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Abstract
Chronic infusion of angiotensin II (AngII) augments atherosclerosis and abdominal aortic
aneurysm (AAAs) formation in hypercholesterolemic mice. AngII-induced AAAs are associated
with medial macrophage accumulation and matrix metalloproteinase (MMP) activation. Inhibition
of calpain, a calcium-activated neutral cysteine protease, by overexpression of its endogenous
inhibitor, calpastatin, attenuates AngII-induced leukocyte infiltration, perivascular inflammation,
and MMP activation in mice. The purpose of this study was to define whether pharmacological
inhibition of calpain influences AngII-induced AAAs in hypercholesterolemic mice. Male LDL
receptor −/− mice were fed a fat-enriched diet and administered with either vehicle or a calpain-
specific inhibitor, BDA-410 (30 mg/kg/day) for 5 weeks. After 1 week of feeding, mice were
infused with AngII (1,000 ng/kg/min) for 4 weeks. AngII-infusion profoundly increased aortic
calpain protein and activity. BDA-410 administration had no effect on plasma cholesterol
concentrations or AngII-increased systolic blood pressure. Calpain inhibition significantly
attenuated AngII-induced AAA formation and atherosclerosis development. BDA-410
administration attenuated activation of MMP12, pro-inflammatory cytokines (IL-6, MCP-1) and
macrophage infiltration into the aorta. BDA-410 administration significantly attenuated
thioglycollate-elicited macrophage accumulation in the peritoneal cavity. We conclude that
calpain inhibition using BDA-410 attenuated AngII-induced AAA formation and atherosclerosis
development in LDL receptor −/− mice.
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INTRODUCTION
Abdominal aortic aneurysms (AAAs) are permanent arterial dilations and rupture of AAAs
is the 13th leading cause of death in United States.1,2 AAAs are characterized by chronic
inflammation, matrix degradation, and vascular remodeling.3 The only current approach to
prevent aortic rupture is restricted to surgical repair.4 In an experimental animal model,
angiotensin II (AngII) plays a pivotal role in AAA development.5,6 Chronic infusion of
AngII into hypercholesterolemic mice promotes atherosclerosis and leads to development of
AAAs.5 AngII-induced AAAs show characteristics similar to human AAAs, including
inflammation associated with leukocyte infiltration and medial destruction.7 Proteolytic
enzymes like matrix metalloproteinases (MMPs),8,9 chymase10 and cathepsins11,12 have
been suggested to promote medial elastic laminal disruption and macrophage infiltration
during the development of AngII-induced AAAs. Although there is no proven
pharmacological therapy to treat AAAs, selective inhibition of MMPs,9 and chymase10 has
been found to impair aneurysm formation in animal models.

Recently, calpain, a calcium-dependent cysteine protease gained attention as a critical
mediator of various diseases including Alzheimer's,13,14,15 lissencephaly,16 diabetes,17 and
muscular dystrophy.18 The two major isoforms of the calpain family, calpain-1 and
calpain-2, are ubiquitously expressed along with their endogenous inhibitor, calpastatin,
whereas the other isoforms (e.g. −3, −8 and −9) are tissue-specific.19 Upon activation by
calcium, calpain causes damage to cells by selectively degrading intracellular proteins
including signaling proteins (e.g. protein kinase C, cyclin dependent kinase),20,21

cytoskeletal proteins (e.g. spectrin)19 and transcription factors (e.g. c-Jun, IkB).19,22,23 In
addition, calpains play a critical role in cellular apoptosis through the activation of both
caspase dependent and independent pathways.24,25 Calpains are involved in acute
inflammatory processes via the activation of nuclear factor kappa B (NF-kB).26,27 In both
cultured aortic smooth muscle cells (SMCs) and AngII-infused rat aortas, activated calpain
mediates MMP activation, which may play a key role in vessel wall degradation.28 Calpain
activation is also shown to mediate AngII-induced cardiac hypertrophy, aortic medial
hypertrophy, and perivascular inflammation in mice.27 Furthermore, inhibition of calpain by
overexpression of its endogenous inhibitor, calpastatin, also attenuated AngII-induced
vascular inflammation by suppressing macrophage infiltration and NF-kB activation.27

However, the role of calpain activation in the development of AngII-induced AAA
formation has not been determined.

