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■ Abstract Cardiovascular disease (CVD) is the leading cause of morbidity and
mortality in the Western world. Its incidence has also been increasing lately in de-
veloping countries. Several lines of evidence support a role for oxidative stress and
inflammation in atherogenesis. Oxidation of lipoproteins is a hallmark in atheroscle-
rosis. Oxidized low-density lipoprotein induces inflammation as it induces adhesion
and influx of monocytes and influences cytokine release by monocytes. A number of
proinflammatory cytokines such as interleukin-1β (IL-1β), IL-6, and tumor necro-
sis factor-α (TNF-α) modulate monocyte adhesion to endothelium. C-reactive protein
(CRP), a prototypic marker of inflammation, is a risk marker for CVD and it could
contribute to atherosclerosis. Hence, dietary micronutrients having anti-inflammatory
and antioxidant properties may have a potential beneficial effect with regard to cardio-
vascular disease. Vitamin E is a potent antioxidant with anti-inflammatory properties.
Several lines of evidence suggest that among different forms of vitamin E, α-tocopherol
(AT) has potential beneficial effects with regard to cardiovascular disease. AT supple-
mentation in human subjects and animal models has been shown to decrease lipid
peroxidation, superoxide (O2

−) production by impairing the assembly of nicotinamide
adenine dinucleotide phosphate (reduced form) oxidase as well as by decreasing the
expression of scavenger receptors (SR-A and CD36), particularly important in the for-
mation of foam cells. AT therapy, especially at high doses, has been shown to decrease
the release of proinflammatory cytokines, the chemokine IL-8 and plasminogen activa-
tor inhibitor-1 (PAI-1) levels as well as decrease adhesion of monocytes to endothelium.
In addition, AT has been shown to decrease CRP levels, in patients with CVD and in
those with risk factors for CVD. The mechanisms that account for nonantioxidant ef-
fects of AT include the inhibition of protein kinase C, 5-lipoxygenase, tyrosine–kinase
as well as cyclooxygenase-2. Based on its antioxidant and anti-inflammatory activities,
AT (at the appropriate dose and form) could have beneficial effects on cardiovascular
disease in a high-risk population.
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INTRODUCTION

Atherosclerosis is the leading cause of mortality in the Western world. Oxidative
stress and inflammation are important in the pathogenesis of atherogenesis. Epi-
demiological studies suggest an association between increased antioxidant intake,
especially vitamin E, and reduced morbidity and mortality from coronary artery
disease. The focus in this review is on α-tocopherol (AT), the major and most
bioavailable form of vitamin E.

Oxidative Stress and Atherosclerosis

Clinical and epidemiological studies show that increased levels of low-density
lipoprotein (LDL) cholesterol promote premature atherosclerosis. According to
the oxidative modification hypothesis, the most plausible and biologically relevant
modification of LDL is oxidation (Figure 1). In the early phase, mild oxidation
of LDL results in the formation of minimally modified LDL (MM-LDL) in the
subendothelial space. MM-LDL stimulates production of monocyte chemotactic
protein-1 (MCP-1) that promotes monocyte chemotaxis. These molecular events
result in monocyte binding to the endothelium and its subsequent migration into
the subendothelial space, where MM-LDL also stimulates production of mono-
cyte colony stimulating factor (M-CSF). M-CSF promotes the differentiation and
proliferation of monocytes into macrophages. The initial interest in a role for lipid
oxidation in the development of atherosclerotic lesions was in its ability to modify
LDL sufficiently to promote its uptake by macrophages. The extensively modified
LDL (oxidized LDL, or ox-LDL) is not recognized by the LDL receptor but is
taken up avidly by the scavenger receptor pathway in macrophages, leading to
appreciable cholesterol ester accumulation and foam cell formation (131).

Ox-LDL has several biological consequences (52, 56, 107, 134); it is proin-
flammatory, it causes inhibition of endothelial nitric oxide synthase (eNOS), it
promotes vasoconstriction and monocyte adhesion, it stimulates cytokines such
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as IL-1, and it increases platelet aggregation. Ox-LDL also has been shown to
upregulate vascular endothelial growth factor (VEGF) expression in macrophages
as well as endothelial cells (ECs) through activation of peroxisome proliferator-
activated receptor-γ (PPAR-γ ) (44). Ox-LDL-derived products are cytotoxic and
can induce apoptosis. Ox-LDL can adversely affect coagulation by stimulating
tissue factor (TF) and plasminogen activator inhibitor-1 (PAI-1) synthesis (47).
Another atherogenic property of ox-LDL is its immunogenicity and its ability to
promote retention of macrophages in the arterial wall by inhibiting macrophage
motility (47). Several factors may influence the susceptibility of LDL to oxida-
tion, including its site and composition and the presence of endogenous antioxidant
compounds (e.g., AT).

