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Production of reactive oxygen species (ROS) and other proinflammatory substances by macrophages
plays an important role in atherogenesis. Apocynin (4-hydroxy-3-methoxy-acetophenone), which is well
known as a NADPH oxidase inhibitor, has anti-inflammatory effects including suppression of the gener-
ation of ROS. However, the suppressive effects of apocynin on the progression of atherosclerosis are not
clearly understood. Thus, we investigated anti-atherosclerotic effects of apocynin using apolipoprotein
E-deficient (apoE~/") mice in vivo and in mouse peritoneal macrophages in vitro. In atherosclerosis-prone
apoE~~ mice, apocynin suppressed the progression of atherosclerosis, decreased 4-hydroxynonenal-
positive area in atherosclerotic lesions, and mRNA expression of monocyte chemoattractant protein-1
(MCP-1) and interleukin-6 (IL-6) in aorta. In mouse peritoneal macrophages, apocynin suppressed the
Ox-LDL-induced ROS generation, mRNA expression of MCP-1, IL-6 and granulocyte/macrophage
colony-stimulating factor, and cell proliferation. Moreover, immunohistochemical studies revealed that
apocynin decreased the number of proliferating cell nuclear antigen-positive macrophages in atheroscle-
rotic lesions of apoE~"~ mice. These results suggested that apocynin suppressed the formation of athero-
sclerotic lesions, at least in part, by inactivation of macrophages. Therefore, apocynin may be a potential
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therapeutic material to prevent the progression of atherosclerosis.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The progression of atherosclerosis and the stability of atheroscle-
rotic plaques decide cardiovascular disease outcome. The develop-
ment of atherosclerosis depends on a fragile balance between
proinflammatory and oxidative stimuli on one phase, and anti-
inflammatory and anti-oxidative defense mechanisms on the other
phase [1,2]. Therefore, the control of reactive oxygen species (ROS) is
one of the beneficial steps for the prevention of cardiovascular disease.

Apocynin (4-hydroxy-3-methoxy-acetophenone) is a constitu-
ent of the Himalayan herb Picrorhiza kurroa Royle (Scrophularia-
ceae) that is well known as a traditional Indian medicine
(Ayurveda). It has been reported that apocynin has several anti-
inflammatory effects such as the suppression of neutrophil oxida-
tive burst, neutrophil-mediated oxidative tissue damage [3,4],
monocyte adhesion to endothelial cells [5], chemotaxis of poly-
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morphonuclear granulocyte [6], peroxynitrite production by mac-
rophages [7] and cyclooxygenase-2 expression in human
monocytes [8]. The underlying mechanism for these biological ef-
fects of apocynin is explained by the inhibition of NADPH oxidases,
superoxide O, generating enzymes [3,9].

NADPH oxidases play critical roles in the regulation of inflam-
matory processes by promoting oxidation of lipids and proteins,
which ultimately leads to tissue damages and organ failure [10].
NADPH oxidases are expressed in all vascular cells, including endo-
thelial cells (ECs), smooth muscle cells (SMCs), fibroblasts, and
monocytes/macrophages [10,11]. Notably, NADPH oxidases also
plays a key role in the development and progression of atheroscle-
rotic lesions [12]. Interestingly, apocynin has been reported to have
both NADPH oxidase-dependent and NADPH oxidase-independent
anti-oxidative effects [13].

It is well known that atherosclerosis is a chronic inflammatory
disease, and macrophages and macrophage-derived foam cells play
pivotal roles in the progression of atherosclerosis by expressing
inflammatory cytokines and chemokines [1]. Since apocynin has
both anti-inflammatory and anti-oxidative effects, apocynin may
suppress the progression of atherosclerosis via inactivation of
macrophages. However, the suppressive effects of apocynin on
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the progression of atherosclerosis are not clearly understood. To
address this issue, the present study was undertaken to determine
the effect of apocynin on the expression of the inflammatory cyto-
kines in macrophages and the progression of atherosclerosis in
apolipoprotein E deficient (apoE~'") mice.

2. Materials and methods
2.1. Materials

Apocynin was purchased from Calbiochem (San Diego, CA). The
antibodies against proliferating cell nuclear antigen (PCNA;
Chromo Tek GmbH, Martinsried, Germany), 4-hydroxy-2-nonenal
(4-HNE; NIKKEN SEIL Co., Ltd., Tokyo, Japan), and F4/80 (Abcam,
Cambridge, UK) were from commercial sources. DAPI was from
Dojindo Laboratories (Kumamoto, Japan). All other chemicals were
of the best grade available from commercial sources.