As calpain activation plays a critical role in AngII-induced vascular inflammation, we
sought to determine whether pharmacological inhibition of calpain would modulate the
development of AngII-induced AAA formation in LDL receptor −/− mice. (2S)-N-(1S)-1-
[(S)-Hydroxy (3-oxo-2-phenyl-1-cyclopropen-1-yl) methyl]-2-methyl propyl-2- benzene
sulfonylamino-4-methyl pentanamide, (C26H32N2O5S, MW 484.61) or BDA-410 is a novel,
orally active and potent inhibitor of calpain. BDA-410 has a selective inhibitory action on
calpain over other proteases.29,15 In cultured SHSY5Y cells, the inhibitory effects (IC50) of
BDA-410 on various proteases are: calpain = 21 nM, papain = 400 nM, cathepsin B =
16,000 nM, thrombin > 100 μM, cathepsin G > 100 μM, cathepsin D = 91 μM, and
proteasome 20S > 100 μM. BDA-410 has been evaluated and shown to be protective against
neuronal cell death 13 and improved memory function in a mouse model of Alzheimer's
disease,15 and reduced malarial infection in mice.29 By using BDA-410, we demonstrate
that calpain inhibition significantly reduces the incidence and development of AAAs in LDL
receptor −/− mice.
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METHODS
Mice

Ten to twelve weeks old, male LDL receptor −/− mice (stock # 002207) were purchased
from The Jackson Laboratory (Bar Harbor, ME). Mice were 10 times backcrossed into a
C57BL/6J background. The mice were housed in a barrier facility and fed with normal
laboratory diet and water ad libitum. The studies were approved by the University of
Kentucky Institutional Animal Care and Use Committee.

Diet
To induce hypercholesterolemia, mice were fed a diet supplemented with saturated fat (21%
wt/wt milk fat; TD88137, Harlan Teklad, Indianapolis, IN) for 2–5 weeks.

Calpain Inhibitor BDA-410 Administration
BDA-410 was a kind gift from the Mitsubishi Tanabe Pharma Corporation, Osaka, Japan.
The BDA-410 compound was pulverized and suspended in 1% Tween 80 in saline and
administered daily for 2, 3 or 5 weeks by gavage at a dose of 30 mg/kg/day.15

AngII Infusion
After an initial week of high-fat diet feeding and daily calpain inhibitor administration, mice
were implanted with Alzet osmotic minipumps (model 1004, Durect Corporation, Cupertino,
CA), subcutaneously into the right flank, and infused with AngII (1,000 ng/kg/min, Bachem,
Torrance, CA) continuously for a period of 7,14 or 28 days, as described previously.5 The
mice were continued on high fat-enriched diet and gavaged daily with the calpain inhibitor
throughout the study.

Blood Pressure Measurement
Systolic blood pressure (SBP) was measured noninvasively on conscious mice by volume
pressure recording of the tail using a computerized tail cuff blood pressure system (Kent
Scientific Corp, Torrington, CT).30 SBP was measured on 5 consecutive days prior to pump
implantation, and during the last 5 days of the AngII infusion.

Measurement of Plasma Components
Plasma cholesterol concentrations were measured using a commercially available enzymatic
kit (Wako Chemicals, Richmond, VA) and lipoprotein cholesterol distribution was
determined as described previously.5,31

Ultrasound Imaging of AAA
Luminal dilation of the abdominal aorta was measured by a high frequency ultrasound
imaging system (Vevo 660, Visual Sonics, Toronto, Canada) using a RMV 704 scanhead
with a frequency of 40 MHz and a focal length of 6 mm.32 Mice were anaesthetized and
restrained in a supine position to acquire the ultrasonic images. Short axis scans of
abdominal aortas were performed from the left renal arterial branch level to the suprarenal
region.32 Images of abdominal aortas were acquired and measured to determine the maximal
diameter in the suprarenal region of the abdominal aorta. Aortic images were acquired at day
0 and 28 of AngII-infusion.

