G Model
ATH-10917; No.of Pages9

Atherosclerosis xxx (2009) XXX-XXX

Contents lists available at ScienceDirect

atherosclerosis

Atherosclerosis

journal homepage: www.elsevier.com/locate/atherosclerosis

A meprin inhibitor suppresses atherosclerotic plaque formation in ApoE~/~ mice

Pan Gao?, Rui-wei Guo?, Jian-fei Chen?, Yang Chen?P?, Hong Wang?, Yang Yu?, Lan Huang?®*

2 Department of Cardiology, No. 2 Hospital Affiliated to Third Military Medical University, Xingiao Hospital, Chongqing 400037, China
b Department of Neurology, No. 3 Hospital Affiliated to Third Military Medical University, Daping Hospital, Chongqing 400042, China

ARTICLE INFO ABSTRACT

Article history:

Received 10 November 2008

Received in revised form 27 April 2009
Accepted 27 April 2009

Available online xxx

Meprin is a member of the astacin family of zinc metalloendopeptidases. It is widely distributed in
the body, and hydrolyzes and inactivates several endogenous vasoactive peptides, some of which could
alter various functions of cells in the arterial wall. We assessed the influence of chronic meprin inhi-
bition by daily administration of actinonin (5 mg/kg body weight per day; i.p.) on the development of
atherosclerotic changes in ApoE~/~ mice. Mice were fed a high-fat (21% fat), cholesterol-rich (1% choles-
terol) Western-type diet for 16 weeks starting at 10 weeks of age. At 20 weeks of age, randomly selected

ﬁiﬁg‘;ﬁimsis ApoE~/~ mice were treated with Western-type diet chow pellets supplemented with commercially avail-
Plaque able actinonin (meprin-I group) for 6 weeks; the diet of control ApoE~/~ mice was supplemented with
Apoptosis saline (placebo group).

Mice There was no difference in body weight, hemodynamic data and serum lipids between the two groups
at the end of the dietary period. Meprin-I treatment was found to elevate levels of natriuretic peptides
(NPs) in plasma and the vascular wall by radioimmunoassay. Meprin-I treatment also decreased plaque
volume and suppressed lipid deposition in carotid arteries. Meprin-I treatment reduced production of
reactive oxygen species (ROS) and apoptosis (which are associated with atherosclerosis) in the vascular
wall. In in vitro experiments, meprin-I treatment increased NP function on cell apoptosis, proliferation,
and intracellular ROS generation in the THP-1 cell line and primary vascular smooth muscle cells (VSMC).
These results suggest that the meprin inhibitor actinonin may have a protective role in atherosclerosis,
and that meprin inhibition may be therapeutically useful in atherosclerosis prevention. Suppression of
degradation in the arteries of endogenously released NPs (particularly atrial natriuretic peptide and brain
natriuretic peptide), or other kinins known to have anti-atherosclerotic actions, may at least partially
contribute to the inhibitory effects of meprin-I on atherosclerotic changes.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction produced at vascular walls [6,7]. Endothelial meprin could therefore

metabolize vasoactive peptides and reduce their local concentra-

Meprin is a member of the astacin family of zinc metalloen-
dopeptidases. It is highly expressed in the kidney, intestinal brush
border membranes, and leukocytes and in some cancer cells [1-3].
It consists of two subunits, a and [3, which form disulfide-bridged
homodimers and heterodimers that differ in oligomerization
potentials and substrate specificity. Meprin-a forms heterogeneous
multimers and is secreted. Meprin-f restricts the oligomerization
potential of meprin to tetramers and attaches meprin oligomers
to the plasma membrane. Its substrates include bioactive pep-
tides and extracellular matrix proteins. Meprin proteins have been
implicated in cancer and intestinal inflammation [4,5]. Like neutral
endopeptidase 24.11 (NEP), meprin could hydrolyze and inactive
several endogenous growth factors, vasoactive peptides, cytokines,
and extracellular matrix proteins circulating in peripheral blood or
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tions at the arterial walls, resulting in attenuation of the effects
of the peptides on vascular functions [8,9]. Meprin inhibition may
potentiate vascular responsiveness to these endogenous vasoactive
peptides.

