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Abstract Recent studies have suggested that HMG-CoA reductase inhibitors (statins)
attenuate the growth of human abdominal aortic aneurysm (AAA), which is charac-
terized by chronic inflammation and degradation of the extracellular matrix by
metalloproteinases (MMPs). While the effects of statins on inflammatory proteins
have been reported, the molecular mechanism for the effect of statins on human AAA
1s largely unknown. Thus, the aim of this study was to elucidate the direct effect of
statin on proinflammatory mediators in human AAA walls. Among 79 molecules
analyzed by cytokine array, monocyte chemoattractant protein (MCP)-1 and MCP-3
were identified as markedly increased chemokines in human AAA. Both MCPs were
mainly localized in inflammatory cells. MCP-1 was also localized in vascular smooth
muscle cells in AAAs. In ex vivo cultures of human AAA walls, simvastatin signifi-
cantly suppressed the secretion of MCP-1, MCP-3 and MMP-9 under both basal and
tumor necrosis factor (TNF)-a-stimulated conditions. Moreover, application of
exogenous MCP-3 increased secretion of MMP-9 in AAA culture. These data indicate
that simvastatin reduces secretion of MCPs and MMP-9 in human AAA walls,
suggesting one of the mechanisms for the inhibitory effect of statins on human AAA
progression.
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Introduction

Abdominal aortic aneurysms (AAA) are
associated with chronic inflammation and
degradation of the extracellular matrix by
proteolytic enzymes such as matrix metallo-
proteinases (MMPs), leading to abnormal
dilatation of the aortic wall and eventual
fatal rupture.'”® AAA is one of the top 10
causes of death among elderly men.” Cur-
rently, patients with large aneurysms are
regarded as at high risk of rupture, and are
therefore treated by open or endovascular
repair. Patients with small aneurysms are

recommended for close observation,® because
of the current lack of effective non-surgical
options for these patients. Pharmacologic
therapy for AAAs has been much awaited.

A class of cholesterol-lowering drugs, 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase inhibitors (statins), have gai-
ned a great deal of attention because of their
pleiotropic effects, which may be beneficial in
various vascular diseases.””” Interestingly,
recent clinical studies suggested that statins
attenuate the growth of human AAAs.® It
has been reported that statins inhibit the
secretion of MMP-9, a major proteolytic
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enzyme 1n the pathogenesis of AAA, in the
human AAA walls in vitro'” and in vivo."” In
addition, simvastatin, a lipophilic statin, sup-
presses the development of experimental
AAAs.”" However, the precise mechanisms
by which statins affect the growth rate of
human AAA have not been elucidated.

Because statins are reported to reduce sev-
eral inflammatory mediators in vascular
cells,”” we hypothesized that statins inhibit
the progression of human AAA not only by
inhibiting MMP-9 secretion but also by re-
ducing other proinflammatory mediators,
such as cytokines and chemokines. Here, we
identified MCP-1 and MCP-3 as prominently
upregulated chemokines in human AAA
walls. Moreover, we demonstrated that sim-
vastatin significantly suppressed the secre-
tion of these MCPs, as well as MMP-9, from
human AAA walls in culture.

Materials and methods

Tissue procurement

AAA walls were obtained from 8 patients
undergoing surgical repair. Control abdomi-
nal aortae were obtained from 4 patients who
died of unrelated causes. Neither the control
patients nor the AAA patients took any
statins prior to or during the study. The
tissue samples of these AAA walls were im-
mediately placed in phosphate-buffered 10%
formalin for immunohistochemistry or snap-
frozen in liquid nitrogen for protein extrac-
tion. For organ culture experiments, fresh
AAA walls were placed in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Invitrogen,
Carlsbad, CA, USA) under sterile conditions.
All of the experimental protocols using hu-
man specimens were approved by the Institu-
tional Review Board at Yamaguchi Univer-
sity Hospital.

Protein isolation

Proteins were extracted from AAA walls
homogenized in 25 mM Tris, pH 7.5, contain-
ing 1560 mM NaCl, 5 mM EDTA, 1% Triton-X
100, 1 mM phenylmethane sulfonyl fluoride,
and 10 pg/ml aprotinin. Protein concentra-
tions were determined with a protein assay
kit (Bio-Rad, Hercules, CA, USA).

Cytokine array

Protein samples from 8 AAA patients and
from 4 control patients were pooled and ap-
plied to the antibody-membrane array for
various cytokines and chemokines, as recom-
mended by the manufacturer (Raybiotech,
Norcross, GA, USA). Biotinylated antibody
was added, followed by HRP-conjugated
streptavidine. After treatment with detection
reagents, the membranes were developed us-
ing a luminoimage analyzer LAS-1000 (Fuji
Film, Tokyo, Japan).