Quantification of Atherosclerosis and AAA
Atherosclerosis was quantified on the aortic arch as lesion area on the intimal surface by en
face analysis as described previously.33,34 AAAs were quantified ex vivo at 28 days by
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measuring maximum external width of the suprarenal abdominal aortic diameter using
computerized morphometry (Image-Pro Cybernetics, Bethesda, MD) as described
previously.35

Thioglycollate Elicitation of Peritoneal Macrophages
Male LDL receptor −/− mice fed high-fat enriched diet were gavaged with either vehicle or
BDA-410 throughout the study. After 7 days of drug administration, mice were injected
intraperitoneally with thioglycollate broth (1 ml; 3% wt/vol) and maintained with fat-
enriched diet and BDA-410 administration. Seventy two hours after thioglycollate injection,
mice were sedated and peritoneal macrophages were harvested as described earlier.36 Red
blood cells were lysed using a solution of ammonium chloride. Cell numbers were
calculated using a hemacytometer and stained with fluorescent labeled CD68-FITC (1:10,
catalog No: MCA1957F, Serotec, Raleigh, NC) and analyzed by fluorescent activated cell
sorter (FACS).

Tissue Immunostaining
Macrophages were detected in tissue sections of AAA using a rat anti-mouse CD68 (1:200,
catalog No. MCA1957; Serotec, Raleigh, NC). Immunostaining was performed on formalin-
fixed frozen sections, with appropriate negative controls, as described previously.31,37

mRNA Abundance
RNA was harvested from mouse aortic tissues, using the RNeasy fibrous tissue kit (catalog
No: 74704; Qiagen, Valencia, CA). RNA (100 ng) was reverse transcribed using the iScript
cDNA synthesis kit (catalog No: 170–8891; Bio-Rad, Hercules, CA). qRT-PCR was
performed as described previously.31,37 mRNA abundance was calculated by normalization
to β-actin. Non-template and no RT reactions were used as negative controls. The primers
used are detailed in Table 1.

Western Blot Analyses
Aortic tissue lysates were extracted in RIPA lysis buffer and protein content was measured
using the Bradford assay (Bio-Rad, Hercules, CA). Protein extracts (25 μg) were resolved by
SDS-PAGE (6 % wt/vol) and transferred electrophoretically to PVDF membranes. After
blocking with non-dry fat milk (5 % wt/vol), the membranes were probed with antibodies
against calpain-1 domain IV (catalog No: ab39170, Abcam, Cambridge, MA), calpain-2
(catalog No: ab39165, Abcam, Cambridge, MA), α-spectrin (catalog No: MAB1622,
Millipore, Billerica, MA), and β-actin (catalog No: A5441, Sigma-Aldrich, St. Louis, MO).
Membranes were then incubated with appropriate secondary antibodies, and immune
complexes were visualized by chemiluminescence (Pierce, Rockford, IL) and quantified
using a Kodak Imager.

Calpain, Cathepsin B, and Proteasome Activity Assays
Calpain, cathepsin B, and proteasome activities were measured in aortic tissue lysates
fluorimetrically using commercially-available activity assay kits (Calpain, catalog No:
K240-100; Cathepsin B, catalog No: K140-100; Proteasome, catalog No: K245-100;
BioVision, Mountain View, CA). Aortic protein extracts (20 μg) were incubated with
fluorogenic (4-trifluoromethyl coumarin labeled) substrate specific to calpain, cathepsin B
or proteasome for 60–120 min at 37°C. The mean fluorescent signals were measured using a
microplate fluorescent plate reader (Spectramax M2; Molecular Devices, Sunnyvale, CA) as
per manufacturer instructions.
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Zymography
Aortic protein extracts (5 μg) were resolved under non-reducing conditions by SDS-PAGE
(10% wt/vol) polymerized in the presence of gelatin (2 mg/ml) or casein (1 mg/ml) to
measure the activities of MMP2, MMP9, or MMP12 respectively. Gels were washed with
Triton X-100 (2.5% vol/vol) and distilled water for 30 min each. Gels were then incubated
overnight at 37°C in Tris buffer containing calcium chloride (5 mM) and sodium azide
(0.02% w/w), pH 8.0 for MMP2/MMP9 or pH 8.5 for MMP12. After incubation, gels were
stained with Coomassie Brilliant Blue followed by destaining with acetic acid (7% vol/vol)
and methanol (40% vol/vol). Gel images were captured using a Kodak Imager, the
unstained, translucent digested regions represented areas of MMP activity.

