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A B S T R A C T We tested the hypothesis that prosta-
cyclin (PGI2), 6-keto-prostaglandinF,,,(6-keto-PGF,a),
and several E series prostaglandins (PG) may affect
the activity of cholesteryl ester (CE) hydrolase since
our previous experiments indicated that smooth mus-
cle cells (SMC) in neointima of injured rabbit aorta
(a) acquire the capacity to produce PGI2 and (b) have
increased lysosomal CE hydrolytic (acid cholesteryl
ester hydrolase [ACEH])activity. Using cultured SMC
from rabbit thoracic aorta, we demonstrated that PGI2,
6-keto-PGF1,, and 6-keto-PGE, enhanced ACEHac-
tivity fourfold. No significant effects on ACEHactivity
were observed with PGE1 or PGE2. Preincubation of
SMCwith an inhibitor of adenylate cyclase activity
(dideoxyadenosine) abolished the effect of these PG
on CEhydrolytic activity. Addition of dibutyryl cAMP
to these SMCsignificantly increased ACEHactivity.
Although concentrations of PGI2 used significantly in-
creased cAMP levels, proliferation of these SMCwas
not observed.

In related experiments, we determined if the ad-
dition of PGI2, 6-keto-PGF,a, or 6-keto-PGE1 to cul-
tured aortic SMCwould enhance the egress of unes-
terified cholesterol and CE from these SMC. A signif-
icant loss of total cholesterol. from PG-treated SMC
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was observed at the end of 14 d. Results suggest that
increased synthesis of PGI2 by neointimal SMCin the
injured aortic wall may, at least in part, explain the
changes in CEcatabolism and accumulation following
injury. These PG may also be important in CE me-
tabolism and accumulation in human arteries.

INTRODUCTION

Intimal thickening resulting from proliferation of
smooth muscle cells (SMC)1 with accumulation of free
and esterified cholesterol in the vascular wall is a char-
acteristic feature of atherosclerosis. The mechanism(s)
leading to the accumulation of cholesterol (CH) and
cholesteryl ester (CE) have not been fully defined.
Hydrolysis of CE via lysosomal (acid) CE hydrolase
(ACEH; EC 3.1.1.13) is a major mechanism by which
CE is catabolized (1-3). Activity of enzymes respon-
sible for CE metabolism may be modulated by pros-
taglandins (PG) (4-7), other hormones (8-11), and li-
poproteins (12-14).

Although the role of prostacyclin (PGI2) in hemo-
stasis and thrombosis has been extensively investigated
(15), little is known concerning the effect of PGI2 on
lipid metabolism or proliferation of aortic SMC. Re-
cently, we have shown that following deendothelial-
ization of rabbit aorta, neointimal SMCacquire the
capacity to produce PGI2 in an amount similar to that
produced by endothelial cells of the adjacent uninjured

' Abbreviations used in this paper: ACEH, acid choles-
teryl ester hydrolase; ASA, acetylsalicylic acid; CE, choles-
teryl ester; CH, cholesterol; DDA, 2',5' dideoxyadenosine;
MEM, minimal essential medium; MIX, 1-methyl-3-isobu-
tylxanthine; NAGase, N-acetyl-3-glucosaminidase; PG, pros-
taglandin(s); PGEI, prostaglandin El; PGE2, prostaglandin
E2; PGI2, prostacyclin; RIA, radioimmunoassay; SMC, smooth
muscle cells.
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artery (16). Injured aortas have also been shown to
exhibit increased CE hydrolytic activity (17). There-
fore, we examined the possible direct effects of PGI2
and several other PG on CE hydrolytic activity and
sterol accumulation in intact cultured rabbit aortic
SMC. Results indicate that (a) treatment with PGI2,
6-keto-PGEI, 6-keto-PGFia, but not PGE, or PGE2,
significantly increased CE hydrolytic activity in intact
SMC; (b) this increase is mediated at least in part by
cAMP; and (c) these PG lead to a decrease in cellular
accumulation of CH.

METHODS

[1-'4C]Cholesteryl oleate (55 mCi/mmol sp act), [1-_4C]oleic
acid (40 mCi/mmol sp act), [6-3H]thymidine (25 Ci/mmol
sp act), 1251-cAMP radioimmunoassay (RIA) kits, and Aqua-
sol-2 liquid scintillation cocktail were purchased from New
England Nuclear, Boston, MA. CH, cholesteryl oleate, and
sodium palmitate were obtained from Applied Science Lab-
oratories, Inc., State College, PA. Egg lecithin and sodium
eicosatrienoate were purchased from Supelco, Inc., Bella-
fonte, PA. Acetylsalicyclic acid (ASA), N6, 02-dibutyryl
adenosine 3'5'-cyclic monophosphate, calf thymus DNA, es-
sentially fatty acid free bovine albumin (Fraction V), ,8-glyc-
erol phosphate, 1-methyl-3-isobutylxanthine (MIX), neutral
alumina (WN-3), 4-methylumbelliferyl-2 acetamido-2-deoxy-
f,-D-glucopyranoside, sodium butyrate, sodium taurocholate,
and Triton X-100 were obtained from Sigma Chemical Co.,
St. Louis, MO. 2'5' Dideoxyadenosine (DDA) was obtained
from P. L. Biochemicals, Inc., Milwaukee, WI. 3'5'-Diami-
nobenzoic acid dihydrochloride and 2-methyoxyethanol
were purchased from Aldrich Chemical Co. Inc., Milwaukee,
WI. Sodium arachidonate was obtained from NuChek, Ely-
sian, MN. Thin-layer silica gel chromatoplates (K6; 250 sm
thick) were obtained from Whatman, Inc., Chemical Sep-
aration Div., Clifton, NJ, platinum oxide from ICN Nutri-
tional Biochemicals, Cleveland, OH, and highly purified
organic solvents (nanograde quality) from Mallinckrodt,
Inc., Science Products Div., St. Louis, MO.

