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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 

107 7 



ChapterChapter 7 

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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