The natriuretic peptide (NP) family has an important role in
the regulation of blood pressure homeostasis and salt and water
balance [10,11]. Studies have demonstrated that NPs and other fac-
tors in the vascular wall are the substrates of meprin, particularly
atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)
(meprin has no effect on C-type natriuretic peptide (CNP) [12]). NPs
can also stimulate the endothelial release of vasodilators such as
prostaglandins, endothelium-derived relaxing factor(s), and nitric
oxide, which can inhibit the proliferation and apoptosis of vascular
smooth muscle cells (VSMC), and modulation of the level of reactive
oxygen species (ROS) in different cell types [13-16]. These activi-
ties have been strongly associated with experimental hypertension,
cardiac hypertrophy, thrombosis, restenosis, and atherosclerosis
[17-19].
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Considerable evidence suggests that NP signaling may have a
direct role in the development of atherosclerosis: most data sup-
port the anti-proliferative action of NP on smooth muscle cells
(SMCs), suggesting an anti-atherogenic action of NP. Mice lacking
the NPs receptor type-A (NPRA) and ApoE (Npr1—/~ ApoE~/~) have
increased atherosclerosis compared with ApoE-deficient mice that
are of the wild-type for Npr1 (Npr1*/* ApoE~/~) [20]. One could
therefore expect that a meprin inhibitor could potentiate the vascu-
lar actions of NPs or other kinins by inhibition of their degradation
at the vascular wall.

This study initially aimed to assess the influence of chronic
meprin inhibition by daily administration of the meprin inhibitor
actinonin on the development of atherosclerotic changes in
ApoE~/~, and then aimed to clarify elevation of the level of NPs
contributed to the anti-atherogenic effects of meprin inhibition.

2. Materials and methods
2.1. Animals

Animal experiments were conducted in accordance with institu-
tional guidelines (Third Military Medical University) and the animal
protection law for Chonggqing City.

Male ApoE~/~ mice (C57/BI6 genetic background; purchased
from Beijing University, Beijing, China) were used in this study.
Twenty-eight ApoE~/~ mice were maintained in a room set at 22 °C
with a 12-h light/dark cycle. They received drinking water ad libi-
tum.

Mice were fed a high-fat (21% fat), cholesterol-rich (1% choles-
terol) diet for 10 weeks starting at 10 weeks of age. At 20 weeks
of age, 20 ApoE~/~ mice were randomly treated with Western-
type diet chow pellets supplemented with commercially available
actinonin (Fluka and Sigma-Aldrich, Shanghai, China; 5mg/kg
body weight per day; intraperitoneal injection; meprin-I group
(see below for definition); n=10) or saline (placebo group, n=10)
for 6 weeks. Briefly, male ApoE~/~ mice (body weight, 20-25g)
received actinonin (5 mg/kg body weight), or an equal volume of
saline (i.p.) within 24 h. Twelve hours after the last injection, blood
was taken under isoflurane anesthesia by puncture of the retro-
orbital venous plexus. Blood samples were put on ice for 30 min
to clot and then centrifuged (4°C; 10 min; 3000 rpm). Serum was
snap-frozen in liquid nitrogen and stored at —80°C until further
processing. Dosages used in this study were based on previous
studies [12,21]. Blood pressures were measured by a computer-
ized tail-cuff system (BP-2000, Visitech Systems, Apex, NC, USA)
in conscious animals. Age-matched controls were killed at age 20
weeks (n=8, ApoE~/~ mice with high-fat diet for 10 weeks; con-
trol group). After 20 or 26 weeks of age, mice were killed, blood
was taken, and carotid arteries subsequently perfused with 0.9%
NaCl.