PGI2, 6-keto-PGFIa, 6-keto-PGEI, PGE1, and PGE2 were
a generous gift from Dr. John Pike of the Upjohn Co., Kal-
amazoo, MI.

Disposable tissue culture materials were purchased from
Corning Glass Works, Corning, NY. Tissue culture plates
(Linbro) were purchased from Flow Laboratories, Inc.,
Rockville, MD. Eagle's modified medium (1X Minimal Es-
sential Medium [MEM]) supplemented with nonessential
amino acids (0.05 ml/ml) and fungizone (250 mg/ml) was
purchased from Flow Laboratories, Inc. L-Glutamine (200
mM), penicillin (5,000 U/ml), streptomycin (5 mg/ml) and
fetal bovine serum (heat inactivated) were purchased from
Gibco Laboratories, Grand Island Biological Co., Grand Is-
land, NY.

Experimental animals. Young New Zealand White fe-
male rabbits weighing 2.5-3.0 kg were used as a source for
cultured thoracic aortic SMC. Rabbits were fed commercial
rabbit ration (Purina rabbit chow, Ralston Purina Co., St.
Louis, MO.) and water ad lib.

Tissue culture and microscopy. Adventitial tissue was
removed from the isolated descending thoracic rabbit aorta
with sterile precautions. Aortic explants were prepared for
culturing SMCaccording to a modification of the general
procedures of Ross (18).

Cultured SMCgrew in typical "hill and valley" formation.
For electron microscopy, cells cultured in Corning plastic
flasks were fixed in situ with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.3) at room temperature,
washed with buffer, and postfixed in 1% osmium tetroxide
in 0.1 M cacodylate buffer (pH 7.3) for 1 h (19). Details of
the dehydration and embedding procedures have been de-
scribed (19). Sections were cut, stained with uranyl acetate
and lead citrate, and examined with a Philips EM-301 elec-
tron microscope. The presence of microfibrils, dense bodies,
or fusiform condensations scattered throughout the myofil-
ament bundles and basement membranelike material were
observed in these cells.

Cells grown from aortic explants were confirmed to be
SMCby their growth pattern as observed by phase contrast
microscopy and ultrastructural characteristics by transmis-
sion electron microscopy (18).

Biochemical methods. In experiments designed to mea-
sure the response of CE hydrolase activity to the PG, di-
butyryl cAMP, FFA, or sodium butyrate, SMCwere initially
plated in wells (2-cm2 surface area; 24 wells/plate) at a den-
sity of -2.0 X 105 cells/well in Eagle's MEMwith 10% fetal
calf serum and allowed to adhere for 48 h. Cells were then
washed three times with Eagle's MEMwithout serum. The
factors under investigation were then added to SMCand
cells were incubated at 37°C in Eagle's MEMwithout serum
for 2 h before harvesting and assay of CEhydrolase activity.
Cells from explants used in these experiments were subpas-
saged two times. Initial experiments showed that the max-
imum effect of the PGon ACEHactivity could be obtained
by incubating the intact SMCwith PGI2 for 2 h. To inhibit
endogenous synthesis of PGI2, SMCwere incubated with 1.0
mMASA for 20 min before the addition of PG, FFA, or
dibutyryl cAMP. Optimal results were obtained by treating
these cultured SMCfor this length of time and concentration
of ASA. To inhibit production of cAMP, 0.5 mMDDA, a
specific inhibitor of adenylate cyclase activity (20, 21), was
added to specific microwells 20 min before the initiation of
the experiment. Optimal results were obtained with this con-
centration of DDAand time of preincubation. In addition
to the buffer controls for dibutyryl cAMP experiments, so-
dium butyrate was also used, since butyrate itself may in-
fluence cellular metabolism.

Several experiments were also conducted to determine if
alterations in cell marker enzyme activity were affected by
the addition of PGI2, 6-keto-PGE1, or 6-keto-PGFIa in the
range of PGconcentrations used in the CE metabolism stud-
ies. Acid phosphatase and N-acetyl-,-glucosaminidase
(NAGase) were chosen as marker enzymes for SMClyso-
somes (22). The experimental design was similar to the pro-
tocol previously described for ACEHactivity.

