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Abstract Mouse brain microvessel endothelial cells convert 
eicosapentaenoic acid (EPA) to prostaglandin (PG) E3, PG13, 
and several hydroxy fatty acid derivatives. Similar types of prod- 
ucts are formed by these microvessel endothelial cells from ara- 
chidonic acid. The formation of PGIp and PGE2 is reduced, 
however, when the brain microvessel endothelial cultures are in- 
cubated initially with EPA. Exposure to linolenic or docosahex- 
aenoic acid also decreased the capacity of these microvessel 
endothelial cells to form PGIp and PGEZ, but the reductions 
were smaller than those produced by EPA. Like the endothelial 
cultures, intact mouse brain microvessels convert EPA into eico- 
sanoids, and incubation with EPA reduces the subsequent capa- 
city of the microvessels to produce PG12 and PGE2. Brain 
microvessel endothelial cells took up less EPA than arachidonic 
acid, primarily due to lesser incorporation into the inositol, etha- 
nolamine, and serine glycerophospholipids. By contrast, consid- 
erably more EPA than arachidonic acid was incorporated into 
triglycerides. u These findings suggest that the microvessel en- 
dothelium may be a site of conversion of EPA to eicosanoids in 
the brain and that EPA availability can influence the amount of 
dienoic prostaglandins released by the brain microvasculature. 
Furthermore, the substantial incorporation of EPA into trigly- 
ceride suggests that this neutral lipid may play an important role 
in the processing and metabolism of EPA in brain microves- 
sels. -Yerram, N. R., S. A. Moore, and A. A. Spector. Eicosa- 
pentaenoic acid metabolism in brain microvessel endothelium: 
effect on prostaglandin formation. J. Lipid f i x .  1989. 3 0  1747- 
1757. 
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Eicosapentaenoic acid (20:5 (n-3), EPA), a member of 
the omega-3 series of polyunsaturated fatty acids, ap- 
pears to protect against coronary heart disease, ischemic 
brain injury, thrombosis, and some inflammatory diseases 
(1-5). One of the effects of EPA is to decrease the conver- 
sion of arachidonic acid to thromboxane A2 in platelets 
(6) and to leukotriene B, in neutrophils (7). This reduces 
platelet aggregation and the inflammatory response, ef- 
fects that probably are responsible for many of the protec- 
tive actions of EPA. 

In addition to its effects on platelets and neutrophils, EPA 
has been observed to reduce prostaglandin formation in 
other types of cells, i. e., vascular smooth muscle, macro- 
phages, and 3T3 fibroblasts (8-10). A similar effect has been 
observed in human umbilical vein, bovine aortic, and bo- 
vine pulmonary artery endothelial cell cultures (10- 12). EPA 
reduces prostacyclin (PGI,) production, but itself is not 
readily utilized for prostaglandin formation in these endo- 
thelial cultures. Studies with cyclooxygenase preparations 
also indicate that EPA is a poor substrate for this enzyme 
(13). Recent clinical findings, however, are not consistent 
with the conclusions drawn from the studies with endothe- 
lial cultures. In the clinical investigations, prostaglandin for- 
mation was assessed in patients fed n-3 fatty acid supple- 
ments. Analysis of urinary metabolites by mass spectrome- 
try indicated that PGI2 formation was not reduced by the 
dietary n-3 fatty acids and, furthermore, that substantial 
amounts of EPA were converted to =I3, a PG12 analogue 
that also has anti-aggregatory properties (14, 15). 

A possible explanation for the differences between the 
clinical and cell culture data may be that the large vessel en- 
dothelia studied in vitro are not representative of the endo- 
thelial cells that contribute the bulk of the €'GI2 measured 
in vivo. To assess this possibility, we have examined the ef- 
fects of EPA on microvascular endothelium. These endothe- 
lial cells, which have been cultured from murine cerebral 
microvessels, produce sizable amounts of PG12 (16). In the 
present work we have investigated the utilization of EPA. by 
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the microvessel endothelial cultures and determined mesh filters and thoroughly washed with ibuprofen-free 
whether exposure to EPA or other n-3 fatty acids influence Hanks buffered salt solution. After transfer to a tissue cul- 
the capacity of these cells to produce PGI1. ture dish, the isolated microvessels were incubated with ex- 

perimental medium. 

