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Abstract 

Cathepsin K (Cat K), an established drug target for osteoporosis, has recently been 
reported to be present in atherosclerotic lesions. Due to its proteolytic activity Cat K 
may influence the atherosclerotic lesion composition and stability. To assess the 
biological role of leukocyte Cat K, we used the technique of bone marrow 
transplantation to selectively disrupt Cat K in the hematopoietic system. Total bone 
marrow progenitor cells from Cat K

+/+
, Cat K

+/-
 and Cat K

-/-
 mice were transplanted 

into X-ray irradiated LDL receptor knockout (LDLR
-/-

) mice. The selective silencing 
of leukocyte Cat K resulted in phenotypic changes in bone formation with an 
increased total bone mineral density in the Cat K

-/-
 LDLR

-/-
 mice and an effect of 

gene dosage. In relation to atherogenesis, absence of leukocyte Cat K resulted in 
dramatically decreased collagen and modestly increased macrophage content of 
the atherosclerotic lesions but no difference as to lesion size was observed. Further 
characterization of the atherosclerotic lesions revealed less elastic lamina 
fragmentation and a significant increase of apoptotic and necrotic area in Cat K

-/-

LDLR
-/-

 mice. In vitro Cat K inhibition in oxLDL treated THP-1 cells also led to a 
significantly increased cell death via both apoptosis and necrosis, consistent with 
the increase of both apoptotic and necrotic area observed in the Cat K

-/-
 LDLR

-/-

mice.  
In conclusion, leukocyte Cat K is important for atherosclerotic plaque composition, 
vulnerability and bone remodeling, making it an attractive target for pharmaceutical 
modulation in atherosclerosis and osteoporosis. 
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Introduction 

Remodeling of the extracellular matrix of blood vessels as well as bone resorption 
vs. formation is a life-long continuously changing and dynamic process. Imbalance 
of this process could lead to the clinical manifestation of e.g. 
osteopetrosis/osteoporosis or the phenotypic changes in atherosclerotic lesion 
development. Several research groups have cloned the cysteine protease cathepsin 
K (Cat K), from mouse, rabbit and human cDNA libraries

1-4
. Studies of the role of 

Cat K have focused primarily on its function in bone remodeling. Cat K, which is 
highly expressed in osteoclasts

5
, has been shown to degrade bone collagen as well 

as other bone matrix proteins
6;7

. Mutations in the Cat K gene have been identified 
as the underlying cause of the relatively rare human osteopetrotic disease, 
pycnodysostosis

8;9
. Targeted mutation of the Cat K gene in mice results in many of 

the phenotypic features of pycnodysostosis, including increased bone mineral 
density and bone deformation

10;11
. Administration of Cat K antagonists in mice 

successfully inhibited bone resorption both in vitro and in vivo
12

. Recently, Sukhova 
et al

13
 found that Cat K is overexpressed in human atheroma, raising the possibility 

of its functional role outside the bone, for instance, in extracellular matrix 
remodeling of atherosclerotic lesions. This might have important consequences for 
plaque stability and its susceptibility to rupture. However, no direct evidence about 
the function of Cat K in atherosclerosis has yet been described. 
Bone marrow transplantation (BMT) is a useful technique to specifically study the 
leukocyte specific role of genes involved in atherogenesis

14;15
. To investigate the 

potential role of leukocyte Cat K in atherosclerotic remodeling of the arterial wall, we 
irradiated low-density lipoprotein receptor knockout mice (LDLR

-/-
), a well-

documented model for atherosclerosis
16;17

, and reconstituted the hematopoietic 
systems with the total bone marrow progenitor cells from Cat K wild-type (Cat K

+/+
), 

heterozygous (Cat K
+/-

) and knockout (Cat K
-/-

) mice. In these studies we also 
monitored the effect of this bone marrow progenitor cell replacement on bone 
remodeling. It appears that Cat K originated from bone marrow progenitor cells not 
only influences the bone mineral density, but also importantly affects cellular and 
matriceal composition of the atherosclerotic plaque. 

