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a b s t r a c t

Saturated fatty acids (FA) have been linked to an increased risk of cardiovascular disease. The effects of
acipimox, a FA-lowering agent, on palmitate- (an important saturated fatty acid) stimulated atheroscle-
rosis remains to be elucidated. We investigated the effects of acipimox on atherosclerosis in ApoE�/�mice
fed a palmitate-rich diet. Male ApoE�/� mice, 6–8 weeks of age, were randomized into three groups. The
animals were fed a normal chow diet in the control group, a diet containing 5% palmitic acid in the pal-
mitate group, and a diet containing 5% palmitic acid and 0.02% acipimox in the acipimox group. The
plasma lipid profiles, aortic lesions, plaque collagen content and the expression of matrix metalloprotein-
ase (MMP)-2, MMP-3, MMP-9, and MMP-14 and the tissue inhibitor of MMP (TIMP)-1, and TIMP-2 were
determined after a 12-week treatment. The palmitate-rich diet significantly increased plasma FA concen-
trations (P < 0.01), enhanced atherosclerotic lesions (P < 0.01), decreased plaque collagen content
(P < 0.01) and upregulated MMP-2 (P < 0.05) in the aorta. Additionally, all of these harmful effects were
significantly attenuated by co-treatment with acipimox (P < 0.05 or P < 0.01). The present study suggests
that acipimox attenuates atherosclerosis and enhances plaque stability in ApoE�/� mice fed a palmitate-
rich diet.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

There are many different types of fatty acids (FAs) [1]. Although
some of them, such as omega-3 long chain polyunsaturated FA,
have been viewed in recent years as beneficial nutrients with car-
dioprotective effects [2], saturated FAs have been linked to an in-
creased risk of cardiovascular disease [3]. It has been
demonstrated that nonesterified free FAs contribute to overall
mortality, specifically cardiovascular death [4,5]. However, the role
of saturated FA in the development of atherosclerosis has not been
clearly understood.

Monounsaturated FAs were considered protective because they
did not result in a proatherosclerotic lipid profile [6–8]. However,
our recent study has demonstrated that oleic acid, a major type
of dietary monounsaturated FA, induces the development of vascu-
lar smooth muscle cells derived from cells and the growth of ath-
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erosclerotic plaques in ApoE-deficient (ApoE�/�) mice [9].
Palmitate, a saturated long chain FA, is abundant in the diet and
associated with oxidative stress and inflammation [10,11]. How-
ever, the role of palmitate in the growth of atherosclerotic plaques
and plaque stability remains to be elucidated.

Acipimox, 5-methyl-pyrazine-2-carboxylic acid-4-oxide, is a
nicotinic acid derivative that inhibits lipolysis and attenuates the
release of free FA from adipose tissue [12]. It has been reported
that acipimox might ameliorate atherosclerosis in ritonavir-trea-
ted LDLR-null mice, an animal model with lipoatrophy and ele-
vated plasma FA concentrations [13]. Additionally, our previous
study demonstrated that acipimox might inhibit the growth of ath-
erosclerotic plaques in ApoE�/� mice fed an oleate-rich diet. How-
ever, the effects of acipimox on the growth of atherosclerotic
plaque and plaque stability in ApoE�/� mice fed a palmitate-rich
diet are unknown.

Taken together, we hypothesized that a palmitate-rich diet
could accelerate atherosclerosis and promote instability that can
be blocked by treatment with acipimox. As a proof-of-concept
study, we tested how acipimox affected the growth of atheroscle-
rotic lesions and plaque stability in ApoE�/� mice fed a palmitate-
rich diet.

http://dx.doi.org/10.1016/j.bbrc.2012.10.011
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2. Materials and methods

2.1. Animal care

Experimental procedures were approved by the Hospital Ani-
mal Care and Use Committee. Thirty male ApoE�/� mice, 6–
8 weeks of age, were purchased from the Model Animal Research
Center of Nanjing University (Nanjing, China). Animals were
housed under a 12 h/12 h day/night cycle with ad libitum access
to food and water. The mice were randomized into three groups:
the control group (n = 10), the palmitate group (n = 10) and the
acipimox group (n = 10). Mice in the palmitate group were fed a
diet containing 5% palmitic acid, and mice in the acipimox group
were fed a diet containing 5% palmitic acid and 0.02% acipimox.
The diets were maintained for 12 weeks.
2.2. Serum lipids