METHODS 

Cell culture 

Murine cerebromicrovascular endothelial cells were iso- 
lated from mouse brains as described previously (16). Brief- 
ly, the brains of mouse pups were aseptically removed under 
general anesthesia and disrupted in a Dounce homogenizer. 
Microvessels were collected either on nylon mesh (150 am) 
or glass beads after dextran fractionation and plated in plas- 
tic tissue culture dishes. Endothelial cells migrating from 
vessels were pooled to form a proliferating cell line. The cul- 
tures were maintained in Lewis medium containing 10% fe- 
tal bovine serum (FBS, Sigma, St. Louis, MO). The purity 
and characterization of endothelial cells were established by 
light and electron microscopic appearance, the presence of 
thrombomodulin activity, and onffonia simpliayolia aggluti- 
nin (Sigma) histochemical staining (17). Contamination of 
cultures by smooth muscle and astrocytes was determined 
by immunohistochemical staining with anti-a-actin anti- 
body, HUC 13 (18), and anti-glial fibrillary acid protein an- 
tibodies, respectively. The cultures were found to contain 
90-98% endothelial cells, with the contamination accounted 
for by smooth muscle cells. Cultures were maintained at 
37OC in a humidified atmosphere containing 5% COZ. The 
cells were subcultured weekly by trypsinization, ard cells 
obtained between passages 8 and 18 were seeded into 12-well 
plates (100 to 120 pg total cell proteirdwell) for each experi- 
ment. 

Human umbilical vein endothelial cells were isolated and 
cultured as described previously (11). Briefly, the cells were 
enzymatically removed from human umbilical veins, sus- 
pended in modified Medium 199 containing 20% FBS, and 
seeded at 2.25 x lo6 cells per well in 6-well plates. After 24 
h, this medium was replaced by modified Medium 199 
containing 25 mM HEPES plus 20% FBS. Cultures were 
maintained at 37OC in a humidified atmosphere contain- 
ing 5% Con.  All experiments were performed on con- 
fluent primary cultures. 

Microvessel isolation 

Mouse brain microvessels were isolated from adult Swiss- 
Webster mouse brains after transcardiac perfusion with 10 
units/ml heparinized normal saline to remove blood ele- 
ments. After disrupting the brains in a Dounce homogeni- 
zer, the microvessels were isolated by fractionation with 15 % 
dextran. During perfusion and microvessel isolation, all so- 
lutions contained 10 pM ibuprofen to prevent inactivation 
of cyclooxygenase. The microvessels were collected on nylon 

Incubations 
The isolated brain microvessels or cultured microvessel 

endothelial cells (90-95% confluent) were washed with se- 
rum-free Lewis medium and incubated with medium con- 
taining 1% FBS supplemented with fatty acids. Either 1 
pCi/ml [5,6,8,9,11,12,14,15-3H]arachidonic acid (200 Ci/mmol, 
Research Products Intl. Mount Prospect, IL), [5,6,8,9,11,12, 
14,15-3H]eicmapentaenoic acid (79.0 Ci/mmol, New England 
Nuclear, Boston, MA), or nonradioactive fatty acids were 
added to the medium as a warm solution of the sodium salt. 
The nonradioactive fatty acids were obtained from Nu- 
Chek-Prep (Elysian, MN). After incubation with ‘the fatty 
acid-supplemented medium for the indicated period of time, 
the medium was removed and the cells were washed with 
cold PBS containing 10 pM BSA to remove adherent fatty 
acids. The cells then were harvested by rapid addition of 1 
ml of cold methanol-acetic acid 99:l(v/v) followed by scrap- 
ing with a rubber policeman. 

