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Abstract

Excess vascular oxidative stress has been linked to impaired
endothelium-dependent arterial relaxation in hypercholes-
terolemia. a-Tocopherol (AT) preserves endothelial func-
tion in hypercholesterolemia although the mechanism(s) for
this protective effect is (are) not known. We examined the
tissue-specific effects of AT on oxidized LDL (ox-LDL)-medi-
ated endothelial dysfunction in male New Zealand White
rabbits. Animals consumed chow deficient in (< 10 IU/kg)
or supplemented with (1,000 IU/kg) AT for 28 d. Exposure
of thoracic aortae from AT-deficient animals to ox-LDL (0-
500 pg/ml) for 4 h produced dose-dependent inhibition of
acetylcholine-mediated relaxation (P < 0.05) while vessels
derived from animals consuming AT were resistant to ox-
LDL-mediated endothelial dysfunction. Animals consum-
ing AT demonstrated a 100-fold increase in vascular AT
content and this was strongly correlated with vessel resis-
tance to endothelial dysfunction from ox-LDL (R = 0.67;
P = 0.0014). These results were not explained by an effect of
AT on ox-LDL-mediated cytotoxicity by LDH assay or
scanning electron microscopy. Vascular incorporation of
AT did produce resistance to endothelial dysfunction from
protein kinase C stimulation, an event that has been impli-
cated in the vascular response to ox-LDL. Human aortic en-
dothelial cells loaded with AT also demonstrated resistance
to protein kinase C stimulation by both phorbol ester and
ox-LDL. Thus, these data indicate that enrichment of vas-
cular tissue with AT protects the vascular endothelium
from ox-LDL-mediated dysfunction, at least in part,
through the inhibition of protein kinase C stimulation.
These findings suggest one potential mechanism for the ob-
served beneficial effect of AT in preventing the clinical ex-
pression of coronary artery disease that is distinct from the
antioxidant protection of LDL. (J. Clin. Invest. 1996. 98:
386-394) Key words: endothelium « nitric oxide « vitamin E
- antioxidants « lipoproteins

Introduction

In 1980, Furchgott and Zawadzki demonstrated the release of
an endothelium-derived relaxing factor in response to acetyl-
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choline (1). This factor has since been identified as nitric oxide
(NO)! and subsequent studies have shown that NO is impor-
tant in the local control of vascular tone (2) and platelet adhe-
sion to the endothelial surface (3). Atherosclerosis (4) and hy-
percholesterolemia (5) are associated with abnormalities in
endothelium-dependent arterial relaxation that may, in part,
result from the effects of oxidized LDL (ox-LDL) on endothe-
lium-derived NO (6, 7). Modified LDL inhibits receptor-medi-
ated endothelium-dependent arterial relaxation (6) and de-
grades endothelium-derived NO directly (7). Moreover in
atherosclerosis, ox-LDL accumulates in the vascular wall (8)
where it is cytotoxic (9), and chemotactic for monocytes (10)
leading to the accumulation of vascular inflammatory cells
and, perhaps, the production of oxygen-derived free radicals
that can inactivate endothelium-derived NO (11).

The most abundant lipid-soluble antioxidant in human
plasma and LDL is a-tocopherol (12), and the oxidation of
LDL in vitro is limited by a-tocopherol (13). Dietary supple-
mentation with a-tocopherol results in enhanced LDL a-tocoph-
erol content (14) and protection of LDL from copper- (14) and
cell-mediated (13) oxidation in vitro. Plasma levels of a-tocoph-
erol are inversely correlated with the development of angina
pectoris (15), and recent epidemiologic studies indicate that
supplemental vitamin E consumption is inversely associated
with the development of coronary artery disease in both men
(16) and women (17).

The precise mechanism(s) for the beneficial effects of
a-tocopherol in coronary artery disease is (are) unclear. Since
ox-LDL is implicated in the development and progression of
atherosclerosis (18) and a-tocopherol is known to limit LDL
oxidation (14, 19), it is attractive to speculate that the benefi-
cial effects of a-tocopherol on coronary artery disease result
from antioxidant protection of LDL. However, the effect(s) of
a-tocopherol on animal models of atherosclerosis is (are) in-
consistent (20-22) despite continued protection of LDL
against oxidation ex vivo (22). Clearly then, the beneficial ef-
fects of a-tocopherol are not explained completely by its anti-
oxidant protection of the LDL particle alone.

a-Tocopherol is incorporated into vascular tissue (22, 23)
and may have important physiologic effects that are not di-
rectly related to the protection of LDL against oxidation in
vivo. For example, a-tocopherol has been shown influence leu-
kocyte adhesion to endothelial cells (24), monocyte transmi-
gration (25), and oxidant-mediated cytotoxicity (26). More-
over, a-tocopherol is known to inhibit protein kinase C in
vascular smooth muscle cells (27) and protein kinase C activa-
tion has been implicated in vascular disease due to diabetes (28)
and ox-LDL (29). Thus, these alternative effects of a-tocoph-
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1. Abbreviations used in this paper: HAECs, human aortic endothelial
cells; MDA, malondialdehyde; nLDL, native LDL; NO, nitric oxide;
ox-LDL, oxidized LDL; PSS, physiologic saline solution; TBARS,
thiobarbituric acid-reactive substances.



erol have the potential to influence processes that are known
to impair endothelium-dependent arterial relaxation. The pur-
pose of this study was to examine the role of vascular a-tocoph-
erol content on vascular dysfunction due to ox-LDL.

