
Introduction

Statins have been shown to reduce the cardiovascular mortality
in both patients with elevated serum cholesterol [1] and in
patients with low to normal serum cholesterol [2]. The beneficial
effect of statins on cardiovascular events is correlated to the
strong low-density lipoprotein (LDL) lowering effect [3].
However, statins are believed also to reduce cardiovascular risk
independently of their cholesterol-lowering activity [4]. So called
pleiotropic effects of statins, such as inhibition of inflammation or
increased availability of nitric oxide have been identified in vivo
and in vitro [5]. Rosuvastatin, a hydrophilic, hepatoselective

statin with strong lipid-lowering activity [6], has been shown to
reduce inflammation [7], increase nitric oxide synthase function
and reduce atherosclerotic lesion formation in animal models of
atherosclerosis [8, 9].

The composition and the turnover of extracellular matrix (ECM)
within the vessel wall and atherosclerotic plaques contribute to
plaque progression, the risk of plaque rupture, erosion and in turn
stenosis and thromboembolic complications [10–12]. The colla-
gen content of the fibrous cap is thought to be a key parameter of
plaque stability [13]. It has been convincingly shown that statins
increase the collagen content of vascular lesions likely through
inhibition of matrix metalloproteinase (MMP) expression and acti-
vation leading to decreased collagen proteolysis [14].

However, in addition to synthesis and degradation of collagen,
the three-dimensional arrangement of collagen fibrils and the
embedded collagen binding proteins contribute to the biological
functions of collagen-rich matrices [15]. Decorin and biglycan are
secreted, small leucine-rich proteoglycans (SLRPs) that bind to
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collagen type I and type III thereby modifying collagen fibrillogen-
esis and fibril packing [16]. Studies performed in decorin deficient
mice have shown that in the absence of decorin, collagen fibril for-
mation is perturbed resulting in irregular thickness of collagen fib-
rils and weakened mechanical strength as seen in the dermis of
decorin deficient mice [17]. Bigylcan deficient mice also display a
collagen related phenotype in bone development and present a dis-
turbance of ossification [18]. From in vitro studies we know that
statins cause vascular smooth muscle cells (SMCs) to synthesize
proteoglycans with modified glycosaminoglycan chains that dis-
play reduced capacity to bind LDL [19]. Therefore it is likely that the
degree of proteoglycan accumulation in the plaque and the specific
composition of proteoglycans regulate both collagen matrix
assembly and lipid retention and thus play an important role in the
progression of atherosclerosis. However, the interrelationships
between collagen matrix assembly and SLRPs in response to statin
treatment or any other drug treatment are still unknown.

Therefore, the present study characterizes the effects of
chronic treatment of ApoE-deficient mice with rosuvastatin with
respect to proteoglycan composition and its relation to the colla-
gen matrix of atherosclerotic plaques. To mimic the common clin-
ical setting characterized by initiation of long-term statin treatment
in individuals already affected by atherosclerosis, ApoE-deficient
mice were treated for 32 weeks beginning at the age of 20 weeks.

Methods

Animals

ApoE�/� mice were obtained from Taconic M&B (Bomholt, Denmark). Male
mice were kept under routine conditions. Rosuvastatin, provided by
AstraZeneca, was pelleted into the chow by ssniff GmbH (Soest, Germany).
At the age of 20 weeks mice received either normal chow (control) or 20 mg
rosuvastatin/kg � day for 32 additional weeks. All experiments were per-
formed according to the guidelines for the use of experimental animals as
given by ‘Deutsches Tierschutzgesetz’ and according to the Guide for the
Care and Use of Laboratory Animals of the US National Institutes of Health.

Morphometric analysis and image analysis

Plaque area, cell density and SMC content of the fibrous cap were deter-
mined in a blinded manner at the aortic root lesions using analysis soft-
ware (Soft Imaging System, Münster, Germany). If not stated otherwise
the aortic root lesions were chosen for analysis because they represent a
well defined area with homogenous atherosclerotic plaques. However, key
parameters were also investigated in innominate arteries. Analysis of
plaque rupture was not attempted. Intima-media ratio was used to com-
pare the extent of neointimal hyperplasia between control and rosuvastatin
treated animals. Brightfield images were taken using ColorViewII and
AnalySIS 3.2 software (Soft Imaging System) and analysed by ImageJ
1.37v software (National Institute of Health, Bethesda, MD, USA) using the
colour deconvolution technique as described earlier [20]. Threshold values
were chosen as described before and positive staining was expressed as
percentage of total intimal area [20].