Lipid extraction and thin-layer chromatography 

The cells were scraped into a total volume of 3 ml cold 
methanol-acetic acid 99:l(v/v), and the lipid was extracted 
with 6 ml chloroform and 2 m10.15 M NaCl containing 4 
mM HC1, a modification of the method of Folch, Lees, and 
Sloane Stanley (19). After vortexing, the phases were sepa- 
rated by centrifugation at lo00 g for 10 min. The lower 
phase was collected and the upper phase was re-extracted 
with 5 ml of chloroform-methanol-0.15 M NaCl containing 
4 mM HCl 8414l(v/v/v). The combined chloroform ex- 
tracts were dried under N2 and redissolved in chloroform- 
methanol l:l(v/v). Aliquots of the lipid extract were assayed 
in vials containing 4 ml of Budget Solve scintillation solution 
(Research Products Intl.) for determination of total lipid ra- 
dioactivity using a Packard Tri-carb 460 liquid scintillation 
spectrometer. Quenching was monitored with a *“jRa exter- 
nal standard. Other aliquots of the extracted cell lipids were 
chromatographed on LK-5D TLC plates (Whatman, Clif- 
ton, NJ) with a solvent system contahhg chloroform-metha- 
nol-water-acetic acid 5050:1.5:2 (v/v/v/v). Phospholipids and 
neutral lipid standards were added, and the chromatogram 
was visualized under UV light after spraying 1 mM 8 - d -  
no-l-naphthaenesulfonate. The distribution of radioactivity on 
the TLC plate was determined with a TIx= scanner Model 
R (Radiomatic Instruments & Chemical Co., kp, FL). 

High performance liquid chromatography 

Confluent endothelial cultures were washed with se- 
rum-free medium and then incubated with either 1 pCi/ml 
[3H]arachidonic acid or [3H]eicosapentaenoic acid in se- 
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rum-free medium. After incubation for 20 min, the medium 
was collected and centrifuged to remove cellular debris. In 
additional experiments, the cells initially were incubated 
with labeled arachidonic acid or EPA for 24 h. After this 
medium was removed, the cells were washed and then incu- 
bated with medium containing 2 pM ionophore A23187 for 
20 min. Lipids were extracted from all of the media with 
chloroform-methanol 2:l(v/v) containing 1% acetic acid. 
The chloroform phase was dried under N2 and resuspended 
in acetonitrile-water 1:1.5(v/v) adjusted to pH 3.4 with phos- 
phoric acid. Aliquots of lipids were separated on a Beckman 
332 HPLC gradient system equipped with a C18 reverse- 
phase column containing 5 pm spherical packing. The elu- 
tion gradient consisted of water adjusted to pH 3.5 with 
phosphoric acid and acetonitrile; the starting gradient mix- 
ture contained 30% acetonitrile and increased to 100% over 
45 min by programming (20). Radioactivity was monitored 
by mixing the column effluent with Budget Solve scintilla- 
tion solution at 1:3 (v/v) and passing the mixture through 
an on-line Flo-one@ radioactivity detector (Radiomatic In- 
struments & Chemical Co.). The elution profile of the sys- 
tem was characterized with the following standards; 6-keto 

prostaglandin E2 (PGEz), l&triene B, (LTB+), 12-hydroXy- 
5,8,lO-heptadecatrienoic aad (HHT), 5-bydroxy-6,8,11,14-ei- 
cosatetraenoic acid (5-HETE), 12-hydroxy-6,8,11,14eisosate- 
traenoic acid (12-HETE), 15-hydroxy-6,8,11,14-eicosatetrae- 
noic a d  (15-HETE), and arachidonic acid. 

Radioimmunoamay 

After the confluent endothelial cultures were incubated 
with fatty acid-supplemented medium, this medium was re- 
moved, and the monolayers were washed and then incu- 
bated with serum-free medium containing 7.5 pM arachi- 
donic acid, 100 pM acetylcholine or 2 pM ionophore A23187 
for 10 or 20 min. The medium was collected and centrifuged, 
and aliquots of the supernatant solution were assayed for 
6-keto PGFI,, the stable catabolic product of PGIZ, and 
PGEZ by radioimmunoassay. Specific antibodies were ob- 
tained from Advanced Magnetics Inc. (Cambridge, MA); 
radiolabeled prostaglandins were from New England Nu- 
clear; and prostaglandin standards from Caymen Chemicals 
(Ann Arbor, MI). Aliquots (100 pl) of samples or standards 
were incubated for 30 min with 50 pl of the appropriate an- 
tibody. After a further 16 h incubation with 50 pl of radiola- 
beled prostaglandin, 400 P*of 1% dextran-coated charcoal 
w a s  added to each tube, and the contents were centrihged 
for 10 min at 4OC. A 5004 aliquot of the supernatant solu- 
tion was added to 4.5 ml Budget Solve scintillation solution 
and the radioactivity was measured in a Beckman LS 2800 
scintillation spectrometer. A complete standard cum was 
run with each assay; the detection limits were 0.25-50 
pmob'ml. The 6-keto-PGF1, antibody has a 7.8% 
cross-reactivity with PGFI,, 6.8% with 6-keto-FGEl, 
2.2% with PGFh, and < L O %  with all other pmtaglan- 

prostaglandin Fia  (6 keto PGFI,), Pr0Stae;landin F2a (PGFaOl), 

dins. The PGE2 antibody has a 100% cross-reactivity 
with PGEI, 6.0% with PGA2, 3.0% with PGA1, 1.3% 
with PGF2,, and <1.0% with all other prostaglandins. 

