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Excess nitric oxide (NO) promotes the progression of atherosclerosis by increasing the oxidation of low-density lipoprotein (LDL) and
inflammatory responses. However, little is known about the impact of NO and its underlying molecular mechanism on lipid metabolism of
macrophage foam cells. In this study, Oil-red O staining, cholesterol and triglyceride assay, Dil-oxidized LDL (oxLDL) binding assay,
cholesterol efflux assay, real-time RT-PCR and Western blot analysis were used for in vitro experiments. Apolipoprotein E-deficient
(apoE�/�) and apoE and inducible nitric oxide synthase-deficient (apoE�/�iNOS�/�) mice were as our in vivo models. Treatment with
S-nitroso-N-acetyl-D,L-penicillamine (SNAP), an NO donor, exacerbated oxLDL-induced cholesterol accumulation in macrophages,
because of reduced efficacy of cholesterol efflux. In addition, SNAP decreased the protein level of ATP-binding cassette transporter A1
(ABCA1) without affecting scavenger receptor type A (SR-A), CD36, ABCG1, or SR-B1 levels. This SNAP-mediated downregulation of
ABCA1 was mainly through the effect of NO but not peroxynitrite. Furthermore, the SNAP-downregulated ABCA1 was due to the
decrease in the liver X receptor a (LXRa)-dependent transcriptional regulation. Moreover, genetic deletion of iNOS increased the serum
capacity of reverse cholesterol efflux and protein expression of LXRa, ABCA1, and SR-BI in aortas and retarded atherosclerosis in
apoE�/� mice. Our findings provide new insights in the pro-atherogenic effect of excess NO on cholesterol metabolism in macrophages.
J. Cell. Physiol. 9999: 1–10, 2013. � 2013 Wiley Periodicals, Inc.

Atherosclerosis is highly associated with the deregulation of
lipid metabolism and persistent chronic inflammation within
the arterial wall (Lusis, 2000; Glass and Witztum, 2001).
Clearance of accumulated modified low-density lipoprotein
(LDL), in particular oxidized LDL (oxLDL), in the arterial wall is
the most important event in the pathogenesis of atheroscle-
rosis (Lusis, 2000; Li and Glass, 2002). Uptake of oxLDL by
macrophages in the intima results in excess lipid accumulation
in macrophages, thus leading to the formation of foam cells,
which is mainly due to the imbalance between scavenger
receptor (SR)-mediated internalization of modified LDL and
reverse cholesterol transporter-mediated cholesterol efflux in
macrophages (Glass andWitztum, 2001; Li and Glass, 2002; Lin
et al., 2011). These lipid-laden macrophages metabolize the
intracellular cholesterol and generate several pro-inflamma-
tory mediators such as cytokines, chemokines, and reactive
oxygen species during the initiation and progression of
atherosclerosis (Chang et al., 1994; Lusis, 2000; Li and
Glass, 2002; Lu et al., 2010). Thus, several lines of evidence
indicate that modulation of cholesterol metabolism or the
inflammatory response of macrophages may be a therapeutic
strategy for treating or preventing atherosclerosisQ2 (Alonso
and Radomski, 2003; Liu and Huang, 2008).

Nitric oxide (NO) is produced from L-arginine by NO
synthase (NOS), including neuronal NOS (nNOS), endothelial
NOS (eNOS), and inducible NOS (iNOS) (Kubes et al., 1991;
Stamler et al., 1992). The physiological level of NO (at pM to
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nM ranges) derived from nNOS or eNOS is an endogenous
vasodilator with several anti-atherogenic properties such as
inhibition of platelet activation, suppression of smooth muscle
cell proliferation, and attenuation of the inflammatory
response in endothelial cells (ECs) (Henry et al., 1993; Nussler
and Billiar, 1993). In contrast, macrophages can release a
massive amount (at the mM range) of NO-derived from iNOS
in response to pro-inflammatory stimuli (Nathan and
Xie, 1994; Beckman and Koppenol, 1996; Kuhlencordt
et al., 2001). This pathological level of NO promotes the
oxidation of LDL and the inflammatory response within
atherosclerotic lesions, thus leading to atherosclerosis
progression (Detmers et al., 2000; Kuhlencordt et al., 2001).
Previous studies have demonstrated that deletion of iNOS
retards the development of atherosclerotic lesions in
apolipoprotein E-deficient (apoE�/�) mice (Kuhlencordt
et al., 2001; DetmersQ3 et al., 2005). In addition, NO can
interact with superoxide anion (O2

�) to generate peroxyni-
trite (ONOO�), which is potentially more cytotoxic to
vascular cells. However, far less is known about the
detrimental effect of NO or peroxynitrite on the deregulation
of cholesterol metabolism of macrophage-foam cells. Further
investigation of the role and molecular mechanisms of NO in
cholesterol metabolism is warranted.

