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A
ctivinn A is a member of the transforming growth factor-p (TGFp) superfamily. 
Wee recently demonstrated that activin A is induced in the human 
atheroscleroticc lesion, and is involved in smooth muscle cell (SMC) 

differentiation.. Connective tissue growth factor (CTGF) is a cysteine-rich glycoprotein 
off 38 kDa, which is regulated by TGFp. CTGF has been shown to be present in the 
humann atherosclerotic plaque, where it enhances extracellular matrix production and 
SMCC apoptosis. In the atherosclerotic lesion, CTGF is expressed in SMCs, in 
endotheliall cells but not in macrophages. Our study confirms and extends these 
observationss in cultured vascular cell types, treated with atherogenic stimuli. 
Endotheliall cells stimulated with tumor necrosis factor-a (TNFa) show 
downregulationn of CTGF mRNA synthesis, whereas CTGF expression in SMC is 
increasedd upon stimulation. In this study we reveal colocalization of CTGF protein 
withh bioactive activin A in human lesions. Most importantly, we demonstrate that 
activinn A induces CTGF mRNA and protein expression in cultured human SMC. We 
hypothesizee that part of the CTGF expression in the atherosclerotic plaque is induced 
byy activin A, and that this activin A-mediated CTGF expression is of importance for 
processess that shape the atherosclerotic lesion. 
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Introductio n n 
Connectivee tissue growth factor (CTGF) is a 38 kDa monomeric glycoprotein, 

originallyy purified from the conditioned medium of human umbilical vein endothelial 
cellss '". Homologous proteins include murine and Xenopus CTGF, and chicken Cyr61 
andd CEF10, which are immediate early response genes associated with regulation of 
celll proliferation, differentiation and embryogenesis Ci\ CTGF expression has been 
linkedd to connective tissue formation and extracellular matrix deposition, which was 
demonstratedd in wound healing, kidney and lung fibrosis, and fibrotic skin disorders 
<35\\ More specifically, CTGF was shown to be directly involved in increased synthesis 
off extracellular matrix components by fibroblasts 6 7>. In atherogenesis, smooth 
musclee cells (SMC) and fibroblasts mediate the deposition of fibrous material in the 
vessell wall. The so-called fibrous cap improves the stability of the lesion, by 
embeddingg and supporting the rupture-prone necrotic core of the lesion. This is of 
considerablee clinical importance since acute plaque rupture, and subsequent vaso-
occlusivee clotting rather than a stable slow-growing lesion in the vascular lumen, is a 
majorr cause of acute coronary disease (B 9). 

Itt has been reported that CTGF mRNA and protein expression are increased 
inn advanced atherosclerotic lesions, and that elevated CTGF levels may stimulate 
extracellularr matrix deposition in the lesion . Furthermore, CTGF has also been 
associatedd with atherogenesis in another way: lesion-derived SMC are activated by 
mitogenicc factors such as basic fibroblast growth factor (bFGF) and platelet derived 
growthh factor (PDGF), which cause the SMC to proliferate and contribute to ever-
progressingg lesion development (fli. In this respect, CTGF has been shown to be 
involvedd in vitro in increased apoptosis of mitogen-activated SMC, suggesting a direct 
involvementt of CTGF in lesion development "". 

