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Abstract

The oxidation hypothesis of atherogenesis has been the focus of much research over the past two
decades. However, randomized placebo-controlled trials evaluating the efficacy of vitamin E to
prevent cardiovascular events in aggregate have failed to show a beneficial effect. Implicit in these
trials is that the dose of vitamin E tested effectively suppressed oxidative stress status but this was
never determined. We defined the dose-dependent effects of vitamin E (RRR-a-tocopherol) to
suppress plasma concentrations of F,-isoprostanes, a biomarker of free radical mediated lipid
peroxidation, in participants with polygenic hypercholesterolemia and enhanced oxidative stress, a
population at risk for cardiovascular events. A time-course study was first performed in participants
supplemented with 3200 1.U./day of vitamin E for 20 weeks. A dose-ranging study was then
performed in participants supplemented with 0, 100, 200, 400, 800, 1600, or 3200 I.U./day of vitamin
E for 16 weeks. In the time-course study, maximum suppression of plasma F,-1soprostane
concentrations did not occur until 16 weeks of supplementation. In the dose-ranging study there was
a linear trend between the dosage of vitamin E and percent reduction in plasma F,-isoprostane
concentrations which reached significance at doses of 1600 1.U (35% = 2% p<0.035) and 3200 I.U
(49% = 10% p<0.005). This study provides information on the dosage of vitamin E that decreases
systemic oxidant stress in vivo in humans and informs the planning and evaluation of clinical studies
that assess the efficacy of vitamin E to mitigate disease.
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INTRODUCTION

Previous epidemiologic studies suggested an inverse relationship between dietary intake and
plasma concentrations of vitamin E and risk of cardiovascular disease (1,2). Moreover, vitamin
E administration reduces atherogenesis in some but not all animal models of atherosclerosis
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Underpinning the interest in the potential ability of antioxidants to prevent cardiovascular
disease is the oxidation hypothesis of atherogenesis (4). Normal low density lipoprotein (LDL)
is taken up in limited amounts by macrophages. However, oxidatively modified LDL is readily
taken up by macrophages via scavenger receptor pathways, leading to the formation of foam
cells. In this regard, it has been shown that reactive aldehydes that are formed as products of
free radical mediated lipid peroxidation can modify apolipoprotein B to a form that is more
negatively charged and recognized by scavenger receptors (5). Atherosclerotic plaques in both
humans and animals also contain increased levels of oxidized lipids (6).

Because of the association of increased free radical formation in atherogenesis, a number of
large randomized placebo-controlled clinical trials have previously explored the efficacy of
supplementation with the antioxidant vitamin E (a-tocopherol) to prevent cardiovascular
events (7-15). In aggregate, these studies have failed to show a preventive effect of vitamin E
on cardiovascular events even at dosages up to 900 1U/d (16). Implicit in these studies is that
the dose of vitamin E tested significantly reduced the level of oxidative stress in the study
participants. Even though the importance of determining this has been emphasized (17), this
was only addressed in a small cohort in one of the studies (18). In this study, no significant
difference was found in the urinary excretion of the Fo-isoprostane, 15-Fy-isoprostane, a
biomarker of free radical mediated lipid peroxidation, in participants who were supplemented
with vitamin E compared to those who were not supplemented with vitamin E. In the absence
of knowledge regarding the relationship between dose of vitamin E and suppression of
oxidative stress, it is difficult, if not impossible, to draw any firm conclusions from the results
of these studies as to the role of oxidative stress in cardiovascular disease.

Therefore, we undertook to define the clinical pharmacology of vitamin E as an antioxidant in
individuals with hypercholesterolemia. We and others have shown that polygenic
hypercholesterolemia in humans is associated with enhanced oxidative stress (19,20). While
the mechanistic basis for this remains unclear, we believed that individuals with
hypercholesterolemia would be an ideal study group in which to define the clinical
pharmacology of vitamin E because of the association of hypercholesterolemia and increased
risk for cardiovascular disease.