To clarify the contribution of excess NO to cholesterol
metabolism of macrophages, we aimed first to explore the effect
of excess NO released by S-nitroso-N-acetyl-D,L-penicillamine
(SNAP) or peroxynitrite treatment on oxLDL-induced foam-cell
formation and second, to determine whether excess NO or
peroxynitrite affects the expression of SRs and reverse
cholesterol transporters and the underlying molecular
mechanism. Finally, we aimed to investigate the role of iNOS in
cholesterol metabolism and the development of atherosclerosis
in apoE�/� mice. We found that exogenous NO but not
peroxynitrite augmented oxLDL-mediated cholesterol
accumulation by decreasing cholesterol efflux dependent on liver
X receptor a-ATP-binding cassette transporter A1 (LXRa-
ABCA1) in macrophages. In addition, deficiency of iNOS
promoted the efficacy of reverse cholesterol transport, thus
leading to retarded atherosclerosis progression in apoE�/�mice.

Materials and Methods
Reagents

SNAP, 3-hexanoly-7-nitro-2,1,3-benzoxadial-4-yl (NBD)
cholesterol, 1,400W, and the TBARS assay kit were from Cayman
Chemical (Ann Arbor, MI). Rabbit anti-CD36, anti-retinoid acid
receptor (RXR) and goat anti-SR-A antibodies (Abs) were from
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-LXRa Ab
was from ABR (Golden, CO). Rabbit anti-SR-BI, anti-ABCG1,
mouse anti-ABCA1, and rat anti-F4/80 antibodies were from
Abcam (Cambridge, MA). Griess reagent, mouse anti-a-tubulin
antibody, Tri reagent, dimethyl sulfoxide (DMSO), apolipoprotein
AI (apoAI), human LDL, FeTPPS, 3-morpholinosyndnomine (SIN-
1), N-acetyl-D-penicillamine (NAP), W7, and cycloheximide were
from Sigma (St. Louis, MO). Tumor necrosis factor a (TNF-a) and
ELISA kits for TNF-a, interleukin 6 (IL-6), monocyte chemotactic
protein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-2),
and peroxynitrite were from R&D Systems (Minneapolis, MN).
Lipofectamine reagent was from Invitrogen (La Jolla, CA).
Cholesterol and triglyceride assay kits were from RANDOX
(Antrim, London, UK). Dil-oxLDL was from Biomedical
Technologies (Stoughton, MA). Luciferase and renilla activity assay
kits were from Promega (Madison, WI).

Cell culture

Murine macrophage J774.A1 cells (American Type Culture
Collection, TIB-67) were cultured in RPMI 1640 medium

(HyClone, Logan, UT) supplemented with 10% fetal bovine serum
(FBS), penicillin (100U/ml), and streptomycin (100mg/ml)
(HyClone).

TBARS assay

The level of lipid peroxidation of oxLDL or aortic lysate was
elucidated by use of ELISA kits.

Preparation of modified LDL

OxLDL was prepared as described (Cheng et al., 2011). LDL was
incubated with 5mM CuSO4 at 37˚C for 24 h, then Cu2þ was
removed by extensive dialysis. The degree of LDL oxidation was
tested by TBARS assay. OxLDL containing 30–60 nmol TBARS
defined as malondialdehyde equivalent per milligram LDL protein
was used for further experiments.

Determination of nitrite production

Macrophages were treated with SNAP or NAP at the indicated
concentrations or times. After centrifugation, the cultured media
was harvested and incubated with an equal volume of Griess
reagent at room temperature for 15min. Azo dye production was
analyzed by comparing the absorbance at 540 nmwith the standard
curve by sodium nitrite.

Oil-red O staining

J774.A1 cells were fixed with 4% paraformaldehyde, stained with
0.5% Oil-red O, then evaluated by 70% alcohol extraction.
Hematoxylin was used for counterstaining.

Cholesterol and triglyceride measurement

Cellular cholesterol and triglycerides were extracted by use of
hexane/isopropanol (3/2, v/v). After expelling cellular debris, the
supernatant was dried under nitrogen flush. Cholesterol and
triglycerides content were measured by use of cholesterol and
triglyceride assay kits.