Methods

Materials. Sodium pentobarbital was obtained from Anthony Prod-
ucts Co. (Arcadia, CA). Sodium nitroprusside was obtained from Ab-
bot Laboratories (North Chicago, IL). Vacutainer™ tubes were pur-
chased from Becton-Dickinson Co. (Rutherford, NJ), and Chelex 100
resin (100-200 mesh) was from Bio-Rad (Hercules, CA). Natural vi-
tamin E (R,R,R-a-tocopherol) was obtained from Henkel Co.
(Kankakee, IL). The protein kinase C-specific peptide substrate, pro-
tein kinase C Ser? (19-31), was purchased from Peninsula Laborato-
ries (Belmont, CA). Human aortic endothelial cells (HAECs) were
obtained from Clonetics (San Diego, CA). Calcium ionophore
(A23187), acetylcholine hydrochloride, phenylephrine, potassium
bromide (KBr), cupric chloride (CuCl,), Hepes, PMA, and all other
compounds were purchased from Sigma Chemical Co. (St. Louis, MO).

Physiologic saline solution (PSS) contained 118.3 mM NaCl, 4.7
mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO,, 1.2 mM KH,PO,, 25 mM
NaHCO;, 11.1 mM glucose, 0.026 mM Na,EDTA, and 10 pM in-
domethacin (to inhibit prostacylin synthesis). PBS consisted of 10
mM NaP;, 0.15 M NaCl, pH 7.4. Reagents used for LDL experiments
were prepared with Chelex-treated, double-distilled, deionized water
in order to prevent premature LDL oxidation catalyzed by trace
amounts of transition metal ions. A23187 and PMA were prepared
and diluted in DMSO.

LDL isolation and oxidation. Plasma was collected from a group
of five normolipemic volunteers into heparin-loaded Vacutainer™
tubes and LDL isolated as described by Chung and colleagues (30).
Isolated LDL was then subjected to size exclusion chromatography
using Sephadex G-25M PD-10 columns (Pharmacia, Uppsala, Swe-
den) equilibrated with PSS to remove potassium bromide, ascorbate,
and urate (23). LDL prepared in this manner was designated native
LDL (nLDL). Ox-LDL was prepared exactly as nLDL except size ex-
clusion chromatography was performed in Sephadex G-25M equili-
brated with glucose- and EDTA-free PSS followed by incubation
with 10 wM CuCl, at 37°C for 24 h. Copper was then removed from
ox-LDL by gel-filtration with Sephadex G-25M equilibrated with
PSS. Both nLDL and ox-LDL were stored at 4°C under N, for no
longer than 1 wk. LDL protein content was determined by the
method of Lowry (31) using bovine serum albumin as a standard. In-
domethacin was omitted from PSS used for LDL isolation and oxida-
tion.

LDL oxidation was quantified by the LDL content of thiobarbitu-
ric acid-reactive substances (TBARS) and relative electrophoretic
mobility by agarose gel electrophoresis (32). For TBARS determina-
tion, an aliquot of LDL (0.1 mg LDL protein in 0.5 ml PBS) was incu-
bated with equal volumes of 2.8% (wt/vol) trichloroacetic acid and
1% (wt/vol) thiobarbituric acid (in 50 mM NaOH) for 10 min at
100°C, extracted with 2.0 ml n-butanol, and the extract absorbance
determined at 532 nm. TBARS were determined from a standard
curve prepared with 1,1,3,3-tetramethoxypropane. TBARS are ex-
pressed as nanomoles of malondialdehyde (MDA) equivalents per
milligram of LDL protein.

Animal subjects. Male New Zealand White rabbits (2.5-3.5 kg)
were used for this study. Animals consumed food and water ad
libitum. Commercial rabbit chow contains substantial amounts of
a-tocopherol, and in preliminary experiments we were only able to
achieve a modest increase in plasma a-tocopherol with the addition
of 1,000 IU a-tocopherol/kg chow. To produce a more substantial dif-
ference in plasma a-tocopherol between treatment groups, we devel-
oped a synthetic a-tocopherol-deficient diet (Research Diets Inc.,
New Brunswick, NJ) containing < 10 IU/kg total tocopherols. The

Table 1. Composition of Purified Rabbit Diet

Ingredient Quantity
grams/kg chow
Soy protein 200
D,L-Methionine 3
Cornstarch 200
Sucrose 325
Cellulose 125
Guar gum 25
Canola oil 20
Coconut oil 30
Salt mix 60
Vitamin mix (without vitamin E) 10
Choline bitartrate 2
Total 1000

The salt mix (60 grams) contained: calcium carbonate, 8.0 grams; cal-
cium phosphate, 4.0 grams; magnesium oxide, 0.5 grams; potassium ci-
trate, 10.0 grams; potassium sulfate, 0.25 grams; sodium chloride, 2.0
grams; chromium potassium sulfate, 0.2 mg; cupric carbonate, 0.6 mg;
potassium iodide, 0.2 mg; ferric citrate 0.1 grams; manganous carbonate,
50 mg; sodium selenite, 0.2 mg; zinc carbonate, 50 mg. The vitamin mix
(10 grams) contained: 5,000 IU vitamin A palmitate; 1,000 IU vitamin
D;; 2.0 mg menadione; 0.2 mg biotin; 10 wg cyanocobalilamin; 2 mg folic
acid; 20 mg nicotinic acid; 10 mg pyridoxine; 5 mg riboflavin; and 5 mg
thiamine.

composition of this diet is contained in Table I. The a-tocopherol-
supplemented diet was identical in composition to the tocopherol-
deficient diet except for the addition of 1,000 IU/kg R,R,R-a-tocoph-
erol (Henkel Co.). All animal studies were approved by the Boston
University Medical Center Institutional Animal Care and Use Com-
mittee.

