
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Enhanced atheroprotection and lesion remodelling
by targeting the foam cell and increasing plasma
cholesterol acceptors
Se-Hee Son1†, Young-Hwa Goo1†, Mihyun Choi1, Pradip K. Saha2, Kazuhiro Oka2,
Lawrence C. B. Chan2, and Antoni Paul1*

1Center for Cardiovascular Sciences, Albany Medical College, 47 New Scotland Avenue, MC-8, Albany, NY 12208, USA; and 2Division of Diabetes, Endocrinology and Metabolism,
Department of Medicine, Baylor College of Medicine, Houston, TX, USA

Received 1 April 2015; revised 29 September 2015; accepted 6 October 2015; online publish-ahead-of-print 20 October 2015

Time for primary review: 33 days

Aims Atherosclerosis development can be ameliorated by promoting reverse cholesterol transport (RCT) from arteries. The
process involves cholesterol efflux from foam cells to extracellular acceptors such as apolipoprotein A-I (apoA-I) and
high-density lipoprotein (HDL) that mediate transport to the liver. Perilipin-2 (PLIN2) is a lipid droplet (LD)-associated
protein that in macrophages facilitates cholesterol storage and prevents efflux. We hypothesized that atheroprotection
would be enhanced by concurrently targeting PLIN2 to increase the efflux capacity of foam cells and increasing plasma
apoA-I and HDL.

Methods
and results

PLIN2-knockout and wild-type mice lacking apolipoprotein E (PLIN2–/ – /apoE– /– and PLIN2+/+/apoE– / –) were trea-
ted with a helper-dependent adenoviral vector encoding human apoA-I (HDAd-AI) or with control empty vector.
Treatment with HDAd-AI increased hepatic apoA-I production, plasma apoA-I and HDL-cholesterol (HDL-C), and
apoA-I deposition in lesions to a similar extent in PLIN2– /– /apoE– / – and PLIN2+/+/apoE– /– mice. However, athero-
sclerosis development at the aortic sinus was considerably lower in HDAd-AI-treated PLIN2– /– /apoE– / – mice. A more
stable lesion phenotype, with increased collagen content, was primarily associated to treatment with HDAd-AI, but was
enhanced under PLIN2 deficiency. PLIN2 deficiency and apoA-I cumulatively reduced LDs and cholesterol ester con-
tent in cultured macrophages. Neutral lipid in atheroma was significantly reduced in HDAd-AI-treated PLIN2– / – /
apoE– /– mice, and RCT from macrophages to feces was enhanced in PLIN2– /– macrophages.

Conclusion These studies demonstrate a mutually beneficial relationship between PLIN2 deficiency and elevated apoA-I/HDL-C in
preventing atherosclerosis development. The data support that targeting foam cell components to mobilize cholesterol
may be a promising strategy to enhance the atheroprotection of plasma cholesterol acceptors.
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1. Introduction
The lipid laden macrophage, or foam cell, plays a central role in the
regulation of cholesterol deposition at the arterial wall.1 Arterial
macrophages internalize modified low-density lipoprotein particles in
an unfettered fashion and retain a significant amount of lipoprotein-
derived cholesterol stored as cholesterol ester (CE) within a plethora
of cytoplasmic lipid droplets (LDs).2 LDs consist of a hydrophobic core
of neutral lipid, primarily CE in foam cells, coated and stabilized within
the aqueous cytoplasm by a monolayer of phospholipids and free chol-
esterol, and by a number of LD-associated proteins. The main protein

coating LDs of macrophages/foam cells is perilipin 2 (PLIN2), also
known as adipose differentiation related protein (abbreviated ADFP
or ADRP) and adipophilin (human) before a unified nomenclature
for the family members was adopted.2,3 PLIN2 levels increase very sig-
nificantly upon lipid loading, in part because lipids induce its expression
and in part because the protein is stabilized when bound to LDs.4

Hence, PLIN2 can be used as a marker of intracellular lipid loading,
and for the diagnosis of diseases associated with lipid deposition in tis-
sues.5 In addition, PLIN2 has been shown to play a functional role in the
regulation of lipid accumulation in various tissues such as liver, skeletal
muscle, retina, and sebaceous gland.6 – 9 In cultured macrophages,
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PLIN2 up-regulation and down-regulation increased and decreased, re-
spectively, cytoplasmic LD accumulation and, consequently, CE
stores.2,10,11 Interestingly, the rate of cholesterol efflux was decreased
by PLIN2 up-regulation and increased by PLIN2 depletion, suggesting
that storage within LDs hinders cholesterol efflux.2,10 Previously we
showed that genetic disruption of PLIN2 reduced the number of LDs
in foam cells resident within mouse atherosclerotic lesions, that PLIN2
deficiency is well-tolerated by the macrophage, and that atherosclerosis
development was attenuated in PLIN2-deficient (PLIN2–/–) mice.2,11