Dil-oxLDL binding assay

Dil-oxLDL uptake was determined as described (Han et al., 2000).
Macrophages were treated with the indicated concentrations of
SNAP (0, 50, 100, 200mM) for 18 h, then incubated with 10mg/ml
Dil-oxLDL at 4˚C for 4 h. Cells were washed with PBS, and lysates
were analyzed by fluorometry (Molecular Devices, Sunnyvale, CA)
with 540 nm excitation and 590 nm emission.

Cholesterol efflux assay

Cholesterol efflux was determined as described (Cheng
et al., 2011). Macrophages were cultured with the indicated
concentrations of SNAP (0, 50, 100, 200mM) for 18 h, then
equilibrated with NBD-cholesterol (1mg/ml) for 6 h. After a
washing with PBS, the NBD-cholesterol-labeled cells were
cultured in RPMI 1640 medium for another 6 h with SNAP and
apoAI (10mg/ml). The fluorescence-labeled cholesterol released
from cells into the medium was analyzed by use of a multilabel
counter (PerkinElmer, Waltham, MA) with 485 nm excitation and
535 nm emission. In vivo cholesterol efflux was determined as
described with modification (Asztalos et al., 2005). Briefly, after
removing the apoB-containing lipoproteins from mouse plasma,
the supernatant, as the high-density lipoprotein fraction, was
diluted to 2.8% (equivalent to 2% serum) in culture medium.
Cholesterol efflux was measured as the difference in release of
fluorescence-labeled cholesterol from vehicle- or TO901317-
treated macrophages.
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Western blot analysis

Macrophages were washed with PBS and then lysed with
immunoprecipitation lysis buffer (50mM Tris pH 7.5, 5mM EDTA,
300mMNaCl, 1% Triton X-100, 1mM phenylmethylsulfonyl fluoride,
10mg/mL leupeptin and 10mg/mL aprotinin). After centrifugation at
12,000 rpm for 5min at 4˚C, the supernatant was harvested as cell
lysates. A 50-mg sample was fractionated by 8% SDS–PAGE, then
transblotted onto Immobilon-P membrane (Millipore, Bedford, MA),
which was incubated with primary Abs, then secondary Abs. The
samples were detected by use of an enhanced chemiluminescence kit
(PerkinElmer, Boston, MA) and quantified by use of ImageQuant 5.2
(Healthcare Bio-Sciences, Philadelphia, PA).

Quantitative real-time RT-PCR

Total cellular RNAwas extracted by use of total RNA reagent. A 5-
mg amount of total RNA was converted to complementary DNA
(cDNA) by use of reverse transcriptase (FermentasQ4, MD). The
resulting cDNA was used as templates for quantitative real-time
RT-PCR (qPCR) with the TaqMan probe-based real-time
quantification system (Applied Biosystems, Foster, CA). The
mRNA levels were normalized to that of GAPDHand expressed as
fold change over controls.

Transient transfection and luciferase reporter assay

Macrophages were co-transfected with phABCA1(-928)-Luc, a
reporter plasmid of human ABCA1 promoter, and pGL3-renilla, a
transfection control, by use of Lipofectamine (Invitrogen), then
treated with various concentrations of SNAP for another 18 h.
Cellular lysates were used for luciferase and renilla activity assays.

Animals

The investigation conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996), and all animal
experiments were approved by the Animal Care and Utilization
Committee of the National Yang-Ming University. WT C57BL/6
mice, apoE�/� and iNOS�/� mice were purchased from the
Jackson Laboratory (Bar Harbor, MN). iNOS�/� mice were
crossed with apoE�/� mice to generate apoE�/�iNOS�/� mice.
Genotypes of apoE�/� and iNOS�/�micewere confirmed by PCR.
At the end of experiments, mice were killed by use of CO2. Hearts
and aortas were isolated for histology and Western blot analysis.

Quantification of atherosclerotic lesions

Mouse hearts were fixed with 4% paraformaldehyde and
embedded in paraffin. For quantification of atherosclerotic lesions,
serial sections from aortic roots of mice were collected,
deparaffinized, and stained with hematoxylin and eosin (H&E).
Atherosclerotic lesions at the aortic sinus were
photomicrographed, then average lesion area was calculated from
10 to 12 sections by use of Motic Images Plus 2.0 (Xiamen, China).