Phospholipid assay 

The phosphorus content of the extracted cell lipids was 
determined colorimetrically by the procedure of Chalvar- 
djian and Rudnicki (21) using dipalmitoyl phosphatidyl- 
choline as standard. 

RESULTS 

Eicmanoid pduction 

Fig. 1 illustrates the HPLC profiles of the radioactive ei- 
cosanoids released into the medium when the mouse brain 
microvessel endothelial cultures were labeled with either 

A 
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Time (mln) 

Fig. 1. Radioactive ei-oids formed by microvessel endothelid cell cul- 
tum. Representative HPLC chmmatograms of the radioactive eicosanoids 
produced by m i c d  endothJial cells during a 20-min incubation with 
2 calcium ionqphore A23187 after labcling of the ad lipids for 24 h 
with either [fH]a~acbidonic acid (A) or ['HIEPA (3). S i  metabolites 
mre produced during a direct 20-mm incubation with 7.5 ['HIEPA 
(C). 
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Fig. 2. Radioactive eicosanoids formed by human umbilical vein endothe- 
lial cell cultures. Representative HPLC chromatograms of the radioactive 
eicosanoids produced by the human umbilical vein endothelial cells during 
a 20-min incubation with 7.5 PM ['HIEPA (A) or with 7.5 PM 13H]EPA 
plus 20 pM arachidonic acid (B). 

arachidonic acid or EPA and then stimulated with the cal- 
cium ionophore A23187. The 2-1076 smooth muscle con- 
tent of these cultures is unlikely to have contributed signi- 
ficantly to these profiles, since the eicosanoid production of 
endothelial cell cultures highly purified by fluorescence-acti- 
vated cell sorting is unchanged from their prepurified pro- 
duction (17). The main prostaglandin produced by iono- 
phore-stimulated microvessel endothelial cell cultures of the 
present study was PGEP (Fig. 1A). Some 6-keto-PGF,,, the 
inactivation product of PGIz, and unmodified arachidonic 
acid were also detected. In addition, small amounts of ra- 
dioactivity with retention times similar to H H T  and 
HETEs were present. As shown in Fig. lB, the largest ra- 
dioactive product released when the microvessel endothelial 
cultures labeled with EPA were exposed to ionophore 
A23187 was unmodified fatty acid. However, radioactive 
metabolites with retention times corresponding to A17-6-ke- 
to-PGF,,, the inactivation product PG13, and PGE3 were 
observed, as well as several additional radioactive compo- 
nents having the retention times of 12-hydroxyheptadecate- 
traenoic acid and hydroxyeicosapentaenoic acids (HEPEs). 

The radioactive metabolites produced when cultured 
mouse brain microvessel endothelial cells were incubated for 
20 min with [3H]EPA are shown in Fig. 1C. The metabo- 
lites formed were similar to those released when the cells la- 
beled with EPA were incubated with the ionophore, with the 
major components again being A17-6-keto-PGF1,, PGE3, 
and several hydroxy-derivatives. 

Fig. 2 illustrates the HPLC profiles of the radioactive ei- 
cosanoids released into the medium when human umbilical 
vein endothelial cells were incubated with either 7.5 p M  
[3H]EPA or 7.5 p~ [3H]EPA plus 20 pM arachidonic acid. 
No EPA metabolites were detected when the cells were in- 
cubated with 7.5 p M  [3H]EPA alone. However, a single 
radioactive peak eluting 2.5 min earlier than 6-keto-PGF1, 
was detected when the cells were concomitantly incubated 
with 7.5 p~ 13H]EPA and 20 pM arachidonic acid. Bordet, 