2.2. Natriuretic peptide analyses

Natriuretic peptides were measured in snap-frozen carotid
arteries and plasma from experimental animals. Levels of natri-
uretic peptides were measured by RIA commercial kits specific for
ANP and mouse BNP (Phoenix Biotech, Beijing, China) according to
the manufacturer’s instructions.

2.3. Lipid analyses

Plasma was obtained through centrifugation of the blood for
10 min at 5500 x g at 4°C and stored at —80°C. Total plasma
cholesterol and triglyceride concentrations were measured using
enzymatic assay (Roche Applied Science, Shanghai, China) on

a Cobas Mira Plus automated analyzer (Roche Applied Science,
Shanghai, China).

2.4. Morphology

For morphometric studies, at 26 weeks of age, rats were anes-
thetized and killed as described above. After killing, mice were
perfusion-fixed with 4.5% formaldehyde. The left carotid arteries
were dissected and embedded in paraffin as described. Left carotid
arteries were serially sectioned (5 wm) and, beginning from a ran-
dom start site within the first 75 um, a section was stained every
75 wm with hematoxylin and eosin (H&E). Images were captured
with a Leica microscope and lesion area quantified using an image
analysis system. Entire right carotid arteries (9-mm long) were
excised and placed in Oil-red-O for 5 min. Images of artery plaques
were obtained with a digital camera (Sony, Japan).

2.5. Immunohistochemistry

Immunostainings of paraffin sections for Mac-2 and o-SMC-
actin were performed to confirm the presence of macrophages
and vascular smooth muscle cells (VSMC) in vascular wall and
plaques. Paraffin sections (5 wm) were deparaffinized and rehy-
drated, and then treated with 0.3% H,0- in methanol for 30 min to
abolish endogenous peroxidase activity, and with 2% rabbit serum
for 30 min to block non-specific antibody binding. Subsequently,
sections were incubated overnight at 4°C with a rat anti-mouse
Mac-2 monoclonal primary antibody (1:25 dilution, Santa Cruz,
USA), murine smooth muscle actin (1:10 dilution, Santa Cruz, USA).
On the second day, after several washes with PBS, the sections were
incubated with biotinylated rabbit anti-rat secondary antibody
for 30 min, and visualized with DAB kit (Dingguo Biotechnology,
Chongqing, China) followed by counterstaining with 10% Mayer’s
hematoxylin, and finally, mounted in Permamount, and examined
by light microscopy. Cross-sections were also stained with Masson
trichrome to identify collagen.

2.6. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) zymography analysis

A gelatin substrate was included in the composition of the poly-
acrylamide/SDS gels (10% gelatin gel). Samples were separated
according to their apparent molecular weight by electrophoresis.
After electrophoresis, the gel was washed in 2.5% Triton X-100 solu-
tion with gentle agitation for 6 h at room temperature. This was
followed by replacement with developing buffer (in g/L) containing
dH,0:Tris base 12.1, Tris—HC1 63, NaCl 117, CaCl, 7.4, and Brij-35 0.2.
The gel was agitated at room temperature for 30 min, placed in fresh
developing buffer, and incubated overnight at 37°C. The gel was
stained with 0.5% Coomassie brilliant blue R-250 and de-stained
in 5% methanol and 7% acetic acid. To verify the metalloproteinase
nature of detected enzymes, identical gels were incubated in the
presence of an inhibitor of matrix metalloproteinases (MMPs),
edetic acid (30 mmol/L). Results were expressed as percentage of
optical density in control group. Gelatinolytic bands were quanti-
fied by scanning densitometry with NIH Image software.

