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Abstract
Cathepsin K (CatK) is one of the most potent mammalian collagenases. We showed previously the
increased expression of CatK in human and animal atherosclerotic lesions. Here, we hypothesized
that ablation of CatK mitigates injury-induced neointimal hyperplasia. Male wild-type (CatK+/+)
and CatK-deficient (CatK−/−) mice underwent ligation or a combination of ligation and
polyethylene cuff-replacement injuries to the right common carotid artery just proximal to its
bifurcation, and they were then processed for morphological and biochemical studies at specific
time points. On operative day 28, CatK−/− significantly reduced neointimal formation and
neovessel formation in both single- and combination-injured arteries compared with the Cat K+/+

mice. At early time points, CatK−/− reduced the lesion macrophage contents and medial smooth
muscle cell proliferation, the mRNA levels of monocyte chemoattractant protein-1, toll-like
receptor-2, toll-like receptor-4, chemokine ligand-12, and the gelatinolytic activity related to
matrix metalloproteinase-2/-9. An aorta-explant assay revealed that smooth muscle cell movement
was impaired in the CatK−/− mice compared with the CatK+/+ mice. In addition, the smooth
muscle cells and macrophages from CatK−/− mice had less invasive ability through a reconstituted
basement membrane barrier. This vasculoprotective effect was mimicked by Cat inhibition with
trans-epoxysuccinyl-L-leucylamido-{4-guanidino} butane (E64d). These results demonstrate an
essential role of CatK in neointimal lesion formation in response to injury, possibly via the
reduction of toll-like receptor-2/-4–mediated inflammation and smooth muscle cell proliferation,
suggesting a novel therapeutic strategy for the control of endovascular treatment–related restenosis
by regulating CatK activity.
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The pathogenesis of atherosclerosis-based cardiovascular disease (CVD) involves extensive
cardiovascular wall extracellular matrix remodeling, which requires the participation of
proteases.1–3 Serine proteases and matrix metalloproteinases (MMPs) may participate
directly in human and animal CVD.1 Like the members of the MMP family, most of the
lysosomal cysteinyl cathepsins (Cats) have been shown to be regulatory proteases that are
expressed in restricted tissues under physiological conditions but are induced in
cardiovascular tissue or cells by growth factors and inflammatory cytokines.4–6 Human and
animal atherosclerotic lesions are rich in inflammatory cells, including macrophages,
neutrophils, and T cells.7,8 Experimental studies demonstrated that these cells produce
inflammatory cytokines that enhance themselves and those of other vascular cell Cats.9,10

Previous work showed that vascular atherosclerotic plaques overexpress the elastolytic and
collagenolytic Cats (CatS, CatK) but show relatively reduced expression of cystatin C, their
endogenous inhibitor,10 suggesting a shift in the balance between Cats and their inhibitor
that favors the remodeling of cardiovascular wall.

The research in the field of CVD has generated increasing interest in the family of toll-like
receptors (TLRs).11–13 It was reported that human and animal atherosclerotic lesions had
increased expressions of TLR2 and TLR4 proteins and genes.11 Edfeldt et al11 demonstrated
that TLR1, TLR2, and TLR4 are highly expressed, particularly in endothelial cells and
macrophages, and that TLR3 and TLR5, by comparison, are more weakly expressed. TLR2
and TLR4 play a critical a role in monocyte activation and in stimulating the release of
inflammatory cytokines, chemokines, and several proteases, which are crucial processes in
the progression of atherogenesis.12 Although a few lines of evidence suggest that the injury-
related vascular repair process is regulated by a TLR4-dependent signaling pathway, the
principle mechanisms remain largely unknown.14

Cats also appear to play nontraditional roles in CVD processes.2 For example, we
demonstrated that active CatS colocalizes with integrin ανβ3 on the smooth muscle cell
(SMC) surface, playing an important role in the invasive behavior of SMCs.15 Compared
with collagenase MMP-1 and other Cats (CatS, CatL), CatK is capable of the forceful
proteolysis of vascular major type I collagen component.16 Endovascular therapy–related
restenosis is clinically different but shares many pathophysiologies with atherosclerosis,
including extracellular matrix turnover, inflammatory cell infiltration, angiogenesis, and
vascular cell proliferation.5,17

Genetic and pharmacological interventions to Cats have been shown to prevent CVD.9,18

There is a report that serum CatK levels were correlated with coronary plaque volumes in
patients with coronary artery disease.19 Neointimal lesions induced by balloon injury
contained significantly higher levels of CatK and CatS mRNAs and proteins than did control
arteries,17 suggesting the involvement of Cats in restenosis pathogenesis, but a direct role of
this class of proteases has never been proven. In the present study, we used CatK-deficient
(CatK−/−) mice and an experimental carotid artery injury model to test whether this protease
contributes directly to vascular repair–related restenosis.