Immunohistochemical analysis

The hearts and innominate arteries (brachiocephalic arteries) were paraffin
embedded for immunohistochemical staining. SLRPs were detected with
polyclonal rabbit antisera against murine biglycan (1:1000, LF 106) and
murine decorin (1:1000, LF 113), kindly provided by Larry Fisher (National
Institute of Dental and Cranofacial Research, National Institutes of Health,
Bethesda, MD, USA). Versican was detected with a polyclonal rabbit anti-
body (GAG-� domain) from Chemicon (Billerica, MA, USA; 1:50) and per-
lecan with a monoclonal rat antibody (Seikagaku, Tokyo, Japan; 1:50). Type
I and II collagen cleavage by collagenases was visualized by COL 2 3/4C
short polyclonal rabbit antibody (IBEX Diagnistics, Montreal, Quebec,
Canada; 1:100). MMP-2 (1:250) and MMP-9 (C-20, 1:50) were detected by
polyclonal antibodies from Novus Biologicals (Littleton, CO, USA) and
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), respectively. All sec-
ondary antibodies were obtained from Santa Cruz. Detection was per-
formed with diaminobenzidine (Zytomed, Berlin, Germany) as chromogen.
ApoB-48 was detected using K23300R (BioDesign, Saco, ME, USA; 1:50)
recognizing mouse apoB-48 and human apoB-100 [21]. In situ zymogra-
phy was performed on cryosections as described previously [22].

Histochemical stainings

Collagen accumulation was detected on 3 �m paraffin sections by picro-
sirius red staining. Qualitative analysis of collagen deposition was per-
formed with polarized light microscopy [23].

Lipid accumulation in the plaques

Hearts were fixed in 4% neutral buffered paraformaldehyde for 2 hrs and
subsequently transferred into 20% sucrose in PBS solution. Hearts were
frozen in OCT tissue freezing medium (Jung, Leica Instruments, Nussloch,
Germany) in liquid isopentan at �40�C and 14 �m sections of the aortic
root were stained with Oil Red O for lipid accumulation.

In situ Zymography

DQ-Gelatin (Invitrogen, Carlsbad, CA, USA) was diluted in 1% UGT-agarose
(Sigma-Aldrich, Munich, Germany) in phosphate buffered saline pH 7.45 at
60�C and cooled to 37�C. Subsequently, DQ-Gelatin was applied to the unfixed
frozen sections (10 �m) of aortic roots. The gel was allowed to solidify at 4�C
in the dark before the sections were incubated in a humid chamber for 72 hrs
at 37�C. As controls sections were incubated with the MMP inhibitors TIMP-
1 (10 �mol/l, Sigma-Aldrich) or 1.10-phenanthroline (10 mmol/l, Sigma-
Aldrich) which inhibited the cleavage of DQ-gelatin (data not shown). Nuclei
were stained with DAPI (1 �g/ml).

Western blot

The thoracic and abdominal aorta was dissected between the aortic sinus
and the renal arteries and stripped from all adherent tissue including adven-
titia. Subsequently the tissue was freeze dried and aliquots representing 
10 mg dry weight of total aorta per mouse were used for immunoblotting
to allow quantitative comparisons. For this purpose the freeze dried tissue
was homogenized with 1 ml extraction buffer containing 4 mol/l guanidine
hydrochloride (Sigma), 0.05 mol/l sodium acetate (Sigma) and 2% Triton
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X100 (Merck, Darmstadt, Germany), 1 mmol/l phenylmethylsulphonylfluo-
ride (Sigma), 10 mmol/l N-ethylmaleimide (Sigma), 10 mmol/l EDTA
(Sigma). Protein was extracted for 12 hrs at 4�C. The guanidine extract was
applied to 4 ml of a Sephadex G50 column (Sigma) which was equilibrated
with urea buffer (8 mol/l urea, 0.05 mol/l sodium acetate, 0.5% Triton X100,
0.2 mol/l NaCl) and eluted with 1.5 ml of urea buffer. Subsequently, the
samples were purified using a DEAE-anion exchange column, precipitated
and processed for Western analysis as described previously [24]. Western
blots were performed with a rabbit anti-rat decorin antibody (LF113,
1:1000) and a rabbit anti-rat biglycan antibody (LF106, 1:500) as described
[24]. Detection was performed with HRP-conjugated anti-rabbit IgG
(1:10.000, Santa Cruz) and an enzyme-linked chemiluminescence proce-
dure (Luminol, Santa Cruz).

