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ABSTRACT

A novel approach to study the metabolism of nutrients in human cells was devel-
oped. The incorporation and depletion of 2R,4'R,8'R-a-tocopherol (RRR-a-T), a nat-
ural form of vitamin E, and its subsequent effect on the metabolism of arachidonic
acid were conducied on human umbilical vein endothelial cells (HUVECs) in culture.
HUVECs incorporated physiological and pharmacological concentrations of RRR-a-T
in a time- and dose-dependent manner. Incorporated tocopherol was found mainly
associated with membrane fractions of the cell. At physiological concentrations (23.2
#M), the uptake of RRR-o-T by HUVECs was dependent on the incubation time and
was saturated at 8 h. In addition, HUVECs incorporated RRR-a-T proportionally to
the concentrations of tocopherol present in the medium. However, when the the cells
were preincubated with 23.2 uM of RRR-a-T for 4 h, followed by replacing the medi-
um with tocopherol-frce material, intracellular tocopherol decreased over time.
Enrichment of HUVECs with RRR-a~T was found to potentiate agonist-induced ara-
chidonic acid relcase as well as basal prostacyclin (PGI2) synthesis. This stimulatory
activity of tocopherol has an absolute structural requirement for both free hydroxyl
moiety and the hydrophobic phytyl side chain, although the position and the presence
of the methyl groups attached to the aromatic moicty are nol required for ils activity.
Tocol, 2R,4'R,8'R-, f-, ~-, & and all-rac-c-tocopherols have similﬁr potentiating activi-
ty, whereas phytol, TroloxR and all-rac-o-tocopherol acetate failed to stimulate PGI2
release. In order to elucidate the mechanism(s) involved, HUVECs were cither incu-
bated with RRR-a-T followed by labelling with [1-14C] arachidonic acid or they were
labelled with arachidonate followed by incubation with RRR-a-T. Irrespective of the

sequence of incubation with arachidonic acid or tocopherol, RRR-o-T-cnriched cells
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released significantly more labelled arachidonic acid when stimulated with thrombin or
ionophore A23187. In order to elucidate the mechanism(s) by which tocopherol exerts
its effect, similar studies were conducted in which HUVECs were labelled with
[3H]-methylcholine. Results showed a significant | increase of
[31-1]-lysophosphalidylcholine in tocophcrol-enriched cells when they were stimulated
with A23187 for 10 min. These observations suggested that the potentiating effect of
PGI7 synthesis is mediated by tocopherol at the level of arachidonic acid release.
Direct analysis of cnzymes involved in phospholipid metabolism indicated that
locopheroi-enrichment caused an increase in phospholipase A2 activity without affect-
ing the activities of lysophospholipase or acylCoA-acyltransferase. It was also found
that hydrogen peroxide when combined with «-tocopherol synergistically stimulated
basal release of PGIp from endothelial cells. In adiition, a-tocopherol potentiates
PGIp synthesis when challenged with exogenous arachidonic acid. Therefore, the
potentiating effect of a-tocopherol on PGIy synthesis can also be accounted for at the

level of the cyclooxygenase system.



OBJECTIVES

General

To establish a human vascular cell model for the study of the cffect of

2R,4'R,8'R-a-tocopherol on the metabolism of arachidonic acid.

Specific

- To study the uptake and depletion of cellular tocopherol in vascular human
endothelial cells.

- To study the involvement of a-tocopherol in the metabolic turnover of arachidon-
ic acid focusing on arachidonic acid release, prostacyclin synthesis, and cuzjmcs that

are involved in phospholipid metabolism.
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INTRODUCTION

In 1922, Evans and Bishop (1) reported that the deficiency of an unknown "subs-
tance X" in the diet resulted in fetal death and resorption in laboratory rat, The letter
E was given to that vitamin-like "substance X" to include in the family of already
known vitamins, after vitamin D. Later, isolation and purification to homogeneous
substances further subdivided the vitamin E family according to the position of methyl
groups on the chromanol ring and they were designated as a-, 5-, -, 6-tocopherol, in
which a-tocopherol exhibited the highest biological activity. Tocopherols was found
mainly in seed and vegetable oils, ie. wheal germ, cottonseed, lettuce, rice germ, soy-

bean and other seed-germ oils.

Structure of natural tocopherols

The tocopherols possess a  general tocol structure  consisting  of
2-methyl-6-chromanol bearing a saturated C-16 isoprenoid chain attached at C-2.
Tocopherols differ only on the degree of methylation on the aromatic ring at C-5, C-7,
and C-8. The structures of natural tocopherols are shown in figure 1. The tocopherols
are chiral molecules possessing three chiral centers at C-2, C-4’ and C-8'. Therefore, a
maximum of eight stercoisomers of cach tocopherol can exist, depending on the subs-
trates used in organic synthesis. The natural form of a-tocopherol has 2-R, 4-R and
8-R configuration, and thus, 2R,4'R,8'R-a-tocopherol is denoted for the natural

a-form.
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Figure: 1 :  Structures of natural tocopherols



Function(s) of the tocopherols

The biological function or functions of tocopherol is still a controversial issue and
¢ some aspects of its biologic role remain to be resolved. The antioxidant property of
tocopherol is unquestioned. Many beneficial effects of tocopherol in a variety of clini-
cal problems, such as retrolental fibroplasia, hemolytic ancmia associated with iron
supplementation, inhibition of tumor promotion, lesions in nervous systems and skeletal
muscles can be explained on the basis of its ability to prevent oxidation of lipidlfrac-
tions especially polyunsaturated fatty acids in the living organisms. Tocopherol is a
hydrophobic chain-breaking antioxidant that traps the chain-propagating peroxyl radi-
cals, R00® (2). The mechanism of action is described below. A molecule of tocopher-
ol (TH) donates the hydrogen from its the phenolic hydroxyl group to the peroxyl radi-
cals, R0O0® and becomes itself a resonance-stabilized radical, T® which can react with a

second RO0° to form ROOT.

R0O0® + TH —> ROOH + T*
RO0® + T® -—> ROOT

Apart from its antioxidant property, many other investigators have proposed that
vitamin E may stabilize the membrane bilayer by physico-chemical interactions. The
work was pioneered by Diplock and Lucy (3). From their in vitro studies aimed at
determining the influence of acyl unsaturation in phospholipids on the penetration of
tocopherols, and the effect of a-tocopherol on the leakage of [14C)-D-glucose from
liposomes, they proposed that the methyl groups located on the isoprenoid side chain
of the tocopherol molecule might interact physico-chemically with Z pockets of arachi-

donyl residues in membrane phospholipids. However, no direct evidence has been



shown to support their theory. This theory has recently been challenged by Urano and
Matsuo (4) who used fluorescence quenching and I3C-NMR relaxation techniques in
studying the interaction between tocopherol and a model merﬁbranc. In contrast to
Diplock and Lucy's hypothesis, their results showed that ihe chromanol moiety of
a~tocopherol interact with the double bonds of unsaturated fatty acids. In addition , at
least two isoprene units from the phytyl chain are necessary for anchorage in the lipo-
somal membranes. Other works, including denterium NMR and calorimetric and
infrared spectroscopic studies, have shown that tocopherol is able to order and disor-
der acyl chain motion of the lipid bilayer depending on the operating temperature and
thus, tocopherol appears to induce more than one phase in the bilayers at all tempera-
tures (5,6). Therefore, the physical role of vitamin E on lipid bilayer that may directly
or indirectly affect its b'ioiogical functions is still debatable.

Another function of vitamin E is its ability to affect with the metabolic turnover of
arachidonic acid. Goetzl (7) found an cnhancement of S-lipoxygenase activity in neu-
trophils enriched with a physiological concentration (30 M) of vitamin IE. No inhib-
ition was observed, as one would expect for an antioxidant, until millimolar concentra-
tion was used. ;I”herc is also evidence that vitamin E suppresses the gencration of
thromboxane (TXB2) from stimulated platelets, but stimulates prostacyclin (PGI2)
release in rabbit aorta (8,9). The question is whether there is a single general mecha-
nism for vitamin E on the arachidonate cascade, or is its effect specific .in different cell
types. To answer this question, more work on the mechanism must be carried out. My
project was chosen to examine the effect of vitamin E on the wrnover of arachidonic

acid in cultured endothelial cells isolated {rom human umbilical cord veins.



Endothelial cells and the metabolism of arachidonic acid

Endothelial cells

Endothelial cells line the inside of the entire vascular system. The body contains
about 1012 endothelial cells that occupy a surface area of more than 1060 m2 and
weigh in excess of 100 grams. Thus, because of their location and immediate contact
with the blood stream, endothelial cells regulate hemostasis and play a role in a variety
of metabolic processes.

The endothelium is now suggested to be a distinct metabolic and endocrine organ
of diverse capabilitics (10,11). For instance, endothelial cells synthesize and secrete
physiologically important molecules into the blood and/or into the subendothelial extra-
cellular matrix that can influence the structural and functional integrity of the circula-
tion. These molecules include glycoproteins such as fibronectin and heparan sulfate
proteoglycans, interleukin 1, tissue plasminogen aclivator and inhibitors, prostacyclin,
13-hydroxy-9,11-octadecaenoic acid {(13-OHDE), endothelium-derived relaxing factor
(EDRF) and platclet activating factor. The production of these substances contributes
to a number of endothelium properties which regulate thrombosis (12). For example,
the antithrombotic property of the endothelium is attributed to its release of prostacy-
clin, thrombomodulin and heparin sulfate. In contrast, von Willebrand factor and tis-
sue factor are thrombogenic and they participate in the formation of platelet and fibrin

thrombi.



Arachidonic acid metabolism in endothelial celis
Cyclooxygenase products

The synthesis of prostacyclin (PGI2) begins with the liberation of arachidonic acid
mediated by three possible mechanisms shown in figure 2. Most of the arachidonic
acid involved in PGI2 synthesis are primarily derived from the direct hydrolytic action
of phospholipase A2 on cellular phospholipids, although the initial rise of intracellular
arachidonic acid was attributed to the sequential actions of phospholipase C and di-
and mono-glyceride lipase. In addition, the sequential actions of phospholipasc D and
a phosphatidic acid-specfic phospholipase A2 also contribute to the releasc of endoge-
nous arachidonic acid.

The cyclooxygenase cyclizes arachidonic acid and adds a 13-hydroperoxy group to
form prostaglandin G2 (PGG2) which is reduced to prostaglandin Ha (PGHp) by the
peroxidase activity of the enzyme. The endoperoxide, PGHy, is a key intermediate in
the cyclooxygenase pathway. PGI2 is formed from PGH2 by PGI2 synthase, an
enzyme present in both cndothelial and smooth muscie cells (13). The chemical half
life of PGz at physiological pH is about 3 minutes but its metabolic half life is less
than onc circulation .limc. PGly is rapidly converted to 6-keto-prostaglandin FFiq
(6-keto-PGF14), a stable, inactive product. Small amounts of prostaglandin E3
(PGE3) and prostaglandin Fp, (PGF2,) are also produced by endothelial cells.