The more direct evidence for the role of oxidative stress in atherosclerosis comes
from studies with apoE−/− mice that spontaneously develop atherosclerosis simi-
lar to that found in humans. F2-isoprostanes, prostaglandin-like products of the free
radical–catalyzed peroxidation of arachidonic acid and an established biomarker
of in vivo lipid peroxidation (18, 84, 92), have been found to localize in foam cells
in atherosclerotic lesions of humans as well as of animals and are significantly in-
creased in the tissue, plasma, and urine of apoE knockout mice (38, 88). In addition
to serving as biomarkers of in vivo oxidative stress, F2-isoprostanes, including 8-
epiPGF2α , exert (patho)physiological effects such as vasoconstriction (92). Both
reactive oxygen species [superoxide anion (O2

−), hydroxyl radical (OH · ), and
hydrogen peroxide (H2O2)] and reactive nitrogen species [nitric oxide (NO) and
peroxynitrite (ONOO · )] have been implicated in atherogenesis (107). Although
the phagocytic NAD(P)H oxidase is the major source of reactive oxygen species
(ROS) in the circulatory system, vascular ECs, smooth muscle cells (SMCs), and
fibroblasts also express functional leukocyte-type NAD(P)H oxidases (54). Five
major components comprise the endothelial NAD(P)H oxidase: gp91phox (and/or
its homologues) and p22phox in the membrane, and p47phox, p67phox, and Rac in
the cytosol, and it has been suggested to be the major source of ROS in these
cells (107). p47phox in ECs has been shown to play an essential role in activation of
NAD(P)H oxidase and in the production of O2

− (107). Nitric oxide is released from
ECs and has many beneficial effects against atherosclerosis through inhibition of
platelet aggregation, SMC proliferation, leukocyte recruitment, and stimulation of
vasodilation. Excess O2

− reacts with NO · to form ONOO. within the vessel, lead-
ing to vascular dysfunction. The decreased bioactivity of NO in the vascular wall
provides evidence that the generation of ONOO · may be involved in the devel-
opment of atherosclerosis (107). Furthermore, treatment of hypercholesterolemic
rabbits with liposomal or polyethylene glycol-conjugated superoxide dismutase,
but not with native superoxide dismutase, improves vascular responses (78). This
confirms a role for oxidative stress in vascular dysfunction (73).

Inflammation and Atherosclerosis

Much evidence supports a pivotal role for inflammation in all phases of atheroscle-
rosis, from the initiation of the fatty streak to the culmination in acute coronary
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syndromes (plaque rupture) (68, 93). Various noxious insults, including hyper-
tension, diabetes, smoking, dyslipidemia, and hyperhomocysteinemia, can result
in EC dysfunction. Major cellular participants in atherosclerosis include mono-
cytes, macrophages, activated vascular endothelium, T lymphocytes, platelets, and
SMCs.

Monocytes and macrophages are critical cells present at all stages of atheroge-
nesis and, when stimulated, can produce biologically active mediators that have
a profound influence on the progression of atherosclerosis (Figure 1). Monocytes
promote the peroxidation of lipids such as LDL through the generation of ROS.
Monocytes and macrophages secrete several proinflammatory, proatherogenic cy-
tokines, such as IL-1β, TNF-α, and IL-6, which have been shown to be present in
the atherosclerotic lesions and are known to augment monocyte-endothelial adhe-
sion. IL-1β has been shown to stimulate procoagulant activity, promote cholesterol
esterification in macrophages, and stimulate SMC proliferation via platelet-derived
growth factor (PDGF). Supportive evidence for the central role played by IL-1 in
the development of atherosclerosis has been recently documented by Kirii et al.
(60), who demonstrated the decreased severity of atherosclerosis in apoE−/−
mice deficient for IL-1β. TNF-α has been shown to promote monocyte adhe-
sion to endothelium and contribute to the necrotic core by promoting apoptosis of
macrophages and SMCs (50). Activated macrophages also release matrix metal-
loproteinases (MMPs) that cause a rent in the endothelium and tissue factor that
promotes thrombus formation.

Atherosclerosis is associated with endothelial dysfunction, and these changes
induce adhesion and transendothelial migration of monocytes (50). Both IL-1β

and TNF-α stimulate expression of adhesion molecules, such as vascular cell
adhesion molecule-1 (VCAM-1), intercellular cell adhesion molecule-1 (ICAM-
1), and E-selectin. Chemotaxis and entry of monocytes into the subendothelial
space is promoted by monocyte chemoattractant protein-1 (MCP-1), interleukin-8
(IL-8), and fractalkine. Several studies have shown a strong association between
levels of soluble CAMs (which are shed from activated cells such as ECs) and
coronary as well as carotid atherosclerosis (100).

Many stimuli (e.g., angiotensin II and PDGF) are released in response to in-
flammation, growth, and chemotactic factors from neighboring ECs, monocytes,
macrophages, and platelets. These induce SMC migration and subsequent prolifer-
ation, thereby resulting in the formation of the fibrous cap (50). The earliest event
following plaque fissure is the adhesion and aggregation of platelets leading to
thrombus formation. Increased platelet aggregation contributes to acute coronary
syndrome such as myocardial infarction. Specific subtypes of T lymphocytes also
mediate the inflammatory response of atherosclerosis at every stage. Thus, there
is a complex interaction of a wide variety of cells, and their activation leads to
release of hydrolytic enzymes, cytokines, chemokines, and growth factors that can
result in further injury.

Several large population studies have indicated that biomarkers of inflamma-
tion predict an increased risk for CVD (50, 68, 93). The prototypic marker of
inflammation is C-reactive protein (CRP), a member of the pentraxin family
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(48, 50). Its synthesis in the liver is triggered by various proinflammatory cy-
tokines derived from numerous sources, including monocytes, macrophages, and
adipose tissue. The proinflammatory response includes an increased secretion of
IL-1β and TNF-α, which then results in the release of the principal messenger
cytokine, IL-6 from macrophages. IL-6, after engagement of its receptor on the
liver, results in the secretion and release of CRP. Recent evidence points to the role
of vascular cells, such as ECs (125) and SMCs (135), in the production of CRP.
CRP mRNA and protein have been shown to be expressed in the cells of the lesion
in an order of magnitude higher than that observed in plasma (61, 135).