Materials and Methods 

Animals 
Cat K

+/+
, Cat K

+/-
, and Cat K

-/-
 mice were used as donors for BMT and generated as previously 

described
10

. LDLR
-/-

 recipient mice were obtained from the Jackson Laboratory as mating pairs and bred at 
the Gorlaeus Laboratories, Leiden, The Netherlands. Mice were housed in sterilized filter-top cages and fed 
a sterilized regular chow diet, containing 5.7%  w/w fat (Hope Farms, W oerden, The Netherlands). Four 
weeks after BMT, the diet was switched to a high-fat diet containing 0.25%  w/w cholesterol (Special Diet 
Services, W hitham, Essex, UK) for another 12 weeks in order to induce atherosclerosis. Drinking water was 
supplied with antibiotics (83 mg/L ciprofloxacin and 67 mg/L polymyxin B sulfate) and 6.5g/L sugar. 

Bone Marrow Transplantation and Chimerism Analysis of Recipient Mice after BMT 

To induce bone marrow aplasia, female LDLR
-/-

 mice (n=37), 7 weeks of age, were exposed to a single 
dose of 9 Gy (0.28 Gy/min, 200kV, 4mA) X-ray total body irradiation as described.

15;18
 The following day, 

mice received 0.5×10
7
 bone marrow progenitor cells isolated from Cat K

+/+
, Cat K

+/-
, and Cat K

-/-
 mice (age 8 

weeks), through tail vein injection. The hematopoietic chimerism of the LDLR
-/-

 mice was determined by 
genomic DNA genotyping from peripheral blood leukocytes, at 16 weeks after BMT. Cat K forward: 5'-
ATGGTCTCTCTAAACCTTTGG-3' and Cat K reverse: 5'-ACCTGGTTCTTGACTGGAGTAACG-3'primers 

were used during PCR using the following programs: 94°C for 5 min; 94°C for 30 sec, 55°C for 30 sec, 72°C

for 1.5 min, for 30 cycles; 72 °C for 10 min. Semiquantitative PCR was set up by mixing the genomic DNA 
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from both wild-type and knockout animals, ranging from 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 
90%, 95%, 98%, 99% and up to 100% of knockout vs. wild-type. Final PCR products were separated on 1% 
agarose gel. 

Serum Cholesterol and Triglycerides Analysis 

After an overnight fasting period, approximately 100 µL blood was drawn from each individual mouse by 
tail bleeding. The concentrations of total cholesterol and triglycerides in the serum were determined using 
enzymatic procedures (Roche, Germany), according to the manufacturer’s instructions. Precipath 
(standardized serum; Roche, Germany) was used as internal standard. 

Histological Analysis of Aortic Roots 
To analyze the atherosclerotic lesions, LDLR

-/-
 mice were sacrificed at 16 weeks after BMT (4 weeks on 

regular chow diet followed by 12 weeks on Western-type diet). The arterial tree was perfusion-fixed (Zinc 
Formal Fixx, Shandon, UK) and atherosclerosis was analyzed as described

19
. Mean lesion area (in µm

2
)

was calculated from 10 oil red O stained sections from each mouse, starting at the appearance of the 
tricuspid valves. The macrophage infiltration in the atherosclerotic lesions was determined after 12 weeks 
Western-type diet feeding by immunohistochemistry using rabbit-anti-mouse CD68 antibody (kindly 
provided by S. Gordon, Sir William Dunn School of Pathology, University of Oxford, UK; 1:500 dilution). The 
collagen content of the lesions was visualized with aniline blue by Masson’s Trichrome staining according to 
the manufacturer’s instructions (Sigma Diagnostics). The CD68 positive and collagen content of lesions 
were subsequently calculated as the percentage of positive area vs. mean lesion area (5 sections from 
each mouse).The mean necrotic core area, was carefully examined as described by Virmani et al

previously
20

, and calculated as the percentage of mean necrotic area vs. mean lesion area (5 sections from 
each mouse). For detection of DNA fragmentation, terminal deoxynucleotide transferase-mediated dUTP 
nick end labeling (TUNEL) staining for apoptosis in atherosclerotic lesions was performed using the In Situ 
Cell Death Detection Kit (Roche) as previously described by Gavrieli et al

21
. TUNEL-positive nuclei were 

visualized by Nova Red (Vector) and sections were counterstained with 0.3% methylgreen. Sections treated 
with DNase (2U/section) served as a positive control. Cell death was expressed as percentage TUNEL 
positive nuclei to total nuclei in the neointima. All quantifications were done blind in 13 mice for Cat K

+/+

LDLR
-/-

, 11 mice for Cat K
+/-

 LDLR
-/-

 and 13 mice for Cat K
-/-

 LDLR
-/-

 group, by computer-aided 
morphometric analysis using the Leica image analysis system. 