In vitro assay of vascular function. The thoracic aorta was iso-
lated from New Zealand White rabbits killed with pentobarbital (120
mg/kg) via a marginal ear vein. Vessel segments were prepared, sus-
pended in organ chambers as described previously (23), and gassed
with 15% O,/5% CO,/80% N, to produce physiologic oxygen tension
(PO, ~ 100 Torr). After equilibration for 90 min, vessels were con-
tracted with phenylephrine (1 pM) and endothelial control of vascu-
lar tone was assayed by the addition of acetylcholine (final concentra-
tion 1 nM to 10 uM). Vessels were then washed extensively, followed
by incubation with nLDL (500 pg/ml X 4 h) or ox-LDL (100-500 g/
ml X 4 h) or ox-LDL (100-500 pg/ml X 4 h). After incubation, vessels
were washed three times with PSS and relaxation was examined in re-
sponse to acetylcholine as above. In certain experiments, PMA was
added to organ chambers containing freshly prepared vessels 15 min
prior to assessment of vascular function. The responses to calcium
ionophore A23187 (0.3 nM to 1 pM) or nitroglycerin (1 nM to 10
wM) were examined in vessels only after exposure to the above
agents with buffer-exposed vessels serving as a control. In selected
experiments, vascular function studies were performed with PSS con-
taining a-tocopherol at a final concentration of 100 wM. In these in-
cubations, the final ethanol concentration was 0.1% and control incu-
bations contained an identical amount of ethanol.

Plasma and aortic a-tocopherol content. Plasma a-tocopherol con-
tent was determined with reverse-phase HPLC and electrochemical
detection as described (33). For aortic a-tocopherol content, tissue
samples (0.1-0.35 grams) were prepared as described (23) and sub-
jected to reverse-phase HPLC as above. Calibration of the HPLC sys-
tem was performed daily using fresh solutions of R,R,R-a-tocopherol
in ethanol.
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Vascular LDH release and scanning electron microscopy. Seg-
ments of thoracic aorta (2.5 cm) were harvested as above, incubated
in PSS (1 ml) or PSS containing 500 wg/ml nLDL or 500 pg/ml ox-
LDL. Samples were continuously bubbled with 15% 0O,/5% CO,/
80% N,, and after 4 h the buffer LDH content was determined using
a commercially available kit (LDH1, Sigma Chemical Co.). After in-
cubation, vessels were homogenized in 1 ml of PSS and the LDH con-
tent of the buffer was determined as a positive control. Authentic
LDH standards (Sigma Chemical Co.) processed in the same manner
demonstrated that nLDL and ox-LDL did not interfere with the
LDH assay. Identically processed vessels were then fixed and sub-
jected to scanning electron microscopy as described (22).

Cell culture. HAEC cultures were maintained in medium EGM
(Clonetics) containing 5 pg/ml endothelial cell growth factor, 2% fe-
tal bovine serum, gentamicin (50 pg/ml), amphotericin B (100 ng/ml),
and 1 pg/ml hydrocortisone. Cells were grown in T25 flasks coated
with gelatin and passaged using calcium and magnesium-free HBSS
and trypsin-EDTA. Endothelial cells were characterized by phase-
contrast cellular morphology, the presence of von Willebrand factor
antigen, and their ability to endocytose acetylated LDL.

Measurement of protein kinase C activity. Protein kinase C activ-
ity was measured in situ using the method of Williams and Schrier
(34) modified for endothelial cells. Before the study of protein kinase
C stimulation, cells were plated in 96-well plates (Costar Corp., Cam-
bridge, MA) and allowed to reach confluence over 4-7 d. To deter-
mine the effect of cellular a-tocopherol status on protein kinase C
stimulation, HAECs were treated with a-tocopherol (100 uM) or ve-
hicle (0.1% ethanol) for 72 h prior to reaching confluency. This treat-
ment had no effect on cell growth as total cell protein in the tocoph-
erol- and vehicle-treated cells grown in 6-well plates was the same
(0.790.26 vs. 0.76+0.41 mg/well, respectively; P = 0.57). To remove
unincorporated a-tocopherol, HAEC were washed three times with
HBSS and protein kinase C stimulation was assessed in response to a
15-min treatment with PMA (in 0.1% DMSO) or a 4-h treatment
with either nLDL (300 mg/ml protein) or ox-LDL (300 pg/ml pro-
tein). The assay buffer (40 pl) contained 137 mM NacCl, 5.4 mM KCl,
10 mM MgCl,, 0.3 mM NaH,PO,, 0.4 mM KH,PO,, 25 mM B-glycero-
phosphate, 5.5 mM bp-glucose, 5 mM EGTA, 1 mM CaCl,, 1 nCi [y-
3ZP]ATP (6,000 Ci/mmol; New England Nuclear, Boston, MA), 50 pg/
ml digitonin, 20 mM Hepes (pH 7.2), and 100 M Ser? protein kinase
C specific substrate. The kinase reaction was terminated by the addi-
tion of 10 pul 25% (wt/vol) trichloroacetic acid, an aliquot (45 pl) spot-
ted onto Whatman P-81 paper, and the paper washed three times
with 75 mM phosphoric acid. The protein kinase C—dependent phos-
phorylation of the peptide substrate was derived by scintillation
counting. In all assays, a parallel assay without protein kinase C sub-
strate was subtracted to account for nonspecific kinase activity.

