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Sofia, Bulgaria, 4Department of Paediatrics and Medical Genetics, Medical Faculty, Medical University of Plovdiv, Plovdiv,

Bulgaria

The literature review we conducted reveals the limited use of proprotein convertase

subtilisin/kexin type 9-inhibitors (PCSK9i) in children with familial hypercholesterolemia

(FH). In 2015, a 10-year-old boy presented with round, xanthochromic lesions on

his right knee and elbow. The values of total and LDL-cholesterol (LDL-C)−18 and

15 mmol/l, respectively—along with normal triglycerides and HDL-cholesterol (HDL-C)

confirmed the lesions were xanthomas. The data suggested a homozygous form of FH.

The level of lipoprotein (a) was high: 270 mg/dl. Initial treatment, based on European

recommendations, included Atorvastatin 20mg and Ezetimibe 10mg and led to a

decrease in LDL-C by 46% for 5 months; however, the patient developed severe statin

intolerance. Atorvastatin was replaced with Rosuvastatin 10mg, but the symptoms

persisted. Success was achieved by switching to an intermittent regimen: Rosuvastatin

10mg three times a week with a daily intake of Ezetimibe 10mg. However, the results

were far from the desired LDL target. LDL-apheresis was advisable, but unfortunately,

it is not performed in Bulgaria. In May 2017, a genetic analysis [two pathological

mutations within the LDLR gene: c.1519A>G; p.(Lys507Glu) and c.2403_2406del;

p.(Leu802Alafs∗126)] confirmed the initial diagnosis: the patient had homozygous FH

with compound heterozygosity indeed. Having turned 12 in September 2017, the patient

was eligible for treatment with a PCSK9i: Evolocumab 140mg. The mean reduction of

LDL-C with the triple combination reached a reduction of 52.17% for the whole 2-year

period. The LDL target was reached in January 2020. The triple therapy significantly

reduced Apolipoprotein B by 29.16%. No statistically significant difference was found

in Lp (a) levels (p > 0.05) Our clinical case demonstrates that the triple lipid-lowering

combination in a patient with compound heterozygous FH is a good therapeutic option

for reaching the LDL-target.

Keywords: case report, homozygous familial hypercholesterolemia, child, Evolocumab, COVID-19
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INTRODUCTION

The homozygous forms of familial hypercholesterolemia (HoFH)
are rare (incidence is often cited to be 1:1,000,000 although
estimations show that it could be as frequent as 1 in
160,000–320,000 people) and pose a significant therapeutic
challenge (1, 2). In both HoFH forms (true homozygous and
compound heterozygous) low-density lipoprotein (LDL) target
levels are difficult to reachwithout treatment with LDL-apheresis,
Mipomersen, or Lomitapide. The literature review reveals a
limited use of proprotein convertase subtilisin/kexin type 9
inhibitors (PCSK9i) in children with FH (1–5). According to the
European recommendations, diagnostic criteria of HoFH include
untreated LDL-cholesterol (LDL-C) levels >13 mmol/L (500
mg/dL) and pediatric manifestations such as premature coronary
heart disease, aortic valve disease, and tendon xanthomas in
the hands and Achilles tendons (4, 5). The American Heart
Association guidelines give a simplified clinical classification
of HoFH: (1) appearance of xanthomas before the age of 10;
(2) LDL-C >13 mmol/l before treatment or >7.76 mmol/l
despite treatment; (3) phenotype features or documented
hypercholesterolemia in both parents (6).

CASE REPORT

Case Description
In mid-2015, a 9-year-old boy first sought medical attention
due to the occurrence of round, xanthochromic lesions on his
right knee and right elbow as shown in the following pictures.
Progression of the lesions was gradual and non-traumatic.

Physical examination showed height: 145 cm, weight: 46 kg,
body mass index (BMI): 18.62 kg/m2. The patient presented
with blood pressure of 115/70 mmHg and heart rate of 95
bpm. No pathologic heart sounds were heard on auscultation;
peripheral pulsations were within normal limits. Blood lipid
analysis revealed extremely elevated total and LDL-C levels
(18 and 15 mmol/l, respectively) with normal triglycerides (1.3
mmol/l) and HDL-C (1.4 mmol/l). Further laboratory tests
revealed an Apolipoprotein-B/Apolipoprotein-A1 ratio of 2.9
(Apolipoprotein-B: 3.5 g/l, Apolipoprotein-A1: 1.4 g/l), which
confirmed that the abovementioned lesions were xanthomas.
The patient had normal thyroid function, normal vitamin D3

levels, and no jaundice or anemia. We also found high levels of
lipoprotein (a) (Lp(a): 270 mg/dl), which was measured by an
immunoturbidimetric assay. Family history: The available data
on the affected family members are presented in Figure 1.

According to the Simon Broome criteria, the boy was classified
as having a definite FH (4, 5). Based on the early age of occurrence
of xanthomas, extremely elevated LDL cholesterol levels, the
presence of hypercholesterolemia in both parents, and family
history of premature ischemic heart disease, we concluded that
the condition was in its homozygous form (4–6).

Functional testing, electrocardiography at rest, and
cardiopulmonary testing registered no abnormalities.
Echocardiography revealed posterior annular calcification
of the mitral valve and thickened and sclerotic aortic valve
without any pathological gradient, normal ejection fraction

(67%), and normal global longitudinal strain (−25%) (Figure 2).
Additional tests for subclinical atherosclerosis were carried
out in accordance with the European guidelines (7). Doppler
ultrasound of the arteries of the extremities was performed by an
angiologist and revealed no atherosclerotic lesions. Intima-media
thickness of the carotid arteries was elevated for the patient’s age
and corresponded to the values of a 30-year-old male (Figure 2).

Treatment Approach
A multidisciplinary approach was applied with the help of a
pediatrician, cardiologist, and nutritionist to reduce the total
cardiovascular risk. It also included dietary recommendations
and motivation for regular physical activity and psychological
support to comply with the long-term treatment (4, 5).

A treatment plan for the patient was prepared in accordance
with the European recommendations: administration of statins
in the maximum tolerated dose and a cholesterol absorption
inhibitor (3, 7) Initial treatment with Atorvastatin 20mg in
combination with Ezetimibe 10mg was selected (8). With its
help, the patient’s LDL level decreased by roughly 46% for
5 months; however, he developed a severe statin intolerance:
muscle weakness in his lower limbs and unwillingness to exercise.
Creatin phosphokinase was elevated—approximately three times
higher than the upper reference value—an insignificant finding
in this case. A significant increase of the hepatic enzyme (alanine
aminotransferase) levels was observed: a nearly threefold rise in
comparison to baseline levels. Apart from the BMI, no other
cause, potentially accountable for the statin intolerance (such as
hypothyroidism, low vitamin D3, or impaired kidney function)
was identified. Atorvastatin was replaced with Rosuvastatin
10mg, but the symptoms persisted. During the following year, the
patient was on a treatment with Ezetimibe 10mg only and refused
to take statins, which led to an increase in the LDL-C (Figure 3).

In cases of HoFH, LDL apheresis is advisable. Unfortunately,
the procedure is not performed in Bulgaria due to its high cost
(9). Treatment with Mipomersen or Lomitapide was considered,
but it was turned down due to its high financial cost (10).

We adapted an intermittent regimen for the administration
of Rosuvastatin: 10mg three times a week with a daily intake
of Ezetimibe 10mg. As a result, myalgia disappeared. The
follow-up showed varying levels of LDL-C, which were far from
the desired target of 5.2–11.7 mmol/l (Figure 3). According to
ESC/EAS Guidelines for the Management of Dyslipidemias,
genetic testing of children is required for accurate determination
of the necessary level of aggressive lipid-lowering therapy (3, 4).
In May 2017, a significant development of the case was brought
in by genetic analysis: next-generation sequencing and CNV
analysis of a dyslipidemia panel of 29 genes (with sensitivity
of more than 99%) were performed at the Department of
Clinical Genetics, Academic Medical Center at the University of
Amsterdam, Netherlands. Two pathological mutations within
the LDLR gene were identified: c.1519A>G; p.(Lys507Glu) and
c.2403_2406del; p.(Leu802Alafs∗126). These mutations had
been previously identified only in France and the Netherlands
in a small number of cases: 13 for the first mutation and three
for the second one (11). No additional pathogenic mutations
were identified in the remaining 28 genes of the dyslipidemia
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FIGURE 1 | Patient’s family tree according to the boy’s mother.

FIGURE 2 | (A) Initial fibrocalcinous changes on the aortic root and on the mitral valve annulus. (B) Initial intima media thickness of the last 10mm of the right

common carotid artery.

panel. The analysis confirmed the initial suspicion of HoFH.
The condition was in its more common form: compound
heterozygosity. The clinical severity of compound heterozygosity
is considered almost equal to that of true homozygosity
(11). Molecular genetics confirmation strengthened our
patient’s determination to be more willing to accept new
treatment strategies.

In September 2017, the boy, already 12 years old, became
eligible for treatment with PCSK9i (12–14). His case was
reviewed by a National Committee, consisting of a cardiologist,
a pediatrician, and an endocrinologist, and he was approved
for adjuvant biweekly treatment with Evalocomab 140mg with
the consent of his parent. The first follow-up result was
obtained at the beginning of February 2018 at week 4 after two
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FIGURE 3 | Dynamics of LDL-C, non-HDL-C, Apolipoprotein B/A1 during the 5-year follow-up.

administrations of the drug. No reduction in the lipid levels
was found: Total cholestrol was 8.8 mmol/l, and LDL-C was
6.8 mmol/l. Follow-up results at the beginning of May 2018
(nearly 6 months after the onset of the PCSK9i therapy) showed
a reduction: total cholesterol was 7.46 mmol/l (15.2% reduction),
and LDL-C was 5.68 mmol/l (16.4% reduction). Treatment
with PCSK9i was combined with a maximum tolerated dose
of Rosuvastatin 10mg three times a week and Ezetimibe 10mg
daily. He was able to tolerate statins daily (BMI = 24.5 kg/m2)
due to the sufficient values of growth variables (height, weight,
and BMI) characteristic for the patient’s age (12). Subsequently,
the patient started taking a combined pill of 10mg Rosuvastatin
and 10mg Ezetimibe daily along with Evalocomab 140mg twice a
week. Follow-up evaluation was performed every 6months. LDL-
C follow-up showed a tendency for reaching the target levels. A
positive result of LDL-C decrease by 50% in comparison with the
initial values was achieved after the addition of Evalocomab to the
dual lipid-lowering therapy. This was the reason why an increase
in the statin dose was not necessary. Since January 2020, the target
levels have been successfully preserved below 3.5 mmol/l. (14)
(Figure 3).

The dynamics of the different lipid profile values during the
5-year course are displayed in Figure 3. The mean reduction
of LDL-C by a therapeutic approach that included Rosuvastatin
20mg daily, Ezetimibe 10mg daily, and Evolocumab 140mg
every 2 weeks led to an initial decrease in LDL-C by 41.17%

during the first year. The effect increased over time, reaching
52.17% for the whole 2-year period. The effect on LDL-C for
this period increased, which indirectly indicated lack of anti-
Evolocumab antibodies (the latter have not been tested). No effect
on triglycerides and HDL-C was observed. As a result of the
triple lipid-lowering therapy, significant reduction in the levels of
Apolipoprotein-B was detected, reaching 29.16%. No statistically
significant difference was found in Lp(a) levels (p > 0.05).

Additional laboratory assays, such as complete blood
biochemistry (blood glucose and HbA1c) and hematology
analyses were carried out. The only ascertained increase was
that of aminotransferase levels (three times the normal value)
during the initiation of the daily statin intake. Subsequently,
aminotransferase levels returned to normal.

Each year, the patient undergoes a complete cardiological
examination: electrocardiography, echocardiography, duplex
sonography of the carotid arteries, and stress test. No
abnormalities were detected, apart from the thickness of the
communal carotid artery. During the treatment, the thickness
showed no alteration. Involution of xanthomas was observed in
the first year of treatment with a reduction of LDL levels by
almost 50%. Skin lesions’ appearance during the 5-year period is
shown on Figure 4.

Side effects, includingminor flu-like symptoms, were reported
by the patient’s mother after the first administration of
Evolocumab. An increase in the incidence of upper respiratory
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FIGURE 4 | Involution of the xanthomas during the 5-year follow-up.

tract infections has been observed since the addition of the
monoclonal antibody to the therapeutic scheme.

During the ongoing treatment and monitoring, it was
ascertained that the child had a normal growth rate and height,
which was at the 50th percentile. BMI showed the following
deviations: an initial increase in BMI, which was insignificant,
followed by a reduction of body mass and reaching a BMI at the
third percentile at the age of 15, which requires attention and
subsequent follow-up (Supplementary Figure 1). Because of this
fact, we planned an increase in energy intake and scheduled a
consultation with a pediatric dietologist. Pubertal development
was at Tanner Stage 1 at the beginning of the treatment. At the
age of 15, the patient was at Tanner stage 3, which was interpreted
as normal development. In January 2021, while being on a triple
lipid-lowering therapy, the patient suffered a mild COVID-19
infection, which had no complications.

DISCUSSION

Treatment of HoFH is often difficult despite the advances in
lipid-lowering therapies (3–5). The 2016 ESC/EAS Guidelines

for the Management of Dyslipidemias suggest that a healthy
lifestyle and diet should be adopted by children suffering from
FH, and statin treatment should be initiated as early as 8 years
of age. The control of LDL-C levels is considered to be crucial.
Recommended goals for children >10 years of age are LDL-C <

3.5 mmol/l (135 mg/dl) or at least a 50% reduction (3–5).
Potent statins, even at high doses, have proven to be

insufficient for reaching the LDL-C targets with a reduction by
10–25% only detected in the majority of patients with HoFH.
Nonetheless, they are in the basis of FH treatment (3). The
addition of the cholesterol absorption inhibitor Ezetimibe lowers
LDL-C further by 10–15%, adding to an overall reduction of 30–
40% (3). Lipoprotein apheresis is a well-established treatment of
both true homozygous (patients with two identical mutations,
each in one of the copies of a certain gene) and compound
heterozygous (patients with two different mutations, each in
one of the copies of a certain gene) HoFH forms as well as of
double heterozygous (patients with two different genes having
a mutation in one of their copies) forms of FH. The high
price and lifestyle requirements limit the administration of this
treatment (9). Attention is currently directed at new available
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lipid-lowering therapies, including Lomitapide, Mipomersen,
and PCSK9i (10, 12). Both PCSK9i, Evalocomab and Alirocumab,
have proven to reduce LDL-C additionally by up to 60% when
added to a standard lipid-lowering therapy in heterozygous FH
patients with relatively minor side effects (12–14). In HoFH (both
true homozygous and compound heterozygous) and double
heterozygous FH patients, the reduction at week 12 is reported
to be 30.9% for Evalocomab and 41.2% for Alirocumab (15).
The literature review reveals a limited use of PCSK9i in children.
In the TESLA Part B trial, which included 49 individuals with
HoFH over the age of 12, Evalocomab was administered in
eight children, the youngest of whom was 13 years old. Two of
the children were true homozygotes, and six were compound
heterozygotes for LDLR mutations. Therapeutic reduction in
cholesterol levels depended on the severity of the identified
mutations and the residual activity of the LDLR (16). There are
many other potential causes for interindividual differences in
patient responses. Observations from the reported case detect
a double LDL-C reduction after the addition of PCSK9i to
the therapeutic scheme: during the first 6 months, reduction
was by 28%; at the end of the second year, the reduction
was by 52%. This demonstrates the applicability of PCSK9i
in young patients with FH. The further decrease in LDL-C
levels after the addition of PCSK9i to the treatment regimen
suggests that there is a residual activity of the LDL receptor in
our patient. Considering the results from the genetic analysis
(two different LDLR mutations, both rare, and hence hard
to reliably correlate to a specific LDLR activity phenotype),
we assume this is indeed true; probably at least one of the
mutations is “receptor-defective” and encodes a product with
a partially preserved activity (as opposed to the “receptor-
negative” mutations that cause complete loss of function of
the product).

Our observations also confirm the TESLA Part B trial data
on LDLR compound heterozygous HoFH of 23 patients, in
which LDL-C reduction (Evolocumab compared with placebo)
ranges from a mean 40.8% in 57% (28/49) of patients with
either one or two mutations in LDLR to no response in
patients with two negative or suspected negative mutations.
It should be mentioned that, in the TESLA Part B trial,
patients were monitored for a significantly shorter period:
only 24 weeks compared with the 2-year follow-up of our
case. Based on both sources, we can assume that response
to Evolocumab was related to the specific underlying genetic
defect causing HoFH. Furthermore, we presume that the
therapeutic effect becomes more pronounced with time as
observed during the 2-year PCSK9i treatment period in
our patient.

In our case report, PCSK9i treatment is the main cause for
reaching LDL-target levels in combination with a statin and
ezetimibe. The reason behind this could be partially attributed
to one or both of the following: lack of genetic defect in
the PCSK9 gene and/or residual LDLR activity. The LDL-C
reduction by 52.17%, owing to the addition of PCSK9i to the
therapeutic regimen, would not be sufficient by itself to reach
the LDL target in HoFH when LDL-C should be even lower. The
use of a triple lipid-lowering therapy employs several different

mechanisms for the lowering of LDL-C, which have a more
potent effect when combined and achieve significantly lower
LDL-C values.

The current case study supports the results from TESLA part
2 by reporting that genetic information provides incremental
insight into homozygous and compound heterozygous
LDLR mutation–caused HoFH and its possible response to
treatment. We also agree that the response to Evolocumab
depends on the specific genotype causing HoFH with a
greater reduction in LDL-C recorded in patients with LDLR
receptor-defective mutations compared with patients with
LDLR receptor-negative mutations (12). Therefore, it can
be concluded that, in a clinical trial setting, the genetic
confirmation of HoFH is a valuable source of information
for assessment of the genotype–phenotype correlations.
Genetic results could also prove useful in the selection
of pediatric patients eligible for Evolocumab treatment in
clinical practice.

This clinical case demonstrates that the triple lipid-lowering
combination in a patient with compound heterozygous HoFH
is a good therapeutic option for reaching the target levels as
a result of reduction in LDL-C levels by more than 50% in a
pediatric patient. The compound heterozygosity in our reported
FH case appears not to influence the efficacy of Evolocumab with
LDL-C reductions in the same range as reported for the overall
pooled analysis of FH patients from an Evolocumab phase 3
trial. The LDL-C-lowering activity of Evolocumab in FH, caused
by compound heterozygous LDLR genotypes, is likely to be
attributable to the presence of at least one partially functional
allele (receptor-defective mutation) (15).

Lp(a) is a marker that predicts and stratifies the risk of
atherosclerotic cardiovascular disease in adults with FH in
combination with the LDL-C level, but its role in children
is debated (17, 18). Its high initial levels in our case report
are consistent with previous studies suggesting that high
Lp(a) levels in children may be associated with a family
history of atherosclerotic cardiovascular disease (18). Lp(a)
testing may also identify children with FH who could benefit
from a more aggressive management to reduce atherosclerotic
cardiovascular disease risk. The lack of Lp(a) reduction in
our patient is discordant with the results of previous studies
reporting that, in patients with either one or two defective
LDLR alleles, Lp(a) reduction was statistically significant
(16). Currently, data in regard to Lp(a) being better than
LDL in stratifying the cardiovascular risk in children is
lacking (18).

The lack of decrease in Lp(a) after the addition of Evolocumab
is still a disappointing and disconcerting result. Data on Lp(a)
in the pediatric population is limited. Previous studies show a
decrease in Lp(a) but in adults and as a secondary prevention
(19, 20). It should be kept in mind that the prognostic benefits
that PCSK9i has in relation to Lp(a) are mainly derived from
secondary analysis and not as a main goal of studies. On
the other hand, we still do not have enough data on the
effects of PCSK9i in primary prevention in both adult patients
and children with elevated Lp(a) levels. We can suggest that
the lack of effect detected in our study supports the data
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in the literature that Lp(a) clearance is mediated by multiple
receptors (21). Most likely due to the latter, even effective
LDL-C-lowering pharmacotherapies, specifically enhancing the
activity of hepatic LDL receptors, are not sufficient for an
effective lowering of Lp(a) levels. This possible explanation
would prove the lack of association of Lp(a) levels with the
activity of any single one of the receptors expected to mediate
hepatic removal of Lp(a). Targeting receptor-mediated removal
of circulating Lp(a) particles for therapy may indeed require
a complex approach. In accordance with the latter, recent
efforts have been aimed at reducing the hepatic production
rate of apolipoprotein (a). One realistic therapeutic strategy for
our patient is the future use of the already approved RNAi-
based PCSK9 inhibitor Inclisiran. The data from the literature
proves the dose-dependent Inclisiran-mediated lowering of LDL-
C and Lp(a) (22). Our team is hopeful that novel lipid-lowering
therapies will help us reach the target levels of both LDL-C
and Lp(a) and reduce the cardiovascular burden in the reported
young individual.

Another significant problem is the thrombogenic risk
associated with the persistent high levels of Lp(a) (23).
It calls for a discussion on the need for antiplatelet
prophylactic therapy (24). After examination of the other
coagulation factors—platelets, fibrinogen, D-dimers—which
were within the reference ranges and taking into account
the normal vascular status, we decided to refrain from an
antiplatelet treatment at this stage. We continue to monitor
this issue.

Our patient had a mild COVID-19 infection a few months
ago. That could be attributed to a sufficient immune response
(even with Evolocumab). A few reasons can be given for
the mild clinical course of the COVID-19 infection in our
patient. First, statin therapy, due to its numerous pleiotropic
effects on the vessel wall, may play a role because COVID-
19 is an endothelial disease (25). Second, the initially elevated
HDL-C levels, which remained high during the infection
(HDL-C levels: 1.4 ± 0.15 mmol/l from the beginning and
throughout the entire 5-year observation) probably have a
connection with the administered lipid-lowering therapy: statin
and PCSK9i (26, 27). Literature data suggest that PCSK9i
treatment results in a more atheroprotective HDL particle
profile; it decreases plasma levels of extra-large HDL particles
and increases plasma levels of medium-sized HDL particles
(27). The latter ones, when in high levels, are reported to be
associated with amilder COVID-19 infection course (28). Similar
data can be found in another observational study in which
individuals with lower levels of HDL-C before the pandemic
are at higher risk of suffering a severe COVID-19 infection
(29, 30).

CONCLUSION

The response to Evolocumab was related to the underlying
genetic defect causing HoFH with the compound heterozygous
LDLR genotype. We confirm the observations of previous
studies that, in compound heterozygous HoFH patients who

receive stable background lipid-lowering treatment and do not
undergo apheresis, biweekly treatment with Evalocomab 140mg
was well tolerated and significantly reduced LDL-C. More
information is needed for the use of PCSK9i in children as far
as effectiveness and possible short- and long-term side effects
are concerned. The new upcoming therapies will most likely
help resolve the problem of the persisting high Lp(a) levels in
our patient.

LEARNING OBJECTIVES

• With the current limited literature data on the usage of PCSK9i
in children with FH, the study contributes by providing
additional information on the efficiency and safety within a
2-year period.

• On the other hand, the response to Evolocumab was related to
the underlying genetic defect causing HoFH with compound
heterozygous LDLR genotype. Compound heterozygous
HoFH patients who receive stable background lipid-
lowering treatment and do not undergo apheresis, biweekly
treatment with Evalocomab 140mg was well-tolerated and
significantly reduced LDL-C for the reported period of
2 years.

• The persistent high Lp(a) level, even with the use of
PSCK9 inhibitors in HoFH, is still a therapeutic challenge
that we hope the new upcoming therapies will help
us resolve.

• High HDL-C levels could be one of the reasons
for the mild clinical COVID-19 infection
course, a suggestion supported by recent
literature data.

REPORTING GUIDELINES

The case report follows the consensus-based clinical case
reporting guideline (CARE) checklist (30).
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Aims: Dietary cholesterol and palmitic acid are risk factors for cardiovascular diseases

(CVDs) affecting the arteries and the heart valves. The ionizing radiation that is frequently

used as an anticancer treatment promotes CVD. The specific pathophysiology of these

distinct disease manifestations is poorly understood. We, therefore, studied the biological

effects of these dietary lipids and their cardiac irradiation on the arteries and the heart

valves in the rabbit models of CVD.

Methods and Results: Cholesterol-enriched diet led to the thickening of the

aortic wall and the aortic valve leaflets, immune cell infiltration in the aorta, mitral

and aortic valves, as well as aortic valve calcification. Numerous cells expressing

α-smooth muscle actin were detected in both the mitral and aortic valves.

Lard-enriched diet induced massive aorta and aortic valve calcification, with no

detectable immune cell infiltration. The addition of cardiac irradiation to the cholesterol

diet yielded more calcification and more immune cell infiltrates in the atheroma

and the aortic valve than cholesterol alone. RNA sequencing (RNAseq) analyses

of aorta and heart valves revealed that a cholesterol-enriched diet mainly triggered

inflammation-related biological processes in the aorta, aortic and mitral valves,

which was further enhanced by cardiac irradiation. Lard-enriched diet rather affected

calcification- and muscle-related processes in the aorta and aortic valve, respectively.

Neutrophil count and systemic levels of platelet factor 4 and ent-8-iso-15(S)-PGF2α

were identified as early biomarkers of cholesterol-induced tissue alterations,

while cardiac irradiation resulted in elevated levels of circulating nucleosomes.
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Conclusion: Dietary cholesterol, palmitic acid, and cardiac irradiation combined with

a cholesterol-rich diet led to the development of distinct vascular and valvular lesions

and changes in the circulating biomarkers. Hence, our study highlights unprecedented

specificities related to common risk factors that underlie CVD.

Keywords: cholesterol, palmitic acid, cardiovascular diseases, arteries, heart valves, dietary lipids

INTRODUCTION

Heart diseases are a major health burden worldwide. Coronary
artery disease (CAD) is the most prevalent heart disease
characterized by the build-up of atherosclerotic plaques in the
artery walls, which are responsible for myocardial infarction
and stroke, the two leading causes of death (1). Atherosclerosis
is a chronic, progressive process that remains asymptomatic
for years, making it difficult to diagnose at the early stage.
Consequently, atherosclerosis is most often diagnosed following
an acute event. Among a population considered at low or
intermediate risk of CAD, a study showed that almost 50% of
patients had at least one stenotic vascular segment and more
than 25% had multiple stenotic segments (2). Percutaneous
coronary intervention with stent placement is recommended as
the first therapy when available promptly. Afterward, chronic
preventive pharmacotherapies are used to reduce the risk of
future acute events. The prevalence of atherosclerotic diseases
has kept increasing in the last decade, revealing the need to
identify new early diagnostic tools, preventive measures, and
therapeutic targets.

Valvular heart diseases (VHDs), including calcific aortic valve
disease (CAVD) and degenerative mitral valve disease, are other
prevalent heart diseases of the aging population (3). These
cardiovascular diseases progress very slowly before the onset
of the symptom. Hitherto, no pharmacotherapy exists to cure
or effectively prevent VHD progression, and valve repair or
replacement is the only treatment when a heart valve defect
is diagnosed. Although valvular calcification and degeneration
are considered active phenomena, the biological mechanisms
underlying the VHD remain poorly understood.

While dyslipidemia (lifelong exposure to high cholesterol) is a
well-established risk factor for atherosclerosis and CAVD (4–6),
statins effectively reduce vascular atherosclerotic diseases (7, 8),
but they showed no positive effect on severe CAVD (9, 10).
Proprotein convertase subtilisin/kexin type 9 inhibitors are a
more recent type of cholesterol-lowering drug with beneficial
effects in atherosclerosis (11–13). In vitro data showed promising
results with these inhibitors on CAVD (14). With regard to mitral

Abbreviations: Ao, aorta; AoV, aortic valve; α-SMA, α-smooth muscle actin;
CAD, coronary artery disease; CAVD, calcific aortic valve disease; CVD,
cardiovascular disease; DKK1, Dickkopf WNT Signaling Pathway Inhibitor 1;
CHT, cholesterol; CT, computed tomography; Ctrl, control; DEG, differentially
expressed genes; ECM, extracellular matrix; GAG, glycosaminoglycan; HDL, high-
density lipoprotein; IR, irradiation; LDL, low-density lipoprotein;MV,mitral valve;
NET, neutrophil extracellular trap; PF4, platelet factor 4; PGF2α, prostaglandin
F2α; RIHD, radiation-induced heart disease; VHD, valvular heart disease; Vit.D2,
Vitamin D2; Wnt, Wingless Integration site.

valve disease, no studies have ever described a link between
dyslipidemia and mitral valve degeneration.

Dietary habits and fatty acid intake are other, less-studied
risk factors for heart diseases (15). Fatty acids have different
impacts on cardiovascular risk, depending on their saturation
degree and C-chain length. For instance, palmitic acid, a main fat
component of lard, has been shown to have a deleterious effect on
CAD (16). Particularly, our recent study in rabbits indicates that
dietary palmitic acid can promote both arterial calcification and
CAVD (17).

Beyond dietary fats, radiation therapy to the chest, as a critical
component of the treatment regimen of Hodgkin lymphoma,
the lung and breast cancer, can also increase the risk of death
from cardiac-related causes (18–20). Radiation-induced heart
disease (RIHD) is a heterogeneous disease associated with many
cardiac manifestations, including CAD and left-sided heart valve
diseases (21). The RIHD is a specific entity and the mechanisms
underlying its pathogenesis are currently unclear.

This study aimed at evaluating and comparing the impact
of the following: (1) two dietary fats, enriched with either
cholesterol or lard, as a source of palmitic acid; (2) irradiation
in combination with a cholesterol-rich diet, on the aorta and
four heart valves. We also examined the interconnexion between
circulating biomarkers related to inflammation, oxidative stress,
platelet activation, and calcification.

MATERIALS AND METHODS

Ethics Statement and Animal Model
All rabbit experiments conform to the European Union
guidelines for the care and use of laboratory animals and were
approved by the Animal Ethical Committee of the University
of Liège (file number 1951). Seventy-three eight-week-old male
New Zealand White rabbits (1.83 ± 0.14Kg) were purchased
from the Charles River, France. The animals were kept in a
temperature and humidity-controlled environment in an air-
conditioned room with a standard rabbit chow and tap water ad
libitum. After 2 weeks of acclimation, the rabbits were randomly
assigned to seven different groups and diet habituation was
conducted for 2 weeks. Protocols started when the rabbits were
12 weeks old and it lasted 16 weeks. Control group (Ctrl,
n = 13) received a standard chow diet. Vitamin D2 group
(Vit.D2, n = 7) received a chow diet with 15 days of Vitamin
D2 supplementation (ergocalciferol, Sigma-Aldrich) in drinking
water at the beginning of the protocol (25,000 U/day/2.5 Kg). The
cholesterol-enriched diet group (CHT, n = 17) was treated with
0.3% of the cholesterol-enriched diet and received vitamin D2
(Vit.D2) supplementation as the Vit.D2 group. The lard-enriched
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diet group (Lard, n =13) received 5% of the lard-enriched diet
(17) with Vit.D2 supplementation. Irradiation group (IR, n =

7) received a chow diet and underwent X-ray cardiac irradiation
focused on the aortic valve and the thoracic aorta during the first
week of the protocol (24Gy dose divided into 3 fractions of 8Gy
delivered at 48-h intervals, chosen to mimic clinically relevant
doses used for anticancer radiotherapy) using image-guided
radiation on an irradiator specifically made for small animals (X-
Rad 225Cx, Precision X-Ray, Inc.). Irradiation combined with
cholesterol-enriched diet group (IR/CHT, n = 15) received 0.3%
of cholesterol-enriched diet plus Vit.D2 supplementation and
underwent cardiac irradiation at mid protocol (e.g., after 8 weeks
of cholesterol-rich diet). Cholesterol- and lard-enriched diets
were produced by Safe (France). Bodyweight was measured on
a weekly basis. Blood draws and cardiac CT (X-Rad 225Cx,
Precision X-Ray, Inc.) were performed at baseline and at the end
of every four weeks (W4, W8, W12, and W16), and aortic wall
calcification was visually assessed as absent or present in each
of the following segments: ascending aorta, aortic cross, and the
descending aorta. An extra blood draw was performed at W2.
Anesthesia was induced prior to any procedure (except for body
weight measurements) by intramuscular injections of droperidol
(0.625 mg/kg), xylazine (5 mg/kg), and ketamine (35 mg/kg)
in the hind legs. Euthanasia was conducted in the anesthetized
animals by intracardiac injection of pentobarbital (200 mg/kg).

Histological and Immunofluorescence
Analyses of Rabbit Heart
Hearts were harvested, weighed, and fixed in 4% of
paraformaldehyde–phosphate-buffered saline (PBS) solution for
24 h before dehydration into 70% of ethanol solution overnight
at room temperature (Ctrl: n = 6, Vit.D2: n = 7, CHT: n
= 11, Lard: n = 6, IR: n = 7, IR/CHT: n = 7). They were
then embedded in paraffin wax and sectioned at 7µm. Before
histological and immunofluorescence analyses, the sections were
incubated overnight at 58◦C and rehydrated through xylene
baths followed by a series of graded ethanol baths. Serial sections
were used for the histological assessment of tissue structure
on hematoxylin-eosin-stained sections, tissue calcification on
alizarin red stained section, and extracellular matrix (ECM)
composition on sirius red and Movat’s pentachrome-strained
sections. The aortic valve area was evaluated by isolating the
aortic valve leaflets and measuring their area on multiple serial
hematoxylin-eosin-stained sections (4 to 9 per rabbit) by using
Adobe Photoshop software. For the immunofluorescence study,
the sections were incubated overnight at 58◦C prior to chemical
rehydration. All sections were treated for 30min at 96◦C with
Dako Target Retrieval solution, pH9 (Agilent, S2367) for antigen
retrieval, then incubated for 30min at room temperature
with normal goat serum (Abcam, ab7481). Co-staining was
conducted by sequential use of monoclonal mouse anti-rabbit
RAM-11 primary antibody (Agilent, M0633, 1:50 dilution),
TRITC-conjugated goat anti-mouse secondary antibody
(Abcam, ab5885, 1:100 dilution), and AlexaFluor 488-conjugated
monoclonal mouse anti-alpha smooth muscle actin (αSMA)
antibody (ThermoFisher Scientific, #53-9760-82, 1:100 dilution).

Nuclei were stained with 4′, 6-diamidino-2-phenylindole (DAPI)
(ThermoFisher Scientific, D1306, 1:500,000 dilution). Negative
controls corresponding to TRITC-conjugated goat anti-mouse
secondary antibody without anti-RAM-11 primary antibody
and AF488-conjugated mouse IgG2a kappa isotype control
isotype were performed (Supplementary Figure S1). QuPath
0.2.3 software was used to analyze fluorescence staining in the
delimitated aortic valve, the mitral valve, and the aorta area.
Pixel classifiers were first defined to set a threshold value for each
fluorochrome. A script was then applied in batch to automatically
count the cell number, mean fluorescence intensities as well as
the total tissue area, and the percentages of positive area for
each immunostaining.

RNAseq Analysis
Aorta ring and heart valves were dissected (Ctrl: n = 7, CHT:
n = 6, Lard: n = 7, IR/CHT: n = 7) at the end of the
16-week protocols, snap frozen in liquid nitrogen, and stored
at −80◦C until RNA extraction. Total RNA was extracted
by the use of miRNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. The integrity of the RNA sample
was assessed on a Bioanalyser 2,100 with RNA 6,000 Nano
and RNA 6,000 Pico chips (Agilent Technologies). The RNA
libraries were prepared with 10 ng of RNA using the SMARTer R©

Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara
Bio USA, Inc.) according to the manufacturer’s instructions.
The RNA quantification and normalization were performed
with the KAPA Library Quantification kit (comprising P5-P7
primers) on the ABI 7900HT system (ThermoFisher Scientific).
Sequencing of the libraries was performed on a NovaSeq6000
System (Illumina) with an S4 reagent kit (300 cycles) and 1.2 nM
library loading.

Paired FastQ files for all the samples were assessed for Quality
Control using FastQC and then they were processed through nf-
core rnaseq pipeline v1.4.2 (https://nf-co.re/rnaseq/1.4.2), with
default parameters except for -clip_R2 = 3 and -nextseq-trim
= 10, in order to perform mapping, quantification, and QC,
and to produce the gene count matrix. The reference genome
used was Oryctolagus cuniculus OryCun2.0 with annotation
from Ensembl release 99 (http://jan2020.archive.ensembl.org/
index.html). Gene counts were normalized by the default method
(median of ratios) in the DESeq2 package (22). Gene expressions
in each diet or treatment group were compared to the control
group by DESeq2; a total of 29,587 tests were performed for
each comparison and were followed by Benjamini and Hochberg
multiple test correction. An adjusted p-value (FDR) less than
0.05 and a fold-change greater than 1.5 were used to highlight a
significant difference in gene expression between the two groups.
Human orthologs of differentially expressed genes (DEGs) were
identified by the online tool, Better Bunny (23) with an identity
of 50% as a threshold (24), and were ranked by their π-value
calculated with a log-fold change (LFC) and the adjusted p-value
(25). TopGO package was used to perform gene ontology (GO)
analysis with a ranked gene list. The whole RNA-seq analysis
was performed in R (version 4.0.4; R Foundation for Statistical
Computing, Vienna, Austria).
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Blood Processing
At each blood draw, differential blood cell counts (white blood
cells, red blood cell indices, and platelets) were measured in 3.8%
of citrated whole blood on a Cell-Dyn 3700 hematocytometer
equipped with veterinary software (Abbott Laboratories). Serum
aliquots were prepared after 30-min resting to allow for
blood clotting followed by centrifugation at 1,700 g and room
temperature. EDTA and 3.8% citrated plasma aliquots were
prepared by two successive centrifugations at 1,700 g and room
temperature maximum of 1 h after blood draw. Serum and
plasma samples were stored at−80◦C until further analysis.

Biomarker Measurements
Measurements of the levels of total cholesterol, triglycerides,
LDL-c, HDL-c, calcium, phosphorous, iron, albumin, AST,
ALT, creatinine, and urea were performed in serum samples
on an AU480 Chemistry Analyzer (Beckman Coulter). Serum
levels of IL-6 and plasma [ethylenediamine tetraacetic acid
(EDTA)-anticoagulated plasma] levels of DKK1 and PF4 were
measured by enzyme-linked immunosorbent assays according
to the manufacturer’s recommendations (Cusabio). The ent-
8-iso-15(S)-PGF2α levels were measured in EDTA-plasma by
the ultra-high performance liquid chromatography coupled
to tandem mass spectrometry detection. Levels of circulating
H3.1-nucleosomes and citrullinated histone H3R8 nucleosomes
(H3R8cit-nucleosome), an epigeneticmodification, were assessed
by blinded Nu.Q R© chemiluminescence immunoassays (Volition
SRL, Belgium) in EDTA-plasma (Ctrl: n = 7–13, Vit.D2: n = 7,
CHT: n= 10–15, Lard: n= 7–12, IR: n= 7, IR/CHT: n= 15).

Statistical Analysis
Between-treatment comparisons of all variables were performed
by ANOVA and post-hoc Dunnett test on log transformed
data, except for leaflet area quantification, nested GLM model,
and post-hoc SIDAK tests were performed. Over time changes
between two time points in the blood cells and circulating
biomarkers were assessed by Wilcoxon signed-rank test. Data
are presented as median [interquartile range (p25–p75)]. All
tests were performed 2-sided and P-value ≤ 0.05 was considered
significant. All statistical analyses were performed using SAS 9.4
(SAS Institute, Cary NC).

RESULTS

Dietary Cholesterol and Palmitic Acid
Induce Distinct Histological Lesions in the
Aorta, Aortic Valve, and Mitral Valve
Rabbits fed for 16 weeks with lard- or cholesterol-enriched
diets supplemented with Vit.D2 displayed aortic wall structural
alterations that were not observed in rabbits fed with chow
diet, or in those receiving the chow diet supplemented with
Vit.D2 (Figure 1A). Alizarin red staining of heart sections
from rabbits treated with a lard-enriched diet revealed massive
media calcification with collagen fiber accumulation and
disorganization around the calcific lesions as shown by Sirius
Red andMovat’s Pentachrome staining. The CT imaging revealed
aortic wall calcifications in 70 to 80% of rabbits fed with lard

depending on considered aorta segments (Figure 1B). Such
macrocalcifications were not observed in Ctrl or Vit.D2 groups,
except for one rabbit treated with Vit.D2 which developed
calcification in the aortic cross.

In agreement with previous studies (26), rabbits fed for 16
weeks with a cholesterol-enriched diet developed atherosclerotic
lesions. Hematoxylin-eosin staining of aortic sections showed
intima thickening with cell and lipid infiltration, whereas
Sirius Red and Movat’s Pentachrome showed disorganized ECM
component deposition (collagen fibers and glycosaminoglycans,
GAGs). Alizarin red staining revealed calcification nodules
at the intima-media junction and diffuse microcalcifications
in the thickened intima. Approximately 35% of rabbits fed
with a cholesterol-enriched diet displayed calcifications detected
by a CT (Figure 1B). We also assessed the infiltration of
the aortic wall by macrophages (or macrophage-like cells)
by immunodetection of the rabbit RAM-11 marker (27). As
described (28), a cholesterol-enriched diet-induced significant
infiltration of RAM-11 positive cells in atheroma as compared to
Vit.D2 alone (Figure 4C).

Alterations of the aortic valve structure were observed in the
two diet groups (Figure 2A). In the cholesterol group, the aortic
valve leaflets were significantly thickened with sparse calcification
spots, cell infiltration and accumulation of collagen fibers, and
GAGs (Figures 2A,B). Immunostaining of RAM-11 and of the
muscle-specific αSMA marker revealed significant macrophage
infiltration and few αSMA positive cells, both located in valvular
ventricularis (Figure 3). In contrast, rabbits fed with a lard-
enriched diet displayed calcific nodules in the aortic valve with
only slight leaflet thickening compared to cholesterol (Figure 2)
and no detectable RAM-11 or αSMA positive cells (Figure 4).
No aortic valve alteration was observed in the chow diet and
Vit.D2 groups.

The mitral valve was also affected in the cholesterol-
enriched diet group (Figure 3), with cellular infiltrates and
ECM remodeling in spongiosa, without leaflet thickening. The
signal for RAM-11 positive cells was significantly increased as
compared to the control and Vit.D2 groups (Figure 4C). As for
the aortic valve, only few αSMA positive cells were observed
in mitral valves. Rabbits from the chow diet, Vit.D2, and lard
groups did not show any visible modification of the mitral
valve structure.

None of the diets caused histological modifications of the
tricuspid and pulmonary valves (data not shown).

Cardiac Irradiation Promotes Cell
Infiltration in the Aorta, Aortic Valve, and
Mitral Valve
Our histological analyses did not reveal any aortic histological
alterations when cardiac irradiation was applied in rabbits fed
with a chow diet kept for 8 weeks post-irradiation (Figure 1A).
However, rabbits fed for 16 weeks with a cholesterol-enriched
diet and receiving cardiac irradiation at week 9 displayed more
macrocalcification in the aorta than rabbits that were not
irradiated. Calcification was detected by cardiac CT in all aortic
segments in 40% of rabbits (Figure 1B). Also, the atherosclerotic
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FIGURE 1 | Effect of lard- and cholesterol-enriched diets on the aorta structure. (A) Representative pictures of aortic wall sections stained with hematoxylin-eosin,

sirius red, Movat’s pentachrome, and alizarin red, and CT imaging per rabbit group as indicated. Scale bars = 250µm. Calcifications observed by CT are indicated by

asterisks. (B) Percentage of rabbits from each group that presented CT-detected calcification in the different portions of the aorta (Ctrl, n = 13; Vit.D2, n = 7; CHT,

n = 17; Lard, n = 13; IR, n = 7; IR/CHT, n = 15). I, indicates intima; M, indicates media.
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FIGURE 2 | Effect of lard- and cholesterol-enriched diets on the aortic valve leaflet histology. (A) Representative pictures of aortic valve leaflet sections stained with

hematoxylin-eosin, sirius red, Movat’s pentachrome, and alizarin red per rabbit group as indicated. Magnified areas depict neutrophil infiltrates in valvular ventricularis.

Scale bars = 100µm. (B) Violin plots represent aortic valve leaflet area measured on hematoxylin-eosin-stained aortic valve sections (each violin box represents one

rabbit, 4–8 slides per rabbit). Four-group comparisons were performed by using a nested-GLM model and post-hoc SIDAK test on log-transformed data. (C) The

graph represents the positive area for Alizarin Red staining on the aortic valve sections. Data are presented as medians with P25-P75 interquartiles. Four-group

comparisons were performed by ANOVA and post-hoc Dunnett’s test on log-transformed data (Left: Ctrl, n = 5; Vit.D2, n = 7; CHT, n = 7; Lard, n = 6; Right: Ctrl, n

= 5; IR, n = 6; CHT, n = 4; IR/CHT, n = 6). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; #P ≤ 0.05; ##P ≤ 0.01; ###P ≤ 0.001. F, indicates fibrosa side; V, indicates

ventricular side.
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FIGURE 3 | Effect of cholesterol-enriched diets on the mitral valve leaflet histology. (A) Representative pictures of mitral valve leaflet sections stained with

hematoxylin-eosin, sirius red, and Movat’s pentachrome per rabbit group as indicated. Magnified areas depict neutrophil infiltrates in valvular atrialis. Scale bars =

100µm. (B) Violin plots represent mitral valve leaflet area measured on the histological mitral valve sections (each violin box represents one rabbit, 4–8 slides per

rabbit) stained with hematoxylin-eosin. Four-group comparisons were performed by using a nested-GLM model and post-hoc SIDAK test on log-transformed data. P

= non-significant. A, indicates atrial side; V, indicates ventricular side.
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FIGURE 4 | Immuno-detection of RAM-11- and αSMA positive cells in the aorta and heart valves. (A) Representative pictures of RAM-11 and αSMA

immunofluorescence costaining performed on the aorta, the aortic valve, and the mitral valve sections. Nuclei are stained with DAPI and appear in blue. αSMA- and

(Continued)
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FIGURE 4 | RAM-11-positive cells are shown in green and red, respectively. Scale bars = 250µm for aorta and 100µm for the aortic and mitral valves. (B)

Quantification of αSMA-positive cells in terms of fluorescence area percentage in the aorta (left), aortic valve (middle), and the mitral valve (right). (C) Quantification of

RAM-11-positive cells in terms of fluorescence area percentage in the aorta (left), aortic valve (middle), and the mitral valve (right). Data are presented as median with

P25–P75 interquartiles. Four-group comparisons were performed by ANOVA and post-hoc Dunnett’s test on log-transformed data. Aorta: left: Ctrl, n = 3; Vit.D2, n =

4; CHT, n = 6; Lard, n = 4; right: Ctrl, n = 3; IR, n = 5; CHT, n = 4; IR/CHT, n = 6. Aortic valve: left: Ctrl, n = 3; Vit.D2, n = 6; CHT, n = 6; Lard, n = 3; right: Ctrl, n =

3; IR, n = 5; CHT, n = 4; IR/CHT, n = 6. Mitral valve: left: Ctrl, n = 4; Vit.D2, n = 7; CHT, n = 7; Lard, n = 6; right: Ctrl, n = 4; IR, n = 6; CHT, n = 4; IR/CHT, n = 4. *P

≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; #P ≤ 0.05; ##P ≤ 0.01; ###P ≤ 0.001. A, atrial side; F, fibrosa side; I, intima; M, media; V, ventricular side.

plaque core of rabbits that received cardiac irradiation combined
with cholesterol diet significantly increased in the numbers of
RAM-11 positive cells as compared to rabbits fed with a chow
diet, a cholesterol diet without irradiation, and in rabbits that
received irradiation whilst on chow diet (Figures 4A,C).

The addition of irradiation to the cholesterol-enriched diet
induced the aortic valve structure alterations that were not
observed in the irradiation-only group. Thickened aortic valve
leaflets displayed more cellular infiltrates and RAM-11 positive
cells than the control groups (Figures 4A,C). Aortic valves were
more calcified than those of rabbits from the cholesterol group
(Figures 2A,B).

As for mitral valves, the combination of irradiation with the
cholesterol diet led to increased infiltration of RAM-11 positive
cells as compared to the irradiation alone (Figure 4C).

Differential RNA Expression Profiles in the
Aorta, Aortic Valve, and Mitral Valve in
Response to Lard- and
Cholesterol-Enriched Diets
To get insight into the biological mechanisms underlying
vascular and valvular modifications, we then performed RNAseq
experiments on RNA extracted from the dissected proximal
aorta and all cardiac valves. The RNAseq identified 29.587 genes
annotated in the rabbit genome, among which 15.135 genes could
be assigned to human genes. The cholesterol-rich diet modified
the expression of 1.102 (898 unique human orthologs) genes in
the aorta, 612 (492) genes in the aortic valve, 281 (229) genes in
the mitral valve, and only 4 (3) and 6 (6) genes in the tricuspid
and pulmonary valve, respectively. The lard-rich diet yielded
much less DEGs than the cholesterol-rich diet, comprising 76
(66) genes in the aorta and 40 (36) genes in the aortic valve. No
DEGs were found in the three other cardiac valves in response to
the lard diet.

We then assessed the impact of these changes in RNA
expression on biological processes in each tissue. To detect the
differential effects of each diet in every tissue, both tissue-specific
and common DEGs were included in these analyses.

We first studied the effect of a cholesterol-rich diet on
the aorta and aortic valve. Among the 612 DEGs identified
in the aortic valve of rabbits from the cholesterol group,
443 DEGs were commonly affected in the aorta (Figure 5A,
Supplementary Tables S1–S3). These common DEGs were
involved in inflammatory and cellular defense responses,
including the production of major inflammatory cytokines
and neutrophil degranulation. Mitotic spindle organization was
also affected, pointing to an effect on cell division. The 659

aorta-specific DEGs were enriched in genes contributing to
additional effects on immune response and signaling pathways,
positive regulation of cell migration, angiogenesis, and platelet
degranulation, while the 169 aortic valve-specific DEGs were
involved in cardiac muscle contraction, tissue morphogenesis,
and myofibril assembly. These data indicate that inflammation
likely contributes to aortic valve alterations induced by a
cholesterol-rich diet similarly as in the aorta, but additional
muscle-related processes could also be affected.

We next focused on the comparison between the aortic
valve and mitral valve in the cholesterol-fed group. Whereas
the DEGs commonly found in the mitral and aortic valves
included genes involved in inflammation and cellular defense
response, we surprisingly observed that the cholesterol-rich diet
mainly affected lipid biosynthetic and metabolic processes as
well as folic acid transport in the mitral valve (Figure 5B,
Supplementary Tables S4–S6). This finding may thus reveal that
not only inflammation but also key metabolic cellular processes
underlie the mitral valve alterations in hypercholesterolemia.

We did not identify the genes that were commonly affected
in the aorta and aortic valve by the lard-rich diet. The
few DEGs that were found to be specific to the aortic
valve were all involved in muscle-related processes, including
contraction, filament sliding, and sarcomere organization
(Figure 5D, Supplementary Tables S7, S8). Intriguingly, these
processes were similarly found to be affected by the cholesterol-
rich diet, suggesting that dietary cholesterol and palmitate could
have a similar biological impact on the aortic valve. In contrast,
in the aorta, ECM organization, osteoblast differentiation, and
ossification processes were more prevalent in response to lard
than cholesterol. Of interest, inflammationwould not be themain
process induced by the lard diet, which is in sharp contrast to the
cholesterol diet.

Cardiac Irradiation Enhances Changes in
the Expression of Inflammation-Related
Genes
The addition of irradiation to a cholesterol-rich diet significantly
increased the numbers of DEGs both in the aorta and the aortic
valve. This was particularly true for the aortic valve. Indeed,
2,097 (1714) and 3,474 (2715) DEGs were identified in the
aorta and aortic valve, respectively, which indicated that the
aortic valve might be more impacted than the aorta following
irradiation. The addition of irradiation to the cholesterol-rich
diet modified the expression of 15 (12) additional genes in the
aorta and 602 (512) genes in the aortic valve as compared to
cholesterol without irradiation. Interestingly, we observed that
the common DEGs identified both in the aorta and aortic valve
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FIGURE 5 | RNA sequencing (RNAseq) analysis of differentially expressed genes (DEGs) in the aorta, the aortic valve, and the mitral valve induced by

cholesterol-enriched diet (CHT), alone or combined with irradiation (IR/CHT), and lard-enriched diet as compared to chow diet (Ctrl) (Ctrl, n = 7; CHT, n = 6; Lard, n =

7; IR/CHT, n = 7). Venn diagrams represent numbers of specific and common DEGs between tissue pairs for each comparison. Lollipop plots of gene ontology (GO)

terms depict the top 10 biological processes affected by specific and common DEGs, with corresponding gene frequency and -log10 (P-value) (Wald test in DESeq2

package). Detailed statistical methods are provided in the Methods section. (A) Comparison of DEGs and affected biological processes in the aorta and aortic valve

following 16-week treatment with a cholesterol-rich diet. (B) Comparison of DEGs and affected biological processes in the aortic and mitral valves following 16-week

treatment with a cholesterol-rich diet. (C) Comparison of DEGs and affected biological processes in the aorta and aortic valve following 16-week treatment with a

cholesterol-rich diet combined with irradiation. (D) Comparison of DEGs and affected biological processes in the aorta and the aortic valve following 16-week

treatment with a lard-rich diet. Ao, aorta; AoV, aortic valve; MV, mitral valve.
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contributed to the same biological processes as a cholesterol-rich
diet alone, namely neutrophil degranulation, inflammatory, and
immune responses (Figure 5C, Supplementary Tables S9–S11).
However, the gene frequency in these processes was doubled
by the addition of irradiation, indicating that irradiation
could promote inflammation in a neutrophil-dependent manner
(Figures 5A,C). Processes, such as neutrophil chemotaxis and
leukocyte migration indeed became predominant. In the
aortic valve, specific processes were nevertheless affected,
such as ephrin receptor and Wnt signaling pathways, heart
development, and glucocorticoid metabolism, suggesting that
irradiation could disturb aortic valve tissue homeostasis and
metabolism. In the aorta, effects on collagen fibril and ECM
organization predominated in addition to inflammation and
platelet degranulation (Figures 5A,C).

