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Abstract The role of oxidized plasma lipoproteins in modify- 
ing arachidonic acid (AA) metabolism was studied in smooth 
muscle cells (SMC). Very low density lipoproteins (VLDL), un- 
oxidized low density lipoproteins (LDLBHT) isolated with buty- 
lated hydroxytoluene (BHT), and oxidized LDL (LDLoxID) 
were separated from human serum. Thiobarbituric acid reac- 

phospholipid synthesize prostanoids and lipid peroxides. 
L~~ concentrations of prostanoids cell prolifer- 
ation whereas lipid peroxides and high concentrations of 
prostanoids inhibit cell proliferation. The effects of fatty 
acids on the aorta smooth muscle cell (SMC) have been 

tant (TBAR) levels were adjusted by saline incubations. Prosta- 
noids in guinea pig SMC cultures were measured either by ra- 
dioimmunoassay (RIA) or the isolation by high performance 
liquid chromatography (HPLC) of labeled prostanoids from 
SMC prelabeled with [ "C]AA. Cell morphology and viability 
were studied by staining with Giemsa, nile red, and propidium 
iodide. VLDL and LDLBHT had little effect on prostanoid syn- 
thesis. Low-TBAR-LDLo~~D enhanced total prostanoid levels 
and diminished the release of labeled prostanoids. Similar effects 
were found with exogenous free AA (unlabeled). Low-TBAR- 
LDLOXID did not affect the release of endogenous phospholipid 
AA as free AA. Synergism ocurred between LDLOXID and ex- 
ogenous free AA in prostanoid synthesis. LOW-TBAR-LDLoxID 
evidently enhanced prostanoid levels in SMC both by supplying 
AA and by stimulating cyclooxygenase. High-TBAR-LDLoxID 
blocked prostanoid synthesis and enhanced cell death but time 
and pulse-recovery experiments showed that these effects were 
unrelated, High-TBAR-LDLoxID stimulated prostanoid synthe- 
sis when BHT was added to the incubation media. High-TBAR- 
LDLXID also caused massive free AA release and the forma- 
tion of many nonprostanoid derivatives. High-TBAR-LDLxID 
evidently diminished overall prostanoid levels in SMC by in- 
hibiting cyclooxygenase and at the same time stimulating AA 
release and the formation of other AA derivatives. --hang, 
H., W. B. Davis, X. Chen, K. H. Jones, R. L. Whisler, and 
D. G. Cornwell. Effects of oxidized low density lipoproteins on 
arachidonic acid metabolism in smooth muscle cells. J. Lipid &. 
1990. 31: 551-565. 
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Polyunsaturated fatty acids are well known to be in- 
volved in the control of cell proliferation (reviewed in 1 
and 2). Cells exposed to free arachidonic acid (AA) or 
agents that promote the release of AA from endogenous 

studied extensively. Numerous studies have shown that 
positive and negative signals from prostanoids and lipid 
peroxides influence the growth of SMC (1-15). Prostanoid 
and lipid peroxide signals from low density lipoprotein 
(LDL) metabolism are thought to be important determi- 
nants of the pathogenesis of atherosclerosis because of 
their effects on SMC proliferation (16). 

The role of LDL in regulating SMC proliferation is 
controversial. Some studies show that LDL, particularly 
oxidized LDL (LDLoxm), are cytotoxic (17-21) and 
prior work from our laboratory shows that LDLOXID in- 
hibit growth of SMC (22). Other investigators have shown 
that LDL are mitogenic (23-26). Cytotoxicity and mito- 
genesis are two paradoxical effects that suggest that LDL, 
like free AA, may act on cells through positive and nega- 
tive signals provided by prostanoids and lipid peroxides. 

The degree of lipid peroxidation controls many of the 
effects of LDL on SMC. LDLOXID with a low lipid 
peroxide content inhibited mitogenesis without being cy- 
totoxic (22). L D ~ X I D  with a high lipid peroxide content 
were cytotoxic. Mitogenesis was restored and cytotoxicity 

Abbreviations: AA, arachidonic acid; A23187, calcium ionophore; 
BHT, butylated hydroxytoluene; EDTA, ethylenediamine tetraacetic 
acid; FBS, fetal bovine serum; HPLC, high performance liquid chroma- 
tography; IM, indomethacin; LPS, lipopolysaccharide; LDL, low densi- 
ty lipoproteins LDLBHT, unoxidized LDL; L D k l o ,  oxidized LDL; 
MDA, malondialdehyde; NL, neutral lipids; PA, phosphatidic acid; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phosphatidyli- 
nositol; PL, phospholipids; PS, phosphatidylserine; RIA, radioimmuno- 
assay; SMC, smooth muscle cells; TBAR, thiobarbituric acid reactants; 
TLC, thin-layer chromatography; VLDL, very low density lipoproteins. 
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was prevented by the addition of the antioxidant buty- 
lated hydroxytoluene (BHT) to cell cultures. LDLOXID 
affected AA metabolism in cell cultures but these studies 
were difficult to interpret because of the formation of lipid 
oxidation products with cross-reactivity in the radioim- 
munoassay (RIA) of PGE2 (22). We have developed a 
method for the controlled oxidation of LDL, identified 
some of the lipid oxidation products, and described the 
characteristics of cross-reacting materials (27). The pre- 
sent investigation examines the effects of unoxidized LDL 
(LDLBHT) and LDLOXID containing different amounts of 
lipid peroxides on prostanoid synthesis in SMC cultures. 

MATERIALS AND METHODS 

Materials 
Reagents were obtained from the following sources: 

[1-14C]AA (54.4 mCi/mmol) and [U-"CIAA (1.0 
Ci/mmol) (New England Nuclear, Boston, MA); 
propidium iodide (Sigma Chemical Co., St. Louis, MO); 
nile red (Eastman Kodak, Rochester, NY); Escherichia coli 
WE0.27:B8 lipopolysaccharide (LPS) (Difco Laborato- 
ries, Detroit, MI); fetal bovine serum (FBS) (Sterile Sys- 
tems, Logan, UT); other reagents as described elsewhere 
(27). 

Tissue culture 
Primary cultures of SMC were established from the 

dissected medial layer of guinea pig aorta from prepuber- 
tal males (28). The cells in these cultures were identified 
as SMC by their reactivity to antibodies against human 
umbilical artery F-actin which have been shown to react 
specifically with muscle actin isoforms (2, 29). The me- 
dium for growing cells to confluency (growth medium) 
and the medium for lipid peroxidation studies with 
confluent cultures (experimental medium) have been de- 
scribed (4, 6, 12-14). Cells were used at passage level 4. 
For morphologic studies, cells were fixed in 3.7% phos- 
phate-buffered formalin and stained with filtered Giemsa. 
For viability studies, unfixed cells were stained with 
propidium iodide (22, 30). Cultures were then examined 
with epifluorescence illumination. Nonviable cells fluo- 
resced red because propidium iodide, which was excluded 
from live cells, entered dead cells and intercalated with 
nucleic acid forming a red fluorescent complex. The 
fluorescent lipid probe nile red was used to show lipid ac- 
cumulation in yellow-gold fluorescent structures when 
SMC were incubated with LDLOXID (31). 