Methods
An expanded Methods section is available in the online-only Data Supplement.
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Mice
The male CatK−/−20 and wild-type (WT, CatK+/+) littermates used in this study were 8
weeks old and weighed between 21 and 25 g. All animal experiments were performed in
accord with the guidelines on animal care of the Nagoya University Graduate School of
Medicine.

Carotid Artery Injury Models
For the single injury model, the right common carotid artery of 9-week-old mice was ligated
just proximal to their bifurcations as described (Figure 1A, top).3 For the combination
injury, a polyethylene cuff (length, 2 mm; inside diameter, 0.580 mm; outside diameter,
0.965 mm; Becton Dickinson, Lincoln Park, NY) was applied just proximal to the ligated
site (Figure 1A, bottom).21

Quantitative Real-Time Gene Expression Assay
Real-time gene expression assay was performed as previously described.22 The transcription
of targeted genes was normalized to GAPDH. All experiments were performed in triplicate.

Statistical Analysis
Data are expressed as mean±SEM. Student t tests (for comparisons between 2 groups) or 1-
way ANOVA (for comparison of 2 or 3 groups) followed by Tukey post hoc tests were used
for statistical analyses. SPSS software version 17.0 (SPSS Inc, Chicago, IL) was used. A
value of P<0.05 was considered significant.

Results
Reduced Neointimal Formation in CatK−/− Mice

As shown in Figure 1B and 1C, marked intimal lesion formation was observed in CatK+/+

mice at day 28 after the ligation+cuff procedure and to a lesser extent after ligation alone
(Figure 1B and 1C). In contrast, much less intimal lesion formation was observed in CatK−/−

mice at day 28 after both the single and double injury. Quantitative measurements revealed
significantly lower levels of intimal areas in CatK−/− mice on day 28 compared with the
CatK+/+ mice (Figure 1D), but no significant difference in media thickness was observed
between the CatK+/+ and CatK−/− mice (single: 23.1±2.9 versus 21.3±3.1×103/µm2;
combination: 24.9±2.6 versus 22.5±3.4×103/µm2; P>0.05). Therefore, the ratio of intimal to
medial area was higher in CatK+/+ mice (Figure 1E).

The total cell numbers in the intima at day 28 were significantly higher in the single injury
(289±28 versus 89±18) and combination injury CatK+/+ mice (378±37 versus 123±22;
P<0.01 for each). There was no significant difference in the average circumference of the
external elastic lamina between 2 genotypes at day 28 after the ligation (1757±149 versus
1701±163 µm) or ligation+cuff procedure (1829±103 versus 1699±113 µm; P>0.05).
Immunostaining showed that the medial and intimal lesions contained mainly α-smooth
muscle actin–positive cells in CatK+/+ and CatK−/− at indicated time points after the
combination surgery (Figure S1A in the online-only Data Supplement). In addition, the data
from quantitative analysis of picrosirius red staining demonstrated that CatK−/− mice had
higher contents of collagen in either type of injured arteries than in that of control mice
(Figure S3).

Injuries Induced Cat Expression in Carotid Arteries
At day 4 after ligation, the relative mRNA levels of CatS, CatK, CatL, CatB, and cystatin C
were increased by 2.1-, 3.9-, 2.2-, 1.8-, and 1.4-fold over those of the uninjured control
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vessels of CatK+/+ mice. Similarly, the combination injury caused increases in these Cat
genes by 3.9-, 6.2-, 3.4-, 2.6-, and 1.3-fold, respectively. However, there were no significant
differences in the levels of CatS, CatB, or cystatin C genes in the injured arteries between
the CatK+/+ and CatK−/− mice (Figure 2A and 2B). Similarly, we observed that CatK
deficiency did not affect on their protein expressions.

