inflammatory targets. Whether
this translates to reduced cardiometabolic disease remains to be
seen. In the interim, we await more data from current clinical
trials evaluating anti-inflammatory agents to reduce CVD. There
is emerging observational data that substantial weight loss,
through bariatric surgery, may reduce CVD. The extent to
which this is mediated by reduction in inflammation remains to
be determined.
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High-fat Western diets contribute to tissue dysregulation of fatty acid and glucose intake,
resulting in obesity and insulin resistance and their sequelae, including atherosclerosis.
New therapies are desperately needed to interrupt this epidemic. The significant idea
driving this research is that the understudied regulation of fatty acid entry into tissues
at the endothelial cell (EC) interface can provide novel therapeutic targets that will
greatly modify health outcomes and advance health-related knowledge. Dysfunctional
endothelium, defined as activated, pro-infammatory, and pro-thrombotic, is critical in
atherosclerosis initiation, in modulating thrombotic events that could result in myocardial
infarction and stroke, and is a hallmark of insulin resistance. Dyslipidemia from high-fat
diets overwhelmingly contributes to the development of dysfunctional endothelium.
CD36 acts as a receptor for pathological ligands generated by high-fat diets and in
fatty acid uptake, and therefore, it may additionally contribute to EC dysfunction. We
created EC CD36 knockout (CD36°) mice using cre-lox technology and a cre-promoter
that does not eliminate CD36 in hematopoietic cells (Tie2e cre). These mice were
studied on different diets, and crossed to the low density lipoprotein receptor (LDLR)
knockout for atherosclerosis assessment. Our data show that EC CD36° and EC
CD36°/LDLR® mice have metabolic changes suggestive of an uncompensated role for
EC CD36 in fatty acid uptake. The mice lacking expression of EC CD36 had increased
glucose clearance compared with controls when fed with multiple diets. EC CD36° male
mice showed increased carbohydrate utilization and decreased energy expenditure by
indirect calorimetry. Female EC CD36°/LDLR® mice have reduced atherosclerosis. Taken
together, these data support a significant role for EC CD36 in systemic metabolism and
reveal sex-specific impact on atherosclerosis and energy substrate use.

Keywords: CD36, fatty acid transport, endothelium, atherosclerosis, metabolism

INTRODUCTION

CD36 is a transmembrane glycoprotein, which was first described on platelets and later found
to be expressed on an extensive range of cells and tissues including endothelial cells (ECs),
monocytes/macrophages, adipocytes, hepatocytes, and muscles (1-5). CD36 plays a role in the
uptake of apoptotic cells and modified lipoproteins, and in the recognition of ligands that trigger
an innate immune response (6-11). It facilitates fatty acid (FA) transport into white and brown
adipose tissue, heart and skeletal muscle, but the mechanism is not well-understood (12). Recent

Frontiers in Cardiovascular Medicine | www.frontiersin.org 75

November 2021 | Volume 8 | Article 768481


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.768481
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.768481&domain=pdf&date_stamp=2021-11-23
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:febbraio@ualberta.ca
https://doi.org/10.3389/fcvm.2021.768481
https://www.frontiersin.org/articles/10.3389/fcvm.2021.768481/full

Rekhi et al.

EC CD36 Atherosclerosis and Metabolism

data also suggest a role in dermal albumin transcytosis,
adipocyte FA export, and in tumor growth and metastasis (13-
16). Structurally, CD36 has two transmembrane domains that
terminate with very short intracellular domains (17). Despite
these short cytoplasmic domains, work by our lab and others has
shown that CD36 signals and is involved in cellular responses
related to angiogenesis, innate immunity, scavenger receptor
activity, EC apoptosis, cell migration, nuclear factor kappa beta,
and inflammasome activation (10, 18-30). These responses affect
the development of obesity, atherosclerosis, thrombosis, insulin
resistance, and inflammation.

Metabolically active tissues, including heart, skeletal muscle
and brown fat, require FA to meet their energy demands.
While it is true that FA can diffuse across membranes (flip/flop
mechanism), it has become apparent that uptake of long-chain
FA, the major FA in our diet, is mediated by transporters,
and this is necessary for efficient regulated supply to tissues
and to prevent inappropriate delivery (31-34). FA uptake by
CD36 has been controversial, both because protein-mediated
FA uptake in general was thought to be unnecessary, and
because CD36 does not structurally resemble a transporter (35).
Considerable work in humans and animal models, however,
supports a role for CD36 in FA transport (12, 36-43). The
greatest bodily FA consumer is the heart, and CD36-deficient
mice and humans have been shown to have decreased cardiac
FA uptake and increased glucose uptake (12, 39, 40). In
isolated working heart studies, global and cardiomyocyte-specific
CD36° mice were shown to have a significantly lower rate
of FA oxidation and a compensatory increase in glucose
oxidation (44, 45).

We and others have shown that CD36 plays a role in obesity,
atherosclerosis, and insulin resistance by both uptake of ligands
and promotion of inflammatory signaling pathways, with the
resultant secretion of reactive oxygen species and cytokines (29,
36, 46-49). This previous work was focused on macrophages,
adipocytes, heart, and skeletal muscle. While global CD36
deficiency was protective against high-fat diet-induced obesity
and insulin resistance, absence of CD36 in macrophages (using a
bone marrow transplant approach) was not, in spite of reduction
in macrophage inflammatory pathways (47). Both global and
macrophage deficiency of CD36 were found to be protective
against atherosclerosis (29, 48, 49).

Initiation of atherosclerosis has been shown to be a result of
changes in EC, allowing prediction of atheroprone sites in the
vasculature as a function of EC inflammation and dysfunction
(50-52). Hyperlipidemia exerts pro-atherogenic decreased shear
stress, and increased plasma FA and modified lipoprotein
ligands trigger EC pro-inflammatory pathways, leading to
expression of immune cell chemoattractants and surface
receptors (52-57).

We hypothesize that CD36 is a major EC receptor for pro-
inflammatory atherogenic ligands, and as such will regulate
EC inflammation and have a significant impact on the
initiation of atherosclerosis lesions. In this report, we show
evidence to support the important role of EC CD36 in
regulating systemic metabolism and in the development
of atherosclerosis.

MATERIALS AND METHODS

Experimental Animals and Diets

All animal procedures were prior approved by the University
of Alberta Animal Care and Use Committee (AUP 0001953).
To study the role of EC CD36 in metabolism and its
effect on atherosclerosis, floxed (fl) CD36 mice in the
C57Bl/6j background were created by our lab by targeting
exon 2 (exon 3 was included due to proximity), which
contains the translation start site and first transmembrane
domain, as previously described (44). These mice were
then crossed to EC-specific Tie2e cre mice (58-60). Fl/fl
CD36 Tie2e cre+ mice were mated to LDLR knockout
(LDLR®) mice (The Jackson Laboratory, B6.129S7-Ldlrtm1Hery
IMSR Cat# JAX:002207, RRID:IMSR_JAX:002207), a classic
atherosclerosis model, to generate fl/fl CD36/LDLR® and fl/fl
CD36 Tie2e cre+/LDLR® mice (EC CD36°/LDLR®). The mice
were genotyped as previously described (44). EC CD36°/LDLR®
and fl/fl CD36/LDLR® mice were fed with a diet containing
42.7 kilocalorie (kcal) % carbohydrate, 42 kcal% fat, and 1.25%
added cholesterol (TD 96121, Envigo) for 3, 6, and 16 weeks
for atherosclerosis studies (different cohorts). This diet was used
previously in CD36°/LDLR® studies to induce CD36-dependent
atherosclerosis (29, 30, 61). For metabolic analyses, mice were fed
with ingredient-matched diets containing 35 kcal% carbohydrate
and 45 kcal% fat (D12451, Research Diets, Inc.) or 70 kcal%
carbohydrate and 10 kcal% fat (D12450H, Research Diets, Inc.);
the amount of sucrose is the same.

En face Aortic Morphometric Analysis
Dissection, processing, and en face morphometry of aortas were
completed as previously described (29, 30, 49, 61). Briefly, the
mice were euthanized by pentobarbital overdose (200 mg/kg,
intraperitoneal) and the vasculature perfused through the heart
with 10 ml phosphate buffered saline followed by 5 ml buffered
formalin (Formaldefresh, Fisher Scientific). The entire aorta,
from the heart, including the subclavian, right, and left carotid
arteries, and extending 2-5mm after bifurcation of the iliacs,
was dissected free of fat and postfixed in buffered formalin
for 24h at 4°C and then stored in phosphate buffered saline
at 4°C. Aortae were stained with oil red O (Sigma-Aldrich),
which identifies neutral lipids in plaque, as per the manufacturer’s
instructions, to quantify lesion burden. After staining, the
aortae were opened, laid flat, and digitally scanned. En face
morphometry was performed in a blinded fashion. Briefly, three
independent measurements of lesion area (red pixels) were
selected and averaged for each aorta, using Adobe Photoshop
software (RRID:SCR_014199). Similarly, the total aorta area was
determined. The lesion area was expressed as mean percent +
S.E.M. of total aortic area.

Glucose Tolerance Testing

For glucose tolerance testing, the mice were fasted overnight
and received an intraperitoneal injection of 2mg glucose per
gram of body weight. Blood was drawn from the tail vein
at baseline and then 15, 30, 45, 60, and 120 min after the
administration of glucose. Blood glucose was measured using
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an Accu-Chek Advantage Glucometer. Area under the curve
was calculated for individual curves using Graph Pad Prism
software (RRID:SCR_002798).

Total Cholesterol, Free Cholesterol, and
Triglyceride Assays

The mice were fasted overnight and blood was collected by
cardiac puncture into ethylenediaminetetraacetic acid containing
syringes. The blood was centrifuged at 3,800 x g for 5min and
plasma aliquoted and frozen at —20°C. Total and free plasma
cholesterol and triglyceride concentrations were measured using
colorimetric assays (Wako chemicals, Fujifilm, Japan) as per
the manufacturer’s instructions. The levels in samples were
determined by comparison against a curve constructed from
serially diluted standards.

Lipoprotein Analysis
The mice were fasted overnight and fresh plasma aliquots
were used to perform fast protein liquid chromatography by
the Lipidomics Core facility at the University of Alberta. The
area under each peak was calculated using GraphPad Prism
software (RRID:SCR_002798).

Indirect Calorimetry

Four-week-old fl/fl CD36 and EC CD36° mice were housed and
maintained in metabolic cages. Following a 24-h acclimatization
period, the mice were monitored over a 12h light:12h dark
cycle (0600-1800 light) with ad libitum access to food (normal
chow) and water. Indirect calorimetry was performed using
the Comprehensive Laboratory Animal Monitoring System
(Columbus Instruments). The respiratory exchange ratio (RER),
calculated as the ratio of carbon dioxide to oxygen production,
was used to calculate the percent contribution of fat (RER
= 0.7) and carbohydrates (RER = 1) to whole body energy
metabolism. Total activity of the mice was calculated by adding
Z counts (rearing or jumping) to total counts associated
with stereotypical behavior (grooming and scratching) and
ambulatory movement. Data were analyzed using the web-based
tool CalR (RRID:SCR_015849) (62).

Flow Cytometry

Flow cytometry was performed on mouse blood as previously
described (63). Briefly, to obtain single-cell suspensions, spleen
samples were ground between sterile frosted glass slides in
7ml of red blood cell lysis buffer (0.15mM NH4Cl, 10 mM
KHCO3, 0.1mM disodium ethylenediaminetetraacetic acid,
pH 7.2) and then filtered through sterile nylon mesh. Whole
blood, obtained by cardiac puncture, was treated with red
blood cell lysis buffer twice. Cell pellets were washed and
resuspended in phosphate-buffered saline containing 2mM
ethylenediaminetetraacetic acid and 0.5% bovine serum
albumin. Fluorophore-conjugated antibodies with specificity
to mouse cell antigens were as follows: anti-CD11b (M1/70)
(BD Biosciences Cat# 550993, RRID:AB_394002), anti-CD11c
(HL3) (BD Biosciences Cat# 561022, RRID:AB_2033997),
anti-SiglecF  (E50-2440) (BD Biosciences Cat# 552125,
RRID:AB_394340), anti-Ly6G (1A8) (BD Biosciences Cat#

561236, RRID:AB_10611860), and anti-CD36 (JC63.1) (Cayman
Chemical Cat# 10009870, RRID:AB_10342682). Live/dead
fixable dead cell stains (ThermoFisher) were used to exclude
dead cells. CD11b+/c+ cells were analyzed for CD36 expression.
Paraformaldehyde-fixed cells were acquired using a Becton
Dickinson (BD) LSR Fortessa flow cytometer (BD Biosciences,
University of Alberta Flow Cytometry core) and analyzed with
FlowJo (version 10) software (RRID:SCR_008520).

Dual-Energy X-Ray Absorptiometry

Lean and fat body mass were determined using dual-energy X-
ray absorptiometry (Faxitron, model DXA UltraFocus, Hologic),
as per the manufacturer’s instructions. Acquisition, image
processing, and analysis were performed by the associated
Faxitron Vision software (Faxitron Bioptics LLC.).

Statistical Analyses

Data are presented as mean + S.E.M. Data were assessed
for normal distribution by Shapiro-Wilk test. If normally
distributed, the significance was evaluated using parametric
Students t-test. For non-normally distributed data, the
significance evaluated using Mann-Whitney. The
significance was set at p < 0.05. Analyses and graphs were
performed using GraphPad Prism software (RRID:SCR_002798).

was

RESULTS

To demonstrate the specificity of cre expression, we performed
flow cytometry on blood and gated on the CD11b+/c+
population. As shown in Figure 1, there was no loss of CD36
expression in EC CD36° samples (Figure 1B) compared with fl/fl
CD36 controls (Figure 1A). These data are in agreement with
previous reports using this cre driver (58-60).

To determine the impact of the loss of EC CD36 on basal
systemic metabolism, we began with young mice that were
similar in weight and lean body mass as measured by dual-energy
X-ray absorptiometry. The mean percent lean body mass in 4-
week-old fl/fl CD36 male mice was 92.84 £ 0.26 vs. 93.54 +
1.27 for EC CD36° males. Female fl/fl CD36 mice had a mean
lean body mass percent of 93.41 £ 0.37 vs. 94.56 £+ 0.41 for
EC CD36° females. Four-week-old EC CD36° male and female
mice showed similar clearance of glucose compared with sex-
matched controls in glucose tolerance testing (Figures 2A,B). At
4-6 months of age, both male and female EC CD36° showed
significantly better glucose clearance compared with controls
(Figures 2C,D), despite the similar weight.

Indirect calorimetry of 4-week-old normal chow-fed EC
CD36° and controls showed mixed carbohydrate and fat use early
in the light period for both strains of male mice (Figure 3A,
Respiratory Exchange Ratio). EC CD36° males showed generally
lower levels of oxygen consumption (Figure 3B) and carbon
dioxide production (Figure 3C), indicative of lower energy
expenditure, compared with controls. While cumulative food
intake did not differ (Figures 3D,E), the time of feeding
did. EC CD36° male mice ate more during the light period
(Figures 3D,E), and this was reflected in increased carbohydrate
metabolism after the midpoint of the light period (Figure 3A).
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FIGURE 2 | Glucose tolerance testing of normal chow-fed EC CD36° and fl/fl CD36 mice. (A) Four-week-old male mice showed no differences (fi/fl CD36, n = 3; EC
CD36°, n = 6). (B) Four-week-old female mice showed a significant difference at 30 min; area under the curve (AUC) was not significant (fl/fl CD36, n = 5; EC CD36°,
n = 3). (C) Four-six-month-old male mice showed significant differences at 45, 60, and 120 min (fl/fl CD36, n = 13; EC CD36°, n = 12). AUC was significantly
different (fl/fl CD36: 34,817 + 1,437; EC CD36°: 28,888 + 1,015, p < 0.005). (D) Four-six-month-old female mice showed significant differences at 15 and 45 min (n
= 8/group). AUC was significantly different (fl/fl CD36: 20,341 + 1,491; EC CD36°: 15,713 £+ 862, p < 0.02).

The increase in carbohydrate usage by EC CD36° males
continued until late in the dark period. EC CD36° males showed
noticeably less locomotor activity (Figure 3F). Female mice did
not show any differences in any parameters measured (data
not shown).

To determine the impact of the loss of EC CD36 in a
diabetogenic setting, we fed the mice with ingredient-matched

diets containing 35 kcal% carbohydrate and 45 kcal% fat
(D12451, Research Diets, Inc.) or 70 kcal% carbohydrate and 10
kcal% fat (D12450H, Research Diets, Inc.); the extra carbohydrate
is delivered in the form of starch, and the amount of sucrose
between the diets is the same. At baseline, there were no
differences in weight between the mice of the same sex. Weight
gain was similar between the groups for both males and females
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over the 12 weeks of the diet, with transient small differences
between the female groups at 6 and 9 weeks (Figures 4A-D).
After 8 weeks of diet feeding, we compared glucose clearance
by glucose tolerance testing (Figures 5A-D). Female EC CD36°
mice showed better glucose clearance compared with controls
when fed with either diet (Figures 5B,D); male EC CD36° mice
showed improved glucose clearance compared with controls
when fed with the 45 kcal% diet (Figure 5C). Lipoprotein
analysis showed that the distribution of cholesterol was similar
between the groups of both sexes when fed with either diet
(Table 1). The distribution of triacylglycerides, however, showed
differences, especially in female mice (Table1). Female EC
CD36° mice fed with the 10 kcal% fat diet had a greater
percentage of triacylglycerides in the LDL/IDL (intermediate
density lipoprotein) fraction compared with controls. Male and
female EC CD36° mice fed with the 45 kcal% diet both showed a
greater percentage of triaclyglycerides in the LDL/IDL fractions
(Table 1) compared with controls. Female EC CD36° mice
showed less triacylglycerides overall.

To determine the impact of the loss of EC CD36 on
atherosclerosis, we crossed EC CD36° mice with the atherogenic
LDLR® strain. We fed these mice a Western-style diet containing
42.7 kcal% carbohydrate, 42 kcal% fat, and 1.25% added
cholesterol (TD 96121, Envigo) to promote atherosclerosis
development, for 16 weeks. Figure 6A gives a general
overview of the study timeline. En face morphometry of
whole aortas stained with oil red O showed no difference
in male mice (Figure6B, p = 0.0872, Mann-Whitney). In
contrast, female EC CD36°/LDLR° mice showed a 41%
reduction in aortic lesions (Figure 6C). Representative aortas
are shown in Figure 6D. Female mice showed decreased fasting
glucose (Figure 6E). At sacrifice, there were no differences
in plasma total cholesterol or weight in males or females
(Figures 6E,G).

Glucose tolerance testing after 10 weeks of diet feeding showed
female EC CD36°/LDLR® mice had swifter glucose clearance
compared with controls, and both males and females had lower
fasting glucose (Figures 7A,B). Body weights measured at the
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FIGURE 4 | Change in weight over time of EC CD36° and fI/fl CD36 mice fed with ingredient-matched diets. (A) Male mice fed with the 10 kcal% fat diet. (fl/fl CD36, n
= 10; EC CD36°, n = 6). (B) Female mice fed with the 10 kcal% fat diet (fi/fl CD36, n = 12; EC CD36°, n = 4). (C) Male mice fed with the 45 kcal% fat diet. (fl/fl
CD36,n = 8; EC CD36°, n = 9). (D) Female mice fed with the 45 kcal% fat diet (fl/fl CD36, n = 12; EC CD36°, n = 5). There was a significant difference in weight at
the 6 and 9 week time points.

time of glucose tolerance testing did not differ for females
(244 + 0434 g vs. 23.6 + 0.51 g, fl/fl CD36/LDLR® vs.
EC CD36°/LDLR®, respectively), but fl/fl CD36/LDLR° males
were significantly heavier than EC CD36°/LDLR® males (35
+ 0.646 g vs. 30.71 + 1.085 g, p<0.02). Tracking backward,
female mice were not different in terms of clearing a bolus
of glucose at baseline (Figure 8A). After 3 weeks of high-
fat, high-cholesterol diet feeding, EC CD36°/LDLR® females
showed faster glucose clearance, reduced plasma total, and free
cholesterol and triacylglycerides (Figures 8B-D) (this was a
different cohort). At 8 weeks of diet feeding, EC CD36°/LDLR®
females weighed less (Figure 8E). Lipoprotein analysis after
16 weeks showed no differences in male mice (Table2).
Female EC CD36°/LDLR® mice showed a greater percentage
of triacylglycerides in the very low density lipoprotein (VLDL)
fraction compared with controls (Table 2). Female EC CD36°
mice showed less triacylglycerides overall and a delayed increase
in plasma cholesterol.

DISCUSSION

Endothelial CD36 is recognized for its importance in
angiogenesis; its role in tissue FA uptake at this interface is
less studied. There is now increased awareness that ECs are a
second obstacle to FA uptake into tissues (64-66). Previously
considered as a passive barrier to FA diffusion, studies have
shown regulation at this interface by CD36 and many of the
same proteins involved in tissue FA uptake (64-69). CD36
was first implicated in the management of EC FA uptake in
research on the EC-specific peroxisome proliferator activated
receptor y° mouse, which has markedly reduced EC CD36
expression and in many ways mimics the metabolic phenotype
of the CD36°(70). This implies significant uncompensated
metabolic control by EC. Changes in systemic metabolism may
partly explain atherosclerosis protection in global CD36° mice,
as obesity and insulin-resistance are strong determinants of
lesion development.
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FIGURE 5 | Glucose tolerance testing of EC CD36° and fl/fl CD36 mice after 8 weeks feeding ingredient matched diets. (A) Male mice fed with the 10 kcal% fat diet
showed no significant differences (fl/fl CD36, n = 5; EC CD36°, n = 6). (B) Female mice fed with the 10 kcal% fat diet showed significant differences at 30, 45, 60,
and 120 min. AUC was significantly different (fl/fl CD36: 26,939 + 688; EC CD36°: 20,815 + 625, p = 0.001) (fi/fl CD36, n = 5; EC CD36°, n = 3). (C) Male mice fed
with the 45 kcal% fat diet showed significant differences at 15, 30, 45, and 60 min. AUC was significantly different (fl/fl CD36: 36,455 + 1,589; EC CD36°: 28,080 +
1,974, p < 0.02) (fl/fl CD36, n = 5; EC CD36°, n = 3). (D) Female mice fed with the 45 kcal% fat diet showed significant differences at 30, 45, and 60 min. AUC was
significantly different (fl/fl CD36: 32,822 + 1,813; EC CD36°: 23,733 + 62,135, p = 0.0238, Mann-Whitney) (fl/fl CD36, n = 5; EC CD36°, n = 3).

TABLE 1 | Lipoprotein Analysis of Mice Fed With the 10 and 45 kcal % Fat Diets. Conscious of the potential confounding impact of the loss

of CD36 in macrophages and other hematopoietic cells on

fl/fl CD36 EC CD36° fl/fl CD36 EC CD36° . P .

atherosclerosis development and systemic inflammation, we
10 kcal% fat  Cholesterol (% of total) Triacylglyceride (% of total) created an EC CD36° using the Tie2e cre, which spares these cells
Males (58-60). Floxed CD36 mice were previously generated utilizing
VLDL 5 1 62 69 C57Bl/6j .embryomc stem .cells Fo avoid background issues (44).
LDLADL 9 " 0 o6 Thes.e mice, therefore, 'dlffer in these ways frorg previously
HOL 89 o8 9 s published EC CD36° mice, which were created using the Tek
Females cre on a mixed genetic background (71). The development of an
VDL ’ ’ - “ animal model to study EC CD36 in FA uptake and in the context
LDL/IDL 7 " a9 18 of a pro-atherosclerotic environment is an important outcome of
HoL o &7 » » this work. Additionally, these mice will allow study of EC CD36

signaling pathways, triggered by excess dietary fat, which may

45 kcal% fat  Cholesterol (% of total Triacylglyceride (% of total . - .
° % ) i % ) also contribute to EC inflammation, plaque development, and

Males pathological metabolic states.

VLDL 0.3 0.7 54 s7 A major finding of this study is that there was a strong
LDL/IDL 20 14 39 48 contribution of EC CD36 to metabolic homeostasis in both male
HDL 80 86 7 15 and female mice, yet there were interesting differences. At 4
Females weeks of age, when EC CD36° and control mice have similar
VLDL 0.8 0.5 27 25 lean body mass (93-95%) and fat stores, indirect calorimetry
LDL/IDL " 9 46 64 showed an increased reliance on carbohydrate metabolism and
HDL 88 91 27 12

decreased locomotor activity and energy expenditure in male
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FIGURE 6 | Atherosclerosis lesion analysis. £n face oil red O aortic lesions were quantified using Adobe Photoshop software after 16 weeks high-fat high-cholesterol
diet feeding. (A) Timeline of atherosclerosis study. This was a longitudinal study. Mice were weaned at 3 weeks of age, and the high-fat, high-cholesterol diet was
begun when the mice were 6-7 weeks of age. Just prior to the diet start (0), glucose tolerance testing (GTT) was performed and blood was collected; this and other
blood collection timepoints are indicated by *. GTT was also performed after 10 weeks of diet feeding. Mice were euthanized and aortas, blood, and tissues were
collected after 16 weeks of diet feeding. (B) Male mice showed no difference in percent atherosclerosis lesion (fl/fl CD36/LDLR°: 15.31 + 2.096% vs. EC
CD36°/LDLR": 11.37 + 1.884%) (fl/fl CD36/LDLR°, n = 17; EC CD36°/LDLR?, n = 16). (C) Female EC CD36°/LDLR° mice showed a significant 40% decrease in
percent atherosclerosis lesion compared with controls (fli/fl CD36/LDLR®: 12.65 + 1.896% vs. EC CD36°/LDLR®: 7.447 + 0.897%, p < 0.02, Mann-Whitney) (fl/fl
CD36/LDLR®, n = 17; EC CD36°/LDLR°, n = 14). (D) Representative aortas stained with oil red O. (E) Female EC CD36°/LDLR°® mice had significantly lower fasting
glucose compared with controls. (F) Total cholesterol showed no differences in males (fl/fl CD36/LDLR°: 2,132 + 103.4 mg/dL vs. EC CD36°/LDLR°: 1,967 + 96.42
mg/dL) or females (fl/fl CD36/LDLR": 1,824 + 68.94 mg/dL vs. EC CD36°/LDLR°: 1,680 + 84.2 mg/dL) at endpoint. (G) Weights were not different at endpoint in
males (fl/fl CD36/LDLR°: 35.51 + 1.34 g vs. EC CD36°/LDLR’: 34.88 + 0.673 g) or females (fl/fl CD36/LDLR": 28.6 & 0.78 g vs. EC CD36°/LDLR": 27.27 4+ 0.831 g).

mice only. Both control and EC CD36° male mice showed mixed  patterns persist in both sexes, and to determine the effects of
carbohydrate and fat utilization during the early light period,  different diets.

based on RER. EC CD36° male mice ate more than controls The metabolic data in males are similar to what has
in the light period, and toward the latter part, showed greater =~ been shown for the global CD36°: increased utilization of
carbohydrate metabolism. During the dark phase, when mice  carbohydrates over fat as an energy substrate, specifically in
are most active, EC CD36° male mice had decreased locomotor  heart and muscle (12, 36, 45, 72). Unlike global CD36° mice,
activity; oxygen consumption and carbon dioxide production, the weights were similar between EC CD36° and controls.
which are indicative of energy expenditure, were reduced in  The data also reveal dichotomy between the sexes that was
both periods compared with controls. This may reflect reduced  not observed in the global CD36°. Systemic metabolic changes
adenosine triphosphate (ATP) generated as a result of anaerobic  resulting from reduced uptake of FA were also shown for EC
respiration of carbohydrates. These data suggest a systemic =~ CD36° made with the Tek cre, and they also showed sex-
change in energy metabolism, with a decrease in high energy =~ dependent differences: male mice showed a significant decrease
producing FA oxidation. It will be important to continue these  in oleic acid uptake into heart, muscle, and brown adipose,
studies in older mice to understand if these early metabolic = while females had no difference in uptake in muscle (71). If
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FIGURE 7 | Glucose tolerance testing of EC CD36°/LDLR® and fl/fl CD36/LDLR° mice after 10 weeks of high-fat high-cholesterol diet feeding. (A) Male EC
CD36°/LDLR°® mice showed a significant difference at the 0 time point. AUC was not different (fl/fl CD36/LDLR®, n = 4; EC CD36°/LDLR?, n = 7). (B) Female EC
CD36°/LDLR° mice showed significant differences at all time points. AUC was significantly different (fl/fl CD36/LDLR°: 30,817 + 1,142; EC CD36°/LDLR°: 19,331 £+
1,161, p < 0.0001) (fi/fl CD36/LDLR°, n = 9; EC CD36°/LDLR®, n = 5).
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FIGURE 8 | Glucose tolerance testing, plasma cholesterol, and triacylglycerides of female EC CD36°/LDLR° and fI/fl CD36/LDLR° mice at baseline and after 3 weeks
high-fat high-cholesterol diet feeding. (A) At 6-7 weeks of age, prior to initiation of the high fat high cholesterol diet, there were no differences in glucose clearance
between the groups. (B) After 3 weeks diet feeding, female EC CD36°/LDLR° showed significant differences at 15, 45, and 60 min time points. AUC was significantly
different (fl/fl CD36/LDLR°: 23,896 + 1,920; EC CD36°/LDLR°: 18,409 + 719, p < 0.02) (fl/fl CD36/LDLR?, n = 8; EC CD36°/LDLR°, n = 10). (C) Plasma total and
free cholesterol were significantly lower in EC CD36°/LDLR° female mice after 3 weeks diet feeding (fl/fl CD36/LDLR°, n = 10; EC CD36°/LDLR°, n = 13). (D) Plasma
triacylglycerides were significantly lower in EC CD36°/LDLR° female mice after 3 weeks diet feeding (fl/fl CD36/LDLR°, n = 10; EC CD36°/LDLR°, n = 13). (E) There
was no difference in weights at 8 weeks in males (fl/fl CD36/LDLR°: 31.68 £ 0.769 g vs. EC CD36°/LDLR": 30.17 + 0.826 g) or females (fl/fl CD36/LDLR°: 24.44 +
0.403g vs. EC CD36°/LDLR®: 22.5 + 0.57 g).

true of our mice, this may explain why females displayed no  vs. testosterone would be an important area of future study in
differences by indirect calorimetry. The data may suggest a sex  this regard.

difference in CD36 expression in EC subsets, or a sex difference When fed with a low fat (4%), normal chow diet, EC CD36°
in expression of alternative transporters. The role of estrogen  mice showed faster glucose clearance at 4-5 months of age, while
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TABLE 2 | Lipoprotein Analysis of Mice Fed With the HFHC Diet.

fI/fl CD36/  EC CD36°/ fI/fl CD36/  EC CD36°/
LDLR° LDLR® LDLR® LDLR°

HFHC Diet Cholesterol (% of total) Triacylglyceride (% of total)
Males
VLDL 26 26 62 64
LDL/IDL 47 48 27 29
HDL 27 26 12 7
Females
VLDL 29 23 72 57
LDL/IDL 54 57 18 24
HDL 18 21 11 20

of similar weight. These data are similar to the findings in the
global CD36° and EC CD36° made with the Tek cre (36, 71).
When the mice were stressed with diets higher in fat than normal
chow, weight gain did not differ compared with controls at most
time points; females showed transient differences. Female EC
CD36° mice continued to show faster clearance of a bolus of
glucose in the context of both the 10 and 45 kcal% fat diets.
Male EC CD36° mice showed swifter glucose clearance than
controls when fed with the 45 kcal% fat diet. In overnutrition,
macrophage pro-inflammatory signaling and other adipocyte-
derived signals, along with excess FA uptake in muscle, lead to
impaired insulin signaling and impaired glucose tolerance (73).
Although we have not ruled out differences in insulin secretion,
EC CD36° male mice may have increased glucose clearance due
to an inability to efficiently utilize FA in heart and muscle and
concomitant increased reliance on glucose. This may also be the
case in females, if they too have decreased muscle FA uptake.
Interestingly, Tek cre EC CD36° females were protected against
insulin resistance, despite normal FA uptake in muscle (71). This
may suggest that CD36-dependent EC inflammation contributes
to systemic inflammatory pathways leading to insulin resistance.
This is an important area of further study.

Distribution of cholesterol and triacylglycerides among
lipoproteins was not different between male EC CD36° and
control mice fed with the 10 kcal% fat diet; female EC
CD36° mice showed a 23% enrichment in triacylglycerides in
the LDL/IDL fraction. When fed with the 45 kcal% fat diet,
both male and female EC CD36° mice showed this shift in
triacylglycerides to LDL/IDL (23 and 40% increase for males
and females, respectively). These data suggest a delayed ability
to hydrolyze triacylglycerol from the VLDL particle. In the global
CD36° mouse, increased plasma-free FA were found to inhibit
the activity of lipoprotein lipase, leading to decreased VLDL
hydrolysis (74). It is possible that the local free FA concentration
at the EC interface rises to inhibitory levels, due to loss of EC
CD36 and slower tissue uptake, preventing optimal hydrolysis.
An alternative hypothesis is that EC CD36 is important in
tethering the lipoprotein for lipase activity. Further experiments
need to be completed to unravel the mechanism.

As shown, weight gain was similar between the groups on
all diets. This was also true of the EC CD36° made with the

Tek cre, which showed no difference in white adipose tissue
FA uptake (71). In the global CD36° mouse, TG-rich VLDL
accumulated, as a result of ineflicient hydrolysis both at the EC
and tissue surfaces (36). One potential reason why weight may
not be affected in the EC CD36° may be that although hydrolysis
is inefficient, as the lipoprotein becomes smaller in size, it can
enter the subendothelial space and undergo hydrolysis at the level
of the individual tissue, and FAs are then taken up by adipocytes
for storage.

Activated endothelium provides the surface for initiation of
atherosclerotic lesions. We were interested in how atherosclerosis
would develop in the absence of EC CD36, because high-
fat diets promote atherosclerosis in part through changes in
shear stress and other pro-inflammatory pathways. CD36 is
an important receptor for pro-atherosclerotic-modified LDL
ligands, often called oxPC CD36 (75, 76). These ligands are
recognized as a consequence of CD36 scavenger receptor activity.
In macrophages, interaction with these ligands leads to the
generation of foam cells, reactive oxygen species generation,
and secretion of cytokines (46, 75, 76). While EC do not
accumulate lipids to form foam cells, we considered that
interaction between EC CD36 and oxPC CD36 may contribute
to the initiation phase of atherosclerosis through inflammatory
pathways. Lesion analysis showed a significant decrease in
aortic atherosclerosis burden in EC CD36°/LDLR° female
mice. These results differ from global CD36°/LDLR®, where
protection against atherosclerosis was observed in both males
and females (29).

Endothelial cell CD36°/LDLR® female mice showed no
differences in plasma cholesterol levels compared with controls
after 16 weeks of diet feeding, and only a transient small
difference in weight after 6-8 weeks of diet feeding (but not
at 3 or 16 weeks). EC CD36°/LDLR® mice showed decreased
fasting glucose, and glucose tolerance testing showed faster
glucose clearance in female EC CD36°/LDLR® mice compared
with controls. This trait was apparent at the 3 week time point
when female EC CD36°/LDLR® mice also showed a decrease
in plasma total and free cholesterol and triacylglyceride levels.
While improved glucose clearance continued to be a hallmark
of EC CD36°/LDLR® female mice, differences in cholesterol and
triacylglyceride levels were not found at 6 and 16 weeks of diet
feeding. Lipoprotein analysis revealed that EC CD36°/LDLR®
female mice had 33% more triaclylglycerides in the LDL/IDL
fraction compared with controls after 16 weeks diet feeding. EC
CD36°/LDLR® males were similar to controls. The atherogenic
diet, although similar in kcal% fat content, differs from the 45
kcal% diet in terms of fat source (milkfat vs. lard) and sucrose
amount (341 vs. 206 g/kg). Unlike in the case of the 45 kcal%
diet, male EC CD36°/LDLR® mice did not show a difference in
glucose tolerance testing, and this may, in part, explain the lack
of atherosclerosis protection. Male mice at 4 weeks of age had
systemic metabolic changes that suggested greater carbohydrate
utilization, and perhaps greater capacity to resist the detrimental
effects of excess FA, similar to the global CD36°. The high-fat,
high-cholesterol diet, however, may have resulted in a systemic
inflammatory response that was greater than in the global CD36°
due to CD36 macrophage expression and interaction with CD36
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ligands. Further investigation is necessary to understand the
interaction of dietary components and sex/sex hormones in the
metabolic and atherogenic differences uncovered.

Atherosclerosis is a chronic inflammatory disease that
begins in atheroprone regions of the vasculature with
activation of the endothelium due to high-fat, cholesterol-
rich diets. Inflammation affects the development of obesity and
dysfunctional fat, and in muscle, insulin resistance, which are
contributing risk factors. EC CD36°/LDLR® female mice showed
systemic metabolic differences compared with controls, and had
less atherosclerosis lesion burden, but similar weight gain. The
inflammatory characteristics of the EC and fat will be interesting
to characterize in future studies, as well as analysis of plasma
cytokines/chemokines, as these may provide greater mechanistic
insight into the protection against lesion development, and the
differences between the sexes.

In addition to EC CD36 affecting tissue FA uptake, beyond
the scope of this study, there may also be FA effects directly on
EC. A recent report by Bou Khzam et al. (77) used a knockdown
approach to decrease expression of CD36 by ~50% in mouse
lung and cardiomyocyte EC; they found no difference in survival
or proliferation. In studies done in the context of added FA
(primarily oleic acid), they noted that knockdown of CD36
attenuated FA-induced increases in proliferation and migration
in an in vivo scratch wound healing assay (77). Palmitic acid
had opposite effects and was toxic. Oleic acid-treated, CD36
knockdown EC showed an ~8x increase in AMP-activated
protein kinase expression, indicative of EC stress, and a pro-
angiogenic response (77). The effect of added oleic acid in the
context of reduced but not absent CD36 could perhaps lead to
an insulin-resistant state, and similar to in diabetics, inhibits
vessel formation, even in the context of pro-angiogenic signals.
Using the Tek cre CD36° mice, Bou Khzam et al. (77) showed
impaired angiogenesis, accompanied by upregulation of other
anti-angiogenic proteins. A previous study measured hindlimb
ischemia in global CD36° mice: Isenberg et al. (78) found no
difference in limb survival at 7 days between wild type and CD36°
mice. They attributed these findings to thrombospondin-1-
CD47-dependent nitric oxide antagonism, leading to inhibition
of vascular remodeling in this ischemic model. Bou Khzam
et al. (77) did not investigate CD47 signaling in their report.
Other studies have shown CD36 to be anti-angiogenic via
thrombospondin-1 signaling, leading to apoptosis in normal EC,
or by blocking the vascular endothelial growth factor receptor 2
pathway in tumor EC (79).

How CD36 facilitates FA uptake remains controversial, with
at least three different proposed mechanisms. Hamilton and
coworkers suggest that CD36 does not play a direct role in the
uptake of FA, and flip-flop of FA is the prevailing mechanism
(32, 80). Instead, they postulate that CD36-dependent signaling
effects FA esterification and incorporation into different cellular
pools, and this is why loss of CD36 appears to inhibit FA
uptake (35). Based on the structure of CD36, which contains
a hydrophobic cleft that reaches near to if not below the lipid
bylayer, others have proposed that this acts as a tunnel through
which FAs are led to the cell surface, where they may flip-
flop over (81, 82). Localization of CD36 to specific plasma

membrane microdomains may associate it with cytoplasmic FA
binding proteins or esterifying enzymes, leading to apparent
unidirectional FA flow (83). Hao et al. (84) provide data in
support of a third hypothesis: in the presence of FA, CD36 in
adipocyte caveolae is depalmitoylated permitting endocytosis.
After delivery of FA to lipid droplets, repalmitoylated CD36 is
returned to the membrane surface (84). This mechanism differs
from the previous two in the rate of uptake of FA. Whether this
pathway extends to all cell types remains to be elucidated. While
there may be no consensus in terms of mechanism, it is clear that
loss of CD36 in mice and humans leads to systemic effects (11).

Overall, in this report, we show metabolic differences
consistent with reduced ability to hydrolyze and uptake FA in
the absence of EC CD36, leading to decreased FA oxidation and
reduced energy generation. Our work supports a previous study
showing EC CD36 is necessary for optimal FA uptake by heart
and muscle, and demonstrating changes in glucose tolerance
testing, fasting glucose, but not weight, similar to ours (71).
We further show that loss of EC CD36 led to reduced aortic
atherosclerosis lesion in female mice. To our knowledge, this
is the first report of the impact of loss of an EC-specific FA
transport protein on atherosclerosis. The data suggest a sex-
dependent role for EC CD36 in lipid metabolism, with potential
impact on insulin resistance and EC inflammation, driving
atherogenesis. These findings support as essential role for the
endothelium in controlling tissue FA uptake and for EC CD36
in atherosclerosis development.
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Background: Patients on dialysis have impaired cardiac function, in part due to
increased fluid volume and ventricular stress. Restored kidney function through
transplantation reduces left ventricular volume in both systole and diastole. We
previously reported that the decrease in NT-proB-type natriuretic peptide (NT-proBNP)
was associated with a decrease in adiponectin. Paraoxonase 1 (PON1) has been
inversely associated with cardiovascular outcomes. We now report the association of
changes in PON1 with changes in left ventricular volume and left ventricular mass after
kidney transplantation.

Design: Patients on dialysis were assessed at baseline and 12 months after kidney
transplantation (n = 38). A comparison group of patients on dialysis who were not
expected to receive a transplant in the next 24 months were studied (n = 43) to determine
if the change of PON1 with kidney transplantation achieved a significance greater than
that due to biologic variation. Left ventricular volume and mass were determined by
cardiac magnetic resonance imaging. PON1 was measured by arylesterase activity and
by mass.

Results: PON1 mass and activity were not different between the groups at baseline.
Both PON1 mass and activity were increased post-kidney transplantation (o < 0.0001
for change). The change in PON1 mass (p = 0.0062) and PON1 arylesterase activity (o
= 0.0254) were inversely correlated with the change in NT-proBNP for patients receiving
a kidney transplant. However, only the change in the PON1 mass, and not the change
in PON1 arylesterase, was inversely correlated with the change in left ventricular volume
(ml/m2.7) (o = 0.0146 and 0.0114 for diastolic and systolic, respectively) and with the
change in hemoglobin (p = 0.0042).
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Conclusion:

Both PON1 mass and arylesterase activity are increased by kidney

transplantation. The increase in PON1 mass is consistent with a novel relationship to
the increase in hemoglobin and decrease in left ventricular volume and NT-proBNP seen
when kidney function is restored.

Keywords: paraoxonase 1, kidney transplantation, left ventricular hypertrophy, cardiac magnetic resonance

imaging, dialysis

INTRODUCTION

Patients with chronic kidney disease (CKD) are at increased
risk for cardiovascular disease, including non-atherosclerotic
disease characterized by left ventricular hypertrophy (LVH) (1).
Among the noninvasive tools used to measure left ventricular
(LV) volume and mass, cardiac magnetic resonance imaging
(CMR) is particularly useful due to its accuracy and precision. We
recently reported LV changes by CMR in patients with end-stage
kidney disease (ESKD) in whom kidney function was partially
restored in the form of a kidney transplant (KT) (2). In addition,
LV changes by CMR can be correlated with cardiovascular
biomarkers such as adiponectin (2). While both LV volume and
adiponectin decreased with KT, change in adiponectin was not
associated with change in LV volume (2). Since CMR is a useful
tool to correlate cardiovascular biomarker changes with both
changes in kidney function after KT and measurable changes
in cardiac function, we extended our study to paraoxonase
1 (PON1).

PONT1 is a 43kDa protein synthesized primarily by hepatocytes
and released to high density lipoproteins (HDL). PON1 has
both metal binding and lactonase properties (3). Homocysteine
thiolactone has been identified as a substrate for PON1 (4).
Methylation of the PON1 gene has been associated with
clopidogrel resistance (5).

HDL enriched in PONT1 has been associated with less vascular
disease in type 1 diabetes (6). The first report that PON1
activity was reduced in patients with ESKD on hemodialysis
(HD) was from Schiavon et al. (7). We observed lower PON1
in patients on standard HD and home nocturnal HD that was
inversely correlated with C-reactive protein (CRP), a marker of
inflammation (8). PON1 can be measured as both its activity
and mass. In a cross-sectional study comparing a control group,
patients on HD and patients with KT, Sztanek et al. (9) found
PONI activity was lowest for HD patients, followed by those with
KT and highest in control subjects.

Most studies of patients on dialysis have measured PON1
enzymatic activity. Although reports are inconsistent, PON1
activity may be lowest for patients on dialysis, higher for patients
that have received a KT, and highest for normal control subjects.
This gradient in PON1 enzymatic activity is consistent with the
gradient of kidney function. However, all studies have been cross-
sectional in nature, with the exception of a study comparing
change in arylesterase at 1, 6 and 12 months post-transplant
(10). There has been no prospective determination of change
in PON1 mass and activity with prospective restoration of
kidney function through KT. There has also been no study that

compared the change in PON1 mass or activity with change
in LV indices.

METHODS

Recruitment of participants has been previously described (2, 11).
Briefly, adult patients (18-75 years old) on HD or peritoneal
dialysis (PD) being considered for KT were recruited at the time
of their pre-KT assessment. Patients were assigned to one of
2 groups depending on their availability of a potential living
kidney donor. The KT group consisted of HD or PD patients
expected to receive a living donor KT within 2 months; the
dialysis group consisted of patients without identified living
donors and therefore not expected to receive a transplant
for the next 24 months. The study sample size target of
42 subjects per group was based on detection of a 5pg/ml
change in adiponectin, with an expected attrition rate of 20%.
Study assessments were performed at baseline, and either 12
months later while still on dialysis or 12 months post-KT. The
predominant immunosuppressant regimen at 12 months post-
KT was the combination of tacrolimus, mycophenolate and
prednisone (n = 33), followed by tacrolimus and prednisone
(n = 3), mycophenolate, prednisone and sirolimus (# = 2) and
tacrolimus with mycophenolate (n = 1). Either basiliximab or
thymoglobulin are used for induction, followed by tacrolimus
0.1 mg/kg/d adjusted to maintain a target trough level of 5-
10 ng/ml. Mycophenolate is dosed at 720 mg per os twice daily,
and prednisone is dosed initially at 1 mg/kg/d, tapered to 5mg
daily by 2 months post-transplant.

The methods for cardiac MRI (CMR) measurement of LV
volume and LV mass have been described in detail (11).
Briefly, CMR was performed with a 1.5-tesla whole-body
magnetic resonance scanner (Intera: Philips Medical Systems,
Best, The Netherlands) using a phased-array cardiac coil and
retrospective vectorographic gating. All CMR studies were
analyzed by readers blinded to the information about the
patient and the time point of data acquisition. CMR data
was analyzed by an experienced reader using cvi42 software
(Circle Cardiovascular, Calgary, Canada). LV volumes and
mass were allometrically adjusted by dividing by height in
meters®’ (12). Adiponectin was measured using the Meso Scale
Discovery human adiponectin assay (#K151BXC-2, Meso Scale
Diagnostics, Rockville, Maryland) and calibrated to the Millipore
enzyme-linked immunoassay (#EZHADP-61-K, Millipore, St.
Charles, MO, USA). N-terminal proB-type natriuretic peptide
(NT-proBNP) was measured on the Roche Cobas 6000 601e
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TABLE 1 | Characteristics of study subjects by treatment group and baseline dialysis modality.

Hemodialysis at baseline p-value Peritoneal dialysis at baseline p-value
Dialysis Transplant Dialysis Transplant

Women/Men 8/23 10/17 4/8 2/10
Age, yrs 541 + 9.6 46.3 £ 121 0.008 59.2 +£ 13.8 471 £13.7 0.04
Baseline
Serum Creatinine pmol/L 674 + 229 694 + 230 0.75 789 + 199 926 + 332 0.23
BMI, kg/m? 27.2+52 25,5 £ 4.9 0.2 25.7 + 4.1 271+ 36 0.39
Hemoglobin, g/L 118.7 £ 156.3" 121.5 £ 13.4* 0.46 109.3 £ 11.7 106.7 £ 17.0 0.67
Total Chol, mM 40+ 13 4.16 £ 1.22 0.63 415 £1.04 421 £1.11 0.89
Triglycerides, mM 1.46 £ 0.85 1.93 + 1.39 0.12 1.68 + 0.53 2.03 £ 0.84 0.10
LDL Chol, mM 217 £1.12 217 £0.97 0.98 235+1.0 2.38 £ 0.95 0.93
HDL Chol, mM 1.19 £ 0.33 113 £0.32 0.51 111 £0.36 0.90 + 0.19 0.10
Albumin, g/L 41.6 £ 4.2% 417 + 3.88 0.91 35.8 £ 24 36.9 + 3.5 0.40
CRP, mg/L 6.5 + 10.2 3.8+ 5.0 0.21 6.5+ 7.3 6.0 + 6.0 0.88
LV systolic volume, mi/m?7 159 £ 5.5 175 £6.5 0.33 152 £5.0 19.3 £538 0.08
LV diastolic volume, mi/m?” 39.2 £ 10.2 40.6 £ 10.7 0.63 37.0+ 7.8 45.0 £ 9.4 0.036
LV mass index, g/m?7” 30.8 £ 9.9 29.2 + 8.6 0.50 28.7 £ 4.5 314 +82 0.32
Ln NT-proBNP, pg/ml 7.49 £ 1.55 7.23 £1.27 0.50 6.81 +£ 1.38 7.30 £1.37 0.41
Adiponectin,ug/ml 23.0 £ 13.5 20.6 £ 11.0 0.47 20.4 £ 10.7 275 +10.8 0.13
PONT pg/ml 98.2 +£24.2 92.0 £ 22.9 0.32 80.8 £ 19 79.5 £ 26 0.89
PON1 arylesterase, U/ml 88.1 £19.2 82.3 £ 19.5 0.25 82.2 £19.5 78.4 £ 19.7 0.65
PON1 specific activity,U/pg 0.91 £0.16 0.91 £0.18 0.99 1.02 £ 0.11 1.02 £0.18 0.92
Month 12
Serum creatinine wmol/L 757 + 234 129 + 103 < 0.0001 696 + 177 118 + 31 < 0.0001
BMI, kg/m? 27.6 £ 5.7 26.7 £ 4.7 0.49 25.0 + 3.4 282 + 54 0.11
Hemoglobin, g/L 116.6 + 12.1 134.3 £ 20.3 0.0003 113.1 £ 13.3 137.6 + 18.6 0.0012
Total Chol, mM 3.98 + 1.32 4.39 +£1.13 0.21 3.94 +£1.07 4.33 +£1.17 0.40
Triglycerides, mM 1.56 £+ 0.96 1.85 + 1.38 0.34 1.54 + 0.58 1.90 + 0.87 0.24
LDL Chol, mM 2.08 £ 0.93 2.33 £ 0.81 0.29 2.18 £ 0.90 214 £0.72 0.90
HDL Chol, mM 1.13 £ 0.37 1.24 £ 0.39 0.29 1.05 + 0.29 1.19 £ 0.28 0.25
Albumin, g/L 42.8 £ 35 43.6 £ 29 0.36 36.5 £ 2.75 435+ 3.0 < 0.0001
CRP, mg/L 41 £ 39 3.0+ 4.0 0.32 9.7 £ 13.3 4.8+ 49 0.26
LV systolic volume, ml/m27 165+ 5.2 145+ 44 0.47 154 +£11.4 147 +£12.8 0.72
LV diastolic volume, mi/m?* 39.6 + 10.4 36.9 + 8.1 0.29 37.3 £29.5 37.1 £ 34.6 0.96
LV mass index, g/m>” 30.2 £95 28.0 + 6.0 0.29 28.5 + 8.9 274 £ 45 0.70
Ln NT-proBNP, pg/ml 7.74 +1.53 4.81 +£1.28 < 0.0001 7.40 £1.77 4.95 +1.25 0.0007
Adiponectin pg/ml 21.7 £ 13.4 151 £ 741 0.021 233 +£17.2 18.1 £ 113 0.39
PONT pg/ml 96.2 + 21.1 106.8 + 22.4 0.07 83.0 £17.1 100.3 £+ 23.8 0.06
PONT arylesterase, U/ml 88.1 + 19.9 99.2 + 19.5 0.038 825+ 17.0 95.4 + 26.4 0.18
PON1 specific activity, U/ng 093 +£0.2 0.95 £+ 0.16 0.80 1.00 +£ 0.13 0.95 + 0.19 0.46

Baseline hemoglobin: *p = 0.006 for hemodialysis vs. peritoneal dialysis for the transplant group; "p = 0.06 for hemodialysis vs. peritoneal dialysis for the dialysis group; Baseline
albumin: *p = 0.0011 for hemodialysis vs. peritoneal dialysis for the transplant group; $p < 0.0001 for hemodialysis vs. peritoneal dialysis for the dialysis group.

module (Mississauga, ON, Canada). Measurement of PONI
was an a priori secondary variable. PON1 enzyme mass was
measured using serum as described (13) with the modification
that 4-20% Criterion sodium dodecylsulfate polyacrylamide
gels (BioRad, Mississauga, ON, Canada) were used to separate
serum proteins. A serum pool was analyzed in 11 separate
runs, assigned a value of 108.8 ug/ml for PON1 concentration
and used as a calibrator for all gels. PON1 Q192R phenotype
was determined using high and low salt conditions with

phenylacetate as a substrate and with 4-(chloromethyl)phenyl
acetate as described by Richter et al. (14). We also measured
blood hemoglobin and serum albumin concentrations, since
they are important prognostic markers for survival in ESKD
that improve with KT, as well as NT-proBNP due to its
known decline post-KT and correlation with LV volumes.
C-reactive protein (CRP) was measured as a marker of
inflammation. Statistical analysis was done using SAS version
9.4 (Cary, NC, USA). Graphs were plotted using GraphPad
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Prism version 9.2. Between-group comparisons were done using
unpaired ¢-test.

Since we recruited only patients with kidney failure who were
kidney transplant candidates, we excluded those who were too
ill to be considered for kidney transplantation. Therefore, the
dialysis patients in this study represent the healthiest subgroup of
dialysis patients. The dialysis patients’ good baseline health may
have suppressed any changes in their cardiac parameters over
time, as might be seen with improved dialysis efficiency over time.
We attempted to address this bias by excluding patients who were
not yet on dialysis and receiving a pre-emptive kidney transplant,
since those patients might be even healthier.

The study was approved by the Research Ethics Board at St.
Michael’s Hospital (REB 10-239) and by the ethics boards at
the collaborating sites. All subjects provided written informed
consent. The work described has been carried out in accordance
with The Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.

RESULTS

The baseline and 12-month characteristics of the dialysis group
and transplant groups are shown in Table 1. Hemoglobin and
albumin concentrations were significantly different between HD
and PD patients at baseline. Therefore, a post-hoc sensitivity
analysis was performed and the univariate analyses are presented
separately by baseline dialysis type. Within dialysis type, baseline
values for the dialysis vs. transplant subjects were not significantly
different, with the exception of LV volume at diastole (ml/m?>7)
for the PD patients. Allometrically adjusted LV mass (g/m?”7) was
not different between the two groups. KT resulted in significant
increases in hemoglobin concentration for both HD and PD
patients, but KT significantly increased albumin concentration
only in the PD patients. CRP concentration did not differ
between HD and PD patients and was not significantly affected
by KT.

KT increased PON1 mass for both HD and PD patients, with
near-significant p values of 0.07 and 0.06, respectively (Table 1).
Univariate analyses of PON1 mass and activity comparing the
dialysis and KT groups is shown in Table 2. The data for the HD
and PD subjects within group was combined for this analysis.
ESKD baseline values were not significantly different between the
dialysis and KT groups, but at 12 months the absolute values
for PON1 activity (p = 0.0125) and PON1 mass (p = 0.0119)
were significantly higher in the KT group whether analyzed as
the change in activity or mass (p < 0.0001 for each). Notably,
the standard deviation for the dialysis group and the transplant
group was similar.

Table 3 provides an analysis of differences between HD and
PD patients by analysis of change in cardiovascular biomarkers.
The most striking impact of dialysis modality was on change
in albumin, which was highly significant for PD patients (p =
0.0005), but not HD patients (p = 0.34). The change in systolic
and diastolic LV volume was greater for subjects on PD and
reached statistical significance despite the smaller sample size.
The decrease in systolic and diastolic LV volume seen for HD

TABLE 2 | Paraoxonase 1 mass and activity by treatment group.

Dialysis Transplant p-value
n 43 38
Baseline
PONT1 arylesterase activity, U/ml 86.4 + 19.3 81.2+ 194 0.22
PON1 mass, pg/ml 93.4 +24.0 88.6 + 24.1 0.35
PON1 specific activity, U/ng 0.94 £0.16 0.94+£0.18 0.99
Month 12
PONT arylesterase activity, U/ml 86.6 + 19.1 98.09 + 21.4 0.0125
PONT mass, pg/ml 92,5 +£20.7 104.9 £ 22.7 0.0119
PONT1 specific activity, U/png 0.95 +0.18 0.95 +0.16 0.89
Change PONT1 arylesterase, U/ml 0.15+10.5 16.9 £ 13.8  <0.0001
Change PON1 mass, pg/ml —0.84 +£13.3 16.6 £ 15.8  <0.0001

patients was consistent with a beneficial, albeit smaller, effect
of KT for this group. The change in PONI activity and mass
was significant for both HD and PD patients. The change in
hemoglobin was also significant for both dialysis modalities,
although it was greater for the PD patients. The change in HDL
cholesterol was also found to be significant for both HD and PD
patients. Thus, among the measured liver products, albumin was
distinguished from PON1 and HDL cholesterol as being strongly
affected by baseline dialysis modality.

