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The diabetic state confers an increased propensity to
accelerated atherogenesis. In addition to the established
risk factors, there is evidence for increased oxidative stress
and inflammation in diabetes. Increased oxidative stress is
manifested by increased lipid peroxidation (e.g. increased
F2-isoprostanes) and increased DNA damage. Evidence for
increased inflammation includes increased monocyte
superoxide and pro-inflammatory cytokine release (IL-1,
IL-6, and TNF-a), increased monocyte adhesion to
endothelium and increased levels of plasma C-reactive
protein, the prototypic marker of inflammation. Most
importantly, alpha tocopherol therapy, especially at high
doses, clearly shows a benefit with regards to LDL
oxidation, isoprostanes and a decrease in inflammatory
markers such as C-reactive protein, pro-inflammatory
cytokines and PAI-1 levels. Thus, it appears that, in
diabetes, alpha tocopherol therapy could emerge as an
additional therapeutic modality.
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INTRODUCTION

The current concepts with regard to atherosclerosis
suggest that the earliest event in atherogenesis is
endothelial cell dysfunction manifesting as
deficiencies of nitric oxide and prostacyclin. This
can be induced by various noxious insults including
dyslipidemia, diabetes, hypertension and smoking.
Following endothelial dysfunction, the next event in
atherogenesis is the binding of mononuclear cells
such as monocytes and T-lymphocytes to

the endothelium and this is orchestrated by certain
adhesion molecules present on the endothelial
surface such as VCAM, ICAM, and E-selectin. Once
the monocyte migrates into the sub-endothelial
space it matures into a resident macrophage, takes
up lipid largely through certain scavenger receptors
such as SR-A and CD-36 and becomes a foam cell. In
the later stages of atherogenesis, smooth muscle cells
migrate to the surface and form the fibrous cap of the
lesion. Plaque rupture, which is generated by lipid
laden macrophages releasing matrix metalloprotei-
nases, results in acute coronary syndromes such as
myocardial infarction and unstable angina.

Diabetes mellitus is a leading cause of morbidity
and mortality in the United States. It is a major
public health problem and patients with diabetes
have an increased propensity to accelerated
atherogenesis.[1,2] The incidence of cardiovascular
disease in people with diabetes mellitus is three to
four times that in non-diabetic individuals.
Furthermore, established risk factors such as
dyslipidemia, hypertension, and smoking cannot
explain this increased prevalence of macrovascular
disease in diabetes. Thus, the diabetic state itself is
an independent risk factor for premature
atherosclerosis. Potential mechanisms that could
mediate the premature atherosclerosis in diabetes
are shown in Table I. Thus, there are various
mediating mechanisms such as dyslipidemia, an
increased pro-coagulant state, the features of
the metabolic syndrome, microalbuminuria, glyca-
tion of proteins leading to advanced glycation
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end-products, oxidative stress and inflammation,
that could culminate in the increased propensity to
vascular complications in diabetes. In this review,
we will focus on evidence for increased oxidative
stress and inflammation in diabetes and the effect
of alpha tocopherol therapy on both of these
mediating mechanisms.

Oxidative stress plays a crucial role in atherogene-
sis. Several lines of evidence support a pro-
atherogenic role for oxidized LDL (Ox-LDL) and its
in vivo existence.[3 – 5] Ox-LDL is not recognized by
the LDL receptor but by the scavenger receptor
pathway on macrophages, which results in unregu-
lated cholesterol accumulation, leading to foam cell
formation. Factors that may promote increased
oxidative stress in diabetes include antioxidant
deficiencies, increased production of reactive oxygen
species (ROS), and the process of glycation and
glyco-oxidation.[6,7] The most common antioxidant
deficiencies reported in diabetes are lower levels of
ascorbate, glutathione and superoxide dismutase.[13]

Lower concentrations of reduced glutathione have
been documented in diabetic neutrophils and
monocytes. The most common antioxidant
deficiency that has been reported in diabetes is
lower concentrations of ascorbate in both diabetic
plasma and mononuclear cells. The ratio of oxidation
product dehydroascorbate to ascorbate is increased.
Glycation and glyco-oxidation can also promote the
formation of ROS, such as superoxide ðO†2