As anticipated, we observed no gene and protein expression of CatK in injured carotid
arteries from either type of injury of the CatK−/− mice (Figure 2A; Figure S1B). ELISA
revealed that the plasma levels of CatK were increased in either type of injury of CatK+/+

mice (single: 18.2±2.1 versus 3.1±1.1 pmol/L; combination: 42.5±9.7 versus 3.1±1.1 pmol/
L; P<0.05 for each). In contrast, CatL displayed a compensatory increase in gene and
protein in the CatK−/− mice compared with the corresponding CatK+/+ (Figure 2B; Figure
S4A). Next, we performed immunostaining to identify the cell source of CatK in injured
arteries. As shown in Figure S1B, the positive staining signaling was quite pronounced in
the media and neointima of combination-injured vessels from CatK+/+ mice on days 14 and
28, whereas no signal was detected in the whole arterial walls of CatK−/− mice. In addition,
the in situ zymography showed gelatinolytic activity primarily in the neointimal and medial
region in the injured arteries of CatK+/+ mice at 14 days after combination surgery, and this
activity was suppressed by incubation with a specific CatK inhibitor (CatK-II) or
nonspecific Cat inhibitor (E64; Figure S2).

Reduced Inflammatory Action in CatK−/− Mice
The macrophage activation–related release of inflammatory chemokines is an important
hallmark of human and animal vascular repair and is mediated by a TLR signaling pathway
in CVD.13 Here, we evaluated TLRs and inflammatory chemokine expressions. The
quantitative polymerase chain reaction revealed that compared with the CatK+/+ mice, the
atherosclerotic lesions in CatK−/− mice that received single or double injuries had lower
levels of TLR2 and TLR4 as well as monocyte chemoattractant protein-1 and chemokine (C-
C motif) ligand-12 genes, whereas C-X-C motif chemokine receptor-4 exhibited no
significant difference (Figure 2C–2G). Similarly, immunostaining against macrophages
showed that CatK deficiency markedly reduced the macrophage contents in both types of
lesion (Figure 3A; Figure S4B).

Infiltrated macrophages were reported to be a major source of proteases (such as MMP-2,
MMP-9, and MMP-12) that contribute to vascular repair.9,13 As compared with the CatK+/+

mice, the artery lesions of CatK−/− mice that received double injuries had lower levels of
MMP-2, MMP-9, and MMP-12, as well as their tissue inhibitors of MMP (TIMP-1 and
TIMP-2) proteins, whereas MMP-13 exhibited no difference (Figure S4C). Representative
gelatin zymography bands of MMP-2 and MMP-9 activity are shown in Figure 3B. The
quantitative analysis revealed that the gelatinolytic net activities of MMP-2 and MMP-9
were lower in the injured arteries of the CatK−/− mice that received both surgical injuries
(Figure 3C–3D), supporting the concept that Cat deficiency impairs inflammatory action in
response to injury.

CatK Function in Vascular SMC Events
The photographs in Figure 4A show cell migration from the arterial explants of CatK+/+

mice observed at day 1. These migrating cells stained positive for α-smooth muscle actin
(data not shown). Compared with the CatK+/+ explants, the sprouting cell numbers and areas
were markedly decreased in the aorta explants of the CatK−/− mice during the follow-up
period (Figure 4B and 4C). As shown in Figure S5, the phosphoinositide 3-kinase (PI3K)
inhibitor LY294002 significantly suppressed SMC sprouting cell numbers. SMC ability was
markedly diminished by CatK-II and by E64d. However, MMP inhibition with GM6001 had
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no effect on it (data not shown). To examine the ability of platelet-derived growth factor-
BB–directed SMCs to cross a collagen-gel filter, we used several clones of cultured SMCs
derived from either CatK+/+ (n=5) or CatK−/− (n=4) mice. The quantitative analysis revealed
that SMC invasion through the collagen barrier was markedly reduced among the SMCs
from CatK−/− mice (Figure 4D and 4E). Similarly, the macrophage invasion ability was also
impaired in the CatK−/− group (Figure 4D and 4F).