Labeling of cell lipids 
SMC were seeded at 1.3 x lo4 cells/cm2 in Corning 

35-mm plates. After 3 or 4 days, SMC conditioned 
medium was collected from some of the plates. An ethanol 

solution of [14C]AA was evaporated to dryness with N2. 
The residue was redissolved in SMC conditioned media 
and 200 pl was added to a Corning plate. Concentrations 
were adjusted to 0.6 pM [U-14CjAA or 8 @I [1-14C]AA, 
based on the specific activity of the labeled AA, and the 
cultures were incubated for 16 h. Total cellular uptake was 
estimated by subtracting the label remaining in the 
medium at the end of the incubation period. Lipids from 
labeled cells were extracted with chloroform and 
methanol using a published procedure (7). 

Lipids classes were separated by thin-layer chromatog- 
raphy (TLC) as previously described (7, 27, 32). Labeled 
lipids extracted from cells were detected by a radioscan 
and radioactive peaks coincided with bands visualized 
with UV light after spraying with 6-p-toluidino-2-naph- 
thalenesulfonic acid. Bands were scraped and counted. 
The distribution of labeled AA in the different lipid frac- 
tions was calculated as percent of total cpm recovered 
from the TLC plate. 

Labeled metabolite release 
Confluent SMC prelabeled with [ 14C]AA were re-fed 

with fresh experimental media containing different 
agents. The cells were incubated at 37OC for 24 h. At the 
end of the incubation period, media was withdrawn and 
the plate was rinsed once with an equal amount of physio- 
logic saline. The media and saline wash were centrifuged 
at 2,000 rpm for 3-5 min and transferred to separate 
tubes. Aliquots of media and saline wash were counted. 
The total radioactivity in media and wash was divided by 
the total cellular uptake and expressed as percent of AA 
label released from the cells. 

The [ 14C]AA metabolites in the culture media were ex- 
tracted by the addition of ethanol, acidified with formic 
acid, and extracted with ethyl acetate as previously 
described (12). Recoveries of radioactive 6-keto-PGFla, 
PGEz, and free AA were consistently greater than 90% 
when these compounds were added to culture media. 
High performance liquid chromatography (HPLC) was 
used to separate labeled AA metabolites (12, 27). This 
procedure used an ultrasphere-ODS reversed phase 
column and eluting solvents consisting of various mix- 
tures of acetonitrile-isopropanol-aqueous phosphoric 
acid. 

Prostanoids 
PGEz and 6-keto-PGF,, from cells labeled with 

["CIAA were identified by HPLC, and 6-keto-PGF,, 
from unlabeled cells was then estimated by a standard 
RIA procedure (3,9-15, 27). PGEz was measured by RIA 
in a few studies with VLDL and LDLBHT but PGE2 was 
not measured by RIA in LDLOXID preparations since 
material cross-reacting with PGEz antibodies was formed 
during oxidation (22, 27). Antibodies were kindly sup- 
plied by Dr. Lawrence Levine (Brandeis University, 
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Waltham, MA). The cross-reactivity of the 6-keto-PGFl, 
antibody was: PGE2, 0.15%; PGD2, 0.02%; PGFz,, 
0.10%; AA, 0.005%. The cross-reactivity of the PGE2 an- 
tibody was: 6-keto-PGF,,, 4%; PGFI, 0.76%; PGF2, 
0.31%; PGD2, 0.051%; AA, 0.00045%. Data for im- 
munoreactive materials are expressed as nmoles/culture. 

Lipoprotein preparation 

Individual units of freshly drawn human plasma were 
converted to serum and LDL (1.019 to 1.063 g/ml) were 
isolated by ultracentrifugal flotation (33). LDLOXID and 
unoxidized LDL (LDLBHT) were prepared as previously 
described (27) and further characterized by electrophore- 
sis in agarose gel (34). Relative electrophoretic mobility 
was unchanged for ~ow-TBAR-LDLoxID and was 1.1 for 
high-TBAR-LDhxID showing that mild oxidation which 
generated both low- and high-TBAR-LDhxIn did not 
have a great effect on the protein moieties of the 
lipoproteins. Much higher relative electrophoretic mobili- 
ties have been reported for highly oxidized LDL prepara- 
tions (19, 22, 35). Total cholesterol was measured by an es- 
tablished procedure (36) and LDL concentrations were 
reported as pg cholesterol throughout this study. In some 
experiments, very low density lipoproteins (VLDL, den- 
sity < 1.019 g/ml) and LDL were both isolated from the 
same serum by the two-step ultracentrifugal flotation 
procedure (33). The triglyceride content of the VLDL 
fraction was measured by an established procedure (37) 
and the concentration of VLDL was reported as pg 
triglyceride. Lipid peroxides were estimated as TBAR 
generated in the lipoprotein preparations (6, 9, 12-15, 
27). Absorbance was measured at 532 nm and converted 
to nmoles malondialdehyde (MDA) from a standard curve 
generated with 1,1,3,3-tetramethoxypropane. 

Statistics 

Data are reported as mean * SEM. Main and interac- 
tion effects are investigated by one-, two-, and three-way 
analyses of variance. 

RESULTS 

Prostanoid synthesis in cultured SMC 

SMC cultures synthesize both PGE2 and PG12 (6-keto- 
PGF,,) and prostanoid synthesis in these cultures is 
stimulated by the addition of precursor fatty acids (38) 
and a number of agents that differ in structure, function, 
and the duration of their stimulatory effects (9-13, 15, 39). 
In typical experiments with SMC, we found the following 
relative increments in 6-keto-PGF1, measured as (treat- 

ment)/(media alone) in %: 100 p M  dipyridamole, 207%; 
100 pM hydralazine, 250%; 10 pM cyclosporine A, 161%; 
1 pg/ml LPS, 358%. In present investigation, 1 pg/ml 
A23187 and 10 pg/ml LPS produced relative increments 
of 179% and 1260%. Relative increments for PGE2 and 
6-keto-PGFla with stimulatory agents such as LPS, cy- 
closporine A, and A23187 were similar when the relative 
increments were calculated from either RIA data or 
HPLC data with prelabeled cells (39). These results 
showed that the SMC cultures were capable of responding 
to a variety of stimulatory agents for prostanoid synthesis. 

Preliminary studies with VLDL and LDL 

VLDL and LDL were obtained from the same serum 
sample by a two-step ultracentrifugal fractionation proce- 
dure (33) and dialyzed against 0.15 M NaCl that did not 
contain either EDTA or BHT. LDL prepared in this way 
contained 0.7 nmol MDA/200 pg cholesterol (22, 27) and 
was designated ~ow-TBAR-LDLoxID. Different concen- 
trations of the two lipoprotein fractions were incubated 
with SMC for 24 h. RIA data showed that VLDL had a 
small stimulatory effect on 6-keto-PGF1, but not PGE2 in 
the absence of LPS, and VLDL had no effect on either 
prostanoid in the presence of LPS (Table 1). Freshly iso- 
lated LDLOXID stimulated 6-keto-PGF,, synthesis to a 
much greater extent than freshly isolated VLDL (Table 
1). Additional experiments showed both that LDL were 
highly susceptible to lipid peroxidation and that oxidation 
could be controlled when LDL were incubated at 37OC in 
0.15 M NaCl (27). VLDL contained less TBAR and 
VLDL were much less susceptible to lipid peroxidation in 
0.15 M NaCl although extensive oxidation of this 
lipoprotein fraction was catalyzed by Cu2+ or Fe3+ (data 
not shown). Since LDLOXID had a significant stimulatory 
effect on prostanoid synthesis in SMC, and lipid peroxi- 
dation in this lipoprotein fraction was readily controlled 
without the addition of metal ions, LDL was selected for 
further studies on AA metabolism in SMC. 

