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Abstract
The initiation and progression of cardiovascular diseases involve extensive arterial wall matrix
protein degradation. Proteases are essential to these pathological events. Recent discoveries
suggest that proteases do more than catabolize matrix proteins. During the pathogenesis of
atherosclerosis, abdominal aortic aneuryms, and associated complications, cysteinyl cathepsins
and mast cell tryptases and chymases participate importantly in vascular cell apoptosis, foam cell
formation, matrix protein gene expression, and pro-enzyme, latent cytokine, chemokine, and
growth factor activation. Experimental animal disease models have been invaluable in examining
each of these protease functions. Deficiency and pharmacological inhibition of cathepsins or mast
cell proteases have allowed their in vivo evaluation in the setting of pathological conditions.
Recent discoveries of highly selective and potent inhibitors of cathepsins, chymase, and tryptase,
and their applications in vascular diseases in animal models and non-vascular diseases in human
trials, have led to the hypothesis that selective inhibition of cathepsins, chymases, and tryptase will
benefit patients suffering from cardiovascular diseases. This review highlights recent discoveries
from in vitro cell-based studies to experimental animal cardiovascular disease models, from
protease knockout mice to treatments with recently developed selective and potent protease
inhibitors, and from patients with cathepsin-associated non-vascular diseases to those affected by
cardiovascular complications.
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1. Introduction
Cysteinyl cathepsins are papain family members of the cysteine protease superfamily. In
humans, 11 members have been identified — cathepsins B, C, F, H, K, L, O, S, V, W, and X
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— all of which share a conserved active three-dimensional pocket formed with cysteine,
histidine, and asparagine residues (Mohamed & Sloane, 2006; Turk et al., 2001). Cathepsins
are synthesized as preproenzymes. Procathepsin is formed after removal of the prepeptide
during the passage to the endoplasmic reticulum. Subsequently, the active cathepsins can be
produced after proteolytic removal of the propeptide in the acidic compartments of the late
endosomes or lysosomes. Cysteinyl cathepsins typically localize in the lysosomes and
endosomes to degrade intracellular and endocytosed “unwanted” proteins. Most cathepsins,
such as cathepsins B, F, H, K, L, and V, are optimally active in acidic environments and
become inactive at neutral pH. Cathepsin S (CatS), however, remains partially active at
neutral pH (Shi et al., 1992).

Under physiological circumstances, cathepsins usually localize in lysosomes, but lysosomal
permeabilization due to exogenous oxidants (reactive oxygen species) may induce
lysosomal leakage, leading to the release of cathepsins into the cytoplasm (Chwieralski et
al., 2006; Ichinose et al., 2006). Cathepsins have been found in cell culture medium and in
the circulation under physiological conditions, but increased after cells were induced with
inflammatory cytokines or in patients with inflammatory diseases (Sukhova et al., 1998; Liu
et al., 2006a; Taleb et al., 2005; Yang et al., 2007), through mechanisms that are not fully
understood. Increased extracellular cathepsins may participate in extracellular matrix (ECM)
protein remodeling (Tu et al., 2008; Cavallo- Medved et al., 2009; Barascuk et al., 2010).

Cathepsins both inside and outside of cells play both pathological and physiological roles.
Besides degrading endocytosed and endogenous proteins, cathepsins have been implicated
in antigen processing and presentation (Riese et al., 1996; Shi et al., 1999a) and involved in
insulin receptor turnover (Yang et al., 2007; Yang et al., 2008) within the endosome and
lysosome compartments. Outside of cells, cathepsins degrade elastin (Shi et al., 1992),
collagen (Kitamoto et al., 2007), fibronectin (Yang et al., 2007), and laminin (Wang et al.,
2006), and may also degrade other untested ECM. Extracellular cathepsins may use their
remaining activity under neutral pH to interact with ECM or by cell–matrix direct contact,
which forms acidic milieu for optimal cathepsin ECM degradation (Reddy et al., 1995;
Punturieri et al., 2000). All such intracellular and extracellular activities have been
implicated in the pathogenesis of autoimmune diseases, cancer, bone metabolism, metabolic
diseases, and cardiovascular diseases (Sukhova et al., 2003; Maehr et al., 2005; Yang et al.,
2005; Wang et al., 2006; Lutgens et al., 2006; Yang et al., 2007; Kitamoto et al., 2007; Yang
et al., 2008; Salminen-Mankonen et al., 2007). Detailed information concerning cysteinyl
cathepsin structures, protease-substrate binding specificity, activity regulation, general
pathological functions in different dieases, and pharmacological inhibition with small
molecule inhibitors has been fully reviewed elsewhere (McGrath, 1999; Turk & Guncar,
2002; Roberts, 2005; Vasiljeva et al., 2007).

Mast cell proteases include mainly tryptase, chymase, and carboxypeptidase A (CPA),
although these cells are also rich in cysteinyl cathepsins and matrix metalloproteinases
(MMPs) (Mallen-St Clair et al., 2006; Di Girolamo et al., 2006). While both tryptase and
chymase belong to the serine protease family, CPA is a zinc- dependent metalloproteinase.
Gunnar Pejler and colleagues summarized these mast cell proteases — including
chromosome localization, transcription regulation, evolution, pro-enzyme activation, three-
dimensional structure, substrate specificity, physiological and pathological roles, and
protease inhibitor applications (Pejler et al., 2007). Chymase can generate angiotensin-II
(Ang-II) from angiotensin-I (Ang-I) (Sanker et al., 1997; Caughey et al., 2000; Dell'Italia &
Husain, 2002), fibronectin from ECM (Lazaar et al., 2002), TGF-β from ECM (Taipale et
al., 1995), collagen for fibril formation from type I procollagen (Kofford et al., 1997), and
active MMPs from zymogens (Fang et al., 1996; Tchougounova et al., 2005); and activates
IL1β, IL18, endothelin-1, and endothelin-2 (Mizutani et al., 1991; Omoto et al., 2006; Kido
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et al., 1998). Chymase also degrades lipoproteins, thereby promoting macrophage foam cell
formation (Lee-Ruechert & Kovanen, 2006). Tryptase activates pro-MMPs (Kaminska et al.,
1999) and chemokines (Pang et al., 2006), and degrades lipoproteins (Lee et al., 2002) and
fibronectin (Schwartz et al., 1985). These mast cell proteases have also been implicated in
collagen synthesis and tissue fibrosis (Abe et al., 1998; Jones et al., 2004; Satomura et al.,
2003), angiogenesis (Blair et al., 1997; Russo et al., 2005), immunoglobulin molecule
synthesis (Yoshikawa et al., 2001), and associated cardiac disorders (Tsunemi et al., 2002;
Hamada et al., 1999; Ortlepp et al., 2001; Hoshino et al., 2003; Takai et al., 2003).

In this review, we will summarize briefly recent discoveries in cysteinyl cathepsins and mast
cell chymase and tryptase in cardiovascular diseases, mainly in atherosclerosis and
abdominal aortic aneurysms (AAA), including protease functions and drug developments
against these proteases.