2.2. Animals

ApoE~~ mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). These mice were maintained on a C57BL/6 back-
ground. Mice were given free access to food and water in the Ani-
mal Resource Facility at Kumamoto University under specific
pathogen-free conditions. All animal procedures were approved
by the Animal Research Committee at Kumamoto University, and
were conducted according to the Guide for the Care and Use of Lab-
oratory Animals issued by the Institute of Laboratory Animal Re-
sources. We used normal rodent chow for mice (CLEA, Tokyo,
Japan) [14]. Twenty male mice of 6 weeks of age were treated or-
ally with apocynin (100 mg/kg) (n=11) or vehicle alone (water)
as a control (n=11). After 10 weeks of treatment, the mice were
sacrificed and atherosclerotic lesions of aortic sinus were prepared
for immunohistochemistry as described below. The whole aorta or
6-pm-thick frozen sections of the aortic sinus were obtained from
ApoE~~ mice and were stained with Oil red O, as previously de-
scribed [14]. Lesion size was measured on digital microphoto-
graphs of the aortic sinus by measuring the stained surface area
using Image] software (NIH, Bethesda, MD). Plasma total choles-
terol, triglyceride, and HDL cholesterol concentrations were mea-
sured at Skylight Biotech Inc., (Akita, Japan) [14].

2.3. Immunohistochemistry

The expression of PCNA, 4-HNE, and F4/80 was visualized on
frozen aortic sinus sections by fluorescent immunohistochemistry.
After equilibration in phosphate-buffered serine (PBS), 6-pum-thick
frozen sections of the aortic sinus were blocked in 3% normal goat
serum/2.5% Triton X-100 (NacalaiTesque, Kyoto, Japan)/PBS for 2 h
at room temperature. Sections were then incubated overnight at
4 °C with the anti-PCNA, anti-4-HNE and anti-F4/80 antibodies di-
luted 1/100 in blocking solution. After six washes with PBS, the
sections were incubated with Alexa Fluor 546 and 488 fluores-
cence-conjugated secondary antibodies (Molecular Probes, Eugene,
OR) in blocking solution for 2 h at room temperature. The sections
were then counterstained with DAPI solution. After rinsing with
PBS, the sections were mounted with Fluoromount (Diagnostic Bio-
Systems, Pleasanton, CA) and examined under a fluorescent micro-
scope (Olympus, Tokyo, Japan) [14]. Immunohistochemical
analyses were performed on six non-consecutive sections of the
aortic sinus obtained from each of five animals.

2.4. Lipoprotein preparation

Human LDL (d = 1.019-1.063 g/ml) was isolated by ultracentri-
fugation of plasma samples obtained from normolipidemic sub-

jects after an overnight fast [15]. LDL was dialyzed against
0.15M NaCl and 1 mM EDTA (pH 7.4). Ox-LDL was prepared by
incubating LDL with 5 uM CuSO,4 for 20 h at 37 °C, followed by
the addition of 1 mM EDTA, and cooling [15]. The protein concen-
trations were determined using BCA protein assay reagent (Pierce
Chemical Co., Rockford, IL). The endotoxin level in the prepared
Ox-LDL was <1 pg/ug protein, as measured using a Toxicolor Sys-
tem (Seikagaku Corp, Tokyo, Japan) [15].

2.5. Cell culture

Peritoneal macrophages were collected from anesthetized male
C3H/He mice (25-30 g) by peritoneal lavage with 8 ml of PBS, cen-
trifuged at 200xg for 5 min, resuspended in medium A (RPMI
1640; Nissui Seiyaku Co., Tokyo, Japan) supplemented with 10% fe-
tal calf serum (Life Technologies Inc., Carlsbad, CA), 0.1 mg/ml
streptomycin, and 100 U/ml penicillin), and then incubated in tis-
sue culture plates for 90 min [15]. More than 98% of the adherent
cells were considered to be macrophages based on four criteria,
including (i) adherence to culture plates, (ii) morphologic features
resembling mononuclear cells after Giemsa staining, (iii) the
capacity to take up carbonparticles, and (iv) immunohistochemi-
cally positive for Cluster of Differentiation 68 (CD68), as previously
described [16,17].

