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Abstract

Objective—Cathepsin G (CatG) is a serine protease that mediates angiotensin-1 (Ang-I) to
angiotensin-11 (Ang-11) conversion and is highly expressed in human abdominal aortic aneurysms
(AAAS). However, it remains untested whether this protease participates in the pathogenesis of
AAA.

Methods and Results—Immunofluorescent double staining demonstrated the expression of
CatG in smooth-muscle cells (SMCs), macrophages, and endothelial cells (ECs) in human AAA
lesions (n=12), but not in AAA-free aortas (n=10). While inflammatory cytokines induced CatG
expression, high glucose increased CatG activity in producing Ang-11 and angiotensin-converting
enzyme (ACE) in SMCs, which could be fully blocked by a CatG-selective inhibitor or its sSiIRNA.
To test whether CatG contributes to AAA development, we generated CatG and low-density
lipoprotein receptor (LDLr) double deficient (Ldlr~/~Ctsg~~) mice and their littermate controls
(LdIr~—Ctsg*/*). Absence of CatG did not affect Ang-11 infusion-induced AAAs. In contrast, in
Ang-ll-independent AAAs induced by peri-aortic CaCl, injury (n=12 per group), CatG deficiency
significantly reduced aortic diameter increase (58.33%6.83% vs. 31.67%+5.75%, P=0.007),
aortic lesion area (0.35£0.04 mm? vs. 0.21+0.02 mm2, P=0.005), and aortic wall elastin
fragmentation grade (2.75%0.18 vs. 1.58+0.17, P=0.002) along with reduced lesion collagen
content grade (2.80+0.17 vs. 2.12+0.17, P=0.009) without affecting indices of lesion
inflammation, angiogenesis, cell proliferation, or apoptosis. In vitro elastin degradation assays
demonstrated that CaCl,-induced AAA lesions from Ldlr~/~Ctsg™~ mice contained much lower
elastinolytic activity than in those from littermate control mice. Gelatin gel zymogram assay
suggested that absence of CatG in CaCl,-induced AAA lesions also reduced the activity of
elastinolytic matrix metalloproteinase (MMP)-2 and MMP-9.
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Conclusion—CatG may contribute to CaCl,-induced experimental AAAs directly via its
elastinolytic activity and indirectly by regulating lesion MMP-2 and MMP-9 activities. Increased
expression of CatG in vascular and inflammatory cells of human AAAs, and its increased activity
in producing Ang-1l and ACE by SMCs suggest additional mechanism by which CatG contributes
to AAA lesion progression.

INTRODUCTION

Mast cells and neutrophils express the serine protease cathepsin G (CatG).1:2 This enzyme
can generate angiotensin-11 (Ang-11) from its precursor Ang-I or even from
angiotensinogen.3 CatG also proteolytically activate matrix metalloproteinases (MMP)-1, -2,
-3, and -9,47 that participate in the pathogenesis of cardiovascular diseases, including
abdominal aortic aneurysms (AAAs) and atherosclerosis.8® By having multiple enzymatic
activities, i.e. by being a collagenase activator,19 a collagenase,! and an elastase,12 and by
being expressed by mast cells and neutrophils which are found in the luminal layer of the
intraluminal thrombus and in the adventitia of most human AAA lesions,13 CatG may
contribute to collagen and elastin degradation in the aneurysmal aortic wall.1* Compared
with healthy aortas, human AAA lesions with or without thrombus had significantly higher
CatG mRNA, protein, and activity, associating CatG with AAAs.14

In AAA patients, the plasma levels of a 10-amino acid peptide, hemorphin 7, which is
derived from hemoglobin proteolyzed by CatG proteolysis, was found to be several fold
increased and to correlate positively with thrombus volume and aortic diameters.1
Increased CatG expression and activity in AAA lesions suggest its direct participation in the
pathogenesis of this disease. In this study we used CatG-deficient (Ctsg™~) mice and
established a role for CatG elastinolytic activity in arterial wall remodeling and experimental
AAA pathogenesis.