2. Cathepsins in atherosclerosis
Arterial wall remodeling, including elastinolysis and collagenolysis, is critical in
atherogenesis (Lijnen, 2002; Katsuda & Kaji, 2003). Many cathepsins, such as cathepsins S,
L, K, B, and V (Guinec et al., 1993; Chapman et al., 1997; Yasuda et al., 2004), are potent
elastases and/or collageases. In atherosclerotic lesions, inflammatory cell adhesion on the
endothelium either in large vessels or the vasa vasrum, and cross-transmigration through the
subendothelium basement membrane, are essential to atherosclerosis neointima formation.
These inflammatory cells, including monocytes/macrophages, lymphocytes, mast cells, and
neotrophils, all express high levels of cathepsins (Shi et al., 1992; Kitamoto et al., 2007; Sun
et al., 2007a; 2009; Blomgran et al., 2007), as well as inflammatory cytokines that can
trigger vascular cell cathepsin expression (Sukhova et al., 1998; Shi et al., 1999b).
Inflammatory cells and activated vascular cells then release cathepsins or other proteases to
degrade extracellular collagen and elastin in the arterial wall, thus promoting atherogenesis.

2.1. Cathepsin S
CatS was one of the first cathepsins found in human atherosclerotic lesions (Sukhova et al.,
1998). While healthy human arteries expressed negligible levels of CatS, early human
atherosclerotic lesions (or fatty streaks) showed vivid CatS immunoreactivity in intimal and
medial smooth-muscle cells (SMCs). In advanced human atherosclerotic plaques, CatS was
localized in macrophages and SMCs of the fibrous cap (Sukhova et al., 1998) and in areas of
elastin fragmentation (Rodgers et al., 2006). Endothelial cells (ECs) lining the lumen of the
arterial wall and microvessels inside plaques also expressed CatS (Liu et al., 2004). In
mouse atherosclerotic lesions, CatS, CatL, and CatB were increased and localized in
macrophages or lipid-rich areas (Jormsjo et al., 2002). Deficiency of CatS (Ctss−/−) in
atherosclerosis-prone low-density lipoprotein receptor–deficient (Ldlr−/−) mice resulted in
significant reductions in atherosclerotic plaque area (60% reduction after 12 weeks of an
atherogenic diet), and decreases in the number of elastin breaks and elastinolytic activities
(Sukhova et al., 2003). Furthermore, CatS deficiency led to reduced SMC content, collagen
content, and fibrous cap thickness. Macrophages from Ctss−/− mice showed reduced
transmigration through an artificial aortic wall made with EC monolayer and collagen types
I and IV (Sukhova et al., 2003). In a separate study using apolipoprotein E–deficient
(Apoe−/−) mice (Rodgers et al., 2006), CatS deficiency also reduced atherosclerotic plaque
size by 46% (after 12 weeks of an atherogenic diet) and reduced the number of plaque
ruptures (as defined by visible defects in the cap, accompanied by the intrusion of
erythrocytes into the region below) by 73%. The numbers of elastin breaks in atherosclerotic
lesions were not significantly different, however, between Apoe−/− mice and those mutant
for CatS, but total plaque elastin content was reduced by 49% in Ctss−/− Apoe−/− mice.
Using bone marrow transplantation technology, de Nooijer and colleagues tested the
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importance of leukocyte-derived CatS in atherogenesis. Leukocyte CatS deficiency resulted
in considerably altered plaque morphology, with smaller necrotic cores, reduced apoptosis,
and decreased SMC content and collagen deposition (de Nooijer et al., 2009). These data all
point to a protective role of CatS inhibition or deficiency in atherogenesis through decreased
degradation of ECM components.

2.2. Cathepsin K
CatK shares many similarities with CatS. They have the same chromosomal localization
(Shi et al., 1994; Gelb et al., 1997) and share 56% homologies of the primary amino acid
sequences (Shi et al., 1995). Like CatS, CatK expression in normal arteries is hardly
detectable, but also like CatS, early human atherosclerotic lesions show CatK expression in
the intimal and medial SMCs. In advanced atherosclerotic plaques, CatK also localized in
macrophages and in SMCs of the fibrous cap (Sukhova et al., 1998). CatK expression is
highest in advanced but stable human atherosclerotic plaques, compared with early
atherosclerotic lesions and lesions containing thrombi (Lutgens et al., 2006). Augmented
CatK proteolysis in atheromata further linked CatK to vascular remodeling and plaque
vulnerability. Protease-activatable near-infrared fluorophore probe for in vivo optical
imaging demonstrated preferential localization of enzymatically active CatK to macrophage-
rich areas in mice (Jaffer et al., 2007). CatK deficiency (Ctsk−/−) in Apoe−/− mice resulted in
a 42% reduction in the atherosclerotic plaque area. Although the total number of plaques
was unchanged, there was a relative increase in early lesions and a decrease in advanced
lesions in the absence of CatK. As anticipated, lack of potent elastase and collagenase CatK
led to increases lesion collagen and decreased elastin breaks, although lesion T lymphocyte
content and lipid core area were not affected (Lutgens et al., 2006). CatK deficiency appears
to increase lesion stability in brachiocephalic arteries by maintaining the integrity of the
tunica media and by decreasing plaque vulnerability to rupture (Samokhin et al., 2008).
Therefore, most of these beneficial pathologies obtained from the Ctsk−/− mice associate
with CatK elastase and collagenase activies.

2.3. Cathepsin L
Like CatK, CatL is a potent elastase and collagenase. But unlike CatK, which is expressed
exclusively in osteoclasts under normal conditions (Shi et al., 1995), CatL is expressed at
low levels in almost all tested tissue or cell types. Inflammatory cytokines and pro-
angiogenic growth factors induce CatL expression in vascular SMCs and ECs (Liu et al.,
2006b). Immunostaining using human CatL antibodies demonstrated increased CatL
immunoreactivities in human atheroma. CatL localized mainly to SMCs, ECs, and
macrophages in advanced atherosclerotic lesions (Liu et al., 2006b), particularly in areas
with necrotic cores and with ruptures of the fibrous cap, and correlated with apoptosis and
oxidative stress protein (Li et al., 2009). CatL expression was consistently higher in plaques
from symptomatic patients than in those from asymptomatic patients. Monocyte-derived
macrophages from atherosclerosis patients contained higher amounts of CatL proteins and
were more prone to 7β-hydroxycholesterol-induced apoptosis (Li et al., 2009). Oscillatory
and lowered shear stress corresponds to different atheroprone areas, while laminar shear
stress corresponds to atheroprotected areas (Cheng et al., 2006; Koskinas et al., 2010;
Chatzizisis et al., 2011). Secreted CatL was suggested as a shear dependent matrix protease
(Zarins et al., 1983). Inhibition of CatL by a cysteine protease inhibitor or CatL silencing
RNA (siRNA) treatment inhibited oscillatory shear stress-induced gelatinase and elastase
activity by mouse aortic ECs, but not laminar shear stress-induced activity (Platt et al.,
2006). In hyperlipidemic mice and swine, areas with low endothelial shear stress contained
significantly larger atherosclerotic lesions than those with increased endothelial shear stress
or oscillatory shear stress (Cheng et al., 2006; Koskinas et al., 2010; Chatzizisis et al., 2011).
Although whether CatL expression and activities are also higher in low-shear-stress
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segments than in high-shear-stress or oscillatory-shear-stress segments remains untested,
both MMP (MMP-2, MMP-9, and MMP-12) and cathepsin (CatS and CatK) mRNA and
enzymatic activities are significantly higher in low-shear-stress segments than in high-shear-
stress or oscillatory-shear-stress segments (Cheng et al., 2006; Chatzizisis et al., 2011).
These observations suggest that CatL is a shear sensitive protease with potential importance
in vascular remodeling and atherosclerosis. Using Ldlr−/− mice, we found that the absence
of one or both alleles of the CatL gene reduced atherosclerosis at both 12-week and 26-week
time points. Lesion lipid core areas, inflammatory cell content, collagen levels, medial SMC
content, and elastin fragmentation all were reduced in a gene dose-dependent manner
(Kitamoto et al., 2007). Mechanistically, we demonstrated that this potent elastase and
collagenase also was involved in T-cell and peripheral blood mononuclear cell
transmigration through collagens or collagens coated with endothelium monolayer
(Kitamoto et al., 2007).