2.6. Tritiated thymidine incorporation and cell counting assays

Macrophage monolayers (2 x 10° cells/well) were cultured in
24-well tissue culture plates (15.5 mm diameter; Corning Glass
Works, Corning, NY) in the presence of the indicated effectors for
6 days. For thymidine incorporation assays, the cells were incu-
bated with 1 pCi/ml [*H]thymidine for 18 h before terminating
the experiments. Tritiated thymidine incorporation assays were
performed as previously described [15]. For cell counting assays,
cultured cells were lysed in 1% (w/v) Triton X-100, and naphthol
blue-black-stained nuclei were counted in a hemocytometer, as
previously described [15].

2.7. Measurement of intracellular ROS

The fluorescent probe 6-carboxy-2’,7’-dichlorodihydrofluores-
cein diacetate, di(acetoxymethyl ester) (H,DCF-DA) (C-2938;
Molecular probes) was used for the assessment of intracellular
ROS. Mouse macrophages (5 x 10* cellsjwell) were preincubated
with indicated effectors for 1 h. After incubation with 20 pg/ml
of Ox-LDL for 30 min, cells were incubated with 10 uM of H,DCF-
DA for 30 min, and analyzed in an HTS 7000 Bio Assay Fluorescent
Plate Reader (Perkin Elmer-Cetus, Foster City, CA) using the HTSoft
program as described previously [18]. ROS production was deter-
mined from an H,0, standard curve (5-50 uM), and was expressed
as a percentage of ROS incubated in normal conditions.

2.8. Real-time RT-PCR analysis

Total RNA was extracted with TRIzol (Life Technologies, Inc.) from
cultured macrophages or atherosclerotic tissues of apoE~~ mice aor-
ta. The first strand cDNA synthesis containing 1 pg of total RNA was
primed with oligo dT. To quantify gene transcripts, the LightCycler
System (Roche Molecular Biochemicals, Indianapolis, IN) was used
[14]. PCRs were performed using SYBR Green I master mix and
specific primers for mouse monocyte chemoattractant protein-1
(MCP-1), tumor necrosis factor-oo (TNF-at), interleukin-6 (IL-6),
granulocyte/macrophage colony-stimulating factor (GM-CSF) and
B-actin, which were designed as follows: MCP-1, forward primer,
5'-GGTCCCTGTCATGCTTCT-3/, and reverse primer, 5-CAT-
CTTGCTGGTGAATGAGT-3’; TNF-o, forward primer, 5-AAATG
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Fig. 1. Apocynin suppresses the progression of atherosclerosis in apoE~~ mice. ApoE ™/~ mice were treated without or with apocynin (100 mg/kg/day) for 10 weeks. (A and B),
Representative photomicrographs of Oil red O-stained fatty streaks in the aortic sinuses (A) or the whole aortas (B) (original magnification,x5). (C and D) Quantitative
analysis of atherosclerotic lesion size in cross-sections of the aortic sinus (C) or the whole aortas (D) in control and apocynin-treated apoE™~ mice (n =11 mice/group).

GCCTCCCTCTCATCA-3/, and reverse primer, 5'-TTCTCCTGGTATGA-
GATAGC-3'; IL-6, forward primer, 5’-CCATCCAGTTGCCTTCTTGG-3,
and reverse primer, 5-TGCAAGTGCATCATCGTTGT-3’; GM-CSF,
forward primer, 5'-TGTGGTCTACAGCCTCTCAGCAC-3/, and reverse
primer, 5'-CAAAGGGGATATCAGTCAGAAAGGT-3'; B-actin, forward
primer, 5-GTGGGCCGCTCTAGGCACCAA-3/, and reverse primer,
5'-CTCTTTGATGTCACGCACGATTTC-3'. The quantitative results for
MCP-1, TNF-a, IL-6 and GM-CSF were normalized by the levels of
B-actin mRNA [14,18]. To assess the specificity of the amplified
PCR products, after the last cycle, a melting curve analysis was
performed.

2.9. Statistical analysis

All values are means + standard deviation of values from four
independent experiments. The statistical significance of differences
between groups was examined by one-factor analysis of variance
followed by a post hoc Tukey test. Values of p < 0.01 were consid-
ered to indicate statistically significant differences.