Regulationn of CTGF expression has so far been ascribed to two members of 
thee transforming growth factor-p (TGFp) superfamily: bone morphogenetic protein-2 
(BMP-2)) and TGFp itself '">  n-14'. In this report, we show CTGF induction by activin A, 
anotherr member of the TGFfi superfamily. Activin A is a 24 kDa dimeric glycoprotein, 
whichh was originally purified from differentiated THP-1 macrophages as well as from 
follicularr fluid, being a factor that can induce follicle-stimulating hormone release from 
pituitaryy cells il517). Activin A is known to be involved in mesoderm induction during 
embryogenesiss "B20), in erythropoiesis au and was recently shown to be elevated in 
woundd healing '22} and other tissue remodeling processes, such as pulmonary fibrosis 
m)m).. In atherosclerosis, activin has been reported to influence growth and 
differentiationn of vascular cell types like endothelial cells, macrophages and SMC '2i~ 
2B'.. Moreover, it was demonstrated that activin A expression levels are elevated in rat 
vascularr SMC after hyperplastic balloon injury of the carotid artery [30>. The activity of 
activinn A is counteracted by follistatin, a 34 kDa protein, which is considered as the 
physiologicall inhibitor of activin A and displays very high affinity for its ligand ,a1 . 
Recently,, we have shown that activin A is upregulated in human atherosclerotic 
lesionss and in stimulated primary vascular cell types «"'. In addition, we demonstrated 
thatt activin A induces the expression of SMC markers such as SM a-actin and 
SM22a,, indicating that activin A promotes the differentiated phenotype of SMC. In 
thiss study, we show that activin A colocalizes with CTGF in human atherosclerotic 
lesions,, that activin A induces CTGF expression in cultured human vascular SMC, 
andd we discuss the involvement and potential function of both activin A and CTGF in 
atherogenesis. . 
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Material ss  & Method s 
Tissu ee specimen s 
Humann tissue samples were obtained from organ donors or from patients undergoing vascular surgery 
withh informed consent of relatives or of the patients, according to protocols approved by the Medical 
Ethicall Committee of the Academic Medical Center. The specimens were fixed in 3.8% vol/vol 
formaldehydee in phosphate-buffered saline (PBS) and paraffin embedded or snap-frozen in liquid 
nitrogenn within 5 min after resection. In this study, we included paraffin embedded samples and cryo-
sectionss that were classified according to guidelines from the American Heart Foundation (Ml. After 
sectioningg (5 jim) and mounting on 3-aminopropyl-trieihoxysilane-coated glass slides, the specimens 
weree subjected either to in situ hybridization, immunohistochemistry or to the in situ free-activin 
binding-assay. . 

Immunohistochemistr y y 
Antibodyy 1A4 (DAKO, Glastrup, Denmark) recognizes SM a-actin and was used to detect SMC, while 
antibodyy HAM56 (DAKO) was applied to recognize macrophages in the sections. Monoclonal 
antibodiess were used to detect CTGF (FibroGen, South San Fransisco), and activin A (E4, Serotec, 
Oxford,, U.K.), and a rabbit anti-peptide antibody to detect follistatin (kindly provided by Prof. S. 
Werner,, ETH, Zurich, Switzerland). Immunohistochemistry was performed on 5 jim paraffin sections 
(1A4,, HAM56) or acetone-fixed cryo-sections (anti-CTGF, E4, anti-follistatin) of tissue specimens. As 
aa pretreatment, the sections were rehydrated, incubated with 0.3% vol/vol hydrogen peroxide to inhibit 
endogenouss peroxidase activity, and blocked with 10% vol/vol pre-immune goat serum (DAKO) in Tris-
bufferedd saline (TBS; 10 mmol/L Tris, pH 8.0, 150 mmol/L NaCI). Subsequently, the sections were 
incubatedd with the specific antibodies followed by incubations with the biotinylated secondary 
antibodies,, which were subsequently detected with streptavidin-horseradish peroxidase conjugates 
(DAKO).. Endothelial cells were specifically recognized with Ulex europaeus lectin that was detected 
withh an anti-Ulex lectin-horseradish peroxidase conjugate (DAKO). Peroxidase activity was visualized 
withh aminoethylcarbazole and hydrogen peroxide. After counterstaining with haematoxilin, the sections 
weree embedded in glycergel (Sigma, St. Louis, MO). 

Inn sit u hybridizatio n 
Inn vitro transcription of linearized plasmid DNA was performed to obtain radiolabeled antisense- or 
sensee riboprobes ([3;>S]-UTP, Amersham, Buckinghamshire, U.K.) specific for human CTGF (Genbank 
## X78947; 0.6 kb coding region). The in situ hybridization assays were performed as described 
previouslyy l3S\ As a control for the specificity of the anti-sense riboprobes, matching sense riboprobes 
weree assayed for each gene and were shown to give neither background nor an aspecific signal. 

