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Recent studies implicate the Cyr61, CTGF, Nov (CCN) matricellular signaling protein family as emerging
players in vascular biology, with NOV (alias CCN3) as an important regulator of vascular homeostasis.
Herein, we examined the role of CCN3 in the pathogenesis of atherosclerosis. In response to a 15-week
high-fat diet feeding, CCN3-deficient mice on the atherosclerosis-prone Apoe�/� background developed
increased aortic lipid-rich plaques compared to control Apoe�/� mice, a result that was observed in the
absence of alterations in plasma lipid content. To address the cellular contributor(s) responsible for the
atherosclerotic phenotype, we performed bone marrow transplantation experiments. Transplantation of
Apoe; Ccn3 double-knockout bone marrow into Apoe�/� mice resulted in an increase of atherosclerotic
plaque burden, whereas transplantation of Apoe�/� marrow to Apoe; Ccn3 double-knockout mice caused
a reduction of atherosclerosis. These results indicate that CCN3 deficiency, specifically in the bone
marrow, plays a major role in the development of atherosclerosis. Mechanistically, cell-based studies in
isolated peritoneal macrophages demonstrated that CCN3 deficiency leads to an increase of lipid uptake
and foam cell formation, an effect potentially attributed to the increased expression of scavenger
receptors CD36 and SRA1, key factors involved in lipoprotein uptake. These results suggest that bone
marrowederived CCN3 is an essential regulator of atherosclerosis and point to a novel role of CCN3 in
modulating lipid accumulation within macrophages. (Am J Pathol 2017, 187: 1230e1237; http://
dx.doi.org/10.1016/j.ajpath.2017.01.020)
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Studies during the past several decades have established that
atherosclerosis is a chronic inflammatory disease of the
arterial wall.1 The pathogenesis of atherosclerosis represents
dynamic interactions between circulating inflammatory fac-
tors and vascular cells, including endothelial cells, smooth
muscle cells, monocytes, and lymphocytes. Experimental and
clinical observations support a central role for monocytes/
macrophages in atherogenesis.2 However, despite tremen-
dous efforts, themolecular regulation ofmacrophage function
within the vasculature remains incompletely understood.

Several groups have produced convincing research
that the CCN (Cyr61, CTGF, Nov) matricellular family of
proteins plays important biological roles within the
stigative Pathology. Published by Elsevier Inc
vasculature.3 These studies have provided functional in-
sights into the biological effects of CCN family members,
including regulation of angiogenesis, inflammation, reactive
oxygen species production, and vascular remodeling.4,5

Most of these studies, however, focused on the contribu-
tions of vascular resident cells, such as smooth muscle cells,
. All rights reserved.
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CCN3 Inhibits Atherosclerosis
endothelial cells, and fibroblasts. Lesser known is the role of
CCN proteins in bone marrowederived immune cells, a
group of cells that are critical regulators of vascular func-
tion. Recently, studies have shed light on key contributions
of CCN1 in promoting macrophage inflammation and
neutrophil efferocytosis,6,7 and the role of CCN3-deficient
myeloid cells on the progression of abdominal aortic
aneurysm.5 However, outside of these reports, the function
of CCN proteins in immune cells remains largely unex-
plored. NOV (alias CCN3) is of particular interest because
of its functional differences from the other CCN family
members, with the loss of CCN3 exacerbating vascular
disease. CCN3 was first isolated from nephroblastoma tissue
in newborn chicks infected with the MAV-1(N) avian
retrovirus.8 Since then, studies have shown that CCN3 can
regulate endothelial cell inflammation and neointimal hy-
perplasia,9,10 as well as exert atheroprotective effects on
diet-induced mouse models.11 Of significance, in contrast to
CCN1 and CCN2 knockout mice, CCN3 knockout mice are
viable and develop to adulthood with a normal vasculature
and ECM composition.10 In this study, using the CCN3
knockout model, we investigated the role of macrophage
CCN3 in the pathogenesis of atherosclerosis. Our findings
described herein offer novel insights into the regulation of
macrophage function by CCN3.