Two studies were undertaken. We first performed a time-course study with the highest dose
of natural vitamin E (RRR-a-tocopherol) that we tested (3200 1.U./day) to determine the length
of time required to reach maximum suppression of oxidative stress. This was an important
study to undertake because it has been shown that whereas plasma concentrations of vitamin
E increase and plateau fairly rapidly during daily supplementation with vitamin E, tissue
concentrations of vitamin E reach steady-state concentrations very slowly over a period of
several weeks (21). The results from the time-course study then informed our second study, a
dose-ranging study. Oxidative stress status was monitored by measurements of plasma
concentrations of F,-isoprostanes. Fo-isoprostanes are prostaglandin Fo-like compounds that
are formed non-enzymatically by free radical mediated peroxidation of arachidonic acid (22).
Measurement of Fo-isoprostanes by mass spectrometry is now widely recognized as one of the
most accurate and reliable approaches to assess oxidative stress status in vivo (23,24).
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These studies were approved by the Vanderbilt University Institutional Review Board and all
participants gave informed consent. Participants with polygenic hypercholesterolemia were
studied. Participants that had a total serum cholesterol level higher than 200 mg/dl at the initial
screening evaluation were selected for entry into the study. Participants with any known disease
except for minor non-systemic ailments were excluded. Participants who smoked or were
taking multivitamins or other known antioxidants were also excluded. Participants were
instructed on a diet that delivered a fairly constant intake of vitamins from food. Participants
taking lipid-lowering drugs were also excluded because some of these drugs may have
antioxidant properties (20). Participants with serum cholesterol levels above 200 mg/dl were
then further screened for the presence of oxidative stress by measuring the concentration of
Fo-isoprostanes in their plasma and were excluded from the study if their plasma concentration
of F,-isoprostanes was not higher than 2 S.D. above the normal mean (35 £ 12 pg/ml; mean £
2S.D.).

Time-Course Study

3200 I.U. of natural vitamin E (RRR-d-a-tocopherol acetate) (E-Gems, J.R. Carlson
Laboratories, Arlington Heights, 11I) was administered daily to 8 participants (34 + 4 years of
age) for 20 weeks. One subject was male and seven were females. Plasma concentrations of
Fo-1soprostanes were measured at bi-weekly intervals. Total serum cholesterol, LDL
cholesterol, HDL cholesterol, triglycerides, and vitamin E levels were measured prior to
beginning the study and again at the end of the study.

Dose-Ranging Study

This was a double blind randomized placebo-controlled study. Thirty-five participants were
randomized to receive either placebo, 100, 200, 400, 800, 1600, or 3200 I.U. of vitamin E daily
for 16 weeks. Twelve of the participants were males and 23 were females and the mean age of
the participants was 42 + 2 years. Plasma concentrations of Fy-isoprostanes and total serum
cholesterol were measured at week 0 and at the end of week 16. Participants were seen monthly
during this study to review any questions or issues about the study and to determine compliance
by pill counts.

For both the time-course and dose-ranging studies, the majority of participants were women.
Female gender is associated with higher Fo-isoprostane levels but the extent of reduction of
isoprostanes by vitamin E in both studies was unaffected by gender.

Analytical Methods

Alpha-tocopherol was quantitated by the method of Craft as modified by Gross et al. (25).
Fo-isoprostanes were measured by gas chromatography mass spectrometric assay (26). The
precision of this assay is + 6% and the accuracy is 96%. Plasma concentrations of cholesterol,
LDL cholesterol, HDL cholesterol, and triglycerides were measured as described (27,28).