The cholesterol effluxed by foam cells is taken over by extracellular
acceptors that mediate reverse transport (RCT) to the liver for excre-
tion in the bile and ultimately the feces.12 The main cholesterol accep-
tors are high-density lipoprotein (HDL) and free apolipoprotein A-I
(apoA-I). Upon lipidation, apoA-I forms nascent HDL particles, and
apoA-I is the most abundant protein component in HDL.13 Epidemio-
logical studies have shown a strong inverse correlation between plasma
levels of apoA-I and HDL-cholesterol (HDL-C) and the risk of cardio-
vascular disease.14 Supporting the epidemiological data, a fair number
of studies in animal models have shown protection against atheroscler-
osis following increases in plasma apoA-I and HDL-C.15 – 20 Here we
hypothesized that implicit in a scenario where atheroprotection can
be achieved by increasing either the ability of the foam cell to efflux
cholesterol or the capacity of plasma to accept and transport it, is
the possibility that the efficacy of targeting foam cell proteins might
be limited by the level of extracellular cholesterol acceptors and
that, accordingly, cholesterol retention within foam cells may limit
the atheroprotection mediated by plasma cholesterol acceptors.
ApoA-I is mainly synthesized by the liver, and a lifetime increase in plas-
ma apoA-I can be safely achieved by helper-dependent adenovirus
(HDAd)-mediated gene transfer.19,21 Thus, we compared the effect
on atherosclerosis development of PLIN2 deficiency alone, of treat-
ment with a HDAd encoding the human apoA-I gene (HDAd-AI), or
the combination of both factors. The data presented in this manuscript
support a mutually beneficial relationship between PLIN2 inactivation
and elevated plasma apoA-I and HDL-C in preventing arterial lipid de-
position and atherosclerosis development, and in the development of a
more stable lesion phenotype.

2. Materials and methods

2.1 Animal studies
Littermate PLIN2+/+/apoE– / – and PLIN2– / – /apoE– / – female mice were
generated from PLIN2+/ – /apoE–/– breeding pairs.2 At 8 weeks of age, blood
was drawn for baseline plasma measurements, and 11–12 mice of each geno-
type were injected with a single dose of 7.5 × 1012 vector particles/kg of ei-
ther HDAd-AI or control empty vector (HDAd-0). HDAds were injected via
retro-orbital venous sinus to mice anaesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg), administered intraperitoneally. Body weights and
plasma lipids were monitored at 11 weeks and 20 weeks of age. Mice
were fed standard chow throughout the study. Mice were sacrificed at 20
weeks by exsanguination under anaesthesia with ketamine and xylazine.
The study was conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals, following protocols approved by the Institu-
tional Animal Care and Use Committee at Albany Medical College.

2.2 Production of HDAd-AI vector
An 11-kb EcoRI fragment containing the human apoA-I gene was cloned
into an HDAd vector (see Supplementary material online, Figure S1). The
vector was generated, amplified, and characterized at the Gene Vector
Core at Baylor College of Medicine as previously described.19,21

2.3 Analysis of atherosclerotic lesions
Cross-sections of the aortic sinus were stained with oil red O. Lesion area
was determined in six sections spanning the region from the very proximal
aorta to the point that contains three complete leaflets by outlining the area
between the media layer and the vessel lumen following the method of Dr
Paigen as we previously described.2,22 Immunohistochemistry was per-
formed using primary antibodies against apoA-I (Santa Cruz Biotechnology)
and a macrophage marker (Mac-3/LAMP-2, Santa Cruz Biotechnology).2,23

Oil red O and Masson’s trichrome stainings were performed using standard
protocols. Neutral lipid staining with the fluorescent dye BODIPY 493/503
(Life Technologies) was performed following the manufacturer’s instruc-
tions. The intensities and/or areas of staining were determined using Image
J and AxioVision (Carl Zeiss Microscopy) softwares.

2.4 Plasma and liver analyses
Total plasma cholesterol and HDL-C were measured using the Wako Chol-
esterol E and HDL-Cholesterol E kits, respectively. Plasma triglycerides
were measured with InfinityTM Triglycerides (Thermo Scientific). Plasma
concentrations of human apoA-I were determined using an ELISA kit
from MABTECH. Immunoblots to detect total apoA-I (mouse + human)
were performed with an antibody from Santa Cruz Biotechnology. An anti-
body from Calbiochem was used to specifically detect human apoA-I. At
the final time point, lipoproteins in plasma pools of each experimental
group were fractionated by fast performance liquid chromatography
(FPLC) as previously described.2 The hepatic levels of mouse and human
apoA-I mRNA were determined by quantitative real-time PCR (qPCR)
using cyclophilin A to normalize values. Primers are listed in Supplementary
material online, Table S1.

2.5 Experiments in cultured macrophages
Thioglycollate-elicited peritoneal macrophages (PM) from were isolated
from PLIN2+/+ and PLIN2 – / – mice in C57BL6/J background that were
anaesthetized with 5% isoflurane and sacrificed by cervical dislocation.
Macrophages were cultured in DMEM-0.2% BSA containing acetylated low-
density lipoprotein (acLDL, 50 mg/mL, Biomedical Technologies) for 24 h,
washed, and incubated for an additional 24 h in DMEM-0.2% BSA or in
DMEM-0.2% BSA supplemented with apoA-I (10 mg/mL, Biomedical Tech-
nologies). To calculate the total area of LDs and the size distribution of LDs,
PM were stained with oil red O and counterstained with Harris Haema-
toxylin, and the perimeters of individual LDs in 11–15 cells per treatment
group were outlined using the AxioVision software (Carl Zeiss Micro-
imaging). To measure intracellular CE, macrophages were cultured in
DMEM-0.2% BSA containing acLDL (50 mg/mL) labelled with [1a,
2a(N)-3H]-cholesterol for 24 h, thoroughly washed, and cultured in
DMEM-0.2% BSA or in DMEM-0.2% BSA supplemented with apoA-I
(10 mg/mL) for an additional 24 h. Lipid and protein were extracted, lipids
were resolved by TLC, and the amount of 3H-labelled CE was determined
by scintillation counting and normalized to protein.23 RNA was isolated
from PM cultured in the absence of acLDL, or treated with acLDL for
24 h and cultured for an additional 6 h with or without apoA-I. The expres-
sion of several genes involved in cholesterol trafficking was determined by
qPCR and normalized to cyclophilin A. Primers are listed in Supplementary
material online, Table S1.