Concentration range of PG, dibutyryl cAMP, FFA, and
sodium butyrate were as follows: 2-20 nM PGI2 or 11-55
nM 6-keto-PGFIa were prepared in 10 mMNa2CO3; 11-55
nM 6-keto-PGEI, 10-40 MMsodium arachidonate, 8-40 ,uM
sodium palmitate, and 5-50 MMdibutyryl cAMP, were each
dissolved in 10 Ml absolute ethanol and diluted with normal
saline (final pH 7.0); sodium eicosatrienoate was dissolved
initially in 10 MAl 0.01 MNa2CO3and diluted in normal saline
(final pH 7.0) to 8-40 MM; and sodium butyrate was dissolved
in Hepes-buffered saline to 50-500 nM (pH 7.0). To assess
the effects of PGother than those related to PGI2 metabolism
on ACEH activity, 100-1,000 nM PGE, and PGE2 were
tested. PGE1 or PGE2was initially dissolved in 10 MAl absolute
ethanol, and diluted in normal saline (final pH 7.0) and their
effects on ACEHactivity were evaluated in a similar fashion
as the other PG. WhenPG, FFA, sodium butyrate, dibutyryl
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cAMP, or inhibitors were tested, the appropriate ethanol
and/or buffer controls were used. The final pH of the re-
action media was 7.3.

Finally, to obtain the concentration of PGI2 produced by
these cells after challenge with sodium arachidonate, sodium
eicosatrienoate, or sodium palmitate, the cell medium was
removed and frozen at -70°C. The quantity of PGI2 released
by the cells was determined by RIA for 6-keto-PGFia. Details
of this RIA have been published (23). Cross-reactivity with
6-keto-PGE, is <1%.

Assay of cAMP. Following removal of the supernatant
from the incubations for the assay of 6-keto-PGFI,, the wells
containing SMCcultures designated for cAMP assays were
placed in an ice bath and 1.0 ml of ice-cold (0-4°C) isotonic
buffer (250 mMsucrose, 10 mMTris-HCl, 1 mMEDTA, pH
7.3) was added. Cells were harvested with a rubber police-
man (- 2.5 X 105 cells/well) and this suspension was divided
into two 0.5-m! aliquots: one aliquot was used for the assay
of ACEHactivity, DNA, and protein (see below), while the
remaining aliquot was used for the assay of cAMP (24). The
aliquot designated for cAMP assay was treated with 0.1 vol
of 50% TCA to a final concentration of 5% TCA. This prep-
aration was vortexed and stored frozen at -70°C. After
thawing, the TCA-precipitable cell debris was removed by
centrifugation at 2,230 g for 15 min at 4°C. Tracer [3H]cAMP
(100 fmol) was added to each sample for recovery deter-
minations. Samples were subsequently applied to Pasteur-
pipette columns containing 500 mgof neutral alumina (type
WN-3). Columns were allowed to run dry and then rinsed
with 2.0 ml 0.5 MTCA followed by 2.5 ml distilled water,
and 0.5 ml 0.2 Msodium acetate buffer (pH 6.3). The cAMP
was subsequently eluted from the column with 1.0 ml 0.2
Msodium acetate buffer, pH 6.3, and measured with a cAMP
RIA kit using the acetylation modification. Recoveries av-
eraged 70-80%.

In those experiments in which cAMP was not measured,
cells were also harvested, over ice, with a rubber policeman,
after the addition of 1.0 ml ice-cold isotonic sucrose buffer.
Cell suspensions (-2.0 X 105 cells) were subsequently trans-
ferred to a Duall glass homogenizer (Kontes Co., Vineland,
NJ). An additional 1.0 ml of isotonic sucrose buffer was
added, and SMCwere homogenized to a uniform suspension
at 0-4°C for a total of 4 min. Separate aliquots of this ho-
mogenate were then used for the assay of the enzyme ac-
tivity, DNA, and protein. Assays of ACEHand NAGase ac-
tivities were performned on the day of preparation of the
homogenate, since there is a loss of activity upon freezing
(17, 25). Assays of acid phosphatase activity, DNA, and
protein were done on samples of cellular homogenates fro-
zen at -70°C. These samples were not stored for longer
than 2 wk.

Lysosomal ACEHactivity. Activity of lysosomal ACEH
was assayed at pH 3.9 by the method of Haley et al. (25).
Weused 12.7 MMcholesteryl [1-_4Cloleate (10 MCi) as sub-
strate suspended in an egg lecithin-digitonide dispersion. It
has been demonstrated by subcellular fractionation that
ACEHis localized primarily in the lysosomes of SMC(25).
After incubation of the substrate with the cell homogenate
(-50 ug protein) for 60 min in a Dubnoff shaking water
bath at 37°C, released oleic acid (-2,300 dpm/assay tube)
was separated by organic solvent extraction using 3.25 ml
methanol/chloroform/heptane (1.4:1.3:1, vol/vol/vol) and
1.05 ml 50 mMK2CO3-H3BO3 buffer, pH 10 (25). Radio-
activity was assayed by a liquid scintillation counter.
Quenching was corrected by automatic external standard-
ization. In all experiments, efficiency of fatty acid extraction
was determined to be .90%. For preliminary studies, dif-

ferent methods of substrate preparation and CE of varying
fatty acid composition were compared. Optimum assay con-
ditions for ACEHactivity using cultured aortic SMCwere
similar to those findings obtained from aortic tissue homog-
enates previously described by Hajjar et al. (17).