METHODS

Human AAA lesion immunohistology

Discarded human AAA specimens were obtained from patients (n=12) who underwent
invasive repair. AAA-free arteries were obtained from transplant donors (n=10), according
to protocols pre-approved by the Human Investigative Review Committee of Brigham and
Women’s Hospital. Human AAA serial cryostat sections (6 um) were prepared and stained
for CatG (1:50 immunofluorescent, Calbiochem, San Diego, CA), CD68 (macrophages,
1:400 immunofluorescent, Dako, Carpinteria, CA), CD31 (endothelial cells [ECs], 1:30
immunofluorescent, Dako), and a-actin (SMCs, 1:30 immunofluorescent, Enzo Diagnostics
Inc., Farmingdale, NY).

Human aortic SMC culture, ELISA, and immunoblot analysis

Human aortic SMCs were isolated by an explant outgrowth method from minced human
abdominal aorta, as described previously,® and subcultured at passages 2~5 in Dulbecco’s
Modified Eagle Medium (DMEM). To study CatG expression in human SMCs activated
with inflammatory cytokines, we cultured human SMCs in low-glucose DMEM containing
interferon (IFN)-y (20 ng/mL), tumor necrosis factor (TNF)-a (10 ng/mL), interleukin 6

J Vasc Surg. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 3

(IL-6, 20 ng/mL), and fibroblast growth factor-2 (b-FGF, 10 ng/mL) (all from R&D
Systems) for 48 hours, followed by immunoblot analysis. An equal amount of protein from
each cell preparation was separated by SDS-PAGE, blotted, and detected with antibodies
against CatG (1:1,000, Calbiochem), p-actin, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH, 1:1000, Santa Cruz Biotechnology Inc.).

To test the role for CatG in high-glucose—induced production of Ang-Il and possibly
angiotensin-converting enzyme (ACE), we pre-treated human aortic SMCs with the cell
permeable CatG-selective inhibitor Ac-Phe-Val-Thr-(4-guanidine)Phg(P)-(OPh4-SMe), (10
pg/ml), previously validated with a Kops/l of 256000 M~1s71 7 in low-glucose DMEM (1
g/L) for 30 minutes and then replaced with CatG inhibitor-containing high-glucose DMEM
(4.5 g/L) for 24 hours, followed by ELISA determination of Ang-Il (Assaypro, St. Charles,
MO) and ACE (R&D Systems, Minneapolis, MN) in cell lysate and those secreted to the
culture media. To confirm CatG activity in Ang-11 and ACE production, we also performed
a CatG knockdown experiment by transfecting CatG siRNA or control siRNA (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) into human aortic SMCs. In brief, human SMCs on a
6-well plate were transiently transfected with 100 nmol/L control siRNA or CatG siRNA per
well with Lipofectamine 2000 reagent in an OptiMEM medium (Invitrogen, Grand Island,
NY). Two days later, cells were cultured in low or high glucose DMEM containing 10%
fetal bovine serum for another 48 hours. Cell culture medium and cell lysates were prepared
for ELISA to determine Ang-Il and ACE levels.