Inn sit u free-activi n binding-assa y 
Thee experiments were performed as described previously . In short, ten jjg of purified follistatin (see 
paragraphh on growth factor incubation and total RNA isolation) was biotinylated for 2 h at 0PC with 3.25 
ngg Sulpho-NHS-LC (5jig/uL in dimethylsulphoxide.. Pierce, Rockford, IL) in PBS in a total volume of 20 
\iL.\iL. The reaction was stopped with 1 UL 1 mol/L Tris-HCI, pH 8.0, and the biotinylated follistatin was 
purifiedd on a Sephadex G25 column (Pharmacia, Uppsala, Sweden). Subsequently, the preparation 
wass incubated to cryo-sections that were pretreated as described in the paragraph on 
immunohistochemistry.. After 2 h incubation at room temperature of 250 nmol/L biotinylated follistatin 
inn TBS containing 1% vol/vol bovine serum albumin, the sections were washed 3 times for 2 min with 
TBSS and incubated with avidin-horseradish peroxidase conjugate, which was visualized with 
aminoethylcarbazolee (see paragraph on immunohistochemistry). 

Celll  cultur e 
Celll culture was performed at C in a humidified 5% CO; chamber. Monocytic cell lines, MM6 and 
THP-1,, were cultured in 90% vol/vol RPMl 1640, 10% vol/vol fetal bovine serum, supplemented with 
penicillin,, streptomycin and fungizone (GIBCO BRL, Gaithersburg, MD). Human primary SMC were 
derivedd from vessel explants, originating from the iliac artery and aorta of organ donors, or from human 
umbilicall arteries. The cultured SMC were characterized by immunofluorescence with the antibody 
directedd against SM a-actin (1A4, DAKO, Denmark), which was detected with a Cy3-conjugated goat 
anti-mousee antibody (Jackson Laboratories, Westgrove, PA). With this method, the cells show uniform 
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fibrillarr staining. The cells were used at passage 5-7. Human umbilical vein endothelial cells were 
obtainedd by trypsinization from fresh umbilical cords, and used after 1-2 passages. SMC and 
endotheliall cells were cultured in 1% wt/vol gelatin {Sigma) coated culture flasks, in 40% vol/vol 
Medtum-1999 with L-glutamine/L-amino acids, 40% vol/vol RPMI 1640 with HEPES buffer/L-glutamine, 
20%% vol/vol human serum, supplemented with penicillin, streptomycin and fungizone. 

Stimulatio nn of differen t cel l type s 
Monocyticc cell lines were cultured in standard medium, and subsequently differentiated during 2 days 
withh 100 ng / mL phorbol myristate acetate (PMA). Endothelial cells were grown until confluency, and 
maintainedd for an additional three days. TNFa (100 ng / mL) was added in serum-free standard 
mediumm (containing 10 mg/L bovine insulin, 5.5 mg/L human transferrin and 6.7 ug/L sodium selenite 
(GIBCOO BRL}) to the endothelial cells, and the cells were harvested after 0, 6, 20 h. SMC were 
culturedd until confluency, and subsequently received serum-free medium for three days. Conditioned 
mediumm of activated human peripheral macrophages, stimulated with oxLDL (see paragraph on 
preparationn of activated macrophage supernatant), was added to the cells in a 10% vol/vol dilution. 
Afterr 0, 2, 4, 8, 16 h, the stimulated cells were harvested for subsequent total RNA isolation. 

Preparatio nn of activate d macrophag e supernatan t 
Elutriatedd human peripheral macrophages (kindly provided by Dr. E. Meul, CLB, Amsterdam, The 
Netherlands)) were cultured in 50% vol/vol RPM11640 and 45% vol/vol Medium 199, supplemented with 
5%% vol/vol human serum and antibiotics. Subsequently, the macrophages were incubated during 16 h 
inn culture medium with 30 ug/mL oxLDL (copper-chloride oxidation; 40-50 nmoles/mg thiobarbituric 
acid-reactivee substances). After collection of the conditioned medium of the activated macrophages, it 
wass stored at -20X, and applied in atherogenic stimulation of SMC at a 1:10 dilution. 