2.4. Other cysteinyl cathepsins
A few other cathepsins also may participate in atherosclerosis. CatB mRNA and protein
levels were increased in atherosclerotic lesions from Apoe−/− mice, and CatB
immunoreactivity was highest in areas next to the lumen or rich in macrophages (Chen et al.,
2002). CatF was expressed weakly in normal human arteries, but in human atherosclerotic
lesions, it localized in macrophages devoid of intracellular lipid and in SMCs and ECs, but
not in T lymphocytes (Oorni et al., 2004). CatV is the most potent elastase among all
cysteinyl cathepsins. It accounts for one third of intracellular elastase activities in
macrophages (Yasuda et al., 2004). Whether other cells also express CatV in human
atherosclerotic lesions remains unknown, but total protein extract preparation immunoblot
analysis demonstrated CatV expression in human atheromata (Yasuda et al., 2004). Direct
participation of these cysteinyl cathepsins in atherogenesis, however, is still untested in
animal models.

2.5. Cathepsins and lipid metabolism
Lipoprotein modification and uptake by atherosclerotic lesion cells, mainly macrophages
and SMCs, are important pathologic steps in atherogenesis (Doran et al., 2008; Shashkin et
al., 2005). After taking up these lipoproteins and modified lipoproteins, macrophages and
SMCs become foam cells filled with lipid droplets. This step can be enhanced, depending on
the levels of lipid modification (Shashkin et al., 2005), but proteolysis of lipid components
may also facilitate this process. For example, increased uptake and decreased lysosomal
degradation of multiple modified low-density lipoproteins (LDLs) causes LDL accumulation
in human aortic SMCs, leading to SMC foam cell formation. This process depends partly
upon cysteinyl cathepsins (Tertov & Orekhov, 1997).

Cathepsins B, F, K, L, S, and V have been implicated in ApoB-100 proteolytic modification,
which enhances extracellular LDL particle aggregation, lipid droplet formation, and LDL
retention to human arterial proteoglycans (Oorni et al., 2004). This proteolysis enhanced
LDL particle fusion competence to macrophages (Linke et al., 2006). On the other hand,
lipids or modified lipoproteins also affect cysteinyl cathepsin cellular expression and
localization. When macrophages were exposed to oxidized LDL (ox-LDL) or 7β-
hydroxycholesterol, these cells expressed high amounts of CatB and CatL, in addition to
forming foam cells. These cathepsins then translocated from lysosomes to cytosol or nuclei.
Such relocalization of cathepsins causes macrophage apoptosis (Li & Yuan, 2004); this
proposed pathway is consistent with observations of macrophage foam cell formation and
apoptosis in human atherosclerotic lesions (Martinet & Kockx, 2001). Cysteinyl cathepsins
also participate in the degradation of high-density lipoproteins (HDL), thus reducing
macrophage foam cell cholesterol efflux. When recombinant human CatS or CatF was
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incubated with HDL3, these cathepsins degraded apoA-1 rapidly, leading to complete loss of
apoA-1 cholesterol acceptor function, thereby blocking macrophage intracellular cholesterol
efflux (Lindstedt et al., 2003). Interestingly, under the same conditions, recombinant human
CatK did not act similarly. CatK function in lipid deposition in macrophages also remains
unexplained. Lutgens and colleagues showed that CatK deficiency increased macrophage
size and consequent lipid deposition (Lutgens et al., 2006). Therefore, different cathepsins
show different functions in lipid metabolism, and contribute to atherosclerosis with different
mechanisms. The roles of cysteinyl cathepsins in atherosclerosis are summarized in Figure
1.

3. Cathepsins in AAA
The development of AAA involves extensive inflammatory cell infiltration, followed by
releasing cytokines, chemokines, and proteases. Increased levels of these inflammatory
molecules result in further inflammatory cell recruitment, thereby inducing vascular cell
inflammation and apoptosis, catabolizing the vasculature ECM proteins (e.g., elastin and
collagen), and promoting cell migration, angiogenesis, and apoptosis. These infiltrates
mainly include macrophages, neutrophils, CD4+ T cells, NK T cells, and MCs, which are
recruited from the lumen or the vasa vasorum to the adventitia and media of human or
animal AAA (Koch et al., 1990; Chan et al., 2005; Duftner et al., 2005; Sun et al., 2007b).
As in atherosclerotic lesions, these inflammatory infiltrates release cathepsins, and cause
further destructive elastinolysis, inflammatory cell recruitment, vascular cell apoptosis, and
angiogenesis. The roles of cysteinyl cathepsins in AAA are largely the same as those
proposed in atherogenesis (Figure 1), but different cathepsins may play different roles in
AAA.

We reported enhanced CatS and CatK expression in human AAA lesions with concomitant
deficiency of their endogenous inhibitor, cystatin C (Shi et al., 1999b). Serum cystatin C
levels are significantly lower in AAA patients than in control subjects (Shi et al., 1999b;
Lindholt et al., 2001). CatB, CatC, and CatL expression and activity also were increased in
the aneurysm wall and thrombus of human aortic aneurysms when compared with normal
arteries (Gacko et al., 1999; Gacko & Glowinski, 1998). Protein levels of CatL were also
increased in human AAA and atheroma (Liu et al., 2006b), suggesting that these cysteinyl
cathepsins participate in aneurysm formation (Abdul-Hussien et al., 2007; Liu et al., 2006b).
Several cathepsins — including cathepsins S, C, K, and L — recently have been tested in
AAA formation in mouse experimental models.