Unoxidized lipoproteins (LDLBHT) and prostanoid 
synthesis in SMC 

Our previous studies (22, 27, 33) showed that lipid 
peroxidation in lipoproteins was blocked both by 
ethylenediamine tetraacetic acid (EDTA) and antiox- 
idants such as BHT. In the present study, we found that 
EDTA even in low concentration diminished prostanoid 
synthesis in SMC. For example, the 6-keto-PGF,, level in 
cultures treated with 54 phi  EDTA was only 63% of the 
6-keto-PGF1, level in cultures treated with media alone. 
Consequently, EDTA was not used in studies on AA 
metabolism. BHT in the 40 to 100 pM range had a small 
inhibitory effect on prostanoid synthesis (9, 12 and Table 
2). However, BHT in the 10 to 20 pM range had no effect 
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TABLE 1. 

Treatment &keto-PGF,. PGE? 

Small effect of VLDL and large effect of LDLoxlD on prostanoid synthesis in smooth muscle cells 

VLDL (pg) + media 

0 
200 
400 
800 

VLDL (pg) + 10 pg/ml LPS 

0 
200 
400 
800 

LDLoxlo (pg) + media 

0 
200 
400 
800 

0.136 f 0.002 (3)”< 
0.189, 0.175 
0.210, 0.219 
0.171, 0.184 

1.85 f 0.12 (3)’ 
1.86, 2.06 
1.64, 1.59 
1.75, 1.56 

0.136 f 0.002 (3)’ 
0.285, 0.351 
0.386, 0.403 
0.447, 0.368 

0.036 f 0.005 (3)” 
0.041, 0.052 
0.043, 0.043 
0.048, 0.051 

1.45 f 0.11 (3)b 
1.29, 1.66 
1.21, 1.57 
1.31, 1.74 

SMC were incubated for 24 h with different concentrations of VLDL (pg triglyceride/plate) or L D b x i ~  (pg 
cholesterol/plate) that were isolated at the same-time from the same serum. 

“A two-way analysis of variance showed that 6-keto-PGF1, was greater than PGEz (F 1787, P < 0.0001) and 
that VLDL enhanced the total prostanoid content (F 37.61, P < 0.0001). However, an analysis of the interaction 
(F 23.51, P < 0.0001) showed that VLDL affected 6-keto-PGF1, but not PGEz. 

’A two-way analysis of variance showed that 6-keto-PGF1, was greater than PGE, (F 10.21, P < 0.0096) and 
that VLDL had no effect on the level of either prostanoid (F 0.82, P < 0.5117). 

‘A two-way analysis of variance showed that 6-keto-PGF,, was enhanced more by LDLXID than VLDL (F 107.3, 
P < 0.0001). 

TABLE 2. Low concentrations of BHT and LDLBHT have little effect on the 6-keto-PGF1. level in SMC 

Treatment No AA 120 PM AA 

6-keto-PGFi. 

BHT (PM) 

0 
10 
20 
30 
40 

100 

LDLBHT (pg) in low BHT (10 and 20 p ~ )  

0 
200 
400 
800 

LDLBHT (pg) in high BHT (100 

0 
200 
400 
800 

nmol/platc 

0.26 f 0.01 (12)”‘ 1.20 f 0.08 (3)’ 
0.26 f 0.02 ( 9) 1.23 f 0.04 (3) 

0.23 f 0.04 ( 5) 1.14 f 0.05 (3) 
0.22 f 0 ( 3) 1.04 f 0.08 (3) 
0.16 f 0.03 (5) 0.98 i 0.04 (3) 

0.25 f 0.03 ( 5) 1.12 f 0 (3)’ 

0.287 f 0.014 (6)’ 
0.257 f 0.012 (4) 
0.247 f 0.013 (4) 
0.254 f 0.015 (4) 

1.43 i 0.025 (4)’ 
1.51, 1.41 
1.49, 1.49 
1.49, 1.60 

PGEZ 

0.043 f 0.04 (6)d 
0.032 f 0.03 (6) 
0.032 f 0.03 (6) 
0.033 f 0.03 15) 

SMC in media alone or 120 p~ AA were incubated with different concentrations of BHT or LDLBHT (pg 

“A one-way analysis of variance showed that BHT affected the 6-keto-PGFI. level (F 2.556, P < 0.0462) but 

bA two-way analysis of variance showed that LDLBHT did not affect the 6-keto-PGF1, level (F 2.928, PO.0591). 
‘A two-way analysis of variance showed that AA enhanced (F 6330, P 0.0001) and that LDLBHT had no effect 

A one-way analysis of variance showed that LDLBHT had no effect on the PGE? level (F 2.726, P 0.0728). 

cholesterol/ml). 

no two BHT concentrations differed significantly from each other (Scheffe test). 

(Fd1.29, P 0.3041) on the 6-keto-PGF,, level. 
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on prostanoid synthesis (Table 2) and 10 pM BHT was 
sufficient to prevent the controlled oxidation of LDL. RIA 
data showed that LDLBHT prepared in 10 or 20 pM BHT 
had no effect on 6-keto-PGF,, levels in SMC incubated 
with media alone or 120 pM AA (Table 2). Similar results 
were obtained with LDLBHT for PGE2 levels and since 
LDLBHT does not cross-react with antibodies to PGE, 
(22, 27), the RIA data obtained with LDLBHT 
represented true PGE, levels (Table 2). The 6-keto-PGF,, 
and PGE2 data showed that LDLBHT, an unoxidized 
lipoprotein preparation, did not affect prostanoid 
metabolism in SMC. 

LDLOXID and RIA of PGI, 
Preliminary experiments were undertaken with 

LDLOXID and authentic 6-keto-PGFl, in order to valf 
date the RIA assay for this pmanoid. LDLoxm was 
prepared with 1.8 nmol MDAIBOO hg cholesterol and 
added to media at a concentration of 800 pg/d or  9.2 
nmol MDN1.3 ml plate. After the plates were incubated 
at 37OC for 24 h, the 6-keto-F'GF1, content (RIA) was 
0.0077 * 0.0002 nmoyplate. After authentic 6-keto- 
PGF,, was added to media only in other plates and in- 
cubated for 24 h, the 6-keto-F'GF1, content (RIA) was 
0.076 * 0.0056 nmollplate. Authentic 6-keto-PGFI, 
(0.076 nmollplate) and LDLoxn, (0.0077 nmovplate) 
were combined and incubated. The 6-keto-PGF,, levels 
(RIA) in the mixtures were 0.091 * 0.0054 and 
0.078 * 0.0071 nmol/plate in two separate experiments. 
Thus 6-keto-PGF1, levels assayed in the mixtures were 
108% and 93% of the sum (0.084 nmol/plate) of the 
authentic prostanoid and LDLOXID alone. These data 
confirmed our earlier observation the LDLOXID did not 
cross-react significantly with antibodies to 6-keto-PGF1, 
(22, 27). Furthermore, LDLOXID did not destroy or in- 
teract with authentic 6-keto-PGF,,. 