Assay of lysosomal marker enzyme activities. To ex-
amine the effects of PGI2, 6-keto-PGEI, and 6-keto-PGFIa
on other lysosomal enzymes in addition to ACEH, acid phos-
phatase and NAGase activities were assayed. Acid phospha-
tase activity was assessed by a chemical modification of the
cytochemical methods of Gomori (26) and Barka and An-
derson (27). Briefly, the incubation medium contained 0.05%
Triton X-100, 800 Ml 50 mMsodium acetate buffer (pH 5.0)
and 10 Ml 1.25% sodium-:-glycerol phosphate (wt/vol), pH
adjusted to 4.8 with 1 N HCI. To this medium, 300 MI cell
homogenate (-50 Ag protein) was added and incubated for
30 min at 37°C in a Dubnoff shaking water bath. The re-
action was stopped with the addition of 500 Ml 10% HCI04
(wt/vol). Endogenous inorganic phosphate in each cell ho-
mogenate was determined separately before the addition of
(3-glycerol phosphate (28). NAGase activity was determined
by the fluorometric method outlined by Peters et al. (29).
Briefly, 50 Ml of a fluorogenic substrate solution consisting
of 10 mM4-methylumbelliferyl-2-acetamido-2-deoxy-B-D-
glucopyranoside dissolved in methoxyethanol was added to
a reaction mixture consisting of 500 Ml 0.2 Msodium citrate
buffer (pH 4.8), 10 ml 0.02% Triton X-100, and 440 Ml cell
homogenate (pH 4.8; -75 Mg protein). Reaction was allowed
to proceed at 37°C for 60 min, the reaction was then stopped
with 50 mMglycine-5 mMEDTA (pH 10.4), and the flu-
orescence determined in a Perkin-Elmer fluorescence spec-
trophotometer (model 204, Perkin-Elmer Corp., Eden Prai-
rie, MN).

Units of activity. For all hydrolases, 1 U of activity cor-
responds to the hydrolysis of 1 Mmol substrate/min. For acid
phosphatase activity, 1 mU of activity equals 1 ng Pi re-
leased/min. All activities are expressed as milliunits per
milligram DNA.

Addition of PG to cell cultures: effects on CH and CE
accumulation. The effects of PGI2, 6-keto PGF1G, and 6-
keto-PGE, on CH and CE accumulation were assessed in
cultured aortic SMC.

To lipid-load aortic SMC, were fed media con-
taining 25% fetal bovine serum every other day for 12 d
before initiation of the experiment. After first subpassage
from arterial explants, cells were grown to confluence (day
0) in 60 X 15-mm wells/plate. On 0, 2, 6, and 10 d of the
14 d experimental period, medium was changed and 100 nM
of either PGI2, 6-keto-PGFIa, or 6-keto-PGE, was added to
the cell cultures. Cells were harvested at 0, 4, 8, 12, and 14
d to assess their CH and CE content. Approximately 1-2
X 106 cells/well were present during the sampling period.
No changes in the viability of the SMCwere observed based
on trypan blue exclusion in PG-treated cells during the ex-
perimental period. A control group of cultured cells were
also maintained throughout the experimental period without
the addition of any PG. No major changes in the ultrastruc-
tural characteristics of the cells were observed as a result of
this treatment.

On the designated day of sampling, cells were harvested
and centrifuged at 1,500g for 10 min and subsequently
washed two times with serum-free medium. They were sus-
pended in 2 ml normal saline for the analysis of CHand CE.
CH and CE content of the postculture media was also as-
sessed at 14 d and compared with fresh culture media to
determine if PG-treated cells had an increased capacity to
excrete free and esterified CH.
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Analysis of CHand CE. Of the 2.0-ml cell suspension
prepared for lipid and DNAanalysis, 1.5 ml was used for
the assay of free and esterified CH by microfluorometric
analysis. The remaining 0.5-ml aliquot was used for the assay
of DNA.

Lipid was extracted from the 1.5-ml aliquot of the cell
suspension or 2.0 ml of the fresh culture or postculture media
by homogenization of these aliquots in 15.0 ml chloroform/
methanol (2:1, vol/vol). The lipid was subsequently ex-
tracted according to Folch et al. (30) method. The organic
phase, which contained the cellular lipid, was evaporated
under N2 (gas). Any trace of water from the upper phase
rinse of the Folch extract was removed by adding 5 ml ben-
zene/methanol (1:1, vol/vol) and by evaporating the ben-
zene-water azeotrope under N2 (gas).

The lipid extract was then completely hydrogenated with
the use of platinum oxide as a catalyst in methanol/di-
chloromethane (9:1, vol/vol). The extent of hydrogenation
was determined by gas-liquid chromatography (31). Hydro-
genation was necessary to avoid interference by unsaturated
bonds (29) in the fluorometric quantitation of lipids.

The hydrogenated extract and a standard containing free
and esterified CH at a concentration of 1 gg/Ml were then
fractionated by thin-layer chromatography on Whatman K6
silica gel an.alytical thin-layer chromatography plates (20
X 20 cm, 250 ,um; Whatman, Inc., Chemical Separation Div.,
Clifton, NJ) with the use of a two-solvent system as described
by Hojnacki and Smith (33) and modified by Hajjar et al.
(31). CHand CE were subsequently quantitated by micro-
fluorometric analysis (32).

Thymidine incorporation into SMC. In these experi-
ments, confluent monolayers of aortic SMCgrown in T-25
Corning flasks were trypsinized as follows: culture medium
was removed, primary cell cultures were washed with phos-
phate-buffered saline (pH 7.2) and then incubated in 4 ml
0.25% trypsin-0.02% EDTAfor 5 min at 37°C. Fetal bovine
serum was added to approximately one-fifth the volume to
stop tryptic activity, after which SMCwere collected by
centrifugation at 500 g for 10 min at room temperature. The
cells were resuspended in culture medium, and cell number
and viability were determined by trypan blue (0.25%) ex-
clusion in a hemocytometer. Cells were seeded at 1 X 105
cells/well in 24-well tissue culture plates. The plates were
incubated at 37°C in water-saturated air containing 5% CO2
for 1 wk.