2.7. Measurement of production of vascular superoxide and
activity of NADPH oxidase

Carotid artery superoxide levels were measured with dihy-
droethidium (DHE, Beyotime Institute of Biotechnology, Nanjing,
China) on serial frozen sections (10 um). DHE specificity was previ-
ously validated using smooth muscle cells exposed to OXLDL. Two
serial sections each from actinonin-infused (Meprin-I) and saline-
infused (placebo) mice were tested in parallel. One pair of sections
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Fig. 1. Content of NPs in plasma and the vascular wall. NP concentration was measured by RIA assay. (A) Standard curves of NP in plasma; (B) concentration of NP in plasma;
(C) NP expression in the vascular wall. Data are mean + SEM. 2P<0.05 vs. placebo, "P<0.01 vs. placebo.

from actinonin-infused and saline-infused mice was pretreated
with superoxide scavenger N-acetylcysteine (NAC, Beyotime Insti-
tute of Biotechnology, Nanjing, China) in buffer (50 mmol/L
Tris-HCL, pH 7.4), and another pair of sections was preincubated
with buffer only. All 4 sections were stained by DHE (2 pmol/L,
45min, 37°C) in dark in a humidified chamber, briefly washed,
and quickly imaged with a fluorescent microscope keeping the
same exposure for every section. DHE fluorescence was quanti-
fied by averaging the mean fluorescence intensity within 3 identical
circles placed on a plaque-free area of vascular wall using Image-
Pro Plus. The superoxide-induced DHE signal was expressed as
NAC-inhibitable fluorescence after subtraction of the DHE signal
obtained from scavenger-pretreated section. Three to five sections
from each animal (n =4 for each saline- or actinonin-infused group)
were analyzed using this procedure and the average superoxide-
induced DHE fluorescence was calculated.

NADPH oxidase activity in vascular was assessed by lucigenin-
enhanced chemiluminescence as described previously with some
modifications [22]. Briefly, isolated vessel segments were collected
in Krebs-HEPES buffer (composition in mmol/L: NaCl 98.0, KC1 4.7,
NaHCO3; 25.0, MgS0O4 1.2, KH,PO4 1.2, CaCl, 2.5, p-glucose 11.1
and Hepes-Na 20.0, pH 7.4), dissected out the adherent fat and
incubated with 3 mmol/L DETCA at 37°C for 45 min to inactivate
endogenous Cu/Zn SOD activity. Then tissues were preincubated

Table 1

with vehicle or bilirubin for 30 min, and NADPH oxidase activity
assessed by measuring NADPH (100 pwmol/L)-stimulated superox-
ide in 300 p.L of Krebs—HEPES buffer containing 5 umol/L lucigenin
ina96-well Opti-plate (Packard). Chemiluminescence was detected
with a microplate scintillation counter (Topcount model 9912,
Packard) running in single-photon-count mode.

2.8. TUNEL

An in situ cell death detection POD kit (Roche Applied
Science, Shanghai, China) was used with slight modification. Five-
micrometer cryosections were pretreated with 3% citric acid, fixed,
and labeled according to manufacturer’s instructions. After devel-
opment using diaminobenzidine, sections were counterstained
with methyl green. Four serial sections from each mouse were
stained. The same protocol was used for terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) of THP-1 macrophages
cultured in slides. TUNEL-positive cells were counted in 10 fields
under light microscopy (400x).

2.9. Cell culture, intracellular ROS production, apoptosis and
proliferation

See the data supplement for details.

Measurements were obtained before death, 16 weeks after initiation of the diet. Placebo indicates ApoE~/~ mice fed a 1% cholesterol diet and supplemented with saline.
Meprin-lindicates mice fed a 1% cholesterol diet and supplemented with 5 mg/kg per day of the meprin inhibitor actinonin. Data are mean & SEM. BW = body weight; BP = blood

pressure; HDL = high-density lipoprotein.

Group BW (g) BP (mmHg) Cholesterol (mg/dL) Triglyceride (mg/dL) HDL (mg/dL)
Placebo 32+04 107+8 372+24 66+8 27+6
Meprin-I 28+£0.5 115+6 416+33 75+ 14 30+5
Pvalue >0.05 >0.05 >0.05 >0.05 >0.05
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2.10. Statistical analysis

SPSS13.0 software was used for statistical analysis. All of the
experiments were repeated at least 3 times, with similar patterns
of results. Data are presented as mean + SEM. Groups of data were
compared with ANOVA followed by Tukey’s multiple comparison
tests. Values of P<0.05 were regarded as significant.