Circulating Levels of Lipids and
Biomarkers Related to Calcification,
Inflammation, Oxidative Stress, and
Platelet Activation
We wanted to determine whether diet- and irradiation-induced
structural and RNA changes could be reflected systemically.
For this purpose, we measured the plasma levels of biomarkers
related to some of the biological processes identified in
our RNAseq dataset. These measurements were performed at
baseline and after 16 weeks. We first analyzed differential
blood cell counts. Neutrophil count was the only parameter
to be increased in the cholesterol-treated rabbits, with or
without cardiac irradiation, as compared to Ctrl rabbits
(Supplementary Table S12). We then studied the effects of lard-
enriched diet and cholesterol-rich diet, combined either with
irradiation or without irradiation on the circulating levels of
conventional lipid biomarkers (Table 1). As expected, feeding
rabbits for 16 weeks with a cholesterol-enriched diet increased
their circulating levels of triglycerides, total cholesterol, LDL,
and HDL. Surprisingly, rabbits from the irradiation-only group
had increased levels of triglycerides. In agreement with our
recent study (17), the lard-enriched diet did not induce changes
in conventional lipid biomarkers. The hepatic marker, asparate
transaminase, increased upon the intake of a cholesterol-enriched
diet, whereas the albumin levels were elevated in rabbits
receiving cholesterol combined either with or without irradiation
(Supplementary Table S13).

We then analyzed the levels of biomarkers involved in
calcification, inflammation, oxidative stress, and platelet
activation (Supplementary Figure S2). Rabbits fed for 16
weeks with a lard-rich diet had reduced circulating levels
of DKK1, an inhibitor of the Wnt signaling pathway which
is involved in the calcification processes (Figure 6A). In
contrast, rabbits that received cardiac irradiation combined
with a cholesterol diet had elevated levels of DKK1
compared to baseline. Changes in DKK1 levels were neither
observed in response to cholesterol diet alone nor in the
irradiation alone.

Cholesterol-enriched diet increased the plasma levels of the
specific platelet activation marker, platelet factor-4 (PF4), as T
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FIGURE 6 | Effect of cholesterol- and lard-enriched diets, and irradiation on the circulating biomarkers of calcification, platelet activation, inflammation, oxidative

stress, and on circulating nucleosomes. (A) Bubble plot represents concentration fold-change of biomarkers of interest between week 16 (W16) and baseline. Over

time evolution of neutrophil count. (B) 15-PGF2 (C) and circulating nucleosomes (D,E). Graphs represent median with P25-P75 interquartiles. *P ≤ 0.05; **P ≤ 0.01;

***P ≤ 0.001 (Wilcoxon signed-rank test; Ctrl, n = 7–13; Vit.D2, n = 7; CHT, n = 10–15; Lard, n = 7–12; IR, n = 7; IR/CHT, n = 15).

well as the neutrophil count and the oxidative stress marker,
ent-8-iso-15(S)-prostaglandin F2α (ent-8-iso-15(S)-PGF2α)
(Figures 6C,E,F). Combined irradiation and a cholesterol-rich
diet induced a significant increase in the plasma levels of the
major inflammatory cytokine IL-6. as well as the levels of H3.1-
nucleosome and citrullinated H3R8-nucleosome (Figure 6A) are

consistent with our data of RAM-11 staining and our RNAseq
findings on a predominant role of inflammation and neutrophil
degranulation in this rabbit group.

Lard-enriched diet did not increase inflammation- or
oxidative stress-related biomarkers, in accordance with large,
calcified area observed in the aorta and aortic valve without the
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major implication of inflammatory processes as found in the
RNAseq analyses.

To identify possible early biomarkers of lesion development,
we performed serial measurements of the neutrophil count, ent-
8-iso-15(S)-PGF2α, H3.1-nucleosome, and citrullinated H3R8-
nucleosome levels in cholesterol-enriched diet and irradiation
combined with cholesterol-enriched diet groups. The neutrophil
count increased as early as after 15 days following the dietary
cholesterol intake (Figure 6B). Levels of the oxidative stress
marker, ent-8-iso-15(S)-PGF2α, were also elevated after 15 days
of cholesterol diet (Figure 6C). In the cholesterol diet group,
circulating H3.1-nucleosome levels quickly rose after 15 days
and 4 weeks and dropped thereafter, while it went on increasing
when irradiation was applied at mid-protocol (Figure 6D). Only
rabbits that received irradiation combined with a cholesterol
diet had increased the circulating levels of citrullinated H3R8-
nucleosome after 16 weeks (Figure 6E).

DISCUSSION

Our study demonstrates differential effects on the vascular
and valvular structures induced by cholesterol- and lard-
enriched diet, as well as by combining the cholesterol diet with
cardiac irradiation.

Cholesterol-rich diet not only induced well described
atherosclerotic lesions but also aortic valve thickening. In
addition, calcification occurred in the aortic valve leaflets.
The two left-sided aortic and mitral valves displayed cellular
infiltrates, including macrophages as observed by RAM-11
immunostaining, and excess ECM deposition. In contrast, a
lard-rich diet caused massive aortic media calcification with
no intima thickening, and the aortic valve calcified without
changes in the leaflet thickness and obvious ECM remodeling.
The RNAseq analyses of the aorta, aortic valve, and mitral
valve revealed distinct predominant biological processes in
lesion development depending on the diet. A cholesterol-
rich diet mostly triggered inflammation-related processes in
all three tissues. Aorta-specific biological processes were also
identified that were involved in processes, such as platelet
degranulation, angiogenesis, and cell migration, which are well
known to contribute to atherogenesis (29–31). The affected aortic
valve-specific biological processes were involved in muscle-
related processes. Interestingly, inflammation-related biological
processes were also enhanced by a cholesterol-enriched diet
in the mitral valve, as well as the processes involved in lipid
biosynthesis and metabolism. This is consistent with the recent
observations of increased infiltration of inflammatory cells and
lipids on the histological sections of the mitral valve and their
association with serum cholesterol levels (32). In contrast to
a cholesterol-rich diet, a lard-enriched diet did not promote
inflammatory processes in the aorta, but rather the processes
involved in ECM organization, osteoblast differentiation, and
ossification. This indicates that a lard-enriched diet, i.e., dietary
palmitate intake could impact arteries via different mechanisms
than a cholesterol-rich diet, leading to distinct structural lesions.
Likewise, while muscle-related mechanisms are likely to be

involved in the development of aortic valve alterations in
response to cholesterol- and lard-enriched diet, inflammatory
processes would specifically contribute to the effect of cholesterol
diet on the valve.

The addition of cardiac irradiation to a cholesterol-enriched
diet led to similar histological lesions in the aorta, the aortic
valve, and the mitral valve. However, atherosclerotic plaque
and aortic valve and mitral valve leaflets had higher content
in RAM-11 positive cells when irradiation was combined with
cholesterol-rich diet than with a cholesterol diet alone. Also,
the observed increase of αSMA positive cells in the mitral valve
suggests an ongoing transdifferentiation process of valvular cells.
Valvular interstitial cells could transform into myofibroblasts
following cardiac irradiation, which could promote valve
remodeling and ECM production (33). These findings support a
possible enhancement of tissue inflammation following cardiac
irradiation. This proposition was confirmed by our RNAseq
data. Indeed, cardiac irradiation doubled the number of genes
involved in inflammation-related processes as compared to a
cholesterol-enriched diet alone. Neutrophil degranulation was
a predominant activated biological process following cardiac
irradiation, suggesting a major contribution of this cell type to
the RIHD development mechanism. This observation can be of
major clinical importance in view of key roles for neutrophils in
CVD (34) and a recent report on a link between the severity of
aortic stenosis and NETosis (35). Furthermore, the neutrophil-
to-lymphocyte ratio has been associated with worse patient
survival after chemoradiotherapy (36).

Blood neutrophil count was increased in rabbits fed with
cholesterol-enriched diets, combined with cardiac irradiation or
without cardiac irradiation. In addition, the circulating levels
of IL-6 were higher when cardiac irradiation was added to a
cholesterol-rich diet, confirming RNA-seq results of increased
inflammation in response to cardiac irradiation. Neutrophil
activation could promote vascular and valvular lesions through
increased oxidative stress, as suggested by increased plasma levels
of ent-8-iso-15(S)-PGF2α, but also through histone-mediated
mechanisms as indicated by the increased levels of H3.1 and
citrullinatedH3R8 nucleosomes. Extracellular histones have been
associated with cardiac injury in patients with septic shock
(37). They can promote inflammation through activation of
the Toll-like receptors, which are implicated in atherosclerosis
pathogenesis (38–40). Extracellular histone can mediate lytic cell
death and recent findings showed that citrullinated histones can
promote foam cell formation in vitro (41, 42). The levels of H3.1-
nucleosome were increased as early as after 2 weeks following diet
administration, making it a possible good biomarker candidate
for early diagnosis of atherosclerosis and aortic valve lesion
development. Citrullinated H3R8-nucleosome also represent
circulating biomarkers of NETosis. The elevation of these
modified histones in response to cholesterol combined with
cardiac irradiation may point to new NET-related mechanisms
leading to RIHD. Its role as a biomarker of early RIHD also
deserves further investigation.

Some biological processes were also specifically
triggered by cardiac irradiation in the aorta (e.g., ECM
remodeling, platelet degranulation) and aortic valve (e.g.,
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ephrin signaling pathway, Wnt signaling pathway, and
glucocorticoid metabolism).

Platelet degranulation was found to be increased in the aorta
tissue of rabbit groups fed with a cholesterol-enriched diet,
combined either with cardiac irradiation or without cardiac
irradiation. This result was corroborated by increased plasma
levels of PF4 in both groups. Importantly, PF4 has already
been associated with atherosclerosis development and could
represent another biomarker of atherosclerosis (43) and possibly
of valve remodeling.

LIMITATIONS

Our study has some limitations, including that only male
rabbits were included. Also, we did not detect any impact
of irradiation by itself on the cardiac structures over the
analyzed 8-week period. Longer time protocols should be
undertaken to evaluate the sole effect of irradiation, without
the influence of any diet. Also, the addition of cardiac
irradiation to a lard-enriched diet would be interesting to
determine whether irradiation-mediated inflammation would
potentiate lard-induced lesions. Furthermore, tissue structure
was only assessed by histological analyses, which did not
allow for 3D visualization of the lesions, which could provide
insights into their cellular and extracellular composition.
Finally, RNAseq analysis was performed on complete tissues
and therefore identification of specific cellular types was
not possible. Single-cell RNA sequencing could bring further
information regarding the impact of treatments on tissue-
specific cellular type enrichment and cellular process activation
or inhibition.

CONCLUSION

Our study showed that cholesterol- and lard-enriched
diets, and cardiac irradiation combined with a cholesterol-
enriched diet induce the development of distinct lesions
in the aorta, the aortic valve, and the mitral valve. Lard-
and cholesterol-induced valvular and vascular lesions were
different both in terms of histological modifications and
in the underlying biological process. While cholesterol
led to a global increase of inflammation-related processes,
lard causes arterial and aortic valve calcification via
distinct muscle-related mechanisms. Cardiac irradiation
enhanced inflammatory processes and calcification in
the arteries and aortic valve. At the systemic level,
markers of platelet activation, neutrophils, and specific
histone modifications in nucleosomes could represent
new highly valuable biomarkers for the early diagnosis of

ongoing inflammation-related atherosclerosis and heart
valve remodeling.
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Multifactorial chylomicronemia syndrome (MCS or type V hyperlipoproteinemia) is the

most frequent cause of severe hypertriglyceridemia and is associated with an increased

risk of acute pancreatitis, cardiovascular disease, and non-alcoholic steatohepatitis.

The estimated prevalence of MCS in the North American population is 1:600–1:250

and is increasing due to the increasing prevalence of obesity, metabolic syndrome,

and type 2 diabetes. Differentiating between familial chylomicronemia syndrome and

MCS is crucial due to their very different treatments. In recent years, several cohort

studies have helped to differentiate these two conditions, and recent evidence suggests

that MCS itself is a heterogeneous condition. This mini-review will summarize recent

literature on MCS, with a specific focus on the genetic determinants of the metabolic risk

and the latest developments concerning the pharmacological and non-pharmacological

treatment options for these patients. Possible research directions in this field will also

be discussed.

Keywords: multifactorial chylomicronemia syndrome, hypertriglyceridemia, genetic, diet, pancreatitis,

cardiovascular disease

INTRODUCTION

Severe hypertriglyceridemia (HTG) is defined as a fasting triglycerides (TG) concentration
of ≥10 mmol/L (>885 mg/dL). At this threshold of TG, a pathological accumulation of
circulating chylomicrons (chylomicronemia) is almost always present in the plasma (1).
Multifactorial chylomicronemia syndrome (MCS) (OMIM #144650), previously known as
“type V hyperlipoproteinemia” according to the Fredrickson classification or “late-onset
chylomicronaemia,” is by far the most common form of chylomicronemia and severe HTG.
Although the exact frequency of MCS in the general population is not precisely known, the
prevalence of severe HTG in North America has been estimated to be between 1:600 and 1:250
(2–4). In order to develop MCS, an underlying genetic susceptibility for impaired TG metabolism
must be present (5). The full expression of the MCS phenotype is then triggered by the presence
of secondary factors such as a diet rich in fats and simple carbohydrates, reduced activity levels,
obesity, metabolic syndrome, alcohol intake, and uncontrolled diabetes (6). In these patients,
both chylomicrons and very low-density lipoproteins (VLDLs) are increased in circulation due
to impairment of lipoprotein lipase (LPL) activity as well as hepatic overproduction of VLDLs
and their reduced clearance. Following blood sampling, centrifugation, and overnight storage at
4◦C, the presence of chylomicrons can be observable if a creamy supernatant layer is present
on the top of the tube, whereas a cloudy and lactescent lower layer (infranatant) indicates the
presence of VLDLs (7, 8). Clinically, the main manifestations associated with MCS include the
presence of eruptive xanthomas, lipemia retinalis, abdominal pain, and impaired concentration
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(6). Furthermore, MCS is associated with an increased risk of
serious health consequences, which includes acute pancreatitis
(AP), cardiovascular disease (CVD), as well as non-alcoholic fatty
liver disease (NAFLD) (9).

COMPLICATIONS OF MCS

The risk of AP in MCS patients as compared to normolipidemic
individuals from the general population is at least 7-fold higher
(between ∼7- and 54-fold) (7, 10, 11), whereas the risk of
CVD is 2- to 9-fold higher (7, 11). The presence of TG-rich
lipoprotein remnants in circulation, which can penetrate the
vascular wall, as well as the concomitant presence of atherogenic
comorbidities such as obesity or diabetes, could explain the
increased cardiovascular risk, whereas the exact mechanisms
linking HTG and AP still remain poorly understood (12–14).
However, patients with HTG generally present a more severe
clinical course of AP, with increased morbidity and mortality
(15, 16).

NAFLD is a chronic liver disease characterized by excessive
fat accumulation in the liver and is considered as the hepatic
component of the metabolic syndrome or a consequence of it.
The prevalence of NAFLD in the general population is estimated
to be around 25% (17). NAFLD can progress to non-alcoholic
steatohepatitis and ultimately to cirrhosis and its complications
(18). Excessive circulating TG represents one of the risk factors
associated with the development of NAFLD (19–21). In a recent
study, the prevalence of NAFLD in patients affected by MCS
was studied for the first time using transient elastography
(FibroScan). The authors observed that the prevalence of NAFLD
was 74% in 19 MCS subjects, which is three times more prevalent
than in the general population (22). Interestingly, the authors
observed a negative correlation between liver fat accumulation
and AP risk in these patients. This may suggest that if more TG
accumulates in the liver, a lower quantity would be available to
contribute to the pathophysiology of AP (22). However, because
of the small sample size of this study, these results need to be
replicated in a larger cohort of MCS patients.

DIFFERENCES BETWEEN MCS AND FCS

Familial chylomicronemia syndrome (FCS) (OMIM #238600,
also known as type I hyperlipoproteinemia, LPL deficiency,
or monogenic chylomicronemia) is a rare autosomal recessive
disorder, also associated with severe HTG and risk of life-
threatening AP. In these patients, the severe HTG in the
fasting state is solely explained by the presence of chylomicrons.
Compared to MCS, FCS is less common, with an estimated
prevalence of 1 to 10 per million (6). Because there exists a

Abbreviations: ALT, alanine aminotransferase; AP, acute pancreatitis; ApoB,
apolipoprotein B; BMI, body mass index; CVD, cardiovascular disease; FCS,
familial chylomicronemia syndrome; GGT, gamma-glutamyl transferase; HDL-
C, high-density lipoprotein cholesterol; HTG, hypertriglyceridemia; LDL-C, low-
density lipoprotein cholesterol; LPL, lipoprotein lipase; MCS, multifactorial
chylomicronemia syndrome; NAFLD, nonalcoholic fatty liver disease; SNPs,
single-nucleotide polymorphisms; TG, triglyceride; VLDL, very-low-density
lipoprotein.

large overlap in the phenotype of FCS and MCS, the differential
diagnosis between these two conditions may be a challenge.
However, making a proper diagnosis is important to guide
appropriate treatment. In recent years, there has been increasing
interest for studying the clinical differences between FCS and
MCS patients (10, 11, 23–29). The study of Paquette et al. was the
first that systematically compared the clinical and biochemical
characteristics of genetically confirmed FCS patients (n = 25)
vs. MCS patients (n = 36) (24). In this study, despite similar
TG concentrations (19.57 mmol/L in FCS vs. 25.12 mmol/L
in MCS), the severity of the disease was generally worse in
FCS patients than in MCS patients, with a significantly higher
prevalence of abdominal pain (63 vs. 19%), pancreatitis (60
vs. 6%), and multiple pancreatitis (48 vs. 3%). Furthermore,
chylomicronemia discovery occurred at a younger age in FCS
patients (11 vs. 36 years) and more frequently because of
clinical complications including an episode of pancreatitis (12
vs. 3%) and the presence of abdominal pain (20 vs. 3%) than
in MCS patients. In contrast, the cardiometabolic profile was
better in FCS than in MCS patients. Indeed, when the number
of metabolic syndrome features was studied [including body
mass index (BMI) ≥ 27 kg/m2, systolic blood pressure ≥ 130
mmHg or diastolic blood pressure≥ 85 mmHg (or treatment for
hypertension) and fasting glucose ≥ 5.6 mmol/L (or treatment
for diabetes)], a lower frequency of patients presenting two or
three abnormalities was observed in FCS (10%) compared with
MCS (67%). In addition, the prevalence of CVDwas lower in FCS
than in MCS patients (0 vs. 17%), although the difference was
not statistically significant. Other significant differences between
groups included lower ALT, GGT, total cholesterol, HDL-C, LDL-
C, and non-HDL-C in FCS compared to MCS patients (24).
Several findings of this study were confirmed in other cohorts.
Indeed, the frequency of pancreatitis was observed to be higher
in FCS (ranging from 59 to 88%) than in MCS (ranging from
11 to 37%) (11, 25, 26, 28, 29). In the study of Belhassen et al.,
which is a prospective study over 10 years of follow-up (median
of 9.8 years), the hazard ratio for incident AP was 3.6 in FCS as
compared with MCS (11). These results are similar to those of
D’Erasmo et al., who reported an incidence rate of AP in FCS
three times higher than in MCS over a median follow-up period
of 44 months (25). The younger age at baseline in FCS is also
frequently reported, with >10 years of difference between these
two conditions (11, 27, 28). Concerning the metabolic profile of
these patients, a lower BMI is always observed in FCS patients
when this variable is studied (11, 26–29). Indeed, FCS patients
are typically within the normal BMI range, whereas the average
BMI in MCS patients is mostly between 28 and 30 kg/m2. A
higher frequency of NAFLD has also been reported inMCS (74%)
compared with FCS (42%) (22). However, conflicting results have
been obtained concerning differences in prevalence or incidence
of CVD, diabetes, and hypertension (11, 26, 28). Echoing the
findings of Paquette et al. (24), others found significantly lower
concentrations of total cholesterol (25), HDL-C (25–27), and
LDL-C (26, 27) in FCS patients compared with MCS patients.
Importantly, the apolipoprotein B (apoB) concentration in FCS
patients was also found to be significantly lower than in MCS
patients, with minimal overlap between groups (28, 30). Indeed,
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apoB cutoffs between 0.75 and 0.9 g/L have been proposed in
order to differentiate FCS patients from MCS patients (28, 31).
Finally, although TG concentrations are highly fluctuating, the
majority of studies found a higher concentration of baseline TG
or maximal TG in FCS subjects than inMCS subjects (11, 27–29).

GENETICS OF SEVERE

HYPERTRIGLYCERIDEMIA

The gold standard for the differential diagnosis of FCS and
MCS in patients with severe HTG remains the genetic testing
using a targeted next-generation DNA sequencing panel (32).
Other existing diagnostic strategies to identify FCS patients are
described elsewhere (8). Whereas, the presence of homozygous
or compound heterozygous rare variants in the canonical genes
involved in TG metabolism (LPL gene or, less frequently, its
modulators: APOC2, GPIHBP1, APOA5, and LMF1 genes) is
indicative of FCS, the molecular basis of MCS is more complex.
Indeed, there are two main genetic determinants that confer
susceptibility to MCS: the presence of a single deleterious rare
variant in one of the five main TG genes (heterozygous) or
the accumulation of several single-nucleotide polymorphisms
(SNPs) associated with TG concentration (polygenic). This
polygenic susceptibility to MCS is quantified using a polygenic
risk score with common SNPs extracted from genome-wide
association studies. Recent publications have shed light on
the complex genetic architecture of this disease and on the
proportion of each of the main types of genetic determinants
found in the severe HTG population. In the study of Dron et al. in
a cohort of 563 Caucasian patients with severe HTG, the authors
found that a high polygenic risk score (comprised of 16 SNPs)
was the most common genetic determinant of this trait in adults.
Indeed, FCS (biallelic rare variants) was found in 1.1% of the
cohort, whereas heterozygous rare variant and high polygenic
risk were found in 14.4 and 32.0% of the cohort, respectively. Of
note, half of the studied cohort remained genetically undefined
(5). The involvement of non-canonical secondary TG genes has
been suggested as one of the possible factors explaining the
severe HTG in these patients with no identified genetic basis
(5, 33–36). Also,multiple polygenic risk scores exist, with variable
number of SNPs, which can be weighted or unweighted (37,
38). In a subsequent study from the same group, an overview
of the genetic determinants of severe HTG was compared in
patients from three different ancestry groups: European (n =

336), East Asian (n = 63), and Hispanic (n = 199). Whereas,
the proportion of patients with high polygenic scores was similar
between groups (frequency of 25.4–33.9%), the proportion of
patients carrying deleterious rare variants [heterozygous (MCS)
or biallelic (FCS)] differed. This proportion was the highest in
the Hispanic cohort (36.7%), followed by the East Asian cohort
(25.4%), and the European cohort (14.3%) (39). However, it
should be kept in mind that TG-associated SNPs included in
polygenic scores are mainly from European-based genome-wide
association studies. In some isolated populations, a founder effect
is present for specific deleterious rare variants, which increases
the prevalence of heterozygous carriers. For example, in the

French Canadian population, there exists an enrichment in two
LPL variants [p.(Gly215Glu) and p.(Pro234Leu)]. Accordingly,
the reported prevalence of MCS patients carrying a rare variant
in this population is higher than expected in Caucasian patients
(30, 40).

RISK STRATIFICATION AND

HETEROGENEITY OF MCS

Although there is now a better understanding of the clinical
and biochemical differences between FCS and MCS patients, the
phenotype heterogeneity among MCS patients remains poorly
studied. In a recent publication, the clinical differences between
MCS patients with (positive-MCS) vs. without (negative-MCS) a
rare deleterious variant in the five canonical genes involved in
TG metabolism have been studied for the first time (30). The
main observation of this study is that the positive-MCS group
(n = 22) had an intermediate phenotype severity between the
FCS (n = 28) and negative-MCS (n = 53) groups. Indeed, there
was a significant difference between the three groups concerning
the prevalence of abdominal pain (59% in FCS, 36% in positive-
MCS, and 15% in negative-MCS), pancreatitis (61% in FCS,
41% in positive-MCS, and 9% in negative-MCS), and multiple
pancreatitis (46% in FCS, 23% in positive-MCS, and 6% in
negative-MCS). However, when theMCS groups were compared,
the age of the first pancreatitis was not different (41 years in
positive-MCS and 48 years in negative-MCS), and there was no
difference concerning the prevalence of CVD. Interestingly, while
the baseline TG concentration was similar between positive-MCS
(10.55 mmol/L) and negative-MCS (10.33 mmol/L), the maximal
recorded TG value was higher in positive-MCS (41.03 mmol/L)
than in negative-MCS (19.50 mmol/L). Importantly, while the
lower apoB concentration in FCS patients as compared withMCS
patients has been well-documented in previous studies, this study
showed for the first time that the apoB value was also significantly
lower in the positive-MCS group (0.80 g/L) compared to the
negative-MCS group (1.10 g/L). Of note, among MCS patients,
an apoB value < 1 g/L was associated with a ∼5-fold increased
risk of pancreatitis. This cutoff was therefore suggested in order
to identify higher-risk individuals among patients with severely
elevated TG concentrations and to prioritize them for genetic
screening. In this cohort, strong predictors of pancreatitis were
the presence of a rare variant, GGT ≥45 U/L, maximal TG value
≥40 mmol/L, and fructose consumption ≥4% of daily energy
intake. One limitation of this study is that no polygenic score
has been assessed. Therefore, the proportion of patients in the
negative-MCS group having a high polygenic risk as compared to
those that are genetically undefined is not known (30).

In a study of 103 Chinese subjects with TG above 5.65
mmol/l and without secondary causes of HTG, patients with
history of AP presented a higher frequency of rare variants
in the canonical genes involved in TG metabolism than those
with no history of AP. However, for several of these subjects,
the variant in question was a variant of uncertain significance
(36). Interestingly, the maximal TG value was also significantly
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different between subjects with history of AP (16.6 mmol/L) and
those with no history of AP (11.3 mmol/L) (36).

TREATMENT

The main goal in the treatment of MCS patients is to reduce
the TG concentration below the threshold of 5.6 mmol/L (500
mg/dL) in order to prevent AP (41, 42). The secondary focus
of treatment is then to reduce the cardiovascular risk. The
first-line treatment for these patients is to manage secondary
factors associated with HTG such as physical inactivity, obesity,
metabolic syndrome, alcohol intake, and uncontrolled diabetes,
as well as pharmacological treatment with fibrates. One of
the mechanisms by which fibrates lower TG concentrations is
by increasing LPL-mediated lipolysis. Therefore, this drug is
generally effective in MCS patients, in which LPL activity is not
completely impaired, but it is poorly effective in FCS patients,
in which a marked reduction or complete loss of LPL activity is
present. In the study of Paquette et al. including 75 MCS patients
with a mean baseline TG> 10 mmol/L, fibrate use was associated
with a ≥30% TG reduction in 83% of the cohort and a ≥50%
TG reduction in 69% of the cohort (30). In contrast, none of the
FCS patients ever achieved a TG reduction of more than 30%
using fibrate (30). Despite the generally good response to fibrate
therapy observed in MCS patients, the efficacy of fibrate is highly
heterogeneous among these patients. Therefore, the treatment
target of 5.6 mmol/L to reduce the risk of AP is not often
achieved. Furthermore, even if fibrates are recommended for the
treatment of severe HTG, no study has specifically demonstrated
that fibrates use was associated with AP risk reduction, and
thus far, clinical trials showed little or no cardiovascular benefit
of adding a fibrate to statin therapy (43). In FCS patients, the
principal therapeutic modality remains the very low-fat diet, in
which fat should be limited to 10–30 g/day or 10–15% of total
energy intake. The limited intake of long-chain fatty acids is
required to reduce the formation of chylomicrons and maintain
adequate TG concentrations. However, this approach is very
restrictive, and compliance with such a diet over a lifetime
is extremely difficult (44, 45). In MCS patients, both VLDLs
and chylomicrons are present in excess in the circulation and
contribute to the severe HTG phenotype. While reduction of
dietary fat prevents the excessive formation of chylomicrons,
reduction of simple carbohydrates is associated with reduced
VLDL production by the liver (46). The best dietary approach to
lower the TG concentration and to prevent AP in MCS patients
is still unknown. A recent study by Fantino et al. investigated
for the first time in a randomized crossover design the effect of
two different diets on TG concentrations in MCS participants
(47). After 3 weeks on each diet, fasting TG decreased by 55%
following the low-fat diet (fat: 20%, carbohydrates: 60%) and
by 48% following the low-carbohydrate diet (carbohydrates:
35%, fat: 45%), without any change in body weight or in
total cholesterol, HDL-C, LDL-C, and apoB. Interestingly, in
a subgroup analysis including solely subjects carrying a rare
variant in the LPL gene (positive-MCS), a more pronounced TG
decrease was observed following the low-fat diet [71% (−11.97

mmol/L)] than following a low-carbohydrate diet [59% (−8.93
mmol/L)]. Therefore, this study is clinically important since
it demonstrated that MCS patients can be effectively treated
by either low-fat or low-carbohydrate diets if they are closely
monitored by a specialized dietician, achieving a TG decrease that
is comparable to the decrease obtained with fibrates. However,
this study included only 12 participants, so validation of these
results in a larger cohort is required. Furthermore, it is not
known whether following these diets over a long-term period
would result in a decreased risk of AP (47). Importantly, in some
patients, a 50% decrease in TG concentration is not sufficient to
reach the treatment target of 5.6 mmol/L or for TG normalization
(TG≤ 1.7 mmol/L). Fortunately, new therapies for the treatment
of hypertriglyceridemia are emerging, and some of them show
promising results in patients with severe HTG. These emerging
therapies include molecules targeting apoC-III (volanesorsen,
AKCEA-APOCIII-LRx, and AROAPOC3) (48, 49), molecules
targeting ANPTL3 (evinacumab and AROANG3) (50), and ω-3
krill oil (51).

CONCLUSION AND FUTURE DIRECTIONS

Recent studies have helped to better characterize MCS and
the metabolic complications associated with this disease. In
the past few years, differences between both chylomicronemia
syndromes (FCS and MCS) have been better characterized. A
novelty in our understanding of MCS is the heterogeneity in
the genetic susceptibility profiles leading to distinct phenotype
severity. Indeed, recent studies showed that MCS susceptibility
is predominantly polygenic, rather than being caused by a
single rare causal variant in the five canonical genes involved
in TG metabolism. However, this latter etiology is associated
with a more severe form of MCS, with increased risk of
life-threatening AP. Furthermore, measurement of apoB in
patients with severe HTG could be a pertinent first step to
identify higher-risk individuals. Despite these new findings,
the factors that explain the heterogeneity in the risk of AP
in MCS patients remain poorly understood, and more studies
are required in this field. It has been demonstrated that both
low-fat and low-carbohydrate diets are associated with TG
reduction of ∼50% in these patients, allowing flexibility in the
implementation of lifestyle interventions that may encourage
better compliance. However, future studies in MCS patients
should aim at investigating whether following these diets
over a long-term period would result in a decreased risk
of adverse outcomes such as AP, development of NAFLD,
or cardiovascular events. In addition, the difference in the
response to different diets or interventions according to the
type of genetic predisposition should be investigated. This
review highlights the importance of performing a genetic
screening in patients with severe HTG in order to improve
risk stratification and to identify potential candidates for new
biologic therapies. However, several challenges surrounding
the genetic characterization of these patients remain, such
as the question of accessibility and cost. Furthermore, a
large part of the severe HTG population is still genetically

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 April 2022 | Volume 9 | Article 88626633

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


Paquette and Bernard Multifactorial Chylomicronemia Syndrome

undefined or carries variants of uncertain significance. It
would be interesting to investigate if the use of omnigenic
scores would result in an improved genetic characterization of
MCS patients.
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Since the 1970’s, high density lipoprotein (HDL) has been an active research topic due to
epidemiological studies, such as the Framingham study and many others, that established the
inverse association between HDL cholesterol (HDL-C) levels and the prevalence of coronary
heart disease (CHD) (1). The deceptive results of HDL-based therapies (inhibitors of cholesteryl
ester transfer protein, niacin, and apolipoprotein A-I (apoA-I) infusion therapies), and Mendelian
randomization approaches do not fully support a causal association between HDL-C and
cardiovascular protection (2). Thus, the role of HDL in health and disease is more complex than
anticipated (3). Consequently, there has been a paradigm shift in the study of HDL as a therapeutic
target, from the measurement of HDL concentration to the evaluation of HDL function (i.e.,
cholesterol efflux capacity) (4). Growing evidence proposes that cardiovascular morbid conditions
alter the HDL composition and roles transforming it from healthy and functional into pro-
atherogenic and dysfunctional (5). A key player in the HDL metabolic pathway that has been
substantially explored by various agonists is the ATP-binding cassette transporter A1 (ABCA1)
defined as the rate-limiting factor in the formation of HDL (6). This transporter mediates cellular
cholesterol and phospholipid removal to generate nascent HDL (nHDL). The most extensively
studied function of HDL is the ability to promote net cellular cholesterol efflux. However, the
regulation of ABCA1 receptor expression is complex and poorly understood and the physiological
and clinical relevance of such a treatment remains uncertain. In the current issue of BBA Advances,
we report the findings of our cellular studies on a new mechanism in foam cell macrophages
that is ABCA1-independent, and revealed through the use of probucol (7). Although clinical
trials were stopped (8), probucol is still being investigated for its effect on the inhibition of
atherosclerosis initiation in vitro and in animal models. Of interest, probucol trials still ongoing
suggest potential benefits on CHD on top of conventional therapy (9). Basically, probucol is known
to act as an ABCA1 inhibitor (10), although the method of addition of probucol to cells or animals
may explain some of the differences observed in the inhibitory activity. We show that probucol
treated THP-1 foam cells are still able to induce the release of cholesterol-containing small nHDL
particles with a diameter of more than 7 nm in an ABCA1-independent manner. In support, we
demonstrate that ABCA1 expression is the same in non-foam and foam cells, despite different efflux
levels. Quantitative data show that probucol only partially inhibits the transfer of cholesterol into
nHDL particles. Interestingly, the release of these probucol-nHDL were active in HDL biogenesis,
supporting the contention that these particles are potentially atheroprotective, especially when
macrophage-derived cholesterol is involved (Table 1). Indeed, the ABCA1-independent activity
influencing the total accessible plasma membrane cholesterol level that remains in foam cells
is consistent with the concept that lipids within nHDL originate from specific domains in the
plasma membrane. A previous study by Yamamoto et al. demonstrated that probucol enhanced
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TABLE 1 | Summary of potential mechanisms of pharmacologic action of

probucol.

Mechanism Model References

Inhibits ABCA1 cholesterol efflux

activity

THP-1 and J774

cells

(11, 12)

ABCA1-independent activity in

foam cells

THP-1 cells (7)

Modification in lipid droplets

morphology

Increases LDL catabolism

independent of the LDL receptor

Human fibroblasts (13)

Probucol-Oxidized Products:

Spiroquinone and

diphenoquinone

RAW264.7 cells (14)

Inhibit binding of lipid free apoA-I

to the cells

Human fibroblast

WI-38

HepG2

(15–17)

Protects ABCA1 from

calpain-mediated degradation

THP-1 cells (11)

Decreases micro-particles

containing cholesterol release

(50–250 nm)

THP-1, BHK,

HEPG2 cells

(18)

Reduces xanthomas and

atheromatous vascular lesions

UE-12 and THP-1

cells

Tendon xanthomas

(19)

Inhibits cellular cholesterol efflux

in cells

J774 mouse

macrophages

(12)

Increases HDL biogenesis THP-1 cells (11)

Prevents foam cell formation THP-1 cells (19)

Activates nHDL formation in

foam cells

THP-1 cells (7)

Selective reduction in HDL2

particles size of FH patients*

FH patient’s

plasma

(19)

Prevents the oxidative

modification of LDL

Rabbit aortic

endothelial cells

(20)

Increases plasma LCAT, CETP

activities, and apoE

concentration**

FH patient’s

plasma

(21)

Improve HDL function

(anti-inflammatory and

anti-oxidant)

New Zealand

white rabbits

(22)

ABCA1, ATP-binding cassette transporter A1; THP-1, Tamm–Horsfall protein 1; LDL,

low density lipoprotein; nHDL, nascent high density lipoprotein; ApoA-I, apolipoprotein

A-I; BHK, baby hamster kidney cells; LCAT, lecithin-cholesterol acyltransferase; CETP,

cholesteryl ester transfer protein; FH, familial hypercholesterolemia.

*Smaller HDL particles may be biologically more active and beneficial to the reverse

cholesterol transport from peripheral tissue to the liver (19).

**This was viewed as consistent with a postulated increase in reverse cholesterol transport

via the remnant pathway (23).

the release of cholesterol from foam cells but with no description
of ABCA1’s role (11, 14–16, 19). Despite a paradox surrounding

the lipid lowering effect of probucol (Table 1), these findings
align with data supporting the potential antiatherogenic role
of probucol. Indeed, previous studies indicated positive effects
of probucol on atherosclerosis treatments in vitro and in vivo
(19, 24, 25), however some clinical data indicated negative effects
of probucol (26). In addition, a role of probucol was observed in
reducing micro-particles release mainly those rich in cholesterol
with size range from various cell lines (50–250 nm) (Table 1)
(18). Use of probucol unveiled a novel and specific pathway
in foam cells where functional cholesterol efflux and formation
of nHDL is enhanced in the absence of ABCA1 activity.
This activity was not observed in non-foam cells. Moreover,
probucol incorporation significantly influences lipid droplet
morphology and size (7). This is relevant to lipids droplets
roles in mammalian innate immunity, triglyceride synthesis, and
mitochondrial dynamics (27, 28). These observations will clarify
the mechanisms by which HDL can be protective especially in
foam cells. However, the physiological and clinical importance
of such approaches remains to elucidated, and substantial
additional preclinical work will be required. Exploring new
HDL generating pathways that enhance cholesterol efflux is
a prospect of a completely novel strategy to raising plasma
HDL concentration for CHD prevention that might succeed
where other approaches have failed. However, because of the
unsatisfactory track record of HDL-based therapies, further
research is imperative before renewing our enthusiasm for
HDL as a target for therapy. Despite the fact that we have
not the ability of probucol to enhance an ABCA1-independent
pathway, we suggest the possibility to use probucol as a tool
to probe intracellular cholesterol trafficking to inhibit ABCA1.
Overall, this may provide substantial evidence for a revised
model of cholesterol trafficking in macrophages foam cells. In
our opinion this is a new argument in HDL metabolism among
cardiovascular researchers if probucol has clinical significance.
There is compelling purposes to believe that this old controversial
medication has much more to offer than previously known.
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Comparison of Low-Density
Lipoprotein Cholesterol (LDL-C) Goal
Achievement and Lipid-Lowering
Therapy in the Patients With
Coronary Artery Disease With
Different Renal Functions

Shuang Zhang, Zhi-Fan Li, Hui-Wei Shi, Wen-Jia Zhang, Yong-Gang Sui, Jian-Jun Li,

Ke-Fei Dou, Jie Qian and Na-Qiong Wu*

Cardiometabolic Center, National Center for Cardiovascular Diseases, Fuwai Hospital, Chinese Academy of Medical Science

& Peking Union Medical College, Beijing, China

Aim: The aim of this study was to evaluate the relationship between renal function and

low-density lipoprotein cholesterol (LDL-C) goal achievement and compare the strategy

of lipid-lowering therapy (LLT) among the patients with coronary artery disease (CAD)

with different renal functions.

Methods: In this study, we enrolled 933 Chinese patients with CAD from September

2020 to June 2021 admitted to the Cardiometabolic Center of Fuwai Hospital in

Beijing consecutively. All individuals were divided into two groups based on their

estimated glomerular filtration rate (eGFR). The multiple logistical regression analysis was

performed to identify and compare the independent factors which impacted LDL-C goal

achievement in the two groups after at least 3 months of treatment.

Results: There were 808 subjects with eGFR ≥ 60 ml/min/1.73 m2 who were divided

into Group 1 (G1). A total of 125 patients with eGFR < 60 ml/min/1.73 m2 were divided

into Group 2 (G2). The rate of LDL-C goal attainment (LDL-C < 1.4 mmol/L) was

significantly lower in G2 when compared with that in G1 (24.00% vs. 35.52%, P = 0.02),

even though there was no significant difference in the aspect of LLT between the two

groups (high-intensity LLT: 82.50% vs. 85.60% P = 0.40). Notably, in G1, the proportion

of LDL-C goal achievement increased with the intensity of LLT (23.36% vs. 39.60% vs.

64.52% in the subgroup under low-/moderate-intensity LLT, or high-intensity LLT without

proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor (PCSK9i), or high-intensity

LLT with PCSK9i, respectively, P < 0.005). In addition, in G2, there was a trend that the

rate of LDL-C goal achievement was higher in the subgroup under high-intensity LLT

(26.60% in the subgroup under high-intensity LLT without PCSK9i and 25.00% in the

subgroup under high-intensity LLT with PCSK9i) than that under low-/moderate-intensity

LLT (15.38%, P = 0.49). Importantly, after multiple regression analysis, we found that

eGFR < 60 ml/min/1.73 m2 [odds ratio (OR) 1.81; 95%CI, 1.15–2.87; P = 0.01] was an

39
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independent risk factor to impact LDL-C goal achievement. However, the combination

strategy of LLT was a protective factor for LDL-C goal achievement independently (statin

combined with ezetimibe: OR 0.42; 95%CI 0.30–0.60; P < 0.001; statin combined with

PCSK9i: OR 0.15; 95%CI 0.07–0.32; P < 0.001, respectively).

Conclusion: Impaired renal function (eGFR < 60 ml/min/1.73 m2) was an independent

risk factor for LDL-C goal achievement in the patients with CAD. High-intensity LLT with

PCSK9i could improve the rate of LDL-C goal achievement significantly. It should be

suggested to increase the proportion of high-intensity LLT with PCSK9i for patients with

CAD, especially those with impaired renal function.

Keywords: coronary artery disease, renal function, LDL-C, goal achievement, lipid-lowing therapy

INTRODUCTION

In the past decades, the global prevalence of arteriosclerotic
cardiovascular disease (ASCVD) has increased considerably;
especially, coronary artery disease (CAD) is the leading cause
of mortality and morbidity worldwide. Lipid-lowering therapy
(LLT) plays an important role in the treatment of CAD by
reducing plasma low-density lipoprotein cholesterol (LDL-C)
levels (1). Statin is the cornerstone of LLT. Furthermore,
ezetimibe and proprotein convertase subtilisin/kexin type 9
(PCSK9) inhibitors (PCSK9i) are important non-statin lipid-
lowering choices.

As the chronic disease, chronic kidney disease (CKD) is a
gradual loss of renal function over years and is characterized
by an estimated glomerular filtration rate (eGFR) of <60
ml/min/1.73 m2 (1, 2). The burden of CKD is substantial
worldwide. More than 10% of the population were affected by
the CKD and the death rate caused by CKDwill increase to get 14
per 100,000 people by 2030 (2). CKD has close ties with chronic
inflammation, increased oxidative stress and dyslipidemia, and
these abnormalities elevate the cardiovascular risk (2, 3). With
the eGFR declines and kidney disease progresses from CKD
stage Group 1 (G1) to stage Group 5 (G5), the proportion of
patients with CKD who die from the cardiovascular disease
will increase. Atherosclerotic cardiovascular events represent
the most cause of death in patients with CKD (2–5). Renal
dysfunction is closely related to dyslipidemia (1, 4). Dyslipidemia
in CKD is characterized by hypertriglyceridemia and low high-
density lipoprotein (HDL), which is major risk factors for
CAD. In the early stages of renal dysfunction, patients with
CKD may develop dyslipidemia. Dyslipidemia progresses with
deterioration of renal function (4). Unfortunately, previous
studies have showed that the rate of LDL-C goal achievement
(LDL-C < 1.8 mmol/L) was low in the patients with ASCVD
(1). Moreover, the latest ESC/EAS guideline recommended
that all patients with ASCVD should control their LDL-C
level more strictly, lower than 1.4 mmol/L, and reduction ≥

50% from baseline (6). Currently, there were limited studies
focusing on the relationship between the renal function and
the rate of LDL-C goal achievement in patients with CAD at
the era of PCSK9 inhibitors. The aim of our study was to

identify if the renal function is the independent risk factor
to impact the selection of high-intensity LLT (especially high-
intensity LLT with PCSK9i)or LDL-C goal achievement in real
clinical practice.

METHODS

Study Design and Patient Selection
This study was a prospective, observational cohort study.
We enrolled 933 patients with CAD consecutively in the
Cardiometabolic Center of Fuwai Hospital (Beijing, China) from
September 2020 and June 2021. The inclusion criteria included:
1) coronary angiography showing at least one coronary artery
(left anterior descending artery, left circumflex artery, or right
coronary artery) stenosis ≥50% and 2) detailed medical records
and laboratory data. The exclusion criteria included: 1) severe
hepatic dysfunction (aspartate aminotransferase [AST] or/and
alanine aminotransferase [ALT] > 3 times the upper limit of
normal, 2) life expectancy < 3 months, 3) severe blood system
disease, systematic inflammatory disease, and malignant disease,
4) contraindication to any LLT, 5) severe renal dysfunction,
including CKD Stages 4–5 or dialysis, and 6) receiving some
medicines, such as cyclosporine treatment for CKD, which could
influence serum concentration of lipid-lowering medicines.

All participants were divided into two groups, and the patients
with eGFR ≥ 60 ml/min/1.73 m2 were in Group 1 (G1) and
those with eGFR < 60 ml/min/1.73 m2 were in Group 2 (G2).
Hypertension was diagnosed by systolic blood pressure (SBP) ≥
140mmHg and/or diastolic blood pressure (DBP)≥ 90mmHg or
receiving antihypertensive therapy. If the fasting plasma glucose
was at least 7.0 mmol/L or the patient’s 2-h plasma glucose from
the oral glucose tolerance test was at least 11.1 mmol/L, or those
receiving hypoglycemic treatment, the patients were considered
diabetes mellitus (DM). The high-intensity LLT was defined as
high-intensity statins (rosuvastatin 20mg per day or atorvastatin
40–80mg per day), any-dose statin plus ezetimibe, any-dose
statin plus PCSK9i with (or without) ezetimibe, and ezetimibe
with PCSK9i or PCSK9i monotherapy, while low-/moderate-
intensity LLT was defined as low/moderate statin monotherapy
or ezetimibe monotherapy.
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Laboratory Tests
All patients’ plasma samples were collected in the morning
after overnight fasting. Plasma levels of lipid profile (e.g., total
cholesterol [TC], LDL-C, triglyceride [TG], HDL-C, apoA, and
apoB) were measured by an automatic biochemistry analyzer
(Hitachi 7150, Tokyo, Japan). The serum Lp(a) levels were
measured through an immune-turbidimetry assay (LASAY Lp(a)
auto; SHIMA Laboratories, Tokyo, Japan).

Follow-Up
The patients were followed up in 3 months of intervals through
telephone or clinical interview. The discontinuation of LLT
means that the patients did not take lipid-lowering medicine for
>30 days.

Statistical Analysis
The Kolmogorov–Smirnov test was used to test the distribution
pattern. Continuous variables (mean ± SD) and medians with
interquartile ranges between the two groups were compared
using the unpaired Student’s t-test or the Mann–Whitney U
test. Categorical variables (frequencies) were compared using
chi-square statistics or the Fisher exact test. The univariate and
multiple logistic regression models were constructed to calculate
adjusted odds ratios (OR) and 95% confidence intervals (CIs) for
the factors that impact LDL-C target achievement. All statistical
testing was 2-sided at a significance level of 0.05. Analyses were
performed using the R language statistical software (version 4.0.4,
Feather Spray; The R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Patient Characteristics
The demographic and clinical characteristics of 933 patients are
presented in Table 1. In G1, there were 808 patients with eGFR
≥ 60 ml/min/1.73 m2. In addition, 125 patients with eGFR < 60
ml/min/1.73 m2 were divided into G2. In the whole participants,
the average age was 58.4 ± 10.1 years, 74.91% of patients were
men, and the mean eGFR was 76.0 (65.0–86.0) ml/min/1.73 m2.
However, the patients in G2 were older (63.45 ± 8.84 vs. 57.6
± 9.99 years, P < 0.0001) and there were only few male patients
in G2 (58.4% vs. 77.48%, P < 0.0001). In G2, there tended to be
more comorbidities, such as hypertension (76.0% vs. 57.67%, P
< 0.0001), DM (40.8% vs. 27.72%, P = 0.004), and peripheral
vascular disease (6.40% vs. 2.48%, P = 0.03). Current smoking
was prevalent in G1 (41.34% vs. 28.0%, P = 0.01). As for the
lipid profiles, TG was significantly higher in G2 [1.66 (1.19–2.30)
mmol/L vs. 1.45 (1.05–2.06) mmol/L, P = 0.01]. There were no
significant differences in TC, HDL-C, and LDL-C levels in both
the groups.

Strategy of LLT at the Baseline and

Follow-Up Period
In Table 2, high-intensity LLT (low-/moderate-intensity statin+

ezetimibe) was the most common strategy at baseline (78.09%
in G1 vs. 80.06% in G2) and during the follow-up (66.71% in

G1 vs. 74.40% in G2) period. There was no significant difference
in strategies of LLT between the two groups at baseline (P =

0.41, Figure 1) and at follow-up period (P = 0.11, Figure 1). In
addition, PCSK9i application was relatively low in both groups
at baseline (3.77% in G1 vs. 3.20% in G2) and during the
follow-up period (3.83% in G1 vs. 3.2% in G2). Moreover, at
baseline, atorvastatin was the most common prescription in
statins (48.32%), followed by rosuvastatin (32.98%) (Figure 2).
Very low proportions (1.07%) of subjects were under LLT with
high-intensity statin monotherapy.

The average LDL-C level during the follow-up period was
higher in G2 than in G1 (1.91 ± 0.68 mmol/L in G2 vs. 1.71 ±

0.68 mmol/L in G1, P= 0.0022). The percentage of LDL-C target
achievement (<1.4 mmol/L) was 35.52% in G1 and 24.00% in G2,
respectively (P = 0.02, Table 3).

The proportion of high-intensity LLT strategy had a trend to
be higher in G2 than that in G1 during the follow-up period
(78.20% without PCSK9i and 3.20% including PCSK9i in G2
vs. 68.45% without PCSK9i and 3.20% including PCSK9i in G1,
P = 0.11). In addition, the proportion of high-intensity LLT
was significantly lower during the follow-up period than that
at baseline in G1 (78.88% without PCSK9i and 3.77% including
PCSK9i at baseline vs. 68.45% without PCSK9i and 3.20%
including PCSK9i during follow-up in G1, P < 0.005). However,
the proportion of high-intensity LLT did not significantly change
in G2 during the follow-up period than that at baseline (81.77%
without PCSK9i and 3.83% including PCSK9i at baseline vs.
78.20% without PCSK9i and 3.20% including PCSK9i during
follow-up, P = 0.14) (Figure 3).

Attainment of LDL-C Goal During the

Follow-Up Period
In Table 3, it summarized the percentage of patients achieving
LDL-C target and lipid profiles during the follow-up period.
After ≥3 months of LLT treatment, the rate of LDL-C < 1.4
mmol/L increased up to 33.99%. However, the rate of LDL-C goal
achievement was lower in G2 compared with that in G1 (24.00%
vs. 35.52%, P = 0.02). The average LDL-C level in G2 was higher
than that in G1 during the follow-up period (1.91± 0.68 mmol/L
vs. 1.71± 0.68 mmol/L, P = 0.0022).

The patients with the high-intensity LLT are more prone to
achieve the LDL-C goal (high-intensity LLT with PCSK9i: 60.0%;
high-intensity LLT without PCSK9i: 37.7%; low-/moderate-
intensity LLT: 22.50%, P < 0.005). In G1, the proportion of
LDL-C goal achievement (LDL-C < 1.4 mmol/L) increased
with the intensity of LLT (23.36% vs. 39.60% vs. 64.52%
in the subgroup under low-/moderate-intensity LLT, or high-
intensity LLT without PCSK9i, or high-intensity LLT with
PCSK9i, respectively, P < 0.005). In addition, in G2, there
was a trend that the rate of LDL-C goal achievement was
higher in the subgroup under high-intensity LLT (26.60% in the
subgroup under high-intensity LLT without PCSK9i, 25.00% in
the subgroup under high-intensity LLT with PCSK9i) than that
under low-/moderate-intensity LLT (15.38%), even though the
difference was not statistically significant (P = 0.49, Figure 3).
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TABLE 1 | The baseline characteristics of total participants including G1 and G2.