3. Results

3.1. Apocynin ameliorates atherosclerotic lesion formation in
apoE”"mice

To confirm whether apocynin could suppress the progression of
atherosclerosis in vivo, we examined the effect of apocynin on ath-
erosclerotic lesion formation in apoE~/~ mice. Treatment with
apocynin did not affect body weight and plasma levels of total cho-
lesterol, triglyceride and HDL cholesterol in apoE~~ mice (data not
shown). However, treatment with apocynin suppressed the forma-
tion of atherosclerotic lesions in the aortic sinus (Fig. 1A and C) and
in the whole aorta (Fig. 1B and D), as determined by Oil red O
staining.

As shown in Fig. 2A, 4-HNE-positive area in the atherosclerotic
lesions was less in apocynin-treated mice than in control mice.
Real-time RT-PCR assay revealed that mRNA expression of both
MCP-1 and IL-6 was significantly decreased in apocynin-treated
mice as compared with those in control mice (Fig. 2B and D).
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Fig. 2. Apocynin decreases 4-HNE-positive area in atherosclerotic lesion, and suppresses mRNA expression of inflammatory chemokine and cytokines. (A) Atherosclerotic
lesions in the aortic sinuses from control (a, b, and c) or apocynin (apo)-treated (d, e, and f) apoE~/~ mice were stained for 4-HNE (green; a, c, d and f), F4/80 (red; b, ¢, e and f),
and DAPI (blue; c and f). (B, C and D) Aortas from control (a, b, and c) or apocynin (apo)-treated (d, e, and f) apoE~~ mice were collected. mRNA expression levels of MCP-1 (B),
TNF-a (C), IL-6 (D) and B-actin were determined by real-time RT-PCR. Values are means * SD of four separate experiments.”P < 0.01 vs. control mice.

Moreover, mRNA expression of TNF-o tended to be lower in apocy-
nin-treated mice (Fig. 2C). These results suggested that apocynin
suppressed the progression of atherosclerosis via inhibition of both
ROS generation and production of pro-inflammatory mediators in
apoE~~ mice.

3.2. Apocynin suppresses Ox-LDL-induced ROS generation,
inflammatory cytokine expression and proliferation of macrophages

As shown in Fig. 3A, Ox-LDL (20 pg/ml) increased intracellular
ROS generation in macrophages, which was suppressed by
apocynin. Ox-LDL (20 pg/ml) significantly increased MCP-1,
TNF-oo and IL-6mRNA expression (Fig. 3B-D, respectively). Pre-
treatment of apocynin (100 uM) significantly suppressed Ox-
LDL-induced MCP-1 and IL-6 mRNA expression (Fig. 3B and D).
Pre-treatment of apocynin tended to suppress Ox-LDL-induced
TNF-o mRNA expression (Fig. 3C). We previously reported that
Ox-LDL has a capacity to induce macrophage proliferation
through the expression of GM-CSF [19,20]. Therefore, we next
examined whether apocynin would suppress the Ox-LDL-induced
GM-CSF expression and proliferation of macrophages. As shown

in Fig. 3E, apocynin significantly suppressed Ox-LDL-induced
[*H]thymidine incorporation into macrophages in a dose-
dependent manner. Cell counting assay also showed that Ox-
LDL (20 pg/ml) increased cell number by 2.3 fold (p <0.01, vs
control), which was suppressed by the pretreatment of apocynin
(100 uM) by 78% (p <0.01, vs Ox-LDL alone). Moreover, apocy-
nin(100 uM) significantly reduced Ox-LDL-induced GM-CSF
mRNA expression (Fig. 3F). Therefore, apocynin might suppress
Ox-LDL-induced macrophage proliferation by inhibiting GM-CSF
expression.

To confirm whether macrophage proliferation was suppressed
by apocynin treatment in atherosclerotic plaque, we next exam-
ined the effect of apocynin on proliferative cell number of macro-
phages in atherosclerotic lesions of apoE™/~ mice. Fig. 4 showed
that PCNA-positive and F4/80-positive cells were detected in the
atherosclerotic lesions of apoE~/~ mice and the number of PCNA
and F4/80 double-positive cells in the atherosclerotic lesions was
decreased in apocynin-treated mice as compared with that in con-
trol mice (Fig. 4A and B). These results suggested that apocynin
suppressed the progression of atherosclerosis and macrophage
function in vivo and in vitro.
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Fig. 3. Apocynin suppresses Ox-LDL-induced ROS generation, mRNA expression of inflammatory chemokine and cytokines, and proliferation of macrophages. Mouse
peritoneal macrophages were incubated with 20 pg/ml Ox-LDL for 1 h (A) 4 h (B, C, D and E) or 6 days (D) in theabsence or presence of 100 uM apocynin (apo). (A), The
intracellular ROS level was determined by the H,DCF-DA method. Values are means * SD of four separate experiments. (B, C, D and F) The mRNA expression levels of MCP-1
(B), TNF-o. (C), IL-6 (D), GM-CSF (F) and B-actin were determined by real-time RT-PCR. Values are means + SD of four separate experiments. (E) [*H] thymidine incorporation
assay was performed. Values are means * SD of four separate experiments. *p < 0.01 versus untreated cells. **p < 0.01 versus Ox-LDL-treated cells.