Numerous prospective studies from populations throughout the world have
shown that elevated levels of CRP confer a greater risk of CVD (for a recent review,
see Reference 50). In addition to being a risk marker, a large body of evidence points
to a proatherogenic role of CRP in vascular SMCs, monocyte-macrophages, and
ECs. In monocytes, CRP induces the production of inflammatory cytokines and TF
expression as well as promotes uptake of ox-LDL. CRP upregulates endothelin-1,
PAI-1, and chemokines such as MCP-1 and IL-8, as well as increases expression of
CAMs. CRP downregulates synthesis and bioactivity of eNOS (50) and decreases
another potent vasodilator and inhibitor of platelet aggregation, prostacyclin (PGI2)
release from aortic ECs via increased ONOO formation, resulting in nitration
of PGI2 synthase, which renders the enzyme inactive (123). In addition to the
numerous reported proatherogenic properties of CRP in in vitro studies, there is
direct evidence for a proatherosclerotic and prothrombotic effect of CRP in vivo.
The exposure to CRP (200 ug/ml) resulted in an increase in SMC migration and
proliferation, collagen and elastin content, and AT1-R expression, as well as an
increase in neointimal formation in a rat carotid angioplasty model (128). CRP
also has been shown to promote arterial thrombosis following femoral injury in
transgenic mice that express the human CRP gene (15). Further, human CRP
Tg mice in apoE−/− background also have been shown to have increased CRP
levels and a modest increase in aortic atherosclerosis in male mice only (83).
Inflammation (as manifested by an increase in CRP) is not only increased in CVD
but also in diseases with increased cardiovascular risk, e.g., end-stage renal disease
(ESRD) (42), metabolic syndrome (91), and diabetes (87).

Vitamin E

CHEMICAL FORM AND ABSORPTION The term “vitamin E” covers eight different
forms of the vitamin that are produced by plants alone and have similar chromanol
structures: trimethyl (α-), dimethyl (β- or γ -) and monomethyl (δ-) tocopherol,
and the corresponding tocotrienols (T3) (116). T3 have an unsaturated side chain,
whereas tocopherols contain a saturated phytyl tail with three chiral centers that
naturally occur in the RRR configuration (110). Commercially available vitamin
E consists of either a mixture of naturally occurring tocopherols and tocotrienols;
RRR-AT (formerly called d-AT); synthetic AT (all rac-AT, formerly called dl-
AT), which consists of the eight possible stereoisomers in equal amounts; or their
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esters. The ester form prevents the oxidation of vitamin E and prolongs its shelf
life. Except for individuals with malabsorption syndromes, these esters are readily
hydrolyzed in the gut and are absorbed in the unesterified form (116). The natural
vitamin E sources are vegetable oils: Safflower seed oil contains almost exclusively
AT (59.3 mg/1 g oil), soy oil is rich in γ -, δ-, and AT (62.4, 20.4, 11.0 mg/1 g of
oil, respectively), and palm oil contains T3 (17.2 mg/1 g of oil) in addition to AT
(18.3 mg/1 g oil) (79).

The bioavailability of the different forms of vitamin E is highly differential.
For example, although the amount of γ -tocopherol in the diet is higher than that
of AT, the plasma γ -tocopherol concentration is only 10% of that of AT, which
is the most abundant form in plasma (36). Once ingested, all forms of vitamin E
are taken up by intestinal cells and released into the circulation in chylomicrons.
The vitamins reach the liver via chylomicron remnants. In the liver, a specific
protein, α-tocopherol transfer protein (α-TTP), selectively targets RRR-AT for in-
corporation into very-low-density lipoprotein. Other forms are much less well re-
tained and are excreted via the bile, the urine (as carboxyethyl hydroxychromans),
or unknown routes. Relative affinities of tocopherol analogs for α-TTP, calcu-
lated from the degree of competition for the α form, are as follows: α-tocopherol,
100%; β-tocopherol, 38%; γ -tocopherol, 9%; δ-tocopherol, 2% (5). The signifi-
cance of α-TTP and AT is evident from a recent report showing increased basal
oxidative stress and inflammatory status in α-TTP-null mice (Ttpa−/−) (97) as
well as increased severity of atherosclerotic lesions in these mice in apoE−/−
background (113).

In vitro studies demonstrate superior antioxidant properties of AT in the pre-
vention of LDL lipid peroxidation due to its lipid solubility and preferential in-
corporation into lipoproteins (115). Overall, AT is the principal and most potent
lipid-soluble antioxidant in plasma and LDL. AT is present in LDL particle in
quantities (5–9 molecules/LDL particle) that can be easily modified by dietary in-
take or oral supplementation (46). Several lines of evidence support a relationship
between low AT levels and the development of atherosclerosis (for a review, see
Reference 56). Hence, dietary micronutrients, especially with anti-inflammatory
and antioxidant properties (e.g., AT) have potential beneficial effects with regard
to cardiovascular disease.

Animal Studies

Animal studies generate useful, and often otherwise unattainable, information on
the content of arterial lipids, antioxidants, and lipid oxidation in vivo. Verlangieri
& Buxh (127) reported 35% inhibition of atherosclerotic lesion formation in
cholesterol-fed macaques with AT supplementation as assessed by carotid Doppler
studies over a three-year period. Reduced restenosis after angioplasty in rab-
bits with established experimental atherosclerosis was seen following AT sup-
plementation (66). Dietary AT led to a hypocholesterolemic and antioxidative
response in rabbits (98, 130) as well as to less aortic intimal thickening in chickens
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(102). Furthermore, 2000 IU/kg chow of AT supplementation significantly reduced
isoprostanes generation and aortic lesion without affecting plasma cholesterol lev-
els in apoE−/− mice. The effect of AT (400 mg/kg atherogenic diet) has been
shown not only in reducing aortic lesions in 4- to 10-week-old apoE−/− mice,
when fatty streaks are absent or very sparse (86), but also after the establishment
of the initial aortic lesion (85), which suggests that this vitamin has a protective
effect during the establishment of fatty streaks as well.