3.1. Cathepsin S
The role of CatS in AAA has been tested in abdominal aortic elastase perfusion-induced
experimental AAA (Thompson RW et al., unpublished data) and in Ang-II minipump
perfusion-induced experimental AAA (Qin Y et al., unpublished data). Although detailed
discoveries are pending, absence of CatS prevented AAA formation in both models. In the
elastase perfusion-induced model, at 14 days post-perfusion, abdominal aortic dilation was
significantly reduced in Ctss−/− mice compared with wild-type (WT) control mice. Similar
observations were obtained in Apoe−/−Ctss−/− mice. Compared with Apoe−/− control mice,
Apoe−/−Ctss−/− mice developed much smaller AAAs at 28 days after Ang-II perfusion.

3.2. Cathepsin C
CatC, also called dipeptidyl peptidase I (DPPI), helps to activate neutrophil-derived
neutrophil elastase, CatG, and proteinase 3 (Adkison et al., 2002). DPPI-deficient (DPPI−/−)
mice were resistant to elastase perfusion-induced AAA (Pagano et al., 2007). At 14 days
post-perfusion, WT mice showed transmural inflammatory cell infiltration and pronounced

Qin and Shi Page 6

Pharmacol Ther. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



medial elastin laminae destruction. Such inflammatory responses were significantly reduced
in DPPI−/− mice. Mechanistically, DPPI controls neutrophil infiltration and neutrophil
chemokine CXCL2 production. Reconstitution of DPPI−/− mice with WT neutrophils, but
not those from DPPI−/− mice, fully restored aortic dilation. Both neutrophils and CXCL2
reached a peak at 3 days post-perfusion in WT mice. At the same time point, however,
neutrophil levels decreased by 60% and aortic wall CXCL2 levels remained at baseline in
DPPI−/− mice. Antibody depletion of neutrophils or chemokine CXCL2 reduced aortic
dilation significantly, but why DPPI affects neutrophil recruitment and how DPPI-mediated
activation of neutrophil proteases controls neutrophil chemokine CXCL2 levels in the
arterial wall remain unknown.

3.3. Cathepsin K
CatK function has been tested in Ang-II perfusion-induced experimental AAA (Bai et al.,
2010) and aortic elastase perfusion-induced AAA (Shi, unpublished data). In Ang-II–
induced AAA, the absence of CatK in Apoe−/− mice did not affect AAA development.
Aneurysm area, numbers of ruptures, and aortic wall elastin breaks were not affected by
CatK deficiency. Unexpectedly, AAA lesions from Ctsk−/− mice contained significantly
more CD45+ leukocytes and Mac-3+ macrophages, and enhanced CatS and CatC expression.
Peripheral blood from Ctsk−/− mice also contained more Ly6G+ granulocytes and
CD4+CD25+ T cells than those of the control mice after Ang-II perfusion (Bai et al., 2010).
Although the investigators did not examine by what mechanisms CatK deficiency led to
increased inflammatory cells and other cathepsin expression in AAA lesions or in peripheral
blood, these compensatory changes may explain insignificant AAA lesion sizes between
Apoe−/−Ctsk+/+ and Apoe−/−Ctsk−/− mice. In elastase perfusion-induced experimental AAA,
however, absence of CatK prevented AAA formation in mice. At 14 days post-perfusion, all
WT mice developed AAA, but no Ctsk− /− mice did. Aortic lesions from Ctsk−/− mice
contained significantly fewer CD4+ T cells, Ki67+ proliferating cells, and apoptotic cells,
and less medial SMC loss than those from control mice. We demonstrated that CatK
contributed to lesion T-cell proliferation, medial SMC apoptosis, and elastin fragmentation.
In vitro study did not reveal any significant effect of CatK in macrophage proliferation and
transmigration, or in angiogenesis. Indeed, lesion total macrophage content and CD3+

microvessel contents were no different between WT and Ctsk−/− mice. One important but
unexplained finding is that CatK deficiency reduced activities of CatL, MMP-2, and MMP-9
in SMCs, but not in ECs, and how CatK affects T-cell proliferation and SMC apoptosis
remains unknown. In contrast to Apoe−/−Ctsk+/+ and Apoe−/−Ctsk−/− mice, Ang-II infusion
significantly increases blood total Ly6G+ neutrophils and Ly6G+CD11b+ activated
neutrophils in Ctsk+/+ mice, while showing no effects on Ctsk−/− mice. Blood CD11b+ cells
(e.g., monocytes, macrophages, and NK T cells) were significantly fewer in Ctsk−/− mice
than in Ctsk+/+ mice, and Ang-II treatment did not affect these populations in blood (Shi,
unpublished data). Therefore, altered peripheral inflammatory cell profiles in Apoe−/− mice
after Ang-II infusion may have confounded the AAA progression, thus obscuring the
contribution of CatK (Bai et al., 2010).

3.4. Cathepsin L
CatL function in AAA has been tested in aortic elastase perfusion-induced experimental
AAA (Shi, unpublished data). Similar to our findings in Ctsk−/− mice, Ctsl−/− mice were
protected fully from elastase perfusion-induced AAA. At 14 days post-perfusion, none of
the Ctsl−/− mice developed AAA. Aortic lesions from Ctsl−/− mice contained significantly
fewer macrophages and CD4+ T cells, and reduced chemokine monocyte chemotactic
protein-1 (MCP-1). Medial elastin degradation was also significantly impaired in Ctsl−/−

mice compared with WT mice. As discussed above, CD4+ T cells and peripheral blood
mononuclear cells from Ctsl−/− mice showed impaired transmigration through collagen or
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EC monolayer-coated collagen matrix (Kitamoto et al., 2007). CatL deficiency therefore
affected AAA lesion chemokine expression and inflammatory cell infiltration differently
than that in Ctsk−/− mice. CatL deficiency also reduced lesion microvessel growth and EC
total cathepsin and MMP expression and activities. Although lesion cell proliferation was
reduced in Ctsl−/− mice, cell apoptosis and medial SMC loss did not differ significantly
between WT and Ctsl−/− mice. Therefore, both CatK and CatL contributed to elastase
perfusion-induced mouse experimental AAA, but through different mechanisms.

4. Cathepsin inhibitors in cardiovascular diseases
Analysis of mice or humans carrying mutations in different cathepsin genes has shown that
individual cathepsins play unique physiological roles in cardiac, brain, and skin
development (Reinheckel et al., 2001), and in specialized processes such as bone resorption
(Saftig et al., 1998; Gelb et al., 1996), periodontal disease (Toomes et al., 1999), and antigen
presentation (Villadangos et al., 1999). An increase in the expression or activity of certain
cathepsins has been implicated convincingly in several human diseases, such as osteoporosis
(Zaidi et al., 2001; Potts et al., 2004), rheumatoid arthritis (Yasuda et al., 2005), cancers
(Joyce et al., 2004), metabolic diseases (Yang et al., 2007; 2008), and cardiovascular
diseases (Liu et al., 2004). In normal cells, cysteinyl cathepsins are usually located in
lysosomes, but during cancer progression they may move to the cell surface, where they can
be secreted into the extracellular milieu. This change in cellular localization has important
implications for the design and therapeutic efficacy of cathepsin inhibitors. Cathepsin
inhibitors may target extracellular or cell surface cathepsins, but not intracellular cathepsins,
thus preserving essential cathepsin physiological activities inside the cells and thereby
minimizing inhibitor toxicity (Palermo & Joyce, 2008). Cathepsin inhibitors have developed
from non-selective to highly selective inhibitors for each individual enzyme and application.