Data analysis. Unless otherwise specified, all values are pre-
sented as a mean*standard error. The vascular responses to the
agents acetylcholine, A23187, and nitroglycerin are reported as the
percent relaxation compared with the contraction produced by 1 uM
phenylephrine. The dose responses to acetylcholine, A23187, and so-
dium nitroprusside were compared within groups using repeated-
measures ANOVA. Vascular responses were compared between dietary
groups with two-way ANOVA. LDH and protein kinase C activity
were compared among treatments using repeated-measures ANOVA
or Friedman’s repeated measures on ranks as appropriate. Statisti-
cally significant differences with ANOVA were further examined us-
ing a post-hoc Neuman-Keuls or Dunnet’s test where appropriate.
Statistical significance was accepted if the null hypothesis was re-
jected at the P < 0.05 level.

Results

Characteristics of nLDL and ox-LDL. NLDL isolated from
this study was characterized by TBARS of 0.01=0.01 nmol
MDA/mg LDL protein (n = 4 LDL preparations). In contrast,
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Figure 1. Plasma and aortic a-tocopherol content in study animals.
Samples of plasma and thoracic aorta were harvested from animals
consuming diets that were deficient in (< 10 IU total tocopherols/kg)
or supplemented with (1,000 IU/kg) a-tocopherol for 28 d. The
plasma (A) and aortic (B) a-tocopherol content were determined us-
ing reverse-phase HPLC with electrochemical detection as described
in Methods. Data are displayed as mean=SEM and are derived from
seven animals in each group; *P < 0.001 vs. a-tocopherol-deficient
animals.

ox-LDL prepared for this study demonstrated a TBARS con-
tent of 38.2+5.8 nmol MDA/mg LDL protein (P < 0.001 vs.
nLDL, n = 4) and a relative electrophoretic mobility of
4.2+0.9 compared with nLDL (n = 4).

Plasma and aortic a-tocopherol content. The plasma and
aortic a-tocopherol content reflected dietary treatment and is
contained in Fig. 1. Animals consuming the a-tocopherol-defi-
cient diet were characterized by a plasma a-tocopherol con-
centration of 0.29+0.13 uM and an aortic a-tocopherol con-
tent of 0.42+0.13 nmol/gram. In contrast, animals consuming
the a-tocopherol-supplemented diet demonstrated plasma
and aortic a-tocopherol levels of 14.4+3.8 uM and 62.9%17.6
nmol/gram, respectively (both P < 0.002 vs. a-tocopherol-
deficient animals).

ox-LDL and endothelium-dependent relaxation. Thoracic
aorta from a-tocopherol-deficient animals incubated in PSS
containing nLDL (500 pg/ml) for 4 h demonstrated dose—
dependent relaxation to acetylcholine with a maximal relax-
ation of 73+4% (Fig. 2 A) and this was not significantly differ-
ent from vessels incubated with PSS alone (data not shown). In
contrast, a 4-h incubation of arterial segments from these ani-
mals with ox-LDL inhibited acetylcholine-mediated arterial
relaxation in a dose-dependent manner (Fig. 2 A). Arteries in-
cubated with 100, 300, or 500 pg/ml ox-LDL for 4 h demon-
strated a maximal relaxation to 10 wM acetylcholine of 63+
6%, 48=7%, and 45+6%, respectively (P < 0.05 for 300 and
500 wg/ml ox-LDL vs nLDL by ANOVA and Dunnet’s). Ves-
sels derived from animals consuming the a-tocopherol-supple-
mented diet did not demonstrate any inhibition of endothe-
lium-dependent arterial relaxation to acetylcholine in response
to ox-LDL (Fig. 2 B).

The dose-dependent effects of ox-LDL on endothelium-
dependent arterial relaxation to acetylcholine are summarized
graphically in Fig. 3 A. In animals consuming the a-tocoph-
erol-deficient diet, incubation of arteries with 100, 300, and
500 pg/ml ox-LDL significantly reduced acetylcholine-medi-
ated arterial relaxation to 82+8%, 51+10%, and 44*=8% of
the preincubation value, respectively (P < 0.001 for trend by
repeated-measures ANOVA). In contrast, incubation of ves-
sels derived from animals consuming the a-tocopherol-supple-



Figure 2. The effect of
ox-LDL on endothe-
lium-dependent arte-
rial relaxation to acetyl-
choline. The thoracic
aorta was harvested
T from New Zealand
White rabbits fed an
a-tocopherol-deficient
(A) or a-tocopherol-
supplemented diet (B)
for a period of 4 wk.
Vessels were prepared
and suspended in organ
chambers as described
in Methods and incu-
bated in PSS containing
nLDL (500 pg/ml, O),
or ox-LDL at protein
40- concentrations of 100
pg/ml (V), 300 pg/ml
60 (1), or 500 pg/ml (O).
— After incubation for 4 h,

80+ = vessels were washed
—— —7— three times with PSS,
9-8-7-6-5
phenylephrine, and ex-
posed to the indicated
tylcholine. Data are mean*=SEM and are derived from five to seven
animals in each group. *P < 0.05 vs. nLDL by two-way ANOVA.
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mented diet with ox-LDL did not significantly impair arterial
relaxation to acetylcholine (Fig. 3 A). Moreover, vascular
a-tocopherol content correlated with arterial relaxation to 1
M acetylcholine after exposure to ox-LDL (R = 0.67;, P =
0.0014). The arterial responses to nitroglycerin, a direct NO-
dependent vasodilator, were not impaired by exposure to
oxLDL and the responses in a-tocopherol-deficient and
a-tocopherol-supplemented animals were similar (Fig. 3 B).
The responses to A23187, a receptor-independent agonist of
endothelial NO synthesis, were not impaired in response to ox-
LDL in either a-tocopherol-deficient or a-tocopherol-supple-
mented animals (data not shown).