A number of cndogenous and exogenous mediators can stimulate the production of
PGI7 in cultured endothelial cells. These include adenine nucleotides, angiotensin 1I,
arachidonic acid, bradykinin, calcitonin, high density lipoproteins (HDL), histamine,

interleukin-1, platelet derived growth factor (PDGF), PGH3, thrombin and trypsin. In



contrast, glucocorticoids, cyclooxygenase inhibitors, low density lipoproteins (LDL)
and vitamin K1 all inhibit PGIp synthesis. Testosteronc reduces the PGIy formation
whereas the female sex hormones, such as estradiol-174, have the opposite effect (14).
Therefore, males are more susceptible to thrombotic and atherosclerositic injury than
females. In addition, the capability of PGI2 gencration decreases with age.

PGIy is an extremely potent vasodilator and inhibitor of platelet aggregation (15).
The anti-aggregatory and vasodilating actions of PGI9 are mediated by stimulation of
adenylate cyclase in platelets or vascular smooth muscle, resulting in the elevation of
cAMP (16). PGI2 also possesses fibronolytic and cytoprotective properties that are not
mediated by cAMP. The thrombolytic effect of PGIp may be related to its potentiating
effect on tissue plasminogen activator formation (17), whereas the cytoprotective
action of PGIy against reperfusion damage is mediated by the reduction of oxygen rad-

icals gencrated by polymorphonuclear leukocytes (18).
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Figure 2 - Merabolism of arachidonic acid in endothelial cells



Lipoxygenase products

Cultured endothelial cells from human umbilical veins or bovine aorta contain a
15-lipoxygenase activity that converts arachidonic acid to 15-hydroxy-eicosatetraenoic
acid (15-HETE) (19). However, the prcsr:ﬁce of 15-lipoxygenase in endothelials cells
derived from human umbilical veins cannot be confirmed and the reported
15-lipoxygenase activity (19) is thought to be derived from macrophage contamination
in the cell cultures (Chan, A.C. and Prescott, S., personal communication). Buchanan
and his colleagues reported that cultured human endothelial cclls synthesize a cytosol-
associated lipoxygenase metabolite which was called 1.LOX and was later identified by
HPLC and GC-MS as 13-hydroxyoctadecadienoic acid (13-HODE) (20,21). It has
been proposed that under basal conditions, 13-HODE is continuously formed and 1s an
intracellular substance which maintains endothelial lining in a non-adhesive state. For

. T~
further review, please see reference 22,
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Many nutritional studies of vitamin E have been done on small laboratory animals.
This is a limitation if one wants to interpret the results back to the human system. In
order to better understand the turnover of tocopherol in man, cultured human endothe-
lial cells isolated from umbilical vein were adopted for vse as a model 1o study the
uptake and disappearance of cellular tocopherol.

Alpha-tocopherol has been reported to influence the cyclooxygenas. product pro-
file in an array of mammalian tissues and the effect of tocopherol appears to be tissue
sp-sific (23,24). Recent studies have shown that a-tocopherol inhibits rat platelets and
myocardial phospholipase A7 activity (25,26) that leads to a decreased thromboxane
A7 synthesis in thrombin-stimulated rat platelets (27). In contrast, cyclooxygenase
activity in skeletal muscle and PGIy synthesis by vascular tissues appeared to correlate
proportionally with the amount of dietary tocopherol (23,28-30).

In the experiments described herein, the u. .othelial cell model was used to study
the invelvement of a-tocopherol in the metabolic turnover of arachidonic acid. The
success of this model was largely due to the low (undetectable) amount of tocopherol
present in the heat-inactivated fetal bovine serum as well as the method of incorporat-
ing tocopherol in the culture medium. The study was divided into four parts. First,
endothelial cell culture was developed which was used to study the uptake and disap-
pearance of tocopherol in these cells. Second, it will be demonstrated that vitamin E
enhances the release of arachidonic acid from cellular lipids. Third, I will demonstrate
that a-tocopherol stimulates PGI2 release in cultured human endothelial cells at doses
below and above physiologic concentration. This is the first time that vitamin E has
been reporled to enhance the release of PGl under basal conditions. Lastly, an
attempt was undertaken to understand the mechanism by which tocopherol stimulates

PGIa release.
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MATERIALS AND METHODS

Materials

Medium 199 (powder) with Hanks' salts and L.glutamine, heat-inactivated fetal
bovine serum, sodium penicillin G (10,000 units/ml), streptomycin sulfate (10,000
pg/ml), fungizone (250 pg ‘-amphotericin B and 205 pg sodium deoxycholate/ml),
trypsin-EDTA, culture flasks and culture dishes were obtained from Gibeo (Burlington,
Ontario). All-rac-a-tocopheryl acctate, Hepes, collagenase type IV, thrombin (1000
NIH units/mg protein), gentamicin sulfate, heparin (180 units/mg), calcium ionophore
A23187 and all lipid standards were from Sigma (St.Louis, MO.). Endothelial cell
growth supplement (ECGS) was from Collaborative Research {(Bedford, MA). [1-14C]
Arachidonic acid (54.9 mCi/mmol), [melhyl—3l-I]choIinc chloride (80 Ci/mmol), [311]
6-keto-prostaglandin-F1, (150 Ci/mmol), [14C }-Lysophosphatidylchotine (55 mCi/
mmol)} and sn-l-palmitoyl-Z—[1—14C]-arachidonylphosplmlidylcholinc (52 mCi/mmol)
were purchased from Du Pont - New England Nuclcar (Boston, MA). Glass plates
(20x20 cm) for thin layer chromatography precoated with silica gel G were obtained
from Fisher Scientific Co. Ltd. 2R,4'R,8'R-a-tocopherol, tocol and phytol were gifts
from Eisai Co. (Tokyo, Japan) and TroloxR was from Aldrich (Milwaukee, WI).
HPLC grade solvents were from BDI Chemicals, Inc (Toronto, Ontario}. All glass-

warc was silanized prior to use.
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Culture medium

The medium 199 (pI1 7.4) was supplemented with heparin (90 pig/ml) Hepes (25
mM), gentamicin sulfate (40 pg/mi), sodium penicillin G (100 units/ml}, streptomycin
sulfate (100 pg/ml), fungizone (2.5 ug amphotericin B/ml) and heat-inactivated fetal
bovine serum (10%). The endothelial cell growth supplement (30 pg/ml) was added
into the culture dishes after cach feeding.

The stock medium 199 (pH 7.4) contained heparin, Hepes and gentamicin sulfate
was prepared and stored in large quantity after sterilized filtering through a 0.22 um
filter obtained from Millipore (Bedford, MA). The culture medinm with antibiotics
and fetal bovine serum was always [reshly prepared and did not last more than a

week.

Culture of endothelial cells

Endothelial cells were isolated from human umbilical cord veins by the method of
Jaffe (31). The human umbilical cords were obtained freshly from the Case Room of
the Ottawa Civic Hospital. The portion of the cords which had clamp marks or needle
holes were removed. Cord veins were cannulated with tubing from butterfly necdles
and flushed with 50 ml of warm Hepes-buffered saline (HBS) (10 mM Hepes / 0.14 M
NaCl/4mM KCi/11 mM glucose (pH/7.4)) to remove residual blood. The vein was
then filled with 5 to 10ml of 0.2% collagenase (type IV} in HBS and incubated at 37°C
for 15 min. The collagenase/cell mixture was flushed with HBS into a 50 ml plastic
conical centrifuge tube containing an equal volume of culture medium and then centri-

fuged at 1000 rpm (Beckman TJ-6) for 10 min. The cell pellet was resuspended in 10
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ml of culture medinm and plated on a 0.2% gelatin-precoated T-75 flask. After 24 h in
5% CO2 / 95% air incubator, the attached cells were rinsed with warm HBS and fresh
cultured medium supplemented with 30 pg/ml endothelial cell growth supplement was
added. Cell medivm was changed every 2-3 days.

 Gentle massage to the cord after incubation with collagenase will increase cell
yield and confluency can be reached in about 5-7 days. The cells were passaged by
using trypsin-EDTA. Briefly, the culture vessel was washed with warm HBS, the mon-
olayer was incubated with 0.05 % trypsin - 0.53 mM EDTA for § min at 37 ° C, the
detached cells were collected in an equal volume of culture medium, centrifuged,

washed and split in a 1:2 or 1:3 ratio.

Immunofluorescence

Cultured human endothelial cells were identified by the presence of factor VIII-

related antigen by immunofluorescent microscopy (32).

Enrichment of culiure medium with tocopherol and rclated compounds

Before the monolayers were used for cnrichment experiments, we routinely
replaced the medium after 20 - 24 hours without the addition of endothelial cell growth
supplement. A volume of tocopherol or its analogues dissolved in ¢thanol was pipetted
into a 20 mi-conical centrifuge tube and cthanol was cvaporated under N2 gas. A vol-
ume of dimethyl sulfoxide carriecr (DMSO) which represented 0.1% ol the total medi-

um volume was used as a solubilizer. Heat-inactivated fetal bovine serum (10% of
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final medium volume) was added, the tube was vortexed vigorously and this mixture
was incubated at 37 °C in the dark for 15 minutes. Medium 199 and other culture
reagents were added last, and the medium was incubated at 37 ° C for another 15 min
before feeding to the monolayers. Control medium contained the same amount of car-
rier (DMSO) as tlie tocopherol-enriched medium. Recovery of tocophero! and its ana-
logues carried out by this protocol was greater than 95% as determined by HPLC anal-

ysis.

Preparation of [1-14C] arachidonic acid-enriched medium

A volume of [1-14C) arachidenic acid stock in ethanol was dried under N7 gas. A
volume of DMSO was added as carrier vehicle (0.1%) and the mixture was vortexed

belore fetal bovine serum (10%), medium 199 and antibiotics were added.

Incorporation and determination of 2R,4'R,8'R-a-tocopherol

In all experiments, confluent cell monolayers were fed with fresh medium a day
before being used. The medium was removed and the monolayer was rinsed with
warm HBS. The tocopherol enriched-medium was added to the monolayer and the
cells were incubated at 37°C in 5% CQ3 / 95% air incubator. At the indicated incuba-
lion times, the medium was quickly removed, the monolayer was washed three times
with HBS containing 0.25% bovine serum albumin (BSA) to remove any tocopherol
nonspecifically attached to the cell surface. The cells were obtained by trypsinization

or by scraping. After centrifuging and washing, the cell pellet was resuspended in HBS
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and an aliquot was taken for the determination of number of cells. The remaining cell
suspension was extrécch:‘by the method of Bligh and Dyer (33) in the presence of all-
rac-a-tocopherol alcelate as internal standard. Tocopherol was quantitated by reverse
phase HPLC, using a C-18 column with a solvent system which consisted of 99% meth-

anol, 1% water and 0.1% trifluoracetic acid, modified from the method originally

described by Bieri et al (34).