Mouse experimental AAA

We crossbred Ctsg™~ mice (C57BL/6/129/SvJ)18 with Ldlr~/~ mice (C57BL/6, N11, The
Jackson Laboratory, Bar Harbor, ME) to generate LdIr*/~Ctsg*/~ breeding pairs, which then
produced LdIr~/~Ctsg™~ mice and their littermate Ldlr~/~Ctsg*/* control mice. All mice
used in this study were males. To generate experimental AAAS, we used 10-week-old
LdIr~/~Ctsg™~ mice and their littermate Ldlr/~Ctsg*/* control mice. AAA was induced by
chronic infusion of 1000 ng.kg~1.min~1 Ang-II (Sigma, St. Louis, MO) delivered
subcutaneously by Alzet model 2004 osmotic minipumps (DURECT Corp, Cupertino, CA)
for 28 days while on a Western diet (C12108; Research Diets, Inc., New Brunswick, NJ).
We also generated experimental AAA in 10-week-old Ldlr~~Ctsg~~ mice and
LdIr~/—Ctsg*/* littermate control mice by peri-aortic application of 0.25 mM CaCl,, as
described previously.19:20 NaCl (0.9%) was substituted for CaCl, in sham control mice. We
measured blood pressures and aortic diameters before aneurysm induction and at sacrifice, 4
weeks after the surgery. Aortic diameters were measured in situ before CaCls, injury and 4
weeks after injury before harvest, under a surgical microscope with a microruler-installed
eyepiece. Each AAA lesion was harvested, cut at the middle of the largest expansion, after
which one half was embedded vertically in OCT compound for frozen section preparation
and the other half was used for tissue extract preparation. Aortic cross-sections were used
for AAA lesion area measurements and AAA lesion characterizations. Lesion
characterizations of mouse AAAs, including macrophages (Mac-3, 1:900, BD Biosciences,
San Jose, CA), T cells (CD4, 1:90, BD Biosciences), MHC class ll-positive cells (MHC
class-11, 1:250, BD Biosciences), SMCs (a-actin, 1:750, Sigma), microvessels (CD31,
1:1500, BD Biosciences), cell proliferation (Ki67, 1:750, Vector Laboratories, Burlingame,
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CA), apoptosis (TUNEL, EMD Millipore, Billerica, MA), collagen (picrosirius red
birefringence), and elastin (Verhoeff-van Gieson) were performed as described
previously.29 We captured images with a digital system; the staining area was measured
using computer-assisted image quantification (Image-Pro Plus software, Media
Cybernetics), and immunopositive cells were counted manually. Elastin fragmentation was
graded using our previous grading keys,2? whereas new grading keys for collagen
degradation in mouse AAA lesions were generated based on our prior experience.2l All
mouse experiments were performed, and data were analyzed in a blinded fashion, by at least
three observers. All animal procedures conformed to the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes of Health, and were approved
by the Harvard Medical School Standing Committee on Animals (protocol # 03759).

Blood pressure and plasma Ang-ll and ACE level measurements

Blood pressure was measured before and after peri-aortic CaCls injury-induced AAA. To
measure blood pressure from live mice, we used the CODA standard non-invasive blood
pressure system — the tail-cuff method, according to the manufacturer’s instructions (Kent
Scientific Corporation, Torrington, CT). Briefly, mice were trained for 3-5 times before the
experiments to ascertain that they became accustomed to the tail-cuff procedure. A single
investigator recorded blood pressure in a quiet environment without disturbance. At least 30
measurements were obtained from each mouse to determine the mean values of systolic and
diastolic blood pressure.

Blood samples were collected by retro-orbital venous plexus puncture. Plasma Ang-I1 and
ACE levels were determined using the Ang-Il (USCN Life Science Inc., Houston, TX) and
ACE (R&D Systems, Minneapolis, MN) ELISA kits, respectively, according to the
manufacturers’ instructions.

In vitro elastin and type | collagen degradation and gelatin gel zymogram assay with
human neutrophil CatG and aortic tissue extract

In 100 pl of reaction buffer containing 90 mM HEPES, pH 7.5, 450 mM NaCl, and 1.28 M
DMSO0,22 100 pl fluorogenic DQ™ bovine neck ligament elastin (Invitrogen) or 100 pl
fluorescein conjugated bovine Achilles tendon type I collagen (Calbiochem) with and
without different amounts of human neutrophil CatG (EMD Millipore) from 1 mU to 3.9
nU, were added, and the reaction was incubated at 37 °C for 2 days. Optical density was
read at an excitation of 450 nm and emission of 510 nm for elastin degradation and
excitation of 485 nm and emission of 530 nm for collagen degradation. To measure AAA
lesion CatG elastase activity, AAA tissue fragment was pulverized and lysed in a buffer
containing 90 mM HEPES, pH 7.5, 450 mM NacCl, 1% Triton X-100, and 1.28 M DMSO. In
100 pl of the same buffer, 20 ug AAA lesion tissue extract and 100 pl fluorogenic DQ™
bovine neck ligament elastin (Invitrogen) were incubated with and without a CatG inhibitor
(10 pg/ml) at 37 °C for 2 days, followed by reading the optical density. The same volume
buffer and fluorogenic DQ™ elastin or fluorogenic were used as baseline control. AAA
lesion (20 pg per sample) MMP activity was determined using gelatin gel zymogram assay
as previously reported and gel density was measured using ImageJ software (National
Institute of Health).20
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Statistical analysis

RESULTS

All mouse data were expressed as mean = SEM. Due to our small sample sizes and often
skewed data distributions, we performed a pairwise non-parametric Mann-Whitney test
followed by Bonferroni corrections to examine the statistical significances. SPSS 16.0 was
used for analysis.