2.6 In vivo macrophage-to-feces RCT assay
Thioglycollate-elicited PM were isolated from PLIN2+/+/apoE – / – and
PLIN2 – / – /apoE – / – mice. For radioactive labelling, PM were incubated
with DMEM-0.2% BSA containing 50 mg/mL acLDL and 5 mCi/mL
3H-cholesterol for 24 h. Cells were extensively washed, equilibrated
for 4 h in DMEM-0.2% BSA, and resuspended in ice-cold PBS. For
in vivo RCT assays, �2 × 106 PM were injected intraperitoneally into in-
dividually housed apoE– / – mice previously treated with HDAd-AI. Reci-
pients were randomly distributed into two groups that received either
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WT or PLIN2 – / – PM. Blood was obtained via tail vein bleeding at 5, 24,
and 48 h of PM injection, and an aliquot of plasma was used for liquid
scintillation counting. Feces were continuously collected for 48 h, homo-
genized in 50% NaOH overnight, and an aliquot used for liquid scintilla-
tion counting. At 48 h, mice were sacrificed by cervical dislocation under
anaesthesia with 5% isoflurane; livers were collected and weighted; and
0.3 g of tissue was solubilized in SOLVABLETM (Perkin Elmer) and the
radioactivity determined by scintillation counting. RCT to plasma, feces,
and liver was calculated as a percentage of total radioactivity injected at
baseline.24,25

2.7 Data analysis
Two-way ANOVA was used for multiple comparisons on the effects of the
variables PLIN2 genotype and extracellular acceptors. Post hoc pairwise
comparisons were performed using the Tukey’s test. Statistical analyses
of experiments involving only two groups were performed using a two-
tailed Student’ t-test. Differences were considered significant at P , 0.05.
Data are shown as mean+ SEM.

3. Results

3.1 Effect of PLIN2 deficiency and apoA-I
on macrophage LD content and CE stores
To determine how PLIN2 ablation, high levels of cholesterol acceptors,
and the combination of both factors affect cytoplasmic lipid stores, we
incubated WT and PLIN2– / – PM with acLDL (50 mg/mL) for 24 h in
media poor in acceptors (DMEM-0.2% BSA), removed the acLDL
from the culture media, and incubated the cells in DMEM-0.2% BSA
or in DMEM-0.2% BSA supplemented with apoA-I (10 mg/mL) for an
additional 24 h. As seen in Figure 1A, in response to cholesterol loading
with acLDL, the cytoplasm of WT macrophages cultured in the ab-
sence of acceptors was abundant with LDs. Both PLIN2 deficiency
and treatment with apoA-I significantly reduced the area of cytoplasm
covered by LDs (Figure 1A and B). Whereas lack of PLIN2 reduced the
number of cytoplasmic LDs of all sizes, treatment with apoA-I did not
affect the number of small LDs of ,1 mm2. However, it significantly

Figure 1 PLIN2 deficiency and apoA-I cooperatively reduced cytoplasmic LDs and CE accumulation. (A) Representative images of oil red O-stained
PM isolated from PLIN2+/+ and PLIN2– /– mice. Macrophages were cholesterol loaded by treatment with acLDL (50 mg/mL) for 24 h and cultured for an
additional 24 h in media that was either poor in acceptors (2apoA-I) or was supplemented with 10 mg/mL of apoA-I (+apoA-I). (B and C) the total oil
red O-stained area (B) and the size distribution of the LDs (C) were determined in 11–15 cells per group. (D) CE content in cholesterol-loaded PM
cultured under the same conditions described above. (n ¼ 4). Two-way ANOVA showed that both PLIN2 genotype and apoA-I significantly influence
the area of LDs (P , 0.001 for each factor) and CE content (P , 0.001 for each factor). The P-values of pairwise comparisons within each factor are
shown in the plots.
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reduced the number of larger LDs and the overall average LD size
(Figure 1A and C and see Supplementary material online, Figure S2).

