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A plethora of info~ation is available on the role of 
prostaglandins, specifically prostacyclin (PGIr), in 
the control of vascular tone and platelet aggregation 
in normal and atherosclerotic arteries. For example, 
it has been posited that PGIr synthesis by the vascular 
endothelium is one of several mechanisms respon- 
sible for the thromboresistance of the endo~elium 
of blood vessels [l]. Although the function of PGIr 
in hemostasis has been investigated extensively [2], 
the potential role of PGIr in the modulation of lipid 
metabolism within vascular cells has not been 
defined. In recent years, this area of research has 
received considerable attention particularly since 
arterial smooth muscle cells derived from athero- 
sclerotic arteries (1) accumulate significant quantities 
of cholesterol and cholesteryl ester (CE) [3], and (2) 
produce decreased amounts of PG12 during human 
arteriosclerosis [4,5]. 

This mini-review provides a summary of recent 
findings concerning the role of several eiwsanoids in 
the modulation of CE metabolism in arterial smooth 
muscle cells. Results of these studies will be used to 
suggest possible therapeutic applications of PGIr and 
its stable metabolites in the treatment of human 
arteriosclerosis. 

Eflects of arterial injury on PGI, production and CE 
~et~~o~~~ 

We know from the work of others that endothelial 
cells form a thromboresistant surface between the 
circulating blood and the underlying vessel wall 
[l, 21. Among the mechanisms postulated to explain 
the lack of platelet reactivity to the endothelial sur- 
face is the ability of endothelial cells to produce PGI;, 
[6]. Recently, Eldor et&. [7] reported that, following 
de-endothelialization of the aorta, PGIr production 
by the vessei wall is low. They observed that neo- 
intimal smooth muscle cells soon acquire the capacity 
to produce PC12 following balloon-catheter de-endo- 
thelialization, which parallels the initial disap- 
pearance of platelets from the damaged vascular 
surface. InterestingIy, additiona experiments 
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showed that diet-induced hypercholesterole~a, a 
risk factor of human arteriosclerosis, inhibits the 
recovery of PGIr by the luminal surface of these 
injured blood vessels [8J. Eldor et al. [8] postulated 
that cholesterol may increase the thrombogenicity of 
the arterial wall. Studies by other investigators have 
suggested that h~erl~pemia may increase throm- 
bogenicity as a result of damage to the endothelium 
with subsequent decreased PGIr production [o--11). 

While these particular in oivo experiments were 
in progress, some seemingly unrelated studies were 
conducted which enabled us to develop the following 
hypothesis, viz. that arterial production of PGI,, may 
be involved in the control of arterial lipid metab- 
olism. Based on experiments conducted several years 
ago, to determine the role of the arterial endothelium 
in the pathogenesis of arterial CE accumulation, 
Falcone et al. [12] observed that CE was increased 
significantly in injured aortas of normocholester- 
olemic and hypercholesterolemic rabbits following 
arterial injury as compared to ~rresponding unin- 
jured aortas. Cholesteryl esters preferentially 
accumulated in re-endothelialized areas and not in 
the de-endothelialized areas as expected [12]. In 
additional studies, Hajjar et al. [13] observed that, in 
the injured artery, CE accretion correlated inversely 
with increased activity of the enzyme responsible for 
lysosomal CE hydrolysis, i.e. acid cholesteryl ester 
hydrolase (ACEH). We postulated that these results 
from injured arteries may be related, in part, to 
changes in arterial PGIr synthesis since (1) neo- 
intimal smooth muscle cells of de-endothelialized 
arteries acquire the capacity to produce PGIr in an 
amount similar to that produced by endothelial cells 
of the adjacent un~jured artery [7j and (2) de- 
endothe~alized arteries have greater lysosomal GE 
hydrolytic activity than re-endothelialized arteries 
[131. 