At this time, cells were confluent and the culture medium
was not replaced for the next 48 h. PGI2, dissolved in 10 mM

Na2CO3 was added to separate culture wells at a final con-
centration of 50, 150, 250, and 300 nM. Dibutyryl cAMP,
dissolved in phosphate-buffered saline, was added to sepa-
rate culture wells in concentration of 5, 10, 50, 150, and 250
MM. Control wells received equivalent volumes of MEM.
Culture plates were then incubated at 37°C in water-satu-
rated air containing 5% CO2 for an additional 24 h.

3 h after the addition of PGI2 or dibutyryl cAMP, 1 MCi
[6-3H]thymidine in 1 ,ul of culture medium was added to
each well. 24 h later, the culture medium was aspirated from
the wells. Cells were washed three times with phosphate-
buff ered saline and trypsinized as previously described. Dis-
sociated cells from each well were collected on glass fiber
filter paper. After the filter papers were dry and placed in
glass vials, 2.0 ml Aquasol-2 liquid scintillation cocktail was
added. Samples were counted in a liquid scintillation
counter, and quenching was corrected by automatic external
standardization.

Analysis of DNAand protein. The content of DNA in
the SMCwas assessed by a microfluorometric method using
3'5'-diaminobenzoic acid (34) and calf thymus DNAas stan-
dard. Protein was determined by the method of Lowry et
al. (35) with bovine serum albumin as standard.

Statistical analysis. Mean ACEHactivities after incu-
bation with increasing concentrations of PGI2, 6-keto-PGEI,
6-keto-PGFIa, dibutyryl cAMP, and FFA were compared
with the use of single-factor analysis of variance (36). Sub-
sequent pairwise comparisons were performed with the use
of Duncan's multiple range test (36). The mean concentra-
tion of CH and CE at 0, 4, 8, 12, and 14 d in control cells
and cells treated with PGI2, 6-keto-PGFia, or 6-keto-PGE,
were compared with the use of 4 X 5 factorial analysis of
variance (36). The analysis revealed significant interaction
between factors (PG) used and time; therefore, simple-ef-
fects analysis was also performed. Mean concentration of CH
and CE in the preculture and postculture media were com-
pared at 14 d with the use of the single-factor analysis of
variance.

RESULTS

Findings of these experiments revealed that lysosomal
ACEH activity in cultured aortic SMC is increased
approximately fourfold (P < 0.05) following the ad-
dition of 8-20 nM PGI2, 44-55 nM 6-keto-PGE,, or
44-55 nM 6-keto-PGFia (Fig. 1). Activity of ACEH

ACEH Activity
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FIGURE 1 Effects of PG on ACEH activity in SMC treated (-- - - *) and not treated
(t \A) with 0.5 mMDDA. Each point represents the mean±SEMfor eight separate analyses.
Significant increase (P < 0.05) in ACEHactivity was observed following the addition of 8-20
nM PGI2 (1A) and 44-55 nM 6-keto-PGEI, or 44-55 nM 6-keto-PGFIa (LB and 1C). These
increases were abolished by treatment with DDA.
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TABLE I
Effect of PCI2 on ACEHActivity and cAMPLevels

in the Presence of MIX or DDA

Specific
activity ACEH cAMPcontent

mU/mgDNA pmol/l05 cells

iOn MPGI2 12.1±0.6*" 6.8±0.3*c
20n MPGI2 13.4±0.9bc 8.9±0.4fg
20n MPGI2 + MIX 13.2±0.8d 16.9±0.89h
20n MPGI2 + DDA 4.0±0.3c 2.2±0.49

Control 1 3.4±0.6ab 3.0±0.3e
(No additives)
Control 2 (MIX) 4.1±0.2d 5.2±0.4
Control 3 (DDA) 2.8±0.2 1.8±0.2

Data represent mean±SE of four separate analyses. MIX (1.0
mM) or DDA (0.5mM) were added to SMC20 min before the
addition of PGI2; the SMCwere then incubated at 370C with the
inhibitors for 2 h. Values with corresponding letters are significantly
different (P < 0.05).

was equally enhanced from base-line levels by PGI2,
regardless of the presence or absence of MIX, a phos-
phodiesterase inhibitor (Table I). These PGspecifically
stimulated lysosomal ACEHactivity, without any sig-
nificant effect on the activity of two other lysosomal
enzymes, acid phosphatase and NAGase. Results of
these experiments for acid phosphatase activity are as
follows (mean±SE): untreated cells: 208±26 mU/mg
DNA; 100 nM PGI2: 141±27 mU/mgDNA; 55 nM 6-
keto-PGFIa: 259±30 mU/mgDNA; and, 55 nM6-keto-
PGE1: 231±45 mU/mg DNA. For NAGase activity,
the following results were obtained: untreated cells:

z
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E
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4.5
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1.5

ACEH A(
A. Dibutyryl cAMP

I __ T1

0 10 20 30 40 50 LM

120±4 mU/mg DNA; 100 nM PGI2: 159±27 mU/mg
DNA; 55 nM 6-keto-PGFia: 121±3 mU/mgDNA; and
55 nM 6-keto-PGEI: 113±7 mU/mg DNA.