Statistical Analyses
Data are represented as either mean ± SEM or median ± CI. Statistical analyses were
performed using Sigmastat (SPSS Inc) or SAS version 8.2 (SAS Institute). Blood pressure
data were analyzed by repeated measures of ANOVA as a quadratic polynomial in time for
each treatment. Ultrasound measurements of abdominal aortic diameter were analyzed using
the nonparametric repeated measures of ANOVA on Ranks with Tukey post hoc test.
Atherosclerosis and abdominal aortic diameter data were analyzed using the nonparametric
Mann-Whitney Rank sum test. Fisher's exact test was used to determine differences between
groups in the incidence of AAA. Western blot, qRT-PCR and activity assay data were
analyzed using Students t test, or two-way ANOVA with Holm-Sidak post hoc tests as
appropriate. Values of P<0.05 were considered to be statistically significant.

RESULTS
AngII infusion increased calpain activity in aortas

To determine whether AngII increases calpain activity in aortic tissue, male LDL receptor −/
− mice were infused with either saline or AngII (1000 ng/kg/min) for 14 days. Aortas were
minced and protein was extracted using lysis buffer. Western blot analyses demonstrated
that AngII-infusion significantly increased calpain-1 protein abundance (Figure 1A).
Increased calpain activity was demonstrated by increased breakdown product of spectrin, the
major substrate of calpain (Figure 1B). The increased calpain activity was further confirmed
by measuring calpain activity in aortic tissue extracts using fluorescent labeled calpain
substrate, Ac-LLY-AFC. AngII-infusion showed a 2 fold increase in calpain activity
compared to saline group (Figure 1C).

BDA-410 inhibited AngII-induced calpain activation in aortas
To determine whether BDA-410 administration was sufficient to inhibit calpain activity,
male LDL receptor −/− mice fed with high fat-enriched diet were infused with either saline
or AngII for 14 days. The calpain inhibitor, BDA-410, was administered at the dose of 30
mg/kg/day by gavage 1 week prior to infusions and throughout the subsequent 14 days.
Administration of BDA-410 significantly attenuated AngII-induced calpain activation as
demonstrated by suppressed breakdown of fluorescent labeled calpain substrate (Figure 1C)
and reduced breakdown of spectrin in aortas from mice infused with AngII and BDA-410,
compared to AngII + vehicle (Figure 1D). Western blot analyses of protein extracted from
aortic tissue using calpain-2 antibodies showed that neither AngII-infusion nor BDA-410
administration had an effect on calpain-2 protein suggesting that calpain-1 is more active
than calpain-2 during AngII-infusion and BDA-410 has more specificity to calpain-1 (Figure
2A). The specificity of BDA-410 to calpain was demonstrated further by measuring its
effect on cysteine protease, cathepsin B (Figure 2B), and proteasome activity (Figure 2C) in
aortic tissue extracts. AngII-infusion significantly increased cathepsin B and proteasome
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activity, whereas BDA-410 administration had no effect on their activities both at basal and
AngII-infused conditions.

Calpain inhibition attenuated AngII-induced AAA formation
AngII-infusion for 28 days significantly increased systolic blood pressure in both groups of
LDL receptor −/− mice (Table 2). Administration of BDA-410 had no effect on body
weight, plasma total cholesterol concentrations (Table 2), or lipoprotein-cholesterol
distributions (Figure 3). AngII-infusion significantly increased luminal dilation of
abdominal aortas in vehicle administered group, as measured by ultrasound on day 28
(Figure 4). In contrast, administration of BDA-410 significantly attenuated AngII-induced
luminal dilation of abdominal aortas (Figure 4). Calpain inhibition using BDA-410
significantly attenuated the formation (Figure 5A) and incidence (Figure 5B) of AngII-
induced AAA in LDL receptor −/− mice (vehicle: 71% vs BDA-410: 20%, P<0.05, Figure
4B). Moreover, calpain inhibition also significantly attenuated development of AngII-
induced atherosclerosis in aortic arches (P<0.05, Figure 6).

BDA-410 administration attenuated AngII-induced MMP12 activation in aortas
Pharmacological inhibition of MMPs using doxycycline was shown to attenuate AngII-
induced AAA formation.9 A recent study also showed that macrophage elastase, MMP12 is
involved in AngII-induced aneurysm progression and rupture.38 Since overexpression of
calpastatin, an endogenous inhibitor of calpain, attenuated AngII-induced MMP2 activation
in aortas,27 we sought to determine whether BDA-410 administration influences MMPs
activation in the present study. AngII-infusion increased aortic both MMP2 (gelatinolytic)
and MMP12 (caseinolytic) activity, in aortas as analyzed by zymography. BDA-
administration did not influence AngII-induced MMP2 activation (Figure 7A) whereas it
blunted AngII-induced MMP12 activation (Figure 7C). Western blot analyses, using β-actin
antibodies, with the same concentration of aortic protein lysate confirmed equal amount of
loading in all samples (Figure 7B and 7D).