Characteristics Total (n = 933) G1 (n = 808) G2 (n = 125) P-value

Male 699 (74.91) 626 (77.48) 73 (58.40) <0.0001

Age 58.4 ± 10.10 57.60 ± 9.99 63.45 ± 8.84 <0.0001

BMI,kg/m2 26.06 ± 3.15 25.99 ± 3.15 26.49 ± 3.09 0.10

SBP,mm Hg 136.91 ± 17.19 136.79 ± 17.09 137.68 ± 17.93 0.59

DBP,mm Hg 78.87 ± 10.54 79.01 ± 10.57 77.95 ± 10.34 0.30

History of PCI 256 (27.43) 215 (26.61) 41 (32.80) 0.18

History of CABG 11 (1.17) 8 (0.99) 3 (2.40) 0.36

History of MI 106 (11.36) 87 (10.77) 19 (15.20) 0.19

PAD 28 (3.0) 20 (2.48) 8 (6.40) 0.03

Stroke 55 (5.89) 50 (6.19) 5 (4.00) 0.45

Hypertension 561 (60.12) 466 (57.67) 95 (76.00) <0.0001

Hyperlipidemia 631 (67.63) 537 (66.46) 94 (75.20) 0.07

DM 275 (29.47) 224 (27.72) 51 (40.80) 0.004

Current smoking 369 (39.55) 334 (41.34) 35 (28.00) 0.01

History of CAD 95 (10.18) 85 (10.52) 10 (8.00) 0.48

LVEF 62.09 ± 5.84 62.27 ± 5.41 60.92 ± 8.03 0.02

GLU,mmol/L 7.03 ± 2.72 6.90 ± 2.53 7.89 ± 3.63 0.0001

Scr,umol/L 86.76 ± 19.97 82.89 ± 13.19 111.69 ± 33.74 <0.0001

Bun,mmol/L 5.89 ± 1.55 5.74 ± 1.47 6.84 ± 1.69 <0.0001

TG, mmol/L 1.48 (1.07–2.08) 1.45 (1.05–2.06) 1.66 (1.19–2.30) 0.01

TC, mmol/L 4.05 ± 1.07 4.03 ± 1.06 4.15 ± 1.11 0.26

HDL, mmol/L 1.15 ± 0.31 1.15 ± 0.31 1.16 ± 0.34 0.72

LDL, mmol/L 2.31 ± 0.88 2.30 ± 0.87 2.39 ± 0.95 0.26

LDL<1.4mmol/L 108 (11.58) 94 (11.63) 14 (11.20) 1.00

LDL<1.8mmol/L 274 (29.36) 243 (30.07) 31 (24.80) 0.27

eGFR,ml/min/1.73m2 76.0 (65.0–86.0) 94.2 (75.9–112.49) 54.13 (53.11–55.15) <0.0001

Lp (a),mg/L 183.99 (77.10–399.10) 190.17 (78.36–403.54) 164.52 (70.26–397.24) 0.49

hs-crp,mg/L 2.01 ± 2.64 1.97 ± 2.62 2.30 ± 2.81 0.20

apoA,g/L 1.23 ± 0.24 1.22 ± 0.24 1.26 ± 0.23 0.15

apoB,g/L 0.73 (0.59–0.89) 0.73 (0.58–0.88) 0.74 (0.62–0.90) 0.37

nt-proBNP 207.22 ± 524.83 180.60 ± 425.06 378.42 ± 925.84 0.0001

HbA1C,% 6.59 ± 1.65 6.53 ± 1.61 7.05 ± 1.84 0.0011

Medications at baseline

Statins 667 (71.49) 570 (70.54) 97 (77.60) 0.13

Aspirin 671 (71.92) 579 (71.66) 92 (73.60) 0.73

Clopidogrel 301 (32.26) 257 (31.81) 44 (35.20) 0.51

β-blockers 381 (40.84) 330 (40.84) 51 (40.80) 1

Nitrate 325 (34.83) 278 (34.41) 47 (37.60) 0.55

Calcium channel blockers 159 (17.04) 125 (15.47) 34 (27.20) 0

ACEI/ARB 193 (20.69) 161 (19.93) 32 (25.60) 0.18

Diuretic 10 (1.07) 8 (0.99) 2 (1.60) 0.88

BMI, body mass index; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; MI, myocardial infarction; SBP, systolic blood pressure; DBP, diastolic blood

pressure; DM, diabetes mellitus; LVEF, left ventricular ejection fraction; eGFR estimated glomerular filtration rate; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein;

LDL-C, low-density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; Scr, serum creatinine; Bun, blood urea nitrogen; apoA; NT-proBNP, N-terminal pro-brain natriuretic peptide;

Lp(a), lipoprotein(a); Continuous variables are presented as mean ± SD or medians with interquartile ranges. Categorical variables are presented as proportions.

Factors That Impact LDL-C Goal

Achievement
After multivariate logistic regression analysis, previous
percutaneous coronary intervention (OR 0.55; 95%CI 0.39–
0.77; P < 0.001), admission for acute coronary syndrome (ACS)
(OR 0.65; 95%CI 0.46–0.91; P = 0.01), LLT including statin

combination with ezetimibe (OR 0.42; 95%CI 0.3–0.6; P <
0.001), and LLT including statin and/or ezetimibe combination
with PCSK9i (OR 0.15; 95CI% 0.07–0.32; P < 0.001) were
all significantly associated with LDL-C goal achievement. In
addition, DM (OR 1.50; 95%CI 1.09–2.02; P = 0.001), female
patients (OR 1.66; 95%CI 1.13–2.44; P= 0.009) were significantly
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TABLE 2 | Comparison of the lipid-lowering therapy (LLT) strategies between the two groups at baseline and follow-up period.

Total (n = 933) G1 (n = 808) G2 (n = 125)

Baseline, n (%)

Low/moderate intensity LLT

Low/moderate intensity statin alone 149 (15.97) 132 (16.34) 17 (13.60)

Ezetimibe alone 8 (0.87) 7 (0.87) 1 (0.80)

High intensity LLT

Low/moderate intensity statin+Ezetimibe 733 (78.56) 631 (78.09) 102 (81.60)

Moderate intensity statin+Ezetimibe+PCSK9i 27 (2.89) 25 (3.09) 2 (1.60)

High intensity statin+Ezetimibe 7 (0.75) 6 (0.74) 1 (0.80)

Moderate intensity statin+PCSK9i 4 (0.43) 2 (0.25) 2 (1.60)

High intensity statin+Ezetimibe+PCSK9i 2 (0.21) 2 (0.25) 0 (0.00)

High intensity statin 1 (0.16) 1 (0.18) 0 (0.00)

Ezetimibe+PCSK9i 1 (0.16) 1 (0.18) 0 (0.00)

Follow-up, n (%)

Low/moderate intensity LLT

Low/moderate intensity statin alone 225 (24.12) 200 (24.75) 25 (20.00)

Ezetimibe alone 15 (1.61) 14 (1.73) 1 (0.80)

High intensity LLT

Low/moderate intensity statin+Ezetimibe 632 (67.74) 539 (66.71) 93 (74.40)

Low/moderate intensity statin+Ezetimibe+PCSK9i 25 (2.68) 23 (2.85) 2 (1.60)

High intensity statin+Ezetimibe 9 (0.96) 8 (0.99) 1 (0.80)

Low/moderate intensity statin+PCSK9i 8 (0.86) 6 (0.74) 2 (1.60)

PCSK9i alone 1 (0.11) 1 (0.12) 0 (0.00)

High intensity statin 1 (0.11) 1 (0.12) 0 (0.00)

High intensity statin+Ezetimibe+PCSK9i 1 (0.11) 1 (0.12) 0 (0.00)

Discontinuation of any LLT, n (%) 16 (1.71) 15 (1.86) 1 (0.80)

LLT, lipid-lowering therapy; PCSK9i, PCSK9 inhibitor. Continuous variables are presented as mean ± SD or medians with interquartile ranges. Categorical variables are presented

as proportions.

associated with LDL-C goal achievement. Importantly, eGFR
< 60 ml/min/1.73 m2 (OR 1.81; 95%CI 1.15–2.87; P = 0.01)
was also significantly associated with LDL-C goal achievement
(Table 4).

DISCUSSION

In this prospective observational study, we analyzed the factors
impacting LDL-C < 1.4 mmol/L goal achievement in Chinese
patients with CAD and different renal function statuses.
Although in the whole participants, the rate of LDL-C < 1.4
mmol/L goal achievement reached 33.99% during the follow-up
period from 11.57% at baseline; however, the rate of LDL-C <

1.4 mmol/L goal achievement was significantly lower in G2 than
that in G1 (24.00% vs. 35.52%, P = 0.02). At the same time,
we found that impaired renal function (eGFR < 60 ml/min/1.73
m2) was independently associated with LDL-C < 1.4 mmol/L
goal achievement (OR 1.81; 95%CI 1.15–2.87; P = 0.01). From
a mendelian randomization, there is a stepwise increased risk of
CKD with a higher LDL-C level (hazard ratio [HR] 1.05; 95CI%
0.97-1.13; P < 0.001) (7). LDL-C and CKD are independent risk
factors for cardiovascular events (1). Given the present research

results, LDL-C goal achievement might be a challenge for CAD
patients with impaired renal functions.

Based on the latest ESC/EAS guideline about the lipid
management, LDL-C goal is <1.4 mmol/L and reduction ≥ 50%
from the baseline for all the patients with ASCVD (6). Renal
function has been well recognized to be associated with CAD and
dyslipidemia (1). Concerning to lipid management in the CAD
patients with impaired renal function, our findings are consistent
with the results of previous studies and highlight a treatment
gap between clinical practice and guideline commendation. In
the previous study, it had been found that the patients with
advanced CKD were less likely to achieve LDL-C target (8, 9). In
a prospective cohort study CKD-REIN (NCT03381950), among
high-risk patients, 45% of those on statin and/or ezetimibe
achieved the LDL-C treatment target (<2.6 mmol/L). Among
very high-risk patients, the percentage at goal (<1.8 mmol/L)
was 38% for CKD stage G3 and 29% for stage G4/G5. There
was a trend toward the higher achievement of LDL-C targets
with increasing LLT intensity (adjusted OR for moderate vs. low
intensity 1.20; 95%CI 0.92–1.56; high vs. low intensity 1.46; 1.02–
2.09; P trend = 0.036). In the CKD-REIN study, many patients
with CKD stages G3–G5 who were eligible for LLT were not
treated, and those on LLT rarely achieved LDL-C targets (8).
Kuznik et al. reported that the percentage of LLT increased with
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FIGURE 1 | Comparison of high-intensity lipid-lowering therapy strategies between the two groups at baseline and follow-up.

CKD stage and the rate of LDL-C < 100 mg/dL increased with
CKD stage among the patients with below CKD Stage 3b, but
the target rate decreased in Stage 4 (10). However, Lin et al.
conducted a multi-center study (T-SPARCLE) that enrolled 3,057
individuals and 26.76% of patients with CKD. Those without
CKD had a similar equivalent statin potency with the CKD
group. Although the result showed that more CKD population
achieved the LDL-C goal, there were no statistical significances
between the CKD and non-CKD groups (55.75% vs. 54.71%, P
> 0.05) (11). In the 2001–2010 National Health and Nutritional
Examination Survey (NHANES), the use of lipid-lowering agents
increased with CKD stage, from 18.1% (Stage 1) to 44.8% (Stage
4). LDL-C goal attainment increased from 35.8% (Stage 1) to
52.8% (Stage 3b) but decreased in Stage 4 (50.7%). From this
survey, it was found that individuals with CKD had a high
prevalence of CV-related comorbidities. However, attainment of
LDL-C goals was low regardless of disease stage (10). In Taiwan
CKD care programs conducted by nephrologists-based team
from 2006 to 2013, they set 10 goals with treatment target ranges
based on the guideline. In this program, they found that the all-
goals attainment rate increased from 59.4% at baseline to 60.5%

in year 3, with an especially significant improvement for LDL-C
(from 46.8% to 67.0%). From the program, they concluded that
goal attainment and disease progression were influence by CKD
stage. A high goal achievement rate was associated with better
preservation of residual renal function (9). Since the previous
studies have mainly explored the primary prevention of high-
risk patients with CKD, our data concentrated on the second
prevention of patients with CAD with various renal functions.
From our study, the renal function exerts an adverse impact
on the lipid management in patients with CAD. Patients with
impaired renal function should be paid more attention.

The proportion of high-intensity LLT strategy had a trend to
be higher in G2 than that in G1 during the follow-up period
in our study. However, there was no statistically significant
difference in the aspect of LLT strategy in both the groups
(78.20% without PCSK9i and 3.20% including PCSK9i in G2
vs. 68.45% without PCSK9i and 3.20% including PCSK9i in G1,
P = 0.11). In addition, we found that the proportion of high-
intensity LLT was significantly lower during the follow-up period
than that at baseline in G1 (78.88% without PCSK9i and 3.77%
including PCSK9i at baseline vs. 68.45% without PCSK9i and
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FIGURE 2 | The percentage of different statins used in total and different groups.

TABLE 3 | Comparison of the lipid profile at the follow-up period between the two groups.

Total (n = 933) G1 (n = 808) G2 (n = 125) P-value

TG, mmol/L 1.19 (0.88–1.70) 1.17 (0.86–1.69) 1.33 (1.03–1.78) 0.01*

TC, mmol/L 3.35 ± 0.95 3.34 ± 0.97 3.47 ± 0.85 0.16

HDL-C, mmol/L 1.14 ± 0.28 1.15 ± 0.28 1.11 ± 0.26 0.17

LDL-C, mmol/L 1.74 ± 0.68 1.71 ± 0.68 1.91 ± 0.68 0.0022*

LDL-C<1.4mmol/L, (%) 317 (33.98) 287 (35.52) 30 (24.00) 0.02*

TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein; LDL-C, low-density lipoprotein; *indicated the difference between the two groups is statistically significant, P <

0.05. Continuous variables are presented as mean ± SD or medians with interquartile ranges. Categorical variables are presented as proportions.

3.20% including PCSK9i during follow-up, P < 0.005). However,
the proportion of high-intensity LLT did not significantly change
in G2 during the follow-up period than that at baseline (81.77%
without PCSK9i and 3.83% including PCSK9i at baseline vs.
78.20% without PCSK9i and 3.20% including PCSK9i during
follow-up, P = 0.14). From our study, high-intensity LLT was
independently associated with LDL-C goal achievement. High-
intensity LLT, such as statin plus ezetimibe, could make it more
likely to achieve LDL-C target (OR 0.42; 95%CI 0.3–0.6; P <
0.001). It was similar that high-intensity LLT, such as statin
or ezetimibe combined with PCSK9i, could also achieve LDL-
C goal more likely (OR 0.15; 95CI% 0.07–0.32; P < 0.001).
Massy et al. also reported that the combination therapy of LLT
recommended by the guidelines could make more patients with

CKD to achieve LDL-C goal (8). From the long-term result, Bae
et al. reported a median follow-up of 4.2 years, and the combined
groups always had the lower LDL-C levels (P = 0.025) (12).
In this study, the patients under high-intensity LLT were more
prone to achieve LDL-C goal, especially under LLT with PCSK9i
(22.50% vs. 37.70% vs. 60.00% in the subgroup under low-
/moderate-intensity LLT, or high-intensity LLT without PCSK9i,
or high-intensity LLT with PCSK9i, respectively, P < 0.005). It
was remarkable that although 68.70% of individuals were under
high-intensity LLT with or without PCSK9i, the rate of LDL-
C goal achievement (LDL-C < 1.4 mmol/L) was only 33.99%.
The potential cause was a very low rate of PCSK9i application
(only 3.69% and 3.76% at baseline and follow-up, respectively).
Similarly, the previous cross-sectional studies have also reported
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FIGURE 3 | Comparison of LDL-C < 1.4 mmol/L goal achievement under different LLT strategies in total and subgroups (G1 and G2). *, #, † indicate <0.05 between

the groups.

small proportions of PCSK9i in a real-world application (13, 14).
From our study, we speculated that high-intensity LLT without
PCSK9i was not so enough to achieve a high rate of LDL-
C goal achievement. According to the guideline, it is sound
to use the PCSK9i after statin combined with ezetimibe (6).
PCSK9i application might help more patients to achieve LDL-
C < 1.4 mmol/L. Actually, our result showed the percentage
of PCSK9i kept similar between the baseline and follow-up
(baseline 3.69% vs. follow-up 3.76%). Insufficient attention had
been paid to the groups with eGFR < 60 ml/min/1.73 m2 about
the lipid management. It might be considerable to prescribe
PCSK9i for them more, especially for the patients with impaired
renal function.

Except for the effectiveness on lowering LDL-C, LLT also
exerts the protective effect on renal function. From the network
meta-analysis, statins could lead to a 0.61 (95CI% 0.27–0.95)
ml/min/1.73 m2 slower annual eGFR decline. When it comes
to the efficacy among different statins, there are no substantial
differences (15). According to the post-hoc analyses from several
trials, atorvastatin could improve renal function (16, 17). Statin
combination with ezetimibe also had positive effects on renal

function (18). The renal safety of ezetimibe had been proven
by the Study of Heart and Renal Protection (SHARP) trial,
which used simvastatin 20mg plus ezetimibe 10mg reduced
atherosclerotic events in advanced patients with CKD. Compared
with the statins, the combination group was prone to preserve
renal function (P < 0.001) and had less renal events (HR 0.58;
95CI% 0.35–0.95; P= 0.032) (19). PCSK9i are currently the most
effective lipid-lowering drugs in clinical practice, which could
reduce LDL-C level by 50–70% and improve the rate of LDL-
C goal achievement significantly (20, 21). The FOURIER trial
investigated the influence of evolocumab on the patients with
different kidney functions. As for the effect of LDL-C lowering
and clinical efficacy and safety of evolocumab, it is consistent
across different renal function groups and more effective to
reduce the rate of adverse events in the advanced CKD group
(20). Alirocumab had a similar effect as evolocumab (21). Based
on the current evidence, for the patients with CADwith impaired
renal function, it was more difficult to achieve LDL-C goal and it
needs to optimize the application of high-intensity LLT, especially
improving the proportion of PCSK9i application in order to
accomplish a higher rate of LDL-C goal achievement.
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TABLE 4 | Factors impacting achieving LDL-C < 1.4 mmol/L goal for patients treated with LLT.

Univariate logistic regression Multivariate logistic regression

OR 95 CI% P-value OR 95 CI% P-value

Age 0.85 0.63–1.14 0.28

Female 1.69 1.21–2.35 0.002* 1.66 1.13–2.44 0.009*

History of PCI 0.67 0.49–0.92 0.01* 0.55 0.39–0.77 <0.001

History of CABG 1.63 0.49–5.38 0.42

History of MI 1.10 0.72–1.67 0.67

ACS 0.71 0.52–0.98 0.03* 0.65 0.46–0.91 0.01*

PAD 1.08 0.49–2.37 0.84

Hypertension 0.84 0.64–1.11 0.22

DM 0.77 0.57–1.03 0.08 1.50 1.09–2.02 0.01*

smoking 1.31 1.00-1.73 0.05 0.99 0.72–1.36 0.95

eGFR<60 ml/min/1.73 m2 1.74 1.23–2.70 0.01* 1.81 1.15–2.87 0.01*

BMI>30 1.00 0.65–1.53 1.00

lipid-lowering therapy

Monotherapy (statins) Ref. Ref.

Combination with ezemitibe 0.52 0.37–0.74 <0.001* 0.42 0.30–0.60 <0.001*

Combination with PCSK9i 0.21 0.10–0.44 <0.001* 0.15 0.07–0.32 <0.001*

BMI, body mass index; CABG, coronary artery bypass graft; PCI, percutaneous coronary intervention; MI, myocardial infarction; eGFR estimated glomerular filtration rate; DM, diabetes

mellitus; ACS, admission for acute coronary syndrome; *indicated P < 0.05.

Another possible contributing factor for the low rate of LDL-
C goal achievement was medication adherence. In our study,
LLT strategy was adjusted in 105 patients during the follow-up
period when compared with that at discharge and among them,
102 patients switched from statin combination with ezetimibe
to moderate-intensity statin monotherapy. In previous studies,
the long-term adherence to statins was poor (22). Santoleri et
al. showed that an overall adherence rate of ezetimibe was low
when compared with statins during the 8-year follow-up period,
and a higher percentage of discontinuation of ezetimibe than
statins annually (23). In addition to patient self-discontinuation,
4% of patients discontinued ezetimibe because of physicians’
suggestion. The physicians’ lipid management knowledge had a
great influence on the rate of LDL-C goal achievement (24).

There are some limitations in this study. First, it was a single-
center observational study; although confounding variables have
been statistically excluded, there might be unobserved risk
factors. Second, the follow-up period in our study was relatively
short; thus, the long-term effect of different renal functions and
different LLTs on LDL-C goal achievement in patients with CAD
remained uncertain. Third, the sample size was small. Finally,
when it comes to the adherence, we did not take a more accurate
way to assess the medication using situation except for patients’
self-report during the follow-up period.

In summary, in our study, impaired renal function (eGFR <
60 ml/min/1.73 m2) was an independent risk factor for LDL-C
goal achievement in the patients with CAD. High-intensity LLT
with PCSK9i could improve the rate of LDL-C goal achievement
significantly. It should be suggested to increase the proportion of

high-intensity LLTwith PCSK9i for patients with CAD, especially
those with impaired renal function.
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High-density lipoprotein (HDL) particles, long known for their critical role in the prevention

of cardiovascular disease (CVD), were recently identified to carry a wide array of

glycosylated proteins, and the importance of this glycosylation in the structure, function

and metabolism of HDL are starting to emerge. Early studies have demonstrated

differential glycosylation of HDL-associated proteins in various pathological states, which

may be key to understanding their etiological role in these diseases and may be

important for diagnostic development. Given the vast array and specificity of glycosylation

pathways, the study of HDL-associated glycosylation has the potential to uncover

novel mechanisms and biomarkers of CVD. To date, no large studies examining the

relationships between HDL glycosylation profiles and cardiovascular outcomes have

been performed. However, small pilot studies provide promising preliminary evidence

that such a relationship may exist. In this review article we discuss the current state

of the evidence on the glycosylation of HDL-associated proteins, the potential for

HDL glycosylation profiling in CVD diagnostics, how glycosylation affects HDL function,

and the potential for modifying the glycosylation of HDL-associated proteins to confer

therapeutic value.

Keywords: glycosylation, high-density lipoprotein (HDL), O-glycosylation, N-glycosylation, ApoA-I, APOC3, APOE

INTRODUCTION

It has been established across multiple cohorts that high density lipoproteins (HDL) are
atheroprotective (1–4). HDL are complex, heterogeneous nanoparticles, with various subclasses,
comprised of numerous functional proteins and lipids (5), and havemore recently been shown to be
highly glycosylated (6) and structurally and compositionally variable in various physiological and
pathological states (7, 8). Owing to this high heterogeneity, HDL particles have diverse biological
functions including immunomodulatory, anti-inflammatory, antioxidant, antithrombotic, and
anti-proteolytic functions among others, which are dependent on their composition (9–13). Protein
and lipid composition, as well as particle structure and size, are important known factors driving
differences in HDL functional capacity. The role of glycosylation in the differential functionality of
HDL particles has only recently started to emerge.

Protein glycosylation is generally an enzymatically driven post-translational modification of
newly biosynthesized proteins that occurs in the endoplasmic reticulum and Golgi apparatus
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where sugars are attached to proteins by N- or O-linkages,
forming glycans (14). N-glycans are attached to a nitrogen
atom on the asparagine moiety of the protein whereas
O-glycans are bound to the oxygen atom of either threonine or
serine (15). Glycans contribute to various biological capacities
including protein folding, receptor binding, enzyme activity,
and physical properties by lending charge to the protein,
and are vastly particular to the type, extent, and specific
site of glycosylation (15–19). Protein glycosylation functions
as a biological language and is important for biological
particle self- and non- self-recognition, molecule transport,
and endocytosis (20). In the last 8 years since it was first
demonstrated that HDL are highly glycosylated, and specifically
sialylated particles (6) (Figure 1), there has been a steady
increase in the evidence pointing to an important connection
between the glycosylation of HDL-associated proteins, and the
overall functionality of HDL particles. In this review paper
we will discuss the current state of the evidence on the
glycosylation of HDL-associated proteins, specifically, where we
stand in terms of development of cardiovascular disease (CVD)
diagnostics usingHDL-glycosylation profiling, how glycosylation
of HDL proteins affects HDL function, and the potential for
modifying the glycosylation of HDL-associated proteins to confer
therapeutic value.

HDL GLYCOSYLATION PROFILING FOR

DIAGNOSTIC PURPOSES

One of the problems with HDL particle analysis for diagnostic
purposes has been the extreme complexity of these particles and
the lack of resolution of older measurement tools. For example,
although high HDL-cholesterol (HDL-C) concentrations have
been found to be protective against CVD, several large recent
studies demonstrated that the relationship between HDL-C
concentration and adverse health outcomes tends to follow a
U-shaped curve, with both low HDL-C and very high HDL-
C being associated with increased cardiovascular (CV) events
(21–23). Clearly, it is not simply the measurement of the total
amount of cholesterol carried within HDL that is diagnostic, but
rather some other aspect of HDL that is critical, whether it be
compositional, structural, or functional.

For more sophisticated measurements of HDL structure,
composition, and function, it is imperative to first isolate
the HDL particles and purify them from other potentially
contaminating components. Because HDL particles are so small
(7–12 nm in diameter) as to overlap with many plasma proteins
in terms of their size (e.g., ferritin), and because they are close
in density to other lipoprotein particles and even extracellular
vesicles, they are difficult to isolate and purify. According to
multiple proteomic studies HDL could carry as few as 12 key
proteins or up to an excess of 200 proteins (24, 25) depending
on how they are isolated (24, 26, 27). Various methods, and
combinations of these methods, have been used to isolate HDL
including ultracentrifugation, size exclusion chromatography,
immunoaffinity precipitation, and asymmetrical flow field flow
fractionation. More recently, methods combining these different

approaches have been used to improve the overall yield and
purity of HDL particles while preserving their structural and
functional integrity (28–30), including an optimized, validated
method using sequential flotation density ultracentrifugation
followed by size exclusion chromatography which yields highly
purified HDL fractions (5).

Once HDL particles are isolated, the analysis of their
glycosylation status can be performed. Pioneering work in
lipoprotein glycobiology establishing analytical methods for
profiling the glycome of HDL particles revealed for the first time
that HDL has bothN- andO-linked glycosylation and is distinctly
highly sialylated (6). Glycosylation analysis is a complex chemical
approach traditionally using mass spectrometry combined
with various extraction methods such as enzymatic digestion,
chemical cleavage, and liquid chromatography (31–35). HDL
glycosylation can be profiled in several ways: (1) the glycans
can be enzymatically or chemically cleaved, followed by
mass spectrometry (6), (2) site-specific glycoprofiling can be
performed by tandem mass spectrometry analysis of protease-
digested samples (6, 36, 37), and (3) hydrophilic interaction
liquid chromatography profiling can be performed, which uses
a combination of the three main types of liquid chromatography
for separation and profiling of glycan-containing peaks (38, 39).

To date, no large studies examining the relationships between
HDL glycosylation profiles and CVD outcomes have been
performed. However, small pilot studies provide promising
preliminary evidence that such a relationship may exist. For
example, in a small pilot study performed by our group,
differences in HDL glycan composition were able to differentiate
between individuals at equal risk for CVD based on clinical
parameters (i.e., total cholesterol, low-density lipoprotein-
cholesterol (LDL-C), HDL-C, etc.) who were found to have
arterial occlusion vs. not (37). The role of HDL glycosylation
in CV health is starting to be recognized as a promising
new research field (40). Larger cohort studies investigating
the relationships between HDL glycoprofiles and CV outcomes
across factors including age, sex, and ethnicity are needed,
and have the potential to add greatly to our ability to detect
individuals at risk for CVD earlier when disease prevention
measures are the most likely to be effective.

HOW GLYCOSYLATION OF HDL PROTEINS

AFFECTS HDL FUNCTION

Most of the known HDL-associated proteins are glycosylated,
and only a few are found to be non-glycosylated. In Table 1 we
provide information on the N- and/or O-glycosylation status,
sites of attachment, and number of unique glycans attached
for several HDL proteins for which this information has been
confirmed by extensive MS/MS analysis. Whereas, here are
many putative sites for O-glycosylation (i.e., any Ser or Thr
residue) on any given protein, whether O-glycans are actually
attached must be confirmed by advanced MS analysis. Thus,
although several HDL-associated proteins, such as ApoC-I have
Ser or Thr residues that could in theory be O-glycosylated, in
Table 1 we report only those that have been demonstrated to
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FIGURE 1 | HDL particles are highly glycosylated, containing both glycoproteins that can be N- and O-glycosylated, and glycolipids, with glycan groups added

enzymatically through highly regulated cellular processes. In contrast, non-enzymatic glycation of proteins such as ApoA-I can occur under conditions of

hyperglycemia.

beO-glycosylated by MS measurement of isolated HDL fractions
derived from a starting volume of 500 uL of plasma. It is
possible that some proteins (e.g., PLTP) are present at such low
abundance in isolated HDL that their glycoforms fall below the
limits of detection. Thus, to further investigate the glycosylation
status of these low-abundance HDL proteins future experiments
involving enrichment for these proteins will be required. Other
proteins, such as ApoA-I, have been reported to be glycosylated
in the literature, however, we do not include it in Table 1

because based on detailed MS analysis the O-glycosylation could
not be confirmed. In the following section we review what is
currently known about the impact of glycosylation of several key
HDL-associated on overall HDL metabolism and function, for
which there is currently information. As the field evolves this
list will doubtless grow and a more comprehensive picture of
the extent and diversity of glycans attached to HDL-associated
proteins will emerge.

Apolipoprotein A-I
ApoA-I, the major structural, defining HDL apoprotein
accounting for around 70% of total HDL protein mass, plays
a key role in lipid and cholesterol metabolism and is highly
associated with cardioprotection (42). Despite ApoA-I being

reported to possibly be glycosylated (43–45) extensive mass
spectrometry-based (MS)-based profiling demonstrated that
there is no evidence of ApoA-I glycosylation (25). ApoA-I
does not have the consensus sequence for N-glycosylation
(AsnXxxSer/Thr/Cys, where Xxx can be any amino acid except
proline), and whereas O-glycosylation is possible on any serine
or threonine residue, detailed analysis of isolated HDL has not
yielded any confirmed O-glycosylated peptides on ApoA-I. It
is possible that ApoA-I O-glycosylation can occur in certain
conditions or disease states, however MS-based analysis has
never confirmed the existence of this to date. ApoA-I can,
however, be non-enzymatically or chemically glycated (44),
which has been found to be deleterious for its function.

Apolipoprotein A-II
ApoA-II is the second most abundant HDL apoprotein,
representing as much as 20% of total protein mass (42), and
has been shown to have important implications for CV health
though results were historically inconsistent and controversial.
For instance one early study showed that low serum ApoA-II
was a marker of atheroprotection in patients with non-insulin-
dependent-diabetes mellitus (46) but conversely another study
showed that elevated levels of ApoA-II were proatherogenic
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TABLE 1 | Glycosylation status of HDL-associated proteins with confirmed glycosylation sites.

Protein N-glycans O-glycans Sites of attachment

Alpha-1-antichymotrypsin (AACT) 8 0 Asn106, Asn127, Asn271

Alpha-1-antitrypsin (A1AT) 18 0 Asn70, Asn107, Asn271

Alpha-1B-glycoprotein (A1BG) 1 0 Asn179

Alpha-2-HS-glycoprotein (FETUA or A2HSG) 17 2 Asn156, Asn176, Thr346

Apolipoprotein A-II (APOA2) 0 4 Ser35, Ser88, Thr95

Apolipoprotein C-III (APOC3) 0 21 Thr94

Apolipoprotein D (APOD) 28 0 Asn65, Asn98

Apolipoprotein E (APOE) 0 40 Ser215, Thr307/Ser308*, Ser76/Thr83*,

Ser129/Thr130*, Thr194, Ser197, Ser263,

Thr289/Ser290* Ser296 (25, 41)

Apolipoprotein F (APOF) 0 3 Ser269, Thr273/Thr27*

Apolipoprotein M (APOM) 9 0 Asn135

Clusterin (CLUS or APOJ) 10 0 Asn86, Asn291, Asn374

Complement C1s subcomponent (C1S) 2 0 Asn174

Complement C3 (C3) 4 0 Asn85

Hemopexin (HPX) 6 0 Asn187, Asn453, Asn240/Asn246*

Heparin cofactor 2 (HCF2) 2 0 Asn49

Kininogen-1 (KNG1) 4 0 Asn169, Asn205

Lecithin-cholesterol acyltransferase (LCAT) 1 0 Asn108

Serum amyloid A-4 (SAA4) 7 0 Asn94

Serum paraoxonase/arylesterase 1 (PON1) 8 0 Asn253, Asn324

Proteins included in this table include only those with glycosylation sites confirmed to actually express glycans at those sites by mass spectrometry analysis of isolated HDL fractions

from a starting volume of 500 uL of plasma, as described in (25). HDL-associated proteins that have been reported to be glycosylated previously, and/or have putative sites but that

either could not be confirmed by mass spectrometry or are present at low abundance such that they fall under the limit of detection, are not reported in this table.
*For these sites, the site of attachment could not be disambiguated thus both possible attachment sites are reported.

(47). However, more recently a large prospective study (n= 912)
showed that ApoA-II was indeed inversely associated with
future risk for coronary artery disease (CAD) and was exerting
antiatherogenic properties (48). ApoA-II binds to phospholipid
transfer protein (PLTP) on HDL (49), suggesting that it plays
an important role in the remodeling of HDL particles. ApoA-II
contributes to structural properties of HDL (50) and its presence
on HDL enhances ATP-binding cassette transporter-1 (ABCA-
1)-mediated efflux, suggesting that ApoA-II can contribute to
structural changes in ApoA-I, and improve functionality of the
HDL particle (51). Like ApoA-I, ApoA-II does not contain the
consensus sequence for N-linked glycosylation, however it has
been shown to be O-glycosylated (25, 52). The glycosylation of
ApoA-II contributes to its association affinities since sialylated
ApoA-II preferentially associates with smaller HDLwhereas non-
sialylated ApoA-II associates with all sizes of HDL (53). In a
recent study in patients who were equally at risk for CAD based
on traditional biomarkers and who were then diagnosed as either
having CAD or not using diagnostic coronary arteriography,
ApoA-II was significantly lower in CAD patients compared
to patients without CAD (7). In children given a lipid rich
dietary supplementation there was no difference in ApoA-II
glycosylation between groups, but the analysis did confirm that
ApoA-II indeed had multiple glycoforms (25). It is currently
unknown what the role of glycosylation in ApoA-II function
is, and whether the extent of sialylation drives the binding of
ApoA-II to smaller HDL particles or whether higher sialylation

is reflective of a particular pathway of metabolism that is linked
with the production of small particles.

Apolipoprotein C-III
ApoC-III is a critical metabolic protein whose glycosylation
status has long been known to be an important determinant of its
function. ApoC-III is a small (8 kDa) O-glycosylated apoprotein
whose glycans can be capped with 0, 1, or 2 sialic acids and
thus is often denoted as, ApoC-III0, ApoC-III1, and ApoC-III2
accordingly. Because of the negative charge conferred by the sialic
acids the ApoC-III glycoforms have differential migration on gel
(18), which enabled the study of its glycosylation much earlier
than more advanced MS-based tools became available. ApoC-
III is synthesized in the liver and intestine and found on very-
low-density-lipoproteins (VLDL), chylomicrons, LDL and HDL
and is a multifunctional protein whose primary functions are
to hinder apolipoprotein E (ApoE) mediated hepatic uptake of
lipoproteins, and to inhibit lipoprotein lipase, a key enzyme that
catalyzes the hydrolysis of triacylglycerols from lipoproteins to
free fatty acids and monoacylglycerol fragments (54). ApoC-III
has gained considerable attention due to its relationship with CV
health and the strong correlation with ApoC-III overexpression
and CVD due to its involvement in hypertriglyceridemia (55, 56).

Though the association between elevated ApoC-III
concentration and CVD has been established for some
time, the focus has been primarily on the role of ApoC-III
in VLDL metabolism, however, recently a relationship between
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ApoC-III and HDL has emerged. For example, CVD patients
have increased HDL ApoC-III content (57, 58). Changes in
sialyation in the more common glycoforms of ApoC-III have
been observed in multiple conditions including uremia, obesity,
kidney disease, cancers and diabetes (8, 59–62). The enzyme
from the GalNAc-transferase family Golgi-localized polypeptide
N-acetyl-D-galactosamine-transferase 2 isozyme (GALNT2)
initiates the first step in the O-glycosylation of ApoC-III, as
well as several other lipoprotein-associated targets including
ApoE, PLTP, and angiopoietin-like 3 (ANGPTL3) (63). Loss of
function of GALNT2 was found to be associated with extremely
low HDL concentrations (64), highlighting the importance
of O-glycosylation of critical apoproteins and related proteins
involved in lipoprotein remodeling in HDLmetabolism. Elevated
circulating levels of triglycerides (TG) are a risk factor for CVD
(65) which is positively correlated with circulating ApoC-III
concentrations (66, 67). High-throughput mass spectrometric
immunoassay found that increased plasma TG levels were
associated with higher ratio of ApoC-III1 over ApoC-III2 (68).
Importantly, it is already well-known that the sialylation state
of ApoC-III associated with LDL particles is responsible for its
binding affinity to cell surface receptors, with ApoC-III2 being
preferentially cleared by heparan sulfate proteoglycans and
conversely ApoC-III1 being more effectively cleared by the LDL
receptor and other receptors in the LDL receptor family (69). It
is currently unknown whether and how the sialylation state of
ApoC-III associated with HDL particles influences the binding
of those HDL to cell surface receptors.

The glycosylation of ApoC-III is more complex than was
previously thought. In addition to the known glycosite at
position Alanine-74 (Ala)-74 (70) and the three possible non-
sialylated and sialylated glycans attached at this site (6), our
group identified a total of 20 glycoforms most of which were
fucosylated and nearly half were sialylated (15). Interestingly,
13 unique glycoforms of ApoC-III were significantly enriched
in HDL particles compared to serum, with the HDL-associated
glycoforms being more highly sialylated (15). These findings
suggest that either ApoC-III glycosylation state modifies its
affinity for a specific lipoprotein class, or that the metabolism of
ApoC-III and its exchange between the circulating lipoproteins
is reflected in its glycosylation. Research is needed to better
understand the mechanisms driving these intriguing findings
about the links between ApoC-III glycosylation and its
association with HDL vs. the ApoB containing lipoproteins, and
the unique role of ApoC-III in HDL particle metabolism.

In a recent study comparing the site-specific glycosylation
of ApoC-III in patients across the spectrum from healthy, to
those with metabolic syndrome to diabetic patients with chronic
kidney disease on hemodialysis, ApoC-III was differentially
glycosylated in patients with metabolic syndrome and diabetic
hemodialysis compared to controls (37). Patients with chronic
kidney disease who were on hemodialysis and patients with
metabolic syndrome had HDL that were significantly more
enriched in ApoC-III especially in di-sialylated ApoC-III (ApoC-
III2) compared to the control group (37). Importantly, HDL
ApoC-III glycosylation was able to distinguish between HDL that
suppressed vs. increased IL-6 secretion by monocytes stimulated

with lipopolysaccharide (LPS), when clinical biomarkers such
as total cholesterol, LDL cholesterol, C-reactive protein (CRP),
glucose and blood pressure were not discriminatory in this
immunomodulatory ability (37). These intriguing preliminary
findings suggest that ApoC-III glycosylation may play an
important role in directing the immunomodulatory capacity of
HDL particles.

Apolipoprotein E
ApoE may well be one of the most influential proteins in
lipoprotein biology, and in metabolic health overall. Genome-
wide association studies across multiple geographic regions
have irrefutably identified APOE, which directs lipoprotein
metabolism both peripherally and in the central nervous system,
as the single strongest genetic marker of extreme longevity
across multiple, multi-ethnic cohorts (70). APOE genotype is
a major risk factor for a number of age-related pathologies
including CVD and Alzheimer’s disease (71, 72). ApoE exists
in three isoforms, ApoE2, ApoE3, and ApoE4, with ApoE4
conferring increased risk for both CVD and Alzheimer’s (73–75).
Importantly, it is well-known that compared to ApoE3 the
ApoE4 isoform has a reduced ability to induce cholesterol
efflux (76, 77), and has a higher binding affinity for VLDL
than HDL particles, altering its metabolic fate (78). Unlike
the intracellular fate of ApoB-100, which is largely degraded
upon uptake via the LDL receptor, as much as 80% of ApoE
internalized as part of VLDL particles is recycled and re-
secreted as part of HDL particles (79). This recycling and re-
secretion pathway is not exclusive to hepatocytes, and instead
has been demonstrated to occur across a wide variety of cell
types (79). Importantly, when internalized as part of TG-rich
lipoproteins via receptors in the LDL receptor family, ApoE4
is more likely to be retained in the cell than recycled and re-
secreted as part of HDL particles compared to ApoE3, resulting in
diminished concentrations of ApoE4 in circulation and reduced
cholesterol efflux (76). The endocytic vesicles involved in ApoE
recycling were identified to contain sialyltransferase enzymes
(80), suggesting that addition of sialic acid residues to ApoE
glycan structures may be a critical step in directing ApoE
from internalized TG-rich particles to re-secreted HDL particles.
In support of this hypothesis, it has been found that HDL-
associated ApoE is more highly sialylated than VLDL-associated
ApoE (81).

ApoE was found to be glycosylated in 1979 (82), with 6
sialylated glycoforms identified (83). ApoE does not contain
the consensus amino acid sequence for N-linked glycosylation,
and instead is O-glycosylated with mucin-type glycans at
the originally characterized site at Threonine194 (Thr194),
which is not essential for ApoE secretion (84). More recently,
additional glycosylation sites have been identified, including
one at Thr212 (85), and 3 additional sites were identified
at Serine290 (Ser290), Thr289 and Ser296 in ApoE secreted
by macrophages isolated from peripheral blood mononuclear
cells of a single donor with ApoE3/E3 genotype (86). It was
recently shown that ApoE in fact has two more glycosites,
for a total of 7 mucin-type O-glycosylation sites, with
glycans ranging from simple GlcNAc to biantennary structures
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containing sialylation and fucosylation (87). Evidence regarding
the importance of ApoE glycosylation in lipoprotein function
is starting to emerge, building on the established evidence
that ApoE structure impacts the metabolism of lipoproteins
(41, 76). An aberrantly glycosylated variant of ApoE causes
defective binding to the LDL receptor (88). ApoE is highly
sialyated when associated with HDL compared to serum, and
its sialylation state is involved in mediating ApoE’s binding
affinity to HDL vs. VLDL (81, 89). ApoE glycosylation was
shown to be considerably different in cerebral spinal fluid
(CSF) than in serum (90) and its extent of sialylation in
CSF affects ApoE binding to amyloid beta, thus influencing
the development of plaque formation and Alzheimer’s disease
(91) and suggesting that glycosylation of ApoE may be tissue-
specific (90). Importantly, it was recently demonstrated that site-
specific glycoprofiles of HDL-associated ApoE are correlated with
HDL functional capacity (87), strongly suggesting that ApoE
glycosylation is important for HDL function. ApoE isoform-
specific glycoprofiling has not yet been performed and will likely
be important in distinguishing ApoE genotype-specific effects on
disease risk.

Alpha-1 Antitrypsin
A1AT is an acute phase protein mainly synthesized by the
liver, which acts as a protease inhibitor, and which has been
shown to increase dramatically during inflammation and has
also been found to persist post infection (92). Recent work
showed that statins can also induce A1AT concentrations, and
that association of A1AT with HDL protects the protein and
enhances its anti-proteolytic activity in the context of the highly
oxidative environment of the acute phase response (93). Post
translational modifications of A1AT contribute to changes in
conformation that may influence its function (94). Differential
glycoforms of A1AT have been reported in patients with various
types of lung cancers and are used in lung cancer diagnosis (95).
Sialylation variations of A1AT have also been observed in patients
with COVID-19 (96).

A1AT is N-glycosylated, and its site-specific glycosylation
profiles differ when associated with HDL compared to serum
(15). A1AT glycosylation is critical for its secretion by monocytes
(97), is differential between serum and hepatocytes (98),
and has increased fucosylated biantennary glycans in the
serum of hepatocellular carcinoma patients (99). The site-
specific glycosylation profiles of A1AT were highly differential
between diabetic chronic kidney disease patients on hemodialysis
compared to patients with metabolic syndrome and healthy
controls: kidney disease patients had a higher proportion
of monofucosylated to non-fucosylated glycans, and a lower
proportion of di-sialylated glycans on A1AT (37). In the same
study, HDL particles that attenuated the amount of Interlukin-
6 (IL-6) secreted by LPS-stimulated monocytes had higher
amounts of A1AT as well as lower amounts of several disialylated
glycans across multiple sites, suggesting A1AT and its specific
glycoprofile are involved in mediating HDL immunomodulatory
function (37). A disialylated A1AT glycopeptide was also
positively correlated with cholesterol efflux capacity in healthy
young adults (87), and in young children from Ghana (25).

These findings suggest an important connection between HDL
A1AT glycosylation, particularly disialylated A1AT glycans, and
HDL functionality.

Alpha-2-HS-Glycoprotein
A2HSG is a hepatically derived protein found in plasma and
associated with HDL particles (24). Several studies have shown
that A2HSG is critically important for CV health (100–103),
playing a particularly important role in preventing vascular
calcification, and emerging as an independent risk factor of
CVD and all-cause mortality (100). A2HSG is differentially
glycosylated in patients with chronic pancreatitis and pancreatic
cancer (104). Site-specific analysis of HDL-associated A2HSG
revealed that it is highly sialylated and decorated with both
N- and O-glycans at multiple sites (6). In patients with chronic
kidney disease HDL were enriched with non-sialylated A2HSG,
and non-sialylated A2HSG was enriched in HDL particles
that enhanced IL-6 secretion by LPS-stimulated monocytes
(37). Interestingly, A2HSG concentrations were lower in HDL
compared to serum but specific glycoforms were significantly
more enriched in HDL than in serum (15). Multiple A2HSG
glycopeptides were positively correlated with HDL cholesterol
efflux capacity and immunomodulatory capacity in healthy
adults (87), and in young children in Ghana supplemented with
a lipid-based nutrient supplement (25).

Lecithin-Cholesterol Acyltransferase
LCAT functions as a key enzyme in reverse cholesterol transport
and HDL particle maturation by esterifying free cholesterol
with a fatty acid from phosphatidylcholine (lecithin), which
allows HDL particles to carry a larger cholesterol load as
cholesteryl esters (CE) in the core of the particle (105). LCAT
is strongly linked with CV health and disease (106). ApoA-
I is a potent activator of LCAT (107). Mutations in the
LCAT gene lead to altered function of the enzyme resulting
in elevated levels of TG and reduced HDL-C, which can lead
to atherosclerotic pathology (108). The glycosylation of LCAT
has been known since the 1990’s, with both N-linked and
O-linked glycoforms identified (109, 110), and with important
implications for LCAT function (111). The glycosylation of LCAT
is critical for its structural stability and function (112). Loss
of glycosylation at several sites resulted in loss of function but
loss of glycosylation at site 408 increased the activity of the
enzyme (113). Desialylation of LCAT by neuraminidase resulted
in considerable alteration of LCAT activity, reducing cholesterol
esterification and concomitantly reducing the size of HDL (114).
Depending on LCAT glycotype LCAT binds preferentially to
HDL or ApoB-containing lipoproteins (115). These findings
provide strong evidence that LCAT glycosylation is imperative
for overall lipoprotein metabolism as well as cholesterol efflux
and transport globally, as well as metabolism and efflux capacity
of HDL particles in particular.

Cholesterol Ester Transfer Protein
CETP is a critical mediator of lipid transfer between HDL and
ApoB-containing lipoproteins, which in the context of high
TG concentrations, transfers CE from HDL in exchange for
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TG from ApoB-lipoproteins, thereby enriching HDL particles
with TG and altering their metabolism (116, 117). Loss of
function genetic mutations in CETP and lower concentrations
of CETP are associated with lower LDL-C and increased
HDL-C, and lower risk of CVD, which has made CETP a
major pharmacological target for CVD and atherosclerosis
prevention (116, 118). CETP is highly sialylated with four
N-linked glycoforms (119). A major form of serum CETP
lacking glycosylation at Asparagine341 (Asn341) was shown
to have markedly increased functionality compared to other
forms (119, 120). Defective sialylation of CETP in heavy alcohol
drinkers showed a significant reduction in the function of
CETP compared to controls (121). Patients with a congenital
disorder of glycosylation of the glycosyltransferase enzyme beta-
1,4-galactosyltransferase 1 have defectively glycosylated CETP
with reduced functionality, and larger HDL than healthy controls
(122). CETP is a minor component of HDL, whose function is
to temporarily associate with HDL while bridging between the
HDL and ApoB particle between which the exchange of lipids
occurs, thus it is often missed as an HDL-associated protein
depending on the HDL isolation method and sensitivity of the
protein detection method (24). However, its importance in lipid
metabolism and strong links with CVD make it an important
protein whose content and glycosylation when associated with
HDL particles is an area of focus for future studies.

Phospholipid Transfer Protein
The primary function of PLTP is to transfer phospholipids from
ApoB containing TG-rich lipoproteins to HDL (123, 124). As
a key modulator of HDL size, composition, and concentration
PLTP has gained considerable attention for its role in the
development of CVD (125). PLTP overexpression has been
reported to be an independent risk factor for CAD and is
associated with type II diabetes and obesity (126). Two forms of
PLTP have been described that have high and low phospholipid
transfer activity, which may explain the conflicting findings of
the association between PLTP and pro- vs. anti-atherogenic
effects (127). Higher concentrations of the low-activity PLTP
type may be the driver of the pro-atherogenic effects, and
PLTP glycosylation may play a critical role in the function and
activity of the protein. Human PLTP has 6 N-linked and 2
O-linked glycoforms (123). Multiple earlier studies showed that
tunicamycin treatment disrupts the ability of cells to secrete
PTLP, suggesting glycosylation is necessary for synthesis and
secretion (128, 129). A later study confirmed that inhibition
of PLTP N-glycosylation affected its structural stability and
markedly reduced its ability to be excreted resulting in the non-
glycosylated PLTP being intracellularly degraded (125). Much
like CETP, PLTP is a protein that temporarily associates with
HDL particles to mediate the exchange of material between HDL
and ApoB-containing lipoproteins, thus the ability to detect its
presence on HDL depends on the nature of the HDL isolation
method. Although PLTP is a minor constituent of HDL particles
and thus measuring its glycosylation may be limited without
enrichment prior to analysis, its content and glycosylation profile
are likely to be important factors in overall HDL metabolism.

POTENTIAL FOR MODIFYING THE

GLYCOSYLATION OF HDL-ASSOCIATED

PROTEINS TO CONFER THERAPEUTIC

VALUE

Given the growing evidence that HDL glycosylation may be
critically involved in both metabolism and function, with
implications for both CVD diagnosis and treatment, the potential
for HDL-based therapeutics targeting HDL glycosylation is
compelling. Strategies to reduce CVD risk and prevent or reverse
CVD by increasing the concentration of HDL particles have
been largely disappointing. Increasing the number of HDL
particles through pharmacological means (e.g., CETP inhibitors,
niacin), has met with some success, however the ability to
further reduce residual CVD risk following LDL-lowering with
statins has been difficult to achieve (130, 131). Several additional
HDL modifying therapies, including injection with reconstituted
HDL particles, ApoA-I, as well as extracorporeal HDL lipid
depletion, where HDL particles are removed from plasma,
exogenously delipidated, and then reinfused, have similarly
met with modest success despite promising results in animal
trials (132, 133). Thus, novel therapeutic approaches to increase
not just the concentration but also the function of HDL
particles remain an important area of research. The potential for
dietary and pharmacological strategies to improve HDL function
via modulation of HDL glycoprofiles is tantalizing given the
growing evidence of the importance of HDL glycosylation in
its function. Several recent studies show promising results for
the modification of HDL glycosylation through diet. Whereas,
the glycosylation of HDL-associated ApoE was not affected by
a short-term intervention with Mediterranean vs. fast food diet,
the glycosylation of HDL-associated ApoC-III was significantly
altered in just 4 days (87). Specifically, disialylated ApoC-III
(ApoC-III2) was increased after the Mediterranean diet whereas
nonsialylated ApoC-III (ApoC-III0) was increased after 4 days
of consuming a diet enriched in saturated fat and simple sugars
and depleted in fiber (87). These alterations were associated with
HDL cholesterol efflux capacity as well as immunomodulatory
capacity (ability to suppress cytokine secretion in stimulated
monocytes) (87). In young children in Ghana supplemented with
a lipid nutrient supplement, HDL glycopeptides that were altered
by the supplement were correlated with HDL cholesterol efflux
capacity (25). There is also evidence that targeting GALNT2
activity may be a viable strategy to alter the glycosylation of
HDL-associated proteins and thus increase HDL concentration
and function (64, 134). While this research area is very new,
early tantalizing evidence provides support for the idea that the
alteration of HDL glycoprofiles via dietary or pharmacological
interventions may be a viable strategy for improving the
functional capacity of HDL particles and thus improving
CV outcomes.