3. Results
3.1. Accumulation of NP in plasma and vascular tissue

We first aimed to confirm that ApoE~/~ administrated with acti-
nonin resulted in increased levels of NPs in plasma and vascular
tissues. BNP levels of meprin inhibition (meprin-I) in ApoE~/~ mice
were significantly increased by 2.5-fold in plasma and 3.3-fold in
the vascular wall compared with those observed in ApoE~/~ control
mice (Fig. 1). ANP levels were also significantly increased by 1.9-fold
in plasma and 1.8-fold in the vascular wall (Fig. 1). Total cholesterol,
triglyceride levels, body weights and blood pressure were similar
in meprin-1 ApoE~/~ mice and ApoE~/~ mice (Table 1).

3.2. Formation of atherosclerotic lesions in ApoE~/~ mice
After treatment with a high-cholesterol diet for 10 weeks,

atherosclerotic lesions and lipid accumulation were observed in
the carotid arteries of ApoE~/~ mice (control group, Fig. 2). ApoE~/~
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mice fed with 1% cholesterol diet only for 16 weeks showed larger
atherosclerotic lesions in carotid arteries compared with control
group when cross-sections were stained by H&E (placebo group,
Fig. 2A). Treatment with actinonin changed the size of atheroscle-
rotic lesions in carotid arteries compared with placebo group
(meprin-I group, Fig. 2A), which suggested actinonin exerted appar-
ent anti-atherogenic actions. These inhibitory effects of actinonin
on atherosclerosis were significantly displayed among the three
groups when entire right carotid arteries were stained by Oil-red-O
(Fig. 2B).

3.3. Lesion composition in ApoE~/~ mice treated with or without
actinonin

To evaluate lesion composition in the three groups, we
immunostained lesions for macrophages, SMCs, as well as colla-
gen and calculated the percentage of lesional area occupied; we
examined n=40, n=62 and n=55 sections in the three groups of
male mice, respectively. We observed augmentation of macrophage
content in lesions of placebo mice (54.32 + 1.74%) compared with
control group (32.48 +2.15%). Treatment with actinonin reduced
macrophage content (decreased to 24.05 4 3.42%) compared with
placebo group. SMC content did not differ significantly between the
three groups (10.32 + 0.56%in control group, 8.16 4+ 0.67% in placebo
group, and 9.48+0.90% in meprin-I group). Among the three
groups, collagen content was the highest in lesions of meprin-I
group (35.4241.20%), but collagen content did not show a sig-

10
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N N T

Control Placebo meprin-1

Fig. 2. (A) Cross-sectional aortic lesions. Cryosections of carotid artery stained with H&E in the three groups. (B) En-face aortic lesions. Carotid arteries were stained by
Oil-red-O from the three groups. Graphs A and B also show quantitative data in controls, placebo and meprin-I mice (column graph). Data are mean + SEM. ?P<0.05 vs. control

mice. °P<0.05 vs. placebo mice.

Atherosclerosis (2009), doi:10.1016/j.atherosclerosis.2009.04.036
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Fig. 3. Composition of atherosclerotic lesions in the carotid arteries of the three groups of ApoE~/~ mice. Representative staining for macrophages (anti-Mac-2), SMC

(anti-o-SMC-actin) and collagen (Blue, Masson trichrome staining). Bar =200 wm.

nificant difference in atherosclerotic lesions of control group and
placebo group (18.72+42.68% vs. 20.43 +1.03%). Compared with
the placebo administration, chronic actinonin treatment signif-
icantly decreased plaque T cells number (percentage of CD3*
cells per total lesion cell number, P<0.05; Supplement figure II).
Taken together, treatment of ApoE~/~ mice with actinonin resulted
in dramatic reduction in lesion size, monocyte/macrophage con-
tent, and augmentation of collagen deposition compared with
placebo group (35.42+1.20% vs. 20.43+1.03%, Fig. 3). These
results suggest that treatment with actinonin halted gene-
sis/progression of plaques, and altered the phenotype of lesions in
ApoE~/~ mice.