Materials and Methods

Animals

All animal protocols were approved by the Institutional Ani-
mal Care and Use Committee at Case Western Reserve Uni-
versity, which is certified by the American Association of
Accreditation for Laboratory Animal Care.Ccn3�/�mice on a
C57BL/6 background were generated, as previously
described.10 Apoe�/� mice were purchased from the Jackson
Laboratory (Bar Harbor, ME), also on aC57BL/6 background.

Ccn3�/� mice were mated to Apoe�/� mice to generate
Apoe�/�; Ccn3�/� mice. Mice were housed under standard
light-dark conditions (12 hours:12 hours) and allowed ad
libitum access to standard rodent chow and water. Accel-
erated atherosclerosis was induced by feeding male mice a
high-fat diet (HFD) containing 1.25% added cholesterol
(Research Diets, New Brunswick, NJ; D-12108) for a total
of 15 weeks, starting at 6 weeks of age.

Bone Marrow Transplantation

Eight-week-old male recipient Apoe�/� and Apoe�/�;
Ccn3�/� mice were lethally irradiated (11 Gy) 4 hours
before transplantation. Bone marrow was collected from
the femurs and tibias of donor Apoe�/� and Apoe�/�;
Ccn3�/� deficient mice by flushing with sterile Dulbecco’s
phosphate-buffered saline containing 2% fetal bovine serum
(Atlantic Biologicals, Miami, FL). Each recipient mouse
was injected with 2 � 106 of unfractionated bone marrow
The American Journal of Pathology - ajp.amjpathol.org
cells through the lateral tail vein. Mice were then fed a HFD
for 15 weeks beginning 4 weeks after bone marrow (BM)
transplantation.

Atherosclerotic Lesion Analysis

After 15 weeks on a HFD, mice were anesthetized and
sacrificed. The left ventricles were perfused with 20 mL of
phosphate-buffered saline, followed by 10 mL of 4%
paraformaldehyde. After 48 hours of fixation in 4% para-
formaldehyde, the adventitia were carefully removed. For en
face preparation, the aortae were stained with Sudan IV
(Sigma-Aldrich, St. Louis, MO) for 15 minutes and differ-
entiated in ethanol. The stained aortas were then opened
longitudinally and pinned onto plain black wax plates.
Digital images of Sudan IVestained aortas were quantified
using ImageJ software version 1.49 (NIH, Bethesda, MD;
http://imagej.nih.gov/ij). Results were expressed as the
percentage of the positive Sudan IV color to the total aortic
area. For aortic root quantification of atherosclerosis,
paraffin-embedded sections of the aortic root were serially
sectioned through the aorta at the origins of aortic valve
leaflets. Every eighth section (80-mm interval) from the
aortic sinus, one slide was chosen and stained with hema-
toxylin and eosin for quantitation of the lesion areas with
ImageJ. The aortic lesion size of each animal was obtained
by the averaging of lesion areas in five slides.

Foam Cell Formation and Macrophage Lipid Uptake

Peritoneal macrophages were isolated from 8- to 10-week-
old mice 3 days after an i.p. injection of 2 mL of 3%
thioglycollate (Sigma-Aldrich). Cells were suspended in
RPMI 1640 culture media (Life Technologies, Carlsbad,
CA) supplemented with 5% fetal bovine serum and plated
onto a 12-well tissue culture plate. After 2 hours, non-
adherent cells were removed and macrophages were incu-
bated in fresh RPMI 1640 media for 24 hours at 37�C with
5% CO2. For foam cell formation assessment, cells were
incubated with oxidized low-density lipoprotein (oxLDL;
50 mg/mL; Alfa Aesar, Haverhill, MA) for 24 hours. Cells
were stained with 0.5% oil red O (Sigma-Aldrich) in iso-
propanol (60%) for 60 minutes and photographs were taken.
Cells that contained lipids that covered greater than one-
third of the cytoplasm were categorized as foam cells. For
fluorescently labeled oxLDL (DiI-oxLDL) uptake, cells
were incubated with 10 mg/mL DiI-oxLDL for 2 hours at
37�C, then were washed and suspended in phosphate-
buffered saline, followed by flow cytometric analysis.