50 
6-keto PGFla 

* I PGE2 d 

I 80:s 

oc*trol 1 

40 

20 

0 - 
A2318? 20:4 ACh 

Fig. 3. Prostaglandin I, and & production by micmvessel endothelium. 
M i d  endothelial cells were incubated with Lewis medium containing 
1% FBS supplemented with 20 ,UM EPA for 10 h. After r e m o d  of the sup 
plemental medium and washing, the cells were incubated with serum-free 
medium containing 7.5 p M  arachidonic acid, 100 /cM acetylcholine or 2 PM 
ionophore A23187 for 20 min. The medium was collected and centrifuged 
and aliquots of the supernatant were assayed for 6-keto-PGFi, (top) and 
PCE, (bottom) by radioimmunoassay. Each bar is the mean f SE of 
valua obtained from three separate cultures. 
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Guichardant, and Lagarde (22) identified this EPA metabo- 
lite by gas-liquid chromatography-mass spectrometry as 
A17-6-keto-PGF1,, the inactivation product of PG13, in 
similar incubations with human umbilical vein endothelial 
Cells. 

Effect of EPA on micruvessel endothelial dienoic 
prostaglandin production 

Previous studies indicate that exposure to EPA reduces 
the capacity of human and bovine endothelium derived 
from large vessels to produce PG12 (11, 12). A similar re- 
sponse to EPA was observed in the microvessel endothelial 
cultures. As seen in Fig. 3, less PGIZ and PGE2 was produced 
by microvessel endothelial cells initially exposed for 10 h 
to 20 pM EPA, as compared to corresponding controls in- 
cubated for a similar period without EPA. Prostaglandin 
production was decreased when the cells were incubated 
with calcium ionophore A23187, arachidonic acid, or ace- 
tylcholine. The reductions in PGIp formation ranged 
from 23 to 39%; those for PGE2 from 12 to 37%. 

The time-dependence of the EPA effect is shown in Fig. 
4A. Microvessel endothelial cultures were incubated with 20 
phi EPA for various lengths of time prior to exposure to 
ionophore A23187. Less PG12 was formed by the cells incu- 
bated with EPA than by corresponding control cultures in- 
cubated for the same period of time without supplemental 
EPA. The reduction in PG12 formation became greater as 
the time of incubation increased, up to 10 h. The maximum 
reduction produced by EPA in this experiment was 52%. 

As seen in Fig. 4B, the extent of the reduction in iono- 
phore A23187-stimulated PG12 formation was also depen- 
dent on the concentration of supplemental EPA. The maxi- 
mum decrease observed in this experiment, 60%, was pro- 
duced by 30 p M  EPA. 

Effect of other fatty acids 
To determine whether the decrease in PG12 production 

by microvessel endothelial cells was specific for EPA, the ef- 
fect of other fatty acids was examined. As shown in Fig. 5A, 
EPA was more effective than any of the other fatty acids 
tested in reducing PG12 formation. Linolenic [ 18:3(n-3)] 
and docosahexaenoic [22:6(n-3)] acids reduced PG12 forma- 
tion in response to ionophore A23187, but only about 50- 
60% as much as EPA. PGIl production was not affected 
substantially by a prior exposure to arachidonic [20:4(n-6)], 
linoleic [18:2(n-6)], or palmitic (16:O) acids. 

Similar results were observed regarding the effects of 
these fatty acids on PGE2 production (Fig. 5B). Again, the 
largest decrease was produced by EPA, 18:3 and 22:6 pro- 
duced moderate redutions, and the other fatty acids had lit- 
tle or no effect. 

EPA uptake 
To further evaluate the capacity of the microvessel endo- 

thelial cells to utilize EPA, the uptake of [3H]EPA was com- 

2 o t  
5 10 15 20 25 30 

205 (pld) 
Fig. 4. Time- and concentration-dependent reduction of &keto PGF,, 
in microvessel endothelium. (A) The conlluent cultures were incubated with 
Lewis medium supplemented with 20 p~ EPA and 1% FBS for the ind- 
cated time periods. After removing the supplemental medium, the cells 
were washed with serum-free medium and theqincubated with frwh me- 
dium containing 2 w ionophore A23187 for 10 "min. 6-Keto ,PGF,, pres- 
ent in the medium was measured by radioimmunoassay. (B) The cells were 
incubated with medium containing various amounts of EPA for 16 h. After 
washing, the cells were incubated with serum-free medium containing 2 p~ 
ionophore A23187 for 10 min. 6-Keto PGF,, present in the medium was 
measured by rdioimmunoassay. Each data point is the mean * SE of 
values obtained from three separate cultures. 

pared with that of [3H]arachidonic acid. As seen in Fig. 6A, 
both fatty acids were initially taken up to abouthe same ex- 
tent, but somewhat more arachidonic acid was retained in 
long-term incubations. The greater retention of arachidonic 
acid is also illustrated in the concentration experiment, Fig. 
6B, in which the time of incubation was 16 h. More arachi- 
donic acid radioactivity than EPA remained in the cell lipids 
at all of the concentrations tested. 