Tables 4, 5 (and shown in Figures 1-7) provide correlation
analyses for PON1 mass and activity, HDL cholesterol,
adiponectin, NT-proBNP, LV systolic and diastolic volume, and
LV mass for the KT group and the dialysis group, respectively.
The data for the HD and PD subjects was combined for this
analysis. For the KT group, the change in PON1 mass and
arylesterase activity were significantly correlated (p < 0.0001).
The change in hemoglobin was also positively correlated with
change on PON1 mass (p = 0.0042), but not with PON1
activity (p = 0.275). Further, the change in PON1 mass was
inversely correlated with the change in LV diastolic volume (p
= 0.0146), systolic volume (p = 0.0114) and Ln NT-proBNP (p
= 0.0062). Although the change in PON1 mass was correlated
with the change in HDL cholesterol concentration (p = 0.0562),
the change in HDL cholesterol was not significantly correlated
with LV volume or mass. The change in HDL cholesterol was
significantly correlated with the change in PON1 arylesterase (p
= 0.0003) and adiponectin (p = 0.0062). Thus, the change in
PONI1 mass has a unique association with LV changes, unlike
HDL cholesterol and PON1 arylesterase activity.

The median percent change in PON1 mass was —3.9 vs.
20.3% for the dialysis and KT groups, respectively. The change
in PONI mass was not correlated with the average PON1
mass (p = 0.56), indicating that baseline PON1 concentrations
were not a determinant of the response to KT. Thus, the
incremental increase in PON1 mass was similar across the PON1
concentration range. Only the change in Ln NT-proBNP was
significantly different from the null (p = 0.0487) in the dialysis
group. The correlation of PONI mass and arylesterase activity
was significant across groups (p < 0.0001). Consistent with these
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TABLE 3 | Change in paraoxonase-1 mass and activity and relationship with hemoglobin and albumin by baseline dialysis modality.

Hemodialysis at baseline p-value Peritoneal dialysis at baseline p-value
Dialysis Transplant Dialysis Transplant

n N =28 N =26 N=12 N =11
Change in albumin, g/L 1.04 + 3.81 211 +£4.41 0.34 0.67 +£2.74 69+44 0.0005
n N =30 N =27 N=12 N =11
Change in LV systolic volume, mi/m?7 —0.43 £ 4.09 —2.93 £ 5.91 0.067 0.28 +£ 5.1 —4.42 £ 4.76 0.033
Change in LV diastolic volume, ml/m?7 0.28 £9.3 —3.63 £7.98 0.096 0.33+£9.2 —7.91£9.45 0.046
n N =31 N =27 N=12 N =11
Change in PON1 activity, U/ml 0.07 £11.0 169+ 13 < 0.0001 0.35 +9.46 16.9 £ 16.2 0.0065
n N =31 N =27 N=12 N =11
Change in PON1 mass, pg/ml —2.01+£129 149+ 16.9 < 0.0001 22+ 146 20.8 £12.32 0.0036
Change PONT1 specific activity, U/ng 0.019+£0.12 0.08 £ 0.09 0.69 —0.018 £ 0.1 —0.061 £0.14 0.4
n N = 31 N =27 N=12 N =12
Change in Hemoglobin, g/L -2.1+16.8 12.8+23.2 0.0066 3.8+ 121 30.9 +£29.7 0.0106
Change HDL cholesterol, mM —0.05 £ 0.22 0.16 £ 0.29 0.0081 —0.05 £+ 0.18 0.29+0.3 0.0026

TABLE 4 | Pearson correlation of change in left ventricular measurements and hemoglobin with PON1, HDL cholesterol, and adiponectin for subjects receiving a kidney
transplant.

Transplant group LV diastolic LV systolic LVMIZ7 Hemoglobin LnNT-proBNP PON1 PON1 HDLC Adiponectin
volume volume g/L pg/ml ng/mi units/ml mM ng/mi
LV_diastolic 1 0.846 0.7188 —0.4969 0.6074 —0.3931 —0.1294 —0.0116 0.3019
Volume, <0.0001 <0.0001 0.0015 0.0001 0.0146 0.4387 0.9452 0.0654
mi/m?7 38 38 37 38 35 38 38 38 38
LV_systolic 1 0.5729 —0.5379 0.6251 —0.406 —0.3002 —0.0912 0.2039
Volume, 0.0002 0.0005 <0.0001 0.0114 0.0671 0.5859 0.2195
mi/m?>7 38 37 38 35 38 38 38 38
LVMI, 1 —0.4171 0.3962 —0.2425 —0.1157 —0.0485 0.2169
g/m?7 0.0102 0.0204 0.1482 0.4962 0.7754 0.1972
37 37 34 37 37 37 37
Hemoglobin 1 —0.385 0.4536 0.1816 0.0661 —0.2836
0.0224 0.0042 0.2751 0.6892 0.0845
gL 39 35 38 38 39 38
LnNT-proBNP, 1 —0.4536 —0.3774 —0.0572 0.3865
pg/mi 0.0062 0.0254 0.7442 0.0218
35 35 35 35 35
PONT, 1 0.7318 0.3125 —0.1513
pg/mi <0.0001 0.0562 0.3647
38 38 38 38
PONT, 1 0.5572 0.2414
units/mi 0.0003 0.1443
38 38 38
HDLC, 1 0.4363
mM 0.0062
39 38
Adiponectin, 1
pg/mi 38

Values shown in the table are the Pearson correlation coefficient, the p-value, and the number of subjects. LV, left ventricular; LVMI, left ventricular mass index; LnNT-proBNF, natural
log of NT-proB-type natriuretic peptide; PON1, paraoxonase 1; HDLC, high density lipoprotein cholesterol.
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TABLE 5 | Pearson correlation of change in left ventricular measurements and hemoglobin with PON1, HDL cholesterol, and adiponectin for subjects on dialysis.

Dialysis group LV diastolic LV systolic LVMI7 Hemoglobin LnNT-proBNP PON1 PON1 HDLC Adiponectin
volume volume g/L pg/ml rg/ml units/ml mM ng/ml
LV_diastolic 1 0.8316 0.4975 —0.3676 0.5817 —0.0004 —0.3591 0.1654 0.2458
Volume, <0.0001 0.0008 0.0166 0.0001 0.9981 0.0195 0.2951 0.1166
mi/m?7 42 42 42 42 39 42 42 42 42
LV_systolic 1 0.6079 —0.3469 0.6212 —0.0329 —0.27 0.0734 0.3768
Volume, <0.0001 0.0244 <0.0001 0.8363 0.0837 0.6443 0.0139
ml/m?7 42 42 42 39 42 42 42 42
LVMI, 1 —0.3493 0.7602 —0.127 —0.2118 —0.0151 0.461
g/m?7 0.0234 <0.0001 0.423 0.1782 0.9243 0.0021
42 42 39 42 42 42 42
Hemoglobin, 1 —0.3371 0.183 0.2703 0.2573 0.1063
0.0334 0.2402 0.0796 0.0958 0.4975
g/L 43 40 43 43 43 43
LnNT-proBNP, 1 —0.1542 —0.3183 —0.1224 0.3963
pg/ml 0.3421 0.0453 0.4519 0.0114
40 40 40 40 40
PONT, 1 0.61 0.3619 0.1381
pg/mi <0.0001 0.0171 0.8771
43 43 43 43
PONT, 1 0.4 0.1757
units/ml 0.0082 0.2597
43 43 43
HDLC, 1 0.3252
mM 0.0333
43 43
Adiponectin, 1
pg/ml 43

Values shown in the table are the Pearson correlation coefficient, the p-value and the number of subjects. LV, left ventricular; LVMI, left ventricular mass index; LnNT-proBNR, natural log
of NT-proB-type natriuretic peptide; PON1, paraoxonase 1, HDLC, high density lipoprotein cholesterol.
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FIGURE 1 | Change in HDLC vs. change in PON1 mass. (A) Transplant group. (B) Dialysis group.
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two measures having different determinants in the dialysis group
(Table 5), PON1 arylesterase variation correlated inversely with
the change in LV diastolic volume (p = 0.019) and with the
change in Ln NT-proBNP (p = 0.045), whereas there was no

correlation of the change in PON1 mass with these in the dialysis
group (p = 0.998, 0.342, respectively).

PON1 Q192R phenotype frequency was not different between
the dialysis and KT groups (Supplementary Table 1, Fishers
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FIGURE 4 | Change in LV mass vs. change in PON1 mass. (A) Transplant group. (B) Dialysis group.

exact test p = 0.74). Further, PON1 Q192R phenotype was
not a significant factor for the change in PON1 mass (data
not shown).

DISCUSSION

We have shown for the first time that the increase in PON1
mass post-KT inversely correlates with change in LV volume and

positively correlates with the change in hemoglobin. The current
study also prospectively, rather than cross-sectionally, confirms
that PON1 activity is higher with greater kidney function.
Further, we have documented that change in PON1 mass post-
KT is independent of baseline concentration or inflammation.
Separating PON1 mass change from change in CRP, HDL
cholesterol and albumin supports specific effects that link PONT1,
hemoglobin and LV volume. PONI activity, influenced by HDL
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cholesterol, does not uniquely share a common factor with
change in hemoglobin or LV volume.

The cause-effect relationship among change in LV volume,
change in hemoglobin and change in PON1 mass cannot be
elucidated from the current study design. Several candidates are

suggested by the current literature to explain these relationships.
PON1 has been shown to be involved, as a lactonase, in the
metabolic conversion of 5,6-epoxyeicosatrienoic acid (15). The
epoxyeicosatrienoic acids are among the molecules that regulate
response to mechano-transduction as regulators of TRPV4 (16,
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17). Independently, the production of B-type natriuretic peptide,
as reflected by the inverse relationship of PONI1 with NT-
proBNP, could indicate a link between PON1 and mechano-
sensing pathways. Thus, one could speculate that PON1 mass
reflects a role in response to left ventricular volume. The
positive correlation of the change in PON1 mass with the
change in hemoglobin could indicate that factors involved in
iron metabolism regulate PON1 gene expression in concert with
regulating hemoglobin concentration. This would be consistent
with an increase in PON1 in response to erythropoietin therapy
that has been reported in a single study (18). However, currently
there is no information that would link the regulation of human
PON1 gene expression and iron metabolism.

Despite a greater understanding of PONI1 mass, the
importance of reduced PON1 activity seen in states of reduced
kidney function and partially restored kidney function remains
to be established. Bhattacharyya et al. (19) reported that PON1
QI192R genotype, paraoxonase and arylesterase activities were
related to cardiovascular outcomes in a cohort of subjects
undergoing elective diagnostic cardiac catheterization. The
lowest quartile of arylesterase activity had a 4.5-fold hazard
ratio for nonfatal myocardial infarction or cerebrovascular
accident. Hammadah et al. (20) reported event-free survival
over 5 years for subjects with chronic heart failure from the
Atlanta Cardiomyopathy Consortium. BNP was highest, and
HDL cholesterol was lowest, for the lowest tertile of arylesterase
activity. The lowest tertile of baseline arylesterase activity was
associated with a 2.6 hazard ratio for adverse events.

PON1 has a well-recognized labile metal binding site, in
addition to its enzymatic activity. This labile site requires
calcium for enzyme activity, but it can also bind metals. Thus,
one potential function of PON1 is in the regulation of iron,
zinc and other divalent cations (21-23). Rahimi-Ardabili et al.
(24) reported that zinc sulfate supplementation increased HDL
cholesterol, apoAl and paraoxonase activity in patients on HD,
but that this response was not specific to paraoxonase and may
reflect a general effect on HDL production or clearance. This
putative function of PON1 would be dependent upon its mass
and would have the potential to not only be independent of the
lactonase activity but inverse to such activity.

KT recipients benefit markedly from their improved kidney
function compared to remaining on dialysis, experiencing
improved cardiovascular outcomes (25) although outcome
depends on the amount of kidney function restored (26).
While reduced LV volume and increased hemoglobin are well-
known effects of KT, the relationship of these improvements
to improved cardiovascular outcomes remains unestablished.
In this study, we have shown that PON1 mass especially, and
possibly PONI activity, may be key mediators in the pathway
linking restored kidney function and improved cardiovascular
outcomes. The current study generates the hypothesis that
interventions selectively directed toward increasing PON1
mass and activity may help provide further insight into
the mechanisms that connect the kidney and heart in
patients with pathological cardiorenal syndromes, such as those
with ESKD.

The study is limited by its inclusion of largely healthy
patients, since those with recent (<6 months) cardiac events
were also excluded. Most transplant patients received living
donor transplants, which have the best outcomes with less
acute tubular necrosis, acute rejection, and cardiac events.
This may amplify any differences from the dialysis group.
The magnitude is expected to be small since additionally, 12
months of follow-up is expected to be sufficient to overcome
these challenges to the transplant, before the follow-up CMR.
Fortunately, no patients in this study, transplant or dialysis,
experienced cardiac events. The findings from this study
cannot be generalized to deceased donor transplants, which
constitute about 60% of all transplants and are subject to
more complications.
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Hematopoietic Cell-Specific
SLC37A2 Deficiency Accelerates
Atherosclerosis in LDL
Receptor-Deficient Mice

Qingxia Zhao '*, Zhan Wang'*, Allison K. Meyers?, Jennifer Madenspacher?,
Manal Zabalawi’, Qianyi Zhang*, Elena Boudyguina', Fang-Chi Hsu®, Charles E. McCall "2,
Cristina M. Furdui’, John S. Parks', Michael B. Fessler® and Xuewei Zhu "%*

" Department of Internal Medicine, Section on Molecular Medicine, Wake Forest School of Medicine, Winston-Salem, NC,
United States, 2 Department of Microbiology and Immunology, Wake Forest School of Medicine, Winston-Salem, NC,
United States, ? Immunity, Inflammation and Disease Laboratory, National Institute of Environmental Health Sciences, NIH,
Durham, NC, United States, * Department of Biology, Wake Forest University, Winston-Salem, NC, United States,

> Department of Biostatistics and Data Science, Wake Forest School of Medicine, Winston-Salem, NC, United States

Macrophages play a central role in the pathogenesis of atherosclerosis. Our
previous study demonstrated that solute carrier family 37 member 2 (SLC37A2), an
endoplasmic reticulum-anchored phosphate-linked glucose-6-phosphate transporter,
negatively regulates macrophage Toll-like receptor activation by fine-tuning glycolytic
reprogramming in vitro. Whether macrophage SLC37A2 impacts in vivo macrophage
inflammation and atherosclerosis under hyperlipidemic conditions is unknown. We
generated hematopoietic cell-specific SLC37A2 knockout and control mice in C57BI/6
Ldir~/= background by bone marrow transplantation. Hematopoietic cell-specific
SLC37A2 deletion in Ldlr—/~ mice increased plasma lipid concentrations after 12-16
wks of Western diet induction, attenuated macrophage anti-inflammatory responses,
and resulted in more atherosclerosis compared to Ldlr~/— mice transplanted with
wild type bone marrow. Aortic root intimal area was inversely correlated with
plasma IL-10 levels, but not total cholesterol concentrations, suggesting inflammation
but not plasma cholesterol was responsible for increased atherosclerosis in bone
marrow SLC37A2-deficient mice. Our in vitro study demonstrated that SLC37A2
deficiency impaired IL-4-induced macrophage activation, independently of glycolysis
or mitochondrial respiration. Importantly, SLC37A2 deficiency impaired apoptotic cell-
induced glycolysis, subsequently attenuating IL-10 production. Our study suggests that
SLC37A2 expression is required to support alternative macrophage activation in vitro and
in vivo. In vivo disruption of hematopoietic SLC37A2 accelerates atherosclerosis under
hyperlipidemic pro-atherogenic conditions.

Keywords: glucose 6-phosphate transporter, macrophage inflammation, IL-10, efferocytosis, atherosclerosis
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INTRODUCTION

Atherosclerosis is driven by hyperlipidemia and exacerbated by
chronic low-grade inflammation (1-6). Macrophages are among
the most abundant immune cells within atherosclerotic plaques
(1, 5, 7-10). Inside the atherosclerotic plaque, macrophages take
up modified LDL (i.e., oxidized LDL; oxLDL), forming lipid
laden-macrophages or foam cells, which worsen inflammation
and promote atherosclerotic plaque growth (1, 5, 7-10). As a
heterogeneous cell population, macrophages can be roughly
grouped into two categories based on their inflammatory
activities:  classically activated pro-inflammatory = (M1)
macrophages and alternatively activated anti-inflammatory
macrophages (11). The anti-inflammatory (M2) macrophages
can be subdivided into M2a, 2b, 2c, and 2d based on the
stimuli and resultant transcriptional changes (11). These in
vitro models of macrophage polarization (M1 vs. M2) are
more simplified than the microenvironment that macrophages
encounter in an atherosclerotic lesion (12). Nevertheless,
mounting evidence suggests that macrophage plasticity or
phenotypic switch impacts atherosclerotic lesion progression and
regression (1, 13, 14). Uncovering the underlying mechanisms
governing activation and deactivation of macrophages and their
phenotypic switch provides a promising avenue to prevent and
treat atherosclerosis.

Macrophages rewire intracellular metabolic pathways upon
activation, which in turn modify their cellular function (15-17).
Pro-inflammatory macrophages, such as lipopolysaccharide
(LPS)-stimulated macrophages [M (LPS)], requires glycolysis
to mount an effective inflammatory response. However,
whether glycolytic reprogramming is necessary for alternative
macrophage activation is still debatable and requires further
investigation. Moreover, little is known about how and to
what extent macrophages reprogram cellular metabolism
in response to microenvironmental stimuli to promote or
resolve inflammation under pro-atherogenic conditions.
A positive association between glycolysis and plaque
macrophage inflammation was documented as increased
glucose metabolic activity in human symptomatic and unstable
plaque macrophages compared with asymptomatic lesions (18).
However, macrophage glycolytic rate does not always influence
atherogenesis, at least based on animal studies. For example,
myeloid deletion of glucose transporter 1 (GLUT1), the primary
glucose transporter on the plasma membrane in macrophages,
does not alter atherosclerotic plaque size or macrophage content
in Ldlr~/~ mice (19). Moreover, myeloid overexpression of
GLUT1 increases glucose flux in macrophages and enhances
macrophage inflammation in vitro but is insufficient to
promote atherosclerosis (20). These findings suggest a context-
dependent regulation of macrophage inflammation and disease

Abbreviations: AC, apoptotic cells; BMDM, bone marrow-derived macrophages;
BMT, bone marrow transplantation; ECAR, extracellular acidification rate; NAD ™,
nicotinamide adenine dinucleotide; OCR, oxygen consumption rate; OXPHOS,
oxidative phosphorylation; SLC37A2, solute carrier family 37 member 2; WD,
western diet.

development by cellular metabolic processes in acute vs. chronic
low-grade inflammation.

Solute carrier family 37 member 2 (SLC37A2), an endoplasmic
reticulum-anchored  phosphate-linked  glucose-6-phosphate
transporter, is highly expressed in macrophages (21-23). We have
recently reported that SLC37A2 plays a pivotal role in murine
macrophage inflammatory activation and cellular metabolic
rewiring (24). SLC37A2 deletion reprograms macrophages to a
hyper-glycolytic state of energy metabolism and accelerates M
(LPS) activation, partially depending on nicotinamide adenine
dinucleotide (NAD™) biosynthesis. Blockade of glycolysis or the
NAD™ salvage pathway normalizes the differential expression
of pro-inflammatory cytokines between control and SLC37A2-
deficient macrophages. Conversely, overexpression of SLC37A2
lowers macrophage glycolysis and significantly reduces LPS-
induced pro-inflammatory cytokine expression. Our published
work suggests that SLC37A2 is a negative regulator of murine
macrophage pro-inflammatory activation by down-regulating
glycolytic reprogramming.

Despite these findings, it remains unclear whether
macrophage SLC37A2 impacts macrophage pro- or anti-
inflammatory activation in vivo under pathologic conditions.
Further, it is not known whether macrophage SLC37A2-
mediated inflammation affects the pathogenesis of inflammatory
diseases. Here, we found that SLC37A2 expression is necessary
to maintain alternative macrophage activation in vitro. Our
data suggest that SLC37A2 positively regulates IL-4-induced
macrophage alternative activation, independent of glycolysis
or mitochondrial respiration. SLC37A2 positively regulates
apoptotic  cell-induced macrophage alternative activation
through modulation of glycolysis. Lastly, we found that
disruption of hematopoietic SLC37A2 expression impairs anti-
inflammatory responses and worsens hyperlipidemia-induced
atherosclerosis in Ldlr—/~ mice.

MATERIALS AND METHODS

Animals, Bone Marrow Transplantation,

and Diet Feeding

Animals

Slc37a2 global knockout mice in the C57BL/6] background
(T1837) were purchased from Deltagen, Inc (24). Heterozygous
Sle37a2 knockout mice were intercrossed to obtain wild type
(WT) and homozygous knockout (Slc37a2/7) mice. Ldlr—/—
(stock 002207) mice were purchased from Jackson Laboratories.
Mice were housed in a pathogen-free facility on a 12 h light/dark
cycle and received a standard laboratory diet.

BMT

7 x 10° BM cells from female donor (WT and Slc37a2~/7)
mice were injected into the retro-orbital venous plexus of
irradiated male Ldlr™" recipient mice. Repopulation of blood
leukocytes after BMT was evaluated after 16 wks of diet feeding
by determining the percentage expression of the Y-chromosome-
associated sex-determining region Y gene (Sry) in genomic DNA
obtained from white blood cells, as described previously (25).
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High-Fat Western Diet Feeding
After 5 wks of recovery from radiation, mice were switched from
a standard laboratory diet to a high-fat WD containing 42%
calories from fat and 0.2% cholesterol (TD. 88137, Teklad) for
an additional 16 wks to induce advanced atherosclerosis.

All animal experimental protocols were approved by the Wake
Forest University Animal Care and Use Committee.

Analysis of Atherosclerotic Lesions

Aortic root atherosclerosis was assessed as described before
(25). Briefly, aortic root sections were stained in 0.5% Oil
Red O and counterstained with hematoxylin. To measure
necrosis, we drew boundary lines using NIH Image] software
around regions free of H&E staining. We used a 3,000 jum?
threshold to avoid counting regions that may not represent
substantial areas of necrosis, as described before (25). Stained
sections were photographed with an Olympus DP71 digital
camera and quantified using NIH Image] software. Results
were expressed as cross-sectional plaque area (H&E) or plaque
necrosis (necrotic core), or percent of total plaque area or
necrosis core. Macrophages and T cells in aortic root were
stained by incubating aortic root cross-sections with the primary
antibodies to CD68 (Bio-Rad) and CD3 (Abcam), followed by
the biotinylated secondary antibody. The staining was visualized
using the ABC reagent (ABC vector kit; Vector) and DAB
substrate chromogen (Dako). Apoptotic cells in atherosclerotic
lesions were stained using the Click-iT Plus TUNEL Assay
kit (Thermo Fisher) according to the manufacturer’s protocol.
The sections were then stained with CD68 antibody (Bio-
Rad), and nuclei were stained with DAPI. Only TUNEL-
positive cells that co-localized with DAPI-positive nuclei were
counted as apoptotic cells. Efferocytosis was determined by
counting the number of macrophage-associated vs. free apoptotic
cells, following established methods published before (25-29).
Aortic root cross-sections were also stained with Masson’s
Trichrome stain to quantify collagen deposition. Areas stained
blue within lesions were identified as collagen-positive using NITH
Image] software.

Cell Culture and Treatment

Peritoneal Macrophage Culture

Peritoneal cells were harvested from mice after a 16-wk diet
feeding (30, 31). Cells were plated in RPMI-1640 media
containing 100 U/ml penicillin and 100 pg/ml streptomycin.
After a 2h incubation, floating cells were removed by washing
with PBS, and adherent macrophages were lysed using Trizol
(Invitrogen) for RNA extraction.

BMDM Culture

Mouse bone marrow was cultured in low glucose DMEM
supplemented with 30% L1929 cell-conditioned medium and 20%
FBS for 6-7 days until the cells reached confluence. BMDMs were
then reseeded in culture dishes overnight in RPMI 1640 medium
containing 1% Nutridoma-SP medium (Sigma-Aldrich) before
any treatment (24).

Jurkat T Cell Culture

Jurkat T cells (TIB-152, ATCC) were maintained in 10% FBS
containing RPMI-1640 medium. Jurkat T cells (2 x 10°/ml)
were treated with 1 WM staurosporine in RPMI-1640 media
containing 100 U/ml penicillin and 100 pg/ml streptomycin for
4h to induce apoptosis.

Macrophage Stimulation

BMDMs were incubated with 20ng/ml IL-4 or ACs (ratio
of ACs to macrophages was 5:1) in 10% FBS containing
for indicated times as written in the figure legends. To
induce foam cell formation, BMDMs were treated with 25 or
50 pg/ml oxLDL (Athens Research & Technology) for 0-24 h.
In some experiments, BMDMs were pretreated for 30 min with
hexokinase inhibitor 2-deoxy-D-glucose (2-DG; 10 mM, Sigma-
Aldrich), actin polymerization inhibitor cytochalasin D (10 WM,
Cayman), or fatty acid B-oxidation inhibitor etomoxir (50 WM,
Cayman) and subsequently treated with apoptotic cells for an
additional 4 h in the presence of each inhibitor.

Cytokine Quantification

Total RNA in tissues or macrophages was extracted using
Trizol (Invitrogen). cDNA preparation and real-time PCR
were conducted as described previously (24, 25). Primers
are listed in Supplementary Table S1. Concentrations of
cytokines/chemokines in plasma, liver homogenate, or cell
culture supernatant were measured using Bioplex assay or ELISA
according to the manufacturer’s instructions.

Flow Cytometry

Peripheral blood and splenocytes were stained with
Gr1(Ly6C/G)-PerCP-Cy5.5 (BD Pharmingen, cat# 552093),
CD115-APC (eBioscience, cat# 17-1152-82), CD11b-APC Cy7
(BD Bioscience, cat# 557657), and V450-CD45 (BD Horizon,
cat# 560501) (30). Data were acquired on a BD FACS Canto
IT instrument (BD Biosciences) and analyzed using FACSDiva
software v6.1.3 (BD Biosciences).

To examine the apoptotic rate, Jurkat T cells were stained
with Annexin V-APC and PI (Thermo Fisher). To examine
efferocytosis, Jurkat T cells were first stained with cell tracker
green CMFDA (2 M) at 37°C for 30 min before treated with
1 M staurosporine for 4h to induce apoptosis. Fluorescent
labeled apoptotic Jurkat T cells were then incubated with
macrophages at 37°C for 0-120 min. Macrophages were then
washed with PBS for five times and incubated with accutase
dissociation buffer at 37°C for 30 min. Data were acquired on
a BD FACSCalibur (BD Biosciences) and analyzed using Flowjo
V7.6.5 (BD Biosciences).

Glucose Tolerance Tests and Insulin

Tolerance Tests

Mice were fasted overnight before intraperitoneal injection of 1 g
glucose/kg body weight (BW). One wk later, the same groups
of mice were used for intraperitoneal injection of 0.75U of
regular human insulin/kg BW after a 4h fast. Blood glucose
concentrations were measured at 0, 15, 30, 60, and 120 min after
each injection using a Bayer Contour glucose meter kit (31).
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Immunofluorescent Staining of Liver

Tissues

Frozen sections of liver tissues were incubated with the primary
antibodies to CD68 (Bio-Rad, 1:100 dilution) and CD206 (Cell
Signaling, 1:400 dilution), followed by FITC goat anti-rat IgG
(Vector, 1:200) and TexasRed conjugated goat anti-rabbit IgG
(Vector, 1:200). Sections were imaged with a digital camera
mounted on a fluorescent microscope (Olympus DP71), and
analyzed by using Image] (NIH). Analysis was performed on 8
of 40 x fields/section to calculate the mean count of positively

stained cells per mm?.

Lipid Analysis

4 h-fasting plasma total cholesterol (TC), free cholesterol
(FC) (Wako), and triglyceride (TG) (Roche) were determined
by enzymatic analysis. Plasma was fractionated by FPLC to
determine cholesterol distribution among the lipoprotein classes
(32). Liver lipids were extracted with chloroform: methanol
(2:1), and the extract was used for enzymatic assays (33)
(cholesterol, Wako; TG, Roche), and lipids were normalized to
wet liver weight. Macrophage cholesterol content was measured
by gas-liquid chromatography (34) and normalized to cellular
protein (34).

Seahorse Assay

2 x10° BMDMs were plated into each well of Seahorse XF96
cell culture microplates (Agilent Technologies) and cultured
overnight before treated with or without 20 ng/ml IL-4 for 6 or
24h or ACs for 3h. Basal and IL-4- or AC-induced changes in
oxygen consumption rate (OCR) were measured with a Seahorse
XF96 Extracellular Flux Analyzer (Agilent Technologies) using
a Seahorse mito stress test kit. Extracellular acidification rate
(ECAR) in BMDMs was recorded using a glycolysis stress test
kit (Agilent Technologies). OCR and ECAR were measured
under basal conditions and following the sequential addition
of 10mM glucose, 1 WM oligomycin, 1.5uM fluoro-carbonyl
cyanide phenylhydrazone (FCCP), 100 nM rotenone plus 1 uM
antimycin A, or 50mM 2DG (all the compounds were from
Agilent Technologies), as described in the figure legends. After
the assay, 3 WM Hoechst (Life Technologies) was added to each
well to stain nuclei for cell counting. Results were collected with
Wave software version 2.6 (Agilent Technologies). Data were
normalized to cell numbers.

Western Blotting

BMDM protein concentration was measured using the

BCA protein assay kit (Pierce). Rabbit anti-SLC37A2
polyclonal antibody was made against the peptide
CTPPRHHDDPEKEQDNPEDPVNSPYSSRES (LAMPIRE

Biological Lab Inc.) and used at a dilution of 1:500 (24). B-actin
(Sigma-Aldrich, no. A5441; 1:5,000) was used as a loading
control. Blots were developed using HRP-linked secondary
antibodies. Immunoblots were visualized with the Supersignal
substrate system (Pierce). Chemiluminescence was captured
using the ChemiDox MP imaging system (Bio-Rad) or an LSA-
3000 imaging system (Fujifilm Life Science). The experiments
were repeated at least two times.

Statistics

Statistical analysis was performed using GraphPad Prism
software 7 (GraphPad Software) except for the plasma lipid
analysis in Figures 1A-D. Data are presented as the mean =+
SEM unless indicated otherwise. Differences were compared
with Student’s t-test or two-way ANOVA with post hoc Tukey’s
multiple comparison test as indicated in the figure legends. In
Figures 1A-D, the mixed-effects models were used to compare
lipids variables between genotype groups at each time point. The
use of random intercepts provided a source of autocorrelation
between repeated measures. Genotype groups and weeks and the
interaction between genotype groups and weeks were included in
the model. Contrasts were used to compare lipid variables at each
measured week. P < 0.05 was considered statistically significant.

RESULTS

Hematopoietic Cell-Specific SLC37A2
Deletion Increases Plasma Lipids in

WD-Fed Ldir”’- Mice

We previously showed that SLC372 is a novel regulator
of macrophage inflammation by controlling glycolysis
(24). In this study, we wanted to know whether mice
lacking SLC37A2 in macrophages were at an increased risk
of developing atherosclerosis. To do this, we generated
hematopoietic SLC37A2 knockout (SLC37A24hemay  mice
in Ldlr~/~ background by BMT. The BMT efficiency was
~90% based on the male Sry gene expression in blood
leukocytes isolated from recipient mice examined after 16-
wk diet feeding (Supplementary Figures S1A,B). Four wks
of WD feeding increased plasma lipid (including plasma
TC, FC, CE, and TG) concentrations in both genotypes.
Interestingly, SLC37A24he™2  mice displayed significantly
higher plasma cholesterol concentrations after 12 and 16
wks of diet feeding (Figures 1A-C). SLC37A248hema e
also showed significantly higher plasma TG concentration
after 16 wks of diet feeding (Figure 1D). Furthermore,
we observed significantly higher plasma VLDL and LDL
cholesterol concentrations but only a marginal increase in HDL
cholesterol in SLC37A22Pem2 s WT mice after 16 wks of diet
feeding (Figure 1E). Collectively, these results suggest a novel
role for hematopoietic SLC37A2 in lipid metabolism under
pro-atherogenic conditions.

Hematopoietic Cell-Specific SLC37A2
Deletion Increases Liver CE and Reduces
Hepatic Macrophage Activation in WD-Fed
Ldir”’- Mice

Given the increased plasma lipid concentrations in high-
fat WD-fed SLC37A24he™2 mice, we next measured liver
lipid concentrations. Consistent with increased plasma
lipid concentrations, we observed a significant increase in
hepatic TC and CE, but not FC or TG in SLC37A24hema
vs. WT mice (Figure2A). The increased plasma and liver
lipid concentrations in SLC37A22P¢M2 mice prompted us to
examine the hepatic expression of genes involved in lipid
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FIGURE 1 | Hematopoietic cell-specific SLC37A2 deletion increases plasma lipids in WD-fed Ldlr~/~ mice. Hematopoietic SLC37A2 knockout (SLC37A24MMa) and
control (WTAhema) | dir—/~ mice were switched from a standard laboratory diet to high-fat WD for 16 wks to promote the development of advanced atherosclerosis.
(A-D) Fasting (4 h) plasma total cholesterol (TC), free cholesterol (FC), cholesterol ester (CE), and triglyceride (TG) concentrations were measured by enzymatic assays
over time (0-16 wks) (n = 12-16). (E) Plasma cholesterol distribution among lipoproteins after 16 wks of WD feeding was determined after fractionation of plasma by
fast protein liquid chromatography (n = 6-8). Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. The mixed-effects models
were used to compare lipids variables between genotype groups at each time point. HDL indicates high-density lipoprotein; LDL, low-density lipoprotein; and VLDL,
very-low-density lipoprotein.

metabolism in diet-fed mice. As expected, Slc37a2 transcript
was significantly lower in SLC37A24Pe™2 mice receiving
bone marrow from Slc37a2~/~ mice (Figure 2B). We found
that hepatic expression of genes responsible for de novo
lipogenesis was similar between genotypes of mice (Figure 2C).
However, SLC37A240¢m2 Jiver showed decreased expression
of cholesterol transporter proteins ABCAl and SR-BI but
increased expression of oxidized LDL receptor-1 (OLR1),
indicating impaired cholesterol efflux but enhanced cholesterol
uptake (Figure 2C). Furthermore, hepatic expression of the
receptor for fatty acid uptake (CD36), enzymes for fatty acid
oxidation (Cptla, Acox1, Acadl), and transcriptional factors and
coactivators regulating fatty acid oxidation (PGCla, PGCI,
PPARS, and PPARY) were all down-regulated in SLC37A24hema
vs. WT liver (Figure2D), suggesting an impaired fatty acid
utilization in SLC37A22P*™@ mouse liver at least at the
transcriptional level.

Because macrophage pro-inflammation impairs reverse
cholesterol transport at multiple steps (35) and alternative
activation of hepatic macrophages promotes liver fatty acid
oxidation and improves metabolic syndrome (36), we next
examined macrophage pro- and anti-inflammatory states by
measuring hepatic gene expression of macrophage markers,
MIl-type cytokines, and chemokines, and M2 macrophage
markers. Different from our in vitro study, in which we
observed increased pro-inflammatory cytokine production in
SLC37A22Pm2 macrophages in response to TLR activation

(24), under pro-atherogenic conditions, hematopoietic SLC37A2
deficiency has a minor effect on the expression of genes encoding
macrophage markers (Figure2E) and the protein level of
pro-inflammatory cytokines and chemokines (Figures2EG).
Rather, we observed a slightly decreased IFN-y and MCP-1
(Figures 2EG) protein concentration in SLC37A240¢™m2 liver,
suggesting that SLC37A2 deletion in bone marrow is not
sufficient to induce a pro-inflammatory response in the liver
under pro-atherogenic conditions. Despite the equivalent or
slightly decreased pro-inflammatory cytokines/chemokines
in SLC37A24hema Jiver, hepatic anti-inflammatory markers,
including arginase 1 (Argl), mannose receptor C-type 1
(Mrcl, also known as CD206), Yml, and IL-10, showed
significantly lower expression in SLC37A24Pem2 vs  WT
liver (Figure 2H). Consistent with the decreased transcript
expression, hepatic IL-10 protein concentration showed a trend
toward a decrease in SLC37A224he™ Jiver, relative to control
(Figure 2I). Moreover, the number of CD68*CD206™ positive
cells (alternatively activated macrophages) were significantly
lower in SLC37A24hema Jiver than WT (Figures 2J,K). However,
the number of CD68™ cells was comparable between genotypes
(Figures 2J,L). Taken together, our results suggest that genetic
deletion of SLC37A2 in bone marrow cells significantly impairs
alternative activation of hepatic macrophages, associated with
lower hepatic fatty acid oxidation, lower cholesterol efflux, but
increased cholesterol uptake, gene expression and increased liver
lipid accumulation.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

103 December 2021 | Volume 8 | Article 777098


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Zhao et al. SLC37A2, Macrophage Inflammation, and Atherosclerosis
A B s Cs D §
S o S °
g% g201 ¢ gs ™ T I T T -
H s 84 ° 520 . WT
g 105 ° g15 X ° 3 * . © SLC37A2"hema
8 60 210/ ¥ e3 . . ° 9‘-5',-:00*.3'3
-E 21 ° 2, =1 £ 40 ) e '.g 1.0 o ¥ ° fo ) e
> 50 Y 3 * 3 0 5 M 8,8 $.°10 § ,«g%f 5 T8
2 -, R sos{ '& g, Epre i S5 % 8 R
E ol v® o5 98 °° %0_0 ° :z:o ’? . 'e ‘Qﬁ’&ﬁ% 8 go.o ° 5 J
[5 [5 £
TC FC CE TG Slc37a2 NADMNN G E DN D P SRR\ T Y
PP O Tt QR PSR S N A A
N o o 4 "9‘9@‘0 o [ VQQ&QA&\Q QY ¢®
e 8 g £ 3000 soo G : H 5 | :
* < o® = ] =
g20 = 2 2000 3}0 § 2000 £ & owe omom 2597 poors o yyanems
g o = s s . b —
S 1.5 o s £ 1000 RS §1500 o X2 . §40 . o SLC37A2Mhema
210 3 ° = 'Y ° 2 1000 . g oo 230{ %o
LB S S T . L g o E1{ts ¥ 2 £E §§
2 0.5 S e E . 38 S 5001 « s RS g z° =201 T8
- ] £ s0 :'g 5 i3 E -~ 3§ @ < S o7 % £
Z 00 2 o eo *s B ol @ - 2o 210
€ — ¥ —_—
Emr1 Cd68 Q & & & N % < AN N O IL-10
SH S S F & ° RO
2 N S
0% © & K
J CD68*CD206*
5007 i
A " ema
£ s 4001, o © SLC37A2%hema
2 E 300 % %
g o ~
h 3 200 3
s 100
0_
. L CD68
£ 500
o 400 ¢ o o TAhema
<1g E %5 ¥ o SLC37A2Mhema
5 2 200{
Q g 200
- 100
0
FIGURE 2 | Hematopoietic cell-specific SLC37A2 deletion increases liver cholesterol ester and reduces hepatic macrophage activation in WD-fed LDLrKO mice.
Irradiated Ldlr—/~ mice transplanted with WT or SLC37A2KO bone marrow were fed a high-fat western diet for 16 wks. (A) Fasting (4 h) total cholesterol (TC), free
cholesterol (FC), cholesterol ester (CE), and triglyceride (TG) concentrations in the liver were measured by enzymatic assays (n = 12 per genotype). (B) Slc37a2
transcript expression in liver (1 = 12 per genotype). (C) Relative transcript levels for cholesterol efflux, cholesterol uptake, cholesterol synthesis, fatty acid synthesis,
and transcriptional regulators controlling these pathways in the liver (n = 12 per genotype). (D) Relative transcript levels for genes encoding key enzymes in fatty acid
uptake, B-oxidation, and transcriptional regulators controlling these pathways in the liver (n = 12 per genotype). (E) Relative transcript levels for genes encoding
macrophage markers in the liver (1 = 12 per genotype). (F,G) Liver cytokine and chemokine protein concentrations (n = 12 per genotype). (H) Relative transcript levels
for genes encoding macrophage anti-inflammatory markers in the liver (n = 12 per genotype). (I) Liver IL-10 protein concentrations (n = 12 per genotype). (J)
Representative images of CD68 and CD206 double-stained liver tissues. White and red arrowheads indicate representative CD68TCD206% and CD68+CD206™~ cells,
respectively. Scale bar = 100 um. (K) Quantification of CD68TCD206% cell number in liver tissue (0 = 12 per genotype). (L) Quantification of CD68* cell number in
liver tissue (n = 12 per genotype). Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.01, **P < 0.001, ***P < 0.0001, unpaired, two-tailed
Student’s t-test.

Hematopoietic Cell-Specific SLC37A2
Deletion Primarily Impairs
Anti-inflammatory Responses in WD-Fed
Ldir’- Mice

To determine whether hematopoietic SLC37A2 deletion affects
inflammation at the systemic level, we first examined plasma
concentrations of pro-inflammatory cytokines, chemokines, and
anti-inflammatory cytokine using a multiplex assay. Consistent
with the expression pattern of hepatic cytokines and chemokines,
plasma pro-inflammatory cytokine concentrations did not
differ between genotypes (Figure3A). But, plasma MCP-1
concentration showed a 28.6% reduction in the SLC37A24hema
vs. WT mice (Figure 3B). Strikingly, the SLC37A24M™2 mice
displayed a 70% reduction of the anti-inflammatory cytokine

IL-10 in plasma (Figure 3C) relative to their WT counterparts,
suggesting hematopoietic SLC37A2 deletion impairs IL-10
production under pro-atherogenic conditions.

We next examined inflammatory cytokine expression in
resident peritoneal macrophages isolated from the diet-fed
mice. As expected, SLC37A24P¢M2 macrophages showed more
than 90% reduction in transcript expression of Slc37a2, relative
to WT (Figure 3D). Despite the indistinguishable expression
of pro-inflammatory cytokines (Figure 3E), SLC37A24hema
vs. WT mice showed significantly attenuated Argl and Mrcl
expression in resident peritoneal macrophages (Figure 3F) after
16-wk diet feeding. Not surprisingly, SLC37A2 deletion has
little impact on the gene expression of enzymes involved in
fatty acid oxidation (Supplementary Figure S2A) or cholesterol
metabolism (Supplementary Figure S2B) in macrophages.
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FIGURE 3 | Hematopoietic cell-specific SLC37A2 deletion primarily impairs anti-inflammatory responses in WD-fed Ldlr=/= mice. Hematopoietic SLC37A2 knockout
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in resident peritoneal macrophages. Each symbol represents an individual mouse. Data are expressed as mean + SEM. *p < 0.05; **p < 0.001, unpaired, two-tailed

Arg1 Mrc1 Ym1

Together, our results suggest that hematopoietic SLC37A2
deletion primarily impairs anti-inflammatory responses in
Ldlr~/~ mice when challenged with the WD diet.

Hematopoietic Cell-Specific SLC37A2
Deletion Has a Minor Effect on Blood
Myeloid Cell Composition in WD-Fed
LdIr”’- Mice

We next assessed whether hematopoietic SLC37A2 deletion
affects monocyte and neutrophil composition in blood as
well as in the spleen. Supplementary Figure S3A shows
our flow cytometry gating strategies. At 9-wk WD feeding,
no difference was observed between genotypes regarding
the frequency of blood monocytes (CD11bTCD115%),
Gr1°¥  monocytes  (CD11b*CD115+Gr1®"),  Grihigh
monocytes  (CD11b*CD115t  Gr1M&h),  or  neutrophils
(CD11b*CD115-Grl")  (Supplementary Figure S3B),  or
the ratio of Gr1'®" and Gr1"&" monocytes in blood monocytes
(Supplementary Figure S3C). After 16 wks of diet feeding, the
percentage of blood neutrophils (CD11bTCD115-Grl™)
was significantly increased in the SLC37A24Pema mice
(Supplementary Figure S3D). Despite the elevated plasma
cholesterol and increased blood neutrophils, no difference was
detected between genotypes in blood monocyte composition

at 16-wk diet feeding (Supplementary Figures S3D,E). We
did not observe any significant changes in the monocyte
and neutrophil composition in the spleen between genotypes
(Supplementary Figures S3E,G). Overall, these results suggest
that hematopoietic SLC37A2 deletion has a minimal effect on
blood myeloid cell composition. Note that the concentration of
plasma MCP-1, a primary chemokine recruiting monocytes
and macrophages from bone marrow to circulation or
blood circulation to tissues, was significantly lower in the
SLC37A28hema mice (Figure 3B). We reason that the unaltered
blood and spleen monocytes may be the net effect of the
combination of decreased plasma MCP-1 and increased
plasma cholesterol in the SLC37A22hem2 mjce. Taken
together, our results suggest that hematopoietic SLC37A2
deletion has a minor effect on blood myeloid composition
except for a slight increase in blood neutrophils after 16-wk
WD feeding.

Hematopoietic Cell-Specific SLC37A2
Deficiency Promotes Atherosclerosis in
WD-Fed Ldir”’- Mice

Abnormal lipid metabolism and enhanced local and systemic

inflammation accelerate atherosclerosis. Since we observed
increased plasma lipids, especially apoB containing lipoproteins,
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FIGURE 4 | Hematopoietic cell-specific SLC37A2 deficiency promotes atherosclerosis in WD-fed Ldlr=/~ mice. Hematopoietic SLC37A2 knockout (SLC37A24mema)
and control (WT2hema) | dir—/~ mice were fed a high-fat western diet for 16 wks (n = 12-16 mice per genotype). (A,B) Quantification of Oil Red O positive intimal area
in the aortic root. (C,D) Quantification of CDE8* cells (macrophages) in the aortic root intimal area. (E) Linear regression analysis of aortic root intimal area vs. plasma
total cholesterol of 16-wk diet-fed mice. Each point represents an individual animal of the denoted diet group and the correlation coefficient is shown for the entire
data set. (F) Linear regression analysis of aortic root intimal area vs. plasma IL-10 of 16-wk diet-fed mice. Each point represents an individual animal of the denoted
diet group and the correlation coefficient is shown for the entire data set. (G,H) Quantification of the aortic necrotic intimal area (total necrotic area) in H&E stained
aortic root sections. White dash line circled lesion areas. White stars indicate the necrotic area in the plaques. (I,J) Quantification of apoptosis (TUNEL-positive cells)
and efferocytosis (the ratio of macrophage-associated: free apoptotic cells) in aortic root sections. CD68 (green; macrophages), TUNEL (red), and DAPI (blue; nuclei)
were labeled fluorescently. (K,L) Quantification of aortic Trichrome stain positive cells. White dash line circled lesion areas. Scale bars = 100 um. Each symbol
represents an individual mouse. Data are expressed as mean + SEM. n = 12-16 mice per group. *p < 0.05; **p < 0.01; ***p < 0.001.

and decreased IL-10 in plasma, we next investigated the
development of atherosclerosis in SLC37A24MeMa  mice
compared to controls. We found that hematopoietic SLC37A2-
deficient mice showed a 51% increase in aortic root lesions
stained with Oil Red O (Figures4A,B), despite similar
CD68 (macrophage marker) (Figures 4C,D), suggesting that
hematopoietic SLC37A2 deletion accelerates atherosclerotic
plaque formation but has no effect on macrophage content.
Hematopoietic SLC37A2 deletion also did not affect T cell
content in the plaque, as shown by similar CD3 (T cell marker)
staining  between genotypes (Supplementary Figure S4).
We then assessed whether there is an association between
plasma lipids vs. atherosclerosis or between plasma IL-10
vs. atherosclerosis in diet-fed mice by performing linear

regression analysis. Despite no significant association

between intimal area and plasma TC (Figure4E), there
was a significant inverse correlation between plasma IL-10
and intimal area (Figure 4F), suggesting that the attenuated
anti-inflammatory response in the SLC37A24Pe™@ mice
may be the primary driver of enhanced atherosclerosis in
those mice.

IL-10 producing macrophages is responsible for the
engulfment and clearance of apoptotic cells (i.e., efferocytosis)
(37). Failure of efferocytosis leads to pro-inflammatory and
immunogenic consequences due to secondary necrosis,
exaggerating atherosclerosis (38, 39). We next examined
the necrotic core formation and quantified apoptosis and
efferocytosis in the plaques. Compared to WT control,
SLC37A24hem2 mice had a significant increase (~40%) in
the necrotic area in aortic lesions (Figures 4G,H). However,
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no difference was observed regarding the frequency of
apoptosis or efferocytosis in lesions between genotypes at
16 wks of diet feeding (Figures 4L]). Interestingly, when we
stained the aortic root sections with Masson’s Trichrome
stain, we observed a 30% reduction in Trichrome positive
staining in SLC37A24hema ys WT control aortic root
sections  (Figures 4K,L), suggesting that hematopoietic
SLC37A2 deficiency decreases collagen deposition, likely
resulting from impaired alternative macrophage activation.
As collagen formation is associated with the stability of
plaques (40, 41), our data suggest that SLC37A2 deficiency
in bone marrow promotes plaque instability. Together,
our results indicate that hematopoietic SLC37A2 deletion
worsens atherosclerosis, inversely associated with plasma
IL-10 levels.

Hematopoietic Cell-Specific SLC37A2
Deletion Has Minimal Impact on Insulin
Resistance and Adipose Inflammation
Under Pro-atherogenic Conditions

In addition to atherosclerosis assessment, we also tested whether
hematopoietic cell-specific SLC37A2 deletion influences adipose
tissue inflammation and/or obesity and insulin resistance
under pro-atherogenic conditions. WT and SLC37A24hema
mice gained similar body weight over the 16 wks of diet
feeding (Supplementary Figure S5A). Tissue (including liver,
spleen, and epididymal fat) mass was comparable between
genotypes (Supplementary Figure S5B). Both genotypic mice
showed similar glucose clearance and insulin tolerance around
10-11 wks of diet feeding (Supplementary Figures S5C,D). As
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FIGURE 5 | SLC37A2 deficiency promotes oxidized LDL (OxLDL)-induced macrophage inflammation in vitro. (A) SLC37A2 protein expression analyzed by Western
blotting in WT and Slc37a2~/~ bone marrow-derived macrophages (BMDMs) treated with 50 pug/ml oxLDL for 0-24 h. (B) Quantification of cellar total cholesterol (TC),
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with three samples per group (mean + SEM). *p < 0.05; unpaired, two-tailed Student’s t-test.
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expected, Slc37a2 mRNA expression was significantly reduced =~ However, hematopoietic deletion of SLC37A2 did not alter
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FIGURE 6 | SLC37A2 deficiency impairs IL-4-induced macrophage activation in vitro. (A,B) SLC37A2 expression in WT and Sic37a2~/~ bone marrow-derived
macrophages (BMDMs) stimulated with 20 ng/ml IL-4 for 0-24 h. (A) relative transcript expression and (B) protein expression of SLC37A2 measured by gPCR and
western blotting, respectively. (C) Relative transcript level of macrophage alternative activation markers, including arginase—1 (Arg), mannose receptor, type | (Mrc1),
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three samples per group (mean + SEM). *p < 0.05; *p < 0.01; unpaired, two-tailed Student’s t-test (A,C,D,E). Bars with different letters denote significant among
groups (p < 0.05); two-way ANOVA with post hoc Tukey’s multiple comparisons test (G,l).
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of gene expression of macrophage pro- and anti-inflammatory
markers, except for increasing ccr2 (MCP-1 receptor) expression
(Supplementary Figure S5E). These results suggest that deletion
of SLC37A2 in bone marrow cells has minimal impact on
WD-induced obesity, insulin resistance, and adipose tissue
inflammation under pro-atherosclerotic conditions.

SLC37A2 Deficiency Promotes

OxLDL-Induced Macrophage Inflammation
OxLDL promotes foam cell formation and triggers oxidative
stress and pro-inflammatory responses in macrophages (42,
43), contributing to atherosclerotic plaque formation. Given
that there was no significant increase in pro-inflammatory
responses in SLC37A22h™2 ys control mice after 16-wk WD
feeding, we asked whether SLC37A2 deletion can affect oxLDL-
induced macrophage inflammation in vitro. We found that
oxLDL markedly increased SLC37A2 protein expression in
BMDMs after 24 h stimulation (Figure 5A). OxLDL promoted
cholesterol, particularly CE, accumulation in macrophages in a
dose-dependent manner (Figure 5B), regardless of genotypes.
However, SLC37A2 deletion does not affect cholesterol loading
in macrophages (Figure5B), suggesting a dispensible role
for SLC37A2 in macrophage foam cell formation. Like LPS-
stimulated cells, Slc37a27/~ macrophages showed increased
expression of II-18 and II-6, but not Tnf at the transcriptional
level in response to 24h of oxLDL stimulation (Figure 5C),
suggesting that SLC37A2 is a stress-responsive protein and
increased SLC37A2 expression likely serves as a protective
mechanism for resolution of stress-induced inflammation.

SLC37A2 Deficiency Impairs IL-4-Induced

Macrophage Activation

IL-4 signaling activates STAT6, inducing the expression of
genes involved in fatty acid metabolism and transcriptional
regulation (such as transcriptional factors PPARs and PPARy
coactivator PGC1p) for reprogramming macrophage lipid
metabolism (44). We found that IL-4 induced a 1.5-fold
increase of Slc37a2 transcript at 6 h (Figure 6A) and a two-fold
increase of SLC37A2 protein at 24h of stimulation (Figure 6B)
in WT macrophages. Consistent with our in vivo findings,
SLC37A2-deficient macrophages showed decreased expression
of M2 markers, including Argl, Mrcl, and Ym1 (Figure 6C),
in response to IL-4 stimulation suggesting that SLC37A2
expression is necessary for IL-4-induced macrophage [M (IL-
4)] polarization. Interestingly, SLC37A2 deletion also lowered
MCP-1 expression in macrophages, consistent with the lower
in vivo MCP-1 expression in diet-fed SLC37A24Mm2 ys. control
mice. However, IL-4 does not induce IL-10 expression in either
genotypic macrophages, suggesting that M (IL-4) is not a major
source of IL-10 in macrophages. Note that WT and SLC37A2
deficient macrophages displayed similar expression levels of
metabolic regulators (Figure 6D) and fatty acid oxidation genes
(Figure 6E), which are primarily regulated by STAT6 signaling,
suggesting that SLC37A2 deficiency does not impair the STAT6
signaling. Together, our data suggest that SLC37A2 deficiency

impairs M (IL-4) polarization, independent of PPARs and
PGC1 expression.

Given that mitochondrial oxidative phosphorylation
(OXPHOS) supports M (IL-4) macrophage activation (45), we
next examined mitochondrial respiration by measuring OCR
in BMDMs treated with or without 20 ng/ml IL-4 for 6 or 24 h.
As expected, 24h IL-4 stimulation promoted mitochondrial
OXPHOS in WT macrophages, as shown by increased maximal
OCR and spare respiratory capacity (Figures 6F,G). Interestingly,
Slc37a27/~ vs. WT BMDMs displayed significantly higher basal
respiration after 24 h of IL-4 stimulation. However, no genotypic
difference was observed in maximal respiration or spare
respiratory capacity in IL-4 treated cells, suggesting a minor
impact of SLC37A2 deletion on mitochondrial OXPHOS in
M (IL-4) macrophages (Figures 6FE,G). Additionally, SLC37A2
deletion has no effect on mitochondrial respiration in 6h IL-4
treated macrophages (Supplementary Figure S6). Evidence
suggests that glycolysis and glucose utilization are required
for M (IL-4) macrophage activation (45), while another study
indicates that glycolysis is dispensible as long as mitochondrial
OXPHOS is intact (46). Nevertheless, SLC37A2-deficient
macrophages showed slightly increased glycolytic capacity at
baseline. No difference in glycolysis or glycolytic capacity was
observed between genotypes after IL-4 treatment (Figures 6H,1I).
Overall, our results suggest that SLC37A2 deletion does not
significantly impact glycolysis or mitochondrial OXPHOS in M
(IL-4) macrophage. Thus, the attenuated M (IL-4) activation in
SLC37A2-deficient macrophages is likely independent of these
two cellular metabolic processes.

SLC37A2 Deficiency Impairs Apoptotic

Cell-Induced Macrophage Activation

One of the striking changes in the diet-fed SLC37A24hem2
vs. control mice is the 70% reduction of plasma IL-10, a
major anti-inflammatory cytokine for cellular homeostasis.
Macrophages are a major type of phagocytes that can produce
a large amount of IL-10 in response to apoptotic cells (47).
The clearance of ACs and the suppression of inflammation by
IL-10 are required to prevent chronic inflammation and reduce
atherosclerosis progression. So, next, we examined apoptotic
cell-induced macrophage [M (AC)] activation in WT and
SLC37A2-deficient macrophages. We first incubated Jurkat T
cells with 1 WM staurosporine for 4h to induce early apoptosis
(Annexin V*, PI7). Under this condition, 60% of Jurkat T
cells underwent apoptosis (Supplementary Figures S7A,B).
Compared to WT cells, SLC37A2-deficient macrophages showed
a marked reduction in IL-10 expression at both transcriptional
level (Figure7A) and protein level (Figure7B) in response
to ACs. Engulfment of dead cells has been reported to elevate
macrophage fatty acids and mitochondrial B-oxidation, which
supports NAD™ homeostasis and IL-10 production (48). To
explore the possible mechanisms of the attenuated M (AC)
activation in SLC37A2-deficient macrophages, we first compared
the efferocytosis index between genotypes. We found SLC37A2
deletion has no effect on phagocytosis of ACs over a 2-h period
(Figure 7C). Blockade of phagocytosis by using cytochalasin D
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FIGURE 7 | SLC37A2 deficiency impairs apoptotic cell-induced macrophage activation in vitro. (A) IL-10 transcript expression in WT and Sic37a2~/~ BMDMs
stimulated with apoptotic Jurkat T cells (ACs) (macrophages: ACs = 1:5) for 0-6 h. Jurkat T cells were incubated with 1 WM staurosporine for 4 h to induce apoptosis.
(B) IL-10 protein secretion from WT and Sic37a2~/~ BMDMs stimulated with ACs (macrophages: ACs = 1:5) for 4 h. (C) Efferocytosis index was measured by
incubating WT and Slc3722~/~ BMDMs with cell tracker green CMFDA-labeled ACs (macrophages: ACs = 1:5) for 0-120 min. After the indicated time, macrophages
were washed with cold PBS 3 times and cell dissociation buffer once before being analyzed by flow cytometry. Mean fluorescence intensity (MFI) of macrophages
engulfing ACs was quantified. (D-F) IL-10 protein secretion from WT and Slc37a2~/~ BMDMs pretreated with phagocytosis inhibitor cytochalasin D (Cyto D, 10 uM),
fatty acid oxidation inhibitor etomoxir (100 wM), and hexokinase inhibitor 2-deoxy-D-glucose (2-DG; 10 mM) for 30 min, followed by co-culture with ACs (macrophages:
ACs = 1:5) for 4 h. (G,H) Seahorse analysis of oxygen consumption rate (OCR) in WT and Slc37a2~/~ BMDMs treated with or without ACs (macrophages: ACs = 1:5)
for 3h. (I,J) Seahorse analysis of extracellular acidification rates (ECAR) in WT and Slc37a2~/~ BMDMs treated with or without ACs (macrophages: ACs = 1:5) for 3h.
Data are representative of two independent experiments with 3 samples per group (mean + SEM). **P < 0.001, ***P < 0.0001, unpaired, two-tailed Student’s t-test
(A-C). Bars with different letters denote significant among groups (o < 0.05); two-way ANOVA with post hoc Tukey’s multiple comparisons test (D-J).