We next evaluated whether CatK activity is involved in the SMC proliferative response. At
day 14 after both surgeries, we detected extensive double-positive immunostaining of Ki67-
and α-smooth muscle actin for proliferative SMCs in the media of injured arteries of
CatK+/+ mice (Figure 5A and 5B). The immunostaining of these cells was dramatically
decreased in CatK−/− mice. Representative immunoblots revealed that the levels of phospho-
PI3K, phospho-Akt, phospho-p38 mitogen–activated protein kinase (p38MAPK), and
phospho-mammalian target of rapamycin (mTOR) proteins were lower in injured arteries of
CatK−/− mice than in those of CatK+/+ mice (Figure 5C). In vitro, CatK deficiency also
impaired the SMC proliferation ability induced by platelet-derived growth factor-BB (Figure
5D). As shown in Figure 5E, LY294002 significantly suppressed the platelet-derived growth
factor-BB–induced SMC proliferation. The SMC proliferative action was diminished
markedly by CatK-II and by E64d, whereas GM6001 had no effect.

Cat Inhibition Alleviates Vascular Remodeling
Compared with the mice treated with vehicle, Cat inhibition by E64d reduced not only
neointimal formation but also medial cell proliferation in the combined-injured arteries of
CatK+/+ mice, as determined by hematoxylin and eosin and Ki67 immunostaining (Figure
6A–6C). E64d decreased not only MMP-2 and MMP-9 expression and activation but also
TIMP-1 and TIMP-2 expression (Figure S6A). It is consistent that E64d reduced MMP-2
and MMP-9 gelatinolytic activities (Figure 6D–6E). As anticipated, E64d also suppressed
macrophage accumulation in arterial lesions (Figure 6F). In addition, the E64d-treated
vessels had decreased expressions of TLR2 and TLR4 gene (TLR2: 24.5±4.1 versus
14.6±3.0; TLR4: 7.5±1.9 versus 3.0 versus 0.9; P<0.05). Moreover, E64d reduced the levels
of phospho-PI3K, phospho-Akt, phospho-p38MAPK, and phospho-mTOR proteins (Figure
S6B). E64d treatment also enhanced collagen volume of double-injured arteries (63.1±7.4
versus 44.2±5.3%; P<0.05).

Reduced Neointimal Growth–Related Vasa Vasorum in CatK−/− Mice
Increased vasa vasorum is associated with atherosclerotic plaque growth.9,23 Reduced
neointimal growth in CatK−/− mice might be caused by impaired angiogenesis. To test this
hypothesis, we immunostained carotid arterial sections with anti-CD31 antibody; we
observed lower CD31+ microvessel numbers in lesions of CatK−/− mice than in those of
CatK+/+ mice on days 14 and 28 after the double injury (Figure 7A; Figure S7A). Cat
inhibition also reduced the microvessel density in arterial lesions (Figure 7B; Figure S7B).
These data suggest that CatK activities in angiogenesis contributed to pathogenesis in this
experimental intimal hyperplasia.

Discussion
Endovascular therapy–related vascular negative remodeling represents the leading cause of
restenosis and cardiovascular events. Identifying novel targets to suppress maladaptive
vascular remodeling will contribute to therapeutic strategies to preempt restenosis. The
significant finding of our present work is that mice lacking the CatK gene are resistant to
acute injury– induced intimal hyperplasia. At the molecular level, CatK deletion retards
injury-induced TLR2/4 and their downstream inflammatory genes and PI3K/Akt-mediated-
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p38MAPK and -mTOR signaling activations. Pharmacological inhibition of Cats also results
in vascular protective actions via the reduction of inflammation and SMC cell proliferation.
In vitro, both CatK silencing and inhibition with a specific or nonspecific inhibitor
attenuated SMC and macrophage functions (including migratory and proliferative abilities).
To the best of our knowledge, this is the first study to report that genetic and
pharmacological inhibitions of Cat confer vascular protection against acute injuries.

The ability of injury to increase CatK expression and activity probably contributed to the
vascular repair under our experimental conditions. In agreement with a previous report that
CatK silencing reduced atherosclerotic lesion formation,24 we observed that vascular repair
and neointimal formation after injuries are mitigated by CatK−/−. Early in the formation of
the thickened intima, as in atherosclerotic and neointimal lesions, SMCs must migrate from
the tunica media into the developing intima.17 To elucidate the effect of CatK on SMC
behaviors, we used ex vivo aortic explants and in vitro SMC invasion models. The SMC
migration from the arterial explants reflects the intrinsic ability of cells to migrate and
degrade the local extracellular matrix proteins.

