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Different Isoforms of Tocopherols Enhance Nitric Oxide
Synthase Phosphorylation and Inhibit Human
Platelet Aggregation and Lipid Peroxidation:

Implications in Therapy with Vitamin E

Dayuan Li, MD, PhD, Tom Saldeen, MD, PhD,* Francesco Romeo, MD,t
and Jawahar L. Mehta, MD, PhD

Background: oc-Tocopherol has received much attention in the primary and secondary pre-
vention of coronary artery disease. Absence of other isoforms, such as y- and &-tocopherol,
in commercial preparations of vitamin E may account for the inconsistent results of clinical
trials. Since platelet aggregation is intimately involved in thrombogenesis, the relative effects
of ox-, y-, and 6-tocopherol and their combination were examined on human platelet aggrega-
tion, lipid peroxidation, and constitutive nitric oxide synthase (cNOS) activity.
Methods and Results: Human platelets were incubated with the three different isoforms of
tocopherol and their combination for 30 minutes, and then ADP-induced platelet aggregation
measured. All three isoforms of tocopherol markedly and similarly decreased platelet aggrega-
tion in a concentration (120-480 ,uM)-dependent manner. All three tocopherols also decreased
the level of the lipid peroxidation product, malondialdehyde (MDA), and increased NO release
(P < 0.05 vs control). These isoforms of tocopherol did not affect cNOS protein expression, but
enhanced cNOS phosphorylation in platelets. The combination of three tocopherols in a con-
centration found in nature was more potent than oc-, y-, or 6-tocopherol alone in this regard.
Conclusion: These observations suggest that all three major isoforms of tocopherol have a sim-
ilar effect on human platelet aggregation. The three isoforns appear to attenuate platelet aggre-
gation at least in part via a decrease in free radical generation and an increase in platelet cNOS
activity. The combination of tocopherols has a synergistic platelet inhibitory effect. Future clin-
ical trials should concentrate on the combination of these three isoforms of tocopherols.
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Increasing evidence shows that plaque stability, vaso-
motor function, platelet aggregation and tendency to
thrombosis can be modified by antioxidants (1).
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Antioxidants inhibit monocyte adhesion, protect
against the cytotoxic effects of oxidized LDL, and
reduce platelet activation (1). Vitamin E and synthetic
antioxidants also protect against endothelial dysfunc-
tion associated with atherosclerosis by preserving
endothelium-derived nitric oxide (NO) activity (2,3).
It is now generally recognized that platelet aggrega-
tion is abnormally increased in patients with coronary
artery disease (CAD) (4,5). Experimental studies have
also shown that free radicals promote platelet aggre-
gation and thrombosis (6,7), and chain-breaking
antioxidants, such as vitamin E, inhibit or delay arter-
ial thrombogenesis (8).
Numerous studies have demonstrated that commer-

cial vitamin E (oc-tocopherol) has an important antiox-
idant effect. However, results of clinical trials with
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commercial vitamin E preparations (oc-tocopherol)
have yielded conflicting results (2,3,8-10). On the
other hand, a natural source of vitamin E may be more
beneficial; this approach has been advocated by the
American Heart Association (10). Natural vitamin E
consists of four different structural forms: oc-, V-, y-,
and 6-tocopherol. In vitro studies show that 7-toco-
pherol, found in large amounts in natural sources of
vitamin E, inhibits lipid peroxidative damage (11) and
traps mutagenic electrophiles (12) more efficiently
than does oc-tocopherol.

Recent studies from our laboratory (13,14) showed
that both oc-tocopherol and y-tocopherol-rich prepara-
tions decrease platelet aggregation and delay intraar-
terial thrombus formation by an increase in endoge-
nous superoxide dismutase (SOD) and constitutive
nitric oxide synthase (cNOS) expression and activity.
These studies also suggested that y-tocopherol-rich
preparation is more potent than oc-tocopherol in
inhibiting lipid peroxidation and platelet-dependent
thrombus formation. Since platelet aggregation may
be crucial in conversion of acute to chronic CAD, this
study was designed to examine the relative effects of
a-, y-, and 8-tocopherol isoforms on human platelet
aggregation. We did not examine the effect of f-toco-
pherol in this study because the level of 3-tocopherol
is very low in nature (15).

Materials and Methods

Preparation of Platelets and
Platelet Aggregation
Peripheral human venous blood from normal healthy
volunteers who had not taken any drugs in the previ-
ous 10 days was gently mixed with 3.8% sodium cit-
rate (9:1). The blood was centrifuged at 800 rpm for
10 minutes at room temperature to obtain platelet-rich
plasma (PRP), and centrifuged again at 3,000 rpm for
15 minutes to obtain platelet-poor plasma. The platelet
count in the PRP was kept at about 3 x 108 cells/mL.
Adenosine diphosphate (ADP, final concentration 5
,uM) was used as the stimulus for platelet aggregation.
This concentration of ADP has been used previously
in our laboratory (16,17). All aggregation studies were
conducted in a four-channel Chronolog aggregometer
in duplicate.