CONCLUSION

While the study of HDL glycosylation is still in a nascent
state, emerging evidence suggests that differential glycoprofiles
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of HDL-associated proteins may be diagnostic and may reveal
new mechanisms in lipoprotein-mediated aspects of CVD.
In order to uncover glycan-based disease biomarkers newly
developed glycan analytical methods need to be applied to
large, comprehensively characterized, and preferably genotyped
cohorts with known CV outcomes. Basic cell and molecular
biology studies are also needed to better understand how
glycosylation affects HDL metabolism and function, so that the
potential for modifying the glycosylation of HDL-associated
proteins through intervention to confer therapeutic value can
be realized. In the last 10 years there has been progress
toward developing the fundamental methodologies for both
the isolation of HDL from plasma and the analysis of
HDL glycosylation especially using MS. This field is now
ripe for major discoveries utilizing these tools in the areas
of glycan-based HDL CVD biomarkers, novel CVD disease

mechanisms, and ultimately, novel HDL-based therapeutics
for cardioprotection.
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A, Kontush A, et al. Glycosylation of human plasma lipoproteins
reveals a high level of diversity, which directly impacts their
functional properties. Biochimica et Biophysica Acta (BBA) – Mol

Cell Biol Lipids. (2019) 1864:643–53. doi: 10.1016/j.bbalip.2019.
01.005

115. Carlson LA, Holmquist L. Evidence for deficiency of high
density lipoprotein lecithin: cholesterol acyltransferase activity
(alpha-LCAT) in fish eye disease. Acta Med Scand. (1985)
218:189–96. doi: 10.1111/j.0954-6820.1985.tb08846.x

116. Barter PJ, Brewer HB, Chapman MJ, Hennekens CH, Rader DJ,
Tall AR. Cholesteryl ester transfer protein. Arterioscler Thromb

Vasc Biol. (2003) 23:160–7. doi: 10.1161/01.ATV.0000054658.91
146.64

117. Ikewaki K, Rader DJ, Sakamoto T, Nishiwaki M,Wakimoto N, Schaefer JR, et
al. Delayed catabolism of high density lipoprotein apolipoproteins A-I andA-
II in human cholesteryl ester transfer protein deficiency. J Clin Invest. (1993)
92:1650–8. doi: 10.1172/JCI116750

118. Holmes MV, Davey Smith G. Revealing the effect of CETP
inhibition in cardiovascular disease. Nat Rev Cardiol. (2017)
14:635–6. doi: 10.1038/nrcardio.2017.156

119. Stevenson SC, Wang S, Deng L, Tall AR. Human plasma cholesteryl
ester transfer protein consists of a mixture of two forms reflecting
variable glycosylation at asparagine 341. Biochemistry. (1993)
32:5121–6. doi: 10.1021/bi00070a021

120. Tall A. Plasma cholesteryl ester transfer protein. J Lipid Res. (1993)
34:1255–74. doi: 10.1016/S0022-2275(20)36957-1

121. Liinamaa MJ, Hannuksela ML, Rämet ME, Savolainen MJ. Defective
glycosylation of cholesteryl ester transfer protein in plasma from alcohol
abusers. Alcohol Alcohol. (2006) 41:18–23. doi: 10.1093/alcalc/agh216

122. van den Boogert MAW, Crunelle CL, Ali L, Larsen LE, Kuil
SD, Levels JHM, et al. Reduced CETP glycosylation and
activity in patients with homozygous B4GALT1 mutations.
J Inherit Metab Dis. (2020) 43:611–7. doi: 10.1002/jimd.
12200

123. Day JR, Albers JJ, Lofton-Day CE, Gilbert TL, Ching AF, Grant
FJ, et al. Complete cDNA encoding human phospholipid transfer
protein from human endothelial cells. J Biol Chem. (1994)
269:9388–91. doi: 10.1016/S0021-9258(17)37120-X

124. Jiang XC, Bruce C. Regulation of murine plasma phospholipid transfer
protein activity and mRNA levels by lipopolysaccharide and high cholesterol
diet (∗). J Biol Chem. (1995) 270:17133–8. doi: 10.1074/jbc.270.29.17133

125. Huuskonen J, Olkkonen VM, Jauhiainen M, Ehnholm C. The impact of
phospholipid transfer protein (PLTP) on HDL metabolism. Atherosclerosis.
(2001) 155:269–81. doi: 10.1016/S0021-9150(01)00447-6

126. Schlitt A, Bickel C, Thumma P, Blankenberg S, Rupprecht HJ, Meyer
J, et al. High plasma phospholipid transfer protein levels as a risk
factor for coronary artery disease. Arterioscler Thromb Vasc Biol. (2003)
23:1857–62. doi: 10.1161/01.ATV.0000094433.98445.7F

127. Krauss RM. Phospholipid transfer protein and atherosclerosis. Circulation.
(2010) 122:452–4. doi: 10.1161/CIRCULATIONAHA.110.966572

128. Au-Young J, Fielding CJ. Synthesis and secretion of wild-type and
mutant human plasma cholesteryl ester transfer protein in baculovirus-
transfected insect cells: the carboxyl-terminal region is required for both
lipoprotein binding and catalysis of transfer. Proc Natl Acad Sci USA. (1992)
89:4094–8. doi: 10.1073/pnas.89.9.4094

129. Swenson T, Simmons J, Hesler C, Bisgaier C, Tall A. Cholesteryl
ester transfer protein is secreted by Hep G2 cells and contains
asparagine-linked carbohydrate and sialic acid. J Biol Chem. (1987)
262:16271–4. doi: 10.1016/S0021-9258(18)49249-6

130. D’Andrea E, Hey SP, Ramirez CL, Kesselheim AS. Assessment of
the role of niacin in managing cardiovascular disease outcomes:
a systematic review and meta-analysis. JAMA Netw Open. (2019)
2:e192224. doi: 10.1001/jamanetworkopen.2019.2224

131. Taheri H, Filion KB, Windle SB, Reynier P, Eisenberg MJ.
Cholesteryl ester transfer protein inhibitors and cardiovascular
outcomes: a systematic review and meta-analysis of randomized
controlled trials. CRD. (2020) 145:236–50. doi: 10.1159/0005
05365

132. Abudukeremu A, Huang C, Li H, Sun R, Liu X, Wu X, et al.
Efficacy and safety of high-density lipoprotein/apolipoprotein a1
replacement therapy in humans and mice with atherosclerosis: a
systematic review and meta-analysis. Front Cardiovasc Med. (2021)
8:700233. doi: 10.3389/fcvm.2021.700233

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 May 2022 | Volume 9 | Article 92856659

https://doi.org/10.1006/abbi.1993.1284
https://doi.org/10.1016/S0140-6736(03)12710-9
https://doi.org/10.1161/01.HYP.0000219635.51844.da
https://doi.org/10.1161/CIRCRESAHA.110.234260
https://doi.org/10.1016/j.jacc.2011.08.035
https://doi.org/10.1002/prca.200900150
https://doi.org/10.2217/17584299.4.1.113
https://doi.org/10.1186/s12872-018-0967-1
https://doi.org/10.1038/s42003-019-0749-z
https://doi.org/10.1161/CIRCULATIONAHA.105.540427
https://doi.org/10.1016/S0022-2275(20)32568-2
https://doi.org/10.1002/pro.5560040419
https://doi.org/10.1016/S0022-2275(20)37598-2
https://doi.org/10.1074/jbc.M104326200
https://doi.org/10.1042/bj2940879
https://doi.org/10.1016/j.bbalip.2019.01.005
https://doi.org/10.1111/j.0954-6820.1985.tb08846.x
https://doi.org/10.1161/01.ATV.0000054658.91146.64
https://doi.org/10.1172/JCI116750
https://doi.org/10.1038/nrcardio.2017.156
https://doi.org/10.1021/bi00070a021
https://doi.org/10.1016/S0022-2275(20)36957-1
https://doi.org/10.1093/alcalc/agh216
https://doi.org/10.1002/jimd.12200
https://doi.org/10.1016/S0021-9258(17)37120-X
https://doi.org/10.1074/jbc.270.29.17133
https://doi.org/10.1016/S0021-9150(01)00447-6
https://doi.org/10.1161/01.ATV.0000094433.98445.7F
https://doi.org/10.1161/CIRCULATIONAHA.110.966572
https://doi.org/10.1073/pnas.89.9.4094
https://doi.org/10.1016/S0021-9258(18)49249-6
https://doi.org/10.1001/jamanetworkopen.2019.2224
https://doi.org/10.1159/000505365
https://doi.org/10.3389/fcvm.2021.700233
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Romo and Zivkovic HDL Glycosylation and CVD

133. Barter PJ, Rye KA. Targeting high-density lipoproteins
to reduce cardiovascular risk: what is the evidence? Clin

Ther. (2015) 37:2716–31. doi: 10.1016/j.clinthera.2015.
07.021

134. Di Paola R, Marucci A, Trischitta V. GALNT2 effect on HDL-
cholesterol and triglycerides levels in humans: evidence of pleiotropy?
Nutr Metab Cardiovasc Dis. (2017) 27:281–2. doi: 10.1016/j.numecd.2016.
11.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Romo and Zivkovic. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 May 2022 | Volume 9 | Article 92856660

https://doi.org/10.1016/j.clinthera.2015.07.021
https://doi.org/10.1016/j.numecd.2016.11.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


ORIGINAL RESEARCH
published: 06 June 2022

doi: 10.3389/fcvm.2022.889985

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 June 2022 | Volume 9 | Article 889985

Edited by:

Mary G. Sorci-Thomas,

Medical College of Wisconsin,

United States

Reviewed by:

Matthieu Ruiz,

Université de Montréal, Canada

Michael J. Thomas,

Medical College of Wisconsin,

United States

*Correspondence:

Joanne E. Curran

joanne.curran@utrgv.edu

Specialty section:

This article was submitted to

Lipids in Cardiovascular Disease,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 04 March 2022

Accepted: 05 May 2022

Published: 06 June 2022

Citation:

Leandro AC, Michael LF, Almeida M,

Kuokkanen M, Huynh K, Giles C,

Duong T, Diego VP, Duggirala R,

Clarke GD, Blangero J, Meikle PJ and

Curran JE (2022) Influence of the

Human Lipidome on Epicardial Fat

Volume in Mexican American

Individuals.

Front. Cardiovasc. Med. 9:889985.

doi: 10.3389/fcvm.2022.889985

Influence of the Human Lipidome on
Epicardial Fat Volume in Mexican
American Individuals
Ana Cristina Leandro 1, Laura F. Michael 2, Marcio Almeida 1, Mikko Kuokkanen 1,

Kevin Huynh 3,4, Corey Giles 3,4, Thy Duong 3, Vincent P. Diego 1, Ravindranath Duggirala 1,

Geoffrey D. Clarke 5, John Blangero 1, Peter J. Meikle 3,4 and Joanne E. Curran 1*

1Department of Human Genetics and South Texas Diabetes and Obesity Institute, University of Texas Rio Grande Valley

School of Medicine, Brownsville, TX, United States, 2 Eli Lilly and Company, Indianapolis, IN, United States, 3Metabolomics

Laboratory, Baker Heart and Diabetes Institute, Melbourne, VIC, Australia, 4 Baker Department of Cardiometabolic Health,

University of Melbourne, Parkville, VIC, Australia, 5Department of Radiology and Research Imaging Institute, University of

Texas Health Science Center, San Antonio, TX, United States

Introduction: Cardiovascular disease (CVD) is the leading cause of mortality worldwide

and is the leading cause of death in the US. Lipid dysregulation is a well-known precursor

to metabolic diseases, including CVD. There is a growing body of literature that suggests

MRI-derived epicardial fat volume, or epicardial adipose tissue (EAT) volume, is linked to

the development of coronary artery disease. Interestingly, epicardial fat is also actively

involved in lipid and energy homeostasis, with epicardial adipose tissue having a greater

capacity for release and uptake of free fatty acids. However, there is a scarcity of

knowledge on the influence of plasma lipids on EAT volume.

Aim: The focus of this study is on the identification of novel lipidomic species associated

with CMRI-derived measures of epicardial fat in Mexican American individuals.

Methods: We performed lipidomic profiling on 200 Mexican American individuals.

High-throughput mass spectrometry enabled rapid capture of precise lipidomic profiles,

providing measures of 799 unique species from circulating plasma samples. Because of

our extended pedigree design, we utilized a standard quantitative genetic linear mixed

model analysis to determine whether lipids were correlated with EAT by formally testing

for association between each lipid species and the CMRI epicardial fat phenotype.

Results: After correction for multiple testing using the FDR approach, we

identified 135 lipid species showing significant association with epicardial fat. Of

those, 131 lipid species were positively correlated with EAT, where increased

circulating lipid levels were correlated with increased epicardial fat. Interestingly,

the top 10 lipid species associated with an increased epicardial fat volume were

from the deoxyceramide (Cer(m)) and triacylglycerol (TG) families. Deoxyceramides

are atypical and neurotoxic sphingolipids. Triacylglycerols are an abundant lipid

class and comprise the bulk of storage fat in tissues. Pathologically elevated TG

and Cer(m) levels are related to CVD risk and, in our study, to EAT volume.
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Conclusion: Our results indicate that specific lipid abnormalities such as enriched

saturated triacylglycerols and the presence of toxic ceramides Cer(m) in plasma of our

individuals could precede CVD with increased EAT volume.

Keywords: cardiovascular disease, lipidomic profiles, epicardial fat volume, Mexican Americans, CMRI

INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of mortality
worldwide and remains the leading cause of death in the US
(1, 2). CVD encompasses a broad range of disorders of the
cardiovascular system, including coronary heart disease,
cerebrovascular disease, and peripheral artery disease.
Underlying them all is atherosclerosis (ATS)—a complex
disorder in which a host of different intrinsic and extrinsic
processes and factors contribute to the development of lesions
that eventually compromise normal vascular function (3). ATS
is an inflammatory disease of the arteries associated with lipid
and other metabolic alterations (4). Lipid dysregulation is a
well-known precursor to metabolic diseases (MeD), including
CVD. Risk factors for ATS and CVD, including age, sex, lipid
levels, smoking and blood pressure, are incorporated in risk
algorithms that are used to predict an individual’s absolute risk
for CVD in the general population (5). Although these risk
factors are useful to predict disease risk in populations, their
accuracy in predicting cardiovascular risk in individuals varies
considerably across populations (6). Mexican Americans have a
high prevalence of cardiovascular morbidity and mortality (5, 7).
The high risk for CVD in this ethnic group is partly explained by
a high propensity to MeD (5).

Evidence from epidemiological and lipidomic studies has
shown that specific lipoproteins and their constituent lipids
are important factors in the development of metabolic related
disorders (8–10), including CVD (11–13). The classical lipid
traits (such as HDL-C, LDL-C, and triglycerides), most
commonly examined in disease risk, are complex molecules
comprised of multiple lipid and protein components (14).
The lipidome is the total complement of these lipid species.
Even though these lipid measures are influenced by both
environmental and genetic factors, genetic variation is a
significant determinant with traditional plasma measures having
heritability of more than 50% (15, 16). Although CVD risk is
heritable and there have been a number of successes localizing
QTLs that influence disease risk, the genetic basis of this risk
is still relatively unknown. Quantitative endophenotypes that
are related to disease liability can offer more power for gene
localization/identification than dichotomous disease status and
thus serve as valuable phenotypes for disease gene identification.
Such endophenotypes, whose alterations precede disease, may
also be useful for early risk assessment. Measures of the human
lipidome represents a wealth of phenotypes that may be better
predictors of disease than the traditional clinical measures
(17). The biologically simpler nature of these individual species
suggests that they may reside closer to the causal action of genes,
making them valuable endophenotypes (18). Lipidomic studies
are helping to decipher the complex interactions between lipid

metabolism and MeD, and identifying pathways representing
potential therapeutic targets not seen with studies of traditional
lipids (19).

Intermediate phenotypes such as those derived by CMRI
and lipid profiling lie closer to the genomic level and the
causal action of genes. Organ-specific adiposity has renewed
growing interest in that and contributes to the pathophysiology
of cardiometabolic diseases (20, 21). However, the molecular
changes in adipose tissue that promote these disorders are not
completely understood and, in particular, the specific role of
cardiac adiposity. Pericardial adipose tissue is ectopic fat in
the mediastinum, which is associated with poor metabolic and
cardiac health, especially in with type II diabetesmellitus (T2DM)
patients (22, 23). Pericardial adipose tissue is comprised of
two compartments. Epicardial adipose tissue (EAT) is defined
as the visceral fat deposited between the epicardium and
the pericardium. Paracardial adipose tissue (PAT) is the fat
deposited on the external surface of the pericardium within the
mediastinum (24). Growing evidence indicates that epicardial
adipose tissue (EAT) volume is positively associated with
coronary artery disease (23). The increase of EAT has been
associated with different cardiovascular risk factors (25) such as
type 2 diabetes mellitus, hypertension, and obesity, in isolation
or as part of the MeD (26–28). Growing evidence indicates that
EAT volume is positively associated with coronary artery disease
(29), but the mechanisms involved in this relationship remain
largely unknown. EAT is the visceral fat deposit over the heart,
located between the myocardium and the visceral pericardium
(21, 30). EAT is more than a simple fat storage depot. Indeed,
it is now widely recognized to be an extremely active endocrine
organ, producing cytokines, adipokines, and chemokines that
can be either protective or harmful depending on the local
microenvironment (31, 32). These functions highlight the
complex cellularity and crosstalk between EAT and neighboring
structures (21). EAT metabolism is uniquely regulated due to the
high basal rates of fatty acid uptake, insulin-induced lipogenesis,
and high fatty acid breakdown (33, 34). EAT may act as a local
energy store for cardiac muscle and has a protective role against
elevated levels of free fatty acid (FFA) in the coronary circulation
(35). Additionally, EAT could influence coronary atherogenesis
and myocardial function because there is no fibrous fascial layer
to impede the diffusion of FFA and adipokines between it and the
underlying vessel wall as well as the myocardium (34, 36). EAT
is also actively involved in lipid and energy homeostasis, with
EAT having a greater capacity for release and uptake of FFA (36–
38). FFA synthesis and rates of incorporation and breakdown are
significantly higher in EAT than in other fat deposits. However,
the amount and type of fatty acids stored could also play a
role in the onset and development of atherosclerosis (39). These
metabolites serve as direct signatures of biochemical activity,
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being, therefore, easier to correlate with quantitative plasma lipid
phenotypes. In this context, lipidomics has become a powerful
approach to mechanistically investigate how biochemistry relates
to clinical phenotype (40, 41). We concentrate on EAT because
it is a known adiposity-related risk factor for CVD, directly
related to heart function, but has been comparatively less studied
than more easily measured fat measures. However, there is a
scarcity of information on the interaction of plasma lipids and
CMRI EAT measures. Therefore, this study identifies plasma
lipidomic species associated with CMRI-derived measures of
epicardial fat, as a measure of CVD risk, in a cohort of Mexican
American individuals.

MATERIALS AND METHODS

Study Participants
The SAFHS began in 1991 and was initially designed to
investigate the genetics of CVD in Mexican Americans. The
SAFHS enrolled large, extended Mexican Americans families
residing in San Antonio, TX, and ascertainment occurred by
way of the random selection of an adult Mexican American
proband, without regard to disease. The enrollment procedures,
inclusion and exclusion criteria, and phenotypic assessments of
the study participants have been described in detail previously
(7, 42). This is an ongoing investigation, which has had four
phases of data collection over a 25-year period. The data and
samples used in this study were collected during the first phase of
data collection, occurring between 1992 and 1996. Blood samples
were collected from participants on their visit day using standard
procedures, and participants were fasted for 12 h. For plasma,
blood was collected in a K2-EDTA vacutainer, and the plasma
layer removed after centrifugation. Plasma was stored in 50 µL
aliquots at −80◦C and has not been thawed post-collection. In
the current study, 200 individuals that have both lipidome profile
measures andCMRI-derived epicardial fat data were included. Of
these 200 SAFHS participants, 63% were female, and the sample
was aged between 18 and 83 (46.85 ± 16.23). Informed consent
was obtained from all participants before collection of samples.
The study conformed to the Declaration of Helsinki, and the
Institutional Review Boards of the University of Texas Health
Sciences Center at San Antonio and the University of Texas Rio
Grande Valley approved this study.

Epicardial Fat Tissue Measurement by
Cardiac Magnetic Resonance Imaging
Cardiac imaging was performed on a 3.0 Tesla MR scanner
(TIM Trio; Siemens, Erlangen, Germany) with a 6-channel
anterior matrix torso coil combined with posterior spine-coil
elements producing an aggregate of 12 data channels. For MRI
of the abdominal aorta, an additional 6-channel anterior matrix
receiver coil ensures full coverage. All subject assessment, blood
collection, and imaging were performed at the Research Imaging
Institute at UTHSCSA. Before each session, a standard quality
control phantom was imaged. Cardiac morphology and function
were determined after initial anatomical localizer images. High
temporal resolution cine MR imaging with prospective gating
was performed, using a balanced, steady-state free precession

sequence (TR/TE = 2.44/1.22ms, 25–30 cardiac phases, matrix
224× 288, FOV 336× 430mm2, pixel resolution 1.5× 1.5mm2).
Two 3-slice, cine, long-axis data sets in a left anterior oblique
and a four-chamber view were acquired. A stack of contiguous
short-axis slices, extending from the apex of the LV through the
atria, are then acquired with repetitive end expiration breath-
holds. Heart rate and EKG were monitored during the CMRI.
Pericardial fat scans were obtained in diastole using a short-
axis, single-shot steady-state free precession (IR-SFFP) sequence
with an inversion-recovery pre-pulse (TR/TE = 2.4/1.1ms, slice
= 8.5mm, 1.3 × 1.3mm pixel, flip angle = 50◦) that covered
the complete left ventricle by long-axis stacks in a single breath-
hold. The inversion time (TI) was adjusted between 180 and
280ms to obtain optimal enhancement of the epicardial fat. The
cvi42 image analysis package (Circle Cardiovascular Imaging
Inc., Calgary, AB) was used for assessment of pericardial fat.
Using long axis, 4-chamber images, thickness of pericardial fat
was measured at the cardiac mid-ventricular level laterally. For
analyses of pericardial fat, manual ROI contours were drawn
to define the EAT area by the region included inside contours
of the epicardium and pericardium. Summation of the pixels
included in the contours was recorded and multiplied by the per-
pixel dimensions to obtain an area measurement. For epicardial
fat volume determination, the area subtended by the manual
tracings is determined in each slice and multiplied by the slice
thickness and then summed to yield the fat volume. Visceral fat
was not examined in this study, it is measured in the abdomen
and our imaging protocol did not capture the abdominal region.

Lipidomic Profiling
Lipidomics was performed as described previously (43) with
modifications. Analysis of plasma extracts was performed on an
Agilent 1290 series HPLC system coupled to an Agilent 6495C
triple quadrupole mass spectrometer. Liquid chromatography
was performed on a dual column system with ZORBAX eclipse
plus C18 columns (2.1 × 100 × 1.8mm, Agilent) heated
to 45◦C. Mass spectrometry analysis was performed in both
positive and negative ion mode with dynamic scheduled multiple
reaction monitoring (MRM). The running solvent consisted of
solvent A: 50% H2O/30% acetonitrile/20% isopropanol (v/v/v)
containing 10mM ammonium formate and 5µMmedronic acid,
and solvent B: 1% H2O/9% acetonitrile/90% isopropanol (v/v/v)
containing 10mM ammonium formate. Gradient conditions are
presented in Supplementary Table S1, with alternating columns
for sample analysis (Pump A) and equilibration (Pump B).
The following mass spectrometer conditions were used: gas
temperature 150◦C, gas flow rate 17 L/min, nebulizer 20 psi,
sheath gas temperature 200◦C, capillary voltage 3,500V and
sheath gas flow 10 L/min. Isolation widths for Q1 and Q3
were set to “unit” resolution (0.7 amu). Plasma quality control
(PQC) samples consisting of a pooled set of plasma samples
taken from six healthy individuals and extracted alongside the
study samples were incorporated into the analysis at 1 PQC
per 20 plasma samples. NIST 1950 SRM sample (Sigma) was
included as a reference plasma sample, at a rate of 1 per 40
samples. Relative quantification of lipid species was determined
by comparison to the relevant internal standard. Lipid class total
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TABLE 1 | Characteristics of the study population.

Parameters Average Minimum Maximum

Sex

Male (n-%) 74 (37) – –

Female (n-%) 126 (63) – –

Age (years old) 46.85 ± 16.23 18 83

Male 45.18 ± 17.10 19 77

Female 47.83 ± 15.62 18 83

Education (years) 12.39 ± 2.94 1 22

Height (cm) 161.96 ± 9.54 127.00 186.50

Weight (Kg) 84.44 ± 18.76 39.92 163.29

BMI 32.158 ± 6.40 17.51 51.25

Waist (cm) 101.56 ± 14.82 63.00 149.00

Systolic BP-Avg (mmHg) 125.24 ± 16.82 96.00 191.67

Diastolic BP-Avg (mmHg) 76.24 ± 11.58 40.33 142.00

Diabetes mellitus (n-%) 43 (21.5%) – –

Hypertension (n-%) 73 (36.5%) – –

n, number of participants; %, percentage; cm, centimeters; Kg, Kilograms; mmHg,

millimeters of mercury.

concentrations were calculated as the sum of individual lipid
species concentrations, except in the case of two lipid classes,
triacylglycerol (TG) and alkyldiacylglycerol, TG(O), where we
measured both neutral loss (NL) and single ion monitoring
(SIM) transitions. We used the more quantitatively accurate
but less structurally resolved (SIM) species concentrations for
summation purposes when examining lipid totals, while their
(NL) counterparts were used for associations.

Statistical Analysis
Initially, we estimated epicardial fat volume content heritability
using a quantitative genetic variance component decomposition
approach as implemented on SOLAR (version 8.1.1) (44). We
used a linear mixed model � = 2φσ

2
G + Iσ 2

e where, Ω is the
total phenotypic covariance matrix of a trait, φ is the matrix
of kinship coefficients, I is the identity matrix, σ

2
G is additive

genetic variance, and σ
2
e is residual environmental variance.

All the models were adjusted for the following covariates:
age, age2, sex, age × sex, and age2 × sex. We do not use
medication as a covariate. This cohort is a traditionally medically
underserved population and very few of them are taking lipid
lowering or other relevant medications (we collect medications
at all subject visits). When we correct for medications, the
observed results are not qualitatively changed. Heritability was
defined as the proportion of phenotypic variance explained by an
additive genetic model. We tested the association of each lipid
species and lipid classes with epicardial fat volume by means of
LRT (Likelihood Ratio Test) comparing two models with and
without the presence of a lipid class/species while allowing for
residual non-independence due to underlying genetic factors
which induce correlations between related individuals. Statistical
significance of a given lipid association with epicardial fat
was tested by constraining the regression coefficient to 0
and comparing the log-likelihoods of the constrained and

unconstrained regression models to yield an LRT test that is
distributed as χ

2 variate with one degree of freedom. The
significant lipid classes and species were defined using a False
Discovery Rate (FDR) smaller than 0.05 calculated using the
empirical p-value distribution.

RESULTS

For this study, we had a cohort of 200 Mexican American
individuals with lipidomic profiles and CMRI-derived epicardial
fat volume measures. Baseline demographic and clinical status of
these 200 participants is shown in Table 1. The mean age of the
participants was 46.85 ± 16.23 years old, 74 (37%) were male,
73 (36.5%) had hypertension, and 43 (21.5%) had type 2 diabetes
(T2D). Mean body mass index (BMI) was 32.158 ± 6.40 kg/m2.
There were no differences in BMI, prevalence of hypertension or
T2D between men and women, however the prevalence of T2D
in women was 2.5 times higher than in men.

EAT volume was evaluated with good reproducibility in
our study. Average EAT volume was 7.95 ± 3.81 cm3 in
all individuals. EAT volume was not significantly different in
hypertensive vs. normotensive subjects (8.85 ± 3.73 cm3 vs.
7.45 ± 3.74 cm3, p = 0.6699); nor was it significantly different
between subjects with and without T2D (9.32 ± 4.0 cm3 vs. 7.6
± 3.65 cm3, p = 0.2812). In this study, the mean EAT volume
was 7.95 ± 3.81 cm3, ranging from 0.94 to 19.88 cm3. The age-
adjusted difference in EAT volume between males and females
was trending toward significance (8.0 ± 3.74 cm3 vs. 7.92 ± 3.84
cm3, p = 0.0561). After analyzing the sample by increasing age,
we observed a significant increase in EAT volume with increasing
age, in bothmales and females (p< 2.5× 10−6) (Figure 1). There
was no evidence for any interactions of sex and age. Additionally,
there was no significant evidence for a non-linear relationship
with age.

Quantitative genetic analysis revealed that EAT is under
substantial genetic control in this population. The estimated
heritability was 0.86 ± 0.16, 95% CI = (0.55, 1.0), p = 1.8 ×

10−6. To our knowledge, this is the first study to evaluate the
relative importance of additive genetic factors for this phenotype
in humans.

To optimize the number of statistical tests being performed,
we first conducted our analyses at the level of lipid class. We
analyzed the association of 48 lipid classes listed in Table 2 with
epicardial fat volume. Using multivariable regression models
performed in SOLAR and controlling the false discovery rate
(FDR) using the Benjamini-Hochberg method (45–47), we
found that nine lipid classes were statistically associated with
EAT volume (Table 3). The classes were triacylglycerol (TG),
hydroxylated acylcarnitine (AC-OH), deoxyceramide (Cer(m)),
alkyldiacylglycerol (TG(O)), ubiquinone, diacylglyceride (DG),
dihydroceramide (dhCer), phosphatidylinositol (PI) and
phosphatidylglycerol (PG), respectively by lowest to highest FDR
< 0.05. It is worth noting that several of the classes associated
with EAT volume were previously implicated in the pathogenesis
of T2D, insulin resistance and consecutively in CVD risk.
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FIGURE 1 | Distribution of epicardial fat volume in males (left plot) and females (right plot) by age group.

We next examined the association of lipid species with EAT
volume using SOLAR, analyzing 799 lipid species from the 48
classes. After appropriate adjustments described in methods,
our plasma lipidome analyses showed that 135 lipid species
belonging to 19 lipid classes were significantly associated with
EAT volume with an FDR <0.05 as shown in Figures 2,
3. The list of lipid species with their respective average
concentration, concentration range and number of lipid species
within the class with an FDR < 0.05 are shown in Table 2.
The full list of lipid classes and species with p-value, beta
coefficient of regression (SDU) and FDR analysis are shown in
Supplementary Tables S2, S3, respectively.

After appropriate adjustment for the effective number of
tests in our plasma lipidome analyses in SOLAR, the EAT
volume was associated with the increase of 131 lipids and
decrease of 4 individual lipid species. The strongest associations
observed were with two deoxyceramide species Cer(m18:1/18:0)
and Cer(m18:1/20:0) with beta coefficient of regression of
0.40 and 0.34 and p = 1.63 × 10−4 and p = 4.44 × 10−3,
respectively. This association demonstrated, in our study, that
a larger EAT volume was correlated with an increased plasma
concentration of deoxyceramide. The 20 species of lipids with
the most significant p-values are described in Table 3 and
shown in Figure 3. Interestingly, these lipid species belong
to only 3 classes of lipids: deoxyceramide, triacylglycerol
and phosphatidylinositol. In addition, only species from
an extra 6 classes of lipid showed significant associations
(Table 3). These additional species belong to the classes:
hydroxylated acylcarnitine, alkyldiacylglycerol, ubiquinone,
diacylglycerol, dihydroceramide, and phosphatidylglycerol.
Additionally, we observed substantial heterogeneity of effects
within 10 lipid classes (cholesterol ester (CE), ceramide
(Cer(d)), deoxyceramide (Cer(m)), dehydrodesmosterol ester
(deDE), lysophosphatidylcholine (LPC), phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylinositol,
sphingomyelin (SM) and lysophosphatidylinositol (LPI).
Interestingly, one class (PC) showed both significant increasing
(three species) and decreasing (one species) associations with
EAT volume, suggesting the potential for dynamic feedback
within class, most likely driven by the fatty acids.

The associations observed with the plasma lipidome measures
were more significant than those observed for standard

clinical lipid markers. We examined the associations of the
clinical lipid measures and EAT in this sample and found
the associations to be p = 0.01 for total cholesterol, p
= 0.008 for calculated LDL, p = 0.0008 for HDL and p
= 4.32 × 10−6 for triglyceride levels. Triglyceride levels
were the only clinical lipid measure nearing the level of
significance observed in the lipidome measures, particularly
for the triacylglycerol (TG) species. This is to be expected
as the triglyceride measure is the sum composition of all
triacylglycerol species measured in our analysis. In contrast
the many other species of ceramide, deoxyceramide and
phospholipid species containing polyunsaturated fatty acids are
not strongly correlated with clinical lipid measures and so are
providing independent information about EAT. For standardized
phenotypes, p-values are directly related to observed effect
sizes (e.g., residual correlation). Therefore, the improved p-
values directly relate to larger associations and hence greater
biological significance.

DISCUSSION

Given that CVD is the leading cause of death in the US
and much of the world, the identification of novel risk
factors is essential to help alleviate the substantial health and
economic burden. So, novel insights into biological mechanisms
that predispose individuals to CVD hold the promise of a
significant reduction in this considerable economic burden.
It is well-known that a relationship exists between lipid
variation and CVD, but the mechanisms are unclear. Modern
genomic technologies can be exploited to rapidly identify
genes involved in disease susceptibility. However, the cost-
effectiveness of such exploratory endeavors can be greatly
augmented if genetic basis to a phenotype is strongly suspected.
A recent article by Blanco-Gomez et al. (48) explains nicely
the complex interplay between phenotypes and disease at
the global level where most major diseases are considered
complex phenotypes and are the consequence of intermediate
phenotypes causally related to or involved in their pathogenesis.
These intermediate phenotypes can go all the way down to
the tissue, transcript, and ultimately to genomic level (48).
Therefore, intermediate phenotypes such as those derived by
CMRI, and lipid profiling as described in this study could
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TABLE 2 | Lipid classes assessed by targeted lipidomics: concentration (pmol/mL), range of concentration (maximum and minimum, pmol/mL) and associations with EAT

volume.

Lipid class name Class abbreviation Concentration Minimum Maximum No. of species No. of species*

Acylcarnitine AC 780.16 277.75 1,897.03 28 4

Alkenylphosphatidylcholine (P) PC(P) 60,236.05 25,391.79 128,139.69 30 0

Alkenylphosphatidylethanolamine (P) PE(P) 63,098.10 22,049.00 157,529.53 53 0

Alkyldiacylglycerol TG(O) 2,225.81 526.33 17,015.81 20 12

Alkylmonoacylglycerol DG(O) 1,931.96 442.86 5,054.66 2 0

Alkylphosphatidylcholine PC(O) 71,020.49 35,800.19 125,404.02 34 0

Alkylphosphatidylethanolamine PE(O) 3,595.49 1,510.84 7,742.28 14 0

Bile acid BA 835.86 115.07 6,533.81 2 0

Ceramide Cer(d) 18,222.47 5,289.50 35,327.51 47 8

Ceramide-1-phosphate C1P 5.95 0.96 17.30 1 0

Cholesteryl ester CE 3,481,161.11 1,801,143.14 6,008,721.67 27 2

Dehydrocholesterol ester DE 18,330.58 7,819.13 61,318.78 6 1

Dehydrodemosterol ester deDE 360.13 23.77 5,225.42 2 0

Deoxyceramide Cer(m) 1,337.83 258.05 7,013.12 11 8

Diacylglycerol DG 113,181.88 37,769.76 432,782.54 26 14

Dihexosylceramide Hex2Cer 4,007.89 1,549.11 7,162.76 10 0

Dihydroceramide dhCer 375.41 149.99 777.79 6 2

Dimethyl-cholesteryl ester dimethyl-CE 24,635.70 7,573.76 71,080.92 4 0

Free cholesterol COH 747,839.09 428,202.30 1,178,895.10 1 0

Free fatty acid FFA 395,032.85 205,376.16 683,429.45 17 0

GD1 ganglioside GD1 7.36 1.84 14.66 1 0

GM1 ganglioside GM1 19.03 0.61 41.33 1 0

GM3 ganglioside GM3 3,121.22 1,384.39 5,629.32 7 0

Hydroxylated acylcarnitine AC-OH 23.52 9.22 46.06 8 5

Lysoalkenylphosphatidylcholine (P) LPC(P) 772.16 198.42 1,508.36 6 0

Lysoalkenylphosphatidylethanolamine (P) LPE(P) 310.79 102.04 745.05 4 0

Lysoalkylphosphatidylcholine (LAF) LPC(O) 3,094.26 1,333.28 4,890.32 10 0

Lysophosphatidylcholine LPC 219,759.08 115,804.17 370,825.40 61 3

Lysophosphatidylethanolamine LPE 6,563.27 3,124.24 12,965.85 14 0

Lysophosphatidylinositol LPI 1,519.93 844.58 2,776.85 7 2

Methyl-cholesteryl ester methyl-CE 37,950.13 10,953.57 129,335.37 5 0

Methyl-dehydrocholesteryl ester methyl-DE 2,929.83 622.81 9,579.89 2 0

Monohexosylceramide HexCer 3,212.20 911.79 6,392.99 14 0

Oxidized lipids OxSpecies 6,579.85 2,681.95 13,155.84 6 1

Phosphatidic acid PA 76.43 40.32 164.48 5 0

Phosphatidylcholine PC 1,737,177.86 1,048,144.69 2,398,255.66 90 4

Phosphatidylethanolamine PE 40,484.40 15,353.48 95,420.85 37 5

Phosphatidylglycerol PG 475.99 134.61 1,170.81 3 1

Phosphatidylinositol PI 215,820.31 60,717.32 370,648.86 27 9

Phosphatidylinositol monophosphate PIP1 628.26 85.24 1,380.75 1 0

Phosphatidylserine PS 6,981.00 354.86 23,312.22 7 0

Sphingomyelin SM 342,792.34 190,455.47 557,621.10 47 2

Sphingosine Sph 494.68 214.47 1,108.70 1 0

Sphingosine-1-phosphate S1P 2,072.79 1,120.77 4,252.17 4 0

Sulfatide SHexCer 565.90 269.16 1,082.07 6 0

Triacylglycerol (NL) TG 1,742,464.14 450,098.99 7,784,888.83 77 51

Trihexosylcermide Hex3Cer 1,580.81 739.32 2,721.76 6 0

Ubiquinone Ubiquinone 2,069.76 508.35 4,924.12 1 1

Total 799 135

Numeric values are given as average and range. No., number; P, Plasmogen; LAF, lysoplatelet activating factor. *No. with p< 0.05 designates the number of lipids significantly associated

with EAT volume measurement at the 0.05 level of false discovery rate (FDR) under adjustment for age, sex and their interactions.
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TABLE 3 | Species and classes of lipid with the lowest false discovery rate p-values in our study.

Lipid classes

Lipid classes name Lipid abbreviation p-value Beta (SDU) FDR

Triacylglycerol TG 3.23E-04 0.3062 6.97E-03

Alkyldiacylglycerol TG(O) 1.07E-04 0.2620 1.24E-03

Hydroxylated acylcarnitine AC-OH 1.28E-03 0.2415 1.34E-02

Deoxyceramide Cer(m) 2.48E-03 0.2698 2.07E-02

Ubiquinone Ubiquinone 3.81E-03 0.2465 2.79E-02

Diacylglycerol DG 4.09E-03 0.2481 2.85E-02

Dihydroceramide dhCer 5.01E-03 0.2331 3.17E-02

Phosphatidylinositol PI 6.33E-03 0.2349 3.59E-02

Phosphatidylglycerol PG 8.38E-03 0.2232 4.39E-02

Lipid species

Lipid species name Lipid class p-value Beta (SDU) FDR

Cer(m18:1/18:0) Cer(m) 1.84E-07 0.4000 1.63E-04

Cer(m18:1/20:0) Cer(m) 2.23E-05 0.3463 4.44E-03

TG(50:1)[NL-16:0] TG 2.20E-05 0.3450 4.44E-03

TG(50:1)[NL-18:1] TG 3.37E-05 0.3405 4.44E-03

TG(50:2)[NL-18:2] TG 3.18E-05 0.3393 4.44E-03

TG(49:1)[NL-17:1] TG 2.89E-05 0.3366 4.44E-03

TG(51:2)[NL-17:1] TG 5.23E-05 0.3354 5.17E-03

TG(54:2)[NL-18:0 TG 6.36E-05 0.3205 5.17E-03

TG(54:6)[NL-20:4] TG 5.45E-05 0.3069 5.17E-03

TG(53:2)[NL-17:1] TG 8.04E-05 0.3232 5.76E-03

PI(16:0/16:1) PI 8.46E-05 0.2901 5.76E-03

TG(51:2)[NL-17:0] TG 1.13E-04 0.3252 6.22E-03

TG(54:5)[NL-20:4] TG 1.12E-04 0.2972 6.22E-03

PI(16:0/20:4) PI 1.08E-04 0.2935 6.22E-03

TG(50:2)[NL-16:1] TG 1.54E-04 0.3199 6.66E-03

TG(50:3)[NL-16:1] TG 1.65E-04 0.3182 6.66E-03

TG(52:1)[NL-18:1] TG 1.64E-04 0.3117 6.66E-03

TG(48:1)[NL-16:1] TG 1.84E-04 0.3057 6.66E-03

TG(52:2)[NL-18:2] TG 1.88E-04 0.3028 6.66E-03

TG(50:6)[NL-20:4] TG 1.40E-04 0.2840 6.66E-03

SDU, standard deviation units.

lie closer to the genomic level and ultimately the causal
action of genes. So, the identification of novel lipid-related
endophenotypes that are genetically correlated with CVD
offers the potential to discover biomarkers which will quickly
lead us to the identification of novel CVD treatments and
ultimately preventatives.

The most common risk factors for CVD are deleterious
lipid concentrations, obesity, hypertension, and smoking.
Additionally, significant health disparities exist in CVD in
some minority groups, in both health outcomes and quality
of care. Hispanic populations have a significantly worse CVD
risk profile, however the prevalence of some CVDs, such as
coronary heart disease, are lower than in other ethnic groups,
a phenomenon known as the Hispanic Paradox (49). Hispanic
individuals face significant socioeconomic challenges, and they

tend to have low rates of disease awareness and health insurance
and are less likely to seek treatment. A recent American
Heart Association statement on the health burden of CVD in
Hispanics acknowledges insufficient understanding of Hispanic
heart health and supports the need for more Hispanic CVD
research (49, 50). The work of our group in Mexican American
individuals, has demonstrated a role for these lipid species and
the measurement of CMRI-derived phenotypes in CVD disease
risk. Our results provide information that lipid measures (which
are significantly associated with common complex diseases)
and the use of the extended pedigrees of Mexican Americans,
along with our novel lipidomic approach and CMRI-derived
measures are extremely powerful and cost-effective tools for the
identification of the relationship between lipid metabolism and
CVD risk.
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FIGURE 2 | Tornado plot of plasma lipidome associations with EAT volume. The figure shows all lipid species within their specific classes and the degree of

association with EAT volume (FDR). Each dot represents a lipid species and each color a lipid class. The dotted line represents an FDR of 0.05. All species above the

dotted line were considered as significantly associated with epicardial fat volume.

Heritability of coronary heart disease is estimated to be up
to 60% and comes from a variety of family and twin studies
(51). CMRI phenotypes, including measures of left ventricle
(LV) mass, volume and function, demonstrate high heritability

(LV mass heritability ranges from 15 to 84%) (52). In our
study, the heritability of epicardial fat volume was 86.29% (p-
value = 1.8 × 10−6

± 0.1617). This is a validation that EAT
volume is significantly genetically regulated and demonstrates
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FIGURE 3 | Plasma lipidome associations with EAT volume [beta coefficient of regression (SDU)]. The figure shows significant increases and decreases in lipid levels in

19 classes of lipids with species having an FDR < 0.05 (indicated by the red dots). Each dot represents a lipid species within the specific lipid class.

the power for identification of intermediate phenotypes in
CVD prevention. This study focused on cardiac imaging and
lipidomic profile with the ultimate aim of identifying possible
lipid phenotypes influencing CVD risk. Focusing on these
intermediate phenotypes may direct us more rapidly to CVD risk
gene identification.

The fundamental mechanisms potentially responsible
for cardiovascular events in overweight individuals remains
uncertain. Thus, it is important to ask the question whether

increases in epicardial fat, as a component of obesity,
may provide one of the links between obesity, coronary
atherosclerosis and consequently CVD. Fat in the heart resides
in three distinct depots: epicardial, pericardial and intracellular
fat. Epicardial fat is located on the surface of the heart especially
around the epicardial coronary vessels. It can extend into the
heart and intersperse within myocardial muscle fibers (35).
There is a significant direct relationship between the amount
of epicardial fat and general body adiposity (visceral adiposity)
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as demonstrated in clinical imaging studies by Rabkin (27, 35).
Several lines of evidence support a role for epicardial fat in
the pathogenesis of coronary artery disease: first, due to the
close anatomic relationship between epicardial fat and coronary
arteries (35, 53); second, due to the positive correlation between
the amount of epicardial fat and the presence of coronary
atherosclerosis (54, 55) and third, due to the ability of adipose
tissue to secrete hormones and cytokines that modulate coronary
artery atherothrombosis (31). Thus, epicardial fat may be an
important factor responsible for cardiovascular disease in obesity
(25, 33).

Genetic and epidemiological studies have greatly improved
our understanding of pathophysiology underlying the complex
of CVDs and have identified several risk factors. Amongst the
well-recognized predisposing factors, lipid metabolism plays a
central role in the development of CVDs (56, 57). Since the
landmark publications from the Framingham study (58), plasma
lipids have been recognized as important predictors of future
CVD events (59). To assess these events, plasma lipids are
routinely monitored by profiling total cholesterol, triglycerides,
high-density lipoprotein cholesterol (HDL-C) and low-density
lipoprotein cholesterol (LDL-C) (referred as “traditional lipids”).
Efforts to understand the role of lipids in CVD pathophysiology
had largely focused on these traditional lipids, and to some extent
on free fatty acids and lipoproteins. However, human plasma
consists of thousands of functionally and chemically diverse
molecular lipid species (41, 60). Nevertheless, tremendous
advancements in the field of lipidomics has facilitated these
efforts to unravel the metabolic dysregulation in complex lipid-
related disorders, particularly in CVDs and for the identification
of predictive biomarkers beyond traditional lipids (61, 62). Lipids
are of central importance for the bioenergetic metabolism of the
heart and in the healthy heart, fatty acids (FAs) account for 60–
90% of ATP production while glucose provides the remainder
(63, 64). When damaged, the heart shifts away from lipids
toward a greater reliance on glycolysis, ketone body oxidation,
amino acids, and lactate as sources of energy (63, 65). This
shift in cardiac metabolism and identification of the metabolic
pathways involved remains a challenge and consequently so too
does the translation of these metabolic findings to the clinical
setting for improved or novel diagnostic/prognostic biomarkers
(17). That interdependence of metabolites results in a disease
signature which can be used to more precisely identify or
predict disease states, which represents the closest link to the
phenotype. The biologically simpler nature of these individual
lipid species suggest that they may reside closer to the causal
action of genes, making them valuable endophenotypes (18).
Even though changes in the levels of numerous metabolites
have been shown to occur in the failing heart (BCAA, lactate,
ketones), specific lipid metabolites appear to consistently change
in metabolomic profiles of CVD patients, namely sphingolipids,
phospholipids, glycolipids, cholesterol esters, fatty acids and
acylcarnitines (63).

Epidemiological and lipidomic studies has shown that specific
lipoproteins and their constituent lipids are important factors
in the development of metabolic related disorders (9, 10,
66) and CVD specifically (67–69). Glycerolipids are a large

group of lipids accounting for a good proportion of total
lipids in plasma. Triacylglycerol (TG) is the most abundant
lipid class and comprises the bulk of storage fat in tissues.
Monoacylglycerol (MG) and diacylglycerol (DG) represent
intermediates in the biosynthesis and hydrolysis of TG and
function as second messengers in signal transduction processes
(70, 71). It has previously been shown that the breakdown
and synthesis of triglycerides by DG and MG have a causal
effect on CVD risk (13). Sphingolipids are wide range of
complex lipids and constitute several hundreds of different
species, including ceramides, which function as a precursor
for complex sphingolipids (72, 73). Sphingolipids and their
precursors, may be involved in the pathogenesis of CVD through
multiple pathways including inflammation (74), atherosclerosis
(75), and apoptosis (76). Kulkarni et al. have demonstrated
a role for diacylglycerols, with four species (each containing
palmitic acid) showing significant genetic correlations with
hypertension (9). Additionally, Mamtani et al. showed consistent
association of ceramides (Cer(d)) with waist circumference
where levels were significantly higher in diabetics compared to
non-diabetics (p = 2.5 × 10−7) (10). Alshehry et al. showed that
monohexosylceramide (HexCer), dihexosylceramide (Hex2Cer)
and lysoalkylphosphatidylcholine (LPC(O)) were associated
with cardiovascular events and HexCer and Hex2Cer with
cardiovascular death (68). Alshehry et al. found that five
species of lipids containing polyunsaturated fatty acids (PUFAs),
including phospatidylcholine (PC,) alkenylphosphatidylcholine
(PC(P)) and triacylglycerol were inversely associated with CVD
risk. In our results, we show that two of these lipids (PC and TG)
are associated with epicardial fat volume.

It is now well-established that ceramide metabolism is altered
in the context of type 2 diabetes (T2D) and obesity which
are both linked to CVD (77, 78). In fact, higher plasma
ceramide levels have been associated with visceral obesity, non-
alcoholic fatty liver disease, and T2D, which are also predictors
of CVDs (79–84). There is an interplay between the level
of ceramides in the plasma/tissues and disease development.
Hepatocellular ceramides stimulate fatty acid uptake (85) and
decrease glucose uptake (85, 86), which enables hepatocytes to
favor fatty acids over glucose as a preferred energy source and
leads to NAFLD (85). In our study, eight of the 47 ceramide
lipids were significantly associated with EAT volume. The most
significant species within the Cer(d) class with both FDR value
of 6.97x 10−3 was Cer(d18:1/18:0) and Cer(d19:1/18:0) (p-value
3.31 × 10−4). Several studies have found these species to be
associated with CVD (82–84) and that ratios of long chain
ceramide species Cer(d18:1/16:0) and Cer(d18:1/18:0) were more
strongly correlated with negative cardiovascular outcomes than
ratios of very long chains of ceramide species Cer(d18:1/24:0)
(84). The Cer(d) species associated with EAT volume in our
cohort were only long chain ceramide species. Laaksonen et al.
(84) found that the ratios of Cer(d18:1/24:0)/Cer(d18:1/16:0)
and Cer(d18:1/24:0)/Cer(d18:1/16:0) negatively correlate with
coronary heart disease and mortality, and Anroedh et al. found
Cer(d18:1/20:0) to be associated with CVD event and death
(87). This last lipid species was positively associated with EAT
volume in our cohort with (SDU 0.3463; FDR 4.44 × 10−3;
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p-value 2.23 × 10−5). Another more recent study found that
serum sphingolipids are markers of coronary artery disease,
independent of cholesterol (88), further solidifying the strong
correlation between these species and negative cardiac outcomes.
These dual (positive or negative) ceramide actions may be due
to manipulations of the de novo ceramide synthesis pathway
suggesting that certain ceramide species are deleterious, whereas
others are beneficial (77, 89–91). Those containing the C16 or
C18 acyl chain (77, 89, 90) and a double bond (i.e., ceramides,
not dihydroceramides) (92) in the sphingolipid backbone are
particularly harmful. Thus, plasma ceramide levels can be used
as clinical biomarkers to predict risk of cardiovascular death.
Another lipid class that we found to be significantly associated
with EAT volume was dihydroceramide (dhCer). This lipid is
the precursor of ceramide in the de novo synthesis pathway.
Ceramides and their derivates are involved in many, if not all,
essential cellular process such cell growth, cell adhesion and
migration, senescence, apoptosis, inflammation, immune system
and angiogenesis (73, 93). Ceramide synthesis and accumulation
are influenced by multiple factors, which include excessive
supply of substrates, systemic inflammation, oxidative stress
and the microbiome (94). Therefore, the many roles played by
ceramides and derivates in cardiometabolic health and diseases
are associated with this connection between excessive supply of
lipids and inflammation (95). The ceramide family of species
has been reported to have a strong correlation with CVD risk
in the literature. We found that 2 of 6 measured dhCer species
(dhCer(d18:0/24:1) and dhCer(d18:0/22:0)) were significantly
associated with EAT volume. Other authors have reported the
existence of a strong correlation between CVD and increased
dihydroceramide levels. Elevated levels of dihydroceramides have
been found in atherosclerotic plaques (75). The role this increase
in dihydroceramides plays in plaque stability is still debatable,
since the extracellular addition of dihydroceramides to human
aortic smooth muscle cells did not cause apoptosis, whereas
addition of ceramides did (75). One atypical sphingolipid
(deoxyceramide -Cer(m)) was also associated with EAT in
our study, with the two most significant FDR results. These
ceramides are neurotoxic sphingolipids which are formed by
the enzyme serine palmitoyltransferase (SPT). Pathologically
elevated Cer(m) levels were found in patients with MetS or
T2D (96–99). The mechanisms which underlie this increased
Cer(m) formation in metabolic disorders is not understood.
Low but detectable Cer(m) levels are generally found in
plasma - also of healthy individuals. However, patients withMetS
or T2D have significantly elevated plasma Cer(m) levels (98,
99). These observations may reflect an underlying interaction
between the severity or control of T2D in this population and
cardiovascular risk.