We next assessed the requirement for tissue incorporation
of a-tocopherol as a means of protection against ox-LDL-
mediated endothelial dysfunction. Segments of thoracic aorta
from animals consuming an a-tocopherol-deficient diet were
incubated with ox-LDL for 4 h in the presence or absence of
added a-tocopherol (100 pM) and these results are presented
in Fig. 4. This concentration of a-tocopherol represents the
upper limit of plasma concentrations in patients receiving
a-tocopherol supplementation (35). As above, incubation of
arterial rings with ox-LDL (100-500 pg/ml) was associated
with a significant dose-dependent inhibition of acetylcholine-
mediated arterial relaxation (P < 0.001 for trend by repeated-
measures ANOVA). The presence of a-tocopherol in the in-
cubation did not significantly inhibit endothelial dysfunction
due to ox-LDL (Fig. 4).

Arterial a-tocopherol content and cytotoxicity from ox-LDL.
Oxidized LDL is cytotoxic to cells in culture and a-tocopherol
is known to inhibit this cytotoxicity (36). Therefore, we sought
to determine if the known effects of a-tocopherol on ox-LDL-
mediated cytotoxicity were responsible for the results reported
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Figure 3. The effect of vascular a-tocopherol content on ox-LDL-
mediated endothelial dysfunction. Segments of thoracic aorta were
harvested from New Zealand White rabbits fed either an a-tocoph-
erol-deficient (open bars) or an a-tocopherol-supplemented diet
(closed bars) for a period of 4 wk. Vessels were suspended in organ
chambers, contracted with 1 wM phenylephrine, and relaxation tested
in response to acetylcholine (1 wM) or nitroglycerin (1 uM). Vessels
were washed, incubated with the indicated concentrations of ox-LDL
for 4 h, washed three times, and relaxation to acetylcholine or nitro-
glycerin repeated. Results represent the relaxation to acetylcholine
(A) or nitroglycerin (B) after incubation with ox-LDL expressed as a
percentage of the preincubation relaxation at the same dose. Data are
mean*+SEM and are derived from 5-10 animals in each dietary
group. *P < 0.05 vs. response in a-tocopherol-supplemented ani-
mals.

here. We incubated vessel segments from our study animals in
PSS alone or PSS containing 500 pg/ml nLDL or 500 pg/ml ox-
LDL for 4 h and examined LDH release from these vessels as
an index of cytotoxicity. Incubation of vessels from a-tocoph-
erol-deficient and —supplemented animals with PSS alone re-
sulted in minimal LDH release into the incubation buffer (Ta-
ble II). Incubation of vessels from both treatment groups with
either nLDL or ox-LDL resulted in similar degrees of LDH
release. Most importantly, there was no difference in the extent
of LDH release in response to ox-LDL based upon a-tocoph-
erol status (Table IT). Homogenization of vessels from both
treatment groups as a positive control produced a 40-fold in-
crease in LDH release that was highly significant (Table II).
Because LDH release is a late phenomenon in cell dysfunc-
tion/death, we used scanning electron microscopy to examine
endothelial cell morphology in response to the incubation con-
ditions used here. Fig. 5, A-D, contains representative scan-
ning electron micrographs from vessels incubated as in Table
II. Incubation of thoracic aorta with nLDL or ox-LDL for 4 h
was associated with endothelial cell morphology that was simi-
lar to normal aorta. Thus, the incubation conditions used in
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Figure 4. Acute a-tocopherol exposure and ox-LDL-mediated en-
dothelial dysfunction. Segments of thoracic aorta were harvested
from New Zealand White rabbits fed an a-tocopherol-deficient diet.
Vessels were suspended in organ chambers, contracted with 1 puM
phenylephrine, and relaxation tested in response to acetylcholine (1
nM to 10 uM). Vessels were washed, incubated with the indicated
concentrations of ox-LDL for 4 h in PSS alone (open bars) or PSS
containing 100 uM a-tocopherol (closed bars), washed three times,
and relaxation to acetylcholine repeated. Results represent the relax-
ation to 1 wM acetylcholine after incubation with ox-LDL expressed
as a percent of the preincubation acetylcholine relaxation at the same
dose. Data are mean+SEM and are derived from seven animals.

*P < 0.05 vs. 0 pg/ml ox-LDL by repeated-measures ANOVA.

% Preinubation Relaxation

this study were not associated with significant endothelial cell
toxicity as assessed by LDH release and scanning electron mi-
croscopy.

a-Tocopherol and impaired endothelium-dependent arte-
rial relaxation due to protein kinase C. Protein kinase C acti-
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Table II. LDH Release in Thoracic Vessel Incubations

Experimental group

Incubation condition a-Tocopherol-deficient a-Tocopherol-supplemented

PSS alone 25*1.1 1.9+1.1

PSS+nLDL (500 pg/ml) 122x1.4 11.1+39
+ox-LDL (500 pg/ml) 12.8%5.7 143*34

Vessel homogenate 86.9+2.4* 87.5+6.5%

Segments of thoracic aorta (2.5 cm) were harvested as above, incubated
in PSS (I ml) or PSS containing nLDL or ox-LDL. Samples were contin-
uously bubbled with 15% O,/5% CO,/80% N, and after 4 h, the buffer
LDH content (U/liter) was determined using a commercially available
kit (LDH1; Sigma). After incubation, vessels were homogenized in the
remaining PSS and the LDH content determined as a positive control.
Data represent mean=SEM derived from five to seven experiments.
*P < 0.05 vs. PSS alone by repeated-measures ANOVA.