Statistical Methods

Analyses of trial results focused on estimating the changes in levels of Fo-isoprostanes and
vitamin E in the time-course study and the dose-ranging study. The trend of the time-course
study over the 20-week study period was analyzed using the restricted/residual maximum
likelihood (REML) based mixed effect model to adjust the intra-correlation effect for subjects
who had multiple comparisons. The Akaike’s Information Criterion (AIC) was applied for the
model selection. The student t-test was applied for the dose-ranging study initially. The
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multiple testing problem of the dose-ranging study was adjusted by using the permutation t-
test and the multiplicity-adjusted p-value was reported. All tests of significance were two-sided
and differences were considered statistically significant when p-value <0.05. All data are
expressed as means (£ SEM). S-Plus 7.0 and SAS version 9.1 was used for all analyses.

Time-Course Study

The time-course of the effect of daily administration of 3200 I.U./day of vitamin E on reduction
of plasma concentrations of F,-isoprostanes is shown in Figure 1. Repeated measures of trend
analysis showed a significant overall time-effect on suppression of plasma concentrations of
Fo-isoprostanes by vitamin E (p<0.001). A significant reduction from mean plasma
concentrations of Fy-isoprostanes at week 0 (61.7 £ 6.5 pg/ml) did not occur until 16 weeks of
vitamin E supplementation (36.3 + 2.6 pg/ml) (p<0.005) and levels remained suppressed
through weeks 18 and 20 (p<0.005). Plasma concentrations of vitamin E were significantly
increased at week 20 compared to week 0 but levels of total serum cholesterol, LDL cholesterol,
HDL cholesterol, and triglycerides were not significantly different at week 0 and week 20
(Table 1).

Dose-Ranging Study

Plasma concentrations of vitamin E at week 16 in participants taking varying doses of vitamin
E and placebo are shown in Figure 2. Multiple comparisons showed that the percent changes
in plasma vitamin E concentrations at doses of 800, 1600, and 3200 mgs were statistically
higher than in the placebo group (p<0.004, p<0.001, p<0.01, respectively). There was also a
linear trend between plasma concentration and dosage (p=0.009). Although the mean level of
vitamin E in participants supplemented with 3200 I.U/day is less than the level measured in
participants taking 1600 1.U/day, it is recognized that plasma concentrations of vitamin E do
not correlate with tissue levels and that plasma concentrations are highly variable, especially
during supplementation with high doses of vitamin E (29). In addition, plasma concentrations
of vitamin E are highly dependent on plasma lipid levels and the variable levels of alpha-
tocopherol observed in the present studies may have, in part, been a consequence of variations
in plasma lipids. On the other hand, elevated plasma concentrations of vitamin E primarily
indicate that the participants were taking their vitamin E. Compliance with taking the prescribed
vitamin E was confirmed by pill counts performed during monthly visits to the Vanderbilt
Clinical Trials Center. As with the time-course study, vitamin E, at all doses examined, had
no effect on serum cholesterol or triglyceride levels in participants.

The effect of supplementation with varying doses of vitamin E for 16 weeks on plasma F,-
isoprostane concentrations is shown in Figure 3. There was a significant linear trend between
dosage of vitamin E and percent change in plasma concentrations of Fo-isoprostanes (p<001).
There was an obvious suppression by vitamin E at 800 I.U. (30 + 8%; p=0.094) which reached
significance at 1600 1.U (35 + 2%; p<0.03) and 3200 1.U (49 £ 10%; p<0.005).

DISCUSSION

This study has defined the clinical pharmacology of vitamin E in humans with increased

oxidative stress associated with polygenic hypercholesterolemia. The goal of these experiments
was to obtain information regarding the relationship between dose of vitamin E and suppression
of oxidative stress in humans and the duration of treatment required to achieve this effect. This
information is essential for the interpretation of clinical studies that have been performed

exploring the ability of vitamin E, and other putative antioxidants, to mitigate disease processes
in humans. In addition, this information could inform future studies evaluating the effects of
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vitamin E and other antioxidants in disease states associated with oxidative stress about
appropriate doses to evaluate treatment required for a significant effect.