4.1. Endogenous cathepsin inhibitors
The most common endogenous inhibitors of cysteinyl cathepsins are cystatins (Dubin,
2005). This family of inhibitors can be grouped into three different types based on their
primary structure, body distribution, and functions. Type I cystatins include cystatins A and
B (also called stefins A and B), the smallest cystatins, which do not contain disulfide bonds
or carbohydrate side chains and reside mainly inside cells. Type II cystatins — including
cystatin C, D, E, F, G, S, SN, and SA — contain two disulfide bonds and are released to the
circulation to target extracellular cathepsins. Type III cystatins include kininogens, which
have the highest molecular weight and reside in plasma. Cystatin C, with the highest
inhibiting properties to cathepsins L and S, is the best-studied cystatin in cardiovascular
diseases, followed by cathepsins B and H (Hall et al., 1998).

We showed that cystatin C is deficient in human atherosclerotic and AAA lesions (Shi et al.,
1999b). In atherosclerosis-prone Apoe−/− mice, the absence of cystatin C increased lesion
cathepsin activities, tunica media elastin degradation, and lesion SMC and collagen
contents; decreased media size; and caused more dilated thoracic and abdominal aortae
compared with control Apoe−/− mice — although lesion size, intimal macrophage content,
and lipid core size were not different between these mice after 12 weeks of an atherogenic
diet (Sukhova et al., 2005). SMCs from cystatin C–deficient mice were more proliferative,
expressed more cathepsin activities, and degraded more extracellular elastins and collagens.
After consuming an atherogenic diet for 25 weeks, however, cystatin C–deficient Apoe−/−

mice developed significantly larger subvalvular atherosclerotic lesions than did control
Apoe−/− mice (Bengtsson et al., 2005). Lesions from cystatin C–deficient mice contained
more macrophages and less collagen than those from WT mice. Bone marrow
transplantation demonstrated that cystatin C from non-hematopoietic cells is critical to
atherogenesis. We recently have shown that cystatin C deficiency also enhanced Ang-II–
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induced AAA in Apoe−/− mice (Schulte et al., 2010). Lesion inflammatory cell content,
apoptotic SMC numbers, angiogenesis, and cathepsin activities were all significantly
increased in the absence of this common cathepsin inhibitor.

Other endogenous proteins inhibit cathepsins. For example, hurpin (also called serpinB13) is
a serine protease inhibitor, but specifically inhibits intracellular CatL. In several skin
diseases, such as psoriasis, squamous-cell carcinoma, or basal-cell carcinoma, hurpin and
CatL both increased and localized to the outmost layers of the granular and upper spinous
layers (Bylaite et al., 2006). In normal skin, hurpin protects keratinocytes from UV light-
induced apoptosis (Welss et al., 2003). Other serpins, such as B3 and B4, are squamous-cell
carcinoma antigens and can inhibit cathepsins L, K, and S (Higgins et al., 2010), but studies
of these inhibitors in cardiovascular diseases are limited.

4.2. Non-selective cathepsin inhibitors
One of the first broad-spectrum cysteinyl cathepsin inhibitors studied was E64 — a
covalent, irreversible, epoxysuccinyl-based inhibitor originally isolated from Aspergillus
japonicus. Extracts from human atheroma showed a twofold increase in elastolytic activity
compared with normal arteries, which could be inhibited up to 40% by a cysteine protease
inhibitor (E64) (Sukhova et al., 1998). The ethyl ester of E64 (E64d) (Figure 2A) was tested
in a clinical trial of Japanese patients with muscular dystrophy, but the trial was stopped at
phase III due to suboptimal performance (Otto & Schirmeister, 1997). JPM was originally
named JPM-565, after Joseph P. Meara from the University of Wisconsin–Madison (Shi et
al., 1992). It is structurally similar to E64. Its ethyl ester (Figure 2B) derivative has been
used recently to block tumor growth in several studies (Joyce et al., 2004; Bell-McGuinn et
al., 2007; Schurigt et al., 2008). No information is available, however, regarding these non-
selective inhibitors in treating cardiovascular diseases.

4.3. Selective cathepsin inhibitors
4.3.1. Cathepsin S inhibitors—Several CatS-selective inhibitors have entered phase I
trials for rheumatoid arthritis and psoriasis, and clinical trials for other autoimmune
conditions, such as multiple sclerosis and lupus, may follow (Palermo & Joyce, 2008).
Development of CatS-selective inhibitors for experimental and clinical applications began
after the first demonstration of CatS function in invariant chain processing and antigen
presentation (Riese et al., 1996, 1998; Shi et al., 1999a). Following non-selective inhibitors,
epoxysuccinyl-based E64 or JPM, vinyl sulfone derivatives were among the earliest
generation of CatS irreversible inhibitors, such as K11777 (N-methyl-piperazine-Phe-
homoPhe-vinylsulfone-phenyl) (Figure 2C) and LHVS (morpholinurea-leucine-
homophenylalanine-vinyl phenyl sulfone) (Figure 2D). K11777 has shown considerable
potency in animal models of the parasitic disease schistosomiasis (Abdulla et al., 2007). The
vinyl sulfone scaffold was used to derive LHVS, which can perturb antigen presentation in
vivo (Riese et al., 1998) and reverse neuropathic painina in a rat model of nerve injury
(Clark et al., 2007; Irie et al., 2008). To our knowledge, however, no CatS-selective
inhibitors have been used to treat cardiovascular diseases in humans or animal experimental
models, and experiments in this field are limited to cell cultures. We showed that cytokine-
stimulated SMC elastolytic activity was inhibited more than 80% by LHVS or E64
(Sukhova et al., 1998). Another study showed that SMC invasion through ECM is cathepsin-
dependent (Cheng et al., 2006). In the presence of low-dose LHVS (5 ng/ml), presumably
inhibiting CatS only (Riese et al., 1998), SMC invasion into an elastin gel was reduced by
90%, and SMC invasion into a collagen gel was reduced by 30%. Potent and selective CatS
inhibitors therefore hold future therapeutic potential for vascular diseases (Wiener et al.,
2010).
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4.3.2. Cathepsin K inhibitors—Since the discovery of essential role of CatK in bone
resorption in humans (Gelb et al., 1996) and in mice (Saftig et al., 1998), it has become an
attractive target for bone development. For example, the novel selective CatK inhibitor
OST-4077 (furan-2-carboxylic acid (1-{1-(4-fluoro-2-(2-oxo-pyrrolidin-1-yl)-phenyl)-3-
oxo-piperidin-4-ylcarb amoyl}-cyclohexyl)-amide) potentially could treat diseases
characterized by excessive bone loss, including osteoporosis (Kim et al., 2006). To date,
clinical trials have studied the effects of several CatK-selective inhibitors on osteoporosis,
skeletal disorders, and osteoarthritis (Abbenante & Fairlie, 2005; Yasuda et al., 2005;
Lewiecki, 2009). Table 1 lists selected clinical trials of CatK inhibitors. A phase II study of
the CatK inhibitor balicatib (AAE581) for the treatment of osteoporosis was reported
initially in 2003, and the trial was performed between 2006 and 2008. Preliminary results
showed that the compound was tolerated well, inhibited bone resorption, and improved bone
formation. In 2002, results were reported for a phase I trial of relacatib (SB-462795) for the
treatment of postmenopausal osteoporosis and osteoarthritis; relacatib inhibited bone
resorption in monkeys (Kumar et al., 2007; Yamashita et al., 2006). Odanacatib is probably
the most promising CatK inhibitor to date. A phase II trial showed increased bone mineral
density and reduced bone turnover markers in postmenopausal women. Phase III results are
expected shortly (Lewiecki, 2009). Although CatK has been proven important to both
atherosclerosis (Lutgens et al., 2006) and AAA (Shi, unpublished data), no CatK inhibitor
data are available in vascular diseases in either humans or animals.