Isolation of subcellular fractions

After incubation with 2R,4'R,8'R-a-tocopherol-enriched medium (23.2 yM) for 21
hours, cells were harvested and homogenized in a tissue grinder homogenizer with
Hepes buffer (10 mM Hepes, 0.25M sucrose, 0.2 mM EDTA, pH 7.5). An aliquot of
the homogenate was taken for tocopherol determination. The homogenatc was centri-
fuged at 1000xg for 10 min at 4 ° C to remove nuclei and cell debris, and the mito-
chondria pellet was obtained after centrifuging the post-nuclear supernatant at
10,000xg for 30 min in a Beckman 1.8-M centrifuge using a 70.1 Ti rotor, The postmi-
tochondrial supernatant was centrifuged at 27,000 xg for 30 minutes in order to obtain
the crude plasma membrane and finally, the endoplasmic reticulum was isolated from
this supernatant after 100,000xg centrifugation for 1 h. The final post-endoplasmic
reticulum supernatant was considered as cytosol.  All subccllular pellets were resus-
pended in a small volume of phosphate buffered saline (PBS), pH 7.4 from which ali-

quots were taken for protein and tocopherol determination.
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Thrombin and Ionophore-induced arachidonic acid release

After labelling with 0.25 uCi of [1-14C] arachidonic acid (54.9 mCi/mmot) for 5 or
20 h, cells were rinsed three times with HBS (0.25% BSA) to remove any nonspecific
binding of arachidonic acid to the cells prior to agonist stimulation. Thrombin (2.5
units/ml) and ionophore A23187 (1 ;M) were in Ringer-Tyrode buffer {137 mM NaCl,
2.7 mM KCl, 12 mM NaHCO3, 5 mM glucose, pH 7.4) containing 0.25% BSA and 1
mM CaZ*. At the end of 10 min stimulation at 37 ° C, the medium was quickly
removed and an aliguot was taken for determination of radioactivity by scintillation
counting. The cells were washed with HBS (0.25% BSA) before being detached by

trypsinization and scraping.

Lipid analysis

Detached cells were acidified with glacial acetic acid to pH 3.6 and total cellular
lipids were extracted with CHCI3/MeOH (33) in the presence of appropriate lipid
standards. The CHCI3 phase was evaporated under N2 gas and spotted onto glass sili-
ca gel G precoated plates. Lipids were separated by two thin layer chromatographic
procedures using the solvent system' consisting of chloroform/methanol/acetic acid/
water (85:15:20:3.5, v/v) for phospholipids and hexane/diethyl ether/acetic acid
(70:30:1, v/v) for neutral kpids. The spots comigrating with authentic standards were
detected by autoradiography or visualized by 17 vapor, and were directly scraped to

detect radioactivity by scintillation counting.
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Prostacyclin release studies

Celis used for prostacyclin studies were all in first passage. Confluent monolayers
in 35-mm dishes were incubated with 2 m! of medium enriched with tocopherol or its
analogues. After the indicated time of incubation, the medium was removed and the
monolayers were rinsed with Ringer-Tyrode (RT) buffer. For prostacyclin (PGi2)
release studies u-nder basal condition, the monolayers were incubated at 37 °C with
RT-buffer contianing 1 mM Ca2t. TFor PGy release studies under agonist stimulation,
the monolayers were incubated at 37 °C with agonists (ionophore A23187 or arachidon-
ic acid, AA) carried in RT-buffer (1 mM Ca2+). Al indicated times, the medium was
collected, acidified to pH 3.6 with IN HCL.  All samples were centrifuged to remove

cell debris and stored at -70 ° C for radicimmunoassay.

Radioimmunoassay
'The levels of 6-keto-prostaglandin I'1, (6-keto-PGF14), a stable nonenzymic hyd-

ration product of PGly, were directly determined in the supernatant by radioimmu-

noassay as previously described (28).

Protein determination

Protein from cell homogenate was colorimetrically determined by the method of

Lowry et al (35) using bovine serum albumin as standard.
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Choline labelling experiments

Confluent monolayers were labelied with 10 uCi [3H]-cholinc in 2 mi of culture
medium for 20 h. Approximately 10% of [3H]-cholinc was incorporated into phospha-
tidy!choline under these conditions. In experiment I, labelled monolayers were incu-
bated ;vith and without 2R,4'R,8'R-a-tocopherol (23.2 M) for 4 hours. In experiment
I, tocopherol was coincubated with [3I-I]-cholinc for a total of 20 hours. Under these
conditions, tocopherol was found not to affect cellular incorporation of [3H]-choline.
After the appropriate incubation time, cells were rinscd.twice with RT-buffer followed
by ionophore A23187 stimulation (1 M, 10 minute). Stimulation was terminated by
addition of 1 ml of MeOH. Phosphatidylcholine (PC) and lysophosphatidyl choline
(LPC) were separated by thin layer chromatography after cellular lipids were extracted
as described above. The solvent system contained CHCI3:McOH:HAc:H20
(85:15:10:3.5, v/viviv).

Determination of lysophosphatidylcholine acylCoA acyltransferasc and

lysophospholipase activities

After preincubation with and without 2R,4'R,8'R-a-tocopherol (23.2 (M} for 4 h,
confluent endothelial monolayers were detached by trypsinization and the cells were
sonicated in ice-cold buffer. AcylCoA acyltransferase activity was determined in an
assay mixture (0.7 ml) which contained 110 nmole of linoleoyl-CoA, 100 nmole of
[14C]—lysophosphalidylcholine (specific activity 3.33 uCi/umole) and sonicated cell sus-
pension 130 pg protein) in Tris-HCI buffer, 75 mM, pH 8.5 with 1 mM EDTA. The

reaction was started with the addition of cell homogenate. After 30 min at 37 ° C, 1
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ml of CHCl3:MeOH (1:1, v/v) was added to stop the reaction. Total lipids were
extracted and [14C]-labe]lcd phosphatidylcholine and lysophosphatidylcholine were
separated by thin {ayer chrom‘alography as described above. Radioactive lipid spots
were identified by autoradiography and the amount of phosphatidylcholine formed was
determined by direct scraping from thin layer plates followed by scintillation counting.
Lysophospholipase activity was determined using [14C]-lysophosphatidylcholine
(3.33 uCi/umole) as substrate. The assay mixture (0.7 mi) contained 100 nmoles of
labelled substrate in Tris-HC] buffer, 75 mM, pH 8.5 with 1 mM EDTA. The reaction
was started with sonicated cell suspension (130 pg protein) at 37 ° C for 30 min, and 1
ml of CHCI3:MeOH (1:1,v/v) was added to terminate the reaction. Aflter lipid extrac-
tion, the labelled free fatly acid rcleased was separated on thin layer plates and radio-
activity was quantitated by scintillation counting after identification by autoradiogra-

phy.

Determination of phospholipase A7 activity

Enzyme activily was estimated by measuring the release of [14C]-zlrzlchidonic acid
from sn-l-palmitoyl-Z-[]4C]-arachidonylphosphatidylcholinc as previously described
(25). The assay mixture contained 0.1 M Tris-HCI (pH 9.3}, 12.8 #M of sonicated
substrate (236,000 dpm), bovine serum albumin (2 mg/ml), 60-70 pg cell protein and
indicated amount of calcium in a final volume of 160 pl. After 1 h of incubation at
37°C, the reaction was stopped with 1 mi of Dole's reagent. The released arachido-
nate was cxtracted from the incubation medium by the method of Dole and Meinertz

(36) and radioactivily was quantitated by scintillation counting.
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RESULTS

The following results are in three parts:

In Part A, human umbilical cord vein endothelial cell in culture was developed as
a model to study the uptake and disappearance of tocopherol. In this study, the cells
were enriched with 2R,4'R,8R-a-tocopherol at different concentrations or times, and
cellular tocopherol was determined from HPLC analysis. Cellular tocopherol was also
monitored over times in the tocopherol frec medium in order to obtain the rate of dis-
appearance and the half-life of tocopherol in the cells.

In Part B, the involvement of a-tocopherol in the metabolic turnover of arachidon-
ic acid in human endothelial cells in culture will be presented. Two experiments were
conducted in which cells were either incubated with 2R ,4'R,8'R-a-tococopherol fol-
lowed by labelling with 14C arachidonic acid or labetled with arachidonic acid followed
by incubation with tocopherol. The release of arachidonic acid upon stimulation with
thrombin or ionophore A23187 was monitored by the radioactivity released in the
medium and the corresponding decrease of radioactivity from cellular phosphotipids.

In Part C, T will report that a-tocopherol stimulates PGly release in cultured
human endothelial cells at doses below and above physiological concentration. The
activating effect of tocopherol in the PGl release trom cultured human éndolhelial
cells was obscrved in both basal and stimulating conditions. The structural specificity
of the tocopherol molecule required to potentiate PGIy synthesis was investigated by
using various tocopherol analogues. Finally, to delincate the mechanism by which
tocopherol acts as an activator of arachidonic acid metabolism in human endothelial
cells, I will present an indirect study using 3H-choline labelling of cellular phosphatidyl-
choline as well as direct analysis of phospholipase A2 activity in tocopherol-enriched

cells.



A. Study of tocopherol on human endothelial cells

In order to verify that cells isolated from collagenase digestion of umbilical cord
veins were of endothelial origin, immunofluorescent microscopy against von Willebrand
factor was performed on primary cell culture. Figure 3 clearly shows that intcnse
fluorescent particles, staincd for von Willebrand factor, were located throughou; the
cytoplasm of these cells, an observation in agreement with Jalfe (32) who demonstrat-

ed this unique characteristic of endothelial cells which expresses von Willebrand fac-

tor.

Uptake of tocopherol by endothelial cclls

Whe: incubated with physiological concentration of 2R,4'R,8R-a-tocopherol (23.2
M or 1 mg %), the uptake of tocopherol by endothelial cells was dependent on the
incubation time and was saturated at 8 hours (figure 4). There is, however, no differ-
ence between the incorporation of the natural form, 2R 4R ,8'R-a-tocopherol and the
synthetic form, all-rac-a- tocopherol (data not shown).

Additional experiments were conducted in order to simulate plasma concentrations
of tocopherol found in North Americans (23.2 pM).und those who supplemented them-
selves with moderate or very high dose of tocopherol (46.4 and 92.8 M), respectively.
After 20 h of incubation with these tocopherol concentrations, monolayers exhibited a
dose-dependent uplake of tocopherol (figure 5). The dose and time dependence of
tocopherol uptake by the cells was repeated and presented in Table 1. Al 92.8 uM,

tocopheroi uptake by the cells was consistently 3-fold higher than at 23.2 M, irrespec-



tive of whether the incubation time was 5 or 20 h. Within the same concentration of
locopherol-enriched medium, cellular uptake of tocopherol was doubled in the 20 h
when compared to the 5 h incubation (0.56 vs 0.32 nmoles at 23.2 M and 1.80 vs 0.98
nmoles at 92.8 uM). The above observations indicated that cellular tocopherol content
could be enriched by three-foid as the tocopherol concentration in the medium was
increased by four-fold, and the tocopherol level in the cells reached maximum at 20 h
irrespective of the doses. Supplémentation of tocopherol in the culture medium
appeared to have no effect on cell numbers (Figure 4, Table I) or cell via"a_ili"ty as

judged by trypan blue exclusion.



