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11 Atherosclerosi s 

1.11 Genera l pathophysiology : respons e to injur y model . 

Atherosclerosiss is a disease of the arterial wall, leading to thickening of the 
intima,, which constitutes the inner layer of the vessel wall. Atherosclerotic 
lesionss that form in the intima contain a variety of components: different cell 

types,, fibrous material, lipid inclusions, and mineral depositions. Progression of the 
pathologyy occurs with age, under the influence of risk factors such as high plasma 
lipidd levels, hypertension, smoking, diabetes mellitus and physical inactivity. 
Advancedd lesions eventually lead to an occluded lumen, giving rise to chronic clinical 
manifestationss such as stable angina pectoris. Alternatively, lesions may rupture 
inducingg local thrombosis resulting in complete obstruction of the blood flow and 
causingg acute clinical events such as cerebral stroke or myocardial infarction. The 
onsett and progression of atherogenesis is characterized by a series of events that 
eventuallyy result in various lesion types, that differ in clinical manifestation (,-3>. 
Inn vascular research, the 'response to injury model' is generally accepted as a 
mechanismm of lesion development and aids to arrange results that were obtained 
fromm different fields of investigation: vascular cell biology, lipid metabolism, signal 
transduction,, vascular pathology and clinical practice. The onset of an inflammation-
likee response in the vasculature is caused by endotheliat-cell injury or activation. 
Endotheliall dysfunction is presumed to be mediated by systemic risk factors like 
smoking,, hypertension and diabetes mellitus, but also by local factors like the 
(absencee of) shear stress or the presence of infectious microorganisms t1j". At sites 
off activation, the endothelium increases its adhesiveness towards platelets and 
inflammatoryy cells from the peripheral blood such as monocytes and T-cells. These 
inflammatoryy cells adhere to the endothelium and subsequently migrate through the 
endotheliumm into the subendothelial layer, the intima. 
Att the site of injury, monocytes and T cells accumulate and secrete various cytokines 
andd growth factors, which attract new inflammatory cells. In this way, an ongoing 
attractionn and adhesion of new inflammatory cells is established that facilitates the 
formationn of an atherosclerotic plaque. Subsequently, smooth muscle cells that are 
presentt in the media of the vessel wall become activated by these locally produced 
factorss as well. The activation of smooth muscle cells triggers a phenotypic change 
thatt involves proliferation and migration of the cells into the intima towards the site of 
endotheliall injury, resulting in an accumulation of smooth muscle cells and 
inflammatoryy cells. At this site, deposition of extracellular matrix components, lipid 
deposits,, calcified inclusions and necrosis are observed. As a consequence, a focal 
pointt of intimal thickening is established that may develop to advanced complex 
lesions,, in a process that can be rapid, but may span many decades to become 
clinicallyy relevant, (see Figure 1 t2>) 

10 0 
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Endotheliall dysfunction Fatty streak 

permeabilityy Leukocyte adhesion Leukocyte migration F o a r n c e , | activation P l a l e l e t entry 

migrationn adhesion formation aggregation 

Advancedd complicated lesion Unstable fibrous plaque 

accumulationn Necrotic core formation P | a q u e thinning Haemorrhage 

formationn rupture 

Figuree 1. Development of atherosclerosis: reponse to injury. Endothelial dysfunction occurs at focal sites in the 
vasculaturee which leads to increased adhesion and subsequent migration of monocytes into the vessel wall. These 
monocytess differentiate into macrophages and subsequently into foam cells that take up and store lipoproteins resulting in 
thee formation of the so-called fatty streaks. Cells from the monocyte lineage produce signaling molecules that attract smooth 
musclee cells. T-lymphocytes and more monocytes to the site of endothelial injury giving rise to the formation of intermediate 
andd advanced atherosclerotic lesions. Advanced lesions contain macrophages, lipids, calcification, extracellular matrix 
componentss and necrotic material covered by a smooth muscle cell rich fibrous cap. Rupture of the fibrouss cap leads to acute 
thrombosiss and vascular occlusion. Adapted from Ross ' 

1.22 Interaction s at th e endothelia l cel l layer . 

Endotheliall cells have many physiological roles: the provision of a non-
thromboticc surface, a barrier through which transport of substances to the vessel wall 
cann be regulated, a function in the maintenance of vascular tone, expression of 
growthh factors and cytokines, synthesis of basement membrane matrix components, 
provisionn of a non-adherent surface to blood-borne inflammatory cells, and the ability 
too modify lipoproteins during transport through the endothelium to the underlying 
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layerr of the vessel wall. A change in each of these functions may lead to endothelial 
dysfunctionn and activation. In addition to a dysfunction of either one of these 
processes,, the pattern of blood flow causes sites of endothelial activation. At 
bifurcations,, branchpoints and curves in the vasculature, changes occur in the flow of 
bloodd which cause turbulent flow circumstances that activate endothelial cells iA]. In 
response,, cellular adhesion molecules such as VCAM-1, ICAM-1 and selectins are 
upregulated,, and physically interact with integrin family members on blood-borne 
monocytess and T-cells. in addition, the endothelial ceils produce chemoattractant 
moleculess (see Table I) like MCP-1 (monocyte chemotactic protein-1) and IL-8 
(interleukin-8)) to attract inflammatory cells to the site of injury. As a consequence, the 
bifurcationss and branchpoints are preferential sites for the development of 
atheroscleroticc lesions. 

1.33 Monocyte - macrophage-foa m cell . 

Monocytess bind to dysfunctional endothelium, extravasate to the underlying 
vessell wall, and differentiate into macrophages. Macrophages participate in the 
pathogen-defencee system of the body, and secrete a broad spectrum of 
proinflammatoryy cytokines, chemokines, growth factors, matrix-degrading 
metalloproteinasess and hydrolytic enzymes. In all stages of atherogenesis 
macrophagess have been identified that scavenge as well as store modified LDL 
particles.. This leads to the formation of macrophage-dehved foam cells that stay in 
thee neointima and store intracellular lipid droplets. An increase in the number of foam 
cellss results in the accumulation of lipid, and adds to the formation of atheromatous 
inclusionss found in advanced atherosclerotic lesions. Factors like M-CSF 
(Macrophagee colony stimulating factor) and GM-CSF (Granulocyte macrophage 
colonyy stimulating factor) stimulate the survival of resident macrophages, and attract 
neww macrophages to the lesion. Macrophages also synthesize cytokines such as 
TNFaa (Tumor Necrosis Factor-a) and IL-1 (lnterleukin-1), and growth factors like IGF-
11 (Insulin like Growth Factor-1) that are potent stimuli of endothelial activation, and 
affectt the phenotype, and chemotaxis of vascular smooth muscle cells (see also 
Tablee I). Consequently, by mediating various cellular responses in the vessel wall, 
macrophagess are of key importance to the development of atherosclerosis. 

1.3.11 Lipid s and lipoproteins . 
Elevatedd lipid levels in the circulation are a major risk factor in atherosclerosis. 

Thee lipid content of blood is composed of cholesterol and triglycerides, which are 
essentiall in healthy individuals. Cholesterol is required for the synthesis of steroid 
hormones,, vitamins and bile acids, and it is indispensable for the maintenance of cell-
membranee fluidity. Triglycerides are used as an energy source, and storage of these 
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Exogenouss Endogenous 
Pathwayy Pathway 

Macrophage e 

Figuree 2. Schemati c representatio n of the exogenou s and endogenou s metaboli c pathway s of lipoprotei n 
metabolism .. See text for further explanation. VLDL. very-low-density lipoprotein; IDL. indetermediate-density lipoprotein; 
LDL.. low-density lipoprotein; CE, cholesteryl ester: E. apolipoprotein E: B, apolipoprotein B; C-ll, apolipoprotein C-ll. 

compoundss occurs in adipose tissue. Transport of these hydrophobic lipid 
componentss is facilitated by lipoproteins. Lipoproteins are macromolecular particles 
thatt contain a core of hydrophobic cholesteryl esters and triglycerides which are 
surroundedd by polarized phospholipids and unesterified cholesterol. Phospholipids 
havee a hydrophilic charged head group, which is in contact with the aqueous blood 
compartment.. The hydrophobic tails of fatty acids are in contact with the core of lipid 
components. . 

Inn addition to phopholipids, the shell of lipoproteins also contains a number of 
specificc apolipoproteins (Apo), that play a role in the metabolism of the lipoprotein, 
traffickingg and stability of the particle and they modulate enzymatic activity. 
Lipoproteinss are classified based on their size, density, lipid content, electrophoretic 
mobilityy and apoliprotein content. The classification includes chylomicrons, very-low-
densityy lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-density 
lipoproteinss (LDL) and high-density lipoproteins (HDL)t5). 
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1.3.22 Lipi d metabolism . 
Thee liver plays a pivotal role in the catabolism of lipids, and maintenance of 

cholesteroll homeostasis by secreting excess cholesterol as bile acids. Lipid 
metabolismm is divided in an exogenous and an endogenous pathway (see Figure 2). 
Thee endogenous pathway involves liver-derived VLDL for transport of lipids to the 
restt of the body. The exogenous pathway consists of transport of dietary lipids from 
thee intestine through the circulation by chylomicron particles. The main 
apolipoproteinss associated with chylomicrons and VLDL are ApoC-ll, ApoB and 
ApoE.. In the peripheral circulation, triglycerides derived from chylomicrons and VLDL 
aree subject to lipolysis by lipoprotein lipase, which resides on the capillary 
endotheliumm of skeletal muscle, cardiac muscle and adipose tissue,(6). Subsequently, 
chylomicronss and VLDL particles become depleted of triglycerides, but are 
consequentlyy enriched for cholesteryl esters. These so-called remnants of 
chylomicronss and VLDL are rapidly removed from the blood by the liver. Alternatively, 
VLDLL remnants are further processes by the enzyme hepatic lipase, which mediates 
thee formation of LDL particles, which is accompanied by a loss of ApoE and ApoC-ll 
i79).. About 70% of LDL is taken up by the liver, whereas the rest serves in extrahepatic 
tissuess as a source of cholesteryl esters for membrane synthesis and the production 
off steroid hormones in steroidogenic tissues. A small portion of total LDL becomes 
modifiedd and is subsequently removed from the circulation by macrophage scavenger 
receptors. . 

1.3.33 Lipi d accumulatio n by macrophage s and foam cel l formation . 
Scavengerr receptors are membrane glycoproteins that are involved in the 

recognitionn and/or uptake of a broad range of ligands, including modified lipoproteins 
(acLDL,, oxLDL), and HDL, modified proteins and polysaccharides(in). Many different 
classess of scavenger receptors (SR) have been identified: SR-A, SR-B (CD36, SR-
B1)) and class-C to F "". Scavenger receptors are expressed by most tissue 
macrophages,, present in liver, lung and in atherosclerotic lesions |,215). SR-A is 
expressedd as a type-l or a type-ll isoform, derived from differential splicing of a single 
genee (12 1S\ SR-A precursors are extensively processed to give rise to a 220 kDa 
trimericc glycoprotein that is expressed by most circulating monocytes, and is strongly 
upregulatedd during differentiation from monocyte to macrophage {'5'. SR-A is an 
importantt component in the uptake of lipids in the progression of atherogenesis, since 
upregulationn of this receptor causes macrophages to increase their ability to 
scavengee modified lipid particles. This results in the generation of foam cells in the 
fattyy streaks that store lipids in intracellular vesicles. 

14 4 
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1.44 Smoot h muscl e cells . 

Smoothh muscle cells constitute the medial layer of the arterial vessel wall, 
wheree they provide elasticity and contractility to the vasculature. Contractility of 
smoothh muscle cells can be altered by molecules such as angiotensin-ll, 
prostaglandins,, leukotrienes and nitric oxide (NO), to result in either vasoconstriction 
orr vasodilatation. The so-called contractile phenotype of smooth muscle cells is 
associatedd with a non-atherosclerotic, healthy vessel. Expression of calponin, myosin 
heavyy chain, SM22a and SM a actin genes was demonstrated to be a hallmark of the 
contractile,, resting, non-atherosclerotic smooth muscle cell(17). 

Growthh factors secreted by macrophages can induce the vascular smooth 
musclee cells to dedifferentiate into the synthetic phenotype, which is characterizedd by 
thee presence of large amounts of rough ER and Golgi, reduced expression of genes 
thatt are involved in the contractile apparatus and increased proliferation and 
migrationn (ie 19). In addition, smooth muscle cells with this phenotype also produce a 
numberr of (autocrine) growth factors (e.g bFGF, PDGF), and become more 
responsivee to stimulatory growth factors and chemotactic proteins (see Table I). The 
syntheticc smooth muscle cell has an increased proliferation rate, and migrates 
towardss the source of chemotactic proteins in the neointima: macrophages or 
neointimall smooth muscle cells. In the neointima, smooth muscle cells become part 
off the atherosclerotic lesion, where they deposit extracellular matrix components. 
Thesee matrix components, such as collagens, proteoglycans and elastic fibres 
providee stability to the lesion, but will also contribute to the increase in volume of the 
neointimaa f3). 

1.55 Characteristic s of atheroscleroti c lesions . 

1.5.11 Lesio n type s 
Inn vascular research, atherosclerotic lesions are classified as Type l-Vl, 

dependentt on severity and the composition of the lesion (see figure 3 (3))- Initial 
lesionss (Type-I) contain enough atherogenic lipoprotein to elicit an increase in 
macrophagee content and formation of lipid-laden macrophage foam cells, that are 
scatteredd throughout the neointima. Lesions are defined as Type-ll, when they 
consistss mainly of lipid laden smooth muscle cells and macrophage foam cells. From 
Type-Illl on, an intermediate stage between Type-ll and -IV, advanced atherosclerosis 
givess rise to an increasingly complex lesion. Type-Ill lesions show the first signs of 
thee formation of an atheromatous inclusion: lipid droplets are no longer stored in foam 
cells,, but are expelled and form extracellular lipid deposits. Type-IV lesions contain 
largee stores of extracelullar lipid, and are more easily disrupted. Type-IV lesions 
graduallyy develop to either Type-V, or Type-VI lesions. Type-V lesions are 
characterizedd by the presence of a large, so-called, fibrous cap that is positioned over 
thee lipid core. Fibrous caps contain thick layers of connective tissue, produced by 
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monocyle:macrophage,, f. plaletet; SMC smooth musdo colt. T T sell 

ligand:: SV. splice vahanr; TM transmembrane form of growth factor. 

Tablee 1 Members of growt h facto r familie s identifie d in atheroscleroti c lesions . E, endothelial cells; aE, aortic 
endothelium;; mE, microvascular endothelium; M, monocyte / macrophage; P, platelet; SMC, smooth muscle cell; T, T-cell. All 
cellss demonstrated to be cellular sources of the growth factors indicated. HD, heterodimer; IP, inactive precursor; LS, lacks 
signall sequence; S, secreted ligand; SV, splice variant; TM, transmembrane form of growth factor. Adapted from Raines and 
Rosss . 

smoothh muscle cells. In addition, these plaques can either be largely calcified, or 
consistt primarily of uncalcified fibrous connective tissue. Alternatively, the Type-IV 
plaquee may have less connective tissue, which gives rise to poor lesion stability and 
increasedd risk for fissures, hematomas and thrombus formation (Type-VI). 

1.5.22 Extracellula r matri x components . 
Inn the atherosclerotic lesion, extracellular matrix components are deposited by 

syntheticc smooth muscle cells. Extracellular matrix molecules are, especially in 
fibrouss lesions, major components of the thickened neointima; collagen type-l can 
constitutee up to 60% of total plaque volume. In comparison to resting smooth muscle 
cells,, the deposition of basement membrane components such as laminin, syndecan 
andd perlecan is downregulated m m\\ Simultaneously, the synthesis of collagen type-l, -
III,, -IV and -V, elastin and fibronectin is greatly increased t22r24\ It has been 
hypothesizedd that collagen monomers in the matrix of the lesion constitute an extra 
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stimuluss for smooth muscle cell proliferation '2b'. In addition, the formation of 
fibronectin-matrixx is thought to facilitate smooth muscle cell migration within the 
lesionn '62 ; . Other extracellular matrix components secreted from proliferative smooth 
musclee cells are osteopontin and vitronectin which are known to stimulate smooth 
musclee cell migration 2''-'"'. Proteoglycan composition is also altered in the lesion: 
chondroitinn sulphate and dermatan sulphate are proteoglycans that stimulate smooth 
musclee cell proliferation and are more abundant in atherogenesis while the levels of 
heparann sulphates, that reduce smooth muscle cell proliferation, are decreased -22

32) ) 

Nomenclatur ee and 
Mainn histolog y 

Typ ee 1 (initial) lesion 
isolatedd macrophage 
foamm cells 

Typ ee II (fatty streak) lesion 
mainlyy intracellular 
lipidd accumulation 

Typ ee III (intermediate) lesion 
Typee II changes & small 
extracellularr lipid pools 

Typ ee IV (atheroma) lesion 
Typee II changes & core of 
extracellularr lipid 

Typ ee V (fibroatheroma) lesion 
lipidd core & fibrotic layer, or 
multiplee lipid cores & fibrotic 
layers,, or mainly calcific, or 
mainlyy fibrotic 

Typ ee VI (complicated) lesion 
surfacee defect, 
hematoma-hemorrhage, , 
thrombus s 

Sequence s s 
inn progressio n 

® ® 
® ® 

Mainn growt h 
mechanis m m 

Lipid Lipid 
accumulation accumulation 

Accelerated Accelerated 
smooth smooth 
muscle muscle 

andand collagen 
increase increase 

Thrombosis, Thrombosis, 
hematoma hematoma 

Earlies t t 
onse t t 

From From 
first first 

decade decade 

From From 
third third 

decade decade 

From From 
fourth fourth 
decade decade 

Clinica l l 
Correlatio n n 

Clinically Clinically 
silent silent 

Clinically Clinically 
silent silent 

oror overt 

Figuree 3. Flow diagram in center column indicates pathways in evolution and progression of human atherosclerotic 
lesions.. Roman numerals indicate histologically characteristic types of lesions defined at left of flow diagram. The direction 
off arrows indicates the sequence in which characteristic morphologies may change. From type I to type IV, changes in lesion 
morphologyy occur primarily because of increasing accumulation of lipid. The loop between types V and VI illustrates how 
lesionss increase in thickness when thrombotic deposits form on their surfaces. Thrombotic deposits may form repeatedly over 
variedd time spans in the same location and may be the principal mechanism for gradual occlusion of medium-sized arteries 
Adaptedd from Stary '. 
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1.5.33 Regulatio n of extracellula r matri x production : solubl e factor s that 
influenc ee smoot h muscl e cells . 
Inn atherosclerotic lesions, induction of collagen and fibronectin synthesis is 

mediatedd by factors such as TGFp and PDGF, two factors that are especially 
secretedd by macrophages, which are present in the vicinity of lesion smooth muscle 
cellss ,33 34>. In porcine, rat and rabbit arteries, increased levels of TGFp caused an 
inductionn of extracellular matrix production (3537). Moreover, in the promoter of the 
collagenn a2 gene a TGFp-response element has been identified (3e' and secondary 
stimulatoryy effects from TGFp may be mediated through the induction of connective 
tissuee growth factor (CTGF) (39>. PDGF has been shown to be a mitogen and 
stimulatorr of collagen production in porcine smooth muscle cells (4tM1). In addition, the 
presencee of inhibitors of collagen synthesis in the atherosclerotic lesions has been 
described,, such as bFGF, NO, TNFa and interferon-y (IFN-y)iA2). These data illustrate 
thatt extracellular matrix deposition in the vessel wall is a complex, regulated process 
whichh enables the vessel wall to respond to external factors such as mechanical 
loadingg due to changes in blood pressure. 

1.5.44 Connectiv e Tissu e Growt h Factor . 
Connectivee tissue growth factor (CTGF) is a 38 kDa monomeric glycoprotein, 

originallyy purified from the conditioned medium of human umbilical vein endothelial 
cellss M3). Homologous proteins include human, murine and Xenopus CTGF, and 
chickenn Cyr61 and CEF10, which are immediate early response genes associated 
withh regulation of cell proliferation, differentiation and embryogenesis (M'. CTGF 
expressionn has been linked to connective tissue formation and extracellular matrix 
deposition,, which was demonstrated in wound healing, kidney and lung fibrosis, and 
fibroticc skin disorders ^7). More specifically, CTGF was shown to be directly involved 
inn increased synthesis of extracellular matrix components by fibroblasts (4S 49f. In 
atherogenesis,, the deposition of fibrous material in the vessel wall is mediated by 
smoothh muscle cells. It has been reported that CTGF mRNA and protein expression 
aree increased in advanced atherosclerotic lesions, and that elevated CTGF levels 
mayy stimulate extracellular matrix deposition in the lesion (50!. Furthermore, CTGF has 
beenn shown to be involved in vitro in increased apoptosis of PDGF- or bFGF-
activatedd smooth muscle cells, suggesting a direct involvement of CTGF in lesion 
developmentt (5,). Regulation of CTGF expression has so far been ascribed to two 
memberss of the TGFp superfamily: bone morphogenetic protein-2 (BMP-2) and TGFp 
(SOO 52-54) 

1.5.55 Extracellula r matri x production : goo d or bad ? 
Occlusionn of the vessel wall due to excessive fibrous deposition in 

atheroscleroticc lesions is a profound symptomatic event in advanced stages of the 
disease.. From this perspective, the augmented production of extracellular matrix 
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componentss is an unwanted process. However, the deposition of fibrous matrix 
componentss provides support and rigidity to the atheromatous core of a fibrofatty 
lesion.. This is of great clinical relevance, since an atheromatous lesion is instable and 
pronee to rupture. A ruptured lesion causes a massive local thrombotic event as soon 
ass the interior of the ruptured lesion is in direct contact with the blood stream. 
Evidently,, local thrombus formation may cause the complete obstruction of a major 
artery,, which may result in cerebral stroke or heart infarction. Hence, a controlled 
fibrouss cap formation over an atheromatous core is thought to be beneficial, even 
thoughh the lumen of the vessel is decreased to some extent. 

1.66 Vascula r calcification . 

Calcificationn of the vessel wall is a process that can be observed at the earliest 
stagess of atherosclerosis, and the extent of calcification generally aggravates with the 
progressionn of the disease. It has become accepted that vascular calcification is a 
regulatedd process rather than a spontaneous development of calcium-rich 
precipitates.. Proteins, that were identified to play a crucial role in calcification of the 
skeleton,, are expressed in the arterial vessel wall and contribute to an organized 
mineralizationn process. The synthesis of osteopontin by lesion smooth muscle cells 
(55)) and in macrophages in the vicinity of calcifying focit5ei is an important observation 
too support this view. Osteopontin was identified in bone and it was shown to be 
expressedd by osteoblasts and osteoclasts(57). In addition to osteopontin, also collagen 
I,, matrix gla protein, osteocalcin and osteonectin, all known participants in bone 
formation,, have been identified in atherosclerotic lesions |5863). In the (atherogenic) 
vasculature,, TGFp and the BMPs (specifically BMP-2) have been shown to be 
present,, and are thought to mediate calcification process ,64B5). 

1.6.11 Proces s of calcificatio n 
Inn bone, calcification-promoting cells (osteoblasts) and calcification-moderating 

cellss (osteoclasts) have been identified. Calcium mineral (Calcium phosphate, 
hydroxyapetite)) deposition is facilitated by a matrix, the osteoid, of collagen I, bone 
sialoo protein, osteopontin and osteonectin, which is synthesized by bone-forming 
osteoblasts.. Passive crystallization of calcium mineral in osteoid occurs outside 
osteoblasts.. In addition, osteocalcin is known to promote adhesion and chemotaxis 
off osteoclasts that mediate bone resorption and remodeling ,66>. In the calcification 
process,, y-carboxyglutamate (Gla)-containing proteins have been shown to play an 
importantt role, since these molecules have a very high affinity for binding to 
hydroxyaa petite. Two Gla-containing proteins, osteocalcin and matrix Gla protein 
(MGP),, are known to be involved in regulating the mineralization of the osteoid. 
Especially,, MGP is implied as an important factor that protects against calcification 
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(seee paragraph on MGP). The combined expression of these factors needs to be 
regulatedd to result in organized bone formation. 
Atheroscleroticc lesions contain a number of elements that are needed for bone 
formationn (discussed afterward) and it has been shown that bone structures can form 
inn aortic valves l67). Based on these data, it is hypothesized that vascular calcification 
mayy be regarded analogous to calcification in bone formation. However, the 
organizedd deposition-resorption process involving osteoblasts and osteoclasts 
remainss to be elucidated in the vasculature (68). 

1.6.22 Core bindin g facto r a-1 (Cbfa-1) 
Osteoblastss are bone-forming cells which synthesize osteocalcin, a1 collagen, 

bonee sialo protein, osteopontin and osteocalcin (6Sl. The promoters of these genes are 
regulatedd by the runt-domain transcription factor core binding factor a-1 (Cbfa-1), 
whichh binds to specific promoter elements. The importance of Cbfa-1 in bone 
formationn was established by the phenotype of the Cbfa-1 null mice that completely 
lackk mineralized bone structures ,M-'Ï'. In these mice, the mesenchymal progenitors 
faill to develop into osteoblasts and, as a consequence, a whole set of osteoblast-
specificc proteins is not expressed. Cbfa-1 synthesis is observed in early 
mesenchymall condensations of developing skeleton during development of the 
embryo,, and in adulthood Cbfa-1 is highly expressed in cells of the osteoblast 
lineage.. The causal relationship between Cbfa-1 and osteoblast differentiation was 
demonstratedd by overexpression of Cbfa-1 in fibroblasts, resulting in 
(trans)differentiationn towards an osteoblast-like phenotype !e9f. From these 
experimentss it can be concluded that Cbfa-1 expression is a prerequisite for the 
differentiation-switchh of the osteoblast lineage. 

1.6.33 Matri x Gla Protei n (MGP) 
MGPP belongs to the family of mineral-binding proteins containing y-

carboxyglutamatee residues that need vitamin K for proper function i72-75>. The clotting 
factorss factor VII and IX, and the anticoagulation factors protein S and protein C also 
belongg to this family. In bone-mineralization, the Gla-proteins MGP and osteocalcin 
havee been shown to play a regulating role by binding to the hydroxyapetite deposits. 
MGPP null mice demonstrate the potency of MGP to strongly prevent calcification, 
especiallyy in the vasculature. Apart from skeletal defects resulting from dysfunctional 
growth-platee mineralization, the mice developed fully calcified arteries. All elastic and 
muscularr arteries and the cardiac valves, but not the myocardium, arterioles, 
capillariess or veins, suffered from excessive calcification, preferentially at the elastic 
lamellaee of the media. Importantly, the calcification is not associated with focal 
atherosclerosis,, but occurs homogenously throughout the arterial tree. The vascular 
calcificationn eventually leads to vessel rupture and subsequent death of the animals, 
usuallyy within two months after birth i7fil. The importance of MGP to vessel wall 
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calcificationn is illustrated by studies in which MGP (and other Gla proteins) was 
functionallyy ablated. Infusion of warfarin, or a lowered uptake of dietary vitamin K 
resultt in an impaired y-carboxylation which renders the Gla-proteins such as MGP 
dysfunctional.. In these studies involving rats and humans, respectively, vascular 
calcificationn increased with impaired y-carboxylation capacity 'Jr m. In conclusion, 
MGPP may protect against vascular calcification. 