LDLOXID and PGI, synthesis in  SMC 
LDLOXID preparations containing different amounts 

of lipid peroxides measured as TBAR were incubated 
with confluent SMC. Refractile lipid droplets were seen 
with phase contrast microscopy and nile red staining 
showed that these droplets had the yellow-gold fluores- 
cence characteristic of droplets in cells treated with LDL 
(31). 6-Keto-PGF1, in culture media was measured by 
RIA. All prostanoid synthesis in these cultures was 
blocked by 10 pM indomethacin (IM) added to media 
alone or media containing different concentrations of 
lipid peroxides (data not shown). Relative 6-keto-PGF,, 
content, (treatment)/(media alone) in 70 was reported as 
a function of the lipid peroxide content (nmol MDA/ 
plate) since preliminary experiments showed that PGI, 
varied with total lipid peroxide rather than total LDL. 
The relative RIA data (Fig. 1) showed that PGI, gener- 
ated from SMC in tissue culture was enhanced by low 

RIA HPLC 
2501 e-0 6-keto-PGF,, c. 6-keto-PGF,, 

A-A PGEl 

200 T 

. I . . , . . , . . . . . . . .  4 

I 5 10 15 
LMBHT m A  (nmol/plate) 

Fig. 1. The relative prostanoid content of SMC cultures is a function 
of the amount of lipid peroxide supplied by L D ~ D .  In RIA expen- 
men@, confluent SMC eulturcs mre incubated for 24 h at 37% with 
media done and with L D ~ D  preparations which supplied different 
amounts of lipid pexmidts. The 6-keto-PGF1, level in media alone was 
0.1.05 f 0.0056 nmdlplate (mean f SEM for 26 different incubation 
studies). Data are reported as the relative prostanoid level (treat- 
ment)l(media alone) in %. The number of SMC CUltIII'e-LDbD 
preparations for each data point is listed in the figure. Each preparation 
was generally incubated with two or three culture plates. In HPLC ex- 
periments, labeled cells wre incubated for 24 h at 37% with media 
alone or media containing LDLOXID. Metabolites were extracted, sepa- 
rated, and counted. Data are reported as relative PGEl and 6-keto- 
PGFI. levels calculated in I. The number of preparations is listed in the 
figure. Each preparation was incubated with one culture plate. 

concentrations of lipid peroxides (~ow-TBAR-LDLoxID) 
and diminished by high concentrations of lipid peroxides 
(highTBAR-LDLoxID). (Fig. 1 also contains HPLC data 
which will be discussed in a later section). 

SMC viability and PGIZ synthesis 

Previous studies from our laboratory and elsewhere 
found that high-TBAR-LDLoxID damaged cells increas- 
ingly over a 24-h period and ultimately caused cell death 
(17, 18, 20-22, 40). This observation suggested that dimi- 
nished prostanoid synthesis with high-TBAR-LDLoxrD 
could be related to a general effect on viability. The obser- 
vation could also be explained by a specific effect on pros- 
tanoid synthesis since the enzyme activity of the cyclooxy- 
genase complex is susceptible to inhibition by oxidants 

Since BHT protects SMC viability (22, 40) PGI, syn- 
thesis was measured in cultures treated with LDLOXID 
and several concentrations of the antioxidant combined in 
two groups, low-BHT and high-BHT, which had little 
effect on absolute PG12 synthesis (Table 2). Morphologic 
studies showed that extensive cell death occurred at 24 h 
with high-TBAR-LDLoxID in media alone. Viability and 
morphology improved with low-BHT and, as previously 
observed (22, 40), all cells remained viable in high-BHT. 

(41-46). 
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3001 

I 1 

5 10 15 
MDA (nmol/plate) 

Fig. 2. High-TBAR-LDhxln levels do not  inhibit PG12 synthesis 
when SMC incubated  with  either 10 or 20 p~ BHT (Low BHT)  and 
either 40 or 100 p~ BHT  (High  BHT).  LDbXln was added  to 
confluent  cultures  and  incubated for 24 h  at 37OC with media  containing 
different concentrations of BHT.  6-Keto-PGF,, was assayed by RIA  and 
reported as  the  relative  prostanoid level (treatment)/(media  containing 
only BHT) in %. The  number of measurements is explained in Fig. 1. 

In these studies, high-BHT reduced LDLOXID  TBAR  in 
the  cultures  to 57.8 * 5.6% of the lipid peroxide levels in 
the absence of BHT. A  similar  reduction,  but not the 
elimination of TBAR, was found in other studies with 
LDLOXID  and  BHT (27). 

The relative PGIz content  after a 24-h incubation 
period increased with increasing lipid peroxide levels in 
both  low-BHT  and  high-BHT  groups (Fig. 2). These 
data showed that  diminished PG12 synthesis in cultures 
containing high levels  of lipid peroxides (Fig. 1) was 
related to lipid peroxide levels. BHT lowered but  dia not 
eliminate lipid peroxides which evidently remained  at 
levels  sufficient to stimulate  prostanoid synthesis. The 
24-h BHT  data did not distinguish between a general ox- 
idant effect on viability and a specific oxidant effect on 
PGIz synthesis, but most PG12 synthesis in SMC oc- 
curred  during the  early phase of the  incubation period (9) 
and  preliminary  experiments suggested that cells  were 
viable during  that time. 

Diminished prostanoid synthesis with high-TBAR- 
LDLOXID was separated from a general effect on viability 

-. E - 

Fig. 3. High-TBAR-LDbxln (12.3 nmol  MDAlplate)  damages SMC  and diminishes  viability  during  a  24-h  incubation  period.  Confluent SMC 
cultures were incubated with L D b x l o ,  fixed, stained  with filtered Giemsa  at 2, 4, 8, and 24 h. A(2 h): no differences were seen  compared  to  media 
alone  (see Fig. 4-A). B(4 h): most cells appeared viable and healthy but  there was a slight increase  in  the  number of pyknotic nuclei (arrows);  propidium 
iodide  staining  increased  from less than 5% in  media  to 10% in  LDl.,~~xll). C(8 h): increased cell damage was evidenced by frequent pyknotic nuclei 
(arrows)  and  areas  where  dead or damaged cells had  detached  from  the  plate;  propidium  iodide  staining  increased  to 30-3570. D(24 h): extensive 
cell damage  and  death were evidenced by pyknotic nuclei and  large  areas  where cells had  detached; most attached cells stained  with  propidium iodide. 
x 160 original  magnification. 
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0 12 24 
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Fig. 4. High-TBAR-LDbxlD (12.3 nmol  MDAlplate)  diminishes 
PG12 synthesis  during  the  early  phase of the  incubation  period  when 
SMC remain viable. SMC were incubated  with  media  alone  and  media 
containing L D b x l ~ .  6-Keto-PGF,, was assayed by RIA  at different 
times during  the  incubation  period  and  reported  as  the  actual  prostanoid 
level. The same  cultures were used for  the  prostanoid level and  morpho- 
logic examination  (Fig. 3). Some of these data were used in Table 3. 

in two other studies. In  the first study, SMC were treated 
with high-TBAR-LDLoxID and both morphology and 
PG12 synthesis were examined over a 24-h incubation 
period. In  the second pulse-recovery experiment, SMC 
were treated with high-TBAR-LDLoxlD for 2.5 h  and 
then incubated with fresh media alone for a 24-h period. 
Morphology  and PG12 synthesis were also examined in 
the pulse-recovery study. 