Preservation of Elastic Lamina of Aortic Roots 
To analyze the effect of Cat K deficiency on the preservation of the elastic lamina, oil red O-stained 

sections of the aortic root were examined under a fluorescence microscope for the discontinuities of elastic 
lamina, which exhibits auto-fluorescence under a 465-495 nm excitation filter and a 515-555 nm emission 
filter. The number of breakdowns of elastic lamina of each mouse were added up together within each 
group and calculated as the frequency of fragmentation (= average number of lamina ruptures/mouse). 

Potential Involvement of Cat K in Macrophage Cell Death 
Human monocytic THP-1 cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf 

serum, 2 mM L-glutamine, 100 µg/mL streptomycin and 100 U/mL penicillin. Native low-density lipoprotein 
(LDL) was purified by ultracentrifugation from healthy human blood and subsequently oxidized at the 
presence of 10 µM of CuSO4 as described

22
. Oxidization was confirmed by the change in electrophoretic 

mobility on agarose gel electrophoresis at 60 mA for 6 hours. THP-1 cells were first incubated for 30 
minutes with 1 µM of Cat K inhibitor

23
{1-(N-Benzyloxycarbonyl-leucyl)-5-(N-Boc-phenylalayl-

leucyl)carbohydrazide Inhibitor Boc-I, Calbiochem}, and then treated with 100 µg/mL of oxLDL for 24 hours 
to induce cell death

24
. Cells were subsequently stained with Magic Red Cathepsin Kit (Immunochemistry 

Technologies, LLC) according to the manufacturer’s instructions, and placed under fluorescence 
microscope to visualize Cat K activity, using a 510-560 nm excitation filter and a 570-620 nm emission filter. 
To address the potential role Cat K in oxLDL-induced cell death of monocytes/macrophage, THP-1 cells 
were first subjected to the same conditions for the induction of cell death as indicated above, either treated 
with or without 1 µM of Cat K inhibitor, and then incubated for 15 minutes with Annexin V and propidium 
iodide allowing the discrimination of apoptotic and necrotic cells by FACS analysis. 

Peripheral Quantitative Computed Tomographic Analysis of Tibias 
To investigate the role of leukocyte Cat K in bone remodeling, right proximal tibias of the transplanted 

mice were evaluated by peripheral Quantitative Computer Tomography (pQCT) using the Stratec/Norland 
Research M (Norland Medical Systems, Inc., Fort Atkinson, WI).  Quality control of the instrument was 
carried out each day prior to and after sample analysis by scanning a cone phantom of known density. A 
cone scan was performed in the AM and a standard scan was performed following sample analysis.  Scans 
were made ex vivo on the right proximal tibia. A 3-D 0.5 mm slice was taken at a point 15% of the length 
between the tibia-fibula junctions distal to the most proximal tibia-fibula junction. Settings for the mask were 
as follows: object length, 100 mm; voxel size, 0.07 mm; diameter, 10 mm; speed, 2 mm/sec; number of 
blocks, 1; scout view (SV) speed, 20 mm/sec; and SV distance between lines, 0.5 mm. BMD, bone mineral 
content (BMC), and bone area was determined for the total, trabecular, subcortical & cortical, and cortical 
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regions. Analysis was as follows: Calcbd was set at contour mode 2, peel mode 2, inner threshold 400 
mg/cm

3
 and Cortbd was separation mode 2 and threshold 400 mg/cm

3
. 13 mice were analyzed for Cat 

K
+/+

 LDLR
-/-

, 11 mice for Cat K
+/-

 LDLR
-/-

, and 13 mice for Cat K
-/-

 LDLR
-/-

 group. 

Statistical Analysis 
All values are displayed as mean±SEM. Differences in plaque morphometry were statistically analyzed for 
significance using the Mann-Whitney U test. Collagen, elastic lamina ruptures, TUNEL positivity, SMC and 
macrophage content were compared using the 2-tailed Student’s t-test.   