Therefore, the hypothesis was tested that the 
addition of nanomolar concentrations of PGIz may 
alter CE synthesis and hydrolysis in intuct arterial 
smooth muscle cells, and that this eicosanoid may 
influence cholesterol and CE accumulation in these 
treated cells [14,15]. Because it has been well-estab- 
lished by others that several eicosanoids have a 
known stimulatory effect on the intracellular levels 
of cyclic AMP in most mammalian cells [X-18], 
studies were also conducted to investigate a media- 
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SMOOTH MUSCLE CELL 

Fig. 1. Cholesteryl ester metabolism in arterial smooth 
muscle ceils. Abbreviations: LDL, low density Iipoprotein; 
CE, cholesteryl esters; CHOL, free cholesterol; ACEH, 
acid cholesteryl ester hydrolase; ACAT, acyl CoA: 
cholesterol O-acyltransferase; NCEH, neutrai cholesteryl 

ester hydrolase; and FA, fatty acids. 

tory role of cyclic nucleotides in the modulation of 
cholesterol metabolism in those arterial cells which 
accumulate lipid during vascular disease [14,15], 

The results of these experiments are highlighted 
in the following section. 

Several major mechanisms may be responsible 
for the accumulation of cholesterol and CE within 
arterial intimal smooth muscle cells during athero- 
genesis. As shawn in Fig. 1, increased endocytosis 
of low density lipoprotein (LDL), which carries free 
and esterified cholesteroi to smooth muscle cells 
[ 191 j cm lead to enhanced intracellular deposition of 
cholesterol and CE. The CE component of LDL 
is normally degraded by lysosomes via an (acid) 
cholesteryl ester hydrolase (EC 3.1.1.13) [20]. How- 
ever, activity of this enzyme is altered when arterial 
smooth .muscle cells are enriched with lipid, par- 
ticularly CE. Free cholesterol released from the 
lysosomal hy~ol~~s of GE is sub~quen~ly re- 
esterificated in the cytoplasm by microsomal 
acyl CoA:cholesterol O-acyltransferase (ACAT; 
EC 2.3.1.26) [19]. Cholesteryl ester-rich lipid drop 
lets accumulate in the cytoplasm if the newly formed 
CE is not hydrolyzed via the cytoplasmic (neutral) 
cholesteryl ester hydrolase (NCEH; EC 3.1.1.13) 
[21] or if ACAT activity is enhanced substantidiy 
WI. 

Activity of sterol-metabolizing enzymes may be 
affected in cells by prostaglandins [22-241, other 
hormones [25-B], and lipoproteins [29,30], Prosta- 
glandins, in particular, are produced by arterial cells 
but their production by atherosclerotic vessels is 
different from normal arteries [4,31-341, which may 
influence intracellular cholesterol metabolism. 

Difjiculties in the interpretation af previous experi- 
ments-A need for a new experimental design 

To identify a possible mechanism of PGIz action 
on lipid metabolism in arteriai smooth muscle cells, 

a novel approach was needed. Unlike the methods 
used by others [22-241 who added prostaglandins to 
arterial homogenates and then assessed enzymatic 
activity3 Hajjar et at. [14,15] incubated the eico- 
sanoids for 2 hr with int~~ct cultured smooth muscle 
cells prior to homogenization and assessment of 
enzymic activities. Significant effects were observed 
on CE metabolism with nanomolar quantities of 
prostaglandias within a relatively short incubation 
period using intact cells, but not with homogenized 
cells, Approaching the problem in this fashion per- 
mitted the identifrcarion of a mechanism by which 
concentrations of prostaglandins approaching 
physiological levels may alter cell metabolism. This 
would have been difficult ta do in previous experi- 
ments of others [22-241 where arterial homogenates 
were prepared first with the subsequent addition of 
pros~glandins, since membrane-bound phosphoryl- 
ation cascade sequences can be impaired f14,35]. 

Interaction of eicosanoids with CE hydrolytic and 
synthetic activities 

Aside from the studies by Berberian et al. [22], 
Subbiah 1235 and Subbiah and Dicke 1241 who utilized 
large quantities of E and F series pros~aglandins 
(0.14 to 1.20 #vf) to study their effects on CE hydro- 
lytic and synthetic activities in pigeon or rabbit 
arterial homogenates, no information was available 
previously on the effects of prostaglandins, including 
PGI,, on GE metabolism under more physiological 
conditions. 