1.6.44 Calcificatio n and clinica l manifestation s 
Inn pathological specimens, calcification in the arterial tree and the heart valves 

iss associated with adverse effects on haemodynamics, decreased elasticity of the 
vessell wall, and impaired performance of the heart due to valve dysfunction. In 
addition,, at the transition of a calcified lesion to an uncalcified area the vasculature is 
moree prone to rupture, causing acute focal thrombus formation and subsequent 
vascularr occlusion. These occlusions can lead to ischemic strokes and heart attacks. 
Inn epidemiological studies the occurrence of calcification is associated with coronary 
heartt disease, stroke and peripheral vascular pathologies l79eo'. 

22 TGFp superfamily . 

2.11 Structur e and function . 

Thee TGFp superfamily comprises a large set of secreted factors of which TGFp 
wass the first member to be characterized (reviewed in <81 fl2>). Members of the TGFp 
superfamilyy were identified in different species, and have a broad range of activities. 
Forr instance, in Drosophila and Xenopus, TGFp family members are involved in the 
inductionn of the basic bodyplan. In mammals, TGFp-related molecules have been 
foundd that control sexual development, pituitary hormone production, and the 
productionn of bone and cartilage. 
Memberss of the TGFp superfamily are initially synthesized as larger precursor 
moleculess with an amino-teminal signal sequence and a pro-domain of variable 
length.. After cleavage of precursor molecules, carboxy-termtnal polypeptides are 
released,, that dimerize as hetero- or homo-dimers to form an active signaling 
moleculee "">. For TGFp it has been reported that dimehzation of non-processed 
precursorr molecules takes place. After synthesis and excretion, activation of the 
TGFpp molecule occurs when the pro-domains are proteolytically cleaved at low pH, 
whichh may be an important regulatory step in the activation of TGFp. Most members 
off the TGFp superfamily contain seven cysteine residues within their mature 
monomericc polypeptide. Six of these cysteins are closely associated to form a 
'cysteinee knot'(M 8S\ which is assumed to rigidly lock the p-sheets of the polypeptide. 
Thee remaining cysteine group is used for dimehzation by forming an additional 
intermolecularr disulfide bond. Members of the TGFp superfamily share common 

21 1 



ChapterChapter 1 

Drr dpp 

Huu BMP-4 

Huu BMP 2 

Ckdsl-1 Ckdsl-1 

Huu BMP-5 

Huu BMP-6 

Huu BMP-7 

Huu OP-2 

Drr 60A 

structurall features, but differ in length and composition, which leads to different 
receptorr specificity and differences in biological activity. Members of the TGFp 
superfamilyy include TGFps, activins, bone morphogenetic proteins, Muellerian 
Inhibitingg substance and related protein that have been identified in vertebrates, 
insectss and nematodes such as growth and differentiation factor (GDF), nodal and 

dorsalin.. The TGFp superfamily of 
hormonallyy active polypeptides is 
knownn for their general ability to 
influencee cellular functions, determine 
embryologicall development and 
maintainn tissue homeostasis. The bone 
morphogeneticc proteins (BMP 1-15) 
formm the largest group within the TGFp 
superfamilyy and are know to be 
involvedd in embryogenesis and also in 
thee maintenance and repair of bone 
andd other tissues in the adult body. The 
moleculess most closely related to 
TGFp-11 are known as TGFp-2, -3, -4, -
5,, which have been identified in 
differentt species, but share a large 
sequencee homology. This group of 
moleculess has been identified as 
criticall inhibitors of epithelial growth, of 
thee immune system and of 
hematopoieticc functions. In addition, 
TGFpp signaling is known to stimulate 
thee synthesis of connective tissue. The 
activinn family, discussed in more detail 
laterr in this Chapter, has originally 
beenn characterized in endocrinology, 
hematopoiesiss and in the 
embryogenesiss of mammalian 
endocrinee reproductive tissues 
(reviewedd in l86)). 
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Figur ee 4. Phylogenetic tree of TGFp superfamil y member s 

rootedd on the Xenopus laevis TGF|5-5 gene. Activin p and p 

aree indicated as INHp and INH|i. Adapted from Burt and Law 
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2.22 Genera l paradigm s of TGFp signa l transduction . 

Signall transduction of ligands from the TGFp superfamily is initiated by 
activationn of ligand-specific transmembrane protein kinase receptors. These 
receptorss are serine/threonine kinases which are devided in Type-I and Type-ll 
receptors.. Upon binding of the ligand to its specific Type-ll receptor, a Type-I receptor 
iss bound, resulting in heterotrimeric ligand-receptor complexes. In such complexes, 
thee Type-ll receptors phosphorylate the GS-regions of Type-I receptors, resulting in 
activationn of the Type-I receptors  Phosphorylated Type-I receptors specifically 
interactt with Smad proteins. These intracellular cytoplasmic proteins are 
phosphorylatedd and subsequently translocate to the nucleus and function as DNA-
bindingg transcription factors. A cell-specific reaction in response to stimulation by a 
memberr of the TGFp superfamily depends on the ligand specificity of the 
transmembranee receptors, the acquisition of co-activators or co-repressors by the 
Smadd complex and on the DNA sequences that can be bound by the Smad 
transcriptionn factors (see Figure 5). 

Figur ee 5. Signalin g cascad e for TGFp superfamil y ligands . 1) Ligand binding to specific Type-ll receptor. 2) Binding of 
Type-!! receptor. 3) Complex formation, 4) Phosphorylation of Type-I receptor by Type-ll receptor serine / threonine kinase 
activity,, 5) Activation of receptor-regulated Smad. 6) Binding of the phosphorylated receptor-regulated Smad to the co-
Smad:: Smad-4 and 7) subsequent translocation to the nucleus where the complex 8) binds accessory DNA-binding 
proteins.. 9) The signaling complex binds specific DNA target sequence in the promoter region of the target gene, 
facilitatingg regulation of gene expression. Adapted from Massague w . 
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2.2.11 Type- I and Type-l l receptor s 

TGFpp superfamily members signal through a family of transmembrane 
glycoproteinn serine / threonine kinases, known as the TGFp-receptor family. Based 
onn structural and functional properties, the TGFp-receptor family is devided into two 
subfamilies:: the Type-I receptors and the Type-ll receptors. Type-I receptors have 
highh homology in the serine / threonine kinase domain. Based on sequence 
homology,, three groups of Type-I receptors, also known as activin receptor-like 
kinasess (ALK), have been identified in mammals; i) ALK5 (TGFpR-l), ALK7 (unknown 
ligand),, ALK4 (Activin-RIB). ii) ALK3 (BMPR-IA), ALK6 (BMPR-IB), and iii) ALK1 
(bindss TGFp weakly). ALK2 (ActivinR-l) . In Figure 6, the Type-I ligand specificity of 
thee different members of the TGF(3 superfamily members is indicated. 

L i g a n d ^^ Receptor I T ^ > Receptor l ^ f Smad Co-Smad ->> Cofactor 

TGF-[ ' ,s>> T|SR-II ^ j > T p R - l 

Activins. . 

Nodals s 

BMP2's s 

BMP7's s 

GDF5's s 

ActR-l l l 
ActR-II B B 

BMPR-II I 
ActR-l l l 

ActR-II B B 

ActR-I B B 

ALK-7 ? ? 

BMPR-IA A 

BMPR-IBA A 

ALK- 2 2 

ALK- 1 1 

Smad2 2 
Smad3 3 

Smad l l 
Smad5 5 
Smad8 8 

Smad4 4 
-*>> FAST 
->> TFE3 
-*>-*> AML 
-  ? 

Smad4 4 

•>> ? 

? ? 

OAZ Z 

Figur ee 6. Variegation , convergence , and then , branching . Two subfamilies of type I receptors recognize each subfamily 
off Smads. All R-Smads share the same co-Smads. TftR-l. ActR-IB, BMPR-IA. and BMPR-IB are also known as ALK5. 
ALK4.. ALK3. and ALK6, respectively. Adapted from M'. 

Inn vertebrates, the Type-Il-receptor family consists of TGFp Receptor-ll (TbR-ll), BMP 
Receptor-lll (BMPR-II), that bind TGFp and BMP respectively l859,«. Activin Receptor-
lll (ActR-ll) and ActR-IIB bind activin, but have in addition been shown to bind BMP2, 
BMP44 and BMP7, when combined with a BMPR-I(91"94'. In addition, AMHR is a Type-
lll receptor that is known to bind Muellerian Inhibiting Substance (95). See figure 6 for 
Type-lll ligand-receptor specificity, (reviewed in l86>). Type-I and Type-ll receptors are 
glycoproteinss of approximately 55 and 70 kDa, that include a core polypeptide of 500-
5700 amino acids, and a signal sequence. The extracellular domain of both receptor-
typess is approximately 150 amino acids, N-glycosylated region that contains at least 
100 cysteine residues which are probably responsible for the folding of this domain m. 
Type-II receptors have a unique, conserved 'GS' domain of 30 amino acids, which 
containss a SGSGSG sequence that is phosphorylated upon ligand activation of the 
receptorr complex "*-"•. Both receptor types have a serine-threonine protein kinase 
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domain.. Type-I receptors have been shown to phosphorylate Smad signal 
transduction-proteinss on serine residues. Type-ll receptors phosphorylate 
themselves,, and Type-I receptors on serine and threonine residues. <10 101>. 

BMP P 
TGF-P P 
Activi nn |—|Follistati n 

Receptor ss |FKBP12 1 |Receptor s 

\ \ 
Smadd Smad Smad 

— I G D D QZB B 6,7 7 

Nucleu ss O O 

[Smad4| | 

Figuree 7. Smad signaling cascade. Activm/TGF|5-specific (Smad2.3) and BMP-specific (Smad1.5.8) signaling cascades, 
thatt are activated through ligand specific transmembrane receptors. The cascade-specific Smads bind to Smad4 after 
activationn by the transmembrane receptors. Complexes that were translocated to the nucleus bind accessory proteins 
(A.B.C)) and subsequently influence gene expression a, (5, y. The signaling cascade can be inhibited by neutralizing 
ligand-receptorr interactions (e.g. Follistatin), by disabling receptor signaling (FKBP12) or by directly preventing Smad 
activationn (Smad6.7). Adapted from m. 

2.2.22 The Smad proteins . 
Smadd proteins form a family of transcription factors that are found in 

vertebrates,, insects and nematodes '102103t. Type-I receptors specifically recognize a 
subgroupp of Smads, which is known as the receptor-activated Smads. Smad2 and 
Smad33 are recognized by Type-I TGFp and activin receptors, while Smadl , Smad5 
andd  Smad8 interact with BMP-specific Type-I receptors. Structurally, Smad proteins 
aree composed of two conserved domains (MH-domains) that form globular structures 
andd are separated by a linker-region ,04). DNA-binding activity of the Smad protein is 
locatedd to the N-terminal MH1 domain, while the C-terminal MH2 domain is 
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responsiblee for nuclear translocation and has transcription-regulatory activity. 
Activationn of Smad proteins occurs by phosphorylation of the conserved C-termina! 
SSxSS domain, which is assumed to release the mutual inhibition by both MH 
domains.. After this phosphorylation, the receptor-activated Smads translocate from 
thee cell membrane to the nucleus, where they accumulate and mediate transcriptional 
activity. . 

Activatedd receptor-associated Smad molecules interact during translocation from the 
membranee to the nucleus with a second group of Smad proteins: the co-Smads. This 
classs of Smads has two known members, Smad4 and Smad 10 (identified in Xenopus 
doss io6)) t n a t a r e structurally related to the receptor-associated Smads. Co-Smads lack 
thee SSxS sequence, and cannot be activated by Type-I receptors. The MH2 domain 
iss responsible for the interaction of co-Smads with the receptor associated Smads. 
Co-Smadss bind to all receptor-associated Smads, and have a critical role in the 
transcriptionall activity of nuclear Smad complexes (,07). See also Figure 7. 

2.2.33 Contro l of TGFp superfamil y signaling . 
Inn the signal transduction-pathway of TGFp superfamily members, several 

importantt steps are identified: activation of the transmembrane receptor complex and 
activationn of receptor-associated Smads, and in both steps accessory proteins 
modulatee the activation process. For TGFp signaling, the TGFp Type-Ill 
transmembranee receptors (endoglin and p-glycan) bind TGFp ligands, which results 
inn increased affinity for the signaling receptors ( ,0B). In analogy, the protein 'Smad 
anchorr for receptor activation' (SARA) binds Smad2 and Smad3, facilitating their 
interactionn with the TGFp Type-I receptor<1ü9). Negative regulation of the signaling 
cascadee at the plasmamembrane occurs through the interaction of specific binding 
proteinss with the ligand, that prevent the ligand from binding to the receptors. For 
TGFp,, activin, BMP and nodal, different binding proteins have been reported (a6). In 
addition,, several intracellular proteins have been identified that can inhibit Smad 
signaling.. Immunophilin FKBP12 binds to the GS domain of the Type-I receptor, 
therebyy inhibiting receptor-phosphorylation m\ Pseudoreceptor BAMBI (BMP and 
activinn membrane bound inhibitor) has been shown to form inactive complexes with 
Type-II receptor (110\ In the TGFp pathway, Ras-activated ERK kinases have been 
shownn to phosphorylate receptor-associated Smads in the linker-region which inhibits 
nuclearr translocation of Smad molecules (11". Ubiquitinylation and subsequent 
degradationn have been reported to occur to cytosolic Smadl and nuclear Smad2, 
resultingg in lower overall activity of these Smad proteins m m 113). 
Finally,, another sub-class of Smad proteins has been identified, the so-called 
inhibitoryy Smads. Although structurally related to receptor-associated Smads, 
inhibitoryy Smads do not have a SSxS phosphorylation motif, and at the N-terminus 
onlyy a small portion of the protein has homology to the MH1 region. Smad6 is an 
inhibitoryy Smad protein, that acts as a decoy for Smad4, resulting in the blockade of 
activatedd Smadl (114>. Another inhibitory Smad, Smad7 can block activated Type-I 
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receptors,, preventing further downstream signaling ( m , , e | . The receptor-associated 
Smadss and the co-Smads can bind to DNA through the MH1 domain |1M• 1,T>. The 
optimall DNA sequence for this interaction is CAGAC, although AGAC is suff icient tm 

,,B1.. This sequence is found to be present in the promoter of genes that can respond 
too TGFp, activin or BMP {119-1M>. 

33 Activin . 

3.11 Structur e and function . 

Activinss were originally characterized by their ability to stimulate follicle-

stimulatingg hormone (FSH) release in cultures of rat anterior pituitary cells (1241251. The 

activinn pA gene is composed of three exons, interrupted by two introns while the 

activinn pB gene contains two exons(126). The activin PA and pB subunits are encoded by 

differentt genes as pre-pro-polypeptides and undergo extensive posttranslational 

modification,, as described here for activin A (127>. After synthesis of the 425 amino 

acidss pre-pro activin PA the signalpeptide (28 amino acids) is removed to give rise to 

pro-activinn PA(54 kDa). This intermediate is processed further by N-glycosylation and 

disulfide-mediatedd hetero- or homodimerization. Subsequently, the 281 amino acids 

pro-sequencee is cleaved to give rise to a mature polypeptide of 116 amino acids 

(activinn PB: 115 amino acids). Dimers of this mature molecule have an apparent 

molecularr weight of about 24 kDa, while the reduced monomeric activin PA and pB 

chainn appear as molecules of 14.7 kDA and 14 kDa respectively. Different mRNAs for 

activinn A of 6.4 kb, 4.0 kb, 2.8 kb or 1.6 kb are synthesized respectively (128), probably 

duee to alternative polyadenylation signals on a variable 3'UTR of the activin mRNA. 

Thee family of activins includes hetero- and homodimeric complexes of activin p 

chains,, of which the activin PA chain, the activin pB chain and the more recently 

discoveredd Pc chain have been identified in humans. The protein identity of pA-PB is 

64%;; PA-pc is 5 1 % and pB-pc is known to be 53% (129131). Furthermore, the activin pA, pB 

andd pc chains have been identified in otherr species such as Xenopus, mice, rat, cattle 

andd pigs. Moreover, activin pD <1321 and activin pE
 (133> chain have been identified, but 

limitedd functional data are available. Homo- or heterodimers of the pA and pB subunits 

aree called activin A (PApA) {24 kDa), activin B (pgpB) (22 kDa) or activin AB (PAPB) (23 

kDa).. In addition, transfection experiments in mammalian cells with both PA and pB 

chainn cDNA showed that heterodimers were formed, but homodimerization of each of 

thee p subunits occurs preferentially. Heterodimers of the structurally related inhibin a 

(188 kDa) chain with either pA or pB chain are called inhibin A or B, respectively. Inhibins 
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aree antagonists of activin signaling and have been shown to block FSH release from 
pituitaryy cells (,2S). 
Otherr functions that have been associated with activins are stimulation of 
erythropoiesisnyii 115j, regulation of ovarian and testicular functions (,36-138>, regulation of 
nervee cell differentiation (13S-,4"( regulation of liver regeneration l1421 and the induction of 
mesodermm in early embryogenesis (143-145>. In vitro, the biological activities of activin A 
orr activin B have proven to be indistinguishable in assays that measure FSH release 
orr erythropoiesis f1301. However, recent investigations have demonstrated that in vivo, 
differencess in function of activin A and activin B may occur. In activin PA null mice, the 
disruptedd mature PA-coding region was replaced by the mature coding region of the 
murinee pB gene {amino-acid identity 63%). This gene insertion rescued the otherwise 
lethall activin pA null phenotype demonstrating that in vivo activin A and activin B are 
att least in part interchangeable. Remarkably, these transgenic mice developed a new 
phenotypee (discussed later) which may indicate that activin A and activin B to some 
extentt have different signaling properties (146). 

3.1.11 Activi n in atherogenesis . 
AA potential role for activin in atherogenesis has been proposed based on the 

observationn that this factor modulates the proliferation and differentiation of several 
celll types involved in atherogenesis, notably that of endothelial cells, macrophages 
andd smooth muscle cells. Activin inhibits the propagation of human endothelial cells 
<147)) and it enhances the differentiation of monocytic cells into macrophages (1481. Most 
remarkably,, with respect to activin function in atherogenesis, foam cell formation of 
THP-11 derived macrophages is inhibited (149). The effect of activin on cultured smooth 
musclee cells is controversial, as activin has been shown to induce DNA synthesis in 
ratt smooth muscle cells in some studies i150-151>, whereas others reported that activin 
doess not affect rat smooth muscle cell growth '152i. In separate studies, activin (,53) and 
follistatin(1M'' were shown to be expressed in atherosclerotic lesions of hyperlipidemic 
rabbitss and enhanced activin expression was also observed in the rat carotid artery 
afterr balloon injury,1511. 

3.1.22 Follistatin . 
Follistatinn was shown to inhibit FSH release from activin-stimulated pituitary 

cells,, although less potently than inhibins ,155157>. Follistatin is an N-glycosylated single-
chainn molecule, which was originally isolated from rat ovarian extracts as a mixture 
off two proteins of 32 and 35 kDa, respectively. The protein is encoded by a gene 
composedd of six exons separated by five introns which gives rise to a 344 amino 
acidss {35 kDa) polypeptide. The last intron is alternatively spliced resulting in a 
maturee sequence of 317 amino acids (32 kDa). Differences in physiological function 
betweenn the two forms of follistatin remain to be established. However, it has been 
demonstratedd that the 32 kDa form of follistatin binds more strongly to heparan 
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sulphates.. It has been hypothesized that the extra 27 amino acids of the alternatively 
splicedd last exon fold back onto the N-terminus of the protein and neutralize the 
charge-mediatedd interaction between follistatin and heparan sulphates. Many tissues, 
includingg the vasculature, contain extracellular matrix that includes heparan 
sulphates.. The splice variants of follistatin may differ in their capacity to bind to 
specificc tissues 115B\ Alternatively, it has been shown that the splice variants may have 
differentt affinities for activin, since the heparan sulphate-binding moiety is involved in 
thee interaction with the growth factor n5S>. The affinity of follistatin for activin is very 
high,, leading to equimolar complexes, which do not interact with activin receptors. 
Therefore,, the balance of expression levels of these molecules plays a pivotal role in 
downstreamm activin signaling <160•1611. 

44 Experimenta l model s in vascula r research . 

4.11 Vascula r developmen t in knockou t mic e of 
activin-relate dd signaling . 

Transgenicc mice and genetic knockout (-'-) mice are powerful models to 
determinee the effect of specific genes in development and their involvement in 
pathologicall circumstances. Several genes involved in activin signaling have been 
disrupted,, and the resulting murine phenotype has been described. In activin pA '  ' 
mice,, development and growth of whiskers and lower incisors was shown to be 
impaired,, and the mice suffered from a cleft palate. Activin pA' mice are born alive, 
butt can not eat and die within 24 hours. Apart from these phenotypic changes, no 
otherr gross malformations were observed in these animals. Furthermore, mice in 
whichh the murine activin pe subunit was disrupted are born alive with open eyes, 
survived,, developed normally and reached adulthood. Male fertility is unchanged 
whilee female reproduction is impaired. Offspring from these mice die perinataly. 
Activinn pA ' / pB double knock-out mice displayed the combined phenotype of both 
single-genee knockouts n62K Activin [3C ' and Activin pE ' mice that were generated 
recentlyy did not reveal a specific phenotype, probably due to redundancy in 
expressionn of other activin subunits n63>. In addition, the Type-ll activin receptor 
knockoutt mouse has decreased viability of the litters, resulting in -20% dead 
embryos.. Activin receptor Type-ll adults have reduced FSH levels and an impaired 
reproductivee capacity. Furthermore, these animals have skeletal abnormalities 
includingg a malformed Meckels's cartilage, Pierre-Robin syndrome-like symptoms 
(oftenn a cleft palate, micrognathia, retrognathia and glossoptosis -falling backward of 
thee tongue) which are all malformations of the cranio-facial development <1621. The 
follistatinn null mice are retarded in their growth, have decreased mass of the 
diaphragmm and intercostal muscles and a shiny taut skin. These mice also have 
skeletall defects: a cleft palate and the thirteenth pair of ribs is absent, their whiskers 
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andd tooth development is abnormal. The newborn mice fail to breathe, and die within 
hourss after birth |1&l). Matzuk and coworkers pioneered in the generation of null mice 
off activin signaling <165>. They concluded that even though activin is shown to be a 
potentt inducer of mesoderm formation in the embryo, the different null mice 
mentionedd above have an apparently normal embryonic development. Possibly, the 
geneproductt that is absent in the knockout offspring is produced and provided by the 
motherr in utero, thus preventing severe malformations. In addition, functional 
redundancyy from TGFJ3 superfamily members may explain the phenotype of these 
mice.. In none of the knockout mice discussed so far, vascular malformations have 
beenn reported, and it may therefore be assumed that activin or follistatin are not 
cruciall for normal vessel development. Inhibitory Smad6 null mice develop defects in 
cardiacc valve formation, outflow tract septation, vascular tone and cardiovascular 
ossificationn which implicates that Smad6 is needed for correct vascular development 
1166) ) 

4.1.11 Mous e model s of hyperlipidaemi a and atherosclerosis . 
Ann important approach to study atherosclerotic processes is to make use of 

murinee models. Wild-type mice do not develop atherosclerosis and therefore several 
geneticallyy modified mouse strains have been developed mice have been generated. 
Amongg these are mice in which the endogenous ApoE gene is either knocked out|167 

1B8>> or replaced by a mutant form of human ApoE3Leiden i169-171). ApoE is needed for 
properr plasma lipid homeostasis. Homozygous Apo-E null mice develop spontaneous 
hyperlipedemiaa that causes atherosclerotic lesions to occur as early as 6 weeks after 
birthh and develop in a time dependent manner along the entire aorta and the coronary 
arteries.. In heterozygous ApoE3Leiden mice, hyperlipidaemia and subsequent 
atherosclerosiss can be induced by feeding a fat- and cholesterol-rich diet. In these 
mice,, different experiments can be performed to study the role of various compounds 
inn the development of atherosclerosis. 

4.22 Vascula r (re)stenosi s 

Inn injured arterial vasculature, smooth muscle cells migrate and proliferate from 
thee media through the internal elastic lamina to the intima where they accumulate and 
formm the so-called neointima. This neointima formation occurs in mice after a wide 
varietyy of vascular injuries such as electrical stimulation, encapsulating the vessel or 
chemicall treatment. Many mechanical injuries also give rise to neoinima formation: 
suturee placement, scratching of the surface of the vessel wall and applying strain on 
thee vessel by inflating a balloon catheter. Injury is also observed in vein grafts that are 
suturedd into an arterial bed, and due to the systolic pressure undergo 'arterialization'. 
Thesee different circumstances cause smooth muscle cells to dedifferentiate and 
increasee proliferation and migration | ,92 . 
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4.2.11 Cuff-induce d vascula r stenosi s and atherosclerosi s in mic e 
Applicationn of focal vascular injury in experimental animals has been used 

extensivelyy to obtain a controlled development of vascular stenosis. Electric ablation 
off the cells in the vessel wall (172\ total occlusion of the carotid artery ""> and 
denudationn of endothelial cells from major arteries by an intravascular balloon 
catheter(m>> gives rise to the formation of a smooth muscle cell-rich neointima. A (ess 
invasivee method involves the placement of a perivascular, non-occlusive polyethylene 
cufff around the femoral artery of a mouse or rabbitl,7S 177). In normolipidemic mice fitted 
withh such a cuff a neointima forms, that consists of smooth muscle cells, within a 
periodd of 14-21 days and is easily quantitated by morphometry. The exact mechanism 
off neointima induction remains to be elucidated although it has been hypothesized 
thatt local ischemia or changes in haemodynamic flow conditions at the site of the cuff 
mayy be involved (175 '77). In addition, application of a femoral artery cuff in 
hyperlipidemicc ApoE3 Leiden mice results in a focal induction of atherosclerosis at 
thee site of the cuff. Lesions that arise at the site of the cuff are rich in lipid laden foam 
cellss and smooth muscle cells and result in excessive near-occlusive neointima 
hyperplasiaa within 14 days of cuff placement1178). Cuff-induced smooth muscle cell-
richh vascular stenosis and cuff-induced atherosclerosis in mice are easily combined 
withh pharmacotherapy, adenoviral overexpression or other treatments to elucidate the 
involvementt of specific components in vascular stenosis and atherosclerosis. 

4.2.22 The in vitr o saphenou s vein cultur e model . 
Thee invasive approach to treat an occluded human coronary artery is either by 

wideningg the occlusion with an inflated balloon catheter (angioplasty) or by-passing 
thee diseased vessel using an autologous saphenous vein graft. After angioplasty, 
restenosiss of the vessel is a major complication and reduces the patency of the 
treatedd artery to only 50% (179>. Similar percentages (50% stenosis within 10 year) are 
reportedd for venous coronary artery by-pass grafting (CABG) lie . Excessive migration 
andd proliferation of smooth muscle cells plays a critical role in the development of a 
neointimaa in these stenotic vein grafts (,81>. In addition, atherosclerotic processes in 
thee graft also contribute to the loss of by-pass patency m2\ Based on the observed 
smoothh muscle cell-rich neointima formation of grafted veins in the coronary 
circulation,, a culture model for entire saphenous veins has been established (1B3). 
Longitudinallyy cut pieces of a saphenous vein are attached to a supportive matrix with 
thee former luminal side on top. Subsequently, the saphenous vein pieces are cultured 
forr 2-5 weeks using standard tissue culture methods. After the culture period, a 
smoothh muscle cell-rich neointima develops that can be quantitated using 
morphometricc analysis. Tissue specimens in this model are easily accessible for the 
applicationn of adenoviral vectors or purified protein to test the involvement of specific 
compoundss in the development of the neointima nS4'. 