The glycerophospholipids, also known as phospholipids, are
the major structural component of cell membranes and are
involved in various biological processes including inflammation
(72). It has been shown that there is a marked difference in
the lipidome of adipose tissues depending on their epicardial
or subcutaneous origin (SAT) (21). Barchuk et al. found a
specific enrichment in sphingolipids, phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylethanolamine
plasmalogens (PE(P)) in EAT compared with SAT. They

observed that EAT was rich in PC and in PE. Our results
corroborate this finding, identifying a total of 127 different
species of PC and PE, accounting for almost 16% of total
lipid profile. From those, a total of nine lipids (4 PC and
5 PE) were associated with EAT in our cohort. Barchuk
et al. (21) also observed a specific lipidomic signature of
EAT in coronary artery disease (CAD) patients, identifying
97 lipid species that discriminated patients with and without
CAD. They also observed that patients with CAD exhibited
more ceramides, diacylglycerides, monoacylglycerides, and less
unsaturated triacylglycerols in their EAT. This group also
found that that the EAT lipidome was independent to that
of SAT, possibly indicating a specific high metabolic activity,
or a beige associated phenotype. Although we did not
evaluate cardiovascular disease between the individuals with
high EAT in our cohort, the lipid profile associated with
EAT was basically the same as found by Barchuk et al.,
where the majority of the lipids associated with EAT were
from sphingolipids (ceramides, dihydroceramides, 1-deoxy-
sphingolipds, sphingomyelins) and glycerolipids (DG and TG)
(21). Our results suggest that saturated fatty acids (FAs) on the
TG species show strong association with EAT. The majority
of the FAs on the top 28 TG species significantly associated
with EAT were saturated. Stegemann et al. in a population-
based study, identified a specific cluster of triacylglycerol species
with saturated and monounsaturated acyl chains as most
consistently associated with CVD (100). The association between
saturated/monounsaturated fatty acids and cardiovascular risk
was also evident in or study. Recently, Tomasova et al., found
a higher content of phosphatidylcholine and decreased level of
phosphatidylethanolamine (18:0/20:4) in EAT compared with
SAT (101). Although our study didn’t measure SAT volume for
comparison with EAT, we did find high numbers of PCs and
PEs associated with EAT volume, where high concentrations of
these lipids was observed in individuals with high epicardial
volume. These observationsmay reflect an underlying interaction
between the severity or control of T2D and CVD risk.

These associations suggest that there are multiple factors
that influence lipid homeostasis and presumably CVD risk.
The effects of these lipid species on epicardial fat volume,
after adjustment for established risk factors, likely reflects both
environmental and genetic factors not currently considered in
CVD risk.

LIMITATIONS

Some limitations of the present study need to be considered. First,
our findings should be seen as indicative and need confirmation
by replication in independent cohorts. All study participants were
Mexican Americans, so, it is not possible to generalize these
results to other ethnic groups. Future studies need to investigate
the similarities and differences of lipid associations and CVD risk
in different ethnic populations. Second is the limitation of all
lipidomic studies where the coverage is incomplete. In this study,
we used a targeted approach that has enabled us to measure 799
lipid species from 48 different lipid classes, providing a broad,
but still incomplete, coverage of the lipidome. Third, the high
variance associated with lipidomic measurements can reduce
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the strength of observed associations. Lastly, all inferences in
this study are based on cross-sectional data. The associations
therefore do not automatically imply a causal role of plasma
lipid species in the pathogenesis of CVD. The main goal of
the study was to query the existence of potential correlations
in EAT volume and specific lipid species for prediction of
CVD risk.

CONCLUSION

In conclusion, using a novel integrative approach by combining
plasma lipidomics and CMR imaging of epicardial fat volume,
we have shown that specific lipid abnormalities correlate with
cardiovascular disease risk. Our findings should be considered
as preliminary and the possible role of these triacylglycerols
and/or ceramides in the development or prevention of CVD
warrant further investigations. On a general level, our study
also provides a framework for linking plasma lipidomic markers
not only with clinical endpoints, but also with the more subtle
intermediate phenotypes, as derived from medical imaging of
potential pathophysiological relevance.
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Obesity and non-alcoholic fatty liver disease (NAFLD) are on the rise world-wide; despite

fervent advocacy for healthier diets and enhanced physical activity, these disorders

persist unabated and, long-term, are major causes of morbidity and mortality. Numerous

fundamental biochemical andmolecular pathways participate in these events at incipient,

mid- and advanced stages during atherogenesis and impaired regression of established

atherosclerosis. It is proposed that upon the consumption of high fat/high sugar diets, the

production of receptor for advanced glycation end products (RAGE) ligands, advanced

glycation end products (AGEs) and advanced lipoxidation end products (ALEs),

contribute to the development of foam cells, endothelial injury, vascular inflammation,

and, ultimately, atherosclerosis and its consequences. RAGE/Diaphanous-1 (DIAPH1)

increases macrophage foam cell formation; decreases cholesterol efflux and causes

foam cells to produce and release damage associated molecular patterns (DAMPs)

molecules, which are also ligands of RAGE. DAMPs stimulate upregulation of Interferon

Regulatory Factor 7 (IRF7) in macrophages, which exacerbates vascular inflammation

and further perturbs cholesterol metabolism. Obesity and NAFLD, characterized by the

upregulation of AGEs, ALEs and DAMPs in the target tissues, contribute to insulin

resistance, hyperglycemia and type two diabetes. Once in motion, a vicious cycle of

RAGE ligand production and exacerbation of RAGE/DIAPH1 signaling ensues, which, if

left unchecked, augments cardiometabolic disease and its consequences. This Review

focuses on RAGE/DIAPH1 and its role in perturbation of metabolism and processes that

converge to augur cardiovascular disease.

Keywords: RAGE axis, glycation, lipoxidation, cardiometabolic disease, obesity, non-alcoholic fatty liver disease,

lipid metabolism
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INTRODUCTION

The receptor for advanced glycation end products (RAGE), a
member of the immunoglobulin (Ig) superfamily of cell surface
molecules, was discovered on account of its ability to bind the
advanced glycation end products, or AGEs. The extracellular
domains of RAGE are composed of one Variable (V)-type Ig
domain followed by two Constant (C)-type Ig domains (1,
2). The key to understanding the breadth of RAGE activities
emerged from multiple investigations that highlighted roles for
RAGE as a multi-ligand receptor. In addition to the AGEs
ligands, RAGE binds multiple members of the S100/calgranulin
family; amphoterin (also called high mobility group box 1 or
HMGB1); amyloid beta peptide; lysophosphatidic acid (LPA);
phosphatidylserine (PS); and Mac-1, as examples (1, 2). The
cytoplasmic tail of RAGE binds to the formin, Diaphanous-
1 (DIAPH1) (3), and this interaction was shown in cultured
cells to be important for RAGE signaling. Specifically, when the
key amino acids in the RAGE cytoplasmic tail responsible for
binding to DIAPH1 were mutated (R5/Q6), which correspond
to R366/Q367 in the full-length RAGE, to alanine residues,
binding to DIAPH1 and ligand-induced cellular signaling were
reduced (4).

Beyond these discoveries, RAGE also binds ligands relevant
to lipid moieties and evidence is mounting that the RAGE
axis regulates transcriptional programs that significantly
affect lipid metabolism. This Review will consider these
lipid-associated ligands of RAGE and how these ligand
families, through RAGE, are importantly involved in the
pathogenesis of atherosclerosis, obesity and associated
liver diseases.

LIPID-ASSOCIATED LIGANDS OF RAGE

Advanced Lipoxidation End Products
In addition to the classical sugar-mediated modifications that
yield the AGEs, advanced lipoxidation end products (ALEs)
also bind to RAGE. ALEs are produced through the reaction of
amino acids (such as lysine) with lipoxidation products; examples
of which include 4-hydroxy-trans-2-nonenal (HNE), acrolein
(ACR) and malondialdehyde (MDA) (5). These species were
recently shown to bind to RAGE particularly through the RAGE
extracellular VC1 domain structural unit (5, 6). A chief signal
transduction-stimulating ligand of RAGE, carboxymethyllysine
or CML-AGE (7), may be formed both by glycoxidation and
lipoxidation reactions (8). A unifying mechanism by which
AGE/ALE mediates cellular stress through RAGE is via the
generation of reactive oxygen species (ROS) (9).

It is important to note that ALEs, just like AGEs, interact
with distinct receptors besides RAGE. For example, in the kidney,
where ALE interaction with Galectin-3 is important for the
uptake and removal of ALEs, in contrast, upon ALE interaction
with RAGE, ALEs activate pro-inflammatory pathways that are
linked to the development of fibrotic and inflammatory injuries
in the kidney tissue (10). In addition to ALEs, other studies have
shown that RAGE binds distinct lipid-related species.

Lysophosphatidic Acid
LPA is a circulating phospholipid that acts through classical
G-protein coupled receptors (GPCRs) to mediate a range of
biological responses in diverse cell types (11); LPA also binds to
RAGE. Through surface plasmon resonance (SPR) and nuclear
magnetic resonance (NMR) studies, LPA was found to bind to
the V-type Ig domain of RAGE (12). In vascular smooth muscle
cells (SMCs), incubation with LPA resulted in activation of signal
transduction pathways.

It was previously shown that LPA enhances the implantation
and metastasis of RAGE-expressing ID8 cells, a murine epithelial
ovarian cancer cell line (13). In vivo, upon injection of ID8 cells
into C57BL/6mice, LPA is required for the development of tumor
growth and metastasis. In LPA-treated mice injected with ID8
cells, treatment with soluble (s) RAGE or performance of these
studies in Ager null vs. wild-type mice resulted in a significant
reduction in tumor cell burden and metastasis (12). It is notable
that tumors were not fully eliminated in these sRAGE-treated
or Ager null mice, consistent with the expression of non-RAGE
receptors for LPA on these tumor cells.

It is noteworthy that distinct studies implicated LPA-RAGE
interaction in lung, mammary and ovarian tumors (14, 15).
Other studies suggested roles for LPA-RAGE in stroke (16) and
upon exposure to World Trade Center particulate matter, the
released LPA induced inflammation in macrophages, at least in
part through RAGE (17).

Phosphatidylserine
Insights into potentially homeostatic roles for RAGE were
uncovered through studies reporting that RAGE bound
the glycerophospholipid, phosphatidylserine (PS), which
plays key roles in the process of apoptosis (18). In binding
experiments, by surface plasmon resonance (SPR), RAGE bound
PS (KD, 563 nM) and demonstrated very slight binding to
phosphatidylglycerol. No binding of RAGE was demonstrated
in the cases of diacylglycerol (DAG), phosphatidic acid (PA),
phosphatidylinositol (PI), phosphatidylethanolamine (PE),
phosphatidylcholine (PC) or sphingomyelin (SM) (18). Using
confocal microscopy imaging and fluorescence resonance
energy transfer (FRET) techniques, it was shown that RAGE
co-localized with PS on apoptotic thymocytes, at least in part
in pseudopod structures (18). In vivo experiments in mouse
models supported the relevance of RAGE-PS binding, as both
sRAGE and deficiency of Ager in mice were shown to impair
macrophage phagocytosis (18). Although it is notable in these
studies that the biophysical basis of RAGE binding selectively to
PS was not probed; that is, why RAGE did not bind to PE, PC,
or PA. For example, the results provide insight into the degree
of meticulous specificity of RAGE-dependent processes in the
context of lipid-stimulated biological signaling mechanisms.

Collectively, these studies describing examples of lipid-related
ligands of RAGE, such as the ALEs, LPA and PS opened the doors
to understanding that non-peptide/non-protein biochemical
species were able to bind to RAGE. Given the vast roles for
lipids as key components of cell membranes and as critical
components of signal transduction rafts, and their fundamental
roles in cholesterol and triglyceridemetabolismwith implications
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for human obesity and cardiovascular diseases, as examples,
these findings define important roles for RAGE in human
pathobiologies. In the section to follow, the links between RAGE
and foam cell biology will be considered.

FOAM CELL FORMATION: IMPLICATIONS
FOR THE RAGE PATHWAY

Modified Lipids, Foam Cell Formation and
the Effects of Diabetes
In the process of atherogenesis, apolipoprotein B (ApoB)-
containing lipoproteins, such as low-density lipoprotein (LDL),
and the remnant lipoproteins including very low-density
lipoprotein (VLDL), intermediate density lipoprotein (IDL) and
chylomicron remnants, may traverse the endothelial cell (EC)
barrier into the vascular intima, and, especially in sites of dense
extracellular matrix (ECM), these particles may become trapped
(19, 20). Biochemical processes in this microenvironment
significantly affect the nature of these lipids, such as oxidation,
proteolysis, lipolysis and inflammation, as examples (21). Once
formed, these lipid-modified species may be recognized and
taken up by macrophages, leading to the production of foam
cells; processes that begin early in life (22). It is also reported
that smooth muscle cells also host these modified lipids and
contribute to the pool of foam cells (23).

In diabetes, additional biochemical processes are spurred
through the presence of increased concentrations of glucose,
leading to activation of the Maillard reaction and the production
of glycation-modified lipids (24). The principal amino acid
residue in Apo-B 100 that undergoes glycation is lysine; lysine
residues are important for recognition by the LDL receptor
(LDLR); hence, it is not surprising that glycation promotes an
increase in the half-life of glycated LDL in human diabetic vs.
non-diabetic plasma (25). Additional pathways that modify lipids
and are relevant in the diabetic environment include the effects
of carbonyl stress, which lead to the production of ALEs, which
were reviewed above and noted as ligands of RAGE; and through
increased inflammatory processes observed in the vessel wall
and mediated through myeloperoxidase and additional oxidative
stress programs (24).

In the sections to follow, the links between lipidmodifications,
foam cells and the components of the AGE-RAGE pathway
are considered.

AGE Receptors and Foam Cell Biology
The first clues suggesting that the RAGE pathway might play
roles in foam cell formation emerged from a series of studies
reporting that in addition to RAGE, the ligand AGEs also
bound scavenger type receptors known to play roles in uptake
of oxidized (ox) LDL. For example, CD36 binds both AGEs
and oxLDL (26). Other studies reported that scavenger receptors
Scavenger Receptor A (SR-A), SR-B1 and Lectin like oxLDL
receptor (LOX-1) for oxLDL also bound AGEs (27). A number
of studies reported that AGEs, at least in part through RAGE,
increased macrophage uptake of oxLDL and increased the levels

of macrophage cholesterol esters, leading to the formation of
lipid-laden macrophages, also called “foam cells” (28).

RAGE/DIAPH1 and Foam Cell Formation
Numerous studies have implicated the ligand-RAGE pathway
to foam cell formation and have identified putative mediating
downstream pathways. AGEs were shown to mediate uptake
of oxLDL through upregulation of Cdk5 (cyclin dependent
kinase 5) and Cd36 in macrophages. These mechanisms
required AGE-RAGE-mediated generation of oxidative stress,
as inhibition of oxidative stress using N-acetyl-cysteine (NAC)
and RAGE aptamers blocked AGE-mediated upregulation of
Cdk5 and Cd36, and, consequently blocked AGE-mediated
foam cell formation (29). Other studies implicated the RAGE
ligand S100A12 (30) in foam cell formation at least in part
through CD36, RAGE and toll like receptor 4 (TLR4)-dependent
mechanisms (31). Furthermore, AGE-RAGE-dependent roles
in smooth muscle cells (SMCs) were also implicated in
foam cell formation as a specific AGE, CML-AGE stimulated
SMC lipid uptake and foam cell formation, along with the
transdifferentiation of these cells into macrophage-like cells, at
least in part via RAGE (32).

Roles for RAGE and DIAPH1 in these processes were
demonstrated through studies using a new class of RAGE-
DIAPH1 antagonists (33, 34). Specifically, these small molecules
bind to the cytoplasmic tail of RAGE and block the RAGE
tail interaction with DIAPH1; this has been illustrated directly
using in vitro binding assays as well as FRET assays (34). A
representative small molecule antagonist of RAGE/DIAPH1 was
shown to suppress uptake of oxLDL and foam cell formation in
wild-type RAGE-expressing macrophages (35). In parallel, it was
shown that in macrophages, the small molecule RAGE/DIAPH1
antagonist blocked AGE-mediated RAC1 activity, activation of
NF-kB, production of proinflammatory cytokines and cellular
migration (35).

In addition to roles for RAGE in foam cell formation, evidence
indicates that the RAGE pathway contributes to reduction
in both macrophage cholesterol efflux and to in vivo reverse
cholesterol transport. These processes together with ligand-
RAGE-dependent increased foam cell formation, may synergize
to contribute to atherosclerosis. In the sections to follow, roles for
RAGE in efflux of cholesterol are considered.

MACROPHAGE CHOLESTEROL EFFLUX
AND REVERSE CHOLESTEROL
TRANSPORT AND THE RAGE PATHWAY

Evidence from human subjects suggests that one of the
mechanisms by which diabetes may accelerate atherosclerosis
is through suppression of serum cholesterol efflux capacity and
impaired reverse cholesterol transport (36, 37). These findings
have been recapitulated in animal models of type 1 diabetes in
which it was shown that macrophage-to-feces reverse cholesterol
transport was impaired (38). Support for roles for RAGE and its
ligands in these processes emerged from multiple in vitro and in
vivo analyses.
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The first reports linking RAGE to cholesterol efflux pathways
were highlighted in human primary macrophages in which in
vitro-prepared AGE albumin was shown to reduce mRNA and
protein expression of ABCG1 (ATP binding cassette transporter
G1), but not ABCA1 (ATP binding cassette transporter A1)
(39). Roles for RAGE were established through the suppressive
effects of anti-RAGE antibodies on AGE albumin functions. It
was also noted in that study that at the functional level, AGE
albumin reduced macrophage cholesterol efflux to High Density
Lipoprotein (HDL) but not to Apolipoprotein A1 (ApoA1).
Interestingly, that work showed that the effects of AGE albumin
were independent of the LXR (Liver X Receptor) pathway (39).

Subsequent studies employed bone marrow -derived
macrophages (BMDMs) from wild-type or Ager (the gene
encoding RAGE)-deficient mice and showed that macrophage
cholesterol efflux to both HDL and ApoA1 was suppressed
upon Ager deletion, in parallel with reduced levels of Abcg1
and Abca1 mRNA and ABCG1 and ABCA1 protein (40). In
in vitro studies using human THP1 macrophage like cells, the
effects of RAGE on regulation of these transporters were traced
to peroxisome proliferator activated receptor-gamma (PPAR-
gamma)-dependent mechanisms and not to LXR pathways (40).
Using macrophages from diabetic wild-type or Ager null mice,
it was shown that macrophage reverse cholesterol transport
to plasma, liver and feces was reduced in diabetic mice via
RAGE (40).

Beyond in vitro-prepared AGEs, isolated AGE albumin from
human type 1 or type 2 diabetic plasma vs. control non-diabetic
plasma was also demonstrated to reduce macrophage cholesterol
efflux to human THP1 cells or to wild type BMDMs via RAGE
(41). In that study, human diabetic AGE albumin regulated
macrophage inflammatory and pro-oxidative gene expression via
RAGE (41). Beyond AGEs, other RAGE ligands were also shown
to reduce macrophage cholesterol efflux; for example, S100B,
S100A8/A9 and S100A12 also played roles in these processes
(42, 43).

Finally, it has also been suggested that statin drugs
may act, in part, by reducing AGE-mediated suppression
of cholesterol efflux. For example, rosuvastatin blocks
AGE-mediated reduction in macrophage cholesterol efflux
through blockade of AGE-induced oxidative stress (44).
In other studies, in THP1 macrophages, treatment with
atorvastatin increased cholesterol efflux and expression of
the transporter ABCG1, phenomena which were found to
be reduced by AGEs treatment. In addition, treatment with
atorvastatin reduced RAGE expression in macrophages as
well (45).

Collectively, these findings using mouse and human cells as
well as mice and human subject-derived AGE albumin implicate
the RAGE pathway in key macrophage properties that contribute
to foam cell formation and failure of resolution in atherosclerosis
especially in diabetes but in the non-diabetic state as well. In
this context, recent research has uncovered new mechanisms
by which RAGE/DIAPH1 might contribute to regulation of
cholesterol metabolism through the regulation of Interferon
Regulatory Factor 7 (IRF7).

THE RAGE PATHWAY, ATHEROSCLEROSIS
AND REGULATION OF IRF7

Although extensive reports implicated RAGE in the
development/progression of atherosclerosis (non-diabetes
and diabetes) in mouse models (46–59), little was known
about potential roles for RAGE/DIAPH1 in the regression of
atherosclerosis, particularly in diabetes.

To test roles for RAGE in regression of diabetic
atherosclerosis, a murine model of aortic arch transplantation
was performed. In that model, mice devoid of the Ldlr were
rendered diabetic with streptozotocin and then fed a Western
diet. Upon development of atherosclerosis, aortic arches were
surgically interpositioned into the vasculature of the recipient
diabetic wild-type, Ager null orDiaph1 null mice (60). Compared
to wild-type diabetic recipient mice, diabetic mice devoid of Ager
or Diaph1 displayed accelerated regression of atherosclerosis
with smaller atherosclerotic lesion areas, reduced lesional neutral
lipid staining (Oil Red O) and reduced macrophage content per
lesion area (CD68+ cells).

In order to identify the underlying mechanisms, donor
diabetic Ldlr null aortic arches (CD45.2) were transplanted
into the above recipient mice (CD45.1) (60). At five days
after transplantation, flow cytometry experiments revealed that
there were no differences in the percent recipient CD45.1 vs.
donor CD45.2 of the CD11B+/F4/80+ macrophage lesional
content by recipient genotype (wild-type vs. Ager null), but
that there were trends to higher recipient CD45.1/CD68+

macrophage content in the aortic arch lesions transplanted into
the Ager null vs. the WT diabetic recipient mice. Overall, these
findings were consistent with earlier work that demonstrated
that the majority of the aortic arch lesional macrophages during
the regression process are accounted for by newly recruited
cells from the recipient mice (60, 61) and it was further
demonstrated that expression or deficiency of Ager did not affect
the relative contributions of donor vs. recipient macrophages in
the regression environment.

On account of the ability to discern donor CD45.2 vs.
recipient macrophages CD45.1 in the atherosclerotic plaques
in this experimental paradigm, bulk RNA-sequencing was
performed on sorted macrophages from the distinct groups of
diabetic mice. Bioinformatics analysis revealed downregulation
of three pathways in the Ager null vs. wild-type recipient
macrophages that were linked to the interferon signaling,
specifically interferon alpha/beta signaling and gamma signaling
(60). In contrast, the fourth pathway identified by this analysis
revealed a significant increase in “glycolysis” pathway in Ager
null vs. wild-type recipient macrophages. Further analysis of
the differentially-expressed genes uncovered that Irf7 mRNA
was significantly lower in the Ager null vs. wild-type recipient
CD45.1 macrophages.

In in vitro studies, BMDMs were treated with serum
from Western diet–fed Ldlr null mice, which is enriched in
RAGE ligand DAMPs, or with isolated RAGE ligand CML-
AGE; compared to wild-type BMDMs, those devoid of Ager
demonstrated lower levels of Irf7 mRNA in the presence of
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these RAGE ligands. Through these studies, roles for Irf7
in regulation of cholesterol metabolism and inflammation in
macrophages were also identified. BMDMs were grown in the
serum fromWestern diet-fed mice devoid of the Ldlr. Compared
with scrambled siRNA, Irf7 knockdown resulted in significant
upregulation of genes linked to cholesterol efflux (Abca1 and
Abcg1), and increased expression of Nr1h2 (LXRβ), Nr1h3
(LXRα), and Srebp1 and Scap. Significant reductions in Cd36
were observed in Irf7-knockdown vs. scramble siRNA–treated
cells as well. In parallel, BMDMs exposed to Western diet–fed
Ldlr null mice serum in the presence of Irf7 knockdown displayed
lower levels of cholesterol. Finally, compared with scrambled
siRNA, Irf7 knockdown resulted in upregulation of Arg1 and
Il10 and reduction in Tnfa, Nos2, Il6, and Ccl2 (60). Collectively,
these findings linked RAGE to regulation of IRF7 and uncovered
intriguing roles for RAGE/IRF7 in cholesterol metabolism and
inflammation. Future studies will need to address the full range
and implication of these findings to the response to viral
infection, atherosclerosis, and obesity, as examples of disorders in
which key roles for “immunometabolism” have been suggested.
Experiments designed to test these hypotheses and relationships
are underway.

In this report describing roles for RAGE in atherosclerosis
regression in diabetes, unexpected differences in circulating lipids
were also noted. Specifically, compared to diabetic wild-type
recipient mice in the aorta transplantation model, diabetic mice
devoid of Ager or devoid of Diaph1 demonstrated modest but
significantly lower levels of total cholesterol with no differences
in triglyceride levels (60). Although the mechanisms underlying
these intriguing observations are yet to be discovered, they are
under intensive investigation at this time.

In the final sections of this review, roles for RAGE in disrupted
lipid metabolism in obesity and non-alcoholic fatty liver disease
(NAFLD) have been identified and will be considered.

ABERRANT LIGAND-RAGE INTERACTION
AND LIPID DYSREGULATION:
IMPLICATIONS FOR THE PATHOGENESIS
OF OBESITY

RAGE Expression and Actions in
Adipocytes
Although initial work upon the discovery of RAGE focused
largely on the impact of its expression in vascular cells, immune
cells, cardiomyocytes and neurons, as examples, ongoing
investigations illustrated that RAGE was also expressed on
adipocytes. In studies in 3T3-L1 adipocyte-like cells, a range
of AGEs exerted maladaptive effects via RAGE (62). First, it
was shown that AGEs derived from glucose, glyceraldehyde,
or glycolaldehyde inhibited the differentiation of 3T3-L1 cells.
Second, these AGEs suppressed glucose uptake in the presence
or absence of insulin. These effects of AGEs were prevented by
treatment of the cells with antibodies against AGEs or against
RAGE. The RAGE-dependent downstream mechanisms in these
pathways were traced to oxidative stress, as treatment of the
3T3-L1 adipocytes with N-acetylcysteine blocked the effects

of AGEs on these metabolic consequences (62). Third, it was
shown that AGE treatment of 3T3-L1 adipocytes also induced
upregulation of monocyte chemoattractant protein 1 (MCP1),
thereby identifying a mechanism to stimulate pro-inflammatory
effects in AGE-treated adipocytes.

In other studies in a human preadipocyte cell line, SW872
cells, secretion of HMGB1 was demonstrated, which led to the
production of IL6. In those cells, a direct role for HMGB1 in
the production of IL6 was shown by treatment with recombinant
HMGB1, which stimulated production of IL6 (63). The effects
of recombinant HMGB1 on regulation of IL6 production were
dependent on RAGE and not on TLR2 or TLR4. Others showed
that AGE-RAGE in adipocytes was linked to outcomes such as
matrix metalloproteinase (MMP) activity (64) and induction of
insulin resistance through regulation of GLUT4 activities (65).

Links to DIAPH1 in regulation of adipocyte functions were
also demonstrated in other recently reported work. Specifically,
visceral adipocytes were retrieved from human subjects with
and without diabetes and were examined in both 2-dimensional
(2D) and 3D-ECM systems. These authors reported that AGE
content was higher in the diabetic vs. nondiabetic adipocytes.
In studying potential effects of AGEs, glycated collagen one and
AGE-modified ECM materials were shown to regulate glucose
uptake, and upregulate expression of AGER and CD36 in the
adipocytes as well as expression of RHO GTPase signaling
mediators including DIAPH1 (66). Interestingly, in this system,
inhibition of DIAPH1, but not RAGE or CD36, reduced AGE-
ECM-mediated inhibition of glucose uptake in the adipocytes
(66). Although not directly tested in that work, it is possible
that the direct links between DIAPH1 and actin cytoskeleton
dynamics were responsible for DIAPH1’s impact on AGE-ECM
properties in adipocytes.

These concepts linking RAGE to obesity have been tested in
animal models of high fat diet feeding or in genetically obese and
diabetic mice, and will be considered in the sections to follow.

RAGE in Murine Models of Obesity
Numerous reports have tested the role of RAGE in mice fed
a high fat diet (60% fat content). Mice bearing global or
bone marrow-specific deletion of Ager displayed significant
protection from diet-induced obesity and adiposity (67). In
parallel, mice globally devoid of Ager and fed a high fat diet also
displayed improved glucose and insulin tolerance. Interestingly,
these studies showed that mice bearing global deletion of Ager
demonstrated higher energy expenditure compared to wild-
type mice fed the high fat diet. To more specifically probe the
role of RAGE in energy expenditure, mice bearing adipocyte-
specific deletion of Ager were studied in settings that would
evoke a definitive metabolic response. Compared to the wild-
type Ager-bearing control animals, mice devoid of adipocyte
Ager demonstrated superior metabolic recovery after fasting,
a 4◦C cold challenge, or high-fat feeding. Using both in vivo
and in vitro methodologies, that work illustrated that RAGE-
dependent mechanisms included suppression of protein kinase A
(PKA)-mediated phosphorylation of its major targets, hormone-
sensitive lipase (HSL) and p38 mitogen-activated protein (MAP)
kinase, upon β-adrenergic receptor stimulation (68) and that
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these processes reduced the expression and activity of uncoupling
protein 1 (UCP1) and, therefore, the associated thermogenic
programs (68).

It is important to note that a distinct publication suggested
that mice devoid of Ager displayed increased weight gain on
a high fat diet (60% kcal fat) vs. Ager-expressing control mice
(69). Although it is not possible to discern the reasons for
the varied findings between the studies, it is possible that the
genetic background of the mice, the mode of breeding of the
mice, as well as other factors within the environment and the
health status of the vivarium, may have differed between the
studies. Furthermore, it is notable that beyond global deletion
of Ager, the studies described above also employed bone marrow
or adipocyte-specific deletion of Ager (in which protection from
diet-induced obesity was shown). In that work, treatment of wild-
type C57BL/6 mice with soluble RAGE who were fed a high fat
diet also demonstrated significant reductions in gain of body
mass vs. the vehicle-treated controls (67).

Studies in human subjects are being conducted to accrue
correlations between the RAGE pathway and human obesity
and overweight states. Relationships between RAGE ligands
and RAGE expression in adipocytes and other cell types
relevant to metabolic dysfunction suggest that it is logical
to test contributory and mediating roles for this pathway in
human obesity.

RAGE/DIAPH1 and Human Obesity
A typical means by which RAGE is assessed in vivo in human
subjects is through the measurement of sRAGE; total sRAGE is
composed of both a cell surface cleaved form of the receptor,
which represents about 80% of total sRAGE and the soluble
product of an mRNA splice variant of AGER that results in
production of endogenous secretory or esRAGE (70). There
are multiple examples of clinical settings relevant to obesity in
which sRAGEs were measured. First, studies compared levels of
sRAGE in patients with obesity vs. healthy controls and found
that sRAGE levels were lower in patients with obesity vs. healthy
weight persons (71). After bariatric surgery andweight loss, it was
found that the levels of sRAGE rose. Correlation models were
performed and yielded the following insights: the differences in
levels of sRAGE were associated with the differences in 1 and 2 h
post-prandial glucose, differences in fasting insulin, differences
in 2 h post-prandial insulin levels, differences in homeostatic
model assessment-insulin resistance (HOMA-IR) model and the
differences in levels of triglyceride. In the multivariate model, the
differences in 1 and 2 h post-prandial glucose, the differences in
2 h post-prandial insulin and differences in HOMA-IR predicted
the differences in sRAGE. Hence, these studies suggested that
the differences in levels of sRAGE were coupled to measures
of glucose and insulin tolerance. Other studies in patients
undergoing bariatric surgery also queried if differences in levels
of sRAGE were observed. Patients with obesity were randomized
to either bariatric surgery or medical weight loss and levels of
sRAGE were observed pre-surgery and at 6 months post-surgery.
In the patients undergoing bariatric surgery, but not in the
medical weight loss group, higher baseline levels of sRAGE were
associated with better weight loss outcomes (72).

Distinct studies also examined the levels of RAGE ligands,
particularly CML-AGE in obese adipose tissues. In human obese
vs. lean adipose tissue, even in the absence of diabetes, higher
levels of CML-AGE and RAGE expression were observed (73).
To explain the lower plasma levels of CML-AGE in patients
with obesity vs. lean state, a model was developed in mice with
genetically mediated diabetes (db/db mice); the results of studies
in this model suggested that plasma levels of CML-AGE were
lower in obesity on account of trapping of the RAGE ligand in
the obese (high RAGE-expressing) adipose tissue. Furthermore,
upon more in-depth analyses, it was shown that the decreased
plasma levels of CML-AGE in patients with obesity were strongly
associated with insulin resistance (73).

Studies reported from the Northern Manhattan Study
(NOMAS) examined a diverse group of human subjects and
reported that median sRAGE levels were significantly lower
in subjects who had elevated waist circumference, blood
pressure, and fasting glucose, but that no relationship was
observed between levels of sRAGE and elevated triglycerides
or reduced HDL levels that were also noted in these
subjects (74). Strikingly, when the NOMAS investigators
performed additional stratification and interaction analyses,
they uncovered the key finding that the association of
sRAGE levels with metabolic syndrome factors was more
prominent in Hispanic vs. White persons and that there
was no association with the components of the metabolic
syndrome in Black persons (74). These results thus indicate
that more research is required in order to determine
potential mechanisms underlying these findings, and if
racial background should be considered in the interpretation of
studies tracking sRAGE levels in cardiometabolic diseases and
therapeutic approaches.

Finally, recent work has addressed the potential relationships
between AGER and DIAPH1 expression and metabolic health
in patients with obesity. The mRNA expression of these genes
and multiple other genes involved in glycation and inflammation
was studied in human omental and subcutaneous adipose tissue
in patients with obesity. The key findings from that study
further cemented the relationship between AGER and DIAPH1;
it was reported that only in subcutaneous but not omental
adipose tissues, the mRNA expression of AGER significantly
correlated with that of DIAPH1 (75). Only in subcutaneous but
not omental adipose tissue, genes linked to the AGE-RAGE-
DIAPH1 axis strongly correlated with markers of inflammation
and adipogenesis and, intriguingly, in subcutaneous but not
omental adipose tissue, the mRNA expression of AGER was
found to correlate significantly with HOMA-IR (75). Whereas,
some of these associations, particularly to inflammation markers
and HOMA-IR might have been expected to be uncovered
between AGER and DIAPH1 in omental adipose tissue, this
was not the case. These interesting findings pinpoint future
directions for more in-depth study of RAGE/DIAPH1 biology
in the subcutaneous adipose tissue depot. As non-alcoholic fatty
liver disease (NAFLD) commonly accompanies obesity and is
associated with excess lipid content in the liver, potential roles
for the RAGE pathway in this setting have been tested as well and
will be reviewed in the section to follow.
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THE RAGE PATHWAY AND NAFLD

Obesity is closely associated with the development of NAFLD
and non-alcoholic steatohepatitis (NASH); a recent Statement
published from the American Heart Association indicated that
the majority of patients presenting with NAFLD also suffer with
obesity, as nomore than 20% ofNAFLD cases in theUnited States
and Europe were observed in lean persons (76, 77).

Associations between the RAGE pathway and NAFLD have
been suggested by multiple studies showing the hepatic and
plasma/serum levels of RAGE ligands AGEs, ALEs, S100 and
HMGB1, were enhanced in NAFLD vs. healthy controls (78–
82). RAGE is expressed on multiple cell types in the liver, such
as hepatocytes, stellate cells, Kupffer cells, infiltrating immune
cells and vascular cells (83, 84). Interestingly, in conditions
in which NAFLD-type disorders occur, either through diet or
genetic modification, global deletion of Ager is not protective

against steatosis, inflammation or fibrosis (85, 86). In contrast,
mice bearing deletion of hepatocyteAger and fed a high-AGE diet
were protected from hepatic inflammation and fibrosis through
suppression of the adverse effects of RAGE-induced oxidative
stress (87). In other studies, reduction of Ager expression
by adenoviruses injection reduced hepatosteatosis and liver
inflammation in aged mice (88). Thus, these studies, employing
various diets, genetic models and distinct means to silence Ager
in a NAFLD-like environment, highlight that RAGE may play
adaptive vs. deleterious roles in NAFLD-like conditions, and
that more research is needed to dissect cell-intrinsic and cell-cell
cross-talk mechanisms in hepatic metabolic dysfunction.

Studies are underway to probe how DIAPH1 may contribute
to hepatic lipid metabolism as well given its relationship to
RAGE signal transduction. In first studies in mice with a
type 1-like diabetes induced by streptozotocin and fed normal
rodent chow, 1Hmagnetic resonance spectroscopy and chemical

FIGURE 1 | Proposed model of RAGE/DIAPH1 in glycation and lipid metabolism and implications for cardiometabolic disease. Diets high in fats and sugars trigger the

production of AGEs and ALEs, which are ligands of RAGE. In very early events in atherogenesis, the production of foam cells in monocytes/macrophages and smooth

muscle cells may be facilitated by AGE/ALE signaling through RAGE/DIAPH1. Foam cells, characterized by heightened inflammation in the atherosclerotic vessel wall,

produce RAGE ligand DAMPs, which perpetuate inflammatory responses via RAGE/DIAPH1; one consequence of which is upregulation of IRF7, which itself perturbs

inflammation and cholesterol metabolism pathways and processes that exacerbate progression of atherosclerosis and delay its regression. AGEs and ALEs also

accumulate in obese adipose tissue and liver, the latter especially relevant to the pathogenesis of NAFLD. Obesity and NAFLD contribute to the development of insulin

resistance, and, therefore, the potential for development of hyperglycemia and processes that amplify AGE/ALE production and their vicious cycle of cellular stress.

The optimal means to divert RAGE-DIAPH1 binding and downstream signaling is under intensive investigation and is hypothesized to reduce cardiometabolic risk and

its consequences.
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shift-encoded magnetic resonance imaging techniques revealed
that compared to wild-type mice, mice globally devoid of
Diaph1 displayed significant reductions in hepatic and cardiac
triglyceride content (89). These findings suggest that DIAPH1
contributes to lipid metabolism and potential roles for RAGE in
these processes and the precise mediating mechanisms are under
intensive investigation.

SUMMARY

Disorders of glucose and lipid metabolism are central to the
pathogenesis of cardiometabolic diseases and the increased
risk for obesity, NAFLD/NASH, atherosclerosis, heart attacks,
strokes, and peripheral vascular diseases; processes which
may culminate in severe complications such as heart failure,
irreversible neurological damage and dementia, and amputations
of digits and limbs. Although the RAGE axis was discovered on
account of the ability of the AGEs to bind and signal via this
receptor, soon after its identification, its role in transducing the
signals triggered by ALEs expanded the implications of RAGE
pathobiologies to those mediated by pathological lipid species.
Furthermore, the discoveries that RAGE bound non-AGE and
non-ALE ligands expanded our understanding of the biology
of RAGE and implicated this receptor in inflammation, lipid
signaling and activation of the innate immune system (Figure 1).

Well beyond the implications for roles in the pathological
consequences of sugar-modified molecules, the above cited
studies recount how the RAGE pathway contributes in multiple
cell types, tissues and organs to disordered lipid metabolism.
In foam cells, the RAGE pathway imbues multiple hits
to these cells, favoring their overall accumulation of lipids
through increased uptake and decreased efflux mechanisms.
The results of studies in foam cells highlighted that the
RAGE pathway regulates seminal transcriptional events, and
in some cases, in unique ways. For example, although the
regulation of the expression of cholesterol transporters has
been importantly ascribed to Liver X Receptor (LXR) pathways,
RAGE-dependent downregulation of ABCA1 and ABCG1
was LXR-independent, and accounted for, at least in part,
by PPARG.

The surprising discovery that RAGE ligands also regulated
expression of IRF7 has opened new doors to probing if
RAGE plays important roles in response to viral infections
and the understanding that RAGE is a receptor for multiple
classes of DAMPs emitted from the cytoplasm or damaged
mitochondria. IRF7 has been described as a master regulator
of the type 1 interferon response (90). It is fascinating that
like RAGE, IRF7 signaling is also associated with MyD88
and NF-kB signaling, triggered in part by mediators such as
TLR9 (91), which is also a RAGE ligand (92, 93). These
discoveries support intriguing associations through which the
RAGE pathway intersects with COVID19 and its important
risk factors, such as obesity, diabetes and advanced aging – all
conditions in which AGEs, ALEs and DAMPs are exuberantly
produced (94–98).

Furthermore, although the RAGE pathway was long
implicated in diabetes and diabetic complications, the RAGE
ligands AGEs and ALEs accumulate in obese non-diabetic
adipose tissues and may be “trapped” in the tissue by higher
levels of RAGE expression, when compared to adipose tissue
from lean non-diabetic subjects (73). Unanticipated roles
for RAGE ligands in regulation of adipocyte glucose uptake;
inflammation; and PKA activities, which mediate lipolysis
and regulation of UCP1 and thermogenesis, have broadened
our understanding of RAGE and suggested perhaps natural
functions of the receptor. Specifically, is it plausible that RAGE
functions in an energy conservation pathway to regulate PKA
activities in adipocytes; in time of starvation, RAGE acts
as a barometer to gauge the need for and regulate energy
expenditure? However, in states of overnutrition, retention of
these RAGE innate functions supports obesity and its metabolic
sequelae. Similarly, in diabetes and obesity, perturbation to the
liver may trigger the production of NAFLD and its implications
for raising cardiometabolic risk (76). Although roles for RAGE
in NAFLD may be more complex and involve both adaptive and
maladaptive cellular consequences, it is plausible that prevention
and treatment of the underlying causes, such as obesity, may
assuage NAFLD-like conditions and reduce cardiovascular risk
(Figure 1).

The observations that RAGE plays roles in diet-
induced obesity and NAFLD have important implications
for the development of insulin and glucose intolerance,
thereby bringing roles for the RAGE pathway in
cardiometabolic dysfunction to full circle. Through insulin
resistance, hyperglycemia and oxidative stress may ensue,
thereby triggering production of new AGEs/ALEs, more
cellular stress, thereby begetting more DAMPs, and,
thus, sustaining and reinforcing the cycle proposed in
Figure 1.

Is this RAGE-dependent cycle of cardiometabolic stress
interruptible? Numerous studies have underscored that the
RAGE ligands may bind on multiple and discrete domains of the
extracellular V, C1, and C2-type Ig domains (99, 100). On account
of these findings by multiple research groups, it is plausible
that targeting the RAGE-DIAPH1 interaction may represent a
superior approach to capture the signaling impact of the multiple
RAGE ligands through blocking downstream events; in this
context, administration of the chemical probe, RAGE229, which
binds to the cytoplasmic domain of RAGE and blocks interaction
with DIAPH1, to mice blocks delayed type hypersensitivity
inflammation, cardiac ischemia (diabetic mice), type 1 and type
2-diabetes like kidney disease and improves wound healing in
mice with type 2-like diabetes (33, 34). Time will tell if stopping
the cycle of RAGE/DIAPH1-dependent dysregulation of glucose
and lipidmetabolism, through this small molecule approach,may
be translated to benefit for human subjects.
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Background: Apolipoprotein (apo) A-IV, the third most abundant apolipoprotein in
human high density lipoproteins (HDLs), inhibits intestinal and systemic inflammation.
This study asks if apoA-IV also inhibits acute vascular inflammation.

Methods: Inflammation was induced in New Zealand White rabbits by placing a non-
occlusive silastic collar around the common carotid artery. A single 1 mg/kg intravenous
infusion of lipid-free apoA-IV or saline (control) was administered to the animals 24 h
before collar insertion. The animals were euthanised 24 h post-collar insertion. Human
coronary artery cells (HCAECs) were pre-incubated with reconstituted HDLs containing
apoA-IV complexed with phosphatidylcholine, (A-IV)rHDLs, then activated by incubation
with tumour necrosis factor (TNF)-α. Cell surface vascular cell adhesion molecule-
1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) in the TNF-α-activated
HCAECs was quantified by flow cytometry. VCAM-1, ICAM-1 and 3β-hydroxysteroid-
124 reductase (DHCR24) mRNA levels were quantified by real time PCR.

Results: Apolipoprotein ApoA-IV treatment significantly decreased collar-induced
endothelial expression of VCAM-1, ICAM-1 and neutrophil infiltration into the arterial
intima by 67.6 ± 9.9% (p < 0.01), 75.4 ± 6.9% (p < 0.01) and 74.4 ± 8.5% (p < 0.05),
respectively. It also increased endothelial expression of DHCR24 by 2.6-fold (p < 0.05).
Pre-incubation of HCAECs with (A-IV)rHDLs prior to stimulation with TNF-α inhibited
VCAM-1 and ICAM-1 protein levels by 62.2 ± 12.1% and 33.7 ± 5.7%, respectively.
VCAM-1 and ICAM-1 mRNA levels were decreased by 55.8 ± 7.2% and 49.6 ± 7.9%,
respectively, while DHCR24 mRNA expression increased by threefold. Transfection of
HCAECs with DHCR24 siRNA attenuated the anti-inflammatory effects of (A-IV)rHDLs.
Pre-incubation of TNF-α-activated HCAECs with (A-IV)rHDLs also inhibited nuclear
translocation of the p65 subunit of nuclear factor-κB (NF-κB), and decreased IκBα

phosphorylation.

Conclusion: These results indicate that apoA-IV inhibits vascular inflammation in vitro
and in vivo by inhibiting NF-κB activation in a DHCR24-dependent manner.

Keywords: apolipoprotein A-IV, inflammation, high-density lipoproteins, endothelial cells, nuclear factor-kappaB,
3β-hydroxysteroid-124 reductase

Abbreviations: Apo, apolipoprotein; VCAM-1, vascular cell adhesion molecule 1; ICAM-1, intercellular adhesion molecule
1; DHCR24, 3β-hydroxysteroid-124 reductase; HCAECs, human coronary artery endothelial cells; TNF-α, tumour necrosis
factor alpha; IκBα, I kappaB alpha; NF-κB, nuclear factor-kappaB; NZW, New Zealand White.
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INTRODUCTION

High-density lipoproteins (HDLs), and the main HDL
apolipoprotein, apoA-I, have potent anti-inflammatory
properties in vitro and in vivo (1–3). HDLs mediate these
effects by inhibiting key steps in activation of the nuclear
factor-κB (NF-κB) pathway, including nuclear translocation of
the p65 subunit of NF-κB in multiple cell types (4–6). We have
also reported that the anti-inflammatory properties of HDLs and
apoA-I are related to their ability to increase expression of the
anti-apoptotic and antioxidant enzyme, 3β-hydroxysteroid-124
reductase (DHCR24) and induce the potentially cardioprotective
enzyme, heme oxygenase-1 (5, 7).

Apolipoprotein A-IV, the third most abundant apolipoprotein
in human HDLs, is a 46 kDa protein that is synthesised in
the small intestine. It effluxes cholesterol from peripheral cells,
including cholesterol-loaded macrophages, in the first step of
the potentially anti-atherogenic reverse cholesterol transport
pathway (8, 9), participates in the biogenesis of HDLs in an
ATP binding cassette transporter A1- and lecithin:cholesterol
acyltransferase-dependent manner (10) and has plaque stabilising
properties (11).

ApoA-IV is a satiety factor and promotes thermogenesis
in brown adipose tissue (12–14). It has anti-diabetic (15–17),
antioxidant (18), anti-atherosclerotic (19, 20), anti-apoptotic
(21) and anti-thrombotic properties (22) and inhibits intestinal
inflammation and pro-inflammatory cytokine expression in
animal models, as well as allergy-driven inflammation in humans
and mice (20, 23, 24). The anti-inflammatory properties of apoA-
IV are potentially clinically relevant and they have recently
been identified as an independent risk marker of reduced
inflammation in chronic kidney disease (25).

The present study asks if apoA-IV can inhibit acute vascular
inflammation in New Zealand White (NZW) rabbits and,
if so, whether it targets the same NF-κB- and DHCR24-
related pathways as reported previously for HDLs and apoA-
I. The results establish that extremely small amounts of
apoA-IV markedly inhibit the vascular inflammation that is
induced in these animals following insertion of a non-occlusive
periarterial carotid collar. We also performed in vitro studies
which established that the underlying mechanism of this anti-
inflammatory effect is related, at least in part, to increased
endothelial expression of DHCR24, and inhibition of NF-
κB activation.

MATERIALS AND METHODS

Animals
Male New Zealand White rabbits (approximately 2.5 kg) were
obtained from the Institute of Medical and Veterinary Sciences
(Gilles Plains, SA, Australia) and maintained on a normal
chow diet. All procedures were approved by the Sydney South
West Area Health Service Animal Welfare Committee (Project
No. 2009/019A). The animals (n = 6/group) were randomised
to receive a single intravenous (iv) infusion of either saline,
lipid-free apoA-I [8 mg/kg (0.3 µmol/kg), positive control],

or lipid-free apoA-IV [1 mg/kg, 0.02 µmol/kg)] into the left
marginal ear vein 24 h before placing a non-occlusive, peri-
arterial collar around the left common carotid artery (1). Prior
to the procedure, the animals were sedated with subcutaneous
acetylpromazine (0.5 mL/kg), then anaesthetised with inhaled
isoflurane (4–5% for induction and 1.5–2% for maintenance).
The animals were euthanised 24 h post-collar insertion and
collared and non-collared carotid arteries were extracted for
immunohistochemical analysis.

Isolation of Apolipoprotein A-I and
Rabbit High Density Lipoproteins
High density lipoproteins were isolated from pooled samples of
autologously donated human plasma (Healthscope Pathology,
Adelaide, SA, Australia) by sequential ultracentrifugation
(1.063 < d < 1.21 g/mL) and delipidated using standard
techniques (26). The resulting apoHDL was chromatographed
on a Q-Sepharose Fast-Flow column and apoA-I was isolated
as described (27, 28). The apoA-I preparations were judged
to be >95% pure by electrophoresis on SDS-polyacrylamide
PhastGels (GE Healthcare, Chicago, IL, United States) and
Coomassie Blue staining.

For isolation of rabbit HDLs, plasma was adjusted to
1.25 g/mL with solid KBr and ultracentrifuged at 55,000 rpm for
16 h at 4◦C, in a 70 Ti fixed angle rotor in an Optima LE-80K
Ultracentrifuge (Beckman-Coulter Inc, Brea, CA, United States).
The d < 1.25 g/mL fraction (600 µL) was injected onto two
Superdex 200 columns connected in series to an AKTA FPLC
system (GE Healthcare). The HDLs were eluted at a flow
rate of 0.3 mL/min.

Expression of Apolipoprotein A-IV
Apolipoprotein A-IV was cloned into the pET14b vector (with
integral His-tag; Merck, Darmstadt, Germany), transformed into
BL21 (pLysS) cells (Promega, Madison, WI, United States) and
grown in Luria-Bertani (LB) culture media with ampicillin for
selection of pET14b transformants. When the OD600 reached
0.6–0.8, protein expression was induced by incubation for 4 h
with isopropyl β-D-1-thiogalactopyranoside (IPTG, 0.8 mM,
Applichem, Darmstadt, Germany). The cells were pelleted, lysed
with Bugbuster (Merck) and dialysed against 20 mM phosphate
buffer containing 6 M urea, 0.3 M NaCl, and 20 mM imidazole
(pH 8.0), then loaded onto 5 pre-equilibrated His-trap FF
columns (5 mL, GE Healthcare) connected in series. ApoA-IV
was eluted at 5 mL/min for 15 min with 20 mM phosphate buffer
containing 6 M urea, 0.3 M NaCl and 500 mM imidazole (1–
100% gradient) (pH 8.0). The apoA-IV was dialysed into TBS
prior to removing the His-tag by incubation for 5 h at room
temperature with thrombin (2 U/mg apoA-IV). The reaction
was stopped by addition of Phosphatase Inhibitor Cocktail 2
(1 mL, Sigma-Aldrich, St Louis, MO, United States). The apoA-
IV was dialysed into 20 mM Tris (pH 8.5), adjusted to 6 M
with solid, deionised urea and loaded onto a pre-equilibrated
Q-Sepharose Fast Flow column (GE Healthcare). ApoA-IV was
eluted from the column at a flow rate of 3 mL/min with
20 mM Tris containing 6 M urea and a gradient of 0.5 M
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NaCl (pH 8.5): 0–40% for 5 min, 40–48% for 15 min, 48–
70% for 15 min. The apoA-IV was dialysed against endotoxin-
free PBS and added to 1% Triton X-114 (v/v) at 4◦C for
30 min to remove residual endotoxin, then incubated at 37◦C for
10 min and centrifuged (5,200 × g) for 1 h. The aqueous layer
(containing apoA-IV) was removed, and the process repeated
three times. Residual Triton X-114 was removed from the apoA-
IV by incubation for 2 h at 4◦C with Bio beads (Bio-Rad,
Hercules, CA, United States). The apoA-IV was concentrated
(Amicon Ultra -15 centrifugal filter, Billerica, MA, United States)
and filtered (0.22 µM). Endotoxin levels were tested using
an EndoSafe PTS-Reader and 0.1–10 EU/mL PTS cartridges
(Charles River, Wilmington, MA, United States) and found to
be <0.5 EU/mL.