Cell culture

Human coronary smooth muscle cells were from Promocell (Heidelberg,
Germany). For experiments the SMC were grown in Dulbecco’s modified
Eagle’s medium containing 10% FCS (foetal calf serum), 100 units/ml
penicillin and 100 �g/ml streptomycin in a humidified atmosphere with 5%
CO2 at 37�C. Cells were growth-arrested by serum withdrawal for 24 hrs
and were subsequently treated with the compounds to be studied.

Collagen gels were prepared as described by Vernon and Gooden
[25]. Briefly, adhesion free gels with final concentration of 1.25 mg
PureCol collagen/400 �l gel (Collagen type 1, Nutacon, Leimuiden,
Netherlands) populated with 20 � 103 vascular smooth muscle cells
(VSMC) per gel, with or without 1 �M of Rosuvastatin were polymerized
for 2 hrs at 37�C and harvested for RNA isolation after additional 24 hrs.

Plasma lipid analysis

Blood was collected by heart puncture and anticoagulated with 100 mM
EDTA in isotonic sodium chloride solution. Plasma was prepared via cen-
trifugation at 850 � g for 15 min. at 4�C and stored at �20�C for later
analysis. Cholesterol and triglycerides were quantified using enzymatic kits
from Randox (Antrim, UK).

Human endarterectomy specimens

For analysis of plaques derived from patients with symptomatic carotid
artery stenosis frozen sections of carotid endarterectomy specimens of
untreated (n � 10) and statin (atorvastatin, n � 3; pravastatin, n � 1; sim-
vastatin; n � 6) treated patients were used. Statin-treated patients were
patients with mild hypercholesterolemia and taking statin therapy for at
least 1 month before surgery. Patients were part of an observational
cohort. The study was approved by the institutional review board of
University of Chieti-Pescara, Italy, and the patients gave written consent.
The accumulation of human decorin and biglycan was determined by co-
immunostaining of decorin (LF 136, 1:200) and biglycan (LF 51, 1:800)
detected simultaneously by diaminobenzidine (DAB, Zymed, Germany) as
a chromogene. All secondary antibodies were obtained from Santa Cruz.

Statistical analysis

Data are presented as the mean 	 S.E.M. Statistical analysis was performed
by unpaired t-test or one-way ANOVA followed by comparison of selected
pairs (Bonferroni). A value of P 
 0.05 was considered significant.

Results

Accumulation of collagen

The experiments were initiated using 20-week-old mice being fed
a normal chow diet. At that time the ApoE-deficient mice had
already developed atherosclerotic lesions at the aortic root.
Treatment of 20-week old ApoE-deficient mice with rosuvastatin
(20 mg/kg � day) for 32 weeks did not affect body weight and
mortality. Furthermore rosuvastatin had no significant effects on
plasma cholesterol levels (control, 562.2 	 28.8 mg/dl; rosuvas-
tatin, 493. 8 	 23. 3 mg/dl, n � 11–17). Plasma triglycerides were
decreased by rosuvastatin (control, 223.7 	 32.2 mg/dl; rosuvas-
tatin, 109.3 	 10.8 mg/dl, P 
 0.05, n � 11–17) and free fatty
acids remained unchanged (control: 0.64 	 0.075 mmol/l, rosu-
vastatin, 0.604 	 0.051 mmol/l). The cell density in the intima was
significantly reduced by rosuvastatin (control, 2052 	 161.7
cells/mm2; rosuvastatin, 1543 	 108.1 cells/mm2, n � 10, P 


0.05) which suggested that over time the amount of ECM within
the plaque intima increased. Furthermore, intimal areas and inti-
mal/medial ratios slightly increased after 32 weeks of treatment
with rosuvastatin (data not shown).