Both radioactive fatty acids were incorporated into phos- 
pholipids and neutral lipids of the microvessel endothelium. 
More than 95% of the neutral lipid radioactivity was con- 
tained in triglycerides in both cases. The distribution of ra- 
dioactivity between phospholipids and triglycerides at the 
various fatty acid concentrations tested in 16 h incubation 
is shown in Fig. 7. Larger amounts of both fatty acids were 
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metabolites that have retention times expected for HEPEs. 
As observed with the microvessel endothelial cultures, an 

initial exposure to EPA reduced the capacity of the isolated 
microvessels to produce PG12 and PGE2. This is shown in 
Table 1. After a 2-h incubation with 20 pM EPA, there was 
a 38% decrease in PG12 formation and 67% decrease in 
PGE2 formation by the microvessels in response to iono- 
phore A23187. 

DISCUSSION 

Previous studies with cultured mouse brain microvascular 
endothelium indicated that these cells actively metabolize 
arachidonic acid primarily through the cyclooxygenase 
pathway to PG12 and PGE2 (16). Prostaglandin I2 is the ma- 
jor cyclooxygenase derivative produced by these cells under 
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basal conditions or when they are provided with tracer 
amounts of exogenous [3H]arachidonic acid. By contrast, 
PGEP becomes the predominant derivative upon incubation 
with 7.5 p~ arachidonic acid or calcium ionophore A23187 
(16). This was confirmed in the present study, which indi- 
cated that the microvessel endothelial cultures also produce 
small amounts of lipoxygenase products, HETEs (Fig. U). 
Under similar experimental conditions, these cells produced 
metabolites from EPA with the expected chromatographic 
properties of PGI3, PGE3, and hydroxylated fatty acids that 
may be lipoxygenase products (Fig. 1B). However, less EPA 
than arachidonic acid was converted to these oxygenated 
metabolites. While these findings demonstrate that the mi- 
crovessel endothelial cells are capable of utilizing EPA as a 
substrate from cyclooxygenase and lipoxygenase pathways, 
producing eicosanoids analogous to those produced from 
arachidonic acid, other cultured cells such as bovine aortic 
endothelium (12), human umbilical vein endothelium (11, 
22), and rat aortic smooth muscle (8) are reported to pro- 
duce little or no metabolites from EPA. Concomitant incu- 
bation of EPA and arachidonic acid is required for human 
umbilical vein endothelium to produce significant quantities 
of PGI, (22), as confirmed in Fig. 2, but the simultaneous 
presence of arachidonic acid is not necessary for the brain 
microvessel endothelial cells to convert EPA to these pro- 
ducts. 
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Fig. 9. Radioactive eicmanoids formed by isolated intact microvessels. 
The microvessel isolates wepe incubated with serum-free Lewis medium 
containing 1 pCi/ml ('Hlarachidonic acid (A) or [3H)EPA (8) for 1 h. 
The medium was collected, extracted, and analyzed by HPLC. The 
chromatograms were obtained from microvessels pooled from four 
brains. 

Freshly isolated murine brain microvessels also produce 
oxygenated derivatives of arachidonic acid and EPA (Fig. 9). 
As previously reported, a lipoxygenase metabolite, 12- 
HETE, is the major arachidonic acid derivative fomed by 
brain microvessels (15, 23, 24), while prostaglandins I,, E,, 
and FZa are minor products. Utilizing tracer amounts of 
[3H]arachidonic acid, PGI, is the major cyclooxygenase de- 
rivative, just as it is in the cultured cells. In the present 
study, metabolites with the expected chromatographic pro- 
perties of trienoic prostaglandins corresponding to the ara- 
chidonic acid derivatives, prostaglandins I,, E,, and FZa, 
and two compounds with chromatographic properties of 
HEPEs were produced from EPA by isolated brain micro- 
vessels (Fig. 9B). As was the case with arachidonic acid, the 
lipoxygenase derivatives were the predominant EPA metab- 
olites. Isolated vascular tissues generally have been reported 
to produce little or no prostaglandins from EPA (8, 25-27), 
and there are no previous reports of vascular tissues produc- 
ing EPA lipoxygenase metabolites. These previous studies 
with isolated vascular tissues have all utilized large vessels. 

