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ActivinActivin A reduces lipid accumulation in macrophage-foam cells 

Activinn A inhibits acetylated LDL 
accumulationn in mouse peritoneal 
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Introduction 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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Materialss & Methods 
Purifiedd factors 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 vitro culture of murine peritoneal 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. 

Isolationn and modification 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 cell formation 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). 

AcLDLL binding 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 

Effectt of activin and follistatin on foam cell formation after AcLDL stimulation 
off murine primary 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 

Effectt of activin and follistatin of acLDL binding to murine primary 

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 

o o 
1 _ _ 

Q. . 
O) ) 
_E E 
"oil l 
c c 

c c 
o o 

'o o 
O O 
co o 
in in 

< < 

-O—Conlrol l 
—— Activin 

-A—— Foltisiaün 

00 20 40 60 80 100 

A c L D LL ( u g / m l ) 

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. 

99 9 



ChapterChapter 6 

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). . 

Discussion 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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