(Figure 7D) or blockade of fatty acid B-oxidation by etomoxir
(Figure 7E) slightly reduced AC-induced IL-10 production in
both genotypes but did not normalize the differential expression
of IL-10 between genotypes. Interestingly, blockade of glycolysis
using 2-DG led to a significant reduction of IL-10 in engulfed
macrophages in both mouse genotypes (Figure 7F), suggesting
that glycolysis plays an unappreciated role in AC-induced
IL-10 production. More interestingly, the blockade of glycolysis

normalized the differential IL-10 secretion between genotypes.
Consistent with the profound anti-inflammatory effect of
efferocytosis, AC-treated macrophages produced a very low
level of TNF (100 pg/ml) (Supplementary Figures S7C-E),
likely resulting from the low-grade (7.3%) «cell death
induced by staurosporine (Supplementary Figures S7A,B).
Nevertheless, AC-induced TNF production was comparable
between genotypes (Supplementary Figures S7C-E).
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Different from the drug effect on IL-10 production,
cytochalasin D (Supplementary Figure S7C),
etomoxir (Supplementary Figure S7D), or 2-DG
(Supplementary Figure S7E) showed a more profound

inhibitory effect on AC-induced TNF production in
SLC37A2-deficient macrophages.

Next, we examined mitochondrial respiration and glycolysis
by measuring OCR and ECAR, respectively. We found that
ACs decreased mitochondrial OXPHOS when engulfed by
macrophages regardless of genotypes, as shown by decreased
maximal respiration without significant changes in basal
respiration (Figures 7G,H). Furthermore, ACs promoted aerobic
glycolysis in WT macrophages, and SLC37A2 deletion impaired
AC-induced glycolysis (Figures 71,J). No genotypic difference in
glycolytic capacity was observed in AC-engulfed macrophages.
Together, our results suggest that SLC37A2 positively regulates
M (AC) activation through modulation of glycolysis and is likely
independent of phagocytosis or fatty acid oxidation.

DISCUSSION

As an ER-membrane anchored G6P transporter, SLC37A2 is a
critical regulator of LPS-induced inflammation in macrophages
by modulation of glycolysis (24). Herein, we made novel
observations that SLC37A2 expression is necessary to maintain
IL-4 and apoptotic cell-induced macrophage alternative
activation in a glycolysis-independent and -dependently
manner, respectively. Hematopoietic expression of SLC37A2
is atheroprotective in vivo under pro-atherogenic conditions.
Disruption of SLC37A2 significantly impairs macrophage
activation induced by IL-4 or apoptotic cells. Moreover,
disruption of SLC37A2 in hematopoietic cells impairs anti-
inflammatory responses and worsens atherogenesis in high-fat
western diet-fed Ldlr~/~ mice. Since LPS, oxLDL, and IL-4
induce macrophage SLC37A2 protein expression, we speculate
that induction of macrophage SLC37A2 expression promotes
inflammation resolution and slows atherosclerosis progression.
Cellular metabolism has emerged as an essential determinant
of macrophage activation in response to microenvironmental
cues. Macrophage pro-inflammatory activation was long thought
to primarily rely on glucose metabolism, whereas M (IL-4)
macrophages switch to fatty acid oxidation and mitochondrial
biogenesis to support their anti-inflammatory functions (44).
However, recent studies challenged this concept and suggested
that fatty acid oxidation is dispensable for M (IL-4) macrophage
polarization (49, 50). Whether glycolysis plays a role in M
(IL-4) activation is also under debate and requires further
investigation (45). Therefore, how macrophages reprogram
cellular metabolism to favor M (IL-4) polarization remains
poorly defined. In our study, SLC37A2 deficiency impairs M
(IL-4) polarization independent of PPARs and PGCl. Given
that SLC37A2 regulates glycolysis and mitochondrial OXPHOS
in LPS-treated macrophages, we hypothesized that SLC37A2
might promote M (IL-4) activation by enhancing mitochondrial
respiration. Our results showed that 24h of IL-4 stimulation
significantly increased glycolysis and mitochondrial respiration

in macrophages regardless of SLC37A2 expression. Despite
the impaired M (IL-4) activation, SLC37A2 deletion slightly
increased mitochondrial respiration and had no effect on
glycolysis in M (IL-4) macrophages. These results suggest that the
impaired M (IL-4) activation in SLC37A2-deficient macrophages
is likely regulated by unknown mechanisms rather than rewiring
the glycolytic process or altering mitochondrial respiration.
Additionally, mitochondrial B-oxidation of fatty acids derived
from apoptotic cells has been shown to support efferocytosis-
induced IL-10 production (48). Interestingly, despite a minimal
effect on phagocytosis of apoptotic cells, SLC37A2 deletion
significantly impairs apoptotic cell-induced IL-10, suggesting a
critical role of SLC37A2 in M (AC) activation. Importantly, our
study indicates that glycolysis plays a more significant role in AC-
induced IL-10 production, as evidenced by the increased ECAR
in AC-treated macrophages and a greater reduction of IL-10 in 2-
DG-treated macrophages relative to etomoxir-treated cells. Our
results agreed with Morioka’s findings that efferocytosis promotes
glucose uptake, glycolysis, and lactate production (51). Unlike
LPS-treated macrophages in which SLC37A2 deletion promotes
glycolysis, SLC37A2-deficient macrophages showed attenuated
glycolysis in response to AC stimulation. Furthermore, blockade
of glycolysis, but not phagocytosis or fatty acid oxidation,
normalized the differential secretion of IL-10 between genotypes.
Together, our results suggest that glucose metabolism plays a
central role in SLC37A2-regulated M (AC) activation.

Our in vitro macrophage studies suggest that SLC37A2
deletion enhances pro-inflammatory activation in both LPS-
and oxLDL-treated macrophages. However, hematopoietic
SLC37A2 deletion does not cause elevated pro-inflammatory
responses in WD-fed Ldlr™/~ mice. Unexpectedly, plasma
MCP-1 showed a 30% reduction in SLC37A24P™2 mijce. MCP-1
is one of the critical chemokines that regulate the migration
and infiltration of monocytes/macrophages. A higher circulating
level of MCP-1 is associated with an increased long-term
risk of stroke in the general population (52). Inhibition of
MCP-1 (53) decreases plaque size and limits macrophage
infiltration in experimental models of atherosclerosis. As
discussed above, hematopoietic SLC37A2 deletion increases
lipid deposition and necrotic core formation but does not
enhance macrophage (CD68" cells) infiltration in diet-fed
Ldlr~/~ mice. One possible explanation for the indistinguishable
macrophage content between genotypes is the net effect of
reducing anti-inflammatory IL-10 and pro-inflammatory MCP-1
in those knockout mice. Interestingly, IL-4 signaling induces
MCP-1 expression in macrophages and other cells (54-56).
We observed a significant decrease in MCP-1 expression
induced by IL-4 in SLC37A2-deficient macrophages. Whether
the down-regulation of MCP-1 expression results from the
impaired IL-4 response in WD-diet fed SLC37A24hem2 mjce
requires further investigation. On the other hand, macrophage
heterogeneity is more complex as activation drives a spectrum
of macrophages (12). The mixed pro-inflammatory and
anti-inflammatory profile in diet-fed SLC37A24P¢™@  mice
likely reflects the complex microenviroment (for instance,
atherosclerotic plaque or liver tissue) that macrophages
encounter in those mice.
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Alternatively-activated ~ macrophages  promote tissue
remodeling and repair through collagen formation and clearance
of apoptotic cells (efferocytosis). Failure of efferocytosis leads
to increased apoptosis and cell death. Alternatively-activated
macrophages also secrete high levels of anti-inflammatory
cytokines such as IL-10 (57). IL-10 is a crucial mediator of
inflammation resolution and promotes efferocytosis by a positive
feedback pathway (58). Blocking IL-10 accelerates atherosclerosis
(59), whereas targeting the delivery of IL-10 via nanoparticles
attenuates atherosclerosis (60). Consistent with the impaired
anti-inflammatory activation of macrophages in vitro, our in vivo
study showed that SLC37A2 deficiency in bone marrow lowers
plasma IL-10 level and enhances atherosclerosis in WD-fed
Ldlr—/~ mice. Moreover, we observed that plasma IL-10, but not
plasma cholesterol, displays an inverse correlation with aortic
plaque size in diet-fed mice. Although no significant changes
in apoptosis or efferocytosis in atherosclerotic plaques were
observed between genotypes, loss of SLC37A2 in bone marrow
did enlarge necrotic cores and decrease collagen deposition
in the diet-fed mouse plaques. This could suggest secondary
necrosis of apoptotic cells may have nonetheless occurred.
Because SLC37A2 expression is necessary for anti-inflammatory
macrophage activation in vitro and in vivo, we speculate that the
impaired anti-inflammatory responses are a major driving force
of enhanced atherosclerosis in the SLC37A24P*Mm2 mice.

Alternative activation of hepatic macrophages promotes
liver fatty acid oxidation and improves metabolic syndrome
(36). One interesting observation in the current study is that
the SLC37A22Mem2 mice displayed elevated plasma and liver
cholesterol concentrations, which likely increases the risk of
atherosclerosis in those animals. Consistent with the increased
hepatic lipid accumulation, SLC37A24P*m mice showed lower
expression of genes encoding fatty acid oxidation enzymes
and less enrichment of anti-inflammatory macrophages in the
liver after 16-wk WD feeding. Our data suggest that SLC37A2
expression is necessary for alternative activation of Kupfter cells
under chronic metabolic stress conditions. Therefore, disruption
of SLC37A2 impairs alternative activation of Kupffer cells,
leading to decreased hepatic fatty acid oxidation and increased
neutral lipid accumulation in the liver under atherogenic
conditions. Additionally, bone marrow SLC37A2 deletion lowers
the transcript expression of genes encoding cholesterol efflux and
concomitantly upregulates the expression of genes responsible
for oxLDL cholesterol uptake, suggesting that hematopoietic
SLC37A2 deletion may partially promote hepatic neutral lipid
accumulation by disrupting cholesterol efflux/uptake in the liver.
Since Kupffer cell replacement in Slc37a2~/~ BMT mice is
incomplete (61), the modest elevation of plasma and liver lipids
in the SLC37A22h*™2 mice may underestimate the harmful effect
of SLC37A2 deletion on liver lipid homeostasis in the context
of atherosclerosis.

In summary, under in vivo pro-atherogenic conditions,
hematopoietic SLC37A2 expression is necessary for maintaining
alternative macrophage activation and IL-10 production. Loss of
hematopoietic cell-specific SLC37A2 impairs anti-inflammatory
activities at the cell (peritoneal macrophages), tissue (liver), and
systemic (plasma) levels and accelerates atherosclerosis. Our

study suggests that hematopoietic SLC37A2 expression protects
against atherosclerosis in mice.

Limitations of the Study

One of the limitations of the BMT model is that BM contains
multiple types of immune cells. Many of them, including T
cells, B cells, neutrophils, and dendritic cells, are involved
in atherogenesis. Because of this, we cannot distinguish the
specific contribution of macrophage SLC37A2 from other
immune cells to atherosclerosis. Additionally, we only examined
atherosclerosis after 16-wks diet feeding, a more advanced stage
of atherosclerosis. Lastly, we only used male Ldlr™/~ mice
as recipient mice to investigate the impact of hematopoietic
SLC37A2 deficiency on the pathogenesis of atherogenesis and
obesity and insulin resistance induced by high-fat diet feeding.
Therefore, we do not know whether there is a sex-dependent
effect of hematopoietic SLC37A2 expression on the pathogenesis
of atherogenesis or not.
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The prevalence of non-alcoholic fatty liver disease (NAFLD), ranging from simple steatosis
to inflammatory steatohepatitis (NASH) and cirrhosis, continues to rise, making it one
of the major chronic liver diseases and indications for liver transplantation worldwide.
The pathological processes underlying NAFLD not only affect the liver but are also
likely to have systemic effects. In fact, growing evidence indicates that patients with
NAFLD are at increased risk for developing atherosclerosis. Indeed, cardiovascular
complications are the leading cause of mortality in NAFLD patients. Here, we aim to
address common pathophysiological molecular pathways involved in chronic fatty liver
disease and atherosclerosis. In particular, we focus on the role of oxidized lipids and the
formation of oxidation-specific epitopes, which are important targets of host immunity.
Acting as metabolic danger signals, they drive pro-inflammatory processes and thus
contribute to disease progression. Finally, we summarize encouraging studies indicating
that oxidized lipids are promising immunological targets to improve intervention strategies
for NAFLD and potentially limit the risk of developing atherosclerosis.

Keywords: NAFLD (non-alcoholic fatty liver disease), oxidized lipids, foamy macrophages, immunoglobulins,
atherosclerosis, NASH (non-alcoholic steatohepatitis)

INTRODUCTION

A sedentary lifestyle and excess caloric intake combined with reduced energy expenditure not
only lead to overweight and obesity but also an increase in the prevalence of metabolic syndrome
and various lipid-mediated diseases such as non-alcoholic fatty liver disease (NAFLD) (1, 2). As
the liver is the most metabolic organ in the human body, increased circulatory lipid levels result
in their accumulation in the liver, known as steatosis (fat accumulation in >5% of hepatocytes)
(3, 4). While simple steatosis is still reversible by lifestyle modifications, the NAFLD spectrum also
includes more progressive non-alcoholic steatohepatitis (NASH), characterized by inflammation,
hepatocyte damage, and fibrosis (5). Importantly, the presence of NASH further increases the risk
of developing an end-stage liver disease such as cirrhosis or hepatocellular carcinoma, ultimately
requiring liver transplantation (4). By affecting ~25% of individuals, both adults and children,
NAFLD has become the leading cause of chronic liver disease worldwide (6, 7). Considering that
the prevalence is expected to rise further (7), NAFLD can be regarded as significant health and
economic burden worldwide, resulting in a reduced quality of life (8).
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While NAFLD primarily affects liver structure and function,
leading to morbidity and mortality from liver failure,
cardiovascular disease (CVD) is the most common cause
of death in early NAFLD patients (9, 10). Moreover, there is
increasing evidence that NAFLD is a risk factor for developing
cardiovascular complications such as atherosclerosis (11).
Atherosclerosis can be broadly described as a progressive
chronic inflammatory disease of the large and medium-
sized arteries that share metabolic patterns with NAFLD
(12, 13). More precisely, atherosclerosis is characterized by
the thickening and hardening of the arterial walls, mainly
caused by developing complex lesions and accumulation
of lipids and fibrous elements known as atheromatous
plaques narrowing the arterial lumen (14, 15). Subsequently,
plaque rupture and thrombosis can lead to acute clinical
complications, such as heart attacks, strokes, unstable
angina, arrhythmia, or sudden cardiac death, making CVD
the primary cause of morbidity and mortality in Western
countries (16).

Since atherosclerosis and NAFLD co-occur in patients
with the metabolic syndrome, obesity, type 2 diabetes mellitus
and insulin resistance, it is difficult to decipher the exact
cause-effect relationship that leads to an increased risk of
CVD in patients with NAFLD (17). Recent studies in children
suffering from fatty liver disease support that NAFLD may
cause CVD (18-20). Nevertheless, while growing evidence
indicates that NAFLD can be considered a risk factor for
atherosclerosis, the underlying disease mechanisms by which
NAFLD contributes to CVD are not entirely understood. In
this review, we will focus on the immunomodulatory effects
of oxidized lipids and provide evidence for their involvement
as common metabolic triggers for disease progression during
NAFLD and atherosclerosis. In addition, we will discuss how
targeting oxidized lipids via immunization strategies can be
explored to improve interventions and potentially prevent the
risk for CVD.

DYSLIPIDEMIA AND THE FORMATION OF
OXIDATION-SPECIFIC EPITOPES

The defining hallmark of NAFLD is the accumulation of
lipids containing triglycerides, cholesterol esters, and other
lipid species in the liver. The increased hepatic triglyceride
content, which determines the histological appearance of a

Abbreviations: 4-HNE, 4-Hydroxynonenal; BSA, Bovine serum albumin; CD36,
Cluster of differentiation 36; CEP, w-(2-Carboxyethyl) pyrrole; CFH, Complement
factor H; CRP, C-reactive protein; CVD, Cardiovascular disease; DAMP, Damage-
associated molecular pattern; FFA, Free fatty acid; HDL, High-density lipoprotein;
IgG, Immunoglobulin type G; IgM, Immunoglobulin type M; IL, Interleukin;
LDL, Low-density lipoprotein; LDLR, Low-density lipoprotein receptor; MAA,
Malondialdehyde-acetaldehyde; MDA, Malondialdehyde; NADPH, Nicotinamide
adenine dinucleotide phosphate; NAFLD, Non-alcoholic fatty liver disease; NAS,
NAFLD activity score; NASH, Non-alcoholic steatohepatitis; OSE, Oxidation-
specific epitope; OxLDL, Oxidized LDL; OxPL, Oxidized phospholipids; PAMP,
Pathogen-associated molecular pattern; PC-OxPL, Phosphocholine-containing
OxPL; ROS, Reactive oxygen species; SR, Scavenger receptor; TBAR, 2-
Thiobarbituric acid reaction; TLR, Toll-like receptor; TREM2, Triggering receptor
expressed on myeloid cells 2; VLDL, Very low-density lipoprotein.

steatotic liver, is a consequence of increased calorie intake,
enhanced free fatty acids (FFA) influx from lipolysis of peripheral
adipose tissue, elevated triglyceride synthesis by hepatic de
novo lipogenesis, and reduced lipid export from the liver
via very-low-density lipoprotein (VLDL) particles (21, 22). In
parallel with deregulated hepatic lipid metabolism, NAFLD
is associated with systemic dyslipidemia, as manifested by
elevated triglyceride and cholesterol levels, lowered high-density
lipoproteins (HDL), and increased low-density lipoprotein (LDL)
particles in circulation (23-25). Similarly, elevated cholesterol,
high LDL, and low HDL serum levels are described as risk factors
for the onset of CVD (26), where the accumulation of LDL
particles in arterial walls is a crucial process in the development
of atherosclerosis (27). Thus, despite the strong correlation
with dyslipidemia, it has become clear that disturbances in
lipid metabolism and increased LDL levels cannot merely
explain the local pro-inflammatory tissue environment, of
which its presence seems to be a crucial factor enhancing
disease progression.

Dyslipidemia that goes beyond the body’s coping mechanisms
can lead to lipotoxicity, an essential mechanism associated with
NAFLD and atherosclerosis (28, 29). During NAFLD, lipotoxicity
occurs when the massive influx of FFAs into hepatocytes peaks
at a point where the liver can no longer use or store the
FFAs or export them as triglycerides. Subsequently, a chain of
intracellular responses is activated, leading to lipotoxic stress
in mitochondria and the endoplasmic reticulum, ultimately
resulting in hepatocyte cell death and the release of pro-
inflammatory cytokines and extracellular vesicles (28, 30-33).
In turn, this leads to the activation of resident Kupffer cells
and the recruitment of infiltrating monocytes and neutrophils
to the liver, which contribute to inflammation via the release
of cytokines, chemokines, nitric oxide, and reactive oxygen
species (ROS) (4). In a similar process, lipid retention in
atherosclerotic plaques induces local inflammation characterized
by the influx of circulating monocytes that differentiate
into macrophages that release pro-inflammatory stimuli and
ROS (4, 34). Although ROS are products of normal cell
metabolism and serve as signal molecules as in redox signal
pathways (35), continued oxidative stress, characterized by
high ROS exposure in combination with reduced levels or
scavenging capacity of antioxidants, will harm different vital
macromolecules such as proteins, nucleic acids (DNA/ RNA),
and lipids (36).

Especially phospholipids, as building blocks of cells, and
lipoproteins, are popular targets of ROS as part of a process
called lipid peroxidation, which occurs via both enzymatic
and non-enzymatic mechanisms (37, 38). Whereas, the
enzymatic process of lipid peroxidation covers the activation
of myeloperoxidases, lipoxygenases, cyclooxygenases, and
cytochrome p450 (38, 39), the non-enzymatic process requires
free radicals. Therefore, it can only be activated indirectly
via nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases and nitric oxide synthases (40). Both processes result
in lipid hydroperoxide molecules, which are then degraded.
Notably, a large variety of secondary products are formed
during the degradation process of lipid peroxidation, including
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malondialdehyde ~ (MDA),  malondialdehyde-acetaldehyde
(MAA), 4-hydroxynonenal (4-HNE), and the remaining core
aldehyde of oxidized phospholipids (OxPL) (41-43). These
oxidized lipids and their degradation products can hamper
the normal function of proteins and lipids and therefore
modify them (44). Further, some of these lipid derivatives,
such as highly reactive aldehydes, can alter their self-molecules
and form so-called oxidation-specific epitopes (OSEs), which
comprise protein adducts with degradation products of lipid
peroxidation, such as MDA and phosphocholine-containing
OxPL (PC-OxPL) (34, 45). If removal of these products,
primarily carried by dying cells, extracellular vesicles, and
damaged lipoproteins such as oxidized LDL (OxLDL), is
insufficient, sterile inflammation is triggered, and oxidative
damage is exacerbated (37, 46, 47).

Mounting evidence indicates increased levels of oxidized
lipids and elevated presence of various OSEs during the
progression from simple steatosis to NASH (46, 48-50) as
well as in atherosclerosis and CVD (47). Of the different
types of OSEs that can be formed during lipid peroxidation,
MDA and 4-HNE are prototypical markers of oxidative stress
that can be measured, for example, by the commonly used
2-thiobarbituric acid reaction (TBAR) assay (37). While the
presence of 4-HNE is associated with different stages of fatty liver
disease (51) and mitochondrial 4-HNE adducts are increased in
NASH (52), 4-HNE is also found in atherosclerotic lesions in
humans and animal models of disease (34). Furthermore, MDA
epitopes are increased in patients, mice, and rats suffering from
NAFLD and NASH (53-58). In addition to elevated systemic
MDA concentrations, we previously demonstrated that MDA
adducts accumulate in the liver during human NASH and in
hypercholesterolemic Ldlr~/~ mice with steatohepatitis (46, 59).
Similarly, atherosclerotic lesions were shown to contain MDA
epitopes (46), and elevated serum MDA-LDL levels are associated
with the progression of carotid atherosclerosis (60). Recently,
OxPLs, which are found to be present in atherosclerotic lesions in
humans and mice (61), have also been described to be elevated in
circulation and livers of patients and mice with NASH (48). Since
it has been demonstrated that only modified LDL and not native
LDL has a major influence on the development of atherosclerotic
plaques (27), the presence of oxidized lipids and various types
of OSEs may represent an essential link between NAFLD and
atherosclerosis (34, 62). While systemic dyslipidemia might be
responsible for the generation of high levels of OSE and modified
LDL, thereby leading to both fatty liver disease and CVD,
another possibility is that hepatic lipid accumulation increases
oxidative stress and OSEs in the liver, prior to their release
into circulation and thus subsequently promoting atherosclerosis
development. As lipid peroxidation and consequently the
accumulation of altered self-molecules involves interference with
structural and functional properties of the physiological state,
immunological mechanisms are taking place to protect the
body from potential detrimental consequences. In the following
section, we provide an overview of existing immune recognition
and the pattern recognition receptors (PRRs) responsible
for the uptake and/or binding of oxidized lipoproteins and
OSEs (63).

IMMUNE RECOGNITION OF
OXIDATION-SPECIFIC EPITOPES

Since OSEs identify and label altered proteins and lipids that
have been damaged by oxidative stress, cellular debris, and
apoptotic cells, recognition mechanisms to provide effective
clearance are required (34, 64, 65). Consequently, oxidized
lipids and OSEs are recognized by various PRRs on different
components of the immune system that mediate their removal
to maintain homeostasis in situations of increased oxidative
stress. As such, OSEs play an essential role in tissue repair and
reconstruction (66). However, during pathological conditions
in which OSEs accumulate, they can act as damage-associated
molecular patterns (DAMPs), ultimately resulting in chronic
inflammation (66). Previous characterization of various OSEs
suggested that both cellular and soluble PRRs can recognize
OSEs, which we will discuss in light of their involvement in
NAFLD and atherosclerosis.

Cellular Immune Response: Macrophages

Orchestrate Inflammation

A variety of cell surface receptors present on innate immune
cells recognize OSEs and act as sensors of oxidative stress
(67). Here, we will focus on cellular PRRs expressed on
macrophages, as they have been shown to play a pivotal role in
initiating and sustaining the inflammatory process upon binding
and subsequent phagocytosis of oxidatively altered molecules,
including oxidized lipoproteins (68, 69).

Toll-like receptors (TLRs) represent a group of classic
cellular PRRs of innate immunity capable of binding different
pathogen-associated molecular patterns (PAMPs), including
bacterial and viral components, as well as DAMPs such as
OSEs. For example, oxidized cholesterol esters (OxCE) and
OxPL on the surface of extracellular vesicles are ligands
for TLR4 (68, 70), while OxPLs have also been reported
to stimulate macrophages in a TLR2-dependent mechanism
(71). Furthermore, there is evidence that hydro(pero)xylated
phospholipids can be considered endogenous TLR4-activating
danger signals, and thus TLR4 may act as a sensor for oxidative
stress (70). In addition, certain TLRs have been found to respond
to OxPL, OxLDL, and other OSEs as part of a multimeric
complex with other PRRs (34). As such, it has been shown
that the transmission of PC-OxPL-mediated inflammatory
signaling requires the formation of a heterotrimer of TLR4-
TLR6 and cluster of differentiation 36 (CD36), a scavenger
receptor (72, 73). Similarly, w-(2-Carboxyethyl) pyrrole (CEP)
signaling necessitates the cooperation between TLR2 and CD36
(34). Importantly, once ligands bind to TLRs, they activate
nuclear factor NF-kB, which stimulates cytokine production
and macrophage proliferation (74). Thus, some OSEs represent
endogenous ligands recognized by members of the TLR family
that can trigger inflammatory responses either with or without
cooperation via another class of PRRs expressed on macrophages,
namely scavenger receptors.

Scavenger receptors comprise another prototypical class of
different surface receptors that recognize and internalize OSEs

Frontiers in Cardiovascular Medicine | www.frontiersin.org

January 2022 | Volume 8 | Article 824481


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Hoebinger et al.

OSEs in NAFLD and Atherosclerosis

(67). Similar to TLRs, scavenger receptors bind oxidized and
non-native LDL particles and contribute to the activation of
macrophages in the context of inflammation (67, 75). There are
many different types of scavenger receptors, including CD36,
scavenger receptor type Al (SR-Al), SR-A2, SR-B1, CD68, and
lectin-like oxidized LDL receptor 1 (LOX1) (67). Of these, SR-A1,
SR-A2, and CD36 have shown to be primarily responsible for the
uptake of OxLDL, as in vitro assays have shown that macrophages
deficient in these receptors exhibit 75-90% decreased binding
and degradation of OxLDL (76). In addition, PC-OxPs have
been found to bind to CD36, whereas PC from non-oxidized
phospholipids does not serve as a ligand (77). Moreover, CEP-
modified proteins are recognized by CD36 (78) and MDA
epitopes are shown to be recognized by SR-A1 and SR-A2 (79,
80).

Interestingly, receptor-mediated uptake of oxidized lipids
by macrophages has been found to play a central role
in the chronic inflammatory responses present during both
NAFLD and atherosclerosis. In both conditions, excess uptake
of oxidized lipoproteins causes a transformation of local
macrophages into bloated, lipid-rich foam cells, resulting in
the activation of a cascade of pro-inflammatory events (81-
84) (Figure 1). Under normal conditions, once internalized,
lipids are transported into the lysosomal compartment for
degradation by lysosomal enzymes such as cathepsins (85,
86). In contrast to native or acetylated LDL, OxLDL is
poorly degraded, leading to disabled intracellular trafficking
and lysosomal accumulation of oxidized lipids. Consequently,
under pathological conditions characterized by the increased
presence of modified lipoproteins and OxLDL, lysosomes turn
dysfunctional, and cholesterol crystals are formed, resulting
in NLPR3 inflammasome activation, which contributes to
inflammation via the maturation and release of IL-1f and
IL-18 (76, 87, 88). Furthermore, foamy macrophages express
more CD36 and SR-Al, the primary receptors mediating
OxLDL uptake, and might, in turn, take up even more
oxidized lipids, thereby further amplifying inflammation (76).
Studies by others and us showed that NLPR3 inflammasome
activation contributes to liver disease and atherosclerosis in
various murine models, indicating the involvement of this
process in both entities (88-91). Moreover, we showed that
hematopoietic deficiency of CD36 and SR-A1 reduces foam cell
formation and hepatic inflammatory responses during NASH
in mice (81, 82). In line, macrophage CD36 and SR-A1/2
contribute significantly to atherosclerotic lesion formation (92,
93). Further, it was demonstrated that Ldlr—/= ApoB!00/100
mice fed a Western diet showed a decrease in atherosclerosis
when either SR-A or CD36 was silenced in bone marrow cells
using lentivirus vectors encoding shRNA against them (94).
Mechanistically, we previously demonstrated that MDA-induced
cytokine secretion depends on CD36 and SR-A1l. Bone marrow-
derived macrophages from mice lacking either of these receptors
secrete less CXCL1 upon MDA stimulation, suggesting the
involvement of MDA-mediated pro-inflammatory signaling in
macrophages in both disease pathologies (46).

In addition to the common findings concerning the
contribution of SR-mediated uptake of oxidized lipoproteins
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FIGURE 1 | Genetics, sedentary lifestyle and/or unhealthy nutrition causes
systemic dyslipidemia characterized by increased LDL levels. Due to oxidative
stress and ROS production, oxidation-specific epitopes present on oxidized
lipids, dying cells, and microvesicles accumulate. Receptor-mediated
recognition and uptake of oxidized lipoproteins by macrophages in the
steatotic liver and atherosclerotic plague results in a foamy appearance,
lysosomal dysfunction, and cholesterol crystals formation, causing
pro-inflammatory signaling and thereby enhancing disease progression.

during NAFLD and atherosclerosis, multiple studies indicate that
TLR-mediated immune recognition also contributes to disease
progression. Indeed, NASH has been shown to improve in TLR4
knockout mice receiving a methionine- and choline-deficient
(MCD) diet (95), and Ldlr~/~ mice receiving an atherogenic
diet were found protected from triglyceride accumulation in
the liver in the absence of TLR4 (96). The contribution of
TLR4 to the progression of atherosclerosis is supported by
two studies showing that TLR4-deficient ApoE~/~ mice have
lower aortic lipid accumulation (70-80% reduction) and reduced
levels of aortic atherosclerosis compared to the control mice
(97, 98). In line, a case-control study of 183 patients showed
that a single nucleotide polymorphism in TIr4 leads to impaired
signaling and is associated with reduced plaque formation
and a decrease in acute coronary events (99). Moreover, TIr4
expression is higher in macrophages in atherosclerotic plaques
of ApoE™/~ mice on an atherogenic diet and in humans
(100), suggesting that TLR4 represents a pathophysiological
link between oxidized lipids, inflammation, and atherosclerosis.
Although most of the available studies focus on the role of
TLR4 in NASH and atherosclerosis, it has also been shown
that TLR2 deficiency in Ldlr~/~ mice leads to a reduction in
atherogenesis, while administration of TLR2 agonists results in
increased atherosclerosis in mice (101). Concerning fatty liver
disease, it was demonstrated that administration of an anti-TLR2
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antibody ameliorates liver injury, inflammation, steatosis, and
fibrosis in rats with obesity (102). Taken together, these studies
indicate that TLR signaling contributes to the inflammatory
responses observed in NAFLD and atherosclerosis.

More recently, using single-cell RNA sequencing technology,
multiple studies in lipid-mediated disorders including NASH
and atherosclerosis demonstrate the occurrence of a specialized
type of macrophages characterized by high expression of the
triggering receptor expressed on myeloid cells 2 (Trem2).
Whereas, humans and mice with NASH or cirrhosis have
increased hepatic expression of Trem2 that correlates positively
with AST and ALT levels (103, 104), more Trem2-expressing
macrophages are also found in atherosclerotic plaques (105).
Interestingly, TREM2 has been shown to bind and recognize
(apo-) lipoproteins, including ApoE, LDL, and MDA-LDL
particles (106), suggesting TREM2 might also recognize OSEs,
thereby potentially contributing to inflammatory responses and
disease progression. Functional studies assessing the role of
TREM2 in NAFLD and atherosclerosis are still required since
this receptor might also be involved in a common lipid-induced
mechanistic pathway.

Taken together, there are overarching mechanisms regulating
the uptake of OSEs and OxLDL via PRRs on macrophages. As
a result, macrophages and hepatic Kupffer cells turn into foam
cells, become activated, and secrete pro-inflammatory factors in
response to elevated oxidized lipids, thereby contributing to the
development of NAFLD and atherosclerosis in a similar process,
representing part of a shared etiology. In the next section, we will
focus on soluble factors recognizing OSEs and their involvement
in steatohepatitis and atherosclerosis.

Humoral Immune Response: B Cells Enter
the Stage

Besides recognizing OSEs by cell surface receptors, soluble
receptors capable of binding OSEs are described, such as C-
reactive protein (CRP) and proteins of the complement system
(62, 107). CRP, an acute-phase protein produced in the liver,
was found to recognize PC-OxPL on OxLDL and apoptotic
cells, indicating CRP’s responsiveness to OSEs (108). Since CRP
levels are a known marker of systemic inflammation, CRP in
circulation might indirectly also be considered a reflection of
tissue injury, oxidative stress, and/or ongoing lipid peroxidation
and OSE levels. As a regulator of complement activity, an
essential machinery for clearance of metabolic waste and dead
cells, complement factor H (CFH) was identified to recognize
and bind MDA epitopes. Moreover, genetic variants of one of the
MDA-binding sites of CFH were shown to influence the capacity
of CFH to bind MDA (109). Since MDA has pro-inflammatory
effects during NASH, reduced CFH might contribute to the
harmful effects of lipid peroxidation products in fatty liver disease
progression. Nevertheless, the functional role of CFH-mediated
OSE recognition and its consequences for NAFLD and CVD has
not yet been fully described.

Insights from others and us give prominence to B cell-derived
antibodies or immunoglobulins targeting OSEs in NAFLD and
CVD (59, 107, 110-112). Antibodies exist in different isotypes

(IgM, IgG, IgA, IgE, IgD) that implement key functions in
defending the body against pathogens and are also responsible
for maintaining homeostasis by eliminating metabolic waste
(113). Owing to their broad specificity for pathogens and their
ability to recognize highly conserved structures such as self-
antigens, they provide another group of soluble factors able to
detect OSEs residing on oxidized lipoproteins, apoptotic cells,
and extracellular vesicles (64, 114). Studies in mice and humans
have shown that various OSEs, including PC-OxPL, MDA, and 4-
HNE adducts, are prominent targets of natural antibodies, which
are pre-existing germline-encoded antibodies, predominantly of
the IgM type, that are present without external antigens. In fact,
several OSEs are bound by up to 30% of all natural IgM found
in the plasma of both wild-type and gnotobiotic mice (64, 114),
indicating their relevance for homeostasis and immune defense.
In addition to innate natural IgM antibodies, produced and
secreted by Bl cells, adaptive IgG isotypes secreted by B-2 cells
are capable of recognizing and binding various OSEs such as
MDA (115).

Interestingly, consistent observations concerning systemic
levels of antibodies binding OxLDL and OSE are described
between NAFLD and atherosclerosis. First of all, in line with the
negative association between IgM levels in circulation and the
severity of atherosclerosis and CVD in general (107), we have
shown that NAFLD patients have lower serum IgM titers toward
various OSEs including MDA and MAA compared to healthy
controls (59). While liver disease data upon IgM deficiency is still
lacking, a lack of secreted IgM antibodies resulted in increased
atherosclerotic plaques in Ldlr~/~ mice after Western-type diet
(112). In addition, we previously demonstrated that an increase
in B1-derived natural IgM with specificity for OXLDL in Ldlr—/~
mice deficient for sialic acid-binding immunoglobulin-like lectin
G (Siglec-G) protects against atherosclerosis and steatohepatitis
after atherogenic diet, further supporting the protective role of
IgM antibodies (110). By recognizing and neutralizing OSEs, IgM
can limit OxLDL-induced foam cell formation, as well as pro-
inflammatory macrophage responses, and generally contribute
to reduced inflammation (115). More studies pointing out the
protective properties of increased anti-OxLDL IgM levels are
described in the section about immunotherapy.

Besides altered IgM antibody levels, ~40% of adults (49)
and 60% of children have elevated IgG titers in circulation
when diagnosed with NAFLD (116). Particularly, anti-OSE IgGs
produced by B-2 lymphocytes have been shown to correlate with
the onset of steatohepatitis and are considered as an independent
predictor of fibrosis in NAFLD patients (49, 116, 117). These
observations are in line with those in atherosclerosis, where
higher IgG levels are associated with more severe atherosclerosis
in humans and mice (118-120). Furthermore, a meta-analysis
even suggests that systemic IgG antibody titers are a potential
predictor of future atherosclerosis-related cardiovascular events
since a positive correlation between IgG levels and events
was found (121). However, the functional significance and
contribution of IgG are still unclear as studies in humans
and animal models indicate that anti-OSE IgG may also
have atheroprotective properties (107, 122, 123). Given these
diverse and partly inconsistent findings, the role of IgG in
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atherosclerosis has not been fully elucidated, which has been
discussed in detail by Sage et al. (124). Nevertheless, in mice,
anti-CD20 antibody-mediated depletion of B cells reduces the
development of atherosclerosis (125), and ameliorates NASH
progression (126). Importantly, anti-CD20 treatment preserves
the production of anti-OxLDL IgM antibodies, while IgG
targeting OxLDL are greatly diminished (125). In addition,
TACI-Ig mice, characterized by a depletion of B2 cells, were
found to have milder steatohepatitis and less progression of
fibrosis (117), further supporting a more pro-inflammatory effect
of anti-OSE IgG antibodies.

To summarize, altered anti-OSE IgM and IgG titers are
associated with NAFLD and fibrotic NASH, consistent with
findings in atherosclerosis (50, 59, 107, 127), suggesting another
pathophysiological pathway in common between NAFLD and
atherosclerotic CVD. While IgG-producing B-2 cells may
promote pro-inflammatory mechanisms (50), natural IgM
secreted by BI cells seems to have protective properties (50).
As such, antibodies recognizing OSEs provide an attractive
target for B cell-mediated immunotherapeutic approaches to
improve therapeutic strategies and/or prevent cardiovascular
complications during NAFLD. Besides targeting B cells as done
using anti-CD20 administration, immunization approaches to
enhance immunity against OSEs have been investigated, which
we will summarize in the next section.

TARGETING OXIDIZED LIPIDS AS
IMMUNOTHERAPEUTIC APPROACH

As neither lifestyle modification nor currently existing
pharmacotherapy is sufficient to reduce liver fibrosis and
inflammation, NAFLD is becoming a global burden on the
healthcare system and poses an urgent need for developing
therapeutic interventions (128). Although several drugs and
combination therapies are under investigation, no truly effective
treatment has yet been identified (129, 130). However, regarding
oxidative stress, nutrients and antioxidants such as vitamin
E have beneficial effects on NAFLD (131) by lowering the
NAFLD activity score (NAS) and reducing inflammation
(132, 133). Consistent with these findings, a recent study has
demonstrated that vitamin E is negatively correlated with serum
MDA in women suffering from NAFLD (54). In addition,
similar outcomes also indicate a protective role of vitamin E
in atherosclerosis (134, 135). Nevertheless, since we currently
lack complete understanding of the metabolic pathways affected
and controlled by oxidative stress, more studies are needed to
design an adequate therapeutic trial to assess antioxidants to
combat atherogenesis (136, 137). Growing evidence shows that
directly addressing OSEs yields a high potential for reducing the
inflammatory response in NAFLD and atherosclerosis, thereby
representing a promising avenue for treating both diseases
(48, 63, 138). Here, we will provide an overview of current
data on intervention approaches addressing OSEs through
immunization strategies. Simplified, enhancing protective B cell
antibody responses via immunization can be divided into two
separate classes: passive immunization in which antibodies that
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FIGURE 2 | In mice, passive immunization strategies with OSE-recognizing
IgM antibodies LR04, IK17, and EOB, or boosting IgM antibodly titers toward
oxidized lipids in active immunization approaches, such as with
heat-inactivated S. pneumococci or specific peptides, can induce protection
against NAFLD progression and reduce atherosclerotic plaque burden.

directly target, bind, and inactivate an antigen are infused; and
active immunization, wherein an antigen is used in a vaccination
protocol to boost antibody titers and as such, provide long-term
immunity (Figure 2).

Passive Immunization

As described above, data from others and us support that
anti-OSE IgM antibodies act protective against liver disease
and atherosclerosis, and as such, are a viable tool to prevent
disease (59, 83, 110, 127, 139). Besides our findings using Siglec-
G/~ mice that have increased anti-OSE IgM levels, we showed
that intravenous administration of LR04, a monoclonal IgM
specifically targeting MDA, neutralizes endogenously produced
MDA epitopes, leading to a decrease in liver inflammation
in Ldlr~/~ mice after a Western-type diet (46). Similarly,
intravenous injection and intraperitoneal infusion of the human
antibody IK17, directed to MDA-like epitopes, significantly
reduced atherosclerosis progression by 30-50% (140, 141).
Moreover, antibodies E06 and T15, which target PC epitopes on
OxPL were found to protect against atherosclerosis by blocking
lipid uptake by macrophages, preventing inflammation, and
promoting the clearance of apoptotic cells (141). Expression
of the single-chain variable fragment of E06 in Ldlr~/~ mice
was shown to be sufficient to suppress the development of
atherosclerosis at multiple disease stages (139). These mice
were also protected against various aspects of NASH, including
steatosis, inflammation, fibrosis, hepatocyte cell death, and
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progression to hepatocellular carcinoma, further supporting the
causal role of OxPL in the pathogenesis of NASH (49).

Besides evaluating the potential beneficial effect of IgM
antibodies on disease outcome, certain studies focused on using
IgG antibodies. For example, administration of the human IgG
antibody 2D03 directed against MDA-modified ApoB exhibited
atheroprotective immune responses against OxLDL (123). More
recently, a study revealed the protective function against the
development of atherosclerotic plaques using autoantibodies
against the ApoB100 peptide p210 in ApoE~/~ mice, which was
accomplished by injecting IgG2b against p210. These results in
ApoE~/~ mice support previous human studies, which showed
an inverse association between apoB100 native p210 IgG and
plaques in coronary or carotid arteries (142).

Active Immunization

Besides passive immunization approaches, several studies
assessed the potential beneficial effect of enhanced immunity
toward various epitopes of OxLDL using these as antigens. In
one of the first studies applying active immunization, injection
of homologous MDA-LDL into Ldlr~/~ rabbits induced higher
anti-MDA antibody titers and significantly reduced the extent
of atherosclerotic lesions in the aortic tree of immunized
animals (143). Consistent with this, Ldlr/~ mice injected with
MDA-modified LDL showed smaller atherosclerotic lesion size
after an atherogenic diet, although this was independent of
changes in anti-OSE IgM levels (144). In relation to fatty
liver disease, a study in which C57BL/6 mice were injected
with MDA conjugated to bovine serum albumin (MDA-BSA)
reported increased severity of NASH in immunized mice after
MCD diet. The authors attributed this to the fact that MDA-
BSA injection enhanced IgG responses and increased hepatic
T cell infiltration, which may ultimately lead to increased
inflammation (145). Importantly, immunization with MDA-
BSA adducts did not influence IgM antibody levels toward
MDA-derived antigens, potentially lacking protective capacities.
On the other hand, studies that immunized Ldlr~/~ mice
with heat-inactivated S. pneumonia, which significantly induced
PC-OxPL recognizing IgM titers due to molecular mimicry,
showed that mice immunized were protected against diet-
induced steatohepatitis and atherosclerosis after Western-type
diet (83, 146), supporting the idea that raising IgM titers toward
OxLDL has beneficial effects.

In addition to using various OSEs as antigens, several
experimental studies assessed whether administration of stable
peptides could be applied for immunization. One of these
peptides is the p210-PADRE, which has already been mentioned
in the section on passive immunization. Besides direct infusion of
IgG antibodies, ApoE~/~ mice were immunized with the p210-
PADRE peptide, which induced a specific IgG1 response against
p210, thereby preventing MDA-LDL accumulation in lesions and
reducing atherosclerotic plaque formation in the aorta (142).
Moreover, immunization with OxLDL- and MDA-modified
ApoB100 peptides were described to have an atheroprotective
effect associated with an increase in IgG and IgM antibodies
specific for the antigen used (142, 147). Interestingly, two
small immunogenic peptides, linear P1 and circular P2, were

identified that immunologically mimic MDA-type epitopes (148).
Since we have shown the critical role for endogenous MDA in
NASH and P2-BSA immunization raised IgM antibody levels
toward MDA, these mimotopes are a promising tool to induce
immunity against this relevant antigen to reduce/prevent NAFLD
progression (46). Although most of the above-mentioned
immunization approaches have been reported to be successful
for atherosclerosis, more studies focusing on liver disease are
required to further confirm that the treatment principles of
increased anti-OSE IgM to reduce atherosclerosis also apply
to NASH.

OUTLOOK

Growing evidence indicates a significant association between
the clinical patterns of NAFLD and atherosclerosis. Common
molecular mechanistic pathways seem to play a central role in
disease progression, and NAFLD might even be considered a risk
factor for developing CVD.

Just as receptor-mediated uptake of oxidized lipids leads
to macrophages’ foamy appearance and pro-inflammatory
processes is one consistent observation in the liver during
NAFLD and the vessel wall during atherosclerosis, other
mechanistic patterns might be similarly occurring in
both pathologies (81-84). Besides, in both NAFLD and
atherosclerosis, B-1-derived IgM antibodies seem to have
a protective role, while IgG produced by B2 cells seems to
promote inflammation (115). Therefore, studies assessing both
conditions might significantly enhance our understanding of
their interrelationship and potentially lead to the identification
of novel targets to improve treatment strategies. In particular,
the Ldlr~/~ mice on a high-fat, high-cholesterol diet is a suitable
model to study the underlying pathways occurring in fatty liver
disease and linked atherosclerosis (149). We have previously
shown that these mice develop steatotic livers with increased
inflammation and oxidative stress already after 2 weeks of diet,
while atherosclerotic plaques develop after 6-8 weeks of dietary
intervention (46). Moreover, Ldlr—/~ mice present a human-like
lipid profile, which is essential to facilitate translational studies
regarding lipid-mediated diseases (150). In addition, since CVD
is still the primary cause of death in patients with early NAFLD
(9, 10), assessing liver disease in human cardiovascular study
cohorts and vice versa could further enhance our understanding
and potentially identify patients with advanced disease stage
and/or increased risk for cardiovascular events. In this review,
we focused on the potential immunotherapeutic approach
by enhancing immunity toward OSEs and oxidized lipids.
Since similar observations for systemic anti-OSE antibody
titers are described, one might hypothesize that results from
immunization studies, which mostly come from work in the
field of atherosclerosis, can be translated and tested to prevent
NAFLD progression. Nevertheless, further studies are needed
to understand the role of OSEs and OSE-reactive immunity
in maintaining homeostasis and controlling inflammatory
responses to design translational studies and eventually offer
novel treatment strategies for patients.
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Metabolic syndrome (MetS) is a multicomponent risk condition that reflects the clustering
of individual cardiometabolic risk factors related to abdominal obesity and insulin
resistance. MetS increases the risk for cardiovascular diseases (CVD) and type 2 diabetes
mellitus (T2DM). However, there still is not total clinical consensus about the definition of
MetS, and its pathophysiology seems to be heterogeneous. Moreover, it remains unclear
whether MetS is a single syndrome or a set of diverse clinical conditions conferring
different metabolic and cardiovascular risks. Indeed, traditional biomarkers alone do not
explain well such heterogeneity or the risk of associated diseases. There is thus a need
to identify additional biomarkers that may contribute to a better understanding of MetS,
along with more accurate prognosis of its various chronic disease risks. To fulfill this need,
omics technologies may offer new insights into associations between sphingolipids and
cardiometabolic diseases. Particularly, ceramides —the most widely studied sphingolipid
class— have been shown to play a causative role in both T2DM and CVD. However, the
involvement of simple glycosphingolipids remains controversial. This review focuses on
the current understanding of MetS heterogeneity and discuss recent findings to address
how sphingolipid profiling can be applied to better characterize MetS-associated risks.

Keywords: sphingolipids, cardiovascular risk (CVD), ceramides, metabolic syndrome, type 2 diabetes

INTRODUCTION

Cardiovascular diseases (CVD) are currently a major cause of morbidity and mortality with
major overall economic healthcare burden worldwide (1). Among these conditions, CVD of
atherosclerotic origin (ASCVD) stands out because of its high prevalence and the significant
acute ischemic complications and chronic consequences. Many risk factors for ASCVD are well-
established, including family history, obesity, blood hypertension, dyslipidemia, type 2 diabetes
(T2DM), and proinflammatory pathophysiology (2). In particular, metabolic syndrome (MetS) -
a well-known clustering of risk factors (3)- doubles the risk for CVD and increases five-fold the
chance for T2DM (4). Indeed, 13.3 to 44% of excess CVD mortality in the US is explained by
MetS or MetS-related CVD (5). Furthermore, MetS is associated with increased risk of a number
of common cancers (6) and neurodegenerative disorders (7) and is also an important risk factor
influencing progression and prognosis of COVID-19 (8).
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Sphingolipid Profile in Metabolic Syndrome

Based on NHANES reports, the overall prevalence of MetS in
US adults was 34.7% in 2016, increasing with age and reaching
48.6% among those aged at least 60 years. Remarkably, over
2011-2016, MetS prevalence increased significantly among those
aged 20 to 39 years from 16.2 to 21.3% (9). Thus, prevention,
early diagnosis, and appropriate risk stratification of MetS
constitute a major health priority challenge. However, besides
the many components and clinical implications of MetS, there
is no agreement upon clinical definition of MetS. Moreover, the
pathophysiology of MetS is not consensual (10), and traditional
biomarkers alone do not explain its heterogeneity or the specific
risk of associated chronic diseases.

In search for new biomarkers, and in line with the refinement
of new omics technologies, several studies have focused on
bioactive sphingolipids (SPLs) (11). SPLs have emerged as
signaling molecules that regulate many metabolic functions,
and ample evidence highlights their role in the regulation of
inflammatory responses (12). A substantial body of literature
shows that ceramides, a major key class of this lipid family, may
have a causative role in diabetes and ASCVD (13). However,
the involvement of more simple glycosphingolipids (e.g.,
hexosylceramides and lactosylceramides) is still controversial.

This review focuses on the current understanding of MetS
heterogeneity as well as recent findings that address how
sphingolipid profiling may provide additional and valuable
information to better characterize MetS-associated risk.

Emerging Cardiovascular Risk Factors,
Including Sphingolipid Biomarkers

There are now many clinical guidelines for evaluation and
management of ASCVD risk. The most common factors included
in current risk calculators are age, sex, total cholesterol and
HDL cholesterol (HDL-c) levels, blood pressure, diabetes, and
smoking (14). Some guidelines also add in LDL cholesterol (LDL-
c) levels, obesity, and high sensitivity C-reactive protein (15).
However, there continue to be deficiencies in modeling risk as
well as differences in the impact of each component (14). Indeed,
estimations indicate that traditional risk algorithms may miss up
to 20% of future CVD events (16).

The pursuit of better strategies for risk prognosis is under
continuous evolution. For instance, although plasma LDL-c
levels have been considered a primary etiopathogenic factor for
development of ASCVD, currently the concentration of non-
HDL-c is considered a better predictor of future CVD events (14,
17). Similarly, apolipoprotein B (Apo B) -the structural protein
present in all atherogenic lipoproteins— and lipoprotein(a) have
also been proposed as emerging cardiovascular risk factors.
On the other hand, the recognition of ASCVD as an active
process of vascular damage -rather than passive cholesterol
infiltration of blood vessels— has highlighted inflammatory and
procoagulant mechanisms and biomarkers. In this context,
several proinflammatory and prothrombotic molecules (i.e., C-
reactive protein, fibrinogen, IL-6, sSICAM, etc.) are being assessed
to add predictive power to existing CVD risk models (18, 19).

Currently, some of the most promising CVD risk prediction
approaches are panels of multiple circulating biomarkers. In

fact, omics technologies have provided new insights into the
association between a wide variety of novel plasma molecules
and cardiometabolic disorders (20). Particularly, based on
the technological advances in lipidomics, researchers have
identified nontraditional and less abundant lipids as possible
biomarkers of early stage cardiometabolic dysfunction as well
as cardiometabolic risk (21, 22). Indeed, multiple studies have
identified non-traditional lipid species or lipidomic profiles
related to subclinical atherosclerosis (23), future cardiovascular
events (24-27), and CVD mortality (28). Most of them
improved prediction of CVD beyond the sensitivity of traditional
cardiovascular risk factors.

Moreover, longitudinal lipidomic phenotypes seem better
predictor of future risk of ASCVD in healthy adults. One
study showed that numerous non-cholesterol lipids, especially
sphingolipid, phospholipid, diacylglycerol, and triglyceride
species, deserved more consideration in CVD risk stratification
in patients with low-risk cholesterol profiles (29). Similarly, two
additional classes of circulating lipids (e.g., dihydroceramides
and lysophosphatydilinositol) may serve as novel biomarkers
to identify individuals at high-risk of diabetes prior to disease
onset (30). In this context, a substantial body of evidence
shows that some species of ceramides, a key class of the
sphingolipid family, may play a causative role and be relevant for
risk prediction of various cardiometabolic disorders, including
CVD and diabetes (31-33). These observations have increased
the pathophysiological interest and diagnostic potential of
sphingolipids in MetS, a condition where the risk of CVD and
diabetes converge, but with a highly heterogeneous pathobiology.

MetS Controversies in Definition and

Chronic Disease Risk Association

MetS is a multicomponent condition that reflects the clustering
of individual cardiometabolic risk factors related to abdominal
obesity and insulin resistance. There are various definitions-
based on shared elements-that somewhat have been agreed upon
by different international organizations and expert groups.

A number of the most commonly used definitions are
those proposed by the World Health Organization (WHO),
the European Group for the Study of Insulin Resistance
(EGIR), the National Cholesterol Education Program Adult
Treatment Panel III (NCEP:ATPIII), the American Association
of Clinical Endocrinology (AACE) and the International Diabetes
Federation (IDF) (34). Most organizations recommend a
harmonized definition for MetS based on the presence of any 3 of
the following 5 risk factors: abdominal obesity, low HDL-c levels,
high triglycerides levels, high blood pressure, and hyperglycemia
(35). This delineation is congruent with the criteria outlined by
the NCEP-ATPIII, one of the most popular definitions of MetS.
The IDF definition has the same criteria but considers abdominal
obesity as a requirement for MetS diagnosis. Conversely, AACE,
WHO, and EGIR definitions regard insulin resistance as central
to the pathophysiology of MetS and thus must be present for
diagnosis (34).

The need to define MetS more precisely stems from the
importance of correctly identifying individuals at high risk
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for ASCVD vs. other chronic diseases. Several epidemiological
studies have confirmed the increased risk of ASCVD in
individuals with MetS, regardless of the diagnostic criteria used
(36-38). However, there continues to be an ongoing controversy
about whether MetS is in fact a homogeneous clinical condition,
disorder, or disease (39), and whether it requires recognition
as a specific syndrome. Moreover, the predictive value of MetS
has been questioned because its detection may not provide
additional information than its individual components (40). On
the other hand, even though MetS has been associated with
higher odds of cardiovascular events and T2DM, it remains
unclear whether MetS is a single syndrome or a constellation
of different attributes or traits conveying a divergent range of
metabolic vs. cardiovascular risk (39). Using a continuous MetS
severity scale, a study confirmed that a more severe presentation
of this syndrome quadruples the risk of coronary events (41).
But there are likely to be differences in the associated risk
depending on the presence of specific MetS components as
well other factors that remain to be defined. For instance, the
combination of central obesity, elevated blood pressure, and
hyperglycemia conferred the greatest risk for CVD and mortality
in the Framingham Offspring Study (42). However, there is a lack
of biomarkers that allow a more accurate prediction of a patient’s
risk progressing to one of the various pathologies associated with
MetS (i.e., T2DM, CVD, Alzheimer’s disease, cancer).
Traditional serum lipid biomarkers of cardiovascular health
include low triglycerides as well as high HDL-c and low LDL-c
(2). However, patients with MetS show several lipid abnormalities
beyond high LDL-c, elevated triglycerides, or low HDL-c, such
as high levels of modified LDL particles (43). In fact, traditional
lipid measures alone do not fully explain the complexity of
the altered lipid metabolism associated with MetS or its related
high cardiovascular risk (CVR) (43). Moreover, currently used
risk prediction calculators and available therapies are insufficient
and a significant amount of undefined residual CVR remains
undetected and untreated (44). In this context, biomarkers
beyond those included in the existing definitions of MetS,
such as endothelial dysfunction, prothrombotic tendency, and
proinflammatory state, may be essential determinants of future
CVR in MetS patients (45). However, these risk biomarkers
would not provide information regarding the underlying
metabolic status, and the risk of other pathologies such as T2DM.
As described below, profiling of circulating sphingolipids could
contribute to a better pathophysiological understanding of MetS,
with more accurate prognosis of cardiovascular vs. diabetic risks.