Results 

Generation of LDLR
-/-

 Mice with Specific Deficiency in Leukocyte Cat K 

To assess the biological role of leukocyte Cat K both in arterial and bone 
remodeling, we a bone marrow transplantation to selectively disrupt Cat K in the 
hematopoietic system. Bone marrow progenitor cells from Cat K

+/+
, Cat K

+/-
, and Cat 

K
-/-

 mice were transplanted into irradiated LDLR
-/-

 mice. Reconstitution of the 
hematopoietic system in recipients of Cat K

+/+
, Cat K

+/-
 and Cat K

-/-
 marrow was 

demonstrated by PCR of genomic DNA from peripheral blood leukocytes at 16 
weeks after BMT (Fig 1A). PCR amplification of the wild-type allele produces a 518 
bp product in recipients transplanted with Cat K

+/+
 and Cat K

+/-
 marrow, and 

amplification of the mutant allele produces a 1.7 kb product in transplanted with Cat 
K

+/-
 and Cat K

-/-
 marrow. We also detected a faint wild-type PCR product in 

recipients of Cat K
-/-

 marrow. However, semiquantitative PCR analysis 
demonstrated that more than 98% of the peripheral blood leukocytes were of Cat K

-

/-
 donor origin (Fig 1B). 

Figure 1. Generation of LDLR
-/-

 mice with specific deficiency in leukocyte Cat K. Genomic DNA from peripheral 
blood leukocytes was extracted and used for PCR amplification (A) lane 1, DNA marker; lane 2-4, Cat K

+/+
 LDLR

-/-

mice, which displayed 518 bp wild-type bands; lane 5-7, Cat K
+/-

 LDLR
-/-

 mice, which displayed both 518 bp wild-
type bands and 1.7 kb knockout bands; lane 8-10, Cat K

-/-
 LDLR

-/-
 mice, which displayed prominent 1.7 kb 

knockout bands with only faint 518 bp wild-type bands. (B) Semiquantitative PCR by mixing the genomic DNA from 
both wild-type and knockout animals, ranging from 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 
98%, 99% and up to 100% of knockout vs. wild-type, demonstrates that more than 98% of the peripheral blood 
leukocytes are of Cat K

-/-
 origin. 
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Effect of Leukocyte Cat K Deficiency on Serum Total Cholesterol and Triglyceride 
Levels 

During the weeks following BMT, total plasma cholesterol levels were closely 
monitored. No differences between Cat K

+/+
 LDLR

-/-
, Cat K

+/-
 LDLR

-/-
, and Cat 

K
-/-

 LDLR
-/-

 mice could be observed at 4 weeks after BMT and plasma cholesterol 
was not significantly different from baseline levels. In order to induce atherosclerotic 
lesion formation, the transplanted LDLR

-/-
 mice were fed a high-fat diet, starting at 

week 4 after BMT. As a result, total plasma cholesterol in both control and 
experimental groups increased approximately 2-fold at week 8 and 4-fold at week 
12 and 16, respectively (Fig 2A) but still no differences could be detected between 
groups. Although variations in plasma triglyceride levels (Fig 2B) could be observed 
between groups before and at different time points after BMT, none of these 
reached statistical significance.  
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Effect of Leukocyte Cat K Deficiency on Bone Remodeling 

Peripheral quantitative computed tomography analysis of the proximal tibias 
revealed a Cat K dose-dependent effect on bone mineral density. Significantly 
increased total bone mineral density in Cat K

-/-
 LDLR

-/-
 mice to 793±11.5 mg/cm

3

could be observed, compared to 735.9±16.6 mg/cm
3
 and 757.5±12.6 cm/cm

3
 in Cat 

K
+/+

 LDLR
-/-

 and Cat K
+/-

 LDLR
-/-

 mice, respectively (P< 0.05). The increase in 
total BMD was a direct result of a larger amount of cortical bone, probably due to 
impaired osteoclastic bone resorption in the absence of Cat K. There was very little 
trabecular bone mass observed in any of the groups. Moreover, a tendency to a 
decreased tibia length was observed in absence of Cat K (Fig 3). 