Although large vessels are capable of producing small 
amounts of lipoxygenase products, most commonly 15- 
HETE, prostaglandins are by far the major arachidonic 
acid metabolites that are formed (28). This disparity in the 
activity of the cyclooxygenase as opposed to the lipoxygenase 
pathway appears to be a major difference between the ara- 
chidonic acid metabolism of large vessels and brain micro- 
vessels, a difference that also holds true for EPA metabo- 
lism. 

Fisher and Weber (14) and Knapp et al. (15) demon- 
strated that dietary EPA was converted to PG13 in humans, 
as indicated by gas-liquid chromatography-mass spectro- 
metry analysis of PG13 metabolites in urine, and suggested 
that endothelial cells were the major source of the PG13. 
These data, however, are inconsistent with reports of EPA 
metabolism in cultured large vessel endothelium indicating 
that these cells do not produce significant quantities of PG13 
(11, 12). Furthermore, cultured large vessel endothelial cells 
produce substantial amounts of PG13 only when EPA and 
arachidonic acid are added together (22). In demonstrating 
that microvessel endothelium produces PG13, even without 
the concomitant addition of arachidonic acid, the present 
findings suggest that microvessels may be the primary 
source of vascular EPA metabolites. 

The data of Fisher and Weber (14), Knapp et al. (15), and 
Croft et al. (29) also indicate that PGIz production is not re- 
duced by dietary EPA. By contrast, tissue culture studies 
with large vessel endothelium consistently report decreased 
production of PGI, when the medium is supplemented with 
EPA (11, 12, 30). In an attempt to explore this inconsistency, 
we examined the effect of EPA on arachidonic acid metabo- 
lism in preparations of microvessel endothelium. As seen 
previously with large vessel endothelium, exposure of either 
cultured microvessel endothelium or isolated microvessels to 
EPA resulted in a significant reduction in both PGIZ and 
PGE, formation (Fig. 3 and Table 1). Prostaglandin produc- 
tion from both exogenous and endogenous sources of ara- 
chidonic acid was reduced, but the reductions were larger 
when the cells were stimulated with ionophore A23187 or 
acetylcholine and an endogenous source of arachidonic acid 

TABLE 1. Effect of exposure to EPA on prostaglandin production 
by isolated brain microvessels 

Amount Formed (pmolimg protein) 

Prostaglandin Control EPA-Treated P Value 

PGI, 25.3 i 0.69 15.6 i 0.47 < 0.001 
PC,F., 12.6 + 0.49 13.9 i 0.71 < 0.001 

Brain microvessels were isolated on nylon mesh and incubated in Lewis 
medium containing 1% FBS with or without 20 pM EPA for 2 h.  After 
this medium was removed, the vessels were washed and incubated in 
serum-free Lewis medium containing 2 p~ ionophore A23187 for 20 
min. This medium was assayed for PGI, (as 6-keto PGF,,) and PGE, 
by radioi"unoassay. Each value is mean f SE of results obtained from 
three separate microvessel isolates, each isolate collected from four brains. 
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was utilized. EPA has previously been shown to competitive- 
ly block arachidonic acid metabolism at the cyclooxygenase 
step (31). While having a high binding affinity for cyclo- 
oxygenase, EPA is a poor substrate for the enzyme relative 
to arachidonic acid (13, 31). When the cells are enriched 
with EPA, exposure to these agonists probably produces 
a concomitant release of arachidonic acid and EPA from 
endothelial cell lipids, allowing EPA to compete with ara- 
chidonic acid for access to cyclooxygenase. Furthermore, 
EPA supplementation studies in vivo and in Vitro indicate 
that the arachidonic acid content of vascular cell lipids is 
reduced and replaced to some extent by EPA (11, 12, 32, 
33). This might further reduce the capacity of the cells to 
produce dienoic prostaglandins by limiting the availabili- 
ty of arachidonic acid. 