Serum lipid profile analysis

Blood was collected from live mice by cardiac puncture. After clotting
and centrifugation, serumwas isolated and serum levels of cholesterol
and triglycerides were measured by use of the Spotchem EZ SP 4430
blood biochemical analyzer (ARKRAY, Inc., Kyoto, Japan).

Measurement of inflammatory cytokines

The aortic concentrations of pro-inflammatory cytokines,
including IL-6, TNF-a, MCP-1, and MIP-2 were measured by use of
ELISA kits.

Immunohistochemistry

Heart tissue blocks were cut into 8-mm sections. For
immunohistochemistry, sections were reacted with 3% H2O2.
After a blocking with 1% BSA for 30min, samples were incubated
with primary Abs at 4˚C overnight, then the corresponding
horseradish peroxidase-conjugated secondary Ab for an additional
hour. Antigenic sites were visualized by adding 3,3-
diaminobenzidine. Sections were counterstained with
hematoxylin.

Statistical analysis

Data are presented as mean� standard error of the mean (SEM)
from five independent experiments. Mann–Whitney test was used
to compare two independent groups and Kruskal–Wallis followed
by the Bonferroni post hoc analyses formultiple groups. SPSS v20.0
(SPSS, Inc., Chicago, IL) was used for analysis. Differences were
considered statistically significant at P< 0.05.

Results
SNAP worsens oxLDL-induced cholesterol accumulation
in macrophages

The reagent SNAPmimics the continuous production of NO in
vitro and in vivo (Satoh et al., 1996; Daniel et al., 2006).We first
examined the dose- or time-dependent effect of NO-donor
SNAP in macrophage culture. SNAP treatment from �50 to
200mM and over time increased the level of NO, whereas the
non-nitrosylating control molecule NAP did not affect the level
of NO (Fig. 1). We next used SNAP or NAP to investigate the
effect of excess NO on oxLDL-induced foam-cell formation.
Co-incubation with SNAP but not NAP exacerbated the
oxLDL-induced accumulation of cholesterol but not trigly-
cerides in macrophages, as revealed by cellular cholesterol
content and Oil-red O staining (Fig. 2). Thus, excess NO may
deregulate cholesterol metabolism during oxLDL-induced
formation of macrophage foam cells.

SNAP decreases apoAI-mediated cholesterol efflux in
macrophages

To investigate the mechanisms underlying the increased foam-
cell formation with excess NO, we next assessed the effect of
SNAP-derived NO on cholesterol uptake and cholesterol
efflux in macrophages. SNAP did not affect the binding activity

Fig. 1. S-nitroso-N-acetyl-D,L-penicillamine (SNAP) increases the
level of nitric oxide (NO) in macrophages. A: J774.A1 macrophages
were treated with various concentrations of NAP or SNAP for 18h
or (B) with SNAP (200mM) for the indicated times. Level of nitrite
in medium was analyzed by Griess assay. Data are mean�SEM
from five independent experiments. �P< 0.05 versus vehicle-treated
group.
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of Dil-oxLDL but dose-dependently reduced apoAI-dependent
cholesterol efflux (Fig. 3). As well, SNAP dose-dependently
decreased the protein level of ABCA1 but did not affect that of
ABCG1, SR-A, CD36, or SR-BI (Fig. 4) in macrophages.

SNAP downregulation of ABCA1 depends on LXRa

We aimed to clarify the molecular mechanism of SNAP-
mediated downregulation of ABCA1 expression in
macrophages. SNAP treatment decreased the mRNA level of
ABCA1 (Fig. 5A,B), which suggests that excess NO may
downregulate ABCA1 level via transcriptional regulation. To
address whether the key transcription factor LXRa/RXR
system is involved in excess NO-mediated downregulation of
ABCA1, we elucidated the effect of SNAP on the protein

expression of LXRa and RXR in macrophages. SNAP
treatment decreased the protein and mRNA expression of
level of LXRa (Fig. 5C,D) but had no effect on the expression of
RXR (data not shown). These results indicate the critical role
of LXRa in SNAP-downregulated gene expression of ABCA1,
which may contribute to the detrimental effect of excess NO
on cholesterol metabolism of macrophage foam cells.