The assumption of increased ECM accumulation was confirmed
by collagen staining. Collagen as detected by sirius red staining
was increased within the atherosclerotic plaques of rosuvastatin
treated mice (Fig. 1A–C). To further characterize the changes of
collagen matrix, Sirius red staining was analysed under polarized
light. In control mice, red polarizing collagen was clearly detectable
in the media and also within the plaque intima and fibrous cap.
However, the amount of red polarizing collagen was strongly
increased in the plaques of ApoE�/� mice treated with rosuvastatin
(Fig. 1D–F) indicating a tight arrangement of collagen fibrils.

Rosuvastatin increases accumulation of collagen
binding proteoglycans

A mechanism that might increase the packing of collagen fibrils as
detected in Fig. 1 is the accumulation of the collagen binding
SLRPs, decorin and biglycan. As shown in Fig. 2A–C, decorin
accumulation analysed by immunostaining was increased
throughout the plaque intima including the entire fibrous cap in
rosuvastatin-treated animals. Furthermore, decorin was increased
also in the medial layer and in the circumference of the aortic root.
The immunohistochemical results were supported by Western blot
analysis using aortic extracts (Fig. 2G, H). Decorin presented as a
typical double band [26] and was significantly increased in aortic
extracts from rosuvastatin treated mice as determined by densito-
metric scanning of the upper band. In a similar manner to decorin,
the accumulation of another collagen binding SLRP, biglycan, was
also dramatically increased in the neointima of aortic root lesions
(Fig. 2D–F) and in aortic extracts (Fig. 2I, J) as detected by
immunohistochemistry and Western blotting, respectively. In con-
trast to decorin and biglycan, versican and perlecan were not
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affected by the pharmacological treatment (not shown). In addi-
tion, atherosclerotic lesions of innominate arteries that represent
vascular lesions were examined. The results were very similar to
those achieved from plaques at the aortic root (Fig. 3).
Specifically, the amount of tightly arranged collagen was strongly
increased as demonstrated by birefringence analysis (Fig. 3D–F)
whereas total collagen remained unchanged. Image analysis of
biglycan (Fig. 3G–I) and decorin (Fig. 3J–L) showed increased sig-
nals of both SLRPs that were even more pronounced as at the aor-
tic root (compared to Fig. 2).

Decreased cleavage of collagen

MMPs cleave both collagen and SLRPs. Therefore to address a
possible mechanism for increased collagen and SLRP accumula-
tion we determined the expression and activity of MMPs. Collagen
epitopes generated by cleavage of type I collagen, were visualized
by immunohistochemistry using an antibody detecting collagen
neoepitopes (COL 2 3/4C). As depicted in Fig. 4A–C the specific
collagen neoepitope staining in the aortic root was markedly
reduced after rosuvastatin treatment, indicating reduced turnover

of collagen by MMPs. Furthermore the ratio of collagen neoepi-
topes and total collagen was markedly reduced (Fig. 4D). In situ
zymography was used to visualize the gelatinolytic activity within
the plaques on frozen sections. As depicted in Fig. 4D–F 
the gelatinolytic activity was considerably reduced in rosuvastatin
treated animals. In accordance with the reduced collagen cleavage
immunohistochemistry revealed significantly reduced expression
of MMP-2, whereas MMP-9 expression levels were not altered
(Fig. 4H, I).

Regulation of SLRP expression by rosuvastatin
and polymeric collagen in vitro

In order to investigate whether direct effects of rosuvastatin on
biglycan and decorin expression in VSMC could account for the
increased accumulation of these proteoglycans in atherosclerotic
plaques, VSMC were cultured on plastic and treated with 1 �mol/l
rosuvastatin for 5 days in vitro. As determined by real-time RT-
PCR analysis rosuvastatin caused no significant change in the
expression of decorin, biglycan, collagen type 1 and collagen type 3
(Fig. 5A, B). Alternatively, we suggested that the rosuvastatin