Our present findings show that CatK−/− reduced the numbers of sprouted SMCs and areas
from aortic explants. Cat inhibition also inhibits SMC sprouting. Moreover, CatK−/−

impaired SMC invasiveness across the collagen-gel barrier. Based on these findings, we
propose that CatK activity controls SMC behaviors to contribute to the vascular repair–
related restenosis after injury. It was reported that patients with coronary artery disease and
restenosis after endovascular therapy had higher levels of plasma CatK compared with
patients without restenosis.19 Here, we have shown that pharmacological inhibition of Cats
mitigated combination injury–induced intimal hyperplasia. Thus, the upregulation of CatK
expression and activity could represent a common proteolytic mechanism in the vascular
repair of acute injuries in CatK+/+ mice.

The engagement of TLRs on the cell surface by specific ligands leads to an increase in the
expressions of proinflammatory cytokines and chemokines, such as monocyte
chemoattractant protein-1 and interleukin-1β.11,12 Increased expression of TLR2 and TLR4
occurs in macrophages bordering the lipid core adjacent to the fibrous cap and in
macrophages and SMCs in the shoulder regions of activated human atherosclerotic
plaques.11 In the present study, arterial lesions of CatK−/− mice contain much lower levels of
TLRs (TLR2, TLR4) and chemokines (chemokine [C-C motif] ligand-12, monocyte
chemoattractant protein-1) genes compared with control CatK+/+ mice. CatK−/− retarded
macrophage accumulation in injured arteries. Thus, CatK−/− seems to mitigate macrophage
infiltration and activation and inflammatory chemokine expression in injury-stress states
through its ability to reduce TLR2 and TLR4 expressions. A recent study demonstrated that
genetic or pharmacological inhibition of CatS alleviated cardiac damage and fibrosis via
inactivation of transforming growth factor-β–dependent mothers against decapentaplegic
homolog-3 signaling.25 It was reported that this signaling pathway regulates TLR2 induction
via the inhibition of p38MAPK activation,26 and that it modulates TLR4 expression and
response in macrophages.27,28 Collectively, these observations and our finding that CatK
silencing impaired p38MAPK activation in vivo indicate that inactivation of TL2/4 signaling
by a negative regulator of p38MAPK might contribute to the anti-inflammatory action in
mice lacking CatK (Figure S8).

Given the focus on the roles of a Cats/cystatin system in proliferative diseases in recent
reviews,2,5 it is notable that CatK seems to be of particular importance for SMC
proliferation in the vascular repair process. Sun et al7 showed that aneurysm lesions from
CatL−/− mice contained fewer Ki+ 67 proliferating cells than did CatL+/+ mice. In contrast,
cystatin C deficiency resulted in an increased Ki67+ proliferation index and epidermal
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hyperplasia, most likely attributed to an enhanced Cat activity in antagonizing the cell
proliferation in K14-HPV16 transgenic mice.29 Our present results show that the lesions had
lower Ki+ 67/α-smooth muscle actin+ proliferating cells in CatK−/− mice as compared with
the control mice. E64d treatment also suppressed medial cell proliferation in the CatK+/+

mice. In vitro, CatK−/− suppressed the platelet-derived growth factor-induced SMC
proliferation. Because injury induces CatK activation,17 we propose that CatK modulates
intimal hyperplasia in a mechanical-stress state through its ability to activate SMC
proliferative activity. PI3K/Akt-mTOR signaling has been accepted widely as an initiator of
protein synthesis and cell growth. Our observations indicate that deficiency of CatK reduced
the levels of phospho-PI3K, phospho-Akt, phospho-p38MAPK, and phospho-mTOR
proteins in the arterial lesions. Our results also showed that the expressions of TLR2 and
TLR4 genes were also decreased in injured arteries of CatK−/−. Several lines of investigation
demonstrated that TLR2 and TLR4 are required in vascular SMC proliferation via MAPK
activation.30,31 Saxena et al14 showed that the TLR4/MyD88 axis modulates a
periadventitial collar injury–induced vascular repair process. Taken together, these findings
suggest that attenuation of SMC proliferation by CatK deficiency via inactivation of
TLR2/4-mediated PI3K/Akt-p38MAPK and PI3K/ Akt-mTOR signaling may represent a
common mechanism underlying the reduction of injury-induced vascular remodeling and
neointimal formation. It should be noted that CatK deletion compensatory enhanced injured-
induced CatL gene and protein expression. CatL activity has been shown to control cell
proliferation. This might possibly explain the minor difference in the SMC proliferation
index noted on CatK-II and E64d treatment. Further studies will be needed to investigate
this issue.