Figure 3 - Immunofluorescent microscopy of cells showing the presence of von
Willebrand factor antigen, verifying that cells were of endothelial origin.



Figure 3



Figure 4 - Time course of incorporation of R,R,R-a-tocopherol by human
endothelial cells. Confluent monolayers were incubated for the indicated time
periods with 23.2 uM (10 ugiml) of R,R,R-a-tocopherol in complete culture
medium, The cells were harvested by trypsinization. An aliquot of cell suspension
was taken for cell number determination and the remainder was extracted for lipid
analysis in the presence of all rac-a-tocopheryl acetate as internal standard.

Tocopherol was determined by HPLC as described in Materials and Methods.
Values are means +8.D. of three dishes.
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Figure 5 - Dose dependent uptake of R,R,R-a-tocopherol by human endothelial
cells. Confluent monolayers were incubated with indicated tocopherol
concentrations for 20 h. Cells were harvested by trypsinization. Cellular lipid
were extracted and tocopherol was determined by HPLC as described in Materials
and Methods. Values are means +S.D. of three dishes.
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Table I

Effect of added tocopherol on cellular tocopherol content
and cell number

Values are means + S.D. of 3 dishes, ND, not detectable. Confluent cells were

incubated with different tocopherol concentrations for 5 or 20 hrs Total lipids were extracted
from cells and all-rac-o-tocopheryl acetate was added as internal standard. Tocopherol was

quantitated by HPLC method as described in Methods.

Tocopherol in cells, nmoles/dish

Tocopherol in medium (UM) (cell number x 10-5/dish)
Sh 20h
0 ND ND

(3.62 +0.25) (3.70 £0.31

23.2 0.32 +0.04 0.56 +£0.08
(3.74 £0.11) (3.40 +0.40)

92.8 0.98 + 0.09 1.80 £0.10
(3.53 £0.35) (3.63 +£0.24)




Subcellular distribution of cellular tocopherol

In order to determine the pool distribution of the incorporated tocopherol, mono-
layers were incubated with 23.2 M tocopherol-enriched medium for 20h and subcellu-
larly fractionated after carefully washing the cells with buffer containing 0.25% BSA to
remove any non-specifically bound tocopherol. Table II shows that the distribution of
tocopherol was found mainly associated with cellular membrane, and when tocopherol
was expressed on the basis of membrane protein, the highest concentration was found
in plasma membrane > mitochondria > endoplasmic reticulum > cytosol. Data pre-
sented in Table 11 represent the results obtained from onc of three experiments which
showed the same trend. Attempts to determine the enzyme markers associated with
subceliular fractions were not successful. This was probably duc to the limited cell
number and the unexpressed activities of these enzyme markers after prolonged pas-
sages. However, the result in Table 1I clearly showed that tocopherol was found main-

ly in the celiular membranes which further supported its lipophylic property.
Rate of tocopherol disappearance

Disappearance of tocopherol from endothelial cells was next examined by incubat-
ing confluent monolayers with tocopherol (23.2 uM) for 4 h; at ‘which time the
tocopherol-enriched medium was removed and replaced with fresh culture r.i:;‘\edium
which contained no added tocopherol. Cellular tocopherol content was monitored over
the next 80 h. Under these conditions (figure 6), the tocopherol content of the cells
showed a rapid disappearance during the initial 15 h (33.3 pmolc:/h/lO6 cells) but
thercafter, the rate of tocopherol disappearance was much slower (6.7 pmolas/h/lO6

cells).



Advantages of the model

The tocopherol-deficient nature of the culture medium and the endothelial cells in
culture enables us 1o control the level of tocopherol in these cells. Heat-inactivated
bovine serum and the endothelial cells after a few days in primary culture contain no
detectable level of a-tocopherol. The minimum level of tocopherol determined by
reversed-phase HPLC was 40 pg . Therefore, cultured endothelial cells isolated from
human umbilical veins are feasible for nutritional studies, particularly for the study of
nutrient uptake or other fat-soluble vitamins.

Endothelial cells derived from human umbilical cords cannot be passaged more
than 5 times at which time the cell population begins to senesce as indicated by the
presence of large, dendritic, multinucleated cells and a reduction in the growth rate
(unpublished observations). Routinely, the failure to keep the cells in many passages is

not a major problem since fresh cords can casily be obtained.

It can bLe concluded that cultured human endothelial cells  incorporated
2R,4'R,8'R-c-tocopherol in a dose and time-dependent manner. The incorporated
tocopherol was found mainly associated with cell membranes. The half-time for the

retention of tocopherol in endothelial cells was 63 + 7 h.
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Iable IT

Subcellular distribution of (R,R,R)-c-tocopherol

in human endothelial cells

Confluent monolayers were incubated with (R.R,R)-a-tocopherol, 23.2 pM for
20 hrs. The cells were rinsed with buffer containing 0.25% BSA, harvested, homogenized

and subjected to differential centrifugation for various subcellular fractions as described in
Methods.

Fractions Tocopherol Protein Tocopherol/protein
(nmole) (mg) (nmole/mg)
Plasma membrane 1.10 0.06 ) 18.3
Mitochondria 7.26 0.59 12.3
Endoplasmic Reticulum 2.46 0.36 6.8
Cytosol 1.15 5.56 0.2

Total cell homogenate 19.53 9.22 2.12




Fi'gure 6 - Disappearance of R,R,R-a-tocopherol in human endothelial cells.
Confluent monolayers were incubated with 23.2 uM of R.R,R-a-tocopherol for 4
h, after which the tocopherol-enriched medium was removed. The cells were
gently rinsed with warm Hepes buffered saline containing 0.25 % of essential fatty
acid free bovine serum albumin and they were reincubated with fresh culture
medium without tocopherol (-E). At indicated time points, cells were harvested and
cellular lipid were extracted to determine tocopherol as described in Materials and
Methods. After 37 h of incubation, fresh medium was replaced in order to
maintain cell viability (arrow). Values are means + S.D. of three dishes.
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B. Effect of tocopherol enrichment on arachidonic acid release and cellular

phospholipids in cultured human endothelial cells

This study was undertaken to better understand the involvement of a-tocopherol in
the metabolic turnover of arachidonic acid in cultured human endothelial cells. In con-
trast to the previous reports, which showed that a-tocopherol inhibits rat platelets and
myocardial phospholipase Ag activity (25,26), the present study demonstrated that

a-tocopherol stimulates arachidonic acid release in cultured human endothelial cells.

Distribution of incorporated labelled arachidonic acid in endothelial cell lipids

In order to study the effect of tocopherol on the turnover of arachidonic acid, the
distribution of 14C arachidonic acid in various cellular lipids must be first examined.
The incorporation of labelled arachidonic acid into endothelial cell lipids after 5 or 20
h of incubation was studied. When labelled with (.25 #Cior 3.8 iM of [1-]4(,"'.] arachi-
donic acid for 5 or 20 h, total radioactivity uptake by the cells was 34% and 64%,
respectively. Incorporated radioactivity was found mainly in phosphatidylcholine (PC)
and neutral lipid (NL) fractions; however, the distribution of incorporated radioactivity
in various phospholipid classes was different after the two incubation periods (Table
III). After 20 h of arachidonate labelling, there was a considerable shift of radicactivi-
ty from phosphatidylcholine (PC) and phosphatidylinositol fractions to those of phos-
phatidylethanolamine (PE) and ncutral lipids (NL). This transfer of labelled arachi-

donic acid is consistent with the obscrvation reported by Brown and coworkers (37).
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Table_ITI

Distribution of [1-14C] arachidonic acid in various lipid classes of human
endothelial cells after 5 and 20 hours of incubation

Confluent endothelial cells were labelled with 0.25 uCi of [1-14C] arachidonic acid
(3.8 uM) for 5 or 20 hours. The dishes were rinsed with Ringer-Tyrode buffer, pH 7.4
containing 0.25% BSA. Cells were scraped in ice-cold methanol and cellular lipid was
extracted and quantitated as described in Methods. Results are means + S.D. of three dishes.

Radioactivity, dpm x 10-4/dish

5 hours (%ototal) 20 hours (Yototal)
Total uptake by cells 19.13 £ 0.07 (100) 3548 +1.67 (100)
Phosphatidylcholine 8.94 +0.05 (46.7) 11.75 +£0.42 (33.1)
Phosphatidylethanolamine 1.71 £ 0.15 (8.9) 6.15 +0.83 (17.3)
Phosphatidylinositol 2.56 £0.06 (13.4) 2,07 +£0.27 (5.8)
Neutral lipid + 3.53 +0.08 (18.5) 11.31 £0.45 (31.9)

free arachidonate
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Experiment 1, effect of 2R,4'R,8'R-a-tocopherol on arachidonic acid release

and cellular phospholipids

Arachidonic acid is the major C-20 polyunsaturated fatty acid (PUFA) of the
blood and the vascular cells in mammals. It is also the main PUFA liberated during
cell activation that results in the formation of many active products including the pros-
taglandins and leukotrienes. Therefore, this experiment was designed to determine
whether or not cellular a~tocopherol has any effect on the release of arachidonic acid
when the cells were stimulated with either thrombin or ionophore A23187.

Endothelial monolayers were enriched with  indicated concentrations of
a-tocopherol for 20 h followed by labelling with [1-14C} arachidonic acid for 5 h.
Total uptake of radioactivity by the cells was (19.11 = 1.4)x 104, (19.46 = 1.1)x 104
and (18.23 % 0.5)x 104 dpm which corresponded to 0, 23.2 and 92.9 uM of tocopherol-
enriched medium, respectively. Therefore, the incorporation of arachidonic acid in the
endothelial cells was not significantly altered by tocopherol enrichment (Table I).
Cells were rinsed with buffer containing 0.25% BSA to remove any nonspecific binding
of arachidonic acid and then they were subjected to agonist stimulation. Figure 7A
clearly showed that tocophero! enrichment significantly enhanced the relcase of arachi-
donic acid. This enhancement was directly proportional to the concentrations of toco-
pherol present in the medium. In addition, the potentiating cffect of a-tocopherol on
arachidonic acid relcase was similarly obscrved with the two agonists used. lonophore
A23187 (1 ;M) elicited a higher arachidonic acid release than thrombin (2.5 U/ml). In
fact, in the absence of agonist, therc was a small but significant increasc in the rclease

of arachidonic acid from cells that were enriched with the high concentrations of toco-

pherol (92.8 pM).