Figure 2. Effect of leukocyte Cat K deficiency 

on serum total cholesterol and triglycerides 

levels. Blood samples were drawn after an 

overnight fast at the indicated time points and 

serum cholesterol and triglyceride levels were 

analyzed. Absence of leukocyte Cat K does 

not significantly influence the total cholesterol 

and triglyceride levels. Values represent the 

mean ± SEM. 
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Effect of Leukocyte Cat K on Atherosclerotic Lesion Development 

To determine the effects of leukocyte Cat K deficiency on the formation of 
atherosclerotic lesions, the hearts and aortas of the LDLR

-/-
 mice, transplanted with 

either Cat K
+/+

, Cat K
+/-

, or Cat K
-/-

 bone marrow progenitor cells, were perfused and 
fixed at 16 weeks after BMT. Representative photomicrographs of the aortic roots of 
Cat K

+/+
 LDLR

-/-
, Cat K

+/-
 LDLR

-/-
, and Cat K

-/-
 LDLR

-/-
 mice are shown in Fig 

4A. Mean lesion area did not differ between groups (Cat K
+/+

 LDLR
-/-

: 5.9±2.8×10
5

µm
2
; Cat K

+/-
 LDLR

-/-
: 5.9±1.7×10

5
µm

2
; Cat K

-/-
 LDLR

-/-
 6.2±1.1×10

5
µm

2
).

Quantitative morphological analysis of the atherosclerotic plaques revealed that 
31.3±9.8% and 35.3±10.2% of the lesions consisted of infiltrated macrophages in 
Cat K

+/+
 LDLR

-/-
 and Cat K

+/-
 LDLR

-/-
 mice, respectively, while intimal 

macrophage content increased to 53.1±8.1% with leukocyte CatK deficiency 
(P<0.05, Fig 4B). Conversely, collagen content decreased dramatically to 8.6±3.3% 
(P<0.001) in Cat K

-/-
 LDLR

-/- 
mice compared to 49.6±11.5% in Cat K

+/+
 LDLR

-/-

and 42.8±12.6% in Cat K
+/-

 LDLR
-/-

 mice (Fig 4C). The percentage of mean 
necrotic area vs. mean lesion area was 5.6±1.4% and 7.1±4.3% in Cat K

+/+
 LDLR

-

/-
 and Cat K

+/-
 LDLR

-/-
 mice respectively, whereas a significant increase up to 

11.9±3.8% was observed in Cat K
-/-

 LDLR
-/- 

mice (P<0.01). Typical necrotic core 
areas are illustrated by arrows in Fig 4A. Cat K

-/-
 LDLR

-/- 
mice also featured a 

significantly reduced frequency of elastic lamina fragmentation, 9 breakdowns in 13 
mice, compared with 23 breakdowns in 13 mice and 16 breakdowns in 11 mice for 
Cat K

+/+
 LDLR

-/-
 and Cat K

+/-
LDLR

-/-
 mice, respectively. Fragmentation of elastic 

lamina is indicated by arrows in Fig 4D. TUNEL staining also demonstrated that the 
amount of apoptotic cell death was significantly increased up to 3.0±0.8% (P<0.01) 
in Cat K

-/-
 LDLR

-/- 
mice, as compared to 1.8±0.6% and 1.7±0.6% in Cat K

+/+

LDLR
-/-

 and Cat K
+/-

LDLR
-/-

 mice respectively (Fig 4E).  A summary of the 
atherosclerotic lesion phenotypic changes is shown in figure 5. 

Figure 3. Effect of leukocyte 
Cat K deficiency on bone 
morphology. Disruption of 
leukocyte Cat K results in a 
gene dosage effect on total 
bone mineral density, cortical 
bone mineral density and 
length of tibias. Values 
represent the mean ± SEM. 
Statistically significant 
difference of P<0.05, 
compared with Cat K

+/+

LDLR
-/-

 mice. 
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CatS +/+            CatS+/-             CatS-/-

Figure 4. Disruption of leukocyte Cat K results 

in phenotypic changes in atherosclerotic 

lesions. Representative photos for (A) Lesion 

development. Typical necrotic area was 

indicated by arrows. (B) Rabbit-anti-mouse 

CD68 staining for mac 

rophage. (C) Collagen content as visualized 

with aniline blue by Masson’s Trichrome 

staining. (D) Fragmentation of elastic laminae 

(designated by arrows), which exhibit auto-

fluorescence under a 465-495 nm excitation 

filter and a 515-555 nm emission filter. (E) 

TUNEL staining for apoptosis in atherosclerotic 

lesions. 