NO but not peroxynitrite participates in downregulation
of ABCA1

Previous studies have demonstrated that excess NO can
rapidly interact with superoxide to generate peroxynitrite,
which is potentially more cytotoxic to vascular cells (Lelamali
et al., 2001). To investigate whether peroxynitrite is the main

Fig. 2. SNAP treatment exacerbates oxidized low-density lipoprotein (oxLDL)-induced lipid accumulation. A,B: J774.A1 macrophages were
co-incubated with oxLDL (50mg/ml), vehicle (DMSO), NAP (12.5, 25, 50, 100, 200mM), or SNAP (12.5, 25, 50, 100, 200mM) for 18h.
Intracellular levels of cholesterol and triglycerides were determined by an enzymatic method or (C) cells were fixed and stained with Oil-red
O. Cellular nuclei were stained with hematoxylin. The magnification of each part is 400�. Data are mean�SEM from five independent
experiments. �P< 0.05 versus vehicle-treated group; #P< 0.05 versus oxLDL alone.

JOURNAL OF CELLULAR PHYSIOLOGY

4 Z H A O E T A L .



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

player in the excess-NO-mediated deregulation of cholesterol
metabolism of foam cells, macrophages were exposed to the
peroxynitrite-donor SIN-1, which can produce both NO and
superoxide, or peroxynitrite alone for the indicated concen-
trations for 18 h. SIN-1 but not peroxynitrite decreased the

protein level of ABCA1 in macrophages (Fig. 6A,B). In addition,
pre-treatment with the peroxynitrite inhibitor FeTPPS did not
affect the SIN-1-mediated decrease in ABCA1 level (Fig. 6C).
These findings suggest that peroxynitrite was not involved in
excess-NO-induced decrease in protein level of ABCA1.

Genetic deletion of iNOS alleviates the onset of
atherosclerosis and increases the expression of LXRa
and ABCA1 in apoE/ mice

iNOS-derived excess NO plays an important role in lipid
peroxidation, inflammation, and the progression of
atherosclerosis (Naseem, 2005; Cauwels, 2007). To determine
the functional significance of iNOS-derived NO in cholesterol
metabolism in vivo, we generated apoE�/�iNOS�/� mice to
explore the effect of excess NO on the central events of
atherogenesis, including development of atherosclerotic
lesions, serum lipid profile, lipid peroxidation, inflammation,
and expression of reverse cholesterol transporters in aortas as
well as serum capacity of reverse cholesterol transport. As
compared with apoE�/� mice, apoE�/�iNOS�/� showed
smaller atherosclerotic lesion area and macrophage area
(70.2� 5.1� 103mm2 vs. 48.2� 5.2� 103mm2), and lower
level of macrophage marker F4/80 (1.0� 0.2-fold vs. 0.6� 0.1-
fold) in aortas as revealed by immunohistochemistry and
Western blots (Fig. 7A,B). Furthermore, serum levels of total
cholesterol and non-HDL-cholesterol (non-HDL-c) were
significantly lower and level of HDL-c was higher in apoE�/

�iNOS�/� than apoE�/� mice (Fig. 7C). In parallel, apoE�/

�iNOS�/� mice showed decreased lipid peroxidation and

Fig. 3. SNAP treatment harms cholesterol efflux in macrophages.
A: Macrophages were treated with the indicated concentrations of
SNAP for 12h, then incubated with Dil-oxLDL (10mg/ml) for 4 h at 4̄
C. Cellular lysates were analyzed by fluorometry. B: Macrophages
were treated with indicated concentrations of SNAP for 12h, then
underwent equilibration of NBD-cholesterol (1mg/ml) with apoAI
(10mg/ml) for an additional 6 h. The medium and cell lysates were
collected for the measurement of fluorescence. Fold induction was
defined as the level of cholesterol efflux relative to that in vehicle-
treated cells set to 1. �P< 0.05 versus vehicle-treated group.

Fig. 4. SNAP treatment decreases the expression of ATP-binding cassette transporter A1 (ABCA1) without affecting that of ABCG1,
scavenger receptor type A (SR-A), CD36, or SR-BI. A–F: J774.A1 macrophages were incubated with the indicated concentrations of SNAP for
18h. Western blot analysis of protein levels of ABCA1, ABCG1, SR-BI, SR-A, CD36, and a-tubulin. Data are mean�SEM from five
independent experiments. �P< 0.05 versus vehicle-treated group.
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reduced levels of TNF-a, IL-6, MCP-1, and MIP-2 in aortas
(Fig. 7D,E). Furthermore, ablation of iNOS increased the
protein levels of ABCA1, SR-BI, and LXRa in aortas of apoE�/�

mice without affecting the protein level of SR-A, CD36, and
ABCG1 (Fig. 8A,B). Moreover, serum cholesterol reverse
transport was greater in iNOS�/� and apoE�/�iNOS�/� than
wild-type and apoE�/� mice (Fig. 8C). Thus, iNOS-derived
excess NO may play a crucial role in the deregulation of
cholesterol metabolism of macrophages in vivo.