Furthermore, in addition to some in vitro studies showing the influence of
AT supplementation on the production of MCP-1 (132), there also exists in vivo
evidence for the increased expression of MCP-1 in aortic lesions of apoE−/−
mice (86). Thus, one of the favorable effects of AT is changing the expression of
some important chemotactic molecules such as MCP-1; this suggests the efficacy
of vitamin E in reducing fatty streak formation by reducing cell migration to the
lesion site (85).

α-Tocopherol Supplementation in Humans

Several groups have also shown that AT supplementation decreases LDL oxidation
initiated by copper in vitro (52, 90) or by cells in culture (103). Esterbauer et al.
(32) have shown that increasing LDL AT in vitro can prolong the lag phase of
oxidation. Human studies have demonstrated that AT supplementation can reduce
the susceptibility of LDL to oxidation (21, 53). The minimum dose of AT required
to obtain a beneficial effect on LDL was found to be 400 IU/d (21, 32, 51).

In human subjects, AT supplementation (100–600 mg/d for two weeks) has been
shown to lower urinary F2-isoprostanes by 34%–36% in hypercholesterolemic
subjects and in diabetic individuals (16, 17). Our group has shown that supple-
mentation of healthy adults with 400 IU/d RRR-AT for eight weeks resulted in
lower levels of urinary F2-isoprostanes (70). However, other studies (129) have
suggested there is a pro-oxidant effect of vitamin E (400 IU dl-AT acetate) in
cigarette smokers consuming a high (20%) polyunsaturated fat (PUFA) diet. Al-
though the supplementation of vitamin E prolonged mean LDL oxidation lag time,
it paradoxically increased F2-isoprostanes as well as PGF2α . These data suggest
that vitamin E may function as a pro-oxidant in cigarette smokers consuming
a high-PUFA diet that is far in excess of the normal American diet. In another
study carried out by same group (96), the PUFA diet consumption for three weeks
increased the mean HDL2 lag time ∼1.8-fold with no change in oxidation rate.
Supplementation of vitamin E (800 IU/d for three weeks as dl-AT acetate) further
increased the HDL2 lag time ∼1.3-fold and decreased the HDL2 oxidation rate
∼1.3-fold. Hence, vitamin E supplementation reduces the oxidation susceptibility
of HDL2, which suggests that vitamin E could influence HDL function in vivo
(2). The timing of antioxidant intake has been suggested to be a variable factor on
postprandial (e.g., a McDonald’s Big Mac meal) markers of inflammation and fib-
rinolysis (12). The measurement of CRP, IL-6, PAI-1, malondialdehyde, and total
radical antioxidant parameter four hours before and after the test meal revealed
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that there was a significant rise in CRP and PAI-1 after the test supper compared
with no meal. Either presupper or prebreakfast vitamins E (800 IU RRR-AT) and C
(1 g ascorbic acid) significantly prevented the meal-induced rise in CRP, although
presupper vitamins were more effective. In contrast, only prebreakfast vitamins
significantly prevented the meal-induced rise in PAI-1. However, no significant
meal-related changes were found in the concentrations of IL-6, malondialdehyde,
or total radical antioxidant parameter.

The supplementation of all-rac AT (600 IU/d for four weeks) in diabetic pa-
tients and smokers decreased oxidative stress (measured as plasma thiobarbituric
acid-reacting substances and lag time of oxidation) in both groups; however, sup-
plementation decreased inflammatory status (as reflected by circulating levels of
IL-1, TNF, and IL-1 RA in whole blood) in smokers but not in diabetic patients
(75). A subsequent study by Heitzer et al. (40) showed that the long-term sup-
plementation of vitamin E (544 IU/d as dl-AT acetate for four months) improved
endothelium-dependent relaxation in forearm vessels as well as significantly de-
creased autoantibodies to ox-LDL in hypercholesterolemic smokers but not in
patients with either hypercholesterolemia or chronic smoking. These findings sug-
gested that the beneficial effect of vitamin E might be confined to subjects with
increased exposure to oxidized LDL. In this regard, Hodis et al. (43) reported
that AT supplementation reduces LDL oxidation without affecting atherosclerosis
in healthy individuals. Recently, AT supplementation (400 IU/d of RRR-AT ac-
etate for six months) in smokers with acute coronary syndrome (characterized by
sustained inflammatory upregulation in terms of the release of proinflammatory
cytokines and elevated levels of CRP) has been shown to decrease CRP without
affecting other inflammatory biomarkers such as IL-6 or sCAMs (81). Importantly,
this was the first report showing an association of AT with a reduction in inflamma-
tory markers in patients with acute coronary syndromes. This finding warrants a
larger clinical trial assessing the impact of RRR-AT on outcome in this patient pop-
ulation with a sustained elevation in inflammatory markers and a high short-term
clinical event rate. The anti-inflammatory activity (measured as decrease in CRP)
and antioxidant function (in terms of lag time in oxidation of LDL) has also been
reported by Upritchard et al. (118) in patients with diabetes after supplementation
of RRR-AT (800 IU/d for six weeks).