CatG expression in human AAA lesions

Prior studies demonstrated CatG expression in mast cells and neutrophils in human AAA
lesions.13:14 Immunofluorescent double staining demonstrated negligible CatG expression in
AAA-free abdominal aortas (Fig 1). However, a-actin-positive SMCs, CD68-positive
macrophages, and even CD31-positive ECs in human AAA lesions were also
immunoreactive to anti-CatG polyclonal antibody. (Fig 1), suggesting that the majority CatG
in human AAA lesions comes from these dominant lesion cell types.

Expression and activity of CatG in human aortic SMCs

AAA is a chronic inflammatory disease. Besides producing proteases, inflammatory
infiltrates are also important sources of inflammatory cytokines. SMCs are the most
dominant vascular cells in healthy aortas and these cells otherwise do not express CatG (Fig
1). However, in AAA lesions, SMCs encounter a reservoir of inflammatory cytokines that
may stimulate the expression of CatG and other proteases?3. SMC localization between
elastin layers in the tunica media make them essential to aortic wall remodeling and AAA
growth. To test this hypothesis, we treated primary cultured human aortic SMCs with
several common inflammatory cytokines, including IFN-y, TNF-a, IL-6, and b-FGF, and
found that these cytokines greatly enhanced CatG expression in human SMCs, as
determined by immunoblot analysis (Fig 2, A).

Hyperglycemia associates with the risk of coronary heart disease.? Both human and mouse
AAA lesions show enhanced glucose uptake (glycolysis) and expression of glucose
transporters, which correlate with increased infiltration of macrophages and T cells and
elevated MMP-2 and MMP-9 activities.2%26 Interruption of glycolysis reduces CaCl, peri-
aortic injury-induced AAAs.26 Although detailed mechanisms by which glucose contributes
to AAA formation remain incompletely understood, high glucose may act like other
inflammatory cytokines in inducing CatG expression from SMCs. This hypothesis is
supported by observations from rat vascular SMCs, which express serine protease chymase
after exposure to high glucose (4.5 g/L).2” As in rat SMCs, human vascular SMCs produced
high levels of Ang-I1 and its processing enzyme, ACE in the cell lysates and secreted to the
cell culture media after treatment with high glucose, as determined by ELISA (Fig 2, B).
From these human SMCs, however, we were unable to detect chymase by reverse
transcription and polymerase chain reaction, followed by cDNA cloning (data not shown).
In SMCs treated with the CatG-selective inhibitor Ac-Phe-Val-Thr-(4-guanidine)Phg(P)-
(OPh4-SMe), (10 ug/ml),17 the high glucose-increased production of Ang-11 and ACE was
fully suppressed (Fig 2, B). This finding suggests that human SMCs produce Ang-Il and
ACE depending on CatG activity, although a mechanism by which suppressed CatG activity
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reduced ACE production remains to be investigated. CatG inhibitor not only affected CatG
activity, but also reduced CatG protein levels, whereas high glucose only increased CatG
activity but not its protein levels (Fig 2, A, B and C). To explore a specific function of CatG
in Ang-11 and ACE production, we performed an RNA interference experiment to suppress
CatG expression in human SMCs using CatG siRNA. As anticipated, CatG siRNA
efficiently reduced CatG protein levels in human SMCs exposed to low or high glucose as
determined by CatG immunoblot analysis (Fig 2, D). High glucose-increased production of
Ang-1l and ACE in cell lysate preparation and secretion in culture medium fell substantially
in cells transfected with CatG siRNA, but not in those transfected with control siRNA (Fig
2, E).