Calpain inhibition attenuated thioglycollate-induced peritoneal macrophage accumulation
Immunostaining of abdominal aortas using anti-CD68 antibodies showed increased CD68+
macrophage accumulation in the suprarenal aorta of mice infused with AngII, but not in the
group of mice administered with BDA-410 and AngII (Figure 8). To further confirm the
effect of calpain inhibition on macrophage recruitment, we used a thioglycollate-induced
peritonitis as a model of inflammation.36 Thioglycollate-induced peritonitis is used
extensively as a model that promotes the recruitment of leukocytes into the peritoneal
cavity. In this model, peritoneal macrophage accumulation occurs at a slow rate, reaching a
maximum number at 72–96 hours, whereas neutrophils reach a maximum number at less
than 10 hours. Male LDL receptor −/− mice, administered with either vehicle or BDA-410,
were injected with a single dose of 3% thioglycollate. Administration of calpain inhibitor,
BDA-410, significantly reduced the number of macrophages elicited to the peritoneal cavity
after 72 hours of thioglycollate injection (P<0.05, Figure 9).

Calpain inhibition attenuated AngII-induced proinflammatory gene expression in the aorta
To further understand the mechanism by which BDA-410 administration attenuates
macrophage accumulation, we examined mRNA abundance of monocyte chemoattractant
protein (MCP-1), inflammatory cytokines (IL-6, IL-10), adhesion molecule (ICAM-1) and
NF-kB-related IkappaB kinases (IKKα, β and ε) in aortas. Male LDL receptor −/− mice fed
a high fat-enriched diet were infused with either saline or AngII for 7 days. The calpain
inhibitor, BDA-410, was administered at a dose of 30 mg/kg/day by gavage 1 week prior to
infusions and throughout the subsequent 7 days. Ang II-infusion significantly increased
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MCP-1, IL-6 (Figure 10 A, 10 B), reduced IL-10 (Figure 10 C) and had no effect on
ICAM-1 (Figure 10 D) in aorta compared to saline infused mice. In addition, Ang II-
infusion significantly increased mRNA abundance of NF-kB-related IkappaB kinases
(IKKα, β and ε) in the aorta (Figure 11 A–C). BDA-410 administration significantly
attenuated AngII-induced alterations in the level of inflammatory genes.

DISCUSSION
AngII-induced AAAs in mice are a well-established, model of generating AAA.5 In this
present study, we demonstrated that pharmacological inhibition of calpain attenuates
development of both AngII-induced AAAs and atherosclerosis in male LDL receptor −/−
mice. The protective effect of calpain inhibition was associated with reduction of
macrophage accumulation, inflammation, and elastase-mediated extracellular matrix
degradation in the aorta. This is the first report that reveals a causal effect of calpain in the
development of AngII-induced atherosclerosis and AAAs.

In this present study, AngII infusion into hypercholesterolemic mice profoundly increased
aortic calpain-1, but not calpain-2, protein and activity. BDA-410 administration
significantly attenuated AngII-induced calpain-1 activity as evidenced by suppressed
breakdown of fluorescent labeled calpain substrate and reduced breakdown of aortic
spectrin. Consistent with this observation, an earlier study showed that AngII-infusion
increased calpain activity in kidneys of normolipidemic mice.20 In that study,
overexpression of calpastatin, an endogenous inhibitor of calpains, attenuated AngII-induced
calpain activity as evidenced by reduced breakdown product of spectrin. The observed,
beneficial effect of BDA-410 on inhibiting calpain activity is possibly due to its effect on
calpain-1, since the compound has a higher selectivity (Ki value of 130 nM) compared to
calpain-2 (Ki value of 630 nM).29