Growt hh facto r incubatio n and tota l RNA isolatio n 
Purified,, recombinant human activin A (lot # 15365-36(1)) and follistatin (lot # B3904) were obtained 
fromm Dr. Pawson through the National Hormone and Pituitary Program, the National Institute of 
Diabetess and Digestive and Kidney Disease, the National Institute of Child Health and Human 
Developmentt and the U.S. Department of Agriculture (Bethesda, MD). For growth factor incubations, 
SMCC were made quiescent for 72 h in serum-free standard medium and, subsequently, recombinant 
humann follistatin, activin A or human serum was added to the culture medium during the periods and 
att concentrations indicated. After incubation, the cells were subjected to total RNA isolation with Trizol 
reagentt (GIBCO BRL). After reprecipitation, the RNA samples were subjected to Northern blotting 
analyses. . 

Norther nn blottin g 
Northernn blots were made as described  using Hybond N nylon membranes (Amersham). CTGF 
(Genbank## X78947; 600 bp coding region) or GAPDH (Genbanktf M33197; 245 bp coding region) 
probess were radiolabeled with [J?P]-ciATP (Amersham) using a random oligo-labeling kit (Gibco BRL), 
andd purified on a olrgonucleotide-removal column (Qiagen, Hitden, Germany). Probe hybridization in 
formamidee was performed as described |3S. The blots were washed most stringently at C with 
O.lxSSC,, 0.1% wt/vol SDS. Specific bands were quantitated using Phosphorlmager, and Image Quant 
software. . 

Wester nn blo t analysi s 
Westernn blot analysis was performed using standard techniques on denatured protein lysates from 
SMC,, stimulated with activin A. follistatin or TGFp. To establish equal loading, the samples were tested 
usingg a BCA (Pierce, Rockford, USA) protein-concentration assay, according to manufacturers orders. 
Thee samples were run on a 12.5% SDS-PAGE and blotted to nitrocellulose (Schleicher & Schuell, 
Dassel,, Germany). Detection of CTGF protein was performed using the anti-CTGF antibody (Fibrogen) 
ass a first antibody, and a biotinylated goat-anti-mouse antibody (DAKO) as a second antibody, followed 
byy incubation with streptavidin-biotin-horseradish peroxidase conjugates. Aminoethylcarbazole 
stainingg was applied to reveal specific peroxidase activity, rendering a brick-red precipitate. 
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Results s 
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Figuree 1. CTGF expression in human vascular cell types. 
Thee CTGF mRNA expression was determined in 
(stimulated)) vascular cell types by Northern blotting; 
THP-11 and MM6 monocyte/macrophage cell lines, were 
unstimulatedd (-) or differentiated (+) with PMA (a), 
endotheliall cells were stimulated with TNFu (b) for 0,6 or 
200 h, and SMC were treated with conditioned medium of 
activatedd macrophages (c) for 0-16 h. Hybridization of the 
blotss with a GAPDH probe was performed as a control for 
equall loading. The radioactivity in the bands was 
quantitatedd by Phosphorlmager. In addition, radioactive 
CTGFF mRNA specific in situ hybridizations and vascular 
cell-specificc immunohistochemistry were performed on 
consecutivee cross-sections of a late (d, enlarged in e 
throughh h) or an early (i, enlarged in j through m) 
atheroscleroticc lesion. In the late lesion, macrophages (d, 
e)) are detected, but endothelial cells or SMC-specific 
immunohistochemistryy shows no staining, whereas in the 
earlyy lesion, macrophages are not detected (j) and 
endotheliall cells and SMC are shown to be present (k, I, 
subsequently).. CTGF mRNA is expressed in endothelial 
cellss and SMC, but not in macrophages, as shown by 
radioactivee in situ hybridization (h and m). 
M4>=macrophage,, L=lumen, NI=neointima. M=media. 
Photomicrographs;; original magnification: x25 (d) or 
X1000 (e through h), x50 (i) or X200 (j through m). 
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Figur ee 2. CTGF protein colocalizes with bioactive activin 
AA in a human lipid-hch lesion. The activin A-specific in 
situu free-activin binding-assay was applied on 
consecutivee cryo-sections from an advanced lipid-rich 
aorticc lesion, containing macrophages and SMC, which 
weree detected using specific antibodies (a and b). Activin 
AA protein is mainly present in the neointima, whereas the 
follistatinn expression is distributed more evenly 
throughoutt the vessel wall, as detected by specific 
immunohistochemistryy (c and d). The in situ free-activin 
binding-assayy shows that a subpopulation of the total 
activinn A protein is biologically active (e). CTGF-specific 
immunohistochemistryy colocalizes in part with the 
presencee of free, unbound activin A (f). 
M4>=macrophages.. Photomicrographs, original 
magnificationn x25. 
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CTGFF expressio n in huma n vascula r cel l types . 
Wee determined the expression of human CTGF mRNA in cultured vascular cell 