Protein Isolation and Immunoblotting

Thioglycollate-elicited peritoneal macrophages were treated
with or without oxLDL for 24 hours at 37�C and 5% CO2.
Total protein was harvested by radioimmunoprecipitation
assay buffer supplemented with protease and phosphatase
1231
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inhibitor tablets (Roche Diagnostics, Indianapolis, IN).
Aortic tissue was snap frozen in liquid nitrogen, then ho-
mogenized using a pellet pestle motor (Sigma-Aldrich).
Protein samples were extracted using a Total Protein
Extraction Kit with protease and phosphatase inhibitors
(EMD Millipore, Billerica, MA), according to the manu-
facturer’s instructions. Protein concentrations were deter-
mined using a bicinchoninic acid protein assay kit
(Pierce Biotechnology, Waltham, MA). Lysates containing
60 mg (tissue) or 30 mg (cells) of protein were analyzed by
SDS-PAGE and immunoblotting. Primary antibodies used
were the following: ABCA-1 and ABCG-1 (Santa Cruz
Biotechnology, Dallas, TX), CD36 and SRAI (R&D Sys-
tems, Minneapolis, MN), and ACAT1 (Novus Biologicals,
Littleton, CO). Membranes were reprobed with antibodies
against b-actin (Santa Cruz Biotechnology) to confirm equal
loading. Protein levels were quantified using ImageJ.

Histology and Immunohistochemistry

Aortic tissue from euthanized mice was harvested, rinsed in
phosphate-buffered saline, fixed in 4% paraformaldehyde
for 48 hours, embedded in paraffin, and serial sections
(5 mm thick) were cut. Aortic paraffin sections were stained
for MAC3 (BD Biosciences, San Jose, CA), CD68 (Bio-Rad
Laboratories, Hercules, CA), monocyte chemoattractant
protein-1 (Santa Cruz), and vascular cell adhesion molecule
1 (Santa Cruz). Immunostained sections were quantified as
the percentage of positive staining area per total area using
ImageJ.

Quantitative PCR

mRNA was isolated from peritoneal macrophages from
wild-type (WT) and Apoe�/� mice using an mRNA isola-
tion kit (Qiagen), following the standard protocol, and
cDNA was made from 1 mg mRNA template using iScript
Reverse Transcriptase (Bio-Rad Laboratories). Quantitative
PCRs were performed using Power SYBR Green master
mix (Applied Biosystems, Foster City, CA).

Lipid Analysis

Animals were fasted for 12 to 15 hours, and blood was
collected from the tail vein. Measurement of total plasma
cholesterol, triglyceride levels, and the lipid profile assess-
ment by fast performance liquid chromatography was
performed by the Vanderbilt NIH Mouse Metabolic
Phenotyping Core.

Statistical Analysis

Data are expressed as means � SEM. Either the t-test or
U-test was used, where appropriate, when comparing the
difference between two groups. For comparison of the ef-
fects of two variables, two-way analysis of variance,
1232
followed by Bonferroni post hoc correction, was used.
P < 0.05 was considered significant.
Results

Our recent observations provided the inaugural demonstra-
tion of the role of CCN3 in mitigating the formation and
progression of abdominal aortic aneurysm. Reduced inci-
dence and severity of abdominal aortic aneurysm was
attributed to the pleiotropic effects of CCN3 on the aortic
vasculature: dampening vascular inflammation, oxidative
stress, matrix metalloproteinase proteolytic activity, and
cellular apoptosis.5 Because many of these processes are
important for accelerated plaque development, data from our
previous report combined with data generated by Liu et al,11