31 1 



ChapterChapter 1 

55 Aim of the thesis . 

Inn this study we aim to establish the function of activin, a member of the TGFp 
superfamiiyy of growth and differentiation factors, in atherosclerotic processes. The 
effectss of activin on different cell types, and in different processes of atherosclerotic 
lesionn development will be assessed: 

Inn chapter 2 we demonstrate the involvement of activin in human 
atherosclerosiss by studying the presence of activin mRNA, activin protein and 
biologicallyy active activin respectively. In addition, we reveal the presence of 
activinn receptors and follistatin in human lesions. Finally, we show that activin 
cann commit vascular smooth muscle cells to the resting phenotype. 
Inn chapter 3 we reveal the potency of activin to prevent the formation of a 
smoothh muscle cell-rich neointima. We report data obtained from ex vivo and 
inn vivo restenosis models: the human saphenous vein culture and the murine 
femorall artery cuff model, respectively. 
Inn chapter 4 we show that activin treatment of smooth muscle cells induces the 
expressionn of CTGF which is associated with extracellular matrix deposition in 
thee atherosclerotic vessel wall. In atherogenesis, biologically active activin and 
CTGFF protein expression were shown to colocalize markedly. 
Inn chapter 5 we investigate vascular calcification, which may be considered a 
regulatedd process involving calcification-modulating factor MGP and the 
osteoblastt specific transcription factor Cbfa-1. Preliminary data show that 
activinn induces Cbfa-1 in cultured smooth muscle cells. 
Inn chapter 6 we report on initial data that reveal the potency of activin to reduce 
lipidd accumulation in mouse macrophage derived foam cells. 
Inn the general discussion of chapter 7 the data presented in this thesis are 
combinedd to address the role of activin in atherogenesis and suggestions for 
furtherr research are being made. 
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A
ctivinn is a member of the transforming growth factor-p (TGFp) superfamily, and 
itt modulates proliferation and differentiation of various target cells. In this study 
wee investigated the role of activin in the initiation and progression of human 

atherosclerosis.. The expression of activin, its physiological inhibitor follistatin and 
activinn receptors were assayed in human vascular tissue specimens that 
representedd various stages of atherogenesis. In situ hybridization experiments 
revealedd activin mRNA in endothelial cells and macrophages and a strong induction 
off activin expression in neointimal smooth muscle cells from the early onset of 
atherogenesis.. We developed an 'in situ free-activin binding-assay' by using 
biotinylatedd follistatin, which allowed us to detect bioactive activin at specific sites in 
atheroscleroticc lesions. The mRNAs encoding the activin receptors are expressed 
similarlyy in normal and atherosclerotic tissue, which indicates that activin A signaling 
inn atherogenesis is most likely dependent on changes in growth factor concentrations 
ratherr than on receptor levels. In vitro, activin induces the contractile, non
proliferativee phenotype in cultured smooth muscle cells, as is reflected by increased 
expressionn of smooth muscle-specific markers (SM a-actin and SM22a). Our data 
providee evidence that activin induces re-differentiation of neointimal smooth muscle 
cellss and we hypothesize that activin is involved in plaque stabilization. 
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Introductio n n 

Activinn belongs to the TGFp superfamily of growth factors and it was initially 
identifiedd as a protein that induces the release of follicle stimulating hormone (FSH) 
byy pituitary cells "•2l. Subsequently, it was demonstrated that activin is involved in the 
growthh and differentiation of various cell types i3 8). The glycoprotein activin consists of 
pAA and pB chains which are held in homodimeric or heterodimeric configurations by 
disulfidee bonds. The distantly related inhibin a subunit can dimerize with either one of 
thee activin p subunits resulting in inhibin A or inhibin B, which inhibit FSH release from 
pituitaryy cells <9>. Activin signaling is mediated by cell-surface type I and type II activin 
receptorss (ActR). Two type I receptors have been described, ActR-l (ALK-2) and 
ActR-IBB (ALK-4) as have two type II receptors, ActR-ll and ActR-IIB (1(\ The activity 
off activin is regulated by follistatin, a 34 kDa glycoprotein, which binds activin with 
highh affinity in equimolar complexes that are unable to bind and activate the activin 
receptorss "'• ,?1. 

AA potential role for activin in atherogenesis has been proposed on the basis of 
thee observation that this factor modulates the proliferation and differentiation of 
severall cell types that are involved in atherogenesis, notably that of endothelial cells 
(ECs),, macrophages and smooth muscle cells (SMCs). Activin inhibits the 
propagationn of human ECs "3| and it enhances the differentiation of monocytic cells 
intoo macrophages ,Ui. Most remarkably, with respect to activin function in 
atherogenesis,, foam cell formation of THP-1 derived macrophages is inhibited ,151. 
Thee effect of activin on cultured SMCs is controversial; activin has been shown to 
inducee DNA synthesis in rat SMCs in some studies (1B- 1T|, whereas others reported that 
activinn did not affect rat SMC growth |1B>. In separate studies, activin im and follistatin 
mm'' were expressed in atherosclerotic lesions of hyperlipidemic rabbits and enhanced 
activinn expression was also observed in the rat carotid artery after balloon injury '">. 

Inn the present study, we have investigated the role of activin in human 
atherogenesiss in detail. In situ hybridization of human tissue specimens 
demonstratedd the expression of activin receptors in SMCs, ECs and macrophages as 
welll as the distinct expression of activin and follistatin in atherosclerotic lesions. 
Immunohistochemicall examinations revealed partial colocalization of activin and 
follistatinn protein; this observation prompted us to design a method to detect free, 
bioactivee activin in atherosclerotic lesions. We took advantage of the knowledge that 
freee activin, not bound in complexes, can associate with follistatin and we developed 
aa new, highly specific 'in situ free-activin binding-assay' to show the presence of 
significantt amounts of bioactive activin in the advanced atherosclerotic lesions. To 
reveall the function of activin in human atherogenesis we evaluated the expression of 
activin,, activin receptors and follistatin in cultured SMCs. Finally, we demonstrate that 
activinn mediates differentiation of proliferating SMCs towards a contractile phenotype 
ass was illustrated by the increased expression of SM-specific genes. 
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Material ss  & Method s 
Tissu ee specimens . Human tissue samples {see Table 1) were obtained from organ donors or from 
patientss undergoing vascular surgery. Lesion type of the specimens was determined in accordance 
withh regulations from the American Heart Association 2'1. 

Immuu no histochemistry . Used antibodies: SMCs, 1A4 (DAKO, Denmark); macrophages, HAM56 
(DAKO);; EC, Ulex lectin detection (DAKO); Activin, E4 (Serotec, Oxford); Folüstatin, antipeptide 
antibodyy (kindly provided by Prof. S. Werner, ETH, Zurich, Switzerland). Detection was achieved by 
meanss of specific biotinylated secondary antibodies and SABC (DAKO) using aminoethylcarbazole as 
aa substrate. 

Inn sit u hybridizatio n / RNase protectio n assay . In vitro transcription of radiolabeled antisense- or 
sensee riboprobes was performed with {[;,5S]-UTP for in situ hybridization and with [MP]-UTP for RNase 
protectionn (Amersham. Buckinghamshire, UK); see Table 2 for details on probes. The in situ 
hybridizationn assays and RNase protection assays were performed as described previously :2il. As a 
controll for the specificity of the anti-sense riboprobes, matching sense riboprobes were assayed for 
eachh gene and were shown to give neither background nor an aspecific signal. 

Inn sit u free-activi n binding-assay . Ten ug of purified follistatin (see paragraph on growth factor 
incubationn and total RNA isolation) was biotinylated for 2 h at C with 3.25 ug Sulpho-NHS-LC 
(5ug/jiLL in dimethylsulphoxide, Pierce, Rockford, IL) in PBS at a total volume of 20 ul_. The reaction 
wass stopped with 1 mL 1 mol/L Tris-HCl, pH 8.0. The biotinylated follistatin was purified on a Sephadex 
G255 column (Pharmacia. Uppsala. Sweden). To pretreat the (cryo) sections, they were rehydrated, 
incubatedd with 0.3% hydrogen peroxide and blocked with 10% vol/vo! pre-immune goat serum (DAKO) 
inn Tris-buffered saline (TBS; 10 mmol/L Tris, pH 8.0, 150 mmol/L NaCI). After 2 h of incubation at room 
temperaturee of 250 nmol/L biotinylated follistatin in TBS containing 1% bovine serum albumine, the 
sectionss were washed 3 times for 2 min with TBS and incubated with streptavidin-horseradish 
peroxidasee conjugate (DAKO) which was visualized with aminoethylcarbazole. (See 
immunohistochemistry) ) 

Celll  culture . SMCs were derived from human vessel explants, originating from the iliac artery and 
aortaa of organ donors. Cell culture was performed in 20% Human Serum, 40% RPMI 1640, 40% M199 
(GIBCOO BRL, Gaithersburg, MD) and antibiotics. The cultured SMCs were characterized by 
immunofluorescencee using 1A4 antibodies. 

Growt hh facto r incubatio n and tota l RNA isolation . Purified, recombinant human activin A (lot # 
15365-36(1))) and follistatin (lot # B3904) were obtained from Dr. Pawson through the National 
Hormonee and Pituitary Program, the National Institute of Diabetes and Digestive and Kidney Disease. 
thee National Institute of Child Health and Human Development and the U.S. Department of Agriculture 
(Bethesda,, MD). For growth factor incubations, SMCs (passage 5-7) were made quiescent for 72 h in 
serum-freee standard medium containing 10 mg/L bovine insulin, 5.5 mg/L human transferrin and 6.7 
jig/LL sodium selenite (ITS) (GIBCO BRL). Subsequently, recombinant human follistatin, activin A or 
humann serum was added to the culture medium during the periods and at concentrations indicated. 
Afterr incubation, the cells were subjected to total RNA isolation with Trizol reagent (GIBCO BRL). 

Norther nn blotting . Northern blots were made as described •>'". SM u-actin mRNA was detected by 
hybridizationn with the oligonucleotide (5'AGTGCTGTCCTCTTCTTCACACATA3'), radiolabeled with 

PP (Amersham). SM22u mRNA was detected with a 1027 bp full-length rat cDNA (kindly 
providedd by dr. Shanahan, Cambridge. UK), radiolabeled with [j-P]-aATP (Amersham). 
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PathologicalPathological specimens used 
InIn situ hybridization assays 
Sex Sex 
Female Female 
Female Female 
Male Male 
Female Female 
Female Female 
Female Female 
Female Female 
Female Female 
Female Female 
Female Female 
Female Female 
Female Female 
Female Female 
Male Male 
Female Female 
Female Female 
Female Female 
Male Male 
Mate Mate 
Female Female 
Male Male 
Male Male 
Female Female 
Female Female 
Male Male 
Male Male 
Male Male 
Female Female 
Male Male 
Female Female 
Female Female 

Age Age 
58 58 
50 50 
12 12 
76 76 
76 76 
76 76 
34 34 
49 49 
49 49 
52 52 
38 38 
38 38 
40 40 
69 69 
27 27 
40 40 
38 38 
63 63 
28 28 
58 58 
79 79 
73 73 
58 58 
76 76 
12 12 
73 73 
73 73 
69 69 
43 43 
50 50 
50 50 

Class* Class* 
II II 
II II 
0 0 
ill ill 
11+V 11+V 
III III 
in in 
V V 
V V 
in in 
it it 
ii ii 
i i 
V V 
IV IV 
it it 
II II 
VI VI 
IV IV 
11+IV 11+IV 
IV IV 

n n 
n n in in 
0 0 
V V 
V V 
III III 
III III 
1 1 
l+ltl l+ltl 

FemaleFemale 50 II 

PathologicalPathological specimens used 

Origin Origin 
Aorta Aorta 
Art.Art. iliaca 
Art.Art. iliaca 
Art,Art, iliaca 
Art.Art. iliaca 
Art.Art. iliaca 
Art.Art. iliaca 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Art.Art. femoralis 
Art.Art. iliaca 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Art.Art. poplitea 
Art.Art. thyroidia 
Aorta Aorta 
Art.Art. iliaca 
Art.Art. iliaca 
Art.Art. femoralis 
Art.Art. tibialis 
Art.Art. carotis 
Art.Art. femoralis 
Art.Art. iliaca 
Art.Art. Iliaca 
Art.Art. Iliaca 

KK w 
XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

IA IA 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 
X X 

ActivinActivin and follistatin immunohistochemistry and free-activin binding-assay 
Sex Sex 
Male Male 
Female Female 
Female Female 
Female Female 
Female Female 
Male Male 
Female Female 
Male Male 
Female Female 
Female Female 
Male Male 
Female Female 
Male Male 
Male Male 

Gene Gene 

activinactivin (iA 

activinactivin ftR 

inhibininhibin a 
Follistatin Follistatin 
ActR-l ActR-l 

ActR-IB ActR-IB 
ActR-ll ActR-ll 
ActR-ltB ActR-ltB 
GAPDH GAPDH 

Age Age 
66 6 
69 69 
58 58 
49 49 
58 58 
78 78 
45 45 
60 60 
80 80 
76 76 
49 49 
58 58 
56 56 
70 70 

Class Class 
III III 
VI VI 
1 1 
IV IV 
II II 
V V 
III III 
VI VI 
VI VI 
II II 
VI VI 
it it 
VI VI 
VI VI 

Genbanktt Genbanktt 

J03634 J03634 

M31668/ M31668/ 

M31669 M31669 
M13981 M13981 
M19480 M19480 
122534 122534 

122538 122538 
M93415 M93415 
X77533 X77533 
M33197 M33197 

Origin Origin 
Aorta Aorta 
Aneurysm Aneurysm 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Art.Art. iliaca 
Aorta Aorta 
Art.Art. iliaca 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Aorta Aorta 
Art.Art. carotis 
Art.Art. carotis 

inin situ [bp] 

476-790 476-790 

1186-1214* 1186-1214* 

+80-640* +80-640* 
125-411 125-411 
786-4306f 786-4306f 
419-601 419-601 
105-255 105-255 
597-792 597-792 
258-517 258-517 

--

aAct.faAct.f <xFot4 
XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

RP[bp] RP[bp] 

1215-1363 1215-1363 

392-640 392-640 
125-411 125-411 
3234-4306f 3234-4306f 
419-601 419-601 
105-255 105-255 
597-792 597-792 
258-517 258-517 
480-545 480-545 

AB.§ AB.§ 
X X 

X X 

X X 
X X 
X X 
X X 

X X 

X X 
X X 
X X 

X X 

X X 

IBIB HA HB 
X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

X X X X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

XX X 

X X 
X X 
X X 
X X 
X X 
X X 
X X 

Tablee 1: Pathological specimens 
used.. 'Class: the degree of 
atherogenesiss is classified 
accordingg to the guidelines issued 
byy the American Heart Association. 
tt uAct.: immunohistochemistry with 
antibodiess directed against the 
activinn p. subunit. t «Fol.: 

immunohistochemistryy with 
antibodiess directed against 
follistatin.. § AB.: In situ free-activin 
binding-assay.. All specimens were 
subjectedd to immunohistochemistry 

specificc for SMCs, macrophages 
andd ECs. 

Tablee 2. Detailed information on in 
situu hybridization and RNase 
protectionn riboprobes. RP; RNase 
protectionn assay; In situ, in situ 
hybridization;; bp, position of the 
probee in the Genbank sequence in 
basepairs.. *; Activin p riboprobe 

spanss part of exon 1 (M31668)and 
partt of exon 2 (M31669). T: Intron 
sequencess are not present in 
riboprobes. . 
11 1 
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Result s s 

Expressio nn of mRNA encodin g activin , follistati n and activi n receptor s in 
huma nn vascula r tissue . 

Wee determined the expression of activin, follistatin and activin receptor mRNA 
inn human vascular tissue at different stages of atherosclerosis. The vascular 
specimenss were characterized by immunohistochemistry on consecutive sections 
withh specific antibodies to detect macrophages, SMCs and ECs (Figure 1a/d, b, c, 
respectively).. To illustrate the expression of the studied genes in lesion macrophages, 
wee show the data of a radioactive in situ hybridization performed on an aorta lesion 
containingg a substantial fibrotic core and, at the luminal side, a large infiltrate of 
macrophagess {Figure 1a, d). Both activin pA (Figure 1e) and follistatin (Figure 1f) are 
expressedd by macrophages (Figure 1d); variations in expression levels between 
individuall cells are observed. Only a few macrophages express small amounts of 
ActR-ll mRNA (Figure 1g), whereas ActR-IB (Figure 1h) was expressed more 
homogeneously.. ActR-ll and ActR-IIB are expressed by all macrophages, present in 
thee vessel wall (Figure 1i, j). The type I receptors are usually expressed at relatively 
loww levels, which emphasizes the need to check for the absence of background 
signalss with corresponding sense riboprobes. Each of the riboprobes applied in these 
hybridizationn experiments was designed to delimit nonspecific hybridization with 
complementaryy strand probes (data not shown). 

Inn Figure 2, an example of the mRNA expression of activin PA, follistatin and 
activinn receptors in neointimal SMCs (Figure 2a, b) and ECs (Figure 2c) is shown. 
Activinn p\ (Figure 2e) and follistatin (Figure 2f) show variable expression in the 
neointimall SMCs (Figure 2b): SMCs with high and low expression of these genes 
weree randomly distributed throughout the early lesion. ActR-l and ActR-IB mRNAs 
(Figuree 2g, h) were detected at relatively low levels in subsets of SMCs and both type 
III receptors (Figure 2i, j) were expressed at high levels in all neointimal SMCs, and in 
thee medial SMCs. In addition, activin pB and inhibin a mRNA expression were not 
detectedd in macrophages, SMCs or ECs (data not shown). 

Becausee our studies revealed that the activin receptors were not regulated in 
atherogenesiss we examined in more detail the expression of activin pA and follistatin 
mRNAs,, which encode soluble factors. In Figures 3a-d, cross sections of an early 
aorticc fibrotic lesion are shown. Follistatin mRNA (Figure 3c) was expressed at similar 
levelss in the medial and in the neointimal SMCs (Figure 3a). Activin pA mRNA 
expressionn (Figure 3d) was, however, higher in the neointimal SMCs than in the 
mediall SMCs. The lesion shown in Figure 3e-h represents an advanced aortic lesion 
withh extensive neointima formation and a large macrophage infiltrate (Figure 3f). 
Activinn pA mRNA (Figure 3h) is detected in the media and its expression was 
considerablyy higher in both neointimal cell types, i.e. in neointimal SMCs and in 
macrophagess (Figure 3e, f). Follistatin mRNA was readily detected in medial SMCs 
and,, in contrast to activin pA expression, is not increased in the neointima (Figure 3g, 
h).. On the basis of these data, which showed increased mRNA expression of activin 
inn the neointima and similar expression of follistatin in media and neointima, we 
hypothesizedd that free activin will only be available in the atherosclerotic lesion. 
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Figur ee 1. mRNA expression of activin, 
follistatinn and activin receptors in an aorta 
lesionn containing macrophages. Serial 
sectionss of a specimen of the abdominal 
aortaa from an organ donor were analyzed by 
immunohistochemistryy (a-d) or radioactive in 
situu hybridization (e-j). 
Immunohistochemistryy was performed to 
detectt macrophages (a, d). SMCs (b) and 
ECss (c). Macrophages are identified in a 
subluminall layer of the lesion (a, 
enlargementt of the boxed area in d). SMCs 
aree present in the media (not shown), but 
absentt in the macrophage infiltrate (b). 
Expressionn of activin, follistatin and activin 
receptorss mRNA was disclosed upon in situ 
hybridizationn with ["S]-radiolabeled anti-
sensee riboprobes with serial sections of this 
atheroscleroticc lesion. mRNA expression of 
activinn [i.. (e), follistatin (f). ActR-l (g), ActR-
IBB (h), ActR-ll (i) and ActR-l IB (j) was 
determined.. Hybridization was visualized 
withh bright-field microscopy, resulting in 
blackk silvergrains in a pink-red counterstain. 
Thee macrophages express activin. follistatin 
andd the type II receptors at relatively high 
levels,, whereas ActR-IB is expressed less 
abundantly,, and ActR-l expression is hardly 
detectable.. L, lumen; M, media; M(|), 
macrophage;; Nl, neointima. Original 
magnificationss x25 (a), x100 (b-j). 

.. * M C EC C M<t> > 

Nl Nl 
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,,.. Activiqp A-
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• > ' • • • 

ActR-ll l 
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. '' ActR-IB 

ActR-n e e 

Figur ee 2. mRNA expression of activin, 
follistatinn and activin receptors in an early, 
fibroticc aorta lesion containing ECs and 
SMCs.. Serial sections of an aorta lesion 
weree analyzed by immunohistochemistry (a-
d)) or radioactive in situ hybridization (e-j). 
Thee relatively small neointima on top of the 
mediaa of the vessel wall is visualized in 
panell a. 
Thee boxed area of the neointima is shown in 
moree detail in panels b-j. The neointima is 
composedd of SMCs (a, b) and is lined at the 
luminall side with ECs (c), whereas no 
macrophagess were observed (d). 
Consecutivee sections were analyzed by in 
situu hybridization with specific probes for 
activinn (ia (e), follistatin (f), ActR-l (g). ActR-
IBB (h), ActR-ll (i) and ActR-IIB (j). 
Hybridizationn of the probes was visualized 
withh epi-polarization microscopy, resulting in 
bright-bluee dots in a pink background. All 
geness are expressed in the ECs on top of 
thee lesion. Type I receptors show relatively 
loww expression, whereas the type II 
receptorss are expressed abundantly and 
homogeneously.. Activin. follistatin and ActR-
II show variable expression levels in 
neomtimall SMCs. L, lumen; M, media; M<|>, 
macrophage;; Nl, neointima. Original 
magnificationss x50 (a). x200 (b-j). 
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Follistati nn Activi n pft 

d d 

 W 

Figur ee 3. Differential mRNA expression of activin 
andd follistatin in an early lesion (a-d) and an 
advancedd lesion (e-h) of the aorta. SMCs (a, e) and 
macrophagess (b. f) were detected by 
immunohistochemistryy with specific antibodies (see 
Materialss & Methods). Consecutive sections were 
analyzedd for mRNA expression of activin Pa (d, h) 
andd follistatin (c. g). Hybridization of the probes was 
visualizedd by dark-field microscopy, showing the 
silverr grains as white dots. In early (a-d) and 
advancedd lesions (e-h), follistatin is expressed at 
similarr levels in the media in comparison to the 
neointimaa (eg), whereas activin p, expression is 
relativelyy higher in the neointima than in the media 
(d,, h). L, lumen; M, media; M f macrophage; Nl. 
neointima.. Original magnification x200 (a-d); x50 
(e-h). . 

Immunohistochemistr yy  and in sit u free-activi n binding-assay . 
Inn addition to the in situ hybridization experiments, the expression of activin 

andd follistatin protein was assayed with specific antibodies. In agreement with the 
dataa obtained by the in situ hybridization experiments, activin and follistatin protein 
colocalizee to some extent as was shown in different specimens (Figure 4c, d; h, i and 
m,, n). To evaluate the presence of free activin, which is not inactivated in complex 
formationn with follistatin, or other presently unknown activin-inhibiting proteins, we 
developedd an in situ free-activin binding-assay. This assay is based on the fact that 
onlyy free, bioactive activin can bind exogenously added follistatin. We applied 
biotinylatedd follistatin in these experiments and, subsequently, bound molecules were 

detectedd with streptavidin-
conjugates.. Dose-response experi
mentss demonstrated that the signal 
off the free-activin binding-assay 
wass linear and saturable. 
Competitionn experiments, in which 
ann incubation of the sections with 

Figur ee 4. Immunohistochemical detection of activin-
AA and follistatin combined with in situ free-activin 
localization.. SMCs (a. f. k). macrophages (b, g, I), 
follistatinn protein (c, h, m) and activin-A protein (d, i, 
n)) were detected applying specific antibodies (see 
Materialss & Methods). Activin that is not bound to its 
receptorr or to follistatin was detected by the in situ 
free-activinn binding-assay using biotinylated 
follistatinn (e, j , o). The assays were performed on 
subsequentt cryostat sections from an early aortic 
lesionn (a-e. magnification x50); and different 
advancedd aortic fibrous lesions (f-j, magnification x25 
andd k-o. magnification x630). In neointimal areas 
containingg both SMCs and macrophages, free, 
bioactivee activin was detected as a subpopulation of 
totall activin protein. L. lumen; A. adventitial M, 
media;; Nl, neointima. 
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excesss unbiotinylated follistatin was performed resulting in complete competition of 
thee signal, confirmed specificity of the assay (data not shown). In early lesions 
(Figuree 4a-e), follistatin and activin are detected both in the media and the neointima 
(Figuree 4c and d, respectively) and the in situ free-activin binding-assay showed that 
noo excess of free activin was present (Figure 4e). In advanced lesions, however, 
activinn and follistatin were relatively highly expressed in areas with high densities of 
bothh macrophages and neointimal SMCs, as is shown in Figure 4f-i and Figure 4k-n. 
Freee activin (Figure 4j, o) is detected as a fraction of total activin protein (Figure 4i, 
n),, specifically at those sites where SMCs and macrophages are in close proximity 
(Figuree 4f, g and 4k, I, respectively). In conclusion, the immunohistochemical data in 
combinationn with the data obtained by the in situ free-activin binding-assay show that 
bioactivee activin is present in the neointimal region of the atherosclerotic vessel wall. 

Expressio nn of activin , follistati n and activi n recepto r mRNA in in vitr o activate d 
SMCs. . 