Interestingly, Van Tits et al. (121), in a clinical trial of RRR-AT administration
(600 IU/d for six weeks) in primary hypertriglyceridemic (n = 12) and normolipi-
demic subjects (n = 8), measured the release of cytokines (TNFα, IL-1β) and
the chemokine (IL-8) from peripheral blood mononuclear cells before and after
intervention. Following AT supplementation, in vitro cytokine production and IL-8
in response to LPS decreased significantly in both groups. Thus, it is suggested
that AT may influence the inflammatory response of immune cells infiltrating
subendothelial spaces and hence AT’s therapeutic implications become relevant
in chronic inflammatory processes such as atherogenesis. This study confirms in
vitro reports in the literature that AT inhibited PMA-induced IL-1β expression in
human monocyte leukemic cell line THP-1 (1).
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In another small clinical trial of patients with ESRD undergoing hemodialysis,
oxidative stress (plasma concentrations of vitamin E metabolites, F2 isoprostanes)
as well as inflammatory biomarkers (TNF-α, IL-6, and CRP) was assessed in blood
samples obtained from a group of patients (n = 11). Assessments were made
before and after dialysis at two occasions prior to, and at one and two months
of, daily vitamin E supplementation (400 IU RRR-AT) (101). AT supplementation
significantly increased plasma AT and decreased γ -tocopherol concentrations.
Circulating vitamin E metabolites increased up to tenfold in ESRD patients without
affecting plasma IL-6, CRP, TNF, and free F2-isoprostanes concentration. These
findings suggest a complex interrelationship between inflammation and oxidative
stress that is not mitigated by short-term vitamin E supplementation. In support
of this study, Islam et al. (45) also failed to show any significant effect on any
of the parameters studied (autoantibodies to ox-LDL, Mo-EC adhesion, sICAM,
and VCAM) by supplementation of all-rac AT (800 IU/d for 12 weeks), however,
results showed significant enrichment with AT in LDL and increased lag phase of
oxidation in chronic renal failure patients.

We have tested the effect of RRR-AT supplementation on monocyte function and
inflammatory markers. Our group (26, 27) has shown that supplementation with
1200 IU/d AT in normal volunteers (n = 21) as well as in type 2 diabetic patients
(T2DM) with and without macrovascular disease (n = 25/group) significantly
influenced monocyte function by decreasing lipid oxidation (release of O2

− and
H2O2), decreasing release of the proatherogenic cytokine IL-1β, and decreasing
monocyte-EC adhesion, clearly documenting that supplementation with RRR-AT
is anti-inflammatory. In a subsequent report, we documented increased IL-6 release
from monocytes and increased serum CRP levels in these diabetic patients (25).
Both high-sensitivity CRP and monocyte IL-6 were significantly decreased with
AT therapy. This finding was confirmed by another group (118). They showed that
RRR-AT supplementation (800 IU/d, n = 13) in T2DM compared with placebo
(n = 12) for a duration of four weeks resulted in a significant decrease in plasma
CRP. AT therapy also decreased serum P-selectin and PAI-1 levels in T2DM pa-
tients (22). These findings were suggested to be relevant to strategies aimed at
reducing risk of CVD in patients with diabetes.

Furthermore, as discussed above, one of the earliest events in atherosclerosis
is endothelial dysfunction. Much of the data obtained from animal studies show
that AT supplementation (1000 IU/kg diet of RRR-AT) preserved endothelium-
dependent vasorelaxation in cholesterol-fed rabbits by a mechanism independent
of its antioxidant effect (57, 106). Vascular incorporation of AT has been shown to
prevent endothelial dysfunction due to oxidized LDL by inhibiting protein kinase
C (PKC) stimulation (59). However, in humans, the data on AT and endothelial
dysfunction are conflicting. In hypercholesterolemic subjects, RRR-AT (1000 IU
for four weeks) significantly increased acetylcholine-mediated vasodilation ex-
pressed as changes in absolute forearm blood flow, forearm vascular resistance,
or forearm blood flow ratios (39). However, Elliott et al. (30) failed to show any
improvement in endothelial function after three months of therapy with vitamin E
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(800 IU/d of RRR-AT). Another study by Simons et al. (99) also failed to show
any improvement in endothelial function in older persons receiving vitamin E
(1000 IU/d of RRR-AT compared with placebo). In patients with chronic spastic
angina, treatment with vitamin E (AT acetate as 300 mg/d compared with placebo)
significantly restored flow-dependent vasodilation, and this improvement was as-
sociated with the decreases in plasma thiobarbituric acid-reacting substances levels
and anginal attacks (76). Also, in hypercholesterolemic smokers, Heitzer et al. (40)
showed that vitamin E significantly augmented endothelium-dependent relaxation.
AT supplementation (1600 IU/d RRR-AT) in T2DM patients also has been shown
to improve endothelial function (37). In addition, Paolisso et al. (82) have shown
in 40 T2DM patients that supplementation with AT (600 mg/d of all-rac AT for
eight weeks) was associated with a significant improvement in brachial artery re-
activity compared with placebo, along with an improvement in oxidative stress
indices. Kinlay et al. (59) reported a positive correlation between measurement
of plasma AT and preservation of endothelium-dependent vasomotor function in
patients with coronary atherosclerosis.