Calpain inhibition by BDA-410 did not show any effect on AngII-induced blood pressure
elevation. This result is in agreement with an earlier study in which overexpression of
calpastatin attenuated AngII-induced cardiac hypertrophy without affecting blood
pressure.27 In a recent study, our laboratory also demonstrated that the AngII-induced AAA
formation is independent of its effect on systolic blood pressure.39

The first discernable event in development of AngII-induced AAAs is elastin fiber
fragmentation associated with leukocytic accumulation in the aneurysm- prone region.7
Destruction of elastin fibers in the aortic media may be due to activation of various proteases
that have been detected in AngII-induced AAA tissue, including MMPs.9 Similarly, several
MMPs have been shown to present in atherosclerotic lesions.40,41,42 However, these
activated MMPs have been reported to exert divergent effects on atherosclerotic lesion
formation and stability in mice.43,44,45 Doxycycline, a broad spectrum inhibitor of MMPs
has been shown to attenuate AngII-induced AAA formation, but has no effect on
atherosclerosis in mice.9 Recent studies using MMP12 (macrophage elastase) deficient mice
showed that AngII-induced MMP12 promotes aneurysm progression and rupture.38

Consistent with other studies, AngII-infusion in the present study showed an increase in
both MMP2 and MMP12 in the aortas. However, the inhibition of calpain by BDA-410
attenuated only MMP12 but did not change the activation of MMP2. In contrast, an earlier
study using cultured aortic SMCs showed that calpain inhibition by overexpression of
adenoviral delivered calpastatin partially reduced AngII-induced MMP2 activity.28 The
possible mechanism for the specific effect of calpain inhibition on MMP12 may be due to
the suppression of macrophage accumulation upon BDA-410 administration. In addition,
MMP2 can be synthesized by all major cell types of aorta including endothelial cells,
smooth muscle cells and adventitial fibroblasts. Furthermore, AngII-infusion activates
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MMPs, primarily gelatinases, as early as day 3 post-infusion, whereas MMP12 appears at
later stages (day 9) post infusion.38 MMP12 deficiency was also shown to limit aortic
dilation in CaCl2 model46 whereas it showed partial effect in the elastase model of aortic
aneurysm.47 Selective inhibition of MMP12 using a phosphinic peptide, RXP470.1, retarded
atherosclerotic development in mice by attenuating monocyte/macrophage invasion and
reducing macrophage apoptosis.48 However, the observed beneficial effect of calpain
inhibition on AngII-induced atherosclerosis and AAA formation, irrespective of MMP2
activation, suggests that calpain activation may play a pivotal role in MMP12 activation in
pathogenesis of these AngII-induced vascular pathologies.

AngII-infusion causes vascular inflammation at an early stage by promoting medial
macrophage accumulation.7 Here, our data demonstrate BDA-410 administration reduced
macrophage accumulation in abdominal aneurysm tissue, and thereby reduced the incidence
and severity of AAA formation. These results are consistent with calpain activation
mediating the early stage of AngII-induced vascular inflammation by promoting
macrophage migration and accumulation into aortic tissue. In agreement, transgenic mice
overexpressing calpastatin showed marked reductions in monocyte/macrophage infiltration
into aortic adventitia in response to AngII-infusion.27 Furthermore in our study, BDA-410
also significantly suppressed AngII-induced MCP-1, IL-6 and NF-kB-related IkappaB
kinases (IKKα, β and ε) in aortic tissue. Calpastatin transgenic mice also showed a defect in
MCP-1 secretion, that attributed as a mechanism of defective leukocyte recruitment.27

Calpain activation was also shown to promote NF-kB translocation to the nucleus by
targeting inhibitor of NF-kB (IkB).19 BDA-410 administration suppressed AngII-induced
IKKs expression which suggested that activated calpain promotes NF-kB translocation by
degrading IkB through the activation of IKKs. In agreement, calpastatin transgenic mice
also suppressed AngII-induced perivascular inflammation by reducing NF-kB activation.27

Thus, in our study, BDA-410 may attenuate AngII-induced AAA formation by suppressing
the initial key event of macrophage infiltration into the aortic media, thereby reducing
inflammation and elastase-mediated extracellular matrix degradation. BDA-410
administration also significantly attenuated AngII-induced atherosclerosis in the present
study. Calpain inhibition had no effect on changes in plasma lipid concentrations which
suggests that the inhibitory effect on macrophage migration and accumulation may be the
key mechanism by which calpain inhibition mediates the attenuation of atherosclerosis
development.

