
Differential Expression of Cysteine and Aspartic
Proteases during Progression of Atherosclerosis in
Apolipoprotein E-Deficient Mice
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Several groups of proteolytic enzymes are able to
degrade components of the extracellular matrix. Dur-
ing atherosclerosis, matrix remodeling is believed to
influence the migration and proliferation of cells
within the plaque. In the present study, gene expres-
sion of several proteases and their inhibitors was
analyzed during the development of atherosclerosis
in apolipoprotein E-deficient (ApoE�/�) mice. Quan-
titative real-time polymerase chain reaction was used
to study gene expression of proteases after 10 and 20
weeks in ApoE�/� and C57BL/6 mice and in athero-
sclerotic lesions and nonaffected regions of the same
ApoE�/� mouse. Some of the differentially ex-
pressed proteolytic enzymes were studied by immu-
nohistochemistry. The matrix metalloproteinase
(MMP)-9 and its inhibitor TIMP-1 were differentially
expressed and the expression increased with time.
Urokinase-type plasminogen activator showed no ma-
jor expression. In contrast, cathepsins B, D, L, and S
all showed strong and increased expression in
ApoE�/� mice compared to C57BL/6 mice whereas
the expression of their inhibitor, cystatin C, did not
differ between the two mouse strains. The expression
of cathepsins was mainly localized to the lesions and
not to nonaffected regions of the aorta of ApoE�/�
mice. Furthermore, cathepsin expression was similar
to the expression of the macrophage marker macro-
sialin (CD68) although expression of cathepsins B, D,
and L could be demonstrated in healthy C57BL/6 mice
and in nonaffected vessel segments of atherosclerotic
ApoE�/� mice. Cathepsin S mRNA expression was
restricted to lesions of ApoE�/� mice. Furthermore,
cathepsin S was the only cathepsin that was ex-
pressed in the media and absent in lipid-rich regions.
All cathepsins studied showed intimal expression,
the degree and localization of which differed between
individual cathepsins. In conclusion, increased ex-
pression of several cathepsins in atherosclerotic le-

sions suggests that these proteases may participate in
the remodeling of extracellular matrix associated
with the atherosclerotic process. (Am J Pathol 2002,
161:939–945)

Atherosclerosis is characterized by arterial intimal en-
largement with subsequent lipid deposition leading to the
formation of a necrotic core. The infiltration of smooth
muscle cells (SMCs), T cells, and macrophages into the
intima of the inflamed artery contributes in different ways
to the formation of complicated atherosclerotic lesions.1

Macrophages and SMCs produce a large number of
proteases, such as serine, cysteine, aspartic, and matrix
metalloproteases (MMPs).2,3 Their presence in the arte-
rial wall might lead to enhanced infiltration of cells and, at
a later stage, to plaque rupture as a result of increased
matrix degradation. At least three types of proteases
have been implicated in the atherosclerotic process al-
though their exact function has not yet been fully under-
stood. The expression of MMPs and serine proteases has
been analyzed extensively,2,4–6 whereas the cysteine
and aspartic protease groups, comprising several cathe-
psins, have been studied to a lesser extent. Lysosomal
proteases are considered to be involved in the physio-
logical breakdown of proteins as well as in pathological
degradative and invasive processes,7–9 and some cathe-
psins have been shown to express increased activity in
human atherosclerotic aortas.10 Most of the cysteine and
aspartic proteases have a broad substrate specificity
and are found in a wide range of cell types. Even though
they have optimal function at acidic pH, studies of ca-
thepsin S have shown that this enzyme is stable and
possesses potent proteolytic activity also at neutral
pH.11,12 Furthermore, monocyte-derived macrophages
are able to form cathepsin-containing acidic microenvi-
ronments outside the cell that would enable these cells to
use acidic proteases also outside the lysosome.13 The
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ability of macrophages and other cells to mobilize elas-
tolytic cathepsins at or near the cell surface may lead to
accelerated extracellular matrix degradation at sites of
inflammation.14 Besides extracellular matrix degradation
cathepsins may also exert other effects in atherosclero-
sis. For instance, cathepsins B and D could be of impor-
tance in low-density lipoprotein degradation.15 In addi-
tion, SMCs and macrophages produce cathepsins that
have the ability to degrade native but not modified low-
density lipoprotein, which could lead to accumulation of
modified low-density lipoprotein in the vessel wall, pro-
moting foam cell formation and accelerated atheroscle-
rosis.16,17