SMC treated with high-TBAR-LDLoxID for 2 h were 
viable and had  the  same morphology as  untreated cells 
(Fig. 3) and yet PG12 synthesis was diminished in these 
cells (Fig. 4). Overall culture viability was not greatly 
changed at  4  h,  although occasional cell damage was seen 
(Fig. 3), and yet PG12 synthesis remained depressed (Fig. 
4). Increased cell damage  and markedly decreased viabil- 
ity were observed at 8 h  and 24 h (Fig. 3). PG12 levels re- 
mained depressed but it was clear that PG12  levels  were 
decreased most significantly during the early phase of the 
time  study when cells remained viable (Fig. 4). Thus 
PG12 levels  were  affected by LDLOXID before cell death. 

In  the pulse-recovery experiment, SMC incubated for 
2.5 h with LDLOXID  contained less PG12 than SMC in- 

Fig. 5. SMC  are rescued from highTBAR-LDbxlD (12.3 nmol  MDAlplate)  when cells are incubated for 2.5 h with L D ~ w D  and  then  in- 
cubated  with fresh media  in  a pulse-recovery experiment. A(2.5 h  media  alone): cells were undamaged  and viable. B(2.5 h  media-24  h fresh media): 
cells were undamaged  and  had  mitotic  figures  (arrows)  that  averaged 8.9 * 1.19/250 x field. C(2.5 h L D h x l ~ ) :  no differences were seen  compared 
to cultures  treated  with  media  alone (A). D(2.5  h LDbxlD-24 h fresh media):  viability  and  density were similar to cultures  treated with media 
alone  (B)  but  mitotic figures (arrow) in treated cells were only 0.6 + 0.7/250 x field; treated cells did  not  stain with propidium iodide. X 160 original 
magnification. 
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cubated with media alone (Fig. 4). These SMC were res- 
cued when the media containing LDLOXID was replaced 
by fresh media alone and viability and morphology were 
maintained when cells were incubated for an additional 
24 h (Fig. 5). Viable cells rescued in the pulse-recovery 
experiment had fewer mitotic figures, reflecting the in- 
hibitory effect of lipid peroxides on SMC proliferation 
that we had previously noted (1, 2 ,  4, 8, 9, 13, 14). How- 
ever, PGI, levels in high-TBAR-LDLoxID-treated cells 
that were rescued with fresh media actually exceeded 
PGIp levels in untreated cells at all subsequent incubation 
times (Fig. 6). These data confirmed our conclusion that 
the inhibition of PGI, synthesis with high-TBAR- 
LDLOXID was not related to cell death. 

Synergism between LDLOXID and free AA in 
PGI, synthesis 

Prostanoid synthesis in SMC is enhanced by the addi- 
tion of free AA to the cultures (9, 11, 13, 38, 39). Agents 
that promote endogenous AA release from SMC have lit- 
tle effect on prostanoid synthesis in the presence of large 
amounts of exogenous free AA, whereas agents that act 
on cyclooxygenase have a synergistic effect on prostanoid 
synthesis in the presence of exogenous AA (39). Thus 
studies with exogenous free AA provide evidence for the 
site of action for a stimulatory agent on prostanoid syn- 
thesis. 

Low-TBAR-LDLoxID stimulated prostanoid synthesis 
in the absence of exogenous free AA (Table 3-A). Free AA 

0.4 1 

0 12 24 

incubation Time (hr) 

Fig. 6. High-TBAR-LDLoxIo (12.3 nmol MDA/plate) does not inhibit 
PGIZ synthesis when SMC are rescued by a pulse-recovery experiment. 
SMC were incubated with media alone and media containing LDLoxm 
for 2.5 h. 6-Keto-PGF,, was assayed by RIA (see Fig. 4) and the 
medium in each culture was replaced with fresh medium which was as- 
sayed immediately and at different times during the subsequent incuba- 
tion period. Actual prostanoid levels are reported. The same cultures 
were used for the prostanoid level and morphologic examination (Fig. 5). 
Some of these data were used in Table 3. 

greatly enhanced PG12 synthesis, and the stimulatory 
effect of LDLOXID in the presence of free AA was much 
greater than the stimulatory effect of LDLOXID in media 
alone. Similar results were obtained with high-TBAR- 
LDLOXID and free AA. High-TBAR-LDLoxID inhibited 
prostanoid synthesis in media alone but synergism be- 
tween free AA and high-TBAR-LDLoxID greatly en- 
hanced PGI, synthesis overcoming the inhibitory effect 
(Table 3-B). These results were further confirmed in a 
pulse-recovery experiment where synergism between 
high-TBAR-LDLoxID supplied in the pulse phase and 
free AA supplied in the recovery phase again enhanced 
PGI, synthesis (Table 3-C). These data showed that syn- 
ergism occurred between free AA and LDLOXID. 

A recent study from our laboratory showed that prosta- 
noid synthesis in SMC cultures was stimulated with low 
concentrations of exogenous hydroperoxy fatty acids and 
inhibited with high concentrations of these compounds 
(47). The stimulatory effect obtained with hydroperoxy 
fatty acids was greatly enhanced by free AA and a recal- 
culation of the data from this study showed that syner- 
gism occurred between free AA and the hydroperoxy fatty 
acids (Table 4). These data indicated that the stimulation 
of prostanoid synthesis and a synergistic effect associated 
with this stimulation were general properties of exogenous 
lipid peroxides and not unique properties of LDLOXID. 
These data may help to explain synergism in the pulse- 
recovery experiment (Table 3-C) since high-TBAR- 
LDLOXID probably supplied lipid peroxides to SMC dur- 
ing incubation in the pulse phase. 

Labled AA uptake in SMC 
SMC prelabeled with [I4C]AA have been used in 

several studies from our laboratory on AA metabolism (7, 
39, 48). In these studies, AA was added to cultures by 
replacing the media with fresh media containing the la- 
beled AA. Fresh media used in this protocol stimulated 
prostanoid synthesis during the labeling process. In the 
present study, labeled AA was dissolved in 200 pl of media 
that had been preconditioned by a 3- to 4-day incubation 
with SMC and this mixture was added to cultures without 
a media change. The new protocol with conditioned me- 
dia did not stimulate prostanoid synthesis during the 
labeling process, resulted in a greater incorporation into 
phospholipids (PL), and altered the relative distribution 
of labeled AA into phosphatidylcholine (PC) and phos- 
phatidylethanolamine (PE). 