Figure 7 - Experiment 1, dose-dependent stimulation by R,R,R-a-tocopherol on
agonist-induced arachidonic acid release and radioactivity retained in cellular
phospholipids. Confluent monolayers were incubated with 0, 232 and 92.8 WM
of R,R,R-o-tocopherol-enriched medium for 20 h. Following the removal of
medium, each dish was radiolabelled with 0.25 uCi of [1-14C] arachidonic acid for
5 h. Cells were rinsed with warm Ringer-Tyrode buffer containing 0.25 % BSA
and they were stimulated with thrombin, 2.5 U/ml ( &), ionophore A23187, 1
uM (&) or buffer alone (o). After 10 min stimulation, the medium was removed
and an aliquot was taken for quantitation of total radioactivity release. Cellular
lipids were extracted and phospholipids were resolved by thin-layer
chromatography using CHCl3 IMeOHIHAc/H70O (85:15:10:3.5, viviviv) as solvent
system. Identification of phospholipid class was achieved by I2 vapor expcsure
and autoradiography with authentic phospholipid standards. The bands from TLC
were scraped and radioactivity was determined by scintiliation counting. Values are
means + S.D. of three dishes. PC, phosphatidylcholine:  PE,
phosphatidylethanolamine; PI, phosphatidylinositol.
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Analysis of the radioactivily remaining in the cellular lipids after agonist stimula-
tion revealed ihal the principle source of arachidonic acid loss was PC (figure 7B).
There was little loss of arachidonic acid from PE upon different agonist stimulation.
Parallel comparison between the increase of arachidonic acid release in the medium in
figure 7A and the decrease of radioactivity in PC in figure 7B clearly demoustrated
that PC was the main source for the releasc. The radioactivity found in PI was
unchanged by tocopherol status of the cells. Data from this experiment clearly indicat-
cd that a-tocopherol caused a significant increase of arachidonic acid release from PC

in agonist-stimulated endothelial cells.

Expcriment 2, effect of 2R,4'R,8'R-a~tocopherol on arachidonic acid release

and ccllular phospholipids

In order to determine whether the release of arachidonic acid was a direct effect
of tocopherol on cellular lipids or whether the presence of tocophero! in the cells exert-
¢d a discrimination on the incorporation of arachidonic acid into any particular lipids,
Experiment 2 was conducted in which the incubation order of tocopherol and arachi-
donic acid was reversed from that of Experiment 1. The cells were prelabelled with
0.25 uCi of [1-14C] arachidonic acid for 20 h and then incubated with varying toco-
pherol concentrations for 5 h. Among cellular phospholipids, PC again incorporated
the highest radioactivity, a phenomenon that was similarly observed in Experiment 1.
During the 5hof tocopherol incubation, about 16% of the incorporated arachidonic
acid radioactivity was released into the culture medium (ie. before tocopherol incuba-

tion: (42.5 + 1.4) x 104 vs after 5 h of tocopherol inculu.-f":q : (35.3 + 3.8) x 104,
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(35.3 + 3.9) x 104 and (35.0 + 3.6) x 104 dpm/dish for 0, 23.2 and 92.8 yM of toco-
pherol in medium, respectively). Analysis of cellular lipids showed that triacylglycerol
was the principle source of this arachidonic acid release during 5 h of tocopherol incu-
bation (data not shown).

When the cells were stimulated with ionophore and thrombin for 10 min, the
tocopherol-induced enhancement of arachidonic acid relecase was again observed (Fig-
urc 8A). However, under these experimental conditions, the increased release of ara-
chidonic acid leveled off at 23.2 M of locopherol enrichment and, in contrast to
Experiment 1, no further increase of release could be detected at a higher (92.8 uM)
level of tocopherol preincubation. This could be in part due to the shorter duration of
tocopherol enrichment. The cellular tocopherol uptake in this experiment was (.32
and 0.98 nmoles/dish for 23.2 and 92.8 yM of tocopherol in the medium. In contrast,
~uptake of cellular tocopherol in Lxperiment 1 (20 v of tocopherol incubation) was
hfnuch higher, reaching 0.56 and 1.80 nmol/dish, as illustrated in Table 1. Alternative-
ly, the longer period of arachidonic acid labelling may result in chain clongation to
adrenic acid, which has been demonstrated by Rosenthal and Hill (38) to be resistant
to agonist-induced releasce.

The radioactivity retained in different phospholipid classes is presented in figure
8B. The loss of radioactivity by agonist stimulation was again found most prominent in
PC, and the magnitude of radioactivity lost corresponded to the amount of arachidenic
acid release. Results from this experiment confirmed the previous linding (LExperiment
1), that o-tocopherol potentiates arachidonic acid release from PC in response to iono-

phore and thrombin stimulation.



Figure 8 (A) - Experiment 2, stimulation of arachidonic acid release by R,R,R-u-
tocopherol.  Confluent monolayers were labelled with 0.25 uCi of [1-14C]
arachidonic acid for 20 h. After removal of medium and rinsing with warm Ringer-
Tyrode buffer containing 0.25 % BSA, the cells were incubated with 0, 23.2 and
92.8 uM of R,R,R-a-tocopherol-enriched nmedium Jor 5 h. Cells were rinsed as
indicated above and were stimulated with thrombin, 2.5 Uiml (w), ionophore
A23187, 1uM (A) or buffer alone (c). After 10 min stimulation, the medium was
quickly removed and radioactivity was determined by scintillation counting. Values
are means + S.D. of three dishes.
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Figure 8 (B) - Experiment 2, radioactivity in cellular phospholipids after agonist
stimulation. Experimental conditions were identical to Fig. 8 (A).. After 10
min stimulation with thrombin, 2.5 Uiml (m), ionophore A23187, 1 uM (a ) or
buffer alone (0 ), cellular lipids were extracted and different phospholipid classes
were quantitated as described in fig. 7. Values are means + S.D. of three dishes.
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol. |
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In order to determine whether or not a-tocopherol has any effect on cellular neu-
tral lipids, aliquots of cellular lipid extract from Experiment 2 were subjected to quan-
titation of radiolaby'led neutral lipid (Table IV). Radioactivity in celiular free arachi-
donic acid and diacylglycerol was unaffected by tocopherol enrichment while the
radioactivity in triacylglycerol was slightly decreased with increasing concentration of
tocopherol. This suggested that, in addition to phospholipase A3, triacylglycerol lipase
is also involved in arachidonic acid release potentiated by tocopherol. Under iono-
phore and thrombin stimulation, the radioactivity from both free arachidonic acid and
diacylglycerol was higher compared to the control whereas the radioactivity of triacyl-

glycerol was significantly decreased.

In the preceeding two cxpérimcnls, [ have shown that endothelial cells in culture
incorporated arachidonic acid mainly into PC and neutral lipid fractions. There was a
time-dependent  redistribution of arachidonic acid between different phospholipid
pools. Tocopherol in the medium as well as cellular tocopherol had no effect on the
incorporation of arachidonic acid into cellular lipids. 2R,4'R,8'R-a-tocopherol potenti-
ated the release of arachidonic acid mainly from PC, although triacylglycerol was also

involved in contributing to the pool of released arachidonate.
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Table IV

Distribution of radioactivity in celluiar neutral lipids
after agonist-stimulation.

Aliquot of cellular lipid extract from Experiment 2 (see legend in Figure 8A and B) was

used for quantitation of neutral lipids by thin layer chromatography as described under
Materials and Methods. Values are means + S.D. of three dishes.

Tocopherol concentration in media, yM

0 23.2 092.8
dpm x 10 -3/ dish
Free arachidonate
Control 0.81 +0.02 0.79 £0.01 0.77 £0.02
Thrombin 236 +0.14 235 £0.14 250 £0.23
A23187 1.75 +0.01 1.72 £0.10 1.79 +0.01
Diglyceride
Control 293 +0.19 290 +£0.19 2.81 £0.16
Thrombin 5.80 +0.23 6.02 +0.50 569 +0.17
A23187 460 +0.28 482 £0.20 4,65 +0.18
Triglyceride
Control 49.21 +2.82 4417 + 4.49 4193 +0.71
Thrombin 43.60 +2.62 4190 +1.80 39.10 +0.80
A23187 38.63 +0.90 38.33 +3.53 34.60 £ 1.00
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C. 2R,4R,8'R-a-tocopherol potentiates prostacyclin release in human

endothelial cells

Human umbilical vein endothelial cells in culture synthesize Ip'roslacyclin (PGI2) as
the predominant metabolite of arachidonic acid (AA) which is derived from the deacy-
lation of phospholipids. Since a-tocopherol has been shown to potentiate the release
of arachidonic acid in the previous section, it will be therefore interesting (o examine
whether or not the potentiating effect of a-locopherol on arachidonic acid release is
correlated with the synthesis of PGI2 in endothelial cells. The following studies were
designed to examine the effect of a-tocopherol on spontaneous and agonist-induced
PGl synthesis in human endothelial cells.

During the initial stage of these studies, I found that the prostacyclin (PGI2) syn-
thetic capacity of human umbilical vein endothelial cells decreased as the cells were
passaged. Hence, in subsequent experiments, only cells from first passage were used in
order 1o obtain reproducible results. I also found that when culture medium conlaining
endothelial cell growth supplement was removed immediately prior to the study of
PGI) synthesis, the amount of PGI2 produced by the cells was extremely low. Exclu-
sion of the growth supplement from the medium from 20 - 24 h "restored” the PGIp
synthesis capacity. Therefore, in subsequent studies, confluent monolayers were
replaced with fresh culture medium in the absence of growth supplement for 20 - 24 h
before they were used. These two observations are consistent with those that were pre-

viously reported (39,40).
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Effects of 2R,4'R,8'R-a~tocopherol enrichment on PGI2 synthesis

When monolayers were preincubated with 23.2 #M of 2R,4'R 8'R-a-tocopherol at
different time points the release of PGI2 and the uptake of tocophorol by endotheliai
cells were time-dependent (figure 9). This potentiating effect of tocopherol on PGIy
release commences at 1 h of tocopherol incubation, continues to increase after 4 h and
reaches maximum at 8 h which was also the time required for maximum cellular
uptake of tocopherol (41,42). In' order to determine the concentration of tocopherol
that can elicit maximum PGI9 release, monolayers were preincubated for 4 h with dif-
ferent tocopherol concentrations and the time course of basal PGI2 release was moni-
tored. Figures 10A and B clearly show that PGI7 release was stimulated by tocopherol
enrichment in a dose-dependent way. The maximum PGI2 release was reached at 10
minutes and the maximum stimulatory tocopherol concentration was 46.4 M. This
concentration of tocopherol is twice that of normal plasma level in North Americans
who takc no vitamin E supplement but is readily achievable by oral tocopherol supple-
mentation. In all subsequent experiments, we routinely enriched the cells for 4 h with

23.2 M of tocopherol or its analogues.
Role of exogenous arachidonic acid and Ionophore A23187

To determine the mechanism by which tocopherol potentiates PGI2 synthesis in
human umbilical vein endothelial cells, experiments were designed to compare the

effect of tocopherol on PGIy release in the presence of exogenous arachidonic acid

and ionophore A23187.