Considerable differences were observed in the relative 
amounts of EPA and arachidonic acid incorporated into tri- 
glycerides and phospholipids. More EPA than arachidonic 
acid was incorporated into triglycerides (Fig. 7) and less 
EPA than arachidonic acid was incorporated into ethanola- 
mine, inositol, and serine glycerophospholipids (Fig. 8). The 
substantial uptake of EPA into triglycerides is particularly 
intriguing, since much more arachidonic acid than EPA is 
incorporated into triglycerides in large vessel endothelial 
cells (11, 12). This suggests that triglycerides may play an im- 
portant role in the processing and metabolism of EPA in 
brain microvessel endothelium. 

Incubations with a variety of fatty acids in the present 
studies clearly demonstrate that only the n-3 polyunsatu- 
rated class reduces dienoic prostaglandin formation in mi- 
crovascular endothelium (Fig. 5). This is another important 
difference from large vessel endothelium, where incubation 
with linoleic or arachidonic acid also reduces the capacity of 
the cells to subsequently produce prostaglandins (34, 35). 
The main prostaglandin formed by the large vessel endothe- 
lial cells is PGIp (34, 35), not PGE2, one of the main prosta- 
glandins formed by brain microvascular endothelium (Figs. 
1 and 9). In this regard, exposure to linoleic or arachidonic 
acid does not reduce the capacity of 3T3 or MDCK cells, 
which also produce primarily PGE2, to subsequently form 
prostaglandins (36, 37). This suggests that the difference in 
response of the microvessel and large vessel endothelial cells 
to n-6 polyunsaturated fatty acids might be related to the 
fact that they produce different kinds of prostaglandins. 

The mechanism through which 18:3(n-3) and 22:6(n-3) 
reduce dienoic prostaglandin formation has not as yet been 
determined. Although 22:6(n-3) has been reported to di- 
rectly inhibit cyclooxygenase (38), neither 18:3(n-3) nor 
22:6(n-3) are substrates for this enzyme. Besides direct in- 
teraction with cyclooxygenase, elongation and desaturation of 
18:3(n-3) to EPA or retroconversion of 22:6(n-3) to EPA 
might account for the decreases produced by these fatty 
acids. Studies in our laboratory ‘indicate that cultured brain 
microvascular endothelium can actively convert 18:3(n-3) to 
EPA (Moore, S. A., E. Yoder, and A. A. Spector, unpub- 

lied data); large vessel’ endothelium also can convert 
18:3(n-3) to E W  (11, 39). Retroconvenion, however, has not 
yet been documented in micnkasdar endothelial cells, even 
though other tissues, including large vessel endothelium, are 
capable of producing EPA in this manner (40, 41). 

These studies may have important implications regarding 
the potential effects of EPA supplementation on cerebrovas- 
cular physiology and pathophysiology. Dietary enrichment 
with n-3 fatty acids in vivo modulates the fatty acyl compo- 
sition of glycerolipids in cerebral microvessels (32, 42, 43). 
Brown, Marshall, and Johnston (32) demonstrated that 
such dietary modification raises the EPA content of choline 
and ethanolamine phospholipids in brain microvessels, 
while reducing brain microvessel PGI, production. These 
results are consistent with the present findings, even though 
Brown et al. (32) utilized long-term dietary modification in 
vivo and we utilized a short-term incubation of the isolated 
microvessels or the cultured endothelium with media con- 
taining supplemental EPA. While the potential physiological 
effects of EPA supplementation are uncertain at this junc- 
ture, one in vivo study suggests that dietary $PA has a 
beneficial effect on the cerebral vasculature following brain is- 
chemia (5). Gerbils fed a ‘menhaden oil diet through two 
generations had no decrease in cerebral b l d  flow and no 
cerebral edema in response to carotid artery ligation fol- 
lowed by reperfusion. By contrast, there was a 25% drop 
in cerebral blood flow accompanied by the formation of 
cerebral edema in gerbils fed a standard diet (5). Dienoic 
prostaglandin production in whole brain homogenates 
was not altered by the fish oil diet, but trienoic prostaglan- 
din and pentaenoic lipoxygenask product formation were 
not assessed. If eicosanoids are produced from EPA in 
vivo to the extent observed in the present study, they may 
underlie some of the protective effects noted by Black et 
al. (5) through anti-platelet activity or direct vasoactive 
actions. 
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