Sphingolipids

Sphingolipids (SPL) are a highly diverse group of biomolecules
that are not just structural components of cell membranes, but
also participate in intra- and extracellular signaling. SPL are
found in a wide variety of organisms and are as a matter of
fact involved in many aspects of cell structure, recognition,
metabolism, and regulation (46).

SPL comprise a complex family of compounds structurally
defined by a backbone called “sphingoid” base, mostly
represented by sphingosine, which is amide-linked with
long- or very-long-chain fatty acids to form ceramides

(Figure1). Ceramides can be further derivatized -by
addition of a headgroup- to form more complex SPL classes,
such as sphingomyelin, simple glycosphingolipids (e.g.,
glucosylceramides, galactosylceramides and lactosylceramides),
and more complex glycosphingolipids with a few to dozens of
sugar residues, called gangliosides (46). Within each SPL class,
there are many species components defined by structural and
chemical features (i.e., carbon chain length, double bonds) of the
attached fatty acid.

At a cellular level, SPL are found mainly in the plasma
membrane, where they interact with cholesterol forming
membrane microdomains known as “lipid rafts”, which regulate
signal transduction and cell recognition. In circulation, >500
species of plasma SPLs are transported in the different classes of
lipoproteins (i.e., VLDL, LDL, HDL) or associated with albumin
(47, 48). Lipoprotein-associated SPL can be incorporated into
these lipid particles before they are secreted from cells (49),
transferred from one lipoprotein to another, or modified within
them (47). Consequently, changes in circulating lipoprotein
levels may affect circulating sphingolipid levels (48, 50-53).

SPL Profile and Metabolic Complexity

SPL metabolism can be thought of as a discrete set of three
metabolically connected pathways: (a) de novo synthesis coming
from saturated fatty acids, (b) salvage of sphingosine, and
(c) breakdown of complex SPLs (46), all of which converge
into ceramides (Figurel). In de novo synthesis, an acyl-
CoA condensates with serine, which -by addition of another
fatty acid- subsequently gives rise to dihydrosphingosine.
Then, sequential enzymatic reactions lead to the generation of
dihydroceramide, the reduced precursor of ceramides. Some
dihydroceramides are not transformed further and they per
se participate in signaling pathways while another fraction
is oxidized into ceramides (46, 54). Afterwards, ceramides
can be modified by incorporation of a polar group, such as
phosphocholine, originating sphingomyelin, or sugars, giving
rise to a wide range of glycosphingolipids (a.k.a. glycoceramides).

Many glycosyltransferases are involved in the synthesis of
glycosphingolipids, starting with the addition of glucose or
galactose, leading to the so-called hexosylceramides. Within
these, glucosylceramide is the major form, and it may be
subsequently modified by lactosylceramide synthase, which
adds galactose giving rise to lactosylceramide (46, 55).
Hexosylceramides and lactosylceramides are simple f-
glycosphingolipids that can be further glycosylated, generating
more complex glycosphingolipids (e.g., gangliosides), or remain
as such leading to their biological activities (56).

SPL metabolism is interconnected with pathways involved
in oxygen biology, immune response, glycolysis, amino acid
metabolism, and metabolism of other lipids (46). Hence, there
are multiple factors that potentially modify the SPL profile. For
example, increases in reactive oxygen species (57) or a hypoxic
state (58) predispose to accumulation of dihydroceramides.
On the other hand, high levels of circulating saturated fatty
acids stimulate a dose-dependent synthesis of ceramides (13,
59), which accounts for the accumulation of ceramides in
overnutrition or dyslipidemia (50). Similarly, proinflammatory
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FIGURE 1 | Sphingolipid metabolic pathway. SPLs have three major metabolic pathways, all of which converge into ceramides: (a) de novo synthesis coming from
saturated fatty acids, (b) breakdown pathway in which sphingomyelin loses its phosphocholine headgroup, and (c) salvage pathway that allows sphingosine recycling
from complex SPLs. The fatty acid (light orange box) defines SPL species, whereas the headgroup (dark orange boxes) defines the SPL class.

+ Fatty acid

Acyl-CoA

Sphingosine =

cytokines, such as TNF-a, can stimulate the hydrolysis of
sphingomyelin to ceramide (60), while bacterial antigens (e.g.,
LPS) promote the synthesis of some glycosphingolipids (61).
Both LPS and saturated fatty acids also activate the toll-
like receptor 4 (TLR4) and induce the transcription of genes
associated with SPL synthesis (61). More distant modulating
factors, such as lower psychological well-being, which is linked
with an unhealthy lifestyle, has also been associated with higher
levels of ceramides (62). Taken together, these findings show that
SPL circulate in a dynamic balance that is likely to be altered
under various physiological and disease conditions.

Biological Functions of SPLs Related With
Cardiometabolic Diseases

Bioactive lipids are functionally defined as those lipid species
whose levels respond to the action of specific stimuli and then
regulate distinctive downstream effectors and targets. The most
studied bioactive SPLs are ceramides. However, several additional
SPL species are being evaluated as potential bioactive lipids (55).
Thus, a major challenge is to keep up with the rapid growth
in knowledge about the sphingolipidome (i.e., the ensemble of
all SPL in living organisms) as well as its physiological and
pathogenic impact.

The range of functions currently attributed to bioactive SPLs
is wide and includes many aspects of cell biology and body
physiology, such as cell growth and cell cycle, cell senescence
and death, inflammation, immune response, cell adhesion
and migration, angiogenesis, metabolism, and autophagy (55).
Considering this wide variety of functions, SPLs have been
implicated in several pathological disorders, including obesity,
T2DM, atherosclerosis and CVD (11, 63, 64) (Table 1). However,
many of the underlying mechanisms involved remain unclear
and vary depending on the specific class, or even species, of
SPL. For instance, ceramides elicit metabolic dysfunction by
several mechanisms. They inhibit protein kinase B (Akt/PKB) via
protein phosphatase 2 (PP2A) and protein kinase C zeta (PKCz)
intermediaries, which mediate a wide range of downstream
effects, including insulin resistance (55, 67, 68, 93). In addition,
ceramide acts as a second messenger in activating the apoptotic
cascade in many cell types, including B cells in pancreatic islets
(33, 94). Ceramide overload also induces endoplasmic reticulum
stress, inhibits mitochondrial fatty acid B-oxidation, and activates
the NLRP3 inflammasome (13), pathophysiological processes
associated with obesity.

On the other hand, glycosphingolipids fulfill most of
their functions by structuring glycosphingolipid-enriched
microdomains in cell membranes. Of particular importance is
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TABLE 1 | Association between sphingolipid classes and cardiometabolic disorders.

Sphingolipid Relationship Proposed mechanisms Most studied SPL Supporting evidence
class with species
Obesity
Ceramides 1 Visceral obesity promotes the SPL biosynthetic pathway, Cer-C16 and Cer-C18 In vitro and animal models
increasing circulating ceramides. (61, 65, 66), cross-sectional
studies (21)
HexCer/LacCer lor= Unclear. Upregulation of salvage pathway Sphingosine-based In vitro (49), cross-sectional
HexCer and Hex2Cer studies (21)
species
Dyslipidemia
Ceramides tc-LDL, 1TGs, Bidirectional. Higher levels of ApoB-containing - In vitro (48), animal models
lc-HDL lipoproteins increase ceramide circulation. (50), cross-sectional studies
Ceramide depletion could accelerate the catabolism of (21, 51), prospective studies
ApoB-containing lipoproteins. (52)
HexCer/LacCer Jlc-LDL, | TGs, Unclear. Upregulation of salvage pathway In vitro (53), cross-sectional
1c-HDL studies (21)
Dysglycemia
Ceramides 0 Ceramide accumulation would alter glucose metabolism, Cer-C18 and C20 In vitro (67-69), animal
by inhibition of Akt/PKB, inducing insulin resistance, and models (70-72),
by stimulation of p cells apoptosis in pancreatic islets, cross-sectional studies (73),
increasing the risk of diabetes. prospective studies (21, 64)
HexCer/LacCer 1 Increased synthesis of hexosylceramides at expense of In vitro (69), animal models
ceramides would enhance insulin sensitivity by ceramide (74, 75), cross-sectional
reduction, and by immunomodulatory actions. studies (21), prospective
studies (74-76)
GM3 0 GM83 would cause insulin resistance, by reduction of In vitro and in vivo (77)
insulin receptor presentation on fat cell surface due to
changes in composition of lipid rafts.
Cardiovascular
disease
Ceramides 1 Ceramides increase CV risk, by increasing transport, Cer-C16, C18 and In vitro (14, 78), animal
retention, and aggregation of ceramide-enriched LDL C24: 1 and their ratio models (79, 80), and
within the vascular wall; apoptosis of cells lining the over Cer-C24 prospective studies (81-84)
vascular wall, and reduction of vasorelaxation and
fibrinolysis.
HexCer 1 GiluCer regulate downstream signaling of LPS/TLR4, In vitro (85, 86)
increasing secretion of proinflammatory cytokines.
LacCer 1 LacCer increase CV risk: lead to oxidative stress In vitro (87-90), animal
environment and upregulate adhesion molecules on models (91), prospective
vascular endothelial cells and monocytes. studies (22, 24)
GM3 1 GM3 would increase foam cell formation In vitro (92)

The arrows symbolize the relationships between blood SPL levels and MetS-associated conditions. An upward arrow indicates a positive association and a downward arrow indicates

a negative association.

the assembly of these glycosphingolipids with signal transducers
and other membrane proteins to form functional signaling
units (95). For example, studies showed that GM3, a complex
ganglioside, reduced insulin receptor presentation on the cell
surface of adipocytes by modifying the composition of lipid rafts
(77). However, this alteration in insulin signaling does not occur
with simpler glycosphingolipids or in other types of cells, where
the effect could even be favorable (69).

In the same line, glycosphingolipids are important
determinants of a functional immune system. Glycosphingolipid
repertoires present in the plasma membrane of immune
cells impact membrane organization, molecular signaling,
cell differentiation, and trans-interaction between biomolecules

located in adjacent cell surfaces (96). Glycosphingolipid-enriched
plasma membrane microdomains mediate immunological and
inflammatory reactions, including superoxide generation,
chemotaxis, and non-opsonic phagocytosis (97). In addition,
lactosylceramides activate cytosolic phospholipase A2 (cPLA2),
which cleaves arachidonic acid from phosphatidylcholine
to generate eicosanoids and prostaglandins, two essential
inflammatory intermediaries (87, 98). As detailed below, the role
of glycosphingolipids in inflammation and immune response
has been directly related to the development and progression
of ASCVD.

All these findings have increased interest in verifying the
usefulness of measuring plasma SPL levels as new biomarkers.
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However, these analyses have been hampered by the complexity
and diverse functions of this lipid family. Therefore, it remains a
significant need to better define sphingolipidome profiles under
normal and pathological conditions to further understand how
absolute levels of different SPLs and, eventually, the relative ratio
between them regulate cell function/body physiology and are
associated with the origin and progression of chronic diseases.
In fact, we must establish more precisely the relevance of SPL
profiles to risk stratification and prognosis of MetS, where all the
metabolic disorders mentioned above converge.

SPLs as Potential Mediators of

Inflammation in Cardiometabolic Diseases
Studies in vitro, Cultured Cells, and Animal Models
Given their role in metabolic and inflammatory processes, there
is an emerging interest in elucidating the association of SPLs
and ASCVD. Ceramides have been shown to be relevant for
understanding the pathophysiology of the atherothrombotic
process and exert several specific actions during plaque
formation and ischemic complications (79, 80) (Table1).
For example, generation of ceramide by sphingomyelin-
breakdown induction was found to be sufficient in activating
the aggregation of lipoproteins in vitro (99, 100). In fact,
aggregated LDL particles obtained from atherosclerotic lesions
have 10- to 50-fold higher levels of ceramides than plasma LDL
particles (101). Ceramide was also implicated in transcytosis
of oxidized LDL across endothelial cells, thus leading to the
transport and retention of atherogenic lipoproteins within
the vascular wall (102). Likewise, the acute induction of
ceramide synthesis by monocytes increased adhesion of these
proatherogenic lipoproteins to rat aortic endothelium and uptake
of oxidized LDL in vitro (103). Moreover, ceramides have
been shown to induce apoptosis of cells lining the vascular
wall, a process implicated in plaque rupture during acute
ischemic complications of atherothrombotic disease (78). Finally,
ceramides impair endothelium-dependent vasorelaxation and
fibrinolysis in vitro (13) further increasing the risk for
atherothrombotic events. In parallel, several studies using cell
and animal models have also shown that ceramides impair
glucose metabolism in different cell types and organs, including
pancreas, skeletal muscle, and adipose tissue (33, 70-72, 104,
105), increasing T2DM risk (64)-a prime risk factor for ASCVD.

In contrast to unglycosylated ceramides, the involvement
of glycosphingolipids in cardiometabolic diseases is more
controversial. Specifically, simple -rather than complex—
glycosphingolipids seem to have a protective role against
metabolic disorders (Table1). For example, administration
of simple B-glycosphingolipids showed remarkable beneficial
effects on glucose intolerance and hepatic steatosis in mice (74),
rats (75), and Psammomys obesus (76). This effect was attributed
to the immunomodulatory role of this B-glycosphingolipid
on immune cells involved in these disorders (74-76). As well,
induction of glucosylceramide synthesis in myotubes enhanced
insulin signaling (69).

In contrast, elevated levels of lactosylceramide -which
were accompanied with decreased respiration and calcium

retention capacity in mitochondria- have been reported
in heart tissue of streptozotocin-induced type 1 diabetes
mouse model (106). These metabolic changes may impair
immune cell function (107). In addition, lactosylceramides
lead to oxidative stress environment in human aortic
smooth muscle cells by activating NADPH oxidase and
generating reactive oxygen species (108). Therefore, despite
the beneficial effects that these glycosphingolipids may have
on glucose metabolism, lactosylceramides would contribute to
mitochondrial dysfunction, oxidative stress, and inflammatory
response in diabetes.

In addition, the involvement of lactosylceramides and
hexosylceramides on ASCVD has been reported in several
models (Table 1). For example, atherogenic apoE knockout mice
exhibit increased serum concentrations of glycosphingolipids
and accumulation of specific glycosphingolipids in
atherosclerosis-prone regions of the aorta (91, 109). In
keeping with this finding, using cell lines and mouse models,
several immune mechanisms-as follows-have been proposed
to account for a direct proatherogenic effect of specific
glycosphingolipids. A recent study reported that macrophages
accumulated ceramides and glucosylceramide in response to
inflammatory activation with IFN-y and LPS (110). Interestingly,
glucosylceramide present in plasma membrane microdomains
regulate LPS/TLR4 orientation, affecting downstream signaling
proteins of this complex and the production of proinflammatory
cytokines, as IL-6 and TNF-a (85, 86). On the other hand,
lactosylceramide induced smooth muscle cell proliferation
in vitro (88) while ganglioside GM3 markedly accelerated
LDL uptake by macrophages, leading to generation of lipid-
laden foam cells (92). On the other hand, in vitro studies,
evaluating the pro-inflammatory role of $-glycosphingolipids,
suggested that lactosylceramides may upregulate adhesion
molecules on vascular endothelial cells and monocytes as
well as activate neutrophils, contributing to atheromatous
plaque inflammation (87, 89, 90). Moreover, a murine model
showed that lactosylceramide is enriched in plasma membrane
microdomains of neutrophils and involved in cell migration
and phagocytosis (97). Indeed, inhibition of glycosphingolipid
synthesis helped to preserve cardiac function in an animal model
of diet-induced ASCVD (111).

On the other hand, peripheral monocytes isolated
from healthy humans exhibited enhanced migration when
incubated with exogenous lactosylceramide (112). Specifically,
lactosylceramides increased the expression of ICAM-1 in human
endothelial cells, through NADPH oxidase activation and
ROS generation (113). Similarly, lactosylceramides induced
the expression of CDI11/CD18 in human neutrophils and
monocytes, facilitating their adhesion to the endothelium and
entry into the intimal space (87, 98). All these lactosylceramide-
associated processes would contribute to inflammation and
development of atherosclerosis. Finally, glycosphingolipids can
also modulate the adaptative immune response in ASCVD. IEN-
a, a proinflammatory cytokine found in atherosclerotic plaques,
upregulated lactosylceramide and glucosylceramide production
in mouse B cells (114). These lipid classes are a fundamental
component of glycosphingolipid-enriched microdomains
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involved in activation and proliferation of B and T lymphocytes,
which modulate and regulate amplification of an inflammatory
response (96).

Human Clinical and Epidemiological
Studies

More recently, several studies in humans have shown an
association between ceramides and cardiometabolic diseases.
High levels of plasma ceramides were detected in patients with
T2DM (33), arterial hypertension (115), and atherosclerosis
(116). Furthermore, accumulation of ceramides in atheromatous
plaques seems to stimulate apoptosis of vascular cells,
destabilizing the plaque, and thus favoring acute ischemic
events (14, 78). In agreement with this perspective, multiple
studies have confirmed the association between ceramides
and cardiovascular events, even after adjusting for all other
well-known risk factors (81-84).

Among the ceramide species studied in humans, whereas
Cer-C18 and C20 have been the most associated with T2DM,
Cer-C16, C18 and C24:1 as well as their ratio over Cer-C24
have been the species mainly correlated with CVD (11, 73)
(Table 1). Based on this type of evidence, a blood ceramide-based
diagnostic CVR test (Ceramide Risk Score) was commercialized
in 2016 (117). However, one limitation when interpreting the
results from this test is that ceramides may be raised in response
to different inflammatory states, which are not necessarily
indicative of ASCVD (117). Moreover, basal SPL levels also
evince considerable variation across different racial and ethnic
populations (118). Therefore, more basic and clinical research
is still required to further characterize SPL profiles before they
can be employed as a diagnostic test with high sensitivity and
specificity in routine medical practice.

As mentioned above, the relationship between
glycosphingolipids and abnormal cardiometabolic processes
remain controversial, but as this article explains, it seems
dependent on the pathophysiological context. For example,
three recent studies-based on different methodologies
and populations-found a negative correlation between
hexosylceramide levels and clinical and biochemical features
of obesity and diabetes (21, 119, 120). Furthermore, a
negative association between simple P-glycosphingolipids
and the diagnosis of T2DM was found during follow-up
(21). Interestingly, these observations have not been limited
to only a few molecular forms, but to multiple species of
hexosylceramides and lactosylceramides (21, 119, 120). In sum,
emerging evidence seems to indicate that low circulating levels
of simple B-glycosphingolipids and high levels of ceramides
(i.e., high ceramide/simple B-glycosphingolipids ratio) would be
consistently associated with glucometabolic disorders.

Conversely, in the last years, two large prospective cohort-
based studies of lipidomic profiles positively associated
both ceramides and simple B-glycosphingolipids with future
cardiovascular events and cardiovascular death, even in patients
with T2DM and after adjusting for traditional risk factors
(22, 24). Similarly, levels of lactosylceramides, glucosylceramides,
and dihydroceramides were directly correlated with levels of

macrophages, IL-6, and macrophage inflammatory protein-1p
in human carotid plaques (89). Moreover, a strong link
between pulse wave velocity and arterial stiffness, as preclinical
atherosclerotic biomarkers, with plasma lactosylceramide levels
was found in overweight middle-aged subjects who had fasting
hyperglycemia (121). Therefore, despite the relationship with
better glucose metabolism, all these studies suggest a potential
pro-atherogenic role of simple p-glycosphingolipids, consistent
with the aforementioned in vitro studies.

SPLs and MetS Associated-Risk

Stratification

Several lipidomic studies have in fact identified novel biomarkers
linked to metabolic syndrome or its components (122-124).
However, most of them are cross-sectional studies or consider
MetS as a single disorder. To our knowledge, only one study
evaluated lipid species associated with longitudinal changes
in MetS components (125). Whereas lysophosphatidylcholine
species were correlated with lower BMI and glycemia, two
sphingomyelin species were associated with an increased blood
glucose levels during follow-up. However, it remains unclear if
these lipid signatures could indeed predict the future risk of
diseases associated to MetS.

As mentioned above, there is a variable, and even divergent,
relationship between different sphingolipid classes and
cardiometabolic conditions such as dyslipidemia, insulin
resistance, obesity, and atherosclerosis (Figure 2). Thus, it seems
appropriate to hypothesize that further sphingolipid profile
characterization may contribute to a better understanding
of a complex clinical condition such as MetS, in which
different cardiometabolic alterations converge and progress
heterogeneously. However, it should be noted that although
various studies relate sphingolipids with specific cardiometabolic
alterations, much of its potential as biomarkers is based primarily
on cohort association studies. For example, several lipid profiling
studies have reported that circulating dihydroceramides
were strong prognostic indicators of future glucometabolic
dysfunction (126, 127). Even so, dihydroceramides would not be
causative, but most likely would serve as markers of increased
flux of fatty acids due to insulin resistance through the ceramide
biosynthetic pathway (70).

Regarding specific components of the MetS definition, the
associations of sphingolipids with obesity and insulin resistance
have been well characterized in humans and animal models
(13, 65, 66). Overnutrition and visceral obesity promote SPLs
synthesis and turnover, which in turn remodels SPLs profiles
and their topological distribution within and between cell
membranes, thus defining organelle structure and function
(33, 54, 125). In this context, ceramide accumulation in
tissues may be impairing many metabolic processes that
underlie diabetes and diabetic complications, according
to the mechanisms already described (13). Interestingly,
Chaurasia et al. demonstrated that inhibition of the enzymatic
transformation of dihydroceramides to ceramides in obese
mice resolved hepatic steatosis and insulin resistance,
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FIGURE 2 | Possible impact of blood sphingolipid profile on MetS-associated cardiovascular vs. metabolic risk based on cross-sectional and longitudinal association
studies. Abbreviations are as follows: metabolic syndrome (MetS), atherosclerotic cardiovascular disease (ASCVD), and type 2 diabetes mellitus (T2DM). The “plus
sign” denotes a positive association between the respective disease progression and the sphingolipid class, while the minus sign denotes a negative association.

suggesting that ceramide actions could not be recapitulated
by dihydroceramides (70).

On the other hand, hexosylceramides and lactosylceramides
have an immunomodulatory role, and their overall effect
would depend on the overall pathophysiological context.
Regarding metabolic risk, several studies have consistently shown
an inverse relationship between plasma levels of simple p-
glycosphingolipids and the prevalence and incidence of diabetes,
using different methodologies and based on various population
cohort (21, 119, 120). Although the mechanism is not clear,
administration of these glycosphingolipids improved glucose
intolerance in different animal models of diabetes (74, 75),
suggesting a causal role. Therefore, in patients with MetS and
overweight, high circulating levels of ceramides would increase
the risk of diabetes, whereas this risk could be counterbalanced
by the concentrations of simple glycosphingolipids.

Conversely, both ceramides and simple p-glycosphingolipids
have been positively associated with ASCVD, as mentioned
above. Increased levels of ceramides were related to aggregation
of LDL particles in atherosclerotic lesions, induction of
apoptosis of cells lining the vascular wall, and platelet
activation and aggregation (100, 102, 103). On the other
hand, lactosylceramides may upregulate adhesion molecules on
monocytes and vascular endothelial cells as well as activate
neutrophils, contributing to plaque inflammation and instability
(98). In fact, human studies show that both ceramides and
simple B-glycosphingolipids are associated with the occurrence of
cardiovascular events and cardiovascular death, even in patients
with T2DM (22). Therefore, despite the beneficial effects that
simple p-glycosphingolipids may have on glucose metabolism
and intolerance, both ceramides and simple B-glycosphingolipids
may contribute to cardiovascular risk in patients with MetS.

Interestingly, a recent study showed that statin therapy did
not significantly lower circulating concentrations of these two
sphingolipids (128). Therefore, high levels of ceramides and
glycosphingolipids could account for a fraction of the residual
cardiometabolic risk in statin-treated MetS patients.

Based on all this background, SPL profiling may provide novel
and relevant insights into the burden of cardio vs. metabolic
risk in patients with MetS. Although abdominal obesity seems to
increase all classes of sphingolipids, a blood profile characterized
by high levels of ceramides and low levels of simple f-
glycosphingolipids in MetS patients may implicate a higher risk
of T2DM (Figure 2), based on the evidence discussed here. On
the other hand, a profile characterized by high levels of both
ceramides and simple B-glycosphingolipids during MetS could
indicate a more inflammatory and pro-atherogenic state, and
therefore, a higher risk of ASCVD (Figure 2).

Importantly, careful consideration of experimental
procedures and control variables is required during
characterization of sphingolipidomes. Some differences can
be observed depending on the analytic technique used, the origin
of the sample (e.g., serum vs. plasma), and the feeding condition
of the subject (e.g., fasting vs. non fasting) (20, 129). Furthermore,
it is also necessary to evaluate the representativeness of these
biomarkers among different subpopulations, since it could
vary by racial, sex or age groups (130, 131). For example,
there are ethnic and racial differences in the prevalence of
MetS and its components (132). In general, African-Americans
have lower prevalence of MetS when compared to whites,
but suffer disproportionately from higher cardiovascular
mortality and T2DM (132). Thus, further research is needed to
explore the potential applications of SPL profiling to improve
MetS-associated risk prediction in this population.
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CONCLUSION

Stratification and better risk prediction of MetS constitutes
a health priority and challenge. Traditional biomarkers alone
do not explain its heterogeneity or the specific future risk of
associated diseases. Moreover, even though MetS has previously
been linked with higher odds of cardiovascular events, little
is known about specific clusters of MetS components and
their associated-risk differences for development of ASCVD
vs. T2DM.

The evidence discussed in this review suggests that
sphingolipid profiling appears as a promising tool for
MetS-associated risk stratification. Evaluation of simple p-
glycosphingolipids, in addition to more commonly assessed
ceramide species, may provide relevant insights into the burden
of dysmetabolic state vs. inflammatory state in patients with
MetS. Based on this information, the sphingolipid profile -as
an additional laboratory test- may have the potential to greatly
improve the ability to distinguish MetS patients at risk of
suffering a cardiovascular event in the short/medium term from
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Lisa Willemsen ", Hung-Jen Chen, Cindy P. A. A. van Roomen’, Guillermo R. Griffith’,
Ricky Siebeler’, Annette E. Neele', Jeffrey Kroon?, Marten A. Hoeksema ™ and
Menno P. J. de Winther™*

" Department of Medlical Biochemistry, Experimental Vascular Biology, Amsterdam Cardiovascular Sciences, Amsterdam
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Macrophages are critical components of atherosclerotic lesions and their pro- and anti-
inflammatory responses influence atherogenesis. Type-| interferons (IFNs) are cytokines
that play an essential role in antiviral responses and inflammatory activation and
have been shown to promote atherosclerosis. Although the impact of type-l IFNs on
macrophage foam cell formation is well-documented, the effect of lipid accumulation
in monocytes and macrophages on type-| IFN responses remains unknown. Here we
examined IFN stimulated (ISG) and non-ISG inflammatory gene expression in mouse
and human macrophages that were loaded with acetylated LDL (acLDL), as a model for
foam cell formation. We found that acLDL loading in mouse and human macrophages
specifically suppressed expression of ISGs and IFN-B secretion, but not other pro-
inflammatory genes. The down regulation of ISGs could be rescued by exogenous
IFN-B supplementation. Activation of the cholesterol-sensing nuclear liver X receptor
(LXR) recapitulated the cholesterol-initiated type-I IFN suppression. Additional analyses
of murine in vitro and in vivo generated foam cells confirmed the suppressed IFN signaling
pathways and suggest that this phenotype is mediated via down regulation of interferon
regulatory factor binding at gene promoters. Finally, RNA-seq analysis of monocytes of
familial hypercholesterolemia (FH) patients also showed type-I IFN suppression which
was restored by lipid-lowering therapy and not present in monocytes of healthy donors.
Taken together, we define type-I IFN suppression as an athero-protective characteristic of
foamy macrophages. These data provide new insights into the mechanisms that control
inflammatory responses in hyperlipidaemic settings and can support future therapeutic
approaches focusing on reprogramming of macrophages to reduce atherosclerotic
plaque progression and improve stability.

Keywords: atherosclerosis, macrophage, monocyte, foam cell formation, cholesterol, inflammation, interferon
response, immunometabolism
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INTRODUCTION

Cardiovascular disease remains the leading cause of death
globally with atherosclerosis as the major underlying cause (1, 2).
Atherosclerosis is initiated by endothelial dysfunction caused
by conventional risk factors such as hypercholesterolemia, high
blood pressure, smoking, a lack of exercise, and an unhealthy diet
(3-7). Familial hypercholesterolemia (FH) patients have elevated
levels of serum low density lipoprotein (LDL) that have been
associated with premature atherosclerosis (1, 3-5). Lifelong LDL
cholesterol-lowering treatment effectively reduces cardiovascular
events in FH patients.

In atherogenesis, LDL is modified within the arterial
wall triggering endothelial and immune cell activation and
subsequent recruitment of immune cells like monocytes
(8). When monocytes enter the arterial intima, they
differentiate into macrophages (9). The complex atherosclerotic
microenvironment drives the formation of multiple macrophage
subsets, including inflammatory and foamy macrophages (10-
14). The various functions that macrophages can acquire are
essential for atherosclerotic plaque development, stability and
clinical outcome (9, 15, 16).

Macrophages can take up excessive amounts of modified
LDL [e.g., oxidized (oxLDL) and acetylated LDL (acLDL)] using
scavenging receptors causing macrophage foam cell formation
(17). Lipid accumulation in foamy macrophages activate nuclear
receptors, including the liver X receptor (LXR) (18). LXRs
stimulate lipid efflux via upregulation of the lipid ATP-
binding cassette transporters ABCA1 and ABCGI, but are
also important for macrophage survival and immune responses
(19, 20). LXR activation antagonizes NF-kB signaling and its
deficiency decreases control of intracellular bacterial growth in
macrophages (21).

Under homeostatic conditions, immune cells maintain low-
levels of IFN-B in an autocrine fashion that is required for
a rapid response to environmental cues, e.g., the production
of other type-I IFNs (IFN-a/B) and its downstream signaling
pathways (22). Therefore, in response to intra-and extracellular
stimulation of pattern recognition receptors (PRR) with foreign
substances, immune cells are capable of producing large amounts
of type-I IFNs. Once secreted, type-I IFNs bind to their
receptors (IFNAR1/2) on nearby cells and thereby leading to
the phosphorylation and nuclear translocation of transcription
factors such as Signal Transducer and Activator of Transcription
(STATs) and IFN regulatory factors (IRFs) (23, 24). IRFs
and STATs can form complexes and bind to DNA sequences
containing IFN-sensitive response element (ISRE) triggering
a diverse group of IFN-stimulated genes (ISGs) with various
functions (25). Of note, IRF7 is itself an ISG, but also can bind
to the promoter region of IFNBI and IFNA and thereby serves
as one of the key regulators of type-I IFN autocrine feedback
loop (26-28).

Studies have investigated the effect of IFN-a/B and its
downstream signaling on lipid metabolism in monocytes and
macrophages. While evidence suggested that IFN stimulation
reduced cholesterol synthesis in macrophages (29), many studies
showed type-I IFN exposure triggered cholesterol uptake (30,

31), lipid accumulation (32) and foam cell formation (30, 33).
Furthermore, in a mouse model for atherosclerosis, IFN-f
treatment accelerated lesion formation whereas myeloid-specific
IFNARI1 deletion resulted in a more favorable atherosclerotic
phenotype (34), suggesting a pro-atherogenic feature of type-
I IFNs. However, the role of lipid exposure and metabolism
on the type-I IFN response is still unknown. By defining this
mechanistic link, macrophage subsets may be amended toward
desired phenotypes using clinical therapeutic agents. In this
way, reprogramming of macrophages can be applied to reduce
atherosclerotic plaque progression and improve stability.

In this study, we demonstrate that lipid-loaded foamy
macrophages of mice and men show perturbated type-I IFN
responses caused by defective IFN-f production. This suppressed
IFN response can be rescued by exogenous IFN-P treatment.
Furthermore, we demonstrate that monocytes of untreated
FH patients also show a deactivated IFN signature. In these
FH patients, lipid-lowering treatment restored the type-I IFN
response. These findings are of considerable interest for the
understanding of regulation of macrophages in the context
of lipid-related diseases, like atherosclerosis and FH, and
viral infections.

MATERIALS AND METHODS

Mice

Ldlr~/~ mice (on a C57Bl/6 background) were housed at the
Animal Research Institute Amsterdam UMC (ARIA). All mice
experiments were conducted after approval of the Committee for
Animal Welfare (University of Amsterdam).

Bone Marrow-Derived Macrophages

Bone marrow cells were isolated from the hind limbs of
C57Bl/6 mice and cultured in RPMI-1640 medium, with
10% heat inactivated fetal bovine serum (FBS), penicillin
(100 U/ml), streptomycin (100 pg/ml), 2 mML-glutamine (all
purchased from ThermoFisher), and 15% L929-conditioned
medium containing M-CSF. Bone marrow-derived macrophages
(BMDMs) were generated by culturing the cells for 7 days.
Next, BMDMs were loaded overnight with 50 pg/mL human
acetylated LDL (KyvoBio) to induce macrophage foam cell
formation, and were the next day stimulated with 10ng/mL
lipopolysaccharide (LPS from Escherichia coli; O111:B4; Sigma)
or 50ng/mL rmIFN-B (R&D Systems 8234-MB) as indicated
(for 6 or 24h). For serial dilution experiment, rmIFN-$ was
applied with the concentration as indicated in the figure. When
indicated, BMDMs were stimulated with 2puM LXR-agonist
GW3965 (Sigma) for 17 h.

IFN-8 ELISA

Non-foamy and acLDL-loaded BMDMs prepared as described
above, followed by LPS stimulation for 6h. Supernatant were
collected and the IFN-f concentration was measured using the
mouse IFN-beta DuoSet enzyme-linked immunosorbent assay
(ELISA) kit (R&D Systems) according to manufacturer’s protocol
with no additional dilution.
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Human Monocyte-Derived Macrophages
Buffy coats of healthy anonymous blood donors were obtained
from Sanquin blood bank in Amsterdam, the Netherlands.
All the subjects provided written informed consent. Human
monocyte-derived macrophages (hMDMs) were prepared as
previously described (35). In short, CD14% monocytes were
isolated with Lymphoprep™ (Axis-Shield) followed by MACS
CD14 magnetic beads (Miltenyi) purification. The resulting
monocytes were seeded at a density of 0.8 million cells/well
on 24-well tissue culture plates (Greiner) and differentiated to
macrophages with 50 ng/mL human M-CSF (Miltenyi) for 6
days in Iscove’s Modified Dulbecco’s Medium (life technology)
containing 10% heat-inactivated fetal bovine serum (Gibco), 1%
penicillin/streptomycin solution (Gibco) and 1% L-glutamine
solution (Gibco). After differentiation, hMDMs were loaded 18 h
with 50 pg/mL human acetylated LDL (Invitrogen) followed by
50 ng/mL IFN-f (R&D) stimulation or remained untreated.

Gene Expression Analysis by qPCR

Total RNA was isolated using the GeneJET RNA Purification kit
(Thermo). cDNA synthesis was then performed using the iScript
cDNA synthesis kit (Biorad), followed by quantitative real-time
PCR with Sybr Green Fast Mix. qPCR was performed on a Viia7
Real-time PCR system (Applied Biosystems). The delta-delta Ct
(2—AACH method was used to calculate the relative fold change
of qPCR data using the housekeeping genes: HPRT1 and RACK1
for human, and Actb, Gapdh, and Ptgs1 for mouse data. Primer
sequences are shown in Supplementary Table 3.

RNA Sequencing and Bioinformatics for

BMDMs

RNA was isolated from BMDMs using the RNeasy Mini Kit
(QIAGEN) with DNase treatment. 700 ng RNA was used
for Illumina library construction. RNA amplification, cDNA
generation, and adaptor ligation were performed using the KAPA
mRNA HyperPrep Kit (Roche) following the manufacturer’s
instructions. Samples were pooled, diluted to 10nM, and
sequenced single-end on an Illumina HiSeq 4,000 system
(Ilumina) to a depth of £ 20 million reads with a length
of 50 base pairs. Reads were aligned to the mouse genome
mm10 by STAR 2.5.2b with default settings (36). BAM files were
indexed and filtered on MAPQ > 15 with v1.3.1 SAMtools (37).
Raw tag counts and reads per kilobase million (RPKM) per
gene were summed using HOMER2’s analyzeRepeats.pl script
with default settings and the -noadj or -rpkm options for raw
counts and RPKM reporting (38). Differential expression was
assessed using the DESeq2 Bioconductor package in an R 3.6.3
environment (39).

Familial Hypercholesterolemic Patients
and Healthy Subjects

The study population, design, and further processing of these
human study subjects and their samples have been extensively
described (40). Briefly, untreated FH patients who indicated
to start lipid-lowering therapy (statin, PCSK9 antibody, and/or
ezetimibe) according to their treating physician were included.
The healthy controls were age, sex, and body mass index (BMI)

matched with the FH patients. After inclusion, FH patients
fasted for at least 9h before blood samples were drawn for
lipid measurements and monocyte isolation. This was repeated
after 12 weeks of lipid-lowering therapy. The healthy controls
underwent these procedures once. All participants provided
written informed consent. The study protocol was approved by
the ethics committee of the Amsterdam UMC and was conducted
according to the principles of the Declaration of Helsinki.

RNA Sequencing and Bioinformatics for

Human Monocytes

Monocytes were isolated as described above. Monocytes were
lysed using TriPure (Sigma Aldrich) and stored at —80°C
until further processing. For RNA isolation, 0.2 mL chloroform
was added per mL of TriPure. Next, samples were spinned
at 12,000g for 15" at 4°C. Subsequently, the aqueous phase
was added to 450 .l isopropanol containing GlycoBlue. Next,
tubes were shaken vigorously, chilled for 30 min at —20°C
and centrifuged at 12,000g for 10" at 4°C. RNA pellets were
washed twice with 75% ethanol and pellets were air-dried at
RT and resuspended in nuclease-free H;O. RNA-seq libraries
were prepared, including rRNA depletion, by using the NEBNext
Ultra II Directional RNA Library Prep Kit for Illumina according
to manufacturer’s instructions. Poly-A containing transcripts
were sequenced on an Illumina Novaseq 6,000 instrument to
a depth of & 20 million reads by GenomeScan. Reads were
aligned to the human reference genome (hg38) using a short-
read aligner based on Burrows-Wheeler Transform with default
settings (41). Binary alignment map (BAM) files were sorted
on coordinates and indexed with the samtools v1.3 package
(37). Normalized read count values were calculated. Differential
expression was assessed using the DESeq2 Bioconductor package
in an R V.3.6.3 programming environment with gene expression
called differential with a false discovery rate (FDR) <0.05 and
a median read count >1 in at least one group (39). Presented
normalized counts were tested using one-way analysis of variance
(ANOVA) followed by Bonferroni’s comparisons test.

Genome-Wide Transcriptomic Data
Analysis

Upstream regulator analysis and regulatory network analysis
were performed on Ingenuity Pathway Analysis (Ingenuity
System Inc., USA). Pathway overrepresentation analysis was
conducted on Meta scape platform [http://metascape.org; (42)].
Known transcription factor motif analysis on gene subsets was
performed by using HOMER (v4.11) with the following setting:
findMotis.pl “genelist” -start—200 -end 100 -len 8, 10, 12 (38).

Data Availability

Public transcriptomic data sets used in the current study
are available in the Gene Expression Omnibus (GEO): (1)
GSE118656: acLDL-loaded BMDMs (43) (2) GSE42061:
peritoneal macrophages derived from wildtype or Apoe™/~
mouse (44), and (3) GSE6054: Monocytes from familial
hypercholesterolemia patients (45). RNA-seq data of the
BMDMs treated with the LXR-agonist GW3965 or DMSO are
deposited in the Gene Expression Omnibus (GEO) under the
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accession number: GSE193118. RNA-seq data of the monocytes
from familial hypercholesterolemia patients and healthy subjects
are deposited in GEO under the accession number: GSE192709
(processed data) and EGA (raw data).

Statistical Analysis

Except genome-wide transcriptomic data, statistical analyses
were performed using GraphPad Prism 9.1.0 (GraphPad
Software). For single comparison tests, paired or unpaired
t-tests were applied based on the experiment design. For
multiple comparison tests, one-way, two-way analysis of variance
(ANOVA) or multiple ¢-tests were conducted on the basis of the
addressed question.

RESULTS

Macrophage Foam Cell Formation Leads
to Decreased Expression of IFN-8 and Its
Targets

To determine the effect of macrophage foam cell formation
on type-I IFN responses, murine bone marrow cells were
differentiated to macrophages (BMDMs) and subsequently
treated with acLDL or left untreated as control. Foamy and
non-foamy macrophages were subsequently stimulated with
IEN-B or kept untreated for 6h (Figure 1A). Macrophage
foam cell formation resulted in a significant upregulation
of the cholesterol efflux transporter genes Abcal and Abcgl,
compared to non-foamy macrophages, indicating proper
foam cell formation (46); (Figure 1B). Interestingly, we found
that macrophage lipid loading significantly suppressed the
transcription of Ifnbl (Figure 1C), as well as several members
of its downstream ISGs, including IFN-induced protein with
tetratricopeptide repeats 1 (Ifitl), Ifit3, Isgl5, MX dynamin like
GTPase 1 (Mx1), C-X-C motif chemokine ligand 10 (Cxc/10),
Ccl5 and Cxcl9 (Figure 1D; Supplementary Figure 1A).
Remarkably, most of these differences disappeared after
subsequent stimulation with exogenous IFN-f suggesting that
foam cells remained responsive to IFN-f, while some differences
persisted (Supplementary Figure 1A). This cholesterol loading-
induced immunomodulation seemed to be IFN-specific since
other pro-inflammatory genes, such as Tnf, Cd86, and II6
were not affected (Figure 1E). Furthermore, IFN-responsive
transcription factors, Statl, Stat2, and Irf7 show the same
regulation pattern as the ISGs (Supplementary Figure 1B). To
test whether IFN-P secretion was down regulated by foam cell
formation, we stimulated macrophages with LPS and found
IEN-B secretion to be significantly decreased after acLDL-
loading compared to controls (Figure 1F). This indicates that
macrophage foam cell formation hampers the endogenous
IFN pathways.

Exogenous IFN-B Treatment Rescues the
Cholesterol-Initiated Type-I IFN

Suppression
To determine whether the suppression of ISGs was solely
caused by the reduced IFN-f production in the context of

lipid loading, we tested whether the expression of the ISGs
changed when different doses of exogenous IFN-B were applied
on foam cells and control macrophages. A concentration range
(from 1.5 pg/mL to 50 ng/mL) of IFN-B was administered to
acLDL-loaded and untreated mouse BMDMs. In line with our
previous observations, acLDL loading increased the expression
of Abcal and Abcgl (Supplementary Figure 2A), and many
ISGs including Ifit1, Ifit3, Isgl5, Mx1, Cxcl10, Statl, Stat2, and
Irf7 were suppressed by acLDL loading which suppression was
rescued by exogenous IFN-f treatment (Figure 2A). Moreover, a
strong dose-dependent effect of IFN-f on the ISGs was observed,
although a few ISGs (Cxcl9 and Ccl5) were not rescued by IFN-
p administration (Supplementary Figure 2B) whereas the non-
ISG pro-inflammatory cytokine II6 again showed no differences
with or without acLDL loading (Supplementary Figure 2C).
Previous studies have shown that macrophages maintain
constitutive production of low levels of type-I IFNs for
rapid response to pathogen activation (22). Our data suggest
that lipid-loading disrupts this basal macrophage type-I IFN
autocrine/paracrine loop through suppressing the homeostatic
production of IFNs.

Stimulation of the Cholesterol-Sensing
Nuclear Receptor LXR Recapitulates the
Cholesterol-Initiated Type-I IFN
Suppression

Liver X receptors (LXRs) are cholesterol-sensing transcription
factors regulating lipid metabolism and transport, also impacting
on inflammatory signaling in macrophages (19). LXR activation
is a classical transcriptional response upon lipid loading (18).
To determine whether the cholesterol-initiated type-I IFN
suppression might be mediated via LXR, a synthetic LXR agonist
(GW3965) was administered to BMDMs. Interestingly, LXR
activation led to a clear suppression of ISGs, a signature that
resembles that of lipid-laden macrophages (Figure 2B). This
indicates that the lipid-driven type-I IFN suppression may be
mediated through LXR activation.

Lipid-Loading Affects the Expression of
ISGs Associated With IRF Promoter Motifs

To further explore the underlying mechanism of the lipid-
induced IFN suppression, we analyzed the transcriptome of
acLDL-treated and untreated BMDMs using a publicly available
dataset (GSE118656) (43). In line with our data, we found
decreased ISG expression (Ifit2, Isgl5, Cxcl10, Oasla, Irf7, and
Statl) in acLDL-loaded macrophages (Figure3A). Pathway
analysis of significantly down regulated genes showed that the
responses to IFNs and viral infections were the most affected
biological processes (Figure 3B), while lipid metabolism was a
top hit in the upregulated genes (Supplementary Figure 3A).
Furthermore, upstream regulator analysis identified IFNs (IFN-a
and IFN-vy), type-I IFN receptor (Ifnar), and the transcription
factors STAT1, IRF3, and IRF7 as the most inhibited upstream
regulators in acLDL-loaded macrophages (Figure3C, green
bars). IRF3 and IRF7 are the key transcription factors that
mediate the transcription of type-I IFNs (15, 47, 48). The
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FIGURE 1 | acLDL exposure suppresses type-I IFN gene programs in BMDMs. (A) Schematic plot showing the protocol of generating foamy BMDMs with 16-h
(50 pg/mL) acLDL exposure. Subsequently, these foamy macrophages were treated with (50 ng/mL) or without IFN-B for 6 h and mRNA expression of type-I interferon
genes was determined. (B) mRNA expression of the cholesterol efflux transporters Abcal and Abcg1 was measured as a control for lipid loading using gPCR. (C)
Ifnb7 MRNA expression of unstimulated, acLDL, and/or IFN-g stimulated BMDMs measured by gPCR. (D) ffit1, Ifit3, Isg15, Mx1, and Cxcl10 mRNA expression of
unstimulated, acLDL and/or IFN-B stimulated BMDMs measured by gPCR. (E) Tnf, Cd86, and /l6 mRNA expression of unstimulated, acLDL and/or IFN-B stimulated
BMDMs. (F) IFN-B production in supernatant of foamy and non-foamy BMDMs that were stimulated with LPS for 6 h. ns, not significant, *P < 0.05, **P < 0.01, **P <
0.001. (B-E) n = 3 and (F) n = 6 biological replicates per group.

importance of IRFs in the lipid-driven type-I IFN suppression
was confirmed by a constructed regulatory network of the
foamy BMDMs transcriptome (Supplementary Figure 3C).
Moreover, the anti-inflammatory macrophage-associated
upstream regulators SIRT1 (49, 50), SOCS1 (51), and IL-10
receptor (IL10R) (52-54) were activated in the foamy BMDMs
(Figure 3C, orange bars). Furthermore, studies have shown that
these regulatory factors suppress IFN responses (49, 51, 52, 54),
confirming the suppressive role of cholesterol accumulation to
type-1 IFN suppression. Further focusing on the transcriptional
control, motif enrichment analysis of down regulated genes in
acLDL-loaded BMDMs showed a clear enrichment of genes

harboring IRFs and IFN-sensitive response element (ISRE)
motifs in the promoter regions (Figure 3D). These data suggest
that the type-I IFN suppression induced by lipid loading, is likely
mediated via suppression of the upstream IRFs.

Foamy Peritoneal Macrophages Show a

Similar Reduction in ISG Expression

Next, to investigate whether lipid loading affects the macrophage
IFN response in vivo as well, we analyzed microarray data of
foamy macrophages from mice in published datasets (GSE42061)
(44). Macrophage foam cell formation increased the expression
of Abcal and Abcgl in peritoneal macrophages from Apoe™/~
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FIGURE 2 | IFN-B exposure reverses acLDL-suppressed type-| interferon response in BMDMs. (A) mRNA expression of type-I interferon stimulated genes in BMDMs
after a total of 24 h of acLDL exposure combined with different concentrations (1.5 pg/mL to 50 ng/mL) of IFN-B for 6 h of stimulation. The transcriptional suppression
of Cxcl10, Isg15, Ifit1, Ifit3, Stat1, Stat2, and Mx1 that was induced by acLDL loading was reversed after IFN-B exposure. (B) Heatmap indicating the row z score of
the cholesterol loading-responsive genes Abca? and Abcg1, and genes the type-I interferon response of BMDMs treated with LXR agonist (GW3965) or DMSO for
17h. (A,B) n = 3 biological replicates per group. ns, not significant, *P < 0.05, **P < 0.01.

compared to WT mice (Figure 3E). In line with our in vitro data,
we observed suppression of ISGs in foam cells from Apoe™/~
mice (Figure 3E). Pathway analysis of the down-regulated
genes showed suppressed IFN response in the peritoneal
macrophages (PMs) derived from hypercholesterolemic mice
(Figure 3F). Upstream regulator analysis (Figure 3G) and
motif (Figure 3H) analysis indicated lipid-suppressed IFN-
signaling via IRFs in macrophages. Furthermore, the regulatory

network of PMs derived from hypercholesterolemia mice
(Supplementary Figure 3C) enclosed IRFs, including IRF3 and
IRF7, that were highly connected to IFN-B and the affected
biological processes. Taken together, our analyses revealed
that cholesterol accumulation in macrophages dampens the
IFN response, both in vitro and in vivo, which is likely
through suppressing IRF expression and the subsequent type-I
IFN production.
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FIGURE 3 | Transcriptomic analysis shows suppressed IFN signaling in foamy macrophages in different mouse models. (A) Volcano plot of RNA-seq data showing
the logoFC and -log1o(FDR) of acLDL-treated macrophages with downregulated genes in green and upregulated genes in orange. (B) Pathway enrichment analysis of
significantly downregulated genes (FDR<0.05) in acLDL-loaded macrophages. (C) Upstream regulators predicted by the Ingenuity Pathway Analysis (IPA) software of
acLDL-loaded vs. untreated macrophages. (D) Motif enrichment analysis showed an enrichment of interferon-related motifs among the down-regulated genes in
acLDL-loaded macrophages. (E) Volcano plot of RNA-seq data showing the log,FC and -logio (FDR) of peritoneal macrophages (PMs) derived from Apoe™/~
compared to WT, with downregulated genes in green and upregulated genes in orange. (F) Pathway enrichment analysis of significantly downregulated genes (FDR
<0.05) in Apoe™/~ PMs. (G) Upstream regulators predicted by the IPA software of Apoe™/~ vs. WT PMs. (H) Motif enrichment analysis showed an enrichment of
interferon-related motifs among the down-regulated genes in Apoe~/~ PMs. (A-D) raw data obtained from GSE118656 and (E-H) GSE42061.
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Cholesterol-Loading in Human
Macrophages Suppresses Type-I IFN

Response

To translate our findings to human, we applied the same lipid
loading strategy using acLDL in hMDMs followed by IFN-8
treatment (Figure 4A). Cholesterol loading was associated
with an expected increased expression of the cholesterol efflux
transporters ABCAI and ABCGI (Figure 4B). As we observed
in mouse macrophages, cholesterol loading in hMDMs caused
a reduced expression of ISGs, including IFIT1, MX1, CXCLY,
and CXCLI0 (Figure 4C). Genes upstream of ISGs, including
IFNBI  (Supplementary Figure 4A) and IFN regulatory
factors IRF3, IRF7, and IRF8 (Supplementary Figure 4B)
were also suppressed, supporting the concept of perturbated
IFN-autocrine loop by cholesterol accumulation in human
macrophages. In line with the mouse data, we did not
observe this effect in non-ISG inflammatory genes such as
IL1B, IL6, CXCL8, and TNF, confirming an IFN signaling-
specific effect (Supplementary Figure 4C). This indicates that
cholesterol loading also hampers the type-I IFN responses in
human macrophages.

Lipid Accumulation in Monocytes of
Hypercholesterolemia Patients Results in
Type-l IFN Suppression Which Is Reversed

After Lipid-Lowering Treatment

We have previously shown that peripheral monocytes from
FH patients accumulate lipids (55). To determine whether the
suppressed IFN signature is also observed in monocytes
of FH patients, we performed RNA-seq of peripheral
monocytes derived from FH patients before and after lipid-
lowering treatment by ezetimibe, statins, and/or PCSK9
antibodies, as well as age and gender-matched healthy donors
(Supplementary Tables 1, 2). Indeed, serum LDL-C levels in
untreated FH patients were significantly higher than samples
obtained after treatment and from healthy donors (Figure 4D).
RNA-seq analysis confirmed an elevated expression of ABCAI
and ABCGI, whereas ISGs including IFITI, IFIT3, OASL,
and CXCLI0 were suppressed in untreated FH monocytes
compared to monocytes from healthy donors (FDR <0.05,
Figure 4E). Interestingly, the suppressed gene expression of
ISGs was restored after lipid-lowering treatment. To confirm
these findings in monocytes from another FH patient cohort, we
analyzed a publicly available dataset containing expression data
of monocytes from FH patients and healthy donors (GSE60514)
(45). Differential gene expression analysis showed that many ISGs
were down regulated in monocytes derived from FH patients
compared to healthy donors (Supplementary Figure 4D).
Upstream regulator analysis on the differentially regulated
genes confirmed inhibition of type-I IFNs, IRFs, and STAT1
(Figure 4F). In line with this, motif enrichment analysis
identified ISRE as the most enriched promoter motif among the
down regulated genes in FH patients (Figure 4G). Regulatory
network analysis of the differentially expressed genes in
monocytes from FH patients revealed STAT1 and IRF7 to be
the central modulators of this network (Figure 4H). Thus, as

observed in macrophages (mouse BMDMs, PMs and hMDMs),
lipid accumulation in monocytes of FH patients also results
in a deactivated type-I IFN response which can be restored by
lipid-lowering therapy.

DISCUSSION

In the current study, we demonstrate that the expression of
IFN-B and ISGs are affected by lipid-loading. We show that
cholesterol accumulation in vitro and in vivo suppresses the
type-I IEN response in both monocytes and macrophages. This
cholesterol loading-induced immunomodulation is also observed
by LXR activation and specifically affecting ISGs, but not
other pro-inflammatory genes. By applying exogenous IFN-f to
macrophages, we showed that the cholesterol-induced decreased
ISG expression can be largely restored. Analysis of transcriptional
profiles of FH monocytes confirmed this phenotype which was
restored by lipid-lowering treatment in FH patients. Moreover,
these analyses implicated a profound role of IRFs in the down
regulation of type-I IFNs and the subsequent responses.

It has become increasingly clear that foam cell formation
suppresses macrophage proinflammatory activation. Studies have
shown that foamy peritoneal macrophages are less activated by
TLR-ligand stimulation as a result of the accumulation of the
LXR ligand desmosterol and suppressed activation of the pentose
phosphate pathway (56, 57). Moreover, experiments comparing
foamy vs. non-foamy plaque macrophages show that foamy
macrophages in atherosclerotic lesions lack clear inflammatory
characteristics (11, 13) and have identified LXR as a key
transcriptional regulator in these cells (11). Here we show that
foam cell formation specifically suppresses ISGs in macrophages,
resembling an LXR-activated phenotype. In line with our results,
desmosterol depletion in macrophages of atherosclerotic lesions
increased the expression of ISGs and promoted the progression
of atherosclerosis (58). Type-I IFNs have been shown to have
a role in the resolution of inflammation by stimulation of IL-
10 production as well as optimal macrophage activation and
pro-inflammatory responses (23, 48). Moreover, type-I IFNs are
mediators of many different human inflammatory and immune
disorders and have also been implicated in atherosclerosis (15,
59). Blockade of type-I IFN signaling in macrophages suppressed
atherogenesis, while IFN-f treatment accelerated atherosclerosis
through the induction of the chemokine CCL5 which leads
to increased monocyte recruitment to plaques (34). Altogether,
this suggests that the cholesterol-induced down regulation of
type-I IFN pathways is an anti-inflammatory, athero-protective
characteristic of foamy macrophages.

Our main finding is that foam cells have reduced Ifnbl
expression and IFN-f secretion resulting in a suppression of IFN-
B-dependent ISG expression. The latter could be overcome by
supplying exogenous IFN-f and suggests that at basal conditions
there is type I IFN production by in vitro macrophages. Although
we could not measure the low concentrations of IFN-f secreted
by unstimulated macrophages, the rescue of ISG expression by
low concentrations of IFN-beta (lower than measurable in our
ELISA) does suggest autocrine/paracrine effects of type I IFN.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

February 2022 | Volume 9 | Article 829877


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Willemsen et al.