Quantification of MCPI and MCP-3

The concentration of MCP-1 or MCP-3 in
the protein samples from the conditioned
media of AAA organ culture was quantified
using an MCP-1 or MCP-3 ELISA Kit (R&D
Systems, Minneapolis, MN, USA), according
to the manufacturer’s instructions.

Immunohistochemistry

Paraffin-embedded sections were stained
with antibodies to appropriate antigens. In
brief, AAA samples were fixed in phosphate-
buffered 10% formalin and processed for par-
affin embedding. The slides were deparaffini-
zed, rehydrated, and processed for immuno-
histochemistry. Antigen retrieval was per-
formed with Antigen Retrieval Solution H
(Mitsubishi Kagaku Iatron, Tokyo, Japan)
for 20 minutes at 121°C. The slides were incu-
bated with normal serum for 30 minutes be-
fore incubation with the appropriate antibod-
1es. MCP-1 and MCP-3 proteins were detected
with a mouse anti-human MCP-1 antibody
and a mouse anti-human MCP-3 antibody
(R&D Systems), respectively. The probed pro-
teins were visualized using the avidin-biotin
complex technique with the VECTASTAIN
ABC-AP kit (Vector Laboratories, Burlin-
game, CA, USA).

Organ culture of AAA

Organ culture was performed using a
method described previously.? Briefly, each
AAA wall obtained during surgery was cut
into several pieces and cultured with serum-
free DMEM supplemented with penicillin and
streptomycin in an atmosphere of 95% air /
5% CO, at 37°C. Twenty-four hours after the
start of the culture, the conditioned media
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were collected and used for internal stan-
dardization. The media were then changed,
and simvastatin (Merck Biosciences, San Di-
ego, CA, USA) was added at the indicated
concentrations. In some experiments, 100 pM
mevalonate (Sigma, St. Louis, MO, USA) was
added. The culture media were changed every
48 hours after treatment. Conditioned media
between 96 and 144 hours after treatment
were collected as samples. In some experi-
ments, 50 ng/ml of tumor necrosis factor-
alpha (TNF-a, R&D Systems) was added.

Gelatin zymography

Gelatin zymography was performed as
described previously."” Briefly, an equal vol-
ume of conditioned media were electro-
phoresed in the presence of 0.2% sodium
dodecyl sulfate (SDS) in 10% polyacrylamide
gels containing gelatin (1 mg/ml) at 4°C un-
der nonreducing conditions. After electropho-
resis, the gels were washed twice in 2.5%
Triton-X 100 at room temperature to remove
SDS, followed by overnight incubation at 37
C with gentle shaking in developing buffer
containing 50 mM Tris, pH 7.5, 200 mM NaCl,

bation, the gels were stained with 0.5%
Coomassie brilliant blue (CBB) R-250 in 40%
methanol and 10% acetic acid, and then were
destained with 40% methanol and 10% acetic
acid. Gelatinolytic activity on the gel, which
indicates the protein expression levels of
gelatinolytic MMPs in the conditioned media,
was determined by clear bands against a dark
background staining of gelatin in the gel.

Statistical analysis

All data are expressed as means £ stan-
dard errors (SE). Statistical analyses were
performed using Student’s unpaired t-test or
analysis of variance (ANOVA), in which the
post-test comparison was performed by the
Bonferroni method.

Results

Comprehensive analysis of cytokines and
chemokines in human AAA walls

We first analyzed 79 cytokines and chemo-
kines by cytokine array in human aortic
walls with or without AAA. As shown in the
representative images in Fig. 1, the protein
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Fig. 1 Array analysis of cytokines in human AAA
Protein samples of aortic walls were obtained from 8 patients with abdominal

aortic aneurysm (AAA) and from

4 individuals without AAA (Control). The

pooled samples were prepared from AAA or Control samples and analyzed with
a cytokine array. Representative images of developed membranes are shown for
Control (a) and AAA (b) samples. A legend for the array explaining the location
of controls and probes on the membrane is also shown (c).
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Fig. 2 Expression of MCP-1 and MCP-3 in human AAA
Protein samples of aortic walls were obtained from 8 patients with abdominal
aortic aneurysm (AAA) and from 4 individuals without AAA (Control). The
protein expressions of MMP-1 and MCP-3 were determined by ELISA. Quantita-
tive analyses are shown for MCP-1 (a) and MCP-3 (b). Data are means = SE. * and
** indicate P < 0.05 and P < 0.01 compared to Control, respectively.