Furthermore, arterial compliance or elasticity is a potential index of arterial
function that has been shown to be dependent upon endothelial function (67, 89).
Short-term AT supplementation (400 IU/d for four and eight weeks) recently has
been reported to improve arterial compliance in middle-aged men and women (77).
Beckman et al. (6) recently showed that administration of vitamin C (1000 mg)
and vitamin E (800 IU AT) daily compared to placebo for six months significantly
increased endothelium-dependent vasodilation in type 1 but not in T2DM subjects.
A trial by Engler et al. (31) examined the effect of supplementation of antioxidant
vitamins C (500 mg/d) and E (400 IU/d) for six weeks and the National Choles-
terol Education Program Step II diet for six months on endothelium-dependent
flow-mediated dilation of the brachial artery in 15 children with familial hyper-
cholesterolemia or the phenotype of familial combined hyperlipidemia. Antioxi-
dant vitamin therapy significantly improved flow-mediated dilation of the brachial
artery compared with baseline. Furthermore, Ulker et al. (117) recently reported
the efficacy of supplementing vitamin E along with C in reversing endothelial
dysfunction via regulation of eNOS and nicotinamide adenine dinucleotide phos-
phate (reduced form) (NADPH) oxidase activities. Recently, an open-label pi-
lot interventional study (95) using 800 IU of vitamin E was undertaken in eight
stable outpatients with nondiabetic chronic kidney disease and six healthy con-
trols, with the objective of measuring plasma asymmetrical dimethylarginine lev-
els at baseline and after eight weeks of treatment. After treatment with vitamin E,
plasma asymmetrical dimethylarginine significantly decreased in six of eight pa-
tients, a finding that implies increased NO availability (95). Thus, although the
results from studies on EC dysfunction with AT are equivocal, it appears that
the combination of vitamins E and C is more effective in ameliorating EC
dysfunction.

In addition, very recently (74) vitamin E (AT acetate 400 mg/d for one month)
has been shown to improve fibrinolytic activity (measured as PAI-1 activity) as
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well as decrease oxidative stress (thioredoxin levels) in patients with coronary
spastic angina as compared with baseline levels, whereas placebo had no effect
on these variables. PAI activity as well as thioredoxin levels were significantly
high in patients with coronary spastic angina as compared with control subjects
(n = 17) at day 0.

The antioxidant and anti-inflammatory activity of vitamin E was also explored
to improve the biocompatibility of materials such as cellulosic membranes for
hemodialysis (9). This group of authors enrolled two group of patients on regular
hemodialysis [one group had cellulosic dialyzers whereas the other group had vi-
tamin E–modified dialyzers (CLE)] without clinical atherosclerotic cardiovascular
disease, and compared plasma levels of autoantibodies for ox-LDL, von Willebrand
factor, and thromomodulin as markers of endothelial damage. In the CLE group,
ox-LDL-Ab and von Willebrand factor, but not thrombomodulin levels, decreased
significantly and vitamin E increased up to two fold, which indicates efficacy of
CLE versus cellulosic in lowering the indices of damage to LDL and ECs.

A recent clinical trial by Micheletta et al. (72) enrolled 16 patients who were
candidates for carotid endartectomy and 32 age- and sex-matched controls. Patients
were randomly allocated to standard treatment with or without AT (all-rac-AT as
450 mg/d for six weeks). At the end of treatment, the different variables (plasma
levels of 7-beta-hydroxycholesterol, 7-ketocholesterol, cholesterol, and vitamin
E) were measured in plasma and plaques. Patients who were given vitamin E sup-
plementation showed a significant increase of plasma vitamin E with concomitant
decrease of 7-beta-hydroxycholesterol. However, no treatment effect was observed
in oxysterol or vitamin E content of plaques. This study formed the basis for facilita-
tion of vitamin E transport within atherosclerotic plaque representing an important
target for treatment of early-stage atherosclerotic progression. However, this study
has been contradicted and brought into question in a recently published editorial
(62)—based on previously documented reports (108, 119)—that states vitamin E
is not deficient in human atherosclerotic plaques.

Finally, a re-evaluation report on the relative potency of synthetic and natural AT
based on experimental and clinical observations concluded that both of these are
not equivalent in any dosage ratio (7). The relative bioavailability of all-rac-AT and
RRR-AT varies between tissues as well as with dose, time after dosing, and duration
of dosing, which suggests that a fixed dosage ratio of all-rac- and RRR-AT cannot
produce a fixed ratio of effects on all processes after all dosages. In this regard,
it is important to mention that most of the reported anti-inflammatory effects of
AT have been due to RRR-AT, probably because of its higher bioavailability and
decreased degradation as compared to all-rac-AT. In this regard, we have shown
that both 400 IU (55) and 800 IU (122) of all-rac-AT, containing the eight isomers,
failed to have any significant anti-inflammatory effects in normal subjects.

Molecular and Cellular Effects of α-Tocopherol

Advances have been made in understanding the molecular effects of AT be-
yond that of preventing LDL oxidation. The understanding of various regulatory,
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nonoxidative responses to AT by crucial cells involved in the pathogenesis of
atherosclerosis is very important. Such responses include inhibition of SMC pro-
liferation, preservation of endothelial function, inhibition of monocyte-endothelial
adhesion, inhibition of monocyte ROS and cytokine release, and inhibition of
platelet adhesion and aggregation (3). These cellular responses to AT are associ-
ated with transcriptional and post-transcriptional events. Activation of diacylglyc-
erol (DAG) kinase and protein phosphatase 2A, and the inhibition of PKC, COX,
lipoxygenase, tyrosine kinase phosphorylation, and cytokine release by AT are all
examples of post-transcriptional regulation.