Lipids Reduce Type-I Interferon Responses

A D
M-CSF acLDL IFN-B %
) 4 £
E
Mo {or 1815 ;
< -
6 days 18 hrs 6 hrs 9
B E
[] —aclDL [ +acLDL
ABCA1 ABCG1 R
o Kk =
T o] Fhx F*kk §
o
g 24 *% 5 E
;7& 0 2 2
o
- -4
& IFIT1 Mx1 z
__ 104 X 8- *k §
o 61 " 2
S 5 @
S| = “ g
g o 2 _x £
] 01 g
o
-5 -2
CXCL9 CXCL10
[2]
= 109 .. 151 §
2 ) 10- §
6 k% N
S _— 54 &% z
S o4 — £
= o1 e
o
g, .
ctrl IFN-B ctrl IFN-B
G
YY1 © CAAGATGGCSCC |mmm—
Sp2  FEGECCCHCCCs metififamily
Sp5 © SGIGGGCGGAGE e
p XERX VG |RF
IRF1 © GAAASIGAAAEL = z
ISRE © AGTTTCASTTIC
TR i h t
KLF1 © SAQ0CRCRGSCE entichmen
ETv4  SCCCGAAGLS I 15
KLF14  SGIGGEEGTRES 1.0
IRF2 « SAAACEGAAACE
Fli1 -~ EEFITCCESE:
0 5 10

-log ,,(P value)

F
81 kkk ki
e direction -lo value
6 O FH (treated) . 9u(d )
| activated ..
4 O FH (untreated) B inhibited 0 4 81216
2 O healthy donor
0
PTPRR
ABCA1 ABCG1 cba4
10005 IRF7
6000{ *** Hokk
— Pkl NONO
0 800- o
4000 ESR1 _
E 6007 E IFNB1
2000 400 IFNA2
B 200 IRF3
3 0 IFNL1
STAT1
IFIT1 IFIT3 IFNA1/IFNA13
5000+ *
il s000] —— PML
4000 o Firre
30001 s KLF3
2000 o 2000 . IRGM
- 60 § B miR-182-5p
E O dopamine
0 0
IL1RN
OASL CXCL10 PIK3CG
2000] _* PDGF-DD
& 600 SOCS1
15001 \] STK11
10001 4001 N ACKR2
5004 E 200 g HBA1/HBA2
ﬁ E -50 -25 00 25
0 0
Z score
H
metabo)n of protein
-7 IFNAS
o
/ -
/ \ IB\IAQ'F? ation of 3 ".._..|FNA21
tran of Yyl influgnza A viriis " 1ENA10
mol '1é"'synt.sfs of "\ e
pretein {]\
| i/PMIl IFNA14 %~
regulation gluandmy ﬁf / \\ IFN n7
. activated |oo CENS, 7! . 2
inhibitted | 1/ STAT
L2~ eNCt IENAG
IRF7
IRF5
IFNL4

FIGURE 4 | The IFN response is perturbated by lipid accumulation in human macrophages and monocytes from hypercholesterolemia patients. (A) Protocol of
generating human monocyte-derived (foamy) macrophages (hMDM). Monocytes were differentiated with M-CSF for 6 days followed by 16-h (50 wg/mL) acLDL
exposure. Next, the generated foamy hMDM were treated with (50 ng/mL) or without IFN-g for 6 h. (B) Cholesterol efflux transporter ABCA7 and ABCG1 were
transcriptionally up-regulated by acLDL loading in foamy hMDM. (C) Interferon stimulated genes (IFIT1, MX1, CXCL9, and CXCL10) were transcriptionally
downregulated in acLDL-loaded foamy hMDM (B,C) n = 5 biological replicates, data are represented as mean + SEM, *FDR <0.05, **FDR <0.01, ***FDR <0.001).
(D) serum LDL-cholesterol (LDL-C) levels of treated/untreated familial hypercholesterolemia (FH) patients (17 = 10) and healthy donors (HD, n = 9). (E) Gene expression
of interferon stimulated genes (IFIT7, IFIT3, OASL, and CXCL10) from monocytes derived from treated/untreated FH patients and healthy donors. (F) Ingenuity
Pathway Analysis revealed inhibition of interferon-related upstream regulators, such as IFNs, IRFs, and STAT1, in monocytes derived from FH patients. (G) Motif
analysis showed an enrichment of the interferon-sensitive response element (ISRE) motif in the promoter region among the downregulated genes in FH monocytes.
(H) Regulatory network analysis of differentially regulated genes showed an inhibition of highly interconnected IFN signatures. (F-H) raw data obtained from GSE6054.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

147

February 2022 | Volume 9 | Article 829877



https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Willemsen et al.

Lipids Reduce Type-I Interferon Responses

Some ISGs, like Ccl5 and Cxcl9, however, could not be rescued
by IFN-f supplementation, which suggests that some IFN targets
are regulated in a different manner and may for example
utilize different IRFs to regulate gene expression. Future research
should investigate whether blocking basal IFN-f production
prevents autocrine/paracrine signaling of IFN-p and also leads to
suppression of IFN-B-dependent ISG expression.

It has been described that type-I IFNs, including IFN-
P, trigger both pro- and anti-inflammatory gene programs
(60, 61). We observed this dual characteristic also after
acLDL and IFN-p exposure. More specifically, IFN-f treatment
suppressed the expression of certain proinflammatory genes
(IL1B and CXCLS8), while simultaneously the expression of other
proinflammatory genes (IL6 and TNF) was induced. acLDL
treatment inhibited the transcription of ISGs, but induced
the transcription of ILIB and CXCL8. This nicely confirms
that inflammatory signaling pathways in macrophages can
be differentially regulated through numerous interconnected
modulatory processes. The cholesterol-mediated type-I IEN
suppressive actions may contribute to the cholesterol-induced
proinflammatory genes, which are suppressed by IFN, or
vice versa.

IRFs are important immune orchestrators and not only trigger
the transcription of ISGs upon IFN stimulation (23, 48, 62),
but are also required for the production of type-I IFNs (63,
64) by recognizing the ISRE at these genes promoter region
(62, 65). IRF3 and IRF7 are highly homologous and are the
key transcription factors for type-I IFN expression (63, 64, 66)
directly binding to promoter regions (67) of genes encoding both
IFN-a and IFN-B (63). In both mouse and human macrophages,
cholesterol loading decreased the expression of IRF3 and IRF7
suggesting a central role in the suppressed IFN-B production.
Interestingly, Chen et al. showed a negative feedback loop
between LXR and IRF3 that is activated through LXR stimulation
by oxLDL loading or GW3965 treatment of macrophages (68).
Furthermore, it has been described that LXR can interact with
STAT1 preventing STAT1 to bind to ISGs (69). Taken together,
our results suggest a crosstalk between IFNs and cholesterol
metabolism forming a feedback loop which might be mediated
via IRF3 and/or IRF7.

The crosstalk between lipid metabolism and the IFN response
could also contribute to the pathogenesis of infections. In
the recent pandemic of coronavirus disease 2019 (COVID-
19) caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), disease morbidity and mortality are linked
to reduced type-I IFN activities (70-72). Interestingly, ex vivo
SARS-CoV-2 exposure of peripheral monocytes derived from
healthy donors resulted in lipid droplet accumulation (73).
Although data is lacking whether FH patients have an increased
risk for severe COVID19, a meta-analysis suggested the potential
favorable effect of lipid-lowering therapy (e.g., statins) on disease
outcome (74). Other studies have indicated that PCSK9 inhibits
IFNBI expression, and contributes to dampened antiviral cellular
responses in Dengue fever patients, which could be abrogated by
a PCSK9 inhibitor (75, 76). Because of the IFN enhancing effects
of the PCSK9 inhibitor, the PCSK9 inhibitor was proposed as
potential therapeutic for the treatment of COVID-19 (77, 78).

Our results are in line with this hypothesis and show that lipid-
lowering treatment in FH patients rescues the dampened IFN-
responses in circulating monocytes. Targeting lipid-metabolism
in monocytes using lipid-lowering treatment might thus be
beneficial to promote anti-viral defense.

Future studies should investigate the mechanistic link between
cholesterol exposure and the subsequent immune response
modulations, including the type-I IFN response, in order to
integrate these findings in the development of new therapeutic
approaches for the treatment of e.g., cardiovascular and
infectious disease.
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Supplementary Figure 1 | acLDL exposure suppresses interferon-responsive
genes and transcription factors in BMDMs. mRNA expression of (A) Cxc/9 and
Ccl5 and (B) Stat1, Stat2, and Irf7 in unstimulated, acLDL and/or IFN-B

(50 ng/mL) stimulated BMDMs measured by gPCR. *P < 0.05, **P < 0.01, **P
< 0.001. (A,B) n = 3 biological replicates per group.

Supplementary Figure 2 | Transcriptional analysis on BMDMs stimulated with
different concentration of IFN-g (A) mRNA expression of the cholesterol efflux
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Atherosclerotic arterial plagues and malignant solid tumors contain macrophages, which
participate in anaerobic metabolism, acidosis, and inflammatory processes inherent in
the development of either disease. The tissue-resident macrophage populations originate
from precursor cells derived from the yolk sac and from circulating bone marrow-derived
monocytes. In the tissues, they differentiate into varying functional phenotypes in
response to local microenvironmental stimulation. Broadly categorized, the macrophages
are activated to polarize into proinflammatory M1 and anti-inflammatory M2 phenotypes;
yet, noticeable plasticity allows them to dynamically shift between several distinct
functional subtypes. In atherosclerosis, low-density lipoprotein (LDL)-derived cholesterol
accumulates within macrophages as cytoplasmic lipid droplets thereby generating
macrophage foam cells, which are involved in all steps of atherosclerosis. The
conversion of macrophages into foam cells may suppress the expression of given
proinflammatory genes and thereby initiate their transcriptional reprogramming toward
an anti-inflammatory phenotype. In this particular sense, foam cell formation can be
considered anti-atherogenic. The tumor-associated macrophages (TAMs) may become
polarized into anti-tumoral M1 and pro-tumoral M2 phenotypes. Mechanistically, the
TAMs can regulate the survival and proliferation of the surrounding cancer cells and
participate in various aspects of tumor formation, progression, and metastasis. The TAMs
may accumulate lipids, but their type and their specific roles in tumorigenesis are still
poorly understood. Here, we discuss how the phenotypic and functional plasticity of
macrophages allows their multifunctional response to the distinct microenvironments in
developing atherosclerotic lesions and in developing malignant tumors. We also discuss
how the inflammatory reactions of the macrophages may influence the development of
atherosclerotic plagues and malignant tumors, and highlight the potential therapeutic
effects of targeting lipid-laden macrophages in either disease.

Keywords: atherosclerosis, cancer, inflammation, LDL, macrophages

INTRODUCTION

Macrophages are a heterogeneous group of effector cells with essential roles in metabolism and
host defense in tissues. They are innate immune cells capable of recognizing and clearing dead
cells and pathogens, orchestrating inflammatory and healing processes that occur in response to
injury. Through a wide variety of functions, macrophages play a central role in organ development
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and body homeostasis both in health and disease (1). With
the exception of the brain and the intestine, macrophages
in other organs originate from 2 sources: the embryonic
yolk sac and the bone marrow. Moreover, each organ has
its own particular composition of embryonically derived and
adult-derived macrophage subsets, and each organ dictates
the degree to which circulating monocytes replace resident
macrophages after birth (2). Under homeostatic conditions, the
embryonically derived and the adult-derived macrophages co-
exist but it remains unclear whether macrophages of distinct
origins have overlapping or distinct functional imprints within
the same tissue. Yet, it is known that whereas macrophages
in a specific tissue are mainly seeded during embryonic
development, infiltration of monocyte-derived macrophages
progressively occurs after birth and, particularly, in response to
local inflammatory cues (3). Such extravasation of circulating
monocytes across the blood vessel wall, as it occurs in
immunoinflammatory diseases like atherosclerosis and cancer,
is a multistep event facilitated by several families of endothelial
junctional cell adhesion molecules such as intercellular adhesion
molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-
1, selectins, and integrins. The complex role of the adhesion
molecules facilitating the immune cells trafficking across the
endothelium is beyond the scope of this work, and the reader is
referred to excellent reviews revisiting this field in the context of
atherosclerosis and cancer (4, 5).

Because macrophages generated from recruited blood
monocytes can partially replace embryonically derived
macrophages with variable kinetics, the ontogeny of tissue-
resident macrophages is flexible rather than static (6). The
lack of specific markers to discriminate and selectively target
macrophages originated from different sources and living
in distinct biological microenvironments has represented a
technical limitation to functional studies related to macrophage
ontogeny. In the following sections, we provide detailed
information about the ontogeny of arterial and tumoral
macrophages. Because the characterization of the macrophage
ontogeny in the various organ tissues is still in its infancy
and for simplicity’s sake, in further sections of this review we
will refer to the entire population of macrophages residing
in an atherosclerotic plaque or a tumor as “tissue-resident
macrophages” regardless their origins. Thus, they comprise
the ones embryonically derived and seeded during the early
embryonic stage, those derived from monocytes recruited
from circulation at post-natal stages, as well as the multiple
generations of macrophages successively derived from
them. The role of the extracellular environment within a
given tissue is critical for macrophage differentiation and
specialization, thereby, irrespective of their ontogeny, tissue-
resident macrophages display a high degree of phenotypic and
functional plasticity in different tissues and exert multifaceted
roles in diseases such as atherosclerosis, cancer, Alzheimer’s
disease, multiple sclerosis, and diabetes (7). Notably, tissue
macrophages can also become lipid-laden cells which,
then, exert diverse functions in each disease context (8). A
current topic of research is how accumulation of various
macrophage subsets and their lipid-laden forms are capable to

influence the specific courses of an atherosclerotic lesion and
a tumor.

Tissue-resident macrophages can be functionally polarized in
response to a cocktail of growth factors and cytokines present
in their microenvironment (9). Two distinct phenotypes: the
M1 (proinflammatory) classically activated or the M2 (anti-
inflammatory) alternatively activated macrophages, have been
generated and defined in experimental cell cultures in which
the macrophages’ responses were evaluated after incubation with
interferon gamma and lipopolysaccharide or with interleukin
(IL)-4 and IL-13, respectively (9). M1 macrophages are key
players in the defense against bacterial infections and rely
on glycolysis to meet the rapid energy consumption and
cope with a hypoxic tissue microenvironment, while M2
macrophages are rather involved in tissue repair and wound
healing and use fatty acid oxidation to fuel their longer-term
functions (10). Despite providing a useful framework, this
dichotomous classification of macrophages only represents the
opposite ends of a wide spectrum of macrophage phenotypes
and is an oversimplification of the macrophage diversity
occurring in response to different microenvironments in vivo.
The granulocyte-macrophage colony-stimulating factor (GM-
CSF) and the macrophage colony-stimulating factor (M-CSF),
widely used to differentiate cultured human monocytes into
macrophages, also, respectively, polarize the cells toward M1-
and M2-like phenotypes (11), which reflects the complexity
of the macrophage nomenclature, also when identifying the
heterogeneous subtypes generated in vitro.

The remarkable functional plasticity of macrophages in
response to microenvironmental stimuli triggering diverse
polarization states also involves global changes in the
macrophage transcriptome. Such functional plasticity can
also modify their evolutionary role from host protection
(originally against bacterial infections) into host damage. Prime
examples of such possible transformation of macrophages from
a friend into a foe are their roles as pathogenic promoters of
atherosclerosis and cancer. Importantly, whereas atherosclerosis
development directly involves the accumulation of lipids in
macrophages, the role of lipid-loaded macrophages in cancer
is still poorly understood. Despite intrinsic differences between
atherosclerosis and cancer, monocyte accumulation and chronic
inflammation are common features. Thereby, early studies on the
role of monocytes in atherosclerosis have provided insights into
cancer, and vice versa (12), a concept that can be now extended
to the monocyte-derived macrophages and the lipid-loaded
foam cells generated from them. Moreover, macrophages play
critical physiopathological roles in either disease by inducing
the formation, growth, and rupture of an atherosclerotic plaque,
as well as the initiation, growth, and metastasis of a malignant
tumor (Table 1).

Excitingly, the modern single-cell omics technologies have
revealed enormous cellular heterogeneity of macrophages and
other immune/inflammatory cells in advanced atherosclerotic
lesions (30-32). The use of these tools has now enabled to
perform more detailed transcriptional analyses of macrophages
in the atherosclerotic plaques and also in certain solid tumors.
In this sense, atherosclerosis and cancer also show resemblance
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TABLE 1 | Effects of macrophages during the various developmental stages of atherosclerotic plaques and malignant solid tumors.

Disease stage

Atherosclerotic plaques

Malignant solid tumors

Initiation

The first inflammatory cells to invade an atherosclerotic lesion (as
blood monocytes) (13)

The major cellular component of inflammatory cell population in
atherosclerotic lesions. Via uptake of modified-LDL, macrophages
become cholesterol-loaded macrophage foam cells, the hallmarks

Accessory cells in the malignant tumor, which are involved in
tumor growth and progression (15)

Secretion of chemokines and cytokines that promote development
of tumors, such as IL-6, IL-8, and IL-10 (16)

Activated TAMs promote local inflammation (15, 16)

of atherosclerotic lesions (13, 14)

Activated intimal macrophages promote local inflammation (14)

Progression
(17,18)

Apoptosis of macrophage foam cells increases plaque size and
growth of the atherosclerotic plaque with formation of a necrotic

lipid core (19)

Thinning of the fibrous cap by expression of MMPs with ensuing
formation of the rupture-prone “vulnerable” plaque (17, 18)
Promotion of angiogenesis in hypoxic areas of advanced

atherosclerotic lesions (20)

Regression
regression (26, 27)

Proteolytic remodeling of the extracellular matrix of the plaque

Lesional macrophage may egress from the plaque during plaque

Proteolytic remodeling of the extracellular matrix of the tumor (21)
Promotion of the proliferation of tumor cells directly by secretion of
growth factors, which contributes to the growth of the malignant
tumor (21-24)

Immune regulation by inhibition of antitumoral responses of T
cell-mediated cytotoxicity (15, 16)

Facilitation of the motility and intravasation of tumor cells with
ensuing promotion of their metastatic spreading (15)

Induction of therapeutic resistance (25)

Stimulation of endothelial cell proliferation and promotion of
neovascularization of the tumor tissue (21)

Anti-tumor immunity response by phagocytosing cancer cells
(16, 28, 29)

Note that the phenotype of macrophages residing within an atherosclerotic plaque or a tumor will influence both disease progression or regression depending on how they respond to
specific microenvironment signals via polarized and functional programs. These signals include the cocktails of cytokines and growth factors present in the interstitial fluids, as well as
the hypoxia and the acidic pH characteristic of the atherosclerotic plaques and malignant tumors.

(33) and call for more complex in vitro studies exploiting
the modern multicellular-type organoid cultures to meet the
current challenges of the microenvironmental plasticity of
immune/inflammatory cells, such as the macrophages (34).
The recent advances in the knowledge of the complex
macrophage diversity, however, also raise important questions
about the distinct roles of macrophages of fetal or postnatal
origins and their proliferative capacities in the inflammatory
microenvironment of an atherosclerotic plaque and a malignant
tumor. Here, we will much discuss the roles of M1 and
M2 macrophages which represent the two extreme states of
phenotypic macrophage polarization. This apparent lack of
sophistication regarding the phenotypic diversity and plasticity
of macrophages derives from the fact that most of the cell
culture studies have been performed by using these in vitro
generated phenotypes, which hardly find their pure counterparts
in the complex tissue environments in vivo (35, 36). Despite the
plasticity of macrophages, which allows a dynamic modulation
as a continuous phenotype, the M1/M2 dichotomy still persists
and serves the studies in which the role of macrophages in
atherosclerosis and cancer are examined (21, 32).

Based on the current knowledge about the ontogeny and
functions of the various macrophage subsets recently achieved
by applying novel technologies in mice models and humans,
this review aims to compare the relative significance of
macrophages and their lipid-loading capacity on the progression
of atherosclerosis and cancer. At this point, we need to denote
that the traditional view of a “foam cell” has been used to describe
the cholesteryl ester-loaded cells present in atherosclerotic lesions
given that their abundant cytoplasmic lipid droplets result in
a bubbly or “foamy” appearance under the microscope. There

is extensive literature on the macrophage foam cells generated
during atherosclerosis progression and, accordingly, this term
has been specifically used over the years as referring to the
cholesterol-loaded cells present in the plaques. Lack of specific
immunohistochemistry markers for human monocyte-derived
macrophages, smooth muscle cells, and dendritic cells has made
it challenging to identify the various subpopulations of cells and
their corresponding lipid-laden forms in atherosclerotic lesions
(37). Despite it having been reported that vascular smooth muscle
cells and dendritic cells also can take up cholesterol-derived
from intimal LDL particles and so turn into cholesterol-loaded
foam cells, macrophages are considered the primary source of
foam cells in atherosclerosis (38-40). More recently, also lipid-
laden TAMs have been detected in tumors, however, their lipid
cargo appears to be much smaller than that in the macrophage
foam cells present in atherosclerotic lesions. Moreover, the
accumulated lipids are triglycerides, glycerophospholipids, and
sphingomyelins, rather than cholesteryl esters. Based on the
above considerations on the conventional terminology, we have
applied the term “foamy” only for the macrophages present in
atherosclerotic lesions, but not for those present in the malignant
tumors, which have been termed “lipid-laden macrophages.”

In this respect, it is also important to highlight that the story
of macrophages and foam cells in atherosclerosis was initiated
more than 100 years ago with the classical studies of the Russian
pathologist Nikolai Anitschkow (41). Therefore, cholesterol-
loaded macrophage foam cells were very early recognized as the
root cause of atherosclerosis and they have been a persistent and
central focus of research in this field. In contrast, the research
on macrophages and cancer is much younger, moreover, the
potential (perhaps relatively less relevant) role of lipid-laden
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macrophages in malignant tumors has called the attention of
cancer biologists only recently. By revising the recent discoveries
on macrophage biology in atherosclerosis and cancer, we hope to
disseminate a piece of challenging interdisciplinary information
on this particular topic in two diseases, which are the leading
causes of death worldwide.

MACROPHAGES IN ATHEROGENESIS:
ONTOGENY, CHOLESTEROL LOADING,
POLARIZATION, AND FUNCTIONAL
PHENOTYPES

Macrophages are the major immune cell population in the
atherosclerotic lesion which contribute to the initiation and
progression of atherosclerosis through their diverse roles in
cholesterol metabolism and inflammation (42). They are the
first inflammatory cells to invade atherosclerotic lesions and the
main component of atherosclerotic plaques (13). Macrophages
that accumulate in atherosclerotic plaques appear to have a
diminished capacity to migrate, which contributes to the failure
to resolve inflammation and to the progression of these lesions
to more advanced plaques (14). For a long period, they were
considered to mainly originate from bone marrow- or spleen-
derived monocytes, which once in circulation can infiltrate the
arterial intima. Monocytes recruited to atherosclerotic lesions
are technically identified as Ly6CP8" cells that originate from
both medullary and extramedullary hematopoiesis. The practical
use of the Ly6CM8h, principal marker of mouse monocytes, is
based on similar features in the expression pattern of certain
molecules that the cluster of differentiation (CD)14T+CD16~
human classical and most abundant monocyte population shares
with the Ly6CM mouse monocytes (43). More recently, with the
increased availability of avant-garde technologies, highly diverse
cellular communities of macrophages have been detected in
advanced human atherosclerotic plaques including a population
of tissue macrophages that originates during the embryonic
development. Using genetic fate-mapping approaches, it has
been shown that arterial macrophages arise embryonically from
C-X3-C motif chemokine receptor 1 (Cx3crI)* precursors
and postnatally from bone marrow-derived monocytes that
colonize the tissue immediately after birth (44). Thus, arterial
macrophages appeared to be early originated from yolk sac-
derived erythromyeloid precursors and one additional wave of
blood-derived monocytes shortly after birth (45, 46).

Upon atherosclerosis development, the resident macrophages
embryonically originated are replaced by or accompanied by
recruited monocyte-derived macrophages that adopt a resident-
like macrophage phenotype (3). According to studies in mice, the
population of yolk sac erythro-myeloid progenitors substantially
contributes to the adventitial macrophage population and
gives rise to a defined cluster of resident immune cells
with homeostatic functions which then declines in numbers
during aging and is not replenished by bone marrow-derived
macrophages (47). In line with this report, only a minor part
of the aortic resident macrophages in adult mice was found
to be embryonically derived and they were mainly located in

the adventitial layer, whereas the majority of the macrophages
which infiltrate the artery around birth arose from monocyte
progenitors, thereafter adopting self-renewing capacity (48). The
embryonically originated macrophages express high levels of the
hyaluronan receptor LYVE-1, which in the adventitia induces
collagen degradation by smooth muscle cells, and thereby
prevents collagen deposition and arterial stiffness (47, 49).

Whether of bone marrow or embryonic origin, tissue-resident
macrophages can closely resemble each other, including the
capacity to renew via proliferation (6). Importantly, regardless
of their origin, the proliferation of resident macrophages
drives the expansion of the atherosclerotic plaque (14). It
was recently found that prolonged hypercholesterolemia in
the low-density lipoprotein receptor-deficient (Ldlr-/-) mouse
model led to a complete loss of the resident-derived lipid-
laden foam cells, as they were ultimately replaced entirely by
recruited blood monocytes, indicating the key role of monocyte
recruitment to sustain macrophage proliferation and to allow the
expansion of multiple generations of macrophages during plaque
progression (48).

Plasma lipoproteins also cross the endothelial barrier
into the arterial intima where they are involved in the
regulation of macrophage cholesterol balance. Formation of
the atherosclerotic lesion in the arterial intima is characterized
by accumulation of low-density lipoprotein (LDL)-derived
cholesterol in macrophages with the ensuing generation of foam
cells, and is associated with chronic inflammatory responses
(50). In the intima, LDL particles interact with a dense
extracellular matrix network rich in proteoglycans, collagen,
and elastin. Particularly, the interaction with proteoglycans
initiates LDL retention in the intima (51) and facilitates various
types of modifications of LDL particles, which, increase their
proatherogenic roles. The non-regulated uptake of modified
LDL particles by the CD36 and the SRA1 scavenger receptors
in macrophages enables the intracellular accumulation of the
cholesterol contained in them (13, 14). Intracellularly, the
cholesteryl esters are first hydrolyzed in lysosomes, and then re-
esterified in the cytoplasmic compartment of the macrophages
where they form microscopically visible cholesteryl ester droplets
typical of foam cells, which, again, are the hallmarks of
atherosclerotic lesions (52).

In contrast to LDL, the cardioprotective effects of high-
density lipoproteins (HDL) are attributed to their ability to enter
the arterial intima where they stimulate cholesterol efflux from
macrophages, which is mechanistically linked to the HDL anti-
inflammatory functions (53). Abundant experimental evidence
supports the anti-inflammatory role of cholesterol efflux, which
is exemplified by the increase in inflammatory responses in
the ATP-binding cassete transporter (ABC)A1/ABCG1-deficient
macrophages. It is also known that HDL and other compounds
(as cyclodextrins) can produce anti-inflammatory actions by a
variety of mechanisms, most of them based on their cholesterol
efflux capacities (54). In this context, we have shown that various
specific anti-inflammatory mechanisms induced by apoA-I, the
main apolipoprotein of HDL, require the intactness of its C-
terminal domain, which is critical to bind with high affinity to
human coronary artery endothelial cells (55).
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Cholesterol efflux can significantly compensate for the
excessive influx of LDL-derived cholesterol to the foam cells
and stimulate the anti-atherosclerotic pathway known as reverse
cholesterol transport (RCT) (56). Thus, disruption of the
endothelial barrier by vasoactive compounds in naturally high-
HDL murine models in vivo has enhanced the passage of
HDL into the interstitial fluid of the skin and, thereby,
increased the rate of cholesterol transfer from subcutaneously
located macrophage foam cells to feces (macrophage-RCT) (57).
The most relevant mechanisms of cholesterol efflux involve
the ABCAI1 and G1, which upon interaction with lipid-poor
and mature HDL, respectively, trigger a cascade of events
associated with the release of cholesterol and phospholipids
from the cell surface (58). Both ABC efflux transporters are
overexpressed in cholesterol-loaded macrophages as a result of
activation of liver X receptor (LXR)/retinoid X receptor (RXR)-
mediated gene transcription (59, 60). Of note, by disrupting
specialized cholesterol and sphingomyelin-rich lipid rafts of
the macrophage plasma membrane that serve as platforms for
inflammatory signaling pathways, cholesterol efflux mediated by
the ABC transporters is associated with anti-inflammatory effects
and supports the proper functioning of macrophage immune
responses (61). ABCA1 in macrophages also functions as an
anti-inflammatory signaling receptor through activation of signal
transducer and activator of transcription factor (STAT)3, an
effect that is independent of the induction of cholesterol efflux
(62). Indeed, a recent transcriptome analysis of advanced human
atherosclerotic plaques obtained during carotid endarterectomy
indicated that macrophages were found in distinct populations
with diverse activation patterns and the most anti-inflammatory
foam cell-like cluster was characterized by the expression of
ABC cholesterol efflux transporters and other lipid-related
genes whose expression was most likely driven by intracellular
cholesterol accumulation (31).

Although normal veins and arteries have been found not
to express ABCA1 mRNA, in the setting of atherosclerosis
widespread expression was observed in macrophages within the
lesions (63). However, further studies in human endarterectomy
specimens revealed that the ABCA1 protein is markedly reduced
in the advanced atherosclerotic lesions, thereby suggesting that
a failure to translate ABCA1 mRNA into ABCAIl protein,
or, alternatively, increased degradation of the ABCAI protein
may occur in the advanced plaques (64, 65). Recently, a novel
transcellular movement of cholesterol from cultured macrophage
foam cells to adjacent smooth muscle cells has been described
to occur even in the absence of HDL (66). An intriguing
question remains whether macrophage foam cells within an
atherosclerotic plaque could unload at least some of their surplus
cholesterol onto adjacent smooth muscle cells. However, the
transfer of cholesterol to intimal smooth muscle cells could
enhance their conversion into macrophage-like foam cells, and
thereby contribute to the pathogenesis of an atherosclerotic
plaque (67).

All cell types present in atherosclerotic plaques, including
endothelial cells, smooth muscle cells, lymphocytes, and
macrophages, undergo apoptosis, and, importantly, apoptotic
cell death has been shown to occur in macrophage-rich regions

of the plaques. In early lesions, the apoptotic macrophages can
be rapidly cleared by adjacent macrophages via a phagocytotic
process known as efferocytosis. However, efferocytosis is
impaired in advanced atherosclerotic plaques, a defect that is
partly attributed to oxidative stress and cytoplasmic saturation
with indigestible material (68). A deficient efferocytosis
contributes to the formation of the necrotic core, which
promotes plaque disruption, particularly by thinning the
fibrous cap separating the core from the arterial lumen (19).
Progression of the atherosclerotic lesion is also accelerated by
degradation of components of the extracellular matrix, such as
collagen and elastin in the fibrous cap, by different elastolytic
and proteolytic enzymes secreted locally by macrophages and
other intimal cells. These enzymes include several matrix
metalloproteinases (MMPs) and cysteine proteases secreted by
macrophages (17, 18). All these macrophage-dependent effects
contribute to the progression of the atherosclerotic lesion,
and also render the plaque more vulnerable to rupture with
ensuing acute atherothrombotic complications, such as acute
myocardial infarction. Moreover, in the deep hypoxic areas of
atherosclerotic plaques, intraplaque neoangiogenesis takes place.
Indeed, the severity of tissue hypoxia correlates with the presence
of macrophages and the expression of the hypoxia-inducible
factor (HIF) and the vascular endothelial growth factor (VEGF)
in the advanced human atherosclerotic lesions (20). Ruptures of
the fragile microvessels generate intraplaque microhemorrhages
and further weaken the plaque (Table 1).

In the arterial intima, the macrophages adopt different
functional programs in response to various polarizing signals.
Among them, the colony-stimulating factors GM-CSF and M-
CSF can generate disparate proatherogenic and proinflammatory
macrophage phenotypes. Notably, immunostained human
coronary arteries showed that macrophages with similar antigen
expression as induced in vitro by M-CSE ie., the M2-like
macrophage phenotype, were predominant within human
atherosclerotic lesions (69). Interestingly, the distribution of
macrophage subtypes is not uniform in human atherosclerotic
plaques, being M1 macrophages located at the rupture-prone
shoulders of mature plaques while the M2 macrophages are
away from the lipid core (70). Because GM-CSF and M-CSF
are soluble glycoproteins widely expressed in the arterial intima
(71) and the formation of cholesterol-loaded macrophage
foam cells is intrinsically related to atherogenesis, we recently
investigated the effect of cholesterol loading on the expression
of key atheroinflammatory genes in cultured human monocyte-
derived macrophages differentiated by either CSF (72). We
found that, as compared to M1, the M2 macrophage subtype
expressed higher levels of CD36 and SRA1 receptors and
were particularly prone to foam cell formation. Moreover,
the expression of ABCGI and C-C Motif Chemokine Ligand
(CCL)2 in the M2 subtype was markedly lower and higher,
respectively. Since the cholesterol efflux transporter ABCG1 also
displays anti-inflammatory effects (53) and CCL2 is an early
component of the proinflammatory response in atherosclerosis
(73), these data indicated that polarization with M-CSF
induces proinflammatory traits in macrophages. Interestingly,
cholesterol loading of the M2 polarized macrophages strongly
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suppressed their proinflammatory features as indicated by
60-fold upregulation of ABCG1 and 2-fold downregulation of
CCL2 (72). The finding that cholesterol loading can override
the inflammatory profile of M2 polarized macrophages by
reprogramming the gene expression levels of both ABCG1 and
CCL2 toward an anti-inflammatory phenotype strongly suggests
that, in terms of the local atheroinflammatory component
of atherogenesis, macrophage foam cell formation may be
considered an anti-atherogenic event (72), a concept also
supported by other reports (74-77).

Interestingly, a mechanistic link between cholesterol
accumulation and suppression of inflammation in macrophages
has been suggested due to a regulated accumulation of
desmosterol in cells, which is the last intermediate in the
pathway of cholesterol biosynthesis (74). A regulated increase of
desmosterol underlies the activation of LXR target genes, such as
ABCA1 and ABCG]I, and suppression of the genes responsible
for inflammatory responses, thereby disclosing a mechanistic
link between cholesterol accumulation and suppression of
macrophage inflammation. Yet, although cholesterol loading
reduces the expression of inflammatory genes, the net result
could lead to an attenuated inflammatory profile, rather than
to an actual anti-inflammatory phenotype of the foam cells.
Moreover, the anti-inflammatory mechanisms associated with
cholesterol-loading (74) likely appear to operate in macrophages
during the initial stages of the development of atherosclerotic
lesions. It is not known whether the pathways for the generation
of desmosterol or its intracellular distribution are impaired in
the end-stage lesional macrophages of advanced atherosclerotic
lesions. The further acquisition of a proinflammatory phenotype
during advanced atherosclerosis could also depend on extrinsic
proinflammatory stimuli within the artery wall. These could
include inflammatory mediators derived from endothelial cells
or other types of cells in the arterial intima, increased free
cholesterol (crystals) deposited within the extracellular matrix,
uptake of extracellular cholesterol crystals, and/or exposure to
the debris generated by dying cells.

MACROPHAGES IN TUMOR
DEVELOPMENT: ONTOGENY,
POLARIZATION, PRO- AND
ANTI-TUMORAL MACROPHAGES

Abundant macrophage populations are found in the stromal
compartment of solid tumors in virtually all types of malignancy
(78). Similar to atherosclerosis, circulating monocytes can give
rise to tumor-associated macrophages (TAMs), which play
critical roles at all stages of tumor progression. Despite the dogma
that recruitment of monocytes from the periphery by chemotaxis
is the exclusive source of TAMs, it is now known that embryonic-
derived TAMs are also present and that they participate in
tumor development (28, 79). Moreover, recent evidence shows
that at least in certain tumors, tissue-specific embryonically
derived resident macrophages infiltrate tumor tissues and, thus,
represent a significant input source of TAMs (80). Moreover,
the heterogeneous origin of TAMs has been demonstrated in

murine pancreatic ductal adenocarcinoma models by identifying
that both inflammatory Ly6CM8" monocytes and tissue-resident
macrophages of embryonic origin are sources of TAMs (81).
Moreover, the TAMs of different origins demonstrate distinct
phenotypes and divergent functionality, i.e., whereas monocyte-
derived TAMs are more potent at sampling tumor antigens,
embryonically derived TAMs display higher expression of pro-
fibrotic factors (81). The dynamic changes in the ontogeny of
TAMs during tumor development were also documented in a
breast cancer mouse model, in which it was found that mammary
tumor growth induced an overall loss of resident macrophages
with a concomitant increase in newly arrived monocyte-derived
TAMs (82).

Neoplastic cells in solid tumors maintain intricate interactions
with their surrounding stroma composed of blood-derived cells
including macrophages (up to 50%), T cells, granulocytes,
and mast cells, as well as peripheral fibroblasts and epithelial
cells (16, 83). Moreover, the primary tumor cells secrete
a variety of chemokines, cytokines, and other factors that
promote the mobilization and recruitment of various types
of blood cells, notably, monocytes, which become TAMs
within the tumor microenvironment (16). TAMs are, overall,
involved in many activities associated with tumor growth
and progression including inflammation, immune regulation,
angiogenesis, invasion, and metastasis (15). The important role
of TAMs in tumorigenesis is supported by the fact that TAM
numbers have been identified to be an independent prognostic
factor in several types of cancer, such as in lung cancer, breast
cancer, and lymphomas (84). Moreover, a depletion of TAMs
has translated into marked clinical benefit in cancer patients,
such as in those affected by a diffuse-type giant cell tumor (85).
There is also some evidence pointing out that TAMs can mediate
resistance of tumor cells to chemotherapy or radiotherapy by
activating STAT3 in the tumor cells, which, again, enhances
the proliferation and survival of malignant cells even during
treatment with various chemotherapeutics (25) (Table 1).

Tumor cells secrete factors that prime immune cells, once
in the tumor microenvironment, to gain a tumor-supportive
phenotype (86). Accordingly, TAMs can become polarized upon
receiving signals from the particular microenvironment they
reside in and thereby create inflammatory conditions that
facilitate the survival and proliferation of cancer cells (21, 87).
The recruitment and differentiation progress of TAMs are also
related to local anoxia, inflammation, and high levels of lactic acid
(16). TAMs are also thought to affect tumor invasion and stromal
cell migration through the extracellular matrix, i.e., by deposition
of various types of collagen and breakdown of these components
via secretion of proteolytic enzymes such as matrix MMPs,
serine proteases, and cathepsins (88). However, the interactions
between TAMs and cancer cells are still poorly defined,
potentially due to different populations of TAMs analyzed in
multiple tumor settings. Thus, there are conflicting pieces of
evidence about the role of TAMs heterogeneity regarding their
pro- and anti-tumoral activities (22). Given the high plasticity
of macrophages, the diverse activities of TAMs may also relate
to the existence of distinct subpopulations of TAMs, which
are associated with different intratumoral microenvironments
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(21). As such, many unanswered questions and paradoxical
evidence exist regarding the microenvironmental conditions that
determine the differentiation of TAMs, resulting in opposed
activities. It has been shown that macrophage polarization toward
tumor-promoting phenotypes is not exclusively the result of
dysfunctional tissue homeostasis, but instead of a more active
process driven by reciprocal interactions with both malignant
and stromal cells in the tumor, including the effect of a
dysregulated tissue architecture in tumors caused by cell deaths
(88). Cell-to-cell contacts among TAMs, cancer cells, and other
activated stromal cells can be also of great significance in
determining the phenotype and functionality of TAMs within a
tumor. However, although the TAMs do not become polarized
by their location per se, the distribution pattern of macrophages
between the tumor nest and the tumor stroma, rather than
the total number of TAMs, has been reported to be a better
independent prognostic factor for the overall survival in gastric
cancer patients (89).

Tumors can also secrete the key macrophage growth factors
GM-CSF and M-CSF (22-24), and, accordingly, they can act
in an autocrine manner driving the proliferation of TAMs.
Based on the expression of specific markers, TAMs can be
mainly classified into the anti-tumoral M1 phenotype (classically
activated state) and the pro-tumoral M2 phenotype (alternatively
activated state). TAMs generally have functional properties
associated with an M2-like polarization caused by tumor-derived
lactic acid or by secretion of immunosuppressive cytokines
from different types of cells in the tumor microenvironment
(90, 91), which also highlights the role of the macrophage
distribution pattern within the tumor tissue. Thus, TAM
populations consist of M2 and a small fraction of M1 cells.
Overall, whereas the M1 phenotype is associated with intrinsic
phagocytosis and enhanced antitumor inflammatory reactions,
M2 exerts a repertoire of tumor-promoting capabilities involving
immunosuppression, angiogenesis, and neovascularization, as
well as stromal activation and remodeling of the extracellular
matrix (21). No direct link has been shown between the ontogeny
of TAMs and their pro- or anti-tumoral profile. However, a
depletion of TAMs induced by myeloablative chemotherapy has
been followed by a transient and massive wave of bone marrow-
derived monocytes which contributed to the phagocytosis of
cancer cells suggesting that such TAMs can be potent effectors
of an anti-tumoral response (28). Moreover, macrophages
may also act as effector cells by eliminating tumor cells,
particularly via induction of antibody-dependent phagocytosis by
monoclonal antibodies during cancer therapy (29). Therefore, a
dynamic balance appears to exist between the negative (25) and
positive (22, 73) effects of TAMs during the course of a given
cancer therapy.

Since the M2-like TAMs are considered to exert pro-tumoral
activities and the M1-like TAMs can be regarded as anti-tumoral
macrophages, a higher M1/M2 ratio in cancer tissue usually
signifies a favorable outcome, whereas a lower M1/M2 ratio
often indicates poor prognosis in cancer patients (92). Yet,
transcriptome data have reported that TAMs actually express
overlapping M1 and M2 characteristics, which may be also
derived from a dynamic switch from M1- to M2-like TAM

phenotype during tumor progression (22). In this context,
depending on the type of tumor and the experimental model, the
blockade of M-CSF signaling has in most cases attenuated cancer
progression, a finding with potentially high clinical relevance for
the use of the M-CSF receptor inhibitors as cancer therapeutics
(22). Indeed, inhibition of M-CSF by a specific antibody or
chemical inhibitors has been shown to significantly suppress
tumor angiogenesis and lymphangiogenesis (93).

In tumors, also the cytokines CCL2, CCL11, CCL16, and
CCL21 are major determinants of macrophage infiltration and
angiogenesis (16). TAMs also produce CCL2, which primarily
contributes to the recruitment of macrophages in tumors (16,
94). Research in mouse models and humans has shown that
high levels of tumor-derived CCL2 correlate with an increased
number of TAMs in the tumor tissue, and also with a poor
cancer prognosis (93). Downregulation of CCL2 expression
could therefore be considered a promising target by preventing
the cancerous tissue from further collecting TAMs (95). In
this context, it would be interesting to investigate whether the
expression of CCL2 in TAMs is upregulated by M-CSE as
observed in human macrophage foam cells in vitro (72). If so,
M-CSF inhibitors might be of further value in their clinical use.

EXTRACELLULAR MICROENVIRONMENTS
WITHIN AN ATHEROMA AND A TUMOR:
SOLUTES DERIVED FROM THE BLOOD
AND THE LOCAL CELLS

The vascular endothelium is a semipermeable barrier that
regulates the composition of interstitial fluids by an ultrafiltration
process, which applies particularly to the various lipoproteins as
the largest solutes in the blood. Depending on the needs, the
vascular permeability is dynamically regulated to maintain tissue
homeostasis, yet, oxidative stress and hypoxia can challenge the
normal endothelial permeability (96). In chronic inflammatory
diseases such as atherosclerosis and cancer, a cocktail of
inflammatory mediators can disrupt the organization of the
endothelial junctions leading to their opening and significant loss
of the endothelial barrier function (97), among them also the
mast cell-derived (98) and macrophage-derived histamine (99).
It was reported that the vasoactive substance P may induce gaps
in the endothelial junctions of endothelial cells in vessels of the
rat trachea that range from 100 to 400 nm (vs. 5-8 nm in basal
blood vessels) (100). In this regard, both the endothelium lining
of an atherosclerotic plaque and the tumor vasculature possess
leaky capillary gaps (101, 102), which facilitates extravasation of
plasma lipids that can influence lipid metabolism in the various
populations of tissue-resident macrophages.

An enhanced vascular permeability facilitates the passage of
plasma lipoproteins like LDL (22-29nm particle size range)
across such dysfunctional endothelial monolayer. Accordingly, in
hypercholesterolemia, the transendothelial entry of high levels of
circulating proatherogenic cholesterol-laden LDL particles into
the arterial wall will increase. Within the subendothelial intima,
the LDL particles are retained, become modified, e.g., oxidized,
lipolyzed, or proteolyzed, are recognized by scavenger receptors
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and are ingested by the macrophages (26). A fraction of the
modified LDL particles form aggregates or cholesterol crystals
and are taken up by macrophages by means of fluid-phase
pinocytosis processes (103, 104). Whichever is the LDL uptake
mechanism by macrophages, foam cell formation typically
ensues. Finally, inflammatory activation of the endothelial cells in
atherosclerosis-prone areas of the arteries where hemodynamic
forces induce endothelial cell dysfunction, also facilitates the
transendothelial migration of immune cells into the intima and,
thereby, accelerates vascular inflammation (105-107).

Cancer develops in a complex tumor microenvironment
where the malignant cells and its stroma, including endothelial
cells, pericytes, fibroblasts, immune cells, and the extracellular
matrix coexist during tumor evolution (108). Regarding cancer
progression, disruption of the endothelial barrier by tumor-
derived secreted factors, such as VEGF and CCL2, is a critical
step in cancer cell extravasation (109). Thus, the weakening
of the endothelial junctions facilitates cancer cells to cross the
endothelial barrier and colonize other tissues. In this particular
instance, atherosclerotic tissue and tumor tissue are at least
partly mirror images of each other regarding disease progression:
the dysfunctional endothelial barrier of an atherosclerotic lesion
allows entry of circulating inflammatory cells into the developing
lesion, while a disrupted endothelial barrier in tumor tissue may
open the gates to the exit of tumor cells. Regarding atherosclerotic
lesions, no significant exit of cells has been observed, albeit some
studies have provided evidence of egress of lesional macrophages
or macrophage foam cells back into the circulation or to the
lymphatic vessels during regression of the lesions (26, 27).
Of interest, macrophage efflux from inflammatory sites was
shown to occur by proteolytic shedding of the soluble integrin-
p2 followed by its binding to the ICAM-1, which blocks its
adhesion capacity and enables macrophages to leave the site of
inflammation and also limits further leukocyte infiltration (110).

The proper functionality of key metabolic processes mediated
by cytoplasmic enzymes and cell membrane receptors operate at
pH optimum near 7.3 (111). Notably, both atherosclerosis and
cancer are distinguished by anaerobic metabolism and acidosis,
where the low pH of the interstitial fluid is regarded as an
important denominator. An acidic extracellular pH is found in
various inflammatory sites such as various joint diseases and
in atherosclerotic lesions, where local hypoxia and acidosis can
affect the ongoing immune response (112, 113). In the intimal
fluid of advanced carotid plaques, pH values below 6.0 have
been reported, and such low pH values were suggested to be a
sign of plaque vulnerability (114). Indeed, acidity enhances the
proteolytic, lipolytic, and oxidative modifications of LDL, and
strongly increases their affinity for extracellular proteoglycans
in the arterial intima and also for the pericellular proteoglycans
on macrophage surfaces, so favoring both extracellular and
intracellular accumulation of cholesterol in atherogenesis (112).
Interestingly, a mechanistic switch in the uptake of modified-
LDL from scavenger receptor-mediated mechanism to non-
specific fluid-phase pinocytosis is likely to occur at acidic
pH (115, 116). Regarding the effect of the extracellular pH
on the ability of macrophages to release cholesterol, we have
found that sole incubation in acidic culture media (down to

pH 5.5) reduced ABCA1 mRNA and protein expression in
human macrophage foam cells and, thereby impaired their
cholesterol efflux capacity (117). In line with this finding, ABCA1
protein has been reported to be markedly reduced in advanced
human carotid atherosclerotic lesions, where the intimal fluid
most likely has turned acidic (64). A low extracellular pH
also decreases the ACAT-dependent cholesterol esterification
in cultured human macrophages and results in intracellular
accumulation of unesterified (or “free”) cholesterol (118), which
could eventually lead to apoptotic cell death.

Also within the core of solid tumors, the pH of extracellular
fluid may be as low as 5.2 (119). Tumor acidosis can significantly
affect the phenotypic characteristics of macrophages. A recent
report found that clear renal cancer cells secreted parathyroid-
hormone-related protein that promoted the perinephric adipose
tissue browning, which in turn enhanced the release of lactate
and tumor growth (120). The accumulation of lactate released by
cancer cells into the tumor microenvironment can function as an
intrinsic inflammatory mediator that increases the production of
the inflammatory cytokine interleukin IL17A by macrophages, so
promoting chronic inflammation (121). Lactate also stimulates
the macrophage receptor G protein-coupled receptor (GPR) 132
in TAMs, promoting the development of an M2-like phenotype
that enables migration and invasion of tumor cells (122).
Moreover, when the impact of a low pH as an independent
entity from lactate was dissected, human macrophages incubated
under polarizing conditions in an acidic medium of pH 6.8
acquired a functional state similar to the pro-tumoral phenotype
often ascribed to TAMs, suggesting that sole acidosis is capable
to dictate the pro-tumoral functionality of macrophages (123).
Furthermore, modulation of the macrophage phenotype by
acidity also occurred in a model of prostate cancer in vivo and
acted as a significant driver of tumor progression (123).

The acidic microenvironments of an atherosclerotic lesion
and a tumor also activate secreted lysosomal enzymes with an
optimum pH within the acidic range. Therefore, the increased
activity of various cysteine cathepsins such as D, E S, and K
secreted by macrophage foam cells in atherosclerotic lesions
(112), and the cathepsins B and S secreted by TAMs, e.g., in breast
cancer tissue (124), may, respectively, modulate the progression
of atherosclerosis and cancer by local proteolytic degradation of
the extracellular matrix (17, 18). Activated cysteine proteases can
also contribute to deplete the small lipid-poor pref-migrating
HDL particles (125), which are abundant in human interstitial
fluids (126). Such proteolytic loss of prep-HDL in the acidic
milieu of the intima, by compromising the cholesterol efflux
capacity of the intimal fluid, would further favor the generation
and maintenance of cholesterol-loaded macrophage foam cells
(127). Regarding cancer, the significance of a compromised
cholesterol efflux from TAMs is still unclear (see the following
section), however, the cathepsin-rich TAMs were found to be
potent suppressors of Taxol-induced tumor cell death thereby
blunting the chemotherapeutic response (124).

Finally, in contrast to other tissues in which the concentration
of LDL particles is only one tenth of that in the circulation,
in the arterial intima their concentration equals that in the
circulation (128). The uniquely high concentration of LDL in

Frontiers in Cardiovascular Medicine | www.frontiersin.org

February 2022 | Volume 9 | Article 777822


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Lee-Rueckert et al.

Macrophages in Atherosclerosis and Cancer

the intimal extracellular fluid prevails because the intimal space
lacks lymphatic capillaries, and is a closed space separated from
the medial layer of the arterial wall by a largely impermeable
internal elastic lamina (129). Efficient lymphatic lipoprotein
drainage could prevent the continuous cholesterol accumulation
and the subsequent lesion development in the arterial intima.
However, the arterial intima lacks lymphatic capillaries, and they
appear only in very advanced lesions (130). By promoting an
abundant macrophage uptake of LDL-derived cholesterol and
formation of the intimal foam cells, such distinctive extracellular
microenvironment could explain the significant differences in
lipid composition of the lipid droplets in these cells relative to
those reported in TAMs. In addition, because of the uniquely
high levels of LDL in the intima, acidification of the intimal
fluid may also have major effects on the retention, modification,
and ensuing uptake of LDL by intimal macrophages. Thus, in
the intimal fluid of an advanced atherosclerotic lesion, a dual
effect of a low pH and high concentrations of LDL exists,
which would favor the increased formation of cholesterol-loaded
macrophages. While the acidity of the intimal fluid favors
the intracellular cholesterol accumulation in macrophages, the
extreme high concentrations of LDL in the extracellular matrix of
the intima is sufficient per se to transform resident macrophages
into foam cells. In contrast, mere acidification of the interstitial
fluid in the absence of LDL excess, as occurs in the tumor milieu,
does not induce cholesterol accumulation in TAMs, as will be
described in the next section.

LIPID-LADEN TAMs ARE NOT
CHOLESTEROL-LOADED FOAM CELLS

In contrast to the vast information on the cholesterol-
laden macrophage foam cells typical of atherosclerosis, the
type of accumulated lipids, their potential origins, and the
physiopathological role of the lipid cargo in TAMs remains to be
fully elucidated. Instead, several studies have rather investigated
lipid metabolism in cancer cells and the sources of extracellular
lipids available for these cells. Yet, because cancer cells and
TAM:s coexist and are embedded in the same interstitial fluid,
the extracellular lipids identified in the tumor microenvironment
would be available also for the neighboring TAMs.

Cancer cells can activate adipocytes and other stromal cells
to lipolyze their triglyceride storage, which results in release of
fatty acids (FA) into the extracellular space, from where FA are
taken by cancer cells via numerous transporters (131). Moreover,
several blood components can cross the leaky endothelium
of a tumor, among them albumin-bound FA, and very low
density lipoprotein (VLDL) and LDL particles, which can release
FA by the local actions of lipoprotein lipase and secreted
phospholipase A2, thereby enhancing the FA pool of the tumor
microenvironment (132). In this respect, a recent clinical study
reported that high levels of free FA in serum were associated with
an increased risk for six types of cancer (133). A FA-enriched
intratumoral milieu would facilitate FA uptake by TAMs via
phagocytosis mediated by the scavenger receptor CD36, resulting
in the formation of cytoplasmic lipid droplets and generating

lipid-laden TAMs. Interestingly, the lipid droplet-dependent
FA metabolism was shown to induce the immunosuppressive
phenotype of TAMs, which suggested that targeting lipid droplets
by chemical inhibitors could be potentially used as a novel anti-
tumor strategy (134).

Only a few lipidomic analyses have been carried out in
cancer tissues, and this lack of data particularly applies to
TAMs. Moreover, some conflicting results could be attributed
to the specific cancer models used in the reported studies.
A recent study in vitro found that macrophages from both
human and murine tumor tissues were enriched with lipids
due to increased lipid uptake (135). TAMs expressed elevated
levels of CD36, accumulated lipids, and used FA oxidation
instead of glycolysis for energy. As compared with macrophages
isolated from normal tissues, neutral lipids were accumulated
in lipid droplets in TAMs, as revealed by the fluorescent lipid
dye BODIPY (135). In a model of gastric cancer, lipidomic
analysis of TAMs generated in the presence of lipid-containing
tumor explant supernatants revealed high levels of triglycerides
without changes in the levels of cholesteryl esters (136).
Another lipidomic study of TAMs cocultured with human
papillary thyroid carcinoma cells found that tumor cells can
stimulate lipid biosynthesis in the TAMs, which enriched
their levels of intracellular lipids, being glycerophospholipids
and sphingomyelins the most highly upregulated lipids (137).
Therefore, it appears, overall, that lipid droplets in TAMs
accumulate mainly triglycerides with variable amounts of
glycerophospholipids and sphingomyelins.

Regarding the similarities and differences between the neutral
lipid content in the cytoplasmic lipid droplets of macrophage
foam cells in human atherosclerotic lesions and tumor tissues,
we wish to further denote that a dynamic overlap may exist.
Thus, it was found that the macrophage foam cells isolated
from human aortic atherosclerotic lesions are able, when exposed
to hypoxia, to store in their neutral lipid droplets, in addition
to cholesteryl esters, also significant amounts of triglycerides
(138). Because unmodified, i.e., native LDL particles, can be
taken up by macrophages via fluid-phase pinocytosis without
an involvement of lipoprotein receptors (139) and this process
appears to be enhanced in acidic microenvironments (115, 116),
it is plausible to expect that it would facilitate the uptake of
native LDL also by TAMs. However, in contrast to the LDL-
enriched extracellular fluid of an atherosclerotic lesion, the
LDL levels must be much lower in a well-vascularized tumor
tissue due to the abundant presence of lymph capillaries. As
a consequence, the contribution of LDL to the generation of
lipid-laden TAMs appears to be minute. Thus, stimulation of the
fluid-phase pinocytosis in macrophages by the low pH of the
intratumoral environment would rather stimulate FA uptake and
ensuing accumulation of triglycerides and glycerophospholipids
in the lipid droplets, as it has been observed in TAMs (136, 137).
In analogy to the strong association between the formation of
cholesteryl ester-filled macrophage foam cells and atherosclerosis
progression, the formation of neutral lipid droplets in TAMs
has been found to correlate with various types of cancer
(84), and more recently with the human colorectal cancer
progression (134).
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While it is obvious that lipid accumulation in TAMs
can induce profound effects on their functional polarization
(131), how such lipid-induced macrophage reprogramming
can specifically affect tumor development is still unclear.
Thus, various reports have indicated that the accumulated
lipids can polarize TAMs to gain either a pro-tumoral
activity or an immunosuppressive phenotype. In a model
of gastric tumor-bearing mice it was found that TAMs
accumulating high lipid levels were associated with M2-like
profiling, which can display pro-tumoral activity (136). Another
metabolome study reported a metabolic shift in lipid-laden TAMs
increasing the production of proinflammatory cytokines and
reactive oxygen species (ROS), which contributed to their pro-
tumoral functions (137). In contrast, another report conducted
in colorectal cancer patients found that the accumulation
of lipid droplets polarized bone marrow-derived myeloid
cells into an immunosuppressive phenotype of TAMs (134).
Mechanistically, the immunosuppressive phenotype found in
TAMs was controlled by long-chain FA metabolism, specifically,
unsaturated FA added to the culture medium (134). These data
indicated that, in addition to the well-known cytokine signaling
effects in modulating macrophage phenotype, lipid droplets
are capable to modulate the immunosuppressive capacity of
TAM:s in the tumor microenvironment. Thus, lipid droplets may
become effective targets for chemical inhibitors to block in vitro
polarization of TAMs and potentially tumor growth in vivo,
as well.