Ourr data obtained from the analysis of vascular specimens demonstrated that 
thee induction of activin in atherogenesis was most prominent in neointimal SMCs and 
macrophages.. Medial SMCs present a contractile, fully differentiated phenotype 
whereass the activated, atherosclerotic, neointimal SMCs are proliferating and/or 
migratingg entities. To mimic this process in atherosclerosis in vitro, SMCs were 
subjectedd to growth stimulation and the expression levels of activin, follistatin and 
activinn receptors were determined. SMCs were obtained as explant cultures derived 
eitherr from the iliac artery (a muscular artery), or from the elastic aorta. Because of 
thee different phenotypic properties of SMCs, we chose to culture the SMCs for 3 days 

inn serum-free medium to induce a quiescent, 
contractilee phenotype. Subsequently, SMC 
proliferationn was stimulated by the addition of 
20%% human serum to the culture. Then, total RNA 
wass isolated from the (un)stimulated SMCs and 
thee RNA was subjected to RNase protection 
analysess (Figure 5). In addition, RNase protection 
analysess were performed using placenta RNA 
andd tRNA as positive control and negative control, 
respectively.. For each riboprobe, the 

Figur ee 5. Expression of activin, follistatin and activin receptor mRNA in 
SMCss as determined by RNase protection assay. The mRNA expression 
levell of these genes was assayed in: quiescent iliac artery SMCs (lane 
1);; serum-stimulated iliac artery SMCs (lane 2); quiescent aorta SMCs 
(lanee 3), serum-stimulated aorta SMCs (lane 4). In lane 5 the mRNA 
expressionn in placenta is shown and as a control and the probes were 
hybridizedd with yeast tRNA (lane 6) to detect aspecific background 
bands.. The expression of the following genes was assayed in the above 
mentionedd resting and stimulated SMCs; activin |V (row a), follistatin (row 
c).. ActR-l (row e). ActR-IB (row g), ActR-ll (row i) and ActR-IIB (row j). 
Simultaneouss hybridization along with a GAPDH riboprobe was 
performedd for each of the gene-specific probes, as controls for equal 
loadingg (rows b. d. f. and h. respectively). Since the expression of ActR-
ll.. ActR-IIB and GAPDH was determined simultaneously, the GAPDH 
expressionn data shown in row k were used to correct the quantitated data 
bothh for ActR-ll and -iIB. The radioactivity in the bands was quantitated 
byy Phosphorlmager. 
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hybridizationss were performed simultaneously with a GAPDH riboprobe to verify 
loadingg of equal amounts of RNA (Figure 5b. d, f. h and k). Activin pA mRNA 
expressionn (Figure 5a) in SMCs and serum stimulation had no effect on activin (iA 

mRNAA levels in iliac artery SMCs, although in aortic SMCs activin mRNA was 
inducedd 2.5-fold. Notably, we found that follistatin mRNA (Figure 5c) is downregulated 
5-foldd in serum-stimulated iliac artery SMCs. This observation was also made in 
aorticc SMCs, although at relatively lower expression levels. Activin |3B and inhibin a 
expressionn were assayed, but they could not be detected by RNase protection 
analysis.. It is conceivable that upon atherogenic stimulation of SMCs, the balance of 
follistatinn and activin levels is shifted towards an excess of free, bioavailable activin. 
Thee expression level of ActR-l mRNA (Figure 5e) was higher in iliac artery SMCs than 
inn aortic SMCs and it is decreased in serum-stimulated, iliac artery SMCs, whereas 
inn aortic SMCs serum has no effect. RNase protection analyses for ActR-IB (Figure 
5g)) show a very similar expression pattern as for ActR-l, although overall ActR-IB 
mRNAA expression is less pronounced. ActR-ll mRNA (Figure 5i) is downregulated 5 
foldd in serum-stimulated, iliac artery SMCs, aortic SMCs displayed less abundant 
ActR-lll mRNA expression, which is not affected by the stimulation of these cells. The 
expressionn of ActR-l IB mRNA (Figure 5j) was relatively low and not substantially 
influencedd by the different culture conditions. These RNase protection analyses 
demonstratee that SMCs express at least one type I receptor and one type II receptor. 

Activi nn induce s the expressio n of SM a-acti n and SM22a mRNA in SMCs. 
Arrestedd proliferation and the induction of differentiation in SMCs coincides 

withh a change from the activated and proliferative phenotype into the non-activated, 
contractilee phenotype of these cells. SMCs with a nonproliferative, contractile 
phenotypee express both the SM-specific variant of a-actin (SM a-actin) and SM22a 
att high levels t24-27). To assess the effect of activin on SMCs, we added purified activin 
AA for 0, 3. 6. 12 and 24 h to cultured SMCs, derived from the human aorta and iliac 
artery.. In addition, the SMCs were incubated with follistatin to block the activity of 
endogenouslyy synthesized activin. Subsequently, the expression of the differentiation 
markerss SM a-actin and SM22a was assayed by Northern blot analysis (Figure 6). 
Follistatinn had no effect on the expression of these markers in iliac artery SMCs. but 
thee expression of SM22a was reduced two fold in aortic SMCs (panel d), indicating 
thatt endogenous activin contributes to the induction of SM22a expression in these 

cells.. Clearly, activin A induces the 
expressionn of SMC-specific markers. After 
244 h of activin treatment, a two-fold 
increasee in SM a-actin expression was 
observedd in aorta SMCs (panel b), whereas 
SM22aa expression did not change (panel 

Figuree 6. Expression of SMC differentiation markers after 
activinn A treatment. SMCs derived from iliac artery (a, c) and 
aortaa (b, d) were treated with activin A (100 ng/ml) for 0, 3, 6. 
122 or 24 h or with follistatin (200 ng/ml) for 24 h and total RNA 
weree assayed by Northern blotting analysis for SM u-actin (a. 
b)) and SM22a (a d) gene expression (see Materials & 
Methods).. Both SM-specific genes are induced after 24 h of 
activinn A treatment. The radioactivity in the bands was 
quantitatedd by Phosphorlmager. 
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d).. The activin treatment of iliac artery SMCs had more pronounced effects: after 24 
hh of incubation, SM ct-actin and SM22a mRNA levels are increased 10-fold and 5-
fold,, respectively (panels a, c). Collectively, these observations demonstrate that 
activinn promotes the differentiation of proliferative SMCs into SMCs with a 
nonproliferative,, contractile phenotype. 

Discussio n n 
Inn this study, we determined, for the first time, the mRNA and protein 

expressionn of both activin and follistatin in human vascular tissue at different stages 
off atherosclerosis. These experiments revealed the presence of activin A in the 
normall media, with a higher level of expression in the lesion; follistatin was expressed 
att similar levels in the normal vessel wall and in the atherosclerotic plaque. Activin 
andd follistatin co-localize to a large extent and, because follistatin can bind and 
neutralizee the biological activity of this growth factor, it was essential to assess the 
presencee of free, bioactive activin. A newly developed, in situ free-activin binding-
assayy allowed us to selectively detect the presence of free activin in the advanced 
atheroscleroticc lesion, especially in areas rich in both macrophages and neointimal 
SMCs.. These results are consistent with data obtained by in vitro studies, showing 
thatt monocytic cells upon differentiation into macrophages, and growth-stimulated 
aorticc SMCs, produce more activin PA mRNA than nonactivated cells [J 2S|. At this point, 
itt should be added that neither in situ hybridization nor RNase protection analyses 
revealedd any expression of activin pB and inhibin a transcripts, which excludes the 
possiblee presence of appreciable amounts of activin AB, activin B and inhibin in the 
vessell wall or in cultured SMCs. The exclusive expression of the (3A subunit in the 
humann vasculature is reminiscent to the situation in rat vessels, where also only 
activinn A expression has been observed <u 29i. 

Wee developed a free-activin binding-assay to demonstrate the presence of 
bioactivee activin in situ. This assay is based on the high affinity interaction between 
follistatinn and free activin, which results in almost irreversible complex formation m. 
Potentiall interactions of follistatin and bone morphogenetic proteins can be excluded 
becausee these interactions are highly reversible and such complexes will dissociate 
duringg the procedure, which involves vigorous washing steps 'iU, The mere presence 
off bioactive activin, especially in the advanced atherosclerotic lesion, suggests a role 
forr this factor in the progression of the disease. A prerequisite for functional 
involvementt of activin in atherogenesis is, however, the presence of type I and type 
III activin receptors, as well as downstream signaling components. Our RNase 
protectionn analyses on cultured SMCs and in situ hybridization studies on vascular 
specimenss demonstrate that SMCs, ECs and macrophages express at least one type 
II and one type II receptor, which indicates that these cell types can bind activin and 
probablyy also respond to activin. Because the expression levels of activin receptors 
aree similar in the media and in the neointima, in contrast to a neointimal increase in 
bioactivee activin, activin function in atherogenesis seems to be regulated by changes 
inn expression levels of the soluble factor, rather than by altered expression levels of 
itss receptors. 

Limitedd information is available on the signaling pathways involved 
downstreamm of the activin receptors, except for the binding and phosphorylation of 
thee transcription factors Smad2 and Smad3 by the activin-receptor complex. A 
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complexx of these phosphorylated Smads and Smad4 is subsequently translocated to 
thee nucleus of the activin stimulated cell, to directly modulate the expression of, at 
present,, mostly unknown, genes ,1t". Although the presence in vivo of activin signal 
transductionn pathway components, including the Smads, needs to be confirmed, the 
demonstrationn of a physiologically relevant response of in vitro cultured cells upon 
activinn treatment supports the in vivo significance of activin in atherogenesis. 
Therefore,, we will discuss the effect of activin on the most relevant cell types involved 
inn atherogenesis; ECs, SMCs and macrophages. 

First,, in human ECs, activin and TGFp inhibit DNA synthesis !'31 and we 
confirmedd these observations (data not shown). Second, in human SMCs derived 
fromm various vascular origins we showed that activin does not affect DNA synthesis, 
whereass TGFp does (data not shown). Also, in rat SMCs, one study showed that 
activinn does not to influence DNA synthesis, although these data contrast with results 
obtainedd by other groups, which show increased DNA synthesis by activin MfMBi. To 
establishh the physiological importance of activin receptors on human SMCs and the 
presencee of functional signaling pathways, the effect of activin on SMC differentiation 
wass analyzed. In vitro cultured SMCs exhibited a significant increase in mRNA 
expressionn of the SM-specific markers SM22a and SM a-actin in response to activin. 
Thee augmented expression of these genes is indicative of SMC differentiation toward 
aa nonactivated, fully differentiated phenotype, which is commonly associated with 
SMCss residing in the normal media or in the fully differentiated fibrous cap of 
advancedd lesions 'Z427'. In the present study, we observed that iliac artery SMCs are 
moree responsive to activin than aortic SMCs, which may be attributed to the relatively 
higherr expression levels of ActR-l, ActR-IB and ActR-ll in the iliac artery SMCs 
(Figuree 5). To our knowledge, this is the first study showing, that human SMCs, 
originatingg from either the elastic aorta or the muscular iliac artery, differ in their 
responsee to a growth factor. In this respect it is of interest to note that chicken 
vascularr SMCs reportedly exhibit opposite growth responses to TGFp, depending on 
theirr embryonic origin (ectodermal or mesodermal)<32). These differences were shown 
too be correlated to the extent of glycosylation of the TGFp type II receptors. At 
present,, it is not known whether activin receptors on human SMCs of distinct vascular 
originn would be differentially glycosylated, which could result in a different response 
towardd activin in elastic and muscular SMCs. Finally, in human THP-1-derived 
macrophagess activin and TGFp inhibit scavenger receptor expression, resulting in 
reducedd lipid accumulation in these cells "5 Ml. This would suggest that activin and 
TGFpp reduce atheroma foam cell formation during atherogenesis. 

Thee distinct responses of these three cell types to activin illustrate the 
pleiotropicc effects of this growth and differentiation factor and may give an indication 
onn the functional involvement of activin in atherogenesis. It has been hypothesized 
thatt plaque stability is inversely related to macrophage and lipid content and is 
directlyy related to the number of SMCs present in the lesion l34'. By contrast, intimal 
SMCss are thought to suppress plaque rupture and subsequent local thrombosis, 
therebyy preventing acute clinical problems. We propose, on the basis of our 
knowledgee that activin inhibits foam cell formation in combination with our 
observationn that it induces the ^differentiation of vascular SMCs, that activin, like 
TGFp,, may be beneficial for plaque stability. 
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Activinn A induces the differentiated, quiescent phenotype of cultured human 
arteriall smooth muscle cells (SMC). We hypothesize that activin A may prevent 
SMC-richh neointimal hyperplasia. Here, we study the effect of adenovirus-

mediatedd expression of activin A on neointima formation in vitro and in vivo. 
MaterialsMaterials and results- Human saphenous vein organ cultures, in which a neointima is 
formedd spontaneously, were infected either with activin A- or lacZ-adenovirus. Activin 
A-overexpressionn reduces neointima formation by 78%, whereas no significant 
reductionn was observed after control infection. In addition, the effect of activin A on 
neointimaa formation in cuffed femoral arteries was assessed in vivo in mice. In activin 
AA adenovirus-infected mice (i.v. injection), neointimal hyperplasia is reduced by 77%, 
whilee in mock-infected and in non-infected mice the size of the SMC-rich neointima is 
comparable.. Cultured human saphenous vein SMC and mouse aorta SMC were 
incubatedd with activin A and analyzed for the expression of SMC differentiation 
markers.. An increased expression of SM22a and SM a-actin mRNA, and SM u-actin 
proteinn was demonstrated, revealing the effect of activin A on SMC phenotype. 
Conclusion-Conclusion- Overexpression of activin A inhibits neointima formation in vitro and in 
vivoo by retaining SMC in the contractile, quiescent state by preventing 
dedifferentiation. . 
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Introductio n n 

Atherosclerosis,, restenosis after angioplasty and stenosis in venous coronary 
bypassess are vascular pathologies that are characterized by neointima formation that 
constitutess a major contribution to the occlusion of the arterial lumen <1-31. Migration 
andd proliferation of medial smooth muscle cells (SMC) into the neointima involves a 
phenotypicc change, or a 'dedifferentiation', of resting, contractile cells into 
proliferating,, synthetic SMC. 

Activinn A is a pleiotropic, transforming growth factor p (TGFp)-like factor that is 
involvedd in the differentiation of various cell types. Its role has been well-documented 
inn embryonic mesoderm induction 4l, erythroid differentiation (fil and the determination 
off hepatic organ mass (6!. Recently, activin A has been identified in the vessel wall as 
aa factor that may affect SMC in atherogenesis(7 Bl. Notably, we have shown that activin 
AA expression is upregulated at the level of mRNA, protein mass and bioactive protein 
inn human, atherosclerotic tissue of both early- and late lesions,9). Furthermore, activin 
AA was demonstrated to alter the characteristics of SMC towards a differentiated, 
contractilee phenotype, associated with non-atherogenic, media-derived SMC '9l. 
Basedd on these observations, we hypothesized that activin A reduces neointima 
formationn by preventing phenotypic modulation of vascular SMC. This assumption 
mayy be relevant to improve the functional life span of coronary vein grafts, which at 
presentt perform unsatisfactory with a patency of only 40% at 10 years after surgery 
(10).. Previous research on adenovirus-mediated inhibition of neointimal hyperplasia 
wass focused on inhibition of the altered properties of activated SMC rather than on 
preventingg the acquisition of these traits. Gene therapy strategies to reduce 
proliferationn of SMC have been performed by interfering with the cell cycle or with 
apoptosis.. Consequently, these approaches aimed at enhancing the activity of p21 ,'11\ 
retinoblastomaa ,1?) and FasL l13). Furthermore, inhibition of matrix degradation and 
migrationn has been assessed by overexpression of tissue inhibitors of 
metalloproteinasess (TIMP-1)i14,5) TIMP-2 ,1B' and TIMP-3 (17> or protease inhibitors like 
ATF-BPTII 18!. 

Maintainingg the contractile SMC phenotype would represent a novel strategy to 
preventt intimal hyperplasia. In this report, we assessed the validity of this approach 
byy studying the effect of activin A on neointima formation both in vitro in human 
saphenouss vein organ cultures and in vivo in a murine model involving cuff-induced 
neointimall hyperplasia. 
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Material ss  & Method s 

Constructio nn of activi n A expressin g adenoviru s (Ad.activin) . The coding region of human activin 
AA cDNA (Genbank accession number J03634, 1345 bp) was inserted into the Smal and EcoRI 
restrictionn sites of the pCMV adenoviral shuttle vector, in which expression is driven by the viral CMV 
promoter.. The activin A cDNA-containing vector and plasmid pJM17 were co-transfected into HER 
9.111 cells and subsequently viable clones were selected, using a standard plaque isolation. After 
amplificationn and purification, the viral stocks were used for further experiments. Similarly, adenoviral 
constructss carrying a [i-galactosidase cDNA (Ad.lacZ), or no insert (Ad.mock) were generated. The 
particle/pfuu ratio was for all adenovirus preparations between 15 and 20. To characterize the Ad.activin 
preparation,, human arterial SMC were infected with Ad.activin and Ad.mock (2i10B pfu/mL) and 
supernatantss were collected after 48 hours. 

Wester nn Blotting . Conditioned media from cultured cells or saphenous vein organ cultures, which 
weree infected with Ad.activin or Ad.mock, were assayed. Purified, recombinant human activin A (lot # 
15365-36(1))) and follistatin (lot # B3904) were obtained from Dr. Pawson through the National 
Hormonee and Pituitary Program, the National Institute of Diabetes and Digestive and Kidney Disease 
{Bethesda,, MD). The samples were electrophoresed on 12.5% SDS-polyacrylamide-gels and 
transferredd to nitrocellulose. To detect activin A protein, the E4 antibody (Serotec) was applied in 
standardd Western-blotting protocols. 

Activi nn A bioactivit y assay . The growth of adherent T47D lung-carcinoma epithelial cells is inhibited 
byy activin A l,9!. T47D cells were cultured in 24-well plates (Nunc) in DMEM/F12 medium, 
supplementedd with 5% (vol/vol) fetal calf serum (FCS) (Gibco). At half-maximal cell density, the cells 
weree incubated in assay-medium (DMEM/F12 medium without phenol-red, supplemented with 5% 
charcoal-treatedd FCS). After 24 hours, the cells were incubated in assay-medium with purified activin 
AA {50 ng/ml) or conditioned media. Proliferation of T47D cells was measured by ^H-thymidine 
incorporationn i]*>. To demonstrate the specificity of activin A, control samples were incubated with 250 
ng/mll purified follistatin, the physiological inhibitor of activin A. 

Humann saphenou s vein orga n culture . Segments of human saphenous veins were obtained from 
patientss undergoing coronary by-pass graft surgery, according to the guidelines of the Medical Ethical 
Boardd of the Academic Medical Center. The culture protocol was performed as described with minor 
modifications,a".. In short, leftover fragments of saphenous veins were obtained during or immediately 
afterr surgery. Each specimen was subdivided in segments of 1 cm to facilitate infection with different 
virall constructs. Longitudinally-cut segments were infected for 1 hour at room temperature with 5-10" 
pfu/mLL of Ad.activin or Ad.lacZ in serum-free medium. After infection, the segments were cultured 
duringg 4-5 weeks, fixed in 3.8 % (v/v) formaldehyde in PBS and embedded in paraffin. The sectioned 
segmentss were analyzed histochemically, and morphometric analyses were performed using Qwin 
Image-analysiss software (Leica). Neointima formation was determined ([neointima area]/ [media 
area])x100%.. To assay activin A protein expression, conditioned media of the cultures were harvested 
afterr 7 days and analyzed by Western blotting. 

Femora ll  arter y cuf f mous e model . All animal experiments were approved by the Animal Welfare 
Committeee of TNO. The neointima formation was induced by cuff-placement around a femoral artery 
off the mouse as described previously "B\ FVB mice were anaesthetized with an intraperitoneal 
injectionn of Hypnorm (Bayer) and Dormicum (Roche) (25 mg/kg each). The left femoral artery was 
separatedd from surrounding tissue and carefully sheathed with a 1.0 mm polyethylene cuff, consisting 
off PE-50 tubing (inner diameter 0.4 mm; outer diameter 0.8 mm; Beckton Dickinson) and tied in place 
withh a 6-0 suture. After surgery, the mice were injected in the right femoral vein with Ad.activin or mock 
virusess (10a pfu in 200 fil). After recovery from anaesthesia, the mice were given standard diet and 
waterr ad libitum and the mice were sacrificed after 20 days. Femoral artery segments were taken out 
afterr perfusion-fixation using 3.8 % (v/v) formaldehyde in PBS and embedded in paraffin. Tissue 
sampless were taken from the centre of the cuff where neointima formation is most pronounced. 
Neointimaa formation in these samples was quantitated, using image-analysis software on at least six 
representativee serial sections per vessel segment, separated 100 urn apart, from 6 mice per group. 
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Inn sit u hybridizations . In situ hybridizations were performed on sections of paraffin-embedded livers 
off mice infected with Ad-activin or Ad-mock as described previously '•"'. An activin A cDNA fragment 
(Genbankk accession number J03634. bp 476-790) was used as a template for synthesis of a *S-
labeledd riboprobe. 

Immunohistochemistry .. Activin A-specific immunohistochemistry was performed on cryo-sections (8 
urn)) of murine livers as described previously '9'. 

SMCC culture s and Norther n blotting . Explant cultures of SMC derived from human saphenous vein 
andd mouse aorta were maintained in 40%-40% M199-RPMI1640 medium / 20% FCS, supplemented 
withh penicillin and streptomycin. As described previously, SMC were immunohistochemically 
characterizedd and subsequently treated with activin A. total RNA was isolated and Northern blots were 
manufacturedd and hybridized -. To detect murine SM a-actin expression, the primer was applied: 5' 
TATGTGTGAAGAGGAAGACAGCC 3' was used. Saphenous vein SMC and murine artery SMC were 
nott infected or infected with Ad.activin or Ad.mock (10* pfu/mL) and after 1 week the cells were fixed 
andd immunostained for the presence of SM a-actin applying a FITC-conjugated second antibody m. 

Results s 

Adenovirus-mediate dd activi n A expression . 
Thee activin A cDNA-containing adenovirus (Ad.activin) harbors the constitutive 

CMVV promotor to drive the synthesis of activin A mRNA. To investigate both activin A 
proteinn synthesis and activin A bioactivity, primary SMC were infected with Ad.activin. 
Thee conditioned media of Ad.activin- and Ad.mock-infected SMC were first compared 
withh purified activin by SDS-PAGE under reducing and non-reducing conditions. The 
purifiedd protein preparation reveals under non-reducing conditions a 24 kDa dimeric 
activinn A band, whereas a 14 kDa monomeric activin A band is visible upon reduction 
(Figuree 1a). In the conditioned medium of the Ad.activin-treated SMC, a similar activin 
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Figuree 1. Characterization of activin A-adenovirus (Ad.activin). a) Western blot analysis of the conditioned medium of primary 
SMC,, infected with Ad.mock or Ad.activin. The samples were subjected to SDS-PAGE either under reducing (R) or 
nonreducingg (NR) conditions, transferred to nitrocellulose filters, which were incubated with specific antibody directed against 
activinn A. Purified activin A was used as a control. Molecular weight markers (prestained) are shown in the lane marked M. 
b)) Activin A-bioactivity assay. The proliferation of human T47D breast tumor cells is inhibited by the activin A as determined 
byy measuring 'H-thymidine incorporation. Purified activin A. conditioned media of Ad.activin or Ad.mock-infected SMC were 
analyzed.. Follistatin (Fol) was added to demonstrate activin A specificity. The bioactivity is expressed in arbitrary units (A.U.) 
ass 1/[('H-thymidine incorporation (cpm) of tested sampleJ/fH-thymidine incorporation (cpm) of activin A + Fol. control 
sample)]. . 
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A-specificc pattern was observed, while after Ad.mock infection no activin A antigen 
wass synthesized. Second, activin A bioactivity was tested using an assay based on 
activinn A-dependent inhibition of proliferation of T47D breast-tumour cells ,19'. Indeed, 
wee demonstrate that the conditioned medium of Ad activin-infected SMC reduces 
T47DD proliferation, while the conditioned medium of Ad.mock-infected cells has no 
effectt (Figure 1b). Significantly, addition of follistatin, the physiological inhibitor of 
activinn A, relieves the inhibition exerted by activin A. 

Effec tt  of activi n A on neointim a formatio n in huma n saphenou s vein orga n 
cultures . . 

Thee human saphenous vein organ culture is a well-defined model system in 
whichh a multilayered neointima is formed, consisting of SM a-actin positive SMC and 
extracellularr matrix components '20'. Saphenous vein segments, derived from the 
samee patient, were not infected (Figure 2a) or infected with Ad.LacZ (5-109 pfu/mL) 
(Figuree 2b) which resulted in a reproducible neointimal hyperplasia, however in 
Ad.activinn infected segments (5-10/ pfu/mL), however, virtually no neointima 
formationn was observed (Figure 2c). Infection with control Ad.lacZ viruses resulted in 
fi-galactosidasee activity, visualized by specific staining with X-gal of the saphenous 
veinn segment. Expression was most prominent in the adventitia, but also present at 
thee luminal side (data not shown). Cultured media of Ad.activin, Ad.lacZ or not 
infectedd segments were collected and tested by non-reducing SDS-PAGE and 

Controll Ad.lacZ 

Ad.activinn **** « M 

MM Activin A Control lacZ activin 

* • . • • 

c c 

Figuree 2. The effect of activin A in human saphenous vein organ cultures. Saphenous vein segments remained untreated 
(Control,, a), were infected with Ad.lacZ (b) or with Ad.activin (c), and were cultured for five weeks. Subsequently, the veins 
weree embedded in paraffin, sectioned and stained with hematoxylin and eosin. Photomicrographs of typical examples are 
shownn (magnification 25x). The neointimal tissue is overlying the original surface of the vessel, in which the internal elastic 
laminaa is indicated by a dotted line. Western blot analysis (d) of conditioned me-dium, collected after a 7-day culture period, 
fromm untreated (control), Ad.lacZ or Ad.activin treated saphenous vein segments. Purified activin A is applied as a control. 
Molecularr weight markers (prestained) are shown in the lane marked M. 
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Westernn blotting for the presence of activin A (Figure 2d). In cultured medium from 
Ad.activinn treated segments an activin A specific 24 kDa band is visible, similar to the 
bandd observed in a purified activin A preparation. In Ad.lacZ and in non-infected 
cultures,, very low levels of endogenous activin A were detected. 

Subsequentt morphometrical analyses of at least six sections from saphenous 
veinss derived from six different individuals revealed that the untreated segments had 
developedd a neointima with a size corresponding to 2 of that of the 
underlyingg media. Infection with Ad.lacZ resulted in similar neointima formation (size 
iss 4 of the media). Significantly, upon infection with Ad.activin a substantial 
reductionn of neointima was observed, resulting in a size that comprises only 

33 of the medial surface. In summary, infection of saphenous veins with 
Ad.activinn mediates the expression of activin A and reduces neointima formation with 
78%% when compared with the untreated control segments (Figure 3). 
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Figuree 3. Morphometry of neointima formation in human saphenous vein culture. Morphometric analysis of surface areas of 
thee neointima and media of independent cultured saphenous veins (n=6). Untreated cultures (control, white bar), infected 
withh Ad.lacZ (grey bar) or infected with Ad.activin (black bar). Neointima formation is expressed as ([neointima area]/ [media 
area])x100%. . 