Fasting blood samples were obtained, and triglycerides (TG), to-
tal cholesterol (TC), low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C) and free FA levels
were measured by colorimetric assays using a commercially avail-
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Fig. 1. Acipimox attenuates palmitate-induced hyper-free fatty acidemia. The plasma tri
fatty acids (E) concentrations in ApoE�/� mice in the control (open bars), palmitate (sha
expressed as the mean ± SEM; n = 10 mice per group. ⁄⁄P < 0.01 compared to the control g
high-density lipoprotein.
able kit (Jiancheng Bioengineering Institute, Nanjing, China) in
accordance with the manufacturer’s instructions.
2.3. Atherosclerosis analysis

Atherosclerotic lesions of the thoraco-abdominal aorta were
analyzed by Oil-red-O staining. The stained area was measured
using computer-assisted morphometric analysis. Atherosclerotic
lesions in the aortic roots were examined in cross-sections of the
aortic origin. The sections (5 lm) were stained with hematoxylin
and eosin, and images were taken on an Olympus BX41 microscope
(Olympus Corp., Tokyo, Japan). The atherosclerotic lesion area was
quantified using Nikon NIS-Elements Research Software.
2.4. Collagen analysis

Paraffin-embedded aortic sinus sections were stained with
Masson’s Trichrome using a fast Masson dye kit (Jiancheng Bioen-
gineering Institute, Nanjing, China) in accordance with the manu-
facturer’s instructions. The percentage of positively stained area
was calculated using Nikon NIS-Elements Research Software.
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2.5. Immunohistochemistry

Thoracic aortas were fixed in 4% paraformaldehyde for 12 h,
embedded in paraffin and then cut into sections (5 lm). The sec-
tions were incubated with anti-matrix metalloproteinase (MMP)-
2, anti-MMP-3, anti-MMP-9, anti-MMP-14, anti-tissue inhibitor
of MMP (TIMP)-1 and anti-TIMP-2 antibodies (diluted 1:50, Boster
Bioengineering Co., Wuhan, China). Specific binding was detected
with complexes of biotinylated goat anti-rabbit IgG secondary
antibody and horseradish peroxidase using ABC kits (Boster Bioen-
gineering Co., Wuhan, China). The antigen–antibody complex was
subsequently visualized with a DAB solution. The sections were
viewed under a light microscope. The percentage of positively
stained area was calculated using Nikon NIS-Elements Research
Software.
2.6. Statistical analysis

Continuous data are presented as the mean ± SEM. Comparisons
between the groups were determined by one-way ANOVA with the
Tukey–Kramer Post-hoc multiple comparison test (SPSS Inc., Chi-
cago, IL). Probabilities of P < 0.05 were considered statistically
significant.
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Fig. 2. Acipimox attenuates palmitate-induced acceleration of atherosclerosis. (A) Repr
palmitate and acipimox group. Lesions are stained with Oil Red O. (B) Representative ima
(C) The plaque size was measured as the percentage of the total aortic surface. (D) The p
area. The data are expressed as the mean ± SEM; n = 6 mice per group. ⁄⁄P < 0.01 compa
3. Results

3.1. Acipimox attenuates palmitate-induced hyper-free fatty acidemia

The plasma TG, TC, LDL-C and HDL-C concentrations were not
affected by the palmitate-rich diet or acipimox treatment
(Fig. 1A–D). The palmitate-rich diet induced hyper-free fatty acide-
mia in the ApoE�/� mice (P < 0.01, Fig. 1E). In addition, the in-
creased plasma free FA concentration was significantly
attenuated by co-treatment with acipimox (P < 0.05, Fig. 1E).
3.2. Acipimox attenuates palmitate-induced acceleration of
atherosclerosis

After a 12-week treatment, the atherosclerotic plaque size in
the thoraco-abdominal aorta was significantly increased in the pal-
mitate group compared to the control group (P < 0.01, Fig. 2A and
C). Furthermore, the mice in the palmitate group showed a slight
but not significant increase in the size of aortic root plaques com-
pared to the aortic root plaques in the control mice (Fig. 2B and D).
As expected, the plaque sizes in both the thoraco-abdominal aorta
and aortic root were significantly attenuated by co-treatment with
acipimox (both P < 0.01, Fig. 2A–D).
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Fig. 3. Acipimox attenuates palmitate-induced decrease in collagen content. (A) Representative images of aortic lesions stained with Masson’s Trichrome. Upper panel, 100�;
lower panel, 400�. (B) Collagen deposition was expressed as the percentage of the positively stained area. The data are expressed as the mean ± SEM; n = 6 mice per group.
⁄⁄P < 0.01 compared to the control group, ##P < 0.01 compared to the palmitate group.
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3.3. Acipimox attenuates palmitate-induced decrease of collagen
content