α-Tocopherol and Endothelial Cells

AT enrichment of monocytes or ECs decreases adhesion of monocytes to human
ECs in vitro and depends on the expression of various adhesion molecules (14, 34)
that correlated with a decrease in cell-surface expression of E-selectin, ICAM-1,
and VCAM-1. Martin et al. (71) further showed that in vitro enrichment of human
aortic ECs with AT significantly inhibited LDL-induced adhesion of monocytes to
EC in a dose-dependent manner with a concomitant reduction in levels of ICAM.
Recently, Fan et al. (33) reported the inhibition of ox-LDL mediated ICAM-1
expression in human umbilical vein ECs by different forms of tocopherols. The
mixed tocopherols (α and γ ) were more potent than AT or γ -tocopherol alone. The
inhibitory effect of tocopherols was not seen on recombinant human CRP-mediated
adhesion of monocytes to endothelium.

Data from our laboratory have shown that pretreatment of monocytic cells
with AT resulted in a decrease in monocyte-EC adhesion mediated by decreased
expression of CD11b and VLA-4, via inhibition of NF-kB activity (for a review,
see Reference 56). AT acetate and succinate also have been shown to inhibit TNF-
α-induced NF-kB activation in vitro (109). Thus, AT has been shown to have
beneficial effects in inhibiting monocyte-endothelial adhesion when incubated
with either EC or monocytes; it is very likely that following supplementation it
partitions into both monocytes and EC and its ability to reduce monocyte-EC
adhesion is greater.

Van Aalst et al. (120) recently reported that AT but not probucol or BHT resulted
in preservation of EC migration in the presence of ox-LDL. The lack of effect of
other antioxidants suggested that the effect of AT is via nonantioxidant action and
is probably the result of membrane stabilizing properties. Exploration of the latter
revealed that pretreatment with AT inhibited the increase in membrane fluidity of
ECs incubated in the presence of physiologically relevant monocyte/macrophage-
oxidized LDL. This action of AT might prove to be of clinical significance for
improving the healing of endothelial injury.

In recent pioneering work, Dhanasekaran et al. (29) explored the strategy of sup-
plementation of ECs with mitochondrial targeted antioxidants and reported their
better efficacy for inhibition of peroxide-induced mitochondrial iron uptake, ox-
idative damage, and apoptosis. The mitochondria-targeted drugs mitoquinone and
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mitovitamin E are a new class of antioxidants containing the triphenylphosphonium
cation moiety that facilitates drug accumulation in mitochondria. Pretreatment of
bovine aortic ECs with mitoquinone (1 µM) and mitovitamin E (1 µM), but not
untargeted antioxidants (e.g., vitamin E), significantly abrogated H2O2 and lipid
peroxide–induced 2′,7′-dichlorofluorescein fluorescence and protein oxidation.

α-Tocopherol and Platelets

AT inhibits aggregation of platelets both in vitro and in vivo and delays intra-arterial
thrombus formation (94). Higashi & Kikuchi (41) were the first to demonstrate the
inhibitory effect of AT on platelet aggregation in vitro. Steiner (105) has shown
that AT in doses of 200 IU/d decreases platelet adhesion. In hypercholesterolemic
subjects, two weeks of supplementation with AT (600 mg/d) reduced elevated
plasma concentrations of the platelet-derived adhesion molecule P-selectin by
40% (19). Furthermore, Steiner (104) has shown that at doses of 1200 IU/d, AT
produced only a mild inhibition of collagen-induced platelet aggregation, whereas
platelet adhesion to collagen was markedly inhibited in its presence. In another
study (111), platelet adhesion was significantly reduced in 100 patients with tran-
sient ischemic attacks who were given 400 IU/d of AT. A double-blind, randomized,
placebo-controlled study was performed on 40 healthy volunteers (20–50 years
of age) supplemented daily with vitamin E [dl-AT acetate (300 mg/d)], vitamin C
(250 mg), or β-carotene (15 mg) for eight weeks (11). Platelet function was signif-
icantly decreased by vitamin E as revealed by the decreased platelet aggregation
in response to ADP and arachidonic acid, the increased sensitivity to inhibition
by prostaglandin E1 (PGE1), the decreased plasma α-thromboglobulin concen-
tration, and the decreased ATP secretion. Freedman et al. (35) have shown that
supplementation with 400 IU of RRR-AT inhibits platelet aggregation through
a PKC-dependent mechanism. In another published study, Mabile et al. (69)
showed that RRR-AT uptake by platelets is optimal at 75 IU/d, and this correlates
with the maximal influence on platelet aggregation and platelet responsiveness to
inhibition by PGE1. Increased supplemental levels (200, 400 IU/d) failed to ex-
ert greater effects. Thus, the majority of studies support an antiplatelet effect of
AT.

α-Tocopherol and Monocytes/Macrophages

It has been shown that AT decreases monocyte O2
. release and monocyte-mediated

lipid oxidation (23), and this appears to be via inhibition of PKC. Furthermore,
results from an in vitro study (10) revealed that AT inhibits O2

. production by
monocytes by impairing the assembly of NADPH oxidase, the enzyme respon-
sible for generating the respiratory burst. AT inhibits p47phox translocation to the
membrane and also impairs phosphorylation of p47phox. This study also suggests
that inhibition of PKC activity is not due directly to the antioxidant capacity of AT
but requires AT integration into the cell membrane where it can interact directly
with PKC. In addition, data showed that under hyperglycemic conditions, using
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antisense to PKCα and PKCβ, AT inhibits the increased O2
. released from mono-

cytes via inhibition of p47phox phosphorylation through inhibition of α-isoform of
PKC (126).