Discussion

In this study, we characterized a novel molecular mechanism of
excess NO in deregulating the cholesterol metabolism of
macrophage foam cells. Exposing macrophages to the NO
donor SNAP increased oxLDL-induced cholesterol level by
impairing cholesterol efflux dependent on LXRa-ABCA1 in
macrophages. In addition, in vivo experiments showed that
genetic deletion of iNOS in apoE�/� mice upregulated the
aortic levels of ABCA1 and LXRa, repaired the reverse
cholesterol efflux capacity, and reduced systemic inflammation
and lipid peroxidation, as well as atherosclerosis progression.
Therefore, excess NO may interfere with the efficacy of
LXRa-ABCA1-dependent cholesterol efflux and thereby
promote oxLDL-mediated cholesterol accumulation in foam
cells, thus leading to atherosclerosis progression.

EC-derived NO has anti-atherogenic effects by decreasing
endothelial permeability and thus limiting the penetration of
LDL into the intima and LDL oxidation under physiological
conditions (Henry et al., 1993; Sakamoto et al., 2009). In
contrast, high levels of NO produced by iNOS has various pro-
atherogenic functions in atherosclerosis (Henry et al., 1993).
Excess NO may react with NADPH oxidase-derived super-
oxide and rapidly form peroxynitrite, which in turn promotes
LDL oxidation and contributes to the progression of
atherosclerosis (Graham et al., 1993; Lelamali et al., 2001). In
addition, several lines of evidence indicate that the level of
reactive nitrogen intermediates is much higher in LDL from

Fig. 5. SNAP treatment elicits liver X receptor a (LXRa)-
dependent downregulation of ABCA1 in macrophages. A:
Quantitative RT-PCR (qRT-PCR) of mRNA level of ABCA1 relative
to that of GAPDH in J774.A1 macrophages treated with the
indicated concentrations of SNAP for 6 h. B: J774.A1 cells were
transfected with the plasmid phABCA1-Luc for 24h and then
treated with SNAP with indicated concentrations for another 18h.
Luciferase (Luc) activity was measured and normalized to that of
renilla. C: Cells were treated with SNAP (200mM) for the indicated
times. Western blot analysis of protein levels of LXRa and a-tubulin
or (D) qRT-PCR of mRNA level of LXRa relative to that of GAPDH.
Data are mean�SEM from five independent experiments. �P< 0.05
versus vehicle-treated group.

Fig. 6. 3-Morpholinosyndnomine (SIN-1) induces peroxynitrite-independent downregulation of ABCA1 level in macropahges. Western blot
analysis of protein level of ABCA1 relative to that of a-tubulin with the indicated concentrations of (A) SIN-1 or (B) peroxynitrite for 18h or
with (C) FeTPPS pretreatment (10mM), then SIN-1 (200mM) for 18 h. Data are mean�SEM from five independent experiments. �P< 0.05
versus vehicle-treated group.
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human atherosclerotic lesions than circulating LDL (Leeu-
wenburgh et al., 1997). Moreover, Graham et al. (1993)
reported that treatment with SIN-1, an NO and superoxide
donor increased the oxidation of LDL, so reactive nitrogen
intermediates derived from NO may contribute to the
development of atherosclerosis.

OxLDL deposited in the subendothelial space of arteries can
be taken up by macrophages and lead to the accumulation of
foam cells in the intima. The cholesterol homeostasis of foam
cells is tightly regulated by SR-mediated cholesterol
internalization and reverse cholesterol transporter-mediated
cholesterol efflux, respectively (Glass and Witztum, 2001; Li
and Glass, 2002; Lin et al., 2011). In this study, we
demonstrated that excess NO promotion of oxLDL-induced
foam-cell formation is mediated by impaired cholesterol efflux
but not decreased cholesterol uptake. Additionally, our SNAP