Fig. 1 Increased accumulation of collagen in aortic root lesions of ApoE�/� mice in response to rosuvastatin. ApoE�/� mice were chronically treated
with rosuvastatin (20 mg/kg � day) from 20 to 52 weeks of age. Sirius red staining of collagen and plaque morphology at the aortic root. (A) control;
(B) rosuvastatin treated ApoE�/�; (C) quantitative image analysis. Tightly packed collagen matrix was visualized by birefringence analysis of picrosirus
red staining under polarized light of (D) control; (E) rosuvastatin treated ApoE�/�; (F) quantitative image analysis, *P 
 0.05; control, n � 10, rosu-
vastatin, n � 18.
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Fig. 2 Accumulation of decorin and biglycan was increased in aortic root plaques and in aortic extracts in response to rosuvastatin. (A, D) control 
and (B, E) rosuvastatin. (A, B) decorin immonostaining; (D, E) biglycan immunostaining; (C, F) quantitative image analysis of intimal SLRP staining; 
*, P 
 0.05; control, n � 8, rosuvastatin, n � 10. (G–J) to verify the immunostaining Western blotting of both SLRPs was performed from aortic
extracts normalized to mg dry weight of total aorta. (G, I) Western blots, (G) decorin and I, biglycan; (H, J) quantitative densitometry, n � 4; *, 
P 
 0.05.
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Fig. 3 Condensed collagen matrix and increased accumulation of SLRPs in innominate arteries of rosuvastatin treated ApoE�/� mice. Collagen and 
collagen matrix arrangement were analysed by picrosirius red staining and birefringence analysis, respectively. In addition decorin and biglycan were
detected by immunohistochemistry in plaques of innominate arteries. (A, D, G, J) control and (B, E, H, K) rosuvastatin. (A–F) picrosirius red staining
and quantitative image analysis. (D, E) picrosirius red staining viewed under polarized light. (G–I) biglycan immunostaining and quantitative image
analysis. (J–L) decorin immunostaining and quantitative image analysis; control, n � 4, rosuvastatin, n � 11, *, P 
 0.05.
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induced collagen-rich ECM might induce up-regulation of SLRPs
in VSMC. To test this hypothesis VSMC were cultured in a three
dimensional polymeric collagen gel and the expression of biglycan
and decorin was compared to VSMC on plastic. Indeed both bigly-
can and decorin were up-regulated in VSMC cultured in a poly-
meric collagen gel as compared to monolayer cultures on plastic
(Fig. 5C). In addition, we analysed if rosuvastatin affected the
SLRP expression in collagen gels, but detected no further increase
(Fig. 5D) compared to polymeric collagen gel alone.

Rosuvastatin does not affect lipid retention

Because proteoglycans play an important role in the retention of
lipids during the initial stages of atherosclerosis we determined
whether the observed changes in matrix composition in response
to rosuvastatin affected also lipid retention. Oil Red O staining
revealed a trend towards reduced lipid accumulation at the aortic
root of rosuvastatin treated animals (Fig. 6). Furthermore, LDL in
the plaque matrix was detected by immunohistochemical staining
of murine ApoB-48 and showed no change (Fig. 6). This finding

appears to be important because it argues against the possibility
that accumulation of biglycan and decorin in late stage atheroscle-
rosis could cause increased retention of LDL in the collagenous
plaque matrix.

Statins induce SLRPs in human atherosclerosis

Atherectomy samples of patients treated with statins were com-
pared with atherectomy samples of patients not receiving statins.
Immunostaining for decorin and biglycan revealed only a trend to
increased accumulation of both decorin and biglycan in the ECM
of atherosclerotic plaques of patients receiving statins (not
shown). To address the possibility that the cumulative amounts of
decorin and biglycan were affected co-immunostaining of both
SLRPs on the same section was performed. Indeed the co-
immunostaining revealed a significant increase of decorin and
biglycan in the group receiving statins (Fig. 7). Furthermore, co-
localization of SLRPs to the collagenous matrix was observed and
the packing of collagen was increased in these samples as demon-
strated by birefringence analysis of sirius red stained sections.