However, CatX has been shown to suppress the proliferation of mononuclear cells by the
activation of CD11b/CD18, but it was also shown to increase the proliferation of T
lymphocytes by the activation of CD11a/CD18.32 Another recent study demonstrated that
the reduction of Cux1 processing by CatL−/− results in the accumulation of Cux1, the
downregulation of p21/p27, and increased cell proliferation.33 Based on these observations,
it will be worthwhile to explore the responsibility of individual Cats in cell proliferation in
curtailing vascular positive remodeling and restenosis after common endovascular therapy.

Vasa vasorum provides paths for nourishment and inflammatory cell accumulation in the
vascular repair process.5 Previous observations indicate that vasa vasorum can cause
atherosclerotic plaque growth and instability in human and animal aortas.23 Further
supporting this role, antiangiogenic endostatin was shown to suppress aorta intimal and
adventitia neovessel formation and plaque growth in an apolipoprotein E–deficient mouse
model.34 Previous study reported that deficiency of CatS reduced tumor-related
angiogenesis.4 Here, we found that genetic and pharmacological inhibitions of CatK
suppress adventitial and medial CD31+ neovessel density. Thus, attenuation of vasa vasorum
by CatK inhibition may have a vasculoprotective effect that could mitigate vascular
remodeling, the process often responsible for endovascular intervention–related restenosis.

In summary, our present findings suggest that targeting CatK represents an attractive
therapeutic approach to curtail vascular negative remodeling and restenosis after
endovascular interventions. Our data indicate that CatK−/−-mediated anti-inflammation is
attributable to decreased inflammatory chemokine productions and macrophage activation
via the reduction of TLR2/4 signaling. Moreover, the antiproliferative effect of CatK
inhibition by genetic and pharmacological inhibition might be because of decreased
TLR2/4-mediated PI3K/Akt-mTOR and PI3K/Akt-p38MAPK signaling activation.
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Perspective
The expressions of CatK gene and protein increase in failing vasculature. CatK deletion
alleviates acute injury–induced vascular repair. The pharmacological inhibition of Cats
mimics the vascular protective effects of genetic CatK deletion. It seems that selective Cats
and CatK inhibitors may have potential use in the treatment or control of restenosis after
intravascular intervention therapies in CVD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

• Cathepsin K (CatK) gene and protein levels increased in failing mouse carotid
vasculature to injuries.

• CatK deficiency attenuated injury-related inflammatory actions and medial
smooth muscle cellular events (including migration, invasion, and proliferation)
and mitigated vascular remodeling.

• Cathepsin inhibitor l–3-trans-ethoxycarbonyloxirane-2-carbonyl)-L-leucine (3-
methylbutyl) amide mimics CatK deficiency–mediated vasculoprotective
actions.

What Is Relevant?

• Acute mechanical injury–induced vascular negative remodeling and restenosis
were alleviated by CatK deficiency.

• Pharmacological inhibition of cathepsins mitigated vascular neointimal
hyperplasia in response to acute mechanical stress via the reduction of
inflammation and smooth muscle cell proliferation.