To assess whether the changes in LD number and/or size would be
reflected in changes in CE content, as expected given that CE is stored
in the core of LDs, we cultured PM in media containing acLDL labelled
with 3H-cholesterol. Following cholesterol loading and culture with or
without apoA-I supplementation for the same time periods indicated
above, lipids were resolved by TLC, and the radioactivity in the CE
bands was measured by scintillation counting and normalized to pro-
tein. As seen in Figure 1D, individually both PLIN2 deficiency and extra-
cellular apoA-I significantly reduced intracellular CE content but, in
harmony with the LD measurements, CE content was lower in
PLIN2 – / – PM cultured with apoA-I. Gene expression analyses did
not show differences in the expression of other main players in choles-
terol trafficking in macrophages (see Supplementary material online,
Figure S3). These results are in agreement with previous reports that
showed that changes in cholesterol homeostasis upon PLIN2 up-
regulation or down-regulation took place in the absence of changes
in the expression of genes involved in lipid uptake or efflux.2,10 Thus,
the impact of the combination of PLIN2 deficiency and apoA-I on LD
and CE content in cultured PM was higher than the individual impacts of
PLIN2 deficiency and treatment with apoA-I. Next, we asked how the
combination of these two factors would affect atherosclerosis
development.

3.2 In vivo generation of apoA-I and HDL-C,
and apoA-I deposition in lesions
Previously we showed that PLIN2 deficiency protects both male and
female apoE– / – mice against atherosclerosis development. We also
observed a similar degree of atheroprotection under global PLIN2

deficiency and in mice lacking PLIN2 only in bone marrow-derived cells.
Thus, to study the interrelationship between PLIN2 and circulating
cholesterol acceptors during atherosclerosis development in vivo, we
used a HDAd vector system for hepatic delivery of the human apoA-I
gene to female PLIN2+/+/apoE– /– and PLIN2– /– /apoE– / – mice.2 The
study design is summarized in Figure 2A. Because HDAd vectors lack the
coding sequences necessary for replication, they can be used in vivo with
negligible toxicity, and a single dose of vector can lead to lifetime ex-
pression of the transgene.21 Mice were injected with either HDAd-AI
or control empty vector (HDAd-0) at 8 weeks of age, and the presence
of human ApoA-I in plasma was tested by immunoblotting 3 weeks
post-injection. As seen in Figure 2B, human apoA-I was readily detect-
able at this time point, and the expression of human apoA-I consider-
ably increased the total levels of circulating apoA-I. Plasma apoA-I
remained elevated through the end of the study, and both human
and total apoA-I levels were similar between PLIN2+/+/apoE– / – and
PLIN2– / – /apoE – / – mice (Figure 2B). ELISA quantification of human
apoA-I in plasma at the end of the study also yielded comparable values
between mice that did or did not express PLIN2: 156+ 13 mg/dL in
PLIN2+/+/apoE– / – mice and 128+ 21 mg/dL in PLIN2 – / – /apoE– / –

mice (Figure 2C). These values lay within the normal range of plasma
apoA-I concentrations observed in humans.26 Human and mouse
apoA-I mRNA levels in liver determined at the time of sacrifice were
also similar between mice that did or did not express PLIN2
(Figure 2D and E). Production of human apoA-I did not alter mouse
apoA-I mRNA levels (Figure 2D and E). At the protein level, total
apoA-I in liver lysates was also similarly elevated in HDAd-AI-treated
mice of both genotypes (Figure 2F).

Treatment with HDAd-AI significantly increased plasma HDL-C by
�2.5-fold, from average concentrations that ranged between 27 and
39 mg/dL before treatment and in HDAd-0-treated mice, to

Figure 2 Study design and HDAd-AI-mediated expression of apoA-I. (A) Schematic representation of the study design. (B) Immunoblots on plasma
samples were performed with antibodies that recognize human (h) and total (mouse + human, m + h) apoA-I. PLIN2+/+/apoE – / – (+/+) and
PLIN2–/ – /apoE– /– (2/2) mice were bled before and after HDAd-AI injection (+HDAd-AI). While the figure displays representative examples, analysis
of plasma samples from all mice included in the study yielded similar results. (C ) ELISA quantification of plasma human apoA-I at the time of sacrifice
(n ¼ 11–12). (D and E) Relative RT-PCR analysis (29 cycles) (D) and qPCR analysis (n ¼ 6) relative to cyclophilin A (E) of hepatic mouse and human
apoA-I mRNA expression in PLIN2+/+/apoE– /– and PLIN2–/– /apoE– / – mice that were treated with HDAd-AI or with control empty vector (HDAd-0).
(F) Immunoblots performed on liver protein lysates of PLIN2+/+/apoE– / – and PLIN2– /– /apoE– / – mice treated with HDAd-AI or with HDAd-0 (n ¼ 3).
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�90 mg/dL (Figure 3A and see Supplementary material online, Table
S2). HDL-C levels were similar between mice that did or did not ex-
press PLIN2 at all time points, whether the mice were still untreated,
or were treated with HDAd-0 or with HDAd-AI (Figure 3A, Table 1,
and see Supplementary material online, Table S2). FPLC analyses of
plasma lipoproteins showed increased cholesterol through the entire
spectrum of HDL particles of HDAd-AI-treated mice. The pattern of
the FPLC profiles and the proportion of human apoA-I associated
with each HDL fraction were similar between mice of both genotypes
(Figure 3B and C ). Total and non-HDL-cholesterol levels were similar in
the four experimental groups through the duration of the study (Table 1
and see Supplementary material online, Table S2). Triglyceride levels
were higher in HDAd-AI-treated mice of both genotypes than in
HDAd-0-treated mice (Table 1 and see Supplementary material online,

Table S2). Increased triglycerides have been observed in other studies
following human apoA-I gene transfer, but not in all of them, suggesting
that the effect is model and/or diet dependent.27 However, triglycer-
ides were similarly increased in PLIN2+/+/apoE– / – and PLIN2– / – /
apoE– /– mice.