Fig. 4 Rosuvastatin inhibits collagen degradation and gelatinolytic
activity in atherosclerotic plaque of ApoE�/� mice. Collagen cleavage
was demonstrated by staining of collagen neoepitopes originating
from MMP mediated cleavage in aortic root plaques. (A) control and
(B) rosuvastatin. (C) quantitative image analysis, n � 8; *P 
 0.05.
(D) ratio between collagen neoepitopes and total collagen as deter-
mined by picrosirius red staining (Fig. 1). (E, F) MMP activity as
detected by in situ zymography on cryosections in control versus
rosuvastatin. (G) quantitative image analysis. (H, I) expression of MMP-
2 (H) and MMP-9 (I) was analysed by immunostaining, quantitative
data from the image analysis is provided; n � 8–9, *, P 
 0.05.
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Fig. 5 Three dimensional colla-
gen gels cause increased bigly-
can and decorin expression. To
investigate whether rosuvas-
tatin or three dimensional col-
lagen type 1 matrix affect
SLRP expression in vitro
experiments were performed.
(A)–(B) human coronary SMC
were cultured on plastic and
incubated with or without 
1 �M rosuvastatin in normal
growth medium (5% FCS) for
5 days. Subsequently mRNA
expression of (A) biglycan,
decorin and (B) human collagen
type 1 and 3 were determined
by real-time RT-PCR, n � 10.
(C), human coronary SMC
were cultured either on plastic
under routine conditions or in
a gel of polymeric collagen
type 1 (20,000 cells/400 mm3),
after 24 days mRNA expres-
sion of biglycan and decorin
was determined by real-time
RT-PCR and expressed as fold
of the monolayer cultures on plastic; n � 4; *, P 
 0.05. (D), to investigate whether the SLRP expression in collagen gels is further influenced by rosu-
vastatin, the experiments shown in C were repeated in the presence or absence of 1 �M rosuvastatin. n � 8–11; *, P 
 0.05 versus control.

Fig. 6 (A–D) Retention of lipids was not affected by rosuvastatin in aortic roots of ApoE�/� mice. Oil Red O staining and immunostaining of apoB48 
of plaques at the aortic root was performed in order to analyse whether the changes in matrix composition were associated with effects on lipid retention.
(A) (C) control; (B, D) rosuvastatin, (E) quantification of lipid staining by image analysis. (F) quantification of Apo B48 immunostaining; n � 7; *, P 
 0.05.
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Discussion
The increase in collagen accumulation as reported here in
response to rosuvastatin is in line with data obtained in hypercho-
lesterolemic rabbits treated with pravastatin for 52 weeks [14] and
in patients treated with atorvastatin and pravastatin [27, 28]. The
increase in collagen has been attributed mainly to decreased col-
lagen turnover as a consequence of reduced MMP activity.

The key finding of the present study is however that in addi-
tion to the effect on collagen both decorin and biglycan were

markedly increased by rosuvastatin. The increase in accumula-
tion of SLRPs was detected in lesions of the aortic root, the
innominate artery and in the aorta in close association with the
dense collagen matrix. This is the first demonstration of induction
of SLRPs in response to pharmacologic treatment. We analysed
also SLRP accumulation in plaques from a small group of
patients and detected increased collagen content and moderately
increased decorin and biglycan. However, these data were obtained
from a small group of patients that received different statins and
represent therefore only preliminary evidence suggesting that

Fig. 7 Condensed collagen matrix and increased SLRPs in statin treated endarterectomies. Decorin, biglycan and collagen in human atherosclerosis
after statin treatment. (A, D, G) control and (B, E, H) specimens derived from patients treated with statins for at least one month. (A–F) picrosirius red
staining of human carotid endarterectomies. (A, B) viewed under polarized light. (C, F) quantitative image analysis. (G, H) co-immunostaining of bigly-
can and decorin, (I) quantitative image analysis; n � 10; *, P 
 0.05.
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SLRPs may also increase in response to statins in human beings.
This conclusion is in line with findings from Underhill et al. show-
ing by MRI that 24 months of treatment with rosuvastatin caused
coronary artery plaque remodelling in human beings and reduced
lipid rich necrotic cores without reducing lesion volume [29].