showing CCN3 overexpression inhibits atherosclerotic
development within Apoe-deficient mice, invite speculation
that CCN3 deficiency may also affect the development of
(exacerbate) atherosclerosis. To test this hypothesis, we
performed studies using the well-established ApoE-null
atherosclerosis model. Apoe�/� and Apoe�/�; Ccn3�/� mice
were subjected to a HFD, as described above, and the degree
of atherosclerosis was determined by the quantitation of
sudanophilic en face lesions in pinned aortas. Aortas of
Apoe�/�; Ccn3�/� mice displayed enhanced atherosclerotic
plaque formation, approximately 50% greater than observed
in Apoe�/�mice (Figure 1A). Hematoxylin and eosin
staining of the aortic root showed a significantly greater area
of lipid-rich plaques in Apoe�/�; Ccn3�/� mice when
compared to Apoe�/� mice, with an average lesional area
increase from 0.86 to 1.19 mm2 (Figure 1B). This was
concomitant with an increase of localized necrosis
(Figure 1B) as well as macrophage infiltration, as shown by
CD68 staining (Figure 1C). The same trend was observed
when aortas were examined from both groups fed only a
normal chow diet (Supplemental Figure S1A), although,
predictably, total lesion areas were substantially less when
compared to aortas from mice on a HFD. Notably, although
CCN3 expression was increased in Apoe�/�mice on normal
chow and HFD (Supplemental Figure S2), no significant
differences were observed in body weight (Figure 1D),
cholesterol levels (Figure 1E), and plasma triglycerides
(Figure 1F) either before or after high-fat diet feeding.
Lipoprotein profiles between the two groups of mice were
also unaffected (Supplemental Figure S1, B and C, and
Supplemental Figure S3). Consistent with increased lesion
severity, a heightened inflammatory response was seen in
the aortic tissues from Apoe�/�; Ccn3�/� mice, as illustrated
by enhanced macrophage infiltration (Supplemental
Figure S4A), as well as increased monocyte
chemoattractant protein-1 and vascular cell adhesion mole-
cule 1 expression (Supplemental Figure S4, B and C).
Taken together, the genetic loss of CCN3 increases aortic
atherogenesis independently of the plasma lipid profiles in
Apoe�/�; Ccn3�/� mice.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 CCN3 deficiency accelerates athero-
sclerosis in Apoe-null mice after 15 weeks of
high-fat diet (HFD) feeding. A: Left panel:
Representative image of Sudan IV staining of
whole aortas from Apoe�/� and Apoe�/�; Ccn3�/�

mice. Right panel: atheroma quantitation is
shown. B: Left panels: Representative examples of
cross sections from the aortic sinus stained with
hematoxylin and eosin. Right panels: Quantita-
tion of atheroma in the root is shown. Boxed
areas are shown at higher magnification below. C:
Left panels: Representative examples of cross
sections from the aortic sinus stained with CD68.
Right panel: Quantitation of necrosis is shown. D:
Body weight of Apoe�/� and Apoe�/�; Ccn3�/�

mice before and after 15 weeks on a HFD. E and F:
Fasting total cholesterol (TC; E) and triglyceride
levels (TG; F) of Apoe�/�and Apoe�/�; Ccn3�/�

mice before and after 15 weeks on a HFD. n Z 10
per group (A); n Z 5 per group (B and C); n Z 17
to 18 (D); n Z 9 to 10 (E and F). *P < 0.05,
**P < 0.005 versus Apoe�/�. Scale bars Z 100
mm (B and C). Original magnifications: �5 (B, top
panels); �20 (B, bottom panels).

CCN3 Inhibits Atherosclerosis
To determine whether CCN3 deficiency in myeloid cells
contributes to atherogenesis, we performed reciprocal BM
transplant experiments. As measured by quantification of en
face aortic lesion area, transplantation of Apoe�/� BM into
Apoe�/�; Ccn3�/� mice caused a reduction in total aortic
lesion area to a comparable level, as seen in the Apoe�/�

recipient (Sudan IVestained aortas) (Figure 2A). Consistent
with this observation, transplantation of Apoe�/�; Ccn3�/�

BM into Apoe�/� mice resulted in a significant increase of
total lesion area, recapitulating the disease severity seen in
Apoe�/�; Ccn3�/� controls (Figure 2A). When the aortic
root is compared between the two groups, the identical trend
is observed. Apoe�/�; Ccn3�/� BM recipients show
increased lesion area and enhanced necrosis when compared
to Apoe�/� BM recipients (Figure 2B). In agreement with
the macrophage data presented in Figure 1C, there was
increased macrophage content (CD68 staining) in aortae
from mice transplanted with Apoe�/�; Ccn3�/� BM,
The American Journal of Pathology - ajp.amjpathol.org
whereas putting Apoe�/� BM back into Apoe�/�; Ccn3�/�

mice returned macrophage numbers to Apoe�/� baseline
levels (Figure 2C). Analysis of total plasma cholesterol and
triglyceride levels from BM-transplanted mice (Apoe�/� as
donor) after HFD administration revealed no significant
difference between the Apoe�/�; Ccn3�/� and Apoe�/�

groups (Figure 2D). Combined, these data strongly suggest
that CCN3 deficiency in BM contributes to atherogenesis
and its expression in BM is atheroprotective.