The activity of ABC transporters can profoundly affect the
organization and activation states of lipid domains in the
plasma membrane, which can affect the functionality of the
cells in many ways (140). Because actively replicating cancer
cells have a high demand for cholesterol, it follows that loss
of the ABCA1l-dependent cholesterol efflux in these cells may
promote carcinogenesis. Indeed, ABCA1 downregulation has
been observed in prostate cancers (141), and suppression of
ABCAL1 expression by oncogenic mutations or loss-of-function
mutation has been linked to an accumulation of mitochondrial
cholesterol and malignant cell transformation (142). Recent
studies indicate that, in contrast to cancer cells, increasing the
content of cholesterol in TAMs may exert an inhibitory effect
on tumor development. Thus, it was reported in a mouse
model of bladder cancer and melanoma that Abcgl-/- deficiency
shifts the macrophage phenotype toward an M1-like tumoricidal
phenotype and also inhibits tumor growth, which was associated
with the accumulation of cholesterol in the macrophages
(143). Another work in an ovarian cancer model showed
that genetic deletion of ABC transporters in TAMs reverts
their tumor-promoting functions (144). This study further
indicated that cancer cells can scavenge membrane cholesterol
from TAMs resulting in the reprogramming of TAMs toward
an immunosuppressive and tumor-promoting (M2) phenotype
(144). In line with this report, a very recent transcriptome study
in human lung tumor tissues found that, although the tumors
themselves were cholesterol-rich, the TAMs were depleted of
cholesterol and overexpressed ABCAI and ABCG1 (145). Overall,
the current evidence points out that cancer cells use TAMs
as a source of cholesterol and this is associated with the

upregulation of ABC cholesterol efflux transporters in the TAMs.
Yet, the mechanisms by which the expression and activity of
the key efflux transporters are coordinately upregulated were
not disclosed in any of the referred studies. These findings
highlight the notion that modulation of cholesterol metabolism
in TAMs can change their function, and thereby exert profound
effects on tumor growth. Furthermore, these novel data indicate
that the macrophage functions primed by the ABC-mediated
cholesterol efflux could lead to opposite pathophysiological
effects in different cellular microenvironments, i.e., protecting
from atherosclerosis but promoting cancer.

CONCLUDING REMARKS

Tissue-resident macrophages are central drivers in the generation
of an atherosclerotic lesion and also act as important auxiliary
immune cells in tumor development. Because macrophages
show a high degree of plasticity, both systemic factors and
the local microenvironment in atherosclerotic lesions and
tumors may contribute to macrophage polarization by inducing
transcriptional and functional reprogramming in these cells.
It is conceivable that the different microenvironments within
a single atherosclerotic lesion or a malignant tumor are
capable of inducing phenotypically different macrophage subsets.
Moreover, the microenvironments in atherosclerotic lesions and
malignant tumors play primary roles by inducing lipid-loading
of the macrophages, which is followed by alterations in their
intracellular metabolism and phenotypic characteristics. Such
plasticity allows the macrophages to variously influence the
course of the disease. In this scenario, the dynamic interactions
between the macrophages and their neighboring cells, be they
malignant or non-malignant, are of paramount importance.

Strikingly, the macrophages are ontogenically heterogeneous
and both bone marrow- and embryonic-derived macrophages
have been identified in the aortic intima and various tumor
types. These different subsets of macrophages may have
different impacts on the progression of both diseases. However,
since tissue-resident macrophage expansion appears to be a
pathological factor in both atherosclerosis and cancer, blockade
of monocyte recruitment and the subsequent concomitant
increase of the monocyte-attracting protein CCL2 into the
diseased tissue, would at least partially contribute to mitigating
the disease progression. A question that remains unanswered
is whether the macrophage origin or the tissue environment
is the main driver of the functionality of the macrophage, or,
whether the complex interplay between both factors is critical. A
summary of the ontogeny and phenotypic features of the tissue-
residing macrophage populations in an atherosclerotic plaque
and a malignant solid tumor is given in Table 2.

Because of the extreme plasticity of the macrophages, their
phenotype in any tissue can be considered as a continuous
variable. However, M2-polarized macrophages appear to be the
predominant subpopulation both in atherosclerotic lesions and
in malignant tumors. Although lipid-laden macrophages are
present in both diseases, the lipid droplets in macrophage foam
cells from the atherosclerotic intima are rich in cholesteryl esters,
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TABLE 2 | Ontogeny and phenotypic features of the macrophage populations in atherosclerotic plagues and malignant solid tumors.

Macrophages

Atherosclerotic plaques

Malignant solid tumors

Ontogenic origin
Properties of myeloid
populations

Properties of embryonic
populations

Polarization into M1- and
M2-like phenotypes*
Properties of the M1-like
macrophages

Properties of the M2- like
macrophages

Production of CCL2

Production of cysteine
cathepsins

Expression and function of
the ABC cholesterol efflux
transporters

Accumulation of
cytoplasmic lipid droplets
and lipidomic analysis

Myeloid and embryonic (3, 44, 45, 47, 48)

Critical in driving expansion of the plaque beyond early time points
and exacerbation of the evolving plaques (48)

Homeostatic and metabolic regulation of the arterial wall via high
expression of the hyaluronan receptor LYVE-1 in the adventitia
(47, 49)

M2-like subpopulation predominates (69)

Proinflammatory actions (32)
Predominate in progressing atherosclerotic lesions where they

promote calcium deposition in the necrotic core (microcalcification),

which may lead to plaque rupture (70)

Anti-inflammatory actions (32, 70)

High foam cell-forming capacity (69, 72)

Dominate in regressing plaques where they promote
macrocalcification, which tends to stabilize the plaques. They also
scavenge apoptotic cells and cell debris, and thereby improving
lesion repair and healing (70)

Yes (73)

Cathepsins D, F, S, and K (112)

Increased gene expression of ABCAT and ABCG1 in macrophage
foam cells (59, 60)

Anti-atherosclerotic effect and induction of macrophage-RCT

(63, 56, 61)

Filled with abundant lipid droplets, which give macrophages a

“foamy” appearance. The lipid droplets contain cholesteryl esters and
in hypoxic lesion areas, they may contain also triglycerides (52, 138)

Myeloid and embryonic (28, 79-81)

Regulation of tumor immunity (81)

Shaping of the tumor expanding microenvironment (28)
Pro-fibrotic transcriptional profile (81)

M2-like subpopulation predominates (90, 91)

Anti-tumoral actions (21)
Express proinflammatory cytokines (IL1, IL6, and TNF alpha) and
MHC molecules implicated in killing tumor cells (15)

Pro-tumoral actions (21)

Stimulate angiogenesis and metastasis (15, 21)

Suppress immune response as a result of secretion of TGF-beta or
IL-10 (15)

Yes (16, 94)
Cathepsins B and S (124)

Increased gene expression of ABCAT and ABCG1 in TAMs (145)
Immunosuppressive and pro-tumoral effect in a model of ovarian
cancer (144)

Moderate tendency to accumulate lipid droplets. Macrophage lipids
mainly consist of triglycerides, and also of variable amounts of
glycerophospholipids and sphingomyelins (135-137)

The information provided in the right column includes only selected illustrative examples of malignant tumors. Note that each malignant tumor tissue is likely to have its unique character.
*Given the high plasticity of macrophages, they dynamically switch their in vivo gene expression in response to the polarizing signals present in their respective microenvironments,
rather than forming terminally differentiated phenotypes during the progression of either disease.

ATHEROSCLEROTIC LESION

« Acidic intimal fluid
- High levels of locally modified LDL
(m-LDL) derived from plasma LDL

particles
MALIGNANT TUMOR
TISSUE
MACROPHAGE + Acidic intratumoral fluid

cells

High levels of fatty acids (FA) derived
from blood plasma and local stromal

MACROPHAGE FOAM CELL

LDL
m-LDL H+
D

H* m-LDL

FIGURE 1 | An integrative view of the generation of lipid-laden macrophages in atherosclerosis and cancer. Tissue macrophages (LEFT) are exposed to characteristic
microenvironmental conditions present in the extracellular fluids of an atherosclerotic lesion and a malignant tumor (CENTER), which influence the respective lipid
cargo of the macrophage foam cells and lipid-laden tumor-associated macrophages (TAMs) (RIGHT). In the extracellular fluid: LDL, low-density lipoprotein; m-LDL,
modified low-density lipoprotein; FA, fatty acid; H+, proton. In the intracellular space: CE, cholesteryl ester; TG, triglyceride; PL, phospholipid; SM, sphingomyelin.
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while those in TAMs appear to accumulate triglycerides, and
variable amounts of glycerophospholipids and sphingomyelins.
Independently of the lipid type, lipid loading is followed by
changes in cell signaling molecules as well as in gene expression
profile, which then modify the metabolic programming of the
lipid-laden macrophages. Figure 1 summarizes the characteristic
extracellular conditions and ensuing phenotypic features of
lipid-laden macrophages in the atherosclerotic lesion and
in tumors.

Finally, in contrast to the classical paradigm that lipid-
laden macrophages are culprits of chronic inflammation in
atherosclerotic plaques, we and others have reported that
foamy macrophages may be less inflammatory than their non-
foamy counterparts. More recently, in the context of cancer,
it was found that the accumulation of lipids in TAMs can
elicit an immunosuppressive macrophage phenotype. Regarding
the effect on disease progression, we can surmise that, at
least in the initial stages of atherosclerosis, the conversion of
proinflammatory macrophages into macrophage foam cells with
an anti-inflammatory phenotype would slow down the speed
of atherogenesis, while conversion of TAMs into lipid-laden
TAMs with an immunosuppressive phenotype would promote
the progression of cancer. Overall, more complete knowledge of
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The function of Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9), a novel plasma
protein, has mainly been involved in cholesterol metabolism in the liver, while, more
interestingly, recent data have shown that PCSK9 also took part in the modulation
of inflammation, which appeared to be another explanation for the reduction of
cardiovascular risk by PCSK9 inhibition besides its significant effect on lowering
lower-density lipoprotein cholesterol (LDL-C) concentration. Overall, a series of previous
studies suggested an association of PCSK9 with inflammation. Firstly, PCSK9 is able
to induce the secretion of proinflammatory cytokines in macrophages and in other
various tissues and elevated serum PCSK9 levels could be observed in pro-inflammatory
conditions, such as sepsis, acute coronary syndrome (ACS). Secondly, detailed signaling
pathway studies indicated that PCSK9 positively regulated toll-like receptor 4 expression
and inflammatory cytokines expression followed by nuclear factor-kappa B (NF-kB)
activation, together with apoptosis and autophagy progression. Besides, PCSK9
enhanced and interacted with scavenger receptors (SRs) of inflammatory mediators
like lectin-like oxidized-LDL receptor-1 (LOX-1) to promote inflammatory response.
Additionally, several studies also suggested that the role of PCSK9 in atherogenesis
was intertwined with inflammation and the interacting effect shown between PCSK9 and
LOX-1 was involved in the inflammatory response of atherosclerosis. Finally, emerging
clinical trials indicated that PCSK9 inhibitors could reduce more events in patients with
ACS accompanied by increased inflammatory status, which might be involved in its
attenuating impact on arterial plaque. Hence, further understanding of the relationship
between PCSK9 and inflammation would be necessary to help prevent and manage the
atherosclerotic cardiovascular disease (ASCVD) clinically. This review article will update
the recent advances in the link of PCSK9 with inflammation.

Keywords: PCSK9 (proprotein convertase subtilisin kexin type 9), inflammation, ASCVD, TLR4 (toll-like receptor 4),
LOX-1

INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) is a primary cause of morbidity and mortality
around the world, which is definitely associated with multiple risk factors. Among them, the
inflammation is the principal mechanism for the development of ASCVD except for lipid disorder.
A large number of studies have demonstrated that chronic inflammatory response induced by
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substantial inherent or acquired risk factors exerts a significant
effect on the initiation and development of atherosclerosis and
the resulting plaque rupture and erosion, then it contributes to
systemic repercussions of atherosclerosis-related cardiovascular
diseases (CVD) (1). Besides, the interaction of risk factors
such as lipid and inflammation has also been considered to
play an important role in ASCVD. Interestingly, emerging data
have shown that proprotein convertase subtilisin/kexin type 9
(PCSKD9), an key protein of lipid metabolism, is involved in the
production of both inflammatory cytokines and atherosclerosis
plaque (2-7).

PCSKO9 is primarily biosynthesized in the hepatocytes, then
reaches the basolateral surface of the hepatocyte and binds
low density lipoprotein receptor (LDLR) in an autocrine
effect. Subsequently, the complex composed of LDL-C, LDLR,
and PCSK9 is internalized into hepatocytes and undergoes
endocytosis and lysosomal degradation, thereby reducing LDLR
on the cell membrane and raising LDL-C levels (8). In addition
of liver, PCSKJ is also expressed in many other tissues including
small intestine, lung, kidney, pancreas and brain. Emerging
studies have also found that PCSK9 is highly expressed in
vascular endothelial cells (EC), smooth muscle cells (SMC) and
macrophages (9), subsequently exerting local effects on vascular
homeostasis and atherosclerotic plaques (10). Additionally, the
detection of PCSK9 provides a new target for the management
of hypercholesterolemia and the reduction of cardiovascular
risk. Thus, the understandings of the physiology of PCSK9
have helped to broaden our knowledge in PCSK9 and PCSK9
inhibitors. Basically, although the mediation of up-regulation of
LDLR accounts for the main effect of PCSK9 inhibitors, there is
growing evidence supporting that PCSK9 may have a pleiotropy.
One of these effects might be associated with inflammatory
modulation in the development of ASCVD independent of
LDLR regulation.

In this review, we generalized the biological characteristics
of PCSK9 and mainly focused on updated evidence of the
relation of PCSK9 to inflammation, in order that we could
stress the clinical significance of the interaction between PCSK9
and inflammation.

PCSK9 AND INFLAMMATION:
OBSERVATIONAL COHORT EVIDENCE

Several previous studies examined the relation of PCSK9 to
inflammation using cross-sectional observations. These studies
mainly evaluated the correlation between plasma PCSK9
concentrations and a number of key inflammatory markers,
including white blood cells (WBCs), fibrinogen, and high-
sensitivity C-reactive protein (hs-CRP) (Table 1). For example,
a small sample size study in Chinese patients with angiography-
proven coronary artery disease (CAD) has shown that the
increase of plasma PCSK9 level was associated with the
elevation in white blood cell counts (WBCC), fibrinogen and
high-sensitivity C-reactive protein (hs-CRP) (11). As is well-
known, the WBCC is a traditional marker of inflammation and
either inflammation or PCSK9 was considerably connected with

atherosclerosis in populations with different levels of baseline
risks. Interestingly, in a single-center study of stable CAD
patients naive to lipid-lowering therapy (6), both univariate
and multivariate regression analyses showed that plasma
PCSK9 levels were positively associated with WBCC subgroup,
lymphocyte count and neutrophils count, while the molecular
mechanism by which WBCC was associated with plasma PCSK9
levels was still unclear. Meanwhile, a cross-sectional study in
stable CAD patients has revealed that circulating PCSK9 levels
were positively correlated with fibrinogen levels but unrelated
to some potential confounders such as lipid spectrometry
and hs-CRP (2). Otherwise, a recent study indicated that
PCSK9 was not induced in artificial human inflammation
and was not correlated with inflammatory response in ten
healthy volunteers stimulated by endotoxin (lipopolysaccharide,
LPS) (12). It seemed that the study did not support the
notion that PCSK9 could trigger an inflammatory response in
human study.

CRP, a kind of acute phase mediator, is considered to be
a systemic inflammatory biomarker of sensitivity but of no
specificity. The elevation in plasma hs-CRP concentration has
also been considered to be the risk factor of atherosclerosis
(17). Observational studies have revealed that plasma CRP
levels were a powerful predictor for cardiovascular (CV) risk
and logarithmically correlated with CAD risk (18). Recently,
Pradhan et al. assessed the residual risk of inflammation in
9,738 patients who had received both statins and bococizumab in
the Studies of PCSK9 Inhibition and the Reduction of Vascular
Events (SPIRE)-1 and SPIRE-2 cardiovascular outcomes trial.
They evaluated residual risk according to on-treatment levels
of hsCRP(hsCRPot) recorded 14 weeks after drug initiation.
The data indicated that increased hsCRPor remained as an
important predictor of cardiovascular risk in CAD patients
receiving statins and PCSK9 inhibitors (19). This study suggested
that although the maximum reduction in LDL-C was achieved,
regulating inflammation provided additional opportunities to
reduce cardiovascular risk, which was named as residual
inflammatory risk.

Furthermore, in patients with stable CAD, PCSK9 levels
were significantly positively correlated with hs-CRP levels (2).
Recently, in a large prospective multi-center study conducted
in patients with acute coronary syndrome (ACS), patients with
higher levels of circulating PCSK9 suffered a higher degree
of acute phase inflammation assessed by hs-CRP levels (7).
Similarly, a prospective case-control study in CAD patients
naive to lipid-lowering therapy showed a significantly positive
correlation between PCSK9 levels and the incidence and severity
of CAD (11), and the effect of PCSK9 on CAD is primarily
mediated by the increased atherogenic lipids and inflammatory
markers. Hence, these studies have shown that PCSK9 is
associated with the occurrence of inflammation in the occurrence
and development of CAD, suggesting that inhibition of PCSK9
may have a therapeutic effect on atherosclerotic inflammation
and CAD. However, although there was no doubt that increased
plasma PCSK9 concentrations were in association with elevated
inflammatory biomarkers, whether PCSK9 is causal trigger for
inflammation might need to be further confirmed.
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TABLE 1 | Correlation of plasma PCSK9 levels with inflammatory markers in patients with ASCVD.

References Features of clinical study Inflammatory Univariable analysis Multivariable analysis
markers (r, P-value) (B, P-value)
Lietal. (6) Single-center, cross-sectional study WBCC 0.167, P = 0.008 0.186, P < 0.01
(251 stable CAD patients)
Zhang et al. (2) Cross-sectional study Fibrinogen 0.211, P =0.002 0.168, —
(219 stable CAD patients) Hs-CRP 0.153, P = 0.023 0.011, -
Gencer et al. (7) Multi-center prospective cohort study Hs-CRP 0.077, P = 0.006 - =
(2,168 ACS patients) - -
Lietal (11) Prospective study WBCC 0.077, P = 0.004 - -
(552 CAD patients) Fibrinogen 0.181, P < 0.001 - -
Heinzl et al. (12) Prospective, single-blinded, IL-6 P =0.018 (RM-ANOVA) —
placebo-controlled cross-over study CRP P < 0.001() - -
(10 healthy nonsmoking male PCSK9 P =0.44() - =
receiving LPS or placebo) PCSK9 and IL-6 P =0.358 - -

TABLE 2 | Experimental studies about the impact of PCSK9 on atherosclerotic plaques formation.

References Model Treatment Impact on systemic Impact on vascular inflammation
inflammation
Giunzioni et al. (10) ApoE~/~ recipient mice hPCSK9 Raised Infiltration of Ly6C(hi) -
inflammatory monocytes
(+32%)
Tavori et al. (13) LDLR™/~ or apoE~/~ mice hPCSK9 - 1. Increased atherosclerotic lesion size and
overexpressing human composition independent of lipids and
PCSK9 (Hpcsk9) model lipoprotein changes
2. Increased accumulation of PCSK9 in
the arterial wall
Ferri et al. (5) PCSK9~/~ mice model Deletion of PCSK9 - 1. Attenuated neointimal plaque formation
gene 2. Higher SMCs accumulation
Sun et al. (14) Atherosclerosis-prone mouse Deletion of PCSK9 - 1. Reduced atherogenesis
model gene 2. Decreased expression of adhesion
molecules, ICAM-1, MCP-1, and
MCP-3 by ECs
KUhnast et al. (15) APOE*3Leiden.CETP mice Alirocumab Decreased pro-inflammatory 1. Attenuated vascular inflammation and

Landlinger et al. (16) APOE*3Leiden.CETP mice Anti-PCSK9 vaccine

necrotic core formation
. Improved plaque stability
. Reduced expression of ICAM-1 in ECs

Ly6Chi monocytes

Decreased serum levels of
MCSF-1 and VEGF-A

. Reduced plague number and size
. Decreased plasma level of ICAM-1
in ECs

N = W

PCSK9 AND INFLAMMATION: BASIC
INVESTIGATIONS IN ATHEROSCLEROSIS

Although the relation of PCSK9 to the formation of
atherosclerotic plaque is unclear, several basic studies
showed that PCSK9 might be involved in the development of
atherosclerotic plaque through inflammation-mediated process.

It is well-known that ASCVD is an inflammatory
process. A previous study using multilocal positron emission
tomography- magnetic resonance imaging suggested an arterial
inflammation in patients with sub-clinical atherosclerosis, so
it convincingly revealed an inflammatory state in the early
stages of atherosclerosis (20). Chronic inflammation, along
with other factors such as high blood pressure, diabetes and
smoking, has become the ultimate critical pathway leading to

the development and progression of ASCVD. Data also showed
that the activation of endothelium could lead to the secretion
of surface molecules which were subsequently adsorbed into
inflammatory cells, following monocytes and macrophages’
migration across the endothelium and accumulation beneath
the intima. Subsequently, these cells release cytokines and
produce a pro-inflammatory environment during activation.
With time going by, Lectin-like OXLDL Receptor-1 (LOX-1)
combines with circulating oxidized LDL (ox-LDL) on vascular
smooth muscle cells (VSMCs) and monocytes/macrophages
and enters the vascular stroma, then it results in the formation
of foam cells (21, 22). In addition, ischemic myocardium is
characterized by the release of pro-inflammatory cytokines
into the blood, which causes a violent inflammatory response.
In patients with myocardial ischemia, especially in the acute
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phase, pro-inflammatory biological factors such as hsCRP,
tumor necrosis factor-o. (TNF-a), interleukin-6 (IL-6), and
interleukin-1f (IL-1B) were significantly increased (23).
Although the primary sources of PCSK9 are hepatocytes, other
cells in extrahepatic tissues such as the brain, heart, kidney,
small intestine, and blood vessels can also produce PCSK9 that is
secreted into the circulation (Figure 1). Epicardial adipose tissue
(EAT) could also be a source of PCSK9 and EAT inflammation
was correlated with local PCSK9 expression (24). The expression
of PCSK9 in vascular endothelial cells (EC) and VSMCs is
mainly regulated by proinflammatory stimulation such as ox-
LDL, TNF-qa, IL-1B, and LPS (25). Studies have shown that
plasma levels of PCSK9 were associated with circulating LDL-
C as well as some other risk factors for coronary diseases,
and that high levels of PCSK9 have been found in patients
suffering systemic inflammatory response syndrome (SIRS) and
sepsis (26). Moreover, The European Collaborative Project on
Inflammation and Vascular Wall Remodeling in Atherosclerosis-
Intravascular Ultrasound (ATHEROREMO-IVUS) study showed
that serum PCSKO levels were in relation to the absolute volume
of inflammatory plaque and necrotic core tissue (27). In previous
studies, Almontashiri et al. observed that elevated serum PCSK9
levels were presented in patients with acute myocardial infarction
and myocardial ischemia, especially in those newly diagnosed
(28). In their studies, a significant association of serum PCSK9
levels with pro-inflammatory cytokines IL-6, IL-1B, TNF, MCSF
(macrophage colony-stimulating factor) and hs-CRP was found
(28). Experimental data showed that in the vascular injury model
of PCSK9™/~ mouse, the loss of PCSK9 was linked to the
reduction of neointima formation in atherosclerotic plaques (5).
Other experimental studies about the impact of PCSK9 on
atherosclerotic plaques formation were shown in Table 2.
Notably, PCSK9 can regulate LDLR expression locally in
neighboring cells including arterial monocytes/macrophages
(29). PCSK9 overexpression could result in increased size of
atherosclerotic plaques, the phenomenon of which had not been
observed in LDLR™/~ mice, suggesting that the role of PCSK9

in atherosclerotic development was related to LDLR (10). In
an investigation elucidating the direct pro-atherogenic role of
PCSK9 in atherosclerosis, firstly, WT mice expressing null (KO)
level of PCSK9 accumulated 4-fold less aortic cholesteryl esters
(CE) than WT mice, whereas mice expressing high (Tg) levels of
PCSKO9 exhibited high CE and severe aortic lesions. In addition,
apoE-deficient mice that expressed null (KO/e) levels of PCSK9
showed a 39% reduction in aortic CE accumulation compared
to those expressing normal (WT/e) levels of PCSK9, while Tg/e
mice showed a 137% increase. Finally, LDLR-deficient mice
expressing null (KO/L) and high (Tg/L) levels of PCSK9 exhibited
similar levels of plasma cholesterol and CE accumulation to
WT/L, suggesting that PCSK9 modulated atherosclerosis mainly
via the LDLR (30).

Obviously, these studies have confirmed that PCSK9 enhances
the infiltration of inflammatory monocytes into the vessel wall by
virtue of the interaction of PCSK9-LDLR in plaques, which thus
directly promotes the formation of inflammatory atherosclerotic
plaques. In addition of LDLR, other members of the LDLR
superfamily such as LRP5 may also be a target of PCSKO.
A study focusing on primary cultures of inflammatory cells
including monocytes and macrophages found that LRP5 and
LDLR acted through different mechanisms. Since for one, no
variation in LDLR expression levels existed in control cells
but did in LRP5-silenced cells and LRP5 was not regulated by
lipoprotein receptor modulator SREBP-2, for another, in PCSK9-
silenced macrophages, LDLR expression increased significantly
after agLDL loading but LRP5 levels didn’t alter. The study
also observed that PCSK9 binds LRP5 at the perinuclear area
of human macrophages and the two form a complex located
in the cytoplasm of macrophages, and this interaction was
involved in lipid uptaking in macrophages. In addition, LRP5-
silenced macrophages showed a reduced release of PCSKO9,
demonstrating that LRP5 participates in the release of PCSK9.
Further, in macrophages silenced for both LRP5 and PCSK9,
reduction in CE accumulation was observed. Moreover, in
PCSK9 silenced-macrophages, decreased TLR4 protein levels
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and rescued increase in TNFa and IL-1p showed, revealing a
role of PCSK9 in macrophage inflammation associated to the
TLR4/NF«B pathway (31).

Meanwhile, a clinical study indicated that elevated serum
levels of PCSK9 were associated with new plaque formation even
after adjusting LDL-C levels and other traditional risk factors
(3). Therefore, the pro-atherosclerotic effect of PCSK9 was not
only related to the disturbance of lipid metabolism but also
intertwined with PCSK9-stimulated plaque inflammation, which
was further supported in ApoE™/~ or LDLR ™/~ transgenic mice
that overexpressed human PCSK9 (10). This study might provide
additional evidence of the local effect of PCSK9 on inflammatory
plaques, indicating the direct role of PCSK9 in atherosclerotic
plaques. That is, PCSK9 expressed from bone-marrow derived
macrophages could directly and locally accentuate vascular
inflammation by changing the composition of lesion, but not
by changing the lesion size and serum cholesterol level (10).
Interestingly, in vitro studies have also confirmed the association
of PCSK9 with monocyte-mediated plaque inflammation,
suggesting that local PCSK9 production by VSMCs could
inhibit C-C chemokine receptor type 2(CCR2)-dependent
chemotaxis of monocytes in plaques, thereby enhancing their
sustaining expression in the atherosclerotic environment (32).
In addition, pro-inflammatory leucocytes played a critical role in
atherosclerotic development and at the same time regulated the
composition of atheroma lesion while no significant changes in
cholesterol levels and lesion size were observed (33). Thus, these
findings demonstrated that through altering plaque composition
and accelerating inflammatory monocytes infiltration and
differentiation in plaques, PCSK9 could directly promote
atherosclerotic inflammation independently of cholesterol
regulation, which indirectly supported the notion that PCSK9
inhibitors can improve clinical outcomes through not only lipid
dependent but also lipid independent pathways.

PCSK9 AND INFLAMMATION: POTENTIAL
SIGNALING PATHWAYS

Although PCSK9 has been considered as a trigger for
the expression of pro-inflammatory cytokines, the detailed
mechanism it involves remains to be summarized. There
appeared two associated signaling pathways involved in the
positive regulation of PCSK9 to inflammatory cytokines
expression and atherosclerotic lesions formation.

Firstly, the Toll-like receptor 4(TLR4)/nuclear factor-kappa
B (NF-kB) signaling pathway has been found to be the main
pathway that mediates PCSK9-induced expression of pro-
inflammatory cytokine (34), and plays an indispensable role
in the initiation and development of atherosclerotic lesions
by inducing vascular inflammation (35). TLR4 stimulates the
activation of NF-kB transcription factor, which is obligated to
producing many pro-inflammatory genes, including TNF-a,
IL-6, interleukin(IL)-1, and macrophage chemotactic protein
1 (MCP-1) (36). Primarily functioning through regulating
inflammatory response, NF-kB is a Redox sensitive transcription
factor which can be activated by a variety of stimuli, including

oxidized LDL (ox-LDL), reactive oxygen species (ROS), Toll-like
receptor (TLR), cytokines, and bacterial products such as
LPS. In vitro studies in RAW264.7 macrophages stimulated
by ox-LDL also identified the involvement of the TLR4/NF-
kB signaling pathway in PCSK9-mediated inflammation.
According to their study, up-regulation and down-regulation of
PCSK9, respectively, increased and decreased ox-LDL-induced
expression of pro-inflammatory cytokines including TNF-a,
IL-18 and MCP-1. This outcome is related to the up-regulation
of TLR4 expression triggered by ox-LDL, followed by nuclear
translocation of NF-kB (34). Basically, PCSK9 is most likely to
increase the expression of pro-inflammatory cytokines through
combining with the C-terminal domain of TLR4, resulting in
increased TLR4 expression as well as activated TLR4/NF-kB
signaling pathway (34).

The effects of PCSK9 on TLR4/NF-kB regulated inflammation
has also been verified in a study with LPS-induced sepsis model,
in which LPS could induce inflammatory response by virtue
of increased PCSK9 (37). The interaction of LPS and PCSK9
may be explained by previous facts. LPS could induce TLR4
and trigger NF-kB signaling pathway, at the same time it up-
regulates PCSK9, then leads to systemic inflammation (38),
which might indicate that the pro-inflammatory effect of PCSK9
may be intermediated, at least in proportion, by targeting the
activation of the TLR4/NF-kB pathway (38). Another previous
study also showed that PCSK9 over-expression could increase
plasma IL-6 concentration, while knockout of PCSK9 could
decrease plasma IL-6 levels and attenuate organ inflammatory
response in the mouse septicemia model (39). Similar results were
also reported by another study on PCSK9 knockout mice. In
their study, data showed an attenuated impact on LPS-induced
inflammation and decreased plasma levels of pro-inflammatory
cytokines such as tumor necrosis factor-a (TNF-a), IL-6, MCP-
1, and macrophage inflammatory protein 2(MIP-2) (40). Results
from a human study further supported that patients with septic
shock who carried the PCSK9 loss-of-function (LOF) allele had
lower serum levels of pro-inflammatory cytokines compared
with patients with the gain-of-function (GOF) allele (40). These
findings indicated an association of PCSK9 with inflammation
in LPS-induced sepsis model, suggesting that PCSK9 would
play a role of pro-inflammatory mediator. Moreover, in the
study we have discussed at the beginning of this paragraph,
down-regulation of PCSK9 inhibitor Farnesoid X receptor
and peroxisome proliferation-activated receptor alpha (PPAR«)
transcription factor could increase PCSK9 expression, resulting
in a decrease in liver LDLR expression and an increase in plasma
LDL-C (37) (Figure 2).

Next, the activation of the PCSK9-LOX-1 axis has also been
demonstrated to participate in PCSK9-mediated inflammatory
response. During the formation of atherosclerotic plaque,
circulating oxidized LDL (ox-LDL) is bound to scavenger
receptors (SRs) of inflammatory mediators like LOX-1 locating
on the surface of endothelial cells (ECs) (22). As a well-
recognized mediator of inflammation and atherosclerosis (21,
41, 42), LOX-1 is the principal receptor for ox-LDL on ECs
and VSMCs, and is expressed when macrophages, SMCs,
and fibroblasts are exposed to ox-LDL, angiotensin II, or
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proinflammatory cytokines. Studies have shown that there is a
positive feedback between PCSK9 and LOX-1 in VSMCs. The
activation of LOX-1 stimulates the expression of PCSK9 (25),
and in contrast, PCSK9 promotes the expression of LOX-1
and the uptake of ox-LDL, which triggers a pro-inflammatory
state. Additionally, pathological studies did suggest that LOX-
1 and PCSK9 were co-expressed in atherosclerotic plaques,
indicting that PCSK9 and LOX-1 may interact with each other
in the inflammatory microenvironment (25). Notably, LOX-1
is highly expressed in growing plaques and ruptured plaques
(41) and also in ischemic heart, leading to inflammation and
cardiomyocyte apoptosis (43). And also, acting as a primary
NEF-kB activator, ox-LDL induces inflammatory response in EC
and macrophages and enhances the expression of PCSK9 (44).
In contrast, down-regulation of PCSK9 could reduce ox-LDL-
induced inflammatory response accompanied by reduction in
pro-inflammatory cytokines including IL-1a, IL-6, and TNF-
o (44). Laboratory studies on LOX-1 gene deletion and
LDLR knockout mice have shown a significant reduction in
atherosclerosis progression (45), which might be in relation
to a critical reduction in the accumulation of inflammatory
cells in the vessel wall. On the contrary, LOX-1 overexpression
in ECs could accentuate plaque formation and atherosclerotic
progression (46).

The interplay between PCSK9 and LOX-1 may also be
explained by the regulation of mitochondrial ROS (mtROS)
and NF-kB (47). Interestingly, VSMC-originated PCSK9 was
shown to induce the damage of mitochondrial DNA, the
fragments of which could promote mtROS-mediated expression
of PCSK9/LOX-1 (48). Both in vitro and in vivo studies

showed that changes in ROS production and fluid shear force
would activate the PCSK9-LOX-1 axis (47). Mechanically, the
regulation of fluid shear stress on PCSK9 expression was
mediated by Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase-dependent ROS production in VSMCs and
ECs of human and mouse aorta (47). Meanwhile, evidence
showed that the two-way crossover linking ROS production
and PCSK9 expression may be mediated by the NADPH
oxidase system in aortic tissue under inflammatory state, thereby
regulating the deposition of LDL and ox-LDL in atherosclerotic
areas (49). In general, under low shear stress conditions, such as
in the inflammatory state, PCSK9 could enhance inflammatory
response in atherosclerotic lesion through activation of the
ROS/NF-kB/LOX-1/0xLDL axis in VSMCs.

In summary, PCSK9 up-regulates the expression of TLR4
and LOX-1, both of which further activates NF-kB and induces
the expression of inflammatory cytokines. Thus, TLR4/NF-
kB axis and PCSK9/LOX-1/NF-kB axis are the two mainly
involved signaling pathways mediating the PCSK9-induced pro-
inflammatory conditions.

PCSKO9 INHIBITORS AND INFLAMMATION:
CLINICAL AND EXPERIMENTAL
OBSERVATIONS

Both experimental results and clinical trials indicated the
repressive role of PCSK9 inhibition on vascular inflammation
and subsequent development of atherosclerosis.
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PCSK9 antagonists could be achieved by active vaccination
which binds to PCSK9 and inhibits its interaction with LDLR.
In APOE*3 Leiden.cholesteryl ester transfer protein (CETP)
mice study (16), data showed that PCSK9 ATO04A vaccine
could exert immunosuppression to circulating PCSK9, and
reduce the plasma cholesterol levels by 53% (16), and decrease
the concentrations of macrophage colony stimulating factor
1(M-CSF-1), vascular endothelial growth factor A(VEGF-A).
Then, reduced plasma levels of M-CSF-1 and VEGF-A led
to decreased expression of intracellular adhesion molecule-1
(ICAM-1) in endothelial cells, thereby reducing recruitment
and adhesion of monocytes to the vascular endothelium
(16) (Figure 3). Moreover, a decrease in the number and
size of atherosclerotic plaques was also observed in AT04A-
inoculated mice (16). Besides, in a prospective, observational,
multicenter trial involving 21 consecutive patients with stable
CVD, researchers evaluated arterial inflammation using 18F-
fluoro-2-deoxy-D-glucose.

(FDG) positron emission tomography/computed tomography
(PET/CT). They found that long-term administration of PCSK9

inhibitor significantly improved arterial inflammation, and that
in index vessel, target-to-background ratio (TBR) detected by
PET/CT significantly decreased by 0.92 (95% CI: 0.56, 1.28, P <
0.001) (50).

In addition of clinical data, there was also experimental data
from an in vivo study using ApoE *3Leiden.CETP mice. This
study found that alirocumab reduced endothelial expression
of ICAM-1 and Ly6CM monocytes (LysC™ monocytes are the
precursors of proinflammatory M1 macrophages, and they would
progress into pro-inflammatory M1 macrophages) (15). The
results also showed the decrease of other markers for vascular
inflammation including T cell abundance in the aortic root
region, necrotic content in macrophages, cholesterol division in
arterial plaques as well (15). Briefly, alirocumab can significantly
improve morphology and stability of lesion in mouse models of
atherosclerosis (15).

In addition of intracellular accumulation of lipids in
monocytes, a clinical study carried out in patients with Familial
hypercholesterolemia (FH) also observed that PCSK9 inhibition
decreased chemokine receptor Type-2(CCR2) expression
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TABLE 3 | Percentage changes of hsCRP and LDL-C after PCSK9 inhibition agents treatments.

clinical study PCSKQ inhibition agents

Hs-CRP (mg/L)

LDL-C (mg/dL)

Baseline Post Percentage change Baseline Post Percentage change
FOURIER (52) Evolocumab 1.7 1.4 0% vs. placebo 92.0 30.0 —59% vs. placebo
ODYSSEY COMBOQII (54) Alirocumab 3.58 3.51 —2% vs. baseline 108.0 53.3 —49.5% vs. baseline
ODYSSEY OUTCOMES (55) Alirocumab 1.6 NA NA 87.0 53.0 —54.7% vs. placebo
Single-Center study (53) Evolocumab 1.81 2.46 +35.9% vs. baseline 118.0 64.0 —45.7% vs. baseline
Post-hoc analysis of the SPIRE Bococizumab 1.88 1.84 +6.6% vs. placebo 96.5 34.7 —60.5% vs. placebo

trials (19)

which correlated with diminished trans-endothelial migratory
capability of monocytes (51). Meanwhile, reduction in TNF-a
levels and elevation in anti-inflammatory cytokine IL-10 were
also revealed (51). Further evidence from clinical trials showed
an anti-inflammatory role of evolocumab, alirocumab, and
bococizumab in patients with stable CAD patients (19, 52)
and patients living with HIVs (PLWH) and People With
Dyslipidemia (53) (Table 3).

All these studies indicated that systemic and vascular
inflammation and the development of atherosclerosis were
ameliorated by PCSK9 inhibitors. However, PCSK9 inhibitors
failed to affect the level of hs-CRP in some studies.

Results of post-hoc analysis of the SPIRE trials of bococizumab
(19) showed that plasma levels of hs-CRP measured 14 weeks
after drug initiation did not decrease as expected (46.6%), while
circulating LDL-C markedly reduced by 60.5%. In a placebo-
controlled, double-blind study, 14 weeks of alirocumab treatment
resulted in a robust reduction in arterial wall inflammation
and marked LDL-C-lowering in high CV risk patients, but no
changes were observed in the plasma inflammatory markers (56).
Besides, in a randomized, double-blind, and dose-ranging phase 2
Study conducted in patients with CHD, PCSK9 inhibitor RG7652
treatment led to a significant dose-dependent decrease in LDL-C
level, but failed to bring in significant reductions in circulating
systemic markers such as hs CRP, IL-6, and TNF-a (57). More
convincingly, a meta-analysis of randomized controlled trials
assessing the impact of PCSK9 inhibitors also concluded that
there was no significant impact on circulating level of hs-
CRP (13).

PCSK9 AND INFLAMMATION:
CONCLUSION

As is well-known, ASCVD is a leading cause of mortality in
the world and lipid metabolic disorder and inflammation are
two principal triggers for the development of ASCVD. PCSK9
as an emerging novel target for LDL-C catabolism has widely
been well-recognized since discovery via parallel molecular
biology and clinical genetics studies in 2003. Following studies
to characterize PCSK9 has shed new light on its multiple effects
of cardiovascular system. One of them is the interaction between
PCSK9 and inflammation.

The pro-inflammatory role of PCSK9 in atherosclerosis
progression has been confirmed both by experimental evidence
and clinical data. Animal models confirmed that PCSK9 gene
expression could affect serum levels of systemic inflammatory
cytokines such as IFN-c, TNF-a, IL-6, and MCP-1. Observations
in recent years from clinical studies found that in patients
with ACS and CAD, elevated plasma levels of PCSK9 were
independently linked to major systemic inflammatory markers
including WBCs, hs-CRP, and fibrinogen. At the same time, there
still are abundant experimental and clinical data investigating
the consequences of PCSK9 inhibition on systemic and vascular
inflammation. Atherosclerosis models exhibited that PCSK9
inhibition restrains atherosclerotic progression and improves
plaque morphology. Clinical data showed that alirocumab
therapy exerted local anti-inflammatory effect through
decreasing the expression of CCR2 and anti-inflammatory
cytokines. These discoveries regarding the relation of PCSK9 to
inflammation have refreshed our understandings of the PCSK9
and PCSK9 inhibitors, which may help to promote a new era of
cardiovascular disease prevention.

As a consequence, further studies may be needed to be
carried out to explore the direct anti-inflammatory effect of
PCSKO9 inhibitors irrespective of LDL-C reduction. Exploring the
connections of PCSKY inhibition, amelioration of inflammation,
and CV risk reduction by virtue of investigations from future
studies and post-hoc analyses of long-term clinical trials are also
of necessity.
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High Density Lipoprotein Reduces
Blood Pressure and Protects
Spontaneously Hypertensive Rats
Against Myocardial
Ischemia-Reperfusion Injury in an
SR-BIl Dependent Manner

Aishah Al-Jarallah ™ and Fawzi Babiker?

" Department of Biochemistry, Faculty of Medicine, Kuwait University, Kuwait City, Kuwait, 2 Department of Physiology, Faculty
of Medicine, Kuwait University, Kuwait City, Kuwait

Background: Hypertension is a key risk factor in the development of cardiovascular
diseases. Elevation in blood pressure alters high density lipoprotein (HDL) function
and composition. The exact role of HDL in cardiovascular complications observed in
hypertension is however not clearly understood. HDL protected against myocardial
ischemia/reperfusion (I/R) injury in normotensive rats. Nonetheless, it's not clear if
restoration of HDL function and/or composition protects against myocardial I/R injury
in spontaneously hypertensive rats (SHR).

Objectives: In this study we tested the effect of HDL treatment on I/R injury in Wistar
Kyoto rats (WKY) and SHR and investigated the possible underlying mechanism(s).

Methods: HDL (900 ng/kg/min) or vehicle were continuously administered to 11-week
old WKY and SHR for 1 week (chronic treatment). Blood pressure was measured before
and after treatment. Hearts were subjected to I/R injury using a modified Langendorff
system. Another set of rats were treated with HDL administered at reperfusion (acute
treatment) in the presence or absence of scavenger receptor class B type-l (SR-BI)
blocking antibody. Cardiac hemodynamics were computed and cardiac enzyme release
and infarct size were measured. Total cholesterol (TC) and HDL-cholesterol (HDL-C)
were enzymatically assayed. Markers of autophagy and inflammation were detected by
immunoblotting and ELISA, respectively.

Results: HDL treatment did not increase TC or HDL-C levels in SHR or WKY,
yet it significantly (P < 0.01) reduced systolic and diastolic blood pressure in SHR.
Chronic and acute HDL treatment significantly (P < 0.05) protected WKY and
SHR against myocardial I/R injury. Chronic HDL treatment was significantly (P <
0.05) more protective in SHR whereas acute HDL treatment induced significantly
(P < 0.05) greater protection in WKY. The extent of HDL induced protection was
proportional to the expression levels of cardiac SR-Bl and blockage of SR-Bl completely
abolished HDL mediated protection in SHR. Chronic HDL treatment significantly
(P < 0.05) reduced markers of autophagy and inflammation in hypertensive rats.
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HDL Induces Cardioprotection in SHR

Conclusions: We demonstrate a novel anti-hypertensive and a cardioprotective effect
of HDL against myocardial I/R injury in SHR, the magnitude of which is directly related to
the expression levels of cardiac SR-BI. Mechanistically, chronic HDL treatment protected
SHR hearts by reducing autophagy and inflammation.

Keywords: high density lipoprotein, ischemia reperfusion injury, cardiac protection, hypertension, autophagy,

inflammation

INTRODUCTION

Hypertension is a leading cause of premature deaths. In 2015,
elevated systolic blood pressure (SBP) claimed the lives of
8.5 million individuals worldwide (1-3). It represents an ever
growing health condition that imposes a huge financial burden
on the economy of the affected countries. The number of
hypertensive individuals doubled from 1990 to 2019 to be
652 million males and 626 million females (2) and the cost
of hypertension per country has been estimated to be several
dozen billion Int$ (3). In addition, hypertension is a major risk
factor of cardiovascular diseases (CVD), whereby increased blood
pressure attributes to 47% of coronary heart disease (CHD)
cases (4, 5). Moreover, blood pressure lowering is an effective
strategy in reducing blood pressure related deaths (6-9). Control
randomized clinical trials demonstrated that patients at high
cardiovascular risk or patients with established CVD benefit
from blood pressure lowering treatments whether they were
normotensive or hypertensive (6-11). In addition an inverse
relationship exists between HDL levels and the risk of CHD
(12-16). Low HDL cholesterol (HDL-C) and hypertension are
symptoms of metabolic syndrome and both are important
predictors of acute myocardial infarction (17). HDL-C levels are
inversely associated with the risk of hypertension (18, 19) and
a combination of high-normal blood pressure with low HDL-C
was associated with increased mortality (20). Reduced HDL-C
levels and impaired HDL synthesis and turnover were reported
in patients with mild hypertension (21). Furthermore, increased
blood pressure eliminated the protective effects of HDL against
CHD and stroke (9). HDL function and composition were altered
by hypertension and anti-hypertensive drugs. Reduced contents
of HDL phospholipids and changed phospholipid composition
represented as a lower ratio of phosphatidylcholine and
higher relative levels of lysophosphatidylcholine, sphingomyelin
and phosphatidylethanolamine were reported in patients with
hypertension (22). The exact relationship between HDL and
hypertension is however not clearly understood.

Deteriorated cardiac functions (23-26) and enhanced cardiac
autophagy (27-29) were reported in experimental models of
hypertension. Compared to normotensive controls, hearts from
experimental models of hypertension were resistant to protection
induced by ischemic post-conditioning (30-32), erythropoietin
(33), helium (34), and short-term infusion of captopril (35). In
vivo and ex vivo administration of HDL or HDL components
protected rodent hearts from ischemia reperfusion (I/R) injury
(36). Acting on cardiomyocytes, endothelial cells and leukocytes,
HDL induced cardioprotection involved simultaneous inhibition

of the damaging effects of I/R injury and activation of internal
protective responses including the activation of the reperfusion
injury salvage (RISK) (37) and the survivor activating factor
enhancement (SAFE) pathways and subsequent inhibition of
mitochondrial permeability transition pore (mPTP) opening
(38). In addition, HDL stimulated the release of vasoactive
(37) and cardioprotective compounds (39). Nonetheless it’s not
clear if HDL can protect hearts from hypertensive rodents
against myocardial I/R injury. We therefore sought to test the
effect of HDL on I/R injury in normotensive, Wistar Koyoto
rats (WKY), and spontaneously hypertensive rats (SHR) and
examine the involvement of autophagy and inflammation as
possible mechanisms of HDL mediated effects. We demonstrate
that HDL treatment reduces SBP and diastolic blood pressure
(DBP) in SHR. Chronic and acute HDL treatments protected
WKY and SHR against myocardial I/R injury yet, to different
extents. Chronic HDL treatment induced greater protection in
SHR, while acute HDL treatment was more protective in WKY.
Interestingly the magnitude of HDL protection in WKY and
SHR was proportional to the expression levels of cardiac SR-
BI in these rats. HDL was more protective against myocardial
I/R injury in rats expressing greater levels of cardiac SR-
BIL. Blockage of SR-BI completely abrogated HDL mediated
protection against I/R injury in SHR. HDL treatment reduced
autophagy markers beclin, microtubule-associated protein 1 light
chain 3 (LC-3) B and autophagy regulated gene (Atg)-12 and
tumor necroses factor-o. (TNF-a) levels in SHR suggesting that
HDL mediated cardiac protection in hypertensive rats involves
simultaneous attenuation of multiple detrimental pathways
including autophagy and inflammation. Our data emphasize
a multifaceted role of HDL in protecting hypertensive rats
against myocardial I/R injury by virtue of its systemic (blood
pressure lowering) and/or local (attenuation of inflammation and
autophagy) effects.

MATERIALS AND METHODS

Materials
All materials were purchased from Sigma Aldrich (Munich,
Germany) unless stated otherwise.

Animals and Instrumentation

In experiments testing the effect of chronic HDL treatment on
I/R injury, 11-week old male WKY (334 £ 29g) and SHR (282
+ 20g) were used. Animals were kept under internationally
accepted conditions in the Animal Resource Center, Faculty
of Medicine, Kuwait University and had free access to food
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FIGURE 1 | Experimental protocols used in the study. Eleven week old WKY and SHR were implanted with vehicle control or HDL containing osmotic pumps. One
week later, rats were sacrificed and subjected to ischemia/reperfusion injury (I/R) with 30 min of stabilization followed by 30 min of ischemia and 30 min of reperfusion
(protocol A). A group of untreated WKY and SHR were sacrificed and subjected to I/R injury. SR-BI blocking antibody was administered at 20 min of ischemia. Ten
minutes later, hearts were perfused with HDL (400 j.g) in the presence of SR-BI blocking antibody for the remaining of the 30 min the reperfusion period (protocol B).
Another group of untreated WKY and SHR were injected with 3-MA (30 mg/Kg) into the femoral vein. Two hours later, rats were sacrificed and subjected to 30 min of

cardiac
enzymes

Histological
analysis of
infarct size
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and water. All procedures that involved rats were approved by
the Health Sciences Research Ethics Committee. The rats were
divided into four groups (n = 12 rats per group): (1) WKY-
vehicle; (2) WKY-HDL; (3) SHR-vehicle; (4) SHR-HDL. HDL
(900 ng protein/kg/min) or phosphate-buffered saline (PBS) (as
a vehicle) were continuously administered using Alzet osmotic
minipumps implanted subcutaneously into the back of the rats.
This dosage was selected based on previously reported data by Lin
et al. (40). One week later, rats were sacrificed, plasma samples
were collected and cardiac response to I/R injury was examined.
Blood pressure was measured prior and post-implantation or at
week 12 in non-implanted rats using CODA High Throughput
System with 4 activated channels (41). SBP >160 mmHg was used
as a cutoff value for hypertension. Rats that did not reach the
cutoff value were excluded from the study. In experiments testing
the effects of acute HDL treatment and the involvement of SR-BI,
12-week old WKY and SHR (#n = 30) were used. Finally, a distinct
cohort of 12-week old WKY and SHR (n = 22) was set to test the
effect of 3-methyladenine (3-MA).

Heart cannulation and perfusion was performed as
described previously (42). Briefly, isolated hearts were perfused
retrogradely with freshly prepared Krebs-Hensleit buffer, pH
7.35-7.45 at 37.0 = 0.5°C and gassed with CO, (5%) and O,
(95%). Regional ischemia was induced by occluding left anterior

descending (LAD) coronary artery for 30 min. The success
of ischemia induction was evaluated online at the onset of
ischemia by the immediate drop in the coronary flow. Two rats
were excluded from the study because of left ventricular (LV)
fibrillation. Preload was kept constant at 6 mmHg under basal
controlled conditions and perfusion pressure (PP) at 50 mmHg
throughout the experimental procedure in all protocols. The
perfusion pressure was measured downstream from a branch
of the aortic cannula using a “statham pressure transducer”
(P23 Db). Constant PP was ensured electronically by means of
the perfusion assembly [“Module PPCM type 671 (Hugo Sachs
Elektronik- Harvard ApparatusGmbH, Germany”)], an effective
system for the accurate adjustment of PP between 5 and 150
mmHg with 1 mmHg accuracy level.

Study Protocol and Study Groups

All hearts were subjected to 30 min of ischemia produced by
LAD coronary artery occlusion. The LAD coronary artery was
encircled by a snare at ~0.5 cm below the atrioventricular groove,
and a small rigid plastic tube was positioned between the heart
and the snare to ensure complete occlusion of the coronary
artery. Hearts were then reperfused for 30 min without any
additions to the perfusion buffer (Figure 1, protocol A). In
experiments testing the involvement of SR-BI in HDL mediated
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cardiac protection, hearts isolated from WKY and SHR were
infused with SR-BI blocking antibody (Novus Biologicals, CO,
USA, NB400-113, 1:100) during the last 10 min of ischemia, then
perfused with or without HDL (acute treatment, 400 g protein)
in the presence of the antibody for the remaining 30 min of
the reperfusion period, using a total volume of 150 ml of the
perfusion buffer (Figure 1, protocol B). The role of autophagy in
I/R injury was tested by the administration of 3-MA (30 mg/Kg)
into the femoral vein 2 h prior to sacrifice followed by 30 min of
ischemia and 30 min of reperfusion without any additions to the
perfusion buffer (Figure 1, protocol C).

Data Collection and Processing

LV function was evaluated by the assessment of LV end diastolic
pressure (LVEDP) and LV developed pressure (DPmax), cardiac
contractility was monitored by heart contractility index values
(£dP/dt), while coronary-vascular dynamics were evaluated by
the assessment of the coronary flow (CF) and coronary vascular
resistance (CVR). Cardiovascular functions were measured as
previously described (42). Briefly, a water-filled latex balloon was
placed and secured in the LV cavity. The balloon was attached to
a pressure transducer and a “DC-Bridge amplifier (DC-BA)” with
a pressure module (DC-BA type 660, Hugo-Sachs Electronik,
Germany) and interfaced to a personal computer for on-line
monitoring of DPmax. LV developed pressure was derived
from online acquisition of LV end systolic pressure (LVESP)
using Max-Min module (Number MMM type 668, Hugo Sachs
Elektronik-Harvard ApparatusGmbH, Germany) which has the
ability to convert the output from DC bridge amplifier to DPmax
by subtracting LVEDP from the LVESP.

Coronary flow was continuously measured using an
electromagnetic flow probe attached to the inflow of the aortic
cannula interfaced to a personal computer. The continuous
monitoring of the CF in ml/min was digitally monitored
using software developed specifically for this purpose and was
manually verified by the timed collection of coronary effluent.
The CVR and hemodynamics data were determined every 10s
using an on-line data acquisition program (Isoheart software
V 1.524-S, Hugo-Sachs Electronik, Germany). By the end of
each experiment, hearts were weighed then snap frozen in liquid
nitrogen then stored in —80°C. The tibia was isolated and
its length was measured with ruler and the heart weight was
expressed relative to the tibia length.

Evaluation of Cardiac Injury by
Measurements of Infarct Size and Cardiac

Enzyme Levels

The infarct size was determined by triphenyltetrazolium chloride
(TTC) staining as described previously (32). Each heart was sliced
into 4-5 pieces along the long axis. The slices were then incubated
for 15min in 1% TTC solution in isotonic phosphate bufter (pH
7.4) at 37°C and fixed in 4% formaldehyde. Images were taken
using a Samsung camera. Red and pale unstained areas of every
slice were indicated manually on the image using Leica Image]
(Image J, Wayne Rasb and National Institute of Health, USA).
The percentage infarct area was calculated relative to total LV

area. Cardiomyocyte injury was evaluated by measuring creatine
kinase (CK), or troponin release in the coronary effluent during
the reperfusion period as previously described (43). Briefly, CK
was measured using a CK specific kit (catalog # 442635, Beckman
Coulter, CA, USA) with an analytical range of 5-1,200 IU/L and
ran using UniCel® DXC 800 Synchron Access Clinical Systems
(Beckman Coulter, CA, USA). Troponin was measured using
troponin specific kit (catalog # B52699, Beckman Coulter, CA,
USA) with a quantification limit of 5.6 pg/ml at 10% CV and ran
using UniCel® DXI 800 Access Immunoassay System (Beckman
Coulter, CA, USA).

Immunoblotting

Heart homogenates were prepared using a buffer containing
0.2x PBS, 0.1 % triton-X 100, 1 x phosphatase inhibitor and 1x
protease inhibitor cocktail then centrifuged at 14,000 rpm in a
bench top minicentrifuge for 10 min at 4°C. Membrane fractions
were prepared by homogenizing hearts on ice for 3 min in 20 mM
Tris-HCI, pH 7.5 containing 2mM MgCl,, 0.25M sucrose, and
1x protease inhibitors. Homogenates were centrifuged at 3,000
x g for 10min at 4°C and supernatants were subjected to
another centrifugation step at 100,000 x g for 1h at 4°C. The
pellet was suspended in 50 mM Tris-HCI, pH 7.5 containing 1x
protease inhibitors cocktail and 0.1% sodium dodecyle sulfate.
Protein concentration from total homogenates and membrane
fractions was measured using the BCA-protein determination
kit (Themoscientific, Ottawa, Ontario, CA) and samples were
aliquoted and stored at —80°C for further analysis. After boiling,
samples (50 jLg protein) were subjected to SDS-PAGE and PVDF
membranes were immunoblotted with anti-beclin-1, LC3B, Atg-
3, Atg-5, Atg-7, Atg-12 (Cell Signaling, MA, USA), or anti-SR-
BI (Abcam, MA, USA) overnight, followed by HRP-conjugated
donkey anti-rabbit antibody (Jackson ImmunoResearch, PA,
USA). Bands were detected using Super Signal Western
Pico chemiluminescence Substrate (Thermoscientific, Ottawa,
Ontario, CA) and quantified using Biorad gel doc RX System
(BioRad, CA, USA).