As shown in Fig. 2, IO-20 nM PGI, and 55 nM 6- 
keto PGEI significantly enhances lysosomal ACEH 
activity Cfold as compared to the untreated controls 
[14]. Lysosomal ACEH was assayed using Iabeled 
cholesteryl oleate given as a phospholipid-digitonin 
dispersion, a preparation specific only for the assess- 
ment of optimal lysosomal CE hydrolysis 1211. Since 
the effect of these pros~aglan~~s occurred within 
minutes, it was postulated that enzyme activation 
may be mediated by stimulation of cycIic nucIeotides 
in the cell, This proposed mechanism seemed reason- 
able since Claesson [16] and Hopkins and German 

ACEH Aciivit~ 
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Fig. 2. Effects of (A) prostacyclin (PGIJ and (B) 6.keto 
PGE, on ACEH activity in smooth muscle cells treated 
(C---a) and untreated (A -A) with 0.5 mM 
dideoxyadenosine @DA). Each paint represents the 
mean f S.E.M. for eight separate analyses. A significant 
increase (P<0,05) in ACEH activity was observed fol- 
lowing the add&ion of l&20 nM PGIt or 55 nM 6-keto 
PGE,. [All cells were preincubated with 1 mM methyl- 
isobutylxanthine (MIX).] These increases were abolished 
with pretreatment of the cells with DDA for 20 min prior 
to the addition of 1 mM MIX and prostaglandins. From 

Ref. 14. 
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[17] have demonstrated that PC12 can increase cyclic 
AMP levels in fibroblasts and endo~elial cells 
respectively. F’urthermore, others have shown that 
cyclic AMP will increase CE hy~olyti~ activities in 
adipose [36& ovarian [37] and adrenal f38] tissues as 
well as in macrophages f39], To test the hypothesis 
that the prostaglandins alter CE catabolism via intra- 
cellular levels of cyclic AMP, 0.5 mM dideox- 
yadenosine @DA), an inhibitor of adenylate cyclase 
activity 1401, was preincubated with intact, cultured 
arterial smooth muscle cells. Follo~ng prein- 
cubation with DBA, n~orn~~ar quantities of several 
prostaglandins, including FGI~, were added to the 
cultured cells. In cells pretreated with DDA, whirh 
m~ntained cyclic AMP at basal levels, no effect of 
increasing amaunts of various prosta~an~ns was 
observed OD lysosomat CE hydrolytic activity 
(ACEH) Fig. 2). &s&s of Hajjar d al. [I41 sug- 
gested that the Rrostagla~~i~~ stimulate Iysosomal 
CE hydrolytic activity by increasing cyclic AMP in 
the cell. When 20 VM dibutyryl cyclic AMP was 
added directly to the cultured smooth muscle cells, 
a significant 2-fold increase in ACEH activity was 
observed in the presence of 1.0 mM aspirin which 
inhibits endogenous prod~~i~o~ of PGi2 fl4]. 

Similar to the observations with dibutyryl cyclic 
AMP, @FM sodium arachido~at~, the b~o~o~ca~ 
precursor to several of the prnstaglandins used in 
these studies, also significantly enhanced CE hydro- 
lytic activity 2-fold 1141. 

In an experimental approach similar to that taken 
by Hopkins and Gormau with endotheliai ceils and 
Claesson who used ~broblas~ [I6,17j, Hajjar and 
Weksler [15] conducted studies to determine if PGIz 
can increase intracellular levels of cyclic AMP in 
cultured smaoth muscle cells (Table 1). As depicted 
in Table 1, cyclic AMP levels wsre measured in some 
cells pretreated with I mM rne~~~~-~sobuty~anth~nc 
(MIX), a potent cyclic AMP p~ospho~ester~~ 
inhibitor. This agent was added since it can optima& 
maintain intraceIlular levels of cyclic AMP. Results 
of these exp~~m~nts showed that cyclic AMP could 
be stimulated and m~nt~ned at higher levels by 
PGI-J or 6-keto PGEl in the presence of MIX during 
the experimental period as compared to cells not 
treated with MIX (Table 1). Using renal cells, Rapp 
et aE. [41] reported that 6-keto PGEl has biological 