With regard to cytokine release, we (24) have shown that AT inhibits IL-1
release from activated human monocytes by inhibiting 5-lipoxygenase at post-
transcriptional levels. Also, as discussed above, we have shown that AT enrichment
of monocytes inhibits subsequent adhesion to human endothelium via inhibition
of counterreceptors CD11b and VLA-4 on monocytes and inhibition of the tran-
scription factor NF-kB (56). Furthermore, using siRNA technology, we recently
showed that the increased IL-6 release from monocytes under hyperglycemia is
mediated via upregulation of both PKCα and PKCβ, through p38 MAPK and
NFκB, resulting in increased mRNA and protein for IL-6. We also showed that
cells enriched with AT, which inhibits both PKCα and PKCβ, released signifi-
cantly decreased amounts of IL-6 under hyperglycemia (28). In addition, AT has
been demonstrated to downregulate scavenger receptor activity and CD36 receptor
expression in human blood–derived macrophages in vitro, whereas γ -tocopherol
showed only a weak suppression of scavenger receptor activity, scavenger recep-
tor class A expression, and AP-1 activity (114). Very recently, we reported that
inhibition of CD36 expression in human monocyte–derived macrophages is via
inhibition of tyrosine kinase phosphorylation (124). An age-associated increase in
PGE2 synthesis and COX-2 activity in murine macrophages has been shown to be
reversed by AT treatment (133). There was no effect on COX mRNA and protein
levels, which indicates a post-translational regulation of COX by AT.

α-Tocopherol and Smooth Muscle Cells

The antiproliferative effects of AT have been well demonstrated in rat aortic SMC
stimulated with PDGF (4, 8, 13), and the effect has not been related to its antioxidant
effect (112). These studies collectively suggest that AT inhibits SMC proliferation
in vivo and thus retards narrowing of the artery lumen. The role of AT in cellular
signaling, especially in relation to PKC, has been delineated by Azzi et al. (5). It
has been shown that this effect is not related to antioxidant effects of AT because
only RRR-AT, and not β-tocopherol, binds to a receptor resulting in activation of
AP-1, leading to the dephosphorylation of PKC, even though both have similar
antioxidant activity. Thus, RRR-AT appears to act as a sensor of the oxidation status
of the cell and as a transducer capable of informing cells of the oxidation status.
Compelling data suggests that antioxidant activity alone cannot mediate PKC
inhibition (56). Direct inhibition of PKC by AT does not appear likely because
several studies showed no effect on DAG or on calcium-stimulated PKCα and
PKC β-2 activity (63, 65). An indirect mechanism for AT inhibition of PKC
seems more likely, and data to support this come from SMCs (4), where PKCβ-2
is activated by hyperglycemia and AT inhibits this effect by decreasing cellular
DAG levels through stimulation of DAG kinase activity. In addition, it has been
demonstrated that okadaic acid prevents the antiproliferative effect of AT in SMC
proliferation, a finding that clearly indicates PKC phosphorylation and/or protein
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phosphatase activity is involved. Evidence for AT inhibition of SMC proliferation
is mostly in vitro, and there are few data available in vivo. De Maio et al. (20)
reported that supplementation with AT (1200 IU/d for four months) resulted in
a trend to decreased restenosis in coronary artery after angioplasty. The ability
of AT to reduce restenosis after angioplasty was further tested in a rabbit model
in which angioplasty was performed on established atherosclerotic lesions (66).
Ox-LDL stimulated DNA synthesis in rabbit vascular SMCs, and AT was found to
inhibit this effect. These findings support the hypothesis that oxidized lipids can
stimulate hyperplasia, and AT can limit this effect by inhibiting either oxidation
or the proliferative effects of oxidants on cells. Recently, the effect of a mixture of
AT phosphate and dl-AT PO4 was shown to inhibit the proliferation of rat aortic
SMCs at doses lower than the dose of AT alone (80). The higher potency of the
former has been attributed to better uptake of this molecule and its intracellular
hydrolysis.

Intervention Studies

Although AT has several beneficial effects on oxidation and on different cells that
participate in atherogenesis, the results of randomized clinical trials have been
equivocal (see References 49 and 64 for recent reviews).

CONCLUSION

Vitamin E, especially AT, exhibits antioxidant as well as anti-inflammatory activity
and inhibits several biological events involved in atherogenesis (as summarized
in Table 1). Although the studies carried out with cell culture and animal models
suggest that AT has promising antiatherosclerotic effects, the results of its supple-
mentation in humans are somewhat controversial, possibly because of inadequate

TABLE 1 Effect of α-tocopherol on biomarkers of oxidative stress and inflammation/
thrombosis in atherosclerosis

Oxidative stress Inflammation/thrombosis

↓ LDL oxidative susceptibility ↓ hs-CRP

↓ Autoantibodies to ox-LDL ↓ Pro-inflammatory cytokines (IL-1 & 6, TNF)

↓ Urinary isoprostanes ↓ Monocyte adhesion to endothelium

↓ ROS (O2
−) production in monocytes ↓ Soluble cell adhesion molecules

↓ PAI-1
↓ PGE2 synthesis
↓ Platelet aggregation

Abbreviations: hs-CRP, high sensitivity C-reactive protein; LDL, low-density lipoprotein; ox-LDL, oxidative low-
density lipoprotein; PAI-1, plasminogen activator inhibitor-1; PGE2, prostaglandin E2; ROS, reactive oxygen species;
TNF, tumor necrosis factor; IL, interleukin.
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selection of subjects (by gender, vitamin E status, etc.) or of the dose, timing of
intake, and chemical form of tocopherol. Despite some of these limitations, it
appears that RRR-AT demonstrates a multifaceted effect on vascular homeostasis.
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