As shown in Fig. 1, increases in ACEHactivity re-
sulting from the addition of these PG appear to be
mediated by increased cAMP since 0.5 mMDDA, an
inhibitor of adenylate cyclase activity, abolished the
enhancement of ACEHactivity produced by each PG
tested. Enzyme activity was not altered by DDAalone
(Table I). PGI2 (20 nM) significantly increased (P
< 0.05) the intracellular levels of cAMP in these SMC
from 3.0±0.3 pmol/105 cells to 8.9±0.4 pmol/105 cells
(Table I), particularly if SMCwere treated with 1.0
mMMIX (16.9±0.8 pmol/105 cells) as compared with
MIX controls (5.2±0.4 pmol/105 cells). In the presence
of 20 nM PGI2 and 0.5 mMDDA, the intracellular
levels of cAMP were not increased but rather main-
tained at 2.2±0.4 pmol/105 cells as compared with
DDAcontrols: 1.8±0.2 pmol/105 cells.

Further studies were designed to investigate the
direct effects of dibutyryl cAMP on ACEHactivity
(Fig. 2A). Our results demonstrate that 20 ;tM dibu-
tyryl cAMP produces a significant twofold (P < 0.05)
increase in ACEH activity. In contrast, lysosomal
marker enzyme activities were not altered by dibu-
tyryl cAMP in the range of concentrations used in this
investigation (data not shown). Because the effects of
dibutyryl cAMPwere rather modest, sodium butyrate
was tested as a control particularly since butyrate may
in itself have profound influences on cellular metab-
olism. Wecould not demonstrate a significant effect
of sodium butyrate on ACEHactivity (untreated cells:
3.4±0.6 mU/mg DNA; 500 nM sodium butyrate:
3.8±0.7 mU/mg DNA), even in the presence of MIX
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FIGURE 2 Effects of dibutyryl cAMP (2A) and sodium arachidonate (2B) on ACEHactivity.
Activity of ACEHwas significantly stimulated (P < 0.05) by 20 and 50 ,uM dibutyryl cAMP
in SMCuntreated (A A) or pretreated (--- - 0) with ASA. In Fig. 2B, the effects of
sodium arachidonate (A A), sodium palmitate (--- - 0), and sodium eicosatrienoate
(0 -- - - 0) on ACEH activity are depicted. Fig. 2B shows a significant enhancement (P
< 0.05) of ACEHactivity in SMCby the addition of 30-40 uM sodium arachidonate but not
by sodium palmitate, or sodium eicosatrienoate. Each point in Figs. 2A and 2B represents the
mean±SEMfor four separate analyses.
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that would reduce cAMP catabolism (MIX-treated
control cells: 3.7±0.3 mU/mg DNA; 500 nM sodium
butyrate plus MIX, 2.8±0.5 mU/mg DNA). Wealso
determined the contribution of endogenous PG pro-
duction to the increase in ACEHactivity produced by
dibutyryl cAMP. Activity of ACEH in ASA-treated
SMCappears less sensitive to 20 ,M dibutyryl cAMP
than ACEHactivity in untreated SMC. The activities
were similar after the addition of 50 qM dibutyryl
cAMP (Fig. 2A).

To determine the effects of endogenous PG on CE
catabolism, sodium arachidonate was added to cul-
tured SMC(Fig. 2B). Sodium palmitate and sodium
eicosatrienoate were used as controls. 30-40 ,uM so-
dium arachidonate significantly enhanced (P < 0.05)
both PG production and ACEHactivity. When SMC
were challenged with 10, 20, 30, and 40 gtM sodium
arachidonate, they produced 3.7, 4.1, 4.8, and 5.8 nM
6-keto-PGFI,a, respectively. These cells contained
3.7±0.4, 4.4±0.2, 5.9±0.2, and 6.8±0.1 mU/mgDNA
ACEHactivity, respectively. The quantities of endog-
enous PGI2, which significantly enhanced ACEHac-
tivity, were comparable to those effects observed fol-
lowing addition of exogenous PGI2 (Fig. 1A). Neither
sodium palmitate, a fatty acid unrelated to PG pro-
duction, nor sodium eicosatrienoate (a substrate for
cyclooxygenase but one that cannot be later converted
to PGI2, 6-keto-PGFia, or 6-keto-PGEI) affected ACEH
activity (Fig. 2B) or the base-line production of 6-keto-
PGF1a (data not shown). As anticipated, ASA-treated
SMCsignificantly decreased PGI2 production by SMC
following addition of 40 MMsodium arachidonate (2.4
nM as compared with 0.2 nM) and led to a significant
decrease in ACEHactivity (6.8±0.1 to 3.9±0.1 mU/
mg DNA). These results suggest PG must be formed
from sodium arachidonate for enhancement of ACEH
activity to occur.