monocyte chemoattractant protein (MCP)-1
and MCP-3 were apparently upregulated in
human AAA compared to the control. MCP-2
and insulin-like growth factor binding pro-
tein (IGFBP)-3 were slightly increased in
AAA. All of these proinflammatory media-
tors are possible mediators that may play a
role in the pathogenesis of human AAA.>"*
No cytokines analyzed were found to be de-
creased in AAA compared to the control
aorta. We focused on MCP-1 and MCP-3
among these five proteins identified by our
array analysis, because both MCPs were
highly expressed chemokines in human AAA
and may participate in the early and critical
steps of AAA development by recruiting vari-
ous inflammatory cells.

Expression of MCP-1 and MCP-3 in human
AAAs

We next confirmed the protein expression
of MCP-1 and MCP-3 by ELISA. As shown in
Fig. 2a, the expression of MCP-1 was mark-
edly higher in the AAAs than in the controls
(6.0 = 0.7 fold, p < 0.01). MCP-3 was also
significantly higher in the AAAs than in the
controls (Fig. 2b, 2.9 £ 0.6 fold, p < 0.05).

To investigate the possible roles of these
MCPs in the AAA, we examined their tissue
localization in AAA walls by immunohisto-

chemistry. As described in previous reports,
we observed thin media with few elastic fibers
and some smooth muscle cells, and thick
adventitia with inflammatory cells surround-
ing new blood vessels in human AAA walls.
In our immunostaining, MCP-1 and MCP-3
were predominantly found in the thick
adventitia, and both MCPs appeared to be
localized in the oval-shaped cells around
neovasculature, which appeared to be inflam-
matory cell infiltrates (Fig. 3b for MCP-1 and
Fig. 3d for MCP-3, respectively). These MCPs
were also observed in the outer media of AAA
walls. Interestingly, MCP-1 was detected not
only in infiltrating cells but also in the elon-
gated and spindle-shaped cells at the thin
media, which appeared to be residual vascular
smooth muscle cells. In contrast, MCP-3 was
not seen in such cells (Fig. 3a for MCP-1 and
Fig. 3c for MCP-3, respectively).

Effect of simvastatin on MCP-1 and MCP-3 in
human AAAs

We next examined the effect of statins on
the expression of MCP-1 and MCP-3 in
AAAs. The spontaneous secretion of MCP-1
from AAA walls in culture was significantly
inhibited by 10 mM simvastatin compared to
the vehicle (Fig. 4a, 18% reduction, p < 0.01) as
determined by ELISA. Interestingly, the
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Fig. 3 Localization of MCP-1 and MCP-3 in human AAA
The immuno-localization of MCP-1 or MCP-3 in human AAA is shown by
immunohistochemistry as indicated by red staining. Representative images are
shown for MCP-1 (a) and MCP-3 (b) at the outer media in the serial sections of
human AAA wall, and are also shown for MCP-1 (c) and MCP-3 (d) at the
adventitia in the serial sections of human AAA wall. Hematoxylin stains show
cell nuclei as indicated by blue counter-staining. Scale bars indicate 100 um.

MCP-3 secretion in AAA was drastically sup-
pressed by 10 uM simvastatin compared to
the vehicle (Fig. 4b, 88% reduction, p < 0.01).
To determine whether the inhibitory effect of
simvastatin was due to inhibition of HMG-
CoA reductase and consequent deprivation of
mevalonate, we next examined the effect of
exogenous mevalonate on the secretion of
MCPs. Addition of mevalonate (100 pM) sig-
nificantly reversed the suppressive effect of
simvastatin on MCP-3 protein secretion (Fig.
4b, 96% recovery, p < 0.01), and also tended to
reverse the effect of simvastatin on MCP-1
(Fig. 4a, 38% recovery, p=0.10). These data
indicate that simvastatin inhibits the secre-
tion of both MCP-1 and MCP-3 in AAAs in a
mevalonate pathway-dependent manner.