Experimental Protocol

a-, y-, 6-Tocopherol and their combination were dis-
solved in 100% ethanol. The final volume of ethanol
in PRP was less than 5%. The PRP was incubated with

ax-, y-, 6-, and their combination (f.c. 120, 240, 360,
480 ,uM) for 30 minutes at 370C before initiating
platelet aggregation. Control PRP was incubated with
an equal amount of ethanol before aggregation with
ADP. After 5 minutes of aggregation, PRP was cen-
trifuged, the platelet pellet was saved to measure toco-
pherol levels, and the supernatant was collected to
measure NO and lipid peroxidation product malondi-
aldehyde (MDA).

a-, y-, and 6-Tocopherol were obtained from
Sigma, St. Louis. Each preparation was over 98%
pure. A combination of tocopherols (Cardi-E,
Cardinova, Uppsala, Sweden) contained 63% y-toco-
pherol, 25% 6-tocopherol, and 12% ax-tocopherol.
This natural vitamin E preparation, derived from veg-
etable oils as well as soybean, canola, sunflower,
peanut, cottonseed, palm or coconut oil (15), did not
contain a significant amount of 3-tocopherol.

Measurement of oc-, y-, and 6-Tocopherols
in Platelets

ax-, y-, 6-tocopherol levels in platelets were measured
by high-performance liquid chromatography with flu-
orescence detection as previously described (16).

Determination of NO Release

A colorimetric NO assay kit was purchased from
Oxford Co. This kit employs immunoaffinity purified
nitrate reductase to measure total NO produced fol-
lowing enzymatic conversion to nitrite. The proce-
dures followed were the same as those described by
the manufacturer. Different amounts (0, 10, 20, 50,
100, 200, 400 ,uM) of nitrite served as the external
standard. Nitrite was measured in the supernatants of
platelets at 540 nm and expressed as micromoles per
milliliter (17).

Immunoprecipitation and Western Blot
forActivation of cNOS in Platelets

Activation of cNOS in platelets was determined by
measurement of its phosphorylation. For identifica-
tion of cNOS phosphorylation, platelet lysates were
subjected to immunoprecipitation and then Western
analysis. In brief, platelet lysates containing equal
amounts of soluble proteins were immunoprecipitated
with a monoclonal antibody to human cNOS (Santa
Cruz Lab). Precipitates were washed and then resus-
pended in SDS-PAGE sample buffer and boiled for 5
minutes. Samples were separated by 8% SDS-PAGE,
and then transferred to nitrocellulose membranes.
After incubation in blocking solution (4% non-fat
milk, Sigma), membranes were incubated with a poly-
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clonal antibody to serine/threonine phosphorylation
(Santa Cruz Lab) overnight at 4°C. The membranes
were washed and then incubated with a 1:3000 dilu-
tion of secondary antibody (Amersham Life Science)
for 1 hr, and detected by the ECL system. A western
blot for cNOS was also performed as previously
described (18,19).

Determination of Lipid Peroxidation

Malondialdehyde formation, which served as an index
of lipid peroxidation, was measured in the super-
natants of aggregated platelets as previously described
(18,19); MDA content in platelet supernatant was
expressed as nanomoles per milliliter.

Statistical Analysis
All data represent the mean of duplicate samples from
at least six independently performed experiments in
each group. Data are presented as mean ±SD.
Statistical significance in multiple comparisons was
determined among independent groups of data in
which ANOVA and the F test indicated the presence of
significant differences. A P value < 0.05 was consid-
ered significant.

Results

Platelet oc-, y-, and 6-Tocopherol Levels

Platelet ax-, y-, 6-tocopherol levels were very low in
platelets from normal healthy subjects. In contrast,
incubation of platelets with different concentrations of
ax-, r-, 6-tocopherols increased tocopherol
levels in platelets in a concentration-depen-
dent manner. Data from incubation of PRP
with 480 pM of ac-, r-, 6-tocopherol, or their
combination are shown in Fig. 1.

Tocopherols and Platelet
Aggregation
In the control group, the presence of 1 to 4 ,uL
of ethanol did not affect platelet aggregation.
ax-, y-, and 6-Tocopherols significantly inhibit-
ed platelet aggregation (all P < 0.05 vs control,
n = 10 each). The inhibition of aggregation
appeared to be a concentration-dependent phe-
nomenon. Each isoform of tocopherol exerted
a similar inhibitory effect in platelet aggrega-
tion. Importantly, we found that the combina-
tion of three tocopherols caused a greater
inhibitory effect on platelet aggregation com-
pared with each separate isoform (Fig. 2).