Figure 9 - Time-dependent stimulation of tocopherol on the spontaneous PGIp
release and uptake of tocopherol by humand endothelial cells. Confluent
monolayers were incubated with R.R R-a-tocopherol (23.2 uM) at indicated times.
After the cells were rinsed, they were incubated with Ringer-Tyrode buffer
containing 1 mM Ca?* for 10 min at 37 °C. PGI5 release was quantitated from an
aliquot of the supernatant by RIA and the tocopherol was determined by HPLC
Jrom total cellular lipid extract as described in Materials and Methods. Values are
means of duplicate dishes and are derived after substraction of basal PGI; release
by corresponding cells incubated in the absence of tocopherol,
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Figure 10 (A) - Time course of R,R,R-a-tocopherol-mediated prostacyclin
production. Endothelial monolayers were incubated for 4 h at 37 °C with R,R.R-
a-tocopherol at O (0), 11.6(e®), 232 (®), 464 (0 )and 92.8 (o) puM. Cells
were viised and then incubated wii". Ringer-Tyrode buffer containing 1 mM Ca2+
at the indicated times. PGI; was quantitated by RIA. Values are means +S.D. of
three dishes.
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Figure 10 (B) - Dose-dependency of R.R,R-a-tocopherol-mediated prostacyclin
release. This figure was redrawn from the values in Figure 10 (A).
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lTonophore A23187 was known to stimulate the cells to release endogenouns arachidonic
acid through the calcium-modulated phospholipase activation while exogenous arachi-
donic acid was used to bypass the step of arachidonic acid release.

Confluent monolayers were preincubated for 4 h with or without 23.2 4M of
2R, 4'R,8'R-a-tocopherol before they were stimulated for 10 min with varying concen-
trations of added arachidonic acid or ionophore A23187. Figure 11A shows that PGIp
synthesis by human endothelial cells in response to exogenous AA was dose-dependent
at low substrate concentrations (1-5 uM). 2R,4'R,8'R-a-tocopherol-enriched cells syn-
thesized consistently more PGl than control cells that did not receive vitamin
E-enrichment. However, the potentiating effect of vitamin E was greatly diminished
when arachidonic acid was present at a higher concentration, ie. 50 yM. ‘This
response to high level of exogenous arachidonate indicated that the cyclooxygenase -
PGIy synthase system was fully operational irrespective of cellular tocophcerol level, Tt
further suggested that endogenous release of arachidonate may greatly be diminished
by the presence of unsaturated fatty acid, which has been reported to be 2 strong inhib-
itor of phospholipase Ag activity in platelets (101), nentrophils (102) and macrophages
(103). 1In contrast, PGla synthesis in response to A23187 stimulation showed a consis-
tent dose-dependent increase at both low (20-100 nM) and high (1000 nM) concentra-
tions (ligure TIB). At all levels of A23187 tested, IR 4'R,8'R-a-tocapherol- eariched
cells synthesized significantly more PGI than control cells. In fact, the greatest PGlp
increase was found at the highest concentration of A23187 (1000 nM). Taken together,
these data suggest that the potentiating cffect of vitamin E on PGl synthesis is pre-

dominantly mediated at the level of arachidonate release.



Figure 11 - Concentration dependence of exogenous arachidonic acid and
ionophore A23187 on PGI; release by R,R,R-a-tocopﬁe;:ol. Confluent
monolayers were incubated in the absence (©) or presence ( ®)of 232 uM
R,R,R-a-tocopherol for 4 h at 37 °C. After the cells were rinsed, they were
incubated with indicated concentrations of arachidonic acid (panel A) or A23187
(panel B} in Ringer-Tyrode buffer containing 1 mM Ca?* for 10 min at 37 °C.
PGIz was determined by RIA. Values are means + 8.D. of three dishes.
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Effects of 2R,4'R,8'R-a-tocopherol on phospholipid metabolism

To discern the role of vitamin E on arachidonate release, my approach was to
examine the deacylation-reacylation of phosphatidylcholine (PC) in human endothelial
cells because PC is not only a major phospholipid is these cells but is also a significant
pool for arachidonate release (sce part B and rcfércncc 46). Possible mechanisms for
the liberation of arachidonic acid are presented in figure 2.

Two experiments were conducted in which confluent monolayers were cither
labelled  with [3I*I]-mclhylcholinc for 20 h prior to enrichment  with
2R,4'R,8'R-a-tocopherol (23.2 pM) for 4 h or the cells were coincubated with
[31‘1]-mclhylcholinc in the presence and absence of 2R,4'R,8'R-a-tocopherol for 20 h.
After the removal of labelling compomids al indicated times, monolayers were rinsed
1o remove nonspecific label adhesion and were stimulated with ionophore A23187 (1
#M) for 10 min. Cellular lipids were extracted and the amount of labelled lysophos-
phatidylcholine was quantitated by liquid scintiliation counting alter different phospho-
lipids were separated by thin Jayer chromatography. 'l“i);:.‘incorporution of |3I-I]—choiinc
into PC during incubation was found to be unaffected by the presence of tocopherol in
the cell or in the cuiture medium (data not shown). [igures 12A and B show that
tocopherol-enrichment  followed Ly ionophore  A23187  stimulation  significantly
increased cellular  labelled  lysophosphatidylcholine  content, irrespective of  the

sequence of choline labelling or tocopherol enrichment.



Figure 12 - Effect of R,R,R-a-tocopherol on ionophore A23187-stimulated
lys{ophosphaﬁdylcholine formation. Confluent monolayers were labelled with 10
uCilml of (3H]-choline for 20 h followed by enrichment of R.R,R-a-tocopherol
(232 uM) for 4 h (panel A), or the cells were coincubated with 10 uCilml of [3H]-
choline and R,R,R-a-tocopherol (232 uM) for 20 h (panel B). Cells were rinsed
and stimulated with 1 uM A23187 in Ringer-Tyrode buffer containing 1 mM Ca2+
for 10 min.. Values are means + S.D. of three dishes.
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The increase in cellular lysophosphatidylcholine clicited by tocopherol can be
attributed to an elevated phospholipase A aclivity or conversely, it may result from a
change in enzymes that metabolize lysophosphatidylcholine. In order to differentiate
the mechanism for the increase of cellular lysophosphatidylcholine, the activities of
lysophospholipase and lysophosphatidylcholine-acylCoA-acyltransferase were deter-
mined in  homogenates from monolayers pretreated with or  without
2R,4'R,8'R-a-tocopherol (23.2 yM) for 4 h. Table V clearly shows that the activities of
these two lysophosphatidyicholine catabolising enzymes were cssentially unchanged by
vitamin E enrichment. Therefore, the elevated lysophosphatidylcholine obser:ed in
Figure 12 was primarily due to an increase in phospholipase A activity.

Direct analysis of phospholipase A2 activity by using sn~]-palmitoy‘.-2—[1-14C]
arachidonylphosphatidylcholine as substrate in the presence of 3 levels of Ca2* shows
that irrespective of the Ca* concentration, vitamin E-enrichment caused an enhanced
activity of this enzyme (Table VI). These data suggest that the effect of vitamin E in
potentiating the release of PGI2 observed in Figure 9-11 is mainly mediated by an

increased phospholipase A2 activity.

Stimulatory effect of hydrogen peroxide (H202) and 2R,4'R,8'R-a~tocopherol
on PGI?» synthesis

The metabolism of ¢ndogenous or exogenous arachidonic acid by cyclooxygenase
in cultured endothelial cells (99) generates fauy acid hydroperoxides which are impor-
tant mediators that can activate or inactivate the ¢nzymes required to convert arachi-
donic acid to PGIy, depending on the concentration of peroxides. On a molar basis,

ROOH are 1000-fold more potent than 11202 in stimulating PGl7 synthesis (67).
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Table V

Effect of R,R,R-a-tocopherol enrichment on
endothelial cell acylCoA acyltransferase and
lysophospholipase activities

Confluent endothelial monolayers were incubated with or without tocopherol for 4 h.
AcylCoA transferase and lysophospholipase activities were determined in sonicated cell
homogenates ( 130 g protein) as described under Methods. Values shown are means +SD
of 3 dishes.

R,R,R-a-tocopherol AcylCoA Lysophospholipase
enrichment ' ' acyltransferase
nmole/mg nmole/106 nmole/mg nmole/106
pM protein cells protein cells
0 8.68 + 0.6 5.5+£03 318+3.0 202+1.8

23.2 8.50 £ 0.7 53+04 297+63 185+40
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Table VI
Effect of R,R,R-c-tocopherol on phospholipase Ay activity

Endothelial monolayers were incubated with and without R,R,R-a-tocopherol for

4 h. Cells were harvested by scraping and sonicated in Tris-buffer, pH 9.3.
Phospholipase Az activity was determined as described under Methods. Values shown are
means oi’ duplicates which varied within 5% of mean,

Fatty acid released PLA2 activity
dpm x 10°/mg protein/h pmol/mg protein/h
Ca2+ (mM) R,R,R-0i-tocopherol, uM R,R,R-0-tocopherol, uM
0 23.2 0 23.2
0 0.05 0.12 45 100
5.5 2.10 2.98 1740 2460

10.5 1.73 2.16 1410 1760
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The potentiating effect of a-tocopherol on PGl synthesis in cultured endothelial
cells might be atiributed at the level of cyclooxygenase and PGIy synthase in addition
10 its role at the level of arachidonic acid release, as previously presented. To address
this hypothesis, an indirect study was conducted in which H202 has been used as the
mediator for PGI2 synthesis in both control and tocopherol-enriched cells. The pur-
pose of this experiment is 1o determine whether or not a-tocopherol can perturb the
effect of HpQOy with respect to PGI synthesis.

Table VII clearly shows that a-tocopherol and H202 both stimulate the release of
PGl in cultured human endothelial cells. Both a-tocopherol (23.2 uM) and H202 (35
(M) were found o individually stimulate PGI2 formation. a-Tocopherol enrichment
~ caused a 10-fold increase in PGIa releasc whereas H2O2 stimulation caused a 4-5-fold
increase when compared with control. The observation that HO2 stimulates prosta-
glandin formation was consistent with the other reports (43-45). However, the interme-
diates of the cyclooxygenase reaction include carbon-centered radicals and hydroperox-
ides which have potential to inhibit cyclooxygenase activity by a feedback mechanism.
Interestingly, in the presence of both HoO2 and a-locopherol, the potentiating effect
for PGla synthesis was additive. Therefore it is possible that a-tocopherol may poten-
tiate the stimulating effect of H202 on PGIp synthesis by protecting the catalytic sui-
cide of the cyclooxygenase activity mediated by the intermediates of the reaction (radi-

cals and hydroperoxides).
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Table V]I

Stimulatory effect of hydrogen peroxide (H>03) and
R,R,R-c-tocophkerol on PGI; synthesis.