Next we assessed, by immunohistochemistry, whether higher circu-
lating apoA-I increased apoA-I infiltration in lesions, a necessary step
for the subsequent removal of cholesterol from foam cells. As seen
in Figure 4A, intense apoA-I immunostaining that was relatively uniform
through the entire lesion area was observed in atherosclerotic lesions
of HDAd-AI-treated mice. Although apoA-I staining was to some ex-
tent detectable in lesions of control HDAd-0-treated mice, the staining
was generally weaker, with ample areas that were below the detection
threshold (Figure 4A and B). No differences were observed between

Figure 3 Treatment with HDAd-AI increased HDL-C. (A) Plasma HDL-C levels before (8 weeks) and after (11 weeks and 20 weeks) treatment with
HDAd-AI or control HDAd-0. (n ¼ 11–12). Two-way ANOVA confirmed the significant induction of HDL-C by treatment with HDAd-AI (P , 0.001),
whereas the PLIN2 genotype did not influence HDL-C levels. ***P , 0.001 with respect to HDAd-0-treated PLIN2+/+/apoE– /– and PLIN2–/ – /apoE– / –

mice. (B) FPLC lipoprotein profiles from pooled plasma at the 20-week time point. (C) The content of human apoA-I in the HDL-containing FPLC frac-
tions was assessed by immunoblotting.
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Table 1 Body weights and plasma lipids

HDAd-0 HDAd-AI

PLIN21/1/apoE2/2 PLIN22/2/apoE2/2 PLIN21/1/apoE2/2 PLIN22/2/apoE2/2

BW (g) 20.1+1.47 20.5+1.30 21.1+0.55 20.9+1.32

Cholesterol (mg/dL)

Total 492.9+32.00 470.6+26.07 497.5+21.68 486.0+34.95

Non-HDL-C 458.8+32.38 441.0+26.56 408.6+21.25 395.6+32.28

HDL-C 34.1+2.99 29.6+2.16 88.8+5.29*** 90.4+8.07***

Total/HDL-C 16.9+2.10 17.4+1.65 6.7+0.65*** 5.9+0.55***

Triglyceride (mg/dL) 78.0+3.84 82.9+4.36 135.4+7.23*** 147.4+11.46***

Body weights, total cholesterol, non-HDL-cholesterol, and HDL-C values represent post-treatment averages of values obtained at the 11- and 20-week time points. A more detailed table
can be found in the online supplemental material (see Supplementary material online, Table S2).
***P , 0.001 with respect to HDAd-0-treated PLIN2+/+/apoE2/2 and PLIN22/2/apoE2/2 mice, n¼11–12 per group.
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either basal or post-HDAd-AI apoA-I deposition in lesions between
PLIN2+/+/apoE – / – and PLIN2 – / – /apoE – / – mice. Thus, in mice of
both genotypes, the hepatic production of human apoA-I was paral-
leled by similar increases in plasma apoA-I and HDL-C, and by similarly
increased apoA-I deposition in lesions.

3.3 Effect of PLIN2 deficiency and elevated
apoA-I/HDL-C on atherosclerosis
development
The plasma lipid profiles described above illustrate that, while
non-HDL-C remained elevated, the hypoalphalipoproteinemia that is
also characteristic of apoE– / – mice was corrected by treatment with
HDAd-AI.18 Since HDAd vectors were injected at 8 weeks of age,

when atherosclerosis development at the aortic sinus of apoE – / –

mice is still undetectable, lesions in HDAd-AI-treated mice primarily
developed under higher levels of cholesterol acceptors.28 At 20 weeks,
the average area of lesion involvement at the aortic sinus of HDAd-0-
treated PLIN2+/+/apoE– /– mice was 260 × 103 mm2. The average size
of lesions of PLIN2-deficient mice and HDAd-AI-treated WT mice was
164 × 103 and 167 × 103 mm2, respectively (Figure 5A and B). How-
ever, supporting that PLIN2 deficiency and high plasma levels of chol-
esterol acceptors mutually enhance their atheroprotection, PLIN2–/ – /
apoE– / – mice treated with HDAd-AI presented a much more robust
decrease in atherosclerosis development, to an average lesion size of
79 × 103 mm2 (Figure 5A and B). Notably, the per cent in lesion size re-
duction achieved by treatment with HDAd-AI was higher in mice that
did not express PLIN2 than in mice that expressed PLIN2: 53% of lesion

Figure 4 Treatment with HDAd-AI increased apoA-I deposition in atherosclerotic lesions. (A) Representative images of atherosclerotic lesions im-
munostained using an anti-apoA-I antibody that recognizes both mouse and human apoA-I. The sections displayed in this panel are consecutive to the
sections displayed in Figure 7. Bar ¼ 100 mm. (B) Quantification of percentage of lesion area positively stained for apoA-I (n ¼ 7–12). Two-way ANOVA
showed a significant effect of treatment with HDAd-AI on apoA-I deposition in lesions (P , 0.001), while the PLIN2 genotype had no effect.