treatment decreased the mRNA and protein levels of ABCA1
without altering that of SR-A, CD36, SR-BI, and ABCG1. These
results are consistent with previous results showing that
downregulation of ABCA1 expression exacerbates cholesterol
accumulation in foam cells (Baranova et al., 2002; Wang
et al., 2007). Interestingly, our finding further showed that
pharmacological inhibition of peroxynitrite formation by
FeTPPS did not affect the SIN-1-mediated decrease in ABCA1
level. Furthermore, direct incubation with peroxynitrite did
not alter ABCA1 level. Thus, excess-NO-decreased ABCA1-
dependent cholesterol efflux and -increased lipid accumulation
in macrophages may be mediated mainly via NO itself but not
peroxynitrite. Notably, we found that treatment with TNFa, a
proinflammatory cytokine can upregulate the expression of
iNOS (Sekine et al., 2000), exacerbated the oxLDL-induced
lipid accumulation, which was abrogated in macrophages by the

Fig. 7. Loss of inducible NO synthase (iNOS) reduces the lipid peroxidation of aortas and retards the development of atherosclerosis in apoE/

mice. Apolipoprotein E-deficient (apoE/) mice and apoE/iNOS/ mice were fed a chow diet for 20 weeks. A: Histology and quantification of
atherosclerotic lesion area in aortic roots, (B) the area of macrophages and protein expression of F4/80 in atherosclerotic aortas, (C) serum
lipid profile, and (D and E) lipid peroxidation and levels of pro-inflammatory cytokines in aortas of apoE/ and apoE/iNOS/ mice. Scale
bar¼ 300mm. �P< 0.05 versus apoE/ mice.
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iNOS selective inhibitor 1,400W (Supplementary Fig. 1).
Moreover, the inhibition of iNOS activity by 1,400W
diminished the TNFa-induced downregulation of ABCA1 and
impairment of cholesterol efflux. Collectively, these results
imply the crucial role of iNOS-derived excess NO in the
deregulation of cholesterol metabolism during the formation of
macrophage-foam cells.

Concomitantly, we also found that SNAP treatment
significantly reduced both the mRNA and protein levels of
LXRa, the most critical transcription factor for gene regulation
of ABCA1. This result was not surprising because LXRa is
reported to be able to autoregulate its own promoter activity
(Laffitte et al., 2001). These data are in line with observations by
Marcil et al. (2006) showing that oxidative stress limited LXR-
dependent ABCA1 gene expression and cholesterol efflux,
thus leading to an imbalance in macrophage cholesterol
homeostasis. Thus, our findings and those from previous
studies suggest that the decrease in ABCA1 protein expression
with SNAP-derived excess NO may result from LXRa-
dependent transcriptional regulation.

Intriguingly, the half-life of ABCA1 protein was prolonged in
response to SNAP treatment (Supplementary Fig. 2), which
implies that SNAP might stabilize ABCA1 protein. It is well

known that stabilization of ABCA1 protein enhances
cholesterol efflux and leads to reduced lipid accumulation in
foam cells (Arakawa and Yokoyama, 2002; Oram et al., 2003).
In contrast, destabilization of ABCA1 protein impairs lipid
clearance and results in aggravated cholesterol accumulation in
foam cells (Feng and Tabas, 2002; Wang and Oram, 2002). The
potential mechanisms could be the engagement of calmodulin
with the regulation of ABCA1 protein stabilization. This notion
was further supported by the finding that inhibition of
calmodulin by W7 diminished the reduced turnover rate of
ABCA1 by SNAP (Supplementary Fig. 3), which indicates the
involvement of calmodulin in SNAP-mediated regulation of
ABCA1 protein stabilization. Calmodulin is a calcium-binding
protein and orchestrates the network of intracellular signaling
pathways in a variety of cells (Hoeflich and Ikura, 2002;
Saucerman and Bers, 2012). Notably, calmodulin could be
activated by NO and can bind to ABCA1 and thus protect
against calpain-mediated proteolysis (Kim et al., 2006; Kim and
Perrino, 2007; Zhao et al., 2012). Whatever the possibilities,
our results clearly indicate that the net effect of SNAP on the
exacerbation of foam-cell formation is mediated by impaired
ABCA1-dependent cholesterol efflux. Despite the unique
mechanismwe discovered, the detailedmechanisms underlying

Fig. 8. Deletion of iNOS repairs serum reverse cholesterol transport in apoE/ mice. A: Western blot analysis and quantification of protein
levels of ABCA1, ABCG1, SR-B1, SR-A, CD36, LXRa relative to that of a-tubulin in aortas. B: Aortic sections from 5-month-old apoE/ and
apoE/iNOS/ were immunostained with anti-IgG (a,e), anti-F4/80 (macrophage marker) (b,f), anti-ABCA1 (c,g) and anti-SR-B1 (d,h) antibodies.
Hematoxylin was used for counterstaining. Magnification: 400�. C: Serum efficacy of reverse cholesterol efflux of wild-type, iNOS/, apoE/, and
apoE/iNOS/ mice. Data are mean�SEM from eight animals. �P< 0.05 versus WT mice; #P< 0.05 versus apoE/ mice.
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the harmful effects of SNAP on LXRa-ABCA1-dependent
cholesterol efflux remain to be investigated.