3.4. Assay of matrix metalloproteinase-9 (MMP-9) activity

Previous studies have demonstrated that certain MMPs (e.g.,
MMP-9) were upregulated in ApoE~/~ mice fed a high-fat diet [23].
MMP-9 is believed to contribute to the development and progres-
sion of atherosclerosis [24]. To clarify the activity of MMP-9 in
the three groups, SDS-PAGE zymography analysis was done. In the
present study, ApoE~/~ mice of placebo group and control group
did not display a significant difference in MMP-9 activity. In mice
treated with actinonin, MMP-9 activity was significantly reduced
compared with placebo (Fig. 4). This result was consistent with
actinonin-induced augmentation of collagen deposition.
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Fig. 4. Determination of MMP-9 activity by SDS-PAGE zymography analysis. After
treatment with actinonin, MMP-9 activity was reduced compared with placebo
group. ?P<0.05 vs. placebo.
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Fig. 5. Meprin-I decreases superoxide levels in carotid arteries and activity of NADPH oxidase. (A) Arterial-section superoxides were measured by staining with DHE with
or without pretreatment with NAC. Bar =50 pm. (B) Superoxide-induced DHE signal is expressed as NAC-inhibited mean fluorescence for each mouse from saline-infused
group (placebo) or actinonin-infused group (meprin-I). Vertical bars are mean =+ SEM per group. (C) NADPH oxidase activity was assessed by 100 wmol/L of NADPH-stimulated
superoxide production detected with lucigenin-enhanced chemiluminescence, which was measured in counts per second (CPS) per milligram of tissue, and expressed as
percentage of the mean value of the control group. ?P<0.05 vs. placebo.

Table 2

Effect of exogenous ANP and BNP on the behavior of macrophages and SMCs. Cell proliferation, apoptosis and ROS production were measured by 3H-Tdr incorporation assay,
TUNEL assay and DCF-DA. SMCs =smooth muscle cells; THP-1=THP-1 macrophage; ROS =reactive oxygen species. NEP-I=Neutral endopeptidase inhibition (cells treated
with the NEP inhibitor candoxatrilat). Meprin-I=meprin inhibition (cells treated with the meprin inhibitor actinonin). Data are mean =+ SEM.

Behavior/cell type Control ANP BNP
ANP +meprin-I +NEP-I BNP +meprin-I +NEP-I

Proliferation %

SMCs 100+ 0 69 + 62 65 + 122 32 + 9P 79 + 42 41 £ 7%¢ 22 + 6.¢d

THP-1 100+ 0 105 + 2 92 +3 86+ 6 82 + 52 55 + 42¢ 31 + 32.cd
Apoptosis %

SMCs 100+ 0 43 £ 72 48 + 32 23 + 62P 69 + 82 41 £ 42¢ 18 + 23.¢d

THP-1 100 + 0 31+ 62 35 422 9 + 52b 52 + 42 25 4 32:€ 11 + 52.¢d
ROS production %

SMC 100+ 0 63 + 42 55 + 52 43 4+ 2P 82 + 52 62 + 43¢ 15 + 62.¢d

THP-1 100+ 0 32+ 32 41 £ 72 18 + 22b 53 + 82 22 4 23¢ 7 + 42.¢d

2 P<0.05 vs. control.

b p<0.05 vs. ANP.