AA uptake from preconditioned media was rapid for 
the first 6 h and reached a plateau at 16 h. Over 90% of 
the label had disappeared from the media at the end of the 
16-h incubation period and over 90% of the radioactivity 
taken up by the cells was recovered in the lipid extract. 
TLC showed that only 7.1 * 0.4% of the radioactivity 
was recovered in the neutral lipid (NL) fraction. Previous 
labeling experiments with fresh media resulted in 41.6% 
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TABLE 3. LDL,,,, and free AA have a synergistic effect on PGII synthesis in SMC 

Incubation 
Treatment Time No AA AA 

A. LDL~xID 
Media 

B. L D L ~ x I D  
Media 

L D L ~ x I D  
Media 

L D L ~ x I D  
Media 

L D L ~ x I D  
Media 

L D L ~ x I D  
Media 

C .  LDL~xID 
Media 

L D L ~ x I D  
Media 

LDL~xID 
Media 

L D L ~ x I D  
Media 

L D L ~ x I D  
Media 

LDL~xID 
Media 

h 

24 

2 

4 

8 

12 

24 

2 

4 

6 

9 

12 

24 

nmol 6-kcto-PGFl,/plate 

0.142 f 0.005 (3) 
0.112 f 0.008 (3) 

0.583 f 0.019 (3) 
0.408 f 0.009 (3) 

0.045, 0.042 
0.079, 0.085 

0.086, 0.095 
0.154, 0.142 

0.143, 0.130 
0.179, 0.184 

0.153, 0.164 
0.213, 0.224 

0.151 
0.274 

0.105, 0.096 
0.088, 0.088 

0.197, 0,190 
0.145, 0.123 

0.219, 0.202 
0.180. 0.155 

0.253, 0.263 
0.216, 0.205 

0.283 
0.245 

0.360 
0.342 

0.164, 0.189 
0.195, 0.189 

0.368, 0.347 
0.459, 0.389 

0.614, 0.716 
0.632, 0.596 

0.768, 0.789 
0.768, 0.684 

0.713 
0.746 

0.330, 0.474 
0.395, 0.342 

0.658, 0.621 
0.658, 0.571 

0.765, 0.744 
0.660, 0.674 

0.987, 0.987 
0.722, 0.803 

1.042 
0.893 

1.162 
1.053 

A: SMC were incubated with media or 30 PM AA, and ~OW-TBAR-LDLOX~D (2.9 nmol MDA/plate) with me- 
dia or 30 p~ AA. A two-way analysis of variance showed that both 30 p~ AA (F 1163, P < 0.0001) and LDLJXID 
(F 88.67, P < 0.0001) enhanced the 6-keto-PGFl. level and that LDLOXID and AA interacted (F 44.53, PO.0002) 
to enhance the 6-keto-PGF,. level. 

B: SMC were incubated for different times with media or 60 p~ AA, and high-TBAR-LDbxrD (12.3 nmol 
MDNplate) with media or 60 PM AA. A three-way analysis of variance showed that both 60 p~ AA (F 1584, 
P < 0.0001) and incubation time (F 206.8, P < 0.0001) enhanced, and L D L ~ x ~ D  (F 11.86, P 0.0033) lowered thk 
6-keto-PGFl, level. LDL~XID and AA interacted (F 9.98, P 0.0061) to enhance the 6-keto-PGF,, level. 

C: SMC were preincubated with media or high-TBAR-LDLxD (12.3 nmol MDNplate) for 2.5 h. In this pulse- 
recovery experiment, media and LDLOXID were removed and cultures were incubated for different times with fresh 
media or 60 pM AA. A three-way analysis of variance showed that 60 p~ AA (F 2564, P < O.OOOl), incubation 
time (F 158.97, P < 0.OOOl) and preincubation with L D ~ x D  (F 37.72, P < 0.0001) all enhanced the 6-keto-PGF1. 
level. LDLoxID and AA interacted (F 8.27, P 0.0110) to enhance the 6-keto-PGFI, level. 

uptake in the NL fraction (7, 48). The distribution of 
radioactivity from preconditioned media was: phos- 
phatidylinositol (PI), 15.2 * 1.1%; PC, 23.1 f 0.7%; and 
PE, 44.9 * 1.1%. Differences in the distribution of radi- 
oactivity when SMC were incubated with preconditioned 
media and fresh media are shown in Fig. 7. TLC separa- 
tions used in the earlier study (48) did not separate PI 
from phosphatidic acid (PA) and phosphatidylserine (PS). 
However, a subsequent separation on a ammonium ni- 
trate plate showed that only traces of PS and PA were 
present in this fraction (48). It should also be noted that 
the distribution of radioactivity is affected by both incu- 

bation time and media. For example, the relative uptake 
in PI was much greater after short 1-min and 30-min in- 
cubation periods (48). 

LDLOXID and endogenous AA metabolism 
Previous HPLC studies from our laboratory showed 

that labeled 6-keto-PGFl,, PGE2, and free AA were found 
in the media when prelabeled SMC were incubated with 
fresh media for 24 h (12, 39). Similar data were obtained 
in the present study with [1-I4C]AA and [U-14C]AA. The 
radioactivity released in prostanoid and free AA fractions 
(HPLC) from prelabeled cultures treated with media 
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TABLE 4. Hydroperoxy fatty acids and free AA have a synergistic effect on PG12 synthesis in SMC 

Treatment 

15-HPEPE 
Media 
5 11M 

5 ItM 

15-HPETE 
Media 

25 PM 
50 PM 

No AA 

nmol 6-keto-PGFl,/plate 

0.36 i 0.01 (12)" 
0.45 i 0.02 (11) 

0.26 * 0.03 ( 8)* 
0.37 i 0.05 ( 4) 
0.43 + 0.02 ( 4) 
0.42 i 0.03 ( 4) 

120 FM AA 

1.46 i 0.10 (3)" 
2.47, 2.14 

0.74 i 0.04 (4)' 
0.98, 0.86 
1.16, 1.19 
1.47, 1.47 

SMC were incubated for 24 h in media alone and media containing [5Z, 82, 1 lZ ,  13E, 15(~)]-15-hydroperoxy- 
eicosatetraenoic acid(l5-HPETE)or [5Z, 82, I l Z ,  13E, 15(S), 17Z]-15-hydroperoxyeicosapntaenoic acid (15-HPEPE) 
in the presence and absence of 120 p t ~  AA. 

'A two-way analysis of variance showed that both 15-HPEPE (F 122.02, P < 0.0001) and AA (F 1215.95, 
P < 0.0001) enhanced the 6-keto-PGF1. level. 15-HPEPE and AA interacted (F 77.99, P < 0.0001) to enhance 
the 6-keto-PGF1, level. 