vation has been implicated in endothelial dysfunction due to
ox-LDL (29) and a-tocopherol is known to inhibit protein ki-
nase C (37, 38). To investigate protein kinase C inhibition as a
mechanism for the beneficial effect of a-tocopherol, we exam-
ined the effect of 50 nM PMA, a potent stimulant of protein ki-
nase C, on vascular relaxation to acetylcholine, A23187, and
nitroglycerin and these results are shown in Fig. 6. With vehi-
cle control, arterial relaxation to acetylcholine was similar in
the a-tocopherol-supplemented and —deficient animals (Fig. 6
A). Incubation of vessels derived from the a-tocopherol-defi-
cient animals with PMA resulted in impaired arterial relax-
ation to acetylcholine (P < 0.05 vs. without PMA). In contrast,
arterial relaxation to acetylcholine was not significantly im-
paired by PMA in vessels derived from the a-tocopherol-sup-

Figure 5. Representative scan-
ning electron micrographs dem-
onstrating endothelial cell mor-
phology after a 4-h exposure to
nLDL and ox-LDL in study ani-
mals. (A) normal thoracic aorta
from an a-tocopherol-deficient
animal; (B) thoracic aorta from
an a-tocopherol-deficient ani-
mal incubated with nLDL (500
wg/ml); (C) thoracic aorta from
an a-tocopherol-deficient ani-
mal incubated with ox-LDL (500
wg/ml) and; (D) thoracic aorta
from an a-tocopherol-supple-
mented animal incubated with
500 pwg/ml ox-LDL. Bar at lower
left represents the scale refer-
ence of 30 pm.
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Figure 6. The effect of vascular a-tocopherol content on PMA-medi-
ated endothelial dysfunction. Vessels were harvested from New
Zealand White rabbits fed an a-tocopherol-deficient (circles) or an
a-tocopherol-supplemented diet (squares) for a period of 4 wk. Har-
vested vessels were incubated with PSS alone (open symbols) or PSS
containing 50 nM PMA (closed symbols) for 10 min. After incuba-
tion, vessels were contracted with 1 uM phenylephrine and relaxation
was recorded in response to the indicated dose of acetylcholine
(ACH), nitroglycerin (TNG), or A23187. Data are mean+SEM and
are derived from seven animals in each group. *P < 0.05 vs. PSS
alone by two-way ANOVA.

plemented animals (P = 0.48 by ANOVA; Fig. 6 A). Arterial
relaxation to A23187 or nitroglycerin was not materially af-
fected by PMA (Fig. 6, B and C). Thus, vessels derived from
animals supplemented with a-tocopherol are resistant to pro-
tein kinase C-mediated endothelial dysfunction.

HAEC a-tocopherol content and protein kinase C stimula-
tion. Having established that vascular incorporation of a-tocoph-
erol prevents endothelial dysfunction by both ox-LDL and
protein kinase C stimulation, we next sought to determine if
a-tocopherol limits protein kinase C stimulation in endothelial
cells. Compared with vehicle (0.1% ethanol), incubation of
HAECs with 100 uM a-tocopherol for 72 h increased cellular
a-tocopherol content from undetectable levels (< 0.001 pmol/
pg cell protein) to 0.69+0.23 pmol/pg cell protein (N = 3; P <
0.001). This increase in HAEC a-tocopherol content was asso-
ciated with a significant reduction in protein kinase C activity
to 35£20% of that observed in vehicle-treated cells (P < 0.05
vs. vehicle treatment; Fig. 7). In fact, the reduction in protein
kinase C activity in a-tocopherol-loaded cells was comparable
with that observed with protein kinase C downregulation using
a 24-h treatment with 1 puM PMA (36£20% vs. 48+14%, re-
spectively; P = NS). This effect of a-tocopherol on HAEC pro-
tein kinase C activity was also evident with PMA stimulation.
a-Tocopherol-loaded HAECs demonstrated only 75% of the
protein kinase C activity in response to PMA stimulation com-
pared with cells that were not loaded with a-tocopherol (108=
6% of control vs. 145+11% of control, respectively; Fig. 7).

To determine the effect of ox-LDL on HAEC protein ki-
nase C activity, we loaded HAECs with a-tocopherol or vehi-
cle as above and incubated these cells with 300 wg/ml ox-LDL
or nLDL. In vehicle-treated cells ox-LDL produced an in-
crease in endothelial cell protein kinase C activity of 67+26%
(P < 0.05) while nLDL had no effect on HAEC protein kinase
C activity (Fig. 8). The increase in protein kinase C activity due
to ox-LDL was prevented in HAECs loaded with a-tocoph-
erol (Fig. 8). Thus, endothelial cell incorporation of a-tocoph-
erol inhibits basal protein kinase C activity and stimulation of
protein kinase C with either PMA or ox-LDL.

32p |ncorporation
(% vehicle control)

PMA 1M AT Treated PMA 0.1 uM PMA + AT

Control

Figure 7. The effect of HAEC a-tocopherol content on protein ki-
nase C activity. Monolayers of HAECs were loaded with a-tocoph-
erol (100 uM) or vehicle for 3 d, washed, and treated with PMA (100
nM for 15 min) or vehicle (0.1% DMSO) prior to the assessment of
protein kinase C activity as described in Methods. Downregulation of
protein kinase C activity was achieved by treating cells with 1 pM
PMA for 24 h prior to assessment of protein kinase C activity. Results
represent the mean+SEM of three independent experiments, *P <
0.05 vs. control.