activity. Parado~~lly, PGEl and PGEz did not 
increase sig~ifi~ntly intracellular cyclic AMP levels 
in arterial smooth muscle cells, albeit end&he&al 
c&s have been reported to produce modest amounts 
of cyclic AMP in response to PGEl and I%%& [I?]. 
As expected, 6-keto PGFI, did not increase intra- 
cellular cyclic AMP levels [IS], although a modest 
effect an ACEH activity was observed with this 
prostaglandin [14]. The mechanism of action of 6- 
keto PGF1, an ACEH activity remains undefined. It 
was concluded that PGIZ and 6-keto PGEl modulate 
lysosomal CE hydroIysis through intracellular levels 
of cyclic AMP f141. 

Likewise, activities of other lysosomal marker 
enzymes (acid phosphat~se snd ~-acetyl-~glu- 
cos~inid#se) were assayed ta examine the potential 
effects of PGIZ and 6keto PEEI on enzyme activities 
unrelated to CE metabolism. These iysosomal 
marker enzyme activities were not altered in arterial 
smooth muscle cells by PC&, 6-keto-PGEl, PGEl, 
or PGE:! [14], indicating that the effects of PGX;? and 
6-keto PGEl on lysosomal (acid) CE hydralase may 
be specific, 

In an attempt to determine if these eicasanoids 
affected ~~o~~~~~e CE metabolic activity similar to 
Iysosomal CE hydrolysis, Hajjar and Weksler &5] 
assayed neutral (cytoplasmic) CE hydrolytic activity 
(NCEH) in cultured arterial smooth musde cells 
in the presence of various types of prosta~~dins” 
Results of their studies demonstrated that NCEH 
activity was si~~~~ntly enhanced Z-fold by 7.5 nM 
PGIi (Fig. 3), 40 *tsM dibutyryf cyclic AMP, and 
40 ,&I arachidonate. 

Contrary to the observations that PC& can alter 
lysosomal and cytoplasmic GE hydrolysis, CE syn- 
thesis (ACAT) activity was unaffected by PGZz (Fig, 
3), dibutyryl cAMP or sodium arachidonate [15]* 
However, PGE, significantly inhibited ACAT 
activity by fro% (Fig. 3), a finding similar to that 
reported by Berberian et ab. [22$ This inhibition 
occurred in the presence or absence of dideaxy 
adenosine @DA). Hajjar and Weksler [lS] sug- 
gested that the mech~ism of action of PC& on 
ACAT does not proceed via intracellular levels of 
cyclic AMP, Experiments were also conducted to 
determine if these prosta~a~d~s can alter the 
activity of the microsomai marker enzyme, viz. neu- 

Table 1. Effects of prostaglandins on cyclic AMP levels in arterial 
smooth muscle cells* 

No addition MIX DDA 

FGIZ 15 t 2t 26 + 4 2 2 0.3 
6-keto PGE, 13% 1 24 + 1 2 + 0.5 

* The finlil concentration of prostaglandins in each experiment was 
250nM. The final concentrations of MIX and DDA were 1.0 and 
0.5 mM respectively. See Ref. 1s for further details of the experiment. 

f Mean + SE.; N = 5. 
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Fig. 3. Effects of prosta~~dins on NCEH and ACAT 
activities in cells treated (i%----Cl) and untreated 
(U) with OSmM DDA. Each point represents 
the mean f S.E.M. from six separate analyses. Cells were 
incubated with the various concentrations of prostaglandins 
and 1 mM MIX prior to the assay of enzyme activities. 
From Ref. 15. [there is a mistake on the ordinate of Panel 

C (PGEJ as it appeard originaIly; 30 shoutd be 201. 

tral-a-glucosidase. No significant effect could be 
demonstrated with PG12, 6-keto PGE1, 6-keto 
PGF1,, PGEl or PGE2 on glucosidase activity [15]. 