NO Release and cNOS Activity

Nitric oxide release was markedly increased in the
supernatant of oc-, y-, 6-tocopherol-treated platelets (P
< 0.01 vs control group, n = 10 each group). Nitric
oxide in the supernatant of platelets incubated with the
combination of three tocopherols further increased, as
compared with the NO release in the supernatant of
ax-, y-, or 6-tocopherol-treated platelets (P < 0.05)
(Fig. 3).
Whereas cNOS protein expression was unaffected

by tocopherols, cNOS activity was markedly
increased in a-, y-, or 6-tocopherol-treated platelets
compared with control platelets. cNOS activity in
platelets incubated with the combination of three toco-
pherols increased further, as compared with oc-, y-, 6-
tocopherol-treated platelets alone (Fig. 4).

Lipid Peroxidation

Levels of MDA in the supernatant of ax-, y-, 6-toco-
pherol-treated aggregated platelets (P < 0.01 vs con-
trol group, n = 10 each group) were decreased. Malon-
dialdehyde levels in the supernatant of aggregated
platelets incubated with the combination of three toco-
pherols decreased further as compared with MDA lev-
els in the supernatants of ax-, y-, or 6-tocopherol-treat-
ed platelets (P < 0.01) (Fig. 5).

Discussion

This study demonstrates that the three isoforms ax-,
7-, and 6-tocopherol have similar inhibitory effects on
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Fig. 1. ot-, y-, and 6-tocopherol levels in human platelets. The levels
of oc-, y-, and 6-tocopherol and their combination were increased in
platelets after incubation of platelets for 30 minutes. The concentra-
tion of tocopherols in this illustration was 480 tM. Data are mean
+SD (n = 10).
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Fig. 2. Summary of data on platelet aggregation from each group. Incubation of PRP with a-, y-, and 8-tocopherol
had similar inhibitory effect on ADP-induced platelet aggregation. The combination of three tocopherols had more
powerful effect on platelet aggregation compared with a-, y-, or 6-tocopherol alone (P < 0.05). Data are mean ±SD
(n = 10).
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Fig. 3. The effect of tocopherols on NO release. Incubation of PRP with a-, y-, and 6-tocopherols increased NO
release compared with the control group (P < 0.05). The combination of three tocopherols further increased NO
release compared with a-, y-, or 6-tocopherol alone (P < 0.05).

platelet aggregation and the combination of x-, y-, and
6-tocopherol, as found in natural foods, has a greater
inhibitory effect on platelet aggregation than each
individual isoform. Importantly, the inhibitory effect
of different tocopherols on platelet aggregation is
associated with a decrease in lipid peroxidation and an

increase in cNOS activity.

The biological activity of different tocopherols and
its definition differs markedly. One milligram of d-cx-
tocopherol has been defined as 1 ax-tocopherol equiv-
alent (ox-TE), whereas 1 milligram of d-,y-tocopherol is
only 0.1 cx-TE, and 1 mg of d-6-tocopherol is believed
to have no equivalency (20). These official values are
based on anti-sterility activity in rats. This official def-

100-

Q

0
C

.,o

ctanto
CQ
a)a)iC

80-

60 -

40 -

201

0

0

C)a)

- - -:- -S .- -i . ..........t. - . -lifld---J---J-I i

 at TULANE UNIV on January 22, 2015cpt.sagepub.comDownloaded from 

http://cpt.sagepub.com/


Tocopherols and Platelet Aggregation * Li et al. 159

00

INI Is.,0 01.11 IIQIV q'11- V

I.Fe
1.

00

Phospho-cNOS

kg'..w

Fig. 4. The effect of tocopherols on cNOS activity. oc-, y-, and
6-tocopherols did not change cNOS protein expression, but
increased phosphorylation of cNOS in platelets. The combina-
tion of three tocopherols further increased cNOS activity
compared with a-, y-, and 6-tocopherol alone. This figure is
representative of six independently performed experiments.

inition of the biological activity of tocopherols is not
in conflict with the platelet inhibitory effect found in
this investigation, or smooth muscle cell proliferation
inhibition described previously (21). Both these stud-
ies show that 7- and 6-tocopherol have almost the
same platelet inhibitory activity as xc-tocopherol.

Atherosclerosis and thrombosis are associated with
many common pathologic features, such as deposition
and aggregation of platelets, monocyte/macrophage
infiltration, and dysfunctional endothelium. Freedman
and associates (22) showed that oc-tocopherol may
inhibit platelet aggregation by a protein kinase
C-dependent mechanism. However, as the other iso-
forms of tocopherol do not inhibit activation of protein
kinase C (21), this may not be a major mechanism of
the effect of tocopherols on platelet aggregation. In
recent studies (13,14), we demonstrated that both oc-
tocopherol and 7-tocopherol-rich preparations signifi-
cantly inhibited lipid peroxidation and platelet aggrega-
tion and delayed thrombus formation in the rat, and the
y-tocopherol-rich preparation was more potent than or-
tocopherol preparation. We found that both the ca-toco-
pherol and y-tocopherol-rich preparations also affect
the stability of arterial thrombus. This study provides
further evidence that the three isoforms of tocopherol
individually and similarly inhibit human platelet aggre-
gation. Importantly, the combination of three isoforms
of tocopherol in its natural forn (15) synergistically
inhibits ADP-induced human platelet aggregation.