Measurements of Plasma Cholesterol

Plasma total cholesterol (TC) and HDL cholesterol (HDL-C)
were measured enzymatically using commercially available kit
(Abcam, MA, USA) following the manufacturer instructions.

Measurements of TNF-« and IL-6 Levels
Total heart homogenates were assayed suing TNF-a and IL-6
ELISA kits (Thermosceinfic, Ottawa, Ontario, CA) according to
manufacturer instructions.

Statistical Analysis

Multiple comparisons were evaluated using two-way analysis of
variance (ANOVA). In cases of statistical significance, the post-
hoc analysis using LSD test was performed (SPSS). Student’s T-
Test was used to assess the significance in molecular experiments
(Microsoft Excel). Data were considered statistically significant
at P < 0.05. Data are presented as mean =+ standard error of the
mean (SEM) of “n” number of experiments.
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TABLE 1 | Blood pressure measurements of WKY and SHR treated with or without HDL.

Control HDL
Pre-implantation Post-implantation Pre-implantation Post-implantation
SBP DBP SBP DBP SBP DBP SBP DBP
WKY
Mean + SEM (mmHg) 116+£2 72+19 107 £ 4 70+ 3.5 180 £ 3 88+25 124 £ 6.8 83+6
SHR
Mean = SEM (mmHg) 174 £ 4.5% 120 + 6" 169 + 6 117 £ 6 169 + 4* 111 £ 5% 136 + 4.4*8 85 + 4*S
*P < 0.01 vs. WKY.
P < 0.01 vs. pre-implantation.
8P < 0.017 vs. control SHR.
A Plasma total and HDL cholesterol B Hepatic SR-BI
WKY SHR
HDL - + - +
SR-Bl = wwwm wwee e 82 KDa
GAPDH ___ 8 e «== 39KDa
160 - 4.0 -
@ Control Pump
= OHDL Pump *
=
3 120 L S 3.0 1 1
£ $ I
= $ ©
° s 32 z
% 807 2 204
i}
] 7}
2 <
o ®
40 o
T 1.0 -
0 -
C HDL-C TC HDL-C 0.0 -
WKY SHR HDL -~ @ - #
WKY SHR
FIGURE 2 | Effects of HDL treatment on plasma cholesterol and hepatic SR-BI expression in WKY and SHR. Plasma total and HDL cholesterol levels (A) and hepatic
SR-Bl expression (B) in WKY and SHR treated with or without HDL. Data are mean =+ SEM, $P < 0.05 vs. the same parameter and treatment group in WKY, n =
7-10, *P < 0.05 vs. untreated animals of the same genotype, n = 5-6.

RESULTS

Effects of HDL Treatment on Blood

Pressure and Plasma Cholesterol Levels

SHR exhibited significantly higher (P < 0.01) SBP and DBP than
WKY (Table 1). HDL treatment significantly (P < 0.01) reduced
SBP and DBP in SHR by 20% and 23% relative to preimplantation
levels, respectively, and by 20% (SBP) and 27% (DBP) relative
to SHR implanted with the vehicle pump (Table 1). SBP and
DBP in HDL-treated SHR were not significantly (P > 0.05)
different from WKY (Table 1). HDL treatment did not have a
significant (P > 0.05) effect on heart to tibia length ratio in WKY
or SHR (Supplementary Figure 1). Finally, SHR demonstrated
significantly (P < 0.05) lower total cholesterol and HDL-C than

WKY and HDL treatment did not significantly (P > 0.05) alter
plasma total cholesterol or HDL-C in SHR or WKY (Figure 2A).
The lack of increase in HDL-C in HDL treated rats maybe
explained by the trend toward an increase (in WKY) and the
statistically significant (P < 0.05) increase (SHR) in hepatic SR-BI
protein levels (Figure 2B) suggesting enhanced clearance of HDL
in HDL treated rats.

HDL Protects WKY and SHR Against

Myocardial I/R Injury to Different Extents

Hearts from WKY and SHR treated with or without HDL
were isolated and subjected to I/R injury ex-vivo. Cardiac
contractility and hemodynamics were recorded and the extent
of ischemic damage was assessed by cardiac enzyme release
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FIGURE 3 | Effect of chronic HDL treatment on I/R injury in WKY and SHR. Post-ischemic recovery parameters of cardiac functions including DPmax (A), LVEDP (B),
cardiac contractility (C,D), CF (E), and CVR (F). Data were computed at 30 min of reperfusion and expressed as means + SEM. DPmax, maximum developed
pressure; LVEDP, left ventricular end diastolic pressure; CF, coronary flow; CVR, coronary vascular resistance. *P < 0.5 compared to ischemic period, #P < 0.5
compared to control pump, #P < 0.05 vs. HDL treated WKY, n = 6-10 rats per group.

and measurements of infarct size. Hearts from normotensive
rats treated with HDL (chronic treatment) demonstrated
significant (P < 0.05) improvements in DPmax and LV
pressure (Figures 3A,B), cardiac contractility (Figures 3C,D)
and cardiac hemodynamics (Figures 3E,F) during reperfusion
compared to ischemic period and relative to untreated controls.
Similarly, chronic HDL treatment of SHR significantly (P <
0.05) improved DPmax, LV pressure, cardiac hemodynamics,
and contractility relative to the ischemic period and relative
to SHR controls (Figures 3A-F). HDL however, demonstrated
significantly (P < 0.05) enhanced protection on cardiac

contractility and hemodynamics in SHR relative to WKY
(Figures 3A-F). Moreover, measurements of cardiac enzymes
revealed significantly (P < 0.05) higher levels of CK in control
SHR relative to control WKY during periods of ischemia
and reperfusion (Table2), possibly suggesting enhanced
susceptibility of hearts from SHR to cardiac damage. Chronic
HDL treatment significantly reduced (P < 0.05) CK release
in WKY and SHR by 46% and 69%, respectively (Table 2). In
addition, chronic HDL treatment significantly (P < 0.05) reduced
infarct size in WKY and SHR (Figure 4). Collectively this data
suggest that chronic, in vivo, HDL treatment protects WKY and
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TABLE 2 | Effect of chronic HDL treatment on creatine kinase release in response
to I/R injury.

CK (IU/L)
Control HDL
Ischemia Reperfusion Ischemia Reperfusion
WKY 3.5+ 0.54 32+141 6.2 +1.8 3.3+1.1
SHR 10.5 +2.5% 27.76 £ 0.5%% 12.3 4 3.1 3.8 +0.8"

$P < 0.05 vs. WKY.
#P < 0.05 vs. ischemia.
*P < 0.05 vs. untreated controls.

40 O Control

@HDL

30 4

20 - *

10 +

% Infarct Area/ LV area

WKY SHR

FIGURE 4 | HDL treatment reduces infarct size in WKY and SHR. WKY and
SHR rats were treated with or without HDL and subjected to I/R injury ex-vivo.
Infarct size was quantified in TTC stained sections. Data are expressed as
means + SEM, *P < 0.01, n = 3-5 per treatment.

SHR against I/R injury. The extent of HDL-mediated protection
however, appears to be different between normotensive and
hypertensive rats. The observed differences in HDL mediated
cardiac protection may possibly suggest differences in HDL
signaling between WKY and SHR.

HDL Requires SR-BI for Protection Against
Myocardial I/R Injury

We have tested the involvement of the HDL receptor, SR-
BI in HDL mediated cardiac protection in WKY and SHR
using SR-BI blocking antibody (Figure 5). In these experiments
HDL was administered at reperfusion (acute treatment) in
the presence or absence of SR-BI blocking antibody. HDL
administration at reperfusion significantly (P < 0.05) improved
cardiac contractility and hemodynamics in WKY and SHR
(Figures 5A-F). HDL however, was more protective in WKY
than SHR when administered at reperfusion as indicated by the
significant (P < 0.05) increase in DPmax (Figure 5A), £dp/dt
(Figures 5C,D) and CF (Figure 5E) and the significant (P < 0.05)
decrease in CVR (Figure 5F).

Furthermore, the administration of HDL at reperfusion in
the presence of SR-BI blocking antibody significantly (P < 0.05)
increased DPmax, cardiac contractility (+dP/dt and -dP/dt)
and CF (Figures 5A,C-E) and significantly (P < 0.05) reduced
LVEDP and CVR relative to ischemia and relative to untreated
controls in WKY (Figures 5B,F). Moreover, HDL treatment in
the presence of SR-BI blocking antibody in WKY, significantly
(P < 0.05) increased DPmax and CVR (Figures 5A,F) and
significantly (P < 0.05) reduced LVEDP, CF relative to HDL-
treated rats (Figures 5B,E). This suggests blockage of SR-BI
did not abolish HDL induced cardiac protection in WKY,
rather it reduced it. In SHR however, HDL treatment in the
presence of SR-BI blocking antibody did not result in any
significant improvements in cardiac contractility, hemodynamics
or ventricular pressure relative to ischemia or relative to
the untreated controls (Figures 5A-F), suggesting the absolute
requirement of SR-BI in HDL mediated cardiac protection
in SHR.

Together, this data suggest that while SR-BI plays an
indispensable role in mediating HDL induced cardiac protection
in SHR, this however, does not seem to be the case in
normotensive rats. In WKY HDL remained protective, albeit to
a lesser extent than HDL alone, in the presence of SR-BI blocking
antibody. The residual HDL mediated cardiac protection in WKY
in the presence of SR-BI blocking antibody, possibly suggests the
presence of alternative or additional pathways or mechanisms
by which HDL protects against cardiac I/R injury. Interestingly,
the magnitude of HDL induced cardiac protection in WKY and
SHR varied between the chronic and acute treatments. In chronic
treatment HDL was more protective in SHR (Figure 3), however
in the acute treatment, HDL was more protective in WKY
(Figure 5). The finding that SR-BI is required for HDL mediated
cardiac protection in WKY and SHR may implicate differences
in SR-BI mediated signaling in HDL induced protection against
myocardial I/R injury.

We have therefore examined the expression levels of SR-
BI in WKY and SHR subjected to chronic or acute HDL
treatment (Figure 6). There was no significant difference in
basal SR-BI protein levels in total heart homogenates from
WKY and SHR (Figure 6A). Nonetheless, WKY expressed
significantly (P < 0.01) higher levels of cardiac SR-BI than
SHR in membrane fractions (Figure 6B) suggesting differences
in SR-BI localization between WKY and SHR. Finally, total
heart homogenates from WKY and SHR treated in vivo
(chronically) with or without HDL were examined (Figure 6C).
Significantly (P < 0.05) higher levels of cardiac SR-BI were
detected in vehicle treated SHR compared to vehicle treated
WKY. Chronic HDL treatment significantly (P < 0.05) increased
cardiac SR-BI expression in SHR (Figure 6). These changes
in receptor expression levels in response to HDL were not
however observed in WKY. Collectively this data suggest the
possibility that the observed differences in the magnitude
of HDL induced protection between WKY and SHR in
response to chronic or acute treatment could be attributed to
differences in SR-BI expression levels. HDL induced greater
protection against I/R injury in hearts expressing greater levels
of SR-BL.
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FIGURE 5 | The role of SR-BI in HDL mediated cardiac protection against I/R injury in WKY and SHR. Post-ischemic recovery parameters of cardiac functions
including DPmax (A), LVEDP (B), cardiac contractility (C,D), coronary hemodynamics (E,F). Data were computed with no addition control, with HDL (400 .g)
administered at reperfusion (acute treatment) in the presence or absence of SR-BI blocking antibody and expressed as means + SEM. DPmax, maximum developed
pressure; LVEDP, left ventricular end diastolic pressure; CF, coronary flow; CVR, coronary vascular resistance; *P < 0.5 compared to ischemic period. #P < 0.5
compared to no addition control, *P < 0.05 relative to HDL treated SHR, ¥P < 0.05 vs. HDL treatment of the same genotype, n = 3-8 rats per group.
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HDL Attenuates Autophagy and

Inflammation in SHR

We have tested the involvement of autophagy in mediating
I/R injury in WKY and SHR using autophagy inhibitor 3-
MA. Administration of 3-MA in vivo significantly (P < 0.05)
improved cardiac hemodynamics and cardiac contractility in
WKY during reperfusion relative to ischemia and relative to
untreated controls (Figures 7A-F). Treatment of SHR with 3-
MA however, did not result in any significant improvements in
the tested parameters at reperfusion compared to ischemia or
relative to untreated controls (Figures 7A-F). Consistent with
parameters of cardiac physiology, 3-MA treatment significantly
(P < 0.05) reduced troponin levels in WKY but not in
SHR (Table 3). Moreover, 3-MA treatment significantly (P
< 0.001) reduced the infarct size in WKY but not SHR
(Figure 8). This suggests that blockage of autophagy protects
WKY against I/R injury, yet it's not sufficient to induce protection
in SHR. Protection against myocardial I/R injury in SHR
may possibly require the simultaneous activation of multiple
cardioprotective effects.

We have then investigated the involvement of autophagy
in the observed cardioprotective effects of HDL in heart
homogenates from WKY and SHR treated with or without HDL.
HDL treatment significantly (P < 0.05) reduced protein levels
of autophagy markers beclin, by 43%, LC3B, by 57%, and Atg-
12, by 81.5%, in SHR but not WKY (Figure 9). The expression
of other autophagy markers including Atg-3, Atg-5, and Atg-
7 was not however significantly altered upon HDL treatment
in WKY or SHR (Figure 9). This suggests that HDL reduced
autophagy might be a mechanism by which HDL protects against

I/R injury in SHR. Furthermore, HDL treatment significantly (P
< 0.05) reduced TNEF-a levels, by about 20%, in SHR but not in
WKY (Figure 10A). Nonetheless, HDL treatment did not have
a significant effect on IL-6 levels in WKY or SHR (Figure 10B).
Together these data suggest that treatment with HDL protects
WKY and SHR against ischemic damage, yet distinct protection
mechanisms appear to exist in WKY and SHR.

DISCUSSION

Hypertension impairs cardiac function (23-26) and alters HDL
structure and function (9, 22). HDL protects against I/R injury
in vivo and ex vivo, reviewed in (36). The exact role of HDL
in hypertension is however not clearly understood. We have
therefore tested the effect HDL on cardiac I/R injury and
investigated the possible underlying mechanism(s) in SHR. We
demonstrate that HDL treatment reduces SBP and DBP in
SHR and protects against cardiac I/R injury in normotensive
and hypertensive rats. HDL induced cardiac protection was SR-
Bl-dependent. Interestingly, the magnitude of HDL mediated
protection against I/R injury in WKY and SHR was proportional
to the expression levels of cardiac SR-BI. Chronic HDL treatment
enhanced cardiac SR-BI expression in SHR and resulted in
greater protection against I/R injury in these rats. Chronic HDL
treatment reduced cardiac autophagy markers and TNF-a levels
in SHR. Our data suggest that in addition to HDL-mediated
reduction in SBP and DBP, HDL attenuation of autophagy and
inflammation are potential mechanisms by which HDL treatment
induces cardiac protection in SHR (Figure 11).
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SHR

Studies in experimental animals have unanimously shown that
HDL protects against cardiac I/R injury in the isolated hearts
and in vivo (37-39, 44-47). Hearts from hypertensive rodents
however, appear to be resistant to cardiac protection induced
by multiple agents proven to be protective in normotensive
controls (30-34). We have therefore tested if HDL treatment

can protect against cardiac I/R injury in the well-established
model of hypertension, SHR. Interestingly, HDL infusion at (900
ng/kg/min) for a week significantly reduced SBP and DBP in
SHR, however, blood pressure of HDL infused SHR remained
significantly higher than untreated WKY. Furthermore, HDL
treatment did not change heart to tibia length ratio in WKY
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TABLE 3 | Effect of blockage of autophagy on troponin release in WKY and SHR.

Troponin (ng/ml)

Control 3-MA
Ischemia Reperfusion Ischemia Reperfusion
WKY 0.3 +£041 0.49 + 0.1 0.62 + 0.1 0.37 +£ 0.042¢
SHR 0.16 £ 0.02 0.256+£0.1 0.15+0.038 0.42 £0.1*

*P < 0.05 vs. ischemia.

or SHR. HDL induced reduction in blood pressure appears to
be specific to SHR and was not observed in WKY. A lack
of an effect of HDL infusion on blood pressure and heart
weight in normotensive controls is consistent with previously
reported data (40). HDL mediated reduction in blood pressure
in hypertensive rats (Table 1) could be due to reduction in
cardiac contractility and cardiac output (48). Alternatively,
HDL could enhance nitric oxide production and reduce
vascular resistance (49-51). Moreover, HDL could interact
reciprocally with the renin-angiotensin system and reduce blood
pressure (52, 53). The exact mechanism of blood pressure
lowering effect of HDL however, remains to be investigated.
Unlike continuous administration of total HDL (our findings),
intermittent intravenous administration of reconstituted HDL
(rHDL) did not have any significant effects on SBP or cardiac
functions in SHR (54). The lack of a blood pressure lowering
and cardioprotective effects in response to intermittent rHDL
infusion could be attributed to the type, dose, duration or mode
of HDL administration.

Furthermore, our data suggest that chronic HDL infusion
does not alter plasma total or HDL cholesterol levels in
WKY and SHR, possibly suggesting enhanced clearance in
response to HDL infusion. Studies involving deletion (55) or
overexpression (56) of hepatic SR-BI demonstrated a key role
of the receptor in mediating the selective uptake of HDL
associated lipids. Overexpression of hepatic SR-BI resulted in a
substantial decrease in plasma HDL cholesterol simultaneously
with a significant increase in bile cholesterol indicating a role of
hepatic SR-BI in RCT (57). Changes in hepatic SR-BI expression
levels has been linked to changes in HDL composition (58, 59).
Our finding that hepatic SR-BI protein levels are increased in
HDL- treated SHR presumably suggests enhanced HDL clearance
and supports the maintenance of homeostatic steady state levels
of HDL cholesterol. Nonetheless, changes in HDL composition
and/or function in response to increased SR-BI expression cannot
be excluded (60, 61).

We further demonstrated that chronic HDL treatment
protected WKY and, to a greater extent, SHR against cardiac
I/R injury. Chronic HDL treatment improved LV pressure,
cardiac contractility and hemodynamics at reperfusion relative
to ischemia and relative to controls in SHR. Furthermore,
chronic HDL treatment reduced cardiac enzyme release and
infarct size in SHR. Our finding that HDL treatment protects
against myocardial I/R injury in normotensive rats is consistent
with previously reported data (37, 39). Nonetheless, to our

SHR

3-MA

3-MA Control

Control

4059 OControl

W3-MA
30 4

20 +

% Infarct Area/ LV area

WKY SHR

FIGURE 8 | Effect of 3-MA on infarct size in WKY and SHR. TTC staining of
heart section from WKY and SHR treated with vehicle control or 3-MA 2 h prior
to sacrifice and subjected to I/R injury ex-vivo. Data are means + SEM, “P <
0.001, n = 3-8 rats per group.

knowledge, this is the first report that demonstrates a blood
pressure lowering and a cardioprotective effect of HDL in
hypertensive rodents.

HDL mediated cardiac protection in SHR could be due
to the restoration of HDL function and/or composition upon
infusion. Alternatively, it could be due to enhanced HDL
mediated signaling or both. HDL mediated cardiac protection
via signaling through SR-BI (62). In WKY, SR-BI blocking
antibody significantly reduced but did not completely block the
cardioprotective effects of HDL (Figure 5). In SHR however, SR-
BI blockage was detrimental. This suggests that in addition to
SR-BI, other cardioprotective pathways could also be involved in
WKY; the nature of which, however, remains to be investigated.
S1P receptor 3 (SIPR3) has been directly implicated in mediating
the cardioprotective effects of HDL in an in vivo mouse
model of myocardial infarction (37). Combined blockage of SR-
BI and potential protective pathway(s), possibly SIPR3, may
completely abrogate HDL-induced cardiac protection in WKY.
The absolute requirement of SR-BI in HDL mediated cardiac
protection and the enhanced cardioprotective effects in response
to chronic HDL treatment in SHR led us to hypothesize that
the enhanced cardiac protection in HDL treated SHR could
perhaps be due to enhanced SR-BI expression in these rats.
We observed increased cardiac SR-BI expression in SHR in
response to chronic treatment with HDL (Figure 6C), consistent
with the enhanced protection observed in these rats relative
to the normotensive controls (Figure 3). In agreement with
these findings, normotensive rats expressed significantly higher
levels of cardiac SR-BI in membrane fractions (Figure 6B) but
not in total heart homogenates (Figure 6A) and demonstrated
an enhanced response to HDL (acute treatment) relative to
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FIGURE 9 | Effect of chronic HDL treatment on the expression of autophagy regulated genes in WKY and SHR. Total heart homogenates were subjected to
immunoblotting against beclin, LC3B, Atg-12, Atg-3, Atg-7, Atg-5, and GAPDH as a loading control. Representative images of the relative expression of beclin (A),
LC3B-I and Il (B), Atg-12 (C) Atg-3 (D), Atg-7 (E), and Atg-5 (F) in WKY and SHR treated with or without HDL. Data are means + SEM, *P < 0.05, n = 3-8 rats per
group.

hypertensive rats (Figure 5). These data not only suggest that SR-
BI mediates the protective actions of HDL but it also provide a
proof of principle that the magnitude of HDL induced protection
is proportional to SR-BI protein levels. Enhanced HDL induced
protection is observed in rats expressing greater levels of cardiac
SR-BI. Our data further, shed light on differences in cardiac SR-
BI localization between WKY and SHR. Despite the fact that
no significant differences were observed in SR-BI expression
in total heart homogenates from WKY and SHR, significantly
greater levels of cardiac SR-BI were localized in the membrane
fractions of WKY, implicating enhanced HDL-SR-BI interaction,

augmented SR-BI mediated signaling and exacerbated cardiac
protection in response to HDL. Moreover, our data highlight
the novel upregulation of cardiac SR-BI in response to surgical
stress in SHR, revealing a previously undiscovered role of
cardiac SR-BI in hypertensive rats subjected to a stress response.
The significance of these finding, however, awaits further
investigation. Enhanced expression of SR-BI, specifically in the
infarcted area, has recently been reported in rats subjected to
myocardial infarction induced by left coronary ligation, plausibly
suggesting a role of SR-BI in myocardial repair (63). At a cellular
level, SR-BI mediated the cardioprotective effects of HDL against
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necrosis induced by oxygen and glucose deprivation in neonatal
mouse and human cardiomyocytes (64). A remarkable role of
hepatic SR-BI in correcting cardiac dysfunction has recently
been reported in SR-BI KO mice overexpressing hepatic SR-
BI (65). Hepatocyte specific transfer of the gene encoding SR-
BI restored HDL metabolism and abrogated the detrimental
effects on cardiac structure and function in mice lacking SR-BI
and subjected to transverse aortic constriction (65). Therefore,
in addition to enhanced expression of cardiac SR-BI upon
HDL treatment, a role of hepatic SR-BI in HDL mediated
protection against cardiac I/R injury in SHR cannot be excluded,
at least in part via the modulation of HDL metabolism in
these rats.

The role of autophagy in cardiac I/R injury appears to be
controversial and a double edged sword function of autophagy
has been proposed (66, 67). We report that treatment with
autophagy inhibitor, 3-MA, protects hearts from normotensive
but not hypertensive rats against I/R injury. In line with
other reports (68, 69), our data suggest a detrimental role of
autophagy in mediating I/R injury and blockage of autophagy
is protective, at least, in WKY. The lack of cardiac protection in
response to autophagy inhibition in SHR may suggest enhanced
deteriorations and impairments in these hearts that blockage of a
single pathway, autophagy, is not sufficient to induce protection.
Consistent with these findings, SHR were resistant to cardiac
protection induced by helium, erythropoietin and captopril (33—
35).

HDL inhibited mechanical stress induced cardiac hypertrophy
and autophagy in cultured cardiomyocytes and in vivo, via the
downregulation of cardiac angiotensin receptor 1 and signaling
via the PI3K/Akt pathway (70). Furthermore, HDL inhibited
autophagic responses in endothelial cells treated with oxLDL
(71). On contrary, glycated HDL increased the expression of
autophagic proteins beclin, LC3B and Atg-5 in macrophages
(72). Our data indicate that chronic HDL treatment reduces
the expression levels of autophagy markers, beclin, LC3B and
Atg-12 in SHR hearts subjected to I/R injury. Nevertheless, this
was not observed in WKY treated with HDL. This suggests that
HDL mediated reduction is autophagy might be one protective
mechanism by which HDL treatment protects against cardiac I/R
injury in hypertensive rats. We further report that chronic HDL
treatment reduces cardiac TNF-a levels in SHR. This however,
was not observed in WKY. Reciprocal interaction between
autophagy and proinflammatory cytokines has been reported.
TNF-a treatment was shown to enhance autophagy (73), while
3-MA mediated inhibition of autophagy upregulated TNF-a and
IL-6 levels in immortalized bone marrow derived macrophages
(74). Our findings indicate that chronic HDL treatment induces
cardiac protection in SHR via multiple mechanisms, including
attenuation of autophagy and inflammation. It remains to be
tested however whether HDL attenuates autophagy via its anti-
inflammatory effects or reduces inflammation by virtue of its
effects on autophagy. However, while HDL was protective in
WKY, HDL mediated reduction in autophagy and inflammation
does not seem to play a significant role in normotensive rats,
treated with HDL at least under these experimental conditions.
Alternative protection mechanisms may operate in WKY,

nonetheless the effects of HDL on inflammation and autophagy
in WKY cannot be completely excluded. HDL attenuation of
inflammation and autophagy could be involved in HDL mediated
protection in WKY however, it might operate at different kinetics
and involve markers other than what we used in this study.

The strengths of this study include reporting a novel anti-
hypertensive effect of HDL in SHR. In addition, this study
elucidated an interesting role of cardiac SR-BI in HDL-mediated
protection against I/R injury in normotensive and hypertensive
rats whereby the magnitude of HDL induced cardiac protection
was directly proportional to the expression levels of cardiac
SR-BI. Furthermore, our study unraveled differences in the
mechanism(s) by which HDL protected against myocardial
injury in WKY and SHR. Nonetheless, our study has some
limitations related to the dose, duration and timing of the
HDL treatment. It’s not clear if HDL administration to younger,
perhaps 4 week old, SHR can prevent the development of
hypertension or if higher doses of HDL or longer periods of
administration will result in further reduction in BP. Male SHR
exhibited significantly higher SBP values (P < 0.05) at 12-week
of age and thereafter than female SHR (75). We demonstrate that
HDL treatment reduces SBP and protects against myocardial I/R
injury in male SHR. Nonetheless, it not clear if HDL is equally
protective in female SHR. Moreover, the study did not investigate
if HDL effects will permanently last or be temporarily effective
during the treatment period. Flow up studies are required to
address these limitations and further investigate the molecular
mechanisms of HDL induced cardiac protection.

In conclusion this study shed light on a novel role of
HDL in hypertension. HDL treatment reduced blood pressure
and protected hypertensive rats against cardiac I/R injury. We
demonstrate that chronic HDL treatment reduces blood pressure
in SHR and protects against cardiac I/R injury. HDL induced
protection appears to involve signaling via SR-BI and attenuation
of cardiac autophagy and inflammation.
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Takotsubo syndrome (TTS), also known as the transient left ventricular apical ballooning
syndrome, is in contemporary times known as novel acute cardiac syndrome. It is
characterized by transient left ventricular apical akinesis and hyperkinesis of the basal
left ventricular portions. Although the precise etiology of TTS is unknown, events like
the sudden release of stress hormones, such as the catecholamines and the increased
inflammatory status might be plausible causes leading to the cardiovascular pathologies.
Recent studies have highlighted that an imbalance in lipid accumulation might promote
a deviant immune response as observed in TTS. However, there is no information on
comprehensive profiling of serum lipids of TTS patients. Therefore, we investigated a
detailed quantitative lipid analysis of TTS patients using ES-MSI. Our results showed
significant differences in the majority of lipid species composition in the TTS patients
compared to the control group. Furthermore, the computational analyses presented
was able to link the altered lipids to the pro-inflammatory cytokines and disseminate
possible mechanistic pathways involving TNFa and IL-6. Taken together, our study
provides an extensive quantitative lipidome of TTS patients, which may provide a valuable
Pre-diagnostic tool. This would facilitate the elucidation of the underlying mechanisms of
the disease and to prevent the development of TTS in the future.

Keywords: TTS, inflammation, lipids, TNF-«, IL6, PIK3R1, NF-kappa-B, phosphatidylinositol

INTRODUCTION

Takotsubo syndrome (TTS), also known as broken heart syndrome, stress induced
cardiomyopathy, and Takotsubo cardiomyopathy, is an acute cardiac syndrome with rapid
onset of chest pain and dyspnea (1-6). TTS is often triggered by physical and emotional stress and
is characterized by a transient and reversible severe left ventricular dysfunction which typically
recovers spontaneously within hours to weeks (7). The prevalence of TTS has been reported to
be ~2-3% of all patients with clinical appearance of acute coronary syndrome (ACS) (8). TTS is
a remarkably like ACS with almost the same clinical presentations and ST elevations; therefore,
differential diagnosis is critically important in the emergency department.
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Despite the pathogenesis of TTS not being fully understood,
several pathophysiological mechanisms have been suggested.
These could include the following: myocardial ischemia,
left ventricular outlet obstruction, increased circulating and
myocardial catecholamine levels with myocardial toxicity,
endothelial dysfunction, epinephrine-induced switch in signal
trafficking, and autonomics nervous system dysfunction with
cardiac sympathetic activation including over stimulation of beta
receptors (4, 7, 9, 10).

The predominant pattern of TTS is widespread dyskinesia in
the apical segments and hyperkinesia in the basal segment of left
ventricle (LV) with apical ballooning (9, 11). It is suggested that
local differences in adrenergic receptors may be the explanation
of this involvement in the LV (11). Experimental studies have
shown that the LV in canine has $2-adrenoceptors ($2-AR) that
are expressed much more in the apical than in the basal segments
(11, 12). Feola et al. also corroborated this hypothesis with a
myocardial PET study showing decreased coronary flow reserve
and impaired metabolism in the apical segments during the acute
phase of TTS (13).

Several studies have shown that adrenergic overstimulation
is strongly associated with the pathogenesis of TTS, but the
mechanism remains unclear (7-9, 12, 14). The acute phase of TTS
is characterized by supraphysiological levels of circulating and
cardiac catecholamine (15) which operate as positive inotropic
and chronotropic effects on the heart and regulate the myocardial
lipid metabolism (7, 14, 16). The heart provides energy from
the utilization of lipids. It uptakes lipid by protein transporters
and secretes its own ApoB lipoproteins to excrete excess lipids.
Excessive plasma catecholamine levels can lead to the disruption
of the myocardial lipid metabolism in the heart (14).

Lipids have an important role in cellular energy storage,
structure, and signaling. In addition to being a component of
membranes, lipids play an essential role in the immune response
by regulating signaling complexes in the cellular membrane (17).
Recent studies have indicated that lipid metabolic disorders can
cause various human diseases (17, 18). The human plasma lipid
profile of TTS is so far poorly understood. A detailed lipid
analysis of TTS patients could provide a valuable development
to elucidate the underlying mechanisms of the disease.

In the current study, a total lipid profiling was performed
including the measurement of 140 glycerophospholipids (GP),
44 sphingolipids (SL), 20 sterols (ST), and 58 glycerolipids (GL)
in the control, acute TTS, and subacute TTS groups. To our
knowledge, this study is the first to measure such an extensive
quantitative lipidome analysis in TTS to date. The aim of
our study was to investigate the underlying pathophysiological
mechanism of TTS in relation to lipid metabolism and to relate
it to the pro-inflammatory processes described to be prevalent in
this syndrome.

MATERIALS AND METHODS

Materials

All chemicals were purchased from Sigma-Aldrich (Deisenhofen,
Germany) unless otherwise mentioned. Phospholipid standards
were obtained from the Avanti Polar Lipids (Alabaster, AL, USA),

TABLE 1 | Baseline demographic and vascular risk factors.

Acute TTS  Subacute Control p-value
(n=4) TTS (n=6)
(n=5)

Age (yrs) 76 88 80 p=0.21
Female (%) 50 100 100 p = 0.052
Smoking (%) 50 0 0 p = 0.052
Hypertension (%) 50 40 67 p =0.69
Lipid disorder (%) 25 20 67 p=0.25
Diabetes mellitus (%) 0 0 17 p =0.47

Data are presented as the median or as percentages. p-value comparison across three
groups using an Kruskal-Wallis test for qualitative variables.

standards of cholesterol and cholesteryl esters with purity >95%
obtained from Sigma (Taufkirchen, Germany). High purity
cholesterol-(25, 26, 26, 26, 27, 27, 27-d7) was purchased from
Cambridge Isotope Laboratories (Andover, MA, USA). HPLC
grade solvents methanol and chloroform were obtained from
Merck (Darmstadt, Germany). Analytical grade ammonium
acetate and acetyl chloride were obtained from Sigma-Aldrich
(Buchs, Switzerland). All other reagents used were of high purity
and analytical grade.

Ethics Approval and Consent to Participate
The study protocol was approved by the Hiroshima City Asa
Hospital Research Committee (01-3-3), Hiroshima, Japan and
was conducted in accordance with the principles stated in the
Declaration of Helsinki. All participants provided informed
written consent. From July 2019 to September 2019, 9 patients
with hospitalized TTS and 6 healthy controls were registered
consecutively at Hiroshima City Asa Hospital. While all eligible
subjects were included in this analysis, none of the TTS patients
and healthy controls were died during hospitalization”. In the
Kruskall Wallis test, there were no significant difference in the
age (median age 83 vs. 80 yrs, p = 0.48) and female percentage
(78 vs. 100%, p = 0.23) between the group with TTS and control.

Human Patient Serum
All human blood from patients providing informed written
consent was sampled using S-Monovette collection tubes
(Sarstedt). We collected blood samples of 15 pseudonymized
patients which were subsequently divided into 3 different groups:
control (n = 6), patients with acute TTS (first 2 weeks after
onset, n = 4), patients with subacute TTS (2-6 weeks after
onset, n = 5). The healthy controls did not present with altered
coronary arteries in the coronary angiography diagnostics,
while minor cardiovascular or endocrinological diseases were
accepted (e.g.,: arterial hypertension, diabetes mellitus). Patient’s
baseline demographic and vascular risk factors characteristics are
summarized in Table 1. All patients were diagnosed according to
the InterTAK Diagnostic Criteria (19) as was described below:
For serum preparation, all the blood was drawn from subjects
in using S-Monovette collection tubes (Sarstedt) and incubated
at room temperature for 60 min. Then, the blood samples were
centrifuged at 1,500 x g for 15min, the serum was isolated,
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immediately frozen and stored at —80°C until the extraction. All
the methods used in this study were performed in accordance
with the relevant guidelines and regulations. Serum samples were
quantified and analyzed individually.

Lipid Extraction and Sample Preparation
Fresh snap-frozen serum samples were transported to University
hospital Wiirzburg in dry ice. Serum samples were quantified
and 5 pl of each subject were used for extraction, and lipids
were extracted according to the procedure described by Bligh
and Dyer (20). The following lipid species were added as internal
standards: PC 14:0/14:0, PC 22:0/22:0, PE 14:0/14:0, PE 20:0/20:0
(di-phytanoyl)c, PS 14:0/14:0, PS 20:0/20:0 (di-phytanoyl), PI
17:0/17:0, LPC 13:0, LPC 19:0, LPE 13:0, Cer d18:1/14:0, Cer
d18:1/17:0, D7-FC, CE 17:0, CE 22:0, TG 51:0, TG 57:0, DG
28:0 and DG 40:0. Chloroform phase was recovered by a
pipetting robot (Tecan Genesis RSP 150) and vacuum dried. The
residues were dissolved in either in 10 mM ammonium acetate in
methanol/chloroform (3:1, v/v) (for low mass resolution tandem
mass spectrometry) or chloroform/methanol/2-propanol (1:2:4
v/viv) with 7.5mM ammonium formate (for high resolution
mass spectrometry). In the present study, we analyzed the
following lipids: PC, PC O, LPC, PE, PE P, PI, SM, Cer, HexCer,
CE, DG, and TG (Figure 1A).

Mass Spectrometric Analysis of Lipids

The analysis of lipids was performed by direct flow injection
analysis (FIA) using a triple quadrupole mass spectrometer (FIA-
MS/MS; QQQ triple quadrupole) and a hybrid quadrupole-
Orbitrap mass spectrometer (FIA-FTMS; high mass resolution).

FIA-MS/MS (QQQ) was performed in positive ion mode
using the analytical setup and strategy described previously (21).
A fragment ion of m/z 184 was used for lysophosphatidylcholine
(LPC) (22). The following neutral losses were applied:
Phosphatidylethanolamine (PE) 141, phosphatidylserine (PS)
185, phosphatidylglycerol (PG) 189 and phosphatidylinositol
(PI) 277 (23). PE-based plasmalogens (PE P) were analyzed
according to the principles described by Zemski-Berry (24).
Sphingosine based ceramides (Cer) and hexosylceramides
(HexCer) were analyzed using a fragment ion of m/z 264 (25).
Quantification was achieved by calibration lines generated by
addition of naturally occurring lipid species to the respective
sample matrix. Calibration lines were generated for the following
naturally occurring species: PC 34:1, 36:2, 38:4, 40:0 and PC
0-16:0/20:4; SM 18:1;02/16:0, 18:1, 18:0; LPC 16:0, 18:1,
18:0; PE 34:1, 36:2, 38:4, 40:6 and PE P-16:0/20:4; PS 34:1,
36:2, 38:4, 40:6; Cer 18:1;02/16:0, 18:0, 20:0, 24:1, 24:0; FC,
CE 16:0, 18:2, 18:1, 18:0.

The Fourier Transform Mass Spectrometry (FIA-FTMS) setup
is described in detail in Horing et al. (26). Triglycerides (TG),
diglycerides (DG) and cholesteryl ester (CE) were recorded in
positive ion mode FTMS in range m/z 500-1,000 for 1min
with a maximum injection time (IT) of 200 ms, an automated
gain control (AGC) of 1*106, three microscans and a target
resolution of 140,000 (at m/z 200). Phosphatidylcholine (PC),
sphingomyelin (SM) were measured in range m/z 520-960.
Multiplexed acquisition (MSX) was used for, the [M+NH4]+

of free cholesterol (FC) (m/z 404.39) and D7-cholesterol (m/z
411.43) 0.5min acquisition time, with a normalized collision
energy of 10%, an IT of 100 ms, AGC of 1105, isolation window
of 1 Da, and a target resolution of 140,000 (27). Data processing
details were described in Horing et al. (26) using the ALEX
software (28) which includes peak assignment and intensity
picking. The extracted data were exported to Microsoft Excel
2016 and further processed by self-programmed Macros. FIA-
FTMS quantification was performed by multiplication of the
spiked IS amount with analyte-to-IS ratio.

Lipid species were annotated according to the latest proposal
for shorthand notation of lipid structures that are derived from
mass spectrometry (29). For QQQ glycerophospholipid species
annotation was based on the assumption of even numbered
carbon chains only. SM species annotation is based on the
assumption that a sphingoid base with two hydroxyl groups is
present. Final quantities of lipid species and total lipid (sum
of analysed lipid species) were calculated and expressed in
nanomoles per milliliter of serum samples.

Statistics

All data are expressed as mean =+ standard deviation (SD) from
control (n = 6), acute TTS (n = 4), and subacute TTS (n = 5)
groups. Two-way analysis of variance (ANOVA) was calculated
using GraphPad Prism 9.1.0 (GraphPad Software, California,
USA) and statistical comparisons between the groups were
performed by Tukey’s multiple comparisons Post-test using the
same software. Graphs were prepared using the same GraphPad
Prism 9.1.0 software. A p-value of 0.05 or lower was considered
as significant. Significance is indicated as * P < 0.05, ** P < 0.01,
P <0.001, ¥** P < 0.0001.

Computational Methods

The Cytoscape v.3.7.1 software was used to search for
the specific pathways and networks of analyzed lipids in
humans (30). In particular, we implemented the search
mode by lipid IDs. These were taken from the ChEBI
(Chemical Entities of Biological Interest) server as a freely
available dictionary of molecular entities focused on “small”
chemical compounds various databases. Those including IMEx,
UntAct, MINT, UniProt, BioGrid, iRefIndex, tfact2gene, bhf-ucl,
HPIDd, mentha, EBI-GOA-nonIntAct, Reactome-FIs, MPIDB,
MatrixBD, and MBIInfo and were screened to find relevant
protein-lipid pathways associated with the proinflammatory
cytokines, such as IL-6 and TNF-alpha (31).

RESULTS

Overview of the Quantitative Serum
Lipidome

In this study, the serum lipid profiles of 262 individual lipid
species and cholesterol were determined with lipidomics from
serum samples in controls (n = 6), acute TTS (n = 4), and
subacute TTS (n = 5). The 262 individual lipid species consists of
140 glycerophospholipids (28 PC, 14 PC O, 16 LPC, 25 PE, 39 PE
P, and 18 PI), 44 sphingolipids (21 SM, 11 Cer, and 12 HexCer),
20 sterols (20 CE), and 58 glycerolipids (12 DG and 46 TG). An
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FIGURE 1 | (A,B) Overview of the quantitative lipidomic analyses of study groups by mass spectrometry. The numbers represent number of lipid species quantified for

lipid class.
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overview of the total lipid analysis of the study groups is shown
in Figures 1A,B.

Individual Lipid Species Analysis Between
Three Study Groups

The current study evaluated the individual lipid alterations
in acute and subacute TTS patients and controls. Statistically
significant differences in lipid compositions in the TTS patients
were observed compared to the control group. These differences
of individual lipid species were shown to be generally lower in
acute TTS as compared to the control and subacute groups.

Glycerophospholipids Species
Phosphatidylcholine (PC). In total, 28 PC species with different
chain length and degree of unsaturation were analyzed in
the acute TTS, subacute TTS, and control groups. Their
compositions (15 PC species) are represented in Figure 2.

The polyunsaturated specie PC 38:4 was slightly decreased in
the acute TTS group, as compared to the control group (P < 0.05)
(Figure 2).

Ether-phosphatidylcholine (PC O). There was a statistical
difference between the acute TTS and the subacute TTS in PC

0-36:3 (P < 0.01), no significant difference was observed between
all three groups in other PC O species (P > 0.05) (Figure 3).

Lysophosphatidylcholine (LPC). Of the 16 total LPC species
analyzed, 7 LPC species were showed in the Figure 4, only one
was significantly different, and the remaining LPC species did not
reveal any differences (Figure 4). The LPC 18:1 showed slightly
increased levels in the subacute TTS patients than those in the
controls (P < 0.05).

Phosphatidylethanolamine (PE). We analyzed 25 individual
lipid species of PE and 16 species compositions in all three groups
is depicted in Figure 5. The most notably increased PE species
were the long chain polyunsaturated species included PE 38:4
and PE 38:6. PE 38:4 and PE 36:4 significantly reduced in the
acute TTS group in comparison to the controls (P < 0.05, P <
0.05, respectively). Remaining PE species did not represent any
statistical difference in all groups.

Phosphatidylethanolamine based plasmalogens (PE P). The
individual composition of 39 species of PE P were analyzed and
13 species were depicted in Figure 6. The PE P-18:0/18:1 and
PE P-18:0/20:4 had a significantly decreased serum levels in the
acute TTS patients compared to the control group. The PE P-
18:0/22:6 showed a significant decreased in the subacute TTS
patients compared to the control group.
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FIGURE 3 | Composition of individual PC O lipid species in the acute TTS, subacute TTS, and control groups. Values are represented as nmol/ml. Values are mean +
SD, P-value: **P < 0.01. Where significance is not mentioned, values are considered as being not significant. PC O, Ether-phosphatidylcholine; TTS, Takotsubo
syndrome.

Phosphatidylinositol (PI). We analyzed 18 individual lipid
species of PI and 12 species composition is displayed in
Supplementary Figure 1. PI lipid species did not indicate any
statistical differences in all three groups.

Sphingolipid Species

Sphingomyelin (SM). In total, 21 different SM species were
analyzed and 13 species in the three groups are shown in
Supplementary Figure 2. There was no significant difference in
SM species in all three groups.

Ceramide (Cer) and Hexosylceramide (HexCer).
A total of 11 Cer and 12 HexCer species were
analyzed, and their compositions are shown in

Supplementary Figure 3 and Figure 7, respectively. There
was no significant difference in Cer species between all
three groups.

HexCer 18:1; 02/23:0 was significant reduced in subacute TTS
group when compared to the control group. Remaining species of
HexCer did not show any statistically differences in the all three
groups (Figure 7).
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Sterol Species

Cholesteryl esters (CE). We analyzed 20 CE species along with
their compositions (Supplementary Figure 4). There was not
observed any statistical difference in the CE species.

Glycerolipid Species

Diacylglycerol (DG) and Triacylglycerol (TG) species.
Individual 12 DG were analyzed, and 8 species were displayed
in Figures 8 and 46 TG species were analyzed and 14 species
compositions are depicted in Supplementary Figure 5.

DG 34:1 showed a slight decrease in the acute TTS group
as compared to the subacute group. Interestingly, there was no
significant difference between the acute TTS and control groups
in DG species. There was not observed any statistical differences
in the TG species between the all groups.

Computational Analysis

The Cytoscape algorithm was able to reconstitute a detailed
molecular pathway linked to IL-6 and TNF-a for the two
lipids (phosphatidylinositol and phosphatidylcholine) used in
the study. Both lipids were present in the complete human
protein-lipid network comprising 14,277 nodes and 37,778 edges
(Figure 9A). This network was processed to reduce the number
of interacting nodes (1,272) and edges (2,545) by using the first
directed (incoming and outgoing) neighbors of analyzed nodes
(Figure 9B). Finally, the two separate networks were produced
for each lipid using the first directed and undirected neighbors
of analyzed nodes (Figures9C,D). In particular, a detailed
molecular pathway was only predicted for phosphatidylinositol
indirectly linked to the proinflammatory cytokines through
NF-kappa-B, such as phosphatidylinositol-PIK3R1-SIR2 like
proteinl-NF-kappa-B p65 subunit-IL6/TNF-a (Figure 9C).

DISCUSSION

In the current study, we have analyzed serum lipidomic profiling
of TTS patients and controls. The data obtained from these
analyses demonstrate for the first time a distinct composition
and quantity of serum lipids of TTS patients as compared to the
controls. We analyzed 262 lipid species which consist of GP, SL,
ST and GL species. We observed lower levels of individual lipid
species other than lysoglycerophospholipids (LGPLs) in acute
TTS compared to the control and subacute TTS groups. The
LPCs were significantly elevated in the subacute TTS patients
compared to the acute TTS and control group.

TTS is an acute cardiac syndrome with akinesia of the
LV and apical ballooning (9, 12, 32). Although adrenergic
overstimulation is associated with initiating TTS, the underlying
pathophysiological mechanisms are not clearly understood. To
better understand the disease mechanism of TTS, identification
of molecular biomarkers has great importance. It has been
suggested that akinetic/dyskinetic segments of the heart may
decrease the lipid and glucose uptake and lead to metabolic
perturbations in acute TTS (14, 33). Lipids are the essential
structural components of cardiomyocyte plasma and organelle
membranes and have critical roles in cellular functions, including
energy storage and signal transduction (34). The metabolism
of lipid is indicated in several human diseases such as CVD,
respiratory disease, diabetes, and Alzheimer’s disease (18, 35,
36). The normal heart regulates uptake and oxidation of fatty
acids to sustain membrane biosynthesis and lipid signaling
(37, 38). Since fats are the primary sources for cardiac energy,
lipids have a critical role in the heart. Lipidomic profiling
enables us to quantify the composition of individual lipids
and molecular species that reveal metabolic variation in the
structure. Although lipid alterations have been demonstrated in
a limited number of studies in TTS (14, 39-41), the potential
role of lipid metabolism in the pathology of TTS remains
unclear. Therefore, lipidomics profiling could provide valuable
information regarding the pathophysiology of TTS disease. Our
work is the first comprehensive investigation into lipidome
analysis using electrospray ionization-tandem mass spectrometry
(ESI-MS/MS) in TTS patients.

The GPs are the main molecules for the backbone of cellular
membranes and are involved in cellular signal transduction
(42, 43). We analyzed composition ratio of 140 GPs and found
that 8 GPs species were present significantly altered in serum
from patients with TTS, including 1PC, 1PC O, 1 LPC, 2 PE,
and 3 PE P. The long chain and polyunsaturated PC 38:4 was
slightly decreased in the acute TTS group when compared to
the control group (Figure 2). Our results were compatible with
the research of Shao et al. (14), which is one of the very limited
published studies on TTS and GPs. In this research, they created
a stress induced cardiomyopathy (SIC) model with isoprenaline
injection in mice. Consistent with our results, they found low PC
levels in the plasma of the mice and SIC patients. In addition,
they detected severe lipid accumulation and downregulations of
ApoB gene expression in the myocardium in ISO-treated mice
and SIC patients which may explain these results. It is suggested
that catecholamine-induced akinetic/dyskinetic segments of the
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FIGURE 6 | Composition of individual PE P lipid species in the acute TTS, subacute TTS, and control groups. Values are represented as nmol/ml. Values are mean =+
SD, P-value: **P < 0.01, *P < 0.05. Where significance is not mentioned, values are considered as being not significant. PE P, PE based plasmalogen; TTS,
Takotsubo syndrome.

heart and impaired coronary blood flow reduced lipid uptake
capacity during the acute phase of TTS (11, 13, 14, 41). It
has been speculated that the increased myocardial lipid burden
impairs efficient cardiac lipid export by ApoB, and therefore
lower circulating lipid levels are seen in patients with TTS (14,
41). A further lipidomic study performed in the serum of dilated
cardiomyopathy patients indicated significantly lower levels of
TGs and PCs in line with our study (44). We detected statistically
decrease in the PC 38:4, whereas Sysi-Aho and colleagues (44)
found significant decrease in PC 38:2/38:5. These results showed
that the number and species of altering GP species differs among
different type of the disease. The functional importance and the

role of altered differences and its mechanism should be clarified
in further studies.
Lysoglycerophospholipids

(LGPLs) are lacking one

FA moiety in their structures. The main Lyso-GPLs
are  lysophosphatidylcholine (LPC),  lysophosphatidic
acid (LPA), lysophosphatidylinositol (LPD), and

lysophosphatidylethanolamine (LPE) (18, 45). LGPLs have a
similar effect to inflammatory lipids that modulates proliferation
and apoptosis of endothelial cells in several diseases (18, 46, 47).
In our study, we found that LPC 18:1 was significantly increased
in the subacute TTS serum in comparison to the controls
(Figure 4). This result showed the opposite of our PC results.
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The LPC is derived from PC, respectively in lipoproteins or from
cell membranes via phospholipase A2 (18, 42). It is reported that
LPC is elevated in inflammation-associated diseases and exerts
its inflammatory effects via NF-kB, T-lymphocytes, monocytes,
and neutrophils (47). Inflammation has been implicated as one
of the various mechanisms involved in the pathogenesis of TTS
(48). Active inflammation was displayed in human Post-mortem
hearts and experimental models of TTS (9, 48). In our study,
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FIGURE 7 | Composition of individual HexCer lipid species in the acute TTS,
subacute TTS, and control groups. Values are represented as nmol/ml. Values
are mean + SD, P-value: *P < 0.05. Where significance is not mentioned,
values are considered as being not significant. HexCer, Hexosylceramide; TTS,
Takotsubo syndrome.

we found significantly higher levels of LPC in TTS patients that
provide supportive evidence of inflammatory process in TTS.

Lipid metabolism is essential for maintenance of normal
function and structure of the heart (49). Indeed, the importance
of cardiac lipid metabolism has been further emphasized by the
recent publication in which we provide translational evidence
that cardiac glycosphingolipids are required to maintain f-
adrenergic signalling and contractile capacity in cardiomyocytes
and to preserve normal heart function (50). It was found
that LPC is important for normal function. LPC is a major
phospholipid component in cell membranes accounting for
40% of total phospholipids in the heart tissue (34, 51, 52).
Because of its amphiphilic property, LPC is readily incorporated
into the lipid bilayers of the cell membrane, changing the
physicochemical property of the cell membrane and thereby
affecting the receptors, enzymes, and ion channels embedded in
the membrane (53). LPC is also involved in the regulation of
intracellular pH (54). Thus, we suggest that the disrupted lipid
metabolism is very important risk for trigging TTS. However, we
could not conclude the causality because the analysis in this study
was cross-sectional manner.

Plasmalogens are a subclass of GPs that have a number
of cellular functions, including neurochemical effects, cellular
signaling, and functioning as scavengers in cellular membrane
(55, 56). Deficiency of plasmalogens plays a role in cardiac
failure, obesity, inflammation, and cancer (18, 56). In the
current study, 3 PE-based plasmalogen (PE P) and 1 ether-
phosphatidylcholine (PC O) significantly decreased in TTS in
comparison to the controls. Membranes of myocardial cells,
especially the sarcoplasmic reticulum, contain high amounts
of PC and PE plasmalogens with arachidonic acid in the sn-
2 position (56). In eicosanoid biosynthesis, plasmalogens act
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as a reservoir for PUFAs as they contain arachidonic (20:4),
docosapentaenoic (22:5n—6) and docosahexanoic (DHA-22:6)
acids in the sn-2 position (32, 34). In our study, we detected PE
P-18:0/18:1, PE P-18:0/20:4, and PE P-18:0/22:6 species, which
enriched with arachidonic acid, were significantly decreased
in acute TTS and subacute TTS patients as compared to the
control group. We think that the antioxidant properties of
plasmalogens may have led to these results. It is reported that
overstimulation of adrenoceptors leads to myocellular hypoxia
in TTS (7, 14). In addition to decreased coronary flow in TTS,
accumulation of lipid droplets in cardiomyocytes may lead to
lipid oxidation in the myocardium. These metabolic alterations
can cause oxidative changes in membrane phospholipids and
disrupt the integrity of cell membranes (57). As expected
under such oxidative conditions plasmalogens are decreased and
functioning as an antioxidant.

As far as we know, the relationship between TTS and
plasmalogen has not been evaluated. On the other hand, similar
to our results, studies in coronary stenosis patients (56), and
hypertensive patients showed decreased plasma ether lipids in
serum. Pietilainen et al. reported that increased levels of LPCs,
and decreased level in ether phospholipids suggested a link
between plasmalogens and oxidative stress in human obesity (58).
Based on the above results and the literature, our study supports
the view that inflammation may play a role in T'TS, which was
also demonstrated by Wilson et al. (48).

We detected 44 sphingolipids (SLs) in serum samples and
observed that 6 of them indicated statistical differences in TTS
patients when compared to the controls. Perturbation in SLs
plasma and tissue levels have been shown to increase the risk
of cardiovascular disease (59, 60). It is reported that circulating
Cer 18:1; 02/24:1, and Cer 18:1; 02/24:0 are associated with the
risk of the incidence of major adverse cardiovascular events in
healthy people (61). In the context of cardiomyopathy, increased
ceramide levels or changes in ceramide compositions have been
suggested to be toxic (62). The increased levels of SM and Cer
were displayed in different type of cardiomyopathies (59, 62).
To date, no sphingolipids studies have been associated with
TTS in patient’s serum. Our study performed from serum of
TTS patients and the controls and in contrast to above studies,
we detected a reduced level of HexCer in patients of TTS.
First, these alterations could be due to the differences between
different cardiac diseases. Second, research showed that impaired
myocardial perfusion and overexpression of catecholamine can
disturb myocardial lipid metabolism (14, 41). It was suggested
that suppression of myocardial ApoB expression may prevent
the export of the accumulated lipids and lead to a reduction
of circulating lipids. More lipidomic studies are needed to
understand the roles of sphingolipids in TTS.

We also analyzed 78 types of CE, DG, and TG species.
Neutral lipids characterize a group of hydrophobic molecules
and include TGs, DGs, cholesterol and its esters in mammals
(18, 63). CEs, TGs and DGs are thought to be involved
in several diseases including cardiovascular diseases, ischemic
stroke, hypertension and dyslipidemia (18). In the current study,
the extended chain and monounsaturated DG lipid specie was
remarkably reduced in the acute TTS patients in comparison to

the subacute TTS patients. Long-chain fatty acid (LCFA) is the
main sources of cardiomyocytes. TGs are hydrolyzed by adipose
triglyceride lipase and released LCFAs which are oxidized in
mitochondria to produce ATPs for cardiac energy (64). LCFAs
are released on demand and delivered to the heart via the
circulation and paracrine and used as energy substrates (64).
In normal circumstances, the stress-induced increase in cardiac
energy demand can be compensated from hydrolyzing TGs.
In contrast, in TTS patients, excessive catecholamine-mediated
myocardial segmental akinesia reduces lipid uptake and leads
to lipid accumulation in the heart (9, 14, 64). Further studies
are required to investigate the meaning of alterations in the
composition of these individual lipid species.

Our study provides a comprehensive quantitative lipidome
analysis which may play an important role in the pathogenesis
and management of TTS. Moreover, the reported use of
computational methods allowed for a reconstitution of a
detailed molecular pathway linking IL-6 and TNF-a for
the two lipids (phosphatidylinositol and phosphatidylcholine).
Besides lipidomic profiling in TTS, uncovering an intriguing
diversity of targetable mechanisms can be exploited to prevent
primary or recurrent TTS in the future. Inflammation and
lipid signaling are intertwined modulators of homeostasis and
immunity. Emerging studies indicate that in addition to the
extensively studied eicosanoids and inositol phospholipids,
many other lipid species act positively and negatively regulate
inflammatory responses (65). Our computational analyses of
the lipidomic profile in TTS points to a molecular pathway
linked to IL-6 and TNF-a, the pro-inflammatory cytokines
characteristically elevated in TTS patients (15) for the two
lipids (phosphatidylinositol and phosphatidylcholine). This
mechanism largely depends on the phosphatidylinositol 3-
kinase regulatory subunit alpha (PIK3R1), which was previously
observed mediating TNF-induced NF-kappa-B activation (66).
In turn, IL-6 could induce phosphatidylinositol 3-kinase and
nitric oxide-dependent protection and preserves mitochondrial
function in cardiomyocytes (67). On the other hand, the long-
term IL6 signaling or an over-production of IL6R protein could
potentially lead to cardiovascular diseases followed by heart
failure (68).