Summary

CatK is novel therapeutic target for controlling intravascular therapy–related restenosis.
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Figure 1.
Cathepsin K–deficient mice (CatK−/−) alleviates injury-induced neointimal formation. A,
Schematic diagram of ligation and ligation+cuff surgeries in mouse right carotid artery. B
and C, Representative hematoxylin and eosin staining images of right and left carotid
arteries of wild-type (CatK+/+) and CatK−/− mice that received single or double injuries. D
and E, Quantitative data showing the neointimal areas and the ratio of neointima area to
media area in injured arteries of the 4 experimental groups. Results are mean±SEM. The
number of animals used for each experiment is indicated in each bar. Scale bar, 100 µm.
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Figure 2.
The levels of targeted genes in injured arteries of wild-type (CatK+/+) and Cathepsin K–
deficient (CatK−/−) mice at day 4 after both injuries. A to G, Quantitative real-time
polymerase chain reaction data for cathepsin family (CatS, CatK, CatB, CatL, and cystatin
C), tolllike receptor-2 (TLR2), TLR4, monocyte chemoattractant protein-1 (MCP-1),
chemokine (C–C motif) ligand-12 (CCL12), and C-X-C motif chemokine receptor-4
(CXCR4). Results are mean±SEM. The number of mice for each experimental group is
indicated in the bar. NS indicates no significant difference.
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Figure 3.
Cathepsin K–deficient mice (CatK−/−) reduced macrophage infiltration in response to injury.
A, The Mac-3–positive staining areas of injured arteries were quantified and are expressed
as the ratio (percentage) of the positively stained area to the entire lesion including
adventitia, media, and neointima areas. B to D, Representative images of gelatin
zymography and combined quantitative data for gelatinolytic activities of matrix
metalloproteinase-2 (MMP-2) and MMP-9 in injured arteries at day 4 after surgeries.
Results are mean±SEM. The number of mice for each experimental group is indicated in the
bar. Scale bar, 100 µm.
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Figure 4.
Cathepsin K–deficient mice (CatK−/−) impairs smooth muscle cell (SMC) migration and
invasion ex vivo and in vitro. A to C, Representative images of SMC migration from arterial
explants (A) and combined quantitative data for sprouted cell numbers (B) and area (C) at
indicated culture time points are shown. D to F, A Transwell assay was applied to evaluate
the cell invasion ability through the collagen barrier in the presence of a gradient of
chemoattractant. Representative images of SMC or macrophage invasion and combined
quantitative data for invaded cell numbers are shown. Results are mean±SEM. The number
of mice for each experimental group is indicated in the bar. Scale bar, 100 µm.
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Figure 5.
Cathepsin K–deficient mice (CatK−/−) impairs smooth muscle cell (SMC) proliferation in
vivo and in vitro. A and B, Representative double Ki67/α-smooth muscle actin (ASMA)
immunofluorescence image of media SMC proliferation and combined quantitative data for
Ki67+/ASMA+ cells. The number of mice for each experimental group is indicated in the
bar. Scale bar, 100 µm. C, Representative gel blots exhibiting the reductions of phosho-
phosphoinositide 3-kinase (p-PI3K), phospho-p38 mitogen–activated protein kinase (p-
p38MAPK), phospho-Akt (p-Akt), and phospho-mammalian target of rapamycin (p-mTOR)
proteins in inured arteries of both genotype mice at day 4 after double injuries. Data
represent observations from ≥3 independent arteries. D, Proliferative ability of aorta-derived
SMC from wild-type (CatK+/+; 5 mice) and CatK−/− (6 mice) was assessed with a cell
proliferation assay after 2 days of incubation with platelet-derived growth factor-BB. E,
CatK+/+ aorta-derived SMCs were used in a proliferation assay in the presence or absence of
a PI3K inhibitor LY294002, a specific CatK inhibitor II [1-(N-benzyloxycarbonyl-leucyl)-5-
(N-Boc-phenylalanyl-leucyl)carbohydrazide] (CatK-II), a nonspecific Cat inhibitor [(l–3-
trans-ethoxycarbonyloxirane-2-carbonyl)-L-leucine (3-methylbutyl) amide; E64d] and a
nonspecific matrix metalloproteinase inhibitor GM6001, respectively. Results are mean
±SEM of 4 independent experiments performed in triplicate.
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Figure 6.
Evaluation of smooth muscle cell proliferation and neointima formation in injured arteries of
wild-type (CatK+/+) mice treated with vehicle or E64d at indicated time points. A to C,
Representative images of hematoxylin and eosin (H&E) staining or Ki67 immunostaining
and combined quantitative data for the neointima area and medial Ki67+ cell at indicated
time points. D to F, Representative images of gelatin zymography and combined
quantitative data for gelatinolytic activities of matrix metalloproteinase (MMP)-2 and
MMP-9 in injured arteries at day 4 after surgeries. Results are mean±SEM. The number of
mice for each experimental group is indicated in the bar. Scale bar, 100 µm.
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Figure 7.
Cathepsin K–deficient (CatK−/−) reduces neovessel density in neointima-related lesions. A,
Quantitative measurement of neovessels from the entire lesion including adventitia and
media in injured arteries of wild-type (CatK+/+) and CatK-deficient (CatK−/−) mice at days
14 and 28 after surgeries. B, Microvessel numbers were reduced in neointima-related lesions
from CatK+/+ mice treated with trans-epoxysuccinyl-L-leucylamido-{4-guanidino} butane
(E64d). Results are mean±SEM. The number of mice for each experimental group is
indicated in the bar. Scale bar, 100 µm.
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