Figure 5 Enhanced atheroprotection by concomitant PLIN2 inactivation and treatment with HDAd-AI. (A) Atherosclerotic lesion size at the aortic
sinus of PLIN2+/+ and PLIN2–/ – mice in apoE– / – background that were treated with either HDAd-AI or HDAd-0. The open circles represent individual
measurement values. Horizontal bars and error bars represent average+ SEM, n ¼ 11–12. Two-way ANOVA showed a significant effect of both the
PLIN2 genotype (P , 0.005) and treatment with HDAd-AI (P ¼ 0.006) on atherosclerosis development. The P-values of pairwise comparisons within
each factor are shown in the chart. (B) Representative images of cross-sections of the aortic sinuses stained with oil red O and counterstained with
haematoxylin. (C) Relative lesion size reduction by combination of PLIN2 genotype and treatment with HDAd-AI (left chart); relative plaque reduction
by HDAd-AI in PLIN2+/+/apoE– / – and PLIN2– / – /apoE– / – mice (middle chart); and relative effect of PLIN2 ablation on mice that were treated with
HDAd-0 or with HDAd-AI (right chart).
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reduction in PLIN2– / – /apoE– / – mice treated with HDAd-AI vs. 36%
reduction in PLIN2+/+/apoE– / – mice treated with HDAd-AI. Likewise,
the beneficial effect of PLIN2 deficiency was more pronounced in mice
with higher levels of acceptors, as PLIN2 deficiency reduced plaque
development by 37% in HDAd-0-treated mice and by 52% in
HDAd-AI-treated mice (Figure 5C).

3.4 PLIN2 deficiency enhances RCT from
macrophages to feces and cooperatively
reduces lesional lipid content with apoA-I/
HDL-C
A fundamental premise for this study is the observation that in cultured
macrophages PLIN2, up-regulation decreases cholesterol efflux,
whereas PLIN2 deficiency is associated with increased efflux to
apoA-I.2,10 To determine whether lack of PLIN2 also increases choles-
terol transport from peripheral cells to liver and feces in vivo, we
labelled PLIN2+/+/apoE – / – and PLIN2 – / – /apoE – / – PM with 3H-
cholesterol, injected the cells into apoE-deficient mice previously trea-
ted with HDAd-AI, and traced 3H-cholesterol through plasma, liver,
and feces over 48 h. Lack of PLIN2 increased the appearance of
3H-cholesterol in plasma by .100% at the 24 and 48 h time points

(Figure 6A). The levels of 3H-cholesterol in liver at 48 h were �1-fold
higher in mice injected with PLIN2– / – /apoE– / – PM than in mice in-
jected with PLIN2+/+/apoE – / – PM, whereas the appearance of
3H-tracer in feces over the 48 h duration of the test was more than
three-fold higher in mice injected with PLIN2-deficient macrophages
(Figure 6B and C ).

To assess how PLIN2 deficiency and elevated apoA-I/HDL-C affect
lipid deposition in arteries, we quantified the average fluorescence
intensity in lesions stained with BODIPY 493/503, a fluorescent
dye that binds to neutral lipid. As seen in Figure 6D and E, the staining
intensity was weaker in lesions of PLIN2-deficient mice and of
HDAd-AI-treated WT mice than in lesions of control empty vector-
treated mice, but the lowest intensity values were obtained from
lesions of PLIN2– / – /apoE– / – mice treated with HDAd-AI. Thus, in
addition to reducing the total amount of lipid deposited at the arter-
ial wall, as determined by the reduced area positive for oil red O
staining shown in Figure 5B, lack of PLIN2 and high apoA-I/HDL-C
cumulatively reduced lipid content within lesions. Overall, these re-
sults support the observations in cell culture that PLIN2 facilitates
cholesterol storage and reduces cholesterol mobilization from
foam cells, thus limiting the ability of plasma transporters to clear ar-
terial cholesterol.

Figure 6 PLIN2 deficiency increases RCT from macrophages to feces and cooperatively reduces lesional lipid content with apoA-I/HDL-C. (A–C)
In vivo measurements of RCT. (A) Time course of 3H-cholesterol appearance in plasma following injection of 3H-cholesterol-labelled PLIN2+/+ or
PLIN2– / – PM. (B) 3H-cholesterol in liver at 48 h. (C ) 3H-tracer in feces collected over 48 h. Data are expressed as the percentage of the CPM of
3H-cholesterol tracer injected, n ¼ 4. *P , 0.05 and **P , 0.01 with respect to mice injected with PLIN2+/+ PM. (D and E) Analysis of the effect of
PLIN2 ablation and treatment with HDAd-AI on lesional lipid content. (D) Representative images of cross-sections of the aortic sinus stained with BOD-
IPY and counterstained with DAPI (upper row) or stained with BODIPY alone (bottom row). Bar ¼ 100 mm. (E) Quantification of the intensity of the
BODIPY staining in 9–11 lesions per experimental group. By two-way ANOVA, both the PLIN2 genotype and treatment with HDAd-AI significantly
reduced the intensity of BODIPY at P , 0.001. P-values of pairwise comparisons are shown in the chart.
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3.5 Induction of plaque stability by elevated
apoA-I/HDL-C was enhanced under PLIN2
deficiency
Next, we asked whether the concomitant ablation of PLIN2 and
elevation of cholesterol acceptors would affect plaque composition be-
yond their effect on lipid content. Early atherosclerotic lesions are
composed primarily of cholesterol-laden macrophages. The transition
from simple fatty streaks to a more complex lesion is characterized by
the immigration of smooth muscle cells from the media layer that, in
turn, synthesize extracellular matrix proteins, mainly collagen.1 Thus,
we stained cross-sections of the aortic sinus with Masson’s trichrome
to evaluate the content of collagen and smooth muscle cells and deter-
mined macrophage content by immunohistochemistry. As seen in