(F 479.45, P < 0.0001) enhanced the 6-keto-PGF1, level. 15-HPETE and AA interacted (F 16.62, P < 0.0001) 
to enhance the 6-keto-PGFI, level 

bA two-way analysis of variance showed that both 15-HPETE (F  43.27, P < 0.0001) and AA 

alone is reported in Table 5 .  The radioactivity released in 
prostanoid fractions was lowered when prelabeled cul- 
tures were incubated with media containing low-TBAR- 
LDLOXID (Table 5) and, as a consequence, the relative 
prostanoid content estimated by HPLC was much lower 
than the relative prostanoid content measured by RIA 
(Fig. 1). Similarly, the radioactivity released in prostanoid 
fractions was lowered by unlabeled exogenous AA (Table 
5) even though total prostanoid levels were increased 
significantly when SMC cultures were incubated with ex- 
ogenous AA (Tables 2, 3, and 4). Thus exogenous AA 
(unlabeled) and ~ow-TBAR-LDLoxID had the same over- 
all effect on relative prostanoid levels measured by the two 
procedures. In contrast to exogenous AA (unlabeled) and 
~ow-TBAR-LDLo~ID, relative prostanoid levels measured 
by HPLC were increased significantly by the fatty acid 
releasing agent A23187 (Table 5). 

LOW-TBAR-LDLOX~D had no effect on radioactivity 
released in the free AA fraction (Table 5). Thus free AA 
radioactivity was similar in cultures incubated with media 
alone and cultures incubated with ~ow-TBAR-LDLoxID. 
Furthermore, radioactivity in the free AA fraction was 
only increased by 241 cpm (average of two experiments) 
when prostanoid synthesis in ~ow-TBAR-LDLoxID cul- 
tures was totally blocked by IM. The fatty acid-releasing 
agent A23187 caused a large increase in the radioactivity 
of free AA (Table 5). Furthermore, radioactivity was, as 
expected (39), increased by 6,710 cpm (average of two ex- 
periments) when prostanoid synthesis in A23187 cultures 
was totally blocked by IM and free AA could not be 
metabolized by the cyclooxygenase pathway. These data 
showed that ~ow-TBAR-LDLoxID had, in contrast to 
A23187. little effect on AA release from cellular PL. 

High-TBAR-LDLoxID and ~ow-TBAR-LDLoxID had 
very different effects on endogenous AA metabolism (Fig. 
8). As anticipated from RIA data (Fig. l), very little radi- 
oactivity was released in prostanoid fractions when prela- 
beled cultures were incubated with high-TBAR-LDLoxID 
(Fig. 8-B). Furthermore, a very large amount of labeled 
free AA was released and significant amounts of a num- 
ber of other labeled AA derivatives were formed in the 
presence of high-TBAR-LDLoxID. IM did not block the 
formation of labeled AA derivatives when SMC were in- 
cubated with LDLOXID (data not shown). These data 
showed that high TBAR-LDLoxID (Fig. 8-B), unlike low- 
TBAR-LDLOXID (Fig. 8-A), had profound effects on 
both endogenous fatty acid release and the formation of 
many labeled AA derivatives. 

DISCUSSION 

Previous investigations of the effects of LDL on the bi- 
osynthesis of prostanoids have yielded differing results. 
Some studies showed that LDL stimulated while other 
studies showed that LDL inhibited prostanoid synthesis 
(49-53). Our results showed that the degree of lipid 
peroxidation is an important determinant of the effects of 
LDL on prostanoid synthesis. Unoxidized LDLBHT had 
no effect on prostanoid synthesis in cell cultures (Table 2 
and Fig. 1) whereas ~ow-TBAR-LDLoxID stimulated and 
high-TBAR-LDkxID inhibited prostanoid synthesis 
(Fig. 1). The data indicated that the effects of low-TBAR- 
LDLOXID and high-TBAR-LDLoxID were explained by 
the scheme outline in Fig. 9. It must be emphasized that 
the high-'BAR-LDLoxID in this scheme did not have 
greatly increased electrophoretic mobilities and generally 
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Fig. 7. The relative distribution of radioactivity in PE is much greater 
after incubation with preconditioned media (A) than fresh media (B, C). 
Lipid extracts from labeled cells were separated by the following TLC 
systems: A, Whatman LK5D plate with chloroform-methanol-40% 
methylamine 60:20:5 (vh) (32); B, alumina plate with chloroform- 
methanol-water-pyridine-ammonia 65:27.5:4:2:2 (v/v) (48); C; What- 
man LK5D plate with chloroform-methanol-ammonia-water 70:30:4:1 
(48). 

had a lower MDA content than LDL incubated with me- 
tal ions and other cells (19, 22, 27, 35). 

The difference between relative prostanoid levels found 
by RIA and HPLC for both ~OW-TBAR-LDLOXID and 30 
pM exogenous AA deserves comment. Other agents such 
as A23187 do not shown this difference. Lipoproteins con- 

tain esterified AA, and LDLOXID at concentrations used 
in the present study, 400 to 1,600 pM cholesterol, sup- 
plied cultures with from ca. 25 to more than 100 pM 
esterified AA (33, 54). We propose that unlabeled AA es- 
ters in ~OW-TBAR-LD~XID diluted the specific activity 
of the total AA ester pool (Fig. 9) so that less labeled 
prostanoid was recovered by HPLC even though more to- 
tal prostanoid was formed as the result of enhanced cy- 
clooxygenase activity (see below). 

Enhanced LDL phospholipase activity is characteristic 
of L D ~ X I D  (27, 55, 56). However, ~ow-TBAR-LDLoxID, 
unlike the releasing agent A23187, did not increase the 
release of radioactivity in the free AA fraction (Table 5) 
and, more importantly, did not result in the accumulation 
of radioactivity when prostanoid synthesis was blocked by 
IM. These data showed that ~ow-TBAR-LDL~xID did not 
have a measurable effect on endogenous AA release (Fig. 

Studies with LDLOXID and exogenous free AA sug- 
gested that LDLOXID interacted with cyclooxygenase (Ta- 
ble 3-A). Previous studies from our laboratory found that 
synergism existed between agents that acted primarily 
through the cyclooxygenase step in prostanoid synthesis 
and exogenous free AA, but synergism did not exist be- 
tween fatty acid releasing agents and exogenous AA (39). 
Other studies have shown that low concentrations of ex- 
ogenous lipid peroxides promoted prostanoid synthesis 
probably through an effect on cyclooxygenase (1, 2, 
41-43), and a recalculation of data from a recent study 
from our laboratory showed a synergistic effect between 
hydroperoxy fatty acids and free AA (Table 4). Since 
LDLo~ID contained peroxidized cholesteryl esters and 
triglycerides and very small amounts of free fatty acid oxi- 
dation products (27), the synergism between LDLOXID 
and exogenous free AA (Table 3) is explained by a 
stimulatory effect, possibly a priming reaction, of ex- 
ogenous lipid peroxides in LDLOXID on cyclooxygenase 
(Fig. 9). 