It has been reported that TNF-a, a
proinflammatory cytokine, is elevated in both
the serum and aneurysm walls of patients

with AAA.®Y We found that addition of
TNF-a (50 ng/ml) caused a large increase in
MCP-3 secretion from AAA walls in culture
(Fig. 4d, 2.4 = 0.4 fold, p < 0.01 compared to
control). Simvastatin (10 pM) dramatically
suppressed MCP-3 secretion induced by TNF-
a (Fig. 4d, 90% reduction, p < 0.01). Simvas-
tatin also inhibited the secretion of MCP-1
under the conditions with TNF-a (Fig. 4c, 18%
reduction, p < 0.05), although no effect of
TNF-0 on MCP-1 secretion was detected.
These data demonstrate that simvastatin
significantly suppresses the secretion of
MCP-1 and MCP-3 under both basal and
TNF-a-stimulated conditions. In addition,
secretion levels of MCP-1 and MCP-3 were
not equally changed in response to simvaa
statin or TNF-a, suggesting that the expres-
sion of two MCPs may be regulated in differ-
ent ways.
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Effect of simvastatin on secretion of MCP-1 and MCP-3

A fresh human AAA wall was cut into several pieces and cultured with
simvastatin (10 uM), mevalonate (100 uM) or vehicle (Control). The amounts of
secreted MCP-1 and MCP-3 in the conditioned media were determined by ELISA.
Quantitative analyses are shown for MCP-1 (a) and MCP-3 (b). Fresh human
AAA wall in ex vivo culture was treated by 50 ng/ml of TNF-a with or without
simvastatin (10 uM). Quantitative analyses are shown for MCP-1 (c) and MCP-3
(d) in the conditioned media. Data are means + SE of 4 independent observations.
“*and 8 8§ indicate P < 0.01 compared to Control and to the culture with
simvastatin but without mevalonate, respectively. # and ## indicate P < 0.05 and
P < 0.01 compared to the culture with TNF-a but without simvastatin.

Effect of simvastatin or MCPs on MMP-9 in
human AAAs

Previous reports demonstrated that MMP-
9 is upregulated in human AAA and that
inhibition of MMP-9 results in the suppres-
sion of AAA development in animal models,
indicating that MMP-9 is one of the key
molecules in the pathogenesis of AAA."
MCP-1 and MCP-3, which were originally
identified as chemokines with chemotactic
activity for monocytes, have been reported to
affect several other functions of monocytes,
including the secretion of MMP-9.”"* In

addition, MMP-9 has been used as a
biomarker of degenerative aneurysm disease
in both experimental and clinical studies
0 Therefore, we next examined the effect
of simvastatin, MCP-1 and MCP-3 on MMP-9
secreted from human AAA walls in culture.
As shown by the representative gelatin
zymogram in Fig. 5a, human AAA walls
secreted significant amounts of MMP-9 into
culture media without any treatment. This
spontaneous secretion of MMP-9 was signifi-
cantly reduced by 10 uM simvastatin com-
pared to the vehicle (Fig. bb, 29% reduction, p
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Fig. 5 Effect of simvastatin or MCPs on secretion of MMP-9

A fresh human AAA wall was cut into several pieces, cultured with simvastatin
(10 uM), mevalonate (100 uM) or vehicle (Control). AAA in the culture was also
treated by 10 uM simvastatin, 100 uM mevalonate, 50 ng/ml TNF-a or vehicle.
The amounts of secreted MMP-9 in the conditioned media were determined by
gelatin zymography. A representative zymogram is shown for MMP-9 in the
media (a). Quantitative analyses of zymograms are shown for the secretion of
MMP-9 (b). Fresh human AAA in ex vivo culture was treated by recombinant
human MCP-1 (50 or 200 ng/ml), MCP-3 (50 or 200 ng/ml), TNF-a (50 ng/ml) or
vehicle (Control). Quantitative analyses are shown for the secretion of MMP-9 in
the media after experimental treatments (c). Data are means + SE of 4 independ-
ent observations as shown by fold change compared to vehicle (Control). * and **
indicate P < 0.05 and P < 0.01 compared to Control, respectively. § § indicates P
< 0.01 compared to the culture with simvastatin but without mevalonate. ##
indicates P < 0.01 compared to the culture with TNF-a but without simvastatin.

< 0.01). Addition of mevalonate (100 uM) sig-
nificantly reversed the effect of simvastatin
on MMP-9 secretion (Figure db, 87% recovery,
p < 0.01), indicating that simvastatin inhibits

MMP-9 in a mevalonate pathway-dependent
manner. We found that addition of TNF-a (50
ng/ml) caused a significant increase in MMP-
9 secretion in AAA culture (2.1 = 0.3 fold, p <
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0.01 compared to control) and that sim-
vastatin inhibited the secretion of MMP-9
under the conditions with TNF-a (Fig. 5b, 48%
reduction, p < 0.01). These data demonstrated
that simvastatin suppresses the secretion of
MMP-9, as well as MCPs, under both basal
and TNF-o-stimulated conditions.