Effec tt  of Ad.activi n infectio n on neointim a formatio n in vivo . 
Too assess the effect of activin A in vivo, a SMC-rich neointima was provoked in 

FVBB mice by placing a 0.4 mm non-restrictive polyethylene cuff around the left 
femorall artery, resulting in neointimal hyperplasia within three weeks fiai. 
Simultaneouss to the cuff placement, the mice were infected in the right femoral vein 
withh Ad.activin (10r< pfu) or with Ad.mock (10" pfu) as a control infection or were not 
infected.. Systemic adenovirus infection mainly targets hepatic tissue and, 
consequently,, employing Ad.activin results in high levels of expression of activin A 
mRNAA and protein in the liver (Figure 4a, 4b), whereas in Ad.mock-treated mice 
neitherr activin A mRNA nor protein were detected (Figure 4c, 4d). Morphometric 
analysiss of the cuffed murine femoral arteries demonstrated that, after three weeks. 
aa neointima had formed in control mice which consisted of 4 to 6 cell layers of SMC 
(Figuree 5a, 5b). Mice that were infected with Ad.mock developed a neointima with a 
similarr size (Figure 5c, 5d). Most importantly, Ad.activin-treated animals showed a 
stronglyy reduced development of neointimal tissue of only 1 to 2 SMC layers or even 
completee absence of neointimal hyperplasia (Figure 5e, 5f). No significant effects 
weree observed on the size or circumference of the media of the murine femoral 

62 2 

25 5 

20 0 

15 5 

10 0 

5 5 

Contro ll  Ad.lac Z Ad.activi n 



ActivinActivin A prevents vascular neointima formation 

arteries.. Neointima / media ratios of the non-infected mice ) and Ad.mock-
infectedd mice ) were similar, whereas Ad.activin ) infection 
resultedd in 77% reduction of neointima formation {Figure 6). 

Effec tt  of activi n A on culture d SMC. 
Too delineate the effect of activin A on human saphenous vein SMC and mouse 

SMCC we cultured these cells in the presence of purified activin A for different time 
periodss and assessed the expression of the SM-specific genes SM22a and SM a-
actin.. Expression of these genes is enhanced both in human venous SMC and in 
mousee arterial SMC within 24 h of activin A treatment (Figure 7a). In addition, human 
venouss SMC and mouse arterial SMC were infected with Ad.activin, Ad.mock (10a 

pfu/mL)) or were left uninfected and the expression of SM a-actin protein was 
assessedd by specific immunofluorescence. SM a-actin was clearly expressed at a 
higherr level in the Ad.activin treated cells (Figure 7b). These results indicate that 
activinn A induces a differentiated phenotype in SMC. 

Discussio n n 

Veinn graft disease, characterized by reduced patency of by-pass grafts, is 
causedd by progressive vascular occlusion mainly due to SMC dedifferentiation 
towardss a proliferating phenotype. Gene transfer to vein grafts prior to anastomosis, 
too reduce neointimal hyperplasia, has been the subject of several studies. So far, 
genee therapy has aimed at altering the changed, adverse characteristics of smooth 
musclee cells, i.e. migration and proliferation '1MB1. We hypothesize that complete 
preventionn of the phenotypic change of smooth muscle cells will be a rational 
alternativee to effectively delimit neointima formation, in accordance with the cellular 
compositionn of neointimal lesions that form after angioplasty or by-pass surgery <"•'. 

Basedd on our previous research ,gi we propose that activin A meets the criteria 
off a factor that maintains SMC in their non-proliferative state. To evaluate the function 
off activin A in vascular hyperplasia, we determined the effect of activin A in two 
different,, well-established models: the human saphenous vein organ culture and the 
murinee femoral artery cuff model. Overexpression of activin A was accomplished in 
bothh systems by means of adenoviral vehicles, which results in the formation of 
correctlyy processed and biologically active activin A. We like to note that differences, 
relatedd to various species, are not anticipated because the amino-acid sequence of 
thee fully processed human protein is identical to that of murine activin A. 

Inn line with our expectations, we observed both in the saphenous vein organ 
culturess and in the murine cuff model a vast reduction (almost 80%) of neointima 
formationn by activin A. BMP-2, another member of the TGFp superfamily, has been 
demonstratedd to reduce neointima formation in response to balloon injury of the rat 
carotidd artery '22\ Similar to the effect observed for activin A, no excessive matrix 
depositionn was observed in the vessel wall. However, application of BMP-2 yielded 
ann inhibition of neointimal hyperplasia of only 41 %. These data on BMP-2 and activin 
AA are in contrast with results obtained upon delivery of the TGFp gene to uninjured 
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Figur ee 4. Activm A expression in the liver after systemic infection of mice. Photomicrographs of cross-sections of murine 
livers,, obtained from Ad.activin (a, b) and Ad.mock (c, d) infected FVB mice are shown. Activin A mRNA expression was 
detectedd by radioactive in situ hybridization and visualized by epipolarization (bright-blue dots on a blue background; a. c). 
Activinn A protein expression was revealed with immunohistochemistry applying a specific antibody and shows a brick-red 
positivee staining on a blue hematoxylin counterstaining (b, d). Original magnification of the photomicrographs 200x. 

Figur ee 5. Effect of activin A on cuff-induced neomtima formation in mouse femoral arteries in vivo. After cuff placement, the 
micee were either untreated (Control a, b), infected with Ad.mock (c, d) or with Ad.activin (e, f), after three weeks the mice 
weree sacrificed and cross sections were obtained and analyzed. In the higher magnifications (lower panels) the neointimal 
tissue,, overlying the internal elastic lamina (dotted line), is shown in more detail (b, d, f). Orginal magnification of the 
photomicrographss 200x (a, c, e) and 630x (b, d, f). 
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Figuree 6. Morphometry of neointima formation in human saphenous vein culture. Morphometry analysis of surface areas of 
thee neointima and media of independent cultured saphenous veins (n=6). Untreated cultures (control, white bar), infected 
withh Ad.lacZ (grey bar) or infected with Ad.activin (black bar). Neointima formation is expressed as ([neointima area]/ [media 
areal)x100%. . 
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Figuree 7. Expression of SMC differentiation markers after activin A treatment, a) SMC derived from human saphenous vein 
(humann SMC, lanes 1-4) and mouse aorta (mouse SMC. lanes 5-8) were treated with activin A for 0, 4, 8. 24 h. Total RNA 
(100 ng/lane for human SMC and 2.5 ng/lane for mouse SMC) was assayed by Northern blotting analysis for SM22« (I) and 
SMM (/-actin (II) gene expression. Ethidium bromide staining of the 18S and 28S ribosomal RNA bands is shown as a control 
forr equal loading (III), b) Immunohistochemical analysis of SM u-actin expression by human saphenous vein SMC or murine 
arteryy SMC, noninfected (VI) or infected with Ad.activin (IV) or Ad.mock (V) (each 10' pfu/mL). SM u-actin staining was 
visualizedd by FITC-labeled second antibody. Original magnification 200x. 
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porcinee and rat arteries, and to injured rabbit arteries. In each of these models, TGFp 
inducess fibrocellular hyperplasia. Histological examination in these studies revealed 
excessivee neointimal extracellular matrix deposition while the number of cells in the 
hyperplasticc lesion was not markedly increased ,23-Ml. 

Previouss approaches to counteract SMC-rich neointima formation include 
adenovirall transfer of various genes interfering with either cell proliferation or 
inhibitingg cell migration. The rationale to manipulate these functions is to delimit the 
adversee characteristics of activated SMC. In contrast, our study focused on the 
completee prevention of SMC activation by keeping these cells committed to a resting, 
non-atherogenicc phenotype. We reveal that activin A retains cultured human 
saphenouss vein and mouse arterial SMC in their contractile, quiescent state as 
demonstratedd by increased SM22a and SM u-actin expression levels. Moreover, 
adenovirus-mediatedd expression of activin A dramatically inhibits neointimal 
hyperplasiaa in saphenous vein organ cultures as well as in a murine femoral artery 
cuff-model.. We propose that activin A may contribute to prevention of vascular 
stenosis,, frequently occurring upon vein grafting and restenosis after angioplasty. 
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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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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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Objective:: Increasing evidence suggests that vascular calcification is a 
regulatedd process. We studied the vascular expression pattern of a key factor 
inn mineralization and a counteracting, protective factor. Based on the 

phenotypee of null mice, core binding factor a-1 (Cbfa-1) plays a pivotal role in bone 
formation,, whereas matrix gla protein (MGP) is a potent inhibitor of vascular 
calcification.. Methods: We investigated the expression of MGP and Cbfa-1 in 
cultured,, human monocytic cells, endothelial cells and smooth muscle cells (SMC), 
ass well as in normal and atherosclerotic vessel specimens. Results: In cultured cells 
MGPP is expressed in endothelial cells and SMC, whereas Cbfa-1 mRNA is 
predominantlyy present in macrophages and to a lesser extent in SMC. In normal 
vessell wall MGP expression is high at the luminal side and declines toward the center 
off the media, whereas Cbfa-1 is absent. Moderate, homogeneous calcification of the 
aortaa media was observed only in those regions where MGP is low or absent. In 
atheroscleroticc lesions MGP is expressed in endothelial cells and SMC that form 
fibrouss caps, but is never present in macrophages. Cbfa-1 is synthesized in regions 
withoutt MGP, it is associated with calcified areas and Cbfa-1 may be considered a 
markerr for osteoprogenitor-like cells in the vessel wall. Conclusions: Our 
observationss on MGP expression confirm and extend published data and are 
consistentt with a protective function of MGP. We propose that medial calcification is 
Cbfa-1-independent,, whereas neointimal calcification involves Cbfa-1. 
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Introductio n n 

Vascularr calcification occurs during atherosclerosis and diffuse calcification 
mayy already be present in early lesions. With increasing plaque size and complexity 
vascularr calcification progresses, which induces rigidity of the vessel wall (reviewed 
inn ">). Mineralization of the arterial vessel wall is regarded as a regulated process, 
analogouss to skeletal bone formation with the same factors involved l1 Zi. Normal bone 
formationn requires a delicately balanced expression of mineralization-inducing and 
inhibitingg factors. One of the inhibiting factors is matrix gla protein (MGP), which is a 
secreted,, matrix-associated gla (y-carboxy-glutamate) containing protein that 
dependss on Vitamin K for proper function l35). The profound protective effects of MGP 
inn arterial calcification were demonstrated in studies with warfarin-treated rats and 
MGPP knockout mice (6 n. In both studies, the ablation of MGP-function caused an 
excessivee mineralization of the arterial tree. Strikingly, the knockout mice die within 
twoo months due to vessel rupture and subsequent acute thrombosis as a result of this 
extremee vascular calcification |7). Furthermore, MGP mRNA expression has been 
demonstratedd in human lesions ,m and it was shown to be preferentially expressed by 
proliferatingg rat SMC '9', as well as in calcifying, cultured human SMC l101. 

AA factor that plays a pivotal role in the induction of bone formation is the runt-
domainn transcription factor core binding factor u-1 (Cbfa-1). Cbfa-1 dictates the 
expressionn of a set of genes, comprising a1(l) collagen, bone sialo protein and 
osteocalcin,, which are expressed predominantly in osteoblasts ,n'. Each of these 
geness has been implicated in bone formation, although their exact functions in this 
processs have not been revealed. The importance of Cbfa-1 in bone formation is 
demonstratedd by the phenotype of Cbfa-1 knockout mice that completely lack 
mineralizedd bone structures l"14'. The expression of MGP is normal in Cbfa-1 null 
mice,, which may indicate that MGP expression is not directly regulated by this 
transcriptionn factor (,2i. Recently, Cbfa-1 has been associated with enhanced 
calcificationn in cultured SMC |1516). These results imply that Cbfa-1 may be involved in 
vascularr calcification in atherosclerosis. 

Memberss of the transforming growth factor-p (TGFfl) superfamily of growth and 
differentiationn factors are known to be involved in bone formation; TGFp, the bone 
morphogeneticc proteins (BMP) as well as activin stimulate the bone formation 
processs "7I. Both TGFp and BMP-2 / -7 induce the expression of Cbfa-1 ,1B). In 
atherosclerosis,, calcium deposition is, in analogy to bone formation, regarded as a 
regulatedd process, in which members of the TGFp superfamily (BMP and TGFp) have 
beenn implicated "9 20\ 

Inn this study, we report on the expression of the calcification-modulating factor 
MGPP and the bone inducing factor Cbfa-1 in different cultured vascular cells and in 
humann vascular tissue specimens in relation to calcification and atherogenesis. With 
respectt to MGP we extend published data with a more detailed description of cell-
specificc expression and expression patterns in the normal vessel wall. The presence 
off Cbfa-1 in the human vessel wall is shown for the first time. In addition, we 
investigatee the effect of activin, a TGFp-like factor that is induced in atherosclerosis 
(Z1),, on Cbfa-1 levels in SMC, as an indicator for a potential role for activin in osteoblast t 
transdifferentiationn from SMC. 
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Materia ll  & Method s 

Celll  culture . Cell culture was performed at C in a humidified 5% CO; chamber. Monocytic cell line 
MonoMac66 (MM6) was cultured in 90% (vol/vol) RPMI1640, 10% {vol/vol) fetal bovine serum, 
supplementedd with penicillin, streptomycin and fungizone (GIBCO BRL. Gaithersburg, MD). Human 
primaryy SMC were derived from vessel explants, originating from human umbilical cord arteries. 
Culturedd SMC were characterized by immunofluorescence with an antibody directed against SM u-
actinn (1A4 from DAKO. Glostrup, Denmark), which was detected with a Cy3-conjugated goat anti-
mousee antibody (Jackson Laboratories, Westgrove, PA). With this method, the cells show uniform 
fibrillarr staining. The cells were used at passage 5-7. Human umbilical vein endothelial cells were 
obtainedd by trypsintzation 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) 
Medium-1999 with L-glutamine/L-amino acids, 40% (vol/vol) RPMI1640 with HEPES buffer/L-glutamine, 
20%% (vol/vol) human serum, supplemented with penicillin, streptomycin and fungizone. 

Atherogeni cc stimulatio n of differen t cel l types . MM6 monocytic cells were cultured in standard 
medium,, and subsequently differentiated during 2 days with 100 ng/mL phorbol myristate acetate 
(PMA).. Endothelial cells were grown until confluence and maintained for an additional three days. 
Tumorr necrosis factor-a (100 ng/mL) was added in serum-free standard medium (containing 10 mg/L 
bovinee insulin, 5.5 mg/L human transferrin and 6.7 ug/L sodium selenite (GIBCO BRL)) to the 
endotheliall cells, and the cells were harvested after 0, 6, 24 h, and subjected to RNA isolation using 
Trizoii reagent (GIBCO BRL). SMC were cultured until confluency, and subsequently maintained for 
threee days in serum-free medium. Conditioned medium of human peripheral macrophages, stimulated 
withh oxidized low-density lipoprotein (LDL) (see paragraph on preparation of macrophage conditioned 
medium),, was added to the cells in a 10 fold dilution. After 0, 8, and 24 h, the stimulated cells were 
harvestedd for subsequent total RNA isolation 

Preparatio nn of macrophag e conditione d medium . Elutriated, human peripheral monocytes (kindly 
providedd by Dr. E. Meul, CLB, Amsterdam, The Netherlands) were cultured in 50% (vol/vol) RPMI1640 
andd 45% (vol/vol) Medium 199, supplemented with 5% (vol/vol) human serum and antibiotics. 
Subsequently,, the macrophages were incubated during 16 h in culture medium with 30 jig/mL 
oxidized-LDLL (copper-chloride oxidation; 40-50 nmoles/mg thiobarbituric acid-reactive substances). 
Afterr collection the conditioned medium was stored at . 

Norther nn blotting . Northern blots were made as described using Hybond N nyion membranes 
(Amersham).1»'' MGP or GAPDH probes (Table 1) were radiolabeled with p'P]-uATP (Amersham) using 
aa random oligo-labeling kit (GIBCO BRL), and purified on a oligonucleotide-removal column (Qiagen, 
Hilden,, Germany). Probe hybridization in formamide was performed as described l'2:. The blots were 
stringentlyy washed at C with O.lxSSC, 0.1% (wt/vol) SDS. Specific bands were quantitated using 
Phosphorlmager,, and Image Quant software. 

Tissu ee specimens . Human tissue samples were obtained from organ donors or from patients 
undergoingg vascular surgery with informed consent of relatives or the patients, according to protocols 
approvedd by the Medical Ethical Committee of the Academic Medical Center. The specimens were 
fixedfixed in 3.8% (vol/vol) formaldehyde in phosphate-buffered saline (PBS) and paraffin embedded or 
snap-frozenn in liquid nitrogen within 5 min after resection. After sectioning (5 urn) and mounting on 3-
aminopropyl-triethoxysilane-coatedd glass slides, the specimens were subjected either to in situ 
hybridization,, immunohistochemistry or von Kossa staining. From snap-frozen tissue samples, mRNA 
wass isolated and subjected to RT-PCR analysis. In this study, lesions were classified according to the 
guideliness of the American Heart Foundation '"'. Specimens were obtained from individuals ranging in 
agee from 12 to 76 y, comprising apparently normal vascular tissue as well as lesions ranging in 
complexityy from I to VI. 

Inn sit u hybridization s and RNase protectio n analysis . In vitro transcription of linearized plasmid 
DNAA was performed to obtain radiolabeled anti-sense or sense hboprobes ([f,,S]-UTP for in situ 
hybridizationn and p2P]-UTP for RNase protection [Amersham]); see Table 1 for details on probes. The 
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inn situ hybridization assays and RNase protection assays were performed as described previously i2i\ 
Ass a control for the specificity of the anti-sense riboprobes, matching sense riboprobes were assayed 
forr each gene; the sense probes gave neither background nor an aspecific signal. 

(Immuno)histochemistry .. Antibody 1A4 (DAKO) recognizes SM a-actin and was used to detect 
SMC.. while antibody HAM56 (DAKO) was applied to recognize macrophages in the sections, Cbfa-1 -
specificc antibodies were kindly donated by Dr. P. Ducy (Baylor College of Medicine, Houston, TX). The 
rabbitt antibodies were raised against an amino-terminal peptide sequence of Cbfa-1 (amino-acids 69-
95)) '"' and were applied at a 1:500 dilution. Immunohistochemistry was performed on 5 um paraffin 
sections.. As a pretreatment. the sections were dewaxed. rehydrated, incubated with 0.3% (vol/vol) 
hydrogenn peroxide to inhibit endogenous peroxidase activity, and blocked with 10% (vol/vol) pre-
immunee goat serum (DAKO) in Tris-buffered saline (TBS; 10 mmol/L Tris, pH 8.0, 150 mmol/L NaCI). 
Thee sections were then incubated with the specific antibodies, followed by biottnyiated 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, which gives rise to a brick-red precipitate. After 
counterstainingg with haematoxilin, the sections were embedded in glycergel (Sigma, St. Louis, MO). 
Vonn Kossa staining was performed after standard pretreatment of the sections. The specimens were 
thenn incubated for 60 min in 5% (wt/vol) AgNO., while being exposed to bright light, rinsed thoroughly 
withh water and then incubated in 2.5% (wt/vol) Na2S..Ov The sections were subsequently dehydrated 
andd mounted in PERTEX mounting medium (Histolab. Göteborg, Sweden). 

Semii  quantitativ e RT-PCR analysis . Total RNA was reverse-transcribed with Superscript II, and oligo 
dTT primers (GIBCO BRL, Gaithersburg). Cbfa-1 and GAPDH sequences were amplified using specific 
primersets,, indicated in Table 1, and Amplitaq Gold Polymerase (Roche Molecular Systems, 
Branchburg)) after 10 min C followed by a standard PCR program with C as the annealing 
temperature.. After 24 cycles (GAPDH) and 30 cycles (Cbfa-1), the PCR was stopped and analyzed. 
Inn the same experiment, separate control samples were taken at 22, 24 and 26, or 28, 30 and 32 
cycless to assure that experiments were performed at the number of PCR cycles, at which the 
amplificationn was linear. These samples were analyzed on the same gel as the samples from the 
vessell specimens, and were calculated to contain relative amounts of PCR product at ratio 1:4:16. This 
approachh facilitates semi quantitative analysts of Cbfa-1 mRNA expression in vascular specimens. 

Name Name 
MGP MGP 

Cbfa-1 Cbfa-1 
GAPDH GAPDH 

Genbanktt Genbanktt 
X53331 X53331 

AH005498 AH005498 
M33197 M33197 

Application Application 
InIn situ hybridization 
NorthernNorthern blot analysis 
RNaseRNase protection analysis 
NorthernNorthern blot analysis 
RNaseRNase protection analysis 

bp bp 
102102 - 358 

642642 - 884 
480-545 480-545 

SemiSemi quantitative RT-PCR primers. 
Cbfa-1Cbfa-1 Fwd: 5' CGACAGCCCCAACTTCCTGTG 3' 451-1007 

Rev:Rev: 5' TGCCTTCTGGGTTCCCGAG 3' 
GAPDHGAPDH Fwd: 5' TAGAATTCAGGTCATCCATGACAACTTTGG 3' 545-629 

Rev:Rev: 5' TAGTCGACATCCACAGTCTTCTGAGTGGCA 3' 

Tablee 1 
Detailss of probes used in in 
situu hybridization, Nothem blot 
analysiss and RNase protection 
analysis.. The primer sets used 
forr semi quantitative RT-PCR 
aree mentioned. The MGP 
constructt was a kind gift from 
Drr C. Vermeer (Department of 
Biochemistry,, Maastricht 
University,, The Netherlands}, 

Growt hh facto r incubation . Purified, recombinant human activin-A [lot 15365-36(1)] and follistatin {lot 
B3904)) were obtained from Dr Pawson through the National Hormone and Pituitary Program, the 
Nationall Institute of Diabetes and Digestive and Kidney Disease, the National Institute of Child Health 
andd Human Development, and the US Department of Agriculture (Bethesda, Md). For growth factor 
incubations,, SMC were made quiescent for 72 hours in serum-free standard medium containing 10 
mg/LL bovine insulin, 5.5 mg/L human transferrin, and 6.7 j.ig/L sodium selenite (GIBCO BRL). 
Subsequently,, recombinant human acttvin A (100 ng/mL) or follistatin (150 ng/mL) was added to the 
culturee medium during the periods indicated. After incubation, the cells were subjected to total RNA 
isolationn with Trizol reagent (GIBCO BRL). 
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Results s 
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Figuree 1. MGP and Cbfa-1 mRNA expression in 
(activated)) monocytic MM6 cells, endothelial cells and 
SMC.. MGP and Cbfa-1 expression were assayed by 
Northernn blot analysis and RNase protection analysis, 
respectively.. GAPDH expression was tested as a control 
forr equal loading. MM6 monocytic cells were assayed 
eitherr non-stimulated (lane 1. -) or after stimulated with 
PMAA (lane 2. +). The expression of MGP and Cbfa-1 was 
alsoo determined in endothelial cells (EC) that were left 
unstimulatedd (lane 3) or were stimulated with TNFu for 6 
andd 24 hours (lane 4, 5), in quiescent SMC (lane 6) and in 
SMCC activated with macrophage-conditioned medium for 8 
andd 24 hours (lane 7,8). See materials and methods for 
details. . 
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Figuree 2. MGP expression in the vascular media. Early lesions from a human aorta (a-e) and a human iliac artery (f-j) were 
subjectedd to immunohistochemistry, von Kossa staining and MGP-specific in situ hybridizations. Consecutive cross sections 
weree assayed to detect SMC (a,f). macrophages (b,g) and endothelial cells (c,h). Additionally, von Kossa staining (d,i) was 
performedd to demonstrate vascular calcification (dark brown-black precipitate). MGP mRNA expression was revealed by 
radioactivee in situ hybridization (e. j : positive signal results in black dots). The sections were counterstained with haematoxilin 
too reveal the nuclei (purple). The internal elastic lamina (IEL) is indicated by a dotted line (b,g) and media (M). neointima (Ni) 
andd lumen (L) are indicated accordingly. Photomicrographs of bright field microscopy, original magnification 50x. 

Figuree 3. MGP expression in a macrophage-rich region (a-
d)) and in a SMC-rich region covered by an intact layer of 
endotheliall cells (e-h). Consecutive sections were stained 
immunohistochemicallyy for the presence of macrophages 
(a,, e), endothelial cells (b, f) and SMC (c, g). MGP mRNA 
expressionn was assayed by radioactive in situ 
hybridizationn (d. h). Photomicrographs: bright field 
microscopy,, original magnification 200x. 
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Expressio nn pattern s of Cbfa-1 and MGP in culture d cells . 
Wee initiated our study with an inventory on the expression profiles of the 

calcificationn inducing factor Cbfa-1 and the protective factor MGP in cultured cells. 
Macrophages,, endothelial cells and SMC, which together are the most important 
cellularr components involved in the initiation and progression of atherosclerosis, were 
incorporatedd in our experiments. Moreover, the cells were activated with atherogenic 
stimulii to mimic the in vivo processes involved in atherogenesis. In MM6 cells no 
MGPP mRNA was detected, while Cbfa-1 mRNA is present and increases two-fold 
uponn differentiation of the cells after PMA stimulation (Figure 1; lane 1-2). In 
endotheliall cells,. MGP mRNA expression decreases dramatically after 24 hours of 
stimulation,, while Cbfa-1 mRNA expression was below the detection limit of the 
RNasee protection analysis (Figure 1; lane 3-5). Additional RT-PCR analysis on the 
samee RNA samples demonstrated Cbfa-1 mRNA to be present at low levels in 
culturedd endothelial cells, but no changes in expression were observed after 
stimulationn (data not shown). In SMC a relatively high expression level of MGP is 
observedd and activation of SMC results in a moderate reduction of MGP expression 
(1.3-fold),, whereas Cbfa-1 expression is relatively low and increases 1.7-fold upon 
stimulationn of the cells (Figure 1; lane 6-8). 

MGPP expressio n in the vesse l wall . 
Soo far, we have demonstrated MGP and Cbfa-1 expression in cultured primary 

SMC,, endothelial cells and in the monocytic/macrophage cell line MM6. Next, we 
investigatedd the expression of MGP in normal and atherosclerotic tissue specimens. 
Vascularr expression of MGP has been described to some extent before. Here we 
demonstratee several significant, novel aspects on vascular MGP expression. As 
typicall examples of MGP expression in the normal medial layer of the vessel wall we 
showw cross sections of a human aorta (Figure 2a-e) and an iliac artery (Figure 2f-j) 
thatt contain very small neointimas (Ni). The immuno-histochemical data show that 
thee medias (M) are composed solely of SMC (Figure 2a, f) and contain no 
macrophagess (Figure 2b, g). An intact layer of endothelial cells covers both vessels 
(Figuree 2c, h). Von Kossa staining (Figure 2d, i) revealed a homogeneous calcium-
richh deposit in the center of the entire media of the aorta specimen, whereas in the 
iliacc artery no such calcified regions were identified. Radioactive in situ hybridizations 
demonstratedd a remarkable gradient of MGP mRNA expression in the media of both 
aortaa and iliac artery, with high MGP expression levels at the internal elastic lamina 
(IEL)) and distinctly lower levels toward the center of the media (Figure 2e, j). It should 
bee noted that all aorta specimens assayed showed such diffuse medial calcification 
andd were obtained from individuals ranging in age from 31-52 years. Moreover, the 
iliacc artery specimens that were incorporated in our study were derived from organ 
donorss aged 34 to 65 years and consistently showed no diffuse calcification in the 
media. . 