4.3.3. Cathepsin L inhibitors—Several different classes of CatL-selective inhibitors
have been developed. Some have low potency and poor selectivity, and a few show high
potency and target selectivity. The epoxysuccinate derivatives CLIK (cathepsin L inhibitor
Katunuma) series compounds 195 and 148 (Katunuma et al., 1999), for example, have been
used in both in vitro cell culture studies and in vivo animal models (Yang et al., 2007;
Yamada et al., 2010), but these compounds have relatively low potency and selectivity
(Table 2). In contrast, the azepanone-based CatL inhibitors are much more potent and
selective, although these compounds have been used only in cell culture or cytochemical
studies (James et al., 2001; Marquis et al., 2005). Whether these compounds acted on CatL
irreversibly, like E64 or JPM (Grubb et al., 1990), or reversibly, is unknown. The field is
currently focused on the development of reversible cathepsin inhibitors (Wiener et al.,
2010). Few peptide-based CatL inhibitors were found reversibly binding to CatL with high
potency (Ki = 19~45 nM) and selectivity (64~333-fold), compared with CatL’s inhibitions
to CatB or CatK (Table 2) (Chowdhury et al., 2002; Shenoy et al., 2009). The most recent
CatL-selective and reversible inhibitors are thiocarbazate derivatives (Table 2). Compound
SID 26681509 demonstrated high potency (IC50: 1.0 nM) and bound to CatL in a slow-
binding and slowly reversible manner. It has 7-fold to 50-fold higher selectivity to
cathepsins V, S, B, and K (Shah et al., 2008). None of these reversible inhibitors, however,
has been tested in animal disease models. We anticipate that these reversible compounds
may prove invaluable in treating humans or animals with vascular diseases in the near
future.

5. Mast cell chymase and tryptase in cardiovascular diseases
Mast cells were first implicated in atherosclerosis more than half a century ago
(Constantinides, 1953; Cairns & Constantinides, 1954). Petri Konaven, Ken Lindstedt, and
colleagues have contributed most of our current knowledge of these inflammatory cells in
atherosclerosis during the last 25 years (Lindstedt & Konaven, 2004). Limited knowledge is
available, however, regarding mast cells in AAA. Although mast cells were first detected in
human cerebral aneurysms 30 years ago (Faleiro et al., 1981), the first demonstration of
mast cells in AAA was rather recent (Ihara et al., 1999). Using mast cell–deficient
KitW-sh/W-sh mice, atherosclerosis-prone Ldlr−/− mice, and aortic elastase perfusion–induced
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experimental AAA, we demonstrated that mast cells participate in atherosclerosis and AAA
by releasing pro-inflammatory cytokines, chemokines, and proteases to induce inflammatory
cell recruitment, cell apoptosis, angiogenesis, and matrix protein remodeling (Sun et al.,
2007a; 2007b). Pharmacological stabilization of mast cells reduced atherosclerosis in
Apoe−/− mice (Bot et al., 2007) and reduced elastase perfusion–induced AAA (Sun et al.,
2007b). Mast cell chymase and tryptase are unique to mast cells and have been directly and
indirectly proven to participate in atherosclerosis and AAA.

5.1. Chymases and tryptases in atherosclerosis
Mast cells contain their own unique neutral serine proteases, chymase, and tryptase. Mast
cell chymase is one of the important enzymes in generating Ang-II from Ang-I (Akasu et al.,
1998; Caughey et al., 2000; Miyazaki & Takai, 2001). High levels of Ang-II forming
activity and chymase expression have been demonstrated in human atherosclerotic lesions
(Ihara et al., 1999). Using chymase-deficient (Sun et al., 2009) and tryptase-deficient (Shi,
unpublished data) mice, we proved that both proteases promote aortic SMC apoptosis.
Activated mast cells release TNF-α and chymase to inactivate the focal adhesion kinase–
mediated cell survival signaling in EC, thereby inducing EC apoptosis (Heikkila et al.,
2008). Thus, by inducing EC and SMC apoptosis, mast cell proteases may contribute to
plaque erosion and complications of atherosclerosis. As discussed, chymase- and tryptase-
mediated bioactivation of pro-enzyme and latent cytokines also appears important to
atherogenesis. Several studies, including ours (Xiang et al., 2011), have established an
association of blood tryptase levels with atherosclerotic plaque instability (Deliargyris et al.,
2005; Filipiak et al., 2003). Patients with acute myocardial infarction (MI) or unstable
angina pectoris have significantly higher serum tryptase levels than those without significant
coronary heart disease or with stable angina pectoris. Serum chymase levels also were
higher in patients with acute MI or unstable angina pectoris than in patients with stable
angina pectoris or those without significant coronary heart disease (Xiang et al., 2011). In
vitro, treatment of human coronary arteries intraluminally with recombinant tryptase or
chymase induced endothelial damage, characterized by disruption of EC adhesion followed
by retraction and desquamation (Mayranpaa et al., 2006). In mice, both chymases and
tryptases control vascular cell atherosclerosis-pertinent cathepsin expression (Sun et al.,
2009).

5.2. Chymases and tryptases in AAA
Immune cells in AAA — including macrophages, lymphocytes, neutrophils, and mast cells
— produce cytokines and proteases to promote inflammatory reactions, extracellular matrix
degradation, and neovascularization (Rizas et al., 2009). We found that mast cells use their
inflammatory cytokines to induce vascular cell protease expression, thereby enhancing
angiogenesis, vascular cell apoptosis, and ECM degradation (Sun et al., 2007b). Mayranpaa
and colleagues investigated the relationship between mast cells and inflammation,
neovascularization, and intraluminal thrombus in human AAA, and their results support a
direct participation of mast cells in the pathogenesis of AAA — particularly regarding
neovascularization of the aortic wall (Mayranpaa et al., 2009).