Discussion

The data presented here indicate that a-tocopherol prevents
arterial dysfunction due to ox-LDL purely as a function of the
tissue content of a-tocopherol. Using dietary treatment, we
manipulated the a-tocopherol content of arterial tissue and
demonstrated that a-tocopherol prevented endothelial vasodi-
lator dysfunction due to ox-LDL. Moreover, the protective ef-
fect of a-tocopherol against ox-LDL-mediated endothelial
dysfunction was directly related to the vascular content of
a-tocopherol and was not a consequence of cytotoxicity due to
ox-LDL. The beneficial effect of a-tocopherol was strictly de-
pendent upon its tissue incorporation as coincubation of ves-
sels from a-tocopherol-deficient animals with a-tocopherol
had no effect against ox-LDL-mediated endothelial dysfunc-
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Figure 8. The effect of a-tocopherol on HAEC protein kinase C
stimulation by ox-LDL. HAECs were loaded with a-tocopherol (AT)
or vehicle for 3 d, washed, and incubated with ox-LDL (300 pg/ml),
nLDL (300 pg/ml), or media alone (control) for 4 h. Cells were then
washed three times with HBSS and protein kinase C activity deter-
mined as described in Methods. Results are representative of three
independent experiments.
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tion. Endothelial dysfunction due to ox-LDL has, in part, been
attributed to protein kinase C stimulation and we found that
vascular a-tocopherol incorporation limited endothelial dys-
function in response to PMA, a direct activator of protein ki-
nase C. Using cultured HAECs, we confirmed that ox-LDL
stimulates endothelial cell protein kinase C and that cellular
incorporation of a-tocopherol inhibits this protein kinase C
stimulation.

Previous work from this (23) and other (39-41) laborato-
ries has demonstrated that a-tocopherol preserves normal en-
dothelium-dependent arterial relaxation in experimental hy-
percholesterolemia and atherosclerosis. We have found that
cholesterol-fed rabbits treated with 110 IU/d a-tocopherol
demonstrate preserved endothelium-dependent arterial relax-
ation compared with animals consuming no supplemental anti-
oxidant (23). Anggard and co-workers have confirmed these
findings and reported that dietary supplementation with 0.2%
a-tocopherol produced a striking improvement in coronary
(40) and carotid (41) vasomotor responses to acetylcholine in
cholesterol-fed rabbits. Similarly, Raij and colleagues found
that Dahl salt-sensitive rats fed a high-cholesterol diet devel-
oped impaired endothelium-dependent arterial relaxation
only if the animals were simultaneously deficient in vitamin E
and selenium (39).

The precise mechanism(s) responsible for the effect of
a-tocopherol on endothelium-dependent arterial relaxation in
experimental hypercholesterolemia and atherosclerosis is
(are) not clear. Since ox-LDL produces impaired endothe-
lium-derived NO action (6, 7) and a-tocopherol inhibits LDL
oxidation (14), it is attractive to speculate that a-tocopherol
preserves endothelium-dependent arterial relaxation simply
by preventing LDL oxidation. We have, in fact, reported that
a-tocopherol (110 TU/d) preserved endothelium-dependent
arterial relaxation in cholesterol-fed rabbits in association with
protection of LDL against ex vivo copper-induced oxidation
(23). However, we have additionally demonstrated that LDL
isolated from cholesterol-fed rabbits consuming 1,100 IU/d of
a-tocopherol is also resistant to copper-induced oxidation al-
though endothelium-dependent arterial relaxation is not pre-
served, but actually worsened (22). In light of these observa-
tions, it is unlikely that the protective effect of a-tocopherol is
solely due to the inhibition of LDL oxidation.

In this regard, a-tocopherol has many potentially beneficial
effects that are not strictly related to the antioxidant protec-
tion of LDL. For example, a-tocopherol has been shown to in-
hibit leukocyte adhesion to endothelial cells (24), monocyte
transmigration across the endothelium (25), smooth muscle
cell proliferation (27), and oxidant-mediated cytotoxicity (26).
These effects of a-tocopherol appear dependent upon its cel-
lular incorporation as a prolonged exposure of cells with
a-tocopherol is required (24-27).

The results reported here are consistent with the notion
that tissue incorporation of a-tocopherol provides beneficial
vascular effects independent of LDL antioxidant protection.
We found that vascular incorporation of a-tocopherol was as-
sociated with significant protection against endothelial dys-
function due to ox-LDL (Fig. 3 A). The importance of a-tocoph-
erol tissue incorporation is readily apparent from experiments
demonstrating that incubation of a-tocopherol-deficient arte-
rial segments with a-tocopherol ex vivo does not prevent en-
dothelial dysfunction due to ox-LDL (Fig. 4). Additionally, the
extent to which endothelium-dependent arterial relaxation
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was resistant to ox-LDL was directly related to the arterial
content of a-tocopherol (R = 0.67; P = 0.0014). Thus, vascular
incorporation of a-tocopherol affords protection against ox-
LDL-mediated endothelial dysfunction.

ox-LDL is cytotoxic to cultured cells (9, 36) and a-tocoph-
erol is known to inhibit this cytotoxic effect of ox-LDL (36).
One must consider that our results may primarily reflect a pro-
tective role of a-tocopherol against cytotoxicity from ox-LDL.
However, we found little evidence for significant cytotoxicity
due to ox-LDL under the incubation conditions used here. For
example, scanning electron microscopy revealed no significant
change in endothelial cell morphology after vessel incubation
with 500 pg/ml ox-LDL for 4 h (Fig. 5). In addition, vessel seg-
ments incubated with ox-LDL did not release significantly
more LDH into the incubation medium than vessels incubated
with nLDL (Table II). These results are consistent with cell
culture experiments demonstrating significant cytotoxicity
from ox-LDL only after 6-24 h of incubation (36).