¢ P<0.05 vs. BNP.

d P<0.05 vs. BNP +actinonin.
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Fig. 6. (A) The number of TUNEL-positive nuclei is reduced in the carotid artery lesions of meprin-I ApoE~/~ mice. TUNEL analysis of sections of carotid arteries from placebo
ApoE~/~ and ApoE~/~ mice treated with the meprin inhibitor actinonin for 6 weeks. Micrographs display nuclei (blue), TUNEL-positive signal (green), and merged images.
Bar=100 pm. (B) quantitative data of TUNEL-positive cells in sections of carotid arteries of ApoE~/~ mice treated with placebo and meprin-1. 2P<0.05 vs. placebo. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.5. In situ superoxide production, NADPH oxidase activity, and in
situ cell death

To measure the effect of actinonin on superoxide levels
in arteries, frozen sections from the carotid artery roots of
actinonin-infused (meprin-I) and saline-infused (placebo) mice
were stained with dihydroethidium (DHE) with or without pre-
treatment with the superoxide scavenger N-acetyl L-cysteine
(NAC; Fig. 4). Actinonin markedly suppressed superoxide lev-
els in the carotid arteries of ApoE-deficient mice (24% decrease
compared with saline-infused mice; Fig. 4). Consistent with
decreased in situ production of ROS, NADPH oxidase activity
was also significantly reduced in tissues from actinonin-treated
ApoE~/~ mice (20% decrease compared with saline-infused mice;
Fig. 5).

An increasing body of evidence suggests a major role for cell
death in the progression and instability of atherosclerotic plaques.
Numerous studies also link excess generation of ROS with cellular
damage within atherosclerotic plaques. Fig. 6 shows cell death-
associated DNA damage detected by TUNEL. Actinonin treatment
significantly reduced the number of TUNEL-positive cells in the
carotid arteries of ApoE~/~ mice fed a high-fat diet.

3.6. Apoptosis, proliferation, and migration of cells, and
intracellular ROS production

Exogenous ANP failed to affect proliferation rates of THP-1
cells (Table 2). BNP significantly inhibited proliferation of THP-1
cells. Exogenous ANP and BNP significantly affected serum-induced
VSMC proliferation compared with untreated cells (Table 2).
Neutral endopeptidase inhibition (NEP-I) increased ANP- and BNP-
inhibited VSMC proliferation rate, but actinonin increased only
BNP-inhibited VSMC proliferation rate.

The rate of lipopolysaccharide-induced apoptosis, as detected by
TUNEL assay in THP-1 cells and VSMC, was reduced by treatment
with ANP and BNP compared with untreated cells (Table 2). NEP-
I increased ANP- and BNP-inhibited cell apoptosis, and actinonin
increased the effects of BNP on cell apoptosis only. These effects of

NEP-I and actinonin work in parallel with ROS production in VSMC
and THP-1 cells.

4. Discussion

The present study demonstrated that meprin inhibition by acti-
nonin suppresses the formation of atherosclerotic plaques, and
preserves vascular wall function in ApoE~/~ mice fed a high-
cholesterol diet. This suggests that meprin may play a significant
part in atherosclerosis. Increased production of ROS has an impor-
tant role in the initiation and progression of atherosclerosis.
Investigations in cultured cells, animal models, and human studies
have led to the identification of NAD(P)H oxidases as major sources
of ROS production. In the current study, meprin inhibition for 6
weeks reduced ROS production and NAD(P)H oxidase activity in the
vascular wall by 25%. Reduced oxidant stress may contribute to the
anti-atherogenic effects of meprin inhibition. Apoptosis of VMSC,
endothelial cells and macrophages may promote plaque growth,
pro-coagulation and may induce rupture, the major consequence
of atherosclerosis in humans. The fact that increased levels of ROS
induce cell apoptosis has been demonstrated in these cells. In the
present study, meprin inhibition also reduced apoptosis measured
by an in situ cell death assay (TUNEL).