With this data in hand, we may now be able to more rationally interpret the findings from the
large placebo-controlled randomized primary and secondary clinical prevention trials that
evaluated the ability of vitamin E supplementation to reduce the occurrence of cardiovascular
events, which included fatal or non-fatal myocardial infarction and stroke (7-15). A meta-
analysis of these trials found a lack of significant benefit (16). In addition, other randomized
placebo-controlled trials examined the ability of vitamin E at doses of (a) 800 I.U., type
unspecified, in combination with 500 mg of vitamin C (WAVE trial), (b) 136 I.U all-rac-a-
tocopherol in combination with 250 mg of vitamin C (ASAP trial), and (c) 400 I.U. RRR-a-
tocopherol (VEAPS trial) to suppress atherosclerotic progression rather than cardiovascular
events (30-32). The VEAPS trial which evaluated the effect of 400 I.U of all-rac-a-tocopherol
and the WAVE trial which evaluated the effect of 800 I.U of vitamin E (type not specified) in
combination with 500 mg of vitamin C found no effect on the atherosclerotic progression. The
ASAP trial which evaluated 136 1.U. of all-rac-a-tocopherol in combination with 250 mg of
vitamin C did observe a significant 25% reduction in atherosclerotic progression. One
randomized placebo-controlled trial (SPACE) examined the effect of supplementation of 800
I.U of RRR-a-tocopherol alone in patients on hemodialysis and found a significant 54%
reduction in cardiovascular events (33). However, this may be a unique group of patients
because they have low intake of vitamin E and abnormalities in levels and metabolism of
vitamin E such that the potency of vitamin E administration would be expected to be
significantly enhanced to a greater degree compared to patients who are not on hemodialysis
(34). An additional randomized placebo-controlled trial (SU.VI.MAX study) in which
participants were supplemented with 45 .U of vitamin E in combination with other
antioxidants, vitamin C, beta carotene, zinc, and selenium, also failed to find a significant
reduction in cardiovascular events (35). The fact that in aggregate these trials have not found
significant benefit has called into question the validity of the oxidation hypothesis of
atherosclerosis (17). We found a significant linear trend between the dosage of vitamin E and
the percent reduction in plasma F,-isoprostane concentrations. However, a significant
suppression in plasma Fo-isoprostane concentrations was only observed at doses of 1600 and
3200 I.U./day. It should also be pointed out that the form of vitamin E administered in our
study was RRR-a-tocopherol, which has about twice the bioavailability compared to synthetic
all-rac-a-tocopherol (36). In that regard and in light of the fact that there was an obvious
reduction, albeit not quite statistically significant, in plasma concentrations of F,-isoprostanes
in participants in our study supplemented with 800 I.U./day of RRR--a-tocopherol, it is of
interest that the one clinical trial that evaluated 800 1.U./day of RRR--a-tocopherol (CHAQS)
did observe a 47% reduction in cardiovascular events.

It should be noted that implicit in the design of our study is the assumption that vitamin E is
an antioxidant in humans. In vitro literature suggest that it may be a pro-oxidant at certain
concentrations but our data, and that of others, suggests that over a very wide dose range that
this is not the case in vivo (37,38).

A similar study to ours has been performed by Meagher and colleagues but with important
differences in study design and findings (39). In that study, normal participants were
supplemented with 200, 400, 800, 1200, or 2000 I.U. of vitamin E (RRR-a-tocopherol)/day for
8 weeks. They found no effect on the suppression of the formation of F,-isoprostanes or urinary
excretion of 4-hydroxynonenal, another product of lipid peroxidation. The authors speculated
that the failure to find suppression in levels of F,-isoprostanes may likely attributed to the fact
that the level of oxidative stress in the individuals in this study was not elevated. However,
other studies in which normal healthy individuals were supplemented with soy isoflavones or
aged garlic extract, both of which have antioxidant properties, showed significant reductions
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in levels of F,-isoprostanes (40,41). Based on our findings in our time-course study, a more
likely explanation for their failure to find a suppression of the formation of Fo-isoprostanes is
because the duration of their study, 8 weeks, was too short to observe the full suppressive effect
of vitamin E on levels of Fo-isoprostanes. In support of the contention that long term, high dose
vitamin E decreases oxidant stress, a recent study reported an 11% reduction (p=0.03) in plasma
isoprostanes in obese individuals supplemented with 800 1U natural alpha-tocopherol for six
months (42).