High-TBAR-LDLoxID have very different effects on 
AA metabolism in SMC (Fig. 9). Unlike low-TBAR- 
LDLOXID these lipoproteins promoted the release of very 
large amounts of endogenous free AA (Fig. 8) and these 
lipoproteins also stimulated the formation of several AA 
derivatives that have not been characterized beyond their 
appearance as distinct peaks on HPLC (Fig. 8). The 
releasing agent A23187 also promoted the formation of a 
number of AA derivatives (39), but compounds eluting 
just before and just after free AA appeared to be unique 
products of high-TBAR-LDLoxID interactions with SMC. 
The identification and biological properties of these com- 
pounds deserve further study since they may possibly in- 
clude chemotactic and cytotoxic agents that are formed 
through the action of LDLOXID on cells rather than the 
oxidation of LDL itself. 

9). 
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TABLE 5. Low-TBAR-LDLo~ID and unlabeled exogenous AA diminish the release of labeled prostanoids 
but not free AA from SMC prelabeled with ["CIAA while the releasing agent A23187 enhances both labeled 

prostanoids and free AA 

Treatment 6-keto-PGF1, PGEZ Free AA 

Media alone 13,500 f 2,150 (4)" 5,520 ? 1,110 (4)" 1,200 f 125 (4)* 

LDLOXID (4.7 nmol MDA/plate) 1,040 ? 133 (4) 

Exogenous AA (30 p ~ )  1,240 f 446 (2) 

A23187 (1 pglml) 24,200 f 4,600 (2) 9,480 f 1,270 (2) 10,800 f 2,930 (2) 

SMC cultures were prelabeled by incubation with ["CIAA for 16 h. After a complete change of fresh media alone 
or fresh media containing I o w - T B A R - L D ~ ~ D ,  unlabeled exogenous AA or A23187, pdabeled SMC were incubated 
for an additional 24 h. Media were extracted, equal aliquots were separated by HPLC and counted. 

"A two-way analysis of variance showed that differences in total prostanoid levels were significant (F 15.03, P 
0.00001) and the Scheffe test showed that L D L O ~ I D  and media differed significantly in total postanoid levels. 

bA one-way analysis of variance showed that differences in free AA levels were significant (F 23.1636, P 0.0003) 
and the Scheffe test showed that A23187 differed significantly from all the other groups. 

6,170 ? 1,260 (4) 3,100 f 393 (4) 

8,220 ? 90 (2) 3,430 f 304 (2) 

Data reported in the present study showed that high- 
TBAR-LDLoxID inhibited prostanoid synthesis (Figs. 1 
and 8) through a specific effect rather than a generalized 
effect associated with cell death. As previously reported 

A. Lo*-TBAR-LDL,id 
6-k@iO,-ffiF1- 4.18 nmol MDAlplot. 

3.000 1 PGE, 

I,OOO- 
A I 

1 

3 m  :i 1,000 

8. High-TBIR-LDLd 
10.7 rind MMlplOW A 

L 
Ib 2b j, 40 5b 6 

RETENTION TIME ( m i d  
Fig. 8. High-TBAR-LDbD in contrast to low-TBAR-LDLmm di- 
minishes radioactivity released in prostanoid fractions and greatly en- 
hances radioactivity released as free AA and other labeled AA deriva- 
tives. SMC cultures were prelabeled by incubation with [U-'*C]AA for 
16 h. After a complete change of fresh media containing low-TBAR- 
L D L l o  (A) or high-TBAR-LDLm (B), prelabeled SMC were in- 
cubated for an additional 24 h. Metabolites were separated by HPLC us- 
ing mixtures of acetonitrile-aqueous phosphoric acid (pH 2). Known 
peaks are labeled or marked by arrows. 

(22, 40) high-TBAR-LDLoxID had pronounced cytotox- 
icity on SMC in culture (Fig. 3). BHT overcame cytotox- 
icity and prostanoid synthesis was very much enhanced 
by high-TBAR-LDLoxID in the presence of BHT (Fig. 
2). The BHT effect could be explained by protection 
against cytotoxicity, but this effect was also consistent with 
the protection afforded to cyclooxygenase by antioxidants 
in the presence of high concentrations of exogenous lipid 
peroxides (1, 2, 41-43). High-TBAR-LDLoxID actually 
contained lipid peroxides that inhibited prostanoid syn- 
thesis (Fig. 1 and Table 3) and lipid peroxides that stimu- 
lated prostanoid synthesis through a synergistic effect 
with free AA (Table 3-B and 3-C). The dominant inhibi- 
tory effect was evidently blocked by BHT leading to 
greatly enhanced prostanoid synthesis with high-TBAR- 
LDLOXID in the presence of BHT (Fig. 2). 

LDLOXID 

Free AA 
(exogenous) 

I 
PL-AA 

Free AA (endogenous) 

Prostanoids Other 
Metabolites 

Fig. 9. 
high-TBAR-LDLoxID on AA metabolism in SMC. 

Schematic diagram of the effects of Iow-TBAR-LD~xID and 

562 Journal of Lipid Research Volume 31, 1990 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Several experiments were able to distinguish between a 
specific high-TBAR-LDbxID effect and generalized 
cytotoxicity. Thus short time incubations showed that 
prostanoid synthesis was diminished before cultures evi- 
dence morphologic changes associated with cell damage 
(Figs. 3 and 4). Furthermore, pulse-recovery experiments 
with high-TBAR-LDLoxID and fresh media rescued in- 
hibited cells which then synthesized more prostanoid than 
cells incubated in media alone (Figs. 5 and 6). These data 
for high-TBAR-LDLoxID are consistent with a reversible 
metabolic effect that precedes cell death rather than a 
generalized inhibitory effect that results from cytotoxicity 
and cell death. 

A number of earlier reports have shown that LDL are 
either cytotoxic (17-22) or mitogenic (23-26). Our experi- 
ments may help to explain these data. High-TBAR- 
LDLOXID, like lipid peroxides in high concentrations, 
functions as both a cytotoxin and an inhibitor of cell 
proliferation, whereas ~ow-TBAR-LDLoxID could func- 
tion as a proliferative factor when the ratio of antioxidant 
to lipid peroxides prevented cytotoxicity and still stimu- 
lated the formation of mitogenic prostanoids (1-15). 

We have recently proposed as a hypothesis that the 
different effects of ~ow-TBAR-LDLoxID and high-TBAR- 
LDLOXID on prostanoid synthesis explain the vitamin E 
or antioxidant paradox (22, 40). Studies from our labora- 
tory and elsewhere show that neither the omission of vita- 
min E nor the addition of vitamin E in a high concentra- 
tion has any significant effect on prostanoid synthesis by 
isolated microsomes (44-46) or cells in cultures (4, 9-15). 
Paradoxically, prostanoids such as PGE2, PGF2a, and 
TXA, are elevated in the tissues and serum of animals 
and humans with vitamin E deficiencies, and prostanoid 
levels return to normal when vitamin E is restored to the 
diet (45, 46, 57, 58). Our data support the hypothesis that 
dietary vitamin E may act indirectly on prostanoid syn- 
thesis, in vivo, by decreasing the formation of low-TBAR- 
LDLOXID and tissue-specific lipid peroxides that have a 
stimulatory effect on prostanoid synthesis. P 
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