Preparation of Discoidal Reconstituted
HDLs
Discoidal rHDLs containing palmitoyl-2-linoleoyl-sn-glycero-3-
phosphatidylcholine (PLPC, Avanti Polar Lipids, Alabaster, AL,
United States) and apoA-I [initial PLPC/apoA-I molar ratio
100/1, (A-Ir)HDLs] or apoA-IV [initial PLPC/apoA-IV molar
ratio 150/1, (A-IV)rHDLs] were prepared by the cholate dialysis
method (29). The rHDLs were dialysed extensively against
endotoxin-free PBS before use. Particle sizes were determined
by non-denaturing gradient gel electrophoresis (30). Cross-
linking with the homo-bifunctional cross-linking agent bis
(sulfosuccinimidylsuccinate) (BS) was performed as described
(31, 32).

Cell Culture
Human coronary artery endothelial cells (HCAECs, passages 2 to
6) were maintained in MesoEndo media (Cell Applications, San
Diego, CA, United States). The cells, in either 12-well (1 × 105

cells/well for mRNA quantification) or 6-well plates (2 × 105

cells/well for protein extraction) were pre-incubated for 16 h with
discoidal (A-I)rHDLs, discoidal (A-IV)rHDLs, isolated rabbit
HDLs or PBS. After removal of the rHDLs or HDLs, the cells
were incubated for 5 h at 37◦C with TNF-α (final concentration
0.2 ng/mL), then subjected to flow cytometry or total RNA
isolation. For measurement of the p65 subunit of NF-κB and
IκBα, the cells were incubated with TNF-α (final concentration
0.2 ng/mL) for 20 min.

Knockdown of 3β-Hydroxysteroid-124
Reductase
Human coronary artery endothelial cells (0.5 × 105 cells/well)
were plated into 24-well plates and transfected at 37◦C for
7 h with either DHCR24 siRNA (Santa Cruz, Dallas, TX,
United States; sc-60531) or scrambled control siRNA (Santa
Cruz; sc-37007) using 15 pmol of siRNA.

Flow Cytometry
Human coronary artery endothelial cells were plated into 24-
well (0.5 × 105 cells/well) and incubated at 4◦C for 30 min
with an ICAM-1 antibody (1:5; CD54 FITC, Beckman-Coulter), a
VCAM-1 antibody (1:500; CD106 PeCy5 510C9, BD Bioscience,

Franklin Lakes NJ, United States) or PBS containing 10%
(v/v) heat-inactivated fetal bovine serum (FBS). An isotype
control (PECy5 mouse IgG1, BD Bioscience and IgG1 FITC,
Beckman-Coulter) was used to confirm the specificity of the
fluorescent labelling. Cells incubated in the absence of TNF-α
were used to ascertain background expression of ICAM-1 and
VCAM-1.

Western Blotting
Human coronary artery endothelial cells were rinsed with
PBS and nuclear and cytoplasmic extracts were prepared
(NE-PER, Pierce, Rockford, Ill). The extracted proteins were
quantified (BCA assay), loaded onto 3–14% Bis-Tris gels (Life
Technologies, Carlsbad, CA, United States), electrophoresed for
45 min, transferred to nitrocellulose membranes and blocked
with 10% (w/v) skim milk. Phosphorylated and total IκBα,
the p65 subunit of NF-κB and β-actin were detected with
mouse anti-human IκBα (1:1000, Cell Signalling), rabbit anti-
human phospho-IκBα (1:1000, Cell Signalling Technology,
Danvers, MA, United States), rabbit anti-human p65 (1:500,
Santa Cruz Biotechnology, Dallas, TX, United States) and
mouse anti-human β-actin (1:3000) monoclonal antibodies
(Abcam, Cambridge, United Kingdom). Goat anti-rabbit or
goat anti-mouse IgG-HRP (Santa-Cruz) were used as secondary
antibodies. The membranes were developed using ECL Plus
(GE Healthcare) and imaged with a Chemidoc imager (Bio-
Rad).

Plasma Lipid and Lipoprotein Analysis
All analyses were carried out in triplicate on a Hitachi 902
autoanalyser (Roche Diagnostics, Mannheim, Germany). Protein
concentrations were measured using the bicinchoninic acid assay
(33). Phospholipid and unesterified cholesterol concentrations
were measured enzymatically (34, 35). Total cholesterol
concentrations were measured using commercial kits (Roche
Diagnostics). ApoA-I was measured immunoturbidometrically
using a goat anti-human apoA-I antibody (Calbiochem, San
Diego, CA, United States) (36). ApoA-IV was quantified using
a commercially available ELISA kit (Millipore, Burlington,
MA, United States).

Immunohistochemistry
Carotid artery sections were dehydrated and embedded in
paraffin, sectioned (5 µm), and mounted on glass slides.
The sections were then incubated overnight at 37◦C prior
to antigen retrieval (Target Retrieval Buffer (pH 9.0),
Dako, Glostrup, Denmark). After blocking endogenous
peroxidase activity with Peroxidase block (Envision Mouse
Kit, Dako), the sections were incubated with 10% (v/v)
rabbit serum to block non-specific binding and stained with
mouse anti-rabbit CD18 (1:200; AbD Serotec, Raleigh, NC,
United States), mouse anti-rabbit VCAM-1 (1:200), mouse
anti-rabbit ICAM-1 (1:200) (provided Dr M. Cybulsky,
University of Toronto) monoclonal antibodies or a goat
anti-human polyclonal antibody against DHCR24 (1:200)
(Santa-Cruz). The sections were rinsed, incubated with
appropriate HRP-conjugated secondary antibodies (Envision
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Mouse Kit, Dako), then incubated with 3,3-diaminobenzidine
solution (Envision Mouse Kit, Dako) and counter-stained
with Haematoxylin and Eosin. Images were obtained using
a Zeiss Imager M1 microscope with an attached AxioCam
MRc5 at 40 × magnification. Staining was quantified using
ImageJ.1 The threshold for positive staining was determined
by a blinded observer and applied to all sections. To account
for variations in carotid artery size, the number of pixels
staining positive for endothelial VCAM-1 and ICAM-1 was
divided by the endothelial circumference and the results
were expressed as image units. CD18-positive and DHCR24-
positive staining was expressed as % total intima/media
cross-sectional area.

Real Time PCR
Total RNA was isolated with Trizol and reverse transcribed using
an iScript cDNA synthesis kit (Bio-Rad) and a Mastercycler
thermocycler (Eppendorf, Hamburg, Germany). Real time PCR
was performed using iQ SYBR Green Supermix (Bio-Rad)
in an iCycler iQ Real-Time thermocycler. Quantitation of
gene expression was assessed by the 11Ct method with β-2
microglobulin (B2 M), hypoxanthine phosphoribosyltransferase
1 (HPRT-1), and β-actin as housekeeping genes. Primers are
shown in Supplementary Table 1.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
Version 5.0 d for Mac (GraphPad Software, San Diego, CA
United States).2 Significant differences between data sets were
determined using a two-tailed, unpaired Student’s t-test or one-
way ANOVA with Dunnett’s post-test, with p < 0.05 considered
significant. The normality of all data was determined with the
Kolmogorov-Smirnov test and α = 0.05 considered to be normally
distributed. All results are presented as mean ± SEM unless
otherwise specified.

RESULTS

A Single Infusion of Lipid-Free
Apolipoprotein A-IV Inhibits Peri-Arterial
Collar-Induced Vascular Inflammation in
New Zealand White Rabbits
A non-occlusive collar was placed around the common
carotid artery of NZW rabbits (n = 6/group) 24 h after
administration of a single infusion of apoA-IV (1 mg/kg
iv), saline (negative control) or apoA-I (8 mg/kg, positive
control). As reported previously, neutrophils (CD18+ cells)
were not detected in the non-collared arteries in the saline-
infused animals (Figure 1A) (1). The arteries also had low
levels of constitutive ICAM-1 (Figure 1E) and VCAM-1
(Figure 1I) expression.

The collar induced an acute inflammatory response that was
accompanied by neutrophil infiltration into the intima-media

1https://imagej.nih.gov/ij/
2www.graphpad.com

(Figure 1B) and increased endothelial expression of ICAM-1
(Figure 1F) and VCAM-1 (Figure 1J). A single 8 mg/kg iv
infusion of lipid-free apoA-I 24 h prior to collar insertion reduced
collar-mediated CD18+ cell infiltration from 16.4 ± 6.7%
(Figure 1B) to 1.4 ± 0.7% of the total intima-media area
(Figure 1C, p < 0.01). A single 1 mg/kg iv infusion of apoA-
IV similarly decreased the area staining positive for CD18+
cells from 16.4 ± 6.7% (Figure 1B) to 4.2 ± 1.4%, (Figure 1D,
p < 0.05).

The collar-mediated increase in endothelial ICAM-1
expression was reduced from 32.1 ± 12.5 image units
(Figure 1F) to 7.1 ± 1.2 image units (Figure 1G) in the
animals that were infused with apoA-I, and to 7.9 ± 2.2
image units (Figure 1H) in the animals that were infused
with apoA-IV (p < 0.01 for both). The collar-induced increase
in endothelial VCAM-1 expression was attenuated from
11.1 ± 2.3 image units (Figure 1J) in the saline-infused
animals to 7.7 ± 1.1 image units (Figure 1K) in the animals
that were infused with lipid-free apoA-I, and to 3.6 ± 1.1
image units (Figure 1L) in the apoA-IV-infused animals,
(p < 0.01 for both).

Insertion of a carotid collar did not alter DHCR24 protein
expression in the intima-media of the saline-infused animals
relative to what was observed for the non-collared arteries
(Figures 1M,N). This is consistent with what has been reported
previously (37). Expression of DHCR24 in the intima-media, by
contrast, increased from 3.4 ± 0.5% (Figure 1M) in the collared,
saline-infused animals to 10.9 ± 2.7% of the total area in the
animals that were infused with apoA-I (Figure 1O, p < 0.01),
and to 9.0± 1.4% in the animals that were infused with apoA-IV
(Figure 1P, p < 0.05).

A Single Apolipoprotein A-IV Infusion
Does Not Affect Plasma Lipids or High
Density Lipoprotein Size and
Composition
Plasma apoA-I, apoA-IV, phospholipid, unesterified cholesterol,
total cholesterol and phospholipid levels did not differ between
the three groups of rabbits at baseline (Supplementary Table 2).
At 24 h post-infusion (i.e., at the time of collar insertion)
plasma lipid, apoA-I and apoA-IV levels in the rabbits that
received saline, apoA-IV and apoA-I were comparable. There
was also no difference in plasma lipid, apoA-I and apoA-
IV levels at 48 h after the infusion of apoA-IV, apoA-
I or saline.

HDLs were isolated from plasma as described in section
“Materials and Methods” and, given that rabbits are deficient in
apoA-II, the composition of the preparations was determined
based on the assumption that apoA-I is the predominant
apolipoprotein (38). HDL composition did not differ significantly
in the animals that were infused with saline, apoA-IV or
apoA-I (Supplementary Table 3). This is consistent with
what has been reported previously for HDLs isolated from
saline- and apoA-I-infused rabbits (39). The apoA-I and
apoA-IV infusions also had no effect on HDL particle size
(Supplementary Table 3).
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FIGURE 1 | Apolipoprotein A-IV inhibits acute vascular inflammation in NZW rabbit carotid arteries. NZW rabbits (n = 6/group) were infused iv with saline [Panels
(A,B,E,F,I,J,M,N)], apoA-I [Panels (C,G,K,O); 8 mg/kg iv] or apoA-IV [Panels (D,H,L,P); 1 mg/kg iv] 24 h prior to inserting a non-occlusive peri-arterial collar around
the left common carotid artery. The animals were euthanised 24 h post-collar insertion. Sections from the non-collared [Panels (A,E,I,M)] and the collared carotid
arteries were stained for neutrophils [CD18, Panels (B–D)], ICAM-1 [Panels (F–H)], VCAM-1 [Panels (J–L)] and DHCR24 [Panels (N–P)]. Representative
immunostained images as shown. *p < 0.05, **p < 0.01.

A Single Apolipoprotein A-IV Infusion
Does Not Improve the Anti-inflammatory
Function of High Density Lipoproteins in
New Zealand White Rabbits
The anti-inflammatory properties of the HDLs that were isolated
from the saline-, apoA-I- and apoA-IV-infused rabbits were also
evaluated in TNF-α-activated HCAECs as described in section
“Materials and Methods.” The isolated HDLs did not inhibit
ICAM-1 expression in TNF-α-activated HCAECs, irrespective of
whether the animals were infused with saline, lipid-free apoA-I,
or lipid-free apoA-IV (Figures 2A–C).

The isolated HDLs from the saline-, apoA- I-, and apoA-IV -
infused rabbits, by contrast, inhibited VCAM-1 expression in a
concentration dependent manner (Figures 2D–F). At an HDL
protein concentration of 20 µM, the HDLs from the saline-
infused rabbits decreased VCAM-1 protein levels by 42.9± 7.3%
(Figure 2D, p < 0.001), compared to 24 ± 6.5% for the rabbits
that were infused with apoA-I (Figure 2E, p < 0.05) and by
39.5 ± 6.0% for the rabbits that were infused with apoA-IV
(Figure 2F, p < 0.001).

As the reduction in VCAM-1 expression was similar
irrespective of whether the rabbits were infused with saline,
apoA-I or apoA-IV, it was concluded that treatment with apoA-IV
does not improve the anti-inflammatory function of HDLs.

(A-IV)rHDLs Inhibit Intercellular Adhesion
Molecule 1 and Vascular Cell Adhesion
Molecule 1 Expression in Human
Coronary Artery Endothelial Cells More
Effectively Than (A-I)rHDLs
Although apoA-IV inhibits intestinal inflammation and decreases
atherosclerosis in mice (20, 23), it has a low affinity for lipid, with
up to 98% of the total apoA-IV in fasted human plasma being
present in the lipid-free form after ultracentrifugation (40). This
indicates that most of the apoA-IV may have dissociated from
the rabbit HDLs during the isolation procedure, thus explaining
why the HDL preparations from the apoA-IV-treated rabbits
inhibited VCAM-1 expression in HCAECs to the same extent as
the isolated HDLs from the apoA-I-treated rabbits (Figure 2).
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FIGURE 2 | A single apoA-IV infusion does not alter the anti-inflammatory properties of rabbit HDLs. HDLs were ultracentrifugally isolated from NZW rabbits that had
been treated with saline [Panels (A,D)], lipid-free apoA-I [Panels (B,E)] or lipid-free apoA-IV [Panels (C,F)] as described in the legend to Figure 1. The isolated HDLs
(final apoA-I concentration: 5, 10, or 20 µM) were incubated at 37◦C for 16 h with HCAECs prior to stimulation with TNF-α (0.2 ng) for 5 h at 37◦C. ICAM-1 and
VCAM-1 protein expression was quantified by flow cytometry. Data points represent mean ± SEM of three independent experiments with three
replicates/experiment. *p < 0.05, ***p < 0.001.

To ascertain whether apoA-IV is able to inhibit ICAM-
1 and VCAM-1 in endothelial cells in vitro, discoidal (A-
IV)rHDLs were prepared by complexing lipid-free apoA-
IV with PLPC. The discoidal (A-IV)rHDLs consisted of a
major population of particles 10.9 nm in diameter and
three larger, minor populations of particles (Figure 3A).
Discoidal (A-I)rHDLs were used as a positive control and
consisted predominantly of particles 8.8 and 7.4 nm in
diameter (Figure 3A). The PLPC/apolipoprotein molar ratio
of the (A-IV)rHDLs and (A-I)rHDLs were 88/1 and 54/1,
respectively (Figure 3A). As judged by covalent cross-linking,
the (A-I)rHDL and (A-IV)rHDL preparations consisted of
populations of particles with two, three and four apolipoprotein
molecules/particle (Figure 3B).

Pre-incubation of HCAECs with the discoidal (A-I)rHDLs
at a final apoA-I concentration of 32 µM prior to stimulation
with TNF-α, inhibited cell surface ICAM-1 levels by 50 ± 2%
(Figure 4A) and VCAM-1 levels by 73 ± 9% (Figure 4B)
(p < 0.001 for both compared to TNF-α-stimulated HCAECs).
Pre-incubation of the HCAECs with discoidal (A-IV)rHDLs at a
final apoA-IV concentration of 5 µM did not inhibit ICAM-1 or
VCAM-1 expression significantly. Pre-incubation with discoidal
(A-IV)rHDLs at a final apoA-IV concentration of 10 µM, by
contrast, inhibited ICAM-1 and VCAM-1 levels by 34 ± 3%

(Figure 4A) and 62 ± 12% respectively (Figure 4B) (p < 0.001
for both compared to TNF-α-stimulated HCAECs).

The reduction in ICAM-1 and VCAM-1 protein levels was
accompanied by a decrease in their respective mRNA levels.
Pre-incubation of HCAECs with discoidal (A-I)rHDLs at a final
apoA-I concentration of 32 µM inhibited ICAM-1 (Figure 4C)
and VCAM-1 mRNA levels (Figure 4D) by 76 ± 3% and
69± 12% respectively (p < 0.001 for both compared with TNF-α-
stimulated HCAECs). Pre-incubation of HCAECs with discoidal
(A-IV)rHDLs at a final apoA-IV concentration of 5 or 10 µM
decreased ICAM-1 mRNA levels by 44 ± 8% and 50 ± 8%,
respectively (Figure 4C, p < 0.001 for both compared with
TNF-α-activated HCAECs), while VCAM-1 mRNA levels were
decreased by 68 ± 9% and 55 ± 7%, respectively (Figure 4C)
(p < 0.001 for both). These results are consistent with rHDLs that
contain apoA-IV being more effective on a per particle basis than
(A-I)rHDLs at inhibiting ICAM-1 and VCAM-1 mRNA levels
and transcription in TNF-α-activated HCAECs.

Pre-incubation of HCAECs with discoidal (A-I)rHDLs (final
apoA-I concentration 32 µM) prior to stimulation with TNF-
α also increased DHCR24 mRNA levels by 196 ± 68%
(Figure 4E, p < 0.05). This is consistent with what has
been reported previously (5). Similarly, pre-incubation of
TNF-α-stimulated HCAECs with discoidal (A-IV)rHDLs at final
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FIGURE 3 | Size and composition of discoidal (A-IV)rHDLs and discoidal (A-I)rHDLs. Discoidal (A-IV)rHDLs and (A-I)rHDLs were prepared by the cholate dialysis
method and analysed in terms of size and composition [Panel (A)]. The discoidal rHDLs were then cross-linked with BS and their migration was compared with that
of cross-linked lipid-free apoA-I and apoA-IV [Panel (B)].

apoA-IV concentrations of 5 or 10 µM increased DHCR24
mRNA levels by 244 ± 30% and 257 ± 44%, respectively
(Figure 4E, p < 0.001 for both).

(A-IV)rHDLs Inhibit Nuclear
Factor-kappaB Activation in Human
Coronary Artery Endothelial Cells
To ascertain if (A-IV)rHDLs inhibit ICAM-1 and VCAM-1
expression in HCAECs via the canonical NF-κB pathway, nuclear
p65, as well as cytoplasmic levels of total and phosphorylated
IκBα were quantified in TNF-α-activated HCAECs. Incubation
with TNF-α increased HCAEC nuclear p65 levels (Figures 5A,B).

Pre-incubation of the cells with discoidal (A-I)rHDLs (final
apoA-I concentration 32 µM) prior to stimulation with TNF-
α, reduced nuclear p65 protein levels by 34 ± 6% compared to
cells incubated with TNF-α alone (Figures 5A,B), (p < 0.001).
Pre-incubation of TNF-α-stimulated HCAECs with discoidal
(A-IV)rHDLs at final apoA-IV concentrations of 5 or 10 µM
inhibited nuclear p65 levels by 33 ± 8% (p < 0.01) and 56 ± 6%
(p < 0.001), respectively, compared to cells incubated with TNF-
α alone) (Figures 5A,B). Cytoplasmic p65 levels were not affected
by pre-incubation with discoidal (A-I)rHDLs or discoidal (A-
IV)rHDLs, or by incubation with TNF-α (Figures 5C,D).

Incubation with TNF-α markedly increased the phosphory-
lated IκBα/total IκBα ratio in HCAECs (Figures 5D,E).
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FIGURE 4 | (A-IV)rHDLs inhibit ICAM-1, VCAM-1 expression and increase DHCR24 expression in TNF-α-stimulated HCAECs. HCAECs were incubated for 16 h with
(A-I)rHDLs (final apoA-I concentration 32 µM) and (A-IV)rHDLs (final apoA-IV concentrations 5 and 10 µM). The rHDLs were then removed and the cells were
incubated for a further 5 h with TNF-α (final concentration 0.2 ng/mL). ICAM-1 [Panel (A)] and VCAM-1 [Panel (B)] protein expression was quantified by flow
cytometry. ICAM-1 [Panel (C)], VCAM-1 [Panel (D)], and DHCR24 [Panel (E)] mRNA levels were quantified by qPCR. The mean ± SEM of three independent
experiments, each performed in triplicate are shown. *p < 0.05, ***p < 0.005.

Pre-incubation of HCAECs with (A-I)rHDLs prior to TNF-α-
stimulation reduced the phosphorylated IκBα/total IκBα ratio
by 38.1 ± 1.3% (Figures 5D,E, p < 0.001). This is consistent
with what has been reported previously (4). Pre-incubation

of TNF-α-stimulated HCAECs with discoidal (A-IV)rHDLs at
final concentrations of 5 or 10 µM reduced the phosphorylated
IκBα/total IκBα ratio by 45.0 ± 5.0% and 75.7 ± 2.4%,
respectively (Figures 5D,E) (p < 0.001 for both). Taken together,
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FIGURE 5 | (A-IV)rHDL inhibits NF-κB activation in TNF-α-stimulated HCAECs. HCAECs were incubated for 16 h at 37◦C with (A-I)rHDLs (final apoA-I concentration
32 µM) or (A-IV)rHDLs (final A-IV concentration 5 and 10 µM). The rHDLs were removed and the cells were incubated for 20 min at 37◦C with TNF-α (0.2 ng/mL).
Nuclear extracts were isolated and subjected to immunoblotting using β-actin as a loading control. Nuclear p65 protein levels (A,B) and cytoplasmic levels of p65
and phosphorylated IκBα (pIκBα), (C,D) are shown. (E) Shows the ratio of cytoplasmic pIκBα/IκBα. Results represent mean ± SEM of three independent
experiments, each performed in triplicate. **p < 0.01, ***p < 0.001.

these results indicate that discoidal (A-IV)rHDLs decrease
cytokine-induced inflammation in HCAECs by inhibiting NF-
κB activation.

(A-IV)rHDLs Inhibit Intercellular Adhesion
Molecule 1 and Vascular Cell Adhesion
Molecule 1 Expression in Tumour
Necrosis Factor Alpha Stimulated
Human Coronary Artery Endothelial Cells
in a 3β-Hydroxysteroid-124 Reductase
-Dependent Manner
Transfection of HCAECs with DHCR24 siRNA reduced
DHCR24 protein and mRNA levels by 45 ± 4 (p < 0.01) and

93 ± 6%, respectively, relative to HCAECs transfected with
scrambled siRNA (Figure 6A).

Incubation of the scrambled, siRNA-transfected HCAECs
with TNF-α significantly increased ICAM-1 protein
expression (Figure 6B, open bars) (p < 0.001). Pre-
incubation of the scrambled, siRNA-transfected HCAECs
with discoidal (A-I)rHDLs (final apoA-I concentration 32 µM)
or discoidal (A-IV)rHDLs (final apoA-IV concentration
10 µM), prior to stimulation with TNF-α, inhibited
the cytokine-induced increase in ICAM-1 expression by
26 ± 9% (p < 0.05) and 26 ± 4% (p < 0.01), respectively
(Figure 6B, open bars). ICAM-1 expression was not
inhibited in HCAECs that were transfected with DHCR24
siRNA and pre-incubated with discoidal (A-IV)rHDLs
or discoidal (A-I)rHDLs prior to stimulation with TNF-α
(Figure 6B, closed bars).
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FIGURE 6 | (A-IV)rHDLs inhibit TNF-α-induced ICAM-1 and VCAM-1 expression in HCAECs in a DHCR24-dependent manner. HCAECs were transfected with
DHCR24 or scrambled siRNA then pre-incubated at 37◦C for 16 h with (A-I)rHDLs (final apoA-I concentration 32 µM) or (A-IV)rHDLs (final apoA-IV concentration
10 µM). The rHDLs were removed and the cells were stimulated for 5 h with TNF-α (final concentration 0.2 ng/mL). The reduction in DHCR24 protein and mRNA
levels in the transfected HCAECs was quantified by Western blotting and qPCR [Panel (A)]. ICAM-1 [Panel (B)] and VCAM-1 [Panel (C)] protein levels were quantified
in the TNF-α-activated HCAECs by flow cytometry. Results represent the mean ± SEM of three independent experiments, each performed in triplicate. *p < 0.05,
**p < 0.01, ***p < 0.001 vs. TNF-α-stimulated cells.

Pre-incubation of scrambled siRNA-transfected-HCAECs
with discoidal (A-I)rHDLs and discoidal (A-IV)rHDLs prior to
stimulation with TNF-α inhibited the cytokine-induced increase
in VCAM-1 expression by 71 ± 3% (Figure 6C, open bars) and
67 ± 10% (Figure 6C, open bars), respectively (p < 0.001 for
both compared with TNF-α-stimulated cells). For HCAECs that
were transfected with DHCR24 siRNA, and pre-incubated with
(A-I)rHDLs prior to activation with TNF-α, the cytokine-induced
increase in VCAM-1 expression was inhibited by 34 ± 3%
(Figure 6C, p < 0.01), and by 36 ± 5% for the cells that were
pre-incubated with (A-IV)rHDLs (Figure 6C, p < 0.001).

DISCUSSION

This study shows for the first time that apoA-IV is a more
effective inhibitor of acute vascular inflammation in NZW
rabbits than apoA-I. This is demonstrated by the ability of a
single 1 mg/kg (2 × 10−8 mol/kg) iv injection of apoA-IV
to reduce collar-induced neutrophil infiltration into the carotid
artery, inhibit endothelial expression of ICAM-1 and VCAM-
1 and increase expression of the anti-apoptotic and antioxidant
enzyme, DHCR24, in NZW rabbits to a comparable extent as
a single 8 mg/kg (28 × 10−8 mol/kg) iv injection of apoA-I
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FIGURE 7 | Lipid-free and lipid-associated apoA-IV reduces acute vascular inflammation by inhibiting endothelial ICAM-1 and VCAM-1 expression (A,B) and NF-κB
activation in a DHCR24-dependent manner (C).

(Figure 7A) (2). The results also establish that discoidal (A-
IV)rHDLs reduce ICAM-1 and VCAM-1 expression in TNF-α-
activated HCAECs by inhibiting NF-κB activation in a DHCR24-
dependent manner (Figures 7B,C).

These outcomes extend previous studies in which lipid-free
apoA-IV reduced inflammation in a mouse model of colitis,
inhibited histamine release from basophils in patients with
allergic rhinitis and reduced TNF-α secretion from human
monocytes following stimulation with lipopolysaccharide (20, 23,
41). Importantly, apoA-I was unable to recapitulate the anti-
inflammatory properties of apoA-IV in any of these studies (20,
23, 41), thus identifying apoA-IV as a unique, anti-inflammatory
agent with therapeutic potential.

As the HDLs that were isolated from apoA-IV-treated
NZW rabbits did not inhibit cell surface ICAM-1 or VCAM-
1 expression in TNF-α-activated HCAECs to a greater extent
than what was observed for saline-infused NZW rabbits, the
anti-inflammatory properties of apoA-IV cannot be explained in
terms of improved HDL function. However, it is possible that
the anti-inflammatory properties of the endogenous HDLs were
improved immediately post-infusion, but that this was no longer
evident at 48 h post-infusion, when the animals were euthanised
prior to isolation of HDLs. This is consistent with what we have
reported previously, where there was a transient improvement in
the anti-inflammatory properties of HDLs isolated from rabbits
at 5 min, but not at 6 h, after a single infusion of apoA-I (39). It
is also possible that the association of apoA-IV with endogenous
rabbit HDLs was disrupted during the ultracentrifugal isolation
process, such that the isolated HDLs from the apoA-IV-treated
rabbits were not selectively enriched with this apolipoprotein.

The lack of a sustained effect of apoA-IV on HDL function is
further supported by the fact that turnover of this apolipoprotein
in human plasma is 8.7 mg/kg/day (42), and is likely to be
considerably faster than that in NZW rabbits. Given that the

animals weighed 2–3 kg and apoA-IV was administered at a
dose of 1 mg/kg, it follows that the amount of human apoA-IV
remaining in the plasma compartment of these animals after 48 h
was most likely minimal.

Structural differences between apoA-IV and apoA-I may
have contributed to the superior in vivo anti-inflammatory
properties of apoA-IV. Both apoA-IV and apoA-I contain 22
amino acid amphipathic α-helical repeats that are disrupted
by conserved proline residues (43). Both apolipoproteins also
contain Class Y and atypical Class A α-helices (43). However,
the class Y α-helices that predominate in apoA-IV, and may
contribute to its low affinity for lipid relative to apoA-I, favour
partitioning into cell membranes at the level of the phospholipid
head groups, rather than the phospholipid acyl chains, which
is where apoA-I is located (43, 44). As studies of apoA-I
mimetic peptides have indicated that their anti-inflammatory
properties are enhanced by association with cell membrane
phospholipid headgroups rather than acyl chains, it follows that
differential partitioning may have contributed to the enhanced
anti-inflammatory properties of apoA-IV relative to those of
apoA-I (45–47).

One of the main aims of this study was to obtain an
insight into the mechanism by which apoA-IV inhibits vascular
inflammation. As lipid-free apoA-I and (A-I)rHDLs decrease
expression of ICAM-1 and VCAM-1 by inhibiting NF-κB
activation in a DHCR24-dependent manner (5, 39), this pathway
was investigated in the current study. This was achieved be
evaluating the ability of (A-IV)rHDLs to reduce the activity of
IκB kinase, reduce the ratio of phosphorylated IκBα to total IκBα,
and reduce nuclear localisation of the p65 subunit of NF-κB (4, 5,
48, 49).

The results of these in vitro studies confirmed that (A-
IV)rHDLs inhibit all of these steps in the NF-κB pathway,
and additionally increase expression of the anti-oxidant and
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anti-apoptotic enzyme DHCR24. Interestingly apoA-IV, both in
a lipid-free form in vivo and as a constituent of discoidal (A-
IV)rHDLs in vitro, increased DHCR24 protein and mRNA levels
at much lower concentrations than apoA-I. However, the ability
of apoA-IV to inhibit VCAM-1, but not ICAM-1, in vitro was
only partly dependent on DHCR24. This suggests that pathways
other than inhibition of NF-κB must also contribute to the
anti-inflammatory properties of discoidal (A-IV)rHDLs.

An alternate pathway by which discoidal (A-IV)rHDLs may
inhibit inflammation in endothelial cells is via interaction with
scavenger receptor class B type 1 (SR-B1). Discoidal (A-I)rHDLs
have been reported to interact with SR-B1 and the SR-B1 adaptor
protein, PDZK1, to increase DHCR24 expression and induce
the cytoprotective protein, heme-oxygenase 1 (37). As lipid-free
apoA-IV and discoidal (A-IV)rHDLs both interact with SR-
B1 (10), it is possible that they may inhibit inflammation in
endothelial cells via this pathway.

Another explanation for the anti-inflammatory properties
of (A-IV)HDLs may be related to their ability to increase
bioavailability of the vasodilator nitric oxide (NO) in endothelial
cells. This possibility is related to the observation that inhibition
of NO production is associated with upregulation of endothelial
monocyte chemoattractant protein-1 (MCP-1) and VCAM-1
expression via the NF-κB pathway (50, 51). ApoA-IV-containing
HDLs may therefore protect against these adverse effects by
inhibiting MCP-1 and VCAM-1 expression as well as activation
of NF-κB, Other mechanisms whereby (A-IV)HDLs may reduce
NO bioavailability involve inhibition of the acute phase response
and inhibition of oxidised LDL formation, which also reduces NO
bioavailability (52–54).

It is additionally conceivable that lipid-free and lipid-
associated apoA-IV have endogenous anti-oxidant properties
that reduce endothelial expression of ICAM-1 and VCAM-1 (18,
19, 55, 56). This possibility is based on the observation that
TNF-α generates reactive oxygen species (ROS) and upregulates
ICAM-1 and VCAM-1 expression in endothelial cells (57–59)
and that HDLs protect against glucose induced ROS generation

in endothelial cells (60). However, whether HDLs, and apoA-IV
in particular, inhibit TNF-α induced ROS endothelial production
is unknown and clearly worthy of further investigation.

In conclusion, this study demonstrates for the first time that
apoA-IV potently inhibits vascular inflammation in vivo and
in vitro and that the mechanistic basis of this effect is driven
by inhibition of NF-κB activity and upregulation of the anti-
oxidant and anti-apoptotic enzyme DHCR24. One of the most
important observations to emerge from this study is that very low
concentrations of apoA-IV are profoundly anti-inflammatory
in vivo. While this finding identifies apoA-IV as being of potential
therapeutic interest, the full-length apolipoprotein is unlikely to
be a viable treatment option for inflammatory disorders. Future
studies mapping the domains of apoA-IV that are responsible
for its anti-inflammatory effects could, however, be further
progressed, leading to the production of peptides that mimic this
function and are potentially of considerable therapeutic value.
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Lipoprotein lipase (LPL) plays a crucial role in preventing dyslipidemia by hydrolyzing
triglycerides (TGs) in packaged lipoproteins. Since hypertriglyceridemia (HTG) is a major
risk factor for cardiovascular disease (CVD), the leading cause of death worldwide,
methods that accurately quantify the hydrolytic activity of LPL in clinical and pre-clinical
samples are much needed. To date, the methods used to determine LPL activity vary
considerably in their approach, in the LPL substrates used, and in the source of LPL
activators and inhibitors used to quantify LPL-specific activity, rather than other lipases,
e.g., hepatic lipase (HL) or endothelial lipase (EL) activity. Here, we describe methods
recently optimized in our laboratory, using a synthetic ApoC-II peptide to activate LPL,
and an n-terminal Angiopoietin-Like 4 fragment (nAngptl4) to inhibit LPL, presenting a
cost-effective and reproducible method to measure LPL activity in human post-heparin
plasma (PHP) and in LPL-enriched heparin released (HR) fractions from LPL secreting
cells. We also describe a modified version of the triolein-based assay using human
serum as a source of endogenous activators and inhibitors and to determine the relative
abundance of circulating factors that regulate LPL activity. Finally, we describe how
an ApoC-II peptide and nAngptl4 can be applied to high-throughput measurements of
LPL activity using the EnzChekTM fluorescent TG analog substrate with PHP, bovine
LPL, and HR LPL enriched fractions. In summary, this manuscript assesses the current
methods of measuring LPL activity and makes new recommendations for measuring
LPL-mediated hydrolysis in pre-clinical and clinical samples.

Keywords: lipoprotein lipase, hydrolysis, enzyme activity assay, lipase, microglia, post-heparin plasma

Abbreviations: Angptl4, Angiopoietin-Like 4; bLPL, bovine LPL; BSA, Bovine Serum Albumin; CVD, cardiovascular
disease; CXN, calnexin; EL, endothelial lipase; ER, endoplasmic reticulum; fAngptl4, full-length Angptl4; FFA, free fatty
acids; GPIHBP1, glycosylphosphatidylinositol-anchored high-density lipoprotein–binding protein 1; HDX-MS, Hydrogen
Deuterium Exchange Mass Spectrometry; HL, hepatic lipase; HR, heparin release; HTG, hypertriglyceridemia; KRP, Krebs
Ringer Phosphate; LMF1, lipase maturation factor; LPL, lipoprotein lipase; nAngptl4, N-terminal domain Angptl4; PC,
proprotein convertase; PHP, post-heparin plasma; SorLA, sortilin-related receptor with type-A repeats; TG, triglyceride; TRL,
TG-rich lipoproteins; VLDL, very-low density lipoproteins.
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INTRODUCTION

Lipoprotein Lipase Function and
Processing
Lipoprotein lipase (LPL) is a rate limiting enzyme in lipid and
lipoprotein processing. LPL was initially described as “clearing
factor” nearly 70 years ago, due to its ability to decrease the
turbidity of lipid rich emulsions and hydrolyze neutral lipids in
the presence of activating proteins (1–3). Since then, we have
learned that LPL plays a critical role in lipoprotein processing
throughout the body, which impacts the development of several
cardiometabolic and neurodegenerative diseases. In its canonical
role LPL serves as a secreted lipase that hydrolyzes triglycerides
(TGs) from circulating TG-rich lipoproteins (TRLs) such as
chylomicrons and very-low density lipoproteins (VLDL), making
free fatty acids (FFAs) available to tissues for utilization or storage
(4). Variations in the gene encoding LPL, and genes encoding
factors that regulate LPL activity and processing, profoundly alter
the efficiency of LPL-mediated TRL processing. The presence
of such variants influences both plasma TG levels, the risk
for coronary heart disease (5, 6), and the risk of Alzheimer’s
disease (7). Hence, methods that can accurately quantify both
circulating LPL, and the activity and abundance of LPL in a
range of tissues and cells are much needed to further understand
LPL biology, and to develop LPL-targeted strategies that can
ameliorate cardiometabolic and neurodegenerative disease.

The human LPL gene (synonyms include LIPD and
HDLCQ11) is found on chromosome 8p21.3, and contains
10 exons and 11 introns, and encodes a 475 amino acid protein.
LPL is secreted in an active and glycosylated from, but secretion
is dependent on several critical steps that are facilitated by
key molecular chaperones and binding partners. LPL is first
synthesized as a proenzyme in the rough endoplasmic reticulum
(ER), where it is later glycosylated and folded in the presence
of calnexin (CXN) and lipase maturation factor 1 (LMF1) (8).
A specific chaperone Sel1L stabilizes the LPL-LMF1 complex
and facilitates trafficking to the Golgi apparatus (9). Active
LPL then enters the Golgi, where sortilin-related receptor
with type-A repeats (SorLA) chaperones LPL through further
post-translational modifications, sorting, and secretion, where
LPL is tethered to heparan sulfate-proteoglycans (HSPG) on
the cell surface (10). In the capillary lumen LPL is also bound
to the glycosylphosphatidylinositol-anchored high-density
lipoprotein–binding protein 1 (GPIHBP1), which anchors
and stabilizes the enzyme (11). The clinical significance of
LPL-processing factors is highlighted by the fact that LMF1 and
GPIHBP1 genetic variants are associated with compromised LPL
function and severe hypertriglyceridemia (HTG) (12).

Lipoprotein Lipase Inhibition by
Angiopoietin-Like 4
Once tethered to the cell surface or capillary lumen the activity
of LPL is also dependent on the expression and availability
of endogenous activators and inhibitors. For example, the
Angiopoietin-Like proteins are a family of endogenous inhibitors
of LPL, of which the Angiopoietin-Like 4 (Angptl4) is perhaps

the best characterized. Native full-length Angptl4 (fAngptl4)
is a fusion protein consisting of an N-terminal coiled-coil
domain and a C-terminal fibrinogen-like domain (13) and is
proteolytically cleaved by proprotein convertases (PCs) into its
two isoforms with distinct functions. The N-terminal domain of
Angptl4 (nAngptl4) inhibits LPL (14), whereas the C-terminus
mediates antiangiogenic functions (15). Although fAngptl4 can
inhibit LPL activity, proteolytic processing of fAngptl4 leads
to nAngptl4 production and a greater effect on LPL activity
and the ability to raise plasma TG levels (13), supporting the
notion that nAngptl4 specifically inhibits LPL activity. Indeed,
Angptl4-mediated inhibition of LPL activity is well established
(16–20). Importantly, recent studies have shown that nAngptl4
specifically inhibits LPL activity by binding the lid domain and
preventing substrate catalysis at the active site (21). For many
years, the active form of LPL was thought to be a head-to-
tail homodimer (22–24), and the prevailing model of Angptl4-
mediated inactivation of LPL was the ability of Angptl4 to convert
active LPL homodimers into readily unfolded and inactivated
monomers (25). However, recent studies have shown that freshly
secreted active LPL is found in a monomeric state, and that
LPL-homodimer formation may be due to the presence of
heparin, which is commonly used to purify or release LPL
(26). In line with this paradigm shift, Angptl4 has since been
shown to catalyze the unfolding of, and therefore inactivate, LPL
monomers (20). Although more functional studies are needed to
map the Angptl4 encounter site to LPL (20), recent Hydrogen
Deuterium Exchange (HDX) Mass Spectrometry (HDX-MS)
studies suggest that Angptl4 interacts with the lid (aa 89–102) and
α-helix domain (aa 226–238) of LPL (21).

Lipoprotein Lipase Activation by ApoC-II
The LPL activator ApoC-II was initially discovered in 1970 as
a protein bound to VLDL and was called glutamic acid (Glu)
lipoprotein or ApoLP-Glu based on its C-terminus amino acid
(27). A few years later, ApoC-II deficiency was identified as the
first genetic cause of HTG (28). Since then, ApoC-II variants that
lead to compromised LPL function have been associated with
HTG, pancreatitis, familial chylomicronemia, and gestational
HTG and pancreatitis (29–32). Investigations into the regulation
of the human ApoC-II gene have shown that it resides within
the APOE-APOC1-APOC4-APOC-II gene loci on Chromosome
19 and is subject to complex tissue specific transcriptional
control (33). For example, macrophage specific expression of the
APOE-APOC1-APOC4-APOC-II locus depends on the two 620-
bp macrophage-specific multi-enhancer elements termed ME.1
and ME.2 upstream of the APOC-II promoter (33, 34). Both RXR
and STAT1 transcriptionally activate ApoC-II and stimulate LPL
expression resulting in increased local LPL activity (34, 35). After
translation, cleavage of a 22 aa signal peptide results in a 79 aa
full-length protein, which does not undergo N-linked or O-linked
glycosylation (33). Based on the function of known ApoC-II
variants, mutagenesis studies, and investigations using synthetic
ApoC-II peptides, LPL activation is mediated by the C-terminal
helix of ApoC-II (36, 37). Although the precise ApoC-II-LPL
interaction is unknown, it is thought that residues 63, 66, 69, and
70 bind to the lid region of LPL to facilitate TG entry into its active
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site (38, 39). However, considering the new crystal structures for
LPL and new insights regarding the active monomeric forms of
LPL, the interaction between ApoC-II and LPL, in addition to
other the regulatory factors should be re-assessed.

Existing Methods to Measure
Lipoprotein Lipase Activity
The standard of care for HTG involves lifestyle, dietary
(e.g., polyunsaturated fatty acid supplementation) and
pharmacological (e.g., statins) interventions (40). However,
these approaches are not tailored to the underlying cause
of HTG. Accurately quantifying the function and activity of
LPL may guide the diagnosis of LPL deficiency to highlight
individuals at risk of severe and life-threatening complications
such as pancreatitis, and therefore need to be followed more
closely (41). While western blot analyses or ELISAs can
accurately determine the abundance of the LPL protein, this
does not consider the presence or absence of activating (e.g.,
ApoC-II and ApoA-V), inhibiting (e.g., Angptl4, ApoC-I, and
ApoC-III) factors, whether LPL has been unfolded, or is in an
inactive state. Therefore, the presence of the protein itself does
not necessarily indicate activity. Historically, radiometric assays
using 3H or 14C labeled triolein have been used to determine
lipase activity in post-heparin plasma (PHP) (42, 43). These
assays have been instrumental in furthering our understanding
of LPL biology, however, the separation of hydrolyzed fatty acids
from non-hydrolyzed trioleyl glycerol can be time consuming,
low-throughput and the use of radiation is associated with health
and environmental risks (44). Perhaps a greater concern, is that
PHP also contains other enzymes capable of TG-hydrolysis,
which could interfere with the data analysis and interpretation
of radiometric lipase assays (45). Several strategies have been
employed that aim to measure LPL-specific activity rather than
the activity of other lipases. For example, LPL activity is very
responsive to salt concentrations and high-salt conditions can
inhibit LPL activity. However, high salt can also increase hepatic
lipase (HL) activity; manipulating salt concentrations alone does
not accurately determine LPL-specific activity (46). Therefore,
assays which use LPL-specific inhibitors and activators is a more
suitable approach. Here, we describe a radiometric assay to
measure LPL-specific enzyme activity in PHP using a C-terminal
peptide of ApoC-II, which we propose binds directly to LPL. This
is a relevant admission to the protocol since this peptide is not
subject to the variability associated with isolating human VLDL
or serum to use as an LPL activator. In addition, in our assay we
use an N-terminal peptide of the recombinant nAngptl4 protein
to measure LPL activity in the presence and absence of nAngptl4,
allowing us to calculate Angptl4-sensitive lipase activity, and
therefore LPL-mediated hydrolysis.

Measuring LPL activity in PHP is needed to determine
whether a patient or sample has compromised LPL function
leading to HTG and its co-morbidities. However, we are
increasingly aware that lesser degrees of HTG may result from
genetic variants in one of many molecular factors that regulate
LPL-mediated lipoprotein metabolism, rather than variations
in the LPL gene/protein itself (29, 47–50). Hence, we have

developed a modified form of the triolein-based assay that uses a
patient’s preheparin serum (henceforth referred to as just serum)
as an activator/inhibitor for a standardized source of LPL. For
example, determining whether a patient’s serum can decrease the
activity of LPL, compared to a control sample, indicates whether
endogenous LPL-regulating factors are altered rather LPL being
directly compromised. Although this assay does not discriminate
which activator or inhibitor is affecting LPL function, it is a
relatively time-efficient first-step experiment to determine that
LPL regulating factors, rather than LPL, are contributing to HTG.
While not the standard-of-care to date, this may guide a patient’s
clinical support toward emerging strategies that specifically target
LPL regulating factors, such as Angptl4 (51), ApoC-II, and
ApoC-III (52, 53). Indeed, this methodology may be particularly
useful for assessing lipase activity in subjects that have received
treatments that specifically target ApoC-II and ApoC-III, rather
than LPL (52, 53). Moreover, this experiment does not require
the somewhat invasive administration of a heparin bolus to the
patient and retrieval of PHP.

The PHP and serum activation/inhibition protocols described
here are validated radiometric assays that allow accurate
measurement of LPL activity using physiologically relevant
lipid substrates, which can be tailored to answer the specific
research question at hand. However, as described previously
these assays are laborious, fairly low-throughput, and require the
use of radiation and dedicated equipment. Therefore, for drug
development studies or studies with large numbers of biological
pre-clinical samples, a higher-throughput and time efficient
process is needed. Therefore, here we also describe a modified
fluorescent assay using a commercially available fluorogenic TG-
analog, the EnzChekTM lipase substrate (54), where we also
include both ApoC-II and nAngptl4 to determine LPL-specific
activity. Although this has previously been demonstrated (54),
here for the first time to our knowledge we also show how
the EnzChekTM lipase substrate can be used to quantify LPL
activity in PHP and heparin released (HR) fractions from cell
types known to express and secrete LPL (BV-2 microglia). In
summary, here we will provide detailed descriptions of optimized
assays to determine; 1. radiometric detection of LPL activity
using ApoC-II, nAngptl4 and a triolein substrate; 2. serum
activation/inhibition of LPL; and 3. fluorescence detection of
LPL activity using the EnzChekTM substrate. We will also
make recommendations for assay selection and study design
throughout, as well as highlighting caveats for each assay that may
guide protocol selection for a given research question.

MATERIALS AND EQUIPMENT

Radiometric Detection of Lipoprotein
Lipase Activity Using Triolein, ApoC-II
and Angiopoietin-Like 4
Reagents
• 1,α-phosphatidylcholine (lecithin), Sigma P3556
•

3H-triolein, Perkin Elmer NET431001MC (1 mCi/mL,
Specific activity: 41.6 Ci/mmol)
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•
3H-oleic acid, Perkin Elmer NET289001MC (1 mCi/mL,
Specific activity 54.6 Ci/mmol)
• Glycerol Trioleate, Sigma T7140 (500 mg)
• SCINTISAFE 30% (Fisher Scientific SX235)
• Untagged ApoC-II peptide (Genscript; Sequence:

STAAMSTYTGIFTDQVLSVLKGE; untagged)
• Molecular biology grade H2O (Corning, 46-000-CV)
• Recombinant Human Angiopoietin-Like 4 N-Terminal

Frag (R&D systems, 8249-AN-050), reconstituted in
molecular biology grade H2O to a final concentration of
200 µg/mL
• Source of LPL [bLPL (Sigma, L2254), PHP, HR source of

LPL from cells or tissues].

Buffers/Solutions
• Working solution of Glycerol Trioleate. Add 10 mL

chloroform to yield a solution of 50 mg/mL.
• 5 M NaCl
• Tris Buffer, 2 M pH= 8.2
• 10% (FFA free) Bovine Serum Albumin (BSA) in dH2O,

(Sigma, A-6003)
• For 50 mL no salt Krebs Ringer Phosphate (KRP) Buffer

(Adjust to pH 7.4, sterile filter) (store at 4◦C), 3.2 mL (1.15%
KCl) (10 mM), 0.5 mL (1.52% CaCl2·2H2O) (1 mM),
0.16 mL (3.82% MgSO4·7H2O) (1 mM), 1 mL (Phosphate
Buffer, 14.2 g Na2HPO4 + 20 mL 1 N HCl, dilute up to
1 L with dH2O, Adjust to pH 7.4) (2 mM Na2HPO4).
This KRP buffer can be used to add salt to the desired
concentration. We recommend (0.175 M) for optimal LPL
activity.
• 100 and 1 µg/mL in 0.9% saline (Fisher Scientific, #H-19)
• Belfrage Extraction Mix (store at RT), Chloroform

(683.0 mL) 34%, Methanol (770.5 mL) 39%, Heptane
(546.5 mL) 27%, Bicarbonate Buffer (store at RT), Na2CO3
(2.92 g) + NaHCO3 (1.89 g), dilute up to 1 L, adjust pH
to 10.5.

Equipment and Software
• Eppendorf pipettes
• Parafilm
• Dispensette dispensers
• Beckman Polyallomer Centrifuge Tubes 1× 3 1/2′′
• Fisher 13× 100 mm glass test tubes
• Savit tube caps
• Beckman TJ6 centrifuge
• Beckman LS 600 TA scintillation counter
• Fisher HDPE 7 mL Scintillation Vial (catalog number 03-

337-1)
• 1.7 mL Fisher polypropylene microcentrifuge tubes
• Fisher Scientific 550 Sonic Dismembrator
• Excel and Prism (GraphPad).

Serum Activation/Inhibition of
Lipoprotein Lipase
Reagents
• See section “Reagents” in Radiometric Detection of

Lipoprotein Lipase Activity Using Triolein, ApoC-II, and

Angiopoietin-Like 4, with the addition of preheparin
human serum.

Buffers/Solutions
• See section “Buffers/Solutions” in Radiometric Detection of

Lipoprotein Lipase Activity Using Triolein, ApoC-II, and
Angiopoietin-Like 4.

Equipment and Software
• See section “Equipment and Software” in Radiometric

Detection of Lipoprotein Lipase Activity Using Triolein,
ApoC-II, and Angiopoietin-Like 4.

Fluorescence Detection Lipoprotein
Lipase Activity Using the EnzChekTM

Substrate
Reagents
• EnzChekTM Lipase Substrate, green fluorescent, 505/51

CAT: E33955
• Heparin Sodium (Fisher #BP2425)
• DMSO
• Zwittergent R© 3-12 Detergent CAT: 693015
• Molecular Grade Methanol
• 1 M NaCl
• 1 M Tris–HCl pH 8.0.

Buffers/Solutions
• 10 mg/ml Heparin Sodium stock (aliquot in 50 µL, store at
−20◦C)
• Heparin containing KRP (25 µL 10 mg/ml Heparin

Sodium, and 4.975 µL KRP)
• Dissolve EnzChek in 20% DMSO to a final molarity of

100 µM
• Dissolve Zwittergent with a final concentration of 8%

Zwittergent in molecular grade H2O and molecular grade
1% Methanol
• 4× assay Buffer (600 mM NaCl, 80 mM Tris, molecular

grade H2O).

Equipment and Analysis Software
• 96-well black-walled plate for fluorescence
• Plate reader capable of temperature control and fluorescent

detection
• Graph pad (or other software capable of fitting a Michaelis–

Menten curve).

METHODS

Radiometric Detection of Lipoprotein
Lipase Activity Using Triolein, ApoC-II,
and Angiopoietin-Like 4
Radiometric detection of LPL activity is an appropriate method
for determining the activity of heparin-released LPL activity
in PHP from humans or from pre-clinical animal models.
Importantly, the protocol, can be modified to answer a specific
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research question e.g., changes to the substrate and PHP dilution
or treatment can easily be implemented. A schematic describing
the workflow of the method detailed in this section is shown in
Figure 1.