Apolipoprotein E-deficient (ApoE�/�) mice develop
severe hypercholesterolemia and accelerated athero-
sclerosis. Furthermore, disease progression in ApoE�/�
mice is similar to human atherosclerosis.18,19 So far, ex-
pression of MMPs and serine proteases has been dem-
onstrated in the arterial wall of ApoE�/� mice whereas
the expression profile of cysteine and aspartic proteases
has not been studied.20 Evidence has been obtained for
expression of cathepsins S, K, and D in human athero-
sclerotic lesions, but the expression pattern of the other
members of the cathepsin family remains unknown.8,21

Based on previous array data,22 we analyzed here the
gene expression of several proteases and their inhibitors
during the development of atherosclerosis in ApoE�/�
mice using quantitative real-time polymerase chain reac-
tion (PCR) and immunohistochemistry.

Materials and Methods

Animals and Tissue Preparation

C57BL/6 and ApoE�/� mice 6 to 8 weeks of age were
obtained from Jackson Laboratories and Bomholtgaard
Breeding and Research Center, Denmark, respectively.
C57BL/6 mice were maintained on chow diet, containing
4.5% fat by weight (0.02% cholesterol), and ApoE�/�
mice were fed a Western-type diet, containing 21% fat by
weight (0.15% cholesterol). Mice from each group were
sacrificed at 10 and 20 weeks of diet in groups of five
mice by exsanguination under carbon dioxide anesthesia
on consecutive days, in total 15 from each group on both
occasions. After perfusion with ice-cold phosphate-buff-
ered saline (PBS), the heart and the total aorta were
dissected out and placed in ice-cold PBS. After further
mechanical rinsing under a dissection microscope, the
aorta was cut out and either mounted in a block (aortic
root) and snap-frozen in n-heptane chilled with liquid
nitrogen or used for RNA preparation. In a second exper-
imental set-up, six 18-week-old ApoE�/� mice on chow
diet were used. The atherosclerotic lesions and nonaf-
fected aortic regions were isolated within 1 hour under a
dissection microscope and frozen immediately in liquid
nitrogen for mRNA extraction. The studies were approved
by the Animal Ethics Committee of the Karolinska In-
stitute.

Real-Time Polymerase Chain Reaction

The frozen samples were homogenized in a dismem-
branator (B. Braun Melsungen AG, Germany). Lysing
buffer (Dynal, New York) was added to the homogenate,
and mRNA isolated on oligo-dT-conjugated magnetic
beads (Dynabeads; Dynal AS, Oslo, Norway). The mRNA
quantity was estimated using DNA Dip Stick (Invitrogen,
Carlsbad, CA). Twenty ng of mRNA was reverse-tran-
scribed using Superscript II according to the manufac-
turer’s manual (Life Technologies, Inc., Rockville, MD).
cDNA (1.5 �l) was amplified by real-time PCR with 1�
TaqMan Buffer, 5 mmol/L MgCl2, 200 �mol/L of each
dNTP, 200 �mol/L of each primer, 1.25 pmol/L of probe,
0.25 U Amp-Erase uracil N-glycosylase, 1.25 U AmpliTaq
Gold (PE Biosystems, Foster City, CA). Primers and
probes are given in Table 1. For normalization of RNA
loading, control samples were run using �-actin. Each
sample was analyzed in duplicate using ABI Prism 7700
Sequence Detector (PE Biosystems). The PCR amplifica-