CatG contributes to peri-aortic CaCls injury-induced AAAs by degrading arterial wall
elastin and type | collagen

Suppression of Ang-I1 and ACE production by CatG-selective inhibitor or CatG RNA
interference in aortic SMCs, and likely in other CatG-positive cells in the vasculature,
suggests that CatG contributes to AAA development by producing these vasoconstrictive
molecules. To test a direct role of CatG in AAAs, we implanted Ang-l1-containing
minipumps (1000 ng.kg~L.min~ Ang-I1) into LdIr~/~Ctsg~'~ mice (n=15) and
LdIr~/=Ctsg*/* mice (n=17). Mice were harvested after 28 days of Ang-Il infusion. Ldlr=/—
mice develop negligible atherosclerotic lesions after consuming 2 months of an atherogenic
diet.28 We detected no noticeable atherosclerosis from the aortic arches or thoracic aortas
from either LdIr~/~Ctsg™/* mice or LdIr/~Ctsg™~ mice after mice consuming 28 days of
an atherogenic diet. Maximal aortic diameters also did not differ significantly between the
two groups (1.69+0.23 mm vs. 1.57+0.33 mm, P=0.764). High dose of exogenous Ang-II
from the minipump may have overridden the differences in CatG-derived endogenous Ang-
Il production, thereby obscuring the difference in AAA formation between the two groups
of mice with deficient and sufficient CatG expression. To test further the role of CatG in
AAA formation, we introduced LdIr~~Ctsg™~ mice (n=12) and LdIr~/~Ctsg*/* mice
(n=12) into peri-aortic CaCl, injury-induced AAAs, which do not require exogenous Ang-II
or develop atherosclerosis. We chose to use the same mice as those used in Ang-1l infusion
experiment for the peri-aortic NaCl (sham operation) and CaCl, injury experiment to be
certain that any difference in CaCl, injury-induced AAAs between the Ldlr~/~ Ctsg*/* mice
and LdIr/~Ctsg™~ mice was not due to the variation of mouse strain. While sham (NaCl)-
operated mice showed negligible increases in aortic diameter and had no differences
between the two groups (3.19%+0.81% vs. 2.98%+0.15%, P=0.99), CaCl, injury-induced
abdominal aortic diameter increase (58.33%+6.83% vs. 31.67%+5.75%, P=0.007) and AAA
lesion areas (0.35+0.04 mm? vs. 0.21+0.02 mm2, P=0.005) were significantly higher in
LdIr~/=Ctsg™/* mice than those in LdIr~Ctsg™~ mice (Fig 3). Absence of CatG did not
affect plasma Ang-I1 or ACE levels, and neither did systolic and diastolic blood pressure
differ between LdIr~~Ctsg™~ mice and LdIr/~Ctsg*/* mice before or after AAA
production (Fig 4, A and B). Therefore, neither the Ang-I1-induced AAAs nor the CaCl,
peri-aortic injury-induced AAAs tested a role of CatG in Ang-1l production in AAAs. We
did not detect any significant effect of the absence of CatG on AAA lesion content of
macrophages, CD4* T cells, or levels of MHC-class 11 (Fig 4, C). Nor did CatG deficiency
affect AAA lesion SMC content, CD31* microvessel number, cell proliferation (Ki67* cell
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number), or apoptosis (TUNEL-positive cell number) (Fig 4, D). In contrast, AAA lesions
from LdIr~/~Ctsg~~ mice had not only significantly lower aortic wall elastin fragmentation
grade (2.75+0.18 vs. 1.58+0.17, P=0.0002) but also lower collagen grade (2.80+0.17 vs.
2.12+0.17, P=0.009) than in those from Ldlr~/~Ctsg*/* mice, as shown by Verhoeff-van
Gieson staining (Fig 5, A)2? and picrosirius red birefringence (Fig 5, B),2! respectively.
These observations suggest that CatG participates in peri-aortic CaCl, injury-induced AAA
production via its elastinolytic activities without affecting lesion inflammation,
angiogenesis, cell proliferation, or apoptosis.12