Method
Make the Organic Portion of the Triolein Substrate
In a Beckman Polyallomer Centrifuge Tube mix together 20 µL
3H-triolein (1 mCi/mL), 200 µL Glycerol Triolate (50 mg/mL),
and 20 µL lecithin (12.5 mg/mL). Dry mixture under N2 for
10 min, or until no liquid visibly moves when the tube is rotated.

Make the Aqueous Portion of the Triolein Substate
Add 1.9 ml dH2O, 1 mL Tris (2 M, pH = 8.2), 0.8 ml 10% BSA,
ApoC-II synthetic peptide (5–10 µM).

Sonicate the Mixture to Make an Emulsion
Ensure the part of the tube containing the substrate is submerged
within an ice-slush bath. Insert sonicator probe 1–2 mm into
the substrate mixture. Pulse-sonicate [output frequency: 20 kHz,
10 s on, 10 s off, (duty cycle = 0.05%) for 32 cycles]. The
clear mixture should now be an opaque emulsion. Cover with
parafilm and place on ice until ready to add to LPL source.
Although the substrate should be made fresh the day of the assay,
the substrate can stay on ice for several hours while preparing
samples. However, ensure to gently mix the substrate prior to
adding to the source of LPL.

Prepare Lipoprotein Lipase Samples
For human PHP samples we recommend 1:100 dilution with KRP
(0.175 M NaCl). For different samples that have not been tested
previously a concentration range optimization experiment may
be appropriate. Keep the samples on ice while preparing the assay,
and work quickly once the samples are diluted. Once all samples
are diluted, add 100 µL of each sample (in triplicate) to a glass
test tube. Prepare two sets of samples,

Angiopoietin-Like 4 Inhibition
Add Angptl4 to each “+Angptl4” sample, at 10 µg/ml, and
incubate at RT for 15 min. Add an equal volume of vehicle
(molecular grade H2O), to the remaining samples. Due to the
effect on LPL activity, ensure all + and − Angptl4 samples are
incubated at RT for the same amount of time.

Prepare Internal Standards
For each assay a number of internal standards are required
in order to control for variability in the substrate generation
(substrate dose), oleic acid dilution [oleic acid dose fatty acid
recovery (oleic acid recovery)], KRP buffer composition (KRP
Blank), as well as measurement of a known source of LPL that
can be used in each assay and is consistent across a given research
project [quality control (QC)]. To prepare a final volume of
100 µL for each standard:

• Substrate dose = 100 µL substrate into 5 ml Scintillation
fluid. Does not require processing through the hydrolysis
reaction but should be processed at the same time to
account for degradation.
• Oleic Acid dose = 20 µL 14C-Oleic acid into 5 ml

Scintillation fluid. Does not require processing through the

hydrolysis reaction but should be processed at the same
time to account for degradation.
• Blank= 100 µL KRP.
• Oleic acid recovery dose = 14C-Oleic acid (20 µL

1 mCi/mL) + KRP (80 µ L).
• Bovine LPL QC = 100 µL 1:1,000 dilution (in KRP) of

bovine LPL (Sigma L2254, 1 unit per µ L).
• PHP control QC = 100 µL 1:100 dilution of PHP from

typical patient or pooled sample from typical and healthy
population (in KRP).

Hydrolysis Reaction
Add 100 µL of substrate to each sample and standard. Incubate
all tubes in a shaking water bath at 37◦C for 45 min exactly. To
terminate the reaction, add 3.4 mL of Belfrage to all samples,
followed by 0.96 mL of bicarbonate buffer to each tube. Ensure
all tubes are carefully capped and shake vigorously for 5 min.

Phase Separation
To separate the hydrolyzed FAs from non-hydrolyzed triolein
centrifuge at 4◦C for 20 min× 3,000 rpm (Beckman, TJ6). When
removing and handling samples after centrifugation be careful
not to disturb the interface. Transfer 500 µL of the top aqueous
phase to a scintillation vial containing 5 ml SCINTISAFE. Vortex
each sample for 10 s, and then read all samples in a scintillation
counter capable of measuring 3H for 2 min, providing 3H counts
per minute (CPMs) for each sample.

Data Analysis
1. Subtract the blank CPMs from each sample CPM.
2. Determine total lipase activity for each sample using the

following formula:

Activity (nmol FFA/mL/min) =
Sample CPM× K × 10
DOSE counts× Recovery

Where K equals

K =
mL upper phase

mL counted
× nEq TG oleic acid/tube

×
dilution
inc.time

× 100

nEq TG oleic =
50 mg

ml ×
0.2
4.0

885.5 g
× 0.100 mL× 3 oleic acid per mole

× 106
= 423

2.45 mL upper phase
0.5 mL counted

× 100 = 490

Recovery =
OARS counts
OAD counts

× 490

1. To calculate LPL-specific activity subtract +Angptl4 lipase
activity (Angptl4 resistant lipase) away from total lipase
activity. Express data as nmol FFA/mL/min. Transform to
other units (e.g., per hour) if required.
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FIGURE 1 | Schematic workflow for measuring LPL activity with a triolein substrate.

Assessing Ability of Preheparin Serum to
Inhibit or Activate Lipoprotein Lipase
In many instances, HTG is not caused by LPL variants leading
to compromised LPL protein structure and function, but by a
change in the endogenous circulating factors that are necessary
to maintain LPL activity in each state. As a first-step approach
to determine whether reduced lipase activity is a product of
endogenous inhibition we have developed the following assay.
The method outlined above is almost identical to the method
described in section “Radiometric Detection of Lipoprotein
Lipase Activity Using Triolein, ApoC-II, and Angiopoietin-Like
4,” therefore, here we only detail the steps that differ from
the above protocol.

Method
Make the Aqueous Portion of the Triolein Substate
Add 1.9 ml dH2O, 1 mL Tris (2 M, pH = 8.2), 0.8 mL 10% BSA,
0.3 mL preheparin serum (substitute for ApoC-II).

Prepare Lipoprotein Lipase Samples
To ensure that the serum substrate is the only variable for
these assays we suggest using a constant and known source of
LPL (not patients PH), such as bovine LPL (bLPL) (Sigma).
A working concentration of 1:1,000, bLPL is sufficient to
determine differences in serum mediated activation/inhibition of
LPL-mediate hydrolysis.

Data Analysis
Determine LPL activity using the same standards and formulas
shown above. Importantly, for each substrate a complete set of
standards should also be generated for accurate determination of
LPL activity, e.g., substrate dose, blank, oleic acid recovery dose.

For clinical research studies, comparison against a typical healthy
patient sample, or patient sample pool should be considered. For
drug intervention studies over time, ability for a patient’s serum
to increase.

Fluorescence Detection of Lipoprotein
Lipase Activity Using the EnzChekTM

Substrate
Fluorescent detection of LPL activity presents a 96-well plate
assay format and relatively high-throughput alternative to the
measuring LPL activity using a range of LPL sources where
biological and technical replicates are too high to perform the
triolein-substrate assay, or in laboratories where studies using
radioactive materials are prohibited. A schematic workflow for
this protocol is shown in Figure 2.

Method
Heparin Released LPL From Surface of Heparin Secreting
Cells
Grow LPL secreting cells to confluency. Aspirate media and
wash cells 3× with room temperature sterile PBS. Aspirate PBS.
Leave plate tilted for 1 min to ensure that remaining buffer
pools, can be aspirated, and will not dilute the LPL-enriched
HR fraction. Add heparin–containing KRP buffer (300 µL per
confluent 10 cm2 plate) for 5 min, then immediately place on
ice before quantification of lipase activity. A minimum volume
of 100 µL HR per well is needed for EnzChekTM assay.

Prepare bLPL stock. Dilute bLPL in phenol free DMEM media
without FBS 1:500.

Prepare PHP stock. A final dilution of 40× was needed
to read LPL activity in PHP. Higher concentrations appeared
to be affected by the natural yellow color of PHP resulting
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FIGURE 2 | Schematic description of the workflow for the fluorescence detection of LPL activity using the EnzChekTM substrate.

in inconclusive, or “noisy,” readings. Therefore, for each well
combine 5 µL of the PHP sample with 95 µL molecular grade
H2O for each well per condition.

Prepare Plate. Four conditions/controls were tested per LPL
source at equal volumes: Blank, LPL, LPL + ApoC-II, and
LPL + Angptl4 in quadruplicate. ApoC-II was added at a
concentration of 1 µM to increase LPL activity. Angptl4 was
added at 2.7 µg/mL (for a final dose of 200 ng/well) to decrease
LPL activity in each LPL source (i.e., HR, bLPL, or PHP) and
incubated for 15 min at RT along with a control. During the 15-
min incubation aliquot 100 µL of each sample into each well. Add
molecular grade H2O to each well to a final volume of 150 µL.
bLPL could be read at a smaller volume with just 75 µL bLPL
with no added H2O in each well.

Pre-warm fluorescent plate reader to 37◦C.
Prepare EnzChekTM Stock solutions. A Final EnzChekTM

concentration of 0.625 µM is necessary. While the plate reader
is warming, prepare 80× EnzChekTM/Zwittergent by mixing
EnzChek and Zwittergent in equal parts (50 µM EnzChek and 4%
Zwittergent). Dilute the 50 µM EnzChekTM/Zwittergent stock
in 4× Sample buffer 1:20 for a 200 µL well volume or 1:40
for a 100 µL well volume. Immediately before read, add the
EnzChekTM stock to each well to dilute 4× buffer to 1×.

Read Plate. Read the plate immediately at 490/515
excitation/emission at 37◦C every 5 min for 1 h.

Data Analysis
A blank is comprised of the 4× buffer, diluted to 1× in each
well, DMEM, H2O, and EnzChek/Zwittergent spike without any
LPL. The average blank value is subtracted from each well per
timepoint, producing a blank subtracted data set. Each technical
replicate was then divided by the average fluorescent value of the
first time point of the control group to produce a fold change
from baseline. All wells in each condition are then averaged
and the standard error calculated in GraphPad Prism V8. These

values are then plotted, and a Michaelis–Menten line is fitted to
each curve. The proper use of the Michaelis–Menten fit is tested
as the best model by GraphPad. Differences are calculated by
two-way ANOVA at each individual time point of Angptl4 and
ApoC-II treated compared to Control.

RESULTS

Salt Concentration of Working Buffer Is
Important for Accurately Measuring
Lipoprotein Lipase Activity in
Postheparin Plasma
Historically, LPL activity has been shown to be sensitive to the
concentration of NaCl in the working buffer solution. Previous
assays have reported the use of “low salt” potassium phosphate
buffers either as a component of the lipid substrates or as a diluent
for the LPL source (e.g., PHP) to measure LPL activity where the
NaCl concentration ranges from 0.1 to 0.3 M NaCl (46, 55–57).
To determine the optimal NaCl concentration to use as a diluent
buffer for the triolein-substrate assay, we diluted PHP taken from
four “typical” healthy subjects in KRP buffer containing 0.01–
0.4 M NaCl and measured LPL activity using the triolein substrate
assay described in “Radiometric Detection of Lipoprotein Lipase
Activity Using Triolein, ApoC-II, and Angiopoietin-Like 4.” We
found that LPL activity was highest when PHP was diluted in
0.175 M NaCl (Figure 3A), and therefore we recommend using
0.175 M NaCl when measuring LPL activity.

N-Terminal Angiopoietin-Like 4 Peptide
Robustly Inhibits Lipoprotein Lipase
Activity in Triolein-Based Assays
Previous reports have taken advantage of the salt-sensitivity of
LPL by using “high salt” concentrations to specifically inhibit LPL
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FIGURE 3 | NaCl, inhibitor (nAngptl4) and activator (ApoC-II peptide) standardization of the triolein substate method of measuring LPL activity. (A) Optimization of
NaCl concentrations within KRP buffer used to dilute PHP (1:100) isolated from pool of healthy subjects. (B) Total lipase activity in PHP (1:100 dilution in 0.175 M
NaCl KRP) + and – 5 µg/mL nAngptl4 in presence of 0, 5, or 10 µM ApoC-II peptide. (C) Total lipase activity in HR + and – 5 µg/ml nAngptl4 in presence of 0, 5, or
10 µM ApoC-II peptide. (D) Activation of bLPL with increasing ApoC-II peptide concentration. (E) LPL activity in PHP with increasing concentrations of ApoC-II
peptide compared to serum as a source of ApoC-II. (F) LPL activity in KH with increasing concentrations of ApoC-II peptide compared to serum as a source of
ApoC-II. ***P < 0.001; ****P < 0.0001.

activity in PHP. Although both HL and LPL are the major lipases
in human PHP, in contrast to LPL, HL activity is increased in
the presence of high salt and does not require further activation
by circulating serum-derived factors (58). Therefore, HL activity
has previously been calculated by inhibiting LPL activity with
1 M NaCl and measuring the salt-resistant lipase activity (59).
However, 1 M NaCl only partially inhibits LPL activity in
PHP from HL-deficient mice, suggesting that “high salt” is not
an optimal method of LPL inhibition (46). Immunochemical
inhibition of HL using HL-specific antibodies partially resolves
this issue (55, 56, 60, 61). However, all forms of immunoassays are
dependent on variations in antibody titer and specificity, whether
the antibody was raised against a polypeptide or protein, or even
between batches of the same antibody. Since the N-terminal
domain of Angptl4 (nAngptl4) is a reversible, noncompetitive
inhibitor of LPL (62), we established whether nAngptl4 would be
a suitable alternative mode of LPL inhibition in triolein-substrate
assays. Using a method initially adapted from Basu et al. (54),
we established that 10 µg/mL nAngptl4 peptide could specifically
inhibit LPL activity PHP (Figure 3B), and in LPL-enriched HR
fractions isolated from cell lines that abundantly express and
secrete LPL (BV-2 murine microglia) (Figure 3C), even in the
presence of synthetic ApoC-II peptide or human serum as a
source of ApoC-II. Since the circulating levels of Angptl4 have
been reported to range from 455 to 961 ng/mL in patients with
varying degrees of atherosclerosis (63). Hence, 10 µg/mL is
sufficient to saturate LPL activity when LPL is within the typical

range. However, in severe HTG or other non-representative
samples a range of 5–20 µg/mL may be considered. As expected,
in our study nAngptl4-mediated inhibition of LPL activity only
depleted half of the total lipase activity in typical human PHP,
with the nAngptl4-resistant lipase activity most likely being HL,
and to a much lesser extent endothelial lipase (EL) (Figure 3B).
Interestingly, all lipase activity in the HR LPL-enriched fractions
taken from LPL-producing BV-2 murine microglia cells was
lost following nAngptl4 supplementation, suggesting that LPL
accounts for all lipases present on the cell surface of microglia
(Figure 3C). Overall, we recommend the use of nAngptl4 in all
assays measuring LPL activity.

ApoC-II Peptide Robustly Activates
Lipoprotein Lipase Activity in
Triolein-Based Assays
Like the methods used to specifically inhibit LPL activity, the
methods used to activate LPL vary considerably across protocols.
While almost all assays rely on ApoC-II mediated activation
of LPL, the source of ApoC-II can range from serum samples
taken from individuals or a pool of healthy individuals (46, 55,
56, 64), VLDL (65), ApoC-II protein (66), or ApoC-II peptide
(27), leading to variable substrate composition and inconsistent
results. In response, we have synthesized an ApoC-II peptide
fragment corresponding to amino acids 55–78, and tested its
ability to activate LPL in PHP, HR LPL from microglia, and bLPL
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(Figures 3B–D). Previous studies have shown that this ApoC-II
peptide is just as potent as the full length ApoC-II protein at
activating LPL (27). Here, we show that a final concentration of
5 µM ApoC-II can robustly increase LPL activity in PHP, HR
fractions, and bLPL (Figures 3B–F). Unexpectedly, substrates
made with 0 ApoC-II were able to minimally activate LPL
within PHP from a pool of typical subjects (Figure 3B). This
suggests that the ApoC-II concentrations within a concentrated
PHP sample is sufficient to activate LPL. In support of this,
samples with no endogenous ApoC-II (HR LPL fractions from
microglia), showed no LPL activity when serum or ApoC-II was
absent from the substrate, yet showed a significant increase in
LPL activity with addition of ApoC-II or serum to the substrate
(Figure 3C). Overall, these findings corroborate the fact that
circulating concentrations of ApoC-II are approximately 4.5 µM
(67). However, considering ApoC-II is a component of VLDL and
can be increased in patients with HTG, we recommend using
5 µM ApoC-II peptide 55–78 as an LPL activator in triolein-
substrate LPL activity assays, but would also recommend testing
with 10 µM in samples from patients or pre-clinical samples
with increased TGs.

Using Preheparin Serum to Activate
Lipoprotein Lipase Can Determine the
Presence of Endogenous Activators and
Inhibitors
Previous reports have suggested that the utility of measuring
lipase activity in PHP is limited, since low LPL activity (68) is not
always related to LPL polymorphisms (60). In addition, studies
using triolein substrates and preheparin serum as a source of
ApoC-II have also shown poor relationships between the activity
of PHP lipases and the absolute turnover of serum TGs (61).
Although these studies have reported important outcomes, it is
also plausible that these inconsistencies stem from caveats in
the experimental approach. For example, HTG can be caused by
genetic variation in an array of molecular factors that enhance
or inhibit LPL activity (29, 47–50). Therefore, in an individual
with HTG the structure and function of the LPL enzyme may
be uncompromised but, for example, an LPL activator such as
ApoC-II may be compromised. In such a case, examining LPL
activity in PHP using serum from a healthy/typical donor would
not be able to resolve altered endogenous inhibition of LPL.
To counter this problem, we designed an assay where serum
from an individual is used as a source of circulating endogenous
activators and inhibitors. Specifically, the serum is included as
a component of the triolein-containing substrate emulsion. This
substrate is added to a known and well characterized source of
LPL. Here, we used bLPL, since no other LPL-regulating factors
are present, but this assay could also be performed with HR
LPL, or recombinant commercially available human LPL. The
presence of LPL-regulating factors was evaluated by comparing
LPL activation when the substrates contained serum from a
typical healthy sample pool, versus LPL activation when the
substrates contained serum from individuals with known HTG
(Figure 4). We found serum from four individuals with HTG
was less able to activate bLPL compared to serum from a typical

FIGURE 4 | Serum activation/inhibition of a known LPL source. **P < 0.01.

patient pool (Figure 4). We would recommend employing this
study design when LPL-independent mechanisms of HTG are
suspected, or if PHP lipase activity appear normal despite HTG.
In addition, this approach would be an appropriate study design
when testing anti-hyperlipidemic drugs when a serum from the
same individual can be compared over time.

ApoC-II Activation and Angiopoietin-Like
4 Inhibition Can Accurately Determine
Lipoprotein Lipase Activity Using the
EnzChekTM Substrate in Post-heparin
Plasma, Heparin Released Lipoprotein
Lipase, and Bovine Lipoprotein Lipase
Although determining LPL activity using physiologically
relevant triolein substrates with ApoC-II and nAngptl4
provides an accurate and gold-standard approach for measuring
lipase activity, particularly in PHP, the methodology remains
cumbersome, lengthy, and reliant on radiolabeled lipids that are
a health and environmental hazard. Therefore, several research
groups have aimed to develop novel TG-like substrates that
can be used in a high-throughput 96-well assay format, does
not require the use of radioisotopes, nor complex procedures
to separate hydrolyzed from non-hydrolyzed substrate (54,
69, 70). While these assays are cost-effective and efficient,
particularly when measuring LPL activity in pre-clinical samples,
in samples derived from cultured cells, or in drug-development
screens, they have not been evaluated with PHP samples. Here
we have shown that the EnzChekTM substrate can be used
to quantify LPL activity in bLPL, (Figure 5A), LPL enriched
HR fractions from BV-2 microglia, but not in HF fractions
from BV-2 microglia where LPL expression has been knocked
out using CRISPR-Cas9 (Figure 5B), and PHP (Figure 5C).
Several optimization experiments were needed to accurately
and reproducibly measure LPL activity in PHP, with optimal
activity being observed at a dilution of 2:0.4 (EnzChekTM reagent
and buffer:PHP). Moreover, we have shown that LPL-mediated
hydrolysis of the EnzChekTM substrate can be robustly inhibited
by 5 µg/ml nAngptl4 and increased by 10 µM ApoC-II peptide
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FIGURE 5 | Fluorescence detection of LPL activity using the EnzChekTM substrate, ApoC-II activation and nAngptl4 inhibition to determine LPL activity using (A)
bLPL (B) heparin-released (HR) LPL from LPL secreting BV-2 microglia, and LPL knock out (LPL KO) cells as a control, and (C) PHP as a source of LPL. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001.

using bLPL as a source of LPL (Figure 5A). Interestingly
ApoC-II-mediated activation did not increase LPL activity in
HR or PHP, which may reflect the structure of the TG analog
substrate, the relative composition of the biological sample, and
the presence of endogenous ApoC-II (data not shown). However,
hydrolysis of the EnzChekTM substrate was inhibited by the
n-terminal Angptl4 fragment in HR and PHP. Therefore, we
recommend inclusion of the ApoC-II and nAngptl4 peptide in
the experimental design of studies aiming to the measure LPL
activation using the EnzChekTM assay.

DISCUSSION

While there are several methods to determine LPL activity, each
has several caveats precluding its applicability to a given research,
or diagnostic objective. Here, we describe, evaluate, and optimize
methods to; (1) measure LPL activity in PHP; (2) determine
presence of circulating factors that may inhibit or activate LPL;
and (3) to determine LPL activity in PHP and heparin-released
LPL-enriched fractions using the EnzChek fluorescent substrate.
We have made a number of changes to existing protocols, most
notably, the use of defined salt concentrations (0.175 M NaCl)
in the working buffer, the use of an ApoC-II peptide as a
potent, readily available and cost-effective LPL activator, and
the use of the nAngptl4 peptide as an LPL-specific inhibitor.
Here, we describe these methods in detail and recommend
the use of ApoC-II peptides and nAngptl4 to reduce variation
and increase reproducibility when quantifying LPL activity in a
range of samples.

In our analysis we observe a robust reduction in total lipase
activity following supplementation with the nAngptl4 fragment.
There is considerable data to support the notion that Angptl4
regulates LPL activity at a post-translational level (16–20).
Indeed, recent studies have shown that nAngptl4 specifically
inhibits LPL activity by binding the lid domain and preventing
substrate catalysis at the active site (21). Since the reciprocal
studies have not been performed to assess whether nAngptl4
can inhibit the activity of other lipases such as HL, and to a
lesser extent EL, that may be present in PHP, we cannot rule

out the possibility that nAngptl4 may reduce total lipase activity.
However, in recent studies using Angptl4 knockout mice, no
effects on HL or total lipase were observed, whereas LPL activity
was modified following Angptl4 depletion (71). In addition, in
the present study, we show that nAngptl4 treatment completely
abolishes lipase activity in extracellular fractions from microglia
that only express LPL, whereas nAngptl4 only partially inhibits
lipase activity in PHP, suggesting that HL, the second most
abundant in PHP, is at least partially resistant to nAngptl4-
mediated inhibition. Additionally, EL is mostly a phospholipase
and has very little TG lipolytic activity (44). Further studies that
directly assess the ability of nAngptl4 to inhibit HL and EL, while
beyond the scope of this manuscript, should be considered going
forward. Nonetheless, the addition of both ApoC-II and Angptl4
in our study design provides an additional layer of control when
measuring LPL-specific catalysis of triolein.

While the triolein-substrate method for quantifying LPL
activity is fairly well established, there are variations in
its execution from laboratory to laboratory, that require
consideration when interpreting the results. For example, while
almost all assays rely on ApoC-II mediated activation of LPL,
the source of ApoC-II can range from serum samples taken
from individuals or a pool of healthy individuals (46, 55, 56,
64), VLDL (65), ApoC-II protein (66), or ApoC-II peptide
(27). However, using human serum as a source of ApoC-II
is subject to considerable variability, between individuals, and
even within the same individual over time, nutritional status,
and other exposures that may affect TG and ApoC-II levels.
Although using a pooled sample of human preheparin serum
may prevent variation within a single testing laboratory, different
laboratories across the world generate their own reference pool
of healthy human serum, which is subject to regional variability
and may not be replicated by other research teams. Using VLDL
prepared by ultracentrifugation as a source of TG and ApoC-II is
advantageous, but harsh ultracentrifugation procedures can non-
discriminately de-proteinate lipoproteins leading to variation in
substrate composition. Using recombinant and purified sources
of ApoC-II may limit variability, but recombinant apoproteins
are very expensive and the quality may vary depending on
the expression system and purification procedure. To counter
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these issues, here we present the use of a synthetic ApoC-
II peptide, which is a potent LPL activator, is not subject to
biological variation, is readily available, and is relatively cost-
effective. Notably, in recent studies other ApoC-II peptides have
been used to mimic the ApoC-II activation of LPL while also
blocking the LPL-inhibiting effect of ApoC-III and lower plasma
TG (53). Therefore, the peptides described in the study by Wolska
et al. (53), could easily be incorporated into the experimental
approaches described in this manuscript as an additional measure
of LPL-specific activity. Overall, we recommend the simultaneous
use of an ApoC-II peptide, in addition to the nAngptl4 peptide for
a reproducible method of determining LPL-specific lipase activity
in a range of biological samples.

However, it is important to note that even following our
recommendations, the 3H-triolein-based assay still requires
specialized equipment and accommodations for using radioactive
isotopes and remains low-throughput compared to the 96-well
plate format colorimetric and fluorometric methods of detecting
LPL activity. Hence, we would recommend making these changes
to an existing protocol or reserving this method for clinical or
pre-clinical evaluation of LPL activity.

Drug development studies have utilized Angptl4 to determine
whether small molecule LPL activators can enhance LPL activity
and reverse Angptl4-mediated inhibition (72). Hence, how
nAngptl4 and ApoC-II peptides interact with LPL is of major
interest to researchers pursuing LPL-focused drug development
studies, to elucidate the mechanism-of-action of potential drugs,
and to determine the utility of this specific assay design for
their studies. Here, we used HDOCK to perform rigid-body
docking calculations to predict the preferred binding interactions
between the ApoC-II peptide (aa 56–78) and the N-terminal
Angptl4 fragment with LPL (73). The visualization software
Visual Molecular Dynamics (VMD) was used to analyze the
results from the docking calculations (74). As input to HDOCK,
we used the AlphaFold structure of human LPL, which closely
resembles recently elucidated crystal structures of LPL, but
also includes predicted coordinates for missing amino acid
residues that were not resolved by crystallography (75). The
AlphaFold structures for LPL (76), ApoC-II (77), and Angptl4
(78) were modified prior to docking so that they more closely
represented the structures used in the experiments (i.e., LPL
without the signal peptide, the region of ApoC-II covered by the
synthetic peptide only, and the N-terminal fragment of Angptl4,
respectively). Separate HDOCK calculations were performed
with the ApoC-II peptide and LPL, and with Angptl4 and
LPL. Figure 6 shows VMD snapshots of the overlay of the top
HDOCK-scored complexes for the two separate calculations. The
results show that both the ApoC-II peptide and the N-terminal
Angptl4 fragment preferentially bind to the ligand binding site
and lid domain of LPL. Furthermore, the preferred interactions
predicted by HDOCK are consistent with previous studies using
full-length ApoC-II and Angptl4 (27, 38, 39). This suggests that
both the ApoC-II peptide and nAngptl4 fragment interact with
LPL like the full-length proteins, supporting their functionality
in the LPL assays described above. Moreover, this highlights the
utility of this assay as a physiologically relevant method in drug
development studies.

While triolein assays are often used to determine whether
a patient may have LPL deficiently leading to HTG, many
patients do not carry an LPL variant leading to compromised
LPL activity, and LPL activity can appear normal in the cell-free
triolein substrate assay described above. For these patients, an
alternative methodology can be adopted to assess the presence
and relative abundance of circulating endogenous factors that
may inhibit LPL activity, leading to HTG. Here, we also present
a modified version of the triolein-based substrate assay to answer
specific research questions pertaining to the relative abundance
of circulating factors that may inhibit LPL. Although this assay
will determine whether activating/inhibiting factors are present
in each sample the assay will not indicate which molecular
factors are dysregulated to alter LPL activity. In addition,
outcomes from this assay may be challenging to interpret, since
in patients with HTG, LPL-regulating factors may fall or rise to
compensate for the dysregulated or variant factor. Nonetheless,
this assay will indicate whether LPL-regulating factors, rather
than LPL enzymatic activity, is compromised and will generate
pre-requisite data to necessitate further characterization of LPL-
regulating factors.

Importantly, methods to assess LPL activity have been
instrumental in the discovery of LPL structure and function,
and its preferred substrate(s). For example, it is often forgotten
that although the canonical role of LPL is the hydrolysis of
TGs within TRLs, LPL also has phospholipase A1 activity
(79, 80), and can hydrolyze lipoprotein phospholipids, and
sonicated phosphatidylcholine vesicles when activated by
ApoC-II (81). Using isolated lipoproteins to interrogate
LPL biology can be challenging due to the complexity and
heterogeneity of the lipoprotein particle, in addition to the
relative abundance of activating and inhibiting factors that may
confound interpretation. In response, non-lipoprotein substrates
have been developed to further interrogate LPL function.
P-nitrophenyl butyrate (PNBP) was initially developed as a
short-chain fatty acid (SCFA) substrate for LPL (82), based on
the fact that LPL can also catalyze the hydrolysis of SCFA esters
such as tributyrin, and, p-nitrophenyl acatate in the absence
of ApoC-II (83, 84). Although the colorimetric change that
occurs following LPL-mediated hydrolysis of PNBP provides
a convenient way of assessing LPL-mediated hydrolysis, using
PNBP as a substrate to measure LPL activity in biological
samples is not physiologically relevant since PNBP prevents
LPL-mediated TG hydrolysis, and the hydrolysis of PNBP itself
is inhibited, rather than activated by, ApoC-II (83, 85).

In the search to identify more physiologically relevant non-
lipoprotein substrates, several TG analogs were developed where
the lipolytic products could be visualized, and hence LPL
activity, quantified by fluorescence (54, 86). Arguably the most
sensitive, and well characterized TG-analog, with the most stable
lipolytic end products is the EnzChekTM substrate (54). However,
the utility of this method to measure LPL activity in human
PHP has not been previously demonstrated. Here we show
that a 1:40 dilution (in assay buffer) of PHP is sufficient to
quantify lipase activity. However, it is important to note that
since the EnzChekTM substrate contains a C12 fatty acid side
chain in the sn-1 position, this is subject to hydrolysis by LPL
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FIGURE 6 | Results from molecular docking of LPL (blue) with the synthetic ApoC-II peptide (green), and nAngptl4 fragment (red) used in the experimental protocol,
showing the top HDOCK-scored complex from both a front view (A) and top view (B). The receptor binding site of LPL is highlighted in orange. The results show
that the ApoC-II peptide and nAngptl4 fragments are expected to bind to the ligand binding site and lid domain of LPL, consistent with our experimental data.

and HL, and therefore nAngptl4-mediated inhibition of LPL
is a requisite control. In addition, the inability of ApoC-II
to increase LPL activity in HR LPL enriched fractions, when
ApoC-II has such a profound ability to increase LPL activity
in the triolein-based assay suggests that the interaction between
the EnzChekTM substrate, LPL, ApoC-II and Angptl4 needs
to be further evaluated. Overall, although questions remain
regarding the physiological relevance of the EnzChekTM substrate
we recommend this assay in studies using a large volume of
biological replicates. Moreover, due to its high-throughput nature
this assay can be readily applied to drug discovery screens, but we
would also recommend testing promising drug candidates using
the triolein-based method to recapitulate key findings.

CONCLUSION

In summary, we have shown that including synthetic ApoC-II
peptides and nAngptl4 fragments in triolein and EnzChekTM-
based lipase assays can accurately determine LPL-specific activity
using a range of biological samples, such as PHP, HR LPL
fractions from LPL secreting cells, and bLPL. We recommend
the addition of ApoC-II and nAngptl4 as a cost-effective
and reproducible way to measure LPL activity avoiding the
variability of human serum or isolated human-VLDL. Moreover,
in samples with increased TGs where the LPL activity appears
uncompromised, we also advise trialing triolein-based assays
using a patient’s serum to determine the relative abundance
of factors that may compromise LPL-activity, although further
studies will be needed to identify these factors. Finally, in
instances requiring high-throughput measurements of LPL
activity, we recommend using the EnzChekTM fluorescence
substrate, in combination with ApoC-II and nAngptl4 controls
to ensure LPL-specific lipase activity is being measured.
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lipid-lowering therapy improves
lipid control after an acute
coronary syndrome
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Aims: Despite the evidence, lipid-lowering treatment (LLT) in secondary

prevention remains insufficient, and a low percentage of patients achieve the

recommended LDL cholesterol (LDLc) levels by the guidelines. We aimed to

evaluate the efficacy of an intensive, mobile devices-based healthcare lipid-

lowering intervention after hospital discharge in patients hospitalized for acute

coronary syndrome (ACS).

Methods and results: Ambiespective register in which a mobile devices-based

healthcare intervention including periodic follow-up, serial lipid level controls,

and optimization of lipid-lowering therapy, if appropriate, was assessed in

terms of serum lipid-level control at 12 weeks after discharge. A total of

497 patients, of which 462 (93%) correctly adhered to the optimization

protocol, were included in the analysis. At the end of the optimization period,

327 (70.7%) patients had LDLc levels ≤ 70 mg/dL. 40% of patients in the

LDLc ≤ 70 mg/dL group were upgraded to very-high intensity lipid-lowering

ability therapy vs. 60.7% in the LDLc > 70 mg/dL group, p < 0.001. Overall,

38.5% of patients had at least a change in their LLT. Side effects were relatively

infrequent (10.7%). At 1-year follow-up, LDLc levels were measured by the

primary care physician in 342 (68.8%) of the whole cohort of 497 patients. In

this group, 71.1% of patients had LDLc levels ≤ 70 mg/dL.
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Conclusion: An intensive, structured, mobile devices-based healthcare

intervention after an ACS is associated with more than 70% of patients

reaching the LDLc levels recommended by the clinical guidelines. In patients

with LDLc measured at 1-year follow-up, 71.1% had LDLc levels ≤ 70 mg/dL.

KEYWORDS

ischemic heart disease, secondary prevention, cardiovascular risk factors, lipid-
lowering therapy, mobile devices-based healthcare

Introduction

There is extensive evidence confirming the benefit of cardiac
rehabilitation programs (CRP) in patients with ischemic heart
disease (IHD) (1). An intensive CRP reduces cardiovascular risk
through lifestyle changes (2). However, correct pharmacological
treatment is also crucial for optimal cardiovascular risk
factors control, including dyslipidemia. The drop in low-
density lipoprotein cholesterol (LDLc) levels in secondary
prevention significantly reduces mortality, coronary events,
coronary revascularization procedures, and ischemic strokes (3).

Despite the evidence, lipid-lowering treatment (LLT) in
secondary prevention remains insufficient, and a low percentage
of patients achieve the LDLc levels recommended by the
guidelines (4–6). One factor explaining this contradiction is
the so-called therapeutic inertia, defined as the failure of
physicians to initiate or intensify an indicated therapy (7). Other
significant barriers are lack of infrastructure and availability
of CRP, lack of perceived importance of secondary prevention
among professionals, and low patient motivation and financial
difficulties to pay the LLT (8).

Mobile devices-based healthcare (mHealth) aimed at
improving patients’ living standards (9) can be an effective tool
to improve the suboptimal results in dyslipidemia control (10).
Considering the disappointing results in secondary prevention,
we conducted a randomized pilot study to evaluate whether
an intensive mHealth lipid-lowering intervention implemented
after a hospitalization due to IHD was associated with a lower
LDLc level. We demonstrated that this strategy was associated
with improved management of LDLc levels compared with
standard care alone (11). Our current study aimed to assess
whether this same structured mHealth-based protocol helped
improve LDLc levels after a hospitalization due to IHD in a
real-life population.

Materials and methods

Study design and participants

The Risk Optimization Acute Coronary Syndrome (RiskOp-
ACS) study was a single-center ambispective register assessing

the efficacy and safety of a lipid-lowering intervention to
improve the management of LDLc levels in patients hospitalized
for IHD (ClinicalTrials.gov Identifier: NCT03619395). Between
July 2018 and September 2019, all patients hospitalized for IHD
in our hospital not meeting any exclusion criteria (inability or
refusal to sign the informed consent or presenting comorbidities
with a life expectancy of less than 1 year) and willing to
participate in the CRP were screened for inclusion in this
study. All patients providing written informed consent were
included in the RiskOp-ACS register. The Ethics Committee of
the Hospital del Mar approved the study and was conducted per
the Declaration of Helsinki. The Ethics Committee approved
the retrospective inclusion of patients who followed the same
protocol since November 2016 to increase the sample size
and waived the need for written informed consent. Therefore,
all patients included in the study (both prospectively and
retrospectively) followed the same optimization protocol.

Cardiac rehabilitation program

The multidisciplinary CRP performed in our center is
coordinated by specialized nurses. It includes interventions
performed by cardiologists, nurses, rehabilitation physicians,
and professionals specialized in managing anxiety and other
mental health disorders. All patients discharged after a
hospitalization for an acute IHD event and with no severe
cognitive impairment are invited to the CRP. As part of the
program activities, nurses educate patients in healthy habits
during the in-hospital stage and at follow-up visits at 3 and
12 months after discharge; provide and monitor the quality of
life, anxiety, and depression symptoms using validated tests,
and coordinate the follow-up plan and visits. Rehabilitation
physicians and physiotherapists assess the patient’s functional
status and indicate and supervise physical activity during follow-
up. All professionals involved in the CRP participate in monthly
group sessions aimed at reinforcing the health education of
the patients, with a particular focus on increasing the patients’
understanding of the pathophysiology of IHD, on the role
of cardiovascular risk factors, and the importance of optimal
risk factor management, mainly through physical activity,
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control of anxiety, and adherence to guideline-recommended
pharmacotherapies.

Intervention

All patients were discharged under LLT. Serum lipid
levels were measured at week 6 after discharge, and a virtual
visit with the cardiologist was made within 1 week of the
blood test. The laboratory test results were evaluated using a
pre-specified algorithm based on clinical practice guidelines
(Supplementary Figure 1). If there was a need to modify
the LLT, the electronic prescription was changed accordingly,
and the patient was informed by phone. Thus, the protocol
avoided the need to come to the hospital or primary care center
since the medication could be retrieved directly from the local
pharmacy or printed/seen in the personal health record through
a dedicated app/website created by the Health Department
(Lamevasalut). This intervention was repeated every 6 weeks
after every pharmacological change until the target LDLc levels
(calculated by the Friedewald formula) advised in the clinical
guidelines were achieved, or maximum lipid-lowering therapy
according to local regulation was reached. Thus, the duration
of the intervention was a maximum of 3 months (“optimization
period”). From that moment, the follow-up was performed by
the patient’s primary care general physician and primary care
cardiologist. Creatinine kinase and liver tests were measured in
all blood tests following LLT modification.

The LLT intensity was defined according to its ability to
reduce LDLc (12, 13). The moderate lipid-lowering ability group
comprises moderate-intensity statins and low-intensity statin
plus ezetimibe. High-intensity statins, and medium-intensity
statins plus ezetimibe are the high-reduction group. High-
potency statins plus ezetimibe are the very-high reduction
group. Finally, PCSK9 inhibitor added at maximally tolerated
doses to LLT is considered extreme reduction ability treatment
(Supplementary Table 1). In our country, the prescription of
PCSK9 inhibitors is allowed in the public health system for
patients with established cardiovascular disease and no optimal
control defined as LDLc > 100 mg/dL despite the maximum
tolerated dose of statins, patients intolerant to statins, or in
whom statins are contraindicated (14).

Study endpoints

The primary study endpoint was the proportion of patients
with serum LDLc levels ≤ 70 mg/dL at the end of the
optimization period, which was the treatment goal supported
by current ESC guidelines (15) when the study was conducted.
Other variables related to lipid management assessed during the
intervention included lipid-lowering medication use, changes
in lipid-lowering medication, and the presence of side effects,

among others. As an exploratory analysis, the number of
patients who reached LDLc levels < 55 mg/dL at the end
of the optimization period was also analyzed. Finally, we
assessed also as an exploratory analysis, clinical outcomes
with the achievement of LDL ≤ 70 mg/dL at the end of the
optimization period.

Statistical analyses

Data for continuous variables are expressed as
mean ± standard deviation (SD) or median and interquartile
range (IQR) based on normality distribution assessed by
Kolmogorov-Smirnov test. Categorical variables were expressed
as percentages. Differences in baseline characteristics between
groups were tested using the χ2-test (categorical variables) and
Student’s t-test or Mann–Whitney U-test, one-way analysis of
variance, or Kruskal-Wallis test for continuous variables. All
analysis was performed using IBM SPSS Statistics v25 (Armonk,
NY, United States). For all tests, p < 0.05 was considered as
statically significant.

Results

The whole cohort included 497 patients, of which 462
(93%) correctly adhered to the optimization protocol and were
included in the analysis. At the end of the optimization period,
327 (70.7%) patients had LDLc levels ≤ 70 mg/dL, and 159
(34.7%) had LDLc levels < 55 mg/dL.

According to LDLc levels achieved, baseline characteristics
of patients are described in Table 1. Interestingly, the only
differences between both groups were a higher prevalence of
chronic obstructive pulmonary disease in the LDLc≤ 70 mg/dL
group and different history of smoking.

Table 2 shows LDLc levels at baseline and during follow-
up, the type of LLT given, and the presence of side effects.
Interestingly, LLT did not differ at discharge from the hospital,
with 65% of patients on high lipid-lowering ability treatment.
However, by the end of the optimization therapy, 40% of
patients in the LDL ≤ 70 mg/dL levels were upgraded to
very-high intensity lipid-lowering ability vs. 60.7% in the LDL
levels > 70 mg/dL, p < 0.001. Overall, 38.5% of patients had
at least a change in their LLT. The LDLc levels > 70 mg/dL
group had a higher number of changes in medications (61.4 vs.
27.5%, p < 0.001). However, this treatment modification was
not enough to achieve good LDLc control in this group. During
the optimization period, only 14 (2.8%) received extreme lipid-
lowering ability treatment with PCSK-9 inhibitors, 5 (1.5%)
patients in the LDLc ≤ 70 mg/dL, and 9 (6.9%) patients in the
LDL levels > 70 mg/dL, p = 0.003.

Side effects were relatively infrequent, with 53 reports
(10.7%) of the cohort (patients could have more than one side
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TABLE 1 Baseline characteristics of patients according to LDLc levels after the optimization protocol.

LDLc ≤ 70 mg/dL (n = 327) LDLc > 70 mg/dL (n = 135) P-value

Age (years) 62.9± 11.6 62.9± 11.9 0.98

Women (n, %) 56 (17.1) 30 (22.9) 0.15

BMI (Kg/m2) 27.7± 4.0 27.7± 4.6 0.95

Risk factors and comorbidities
Hypertension (n, %) 185 (56.6) 72 (55) 0.75

Hyperlipidemia (n, %) 207 (63.3) 94 (71.8) 0.09

Diabetes mellitus (n, %) 100 (30.6) 33 (25.2) 0.25

Current smoker (n, %) 119 (36.4) 65 (49.6) 0.008

Previous smoker > 1 year (n, %) 114 (34.9) 29 (22.1)

Previous smoker < 1 year (n, %) 16 (4.9) 2 (1.5)

Previous ACS-MI (n, %) 60 (18.3) 25 (19.1) 0.86

COPD (n, %) 32 (9.8) 5 (3.8) 0.02

Cerebrovascular disease (n, %) 18 (5.5) 5 (3.8) 0.46

Peripheral vascular disease (n, %) 25 (7.6) 9 (6.9) 0.78

Anemia (n, %) 53 (16.2) 28 (21.4) 0.19

Chronic kidney disease (n, %) 21 (6.4) 7 (5.3) 0.66

Index hospitalization
STEMI (n, %) 140 (42.8) 60 (45.8) 0.79

NSTEMI (n, %) 118 (36.1) 43 (32.8)

Unstable Angina (n, %) 69 (21.1) 28 (21.4)

One vessel disease (n, %) 170 (52) 76 (58) 0.29

Two vessel disease (n, %) 85 (26) 28 (21.4)

Three vessel disease (n, %) 63 (19.3) 20 (15.3)

Left main disease (n, %) 14 (4.3) 9 (6.9) 0.25

Coronary percutaneous angioplasty (n, %) 280 (85.6) 107 (81.7) 0.29

Ejection fraction (%) 56.4± 10.0 55.6± 10.2 0.42

Data are mean ± SD, median (IQR), or n (%). BMI, Body mass index; COPD, chronic obstructive pulmonary disease; CV, Cardiovascular; STEMI, ST-elevation myocardial infarction;
NSTEMI, non-ST-elevation myocardial infarction; ACS-MI, Acute coronary syndrome-myocardial infarction.

effect reported). The more common side effects were abnormal
asymptomatic liver tests, increased creatine-kinase levels, and
myalgia. However, these side effects were rarely associated with
LLT discontinuation. In most cases, side effects led to a change
or temporary suspension in LLT in 4.3% of patients, without
differences in both groups.

At 1-year follow-up, LDLc levels were measured by the local
cardiologist or primary care physician in 342 (68.8%) of the
whole cohort of 497 patients. In this group, 71.1% of patients
had LDLc levels ≤ 70 mg/dL. Interestingly, 77.4% of patients
with LDL ≤ 70 mg/dL at the end of optimization still had LDL
levels≤ 70 mg/dL at 1-year follow-up, whereas 59.6% of patients
who did not reach LDLc ≤ 70 mg/dL did so at 1 year.

At a median follow-up of 30 (p25–75: 21–38) months,
patients who achieved an LDLc ≤ 70 mg/dL after the
optimization protocol had a numerically lower incidence of
myocardial infarction [12 (3.6%) patients vs. 10 (7.5%), p= 0.08],
need of new revascularization [22 (6.7%) patients vs. 10 (7.5%),
p = 0.77), death (12 (3.6%) patients vs. 8 (6%), p = 0.27], and the
composite end-point that comprised the 3 outcomes [33 (10%)

vs. 22 (16.4%), p = 0.054] compared to those who did not achieve
an LDLc ≤ 70 mg/dL.

Discussion

Our study showed that an intensive, structured, mHealth
post-discharge follow-up plan to optimize the lipid-lowering
pharmacotherapy was associated with achieving a target
LDLc ≤ 70 mg/dL in 70.7% of patients after an acute coronary
syndrome (ACS). Reduction and achievement of LDLc target
value were obtained early (between 6 and 12 weeks after
the ACS) as recommended in the literature (16). It is also
important to emphasize that the intervention was carried out
using low-cost phone-based telemedicine techniques (mHealth)
that facilitate its implementation and patient follow-up. The use
of mHealth might explain why less than 8% of the patients did
not adhere to follow-up.

Considering the few significant baseline characteristics
differences between the LDLc ≤ 70 mg/dL and
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TABLE 2 Baseline LDL levels and medication changes according to LDL levels reached.

LDLc ≤ 70 mg/dL (n = 327) LDLc > 70 mg/dL (n = 135) P-value

Baseline LDLc 103.9± 36.6 115.2± 45.2 0.012

End of optimization LDLc 53.4± 10.1 85.0± 16.7 <0.001

1 LDLc at the end of optimization (absolute reduction) −50.0 (−21,−77) −31.0 (+ 2,−53) <0.001

1 LDLc at the end of optimization (relative reduction) −47.5 (−25,−60.1) −26.2 (+ 2.6,−41.0) <0.001

1-year LDLc levels 61.5± 18.3 69.9± 25.4 0.003

Baseline LLT

Moderate lowering ability (n, %) 17 (5.3) 7 (5.4) 0.21

High lowering ability (n, %) 206 (63.8) 88 (68.2)

Very high lowering ability (n, %) 96 (29.7) 30 (23.3)

LLT end of optimization

Moderate lowering ability (n, %) 15 (4.5) 3 (2.2) <0.001

High lowering ability (n, %) 171 (52.2) 40 (29.6)

Very high lowering ability (n, %) 131 (40) 82 (60,7)

Extreme lowering ability (n, %) 5 (1.5) 10 (7.4)

Number of side effects reported (n, %) 38 (11.8) 15 (11.6) 0.97

Side effects

Liver test abnormalities (n, %) 24 (7.3) 6 (4.4) 0.30

Creatine Kinase increase (n, %) 6 (1.8) 4 (2.9)

Myalgia (n, %) 3 (0.9) 4 (2.9)

Change in LLT (n, %) 90 (27.5) 83 (61.4) <0.001

LLT at 1 year

Moderate lowering ability (n, %) 11 (4.5) 2 (2) 0.46

High lowering ability (n, %) 113 (46.1) 45 (45)

Very high lowering ability (n, %) 117 (47.8) 51 (51)

Data are mean± SD, median (IQR), or n (%). LDLc, low-density lipoprotein cholesterol LLT; lipid lowering therapy.

LDLc > 70 mg/dL groups, these differences did not allow
us to identify those patients who would achieve proper
LDLc control. It is worth mentioning that the percentage of
patients achieving LDLc ≤ 70 mg/dL in this real-life study
is even better than the results we obtained in a previous
randomized study in which we used the same strategy, where
an LDLc ≤ 70 mg/dL was achieved in 62% of the patients
(10). Moreover, these results contrast positively with the poor
results described in our hospital before implementing the
study intervention (4). This insufficient control of dyslipidemia
in very high-risk patients coincides with that described
more recently in the literature. The ESC-EORP Euroaspire
V survey performed in 27 European countries showed that
the prevalence of LDLc ≤ 70 mg/dL in the entire cohort
was 30% (5). Similar findings were found in a retrospective
analysis of patients with ACS in Finland, where two-thirds
of patients on statin therapy did not achieve the LDLc
level target recommended by the guidelines (6). According
to these data, our strategy could more than double the
number of patients with adequate LDLc level control after a
hospitalization due to IHD.

The most recent ESC/EAS guidelines for the management
of dyslipidemias published in 2019 advise an LDLc < 55 mg/dL

for high and very high-risk patients. The recommendations
regarding the treatment goals for LDLc are based in the studies
that have shown that the lower the LDLc level the better (17).
These guidelines were not published during the performance
of our study. In our cohort, 34.7% of the patients achieved
an LDLc < 55 mg/dL. It is worth noting that it was not
the target level of our study and, thus, there was some room
for LLT optimization. This result improves that reported in
the DA VINCI study; being one of the first comparative
analyses evaluating 2019 risk-based goal attainment, showed
that three-quarters of patients did not meet their 2019 LDLc
goals (18).

The inability to achieve an LDLc level ≤ 70 mg/dl was
not due to therapeutic inertia. Intensifications or treatment
changes were done in 64% of the patients. When changes
were not made, patients were already on the maximum dose
of oral treatment, did not tolerate a higher dose or did
not meet the local criteria for using PCSK9 inhibitors. This
intensification effort is superior to the ones described in
the literature. The GOULD prospective observational registry
study was carried out simultaneously in the United States.
A total of 5,006 patients with established atherosclerotic
cardiovascular disease were enrolled. Surprisingly, only 17%
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had LLT intensification after 2 years, while two-thirds remained
at an LDLc level > 70 mg/dL (19). Another important
finding in our study is that 95% of the patients at the
end of the optimization period were treated with drugs
included in the high, very high, or extreme lipid-lowering
ability groups. In the register published by Navar et al., of
almost 3,297 patients analyzed, only 47% of the patients
who required secondary prevention were treated with the
appropriate intensity of treatment (20). One of the hypotheses
that may justify not achieving an optimal decrease in LDLc,
despite treatment is the described lack of response to statin
treatment. A meta-analysis of genome-wide association studies
showed that two loci of the genome are responsible for about
5% of the variation in an individual’s response to statin
treatment (21). The JUPITER study highlights that 43% of
high-risk patients had an LDLc reduction < 50 and 11%
showed no reduction or even an increase in LDLc with statin
treatment (22).

Large cardiovascular outcomes trials showed a prognostic
benefit with PCSK9 inhibitors monoclonal antibodies (23,
24), and it has been estimated that 30% of patients could
be candidates of PCSK9 inhibitors (25). However, the
use of PCSK9 inhibitors in our study was low due to
prescription restrictions in our country. PCSK9 inhibition
obtains further lowering of LDLc beyond that achieved
with statin therapy and cholesterol absorption inhibitors; an
incremental reduction in LDLc of 50% from baseline has
been shown (26). Knowing that the LDLc levels in the group
with LDLc > 70 mg/dL were 85.0 ± 16.7 mg/dL and the
hypothetical additional reduction of 50%, we theorized that
we could have even achieved 100% of patients with LDLc
target levels if we had been allowed to expand the use of
PCSK9 inhibitors.

Numerous studies with lipid-lowering drugs have
shown that the reduction of LDLc levels translates into a
reduction in cardiovascular events, giving rise to the current
recommendations in secondary prevention (17). We saw
that patients who achieved an LDLc ≤ 70 mg/dL after the
optimization protocol had numerically fewer clinical endpoints.
However, it is important to remark that the study was
underpowered to detect hard endpoint due to the relatively
small sample size and the number of events.

One of the reasons that might limit LLT is side effects. Some
physicians and patients might be reluctant to begin or maintain
statins, most commonly because of perceived side effects that are
not confirmed (i.e., the nocebo effect) (27). However, statins are
generally well-tolerated drugs (25). 11% of the patients had any
side effects in our cohort, with no significant differences between
the LDLc group ≤ 70 mg/dL and the LDLc group > 70 mg/dL.
The most frequent side effect was the liver tests abnormalities
(79%), followed by an increase in creatinine kinase (26%) and
finally myalgias (18%). These data are comparable to those
previously described (15, 28).