In experiments designed to ascertain the effects, if
any, of other PG on ACEHactivity, PGE, and PGE2
were tested. Wealso tested PGE, and PGE2 in SMC
pretreated with 1 mMASA and 1 mMMIX to block
the contribution of endogenous arachidonic acid and
reduce the catabolism of cAMP. Neither PGE1 nor
PGE2 significantly enhanced ACEH activity in the
presence or absence of ASA and MIX (untreated cells:
3.4±0.6 mU/mg DNA; 1 MM PGE1: 4.3±1.6 mU/mg
DNA; 1 MMPGE2:5.3± 1.0 mU/mgDNA; SMCtreated
with ASA±MIX: 3.7±0.2 mU/mg DNA; 1 ,uM PGE1
+ ASA + MIX: 3.2±0.2 mU/mg DNA; 1 MMPGE2
+ ASA + MIX: 3.2±0.4 mU/mg DNA) (mean±SE).

Since PGI2, 6-keto-PGFia, and 6-keto-PGE, affected
hydrolytic activity of CE in these SMC, their overall
effects on CHand CEaccumulation were assessed over
a 2-wk period. A significant decrease (P < 0.05) in CH
and CE content was observed at 14 d following the
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FIGURE3 Effects of PGI2 ( --- 03), 6-keto-PGEl (- - - -),
and 6-keto-PGFia (U - - - *) on CH and CE accumulation
in cultured SMCas compared with controls (O 0). Cells
were challenged separately with 100 nM PGI2, 6-keto-PGEI,
or 6-keto-PGFia at 0, 2, 6, and 10 d. Five separate analyses of
CHand CE concentration were done at 0, 4, 8, 12, and 14 d.
Each point represents the mean±SEM. At day 0, there were
no significant differences in total CHor CEcontent in the four
groups of SMC. However, there was a significant decrease in
total CH and CE accumulation (P < 0.05) by 14 d in SMC
treated with PG as compared, with untreated SMC.

addition of PGI2, 6-keto-PGFia, or 6-keto-PGE, at 0,
2, 6, and 10 d (Fig. 3). This decrease in CH and CE
content appears to result from excretion of these sterols
into the medium. However, it is noteworthy that CE
accounted for -15% of the total sterol content (CH
and CE) in the medium, regardless of treatment of
SMC. At 14 d, the postculture media from PGI2-treated
cells contained 244±24 Mg CH/ml and 48±4 ug CE/
ml (mean±SE), significantly greater (P < 0.05) than
the total amount of CH and CE in the medium fed
to the cells (187±20 MAg CH/ml and 28±4 MAg CE/ml)
or in the postculture media from the untreated cells
(196±10 Mg CH/ml and 30±3 Mg CE/ml). Postculture
media from the 6-keto-PGFI.- and 6-keto-PGEI-treated
SMCcontained 242±18 ug CH/ml and 44±6 Mg CE/
ml, and 253±17 ,g CH/ml and 48±5 Mug CE/ml, re-
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spectively. These values were also significantly greater
(P < 0.05) than the amount of sterol present in the
media fed to the cells or in the postculture media of
untreated cells.

To determine if the effect of PGI2 or dibutyryl
cAMPon CE hydrolytic activity was, at least in part,
related to proliferation of SMC, we measured the in-
corporation of [3H]thymidine into these cells in the
presence of increasing concentrations of PGI2 or di-
butyryl cAMP (Fig. 4). PGI2 and dibutyryl cAMPdid
not alter the incorporation of [3H]thymidine into these
cells. In addition, PGI2 or dibutyryl cAMP did not
significantly alter the cell number or viability as de-
termined by cell counts and trypan blue exclusion.

DISCUSSION
Wehave demonstrated that PGI2, 6-keto-PGF1a, and
6-keto-PGE, increase CE hydrolytic activity in cul-
tured aortic SMC. This effect appears to be mediated
by cAMP. The following data support these conclu-
sions: (a) increasing concentrations of PGI2, 6-keto-
PGFia, and 6-keto-PGE, produced a fourfold increase
in CE hydrolytic activity (ACEH). (b) Sodium arach-
idonate, at a concentration sufficient to stimulate en-
dogenous PGI2 production, significantly enhanced CE
hydrolytic activity in untreated SMCbut not in ASA-
treated cells. (c) Pretreatment of SMCwith an inhib-
itor of adenylate cyclase activity abolished the en-
hancement of CE hydrolytic activity produced by ex-
ogenous PG. (d) Addition of dibutyryl cAMP to either
ASA-treated or untreated SMCresulted in a twofold
increase in CE hydrolytic activity. This is the first ev-
idence that we know of to indicate that PGI2, 6-keto-
PGF1,, or 6-keto-PGE, have an effect on CEhydrolytic
activity in intact cells and that these effects are me-
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diated via stimulation of intracellular cAMP levels.
These findings in aortic SMCsupport the observations
of others who have shown that arachidonic acid or
PGI2 can stimulate cAMPformation in fibroblasts (37)
or endothelial cells (38). Further, others have shown
that dibutyryl cAMP may increase the activity of a
neutral cholesteryl ester hydrolase in ovarian (39) and
adrenal (40, 41) tissue. To the best of our knowledge
this is the first report that has described an effect of
dibutyryl cAMPon lysosomal ACEHactivity.

Other investigators have demonstrated an effect of
E and F series PG on unspecified CE hydrolytic ac-
tivity in aortic or cell homogenates (5-7). However,
in their experiments homogenates were prepared be-
fore the addition of nonphysiologic concentrations of
PG. Thus, membrane-associated enzyme systems and
phosphorylation cascade sequences that mediate cyclic
nucleotide action may not be intact. Further, they used
quantities of PG6-10 times greater than the amounts
used in this investigation. In other experiments, we
added PGdirectly to homogenates before the assay of
enzyme activities, as others have done (5-7), to de-
termine if nanomolar quantities of PGcould stimulate
lysosomal enzyme activity and compare them with our
observations on intact cells. Wecould not demonstrate
an effect on enzyme activity when nanomolar concen-
trations of PG were added to aortic homogenates.