Finally, we investigated the effect of exoge-
nous MCP-1 or MCP-3 on the secretion of
MMP-9 from human AAA walls. As shown in
Fig. 5¢, addition of human recombinant MCP-
1 (50 or 200 ng/ml) did not affect the secretion
level of MMP-9 in our experimental condi-
tions. On the other hand, we found that
MCP-3 at 200 ng/ml significantly increased
the MMP-9 secretion in AAA walls in culture
(Fig. 5¢, 1.5 £ 0.1 fold, p < 0.05 compared to
control). These data suggested that
simvastatin inhibits MMP-9 secretion from
human AAA walls partly by reducing the
MCP-3 level.

Discussion

This study demonstrated two major find-
ings. First, we identified MCP-1 and MCP-3
as highly upregulated chemokines in human
AAA walls by a comprehensive analysis us-
ing a cytokine array. Both MCPs were ex-
pressed in inflammatory cells. MCP-1 was
also localized in vascular smooth muscle cells.
Second, we clearly showed that simvastatin
reduced the secretion of MCP-1 and MCP-3,
and MMP-9, from human AAA walls in cul-
ture. Coincidentally, exogenous MCP-3 in-
creased MMP-9 secretion.

Human AAA is characterized by disruption
of the extracellular matrix, loss of vascular
smooth muscle cells and chronic cellular infil-
tration."”” Proinflammatory mediators, es-
pecially chemokines, cause infiltration of
inflammatory cells in AAA walls, which in
turn secrete not only proteolytic enzymes to
degrade the extracellular matrix, but also
proinflammatory mediators to maintain the
chronic inflammation. Among 79 mediators
analyzed in this study, we demonstrated that
1L-6, IGFBP-3, MCP-1, MCP-2 and MCP-3
were elevated in human AAAs compared to
non-aneurysmal controls. This is the first
report of an upregulation of MCP-3 in AAAs.
It has been reported that inhibition of MCP-1

suppresses the development of experimental
AAA in mice,” and that serum levels of 1L-6
are increased in patients with AAA and cor-
relate with aneurysm size.””” These reports
are consistent with our findings and suggest
the importance of these mediators in the
pathogenesis of human AAAs. Among these
cytokines and chemokines, we focused on
MCP-1 and MCP-3, because of the potential
diagnostic and therapeutic importance.

Recently, two studies showed the preven-
tion of experimental aneurysms by statin
treatment,”” and two clinical studies showed
decreased rates of aneurysm growth and de-
creased mortality in statin-treated patients
with small AAA.*? However, the mechanism
for the beneficial effects of statins has not
been elucidated. In this study, we clearly dem-
onstrated that statins have two beneficial
effects on human AAA walls. First,
simvastatin inhibits the secretion of MMP-9
from human AAA in culture, as supported by
a previous report showing the inhibitory
effect of cerivastatin on MMP-9 from human
AAAs in vitro.” Moreover, one recent clinical
study showed that preoperative statin treat-
ment decreases the concentration of MMP-9
in tissues from AAA patients."” Second, we
demonstrated for the first time that
simvastatin inhibits the secretion of MCP-1
and MCP-3 from human AAA in culture.
Previous reports showed that statins reduce
the expression of MCP-1 in vascular smooth
muscle cells,” macrophages,” and endothelial
cells® in culture, and the secretion of IL-6
from human AAA tissue in culture.® We
revealed MCP-3 inhibition, as well as its im-
portance: recombinant MCP-3 was shown to
enhance the secretion of MMP-9 from human
AAA as well as recruit inflammatory cells in
human AAAs.

Although the concentration of simvastatin
in our experimental culture media (10 pM)
was much higher than peak plasma concen-
trations (37 nM, according to the drug infor-
mation data sheet from Banyu Company in
2005) achieved after a single oral administra-
tion of 20 mg simvastatin, the tissue concen-
tration is not known. Since clinical doses of
statins have shown their possible inhibitory
effect on AAA growth,®? prolonged treat-
ment with statins may have some effects on
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AAA tissues even in low concentrations. On
the other hand, statins with greater tissue
penetration would have more beneficial ef-
fects on human AAA walls.

In conclusion, the present study indicated
that statins inhibit not only MMP-9 but also
MCP-1 and MCP-3 in human AAA walls,
providing one of potential mechanisms for
the inhibitory effect of statins on human
AAA progression. Because MCPs and MMP-9
are critical for the development and progres-
sion of human AAAs, statin may provide a
novel therapeutic strategy for AAA.
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