Too identify the vascular cells, which express MGP in vivo, we show additional 
high-powerr microscopic examinations of consecutive vascular cross sections of a 
macrophage-richh lesion (Figure 3a-d) and a SMC-rich lesion (Figure 3e-h). 
Radioactivee in situ hybridizations (Figure 3d, h) revealed that MGP mRNA is not 
expressedd by macrophages but that MGP synthesis is restricted to endothelial cells 
andd SMC, which is consistent with the in vitro data shown in Figure 1. 
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Subsequently,, we determined the pattern of MGP expression at different 
stagess of atherosclerosis. As typical examples, we show MGP expression in an early 
aorticc lesion (Figure 4a, b), an iliac artery with a fatty streak (Figure 4c, d), an iliac 
arteryy containing advanced fibrous lesions (Figure 4e, f) and an aorta containing 
advancedd atheromatous lesions (Figure 4g, h). Again, in the media of these arteries, 
wee observed a gradient of MGP mRNA expression. In the neointima of early SMC-
richh lesions, MGP mRNA is strongly expressed (Figure 4a, b), while in macrophage-
richh areas of an early fatty streak MGP expression is reduced (Figure 4c, d; see *). 
AA similar dichotomy was observed in advanced stages of atherogenesis. In advanced 
fibrouss lesions, MGP mRNA is abundant in the fibrous cap, which consists mainly of 
SMCC (Figure 4e, f; see **). In contrast, atheromatous areas are devoid of MGP mRNA 
expression,, which is demonstrated in an atheromatous inclusion beneath a fibrous 
capp (Figure 4 f; see *), and in an advanced atheromatous lesion (Figure 4g, h; see *). 

Cbfa-11 expressio n in the vesse l wall . 
Wee observed expression of Cbfa-1 in cultured macrophage-like cells, in SMC 

andd at a very low level in endothelial cells. So far, the expression of this transcription 
factorr has not been studied in the (calcified) vessel wall This knowledge prompted 
uss to study the expression of Cbfa-1 in the vessel wall in atherosclerosis. We 
obtainedd a limited number of pairs of atherosclerotic and apparently normal arteries 
fromm different patients, and examined the expression of Cbfa-1 by semi-quantitative 
RT-PCR.. In apparently normal vessels, we observed low expression of Cbfa-1 mRNA 
(Figuree 5; lane 1, 3, 5), whereas in atherosclerotic vessels Cbfa-1 mRNA expression 
wass consistently increased (Figure 5; lane 2, 4, 6). In addition, a high level of Cbfa-1 
mRNAA expression was detected in two atherosclerotic artery specimens derived from 
twoo additional patients (Figure 5; lane 7, 8). 

Too assess which cell types in the vasculature contribute to increased Cbfa-1 
expression,, we studied Cbfa-1 expression in the vessel wall. Even though radioactive 
inn situ hybridization is a relatively sensitive technique, we could not easily detect 
Cbfa-11 expression with two independent, differently designed riboprobes. Cbfa-1 is, 
however,, an intracellular protein, which allows the identification of those cells that are 
recognizedd with specific antibodies, as the cells that actually synthesize Cbfa-1. The 
antibodiess we applied in his study have been used succesfully in band-shift assays 
11111 and to detect Cbfa-1 expression in human dental development (data not shown). 
Basedd on the amino-acid sequence and its function as transcription factor Cbfa-1 is 
predictedd to be translocated to the nucleus. Positive Cbfa-1 immunohistochemistry 
was,, however, observed throughout the cell, reflecting the cytoplasmic origin of 
proteinprotein synthesis. We studied Cbfa-1 expression at different stages of 
atherosclerosis.. As typical examples, high-power magnifications show the luminal 
sidee of an early lesion (Figure 6a-e) and the center of an advanced atheromatous 
lesionn (Figure 6f-j). Immunostaining with specific antibodies on consecutive sections, 
showedd the localization of SMC (Figure 6a, f), macrophages (Figure 6b, g), and Cbfa-
11 protein (Figure 6c, h), whereas calcified deposits were visualized with von Kossa 
stainingg (Figure 6d, i). In the early lesion, no calcification was observed and Cbfa-1 
proteinn staining colocalizes strongly with macrophages and to a lesser extent with 
neointimall SMC. In the advanced atheromatous lesion, substantial calcium deposits, 
ass shown by von Kossa staining, are present that colocalize with cells expressing 
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Earl yy  lesio n Fatt y strea k Fibrou s lesio n Atheromatou s lesio n 

Figuree 4. MGP expression at different stages of atherosclerosis. Radioactive in situ hybridizations, specific for MGP mRNA. 
weree performed on typical examples of an aorta with early lesions (a,b), an iliac artery with a fatty streak (c,d), an iliac artery 
withh advanced fibrous lesions (e,f). and an aorta with an advanced atheromatous lesion (g.h). Panels a. c, e and g show the 
crosss section of the whole vessel, while panels b, d, f and h demonstrate details of the boxed areas, respectively. The internal 
elasticc lamina (IEL) is indicated by a dotted line. Atheromatous areas (*), fibrous areas (**). internal elastic lamina (IEL), 
lumenn (L). media (M) and neointima (Ni) are indicated accordingly. Photomicrographs: bright field microscopy, original 
magnificationn 5x (e.g), 10x (a,c), 25x (f,h) and 50x (b,d). 

Cbfa-11 protein (Figure 6h, i). The cells in this area did not react with SMC or 
macrophages-specificc antibodies (Figure 6f, g). Cbfa-1 was originally isolated from T 
cellss as PEPB2uA,25 which prompted us to perform an additional T-cell specific 
immunostaining.. T cells are present in atherosclerotic lesions, but are not associated 
withh the (calcified) areas in which Cbfa-1 is expressed (Engelse & van der Wal, data 
nott shown). In Figure 6 we also show MGP in situ hybridizations on consecutive 
sectionss (Figure 6e, j). Both in early and advanced lesions Cbfa-1 is expressed in 
thosee regions, in which no MGP expression is present. These data show that the 
expressionn patterns in atherosclerotic lesions of these two factors, which exhibit 
oppositee functions in bone formation, do not colocalize. 

II II III IV V 

N A N A A NN A A A Cycles 
2»» JO U 

-t# # 
1 2 3 4 5 6 7 88 9 10 11 

Figuree 5. Cbfa-1 expression in normal and atherosclerotic vessels. Semi-quantitative, radioactive RT-PCR specific for Cbfa-
11 expression, at 30 PCR cycles, was performed on apparently normal vessels (N) and atherosclerotic (A) vessels that were 
obtainedd from different patients (l-V, in lanes 1-8). GAPDH expression, at 24 PCR cycles, was tested as a control for equal 
loadingg (lanes 1 -8). In lane 9-11, samples with an increasing number of PCR cycles are shown to demonstrate that the PCR 
reactionss were performed in the linear range of the reaction; products were obtained after 28, 30 and 32 cycles for Cbfa-1, 
andd after 22, 24 and 26 cycles for GAPDH, respectively. 
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Figuree 6. Cbfa-1 expression in an early aorta lesion (a-e) and in the center of an advanced, atheromatous iliac artery lesion 
(f-j).. Immunohistochemical analyses, specific for SMC (a. f). macrophages (b. g) and Cbfa-1 protein (c. h) were performed. 
Inn addition, von Kossa staining revealed calcified areas (d. i) and in situ hybridizations show MGP mRNA expression (e, j). 
Thee internal elastic lamina is indicated by a dotted line (i), media (M), neointima (Ni) and lumen (L) are indicated accordingly. 
Photomicrographs:: bright field microscopy, 200x (a-e). 50x (f-j). 

Effec tt  of activi n A on Cbfa-1 expressio n in SMC. 
SMCC were derived from a human aorta or iliac artery and were treated with 

activinn A or with follistatin, the physiological inhibitor of activin activity, as a negative 
control.. After 0, 3, 6, 12, or 24 hours of activin treatment or 24 hours of follistatin 
treatment,, total mRNA was isolated. From each RNA sample, first strand cDNA was 
obtainedd which was subsequently tested by radioactive semi-quantitative RT-PCR 
analysiss for the presence of Cbfa-1 expression, using GAPDH as a control for equal 
loading.. In Figure 7, Cbfa-1 expression in response to activin and follistatin is 
demonstratedd for SMC derived from human aorta (a) and iliac artery (b). In the top 
row,, Cbfa-1 specific bands from the RT-PCR are shown, whereas the intensity of the 
Cbfa-11 bands, corrected for GAPDH control (data not shown) were plotted in the line 
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Figur ee 7. Activin A induces Cbfa-1 mRNA expression in SMC. Cbfa-1 expression was assayed by semi-quantitative RT-PCR 
onn RNA samples from cultured human aorta (panel a) and iliac artery (panel b) SMC. The SMC were treated with activin A 
(0,, 3, 6,12, 24 hours, closed circles) or with follistatin (24 hours open circle), the physiological inhibitor of activin activity, as 
aa negative control. In the top row, Cbfa-1 specific bands from the RT-PCR analysis are shown, whereas the intensity of the 
Cbfa-11 bands, corrected for GAPDH control (data not shown) is plotted in the line graphs at the bottom of the panels. 
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graphss in the bottom of the panels. After 3-6 hours of activin stimulation, an increase 
off Cbfa-1 expression was observed in both aortic and iliac artery SMC. In aortic SMC, 
Cbfa-11 levels decreased after 24 hours of activin treatment to their original level (0 
hours),, while Cbfa-1 expression remained elevated in iliac artery SMC. Follistatin 
treatmentt of both SMC cultures resulted in Cbfa-1 expression levels comparable to 
thee original expression levels. 

Discussio n n 

Vascularr calcification may be considered a regulated process involving factors 
thatt induce bone formation such as Cbfa-1, as well as modulating components such 
ass MGP. Based on our observations, we postulate that different calcification 
processess occur in the medial layer of the vessel wall and in the atherosclerotic 
lesion.. It should be emphasized that the diffuse, homogeneous, medial calcification 
wee observed in the aorta specimens, is different from Mönckeberg's sclerosis, which 
iss characterized by dense, nonhomogenous medial calcifications ,26). We believe that 
thee homogeneous calcification of the media may be modulated by MGP, which is 
abundantlyy expressed both in the muscular, iliac arteries and in the elastic aorta. A 
gradientt of MGP expression is observed in the media such that MGP is highly 
expressedd in the SMC at the internal elastic lamina, with relatively low levels toward 
thee middle of the media. Areas with high MGP expression are potentially more 
resistantt to calcification than other parts of the vessel. Indeed, von Kossa staining 
revealedd moderate, homogeneous mineralization only at the center of the aortic 
vessell wall. Remarkably, iliac artery specimens did not reveal any medial 
calcification,, while specimens derived from the aorta-iliac artery bifurcation showed 
ann intermediate phenotype of calcification (data not shown). In our study, medial 
calcificationn did not colocalize with elevated levels of Cbfa-1 expression. These 
observationss may indicate that moderate levels of MGP expression in the iliac artery, 
butt not in the aorta specimens, are sufficient to protect against spontaneous 
calcification.. Alternatively, while assuming that MGP expression itself is sufficient, the 
percentagee of MGP that is properly y-carboxylated, which is essential for calcium 
binding,, may be lower in the aorta. This rationale has previously been discussed with 
respectt to data that show a 70% reduction of y-carboxylase activity in atherosclerotic 
vesselss ,1-"1. In addition, it has been demonstrated that reduced dietary Vitamin K 
intake,, which is essential for the function of MGP, leads to an increased risk for 
vascularr calcification l?8). Furthermore, the presence of multiple elastin laminas in the 
aorta,, which are absent in the muscular iliac artery, may explain the differences in 
calcificationn between these vessel types, since it has been shown that laminas are 
preferentiall sites of mineralization (6). 

Inn contrast to data published by Shanahan et al '9|, we show that MGP 
expressionn in the atherosclerotic lesion is confined to endothelial cells and SMC, but 
iss absent in macrophages. Advanced, fibrous lesions containing an extensive fibrous 
capp over a relatively small atheroma express high levels of MGP. As MGP is a 
secretedd protein, a clear correlation between enhanced plasma levels of MGP and 
advancedd stages of atherosclerosis is to be expected and has indeed recently been 
shownn to occur,2Bi. However, advanced, unstable lesions with a high macrophage and 
lipidd content, and relatively small fibrous caps express low levels of MGP. Therefore, 

90 0 



Cbfa-1Cbfa-1 and MGP expression in atherogenesis 

thee mere concentration of plasma MGP does not reveal the clinical status of an 
individual,, as unstable lesions express low MGP levels, but are more prone to rupture 
andd for that reason clinically more relevant. 

Wee demonstrated increased Cbfa-1 expression when cultured macrophages 
andd SMC are activated with atherogenic stimuli. Previously, it has been shown that 
Cbfa-11 is expressed during calcification of human and bovine SMC in vitro |,s'16). In the 
developingg skeleton, Cbfa-1 is essential for the genesis of osteoprogenitor cells, but 
additionall cell-matrix interactions are required to allow differentiation into mature 
osteoblastss {reviewed in i3t!t). Based on this knowledge we propose that even though 
Cbfa-11 is expressed in vascular cells in early lesions, it may be expected that 
additionall factors such as the vascular microenvironment and extracellular matrix 
componentss eventually determine whether such a cell transdifferentiates into an 
osteoblast-likee cell. This is in line with our observation that Cbfa-1 expression in early 
lesionss is not associated with vascular calcification. In advanced lesions we observed 
inn close vicinity of calcified areas, cells that express Cbfa-1, but no longer react with 
SMC,, macrophage or T-cell specific antibodies. We believe that Cbfa-1 induced 
transdifferentiationn of macrophages or SMC into cells with osteoblast-like traits may 
accountt for the loss of cell-specific markers in calcifying areas. 

Thee induction of Cbfa-1 expression in SMC in response to members of the 
TGFpp superfamily may explain the underlying mechanism of stimulation of 
calcificationn by these growth and differentiation factors in bone development. We 
detectedd increased Cbfa-1 mRNA expression in the neointima of atherosclerotic 
vessels,, which partially co-localized with lesion SMC. In addition, our group 
previouslyy reported on the enhanced expression of biologically active activin A in 
humann atherosclerotic lesions l21>. So far, we did not study a potential colocalization of 
activinn and Cbfa-1 in atherosclerotic lesions. Therefore, based only on the presence 
off both components in the atherosclerotic plaque, we suggest that activin may be 
involvedd in local Cbfa-1 induction in the vessel wall, which may result in vascular 
calcification. . 

Inn summary, based on our data and those of others we believe that regions with 
downregulatedd MGP synthesis are prone to calcification. We hypothesize that medial 
calcificationn of the aorta vessel wall is Cbfa-1-independent. This hypothesis is in line 
withh the calcification observed in calcifying vascular cells derived from primary aortic, 
mediall SMC cultures, which has also been shown to be independent of Cbfa-1 '31'. 
Furthermore,, we show the first data that suggest a function for Cbfa-1 in 
atheroscleroticc calcification, analogous to that in normal bone development l111'". 
Finally,, we propose that the modulation of Cbfa-1 expression in atherosclerosis may 
bee partially activin-dependent. 
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Introductio n n 

Inn the pathogenesis of atherosclerosis, the accumulation of lipid-rich deposits 
inn atherosclerotic lesions aggravates neointimal thickening and causes a 
destabilizationn of plaquesn>. In early stages of atherosclerosis, macrophage-derived 
foamm cells that scavenge modified lipoproteins are observed in the vessel wall n-2'. 
Scavengerr receptors (SR) on the surface of macrophages and foam cells mediate the 
uptakee of modified lipoproteins, like oxidized low-density lipoprotein (oxLDL) 
(reviewedd in m). Scavenger receptor-A (SR-A), which has two splice variants (type-l 
andd type-ll), is known to play an important role in the uptake of modified LDL particles 
inn the progression of atherosclerosis pl. In atherogenesis, SR-A is upregulated when 
monocytess differentiate into macrophages (4\ However, lipopolysaccharide and 
cytokines,, involved in atherogenesis such as granulocyte monocyte colony 
stimulatingg factor, tumor necrosis factor-a and interferon-y, can reduce its expression 
(reviewedd in 51). Furthermore, it has been shown that transforming growth factor-^ 
(TGFp)) can decrease SR-A expression and reduces the binding of modified LDL to 
THP-11 cell-line derived macrophages with 70% im. 

Activin,, a member of the TGF(3 superfamily, is a 24 kDa pleiotropic factor 
involvedd in growth and differentiation of various cell types. Known functions of activin 
includee induction of the release of follicle stimulating hormone from pituitary cells, 
stimulationn of erythroid differentiation and involvement in mesoderm development. 
Furthermore,, it is a mediator of wound healing and kidney fibrosis ,714). The 
physiologicall inhibitor of activin, follistatin binds to the growth factor and prevents the 
bindingg of activin to activin-speciftc cell surface receptors, which consequently 
reducess downstream signaling |15,6>. 

Recently,, we have demonstrated that activin mRNA, activin protein and activin 
bioactivee protein are upregulated in atherosclerotic lesions, suggesting a role for the 
factorr in atherogenesis. Furthermore, we have revealed that activin receptors are 
expressedd by different vascular cell types, including macrophages, implicating that 
thesee cells may respond to activin (17'. 

Too determine the effect of activin on the lipid accumulation, activin 
overexpressionn in a murine model for atherosclerotic lipid accumulation needs to be 
investigated.. Here, we present introductory data on the effect of activin A and 
follistatinn on the uptake and degradation of modified LDL particles (acetylated LDL 
particles),, by primary murine peritoneal macrophages. 
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Material ss  & Method s 
Purifie dd factor s Purified, recombinant human activin A [lot 15365-36(1)] and follistatin (lot B3904) 
weree obtained from Dr. Pawson through the National Hormone and Pituitary Program, the National 
Institutee of Diabetes and Digestive and Kidney Disease, the National Institute of Child Health 
andd Human Development, and the US Department of Agriculture (Bethesda, MD). 

Inn vitr o cultur e of murin e peritonea l macrophages . Peritoneal macrophages were isolated from 
C57BI/66 mice. Five days after intraperitoneal injection of 3% (wt/vol) Brewer's thioglycollate medium, 
macrophagess were harvested by lavage of the peritoneal cavity with 10 ml_ sterilized PBS. The 
isolatedd macrophages were washed 3 times with PBS and plated in 24-well plates at a density of 
0.5x10ee cells/500 (.il in DMEM, supplemented with 10% (vol/vol) bovine calf serum, 2 mmol/L L-
glutamin,, 100 ug/mL streptomycin, and 100 lU/mL penicillin. After 4 hours, nonadhering cells were 
removedd by washing with culture medium. 

Isolatio nn and modificatio n of lipoproteins . Human LDL was isolated from healthy volunteers as 
describedd ('S|. After density ultracentrifugation, LDL (1.019 g/mL<d<1.063 g/mL) was collected and 
dialyzedd against PBS/1 mM EDTA. Protein content was determined with BSA as an internal standard 
<-9'.. LDL was acetylated as described previously lMl. Radiolabeling of the acetylated LDL (acLDL) with 
,ï5lodinee at pH 10.0 was performed according to McFarlane, modified as described by Van Tol et al.(21 

Foamm cel l formatio n and Oil Red O staining . After isolation, the macrophages were cultured for two 
dayss on glass coverslips. During this period, the cells were either not treated (control) or incubated with 
activinn (100 ng/mL) or follistatin (500 ng/mL). Subsequently, non-radiolabeled acLDL (100 ng/mL) was 
addedd to the macrophages, combined wth the different incubations (activin, follistatin, control). After 
488 hours, the macrophages were fixed (3.8% vol/vol formalin in PBS) and lipid staining with Oil Red O 
wass performed. After washing with water, the cells were rinsed in 100% propyleen glycol and 
subsequentlyy incubated in 0.5% wt/vol Oil Red O (Sigma) in propyleen glycol during 60 min. Next, the 
cellss were washed and rehydrated with 60% vol/vol propyleen glycol and water and subsequently 
embeddedd in glycergel (Sigma). Enhanced lipid-droplet accumulation reveals the specific morphology 
andd the presence of foam cells in the culture. Quantification of the total amount of lipid accumulation 
wass performed by image-analysis of the Oil Red O staining as a percentage of the total cell area using 
Leicaa QWIN software (Cambridge, U.K.) on N=4 (control, activin) or N=3 (follistatin) samples. In 
addition,, the portion of cells with an apparent foam cell morphology was scored as a percentage of the 
totall number of cells (foam cells and macrophages, respectively). 

AcLD LL bindin g studies . At 2 days after isolation, macrophages were either not treated or incubated 
forr 24 hours with activin A (100 ng/mL), or with follistatin (500 ng/mL). Subsequently, the cultures were 
incubatedd with the indicated concentrations of 1ÏSl-AcLDL. After 3 h at , cells were washed and 
lyzedd in 0.1 mol/L NaOH and the cell protein content was determined l15) to determine the cell 
associationn per mg cell protein. Degradation products in the medium were measured by addition of 0.4 
mLL 35% trichloroacetic acid to 0.5 mL medium. After incubation for 30 minutes at , 0,25 ml of 0.7 
mol/LL AgNO.was added, samples were centrifuged for 5 minutes at 16000g, and the radioactivity was 
determinedd in the supernatant. 
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Results s 

Effec tt  of activi n and follistati n on foa m cel l formatio n afte r AcLD L stimulatio n 
off  murin e primar y macrophages . 

Murinee primary macrophages were elicited by thioglycollate and subsequently 
isolatedd by peritoneal lavage. After culturing on glass coverslips, the macrophages 
weree treated for 48 hours with activin or follistatin, and subsequently, the cells were 
incubatedd during 48 hours with 100 ug/mL of acLDL, in the presence of activin or 
follistatin,, or as a control without an added factor. Oil Red O staining revealed 
accumulationn of lipid droplets in macrophages and macrophage-derived foam cells. 
Inn Figure 1 photomicrographs are shown that demonstrate the Oil Red O positive, 
acLDLL induced lipid accumulation in cultured macrophages that were non treated 
(panell a), treated with activin A (panel b) or with follistatin (panel c). Most prominently, 
increasedd numbers of foam cells can be observed after follistatin treatment, while in 
thee activin treated culture the number of foam cells appears to be reduced when 
comparedd to the non treated controls. 

a a 

> > 

Controll Act iv in Follistatin 

Figuree 1. Foam cell formation in murine primary macrophages after activin and follistatin treatment. Photomicrographs of non 
treatedd (control, panel a), activin A treated (100 ng/mL. panel b) and follistatin treated (500 ng/mL. panel c) macrophage 
cultures,, demonstrate the presence of lipid accumulation after AcLDL incubation, tested by Oil Red 0 staining (red-black). 

Thesee observations were quantified by measuring the total Oil Red O stained 
areaa as a percentage of the total cell surface area (Figure 2a); In the control culture 
12.5%% of the surface stained for lipid accumulation. Activin reduced (7.4%) whereas 
follistatinn increased (25.9%) the total lipid accumulation by the culture, although the 
reductionn by activin was not significant (ANOVA analysis). However, by scoring the 
numberr of foam cells as a percentage of the total number of cells, activin treatment 
reducedd (4.4%) while follistatin treatment increased (11.1%) the number of foam cells 
significantlyy when compared to the non treated control sample (6.5%) (Figure 2b). 
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Figuree 2. Quantification of foam cell formation by image analysis. The surface area of Oil Red 0 staining was calculated as 
aa percentage of the total surface area of the cells (panel a) and the number of foam cells per culture was calculated as a 
percentagee of the total number of cells (panel b). Both quantifications were performed on murine primary macrophage 
culturess that were incubated with acLDL to induce lipid-loading. Furthermore, prior to and during the acLDL incubation, the 
culturess were either non treated or treated with activin A or with follistatin. Panel a: ns=not significant p>0.05. "=significant 
p<0.011 ANOVA; panel b:*= significant p<0.05. "=significant p<0.01. "*= significant p<0.001 ANOVA 

Effec tt  of activi n and follistati n of acLD L bindin g to murin e primar y 

macrophages . . 
Too further elucidate the mechanism of increased foam cell formation in the 

presencee of activin, its specific effects on the association of acLDL to thioglycollate-
elicitedd murine macrophages were studied. After two days of culture, the 
macrophagess were treated for 24 hours with activin or follistatin, and subsequently, 
thee cells were incubated during 3 hours with different concentrations of !25l-acl_DL 
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Figuree 3. Effect of activin A and follistatin on AcLDL association to primary macrophages. Thioglycollate-elicited murine 
peritoneall macrophages were not treated (open circles, control) or pretreated with activin A (100 ng/mL. closed circles) or 
withh follistatin (500 ng/mL. open triangles), for 24 hours. Subsequently, the macrophages were incubated with increasing 
concentrationss of iodinated AcLDL for 3 hours at . and the association of AcLDL was determined. Values are means
SDD of n<3 (activin A and follistatin pretreatment) or n=4 (control) individual mice. 
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acLDLL is a form of modified LDL which is bound through high-affinity interactions with 
scavengerr receptor-A that is known to be expressed on macrophages(Sl. After binding 
off 125l-acLDL, cell-associated radioactivity was determined as a measure for '2 5 l -
acLDLL binding to primary macrophages. Association of 12Sl-acLDL by murine primary 
macrophagess is demonstrated as a function of 126l-acLDL concentration, with fitted 
liness to calculate the maximal association (Figure 3). Activin A incubation reduces the 
associationn of 12Sl-acLDL to 69% (Vmaï 210 ng/mg) of the non treated controls (Vmai 305 
ng/mg),, while in follistatin treated cells, association was increased to 119% {V i 365 
ng/mg). . 

Discussio n n 

Previouss research has demonstrated the involvement of activin in 
atherosclerosis.. Activin mRNA, protein and bioactive protein have been identified in 
humann atherosclerotic vessels. In addition, vascular endothelial cells, smooth muscle 
cellss and macrophages express activin specific surface receptors ,17>. For these cell 
types,, activin dependent responses have been identified; Endothelial cell proliferation 
iss hampered by activin A ,23), whife activin A treatment induces a resting, non
proliferativee smooth muscle cell phenotype l,7\ In addition, in primary murine 
macrophagess (this study) and in THP-1 cell-line derived macrophages K2A\ the 
formationn of foam cells and lipid accumulation as well as the binding of modified LDL 
particless is reduced after activin stimulation. The use of human activin A to stimulate 
murinee cells was shown to be effective in mice ove rex press ing human activin in the 
skinn i25). 

Wee suggest that the observed decrease in acLDL-binding, lipid loading and 
foamm cell formation by murine primary macrophages after activin A treatment, is 
probablyy scavenger receptor-A mediated, which is in agreement with similar 
observationss in the THP-1 cell-line '24). Furthermore, the marked increase in acLDL 
binding,, lipid loading and foam cell formation by primary macrophage cultures after 
follistatinn treatment demonstrates that activin is synthesized by these cells. In fact, 
activinn was shown to be produced by HL-60 and THP-1 cell-lines and in primary 
macrophagess (<262ei, data not shown). In addition, the effect of follistatin implies that 
endogenouslyy produced activin causes an autocrine or paracrine inhibition of lipid 
loadingg in murine primary macrophages. 