Experimental evidence indicates that free radi-
cal-mediated lipid peroxidation could initiate or pro-
mote atherogenesis by directly damaging endothelial
cells, and by enhancing the adhesion and activation of
neutrophils and platelets (23-25). Holvoet and co-
workers (26) showed that oxidation of lipids and

lipoproteins leads to atherothrombosis. Alterations in
antioxidant levels have been described in patients with
coronary heart disease and diabetes mellitus (27,28).
Muller and Sorrell (29) showed that lipid peroxidation
in platelets enhances activation of platelets. Vitamin E
may play a protective role as an antioxidant and/or
membrane-stabilizing agent in platelets. Decreased
vitamin E levels in platelets are associated with
increased aggregation. We observed earlier that both
ox-tocopherol and y-tocopherol-rich preparations sig-
nificantly reduce superoxide anion generation and
lipid peroxidation product MDA in rats in vivo
(13,14). This study extends these observations in that
the three different isoforms of tocopherol exert a sim-
ilar inhibitory effect on lipid peroxidation in human
platelets. The combination of the three isoforms of
tocopherol had a more powerful inhibitory effect than
individual isoforms.

Previous studies from our laboratory (30) identified
a calcium-dependent endothelial-type cNOS isoform
in human platelets. The classic inhibitors of cNOS sig-
nificantly decrease L-arginine (the substrate of NOS)
uptake and NOS activity in the platelets. It has been
suggested that NO synthesis in platelets may be a reg-
ulatory factor in platelet activation. Freedman and
associates (31) recently showed that impaired platelet
NO production predicts acute coronary syndromes.
Other recent studies (13,14) show that both ax-toco-
pherol and y-tocopherol-rich preparations increase
cNOS activity and NO generation in rat aortas. In this
study, we found that oc-, y-, and 8-tocopherol each sig-
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Fig. 5. The effect of tocopherols on lipid peroxidation product
MDA. Incubation of PRP with ax-, y-, and 6-tocopherols decreased
MDA levels compared with control group (P < 0.05). The combi-
nation of three tocopherols further decreased MDA levels com-
pared with (x-, y-, or 6-tocopherol alone (P < 0.05). Data are mean
±SD from 10 experiments.
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nificantly increase NO release. The combination of
the three isoforms of tocopherols further increases NO
release, which may be a basis for the effect of toco-
pherols on platelet aggregation.
To determine the basis for the increased NO release,

we measured cNOS protein expression and its activi-
ty in platelets. Constitutive nitric oxide synthase pro-
tein expression was unaffected by different isoforms
of tocopherols, as would be expected in anucleated
platelets. However, its activity, determined by mea-
surement of its phosphorylation, was significantly
enhanced by each isoform of tocopherol. The combi-
nation of three isoforms also did not affect cNOS pro-
tein expression, but markedly increased cNOS phos-
phorylation beyond the effect of each isoform.
We suggest that the effect of the combination of

tocopherols may be particularly important since natur-
al sources of antioxidants, such as vegetable oils, nuts
and grains, contain multiple isoforms of tocopherol.
Use of cx-tocopherol alone, found in most commercial
preparations of vitamin E may not be adequate to
combat oxidant stress in vascular disease states. An in
vitro study (32) has even suggested that high concen-
trations of a-tocopherol may become pro-oxidant.
The harmful effect of a-tocopherol may be counter-
acted by y-tocopherol (9,10). In accordance with the
concept that the combination of tocopherols as found
in nature may be beneficial, use of fruits and vegeta-
bles has been found to be more beneficial than ax-
tocopherol alone in the prevention of CAD-associated
morbidity (9). Recently, a large trial (33) reported that
intake of ox-tocopherol alone does not provide a sur-
vival benefit. The AHA Scientific Council on
Nutrition has taken the stand that dietary supplemen-
tation with natural sources of vitamin E as in food may
be helpful in the primary prevention of CAD (10).

In summary, this study shows that oc-, y-, and 6-
tocopherol have similar inhibitory effect on human
platelet aggregation and lipid peroxidation. These
effects are associated with an increase in platelet
cNOS activity. The combination of three tocopherols,
as found in nature, has a more powerful effect on these
parameters. Future clinical trials should utilize the
combination of these three isoforms of tocopherol.
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