After the treatment optimization period, the patient’s
primary care general physician and primary care cardiologist
performed the follow-up. We decided to analyze whether the
good results achieved in the first 3 months were maintained
after 12 months. Surprisingly, 31% of the patients did not have a
follow-up blood test at month 12. In those patients who did have
an LDLc assessment at 1 year, 71.1% of the patients maintained
an LDLc≤ 70 mg/dl. This group comprises 77.4% of the patients
who already had an LDLc ≤ 70 mg/dl initially and patients
who had not reached this target level originally (59.6%). This
percentage of patients with a target LDLc level after 12 months
remains significantly higher than the results reported in the
literature (4–6).

Our study used the simplest and most readily usable form
of mHealth, such as telephone calls. We believe that it was a
determining factor in the success of this follow-up protocol.
A randomized study in Sweden (29) and a meta-analysis
of randomized controlled trials (10) showed improved LDLc
levels with mHealth.

Limitations

As a single-center study, the results might not apply to other
settings. Some of the patients were included retrospectively,
potentially leading to bias. Still, given that all patients followed
the same protocol and that the information was documented
in the medical record, we believe that the risk of bias in this
study is negligible.

Conclusion

An intensive, structured, mobile devices-based healthcare
intervention after an ACS is associated with more than 70%
of patients reaching the LDLc levels recommended by the
clinical guidelines. This strategy uses low-cost and easy-to-
apply telemedicine techniques that can be replicated in various
clinical settings.
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et al. Pharmacogenetic meta-analysis of genome-wide association studies of
LDL cholesterol response to statins. Nat Commun. (2014) 5:5068. doi: 10.1038/
ncomms6068

22. Ridker PM, Mora S, Rose L, Jupiter Trial Study Group. Percent reduction in
LDL cholesterol following high-intensity statin therapy: potential implications for
guidelines and for the prescription of emerging lipid-lowering agents. Eur Heart J.
(2016) 37:1373–9. doi: 10.1093/eurheartj/ehw046

23. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy
SA, et al. FOURIER Steering Committee and Investigators. Evolocumab and
clinical outcomes in patients with cardiovascular disease. N Engl J Med. (2017)
376:1713–22. doi: 10.1056/NEJMoa1615664

24. Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R,
et al. ODYSSEY OUTCOMES committees and Investigators. Alirocumab and
cardiovascular outcomes after acute coronary syndrome. N Engl J Med. (2018)
379:2097–107. doi: 10.1056/NEJMoa1801174

25. Elamin AFM, Grafton-Clarke C, Chen KW, Obafemi T, Luvai A, Katira R,
et al. Potential use of PCSK9 inhibitors as a secondary preventative measure for
cardiovascular disease following acute coronary syndrome: a UK real-world study.
Postgrad Med J. (2019) 95:61–6. doi: 10.1136/postgradmedj-2018-136171

26. Furtado RHM, Giugliano RP. What lessons have we learned and what
remains to be clarified for PCSK9 inhibitors?. A review of FOURIER and ODYSSEY
Outcomes Trials. Cardiol Ther. (2020) 9:59–73. doi: 10.1007/s40119-020-0
0163-w

27. Howard JP, Wood FA, Finegold JA, Nowbar AN, Thompson DM, Arnold
AD, et al. Side effect patterns in a crossover trial of statin, placebo, and
no treatment. J Am Coll Cardiol. (2021) 78:1210–22. doi: 10.1016/j.jacc.2021.
07.022

28. Collins R, Reith C, Emberson J, Armitage J, Baigent C, Blackwell L, et al.
Interpretation of the evidence for the efficacy and safety of statin therapy. Lancet.
(2016) 388:2532–61. doi: 10.1016/S0140-6736(16)31357-5

29. Jakobsson S, Irewall AL, Bjorklund F, Mooe T. Cardiovascular secondary
prevention in high-risk patients: a randomized controlled trial sub-study. BMC
Cardiovasc Disord. (2015) 15:125. doi: 10.1186/s12872-015-0115-0

Frontiers in Cardiovascular Medicine 08 frontiersin.org

124

https://doi.org/10.3389/fcvm.2022.916031
https://doi.org/10.1016/j.ahj.2017.08.005
https://doi.org/10.1038/ncomms6068
https://doi.org/10.1038/ncomms6068
https://doi.org/10.1093/eurheartj/ehw046
https://doi.org/10.1056/NEJMoa1615664
https://doi.org/10.1056/NEJMoa1801174
https://doi.org/10.1136/postgradmedj-2018-136171
https://doi.org/10.1007/s40119-020-00163-w
https://doi.org/10.1007/s40119-020-00163-w
https://doi.org/10.1016/j.jacc.2021.07.022
https://doi.org/10.1016/j.jacc.2021.07.022
https://doi.org/10.1016/S0140-6736(16)31357-5
https://doi.org/10.1186/s12872-015-0115-0
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-948332 August 11, 2022 Time: 15:51 # 1

TYPE Original Research
PUBLISHED 17 August 2022
DOI 10.3389/fcvm.2022.948332

OPEN ACCESS

EDITED BY

Mary G. Sorci-Thomas,
Medical College of Wisconsin,
United States

REVIEWED BY

Liwu Li,
Virginia Tech, United States
Darukeshwara Joladarashi,
Temple University, United States

*CORRESPONDENCE

Vincenza Cifarelli
vcifarelli@slu.edu
Yongjian Liu
yongjianliu@wustl.edu
Nada A. Abumrad
nabumrad@wustl.edu

SPECIALTY SECTION

This article was submitted to
Lipids in Cardiovascular Disease,
a section of the journal
Frontiers in Cardiovascular Medicine

RECEIVED 19 May 2022
ACCEPTED 22 July 2022
PUBLISHED 17 August 2022

CITATION

Cifarelli V, Kuda O, Yang K, Liu X,
Gross RW, Pietka TA, Heo GS, Sultan D,
Luehmann H, Lesser J, Ross M,
Goldberg IJ, Gropler RJ, Liu Y and
Abumrad NA (2022) Cardiac immune
cell infiltration associates with
abnormal lipid metabolism.
Front. Cardiovasc. Med. 9:948332.
doi: 10.3389/fcvm.2022.948332

COPYRIGHT

© 2022 Cifarelli, Kuda, Yang, Liu,
Gross, Pietka, Heo, Sultan, Luehmann,
Lesser, Ross, Goldberg, Gropler, Liu
and Abumrad. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Cardiac immune cell infiltration
associates with abnormal lipid
metabolism
Vincenza Cifarelli1,2*, Ondrej Kuda3, Kui Yang1,4, Xinping Liu1,
Richard W. Gross1, Terri A. Pietka1, Gyu Seong Heo5,
Deborah Sultan5, Hannah Luehmann5, Josie Lesser5,
Morgan Ross2, Ira J. Goldberg6, Robert J. Gropler5,
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CD36 mediates the uptake of long-chain fatty acids (FAs), a major energy

substrate for the myocardium. Under excessive FA supply, CD36 can cause

cardiac lipid accumulation and inflammation while its deletion reduces heart

FA uptake and lipid content and increases glucose utilization. As a result,

CD36 was proposed as a therapeutic target for obesity-associated heart

disease. However, more recent reports have shown that CD36 deficiency

suppresses myocardial flexibility in fuel preference between glucose and FAs,

impairing tissue energy balance, while CD36 absence in tissue macrophages

reduces efferocytosis and myocardial repair after injury. In line with the

latter homeostatic functions, we had previously reported that CD36−/−

mice have chronic subclinical inflammation. Lipids are important for the

maintenance of tissue homeostasis and there is limited information on heart

lipid metabolism in CD36 deficiency. Here, we document in the hearts of

unchallenged CD36−/− mice abnormalities in the metabolism of triglycerides,

plasmalogens, cardiolipins, acylcarnitines, and arachidonic acid, and the

altered remodeling of these lipids in response to an overnight fast. The hearts

were examined for evidence of inflammation by monitoring the presence

of neutrophils and pro-inflammatory monocytes/macrophages using the

respective positron emission tomography (PET) tracers, 64Cu-AMD3100

and 68Ga-DOTA-ECL1i. We detected significant immune cell infiltration in

unchallenged CD36−/− hearts as compared with controls and immune

infiltration was also observed in hearts of mice with cardiomyocyte-specific

CD36 deficiency. Together, the data show that the CD36−/− heart is in a
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non-homeostatic state that could compromise its stress response. Non-

invasive immune cell monitoring in humans with partial or total CD36

deficiency could help evaluate the risk of impaired heart remodeling

and disease.

KEYWORDS

CD36, PET tracers, cardiac inflammation, lipidomics, eicosanoids, macrophage

Introduction

Myocardial energy metabolism is a highly dynamic process
important for tissue health and optimal cardiac function. Long-
chain fatty acids (FAs) are a major metabolic substrate of
myocardial tissue. Rates of tissue FA uptake are dependent
on the FA transporter CD36 (1, 2) and its vesicular recycling
between endosomes and the sarcolemma (3). CD36 deficiency
reduces heart FA uptake and prevents the fasting-induced
metabolic remodeling by the myocardium from glucose
utilization to more reliance on FAs; following an overnight
fast, mice with global Cd36 deletion (CD36−/−) displayed
atrioventricular block and bradycardia, and increased incidence
of sudden death (4). Suppressed or absent myocardial FA uptake
has been reported in people with CD36 gene variants that
reduce protein levels (5–7). In addition, relatively common
single nucleotide polymorphisms (SNPs) in the CD36 gene
have been associated with cardiac function and with increased
susceptibility to cardiovascular disease, as reviewed elsewhere
(8). Despite the above findings, how CD36 deficiency impacts
heart lipid metabolism and its ability for adaptive remodeling
remains unexplored.

The heart is a continuously working organ that adapts
to various stresses and its ability to cope and recover is
integral to maintaining its health and function. In addition
to metabolic remodeling, myocardial recovery relies on the
sequential mobilization of immune cells (i.e., neutrophils,
monocytes, and macrophages) that serve diverse roles in the
reparative process (9, 10), including removal of dead cells and
renewal of extracellular matrix (11). Immune cell recruitment
in the heart is orchestrated by chemokines interacting
with corresponding receptors on leukocytes, mediating their

Abbreviations: PET, Positron emission tomography; CT, Computed
Tomography; CXCR4, CXCR4; CCR2, C-C chemokine receptor
type 2; DHA, Docosahexaneoic Acid; LA, Linoleic acid; LPC,
Lysophosphatidylcholine; LPE, Lysophosphatidylethanolamine; LC,
Lysocardiolipins; AC, Acylcarnitine; 5-HEPE, Hydroxyeicosapentaenoic
acid; 17-HDHA, 17-Hydroxy-docosahexaenoic acid; 13-HODE, 13-
Hydroxyoctadecadienoic acid; PGD2, Prostaglandin D2; PGF1,
Prostaglandin F1; PGE, Prostaglandin E; DGLA, Dihomo-γ-linolenic
acid; TXB2, Thromboxane B2; LTB4, Leukotriene B4; HETEs,
Hydroxyeicosatetraenoic acids; EETs, Epoxyeicosatrienoic acids.

activation and extravasation into the injured area (12–14).
Of these chemokine receptors, C-C chemokine receptor type
2 (CCR2), expressed on monocytes and macrophages (15),
plays an important role in regulating the phenotype and
function of cell types involved in myocardial remodeling,
while C-X-C motif chemokine receptor 4 (CXCR4), highly
expressed on neutrophils (16), regulates phenotype and function
of all cell types involved in tissue healing, making it an
important target for both imaging and therapy (17–19).
Mice with myeloid CD36 deficiency present defective heart
remodeling and repair following injury (20, 21); however,
there is no information on whether CD36 deficiency causes
immune cell infiltration in unchallenged hearts, as we previously
reported in the intestine of CD36−/− mice (22). Such
information would be important for evaluating cardiac ability
for optimal recovery from injury and potential risk of disease.
CD36 deficiency is relatively common in certain populations
(3–10%) and CD36 SNPs that reduce CD36 levels result
in dyslipidemia and increase the risk of type 2 diabetes
(23, 24).

In this study, we profiled lipid metabolism in the hearts of
fed and overnight-fasted mice. Our data identified significant
changes in the content of plasmalogens, cardiolipins, and
eicosanoids suggesting that CD36-mediated FA delivery is
important for maintaining the normal heart lipid profile
during the adaptation to fasting. Unbiased global assessment
of gene expression by microarray analysis in hearts from
CD36−/− mice, as compared to WT, identified upregulation
of pathways regulating both innate and adaptive immunity. To
gain insight into the dynamic expression and spatial localization
of immune cells in unchallenged CD36−/− mice heart,
we employed a novel positron emission tomography (PET)
imaging approach to non-invasively image neutrophils and pro-
inflammatory monocytes/macrophages, using validated tracers
64Cu-AMD3100 for CXCR4 and 68Ga-DOTA-ECL1i for CCR2
(25, 26). We show that the hearts of unchallenged CD36−/−

mice have increased pro-inflammatory immune infiltration as
compared to controls. The presence of inflammation in hearts
with CD36 deletion specific to cardiomyocytes supported the
interpretation that a healthy heart lipid profile is needed to
prevent inflammation.
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Materials and methods

Mice

Mice were bred and maintained at the Washington
University School of Medicine and all experimental
procedures followed the guidelines of the animal use oversight
committee. The studies used cohorts of male and female
C57Bl6 wild-type (WT) and CD36-null (CD36−/−) mice
that were age-matched (12–14 weeks), unless indicated
otherwise. Myocardial CD36 deficiency (MHC-CD36−/−)
was obtained by crossing CD36 floxed (Fl/Fl) mice with
mice expressing the myosin heavy chain alpha (MHC)
Cre as previously described (27). Mice housed in a 12-
h light-dark facility were fed chow ad libitum (Purina)
or 12 h fasted. Genotypes were confirmed by PCR and
immunohistochemistry.

Lipid analysis

Lipids were extracted and analyzed by mass spectrometry.
In brief, hearts from mice killed by carbon dioxide inhalation
were rapidly removed, rinsed with ice-cold PBS, freeze-
clamped, and pulverized at liquid nitrogen temperature. The
tissue was homogenized in LiCl solution (50 mM) using
a Potter-Elvehjem tissue grinder. Methanol and chloroform,
as well as internal standards for major lipids, were added
and the lipids extracted. Multidimensional shotgun lipidomic
analysis of extracted lipids used a Thermo Electron TSQ
Quantum Ultra spectrometer (San Jose, CA) equipped with
an electrospray ion source, and individual molecular species
were identified and quantified by 2D mass spectrometry
(28–30).

Metabolite assays

ATP was extracted from hearts (31) and quantified using
mass spectrometry (32). Analysis of carnitine and acylcarnitines
was performed as described (33). Around 20 mg of heart tissue
was lyophilized for 12 h after the addition of a set of deuterium-
labeled carnitine and acylcarnitine standards (Cambridge
Isotope Laboratories, Andover, MA). The lyophilized tissue
was grounded to powder using an Eppendorf micropestle
and dissolved in 1 mL of 8:2 (v/v) acetonitrile/water. After
sonification and centrifugation, the supernatants were dried
and derivatized (33). Carnitine and acylcarnitines were analyzed
as their butyl esters by precursor ion scanning of m/z
85 utilizing a TSQ Quantum Ultra Plus triple-quadrupole
mass spectrometer (Thermo Fisher Scientific, San Jose, CA).
Protein content was measured (Bradford assay, Bio-Rad) with
BSA as standard.

Mitochondria isolation and functional
studies

The heart was minced, added to the buffer (10 mM HEPES,
250 mM sucrose, 1mM EGTA, pH 7.0), and homogenized
using a Dounce grinder. Heart mitochondria were isolated
by differential centrifugation. After centrifugation (500 × g,
2 min) to remove tissue debris, the supernatant was centrifuged
at 10,000 xg (10 min) to pellet mitochondria, which were
washed once and resuspended at 20 ∼ 30 mg/mL protein
at 4◦C (0.1 M KCl, 0.05 M Tris-HCl, 2 mM EGTA, pH
7.4). Mitochondrial FA oxidation was measured by monitoring
either CO2 or water release using [14C]-palmitate as substrate.
In brief, mitochondria (0.5 mg protein/mL) were incubated
with 100 µM FA complexed to BSA (FA:BSA = 1.7) in
respiration buffer (120 mM KCl, 5 mM KH2PO4, 3 mM
HEPES, 3 mM MgCl2, 1 mM EGTA, 5 mM ATP 1mM NAD,
0.5 mM Carnitine, 0.1 mM Coenzyme A, 5 mM Malate,
pH 7.2) aerated with 95% O2 and 5% CO2. The reaction
was terminated by adding hydrochloric acid and radiolabeled
products were quantified. Oxygen consumption was measured
polarographically using a dual channel Instech Dissolved O2

Measuring system. Mitochondria were placed in the electrode
chamber in 150 mM KCl, 1 mM EGTA, 5 mM DTT, pH 7.0
at 20◦C and the O2 consumed was measured for 5 min with
no additives and with 5 mM malate added. ADP was added
to determine the substrate-supported O2 consumption and the
ability to generate ATP.

Gene expression analysis

Gene expression was analyzed by microarray as previously
described (4) or by RNA-Seq (27) as indicated. In brief,
total RNA was isolated from tissues using Trizol (Invitrogen,
Carlsbad, CA). In brief, flash frozen hearts were homogenized
in Trizol and chloroform was added (0.2 mL/mL Trizol)
followed by centrifugation. The supernatant was removed, an
equal volume of isopropanol was added, and the samples were
centrifuged again to pellet the RNA, which was washed in 75%
ethanol, dried, and resuspended in UltraPure Distilled Water
(GIBCO, Carlsbad, CA). Microarray analyses were performed
using the Whole Mouse Genome Oligo Microarray Kit (Agilent
Technologies, Santa Clara, CA). The array was scanned by
Axon 4000B scanner, and the data were extracted by GenePix
Pro 6.1 software (Molecular Devices, Sunnyvale, CA). For the
RNAseq, raw sequencing data were obtained as previously
described in FASTQ format. Read mapping used Tophat 2.0.9
against the mm10 mouse reference genome. The resulting
BAM alignment files were processed using HTSeq 0.6.1 python
framework and respective mm10 GTF gene annotation (UCSC
database). The Bioconductor package DESeq2 (3.2) was used to
identify differentially expressed genes (DEGs) and for statistical
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analysis based on the negative binomial distribution model. The
resulting values were adjusted (Benjamini–Hochberg method
for FDR determination). Genes with adjusted P-value < 0.05
were determined to be differentially expressed. KEGG analysis
was used to identify the top canonical pathways being altered.
RNA-seq data were deposited in the NCBI’s Gene Expression
Omnibus (GEO) database (GEO GSE116350).

Macrophage polarization and
treatments

Bone marrow-derived macrophages were isolated and
cultured in RPMI with 10% FBS, 10% L929 conditioned
media, and 1% PenStrep for 5 days. For M1 polarization,
macrophage media was supplemented with 20 ng/mL
IFNγ (Peprotech) and 20 ng/mL lipopolysaccharides (all
from Sigma). For M2 polarization, macrophage media was
supplemented with 20 ng/mL interleukin-4 (Peprotech).
For linoleic acid (LA) and docosahexaenoic acid (DHA)
solution: 25 µM LA or DHA (Cayman) complexed with 8 µM
FA-Free BSA in PBS supplemented with glucose and 2 µM
calcium chloride. Solutions were prepared fresh 24 h before
treatment and rotated at 4◦C overnight to allow for complete
complexing to BSA. Eicosanoids were measured by liquid
chromatography–mass spectrometry (LC–MS) as previously
described (34).

Positron emission
tomographic/computed tomography
imaging

Mice were fasted for 4 h, anesthetized with isoflurane, and
injected with 3.7 MBq of 64Cu-AMD3100 (64Cu: t1/2 = 12.7 h)
or 9.25 MBq 68Ga-DOTA-ECL1i (68Ga: t1/2 = 68 min) in
100 µL of saline via the tail vein. Small animal PET/CT
scans (40–60 min dynamic scan) were performed on the
Inveon PET/CT system (Siemens, Malvern, PA). The PET
images were corrected for attenuation, scatter, normalization,
and camera dead time and co-registered with CT images.
The PET images were reconstructed with the maximum a
posteriori (MAP) algorithm and analyzed by Inveon Research
Workplace. The uptake was calculated as the percent injected
dose per gram (%ID/g) of tissue in three-dimensional regions
of interest (ROIs) without the correction for partial volume
effect (26).

Flow cytometry

Single-cell suspensions were generated from saline perfused
hearts by finely mincing and digesting them in DMEM with

Collagenase 1 (450 U/mL), Hyaluronidase (60 U/mL), and
DNase I (60 U/mL) for 1 h at 37◦C. All enzymes were purchased
from Sigma. To deactivate the enzymes, samples were washed
with HBSS that was supplemented with 2% FBS and 0.2%
BSA and filtered through 40 µM cell strainers. Red blood cell
lysis was performed with ACK lysis buffer (Thermo Fisher
Scientific). Samples were washed with HBSS and resuspended
in 100 µL of FACS buffer (DPBS with 2% FBS and 2 mM
EDTA). Cells were stained with monoclonal antibodies at 4◦C
for 30 min in the dark. All the antibodies were obtained from
Biolegend: CD45-PerCP/Cy5.5, clone 30-F11; CD64-APC and
PE, clone X54-5/7.1; CCR2-BV421, clone: SA203G11; MHCII-
APC/Cy7, clone M5/114.15.2; Ly6G-PE/Cy7, clone 1A8; and
Ly6C-FITC, clone HK1.4. Samples were washed two times, and
final resuspension was made in 300 µL FACS buffer. DAPI
or LIVE/DEADTM Aqua dyes were used for the exclusion of
dead cells. Flow cytometric analysis were performed on the BD
Fortessa platform. Neutrophils were gated as CD45 + Ly6Ghigh.
Macrophages were gated as Ly6GnegCD64highLy6Clow cells.

Statistics

Statistical analyses were made using GraphPad Prism 8
or MATLAB Student’s t-test, one-way or two-way ANOVA
with post hoc comparison. Principal component analysis (PCA)
using Umetrics SIMCA-P + 12 software (Umetrics AB) was
conducted for non-biased evaluation of lipidomic data (22). All
data presented are means ± standard error (SE). Significance
was for p < 0.05.

Results

Cardiac lipidomic profile

FAs are structural components of membranes, signaling
molecules, and energy sources. In addition, they regulate gene
expression by providing substrate for histone acetylation (35,
36). The inability of the myocardium to adapt FA utilization
and FA oxidation to FA availability disrupts homeostasis and
can associate with stress and inflammation. We examined
the lipid profile of the CD36−/− heart by conducting an
unbiased global assessment using hearts from fed or overnight
fasted CD36−/− and WT mice. Turnover of intramyocardial
triglycerides (TAG) contributes an estimated 10% of cardiac
energy (37); TAG content was similar in hearts of fed WT
and CD36−/− mice (Figure 1A). TAG increased after fasting
in WT hearts as previously reported (30, 34), in contrast,
CD36−/− hearts showed a marked (∼60%) reduction of TAG
stores (Figure 1A). We examined FA composition of the
TAG to gain insight into TAG remodeling. Saturated FA
(Figure 1B) and PUFA (Figure 1D) were significantly increased
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in the hearts of CD36−/− mice as compared to controls
during the fed state. Fasting is associated in WT hearts with
increases in TAG content of monounsaturated (>200%) and
polyunsaturated (160%) FAs more than saturated FAs (∼130%).
In CD36−/− hearts, fasting reduced all FAs in TAG with a
larger drop in monounsaturated (-65%) and polyunsaturated (-
62%) FAs as compared to saturated FAs (-45%). These results
suggested abnormalities of FA desaturation (Figures 1B–D).
In line with the results in the fasting state, expression of
the myocardial isoform of stearoyl-CoA desaturase increased
three-fold in the hearts of fasted WT mice and was 60%
reduced in the hearts of fed or fasted CD36−/− mice (data not
shown). Myocardial plasmalogens and cardiolipins (CL), two
classes of lipids important for the function of peroxisomes and
mitochondria in FA oxidation (38) were altered in CD36−/−

mice. Plasmalogen levels were reduced (∼25%) in fed and
fasted states, as compared with hearts of WT mice (Figure 1E).
Fasting increased lysocardiolipin levels in hearts from both
genotypes, although the increase was larger in hearts from
CD36−/− as compared to those of WT mice, 1.6-, and 2.8-fold,
respectively (Figure 1F). Fasting changed FA composition of
cardiolipin acyl chains, which is regulated in concert with the
remodeling of other phospholipids. Lysocardiolipin is formed
by phospholipase removal of FA-acyl chains and acyltransferase
mediates reacylation back to cardiolipin. The larger increase in
lysocardiolipin in fasted CD36−/− hearts involved all species
with the most affected acyl chains being linoleic acid (C18:2) and
DHA (C22:6) (Figure 1G).

Tissue renewal relies on lipid metabolism, notably FA
oxidation which maintains competent stem cells (39) and
regulates cardiac function and homeostasis (8, 40). In the fed
state, there was little change in levels of total acylcarnitines
(ACs) in CD36−/− hearts (Figure 2A), but while total
acylcarnitine levels increased with fasting in WT hearts, they
trended lower in CD36−/− hearts, although total AC content
is not as meaningful with respect to the status of FA oxidation as
that of long-chain ACs. The WT hearts sustained FA oxidation
in fasting (Figure 2B) and mitochondrial CD36 protein content
increased (Figure 2C) while relative FAO decreased with fasting
in CD36−/− hearts (Figure 2B). The heart during fasting
normally reduces its glucose utilization and increases its reliance
on FA uptake and FA oxidation. However, this metabolic
flexibility is lost in the hearts of CD36−/− mice which continue
to rely on glucose utilization during fasting (8). In line with
this, ACs increased during fasting in the hearts of WT mice,
but the increase was uniformly muted in CD36−/− mice as
ACs showed little change or decreased (Figure 2D). Levels
of acylcarnitines were similar in the fed state in WT and
CD36−/− hearts, but during fasting, long-chain AC species
(12:0, 16:0, 18:0, 18:1, and 18:2) trended lower but only AC
12:0 and 18:0 reached significance. As compared to the WT
heart, long-chain acylcarnitines (12:0, 14:0, 16:0, 18:0, 18:1, and
18:2) were significantly reduced in the hearts of CD36−/− mice
indicating reduced mitochondrial FA oxidation. These results

are consistent with findings showing that during feeding, the
CD36−/− heart can utilize FAs from chylomicrons as uptake of
chylomicron FA is not limited by CD36 (8).

The FAs liberated by phospholipases serve as the primary
precursor pool for the formation of the pleiotropically
bioactive arachidonic acid-derived eicosanoid generated by
cyclooxygenases (COX), lipoxygenases (LOX), and cytochromes
P450. The generated eicosanoids are involved in multiple
signaling pathways in the heart (41). The role of CD36
in phospholipase A2 activation, release of arachidonic acid,
and generation of prostaglandin E2 (PGE2) was previously
reported in isolated macrophages (42). We found that levels
of many eicosanoids were elevated in the hearts of fed
CD36−/− mice as compared to those of WT mice (Figure 3A,
black to white bars). This included several LOX-generated
hydroxyeicosatetraenoic acids; 8, 12, and 15 HETE and
P450 generated epoxyeicosatrienoic acids; 5–6, 8–9, 11–12,
and 14–15 EET and 20-HETE. The COX-derived PGE2,
PGF2a, and PGD2 were not affected but they increased with
fasting only in WT hearts (Figures 3A,B). CD36 deficiency
is associated with higher gene expression of the CYP4A
arachidonic acid ω-hydroxylases Cyp4a12 and epoxygenase
Cyp2c70 (Figure 3C). The increase in arachidonic acid-derived
eicosanoids during feeding could reflect the presence of
inflammation in the myocardium.

Unbiased global assessment of gene expression by
microarray analysis in hearts of CD36−/− mice, as compared
to WT, identified upregulation of pathways regulating both
innate and adaptive immunity (Figure 4A and Supplementary
Table 1). Excessive or abnormal FA metabolism can promote
cardiac inflammation and heart disease which could involve
effects on macrophage (MAC) polarization (43). We examined
the response of M1-like vs. M2-like MACs to pro-inflammatory
(e.g., ω-6 linoleic acid, LA) or anti-inflammatory (e.g., ω-3
docosahexaenoic acid, DHA) polyunsaturated long chain
FAs (PUFAs) and the effect of CD36 deficiency. The ω-3
and ω-6 PUFAs are metabolized to various eicosanoids
that can, respectively, promote (via prostaglandins) or
resolve (via resolvins) inflammation (44, 45). As reported
(46), alternatively polarized M2-like bone marrow-derived
MACs have higher CD36 expression when compared to
classical M1 MACs (Figure 4B). Untreated WT M1 MACs
produced much more PGD2, a metabolite of the ω-6 FA
arachidonic acid, than WT untreated M2 MACs (∼843 ± 15
vs. 35 ± 2 AU, respectively, p < 0.0001), and M1 PGD2
production was unaffected by FA treatment (Figure 4C). The
WT M2 MACs generated low amounts of PGD2 that modestly
increased upon addition of DHA (65 ± 4 AU; p < 0.05) or
LA (80 ± 4 AU; p < 0.05) (Figure 4C). We then examined
the production of 5-HEPE, a common anti-inflammatory
metabolite of ω-3 FAs. Wildtype M1 MACs produced low
amounts of 5-HEPE, which modestly increased in response
to DHA while a much larger (∼six-fold) increase in 5-HEPE
was observed in DHA-treated WT M2 MACs (Figure 4D).
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FIGURE 1

CD36-mediated alterations in myocardial triglycerides and lysocardiolipin. Myocardial lipids in fed and fasted WT and CD36−/− mice were
analyzed using shotgun lipidomics mass spectrometry. Levels of (A) total triglycerides, (B) saturated, (C) monounsaturated (MUFA), and (D)
polyunsaturated (PUFA) FAs in TGs. (E) Levels of total plasmalogens (%). (F) Levels of lysocardiolipins. (G) Lysocardiolipin species. Labels denote
the number of carbons: number of double bonds. Results are reported as nmol/mg of protein. Data (n = 5/group) are means ± SE with n
representing the number of mice per group, *p < 0.05.

Similar data were observed with the anti-inflammatory
metabolite 18-HEPE (data not shown). The effect of CD36
deletion on MAC production of eicosanoids was examined
next (Figures 4E–G). CD36 deletion increased by ∼nine-
fold basal PGD2 levels in M1 MACs (49,862 ± 3,708 AU;
p < 0.0001) with no further increase observed with LA
treatment. DHA suppressed PGD2 levels (12,364 ± 1,377 AU;
p < 0.001) less efficiently in CD36−/− cells (Figure 4E left
panel). DHA treatment increased PGD2 in CD36−/− M2
MACs by ∼ two-fold (to 2,741 ± 811; p < 0.05) while LA
was ineffective (Figure 4E right panel). These data show
that a major effect of CD36 deficiency was to dramatically
increase basal PGD2 secretion by M1 MACs. Levels of the
anti-inflammatory DHA metabolite 17-HDHA were modestly
higher in untreated CD36−/− M1 MACs (1,980 ± 295 AU)
as compared to untreated WT M1 MACs (362 ± 242 AU;
P < 0.01) (Figure 4F). Addition of DHA increased 17-HDHA
(11,353 ± 2,530 AU) in WT M1 MACs with a significantly
larger effect in CD36−/− cells (99,242 ± 11,230 AU; p < 0.001)
indicating that CD36 deficiency also increases ω-3 conversion
into eicosanoids. A similar pattern was observed in M2 MACs,
while LA treatment was generally ineffective (Figure 4F). CD36
deficiency increased (∼10-fold) production of the linoleic acid

metabolite 13-HODE in M1 MACs (291,575 ± 57,607 AU) as
compared to untreated WT M1 MACs (29,562 ± 5,744 AU;
p < 0.01), and in response to DHA or LA in both M1 and
M2 (Figure 4G). Together, these data suggest that MAC CD36
influences eicosanoid formation, and CD36 loss results in
process dysregulation with blunting of differences in eicosanoid
production between M1 and M2 MACs.

Cardiac C-X-C motif chemokine
receptor 4 and C-C chemokine
receptor type 2 imaging

The above data together suggested the presence of
inflammation in the myocardium of the CD36−/− mouse,
so we next examined the presence of inflammation non-
invasively in vivo. Neutrophils are the first cell type to respond
when the heart is subjected to stress, infection, or injury.
Short-term neutrophil infiltration initiates inflammation
and helps with its resolution, while the long-term presence
of neutrophils can damage the myocardium (47, 48). High
CXCR4 expression is typical of activated neutrophils that
can cause tissue damage (49). MAC subsets in the heart
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FIGURE 2

Acylcarnitines and fatty acid oxidation (FAO) of mitochondria isolated from fed and fasted WT and CD36−/− hearts. (A) Levels of total
acylcarnitines (ACs). (B) Mitochondria were isolated to measure CD36 content and fatty acid oxidation (FAO) rate determined from CO2 or 3H
water release from radiolabeled substrates as described in Methods. Data are expressed as ratios of FAO rates from fasted and fed hearts.
(C) CD36 expression and densitometry in mitochondrial lysates relative to COX IV expression by western blotting. (A,B) n = 5/group;
(C) n = 7/group; (D) n = 3/group. Results are reported as pmol/mg of protein. Data are means ± SE with n representing the number of mice per
group, *p < 0.05.

play different roles in the tissue’s response to stress. While
tissue-resident CCR2neg MACs inhibit monocyte recruitment,
CCR2+ tissue MACs recruit monocytes and promote cardiac
inflammation (50) and contribute to adverse heart remodeling
and the pathogenesis of heart failure in humans (51, 52).
To non-invasively assess real-time cardiac inflammation in
unchallenged CD36−/− mice, we took advantage of a PET-
based molecular imaging strategy using 64Cu-AMD3100
tracer detecting CXCR4+ neutrophils (CXCR4 PET) and
68Ga-DOTA-ECL1i tracer detecting CCR2+ macrophages
(CCR2 PET) as previously described (25, 26, 53). In CD36−/−

mice, robust CXCR4 PET signals were observed in the
hearts compared to the low tracer retention measured
in wild type controls (Figure 5A). Quantitative analysis
showed that tracer uptake in the hearts of CD36−/− mice

was significantly higher (3.36 ± 0.36%ID/g, p < 0.001,
n = 7) than that in WT mice (2.17 ± 0.25%ID/g, n = 10)
(Figure 5B). Moreover, ex vivo autoradiography performed
immediately after PET/CT imaging showed stronger tracer
uptake in heart slices from CD36−/− mice relative to slices
from WT mice (Figure 5C). To further validate the CXCR4
PET findings, we determined level of CXCR4+ neutrophils
in mouse hearts using flow cytometry. CD36−/− hearts as
compared to WT hearts, had more CXCR4+ neutrophils
but not more total neutrophils (CD45+Ly6G+) (Figure 5D).
For CCR2 imaging, higher tracer uptake was measured
in CD36−/− mice that contrasted with the low retention
of 68Ga-DOTA-ECL1i seen in WT mice (Figures 6A,B).
Heart uptake quantification revealed nearly doubled signals
in CD36−/− mice (1.33 ± 0.16%ID/g, n = 5, p < 0.001)

Frontiers in Cardiovascular Medicine 07 frontiersin.org

131

https://doi.org/10.3389/fcvm.2022.948332
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-948332 August 11, 2022 Time: 15:51 # 8

Cifarelli et al. 10.3389/fcvm.2022.948332

FIGURE 3

CD36 deficiency affects cardiac eicosanoid content. (A) Eicosanoid content in fed or fasted WT and CD36−/− heart (n = 5/group). Results are
reported as pg/mg of protein. (B) Gene expression fold change of key enzymes regulating eicosanoid production. Data are means ± SE with n
representing the number of mice per group, *p < 0.05. (C) The scheme represents downstream metabolites of arachidonic acid (AA) via
cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome (P450) pathways.

relative to those in WT mice (0.72 ± 0.06%ID/g, n = 5).
Moreover, in CCR2−/− mice, minimal 68Ga-DOTA-ECL1i
accumulation was observed (0.59 ± 0.04%ID/g, n = 4,
p < 0.001), validating CCR2-targeting specificity of 68Ga-
DOTA-ECL1i (Figures 6A,B). Flow cytometry analysis
confirmed increased CCR2 expression on heart MACs isolated
from CD36−/− mice (Figure 6C).

CD36 deletion in cardiomyocyte
associates with cardiac inflammation

The alterations in lipid metabolism measured in the hearts
of CD36−/− mice would be predicted to cause significant
stress to the myocardium, which could promote inflammation.
To assess the role of cardiomyocyte CD36 deficiency on
cardiac inflammation independent of the context of CD36
deficiency in immune cells, we examined whether inflammation
can be observed in hearts from mice with CD36 deletion
restricted to cardiomyocytes, MHC-CD36−/− (27). Hearts
of MHC-CD36−/− mice had significant increases in the
macrophage CCR2 PET tracer as compared to hearts of

WT mice (Figures 7A,B). In addition, an unbiased global
assessment of gene expression in hearts from MHC-CD36−/−

mice showed upregulation of pathways involved in immune
cell activation and infiltration. In contrast, pathways relevant to
cellular respiration, mitochondrial function, and FA metabolism
were downregulated as compared to littermate controls
(Figure 7C). These data suggested that CD36 deficiency in
cardiomyocytes likely contributes to tissue inflammation and
immune infiltration.

Discussion

Our study examined metabolic and immune adaptation
of the heart in the context of CD36-mediated impaired lipid
metabolism. Lipidomic analysis in hearts from CD36−/− mice
showed abnormal remodeling of TAG and mitochondrial
cardiolipin in fasting, and reduced levels of peroxisomal
plasmalogens, a major glycerophospholipid class in the
myocardium (54). In line with this, fasting associated with
suppressed mitochondrial FA oxidation and with reduced FA
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FIGURE 4

CD36 deletion associates with markers of inflammation in heart tissue and isolated macrophages. (A) Microarray analysis in CD36−/− heart
shows upregulated biological pathways involved in immune cell activation and inflammation (n = 3/group). Pathway analysis obtained from
Reactome analysis database using differentially regulated genes (>1.6 or <0.7). Number of differentially regulated genes is indicated on the
significance bar for each pathway. (B) WT bone marrow-derived macrophages (BMDM) were subjected to a polarization protocol to yield M1-
and M2-like macrophages and were assayed for CD36 expression levels by western blotting. WT M1- and M2-like macrophages were assayed
for the content of (C) PGD2 and (D) 5-HEPE at baseline and following DHA or LA treatment. (E–G) BMDM were obtained from WT or CD36−/−

mice and subjected to the polarization protocol. M1- and M2-like macrophages were then treated with DHA or LA to measure the content of
(E) PGD2, (F) the DHA metabolite 17-Hydroxy-ocosahexaenoic acid (17-HDHA) and (G) the linoleic acid metabolite 13-Hydroxyoctadecadienoic
acid (13-HODE). Eicosanoids were measured by LC–MS. All data (n = 4/group) are means ± SE with n representing the number of mice per
group. Statistical significance is determined by Student’s t test. *p < 0.05.

acylcarnitine levels. Eicosanoid production was dysregulated
in fed CD36−/− mice with high levels of multiple pro-
inflammatory arachidonic acid derivatives. Analysis of heart
gene expression showed that CD36 deficiency promotes the
downregulation of genes involved in cellular respiration and
mitochondrial function while upregulating the expression of
genes involved in immune cell activation and inflammation.
Using a novel non-invasive PET imaging approach, we further
showed that CD36 deficiency promotes cardiac immune cell
infiltration in unchallenged mice. Increases were observed in
PET signals for CXCR4, a marker of old activated neutrophils
that cause tissue damage (49), and for CCR2 which marks
a pro-inflammatory subset of monocytes-macrophages, that
associates with adverse left ventricle remodeling and heart
failure progression (26, 55). CD36 regulates macrophage
polarization to the anti-inflammatory phenotype and improves
macrophage efferocytosis after ischemic injury (56). Deficiency

in myeloid-CD36 delays the clearing of apoptotic cells,
including neutrophils and cardiac repair after injury (21).
Uncleared apoptotic neutrophils are implicated in tissue
injury through the generation of pro-inflammatory cytokines,
extracellular traps, and reactive oxygen species (57). Although
neutrophils were recently shown to have a protective role in
polarizing macrophages toward a healing function, the absence
of CD36 on macrophages would at least in part impede
this effect (58, 59). The observation that CD36 deficiency
restricted to cardiomyocytes promotes macrophage infiltration
and upregulation of pathways related to immune activation
and migration in the heart suggests that dysregulation of
lipid metabolism might drive the immune infiltration in
CD36−/− hearts.

CD36 deficiency in rodents was reported to associate with
intolerance to prolonged fasting with increases in arrhythmias
and sudden death (4). One contributor to fasting intolerance
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FIGURE 5

Visualization of activated neutrophils in the heart of wild type (WT) and CD36 null (CD36−/−) mice. (A) Neutrophils are visualized non-invasively
using 64Cu-AMD3100 tracer and PET/CT scanning. (B) Quantification of 64Cu-AMD3100 tracer in the heart (n = 10 in WT mice, n = 7 in
CD36−/− mice). (C) Ex vivo autoradiography of heart slices collected from WT and CD36−/− mice immediately after the PET scan to further
document uptake of 64Cu-AMD3100 (n = 2/group). (D) Flow cytometric analysis of CXCR4 expression on cardiac neutrophils isolated from WT
and CD36−/− mice (n = 3/group). All data are means ± SE with n representing the number of mice per group. Statistical significance is
determined by the unpaired non-parametric Mann–Whitney t-test. *p < 0.05.

of CD36−/− mice is likely the fasting-induced TAG depletion.
The fasted CD36−/− heart relies more heavily than the WT
heart on glucose and endogenous lipid stores and is unable to
replenish them by FA supply during fasting. However, in the fed
state, the CD36−/− heart can derive FAs from chylomicrons.
The heart utilizes FFAs bound to albumin, as well as FFAs,
released from very low-density lipoproteins (VLDL) or from
intestinally derived chylomicrons via vascular lipoprotein lipase
(LpL)-mediated enzymatic cleavage of triacylglycerol (TG) ester
bonds. A comparison of myocardial FA uptake from VLDL
and chylomicrons in mice showed that CD36 was important
for FA uptake from VLDL but not from chylomicrons, as
the effect of CD36 deletion on FA uptake from chylomicrons
was negligible (60). Therefore, in the fed state, the CD36−/−

heart can replenish endogenous lipids from chylomicrons.
In the fasting state, CD36−/− hearts fail to replenish TAG
stores as uptake of FA and VLDL is CD36 dependent (8, 60).
Targeting cardiac FA uptake can provide a primary approach
for preventing excess lipid accumulation and lipotoxicity as
proposed (61) but our findings indicate that very low FA uptake
rates can negatively impact myocardial adaptation and the

remodeling required for the maintenance of tissue health. In line
with the current results with CD36−/− hearts, mice with LpL
deficiency restricted to cardiomyocytes showed altered cardiac
expression of genes involved in lipid and glucose metabolism
(62) and developed heart dysfunction with aging and increased
afterload (63).

Altered remodeling of cardiolipins and
plasmalogens

We previously reported that CD36−/− hearts had higher
contents of lysophospholipids, LPC, and LPE (4). These
earlier findings together with the current observations of
abnormal increases in lysocardiolipins are consistent with the
interpretation that FA acyl supply might be rate-limiting for
phospholipid remodeling in fasted CD36−/− hearts in line
with the reduction in FA acyl sources, namely myocardial
TAG and FA uptake. However, alternative or additional
mechanisms cannot be ruled out. Phospholipid remodeling is
regulated by signal transduction events, including changes in
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FIGURE 6
68Ga-DOTA-ECL1i PET/CT imaging the infiltration of CCR2 + monocyte/macrophages in hearts. (A,B) Representative 68Ga-DOTA-ECL1i
PET/CT images and quantitative analysis showed higher tracer accumulation in the heart of CD36−/− (n = 5) compared with WT mice (n = 5)
and CCR2−/− mice (n = 4/group). (C) Flow cytometric analysis of CCR2 expression in macrophages isolated from WT and CD36−/− hearts
(n = 3/group). All data are means ± SE with n representing the number of mice per group. Statistical significance is determined by One-way
ANOVA. *p < 0.05.

calcium dynamics, which are altered in CD36−/− hearts (4).
Dysfunction of calcium flux, or activation of phospholipases A2,
or lysophospholipid acyltransferases could result in abnormal
tissue remodeling. We observed 50% suppression of gene
expression for heart cytoplasmic cPLA2 and iPLA2γ, enzymes
that mobilize arachidonic from PC and PE to yield lysoPC and
lysoPE, and a two to fourfold increase in expression of the
acyltransferases LPCAT2 and LPCAT3 that reacylate lysoPC to
PC (data not shown). It remains to be determined whether
these changes are compensatory in the context of dysregulated
enzymatic activity.

Remodeling of cardiolipin side-chains is important for
mitochondrial function (64, 65). Linoleic, oleic, arachidonic,
and docosahexaenoic acids are major side-chains of mouse
heart cardiolipin (66) and are maintained preferentially
through acyl chain transfer from the sn-2 position of PC
(67). Maintaining appropriate levels of the key C18:2 and
C22:6 cardiolipin might be suboptimal in CD36−/− hearts.
Remodeling of phospholipids is important for myocardial
adaptation to stress and is thought to boost sarcoplasmic

reticulum Ca2+ uptake. For example, altered DHA content
of heart phospholipids in mice with deficiency of the
very-long-chain acyl-CoA dehydrogenase that initiates
oxidation of FA with 14–20 carbons is associated with
abnormal Ca2+ handling, tachycardia, and prolonged
QT interval (68, 69), similar to dysfunctions noted in
fasted CD36−/− mice (4). The dysregulated phospholipid
(PC, PE, and CL) remodeling induced by CD36 ablation
appears maladaptive and might contribute to impairing
calcium handling.

Level of plasmalogens was reduced in fed and fasted
CD36−/− hearts as compared to controls. Plasmalogens are
enriched in plasma membrane lipid-raft microdomains (70)
and function as potent endogenous antioxidants regulating
susceptibility to oxidative damage in many diseases (71–
73). In addition, they are important for mitochondrial FA
oxidation (38). Plasmalogens can also generate toxic lysolipids
and hydroxy fatty aldehydes and are the target of activated
neutrophils (74), but whether the reduction in plasmalogen
levels is in part linked to neutrophil infiltration is unclear.
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FIGURE 7

Myocardial CD36 deletion associates with cardiac inflammation and impaired FA metabolisms. (A,B) Representative 68Ga-DOTA-ECL1i PET/CT
images and quantitative analysis showed higher tracer accumulation in the heart of MHC-CD36−/− (n = 4/group) compared with those isolated
from control mice (n = 5/group). Data are means ± SE with n representing the number of mice per group, *p < 0.05. (C) Gene expression of
MHC-CD36−/− and control hearts obtained by RNA-seq. Up- and downregulated biological pathways from Reactome analysis using
differentially regulated genes (MHC-CD36−/− vs. WT, > 1.6 or < 0.7-fold change). All data are (n = 3/group) with n representing the number of
mice per group. Number of genes on the differentially regulated list is indicated on significance bar for each pathway.

Changes in eicosanoids

The altered phospholipid remodeling in CD36−/− hearts
is associated with increased production of various eicosanoids
especially in the fed state when the supply of FAs is
abundant. The data suggest that eicosanoid production is
dysregulated and that it is normally suppressed by CD36
presence. This is in line with the findings in macrophages
where CD36 deficiency upregulated basal or FA-induced
eicosanoid production (Figures 4E–G). In macrophages,
CD36 deficiency markedly increased levels of the pro-
inflammatory PGD2 in M1 macrophages and those of the
linoleic acid metabolite 13-HODE by both M1 and M2
macrophages. These lipid mediators influence diverse signaling
pathways in the heart including activation of ion channels,
modulation of calcium flux, and their resultant effects on
cardiac hypertrophy, myocardial preconditioning, infarction,
and arrhythmogenesis (41).

CD36−/− hearts have higher levels of most arachidonic-
derived eicosanoids as compared to WT hearts. Arachidonic
acid metabolism generates mostly pro-inflammatory mediators
but can also yield metabolites that help resolve inflammation
(75). Arachidonic acid metabolism to prostaglandins via the
COX pathway or to leukotrienes via the LOX pathway is
associated with acute inflammation (75). In addition to the
increased production of pro-inflammatory eicosanoids, we
observed a fourfold increase in cytochrome P450-derived epoxy

cardioprotective compounds (76). The CYP pathway produces
the pro-resolution mediator epoxyeicosatrienoic acid, thought
to increase the recruitment of dendritic cells and monocytes
important for repair (75). The EETs, present in the heart,
endothelium, and plasma have vasodilatory, anti-inflammatory,
antioxidative, anti-migratory, and pro-fibrinolytic effects in
the heart, with 11,12-EET being the most efficacious. Some
of these anti-inflammatory effects might be mediated by the
inhibitory role of EETs on pro-inflammatory mediators in the
vascular wall, ICAM-1, VCAM-1, and E-selectin. The 11,12-
EET also inhibits phosphorylation of IκB-α, which is necessary
for nuclear translocation of NF-κB, preventing activation of
NF-κB target genes (77). However, it is worth noting that
the changes in EET levels in CD36−/− hearts occurred
in opposite direction to those in WT hearts. Levels were
much higher in the fed state and declined after fasting to
levels below those of WT hearts (e.g., 11,12-EET, and 14,15-
EET). Overall, eicosanoid metabolism appears dysregulated in
CD36−/− hearts, and further studies are needed to understand
the molecular mechanisms driving the changes.

Is CD36 good or bad for heart
homeostasis?

The current findings and our previous observations support
the importance of CD36 for maintaining heart metabolic
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flexibility and optimal adaptation to energy fluctuations. They
also suggest an important role of the protein in the regulation
of phospholipid remodeling important for membrane function.
Emerging research show that CD36 has dual actions in the
inflammatory process, as the receptor is reported to regulate
both induction and resolution of inflammation possibly due
to its capability to bind different ligands. For example, CD36-
mediated uptake of oxLDL (78) contributes to cholesterol
accumulation in arterial wall macrophages (79). CD36 induces
inflammation by forming a complex with TLR4 (80) was shown
to regulate nucleation and accumulation of cholesterol crystals
within macrophages resulting in activation of the NLRP3
inflammasome (75). On the other hand, as a pattern recognition
receptor, CD36 is involved in the clearance of cell debris and
phagocytosis, which is important for resolving inflammation
by contributing to the clearance of apoptotic neutrophils (81).
In the heart, CD36 may be important for the resolution of
cardiac inflammation after injury by contributing to monocyte
clearance of apoptotic cells (21, 82). Impaired resolution of
inflammation is also observed with CD36 deletion in lymphatic
endothelial cells and the resulting impairment of the lymphatic
barrier (83). These dual actions of CD36 in helping mount
and resolve inflammation would be consistent with the concept
that normally inflammation is tightly controlled, self-limited,
and programs its own resolution (84). In summary, the heart
of unchallenged CD36−/− mice is in a non-homeostatic state
and displays strikingly abnormal remodeling of tissue lipids.
This includes lipids important for energy production, TAG, and
cardiolipin, which are associated with diminished mitochondrial
oxidation and the reduced production of acylcarnitines during
fasting. Abnormal remodeling of membrane phospholipids,
important for tissue adaptation to stress, associated with
dysregulated production of the bioactive eicosanoids, which play
important roles in multiple physiological pathways, including
the initiation and resolution of inflammation.

Potential relevance to humans

CD36 genetic variants that reduce protein level by ∼50%
are relatively common, with a minor allele incidence of ∼20%
in African Americans. Partial or total CD36 deficiency is
associated with abnormal blood lipid profile (24, 85) and with
vascular stiffening (23), which are predictors of obesity/diabetes-
associated cardiovascular events. Humans deficient in CD36
have impaired FA uptake as visualized by spectral imaging
using the FA analog BMIPP. Myocardial BMIPP uptake
is almost undetectable in CD36 deficient humans and is
significantly reduced in subjects with partial CD36 deficiency
(6, 86) suggesting a quantitative gene-dosage dependency. The
dysregulated eicosanoid secretion in the hearts of CD36−/−

mice might signal the presence of subclinical tissue damage
in line with the observed immune infiltration. High levels of

eicosanoids have been associated with myocardial vulnerability.
Increases in LOX-generated AA-derived HETEs, notably 12-
HETE and 15-HETE, and of P450-generated AA-derived
11,12-EET and 14,15-EET were shown to correlate with the
N-terminal pro-B-type natriuretic peptide, a cardiac biomarker
predictive of the acute coronary syndrome and heart failure.
They are also associated with the subsequent onset of acute
myocardial infarct in patients with coronary artery disease (87).
Our findings warrant further investigation of interventions that
would mitigate the negative effects of the dysregulated lipid
metabolism in CD36 deficient hearts. It would be important
to determine whether polymorphisms that significantly reduce
CD36 levels might be predictive of myocardial vulnerability
to stress and could be a useful biomarker of individual
susceptibility to (i) immune cell-induced cardiac pathological
remodeling and (ii) electrical instability during fasting or other
catabolic states.
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