Table 1. Primers and Probes Used for Real-Time PCR

MMP-9
Forward primer: 5-CCAGCTGGCAGAGGCATAC
Reverse primer: 5-GCTTCTCTCCCATCATCTGGG
Probe: 5-CCGCTATGGTTACACCCGGGCC

uPA
Forward primer: 5-CGATTCTGGAGGACCGCTTA
Reverse primer: 5-CCAGCTCACAATCCCACTCA
Probe: 5-CTGTAACATCGAAGGCCGCCCAACT

TIMP-1
Forward primer: 5-TCATGGAAAGCCTCTGTGGAT
Reverse primer: 5-CGGCCCGTGATGAGAAACT
Probe: 5-CCACAAGTCCCAGAACCGCAGTGAA

TIMP-2
Forward primer: 5-GCGTTTTGCAATGCAGACG
Reverse primer: 5-ATTCCCGGAATCCACCTCC
Probe: 5-TGATCAGAGCCAAAGCAGTGAGCGA

Cathepsin B
Forward primer: 5-GCCCGACCATTGGACAGAT
Reverse primer: 5-GCCCCAAATGCCCAACA
Probe: 5-AGAGACCAGGGCTCCTGCGGCT

Cathepsin D
Forward primer: 5-GTGCACATGGACCAGTTGGA
Reverse primer: 5-CAATAGCCTCACAGCCTCCC
Probe: 5-TGGGCAATGAGCTGACCCTGTGC

Cathepsin L
Forward primer: 5-GACCGGGACAACCACTGTG
Reverse primer: 5-CCCATCAATTCACGACAGGAT
Probe: 5-TTGCCACCGCGGCCAGC

Cathepsin S
Forward primer: 5-AAGCGGTGTCTATGACGACCC
Reverse primer: 5-GAGTCCCATAGCCAACCACAA
Probe: 5-TCCTGTACGGGCAATGTGAATCATGGT

Cystatin C
Forward primer: 5-CATCTGATGAGGAAGGCACTCTG
Reverse primer: 5-TGTCAGGGAGTGTGTGCCTTT
Probe: 5-TCCTTCCAGATCTACAGCGTGCCCTG

Macrosialin
(CD68)
Forward primer: 5-CAAGGTCCAGGGAGGTTGTG
Reverse primer: 5-CCAAAGGTAAGCTGTCCATAAGGA
Probe: 5-CGGTACCCATCCCCACCTGTCTCTCTC

�-actin
Forward primer: 5-AGAGGGAAATCGTGCGTGAC
Reverse primer: 5-CAATAGTGATGACCTGGCCGT
Probe: 5-CACTGCCGCATCCTCTTCCTCCC
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tion was estimated by comparison with a standard curve.
The reactions were performed in MicroAmp optical 96-
well reaction plates (PE Biosystems).

Immunohistochemistry

Serial cryostat sections after fixing in acetone for 10
minutes were washed and then incubated with PBS/5%
blocking serum (horse or goat depending on the second-
ary antibody used) for 30 minutes. Excess blocking se-
rum was blotted from the coverslip, and the sections were
then exposed to primary antibodies against �-actin,
Mac-1, CD3, and cathepsins B, D, L, and S overnight at
4°C in a humidifying chamber. Controls included use of
nonimmune sera instead of primary antibody as well as
omission of the primary antibody. After washing three
times in PBS for 5 minutes each time, the sections were
incubated with biotinylated horse anti-goat or mouse anti-
hamster IgG for 30 minutes, washed three times (5 min-
utes each time) in PBS, and stained with an avidin DH/
biotinylated peroxidase complex for 30 minutes (ABC kit).
The reactions were visualized using diaminobenzidine
tetrahydrochloride for 3 minutes. Sections were counter-
stained with Harris hematoxylin solution.

Polyclonal antibodies against cathepsins B, D, L, and S
were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Polyclonal antibodies against CD3 and Mac-1 were sup-
plied by Pharmingen (San Diego, CA) and horseradish per-
oxidase-labeled smooth muscle �-actin IgG antibodies
were supplied by Sigma. Biotinylated horse anti-goat IgG
(H�L) secondary antibody came from Vector Laboratories
(Burlingame, CA). Avidin DH/biotinylated peroxidase com-
plex (Vectastain ABC-kit) was obtained from Vector Labo-
ratories as well as the diaminobenzidine tetrahydrochloride.