Figure 7A–E, whereas PLIN2 deficiency alone did not significantly affect
the relative content of macrophages, smooth muscle cells, and collagen,
lesions of mice treated with HDAd-AI presented a moderate but sig-
nificant reduction in the area of lesion positive for macrophages and
a more substantial approximately three-fold increase in collagen con-
tent, which paralleled a higher number of smooth muscle cells within
lesions. Interestingly, the combination of PLIN2 deficiency and
HDAd-AI increased collagen deposition in lesions by �50% with re-
spect to PLIN2+/+/apoE– / – mice treated with HDAd-AI. Given that
we did not observe changes in other major plaque features such as
the areas of necrotic cores (not shown), and that the relative content
of smooth muscle cells and collagen were actually increased but the per
cent of area positive for macrophages was lower or remained un-
changed, the reduction in total plaque area by both PLIN2 deficiency

Figure 7 Effects of PLIN2 deficiency and treatment with HDAd-AI on plaque composition. (A) Representative images of sections stained with the
macrophage marker Mac-3/LAMP-2 (brown colour). (B) Representative images of sections stained with Masson’s trichrome, which stains collagen
blue and smooth muscle cells red. Bar ¼ 100 mm. The sections stained for macrophages and trichrome were consecutive to each other and consecutive
to the sections stained for apoA-I displayed in Figure 4. (C–E) Quantification of the Mac-3/LAMP-2 immunoreactive area (C), number of smooth muscle
cells within the lesions (D), and area stained positive for collagen (E), (n ¼ 7–13). By two-way ANOVA, macrophage and smooth muscle cell content
were affected by HDAd-AI treatment (P , 0.001 for both), but not by the PLIN2 genotype. Collagen content was affected by both PLIN2 genotype
(P , 0.02) and by HDAd-AI (P , 0.001). P-values of pairwise comparisons within factors are shown in the plots.
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and treatment with HDAd-AI is likely due to a decrease in the absolute
amount of macrophages within the lesions. Thus, although both PLIN2
deficiency and elevated apoA-I/HDL-C reduced lipid content in lesions,
a more stable plaque phenotype with relatively less macrophages
and increased smooth muscle cells and collagen was primarily asso-
ciated with elevated apoA-I and HDL-C. However, the effect
of HDAd-AI on collagen deposition in lesions was stronger in
PLIN2– /– /apoE– / – mice.

4. Discussion
The aetiology of atherosclerosis is intrinsically linked to cholesterol ac-
cumulation at the arterial wall, caused by an imbalance between depos-
ition and removal.12 To develop novel approaches to reduce arterial
cholesterol as a way of ameliorating atherosclerosis development, it
will be critical to advance our understanding on how RCT from arteries
is regulated. A central step in the process involves efflux of cholesterol
from foam cells to extracellular acceptors, which subsequently return
cholesterol to the liver. The notion that promoting RCT is a valid strat-
egy for therapeutic purposes has been supported by studies in animal
models of atherosclerosis showing an anti-atherogenic response both
when proteins in foam cells were targeted to facilitate efflux (reviewed
in12,29) or, as reviewed in the introduction, when the plasma concentra-
tions of cholesterol acceptors were increased. Given that both the abil-
ity of foam cells to efflux cholesterol and the ability of the extracellular
milieu to accept it might be limiting factors in RCT, we hypothesized

that atheroprotection would be enhanced by conjointly inactivating
PLIN2 to increase the foam cell’s ability to efflux cholesterol and in-
creasing the circulating levels of apoA-I and HDL-C. Supporting this hy-
pothesis, this study shows substantially reduced atherosclerosis
development in PLIN2-deficient mice that were treated with HDAd-AI
to increase plasma apoA-I and HDL-C than that achieved by PLIN2
deficiency alone or by treating WT mice with HDAd-AI (Figure 8).

Long-standing epidemiological studies have shown that HDL-C le-
vels are strong, independent, inverse predictors of cardiovascular
events. Large population studies showed that as little as a 1 mg/dL in-
crement in HDL-C decreased the risk of coronary heart disease by 2%
in men and by 3% in women.30 However, recent attempts at increasing
HDL-C have brought into question whether simply raising HDL-C is
sufficient to achieve atheroprotection, denoting the need to also focus
on how to improve the functional capacity of HDL.31,32 In this study,
treatment with HDAd-AI corrected hypoalphalipoproteinaemia in
apoE– /– mice, raising HDL-C to levels similar or slightly more elevated
than that seen in humans in the higher percentile values.26 While the
hepatic production of both mouse and human apoA-I, the circulating
levels of apoA-I and HDL-C, and apoA-I deposition in lesions were
similar between mice that did or did not express PLIN2, the per cent
of lesion size reduction associated with increased apoA-I/HDL-C was
higher in PLIN2-deficient mice than in their PLIN2-expressing litter-
mates. Likewise, the relative atheroprotection associated with PLIN2
deficiency was increased upon treatment with HDAd-AI. Overall, these
data suggest that the atheroprotection achieved by raising plasma