Figure 5. Quantification of phenotypic changes 

in atherosclerotic lesions. The effect of 

leukocyte Cat K on atherosclerotic lesion size, 

macrophage content, collagen content, necrotic 

area, elastic lamina fragmentation and TUNEL 

positive nuclei was analyzed after 16 weeks 

Western-type diet feeding. Values represent the 

mean ± SEM of 13 mice for Cat K
+/+

 LDLR
-/-

,

11 mice for Cat K
+/-

 LDLR
-/-

 and 13 mice for 

Cat K
-/-

 LDLR
-/-

 group. Statistically significant 

difference of *** stands for P< 0.001; ** for P< 

0.01, and * for P<0.05, compared with Cat 

K
+/+

 LDLR
-/-

 mice. 
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Potential Role of Cat K in the Apoptosis/Necrosis of Macrophages 

The increased in situ cell death via necrosis and apoptosis in Cat K
-/-

 LDLR
-/-

mice 
prompted additional in vitro experiments to study the potential role of Cat K in 
macrophage cell death. We set up an in vitro assay to measure both CatK activity 
and cell death in oxLDL treated THP-1 cells and in the absence or presence of a 
specific Cat K inhibitor. This mimics the dynamic process of macrophage infiltration, 
oxLDL accumulation and subsequent cell death during atherogenesis. Treatment of 
THP-1 cells with oxLDL (24h, 100 µg/mL) induced a vivid red fluorescence 
indicating Cat K activity (Fig 6A). In the absence of Cat K inhibitor (vehicle alone), 
oxLDL treatment is accompanied by induction of apoptosis in 13.4±1.4% of the cells 
and necrosis in 25.9±1.4% of the cells (Fig 6C). Surprisingly, treatment of the cells 
in the presence of 1 µM of Cat K inhibitor augmented oxLDL-induced cell death 
such that 26.9±1.1% of the cells underwent apoptosis and 42.1±2.9% of the cells 
underwent necrosis (Fig 6D). Control experiments showed that treatment of THP-1 
cells with 1 µM of Cat K inhibitor or vehicle alone (0.001% DMSO) had no effect on 
cell viability. Furthermore, treatment of the cells with inhibitor almost totally 
quenched Cat K activity demonstrating the effectiveness of the inhibitor (Fig 6B). 

Discussion 

Although Cat K attracted extensive attention with respect to its role in bone 
remodeling, its function in atherosclerosis has not yet been established since 
Sukhova et al

13
 described that Cat K is abundantly expressed in macrophages and 

smooth muscle cells in human atheroma, suggesting a potential role in matrix 
remodeling. Previously, it has been shown that systemic disruption of Cat K resulted 
in impaired osteoclastic bone resorption

10;11
. Using a novel experimental approach 

(transplantation of Cat K
-/-

 bone marrow progenitor cells into LDLR
-/-

 mice), this 
study demonstrates, for the first time, the potential role of leukocyte Cat K in bone 

Figure 6. Potential role of Cat K in oxLDL-
induced cell death in THP-1 Cells. (A) 
THP-1 cells, treated with oxLDL to induce 
cell death, were stained using a fluorogenic 
substrate for CatK (magic red Cat K kit), 
indicating the involvement of Cat K activity. 
(B) Diminished Cat K activity among THP-1 
cells treated with oxLDL to induce cell 
death, upon the pre-treatment of cathepsin 
inhibitor, indicating the specificity of Cat K 
inhibitor. (C) oxLDL induced 13.4±1.39% 
and 25.94±1.44% of the THP-1 cells 
underwent apoptosis and necrosis 
respectively after 24 hours, as judged by 
the viable, apoptotic and necrotic 
populations by FACS. (D) Blocking Cat K 
activity by inhibitor increased the cell death 
up to 26.93±1.11% via apoptosis and 
42.14±2.92% via necrosis in THP-1 cells. 
Values are mean ± SD of 4 samples, P< 
0.01. 
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remodeling. Absence of leukocyte Cat K, as expected, resulted in a significantly 
increased bone mineral density, which is consistent with previous findings. More 
important, the BMT approach possesses the advantage to specifically parse out the 
possible contributions of Cat K from hematopoietic origin vs. non-hematopoietic 
origin to both bone remodeling and atherogenesis. The most interesting and 
unexpected aspect of this study involves the effects of leukocyte Cat K silencing on 
atherogenesis. The absence of leukocyte Cat K in bone marrow progenitor cells did 
not affect plasma total cholesterol and triglyceride levels nor the atherosclerotic 
lesion size. However, the absence of leukocyte Cat K resulted in significant 
phenotypic changes of the lesions, with a dramatic decrease in collagen and a 
moderate increase in macrophage content.  
Further characterization of the lesions revealed impaired elastic lamina 
fragmentation and an important increase of necrotic core area with leukocyte CatK 
deficiency. VSMCs, the major source of collagen in arteries, which migrate from the 
tunica media into the intima during late-stage atherosclerosis, require proteolytic 
degradation of elastin