Effects of PGlz on i~tra~el~~~ar leveff of cholesterol 
and CE 

Because we [14,15], Berberian et al. [22], Subbiah 
[23] and Subbiah and Dicke [24] have demonstrated 
that eicosanoids can alter the activity of arterial CE 
metabolizing enzymes using various experimental 
systems, the potential effects of PG12 and 6-keto 
PGE, on cholesterol/GE accumulation in arterial 
smooth muscle cells were examined [14]. These 
experiments were of particular interest since the 
effects of prostaglandins on enzyme activity may be 
short-term and not sufficient enough to affect the 
mass balance of sterols in the cell. As illustrated in 
Fig. 4, cultured smooth muscle cells from normal 
rabbit artery were challenged with 1OOnM PG12 or 
100nM 6-keto PGE, four times during a 2-week 
experimental period. Following a 2-week admin- 
istration of these prostaglandins, there was a sig 
nificant reduction in the free and esterified chol- 
esterol content of the prostaglandin-treated cells as 
compared to the untreated controls. The decrease in 
cholesterol and CE content appeared to result from 
excretion of these sterols in the post-culture medium 
[14]. Since the culture medium contained 25% fetal 
calf serum [14], these results suggested that high- 
density lypoproteins (HDL) present in the serum 
may serve as a “sink” for cholesterol efflux from 
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Fig. 4. Effects of PGIz and 6-keto PGE, on CE and total 
cholesterol (CH) accumulation. Cells were challenged sep- 
arately with a 100 nM concentration of the prostaglandins 
at 0,2,6 and 10 days. Five separate analyses were done at 
0,4,8,12 and 14 days. Each point represents the 
mean 5 SE. There was a significant (P < 0.05) decrease in 
total cholesterol and CE accumulation by 14 days in cells 
treated with PGI, or 6-keto PGE, as compared to the 

controls. From Ref. 14. 

these arterial cells. Moreover, since it has been 
shown by others that HDL can stimulate PGIz syn- 
thesis in arterial cells perhaps by providing arach- 
idonate [42], it may be possible that this lipoprotein 
may further promote cholesterol efflux by increasing 
intracellular prostanoid synthesis. 

Noteworthy are the recent findings of Tertov and 
associates [43] who showed that dibutyryl cyclic AMP 
can reduce significantly the CE content of cultured 
intimal smooth muscle cells from atherosclerotic 
lesions by 1.5 to 2-fold. Such observations are con- 
sistent with the findings described above which dem- 
onstrate that PG12 and 6-keto-PGE, can reduce intra- 
cellular levels of CE. Hajjar etaf. [14] postulated that 
the reduction in CE observed in the prostaglandin- 
treated cells may be due to increased CE hydrolytic 
activities via enhanced cyclic nucleotide levels. 

Correlation between PGIz, cyclic AMP, and 
atherosclerosis 

Outlined in Fig. 5 is a summary of one pathway 
by which PG12 in particular, may influence the 
removal of CE from the cell. Briefly, PGIz stimulates 
adenylate cyclase activity, producing increased intra- 
cellular levels of cyclic AMP. Cyclic AMP, in turn, 
may subsequently enhance CE catabolism and chol- 
esterol egress from the cell. Cholesterol egress may 
then occur due to the presence of intracellular and/ 
or extracellular sterol carrier proteins (SCP) (e.g. 
HDL) 2441. 
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Implicit alter intra- 
cellular levels of cholesterol 