Given the central importance of macrophages in the path-
ogenesis of atherosclerosis, we focused on the role of CCN3
in regulating macrophage function. First, we assessed the
effect of CCN3 deficiency on foam cell formationda crucial
step in atherogenesis. On exposure to modified lipoproteins,
such as oxidized LDL, macrophages differentiate into foam
cells. Thus, we investigated peritoneal macrophage uptake of
DiI-oxLDL. Approximately a 50% increase of Dil-oxLDL
uptake was observed in CCN3-deficient macrophages when
1233
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Figure 2 Deficiency of CCN3 in the bone marrow
results in increased atherosclerosis development in
Apoe�/� mice. A: Left panels: Representative image
of Sudan IV staining of whole aortas from Apoe�/�

and Apoe�/�; Ccn3�/� chimeras receiving bone
marrow (BM) from Apoe�/� or Apoe�/�; Ccn3�/�

mice. Right panel: Lesion quantitation is shown. B:
Left panels: Representative hematoxylin and eosine
stained images of cross sections from the aortic
sinus. Right panels: Quantitation is shown. Data
points in circles correspond to shown images. C: Left
panels: Representative CD68-stained images of cross
sections from the aortic sinus. Right panel: Quanti-
tation is shown. D: Fasting total cholesterol (TC) and
triglyceride (TG) levels from Apoe�/� and Apoe�/�;
Ccn3�/� mice transplanted with Apoe�/� marrow
after high-fat diet. nZ 7 to 10 per group (A); nZ 5
to 6 per group (B and C); nZ 9 to 10 per group (D).
*P < 0.05. Scale bars Z 100 mm (B and C).

Shi et al
compared toDil-oxLDL uptake inWTmacrophages,findings
confirmed and quantified by flow cytometric analysis
(Figure 3A). Consistent with increased oxLDL uptake in
CCN3�/� macrophages, increased foam cell formation was
also observed when compared to WT control (Figure 3B).
The same trend was observed when peritoneal macrophages
from Apoe�/� and Apoe�/�; Ccn3�/� mice were tested for
foam cell formation (Supplemental Figure S5, A and B).
Although there was an overall increase in foam cell numbers
in both groups, as expected, the absence of CCN3 led to an
even further increase (compare Apoe�/� at 33% to Apoe�/�;
Ccn3�/� at 48%), in agreement with what was observed in
WT and Ccn3�/� macrophages. (Figure 3, A and B). In
addition, to determine whether the enhanced foam cell for-
mation because of the absence of CCN3 can be reversed, we
added oxLDL to macrophages from WT, Ccn3þ/�, and
1234
Ccn3�/� mice and quantified foam cell numbers. Ccn3þ/�

macrophages still produced significantly more foam cells
than WT macrophages (Supplemental Figure S5C), yet less
than seen in Ccn3�/� macrophages. Therefore, addition of
oneWTCCN3þ allele was not sufficient to completely rescue
the phenotype.
To understand how CCN3 deficiency might enhance lipid

accumulation and foam cell formation in macrophages, we
surveyed the expression of several key factors involved in
cholesterol esterification and efflux. No significant differ-
ence in protein levels was observed for ABCA1 and
ABCG1, two major factors involved in cholesterol efflux
from macrophage foam cells (Figure 3, C and D). Similarly,
loss of CCN3 did not alter the expression of ACAT-1, an
enzyme responsible for cholesterol esterification (Figure 3,
C and D). These results suggest that CCN3 deficiency does
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 CCN3 deficiency in macrophages pro-
motes lipid uptake and foam cell formation.
A: Representative image of fluorescently labeled
oxidized low-density lipoprotein (DiI-oxLDL) uptake
in macrophages. Quantitation of DiI-oxLDL in wild-
type (WT) and Ccn3�/� macrophages by flow cytom-
etry. B: Foam cell formation in WT and Ccn3�/�

peritoneal macrophages after incubation with oxLDL
for 24 hours. Arrows indicate foam cells. Quantitation
of foam cell formation. C: Western blot of ACAT1,
ABCG1, ABCA1, SRAI, and CD36 in WT and Ccn3�/�

macrophages treated with and without oxLDL for 24
hours. D: Quantitation of Western blotting in C. nZ 5
(A); n Z 6 (B); n Z 3 to 6 (D). *P < 0.05,
**P< 0.005. Scale barsZ 100mm(A andB). KO, CCN3
knockout mouse macrophages; PBS, phosphate-
buffered saline.

CCN3 Inhibits Atherosclerosis
not influence the cholesterol esterification or the cholesterol
efflux machinery. Next, we determined the expression of
two key scavenger receptors involved in lipid uptake,
CD36 and SRA1. CCN3 deficiency caused significant
up-regulation of CD36 and SRA1 expression in oxLDL-
treated macrophages (Figure 3, C and D), findings recapit-
ulated in aortic tissues from HFD-fed mice (Figure 4). These
findings point to the potential importance of scavenger
receptors CD36 and SRA1 in mediating the enhanced lipid
uptake in CCN3-deficient macrophages.
Figure 4 Increase of CD36 and SRA1 expression in Apoe�/�; Ccn3�/� aortas. A
Apoe�/�and Apoe�/�; Ccn3�/� mice after 15 weeks on a high-fat diet. BeD: Quant
group (BeD). *P < 0.05 versus Apoe�/�.

The American Journal of Pathology - ajp.amjpathol.org
Discussion

Atherosclerosis progression is a complicated process that
results in a buildup of fats, cholesterol, immunocytes, and
other substances within arteries, leading to plaque forma-
tion, blood flow restriction, and potential clot formation.
The key findings of this study show that atherosclerosis
progression is exacerbated when CCN3 expression is lost.
Increased lesion incidence and severity was observed
when CCN3 was removed from mice on both the WT and
: Western blot of ABCA1, CD36, and SRA1 protein in mouse aortic tissue from
itation of ABCA1 (B), CD36 (C), and SRA1 (D). nZ 4 to 5 aortic samples per

1235
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the proatherogenic, Apoe�/� background, and that CCN3
expression in bone marrowederived cells, and not resident
cells within the vasculature, drives its atheroprotective
role. Interestingly, we observed a significant increase in
CCN3 expression in Apoe�/� mice under both normal
chow and HFD conditions. This up-regulation supports
CCN3 as atheroprotective, in agreement with over-
expression studies conducted by Liu et al.11 In vitro
studies using peritoneal macrophages indicate that CCN3
deficiency leads to a marked enhancement of foam cell
formation, a crucial event required for atherosclerosis
development. At the molecular level, our mechanistic
studies suggest increased scavenger receptor CD36 and
SRA1 expression in CCN3-deficient macrophages may
account for the enhanced uptake of modified lipoproteins
and subsequent foam cell formation.

Results of the current study unequivocally support the
hypothesis that CCN3 expression in bone marrowederived
cells plays a dominant role against atherosclerosis forma-
tion. At the cellular level, we have initially focused our
studies on macrophages because of their central importance
in regulation of foam cell formation, a crucial event in the
pathogenesis of atheroscerlosis. Loss of CCN3 resulted in
significant increases in lipid uptake and foam cell formation
within macrophages when compared to control. We cannot
rule out, however, the contribution of other cell types
located in or around the vessel wall. Atheroprotective
CCN3, as well as the proatherosclerotic family members,
CCN1 and CCN2, are differentially and temporally
expressed within the vasculature. To further pinpoint
the importance of macrophage-, endothelial celle, and
vascular smooth muscle celleexpressing CCN3 in athero-
genesis, studies using cell typeespecific CCN3 knockout
mice are required. Given the known contributions of
other immune cell types in the hematopoietic compartment
(ie, neutrophils and T cells) to atherosclerosis formation
and progression,12 future studies are also warranted to
determine the roles of other bone marrowederived cell
types in the formation of the severe plaque buildup observed
in Apoe�/�; Ccn3�/� aorta.