Collagen plays a critical structural role in stabilizing plaques
and is an indicator of plaque vulnerability. The collagen content
in atherosclerotic plaques in the aortic root was significantly de-
creased in the palmitate-fed mice relative to the plaques in the
control mice (P < 0.01, Fig. 3A and B). Moreover, the palmitate-in-
duced decrease in collagen content was significantly reduced by
treatment with acipimox (P < 0.01, Fig. 3A and B).
3.4. Acipimox attenuates palmitate-induced upregulation of MMP-2

The balance between MMP and TIMP expression plays an
important role in collagen deposition in the aorta. The protein
expression levels of MMP-2, MMP-3, MMP-9, MMP-14, TIMP-1
and TIMP-2 were detected by immunohistochemistrical staining.
There was no distinct staining for MMP-3 or TIMP-1 in the aortic
sections (data not shown). MMP-2 was significantly upregulated
by the palmitate-rich diet, whereas this effect was remarkably
attenuated by co-treatment with acipimox (P < 0.05 and P < 0.01,
Fig. 4A and E). The palmitate-rich diet significantly decreased the
expression of MMP-9 (P < 0.01), which was not affected by co-
treatment with acipimox (Fig. 4B and F). The protein expression
levels of MMP-14 and TIMP-2 were not affected by palmitate or
acipimox (Fig. 4C, D, G and H).
4. Discussion

Palmitate is the major type of saturated FA in a high-fat diet. An
early study analyzing the composition of FA in avian atheroscle-
rotic plaques confirmed that palmitic acid accounted for approxi-
mately 50% of FA in the aortic lesions [14]. These findings
suggest that dietary palmitate could play an important role in
the development of atherosclerosis. Previous studies mostly fo-
cused on the role of palmitate in metabolic disorders and insulin
resistance [15]. The present study provides compelling evidence
supporting the concept that a palmitate-rich diet not only signifi-
cantly enhances the growth of atherosclerotic plaques but also pro-
motes plaque instability. Therefore, efforts to reduce the
concentration of plasma FA might be an effective strategy for the
treatment of atherosclerosis induced by a palmitate-rich diet.

Hyper-free fatty acidemia usually results from an increased in-
take of dietary FA or FA release from lipolysis. Although a healthy
diet is crucial for preventing atherosclerosis, adherence to a
healthy diet is usually poor [16]. Acipimox, a lipolysis inhibitor,
has been demonstrated to reduce the plasma FA concentration in
obese patients [17], and it also attenuates the level of proathero-
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genic plasma lipoproteins and atherosclerosis caused by ritonavir-
induced lipolysis [13]. We have previously used acipimox in
ApoE�/� mice fed an oleate-rich diet and observed it significantly
reduced atherosclerotic plaques [9]. However, previous studies
did not address plaque instability, which plays a critical role in
the rupture of plaques and the onset of cardiovascular events.
The present study demonstrated that treatment with acipimox sig-
nificantly ameliorates atherosclerotic lesion development and en-
hances plaque stability by increasing collagen deposition in mice
with hyper-free fatty acidemia. This finding indicates that acipi-
mox may be practical treatment for patients with atherosclerosis
concomitant with hyper-free fatty acidemia.

The precise mechanism by which palmitate stimulates athero-
sclerosis remains to be elucidated [18]. Our previous study demon-
strated that oleic acid increased lipid deposition in vascular
smooth muscle cells and induced foam cell formation [9].
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Additionally, the current study has shown a cause-and-effect rela-
tionship between hyper-free fatty acidemia and atherosclerosis.
Thus it is likely that palmitate-induced plaque growth is mediated
directly by increasing the FA uptake by vascular smooth muscle
cells or infiltrated macrophages and inducing the foam cell
formation.

Plaque collagen content plays an important role in preventing
plaque rupture and is decreased in unstable atherosclerotic lesions
observed in patients with acute coronary syndrome [19]. MMP/
TIMP is the major enzyme system responsible for the collagen con-
tent in several tissues including the aorta [20–22]. According to the
results from this study, one mechanism by which acipimox could
attenuate palmitate-induced plaque instability is to reverse the
upregulation of MMP-2. However, this hypothesis needs to be con-
firmed in animals that are deficient in MMP-2 expression.

In summary, a palmitate-rich diet increased plasma FA concen-
trations, enhanced atherosclerotic lesions, promoted plaque insta-
bility and upregulated MMP-2 in the aorta. All of these harmful
effects were significantly blocked by co-treatment with acipimox.
If these results were applied to clinical settings, treating patients
with acute coronary syndrome or other unstable atherosclerotic le-
sions with acipimox could be a novel and potent strategy for inhib-
iting atherosclerosis and stabilizing plaque.
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