To test the role of CatG in elastin fragmentation and collagen degradation in peri-aortic
CaCls injury-induced AAAs, we first confirmed a role for CatG in degrading elastin and
type | collagen, the dominant collagen type in human aortas and AAA lesions.2? Purified
human neutrophil CatG (from Calbiochem) degraded elastin and type I collagen dose-
dependently (Fig 6, A and B). When tissue extracts prepared from AAA lesions from
LdIr~/=Ctsg™~ mice and LdIr/~Ctsg*/* mice were incubated with and without CatG-
selective inhibitor under the same experimental condition as that of purified human CatG,
we found that elastin degradation was significantly higher in AAA extracts from
LdIr=Ctsg*/* mice than in those from Ldlr~/~Ctsg~~ mice, and also observed that the
elevated elastase activity in Ldlr~~Ctsg*/* mice was effectively suppressed by a CatG
inhibitor (Fig 6, C). CatG mediates MMP activation*~" and expression.3% Reduced elastase
activity (Fig 6, C) and elastin fragmentation (Fig 5, A) in AAA lesions from LdIr~/~Ctsg™/~
mice could also be due to reduced MMP activation or expression. Gelatin gel zymogram
allowed us to measure AAA lesion tissue elastinolytic MMP-2 and MMP-9 activity.20
Active forms of MMP-2 and MMP-9 and pro-MMP-2 activity were all significantly reduced
in AAA lesions from LdIr/~Ctsg™'~ mice, compared with those from Ldlr~/~Ctsg*/* mice
(Fig 6, D).

DISCUSSION

This study establishes an important role for the elastinolytic activity of CatG in the
pathogenesis of CaCl, peri-aortic injury-induced AAAs. In this experimental model, CatG
expression did not affect inflammation, angiogenesis, cell proliferation or apoptosis in the
AAA lesions (Fig 4, C and D). We did not explore the mechanism of CatG in Ang-I1-
induced AAAs in this study due to insignificant differences in AAA sizes between the CatG-
deficient and CatG-sufficient mice. The present observation that CatG has a role in arterial
wall elastin degradation in AAAs agrees with prior observations using the same AAA
model. Overexpression of the CatG endogenous inhibitor al-anti-chymotrypsin significantly
suppressed peri-aortic CaCl, injury—induced AAA formation. Although detailed
mechanisms were not fully executed in these experimental AAAs, al-anti-chymotrypsin
overexpression has been shown to preserve the aortic lesion elastin fibers,3! supporting the
conclusion that CatG mediates elastin fragmentation during experimental AAA formation, a
mechanism that has never been proposed. By accounting for about 75% of total collagen,
type | collagen is the most abundant collagen type in AAA lesions.2? We demonstrated for
the first time that CatG degrades type | collagen (Fig 6, B), but such activity may have
minimal contribution to reduced AAAs in CatG-deficient mice, consistent with prior human
studies that collagen contributes to AAAs via their architecture and network behavior, rather
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than collagen turnover.32 In addition to its direct role in elastin degradation, CatG is also
known to activate MMPs, such as MMP-1, -2, -3, and -9 zymogens* 5 33 or to enhance the
expression of these MMPs.30 Among these MMPs, both MMP-2 and MMP-9 have
elastinolytic activity.343% These prior studies may explain the observations that both MMP-2
and MMP-9 activities and pro-MMP-2 activity were significantly lower in AAA lesions
from LdIr~/~Ctsg~~ mice than those from Ldlr~/~Ctsg*/* mice (Fig 6, D). Therefore, CatG
may contribute to arterial elastin fragmentation indirectly by regulating these elastinolytic
MMPs.