25
. Due to the disruption of Cat K, the most potent mammalian 

elastase yet described
6
, in freshly infiltrated monocytes during initial atherogenesis, 

this proteolytic degradation of elastin might be partially absent, which in turn 
hindered the entrance of SMCs crossing the internal elastic membrane into the 
intima. The well-preserved elastic lamina in absence of leukocyte Cat K thus might 
have resulted in the impaired migration of medial SMCs into the atherosclerotic 
lesions and thus impaired production of collagen. The greatly reduced amount of 
collagen was compensated by a modest increase in macrophage content and a 
considerable increase in necrotic core area. In fact, the observed increase in 
necrosis within the plaques of Cat K

-/-
 LDLR

-/-
 mice might also have led to the 

enhanced release of all kinds of proteolytic enzymes, which might have contributed 
to the accelerated degradation of collagen. 
In order to gain further insight into the effect of leukocyte Cat K deficiency on 
macrophage function, we performed in vitro experiments whereby Cat K activity 
was modulated by a recently established specific inhibitor

23
. OxLDL can induce cell 

death in macrophages/smooth muscle cells
26

, endothelial
27

 and lymphoid cells
28

. To 
further elucidate the mechanisms underlying the observed increase in necrotic core 
area in the absence of leukocyte CatK, we explored the potentially modulating 
effect of Cat K on oxLDL-induced cell death. In agreement with the data by Vicca et 
al

24
 and Björkerud et al

26
, we found oxLDL induced THP-1 cells to undergo both 

apoptosis and necrosis. Surprisingly, a selective Cat K inhibitor, which has no 
observed cytotoxicity at 1 µM, enhanced oxLDL-induced cell death of THP-1 cells 
almost 2-fold via both apoptosis and necrosis. This suggests that Cat K might have 
a beneficial effect on cell survival.  
Taken together, we could envision the following sequence of events in 
atherogenesis: 1) monocytes infiltrate into the arterial wall and differentiate into 
macrophages; 2) these macrophages scavenge oxLDL and transdifferentiate into 
foam cells, meanwhile producing inflammatory cytokines and chemokines that 
attract more monocytes; 3) ongoing monocyte infiltration and accumulation 
ultimately results in apoptosis/necrosis due to the excessive production and uptake 
of oxLDL. Macrophage cell death via necrosis and defective clearance of apoptotic 
bodies results in the disruption of cell membrane/organelles and release of 
numerous inflammatory molecules, which eventually attract more monocytes into 
the arterial intima. In absence of leukocyte Cat K, the normal balance during 
atherogenesis between monocyte infiltration/foam cell accumulation vs. cell death 
appears to be disrupted, favoring augmented cell death via both apoptosis and 
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necrosis. Indeed, we do observe a significant increase in necrosis/apoptosis in the 
atherosclerotic lesions and a modest increase in macrophage content in the Cat K

-/-

 LDLR
-/-

 mice. This increase in the amount of macrophages and 
necrosis/apoptosis should thus be considered as the final outcome, at a certain time 
point (16 weeks after BMT), of macrophage infiltration vs. an accelerated rate of cell 
death via both apoptosis and necrosis due to absence of Cat K.  

Genetic manipulation of hematopoietic stem cells holds a great promise to treat 
human disease in the near future. It is thus interesting to investigate the function of 
genes from hematopoietic origin. The present study shows a well-defined role of 
leukocyte Cat K in the remodeling of both atherosclerotic lesion phenotype and 
bone resorption vs. formation. Pharmaceutical intervention of leukocyte Cat K might 
be an attractive strategy to treat osteoporosis. However, disruption of leukocyte Cat 
K unexpectedly resulted in more vulnerable atherosclerotic lesions (increased cell 
death via necrosis/apoptosis and decreased collagen). This observation establishes 
an important role of leukocyte Cat K in determining plaque composition and 
morphology, making it pathologically relevant to study the effect of therapeutically 
increased expression of Cat K on atherosclerotic lesion composition and plaque 
stability. 
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