Figure 8 (A) Roles of PLIN2 and apoA-I/HDL in RCT. By promoting compartmentalization of intracellular cholesterol as CE in LDs, PLIN2 limits the
amount cholesterol available to feed efflux effectors, therefore reducing the overall RCT from foam cells to feces. CE, cholesterol ester; FC, free chol-
esterol. (B) Concomitantly targeting PLIN2 and increasing plasma apoA-I/HDL-C significantly enhances the ability of the individual interventions to re-
move cholesterol from foam cells, increases atheroprotection, and promotes plaque stability.
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apoA-I and HDL-C can be enhanced by concomitantly targeting foam
cell proteins involved in cholesterol homeostasis to facilitate efflux, and
vice versa.

The notion that PLIN2 ablation and apoA-I/HDL-C cooperatively
prevent cholesterol deposition in foam cells and arteries is supported
in vitro by studies showing that the CE depots in macrophages that lack
PLIN2 can be further reduced by supplementing the culture media with
apoA-I and, in vivo, by a substantial reduction in the absolute area of oil
red O staining in the arterial intima, and by the lower intensity of BOD-
IPY staining observed in lesions of PLIN2-deficient mice treated with
HDAd-AI. In vivo RCT assays showed that the increased cholesterol ef-
flux seen under PLIN2 deficiency is not restricted to cultured cells, as
loss of PLIN2 in macrophages enhanced RCT from macrophages to
plasma, liver, and feces. However, both elevated apoA-I/HDL-C could
also have influenced lesion development by mechanisms unrelated to
their ability to promote RCT from atherosclerotic lesions. For ex-
ample, other putatively atheroprotective properties of HDL include
antioxidant, anti-inflammatory, and anti-thrombotic properties.13 Re-
garding PLIN2, the protein is expressed quite ubiquitously, which could
be give rise to systemic effects that could be either favourable or un-
favourable. Systemic untoward effects related to PLIN2 deficiency
would almost necessarily imply that for therapeutic purposes, PLIN2
would have to be selectively targeted in macrophages, which would
considerably constrain the potential of targeting PLIN2. However, al-
though it was reported that PLIN2 up-regulation in skeletal muscle im-
proved muscle insulin resistance,7 insulin levels and the response to
glucose tolerance tests were similar in mice that did or did not express
PLIN2.33 In obese mice, global PLIN2 deficiency was shown to improve
glucose tolerance and insulin sensitivity in both liver and muscle.34

Other putatively beneficial effects related to PLIN2 deficiency could in-
clude protection against hepatosteatosis and against diet-induced obes-
ity.6,35 Nevertheless, arguing against a significant impact of systemic
PLIN2 ablation on atherosclerosis development, previously we demon-
strated that global PLIN2 deficiency and loss of PLIN2 in bone marrow-
derived cells protected apoE–/ – mice against atherosclerosis to a simi-
lar extent.2

Interestingly, whereas both PLIN2 deficiency and increased apoA-I/
HDL-C decreased lipid content and had a similar effect on plaque re-
duction, morphological analyses revealed differences between lesions
of mice deficient in PLIN2 and those of mice treated with HDAd-AI,
with the latter having a moderate reduction in macrophages, but in-
creased smooth muscle cells and collagen content. The combination
of PLIN2 deficiency and HDAd-AI treatment further increased collagen
deposition. Lesion composition can significantly impact the likelihood
of plaque rupture, which causes most clinically relevant cardiovascular
events. While macrophage-rich areas within lesions are prone to rup-
ture, collagen deposition is considered a hallmark of plaque stabil-
ity.36,37 Thus, the lesions of HDAd-AI-treated mice presented a
more stable morphology. Our findings are consistent with previous re-
ports showing lesions with a more favourable phenotype, often con-
taining more collagen, following plasma elevations in apoA-I and
HDL-C.18,20,25,27,38,39 Given that lesions of PLIN2-deficient mice also
contain less lipid, it is unlikely that the reduction in lipid content
mediated by apoA-I and HDL-C is the only cause of the changes in le-
sion composition. Indicating that arterial lipid content is not always in-
versely related to markers of plaque stability, combined deletion of the
cholesterol transporters ABCA1 and ABCG1 led to extreme foam cell
formation but did not change lesion composition. Additionally, ABCA1
up-regulation was not associated with changes in collagen deposition,

or it actually decreased collagen deposition, which could be indicative
of less advanced lesions.40 – 42 Although the molecular mechanisms
leading to the favourable remodelling of atherosclerotic lesions have
yet to be elucidated, assuming that atherosclerosis development can-
not be fully prevented, it seems evident that the development of small
and highly stable lesions like that seen in HDAd-AI-treated PLIN2-
deficient mice would be very desirable.

In conclusion, this study reveals a mutually beneficial relationship be-
tween PLIN2 inactivation and circulating apoA-I and HDL-C in amelior-
ating atherogenesis and in promoting plaque stability. It is increasingly
clear that the functional capacity of apoA-I and HDL-C to remove chol-
esterol from arteries is not only dependent on their concentration.32

The data presented here illustrate that the anti-atherogenic potential
of therapies that raise HDL-C can be enhanced by targeting cellular
components to mobilize cholesterol from foam cells.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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