CatG expression in human AAA lesions was suggested previously to contribute to AAA
pathogenesis by its activity in producing Ang-11 and the Ang-ll-converting serine protease,
ACE, thereby enhancing blood pressure and aortic expansion.1=313.14 Thjs study
demonstrated that, in addition to producing Ang-I1 from liver-derived angiotensin-1 or even
angiotensinogen, 336 CatG also generates Ang-11 and increases ACE production from aortic
SMCs (Fig 2, B and E), suggesting an additional pathological role of increased CatG
expression in aortic SMCs in human AAA lesions (Fig 1). Both inflammatory cytokines and
high glucose appeared to regulate CatG expression and activity, but differently. Thus, while
inflammatory cytokines increased directly CatG protein levels from human SMCs (Fig 2, A),
high glucose did not significantly change CatG protein levels (Fig 2, C and D), but rather
increased CatG activity in generating Ang-11 and ACE (Fig 2, B and E). The two
experimental AAA models used in this study, however, did not test a role for CatG in Ang-11
and ACE production in AAAs. Although Ang-I1 infusion-induced AAAs in Apoe™~ mice
or LdIr~~ mice increased arterial pressure,3” excessive exogenous Ang-11 release from the
minipumps may have overridden any differences in endogenous Ang-11 production between
the Ldlr/~Ctsg™~ and LdIr~/~Ctsg*/* mice — possibly contributing to the lack of
significant differences in maximal aortic diameters between these mice. In AAAs induced
by peri-aortic CaCl,, we detect no changes in blood Ang-11 and ACE between
Ldlr~/=Ctsg™~ and LdIr/~Ctsg*/* mice (Fig 4, A), and we also found similar systolic or
diastolic blood pressures in these two groups of mice before or after CaCl, application (Fig
4, B). Therefore, a different experimental AAA model may be necessary to test the role for
CatG in Ang-I1 production and blood pressure regulation in AAAs. Insignificant difference
in Ang-11-induced AAAs between Ldlr/~Ctsg~~ and LdIr/~Ctsg*/* mice does not
depreciate the impact of CatG in Ang-Il production in AAAs. Instead, increased CatG
expression in human AAA lesions (Fig 1) and CatG activity in Ang-I1 production from
human vascular SMCs (Fig 2, B and E) suggest a participation of CatG in Ang-1l production
in human AAA pathogenesis. Therefore, CatG may contribute to human AAAs by both its
activities in producing Ang-11 and mediating aortic wall elastin degradation. Inhibition of
CatG may have therapeutic potential among AAA patients, a hypothesis that merits further
investigation.

The role of glucose and its molecular mechanism in AAA formation remain unclear. As
discussed, human and mouse AAA lesions have increased expression of glucose transporters
and enhanced glycolysis, which correlate with enhanced inflammatory cell infiltration and
protease (MMP) activities.2>26 Reduced experimental AAA formation after glycolysis
interruption suggests a detrimental role of glucose in AAAs. Our data support this
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hypothesis. In addition to statistical correlation analysis between protease (MMP) activity
and AAA lesion cell glucose transporter expression and glycolysis from prior studies, we
provided direct evidence that glucose upregulated vascular cell Ang-11 and ACE production
and CatG activity (Fig 2), which may also indirectly affect lesion MMP activities (Fig 6, D).
In contrast to these proposed mechanisms, it is also known that patients with diabetes are
protected from AAAs.38 Although we do not have explanation to these contradictory
observations among different studies, it is possible that glucose activity in regulating Ang-I1
and ACE production and CatG activity in AAA lesions requires expression of functional
glucose transporters,25:26 which are often deficient or genetically silenced among diabetic
patients.39-44

In conclusion, the results of this study reveal that— in addition to mast cells and neutrophils
—there are several cellular sources of CatG in AAAs, notably SMCs, ECs, and
macrophages in the lesions. The results also establish an essential role for CatG in arterial
wall elastin fragmentation in experimental AAAs. Neutrophils and mast cells produce CatG,
and mast cells also produce chymase, for Ang-11 and ACE production, and our study, by
using molecular cloning techniques, excluded the possibility of human SMCs in producing
chymase. Instead, expression of CatG in cultured human SMCs, and in SMCs, ECs, and
macrophages from human AAA lesions suggests that these cells are at least partly
responsible for glucose uptake and associated inflammatory cell infiltration in AAA

lesions, 2526 for Ang-11 and ACE production in AAA lesions, and for high blood pressure in
humans and animals with AAA 45
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Clinical Relevance