In a small-population AAA follow-up study, we demonstrated significant correlations of
serum chymase (Sun et al., 2009) and tryptase levels (Shi, unpublished data) with AAA
annual expansion rate. More interesting discoveries include that high serum tryptase levels
significantly increased the risks of later surgical repair or mortality in this population. Both
mast cell proteases were expressed highly in the media and adventitia of human AAA, but
were negligible in normal aortas. In an elastase perfusion– induced mouse AAA model,
mice lacking connective tissue chymase mMCP-4 (Sun et al., 2009) or tryptase mMCP-6
(Shi, unpublished data) developed significantly smaller AAA lesions than did WT mice.
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Mechanistically, we found that chymase contributed to microvessel growth, vascular SMC
apoptosis, and vascular cell cysteinyl cathepsin expression and activities. Compared with
mast cells from WT mice, those from chymase mMCP-4–deficient mice showed
significantly impaired induction of microvessel sprouting in an aortic ring assay, aortic SMC
apoptosis, and cathepsin expression and activities in EC and SMC (Sun et al., 2009). In
contrast, tryptase contributed to SMC apoptosis, vascular EC and SMC cathepsin
expression, and monocyte transmigration, but showed no effect on microvessel growth (Shi,
unpublished data). Figure 3 summarizes our current understanding of mast cell chymase and
tryptase functions in atherogenesis and AAA formation.

6. Chymase and tryptase inhibitors in cardiovascular diseases
Although both chymases and tryptases are essential to mast cell biology and to the
pathogenesis of atherosclerosis, AAA, and associated complications, most current studies
focus on the development of chymase inhibitors in experimental cardiovascular disease in
animals. Tryptase inhibitors receive much less attention, but this does not mean that tryptase
is less important than chymase. We demonstrated that mMCP-6–null mice are resistant to
elastase perfusion–induced AAA (Shi, unpublished observation). In THP-1– derived
macrophages, the tryptase inhibitor APC-366 blocked ox-LDL–induced foam cell formation.
Mechanistically, APC-366 inhibited tryptase activities known to reduce nuclear receptor
LXRa (regulates lipid homeostasis), ATP-binding cassette transporters A1 and G1 (ABCA1,
ABCG1; involved in the cholesterol efflux pathway), and sterol regulatory element binding
protein-1c (SREBP-1c) (regulates gene for de novo lipogenesis) (Yeong et al., 2010).

6.1. Chymase inhibitors in atherosclerosis
At least three chymase inhibitors have been tested in atherosclerosis and related conditions.
In a dog vein graft disease experimental model (Takai et al., 2001), each animal underwent
right common carotid artery bypass grafting with the ipsilaterial external jugular vein.
Grafting increased vascular cell proliferation, chymase activity, stem cell factor activation,
mast cell accumulation, and intima thickening. When dogs received chymase inhibitor
NK3201 orally (Table 3), however, all such phenotypes were significantly suppressed. The
same group performed a similar experiment using a balloon catheter–induced carotid artery
injury model to test the role of NK3201 in intimal hyperplasia (Takai et al., 2003). Both
chymase activity and carotid artery intimal thickening were significantly reduced in dogs
receiving the treatment. These experiments suggest that chymase enhances vascular cell
proliferation.

In patients with atherosclerosis, serum total or LDL cholesterol levels correlated with
arterial chymase-dependent Ang-II forming activity. Hamsters consuming a high-cholesterol
diet developed lipid deposition in the aortic cusp. Plasma total or LDL cholesterol levels
also correlated with adventitial Ang-II immunoreactivity. Oral administration of the
chymase inhibitor SUN-C8257 completely suppressed aortic lipid deposition and Ang-II
forming activity (Arakawa & Urata, 2000; Uehara et al., 2002) (Table 3). Similar
observations were made in atherosclerosis-prone Apoe−/− mice (Bot et al., 2010). A newly
developed chymase inhibitor, RO5066852, reduced chymase and tryptase expression and
activity, reduced spontaneous atherosclerosis, prevented local mast cell activation–induced
acceleration of plaque progression, enhanced lesion collagen content and reduced lesion
necrotic core size, and completely normalized the increased frequency and size of
intraplaque hemorrhages after acute perivascular collar placement-induced carotid plaque
(Table 3).
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6.2. Chymase inhibitors in MI
MI is a common complication of atherosclerosis, although experimental MI has different
mechanisms of pathogenesis from that in humans. Several chymase inhibitors — including
BCEAB, NK3201, TEI-E548, and TY51184 — have been used to examine the role of
chymase in left coronary artery ligation-induced MI in hamsters, dogs, and rats (Table 3). In
hamsters, orally active inhibitor BCEAB treatment starting 3 days before surgery yielded
suppression of cardiac chymase activity, improvement of hemodynamics (increase of
maximal negative and positive rates of pressure development [+dP/dt and – dP/dt] and left
ventricular systolic pressure [LVSP]), and reduction of mortality (Jin et al., 2002). NK3201
caused similar results in this model, reducing mortality and improving fractional shortening
(Jin et al., 2003). In the same hamster experimental model, TEI-E548 completely inhibited
chymase-induced microvascular leakage, increased survival rate, and attenuated cardiac
hypertrophy and end-diastolic left ventricular pressure. Plasma Ang-II levels also were
suppressed after chymase inhibition (Hoshino et al., 2003). In MI in dogs, chymase inhibitor
TY51184 decreased plasma Ang-II levels and suppressed total numbers of ventricular
arrhythmias by more than 80% (Jin et al., 2004). In MI in rats, Kanemitsu et al.
demonstrated that chymase inhibition with NK3201 inhibited TGF-β1 expression, thereby
reducing collagen type-I and type-III levels. Rats receiving NK3201 had significantly
reduced fibrotic areas. Consequently, these rats showed significantly reduced left-ventricular
end-diastolic pressure, increased maximal end-systolic pressure–volume relationship, and
decreased time constant of left ventricular relaxation (Kanemitsu et al., 2006; 2008).

6.3. Chymase inhibitors in AAA
As discussed earlier, CatC participates in AAA formation by activating neutrophil proteases
and thereby controlling neutrophil chemokine CXCL2 production and neutrophil
recruitment (Pagano et al., 2007). CatC also activates inactive chymase in mast cell granules
(Wolters et al., 2001), thereby enhancing mast cell Ang-II production, which ultimately
induces vascular wall MMP-9, a well-known protease involved in AAA pathogenesis (Pyo
et al., 2000). There are many more chymase functions in AAA beyond MMP-9 expression
(Sun et al., 2009). Chymase inhibitor NK3201 has been used in three experimental AAA
models (Table 3). In aortic elastase perfusion–induced experimental AAA in hamsters and
dogs, NK3201 reduced lesion Ang-II forming activity, MMP activity, mast cell and
neutrophil accumulation, and lesion luminal areas (Tsunemi et al., 2004; Furubayashi et al.,
2007). The same compound yielded similar observations in Ang-II perfusion–induced AAA
in Apoe−/− mice (Inoue et al., 2009). NK3201 substantially reduced AAA severity, luminal
area, lesion monocyte/macrophage content, and MMP-9 activity in mice.