Data Analysis

Data are shown as mean � SD. Differences in gene
expression between atherosclerotic and nonaffected ar-
terial segments were compared using a paired Student’s
t-test. A value of P � 0.05 was considered significant.

Results

Aortic Gene Expression during the Progression
of Atherosclerosis in ApoE�/� Mice

To enable monitoring of potential changes in protease ex-
pression with time and severity of atherosclerosis, mRNA
was obtained from C57BL/6 mice and atherosclerotic
ApoE�/� mice at different time points. The model has been
described in detail elsewhere and differential gene expres-
sion has been demonstrated using a gene expression ar-
ray.22 In the present study, gene expression of proteases
and their inhibitors was further studied in the mRNA pre-
pared from pooled aortas (n � 3 � 5) using quantitative
real-time PCR (Figures 1 and 2). Cathepsins B, D, L, and S
were strongly expressed with a higher expression in
ApoE�/� mice after 20 weeks (Figure 1). The expression of

cathepsin S was very low in C57BL/6 whereas the other
cathepsins showed a substantial expression also in the
C57BL/6 mice. In contrast, the expression of the cathepsin
inhibitor cystatin C did not differ between C57BL/6 and
ApoE�/� mice (Figure 1). MMP-9 had a low but increased

Figure 1. Quantitative real-time PCR analysis of cathepsins, cystatin C, and
macrosialin mRNA of aortas of ApoE�/� and C57BL/6 mice after 10 and 20
weeks. Mean � SD of ratio between macrosialin and �-actin of three pooled
samples each containing five mice for each time point are shown.

Figure 2. Quantitative real-time PCR analysis of MMP-9, Urokinase-type
plasminogen activator, and TIMP mRNA of aortas of ApoE�/� and C57BL/6
mice after 10 and 20 weeks. Mean � SD of ratio between investigated mRNA
and �-actin of three pooled samples each containing five mice for each time
point are shown.
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gene expression in ApoE�/� mice (Figure 2). The MMP-
inhibitor TIMP-1 expression was higher in ApoE�/� mice
than in C57BL/6 at 10 and 20 weeks of diet whereas TIMP-2
expression did not differ (Figure 2). Urokinase-type plas-
minogen activator had a very low level of expression, how-
ever it was higher in ApoE�/� than C57BL/6 mice after 20
weeks (Figure 2). Macrophage accumulation was restricted
to ApoE�/� mice as demonstrated by the quantification of
macrosialin (Figure 1).

Gene Expression in Atherosclerotic and
Nonatherosclerotic Areas of ApoE�/� Mice

In an additional set of experiments, atherosclerotic as well
as nonatherosclerotic vessel segments from 18-week-old
ApoE�/� mice on normal chow diet were analyzed and
compared pairwise. As shown in Figure 3, macrosialin ex-
pression was restricted to the lesions, indicating that the
macroscopically normal nonatherosclerotic tissue was in-
deed unaffected. Furthermore, cathepsin S expression was
restricted to the lesions whereas cathepsins B, D, and L
were expressed in both lesions and nonatherosclerotic ar-
eas (Figure 3). However, the expressions of cathepsin B
and cathepsin D were found to be significantly increased in
atherosclerotic lesions in a paired comparison between le-
sions and unaffected areas. The expression of the cathep-
sin inhibitor cystatin C did not differ in the two areas. There
was no significant difference in MMP-9 expression between
the healthy and atherosclerotic areas. However, in some of
the samples, the expression of MMP-9 was too low to be
measured accurately. The expression of TIMP-1 was in-
creased in the lesion area.