Atherosclerosis is a disorder of cholesterol metabolism and
a chronic inflammatory disease resulting from LDL oxidation
within the arterial wall (Lusis, 2000; Lin et al., 2011).
Importantly, iNOS-derived excess NO is involved in the
deregulation of the immune response in inflammatory diseases
such as atherosclerosis and septic shock (Naseem, 2005;
Cauwels, 2007). Our in vivo findings regarding the harmful role
of iNOS on the inflammatory response of atherosclerosis are
in line with previous observations that genetic deletion of
iNOS in apoE�/� mice reduces the level of lipid oxidation and
decreases the systemic inflammation (LuomaQ5 et al., 1998;
Detmers et al., 2000; Kuhlencordt et al., 2001). In this study, we
provide new evidence that genetic ablation of iNOS in apoE�/�

mice upregulated the protein expression of ABCA1 and LXRa
in aortas and increased the capacity of reverse cholesterol
transport as well as serum levels of HDL-c, which may lead to
reduced serum total cholesterol and, ultimately retarded
atherosclerosis. These data further confirm the pro-athero-
genic role of iNOS in the pathogenesis of atherosclerosis.

Here, we discover a link between excess NO, cholesterol
metabolism, and atherosclerosis, which broads the
cardiovascular disease-related implications of NO. Our data
show that exposing macrophages to excess NO
downregulated the LXRa-ABCA1 pathway, which in turn
impaired the efficacy of cholesterol efflux and augmented
oxLDL-mediated cholesterol accumulation in macrophages.
These findings reveal a new molecular mechanism underlying
the pro-atherogenic property of excess NO potentially linking
NO with the deregulation of cholesterol metabolism in the
progression of atherosclerosis. Furthermore, the effect of
iNOS-derived excess NO in cholesterol metabolism and
atherogenesis suggests a new therapeutic target for treating or
preventing atherosclerosis-related cardiovascular diseases.
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Fig. S1. Inhibition of iNOS abrogates the detrimental effect of
TNFa on the formation of foam cells and cholesterol efflux in
macrophages. A: J774.A1 macrophages were treated with or
without TNFa (10 ng/ml) in the presence of oxLDL (50mg/ml)
or 1,400W (1mM) for 18 h. Intracellular levels of cholesterol
and triglycerides were determined by an enzymatic method. B:
Macrophageswere treatedwith orwithout TNFa for 12 h, then
underwent equilibration of NBD-cholesterol (1mg/ml) with
apoAI (10mg/ml) for an additional 6 h. The medium and cell
lysates were collected for the measurement of fluorescence.
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Data are mean� SEM from five independent experiments.
�P< 0.05 versus vehicle-treated cells, #P< 0.05 versus oxLDL-
or TNFa-treated cells, &P< 0.05 versus TNFa-treated group
with oxLDL treatment.
Fig. S2. Treatment with SNAP slow down the turnover of
ABCA1 in macrophages. J774.A1 macrophages were treated with
or without SNAP (200mM) in the presence of cycloheximide
(CHX, 2mg/ml) for the indicated time periods. Cellular lysates
were subjected to the Western blots to determine the protein
levels of ABCA1 and a-tubulin. Data are mean� SEM from five
independent experiments. �P< 0.05 versus CHX alone group.

Fig. S3. Inhibition the calmodulin activity abolishes the
SNAP-mediated increase in stabilization of ABCA1. J774.A1
macrophages were pre-treated with calmodulin inhibitor
W7 (20mM) and cycloheximide (CHX, 2mg/ml) for 2 h, and
then treated with or without SNAP (200mM) for the
indicated time periods. Cellular lysates were subjected to
the Western blots to determine the protein levels of
ABCA1 and a-tubulin. Data are mean� SEM from five
independent experiments. �P< 0.05 versus CHX alone
group.
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