Confluent endothelial monolayers were incubated with or without tocopherol
(23.2 uM) for 4 h. The cells were rinsed with Ringer Tyrode buffer and stimulated in
the presence or absence of 35 tM H30; for 10 min . PGI; release was quantitated in the
supernatant by RIA as described under Methods. Values are means + SD of 3 dishes.

H0y/ a-tocopherol 6-keto-PGFq %
ng/dish
-/- 0.56 +£0.09 100
-/+ 5.83 +0.26 1041
+/- 2.70 +0.18 482

+/+ 8.35 £ 044 1491




Specificity of the tocopherol molecule in potentiating PGI72 synthesis

In order to clarify whether the potentiating o of tocopherol on PG synthesis
is due to a non-specific lipid cifeet or il the response is specific 1o certain structural
requirement of the tocopherol molecule, T have chosen 1o stady the effect of several
tocopherol analogues. These include @ tocopherol acetate in which the free hydroxyl
group on the chromanol ring responsible for its antioxidant property is blocked by ace-
tylation; TroloxR, which contains the complete chromanol ring but without the phytyl
side chain,.;n:d, phytol itsclf. Confluent monolayers were preincubated with or without
physiological-l;.;l()llt:(:[1lrzlli()l‘t of 2R, 4'R.&'R-a-tocopherol (23.2 pM) or with similar con-
centrations of the above-mentioned compounds for 4 b, After the carichment medium
was removed, basal PGl release was monitored over time., ‘_':."."-igurc 13 <hows that the
PGIa potentiating clfect of tocopherol exhibits an absolute requirement for both the
free hydroxyl moicty as well ax the phytyl side chain since cells preincubated with: toco-
pherol acetate, TroloxR or phytol produced o similar amount of PGI2 as controb cells

that were preincubated with carrier only.

T'o delineate the importance of different methyl substituents on the chromanol ring
of the tocopherol moleeule, cell monolayers were incubated lor 4 h at 23.2 M with
cither 2R, 4'R,8'R-a-tocapherol (2,5,7,8-tetramethyl), f-tocopherol (2.5,8-trimethyl),
~tocopherol (2,7,8-trimethyl),  étocopherol  (2,8-dimethyl), tocol  (2-methyl),  all-
rac-a-locopherol (2,5,7,8-tetramethyl), TroloxR, all-rac- tocopherol acctate or phytol.
Basal PGI2 reizase was determined after removal of incubation medium. Table VIII
clearly shows that the presence and location of methyl groups on the chromanol ring is

not required for potentiating PGla release since tocol, A, v, and & tocopherols all
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induced  a  significantly  higher  PGIl2 release which  is comparable 1o
2RAR B'R-0-1ocopherol. In addition, the synthetic all-rac-tocopherol, which contains
4 racemic pairs due to the presence of 3 chiral carbons on the tocopherol molecule,
exhibited similar activity when compared to the natural 2R, 4'R.8'R-a-tocopherol. The
inability of tocopherol acctitte, TroloxR, and phytol to clicit basal PGI2 release was
similar 1o previous cxperiments (‘Table VIH). Collectively, these data demonstrate
that in order to potentiate PGIo release, the hydroxyl moiety on the chromanol ring as
well as the phytyl side chain on the tocopherol molecule are absolutely essential for this
activity.  However, the presence or absence of different methyl substituents on the
chromanol moicety did not significantly alter the potentiating ctfect of the tocopherol

molecule on the synthesis of PGla.

In summary, tocopherol potentiates the release of PGI3 from human umbilical vein
endothelial eells in culture In a dose- and time-dependent manner. The free hydroxyl
group the phytyl side chain but not the methyl substituents, are absolutely required for
the stimulatory activity ol the tocopherol molecule. The effect of tocopherol is likely
mediated through the activation/enhancement of phospholipase A2 activity. Whether
tocopherol direetly activates phospholipase A2 or indircetly removes some endogenous

inhibitor(s} of phospholipase A2 is not clear at present.



Figure 13 - Effect of tocopherol-related compounds on the time course of
prostacyclin production.  Confluent monolayers were incubated for 4 h at 37 °C
with 23.2 uM of various compounds :  R.R,R-a-tocopherol (e ), rac-a-
tocopherol acetate (&), phytol (%) and Trolox R (8). Cells were rinsed and then
incubated with Ringer-Tyrode buffer containing 1 mM Ca** at the indicated times.
Prostacyclin relecased by corresponding monolayers incubated in the absence of
tested compounds was considered as controls (100 %). Values are means + S.D.
of three dishes.



_57.-.

-TA

RRR-a-Toc
TroloxR

rac -¢

e
A
|
%

1 ]
Q o
< o
L2 N

(1013u09 % *°lynd-010)-9) eseojoy Uj9koe]}80.id

500 |-
400 |-
100

Time (min)

Figure 13



_58_

Table VII

Comparison of the potentiating effect of different
tocopherol analogues or PGIy release from
human endoinelial cells

Confluent monolayers were incubated with cultured medium containting 23.2 pM of
different tocopherol analogues. After 4 h, the incubation medium was removed and the dishes were
rinsed with RT buffer. Cells were incubated for 10 min at 37 °C with 1 ml of RT buffer containing
1 mM Ca?+. The incubation buffer was collected and acidified to pH 3.6 with 1N HCl and 6-keto-
PGFj, was quantitated by RIA as described in Methods. Values are means + SD of 3 separate

dishes.
Compound tested (23.2 pM) PGI; release
ng/dish %
R,R,R-0-tocopherol 7.5 +0.7 100
R,R,R-B-tocopherol 66 +1.1 88
R,R,R-y-tocopherol 72 +0.5 96
R,R,R-8-tocopherol 66 +10 88
rac-o-tocopherol 6.5 +0.5 87
Tocol 71 £1.3 95
rac-oi-tocopherol acetate 20 £03 27
Trolox 2.1 £03 27
Phytol 23 £0.1 31

No addition 1.2 +0.1 16




-59-

DISCUSSION

Kinetics of ccliular a~tocopherol uptake and depletion

The uptake of tocopherol was linear up to 8 h with an accumulation rate of about
300 pmoles/h/10% cells when the cells were incubated at physiological concentration
(23.2 4M or 1 mg/dl) of tocopherol (Figure 4). There was also a lincar relationship
between cellular content of tocopherol and the fogarithm of tocopherol concentrations
in the mediom. The highest tocopherol level used in this study (92.8 ;M or 4 mg/dl)
v 15 4-foid higher than the normal plasma level. This pharmacological concentration
represents the maximum achievable plasma tocopherol when individuals are under high
doses of vitamin I supplementation. The time- and concentration-dependences of
tocopherol uptake by endothelial cells were similar to that observed in experimental
animals in which tissues tocopherol responded fogarithmically to tocepherol levels in
the diet (47-50).

In the depletion study, cellular tocopherol content gradually diminished over time
(ligure 6), with a depletion rate much slower than the accumulation rmc.j-"l‘hc hatf life
of tocopherol in the cells calculated from the lower lincar portion ol the depletion
curve was approximately 2-3 days. In the studies of experimental animals given high
level ol dietary vitamin £, Machlin and Gabricl found that, with the exception of adi-
posc {issue, the rate of depletion of tocophero! from most tissues (muscle, lung, heart,
liver, platelets, red blood cells, brain) was more rapid than the rate of accumulation
(51). The difference of the two observations was probably attributed to the difference
in lhcAcxpcrimcnlal approaches (ie. in vitro vs in vivo), the different tissucs studied or

the dosage of tocopherol used. The obscrvation that cellular concentration of toco-
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pherol reached a plateau after 8 h of incubation (figure 4) suggests that the equilibrium
is attained between the rate of uptake and release ol tocopherol.

Vitamin E is believed to be localized n the cell membranes and subeellular orga-
nelles.  This study showed that the majority of cellular tocopherol was indeed
membrane-associated with very small amount present in the cytosol (Table 1), The
lipophilic nature of tocophero! is further elaborated by recent findings that the vitamin
E content in brown adipose tissuc was found at least five fold higher than that of white
adipose tissue (52). This is attributed to a 100-fold difference in mitochondrial content
between the two tissues. When present in the cytosol, the tocopherols are stored in the
form of lipid droplets, whereas in the membrane, the main function of tocopherol is to
protect polynnsaturated membrane lipids from oxidation (2,53,54).

In antificial lipid bilayers, Kagan and Quinn (55) found that a-tocopherol uxislc.d
both in the monomeric and aggregated form. They postulated that the monomeric
form is responsible for antioxidant and mcmhm;.'ﬁ stabilizing cffects ol tocopherol,
whereas the aggregated form may act as a reservoir.  Accumulation ol large amounts
of a-tocopherol in membranes was found to alter the phase behaviour, decreasing the
stability and altering the pernieability propertics of the membrane (56,57); particularly,
it has been suggested that a-tcncophcrdi tends to form complexes with fatty acids and
lysophospholipids {58-60). Whether or st a-tocopherol has any cffect in altering the
membrane dynamic and stability of biological membrane thereby affecting other

membrane-associated biological funclions remains to be clucidated.
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Synthesis of Prostacyclin

Apart from serving as a selective barrier for nutrient clearance and transport,
endothelial cells produce appreciable quantities of cycloxygenase metabolites. Prosta-
cyelin (PGI7) is the major arachidenic acid metabolite of cultured human endothelium,
although smaller amounts of PGF2, and PGE2 have been reported to be released by
stimulation of endothelial cells derived [rom micrevessels of human foreskin (104,105).
I found that 2R ,4'R,8'R-a-tocopherol potentiates PGI7 release in endothelial cells in a
dose-dependent manner. The effective concentration of tocopherol required to elicit
PGI2 formation (figure 10) was below that of normal plasma value (23.2 ;M) in
human. The maximum response was, however, saturable at 46.4 yM. This concentra-
tion is twice that normally found in human plasma, but it is readily achicvable by oral
tocopherol supplementation.

The stimulatory activity of tocopherol in PGI2 release has a specific structural
requirement for both free hydroxyl moiety and the hydrophobic phytyl side chain (fig-
urc 13, Table ‘VIII). Chemical modification of the tocopherol molccule by blocking the
hydroxyl group or by removing the phytyl moiety greatly attenuated its PGI2 potentiat-
ing activity. This observation confirms the importance of the phytyl side chain that is
probably required for the anchorage and penetration of the molecule into the lipid |
bilayer, whereas the unmodificd hydroxyl grour is needed for the full effect of this vita-
min (4,61). In contrast, the location and the presence of the methyl groups attached to
the aromatic moiety of tocopherol are rot required for its stimulating role in PGla
rciease. The synthetic rac-a-tocopherol which contains 4 racemic pairs of isomers
present in equal molar amounts, possesses stimulatory activity that is comparable to

the naturally occuring 2R,4'R,8'R-a-tocopherol.  Therefore, the PGIa poteatiating



property of tocopherol is independent of its isomeric {forms. The stimulatory cffect of
the tocopherol molecules on PGI7 release is likely mediated by an alternative pathway
independent of its antioxidant property.