Localization of Protease Expression in
ApoE�/� Mice Using Immunohistochemistry

Microscopical examination of ApoE�/� mice sacrificed
at 20 weeks of age showed severe atherosclerosis con-
sisting of intimal enlargement, fibrous plaques with ne-
crotic cores, and lipid deposits. In contrast, C57BL/6
control mice showed no signs of atherosclerosis (Figures
4 and 5). Macrophages that stained positively for Mac-1
were mostly located in the fibrous cap and in the lipid
core whereas SMCs, which stained positively for �-actin,
were found predominantly in the fibrous cap and the
media (Figure 6). CD3-positive T cells were found in low
numbers spread across the sections (Figure 6). Controls
without primary antibodies were all negative.

A selection of proteases was studied by immunohisto-
chemistry. We focused on cathepsins B, D, L, and S be-
cause these proteases showed the greatest differences in
gene expression between ApoE�/� and C57BL/6 mice
and because there is very limited information on cathepsin
expression in the developing atheroma. When staining for
cathepsins we observed different patterns of expression for
the different proteases. All cathepsins (B, D, L, and S)
showed strong protein expression in the ApoE�/� mice
sacrificed after 20 weeks (Figures 4 and 5) whereas the
aortic roots of the C57BL/6 mice showed significantly lower

staining for these cathepsins (Figures 4 and 5). Cathepsin S
was the only cathepsin to show positive staining in the
media. All cathepsins, including cathepsin S, were de-
tected in the intima and the fibrous cap although the exact
localization and degree of staining differed between indi-
vidual cathepsins. All cathepsins, except cathepsin S, were
present in lipid-rich areas. Cathepsin L had the most wide-
spread localization in the lipid-rich and nonlipid regions of
the intima (Figure 5). Cathepsin D had a quite similar ex-
pression pattern, with more intracellular intima expression
than cathepsin B (Figure 4). In summary, cathepsin S was
the only cysteine protease that was expressed in the media
and absent in lipid-rich regions. All cathepsins studied
showed intimal expression, the degree and localization of
which differed between individual cathepsins.

Discussion

The extracellular matrix components collagen and elastin
are two major building blocks that confer important func-

Figure 3. Quantitative real-time PCR analysis of protease mRNA of athero-
sclerotic lesions and nonaffected regions of ApoE�/� mice. Six mice (18
weeks of age) were sacrificed and the atherosclerotic lesions were dissected
out, mRNA isolated, and analyzed by quantitative real-time PCR. Visible
nonaffected aortic regions from the same mouse served as control. Mean �
SD of ratio between investigated mRNA and �-actin are shown. Differences
in gene expression were tested using a paired t-test. C and L denote nonaf-
fected aorta and lesion, respectively.
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tional characteristics to the arterial wall. Increased deg-
radation of extracellular matrix molecules may lead to
increased infiltration of SMCs and an accelerated athero-
sclerotic process. There is accumulating evidence that
MMPs and serine proteases are important mediators of
extracellular matrix degradation. Cysteine and aspartic

proteases comprise another set of molecules that has
recently been implicated in the process of vascular
remodeling. Because of their elastolytic, collagenolytic,
and gelatinolytic activities, these proteases can also func-
tion as potent degraders of the extracellular matrix, would
they be expressed in atherosclerotic lesions.

Figure 4. Immunohistochemical analysis of aortic roots from ApoE�/� and C57BL/6 mice. Staining for cathepsin B in ApoE�/� mice (a and b) and in C57BL/6
mice (c). Staining for cathepsin D in ApoE�/� mice (d and e) and in C57BL/6 mice (f).