An increased extracellular matrix (ECM) is pathogenic in var-
ious chronic tissue injuries, but a reduced and/or disrupted ECM
may be detrimental in atherosclerosis. The vascular remodel-
ing that is thought to stabilize atherosclerotic plaques includes
decreased lipid or cellular components but particularly increased
ECM. Recent findings suggest that prevention of ECM degradation
or even increasing ECM components such as collagen and elastin
(“plaque stabilization”) improves outcome in atherosclerotic dis-
ease by decreasing the risk for plaque progression [25-27]. In the
present study, treatment of ApoE~/~ mice with actinonin resulted in
a dramatic reduction in lesion size, monocyte/macrophage content,
and augmentation of collagen deposition. Actinonin significantly
reduced the activity of MMP-9, suggesting a role of MMP-9 in acti-
nonin regulation of collagen content. This may be consistent with
a previous study by Galis et al. [28].
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Meprin has been reported to hydrolyze and inactivate vari-
ous endogenous growth factors, vasoactive peptides, cytokines,
and extracellular matrix proteins, such as bradykinin, substance-
P, angiotensin I, angiotensin II, NPs, and endothelin [6,7]. Meprin
could therefore affect arterial responses to these endogenous
vasoactive peptides circulating in the blood or produced in the
peripheral arterial walls by regulating their local concentrations
in the arterial walls. Systemic administration of drugs that inhibit
meprin could increase levels of endogenous vasoactive peptides,
which are cleaved by meprin, in the circulation or in peripheral
tissues. Previous reports and the present study showed that acti-
nonin administration induced elevation of levels of ANP and BNP,
but not CNP, in serum in rats [8,9,12]. ANP and BNP, members of
the NP family, are produced mainly in cardiomyocytes, but have
also been found to be synthesized in VMSC, endothelial cells, and
macrophages[29-32]. NPs have been shown to relax arterial smooth
muscle and suppress proliferation of SMCs in vitro, and to inhibit
intimal thickening of the carotid artery after intimal denudation
in vivo [17,33,34]. NPs, which exist in the vascular endothelium
and could be hydrolyzed by endothelial meprin, therefore exert
anti-atherosclerotic effects on arterial walls. This scenario may be
one of the mechanisms explaining the inhibition of formation of
atherosclerotic plaques by actinonin administration. Demonstrat-
ing the in vivo increase of NPs or other cytokines in the circulation
and in arterial tissues in ApoE~/~ mice fed cholesterol with acti-
nonin is difficult because their expressions are very low and they
act in an autocrine or paracrine manner.

The anti-atherogenic effects of actinonin were unlikely to be
mediated mostly by ANP. Yamaguchi et al. [8] and Stephenson and
Kenny [9] described ANP degradation by meprin-A but, when com-
paring the prominent ANP degradation by NEP, meprin was not the
dominant ANP-degrading enzyme. The present study showed that
actinonin administration decreased in situ production of superox-
ide and the activity of NADPH oxidases and apoptosis in carotid
arteries. This may partly contribute to the mechanism(s) of the
antioxidant effects of NPs because NPs were found to regulate
ROS production in cardiomyocytes, VMSC, endothelial cells and
macrophages [14,35-37]. In the present study, ANP and BNP were
also found to suppress ROS production and apoptosis in THP-1
macrophages and primary cultured VSMC. NEP inhibition augments
the effects of ANP and BNP’s on different cell types, but actinonin
only augments the effects of BNP with respect to ROS produc-
tion, cell apoptosis and proliferation. This result may indicate that
meprin inhibition exerts few anti-atherosclerotic effects by ANP.
Meprin inhibition also increased the plasma and tissue concen-
trations of ANP, so we could not exclude the effects of ANP in the
present study.

In conclusion, meprin has a significant role in atherogenesis,
and meprin inhibition may be therapeutically useful in atheroscle-
rosis prevention. Suppression of degradations in the arteries of
endogenous NPs (or possibly other cytokines known to have
anti-atherosclerotic actions) may at least partially contribute to
the inhibitory effects of meprin inhibition on atherosclerotic
changes. The precise mechanism for the inhibition of formation of
atherosclerotic plaques due to the meprin inhibition merits further
study.
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