The observation that addition of H202 1o ¢ndothelial monolayers increased PGIp
formation was consistent with recent findings that a certain level of hydroperoxides,
so-called tissue "peroxide tonc” appears lo be necessary for prostaglandin synthesis
(63-67). Enzymalic oxidation of arachidonic acid leading to the formation of prosta-
glandin was catalyzed by prostaglandin H synthase (PHS). It catalyzes the primary
cyclooxygenase rcac‘-r . form PGG2 as well as the consceutive hydroperoxidase
reaction to form I)GI'Iél(figler 2 and sce Pace-Asciak and Smith (68) for review).

Generally, cyclooxygenase reaction is activated by hydroperoxides and  scll-
inactivated by oxidants that are released during the reduction of PGG2 to PGH).
Hemler and Lands (65) found that low levels of hydroperoxides (i.e., < 1 pM for lipid
hydroperoxides or 100 ¢M for H202) stimulated PHS, whercas high concentrations of
peroxides resulted in inactivation of PHS. 1 also observed that 11207 stimulated PGI2
release in a dose-dependent manner but at concentrations above 100 pM, H207
induced cytotoxicity (data not shown). An additional factor that aflccts the hydroper-
oxide activation is the length of prior hydroperoxide cxposure before prostaglandin
synthesis was measured. [ noted that 35 #«M H2O2 resulted in a 5-fold increasc in
basal PGl production by endothelial cells, but when the cells were rinsed and then
stimulated with A23187 (1 uM) +AA (20 M), the synthesis of PGl was inhibited by
35%. This observation is consistent with the recent reports of Agar and Gordon (69)
and Whorton et ai (70). Taken together, these results suggested that a small amount of
peroxide is necessary to initiate the cyclooxygenase activity, whereas excessive hydro-

peroxides resulted in the inactivation of cyclooxygenase (65).
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H202 may also have other effects on intact cells that lead to clevated prostaglan-
din synthesis. It has been shown that H2OQ2 treatment results in a rapid K* efflux with
a time course which is similar to prostaglandin synthesis (69). The effect of H20O2 on
the flux of Cat has also been investigated in cultured endothelial cells (72). In this
study, H202 was found to resemble the action of ionophore that caused CaZ* influx.
A net Ca2* influx along with a net K* cfflux would certainly promote phospholipase
activity, thereby increasing the level of free arachidonic acid and its subsequent trans-
formation into prostaglandin (64, 73,74).

Both H2O7 and celtlular a-tocopherol synergistically stimulated basal release of
PGI7 from endothelial cells (Table VII). I also found that a~tocopherol potentiates
PGI2 synthesis upon challenge with cxogenous arachidonic acid (figare 11A). These
results suggested that a-tocopherol apparently affects the cyclooxygenase-prostaglandin
synthase in addition to its role in fatty acid release (disceused later). At present, I
postulate that a-tocopherol behaves similarly to phenols or other oxidizable substances
in preventing the PHS system from self-destruction. These antioxidants act as hydro-
gen donors and are cooxidized during the reaction calalyzed by PHS system (see
Bruchhausen et al (71) for review). Hence, vitamin E apparently protects the cycloox-
ygenase from self-destruction and acts as cosubsirate during the reduction of PGG2 to
PGH>.

The role of tocopherol on prostacyclin synthetase was not examined in our studies.
In the perfused rabbit aorta, it has been found that both cyclooxygenase and PGIy syn-
thasec are extremely sensitive to metabolites of arachidonic acid, especially
15-hydroperoxyeicosatetraenoic acid (15-HPETE) (100). Some reports have suggested
that vitamin E protccl:; prostacyclin synthetase from inactivation by preventing the for-

mation of hydroperoxide (29,30). Whether or not vitamin E has any effect on PGla



synthetase need to be reexamined by using PGG2 or PGH2 as substrates for PGI3

synthetase in order to bypass phospholipase and cyclooxygenase enzymes.

The rolc of phospholipasc A2

In addition to its effect on the PHS system and PGI2 synthetase, a-tocopherol had
a direct effect on phospholipase A2 from three lines of evidence according to the
present study. First, tocopherol-enriched cells significantly enhanced labelled arachi-
donic acid release from PC upon challenge with thrombin or ionophore (figure 7 and
8). Seccond, ionophore stimulation resulted in an increcase of cellular
lysophosphalidyl-[3I—I]-cholinc in tocopheroi-cnriched cells (figure 12). The increase of
cellular lysophosphatidylcholine clicited by tocopherol could not be attributed to an
aiteration of lysophospholipase or acylCoA-acyltransferase activities (Table V).
Third, dircet analysis of phospholipase A2 demonstrated that tocopherol enrichment
enhanced the activity of this enzyme (Table VI).

The release of arachidonic acid from phospholipids i intact cells is considered to
be the rate limiting step in the biosynthesis of cicosanoids. Considerable c¢vidence has
accumulated to show that arachidonic acid can be relcased from many precursor phos-
pholipid classcs ixwlu_(ling phosphatidylinositol, phosphatidylcholine and phosphatidy-
lethanolamine. Tt is now generally accepted that the release of arachidonic acid from
phosphatidylinositol by the sequential actions of phospholipase C and diglyceride lipase
or by a Pl-spccific phospholipase A2 activity contribute to a significant mass of arachi-
donic acid rzleased (75-81). In human endothelial cells, phospholipase A7 aclivity has
been reported to hydrolyze phosphatidylinositol, phosphatidylcholine and phosphatidy-

lethanolamine (77,78).
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Alpha-tocopherol did not alter the uptake and distribution of arachigonic acid in
cellular phospholipids but tocopherol enrichment enhanced arachidonic acid release in
response to thrombin and ionophore (figure 7 and 8} The potentiating effect of toco-
pherol on arachidonic acid release is compatible with its stimulation on PGI3 releasce in
endothelial cells. T have taken the approach to bypass the step of arachidonic acid
tzlease by direet incubation of endothelial cells with exogenous arachidonic acid. The
dose-dependent increase in PGI synthesis in response to added arachidonic acid pre-
sented in figure 11A is consistent with the concept that the release of arachidonic acid
is a major rate-limiting step for eicosanoid biosynthesis (85) and it further implies that
PGl synthetic capacity in resting endothelial cells is highly depended on the level of
endogenous arachidonate. In addition, the cells released PGI2 in response 1o a wide
range of ionophore (figure 11B). The observation that tocopherol increased
arachidonate- and ionophore-induced PGla relcase was similar to the potentiating
effect of tocopherol in arachidonic acid release induced by phospholipasc
Ag-stimulated agonists. Direct analysis of phospholipase A2 activity and indirect
quantitation ol lysophosphalidyl-l3I-I]-choline [rom choline-prelabelled cells further sup-
port the regulation role of vitamin E at the level of arachidonate release.

The mechanism by which tocopherol stimulates phospholipase A activity in
human endothelial cells is not clear at present. It is tempting to speculate that toco-
pherol may activale a medialor or remove a repressor which control acylhydrolase
activily. In this respect, the lipoxygenase product
15-hydroperoxy-5,8,11,13-cicosatetraenoic acid, which was reported to stimulate phos-
pholipase A2 (82), could possibly be the mediator, because tocopherol-enrichment of
human platelets have been shown to  elicit a transitory  increase  in

12-hydroperoxy-5,8,10,14-cicosatetranoic acid and
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12-hydroxy-5,8,10,14-cicosatetracnoic acid when incubated with labelled arachidonic
acid (83). Conversely, polyunsaturated fatly acids (PUFAs) are hikely to be the repres-
sor. High concentration of PUFAs, especially arachidonale and cicosapentacnoale,
competitively inhibit phospholipase A2 in macrophage (84). Tocopherol may abolish
the PUFA-induced inhibition of phospholipase A2 by either complexing with these
PUFAs (58-60) or by chanelling these PUFAs to be acylated in different intracellular
lipid pools. The removal of the repressor will increase the activity of phospholipase
A2. Due to its lipophilic property, tocopherol would certainly change the phase behav-
iour of the membrane (56,57) and possibly alter the flux of certain ions such as Ca2t
and K* that may result in a direct stimulation of certain membranous enzymes.

The stimulatory effect of vitamin E on phospholipase A activity found in this
study is in direct contrast with previous reports which showed that vitamin L2 inhibitis
rat platelets and myocardial phospholipase A7 (25, 26). It appears, therefore, that the
regulation of arachidonate release reaction by this vitamin is lissuc- and probably

specics-specific.
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CONCLUSION

In summary, human endothelial cells in culture is a feasible model for the direct
study of vitamin E and it is possible that this model can potentially be used to sﬁxdy
other fat-soluble vitamins and essential nutrients. The potentiating effect of vitamin I
in the synthesis and release of PGIQ from human endothelial cells is mediated by many
possible mechanisms. This study demonstrated that vitamin E is able to regulate PGIp
synthesis at the level of arachidonic release in which actlivation of PC-specific-
phospholipase A2 is likely o be onc of the possible candidates. Arachidonic acid can
also be released by the activation of phospholipase C followed by diglyceride lipase or
through a combined actions of phospholipase 1> and phosphatidic acid-specific phos-
pholipasc A2. Whether or not vitamin E has any effect on the last two sources ol ara-
chidonic acid release from mammalian cell system remains to be investigated.  Addi-
tional in vitro studies are needed to determine whether or not stimulation  of
phospholipase A2 is due to membrane pertubation by vitamin . Apart [rom its role
in the release of fatty acid and at the level of cyclooxygenase, it is also possible that
vitamin E regulates PGl synthesis by directly affecting the activity of PGIy synthetase
or indirectly lowering the hydroperoxides concentration which is known to inhibit PGly
synthetase.

Other than its antithrombotic function, endothelial cells have been implicated to
play a role in inflammatory reactions mainly through the synthesis of PGl (15,86) and
platelet-activating-factor (87, 88). The synthesis of these two lipid mediators requires
activation of phospholipase A2 activity (77, 79, 89). Recent evidence shows that vita-

min E can influence the biosynthesis of platelet-activating-factor in rat polymorphonu-
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clear leukocytes (90). Therefore, the function of vitamin E on the synthesis and remo-
delling of the ether-phospholipids in endothelial cells merits further investigation. Fur-
thermore, endothelial-derived PGI2 has recently been shown to modulate granulocyte
responses (91-94), a process which is recognized to cause major destructive events in
tissues during inflammatory discascs and myocardial reperfusion injury (95-98). Finally,
the ratio of PGI2/TXA7 appears to be critical for the interactions between blood vessel
and platelet during thrombosis formation. Whether the regulatory role of vitamin E on
the ryynthesis of PG, TXA2, and PAF has any relevance in both normal and patho-

logical conditions remain to be studied.
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