In conclusion, this study demonstrated for the first time that inhibition of calpain by a novel
calpain inhibitor, BDA-410, significantly attenuated development of AngII-induced AAA
and atherosclerosis in LDL receptor deficient mice. Inhibition of calpain might offer a new
therapeutic target to prevent AAA formation. Further studies are warranted to determine the
role of specific calpain isoforms in the development of these AngII-induced vascular
pathologies which will require mice with genetic deficiency of specific calpain isoforms.
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Figure 1. Abundance of calpain protein and its activity was increased in AngII-infused aortas
Calpain-1 (A) and spectrin-1 (B,D) protein were detected by Western blotting in tissue
extracts from aortas in LDL receptor −/− mice infused with either saline or AngII for 14
days. β-actin was shown as loading control. Calpain-1 (A) and spectrin-1 (B,D) protein
abundance was quantified by image analysis. Images are representative out of 4 or 5
independent experiments. Results are represented as means ± SEMs; Calpain activity (C)
were measured by fluorimetric assay in aortic tissue extracts from saline and AngII infused
mice administered either vehicle or BDA-410 (n=4). Statistical analyses were performed
using Students t test (A,B) or two-way ANOVA with a Holm-Sidak multiple comparison
post-hoc test (C,D). * and horizontal bars represent significance of P<0.05.
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Figure 2. BDA-410 administration did not change calpain-2, cathepsin B and proteasome in
AngII-infused aortas
Calpain-2 (A) protein was detected by Western blotting in tissue extracts from aortas in
LDL receptor −/− mice infused with either saline or AngII for 14 days. β-actin was shown
as loading control. Calpain-2 (A) protein abundance was quantified by image analysis.
Images are representative out of 4 independent experiments. Cathepsin B (B) and
proteasome activity (C) were measured by fluorimetric assay in aortic tissue extracts from
saline and AngII infused mice administered either vehicle or BDA-410 (n=4). Results are
represented as means ± SEMs; Statistical analyses were performed using Students t test or
two-way ANOVA with a Holm-Sidak multiple comparison post-hoc test. * and horizontal
bars represent significance of P<0.05.
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Figure 3. BDA-410 did not affect lipoprotein cholesterol distributions
Lipoproteins were resolved by size-exclusion chromatography. Total cholesterol
concentrations are expressed as mean absorbance per fraction. Symbols represent the means
and bars are SEMs of 5 individual mice per group: Vehicle (circles) and BDA-410
(triangles).
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Figure 4. BDA-410 administration attenuated AngII-induced aortic luminal dilation in LDL
receptor −/− mice
Ultrasonic measurements of abdominal aortic diameters were measured on day 0 and after
28 days of AngII-infusion (n=14). Open circles (vehicle) and gray circles (BDA-410)
represent individual mice. The length of each box represents the interquartile range
(difference between 75th percentile, top of box, and 25th percentile, bottom of box), the dash
inside box depicts the median, and the whiskers extending from the top to the bottom of
each box indicate the 95th and 5th percentiles, respectively. Statistical analyses were
performed using the nonparametric repeated measures of ANOVA on Ranks with Tukey
post hoc test. *P<0.05 vs day 0; #P<0.05 vs day 28 BDA-410.
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Figure 5. BDA-410 administration attenuated AngII-induced abdominal aortic aneurysms in
LDL receptor −/− mice
A. Measurements of maximal external width of abdominal aortas (n=14). Open circles
(vehicle) and gray circles (BDA-410) represents values from individual mice. The length of
each box represents the interquartile range (difference between 75th percentile, top of box,
and 25th percentile, bottom of box), the dash inside box depicts the median, and the whiskers
extending from the top to the bottom of each box indicate the 95th and 5th percentiles,
respectively. Statistical analyses were performed using the nonparametric Mann-Whitney
Rank sum test. B. Percent incidence of AAAs based on 50% increase in luminal diameter
compared to Day 0. Fisher's exact test was used to determine differences between groups in
the incidence of AAA. *P<0.05 BDA-410 vs vehicle.
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Figure 6. BDA-410 administration attenuated AngII-induced atherosclerosis in LDL receptor −/
− mice
Atherosclerotic lesion areas were measured on aortic arch intimal surfaces (n = 12–14).
Open circles (vehicle) and gray circles (BDA-410) represents values from individual mice.
The length of each box represents the interquartile range (difference between 75th percentile,
top of box, and 25th percentile, bottom of box), the dash inside box depicts the median, and
the whiskers extending from the top to the bottom of each box indicate the 95th and 5th