Possible mechanisms responsible for the accumulation of
decorin and biglycan and possible functional consequences are
discussed below. Decorin has been shown to be cleaved by MMP-
2, -3, -7 and MMP-13 whereas biglycan has been shown to be
cleaved by MMP-13 [30, 31]. Rosuvastatin reduced activity of
MMPs in atherosclerotic plaques of ApoE�/� mice as shown here
in line with previous studies showing inhibition of e.g. MMP-1, -3
and -9 in response to statin treatment [14]. Therefore, it is con-
ceivable that decreased breakdown of decorin and biglycan by
MMPs contributes to the increased accumulation of these SLRPs
in the present study. Alternatively, decorin and biglycan expres-
sion might be up-regulated by rosuvastatin. However, no signifi-
cant effects were detected after treatment of human VSMC 
with rosuvastatin in vitro. Therefore, a direct effect of rosuvastatin
on SLRP expression is unlikely. SLRPs are often prominent in 
collagen-rich tissues including the vascular intima [32]. As pre-
sented here the expression of decorin and biglycan by VSMC 
was increased in polymeric collagen gels in vitro. Therefore, it
might be speculated that increased fibrillar collagen matrix in
response to rosuvastatin activates expression of decorin and
biglycan by VSMC. However, future studies are needed to unravel
the molecular mechanism responsible for up-regulation of SLRPs
in collagen-rich matrices.

Could increased amounts of decorin and biglycan also be
causally involved in the establishment of the collagen rich matrix in
response to rosuvastatin? Decorin and biglycan play an important
role in post-transcriptional and post-translational regulation of 
collagen fibrillogenesis in skin, heart and bone [17, 33, 34]. Cell-
mediated gene transfer of decorin caused increased intimal colla-
gen deposition and collagen density in the rat model of balloon
injury [35]. Consistent with this ability of decorin to compact the
three dimensional organization of collagen matrices in vivo is the
finding that decorin causes collagen type 1 gel contraction in vitro
[36]. Biglycan deficient mice suffer from frequent aortic ruptures if
bred on a BALB/cA background [37]. The aortic ruptures are again
due to disturbed collagen fibril assembly in the adventitia, provid-
ing the first in vivo evidence that biglycan is an important regulator
of collagen fibril formation in the vasculature. It is therefore con-
ceivable that within atherosclerotic plaques increased deposition of
biglycan and decorin as a consequence of rosuvastatin treatment
compacts and stabilizes the collagen matrix. Of note, in addition to

their role in collagen fibrillogenesis, decorin and biglycan control
proteolytic cleavage of collagen. In vitro the interaction of decorin
and biglycan with fibrilar collagen type I inhibits collagenase-1
(MMP-1) and collagenase-3 (MMP-13) mediated cleavage of colla-
gen type I [38]. Decreased collagen cleavage was also detected in
this study in the rosuvastatin treated group by decreased collagen
neoepitope staining. Therefore, in the context of the literature on
SLRPs, these findings support the hypothesis that decorin and
biglycan, cause contraction of collagenous ECM and/or directly
inhibit collagen turnover. Taken together SLRP accumulation may
act as a positive feedback mechanism to further increase collagen
accumulation in response to statins.

The current results may also be of interest with respect to the
response to retention hypothesis of atherosclerosis, which points
out the contribution of proteoglycans including biglycan to early
LDL retention [39]. The binding and retention of LDL by the
polyanionic glycosaminoglycan chains takes place in the loose
permissive matrix of early pathological intimal thickening [40].
However, here we show that even massive accumulation of
decorin and biglycan in the highly collagenous matrix of mature
statin treated plaques do evidently not increase lipid retention in
an ApoE deficient mice on Western diet. For lipid retention length
and sulfation pattern of GAG chains is critical. These modifications
of GAG chains could present valuable targets for therapeutic inter-
vention (for review see [41]). From the present results it might be
suggested that rosuvastatin treatment reduces the LDL-binding
capacity of GAG-chains, which would explain why increased lipid
retention was not observed despite of increased biglycan and
decorin accumulation. Clearly analysis of GAG-chain modifica-
tions in response to rosuvastatin treatment in vivo would be very
interesting in the future.

In conclusion, the key findings of the present study are that the
collagen-binding proteoglycans, decorin and biglycan, are
increased in association with increased collagen deposition and
collagen density. Similar changes of the ECM are observed in
human atherosclerosis after statin treatment. Therefore, the pres-
ent study identifies SLRPs as novel targets of chronic rosuvastatin
treatment which might have implications for the development of a
stable plaque phenotype.
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