Recent evidence has implicated protein kinase C activation
in abnormal endothelium-dependent relaxation resulting from
ox-LDL (29, 42). Moreover, a-tocopherol is known to inhibit
protein kinase C activation in vascular tissue (43) and cultured
smooth muscle cells (27, 43). In this study, we found that
PMA, a direct activator of protein kinase C (44), impaired re-
ceptor-mediated endothelium—dependent arterial relaxation in
rabbit aorta from a-tocopherol-deficient animals. In contrast,
vessels derived from «-tocopherol-supplemented animals
were markedly more resistant to dysfunction from PMA (Fig.
6). These data are consistent with previous studies demonstrat-
ing that a-tocopherol inhibits protein kinase C activation by
phorbol esters (27).

Stimulation of protein kinase C is known to impair endo-
thelium-dependent arterial relaxation and receptor-mediated
stimulation of endothelial NO production. In isolated coro-
nary arterial segments, Flavahan and colleagues demonstrated
that protein kinase C stimulation with PMA produces im-
paired endothelium-dependent arterial relaxation that was
mediated through a pertussis- toxin-sensitive G-protein (45)
and, thus, was specific for receptor-mediated endothelium-
dependent arterial relaxation. Our findings are consistent with
these observations as PMA and ox-LDL treatment impaired
the response to acetylcholine while leaving the response to
A23187 largely unaffected (Figs. 2 and 6). One potential mech-
anism for consideration is protein kinase C-mediated phos-
phorylation of endothelial cell muscarinic receptors. Using
chick hearts, Richardson and co-workers have demonstrated
that muscarinic receptors are excellent substrates for protein
kinase C-mediated phosphorylation, a process that interrupts
G-protein—dependent signal transduction (46). Thus, there is
considerable evidence that protein kinase C stimulation im-
pairs cholinergic receptor-mediated signal transduction simi-
lar to that observed in this study. Whether these findings can
be generalized to other G-protein-dependent phenomena,
however, remains to be determined.

With respect to endothelial cell NO production and bioac-
tivity, other effects of protein kinase C stimulation also war-
rant consideration. Protein kinase C is known to directly phos-
phorylate the brain isoform of nitric oxide synthase (NOS1)
resulting in a substantial reduction in activity (47). Whether
PKC stimulation of endothelial cells results in phosphorylation
of endothelial NOS (NOS3) remains to be determined. Inhibi-
tion of protein kinase C activity in bovine aortic endothelial



cells is associated with increased NOS3 transcription (48), sug-
gesting that PKC stimulation will reduce endothelial cell NOS
protein. Finally, protein kinase C stimulation in vascular
smooth muscle results in increased net vascular superoxide
production that has the potential to impair endothelium-
dependent arterial relaxation (49). We did not detect any in-
crease in vascular superoxide production in ox-LDL-treated
vessels (data not shown), suggesting that this latter effect of
protein kinase C stimulation was not a prominent feature of
our experimental preparation.

The precise mechanism(s) involved in protein kinase C in-
hibition by a-tocopherol is (are) unclear. In vascular smooth
muscle cells, inhibition of protein kinase C activity is not re-
lated to the antioxidant activity of a-tocopherol (38). Other
lipid-soluble antioxidants such as butylated hydroxytoluene
(50) or tocotrienols (38) have no protein kinase C inhibitory
activity. Boscoboinik and co-workers have found that the in-
hibitory effect of a-tocopherol was concordant with its effect
on PMA-stimulated protein kinase C activation and phosphor-
ylation of the MARCKS (myristolated, alanine-rich C kinase
substrate) protein (27). Moreover, these investigators found
that a-tocopherol upregulates phorbol ester binding while si-
multaneously increasing the cytosolic content of protein kinase
C relative to the membrane content, suggesting that a-tocoph-
erol may inhibit protein kinase C translocation to the cell
membrane. Recent observations that staurosporine, a micro-
bial alkaloid and potent protein kinase C inhibitor, induces
similar effects in human platelets (51) prompt speculation that
these two compounds may inhibit protein kinase C by similar
mechanisms.

In light of our observations that a-tocopherol inhibits pro-
tein kinase C stimulation in endothelial cells, one might expect
a-tocopherol treatment to be universally beneficial. However,
we have reported previously that cholesterol-fed rabbits
receiving 110 IU/d a-tocopherol demonstrate preserved endo-
thelial function while animals receiving 10 times this dose
demonstrate impairment of endothelium-dependent arterial re-
laxation (22). The mechanism(s) responsible for this latter ob-
servation is (are) not yet clear. It is possible that extremely
high tissue levels of a-tocopherol (10-fold greater than that re-
ported in the present study) result in other, as yet uncharacter-
ized, effects that are not ameliorated by inhibition of protein
kinase C stimulation. Such speculation, however, must be
taken with some caution as these two studies are not entirely
comparable. For example, the previous study involved choles-
terol-fed animals and extremely high plasma and tissue
a-tocopherol levels (330 wM and 506 nmol/gram of tissue, re-
spectively); both conditions were not a feature of the present
study.

In summary, the incorporation of a-tocopherol into the ar-
terial wall is associated with protection against arterial dys-
function due to ox-LDL. The protection afforded by a-tocoph-
erol against the injurious action of ox-LDL was solely a
function of the tissue a-tocopherol content and was not related
to the prevention of LDL oxidation by a-tocopherol. Rather,
this effect appears to result from inhibition of protein kinase C
stimulation in the endothelial cell by ox-LDL. These data are
consistent with the hypothesis that a-tocopherol may, in part,
be beneficial in hypercholesterolemia and atherosclerosis as a
consequence of its tissue incorporation independent of the an-
tioxidant protection of LDL.
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