7. Future perspectives
Experimental disease in animals has helped to affirm the role of cysteinyl cathepsins and
mast cell–specific proteases in cardiovascular diseases, although many current models do
not fully recapitulate human disease. Protease inhibitors are much more potent and selective
than they were 10 years ago; highly selective and potent cathepsin and chymase inhibitors
(Table 2 and Table 3) were developed in the 21st century. Why there is no clinical trial to
test whether these potent and selective chymase inhibitors are effective in humans, however,
remains unknown. Drug companies may be waiting for more data from chymase-deficient or
tryptase-deficient animals, as these inhibitors may have off-target effects. Direct approvals
in protease-deficient animals (Sun et al., 2009) will help to advance the progress of human
trials.

We also do not know why no cathepsin inhibitors (Table 2) (Palermo & Joyce, 2008) have
been enrolled in human trials against cardiovascular diseases. We believe that this is mainly
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because most drug companies have been focused on the role of cathepsins in autoimmune
and bone diseases, due to several important discoveries in the 20th century (Gelb et al.,
1996; Riese et al., 1996; 1998; Shi et al., 1999a). Several programs have been halted
because of compound toxicities, likely due to the compound-target irreversible binding and
associated side effects. Scientists are learning that reversible cathepsin inhibitors might have
been used. We are certain that in the near future, some cathepsin inhibitors will be used in
human trials. In addition, broad inhibition of major inflammation-inducible cathepsins, such
as CatS, CatK, CatL, and CatC, may not be a bad idea, as long as the dose is adequate. We
have learned from animal disease models and histological analysis of human pathological
tissue that these cathepsins are either not expressed or expressed at low levels under healthy
conditions, whereas increased expression appeared in pathological tissues. Compounds have
main targets, but their minor inhibitory activities toward other cathepsins also may be
beneficial — a hypothesis that certainly will be tested in the near future.
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Figure 1.
Illustration of cysteinyl cathepsin functions in the pathogenesis of vascular diseases, such as
atherosclerosis and abdominal aortic aneurysm. Cathepsins can originate from inflammatory
cells or from vascular SMCs and ECs under inflammatory conditions.
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Figure 2.
Chemical structures of the broad cathepsin inhibitors E64d (A) and JPM-ethyl ester (B), and
of the CatS-selective inhibitors K11777 (C) and LHVS (D).
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Figure 3.
Illustration of mast cell protease functions in the pathogenesis of atherosclerosis and
abdominal aortic aneurysm.

Qin and Shi Page 27

Pharmacol Ther. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Qin and Shi Page 28

Table 1

Cathepsin K inhibitors in clinical trials.

Drug name Company Clinical trial (year[s]) Function Reference

Odanacatib Merck & Co., Inc Phase III (2009)
Phase II (2008)

Post-menopausal
osteoporosis
Breast cancer bone
metastasis

Lewiecki, 2009
cme.medscape.com/viewarticle/727651_6

MIV-701 MedivirAB Initial trial (2007) Osteoporosis www.mskreport.com/articles.cfm?articleID=1219

Balicatib Novartis Phase II (2006–2009) Osteoporosis clinicaltrials.gov/ct2/show/NCT00371670

Relacatib GlaxoSmith Kline Phase I (2006–2009) Osteoporosis, osteoarthritis clinicaltrials.gov/ct2/show/NCT00411190
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Table 2

Cathepsin L-selective inhibitors.

Name and structure
(Compound ID)

Inhibitory potency and selectivity
(Reference)

Epoxysuccinate derivatives

% of inhibition at 1 ×106 M

CatL:
CatS:
CatB, CatK, CatC:

100%
30%
0%

(Katunuma et al., 1999)

% of inhibition at 1 × 106 M

CatL:
CatS:
CatB, CatK, CatC:

100%
25%
0%

(Katunuma et al., 1999)

Azepanone-based derivatives

CatL: Ki = 0.0099 nM
CatK: Ki = 503 nM

(James et al, 2001)

CatL: Ki = 0.033 nM; Ki,app = 0.43 nM
CatK: Ki = 420 nM; Ki,app > 10,000 nM
CatS: Ki,app = 15.6 nM
CatB: Ki,app = 150 nM

(James et al., 2001)

Peptide-based derivatives

CatL: Ki = 19 nM
CatK: Ki = 5.9 µM
CatB: Ki = 4.1 µM

(Chowdhury et al., 2002; Shenoy et al., 2009)

CatL: Ki = 45 nM
CatK: Ki = 2.9 µM
CatB: Ki = 15 µM

(Chowdhury et al., 2002; Shenoy et al., 2009)

Thiocarbazate derivative
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Name and structure
(Compound ID)

Inhibitory potency and selectivity
(Reference)

IC50 at 90 min Selectivity index

CatL: 50 nM
CatV: 576 nM
CatS: 721 nM
CatB: 1,562 nM
CatK: 2,512 nM

1
7–11
7–14
31–46
40–50

(Shah et al., 2008)
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Table 3

Chymase inhibitors in cardiovascular studies.

Structure
(Compound ID)

Application
[Animal type]
(Reference)

Major finding

Vein graft disease
[dog]
(Takai et al., 2001)

Reduced mast cell accumulation
Reduced intimal thickening
Reduced vascular cell proliferation

Balloon injury intimal thickness
[dog]
(Takai et al., 2003)

Reduced intimal thickening

Abdominal aortic aneurysm
[hamster, dog, Apoe−/− mouse]
(Tsunemi et al., 2004; Furubayashi et al., 2007;
Inoue et al., 2009)

Reduced lesion inflammatory cells
Reduced MMP9 activity
Reduced luminal area & AAA size

Myocardial infarction
[hamster, rat]
(Jin et al., 2003; Kanemitsu et al., 2006, 2008)

Reduced mortality
Improved fractional shortening
Reduced collagen-I, III expression
Reduced fibrotic area

Atherosclerosis
[hamster]
(Arakawa & Urata, 2000,
Uehara et al., 2002)

Suppressed aortic lipid deposition

Atherosclerosis
[Apoe−/− mouse]
(Bot et al., 2010)

Reduced atheroma plaque size
Reduced lesion necrotic core size
Enhanced lesion collagen content
Impaired intraplaque haemorrhage

Myocardial infarction
[hamster]
(Jin et al., 2002)

Improved hemodynamics
Reduced mortality

Myocardial infarction
[hamster]
(Hoshino et al., 2003)

Reduced microvascular leakage
Reduced cardiac hypertrophy
Reduced end-diastolic LV pressure
Increased survival rate

Myocardial infarction
[dog]
(Jin et al., 2004)

Decreased plasma Ang-ll level
Suppressed ventricular arrhythmias
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