The inhibitory effects of CCN3 have also been shown in
inhibition of vascular smooth muscle cell migration and
proliferation after photochemically induced thrombosis,10

and suppression of abdominal aortic aneurysm formation.5

This suggests that CCN3 plays a prominent role in both
acute (injury) and chronic (atherosclerosis, aneurysm
formation) vascular pathologies. A recent report that
supports our observations suggests an inhibitory role of
CCN3 overexpression within the perivascular carotid artery
collareinduced atherosclerosis model.11 However, this
study differs with ours in regard to the lipid profile results.
We observed no significant alterations in lipid profiles
between control Apoe�/� and Apoe�/�; Ccn3�/� mice after
high-fat diet feeding, whereas previous observations
showed an inhibition of total cholesterol and triglycerides
by CCN3 overexpression.11 Differential effects observed
1236
because of protein overexpression versus protein ablation
are not unusual. As seen with intercellular adhesion
molecule-1, overexpression of CCN3 in human umbilical
vein endothelial cells decreased intercellular adhesion
molecule-1 expression, whereas CCN3 knockdown in these
same cells had no effect on intercellular adhesion molecule-
1 protein levels.9 In vivo, transgenic expression in mice of
uncoupling protein 2 within the liver affected metabolic
processing of a safflower oil HFD differently than the
uncoupling protein 2 systemic knockout animal.13 It is
possible that exogenous overexpression of CCN3 alters
certain functions within other somatic tissues, such as the
liver, which plays an important role in cholesterol meta-
bolism. Although the underlying mechanisms appear
somewhat divergent, these two studies reached similar
conclusions on the atheroprotective role of CCN3, with our
study showing that CCN3 deficiency plays a causal role in
atherogenesis.
The role of scavenger receptors CD36 and SRA1 in

oxLDL uptake has been well established,14,15 yet their con-
tributions to cardiovascular disease are less clear. CD36 is
generally thought to be proatherogenic but not essential for
atherosclerotic plaque development,16 with the absence of
CD36 atheroprotective,17e19 whereas SRA1 has been shown
to be either proatherogenic or antiatherogenic, depending on
the experimental system studied.18,20,21 In our studies, both
CD36 and SRA1 protein levels were significantly increased
in Apoe�/�; Ccn3�/� mice under proatherosclerotic condi-
tions when compared to levels in Apoe�/� mice, concomitant
with increased macrophage infiltration within the lesional
area. This resulted in increased lipid uptake and enhanced
foam cell formation, ultimately exacerbating lesion devel-
opment. It is possible that the absence of CCN3 enhances the
proatherogenic functions of these scavenger receptors,
through either direct interaction or regulation of protein
expression. Another possibility is that CCN3 deficiency
within macrophages increases intrinsic endoplasmic reticu-
lum stress, perhaps because of increased CCN1 protein
production.22 CCN1 has been detected in atherosclerotic
plaque,23e25 and CCN3 can regulate CCN1 expression.11

Increased CCN1 within the vessel could increase oxLDL
uptake as well as stress-related cell signaling, leading to
increased CD36 and SRA1 protein expression.26,27 There-
fore, enhanced oxLDL uptake in Apoe�/�; Ccn3�/� may be
because of enhanced endoplasmic reticulum stress signals,
facilitating increased M1-to-M2 macrophage transitions and
increased scavenger receptor expression. More work is
needed to determine the exact role of CCN3 in these
processes.
In summary, these loss-of-function studies provide the

most cogent evidence in support of the atheroprotective role
of endogenous CCN3. These findings, coupled with the
inhibitory effects of CCN3 on abdominal aortic aneurysm,
strongly speak to the importance of CCN3 in maintaining
vascular homeostasis. Thus, CCN3 may be an attractive
therapeutic target for vascular disease.
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