smooth muscle cells 
occur in duo. To the best 

of my knowledge, there has not been a definitive 
study which shows that intravenous administration 
of PG12 can reduce the intracellular concentration of 
cholesterol and CE in arteries of humans or experi- 
mental animals. However, there have been several 
animal studies which have addressed the issue that 
PGIz, hypercholesterolemia, and altered arterial CE 
metabolism may be related in uiuo. In rabbits with 
moderate hypercholesterolemia (serum cholesterol 
levels of 313 * 36 mg/dl), a range approximating the 
levels seen in hypercholesterolemic Western 
humans, arterial PGI* measured at the surface of de- 
endothelialized arteries was reduced significantly as 
compared to similar areas in normocholesterolemic 
rabbits [7,8]. Likewise, arterial CE hydrolytic 
activity was also reduced in hypercholesterolemic 
rabbits as compared to normocholesterolernic rabbits 
[13]. As expected, hypercholesterolemia leads to 
increased CE deposition in injured arteries [12]. 
Thus, significant arterial CE accumulation may result 
in part from non-activatable CE hydrolase in arterial 
cells due to altered synthesis of PGIr [44]. 

Finally, experiments highlighted here have been 
extended recently by others using a different experi- 
mental design. In these studies, they have studied 
the correlation between PGIr production and athero- 
genesis by actually measuring the ability of an 
atherosclerotic artery to produce PGIr. Cells cultured 
from atherosclerotic vessels were shown to produce 
significantly less PGIr than cells from normal arteries 
due to diminished cyclooxygenase and PGIz syn- 
thetase activities [4,5]. Lipid peroxides or hydro- 
peroxy acids resulting from lipid accumulation in 
atherosclerotic vessels may explain the inhibitory 
effect of PGIz synthetic activity [45]. Additional stud- 
ies using other prostaglandins have supported these 
tissue culture experiments [46]. 

Conclusion 

We and others have shown that PGEz inhibits CE 
synthetic (ACAT) activity [15,22], and PGIr and 
6-keto PGEr enhance CE hydrolase activities and 

cholesterol egress from cultured smooth muscle cells 
of normaI arteries [14,15]. With regard to the several 
in uiuo findings discussed previously [7,8,12,13], 
the in uitro results highlighted here suggest that 
the decreased PGIz production and CE hydrolytic 
activity in the injured arterial wall of hyper- 
cholesterolemic rabbits as compared to normo- 
cholesterolemic rabbits may explain, in part, the 
observed changes in cholesterol and CE mobilization 
and accumulation. Therefore, increased production 
of PGIz and PGEz may be inversely correlated with 
sterol accretion and perhaps atherogenesis in uiuo 

WI* 
Therapeutic applications of PGIz 

The potential of treating human vascular disease 
and thrombotic conditions with PGIz has been recog- 
nized [47]. Beneficial effects of PGIz administration 
have been reported in human advanced arterio- 
sclerosis obliterans [48] and in experimental coronary 
stenosis [49]. Furthermore, it has been suggested 
that PG12 may help in the management of unstable 
angina and early myocardial infarction by inhibiting 
platelet accretion at the site of arterial coronary 
stenosis [50]. Consequently, it would appear from 
these limited experimental trials that PGIr or stable 
PG12 metabolites may have a potential role in the 
treatment of several manifestations associated with 
atherosclerosis. 

Recent experiments by others have been con- 
ducted to explore the role of the stable metabolites 
of PGIz catabolism in the control of cholesterol 
metabolism in cultured arterial smooth muscle cells. 
For example, Orekhov et al. [51] has shown that 6@- 
PGIr and carbocyclin (stable PG12 analogues) will 
lower the CE level in cultured intimal smooth muscle 
cells from human fatty streaks and atherosclerotic 
plaques. One can postulate that long-term admin- 
istration of stable PGIr metabolites maybe a more 
useful means of enhancing cholesterol and CE mobil- 
ization out of the arterial “foam” cell during early 
stages of cardiovascular disease, particularly since 
pharmacokinetic studies have suggested that PGIz 
itself is too low in the human circulation to mobilize 
large quantities of accumulating lipid during 
advanced stages of the disease. 
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For reasons highlighed here, it is suggested that 
well-controlled in vivo studies are now needed to 
determine if infusion of stable PG12-like analogs will 
be able to effectively reduce lipid accumulation in 
the coronal arteries. Evidence of this nature will 
surely offer encouragement for those who have early 
and moderate stages of arteriosclerosis but who can- 
not undergo vascular surgery. 
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