percentiles, respectively. Statistical analyses were performed using the nonparametric Mann-
Whitney Rank sum test. *P<0.05 BDA-410 vs vehicle.
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Figure 7. BDA-410 administration attenuated AngII-induced MMP12 activity in aortas from
LDL receptor −/− mice
Gelatin (A) and caseinolytic (C) zymography detected MMP2,−9 and MMP12 in tissue
extracts from aortas (n=4). β-actin protein (B,D), a loading control, was detected by Western
blotting in aortic tissue extracts (n=4).
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Figure 8. BDA-410 administration reduced macrophage accumulation in abdominal aortas from
LDL receptor −/− mice
Representative immunostaining of tissue-sections of AngII -(A,C) and AngII+BDA -(B,D)
infused suprarenal aortas with rat anti-mouse CD68 demonstrates macrophage infiltration.
Scale bars corresponds to 50μm. A and B - 40× C and D - 200×.
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Figure 9. BDA-410 administration reduced thioglycollate-elicited peritoneal macrophage
accumulation in LDL receptor −/− mice
Thioglycollate-elicited CD68+ peritoneal macrophages were quantified from LDL receptor
−/− mice administered with vehicle or BDA-410 (n=5). *P<0.05 BDA-410 vs vehicle.
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Figure 10. BDA-410 administration attenuated AngII-induced MCP-1, IL-6, and IL-10 gene in
aortas from LDL receptor −/− mice
Total RNA was extracted and mRNA abundance of MCP-1 (A), IL-6 (B), IL-10 (C), and
ICAM-1 (D) genes were analyzed by real-time PCR using β-actin as an internal control
(n=4). Values are represented as mean ± SEM. All horizontal bars represent significance of
P<0.05 by two-way ANOVA followed by Holm-Sidak post hoc tests.
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Figure 11. BDA-410 administration attenuated AngII-induced NF-kB dependent inflammatory
genes in aortas from LDL receptor −/− mice
Total RNA was extracted and mRNA abundance of IKKα (A), IKKβ (B), and IKKε (C)
genes were analyzed by real-time PCR using β-actin as an internal control (n=4). Values are
represented as mean ± SEM. All horizontal bars represent significance of P<0.05 by two-
way ANOVA followed by Holm-Sidak post hoc tests.
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Table 1

Primers used for real-time PCR

Gene Primers Product size (bp)

MCP-1 5'-CAGCCAGATGCAGTTAACGC
5'-TCTGGACCCATTCCTTCTTG 175

IL-6 5'-GGGAAATCGTGGAAATGAGAAA
5'-AAGTGCATCATCGTTGTTCATACA 167

IL-10 5'-CCAAGCCTTATCGGAAATGA
5'-TCTCACCCAGGGAATTCAAA 190

ICAM-1 5'-AGATCACATTCACGGTGCTG
5'-CTTCAGAGGCAGGAAACAGG 170

IKKα 5'-GTCAGGACCGTGTTCTCAAGG
5'-GCTTCTTTGATGTTACTGAGGGC 118

IKKβ 5'-ACAGCCAGGAGATGGTACG
5'-AGGGTGACTGAGTCGAGAC 296

IKKε 5'-ACCACTAACTACCTGTGGCAT
5'-CCTCCACTGCGAATAGCTTC 214

β-actin 5'-CGTGGGCCGCCCTAGGCAACCA
5'-TTGGCCTTAGGGTTCAGGGGGG 220
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Table 2

Effects of BDA-410 administration in male LDL receptor −/− mice during infusion of AngII.

Groups Vehicle BDA-410

N 14 14

Body Weight (g) 26 ± 1 27 ± 1

Plasma Cholesterol Concentrations (mg/dL) 1047 ± 60 1084 ± 67

Systolic BP Pre-infusion (mmHg) 132 ± 1 130 ± 1

Systolic BP Post-infusion (mmHg) 149 ± 2* 152 ± 2*

Values are represented as means ± SEMs.

*
Denotes P<0.001 systolic BP post-infusion vs pre-infusion, by one-way ANOVA.
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