types,, involved in atherogenesis. For that purpose, monocyte/macrophage cell lines, 
endotheliall cells and SMC were activated with atherogenic stimuli. Two human 
monocyticc cell lines, THP-1 and MM6, were stimulated with PMA, which induces the 
differentiationn of these cells into macrophages. Neither the unstimulated nor the 
differentiatedd cells express CTGF {Figure 1a). To mimic the in vivo stimulation of 
endotheliall cells we applied TNFu, a cytokine released from activated macrophages. 
Recently,, we have shown by Differential Display that gene expression patterns of 
endotheliall cells in response to conditioned medium of macrophages closely 
resemblee the patterns of TNFa-activated endothelial cells '37\ Endothelial cells 
expresss relatively high levels of CTGF mRNA, as has been described ll 1U', and TNFa 
substantiallyy decreases CTGF expression (Figure 1b). Finally, SMC were activated 
withh the conditioned medium of oxidized low-density lipoprotein (oxLDL) stimulated 
macrophages,, that can be considered as a stimulus relevant in atherosclerosis, as we 
havee shown recently (M>. Stimulated SMC express an optimal level of CTGF mRNA 
afterr three to six h (Figure 1c). 

Inn addition, we determined the expression of CTGF in the atherosclerotic 
vessell wall, applying in situ hybridizations to cross-sections of atherosclerotic lesions 
att different stages of the disease, which were classified according to guidelines from 
thee American Heart Association (3a\ We analyzed 32 different specimens, derived 
fromm 26 different individuals, which ranged in lesion complexity from type-ll to type-
VI.. As a typical example, we present an atherosclerotic lesion with an isolated 
populationn of macrophages, detected by specific immunohistochemistry (Figure 1d, 
enlargedd 1e). This part of the lesion does not contain endothelial cells or SMC (Figure 
1f,, 1g, respectively), and clearly shows that CTGF mRNA is not expressed by 
macrophagess in the vessel wall (Figure 1h). In addition, CTGF expression was 
determinedd in an aortic lesion in which both endothelial cells and SMC are shown to 
bee present by immunohistochemistry, whereas no macrophages were detected 
(Figuree 1i, enlarged 1j, 1k, and 11). Both endothelial cells and SMC express CTGF, an 
observationn that is in accordance with our in vitro data {Figure 1m). Our findings on 
CTGFF expression in vascular tissue specimens confirm and, with respect to cultured 
cells,, extend findings of Oemar et al nci. 

CTGFF protei n colocalize s wit h bioactiv e activi n A in the huma n atheroscleroti c 
lesion . . 