4. Discussion

This study demonstrated that apocynin suppressed ROS
generation and progression of atherosclerosis in apoE~/~ mice.
Our results also demonstrated that apocynin suppressed the Ox-
LDL-induced ROS generation, cytokine and chemokine expression,
and proliferation of macrophages. Vascular inflammation and cell
proliferation in atherosclerotic lesions are closely linked [21], and
excessive proliferation of vascular cells plays an important role in
the pathobiology of vascular occlusive disease. On the other hand,
enhanced oxidative stress seems to play a crucial role in this set-
ting [2] by contributing to the inflammatory cascades in the vessel
wall [22] and influencing cell cycle progression [23]. NADPH oxi-
dase is one of the most prominent sources of vascular ROS, and

NADPH oxidase-dependent ROS production is linked to atherogen-
esis. In the present study, we revealed that apocynin, which was
known as an inhibitor of NADPH oxidase, suppressed the Ox-
LDL-induced ROS generation, expression of atherogenic cytokines,
and proliferation of macrophages. These results suggested that
NADPH oxidase-mediated ROS generation might be involved in
the formation of atheromatous plaques, and the suppression of
NADPH oxidase might be one of the anti-atherogenic effects of
apocynin.

Formation of ROS is one part of the unspecific defense systems
against bacteria and other microbes. However, ROS may also affect
cells in the host organism, in particular at sites of inflammation. In-
deed, inflammation and oxidative stress seem to be closely linked
[24]. Atherosclerosis is considered to be a chronic inflammatory
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disease [1], and growing evidence indicates that chronic and acute
overproduction of ROS under pathophysiological conditions is rel-
evant for the development of cardiovascular diseases (CVD) [25]. In
addition to NADPH oxidases, various sources for vascular ROS pro-
duction have been identified. For example, ROS can be produced
from xanthine oxidase, lipoxygenase, mitochondria, or the uncou-
pling nitric oxide synthase (NOS) [26]. Stimuli for enhanced vascu-
lar ROS formation are numerous, including pro-inflammatory
mediators, such as Ox-LDL. Several lines of evidences indicate that
Ox-LDL induces intracellular ROS generation through various path-
ways [26]. In the present study, we demonstrated that Ox-LDL in-
creased intracellular ROS generation, and other reports revealed
the presence of several pathways of the Ox-LDL-induced ROS gen-
eration in macrophages [27,28]. It has been reported that apocynin
have anti-oxidative effects on not only NADPH oxidase-dependent
but also NADPH oxidase-independent pathways [13]. Therefore,

apocynin may be a beneficial compound for ROS-mediated forma-
tion of atherosclerotic lesions.

In vivo studies have reported that macrophage-derived foam
cells proliferate in atherosclerotic lesions [29-31]. Moreover, we
[15,32] and other researchers [33,34] have reported that Ox-LDL
could also promote macrophage proliferation and survival
in vitro. Based on the evidences mentioned above, it seems likely
that Ox-LDL-induced macrophage proliferation is associated with
enhanced progression of atherosclerosis. In terms of the growth
signaling pathway, we previously reported that Ox-LDL-induced
production of GM-CSF plays an important role in macrophage pro-
liferation [19,35]. In the present study, we demonstrated that
apocynin suppressed GM-CSF expression and cell proliferation in
macrophages. These results suggested that the suppression of mac-
rophage proliferation was a mechanism for the anti-atherogenic
effects of apocynin.
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In conclusion, we have demonstrated that apocynin suppressed
ROS generation in atherosclerotic lesions and prevented the pro-
gression of atherosclerosis. We also showed that apocynin sup-
pressed the Ox-LDL-induced expression of atherogenic
chemokine and cytokines, and proliferation of macrophages. These
results suggested that apocynin would be a potential therapeutic
material to prevent the progression of atherosclerosis.
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