Figure 5. Immunohistochemical analysis of aortic
roots from ApoE�/� and C57BL/6 mice. Staining for
cathepsin L in ApoE�/� mice (a and b) and in
C57BL/6 mice (c). Staining for cathepsin S in
ApoE�/� mice (d and e) and in C57BL/6 mice (f).
Negative control for sections taken from aortic roots
of ApoE�/� mice (g) and C57BL/6 mice (h).
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The present report, based on quantitative real-time
PCR and immunohistochemistry analyses, demonstrates
that atherosclerotic aortas from ApoE�/� mice express
increased mRNA and protein levels of several cathepsins
and that the expression is mainly localized to the athero-
sclerotic lesion. An inflammatory infiltration of macro-
phages, SMCs, and T cells was seen, consistent with
previous reports.19 Similar to earlier findings in athero-
sclerotic arteries we could also detect increased mRNA
levels of several adhesion molecules.22

All cathepsins included in the mRNA analysis that were
found to be up-regulated in the lesions of ApoE�/� mice
were further investigated by immunohistochemistry. Al-
though cathepsin B showed the most abundant staining
pericellularly in the lipid core, cathepsin S was not ex-
pressed at this location. Instead, cathepsin S was found
intracellularly in the media and in the fibrous cap. Thus,
cathepsin S had a unique expression pattern. Earlier
studies on plaques from human coronary and carotid
arteries have demonstrated cathepsin S expression in the
expanding intima and in the subjacent medial SMC in
less fibrous and nonocclusive lesions.8 In contrast, me-
dial SMC in more advanced plaques expressed less
cathepsin S than they did in less fibrous lesions. Thus,
cell-specific expression will most likely vary between dif-
ferent stages of atherosclerosis, depending on the de-
gree of inflammation and cellular infiltration. Cathepsins
B, D, and L were all found to be expressed by macro-
phage-derived foam cells localized in the necrotic cores
of plaques. This has been shown earlier for cathepsin D
in human atherosclerotic lesions.21 Positive staining for
all cathepsins (B, D, L, and S) was present in the fibrous
cap, which implies that these cathepsins may play a role
in the process of plaque rupture.

The mRNA expression of cathepsins B, D, and L was
high also outside the plaque and in C57BL/6 mice.
Based on the quantification of macrosialin, accumula-
tion of macrophages was restricted to the lesions of
ApoE�/� mice, thus suggesting that there are other
sources for the expression of these cathepsins than
macrophages. Furthermore, these findings suggest
that cathepsins B, D, and L play a role in the normal
and healthy vessels. In contrast, cathepsin S expres-
sion was restricted to the atherosclerotic lesion area of
the ApoE�/� mice with no mRNA expression in
C57BL/6 or in unaffected regions of ApoE�/� mice.
The expression profile followed the expression of mac-
rosialin suggesting that macrophages could be the

main source of cathepsin S. However, the immunohis-
tochemistry analysis showed that cathepsin S protein
expression was localized to SMCs. Thus, it could be
hypothesized that cytokine expression associated with
the developing plaque is responsible for SMC expres-
sion of cathepsin S and important for the migration of
these cells. This notion is supported by the finding that
interferon-� and interleukin-1� can induce cathepsin S
expression by SMCs in cell culture.8

Cathepsins function intracellularly but also extracellu-
larly near the cell surface after mobilization of the enzyme
to pericellular acidic compartments.13 Although all mem-
bers of the cathepsin family have acidic pH optimum,
they also function at neutral pH. The proteolytic activity of
cathepsins is regulated by several mechanisms. Different
receptors, such as the mannose-6-phosphate receptors
that are responsible for trafficking of lysosomal enzymes
inside the cell, have been suggested to mediate induc-
tion of cathepsin secretion as well as membrane binding
and stabilization of cathepsins.23,24 Furthermore, proteo-
lytic activation by removal of propeptides is executed by
cathepsins C and D.25 Co-localization of different cathe-
psins could therefore be of importance for their function.
This autoactivation is accelerated in the presence of gly-
cosaminoglycans present in the atherosclerotic plaque.
Of note, up-regulation of both cathepsins C and D ex-
pression and activity has been reported in aneurysms.26

In summary, increased and differential expression of
several cathepsins in atherosclerotic plaques suggests
that these proteases may participate in atherogenesis
and increase the risk of plaque rupture. In particular,
cathepsin S expression was associated with atheroscle-
rosis with an extensive expression in the fibrous plaque
and medial SMC layer. However, the inducers of the
atherosclerosis-mediated medial SMC release of cathep-
sin S remain to be elucidated.
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