Cathepsin G (CatG) is a serine protease from mast cells and neutrophils to produce
angiotensin Il (Ang-I1), thereby promoting abdominal aortic aneurysms (AAAS). This
study demonstrates CatG expression in macrophages, smooth muscle cells (SMCs), and
endothelial cells from human AAA lesions and CatG from SMCs produces Ang-11.
Inhibition of CatG also reduces elastin and type-I collagen degradation in vitro. Genetic
deficiency of CatG reduces aortic wall elastin fragmentation and collagen degradation
and protects mice from AAA formation, suggesting a therapeutic potential of CatG
inhibition in human AAAs.
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Figure 1.
CatG expression in human AAA lesion and AAA-free aorta. Immunofluorescent double

staining with anti-a-actin and anti-human CatG antibodies showed negligible CatG
expression in AAA-free aorta, but localized CatG expression in SMCs (a-actin, from the
media), macrophages (CD68, from the intima), and ECs (CD31, from the media) in human
AAA lesions. Inserts with higher magnifications are shown in the bottom row.
Magnifications are indicated.
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Inflammatory cytokine and high glucose induced CatG expression and activity in Ang-Il and
ACE production from human aortic SMCs (huSMCs). A. Immunoblot determined CatG
expression in huSMCs treated with different inflammatory cytokines for 48 hours. B. ELISA
determined ACE and Ang-11 levels in lysates and culture medium from huSMCs cultured in
low-glucose or high-glucose DMEM with and without CatG inhibitor for 24 hours. C.
Immunoblot determined CatG expression in huSMCs from low-glucose and high-glucose
medium with and without CatG inhibitor for 24 hours. D. CatG immunoblot in huSMCs
transfected with CatG siRNA or control siRNA and treated with low or high glucose (glu).
E. ELISA determined Ang-11 and ACE levels in culture medium and cell lysates from
huSMCs from panel D. GAPDH or B-actin blots were used to ensure equal protein loading
for immunoblots. Bar figures are mean + SEM from three to six independent experiments.
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Figure 3.
Aortic diameter and lesion areas from peri-aortic CaCl, injury-induced AAAS in

Ldlr~/=Ctsg™~ and LdIr/~Ctsg™/* mice. Data are mean + SE. Number of mice per
experimental group is indicated in each bar.
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Figure 4.
Characterization of peri-aortic CaCl, injury-induced AAAs between Ldlr~/~Ctsg™/~ and

LdIr~=Ctsg*/* mice. Plasma Ang-11 and ACE levels (A), systolic and diastolic blood
pressures before and after AAA production (B), lesion macrophages, CD4™ T cells, and
MHC class-11 (C), and lesion SMCs, CD31* microvessels, Ki67* proliferating cells, and
TUNEL-positive apoptotic cells (D). Data are mean + SE. Number of mice per experimental
group is indicated in each bar.
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Figure 5.

AAA lesion elastin fragmentation grades (A) and collagen content grades (B) in
LdIr~/—Ctsg™~ and LdIr~/~Ctsg*/* mice at 4 weeks after peri-aortic CaCl, injury.
Representative elastin fragmentation (with magnifications indicated) and collagen grading
keys are illustrated to the right of each panel. Data are mean £ SE. Number of mice per
experimental group is indicated in each bar.
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Figure 6.
In vitro elastin and type | collagen degradation assays. A. DQ-elastin degradation by

different amounts of purified human neutrophil CatG in mU. B. DQ-type | collagen
degradation by different amounts of purified CatG in mU. Data are mean + SE of four
independent experiments. C. DQ-elastin degradation by AAA lesion tissue extracts from
Ldlr~/—Ctsg™~ mice and LdIr/~Ctsg*/* mice at 4 weeks after peri-aortic CaCl, injury. D.
Gelatin gel zymogram assay tested MMP-2, pro-MMP-2, and MMP-9 (indicated) activities
in AAA lesions from LdIr~Ctsg™~ mice and LdIr~/~Ctsg*/* mice. Representative
zymograph is shown to the right panel. Data are mean + SE of four experiments. Number of
mice per experimental group is indicated in each bar.
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