Takotsubo cardiomyopathy has already cardiac biomarkers,
such as the NT-proBNP (N-terminal B-type natriuretic
peptide)/myoglobin and NT-proBNP/troponin T ratios for
the diagnosis of acute coronary syndromes and stress-induced
cardiomyopathy (61). Based on the computational analysis of
the TTS lipidomic profiles, the identified lipids can be connected
to the atrial natriuretic factor via phosphatidylinositol-
and  phosphatidylcholine-dependent ~ phospholipases  C
(62). Moreover, the natriuretic peptide-C receptor was
also determined to induce the attenuation of adenylyl
cyclase signaling, which activates the phosphatidylinositol
turnover in vascular smooth muscle cells (63). However,
further investigation is needed to clarify the effect of the

TTS lipidomic profiles on the NT-proBNP/myoglobin
and NT-proBNP/troponin T concentrations in order
to develop novel lipid-dependent biomarker ratios
for TTS.
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LIMITATIONS OF STUDY

Our study revealed that lipidomic profiling in TTS patients was
significantly different from controls. Further research is required
to elucidate the significance of altered lipid compositions and
quantity in acute T'TS and subacute TTS in relation to ACS.

CONCLUSION

Our study revealed a detailed overview of lipid classes
and absolute quantitative information on the individual lipid
species and their distribution pattern from the blood of TTS
patients using high-throughput tandem mass spectrometry.
Our investigation links lipid and inflammation biology; the
computational pathway and network analyses draw attention
to an intriguing diversity of targetable mechanisms potentially
relevant to prevent primary or recurrent TTS in the future.
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Vimentin is a type Il intermediate filament protein expressed in cells of mesenchymal
origin. Vimentin has been thought to function mainly as a structural protein and roles
of vimentin in other cellular processes have not been extensively studied. Our current
study aims to reveal functions of vimentin in macrophage foam cell formation, the
critical stage of atherosclerosis. We demonstrated that vimentin null (Vim~/~) mouse
peritoneal macrophages take up less oxidized LDL (oxLDL) than vimentin wild type
(Vim*/+) macrophages. Despite less uptake of oxLDL in Vim~/~ macrophages, Vim*/+
and Vim~—/~ macrophages did not show difference in expression of CD36 known
to mediate oxLLDL uptake. However, CD36 localized in plasma membrane was 50%
less in Vim~—/~ macrophages than in Vim*/+ macrophages. OxL.DL/CD36 interaction
induced protein kinase A (PKA)-mediated vimentin (Ser72) phosphorylation. Cd36~/~
macrophages did not exhibit vimentin phosphorylation (Ser72) in response to oxLDL.
Experiments using phospho-mimetic mutation of vimentin revealed that macrophages
with aspartate-substituted vimentin (V72D) showed more oxLDL uptake and membrane
CD36. LDL receptor null (Ldlr—/~) mice reconstituted with Vim=/~ bone marrow fed
a western diet for 15 weeks showed 43% less atherosclerotic lesion formation than
Ldlr—/~ mice with Vim*/* bone marrow. In addition, Apoe~/~Vim~/~ (double null)
mice fed a western diet for 15 weeks also showed 57% less atherosclerotic lesion
formation than Apoe~/~and Vim*/+mice. We concluded that oxLDL via CD36 induces
PKA-mediated phosphorylation of vimentin (Ser72) and phosphorylated vimentin (Ser72)
directs CD36 trafficking to plasma membrane in macrophages. This study reveals a
function of vimentin in CD36 trafficking and macrophage foam cell formation and may
guide to establish a new strategy for the treatment of atherosclerosis.
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INTRODUCTION

CD36 is an 88 kDa plasma membrane glycoprotein and one
of the major scavenger receptors expressed in various cell
types including macrophages, microvascular endothelial cells
and adipocytes. CD36 involves in many biological activities
through binding to variety of ligands including modified low
density lipoprotein (LDL), lipopolysaccharides of bacterial cell
wall, and thrombospondin-1. In particular, CD36 binding to
oxidized LDL (oxLDL) mediates uptake of oxLDL and leads
to macrophage foam cell formation, the initial critical stage of
atherosclerosis (1). Ex vivo experiments demonstrate that 60—
70% of macrophage foam cell formation is induced by CD36-
mediated oxLDL uptake (2). Although foam cell formation is
a critical stage of atherosclerosis, the molecular mechanism
by which macrophages uptake oxLDL has not been clearly
defined. OxLDL/CD36 interaction provokes signals through
activation of Lyn/MAPKK4/JNK2 in macrophages (3). Several
studies elucidate that CD36-mediated oxLDL uptake mechanism
is independent of caveloae, clathrin, and actin cytoskeleton
but dependent on dynamin (4). It has been reported that
the C-terminal six amino acids of the CD36 cytoplasmic
tail are critical for binding and endocytosis of OxLDL (5).
Therefore, elucidating the mechanism of oxLDL uptake via
CD36 is warranted.

Vimentin is a 55 kDa protein, composing the major type III
intermediate filament in cells of mesenchymal origin such as
macrophages and adipocytes (6). Vimentin composes cytoskeletal
networks from nuclear periphery to the cell membrane and
functions in distribution of cellular organelles (7), cell migration
and cell adhesion (8, 9). In clinical medicine, vimentin is
commonly used for a marker for epithelial to mesenchymal
transition (EMT) of cancer cells (10). Recent studies reported
that vimentin is a component of lipid droplets in adipocytes
(11) and influences lipid stability during adipocyte differentiation
(12). However, the mechanism has not been fully elucidated.
Vimentin plays a role in endocytosis of certain virus (13) and
metal ion in fibroblast (14). Nevertheless, there have been few
studies for the role of vimentin in functions other than cellular
structure maintenance.

Vimentin has a highly conserved alpha helix domain and
is capped on each end by amino-, carboxyl domain (15, 16).
Two vimentin monomers form a coiled-coil structure and
associate other homodimer to produce soluble tetramer that
is a longitudinal unit of vimentin filament (17). Vimentin
phosphorylation regulates the structure of vimentin, inducing
formation of intermediate filaments or disassembly into vimentin
monomers. It also changes affinity of vimentin to its binding
partners. Vimentin has phosphorylation sites that are modulated
by 10 kinases including PKC, PKA, and Cdkl (18, 19).
Phosphorylation-mediated regulation of vimentin has been
well studied in cytokinesis. Cdkl phosphorylates Ser55 on
vimentin, leading to depolymerization of vimentin filament
from prometaphase to metaphase (20, 21). Ser38 and Ser72 on
vimentin are phosphorylated by PKA and lead to disassembly
of vimentin filaments in fibroblast. However, the function of
phospho-vimentin (Ser72) in macrophages has not been studied.

Atherosclerosis is an important underlying pathology of
cardiovascular disease, which is currently the leading cause of
mortality worldwide (22). Therefore, verifying the mechanism of
macrophage foam cell formation should guide to develop a new
strategy for the treatment of atherosclerosis (23-28).

A recently published paper written by Haversen et al.
showed that loss of vimentin increased macrophage surface
CD36 expression in vitro, however, reduced atherosclerosis in
two animal models including LDL receptor null (LDLR=/™)
mice reconstituted with vimentin null (Vim~/~) bone marrow
and Vim™/~ mouse injected with PCSK9 gain-of-function
virus (29).

In the current study, we performed experiments to evaluate
how vimentin deficiency affects macrophage foam cell formation
and atherosclerosis. Our current study reveals that vimentin
plays a role in CD36 trafficking to plasma membrane and
contributes to macrophage foam cell formation. In addition
to in vitro experiments, our in vivo experiments using
vimentin null (Vim~/~) bone marrow transplantation into
hypercholesterolemic mice confirmed the atherosclerosis-
promoting effect of vimentin. Regarding the functions of CD36
in various biological activities including immunity and anti-
angiogenesis, the mechanism of CD36 trafficking may guide
ways to modulate the cellular processes mediated by CD36.

MATERIALS AND METHODS

Regent

Oil red O (ORO), 1,10-dioctadecyl-3,3,30,30-
tetramethylindocarbocyanine perchlorate (Dil) and human
AB serum were obtained from Sigma (Sigma, United States). The
intracellular cholesterol assay kit was from Cayman (Cayman
Chemical Co, United States). Antibodies for CD36, Vimentin,
tubulin, EEA1l and beta-actin were obtained from Abcam
(Abcam, United States). Antibodies for SRA1 conjugated with
APC and control antibody were manufactured by Bioyrt (Bioryt,
United States). Antibodies for CD36 conjugated with APC
and suitable control antibody were from Bio-Rad (Bio-Rad,
United States). Sucrose, dextrose, SDS were obtained from
Ducefa (Ducefa, Germany). Antibodies for rabbit IgG, IgM
were purchased from bethyl chemisty (bethyl, United States).
Antibody for p-PKAa/B/y cat (Thr 198) was from Santa Cruz
Biotechnology (sc-32968) (Santa Cruz, United States).

Mouse Protocol

Pathogen-free, male C57BL/6 mice, 6-8 week old were purchased
from Orient Bio (Orient Bio, South Korea). Vimentin null (Vim
~/~) mice on a 129 background were provided by Dr. John E.
Eriksson (Abo Akademi University, Finland) and seven times
backcrossed to C57Bl/6. LDL receptor null (LDLr ~/~) mice were
provided by Dr. Goo Taeg Oh (Ewha Womans University, Seoul,
South Korea). In all experiments, age-matched (7-10 weeks old)
male mice were used. The Institutional Animal Care and Use
Committee (IACUC) of Ewha Womans University College of
Medicine approved the experimental protocol (IACUC approval
No. ESM-12-0198).
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Bone Marrow Transplantation and

Atherosclerosis Analysis

LDLr~/~mice were reconstituted with bone marrow from
Vimt/* mice (n=11) and Vim~—/~ mice (n = 10). To induce bone
marrow aplasia, LDLr~/ ~mice (male, age 6 weeks) were exposed
to a single dose of 13 Gy (0.28 Gy/min, 200 kV, 4 mA) x-ray
(total body irradiation) with a 4 mm aluminum filter, 1 day before
the transplantation. Bone marrow cell suspensions were isolated
by flushing the femurs and tibias from either male Vim™/*
or Vim~/~ mice with phosphate-buffered saline. Irradiated
recipients received 1.5 x 107 bone marrow cells by intravenous
injection into the tail vein. After 4 weeks, reconstituted Ldlr—/~
mice were fed a western diet for 15 weeks.

We generated Apoe™/~ Vim ~/~ (double null) mice by
crossing the Apoe™/~ and Vim ~/~ mouse strains. Apoe™/~ Vim
~/~ mice and Apoe™/~ Vim*/* mice were fed a western diet for
15 weeks.

Western diet-fed mice were euthanized and perfused with
cold 0.01 mol/L PBS through left ventricle. Aortae were dissected
from the proximal ascending aorta to the bifurcation of iliac
artery and fixed in 4% buffered paraformaldehyde for 24 h.
After fixation, the aortae were split longitudinally and pinned
open for surface lesion measurements with 0.5% Oil-Red O
staining. For aortic sinus analysis, heart was embedded in optimal
cutting temperature compound (OCT), and snap-frozen in liquid
nitrogen. Serial 7-pwm cryosections of the aortic sinus were cut
using a Leica CM1950 cryostat. Four or more frozen section slides
for aortic sinus were made per mouse. Cryosections were fixed
in 4% buffered paraformaldehyde and stained in 0.5% Oil Red O
for 25 min. Quantitative analysis of atherosclerotic lesions was
performed using the Axiovision release 4.4 software (Carl Zeiss,
Germany) program.

Low Density Lipoprotein Preparation and

Oxidation

LDL was obtained from human plasma via density gradient
ultracentrifugation (30). Oxidized LDL (oxLDL) was generated
by dialysis of LDL with 5uM CuSOy4 in PBS for 6 h at 37°C.
To terminate oxidation of LDL, LDL was dialyzed with 100
i M EDTA in PBS.

In addition to CuSO4-0xLDL, we generated oxLDL modified
by myeloperoxidase (MPO) and used in several experiments
as Figure 1D. LDL prepared from human plasma by density
gradient ultracentrifugation was oxidatively modified by
incubation in a buffer containing 50 mM sodium phosphate
(pH 7.0) and 100 uM diethylene triamine pentaacetate (DTPA)
with 30 nM MPO, 100 g of glucose, glucose oxidase at 20
ng/ml (grade II; Boehringer Mannheim Biochemicals, Penzberg,
Germany), and 0.5 mM NaNO; at 37°C for 8 h (oxLDL) (31).
The oxidation reaction was terminated by the addition of 40
uM butylated hydroxyl-toluene and 300 nM catalase to the
reaction mixture.

Cell Culture

Peritoneal macrophages were collected by peritoneal lavage of
mice 4 days after intraperitoneal injection of 4% thioglycolate

(I ml). Mice were euthanized with CO, before harvesting
macrophages. Cells were cultured in RPMI containing 10%
fetal bovine serum and 1% penicillin-streptomycin. Media was
changed to serum-free RPMI for treatment with oxLDL or
other chemicals.

Primary bone marrow-derived macrophages (BMDMs) were
collected from Vim ~/~ mice and wild type mice as described
previously (32). Briefly, BMDMs were differentiated from murine
bone marrow myeloid stem cells and cultured for 7 days with
DMEM supplemented with 10% 1929 supernatant containing
10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 1%
penicillin-streptomycin and 5 x 10-5M 2-mercaptoethanol at
37°C and 5% CO,.

SW13 cells were purchased from ATCC (ATCC, United States)
and incubated following their protocol.

Oil Red O Staining

ORO staining was performed using murine peritoneal
macrophages plated in 12-well plate as described previously
(33). Cells were incubated with or without 50pg/ml of oxLDL for
18 h. Then macrophages were fixed in 4% paraformaldehyde in
PBS for 20 min at room temperature. To stain the intracellular
lipids, Cells were washed with PBS twice and treated with
60% isopropanol for 5 min and ORO solution (diluted 2:3 of
H20:0.3% ORO in isopropanol) for 15 min. After rinsing with
distilled water, cells were examined microscopically.

We added 500 pl of isopropanol onto the ORO-stained
macrophages to extract the ORO incorporated into the
intracellular lipids. The amount of the ORO flowing out from
the macrophages was measured by using spectrophotometry
(absorbance at 510 nm).

Western Blotting

Cells were lysed in buffer containing 1% triton X-100, 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, ] mM EDTA, 1 mM EGTA and
protease inhibitor cocktail (Roche, Germany) and phosphatase
inhibitors (10 mM phenylmethylsulfonyl fluoride/PMSE, 1%
sodium pyrophosphate, 10 mM sodium fluoride, and 2 mM
sodium vanadate). The lysates were separated by SDS-PAGE,
transferred to PVDF membrane (Millipore), and analyzed
by immunoblotting. Membranes were probed with antibodies
for vimentin, CD36, phospho-vimentin (Ser72), and phospho-
vimentin (Ser38). Antibodies for B-actin and GAPDH were used
for normalization. Band intensities were quantified using Image J
program (U. S. National Institutes of Health, United States).

Flow Cytometry

Cells were incubated in 6 well plates with appropriate media
containing 10% FBS. After rinsing twice with PBS, cells were
harvested gently with scrapers and moved to round bottom
glass tubes. After centrifuge at 1,000 x g in glass tubes, cells
were incubated with 5% BSA for 30 min at 4°C and then
incubated with APC-conjugated anti-CD36 antibody (Bio legend,
United States), FITC-conjugated anti-MSR1 antibody or isotype
control (Bio legend, United States) diluted in PBS containing
5% BSA for 1 h at 4°C. After three washes with PBS, cells were
analyzed by flow cytometry.
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Immunoprecipitation

Cells were lysed with RIPA buffer (1% triton x-100, 0.1% sodium
dodecyl sulfate, 0.5% deoxycholate, 50 mM Tris-HCI (pH 7.5),
150 mM NaCl) and protease inhibitor cocktail. The protein
concentrations of the lysates were quantified by BCA method and
appreciate amounts of lysates were pre-incubated with Protein
A or Protein A/G plus bead (Santa cruz, United States) for 2 h.
The supernatant containing 350 mg protein was incubated with
2 pg of anti-CD36 antibody or anti-vimentin antibody overnight
at 4°C. Protein A or Protein A/G plus beads were added to the
lysates for 4 h. Beads were extensively washed, boiled in laemmli
buffer (Bio-rad, United States) and the bead-bound material was
analyzed by immunoblotting for CD36, vimentin or PKA.

1,10-Dioctadecyl-3,3,30,30-
Tetramethylindocarbocyanine

Perchlorate Oxidized LDL Uptake Assay
OxLDL was complexed with Dil as described previously. OxLDL
(500 pg/ml) was mixed with 10 pg/ml of Dil in DMSO at 37°C
for 16 h. Dil-OxLDL solution was dialyzed in PBS. Macrophages
were cultured in 6 well plates and then incubated with oxLDL
(50 pg/ml) at 37°C for 30 min. Cells were treated with Dil-
oxLDL 50 pg/ml for 5 min, fixed in 4% paraformaldehyde in
PBS and washed with PBS. Cells were collected by scrapping and
spinned at 1,000 g for cell debris removal. Dil-OxLDL taken up
by macrophages was measured using flow cytometry.

Intracellular Cholesterol Concentration

Measurement

Intracellular cholesterol was measured using a cholesterol
fluorometric assay kit (Cayman). Vim™/* macrophages and
Vim™/~ macrophages were cultured in 6 well plates with or
without oxLDL (50 g /ml) and cells were washed twice with
PBS after 18 h. Assay buffer including 0.5% triton X-100
was added onto the cells. The cell lysates were centrifuged at
13,000 x g for 30 min at 4°C. The supernatants were used
for the cholesterol measurement. The value of intracellular
cholesterol was normalized by comparison to the protein
concentration of the sample.

RNA Isolation and Real Time PCR

Total RNA was extracted from macrophages using Trizol reagent
(Invitrogen, United States) according to the manufacturer’s
instruction. We used iScript ¢cDNA synthesis kit (Bio-rad,
United States) to synthesize cDNA. Quantitative real-time reverse
transcriptase PCR (qQRT-PCR) was performed with Power SYBR
Green PCR Master Mix (Applied Biosystems, United States) and
an ABI Real-Time PCR thermocycler. RNAs were analyzed by
qRT-PCR with following primers (5'-CCC AGA GCA AAA AGC
GAC TC-3' and 5'- GGT CAT CAT CAC TTT GGT CCT TG-3
for ABCA1, 5-CAA GAC CCT TTT GAA AGG GAT CTC-
3’ and 5-GCC AGA ATA TTC ATG AGT GTG GAC-3’ for
ABCG1, 5-GGC TGC TGT TTG CTG CG-3" and 5'-GCT GCT
TGA TGA GGG AGG G-3' for SR-B1, 5-GAT CGG AAC TGT
GGG CTC AT-3’ and 5'-GGT TCC TTC TTC AAG GAC AAC

TTC-3 for CD36, 5'-AAA GAA GAA CAA GCG CAC GTG G-
3’ and 5-GAG CAC CAG GTG GAC CAG TTT G-3’ for SR-A1,
and 5-TCC ATG ACA ACT TTG GCA TTG-3" and 5'- TCA
CGC CAC AGC TTT CCA-3’ for GAPDH.) GAPDH was used
for internal control.

Vector Construction
All plasmids were produced using standard cloning techniques.
Vimentin sequence was cloned into pAcGFP-Hyro-N1 vector
for imaging. pLVX-puro vector were used for mutagenesis.
These vectors were provided by Dr. Youngho Ahn (Ewha
Womans University, Seoul, South Korea). Vimentin construct
was amplified by PCR with following primers (VIM -HindIII-
F: GTCA AA GCT TCG ATG TCC ACC AGG TCC, GTG TC,
VIM -HindIII-R: GTCA AA GCTTA TTC AAG GTC ATC GTG
ATG CTG, VIM -EcoRI-Flag-F: GTCA GAATTC GCCACC ATG
GAT TAC AAG GAT GAC GAC GAT AAGATGTCCACCAGG
TCC GTG TC, VIM -EcoRI-R: GTCA GAATTC TTA TTC AAG
GTC ATC GTG ATG CTG) in reactions as follows; denaturation
at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C
for 2 min, annealing at 59°C for 1 min, and extension at 72°C for
2 min. A final elongation step was carried out at 72°C for 10 min.
For site-directed mutagenesis, we used polymerase chain
reaction (PCR) with oligonucleotide mutation primers and
the template vimentin cDNA. The primers for site-directed
mutagenesis are VIM -§72A-F: GCC GTG CGC CTG CGG GCC
AGC GTG CCC GGG GTG, VIM -§72A-R: CAC CCC GGG
CAC GCT GGC CCG CAG GCG CAC GGC, VIM -S72D-F:
GCC GTG CGC CTG CGG GAC AGC GTG CCC GGG GTG,
VIM -§72D-R: CAC CCC GGG CAC GCT GTC CCG CAG GCG
CAC GGC. The mutation sites were confirmed by sequencing
by Cosmo Genetech.

Lentivirus-Mediated Transfection

Genetically modified lentiviruses were produced by transient
transfection of 293T cells with Plvx -VIM, Plvx -V72A,
Plvx -V72D, Plvx-puro, PAX2 packaging plasmid (containing
gag and pol gene of HIV) and MDG2 envelop plasmid
(containing vesicular stomatitis viral glycoprotein expressing
vector) using Lipofectamine 2000 reagents (Thermo Fisher
Scientific, United States).

A293T cells were seeded onto 6 well plates at 50~70%
confluence 1 day before the transfection. Transfection mixture
containing 6 g target vector, 5 pg PAX2, 3 pg MDG2, and 10
wg/ml Lipofectamine was added to the A293T cells. The media
was collected after 24 h, filtered through a 45 pm pore filter
and added to the recipient cells. To enhance the transfection
efficiency, virus-containing media was mixed with polybrene 5
pg/ml (Millipore). We performed second transfection repeating
the same procedure 24 h after the first transfection to promote
viral incorporation.

Immunocytochemistry and

Immunohistochemistry
Cells grown on glass coverslips were fixed with 4% formaldehyde
in ice-cold PBS for 20 min and then 0.1% triton X-100

Frontiers in Cardiovascular Medicine | www.frontiersin.org

May 2022 | Volume 9 | Article 792717


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kim et al.

Phosphorylated Vimentin Directs CD36 Trafficking

in ice-cold PBS for 5 min. Cells were incubated with 5%
BSA in PBS for 1 h to reduce non-specific signals and then
incubated with primary antibodies diluted in PBS containing
5% BSA for 16 h at 4°C. After 3 washes with PBS, cells
were incubated with appropriate fluorescent dye-conjugated
secondary antibodies for 1 h and washed with PBS. Then nuclei
were stained with DAPI-containing mounting solution (Vector
laboratories, United States). Fluorescently stained cells were
examined under a Zeiss confocal microscope and analyzed by
Zeiss imaging processor.

Aortic sinus tissues were embedded in optimal cutting
temperature compound (SAKURA Tissue-Tek, United States) for
frozen section and snap frozen at -80°C. These frozen tissues
were sectioned on a cryostat, transferred to slides and then dried
to preserve morphology. Sections were dried for 5 min at room
temperature and were fixed by pre-cold acetone for 15 min. The
following process was equal to immunocytochemistry.

Early-Endosome Fraction Assay

Mouse peritoneal macrophages were incubated with oxLDL (50
wg /ml) for 10 min. After the designated time point, cells were
washed twice with RPMI followed by the application of 0.5 ml of
homogenization buffer [250 mM sucrose, ] mM EDTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF)], in which cells were
gently detached using a cell scraper, lysed, and further processed
for examination by a sucrose flotation assay. Specifically, after
centrifugation (1,000 x g), the post-nuclear supernatant was
collected and adjusted to a concentration of 25% sucrose and 1
mM EDTA in 1 ml total volume. In 1 ml increments, 2.4 ml of
45% sucrose was transferred to the bottom of a SW41Ti tube and
successively overlaid with 5.2 ml of 35% sucrose, 3.9 ml of 25%
sucrose, and 1 ml of post-nuclear supernatant in 25% sucrose.
These fractions were further analyzed using endosomal markers,
CD36 and vimentin.

Thiobarbituric Acid Reactive Substance

Assay

Lipid peroxidation of LDL was measured by Thiobarbituric
Acid Reactive Substance (TBARS) formation. Briefly, LDL and
oxLDL were incubated with ice cold 10% Trichloroacetic acid
to precipitate protein for 15 min on ice. And centrifuge samples
2,200 x g for 15 min at 4°C. Place supernatant into new labeled
tube and add equal volume of 0.67% (w/v) Thiobarbituric Acid
(TBA). Incubate in a boiling water bath for 10 min and record
absorbance at 532 nm.

Statistical Analysis

Data are expressed as mean = standard error of the mean (SEM).
Student’s t-test was used for comparisons between two sample
means. ANOVA test was used to compare three or more groups.
We also used non-parametric Kruskal-Wallis test for post-
comparison hoc test. A p-value less than 0.05 were considered
statistically significant. All experiments were repeated at least 3
times independently and all the measurements were done three
times for a set. Analyses were performed using GraphPad Prism
Software (GraphPad Software).

RESULTS

Vim~—/~ Murine Peritoneal Macrophages
Exhibit Less Uptake of Oxidized LDL

Than Vim*/+ Macrophages

To determine if vimentin plays a role in macrophage foam
cell formation, we performed ORO staining with Vim*/*+ and
Vim™/~ murine peritoneal macrophages incubated with oxLDL
for 18 h (Figure 1A). We extracted ORO from the ORO-
stained macrophages and measured the absorbance to quantify
the amount of intracellular lipids. The ORO incorporated
in the Vim~/~ macrophages was 10% less than that in the
Vim™/* macrophages (Figure 1A). In accordance, the increment
of intracellular cholesterol after the oxLDL treatment which
was measured by cholesterol oxidase assay was 6% less in
Vim™/~ macrophages than in Vim*/* macrophages (Figure 1B).
These data indicate that vimentin deletion reduces macrophage
foam cell formation.

Previous reports revealed that vimentin functions in uptake
of virus and metal ion such as zinc (13, 14, 34). To evaluate
roles of vimentin in lipid uptake, peritoneal macrophages
from Vim~/~ and Vim*/* mice were treated with oxLDL
complexed with dil (Dil-oxLDL) for 5 min and fixed with 4%
paraformaldehyde. Our data from flow cytometry showed that
the mean fluorescence intensity of macrophages representing
Dil-oxLDL uptake was 50% less in Vim ™/~ macrophages than
in Vim*/* macrophages (Figure 1C).

To clarify in which stage of oxLDL-internalization vimentin
functions, we treated macrophages with U18666a (10 nM),
Niemann-Pick C1 (NPC-1) inhibitor, to block the later process of
endocytosis, especially the transport of LDL-derived cholesterol
from lysosomes to endoplasmic reticulum (35). Vimt/* and
Vim~/~ mouse peritoneal macrophages were pre-incubated with
U18666a (10 nM) for 90 min, incubated with or without oxLDL
(50 pg/ml) for 18 h and stained with ORO (Figure 1D). The
absorbance of ORO eluted from Vim™/~ macrophages was
1.3 fold increased after the oxLDL treatment while Vim™/+
macrophages showed 2.0 fold-increase after the oxLDL treatment
(Figure 1E). The result suggested that less intracellular lipids in
Vim™/~ macrophages were not caused by increased trafficking
of free cholesterol from late endosome/lysosomes to other
cellular compartments, but is caused by diminished uptake
of lipoproteins.

Plasma Membrane CD36 Was Less in
Vim~—/— Macrophages Than in Vim*/+
Macrophages

Macrophages express various receptors including CD36
scavenger receptor-A (SR-A) to uptake oxLDL. ABCAl and
ABCG1 mediate cholesterol efflux to apolipoprotein Al and
high density lipoprotein (36-38). Dysregulation of uptake and
efflux of lipids leads to foam cell formation. We performed
western blot analyses and quantitative real time PCR (RT-
PCR) for receptors known to regulate cholesterol influx and
efflux. Quantitative RT-PCR results showed no significant

and
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FIGURE 2 | Plasma membrane CD36 in Vim~/~ macrophages was less than in Vim */+ macrophages. (A) Quantitative real-time PCR was performed with RNAs
from Vim */+ and Vim~/~ murine peritoneal macrophages. GAPDH was used as the internal control. (B) Western blot analysis for CD36 was performed using
lysates of Vim */+ (n = 4) and Vim~/~ (n = 4) murine peritoneal macrophages. Each lysates were harvested from different mice. Beta actin was used as the internal
control. (C) Western blot analysis for CD36 was performed using fractionated lysates of Vim */* and Vim~/~ murine peritoneal macrophages. E-cadherin was used
as the marker for plasma membrane fraction and GAPDH was used as the marker for cytosolic fraction. (D) Left, The representative flow cytometry data of Vim */+
murine peritoneal macrophages and Vim~/~ murine peritoneal macrophages with APC conjugated monoclonal antibody specific for CD36. Both cell types were
incubated with either IgG control (Vim +/+: pink, Vim=/=: light blue) or with CD36 antibody (Vim */+: red, Vim—/~: dark blue). Right, Comparison of fluorescence
intensities representing cell surface-localized CD36 between Vim */+ and Vim~/~ murine peritoneal macrophages. (E) Flow cytometry. Comparison of fluorescence
intensities representing cell surface-localized CD36 between Vim */+ and Vim~/~ murine bone marrow-derived macrophages (BMDM). (F) Flow cytometry.
Comparison of fluorescence intensities representing cell surface-localized SR-A between Vim +/+ and Vim~/~ murine peritoneal macrophages. (G) Western blot
analysis for phospho-JNK, phospho-MMK4 and beta actin using lysates of Vim +/+ and Vim=/~ murine peritoneal macrophages. Cells were incubated with oxLDL
(50 wg/ml) for indicated times. Beta actin was used as the internal control. *p < 0.05, **p < 0.01, **p < 0.001. The graph shows mean + SEM for triplicated
determinants of the experiments. (H) Vim*/* and Vim~/~ macrophages were treated with or without oxLDL (50 pg/ml) and TNF-a released by the macrophages in
the media was measured by ELISA. ***p < 0.001.
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FIGURE 3 | OxLDL induces CD36-Vimentin colocalization in early endosome. (A) Representative immunocytochemistry images of wild type macrophages incubated
with or without oxLDL (50 pwg/ml) for 10 min. Cells were stained with a rabbit polyclonal antibody to CD36 (Dylight 594; Red) and a mouse monoclonal antibody to
vimentin (Alexa 488; Green). Scale Bars represent 20 um. (B) Vim +/* mouse peritoneal macrophages were treated with or without oxL.DL (50 g/ml) for 10 min and
immunoprecipitated with indicated antibodies. The precipitants were analyzed by western blot with antibodies against vimentin and CD36. (C) Sucrose gradient early
endosome fraction test. Wild type macrophages were incubated with or without oxLDL (50 j.g/ml) for 10 min and homogenized. The lysates were added to
156~40% sucrose gradient column and centrifuged. (a) oxLDL-untreated and (b) oxLDL-treated macrophage lysates. Immunoblot analyses for indicated proteins.
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difference in expressions of CD36, LOX-1, SR-A, ABCAI,
ABCGI, and SR-B1 between Vim®™/* and Vim™/~ mouse
macrophages (Figure 2A). The western blot showed that CD36
protein levels were not different between Vim™/* and Vim=/—
macrophages (Figure 2B).

However, plasma membrane-localized CD36 was significantly
different between Vim*/T and Vim~/~ macrophages.
Subcellular fractionation and western blots using the cytoplasmic
and membrane fractions of macrophage lysates revealed
that plasma membrane-localized CD36 in Vim™/~ mouse
peritoneal macrophages was 60% less than in Vim*/* mouse
peritoneal macrophages (Figure 2C). In accordance, flow
cytometry showed that Vim™/~ macrophages exhibited less
cell surface-localized CD36 than Vim™/* mouse peritoneal
macrophages (Figure 2D). Bone marrow-derived macrophages
(BMDM) from Vim~/~ mice also showed 50% less cell
surface-localized CD36 than BMDM from Vim*/* mice in
our flow cytometry data (Figure 2E). However, cell surface-
localized SR-A measured by flow cytometry did not show
difference between Vim™/* and Vim~/~ mouse peritoneal
macrophages (Figure 2F).

OxLDL via CD36 activates c-Jun N-terminal kinase (JNK) 1/2
through MKK4 in macrophages (3). OxLDL treatment induced
phosphorylation of MKK4 and JNK 1/2 in Vim™/* macrophages,
however, Vim™/~ macrophages showed diminished responses to
oxLDL (Figure 2G).

It has been reported that OxLDL/CD36 interaction induces
release of cytokines including TNF-a (39). We measured TNF-a
production in response to oxLDL in Vim*/* and Vim —/—
macrophages. Vim™/ T macrophage secreted 1.47 fold more TNF-
o than Vim ~/~ macrophages (Figure 2H).

The results revealed that vimentin deletion decreases
0oxLDL/CD36-provoked signaling via less CD36 trafficking to
plasma membrane.

Oxidized LDL Induces Vimentin-CD36
Colocalization in Macrophages

Since we have found decreases in oxLDL uptake and CD36
trafficking that are attributed to vimentin deficiency, we
tested if vimentin and CD36 are physically associated. The
immunostaining showed that CD36 and vimentin are co-
localized. The co-localization of vimentin and CD36, especially
near the plasma membrane, was increased within 10 min
after the oxLDL treatment compared with oxLDL-untreated
macrophages (Figure 3A). Moreover, immunoprecipitaion assay
results indicated that oxLDL increased association between
vimentin and CD36 (Figure 3B).

We isolated endosomal fractions using sucrose gradient
fractionation. Early endosomes were labeled by early endosome
marker EEA1 and are in the 10th, 11th, and 12th fractions.
There were CD36 and vimentin in early endosome fractions.
In addition, the amounts of CD36 and vimentin in the early
endosome fractions were increased when the cells were treated
with oxLDL (50 pg/ml) (Figure 3C).

Overall, these results reveal
colocalization of CD36 and vimentin.

that oxLDL promotes

Oxidized LDL/CD36 Interaction Induces
Vimentin Phosphorylation at Serine 72
and Induces Disassembly of Vimentin

Filaments

The major regulatory mechanism of vimentin is site-specific
phosphorylation (18). We found that oxLDL induced
phosphorylation of serine72 (ser72) in a dose-dependent
manner (Figures 4A,B). OxLDL induced more vimentin
phosphorylation (Ser72) than native LDL (Supplementary
Figure 1). However, serine38 of vimentin was not affected by
oxLDL (Figure 4A). Subcellular fractionation study showed that
phosphorylated vimentin was increased in response to oxLDL
both in the cytosolic and the membrane fractions of macrophages
(Figure 4C). Vimentin phosphorylation (Ser72) by oxLDL was
dependent on CD36. Western blot showed that oxLDL
induced vimentin phosphorylation (Ser72) in macrophages
from wild type mice while vimentin phosphorylation (Ser72)
was not induced by oxLDL in macrophages from CD36 null
mice (Figure 4D).

Vimentin phosphorylation at Ser72 is known to impair the
assembly of vimentin intermediate filaments during mitosis
in fibroblasts (18). To demonstrate the effect of vimentin
phosphorylation  (Ser72) in macrophages, we separated
macrophage lysates into soluble/insoluble fractions based
on solubility in triton X-100. In the soluble fraction which
contains monomeric vimentin, vimentin was increased after
the oxLDL treatment. In accordance, the level of vimentin in
insoluble, filamentous fraction was decreased after the oxLDL
treatment (Figure 4E).

Protein Kinase A Mediates Vimentin
Phosphorylation (Ser72) Induced by
Oxidized LDL

To identify the specific kinase that phosphorylates vimentin in
response to 0xLDL, we blocked various kinases using inhibitors
as staurosporine, IPA-3, LY294002 and H-89. We found that
H-89, a specific inhibitor for Protein Kinase A (PKA) (40),
reduced oxLDL-induced vimentin phosphorylation (Ser72). We
also found that oxLDL induced phosphorylation of PKA (PKA
a/B/y-c, Thr198) (Figure 5A). In accordance, H-89-treated wild
type macrophages internalized 50% less Dil-oxLDL than H-89-
untreated macrophages (Figure 5B).

BMDMs transfected with PKA-specific siRNA showed less
oxLDL-induced phosphorylation of vimentin (Ser72) than
control siRNA-transfected cells (Figure 5C). However, BMDMs
transfected with siRNA against protein kinase C (PKC) which
is also known to phosphorylate vimentin (41) did not show
changes in oxLDL-induced vimentin phosphorylation (Ser72)
(Figure 5D). To see if PKA is physically associated with vimentin,
we performed immunoprecipitaion using anti-vimentin antibody
and immunoblotting with anti-PKA antibody. The result showed
that oxLDL treatment for 5 min induced association between
PKA and vimentin (Figure 5E).

These data demonstrated that PKA is activated by oxLDL and
mediates vimentin phosphorylation (Ser72).
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and flotilin-1 was used as a marker for insoluble fraction. ***o < 0.001. The graph shows mean + SEM for triplicated determinants of the experiments.

Vimentin pSer72
1 GAPDH
(Fold change)
»

Vimentin pSer72
/ GAPDH
(Fold change)

oxLDL concentration (#2/ml)

WT CD36 null

OxLDL 50pg/ml - + + + -+ o+ o+
Time (min) 0 10 30 4 0 10 30 45

Vimentin pSer72

Beta - actin

a
8
*
*
*

|

8 &8 8 8

0

Soluble vimentin (% of total)

Untreated OxLDL 50 pg/ml

Vimentin (Ser72) Phosphorylation
Induced by Oxidized LDL Regulates
Membrane Localization of CD36 and Is
Necessary for Uptake of Oxidized LDL

To evaluate the role of phosphorylated vimentin (Ser72), we
generated Ser72-to-Asp phospho-mimicking mutant (V72D)
and Ser72-to-Ala (V72A) non-phospho-mimicking mutant using
site-directed mutagenesis. Vim™/~ BMDM showed 40% less
Dil-oxLDL uptake than Vim*/* BMDM and Vim~/~ BMDM
that restored vimentin expression showed increased uptake of
oxLDL. Vim~/~ BMDM transfected with V72D showed 1.3 and
2.0-fold higher rates of Dil-oxLDL uptake than vimentin or
V72A-transfected macrophages, respectively (Figure 6A).

The site-directed mutagenesis experiments were repeated
using SW13 cells, renal epithelial cell line not expressing
vimentin. SW13 cells transfected with phospho-mimicking
mutant (V72D) showed 1.4 fold increased uptake of Dil-oxLDL
compared with SW13 cells with wild type vimentin (Figure 6B).

Since Vim™/~ mouse macrophages showed less CD36 in
plasma membrane than Vim*/* mouse macrophages, we
hypothesized that vimentin phosphorylation may influence
CD36 trafficking from cytosol to membrane. To prove
the hypothesis, we stained plasma membrane CD36 with
fluorescently labeled anti-CD36 antibody and performed
flow cytometry to measure the fluorescence intensities that
represent the amount of CD36 localized in plasma membrane.
CD36 localized in plasma membrane was 2.0 fold more in

Frontiers in Cardiovascular Medicine | www.frontiersin.org

217

May 2022 | Volume 9 | Article 792717


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kim et al. Phosphorylated Vimentin Directs CD36 Trafficking

A Untreated H-89 (2nM) B .
L B i)
OXLDL 50pg/ml (min) 0 10 30 0 0 30 .
2
PKA total F—% 3 E—— 3 £t ;
2
Total vimentn [
c Untreated  Control SIRNA _PKA siRNA
Control SRNA -+ - OXLDL 50pg/mi(min) 0 10 30 0 10 30 0 10 30
PKASRNA - - +
roapcr [
Botacctn [ ———————
IS _— =
[
§ N.S g
@ ™ —_ ; . 2.0
g o 1.0 3 % s
2 S8
k=] 1.0
o9 0.5 ‘2.5@
g~ £ o5
R £ .
0.0 i Conhol R BIL SRl > ~ 01030 0 1030 0 10 30
nireated Lontrors! s Untreated  Control SIRNA PKA SIRNA
D Untreated  Control SRNA _PKC SIRNA
Control SIRNATEE_ S 8 OXLDL 50ug/mi(min) 0 10 30 0 10 30 0 10 30
PKCSiRNA . . +
Total PKC ] (\ % Vimentin pSer72
— Total Vimentin
Beta actin
1.5 £
- N.S g
] s
o ~ b~
58 10 £%
2& ha
-5 o~ E
gz 5o
4
o @ 0.5 tg_ 2
) oL
" B
" Untreated Control SIRNA PKC SIRNA S
0 1030 0 1030 0 10 30
Untreate  Control siRNA PKC siRNA
E Control  IgG P : Vimentin
OxLDL 50ug/ml (min) - = - +

Total Vimentin

oarc, @ ]

FIGURE 5 | PKA mediates oxLDL-induced vimentin (Ser72) phosphorylation. (A) Wild type murine peritoneal macrophages pretreated with H-89(2 nM), a specific
PKA inhibitor were incubated with oxLDL (50 pg/ml) for indicated times. The lysates were analyzed by immunoblot for phosphorylated vimentin (Ser72) and total
vimentin. Beta actin was used for internal control. (B) Flow cytometry data. BMDMs were pretreated with or without H-89 (2 nM) and then exposed to Dil- oxLDL (50
prg/mi) for 5 min. The fluorescence intensities of these cells were measured. (C) Left, Western blot analysis for PKA was performed using cell lysates of wild type
murine BMDM transfected with control SiRNA or siRNA against PKA. Cells were lysed 24 h after the siRNA treatment and analyzed by immunoblot for PKA. Right:
Wild type murine BMDMs were transfected with control siRNA or siRNA against PKA and incubated with oxLDL (50 g/ml) for indicated times and analyzed by
western blot. (D) Left: Western blot analysis for PKC was performed using cell lysates of wild type murine BMDM transfected with control sSiRNA or siRNA against
PKC. Cells were lysed 24 h after the siRNA treatment and analyzed by immunoblotting to confirm the suppression of PKC expression. Right: Wild type murine
BMDMs were transfected with control siRNA or siRNA against PKC and incubated with oxLDL (50 pwg/ml) for indicated times and analyzed by western blot. (E) Vim
*+/+ murine peritoneal macrophages were treated with or without oxLDL (50 p.g/mi) for 10 min and immunoprecipitated with anti-vimentin antibody. The precipitants
were analyzed by western blot for PKA. *p < 0.05, *p < 0.01, **p < 0.001.
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FIGURE 6 | Vimentin (Ser72) phosphorylation induced by oxLDL is required for the uptake of oxLDL. (A) Flow cytometry. Fluorescence intensities of
dil-oxLDL-treated Vim—/~ BMDM. Cells were transfected with vectors for vimentin or vimentin mutants. (B) Flow cytometry. Geometric mean fluorescence intensities
of dil-oxLDL-treated SW13 cells. Cells were transfected with vectors for vimentin or vimentin mutants. (C) Measurement of membrane CD36. Vim~/~ BMDM were
transfected with vimentin or mutant vimentin vectors. Stabilized macrophages were stained with APC conjugated anti-CD36 antibody and analyzed using flow
cytometry. (D) The representative immunohistochemistry images of aortic sinuses of Ldlr—/~ mice fed a normal diet for 14 weeks or western diet for 14 weeks. Both
samples were stained with antibody against phosphorylated vimentin (Ser72) (Dylight 594; Red) and antibody against f4/80 (Alexa 488; Green), a macrophage
marker. Scale bars represent 1 um. N.S. not significant, “*p < 0.001.

the macrophages with V72D compared with macrophages
with V72A (Figure 6C). These data suggest that vimentin
(Ser72) phosphorylation promotes translocation of CD36 to
plasma membrane.

To evaluate if atherosclerotic arterial lesion has higher levels of
phosphorylated vimentin (Ser72) in macrophages, we performed
immunostaining of cross-sections of the aortic sinuses of Ldlr
~/~ mice fed a normal chow diet and Ldlr ~/~ mice fed a
western diet for 14 weeks. The result showed that macrophages
in the atherosclerotic plaque of the western diet-fed mice had

higher levels of phosphorylated vimentin (Ser72) compared
with macrophages in the aortic sinuses of the chow-diet fed
mice (Figure 6D).

Deletion of Vimentin in Macrophages
Reduces Atherosclerotic Lesion

Development in LdIr—/— Mice
To investigate whether deletion of vimentin in macrophages
affects the formation of atherosclerotic lesions, we transplanted

Frontiers in Cardiovascular Medicine | www.frontiersin.org 219

May 2022 | Volume 9 | Article 792717


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kim et al.

Phosphorylated Vimentin Directs CD36 Trafficking

bone marrow from Vim™/* and Vim~/~ mice to Ldlr—/—
mice and placed these mice on a western diet for 15 weeks.
En face aortae with ORO staining showed that Ldlr~/~ mice
with Vim~/~ bone marrow had less atherosclerotic lesion than
Ldlr—/~ mice with Vim*/* bone marrow (13.13 4.42% vs.
7.464 1.95%, p-value = 0.0019, Figure 7A). The cross sections
of the aortic sinuses stained with ORO also showed that
atherosclerotic plaques are smaller in Ldlr~/~ mice with Vim™=/~
bone marrow than in Ldlr—/~ mice with Vim™/T bone marrow
(Figure 7B). Macrophage counts obtained from F4/80 staining of
the cross sections showed that Ldlr—/— mice with Vim—/~ bone
marrow had 60% less macrophage number in the atherosclerotic

plaque area compared to Ldlr~/~ mice with Vim*/* bone
marrow (Figure 7C).

Blood VLDL/LDL and total cholesterol concentrations
of these two groups of mice were not different, however,
the HDL concentrations of Ldlr~/~ mice with Vim=/~
bone marrow were 20% less than Ldlr~/~ mice with
Vim*™/* bone marrow (Figure 7D). The body weight of
Ldlr=/~ mice with Vim™/~ bone marrow and Ldlr~/~ mice
with Vim*/* bone marrow were not significantly different
(Figure 7E).

These data suggest that macrophage vimentin contributes to
the development of atherosclerosis.
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FIGURE 7 | Loss of vimentin in macrophages reduces atherosclerotic lesion in Ldlr=/~ mice. Lethally irradiated Ldlr—/~ mice were reconstituted with bone marrow
from Vim*/+ mice (n = 11) and Vim~/~ mice (n = 10). After 4 weeks, reconstituted Ldlr—/~ mice were fed a western diet for 15 weeks. (A) Left: Representative en
face aortae stained with ORO of Ldlr—/~ mice transplanted with Vim*/+ and Vim~/~ bone marrow. Right: Quantification of percent lesion area in the en face
preparations of aortae. Bars indicate mean + SEM; mice with Vim +/+ bone marrow (n = 11) and mice with Vim=/~ bone marrow (n = 10). (B) Left: Representative
cross sections of aortic sinuses stained with ORO, of mice transplanted with Vim*/+ and Vim~/~ bone marrow. Right: Quantification of ORO (+) lesion area
percentage of the cross sections of the aortic sinuses of mice with Vim */+ bone marrow and Vim=/~ bone marrow. Bars indicate mean + SEM; Ldlr—/~ mice with
Vim */+ bone marrow (n = 11) and Vim~=/~ bone marrow (n = 10). (C) Histomorphometric measurements of staining with F4/80, a specific marker of macrophages
are shown in bar graphs. Bars indicate mean + SEM; Ldlr=/~ mice with Vim */+ bone marrow (n = 11) and Vim~/~ bone marrow (n = 10). (D) Blood lipid profile of
the Ldlr—/~ mice with Vim */+ bone marrow (n = 11) and Vim~/~ bone marrow (n = 10) in (A). TC; Total cholesterol, Bars indicate mean + SD. (E) Body weight
changes of the Ldlr—/~ mice with Vim */+ bone marrow (n = 11) and Vim~/~ bone marrow (n = 10) during the western diet period. Bars indicate mean + SEM.
*n < 0.05, *p < 0.01, **p < 0.001.
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We generated Apoe™/~ Vim ~/~ mice and fed a high fat
diet for 15 weeks. Atherosclerotic lesions of aortae were analyzed
by ORO staining of the en face bloc. Apoe™/~ Vim ~/~ mice
showed 57% less atherosclerotic lesions in the aortae than
Apoe~/~ Vim™/*mice. The cross sections of the aortic sinuses
stained with ORO also showed that atherosclerotic plaques are
smaller in Apoe™/~ Vim ~/~ mice than Apoe™/~ Vim™*/*mice
(Supplementary Figure 2).

We concluded that vimentin promotes atherosclerosis in
hypercholesterolemic mice.

DISCUSSION

Vimentin, the most abundant intermediate filament protein
in mesenchymal cells, is well known as a structural protein
that supports distribution of intracellular organelles. Vimentin
attaches to endoplasmic reticulum, mitochondria and nucleus
(41). Several groups made Vim™/~ transgenic mice to evaluate
the role of vimentin in vivo, but Vim™/~ mice did not show
a specific phenotype, which has caused limited number of
studies for the role of vimentin (42). Vimentin is used as a
marker of mesenchymal cells and thus used to assess epithelial-
mesenchymal transition (EMT) in malignancy. Recent studies
have found several physiological roles of vimentin related to
endocytosis. Fay and Panté reported that vimentin is required
for parvovirus infection in which vimentin mediates endosomal
trafficking of viral particle (13). Sarria et al.’s found that vimentin-
lacking adrenal cells and normal adrenal cells have the same
ability to internalize LDLs but have different abilities in storing
LDLs. They suggested that vimentin plays a role in transport of
LDL-derived cholesterol from lysosomes to mitochondria, the
site for esterification of cholesterol in adrenal cells (43). Heid
et al.’s found that vimentin is one of the lipid droplet components
in adipocytes based on the proteomic analyses of the components
of lipid droplets in adipocytes (44).

We demonstrated that Vim™/~ mouse peritoneal
macrophages uptake less oxLDL than Vim*/* mouse
peritoneal macrophages, which was proven by Dil-oxLDL
uptake assay and oil-red O staining of macrophages incubated
with oxLDL (Figure 1).

To clarify which stage of lipid uptake was affected by vimentin,
we used U18666A, a specific inhibitor for NPC-1 (Niemann-
Pick disease, type C1) (45). NPC-1 is a membrane protein that
has a role in intracellular transport of cholesterol from late
endosomes to post-lysosomal destinations (46). Blocking NPC-1
protein halts the movement of cholesterol after the late endosome
formation. Therefore, we could assess the oxLDL uptake or the
early endosome formation distinguished from late endosome.
The difference in oxLDL uptake between Vim */* and Vim
~/~ mouse peritoneal macrophages was increased after blocking
NPC-1. Therefore, we concluded that vimentin functions in foam
cell formation via mediating uptake of oxLDL in macrophages.

We found that CD36 localized in plasma membrane was 50%
less in Vim™/~ macrophages than in Vim */* macrophage.
Despite less uptake of oxLDL in Vim ~/~ macrophages, there
was no difference in the amount of CD36 proteins in whole
cell lysates between Vim T/ and Vim ~/~ macrophages.

We showed that vimentin-CD36 co-localization was increased
by oxLDL in macrophages using various techniques including
immunoprecipitaion, immunostaining, and sucrose gradient
early endosomal fraction assay.

Vimentin has a central alpha-helical domain and capped on
each end by non-helical domain. Two vimentin monomers form
a coil-coil dimer, which forms the basis for the filamentous
vimentin and this process is known to be regulated by
phosphorylation of vimentin. We found that oxLDL/CD36
interaction induced vimentin (Ser72) phosphorylation via
PKA (Figure 1). We observed that phospho-mimetic of
vimentin (Ser72) increased oxLDL uptake and membrane CD36
localization. In summary, our studies revealed that oxLDL/CD36
interaction induces phosphorylation of vimentin (Ser72) and
phospho-vimentin (Ser72) promotes CD36 trafficking to the
plasma membrane.

CD36 mediates various cellular activities including fatty
acid transport, engulfing virus-infected cells and oxLDL uptake
(47). Macrophage CD36 expression is known to be promoted
by its ligand, oxLDL, which is called “eat me signal.”
CD36 transcription is induced by oxLDL via activation of
peroxisome proliferator-activated receptor y (PPARy) (48).
Both 9- hydroxyoctadecadienoic acid (9-HODE) and 13-
HODE in oxLDL serve as endogenous PPAR vy ligands.
To reduce foam cell formation and treat atherosclerosis,
there have been various efforts to reduce CD36 expression.
Those includes usage of drugs such as a-tocopherol and
tamoxifen. However, no drugs have achieved enough efficacy
in clinical settings (49). Therefore, modulating functions of
vimentin may be one way to inhibit macrophage foam cell
formation. Regarding our finding, oxLDL increases uptake of
itself in macrophages via two ways; one is increase of CD36
transcription and the other is increase of membrane trafficking
of CD36.

Recently, Haversen et al. reported that vimentin deficiency
increased membrane-localized CD36, resulting in increased
uptake of oxLDL (29), which is an opposite observation to
our finding. However, animal experiment using Vim™/~ bone
marrow transplantation in their study showed the same finding
to ours that LDLR™/~ mice reconstituted with Vim~/~ bone
marrow had less atherosclerotic lesions than LDLR™/~ mice
with Vim®/* bone marrow. Contrary findings in cellular
experiments may have been caused by different experimental
settings. Peritoneal macrophages and BMDMs are known to
be phenotypically distinct and differ in expression of M1/M2
markers and lipid metabolism genes (50). Differences in methods
to achieve BMDMs could contribute to different responses of
the cells. We differentiated murine bone marrow myeloid stem
cells into BMDMs by culturing in DMEM supplemented with
10% L1929 supernatant and 10% fetal bovine serum (FBS) for 7
days. Harversen et al. used high-glucose DMEM supplemented
with 10% whole supernatant of cell line CMG14-12 as a source of
mouse M-CSF.

To clarify the differences in baseline CD36 expression between
BMDM and peritoneal macrophages, we measured cell surface
CD36 in both types of cells. FACS analysis using anti-CD36
antibody showed that 3.02 times higher intensity was measured
in peritoneal macrophages (Supplementary Figure 3). Peritoneal
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macrophages released more TNF-a in response to oxLDL and
MCP-1 than BMDM (Supplementary Figure 4).

Although baseline expressions of CD36 and other molecules
are different between BMDM and peritoneal macrophages, in
our current study, we attained consistent results that vimentin
deficiency reduces expression of cell surface CD36 and thus
reduces uptake of oxLDL in both BMDM and peritoneal
macrophags (Figures 2D,E). We also conducted site-specific
mutagenesis study using BMDM (Figure 6). As in the experiment
using peritoneal macrophages from Vim™/~ and Vim™/* mice
(Figure 1), BMDM from Vim~/~ mice showed 40% less oxLDL
uptake than BMDM from Vim+/* mice or Vim™/~ BMDM that
restored vimentin expression (Figure 6A) and also showed less
expression of plasma membrane CD36 (Figure 6C).

Another report revealing that the inhibitory effect of
tetrahydroxystilbene glucoside on macrophage foam cell
formation is driven by reduction of vimentin (51) also supports
our observation. In a different study of ours, we also showed
that membrane-localized CD36 in Vim ™/~ adipocytes was 41~
58% less than in control Vim*/* adipocytes and thus fatty
acid uptake of Vim~/~ adipocytes was 27% less than Vim*/+
adipocytes (52).

We measured LDLR expression in peritoneal macrophages
from Vim™/* and Vim ~/~ mice. The expression of
LDLR was 1.37 fold higher in Vim ~/~ macrophages
(Supplementary Figure 5).

Differences in oxLDL preparations could attribute to the
disparity among in vitro studies. We generated CuSO4-oxLDL
and measured oxidation degree of the CuSO4-0xLDL by TBARS
assay (thiobarbituric acid reactive substance assay). Our oxLDL
was 8-10 nmol TBARS/mg protein MDA equivalents which
could be classified as mildly oxidized LDL (Supplementary
Figure 6). It has been reported that mildly oxidized LDL is
chemically different from unmodified LDL and has more affinity
to CD36 than the other scavenger receptors including scavenger
receptor-A (53). We also used myeloperoxidase (MPO)-modified
LDL in our assay to evaluate effect of CD36 in oxLDL-
induced vimentin (Ser72) phosphorylation (Figure 4D). MPO
is physiological oxidizing reagent in the human body and
thus MPO-modified LDL should be closer to the endogenously
oxidized LDL. We achieved consistent results from the assays
using CuSO4-0xLDL and MPO-modified LDL.

A recent study by Wang et al. revealed that palmitoylation
of CD36 by DHHC4 and DHHCS5 is required for its plasma
membrane localization and fatty acid uptake activity (54). It
is possible that phospho-vimentin may affect palmitoylation
of CD36 via modulating activities of palmitoyl-acyltransferase
like DHHC4 and DHHC5. The question we should solve
is whether CD36 increase in plasma membrane is derived
from achieving stability of membrane-localized CD36 or it
is from increased dynamic trafficking (fast receptor recycling
via increased dynamic assembly and disassembly of vimentin
intermediate filament). This question is on our venue of on-
going research.

In summary, our current study demonstrated that vimentin-
deficient macrophages uptake less oxLDL via decreased
membrane localization of CD36 and thus CD36-deficiency

in macrophages reduces development of atherosclerosis. We
suggest underlying mechanisms that oxLDL/CD36 interaction-
induced vimentin (Ser72) phosphorylation leads to disassembly
of vimentin filament and vimentin mediates membrane
trafficking of CD36 and receptor-mediated endocytosis of CD36.
Our study suggests a new therapeutic strategy for the treatment
of atherosclerosis by revealing a new function of vimentin
in macrophages. It may also suggest ways to regulate CD36
trafficking and modulate functions of CD36 in various biological
activities including fatty acid transport in adipocytes, immunity,
and anti-angiogenesis.
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