There was a significant linear trend between dosage of vitamin E and percent change in plasma
concentrations of F,-isoprostanes but the magnitude of the reduction was statistically
significant only at doses of 1600 I.U./day and 3200 1.U./day. There was no clinically apparent
toxicity in this study, even at the high dose of 3200 I.U. Two studies have suggested, however,
that high doses of vitamin E (> 400 |.U/day) may increase the risk of all cause mortality (43)
and heart failure (44) and a recent meta-analysis of antioxidant supplements for the prevention
of several diseases including atherosclerosis reported an increased mortality with vitamin E
and other agents (45). However, a comprehensive review of all published safety observations
for vitamin E supplementation in clinical trials concluded that vitamin E supplements appear
safe for most adults in amounts <1600 1.U. of RRR-a-tocopherol (46). Another review of a
number of double-blind controlled studies revealed no important adverse effects associated
with vitamin E supplementation at intakes ranging up to 3200 I.U./day (47). Nonetheless, based
on these conflicting reports, long term treatment with high dose vitamin E cannot be justified
at this time. It should also be pointed out that the mean maximum suppression of plasma
concentrations of F,-isoprostanes seen in participants who were supplemented with the largest
dose of vitamin E, 3200 1.U./day, was 49%, which is not a profound reduction. This suggests
that the antioxidant potency of vitamin E in vivo in humans is not great.

The results of this study should provide a framework for future studies assessing the ability of
therapeutic agents to suppress oxidant stress in humans. Specifically, we have now what is
generally recognized to be a reliable approach to assess oxidative stress status in humans,

i.e. measurement of Fo-isoprostanes. Therefore, prior to initiating large clinical trials of agents
that alter oxidant stress, investigators should establish that the dose(s) of the compound tested
does in fact significantly reduce oxidative stress status in the study participants. Ideally such
measurements should also be incorporated in the study design in the participant population
studied to monitor efficacy and variability of the pharmacologic intervention to reduce
oxidative stress status across a larger cohort of participants. Such data can be invaluable in the
interpretation of results obtained when correlated with the magnitude of suppression of
oxidative stress in the participants studied.
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Figure 1.
Time course of reduction in plasma concentrations of Fo-isoprostanes (F,-1soPs) in participants
supplemented with 3200 1.U./day of vitamin E. *—p<0.005 compared to Time 0.
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Figure 2.
Plasma concentrations of vitamin E measured after 16 weeks of supplementation with varying

doses of vitamin E or placebo. *—p<0.004 compared to placebo; **—p<0.001 compared to
placebo; ***—p<0.01 compared to placebo.
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Figure 3.

Relationship between the daily dosages of vitamin E administered for 16 weeks and
suppression of plasma concentrations of Fo-isoprostanes (F,-1soPs). *—p<0.03 compared to
placebo; **—p<0.005 compared to placebo.
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TABLE 1
Levels of Plasma Lipids and Vitamin E at the Beginning and End of the Time-Course Study

Page 13

Study Start Study End
Cholesterol 256 + 23 mg/dl 242 + 22 mg/di N.S.
LDL Cholesterol 158 + 23 141 +26 N.S.
HDL Cholesterol 58 + 8 58+ 6 N.S.
Triglycerides 193+ 78 211+81 N.S.
Vitamin E 1.48+0.24 4.01+0.81 <0.0!

*
N.S. = not significant
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