Since our results indicated that PGI2, 6-keto-PGEI,
and 6-keto-PGFIa significantly enhanced lysosomal
ACEHactivity, we attempted to determine if the ef-
fects of these PG on CE catabolism were specific for
certain lysosomal enzymes. The activities of two ly-
sosomal enzymes, acid phosphatase and NAGase were
unaffected by addition of PGI2, 6-keto-PGFi,a, or 6-
keto-PGEI, indicating that specific enzyme activation

100 200 300 0 100 200

PGI2 (nM) Dibutyryl cAMP (,xM)

FIGURE 4 Incorporation of [6-3H]thymidine into cultured SMCfollowing addition of (A) PGI2
and (B) dibutyryl cAMP. Each point represents the mean±SEMfor four separate analyses. No
effects were observed on incorporation of [3H]thymidine by PGI2 or dibutyryl cAMP.
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can be produced by nanomolar concentrations of PG
in intact SMC. Other investigators have shown that E
and F series PG or elevation in cAMP can destroy
lysosomal latency and thereby stimulate activity in
homogenized tissues (42, 43). However, the PG con-
centrations used in those studies were much greater
than the levels used in this investigation.

Wefound that PGE1and PGE2did not significantly
affect ACEHactivity in intact, cultured aortic SMC
in a concentration range of 100-1,000 nM. In contrast
to these findings, it has been demonstrated that PGE1
and PGE2 can affect CE metabolism in cell homoge-
nates by inhibiting CE hydrolytic activity in micro-
molar amounts, at a neutral pH (4-6). However, due
to the differences in experimental design, it is difficult
to compare our results with these findings.

That the stable hydrolysis product of PGI2, i.e., 6-
keto-PGF1,, affected ACEH activity via cAMP was
unexpected, since this PG is generally considered to
be biologically inactive (44). Recently, Wong et al.
(45, 46) have suggested that 6-keto-PGF1, may be con-
verted by 9-hydroxyprostaglandin dehydrogenase to
6-keto-PGEI, which stimulates adenylate cyclase ac-
tivity (47), albeit in some systems it is less active than
PGI2 (48). Conversion of 6-keto-PGFia to 6-keto-PGE,
by the SMCwould be a possible explanation of the
results we obtained.

Weobserved that PGI2, 6-keto-PGE1, and 6-keto-
PGFia significantly enhanced CE hydrolytic activity
in treated SMCas compared with untreated SMC(Fig.
1). Increased lysosomal hydrolysis of CEhas been dem-
onstrated to release free CH from lysosomes and this
CHis either reesterified in the cytoplasm by acyl CoA
cholesteryl O-acyltransferase to form CE droplets (49,
50), or is transported by sterol carrier proteins to the
cell surface for excretion (51). The cytoplasmic CE
can, in turn, be hydrolyzed by a nonlysosomal CE
hydrolase to form CH(49, 50), which can also be trans-
ported by sterol carrier proteins. In the experiments
reported here, we observed a significant decrease of
-35% in free and esterified CH in SMCtreated with
PGI2, 6-keto-PGFIa, or 6-keto-PGE, over a 2-wk ob-
servation period. Possible mechanisms leading to in-
creased egress of CHmay involve increased transport
of CHto the cell surface by sterol carrier proteins (51),
where it can then bind to serum proteins such as high
density lipoproteins. Wedid find a significant increase
of CH in the medium at the end of the 2-wk experi-
mental period. Also, there was a small increase in CE
in the medium that may have resulted from residual
CHesterifying activity (lecithin cholesterol acyl trans-
ferase) in the serum used in these experiments (data
not shown). It is interesting that the proportion of total
sterol present in the medium as CEwas similar in both
control and PG-treated cultures.

One possible interpretation of the results of our ex-
periments can be summarized as follows: PGI2 may
stimulate adenylate cyclase activity producing in-
creased intracellular levels of cAMP. Cyclic AMP, in
turn, may subsequently enhance CE catabolism (52,
53) and CHegress from the cell, as it has been recently
shown in adipocytes that dibutyryl cAMPcan signif-
icantly reduce lipid accumulation (54).

While PGI2 is well known as a vasodilator and in-
hibitor of platelet aggregation (55-58), our experi-
ments demonstrated that PGI2, 6-keto-PGFIa, and 6-
keto-PGE, have appreciable effects on CE catabolism
and accumulation in cultured aortic SMCand suggest
the possibility that PGI2 may have similar effects in
vivo. In hypercholesterolemic rabbits, aortic PGI2 pro-
duction measured at the surface of previously deen-
dothelialized aortas was significantly reduced as com-
pared to similar areas in normocholesterolemic rabbits
(59). In experiments of similar design, ACEHactivity
in deendothelialized aortas was significantly reduced
in hypercholesterolemic rabbits as compared with nor-
mocholesterolemic rabbits (17). Thus, PGI2 may influ-
ence the pathogenesis of degenerative arterial disease
both through its effects on platelets and its effect on
CE accumulation.
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