Inn human lesions, biologically active activin was shown to be upregulated and 
presentt in the vicinity of macrophage infiltrates n7). Activin may therefore reduce 
modifiedd LDL accumulation by macrophages in the lesion. To asses this assumption, 
wee suggest the use of more complex models, such as ApoE null mice and 
ApoE3Leidenn mice, which develop atherosclerotic lesions that are dependent on 
lipid-loadingg of macrophages <2S 30). The application of (adeno)viral overexpression of 
activinn in mice that develop atherosclerosis dependent on diet composition and the 
applicationn of a perivascular femoral artery-cuff(31) would create a suitable model to 
studyy lesion size and development in relation to augmented activin expression. In 
thesee models we expect that lesion size and lipid content will be reduced due to 
reducedd modified LDL uptake, as shown in vitro. 
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Inn humans, epidemiological data have shown that plaque stability decreases 
whenn the lipid-content increases |1 32). Plaque stability is a key factor in the clinical 
manifestationn of atherosclerosis because instable plaques rupture more easily. 
Plaquee rupture exposes the thrombogenic contents of a lesion to the blood stream 
whichh triggers an immediate focal thrombus formation, that may consequently cause 
acutee cardiovascular events such as cerebral stroke and coronary infarction. In 
summary,, we propose that activin reduces the accumulation of modified LDL particles 
inn the atherosclerotic lesion, resulting in more stable lesions that are less prone to 
rupture. . 
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7.11 Introductio n 

Activinn belongs to the TGFB superfamily of growth factors and has initially been 
identifiedd as a protein that induces the release of follicle stimulating hormone (FSH) 
fromm pituitary cells n-2'. In addition, it has been demonstrated that activin is involved in 
growthh and differentiation of various cell types ,3-Bl. 

Inn our studies we have established the presence of activin, activin receptors 
andd activin binding protein follistatin in the human vessel wall, and we have 
demonstratedd the involvement of activin in processes that influence the initiation and 
progressionn of atherosclerotic lesions. We revealed that activin is involved in 
phenotypicc modulation of vascular smooth muscle cells in vitro and that activin 
inhibitss neointima formation in human and murine blood vessels. In addition, activin 
promotess the expression of CTGF -a growth factor associated with the production of 
extracellularr matrix-, and is possibly involved in vascular calcification processes. 
Furthermore,, activin reduces foam cell formation and lipid loading through inhibition 
off modified LDL uptake by macrophages. We hypothesize that activin is involved in 
atherogenesis,, and that its presence reduces lesion formation. Finally, in plaques that 
havee been formed we believe that the presence of activin promotes a more stable 
lesion,, which is less prone to rupture, and as a consequence will reduce the chance 
forr acute clinical symptoms such as ischemic stroke and heart attack. 

7.22 Activi n and respons e to injury . 

Noo serious vascular malformations have been reported in activin A, activin B 
andd follistatin null mice, nor in a recent study in which the activin BB coding region was 
usedd to replace the murine activin |3A coding region l9-">. These data indicate that 
activinn signaling is not essential for normal vessel development, which may be due to 
redundancyy by other TGFB-like compounds, or that activin is not involved in normal 
vessell development. However, activin A has been shown to be upregulated after 
tissuee damage and during repair processes, implying a role for activin signaling after 
injury.. The importance of activin in tissue remodeling after injury is illustrated by 
variouss models and pathologies: after injuries such as skin wounding, brain injury, 
liver,, kidney or lung damage activin expression is increased and has been shown to 
participatee in the remodeling process. Following skin damage, activin is upregulated 
inn suprabasal keratinocytes and granulation tissue and is thought to direct the 
differentiationn and proliferation of keratinocytes n3). Similarly, after partial 
hepatectomy,, activin levels are elevated and control the size of the regenerating liver 
'"•'.. The function of activin may be control of excessive tissue remodeling after injury, 
byy modulating inflammatory responses and regulating the phenotype of the cells at 
thee site of injury. Activin suppresses the effects of IL-6 lM» and reduces the production 
off IL-1 in human monocytic cells !,S). Furthermore, it has been shown that activin B 

A A 

expressionn in skin fibroblasts and keratinocytes is induced after treatment with TGFB, 
PDGFF or EGF, factors that are known to be released from activated platelets '"'. 
Analogously,, it is conceivable that in the atherosclerotic lesion, after plaque rupture 
andd subsequent intra-plaque hemorrhage and platelet activation, these factors may 
alsoo trigger the expression of activin in smooth muscle cells to aid in directing the 
remodelingg process of the (partially) ruptured plaque. 
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7.33 Activi n in huma n atherogenesis . 

Atherogenesiss may be regarded as a disease in which extensive tissue 
remodelingg takes place in response to vascular injury. In analogy, after balloon 
angioplastyy of rat carotid arteries, activin expression levels are elevated in the newly-
formedd neointima (,6i. Within a few hours after injury, activin protein levels are 
upregulatedd and remain induced while the lesions develop. In line with these results, 
wee demonstrate that activin A is increased at the early stages of atherogenesis and 
thatt its elevated expression persists throughout lesion development. In addition, we 
havee demonstrated that activin may restrict smooth muscle cells to a less activated 
phenotype,, and that activin may be involved in CTGF expression, calcification and 
lipidd loading in the vessel wall. 

7.3.11 Activi n expressio n is enhance d in atheroscleroti c lesions . 
Activinn and follistatin expression have previously been demonstrated in rabbit 

atheroscleroticc lesions by Inoue and coworkers <17 ,s>. In this thesis, we investigate for 
thee first time, the mRIMA and protein expression of both activin and follistatin in human 
vascularr tissue at different stages of atherosclerosis. These experiments revealed the 
presencee of activin A in the normal media, with a higher level of expression in the 
lesion,, whereas follistatin is expressed at similar levels in the normal vessel wall and 
inn the atherosclerotic plaque. Moreover, activin and follistatin mRNA and protein co-
localizee to a large extent and, since follistatin can bind and neutralize the biological 
activityy of this growth factor, it was essential to assess the presence of free, bioactive 
activinn in the vessel wall. For that purpose we developed a free-activin binding-assay 
too demonstrate the presence of bioactive activin in situ. This assay is based on the 
highh affinity interaction between follistatin and free activin, which results in an 
equimolarr and irreversible complex formation (191. Biotinylated follistatin protein was 
employedd to bind to activin molecules that are present in the vessel wall, but that are 
nott associated with endogenous follistatin or activin receptors (2(n. Detection of the 
biotinn moiety by streptavidin, conjugated with a peroxidase activity, reveals specific 
stainingg for free, bioactive activin. This assay may be employed in other studies to 
detectt free activin in other tissues expressing both activin and follistatin mRNA such 
ass in the remodeling liver or skin wounds. 

Applyingg the in situ free-activin binding-assay, we could demonstrate free, 
bioactivee activin in the diseased vessel wall, most prominently in areas that are rich 
inn both neointimal smooth muscle cells and macrophages. Whether this finding 
indicatess that an interaction between macrophages and smooth muscle cells causes 
ann increase in activin expression in vivo remains to be elucidated. For cultured 
smoothh muscle cells, treated with conditioned medium from stimulated macrophages 
wee observed an increase in activin mRNA levels (unpublished data, Beauchamp N.J. 
personall communication), which implies that a component of this conditioned medium 
iss a(n) (in)direct positive regulator of activin expression. Proinflammatory cytokines, 
suchh as TNFu, IL-1 (2,\ but also activin itself (discussed in Chapter 2) are secreted by 
macrophages,, and may be attractive candidates to induce activin expression in 
smoothh muscle cells. Our group has demonstrated in independent studies that 
increasedd differential gene expression of activin PA was observed in endothelial cells 
andd smooth muscle cells after stimulation with macrophage cultured medium 
(Beauchampp N.J. personal communication, i22i). In woundhealing the pro-
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inflammatoryy cytokines, IL-1 and TNFa, have been shown to induce activin 
expressionn ,m. Furthermore, in the inflammatory pathology of rheumatoid arthritis, 
activinn is also thought to be stimulated by IL-1, TGF-a, interferon-y and IL-8 l14). The 
increasedd expression of activin upon pro-inflammatory cytokine stimulation of 
differentt cell types denotes that activin may act in response to inflammation, and is 
involvedd in the modulation of the subsequent events such as tissue remodeling. 

7.3.22 Activi n signalin g in the vesse l wall . 
Activinn activity can, in addition to follistatin, also be regulated by inhibin and the 

availabilityy of transmembrane activin receptors. Our study did not reveal expression 
off the inhibin a-chain in vessel specimens nor in cultured cells, which is in 
accordancee with a previous study in rat atherosclerotic arteries m\ This excludes the 
possibilityy that substantial regulation of activin signaling may be caused by inhibin. 
Furthermore,, expression levels of the activin receptors were similar in the media and 
inn the neointima while activin expression was increased in atherogenesis. Hence, 
activinn activity in the vessel wall is most likely regulated by increased expression of 
thee factor itself, and is modulated by binding to follistatin. 

Studiess on the molecular mechanisms, downstream of the activin receptors, 
aree of importance to understand the effects of activin in atherogenesis. In the 
vasculature,, the expression of Smad molecules that mediate activin signaling have 
nott been studied. However, our data, and studies by other groups have revealed that 
differentt vascular cell types such as smooth muscle cells, endothelial cells and 
macrophagess respond to activin stimulation, which suggests that downstream activin 
signalingg components are present and functional. 

Thee expression and activation pattern of members of the activin / TGFp-
specificc Smad2/3/4 genes in vascular tissue specimens is of great interest for further 
investigation.. Identification of the exact site of Smad2/3/4 expression in the 
vasculature,, and their colocalization with the expression of activin type-l and type-ll 
receptorss are indicative for the cell type and the process during which atherogenesis 
mayy be influenced by activin. In addition, the phosphorylation-state of the Smads, 
whichh can be elucidated by the application of phospho-specific antibodies, may 
reveall the location in the vasculature at which Smad molecules have been activated 
byy the activin ligand-receptor complex, resulting in nuclear translocation and 
subsequentt gene expression. 

Recently,, the Smad2/3/4-DNA binding site in the promoter-region of activin / 
TGFpp responsive genes has been identified: the so-called CAGA box lM). With this 
informationn such binding sites have been revealed in the promoters of the TGFp gene 
itself,, the a1 collagen gene and in the plasminogen activator inhibitor-1 gene. 
Identificationn of these binding sites in promoters of other genes gives direct evidence 
forr their involvement in activin or TGFp-signaling. Furthermore, it has been shown 
thatt TGFp-signaling can also be mediated by c-Jun terminal kinase activity without 
thee need for Smad4-CAGA box signaling. The final step in this signal tranduction 
pathwayy involves the activation of c-Jun and ATF-2 transcription factors that bind AP-
11 or CRE sites in promoters of many different target genes. Hocevar and coworkers 
2211 have demonstrated that this Smad4-independent TGFp-signaling is involved in 
regulationn of the important extracellular matrix component fibronectin. So far, this 
cascadee has not been identified to contribute to activin-dependent signal transduction 
andd activation of target genes, which may explain the lack of neointimal extracellular 
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matrixx production in mice in response to activin. 
Finally,, it has been shown that under laminar shear-stress conditions two 

importantt negative regulators of Smad signaling, Smad6 and Smad7, are increased 
inn endothelial cells (26). Particularly, Smad7 has recently been shown to have inhibitory 
effectss on activin signaling, while Smad6 is most likely involved in inhibition of bone 
morphogeneticc protein signaling ,27 2Si. Evidently, in addition to stimulatory 
Smads2/3/4,, the expression pattern of inhibitory Smad7 will be of interest to resolve 
thee circumstances that promote activin signaling in the vasculature. The search for 
andd the identification of the expression profile of activin-regulated genes in the 
vasculaturee will provide additional evidence for the involvement of activin in 
atherogenesis. . 

7.44 Functio n of activi n in atherogenesis . 

Activinn expression is induced in the atherosclerotic lesion, which suggests that 
atheroscleroticc processes are affected by this differentiation factor. A potential role for 
activinn in atherogenesis has been proposed based on the observation that it 
modulatess the proliferation and differentiation of several cell types involved in 
atherogenesis,, notably that of endothelial cells, macrophages and smooth muscle 
cells. . 

7.4.11 Activi n commit s smoot h muscl e cell s to the restin g smoot h muscl e cel l 
phenotyp ee and prevent s neointima l hyperplasia . 
Inn this thesis we reveal that stimulation of primary smooth muscle cells, derived 

fromm human arteries by activin, induces the expression of smooth muscle cell-specific 
geness like SM a actin and SM22a. These genes are highly expressed in resting, non
proliferativee smooth muscle cells (29), which suggests that activin induces a resting 
phenotypee in human smooth muscle cells. This observation has interesting 
implicationss for the function of activin in atherogenesis. Notably, in human restenosis 
afterr angioplasty and stenosis of by-pass grafts, as well as in animal models that 
mimicc these pathologies, the neointima consists to a large extent of activated, 
proliferatingg smooth muscle cells. In Chapter 3 of this thesis, we hypothesized that 
activin-mediatedd induction of a resting smooth muscle cell phenotype in the 
vasculaturee may counteract mitogenic and migratory activation of smooth muscle 
cellss in the atherosclerotic lesion, which consequently leads to reduced neointima 
formation.. We tested this hypothesis in two model systems of smooth muscle cell-rich 
neointimaa formation: the murine femoral artery cuff model and the human saphenous 
veinn culture model. Overexpression of activin A in these experiments was facilitated 
byy infection with an adenovirus carrying the activin pA gene. In both models, we 
observedd a marked reduction of neointima size (80%), observations that were in line 
withh our expectations. 

Remarkably,, further analysis of the vascular specimens from the in vitro and in 
vivoo experiments revealed that no excessive extracellular matrix formation had 
occurred.. This is of special interest since in similar experiments, applying TGFp 
overexpressionn in porcine, rat or rabbit arteries ''x-?-7\ substantial fibrous hyperplasia 
hass consistently been observed, TGFfi was shown to limit the number of cells in the 
neointima,, but these cells produced excessive extracellular matrix causing the 
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observedd neointimal hyperplasia. TGFp is known as a factor that on the one hand 
aggravatess neointima formation by inducing excessive extracellular matrix 
production,, but on the other hand moderates neointima formation through the 
inhibitionn of smooth muscle cell proliferation <21>. One of the factors that has been 
implicatedd in TGFp-mediated extracellular matrix production is connective tissue 
growthh factor (CTGF) m M>. Activin and TGFp share downstream signaling machinery 
that,, in theory, would invoke similar responses. Indeed, in Chapter 4 we demonstrate 
thatt activin also induces CTGF expression, which could consequently lead to 
increasedd extracellular matrix deposition in activin-overexpressing models of 
neointimaa formation. The fact that we did not observe excessive neointima formation 
mayy indicate that the murine femoral artery-cuff model and the saphenous vein 
culturee model, applied in Chapter 3, are not sensitive to CTGF, although no additional 
dataa support this concept. It is more likely that activin, when compared to TGFp, 
preferentiallyy induces the re-differentiation of smooth muscle cells to a resting 
phenotype,, while stimulation of extracellular matrix production is less prominent. This 
vieww is consistent with our observations that TGFp is a more potent inducer of CTGF 
expressionn than activin (Chapter 4). The prominent inhibition of neointima formation 
inn the human saphenous vein culture and in the murine femoral artery cuff model 
signifiess activin as a modulator of smooth muscle cell phenotype. 

Inn contrast to the earlier mentioned effect of TGFp on neointima formation, 
anotherr function has been proposed. This was based on the knowledge that 
atheroscleroticc lesions consist -in part- of a subpopulation of smooth muscle cells that 
havee lost functional TGFp type II receptor activity through genetic instability of the 
encodingg gene ,35). It has been concluded that loss of TGFp signaling results in 
smoothh muscle cells that can escape from the antiproliferative effects of TGFp and 
switchh to the proliferative phenotype. In addition, the loss of susceptibility to TGFp 
hass been correlated with reduced TGFp-dependent apoptosis of smooth muscle cells 
inn the vessel wall, which leads to an increase in the amount of in lesion smooth 
musclee cells (36>. So far, no analogous features have been described for activin 
receptors. . 

BMP-22 is another member of the TGFp superfamily that has been shown to 
reducee neointima formation in vivo, as demonstrated in a rat carotid artery balloon 
injuryy modeli37). BMP-2 overexpression in the injured rat carotid artery was facilitated 
byy an adenoviral vehicle, resulting in 41% reduction of neointima mass, while 
increasedd extracellular matrix deposition was not observed. BMP-2 reduced the rate 
off proliferation of the smooth muscle cells in vitro, whereas in the same experiment 
activinn did not affect proliferation. We repeated these experiments with respect to 
activinn and obtained similar results: activin treatment did neither reduce nor induce 
thee proliferation rate of smooth muscle cells in vitro (data not shown). Evidently, 
memberss of the TGFp superfamily, TGFp, activin A and BMP-2 share the ability to 
reducee the number of neointimal smooth muscle cells in vivo after injury, while only 
TGFpp induces a marked increase in the extracellular matrix production. TGFp and 
activinn share the same Smad molecules, while BMP-2 signals through a different set 
off Smad molecules. Therefore the explanation cannot be found in the downstream 
signalingg pathways. So far, no evidence is available that explains these findings. The 
applicationn of activin A or BMP-2 to prevent human neointima formation requires a 
detailedd evaluation of the long term effects of these molecules on reproductive 
tissuess and, in addition, (vascular) calcification needs to be investigated. 
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7.4.22 Activi n induce s CTGF expression . 
Inn the pathogenesis of atherosclerosis, the synthesis and deposition of 

extracellularr matrix components is an important process in the determination of lesion 
composition,, lesion size, and consequently lesion stability. In this thesis, we 
demonstratee the expression of CTGF in smooth muscle cells and endothelial cells, 
butt not in monocytes / macrophages. In addition, we show that CTGF expression is 
increasedd after treatment of cultured smooth muscle cells with macrophage-
conditionedd medium. In the atherosclerotic vessel wall, macrophage-dehved growth 
factorss are thought to play a crucial role in the activation of smooth muscle cells. 
Takingg into account that activin A is a family member of TGFp\ which is known to 
modulatee CTGF expression, and that activin A is secreted by macrophages, we 
studiedd whether activin A regulates CTGF expression. This is particularly relevant 
sincee in Chapter 2 it was revealed that activin A mRNA, protein and bioactive protein 
aree upregulated in atherosclerotic tissue and, moreover, that CTGF is shown to be 
expressedd in advanced lesions <381. Indeed, we show that activin A stimulates CTGF 
mRNAA and protein expression whereas, as anticipated, follistatin decreases CTGF 
expression,, indicating that endogenous activin A from the smooth muscle cell culture 
regulates,, at least in part, CTGF expression. We propose that activin A-induced 
CTGFF expression is physiologically relevant, as exemplified by the marked 
coiocalizationn of biologically active activin A, and CTGF protein in the vessel wall. We 
observedd this coiocalization in areas that are rich in both macrophages and smooth 
musclee cells, which corresponds to our findings in vitro, showing that macrophage-
conditionedd medium induces CTGF expression in smooth muscle cells. 

CTGFF expression is commonly associated with fibrous tissue remodeling 
events.. Recently, CTGF has been identified l39> as an inhibitor of smooth muscle celt 
proliferationn and lesion development rather than as a factor that has mitogenic 
potency.. It was shown that CTGF overexpression in primary smooth muscle cells, 
whichh were stimulated with PDGF, causes a marked reduction in proliferation. This 
reductionn was in part due to an increased rate of apoptosis of the smooth muscle 
cells.. TGFp-induced apoptosis of human aortic smooth muscle cells was proposed to 
bee mediated by this mechanism (40t. These findings have significant implications for 
thee role of CTGF in atherosclerosis. CTGF-induced apoptosis of mitogen-activated 
smoothh muscle cells is thought to increase the number of resting smooth muscle 
cells.. This view is in agreement with our observations shown in Chapter 2 and 3 of 
thiss thesis, which reveal that activin reduces neointima formation in vitro and in vivo, 
probablyy by committing the smooth muscle cells to a resting phenotype. 

Finally,, CTGF expression has recently been associated with regulated 
calcification.. In murine osteoblastic cell lines Saos-2 and M3T3-E1, CTGF expression 
hass been identified and it has been shown to function as a stimulator of osteoblast 
differentiationn as determined by increased alkaline phosphatase activity, type-l 
collagen,, osteopontin and osteocalcin synthesis '41). In addition, CTGF homologues 
havee been implied in the regulation of bone formation: L-CTGF was purified from 
culturedd human fibroblasts and osteoblasts, and CYR61 was purified from developing 
murinee osteoblasts. These homologues share many traits with CTGF, and appear to 
exertt their function through promoting osteoblast adhesion and signaling ,42 43. Even 
thoughh evidence for the involvement of CTGF and CTGF homologues in bone 
formationn is growing, the precise mechanism remains to be elucidated. Since 
vascularr calcification is considered to be a regulated process, the potential 
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involvementt of CTGF in this aspect of atherogenesis cannot be neglected. 
Thee exact function of CTGF and its specific effects in the vasculature, 

independentt of activin or TGFp signaling, are difficult to elucidate since CTGF null 
micee have not been generated. Moreover, CTGF receptors and downstream signaling 
cascadess have not been identified. We suggest to perform in vivo studies in 
atherogenicc mice models applying (adenoviral) CTGF overexpression or anti-CTGF 
antibodyy treatment to deplete CTGF effects. This experimental approach may clarify 
thee relative importance of each of the functions of CTGF in regard of vascular 
calcification,, extracellular matrix deposition and apoptosis of mitogen-activated 
smoothh muscle cells. 

7.4.33 Activi n and vascula r calcificatio n 
Basedd on our study we propose that medial calcification of the aorta vessel wall 

iss Cbfa-1 independent, whereas calcification within the neointimal lesion depends on 
Cbfa-1.. With reference to the data obtained from the Cbfa-1 null mice that 
demonstratee an indispensable function of Cbfa-1 in normal bone-development, we 
proposee a similar function for Cbfa-1 in atherosclerotic calcification. We show, to our 
knowledgee for the first time (Chapter 5), that within the advanced atherosclerotic 
lesionn Cbfa-1 colocalizes with extensive calcification in areas which do not express 
MGRR We therefore hypothesize that this transcription factor may be the functional 
switchh to initiate calcification in the atherosclerotic lesion. In normal mouse 
development,, Cbfa-1 expression is initiated in mesenchymal condensations of the 
developingg skeleton and is restricted to cells of the osteoblast lineage thereafter. It 
mayy be questioned whether macrophages that express Cbfa-1 most prominently in 
thee lesion, and to a lesser extent smooth muscle cells and endothelial cells, are 
actuallyy transdifferentiating into osteoblast-like cells. It has been shown that 
osteoprogenitorr cells that express Cbfa-1 need additional stimuli such as specific cell-
matrixx interactions to differentiate into functional osteoblasts (44\ In the vasculature, 
differentt compounds such as osteopontin, osteocalcin, collagen-l and osteonectin "B\ 
thatt constitute the pre-calcification matrix (osteoid), have been identified. Therefore, 
evenn though Cbfa-1 is expressed by subpopulations of vascular endothelial cells, 
smoothh muscle cells and macrophages, we propose that calcification can only occur 
att specific sites that have the right osteoid-like matrix, and additionally provide the 
correctt stimuli to the Cbfa-1 expressing cells. 

Inn Chapter 5, we demonstrated that activin increased the expression of the key 
osteoblast-transcriptionn factor Cbfa-1 in smooth muscle cells. In addition, we revealed 
inn Chapter 5 that Cbfa-1 mRNA and protein levels are elevated in atherosclerotic 
lesions.. This finding is in line with the increased expression of activin mRNA and 
proteinn levels in atherosclerotic lesions. Activin is a potential moderator of 
calcificationn in bone, as demonstrated in a study with drill-hole injured rat bones !46\ 
wheree it was shown to be expressed by osteoprogenitor cells. The upregulation of 
Cbfa-11 mRNA expression in osteoprogenitor cells and osteoblasts has thus far been 
demonstratedd for TGFp and members of the BMP family 'A7). In contrast to TGFp and 
BMPs,, activin is not recognized as a key growth factor in regulated calcification. 
However,, in various models activin has been shown to support calcification although 
thee exact mechanism of calcification remains unclear ,48', Several studies have 
indicatedd that TGFp and BMP-induced Cbfa-1 expression alone does not induce the 
terminall differentiation of osteoblasts. We propose that activin signaling may 
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contributee to the development of pre-osteoblastic cells in the vessel wall, and that 
additionall factors are needed to cause a terminal differentiation of osteoblasMike 
cellss in the vasculature t44). Finally, Cbfa-1 is a transcription factor that has been 
impliedd to be functionally linked to Smad signaling, which may clarify the underlying 
mechanismm of activin involvement in these processes I46). 

7.4.3.11 Is vascula r calcificatio n beneficial ? 
Thee physiological background of vascular calcification is not clear. In many 

respectss it is assumed not to be beneficial to the quality of the vasculature. This is 
mostt strikingly illustrated by MGP null mice that develop calcified arteries, which 
rupturee and cause acute thrombosis and, consequently, sudden death of the animals 
tM>.. In addition, this is supported by epidemiological data that demonstrate a positive 
correlationn of vascular calcification with coronary heart disease and ischemic stroke 
[4Sl.. However, moderate vascular calcification may be induced to provide stability to 
thee vessel wall m). For instance, the aorta has to endure the highest blood pressure 
off all arteries, and has elastic rather than contractile properties. In specimens of this 
vessell type, we consistently observed moderate homogeneous calcification in the 
media,, independent of atherosclerotic lesion development (Chapter 5). In addition, 
thee generation of such rigid structures in atheromatous areas of the neointimal lesion 
thatt are devoid of any support may also contribute to the stability of the vessel wall. 
However,, beneficial circumstances may become pathologic when the process is 
poorlyy regulated. As an example, even though extracellular matrix components may 
providee stability to a lipid-rich lesion, excessive matrix production will cause the lumen 
off the vessel to occlude. In analogy, when moderate calcification becomes excessive, 
thee vessels become too rigid and more vulnerable to rupture at the edge of the 
calcifiedd area. A potentially beneficial role for vascular calcification is controversial, 
butt the (adverse) effects of moderate vascular calcification, on vessel wall- and lesion 
stabilityy remain to be elucidated. 

7.4.44 Activi n inhibit s uptak e of modifie d lipoprotein s by macrophages . 
Inn this thesis we describe in a preliminary report the potency of activin A to 

reducee the uptake of modified LDL particles by primary macrophages in vitro 
(Chapterr 6). Based on data from a study in which THP-1 cell-line derived 
macrophagess were treated with activin and modified LDL, it is assumed that this 
reducedd uptake of modified LDL particles is caused by a transcriptional 
downregulationn of the macrophage scavenger receptor-A. Significantly, similar data 
weree obtained with THP-1-derived macrophages that were treated with TGFp. In 
Chapterr 6 we propose to extend our studies on the role of activin in atherosclerosis 
inn e.g. ApoE null or ApoE3Leiden mice. In the lipid-rich lesions formed in response to 
aa diet in these mice, the effect of activin overexpression (applying activin-adenovirus) 
onn lipid loading can be determined. 

Wee predict that, given the observed activin-mediated downregulation of the 
scavengerr receptor-A in vitro, lesion size will decrease at the expense of the lipid 
contentt of the lesion. In human epidemiological studies, lipid-poor lesions have been 
identifiedd as being less prone to rupture, and are therefore clinically less relevant[52 

53] ] 
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7.55 Perspective s on clinica l application . 