Wee demonstrated the increased expression of CTGF mRNA in cultured SMC 
afterr treatment with conditioned medium of activated, primary macrophages {Figure 
1c).. TGFfi is known to induce CTGF mRNA levels in SMC n0i, which may imply that 
otherr members of the TGFfi superfamily share this trait. The most prominent 
candidatee from the superfamily is activin A, which has been shown to be expressed 
byy macrophages 7 33!. In addition, activin A activates the same signal transduction 
pathwayy as TGFp, mediated by identical Smad signal intermediates, even though 
activinn A binds different cell-surface receptors M'. Our previous studies have revealed 
thatt SMC express both type-l and type-ll activin A cell-surface receptors required to 
initiatee activin A-signal transduction and, most importantly, that SMC differentiate 
uponn activin A treatment ]'n\ 
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Too initiate a study on the potential induction of CTGF by activin A in human 
atherogenesis,, we examined tissue sections of atherosclerotic lesions for 
colocalizationn of CTGF and activin A. It should be noted that follistatin, the 
physiologicall inhibitor of activin, is also expressed in the vessel wall. Moreover, 
activinn and follistatin colocalize in the vessel wall to a certain extent, which may result 
inn local inactivation of activin (3Z33i. To visualize the presence of unbound, bioactive 
activinn A, we applied our in situ free-activin binding-assay ,33'. In short, biotinylated 
follistatinn was added to the tissue-section to bind activin A that is not complexed with 
endogenouss follistatin or activin receptors, and is subsequently detected by means of 
streptavidinn conjugates. We investigated 16 different vascular specimens that were 
classifiedd according to guidelines from the American Heart Association (34', and the 
p r e s e n c ee Gf SMC and macrophages was assessed by immunohistochemistry. As a 
typicall example, we show an advanced aortic lesion, containing a large, lipid-rich 
macrophagee infiltrate, and a substantial fibrous cap, consisting of SMC and 
extracellularr matrix components (Figure 2a, b). Activin A protein is mainly detected in 
thee neointima, whereas follistatin expression is distributed more evenly throughout 
thee vessel wall, leading to activin A and follistatin protein colocalization in several 
areass of the cross section (Figure 2c, d). The in situ free-activin binding-assay shows 
thatt a subpopulation of total activin protein is unbound and biologically active. This 
bioactivee activin A is located in areas rich in both macrophages and SMC (Figure 2e). 
Clearly,, CTGF protein colocalizes with free, bioactive activin A (Figure 2f). In addition, 
thee results on an advanced fibrous lipid-poor aortic lesion are shown (Figure 3). 
Again,, the presence of bioactive activin A (Figure 3c) is demonstrated in areas rich in 
bothh macrophages and SMC (Figure 3a, b), located in the neointima. CTGF protein 
expressionn colocalizes partially with bioactive activin A (Figure 3d, 3c). Even though 
CTGFF expression is more wide-spread than free activin, free activin A always 
colocalizess with CTGF protein. 

Activi nn A induce s CTGF expressio n in culture d human SMC. 
Too substantiate a potential role for activin in CTGF induction in the vessel wall 

wee treated cultured, human SMC derived from different donors with purified activin A 
forr 3, 6 and 12 h. In addition, these cells were incubated for 24 h with follistatin to 
neutralizee endogenously produced activin A. Activin A induced CTGF mRNA 
expressionn in both SMC isolates (7 and 3-fold, respectively). CTGF expression was 
elevatedd transiently with an optimum after 3 to 6 h. The incubation of SMC with 
follistatinn decreased basal CTGF expression levels 0.6-fold (Figure 4a, c). This is in 
accordancee with our observation that SMC express activin A mRNA, and that 
follistatinn neutralizes the endogenously produced activin n3). GAPDH mRNA 
expressionn was tested as a control for equal RNA loading (Figure 4b, d). Next, we 
analyzedd CTGF protein expression in SMC treated with activin A, follistatin and, as a 
positivee control, TGFp. In accordance with the mRNA expression data, activin A-
treated,, and TGFp-treated SMC express more 38 kDa CTGF protein than the non-
treatedd cells, whereas follistatin incubation decreased CTGF protein expression 
(Figuree 4e). The relatively high CTGF expression in cultured endothelial cells is not 
affectedd by purified activin A (data not shown). 
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Figuree 3. CTGF protein colocalizes with bioactive activin A in a human lipid-poor lesion. The activin-specific in situ free-
activinn binding-assay was applied on consecutive cryo-sections from an advanced, lipid-poor aortic lesion, containing 
macrophagess and SMC, which were detected using specific antibodies (a and b). Biologically active activin A (c) was 
detectedd in the neomtima. CTGF protein colocalizes partially with the presence of bioactive activin A (d, c). 
Photomicrographs,, original magnification x50. 
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Figuree 4. Activin A induces CTGF expression in cultured human SMC. Northern blot analysis of CTGF and GAPDH 
expressionn (Figure 4a, c and b, d, respectively) in SMC treated with activin A (0-12 h) or with follistatin (24 h). After activin A 
treatment,, CTGF expression increases 3 to 7-fold, dependent on the donor (donor I, row a and b; donor II, row c and d). The 
radioactivityy in the bands was quantitated by Phosphorlmager, using GAPDH as a control for equal loading. Western blot 
analysiss of 38 kDa CTGF protein expression (row e) was performed on lysates from quiescent SMC (-), or SMC treated either 
withh activin A [100 ng / ml_], with follistatin [150 ng / ml_] or with TGF[i [10 ng / mL], during 6 h. Equal amount of protein were 
loadedd in each lane, which was verified using a BCA protein-concentration assay. 
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Discussio n n 

Inn this study, we examined the expression of CTGF in different human vascular 
celll types. CTGF expression could not be detected in monocytes/macrophages, 
neitherr in cultured cells nor in vascular tissue specimens. In contrast, endothelial cells 
showw high CTGF mRNA levels both in tissue sections and in culture. TNFa treatment 
off cultured, endothelial cells results in a decrease of CTGF expression. Similarly, 
TNFaa markedly reduces CTGF mRNA in skin fibroblasts '40h. TNFa may be considered 
ass a major component in the complex mix of growth factors and cytokines secreted 
byy activated macrophages and is known to reduce the proliferation of endothelial cells 
[37).. Since CTGF is a mitogen for endothelial cells, the reduced proliferation of these 
cellss upon TNFa stimulation may be explained to some extent by declined CTGF 
levelss MT». 

Here,, we demonstrate that SMC are the major source of CTGF expression in 
thee vessel wall, an observation that confirms data by Oemar et al(10f. Endothelial cells 
expresss high levels of CTGF as well, but with regard to their small relative volume in 
thee plaque, we consider their contribution to the total amount of CTGF in the lesion 
lesss prominent. More importantly, we also demonstrate that in vitro CTGF expression 
iss increased after treatment of the SMC with macrophage-conditioned medium. In the 
atheroscleroticc vessel wall, macrophage-derived growth factors are thought to play a 
cruciall role in the activation of SMC ™. Taking into account that activin A is a family 
memberr of TGFp, which is known to modulate CTGF expression, and that activin A 
iss secreted by macrophages, we studied whether activin A regulates CTGF 
expression.. This is particularly relevant since we have recently shown that activin A 
mRNA,, protein and bioactive protein are upregutated in atherosclerotic tissue m and, 
moreover,, that CTGF is expressed in advanced lesions "01. In this study, we 
demonstratee that activin A indeed stimulates CTGF mRNA and protein expression 
whereas,, as anticipated, follistatin decreases CTGF expression, indicating that 
endogenouss activin A from the SMC culture regulates, at least in part, CTGF 
expression.. Consequently, we propose that activin A-induced CTGF expression is 
physiologicallyy relevant, exemplified by the marked colocalization of biologically 
activee activin A, and CTGF protein in the vessel wall. We observed this colocalization 
inn areas that are rich in both macrophages and SMC, which corresponds to our 
findingss in vitro, showing that macrophage-conditioned medium induces CTGF 
expressionn in SMC. However, it has to be noted that factors other than activin A may 
alsoo induce CTGF expression in the vasculature. TGFp has been shown to be a 
potentt mediator of CTGF expression ,10\ but other (unknown) components cannot be 
excludedd to exert a similar effect. Consequently, this may explain the observation that 
partt of the CTGF protein does not colocalize with bioactive activin A. 

Wee speculate that activin A and activin-induced CTGF expression affect the 
stabilityy and morphology of atherosclerotic lesions, based on the following 
considerations.. First, CTGF expression mediates the synthesis of extracellular 
matrix-compoundss like collagens and fibronectin 6 7'. These components provide 
mechanicall strength to the lesion, making it less prone to rupture under stress ,ï-9,

1 

Hence,, we propose that activin A indirectly promotes the stability of the lesion by 
enhancingg the synthesis of CTGF. Second, it has been shown that activin A 
decreasess the uptake of cholesterol-rich atherogenic particles by cultured 
macrophages,, presumably resulting in a reduction of foam cell formation '27\ 
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Eventually,, this may lead to a lower lipid content of the atherosclerotic lesion and, 
consequently,, improve stability. Third, we have reported before that activin A 
promotess differentiation of SMC towards the resting, contractile phenotype l33\ 
Furthermore,, it has been observed that CTGF expression may counteract the effects 
off mitogens like bFGF and PDGF through the induction of apoptosis in activated SMC 
n>.. Collectively, these data indicate that activin A, either directly or indirectly via 
inductionn of CTGF, may regulate the number and the phenotype of SMC as well as 
thee stability of the lesion. 
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