Ourr studies may have potential clinical relevance to the understanding and 
thee prevention of restenosis after angioplasty and vein graft disease, characterized 
byy reduced patency of by-pass grafts. These pathologies are caused by progressive 
vascularr occlusion mainly due to smooth muscle cell dedifferentiation towards a 
proliferatingg and migrating phenotype. We propose that activin A retains smooth 
musclee cells in their contractile, quiescent status, and consequently, prevents 
vascularr stenosis. 

Inn analogy with the measurement of MGP plasma levels IM), we propose a 
studyy in which activin A plasma levels are being determined in atherosclerotic 
patients.. In Chapter 2 we demonstrated that at the early stages of atherosclerosis, 
activinn mRNA and protein are increased, and that activin expression remains 
elevatedd during progression of the disease. Both in smooth muscle cell-rich and 
macrophage-richh advanced atherosclerotic lesions activin was shown to be 
expressed,, in contrast to MGP levels, that are thought to be decreased in 
atheromatouss macrophage-rich lesions. Activin is a secreted protein and may 
thereforee be assumed to diffuse into the peripheral blood volume. Henceforth, it 
wouldd be of interest to investigate activin plasma levels in relation to the 
atheroscleroticc state of a group of patients, and we predict a positive correlation 
betweenn the activin A concentration in the blood and the progression of 
atherogenesis. . 

7.66 Futur e research . 

Wee hypothesize that activin decreases the size- and enhances the stability of 
atheroscleroticc lesions by inducing a resting smooth muscle cell phenotype. In 
addition,, activin may reduce the lipid content of the lesion by preventing uptake of 
modifiedd lipoproteins by macrophages. On the other hand, activin may also mediate 
adversee effects such as enhanced pathological calcification, induction of 
disproportionatee smooth muscle cell apoptosis, or uncontrolled extracellular matrix 
productionn rendering an occluded lumen. Although no such observations have been 
madee in Chapter 3, we suggest to refine our experiments by studying models with a 
prolongedd activin overexpression in combination with an increased susceptibility to 
developp atherosclerosis. The application of adenoviral infection does not allow such 
prolongedd experiments, since infection-mediated expression declines after a few 
weeks.. Therefore, the generation of mice that express either activin or follistatin, 
drivenn by a (inducible) smooth muscle cell-specific promoter, such as the well-
characterizedd promoter of the SM22a-gene, would be a logical step to investigate the 
functionn of activin in atherogenesis. These mice may be challenged by cuff or wire 
injury-inducedd smooth muscle cell-rich neointima formation. Alternatively, these mice 
cann be crossed with ApoE null mice or ApoE3Leiden mice, to study the effect of 
activinn on lipid-dependent atherosclerosis. Special attention should be given to lesion 
size,, morphology, composition as well as the presence of calcification and 
extracellularr matrix production. With respect to systemic effects of prolonged periods 
off high activin plasma levels, additional data such as FSH plasma levels and other 
endocrinologicall parameters, fertility, regeneration-capacity of the liver, effects on 
woundd healing and brain injury need to be assessed. 
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8.11 Summar y 

Thee pathogenesis of atherosclerosis is characterized by the development of 
lesionss that cause thickening of the arterial vessel wall. Atherosclerosis is the major 
causee of death in Western society due to its clinical complications such as acute 
myocardiall infarction and cerebral stroke. These complications are often initiated by 
rupturee of an 'instable' atherosclerotic lesion which triggers acute blood clotting and 
occlusionn of the artery that feeds the heart or the brain. In addition, a prolonged 
impairedd systemic circulation and local ischemia due to (partial) occlusion of the 
arteriall lumen by an excessively thickened atherosclerotic lesion will result in chronic 
cardiovascularr disease. 

Ann atherosclerotic lesion develops at the site of injury of the endothelial cells 
thatt form the inner lining of the vessel. Injured endothelium attracts inflammatory cells 
suchh as monocytes and T-cells. Locally, these inflammatory cells produce many 
potentt signaling molecules such as growth factors and cytokines that induce 
differentiationn of monocytes and smooth muscle cells. Differentiated cells behave 
differently:: monocytes become macrophages that scavenge lipid particles, and 
smoothh muscle cells that normally provide elasticity to the artery start to proliferate 
andd migrate. Macrophages and smooth muscle cells are the most important cellular 
componentss of the early atherosclerotic lesion, while connective tissue, lipid deposits, 
andd calcified particles may also accumulate to form an advanced atherosclerotic 
lesion.. Smooth muscle cells and connective tissue provide stability to the lesion, while 
macrophagess and lipid deposits increase the risk of plaque rupture. 

Inn all stages of lesion development, different growth factors and cytokines are 
involvedd in cell recruitment, migration, proliferation, and differentiation. In this thesis 
wee investigate the role of the transforming growth factor p (TGFp)-like factor activin 
inn the development of atherosclerosis. Activin has been characterized as a molecule 
thatt affects the behavior of different cell types and regulates multiple functions in 
biologicall processes. Studies in specimens of human atherosclerotic lesions are 
combinedd with experiments using cultured vascular cells and in vivo experiments with 
micee that develop arterial thickening. We determine the effect of activin on smooth 
musclee cell differentiation, on lesion thickening, and on the regulation of connective 
tissuee deposition, calcification, and lipid accumulation in atherosclerotic lesions. 

Chapte rr  1 constitutes the general introduction of this thesis, which provides a 
moree detailed description of the process of development of the atherosclerotic lesion. 
Inn addition, factors that determine the stability of the atherosclerotic lesion and 
progressionn of plaque development are discussed along with the classification that is 
widelyy used to identify the different stages of the disease. The growth factor activin is 
characterizedd based on its structure and function in the vasculature and non-vascular 
physiology.. Finally, we exemplify a number of investigative methods used in the 
thesis. . 

Chapte rr  2 comprises a study that demonstrates the presence of activin, its 
receptorss and modulating factors in specimens of human atherosclerotic lesions. We 
showw that activin mRNA, activin protein, and biologically active protein are elevated 
inn atherosclerosis which implies that activin is involved in the pathogenesis of the 
disease.. Importantly, we demonstrate in this chapter that vascular cells that are 
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involvedd in atherosclerosis such smooth muscle cells, macrophages, and endothelial 
cellss also express the receptors for activin. Thus, it is likely that the function of these 
vascularr cells may be affected by the elevated amounts of activin in the 
atheroscleroticc lesion. Finally, we demonstrate that activin is indeed able to initiate a 
responsee in cultured smooth muscle cells: treatment of activin induced a resting, less 
'atherosclerotic',, phenotype in cultured human smooth muscle cells, which implies 
thatt activin may act as a factor that reduces the progression of atherosclerotic 
lesions. . 

Chapte rr  3 encompasses functional studies on the role of activin in the 
formationn of smooth muscle cell-rich lesions using two separate models: 1) cultured 
humann vessel specimens and 2) in vivo experiments on cuffed murine femoral 
arteries.. In these systems, activin levels were increased by applying an activin-
expressingg adenovirus. The smooth muscle cell-rich lesions were generated in the 
presencee or absence of activin expressing adenovirus, and cross sections of these 
vesselss were quantitated for lesion formation. Activin prevented the formation of 
smoothh muscle cell-rich lesions by almost 80% in both models, in comparison to 
controll samples. Activin overexpression did not induce excessive connective tissue 
depositions,, which has been shown for TGFp in similar experiments by other groups. 
Wee hypothesize that activin retains smooth muscle cells in a resting, non-
atheroscleroticc state (as shown in Chapter 2), and consequently reduces the 
susceptibilityy to atherosclerotic lesion formation. 

Chapte rr  4 combines studies on human vascular specimens with data from 
culturedd vascular cells with respect to the expression of connective tissue growth 
factorr (CTGF) in atherosclerotic lesions. CTGF is a TGFp-regulated growth factor that 
hass originally been identified as a mediator of connective tissue synthesis and SMC 
apoptosis.. In cross sections of atherosclerotic lesions and cultured cell types we 
demonstratedd that CTGF is expressed by smooth muscle cells and endothelial cells, 
butt not by macrophages. In addition, we revealed that CTGF is downregulated in 
endotheliumm after TNFa stimulation, while CTGF was induced in stimulated SMC. In 
humann atherosclerotic lesions, CTGF protein was upregulated and showed a marked 
colocalizationn with biologically active activin. This finding was confirmed in vitro, 
wheree activin A was identified as a factor that is able to induce CTGF expression in 
smoothh muscle cells. We hypothesize that part of the CTGF expression in the 
atheroscleroticc plaque is induced by activin, and that this activin-mediated CTGF 
expressionn is of importance for processes that shape the atherosclerotic lesion. 

Chapte rr  5 reports on calcification in relation to the expression of matrix gla 
proteinn (MGP) and core binding factor a-1 (Cbfa-1) in human atherosclerotic lesions. 
MGPP is known as a secreted factor that protects against vascular calcification, while 
Cbfa-11 has been identified as an intracellular factor that induces calcification in bone 
formation.. We demonstrate that MGP is expressed in normal vessels and in a portion 
off atherosclerotic lesions where it is assumed to protect against calcification. Cbfa-1 
iss expressed by cultured macrophages and smooth muscle cells, and it is elevated in 
humann atherosclerotic lesions. In atherosclerotic lesions, Cbfa-1 colocalizes with 
macrophagess and smooth muscle cells, while the factor is induced in a population of 
putativelyy calcifying cells near calcified depositions. In addition, we demonstrate that 

119 9 



ChapterChapter 8 

activinn can induce the expression of Cbfa-1 in cultured smooth muscle cells, which 
impliess that activin may contribute to the regulation of vascular calcification. 

Chapte rr  6 presents a preliminary report on the effects of activin treatment on 
lipid-accumulationn by cultured macrophages. In accordance with studies from 
literaturee we show that activin reduces the association of acetylated LDL (acLDL), a 
highh affinity ligand for the macrophage scavenger receptor-A, to cultured primary 
macrophages.. This indicates that activin inhibits the expression of this scavenger 
receptor.. Furthermore, the activin-mediated reduction of acLDL association to these 
macrophagess resulted in a marked decrease in the formation of lipid-laden 
macrophage-derivedd foam cells. We hypothesize that activin reduces the lipid 
accumulationn in the vessel wall, thereby reducing the susceptibility to lesion 
developmentt and increasing the stability of existing atherosclerotic lesions. 

Chapte rr  7 recapitulates the results of the previous chapters, and discusses the 
implicationss of the effects of activin expression on the development of 
atherosclerosis.. Activin is elevated in atherosclerosis and it affects the behavior of 
smoothh muscle cells and macrophages. We show that activin reduces excessive 
smoothh muscle cell-dependent lesion formation while it may regulate the deposition 
off connective tissue and calcification through CTGF and Cbfa-1. Furthermore, activin 
mayy lower the accumulation of lipids, which contributes to increased stability of 
atheroscleroticc lesions. Finally, we consider putative clinical implications and practical 
perspectivess that arise from this thesis. 

8.22 Samenvattin g 

Atherosclerosee is het ziekteproces dat wordt gekarakteriseerd door de 
ontwikkelingg van atherosclerotische lesies in de arteriele vaatwand. Atherosclerose 
vormtt de belangrijkste doodsoorzaak in de westerse samenleving, veroorzaakt door 
complicatiess zoals hartinfarct en herseninfarct. Deze complicaties treden vaak op als 
gevolgg van ruptuur van instabiele atherosclerotische lesies, wat leidt tot acute, locale 
bloedstollingg en obstructie van de zieke slagaders. Chronisch cardiovasculair lijden 
wordtt veroorzaakt door langdurige partiele obstructie van de slagaderlijke circulatie 
watt leidt tot een lokaal gebrek aan zuurstof (b.v. de zogeheten etalagebenen). Deze 
obstructiee is vaak het gevolg van een excessief verdikte atherosclerotische lesie. 

Eenn atherosclerotische lesie kan ontstaan waar endotheelcellen geactiveerd 
raken.. De endotheelcellen vormen de binnenbekleding van de bloedvaten. 
Geactiveerdd endotheel trekt ontstekingscellen aan uit de bloedsomloop: monocyten 
enn T-cellen. Deze ontstekingscellen produceren een groot aantal groeifactoren en 
ontstekingsmediatorenn die een gedragsverandering (differentiatie) induceren bij 
cellenn van de vaatwand. Monocyten differentieren naar macrofagen die vetdeeltjes 
opnemen,, gladde spiercellen die gewoonlijk zorgen voor elasticiteit en contractiliteit 
vermenigvuldigenn zich en migreren in de richting van het geactiveerde endotheel. 
Macrofagenn en gladde spiercellen zijn de meest voorkomende cellen in de 
atherosclerotischee lesie, terwijl bindweefsel en vetdeeltjes samen met kalk 
afzettingenn de a-cellulaire componenten vormen die in de loop der jaren accumuleren 
enn aanleiding geven tot een gevorderde atherosclerotische leste. Gladde spiercellen 
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enn de aanwezigheid van bindweefsel zorgen voor mechanische stabiliteit van de 
fesie,, terwijl macrofagen en de accumulatie van vetdeeltjes juist zorgen voor 
instabiliteitt van de atherosclerotische leste en vergroten daarom de kans op ruptuur. 

Inn alle stadia van ontwikkeling van de lesie spelen groeifactoren, 
ontstekingmediatoren,, cellulaire differentiatie, celgroei en celmigratie een belangrijke 
rol.. In dit proefschrift is onderzoek gedaan naar de rol van activine, een 'transforming 
growthh factor p (TGFp)'-achtige groeifactor, in het ontstaan en de progressie van 
atherosclerose.. Activine is oorspronkelijk ontdekt als een factor die in staat is om de 
differentiatiee van diverse celtypen in verscheidene biologische processen te sturen. 
Inn ons onderzoek is gebruik gemaakt van dwarsdoorsnedes van humane 
atherosclerotischee lesies, in combinatie met in het laboratorium gekweekte 
vaatwandcellenn en proeven op muizen die slagaderlijke lesies ontwikkelen. We 
hebbenn het effect van activine op gladde spie reel-differentiatie en lesie-ontwikkeling 
onderzocht,, alsmede de rol van activine in de regulatie van bindweefsetvorming, in 
kalkdepositiee en in de opslag van vetdeeltjes tijdens atherosclerotische lesie-
ontwikkeling. . 

Hoofdstu kk 1 bevat de algemene inleiding van het proefschrift, waarin een 
gedetailleerdee beschrijving wordt gegeven van het atherosclerotisch ziekteproces. 
Factorenn die bijdragen aan de ontwikkeling van atherosclerose worden besproken 
naastt een algemeen geaccepteerd classificatie systeem om de mate van progressie 
vann atherosclerotische lesies te benoemen. De groeifactor activine wordt 
geïntroduceerdd met aandacht voor zijn moleculaire structuur en zijn functie in diverse 
biologischee processen, alsmede zijn potentiële functie in de (atherosclerotische) 
vaatwand.. Afsluitend wordt een aantal onderzoeksmethoden toegelicht die gebruikt 
zijnn in dit proefschrift. 

Hoofdstu kk 2 beschrijft onze studie naar de aanwezigheid van activine, de 
activinee receptoren en factoren die de functie van activine kunnen beinvloeden in 
dwarsdoorsnedess van humane atherosclerotische lesies. Expressieniveaus van 
activinee mRNA, activine eiwit en biologisch actief activine eiwit zijn verhoogd in de 
lesie,, wat impliceert dat activine betrokken is bij het atherosclerotisch ziekteproces. 
Tevenss wordt aangetoond dat de verschillende vasculaire celtypes zoals gladde 
spiercellen,, macrofagen en endotheelcellen in theorie in staat zijn om op de 
verhoogdee activine expressieniveaus te reageren via activine receptoren. Dit wordt 
gedemonstreerdd aan de hand van het effect dat activine heeft op gekweekte humane 
gladdee spiercellen. Activine-stimulatie veroorzaakt de terug-differentiatie van delende 
enn migrerende gladde spiercellen naar contractiele en elastische gladde spiercellen. 
Ditt resultaat impliceert dat activine, hoewel het is verhoogd in de atherosclerotische 
lesie,, de progressie van atherosclerose kan remmen. 

Hoofdstu kk 3 bevat gegevens over het effect van activine op de vorming van 
gladdee spiercel-rijke lesies. Deze lesies zijn bestudeerd 1) in gekweekte humane 
bloedvatenn die spontaan deze lesies vormen, en 2) in muizen die na een operatie 
lesiess vormen in de beenslagader. Om het effect van activine te bepalen op deze 
lesievormingg is gebruik gemaakt van een adenovirus dat na infectie van het 
gekweektee bloedvat of de muis een grote hoeveelheid activine produceert 
(overexpressie).. De vorming van gladde spiercel-rijke lesies is gekwantificeerd door 
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dwardoorsnedess van deze lesies op te meten. Deze studie toont aan dat activine in 
staatt is om in beide systemen lesievorming te voorkomen (80% remming) in 
vergelijkingg tot controle omstandigheden. Overexpressie van activine resulteerde niet 
inn een overmatige synthese van bindweefsel, een observatie die werd gerapporteerd 
mett betrekking tot vergelijkbare experimenten waarin overexpressie van TGFp werd 
onderzocht.. Wij postuleren dat activine gladde spiercellen in een niet-atherogene 
staatt dwingt (zoals getoond in Hoofdstuk 2), wat vervolgens leidt tot remming van de 
vormingg van atheroscl erotisch e lesies. 

Hoofdstu kk 4 combineert gegevens over de expressie van connective tissue 
growthh factor (CTGF, 'bindweefsel groei factor') die zijn verkregen uit de studie van 
humanee vaatwand specimens en uit studies met gekweekte vaatwandcellen. CTGF 
iss een door TGFp gereguleerde groeifactor die is ontdekt als een mediator van de 
aanmaakk van bindweefsel componenten en als factor in de geprogrammeerde 
celdoodd van gladde spiercellen. In dwarsdoorsneden van atherosclerotische lesies 
enn in gekweekte vaatwandcellen is, mede door ons, aangetoond dat CTGF door 
gladdee spiercellen en endotheelcellen, maar niet door macrofagen, wordt 
gesynthetiseerd.. Tevens blijkt dat de expressie van CTGF mRNA in endotheel wordt 
verlaagdd na toevoeging de ontstekingsmediator TNFa, terwijl CTGF expressie is 
verhoogdd in gestimuleerde gladde spiercellen. In humane atherosclerotische lesies 
komtt CTGF eiwit verhoogd tot expressie in gebieden die aantoonbaar meer 
biologischh actief activine bevatten. Deze observatie kon op gekweekte gladde 
spiercellenn worden bevestigd. Stimulatie met activine leidt in deze cellen tot een 
toenamee in de expressie van CTGF mRNA en eiwit. Op basis van deze gegevens kan 
wordenn aangenomen dat een deel van de CTGF expressie in lesies wordt 
gereguleerdd door activine, en dat deze activine-gemedieerde CTGF expressie een 
effectt kan hebben op processen die een rol spelen in de vorming van 
atherosclerotischee lesies. 

Hoofdstu kk 5 bevat een studie over vasculaire calcificatie en de expressie van 
matrixx gla protein (MGP, 'matrix gla eiwit') en core binding factor a-1 (Cbfa-1, 'kern 
bindendd eiwit a-1'). MGP is een uitgescheiden eiwit dat bescherming biedt tegen 
calcificatie,, terwijl Cbfa-1 is gekarakteriseerd als een intracellulaire transcriptie factor 
diee een rol speelt in calcificatie tijdens botvorming. In dit hoofdstuk wordt getoond dat 
MGPP tot expressie komt in normale vaten, en in gebieden van atherosclerotische 
lesies,, waar het wordt verondersteld te beschermen tegen calcificatie. Cbfa-1 komt 
tott expressie in gekweekte macrofagen en gladde spiercellen, en is verhoogd in 
humanee atherosclerotische lesies. In lesies is deze factor geassocieerd met 
macrofagenn en gladde spier cellen, maar tevens sterk verhoogd in een populatie 
potentieell verkalkende cellen nabij kalk-afzettingen. Aanvullend wordt in dit hoofdstuk 
aangetoondd dat activine de expressie van Cbfa-1 in gekweekte gladde spiercellen 
kann verhogen, en dat derhalve activine een rol zou kunnen spelen in de modulatie 
vann vasculaire calcificatie. 

Hoofdstu kk 6 beschrijft een voorlopige studie naar het effect van activine op 
vet-stapelingg in gekweekte macrofagen. In overeenstemming met literatuurgegevens, 
hebbenn we aangetoond dat activine de associatie van geacetyleerd LDL (AcLDL), 
eenn ligand voor de macrofaag-scavenger receptor-A, aan macrofagen reduceert. Dit 
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wijstt erop dat activine de expressie van deze receptor onderdrukt. Tevens is 
aangetoondd dat de reductie in acLDL-associatie resulteert in een afname in het 
aantall schuimcellen, macrofagen die zich hebben opgeladen met vetdeeltjes. Wij 
postulerenn dat activine de vetstapeling in de vaatwand reduceert, met als gevolg dat 
dee lesie-ontwikkeling wordt beperkt, en dat de lesies die ontstaan minder ruptuur-
gevoeligg zijn. 

Hoofdstu kk 7 vat de gegevens van de voorgaande hoofdstukken samen en de 
implicatiess van de beschreven effecten van activine op atheroscierose worden 
besproken.. Activine expressie is verhoogd in atheroscierose, en het is aangetoond 
datt de factor het gedrag van gladde spiercellen en macrofagen beinvloedt. Activine 
reduceertt excessieve gladde spiercel afhankelijke lesie-vorming, maar het kan ook 
betrokkenn zijn bij de genregulatie van bindweefsel componenten en vasculaire 
calcificatie,, via modulatie van respectievelijk CTGF en Cbfa-1 expressie. Vetstapeling 
inn macrofagen wordt door activine beperkt, wat bijdraagt aan de stabiliteit van 
atherosclerotischee lesies. Het hoofdstuk bevat tevens bespiegelingen over de 
klinischee implicaties en praktische voorbeelden voor vervolgonderzoek die zijn 
ontstaann naar aanleiding van dit promotieonderzoek. 
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Nawoor d d 

Promoverenn doe je niet alleen. In de afgelopen jaren heb ik het voorrecht gehad om 
samenn te mogen werken met een fijne groep mensen die stuk voor stuk hun bijdrage 
hebbenn geleverd aan het onderzoek dat is beschreven in dit proefschrift. Aan het 
eindee van de periode die ik met jullie heb doorgebracht is het nu mijn kans om te 
zeggen:: oprechte dank voor een fantastische tijd, waarin ik erg veel heb geleerd. 
Goedee sfeer is voor mij al die jaren een sleutelwoord geweest voor de afdeling 
Biochemiee (Noord en Zuid) van het AMC: niet alleen voor een (wat langer) praatje, 
maarr juist ook voor het bietsen van chemicaliën, diverse samenwerkingen, en eerste-
hulpp bij experimenteren. Ik zal het prima contact met jullie allemaal zeker missen. 
Dee structuur van het AMC maakte het mogelijk om de grens biochemie-kliniek te 
verkennen.. Met name de samenwerkingen met Benien van Aken, met Mw. J.Popma 
(donor-coordinatrice),, Prof. Dr. M.J.H.M. Jacobs (Vasculaire Chirurgie) en Prof. Dr. 
B.J.M,, de Mol (Cardiothoracale chirurgie) waren van doorslaggevend belang bij het 
verkrijgenn van humaan vaatmateriaal, dat van groot belang is gebleken voor het hier 
beschrevenn onderzoek. 
Dee coproducties met de groep van Paul Quax van het Gaubius Laboratorium van 
TNO-Preventiee en Gezondheid te Leiden, en met Ton Bronckers van het VU-
ziekenhuiss vond ik zeer stimulerend, en vormen een belangrijke bijdrage aan het in 
hett proefschrift gepresenteerde onderzoek. 
Inn de groep-Pannekoek was het altijd goed toeven. Immer tijd voor plezier, leuk werk 
enn goed onderzoek. Maar mocht het eens tegen zitten, was er altijd iemand om mee 
tee praten. Mijn naaste collega's Carlie, Jolanda, Tanja, Karin van het 'Groepje-de 
Vries'' wil ik in het bijzonder noemen. 

Inn deze periode wist ik mij altijd gesteund door Hans Pannekoek, mijn promotor. 
Hans,, je deur was nooit gesloten voor vragen, en je bijdrage aan het sturen van het 
onderzoek,, en het vervolmaken van de manuscripten heb ik steeds zeer 
gewaardeerd.. Het is zeker jouw verdienste om keer op keer een ploeg bijzondere 
mensenn aan te trekken die is staat zijn om op harmonieuze wijze met elkaar samen 
tete werken. 
Bijzonderee dank wil ik betuigen aan mijn co-promotor. Carlie, jaren geleden nam je 
voorr het eerst de grote verantwoordelijkheid op je om iemand onder jouw vleugels te 
latenn promoveren. Ik voel me oprecht dankbaar dat je mij dat vertrouwen hebt 
gegeven.. Ik heb op wetenschappelijk vlak zeer veel van je geleerd. Je persoonlijke 
inzett en zorg voor ons activine project, maar nog meer voor mij als persoon heeft me 
diepp geraakt. La Carlie: DANK, en, 'Burn those candles', voor nu en later. 
Driee vrolijke jaren lang heb ik me mogen verheugen in de aanwezigheid van Jolanda. 
Jolanda,, samen hebben we de proeven bedacht en gedaan, samen hebben we 
gediscussieerdd en gepraat. Je bijdrage was onmisbaar voor het werk dat je in handen 
hebt.. Ik hoop datje je, nu, op de promotie als paranymf, en in de toekomst, deel voelt 
vann wat er samen is bereikt. 
Doorr mijn ouders wist ik me altijd gesteund. Lieve pappa en mamma, de basis die 
julliee me hebben gegeven, heeft mij in staat gesteld om mijn dromen te kunnen 
verwezelijken.. Maiko, Reynoud en Christianne, dank dat jullie er altijd voor me zijn. 
Lievee Miranda, ILY, ik dank je voor je liefde, voor wie je bent, en wat je voor me 
betekent. . 
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Activinn belongs to the TGFp superfamily of growth 
factors.. It has previously been demonstrated that 
activinn is involved in growth and differentiation of 
variouss cell types. 
Inn our studies we have established the presence of 
activin,, activin receptors and activin binding protein 
follistatinn in the human vessel wall, and we have 
demonstratedd the involvement of activin in processes 
thatt influence the initiation and progression of 
atheroscleroticc lesions. We revealed that activin is 
involvedd in phenotypic modulation of vascular smooth 
musclee cells in vitro and that activin inhibits neointima 
formationn in human and murine blood vessels. In 
addition,, activin promotes the expression of CTGF -a 
growthh factor associated with the production of 
extracellularr matrix-, and is possibly involved in 
vascularr calcification processes. Furthermore, activin 
reducess foam cell formation and lipid loading through 
inhibitionn of modified LDL-uptake in macrophages. We 
hypothesizee that activin is involved in atherogenesis, 
andd that its presence reduces lesion formation. Finally, 
inn plaques that have been formed we believe that the 
presencee of activin promotes a more stable lesion, 
whichh is less prone to rupture, and as a consequence 
willl reduce the chance for acute clinical symptoms such 
ass ischemic stroke and heart attack. 
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