2 Þ and
hydrogen peroxide, which could in turn, oxidize
biomolecules such as LDL, DNA etc.[8 – 10] Several
reports have shown that glycated LDL is more prone
to oxidation.[11,12] With regards to LDL oxidizability
in Type 2 Diabetes Mellitus (T2DM), studies to date
show divergent results, due to the heterogeneity of
the diabetic populations, glycemic control, age and
the presence of vascular complications.[13] While
some studies have not found increased susceptibility
of LDL to oxidation in diabetic subjects, evidence for
increased LDL oxidizability in diabetic subjects has
been shown in at least five studies.[13] Also, T2DM
has small, dense LDL, which is more prone to
oxidation than large, buoyant LDL.[14] Further
evidence for increased oxidative stress is the
detection of circulating autoantibodies to Ox-LDL,
which is considered a biological signature of in-vivo

LDL oxidation. Increased concentrations of auto-
antibodies to both oxidized and glycated LDL and
glyco-Ox-LDL have been documented in diabetes
suggesting that in T2DM enhanced oxidative stress
occurs in-vivo and that LDL glycation may represent
a predisposing event that facilitates subsequent
oxidative modification.[15,16] The presence of these
circulating immune complexes has been associated
with accelerated atherosclerosis, presumably as a
result either of macrophage foam cell formation in
response to the uptake of these complexes or
stimulation of atherogenic mechanisms in cells of
the arterial wall.[17]

Direct evidence of increased oxidative stress and
lipid peroxidation in diabetes has been reported.
F2-isoprostanes are prostaglandin-like compounds
formed in-vivo from free radical catalyzed
peroxidation of arachidonic acid and have emerged
as novel and direct measures of oxidative stress.
F2-isoprostane levels have been reported to be
increased in both the urine and plasma of
T2DM.[18 – 20] Another marker of increased oxi-
dative stress in T2DM is oxidative damage to DNA
as evidenced by increased concentrations of
urinary oxobases[21] and DNA strand breakage on
the COMET assay.[22] Also, recently it has been
shown that T2DM have elevated levels of nitrotyro-
sine, another marker of protein oxidation.[23]

Clinical and experimental evidence support a
major role for inflammation in atherogenesis as
evidenced by the critical role of adhesion molecules,
cytokines and chemokines.[24] The monocyte-macro-
phage is a crucial and the most readily accessible cell
in the artery wall. The importance of studying
monocyte function and atherogenesis in T2DM is
further underscored by the study of Moreno et al.,[25]

which showed that coronary tissues from diabetic
subjects exhibit a larger content of lipid-rich
atheroma and macrophage infiltration than tissue
from non-diabetic subjects. ROS, such as O†2

2 have
been shown to be increased from monocytes (Mo)
and neutrophils of T2DM patients.[8 – 10] Studies from
our laboratory show increased O†2

2 levels in
lipopolysaccharide (LPS) activated Mo in T2DM
patients with and without macrovascular compli-
cations.[26] The prototypic marker of inflam-
mation is C-reactive protein. Numerous studies,
especially in normal individuals, have shown that C-
reactive protein levels in the highest quintile predict
cardiovascular events.[27 – 29] Also, evidence shows
that C-reactive protein levels are increased in
diabetes. The first study to convincingly show
this was by Pickup et al. who showed that
plasma levels of interleukin-6 and C-reactive protein
were increased in Type 2 diabetics, especially with
features of the metabolic syndrome.[30] Other studies
that have confirmed this observation are from Ford
et al.,[31] who have shown that in addition to

TABLE I Potential atherogenic mechanisms in diabetes

† Lipid and lipoprotein aberrations
† Procoagulant state
† Hyperinsulinism and the metabolic syndrome
† Microalbuminuria
† Glycation of proteins
† Oxidative stress
† Inflammation
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previously diagnosed diabetics, patients with
impaired fasting glucose and newly diagnosed
diabetics have a greater frequency of an increased
level of C-reactive protein. Also, in patients with the
metabolic syndrome, there is clearly an
inflammatory component and a strong correlation
between C-reactive protein and measures of adi-
posity. However, there is scanty data on levels of CRP
in T2DM patients without vascular complications. At
least two groups have recently reported that T2DM
have increased levels of hs-CRP.[32,33] Furthermore,
in support of a pro-inflammatory state in diabetes,
we have convincingly shown that monocytic release
of IL1-b and IL-6 is increased in T2DM.[26,34] Also
Desfaits et al.[35] have observed a significant
increase in the levels of LPS stimulated TNF-a
release from Mo in T2DM. An early event in
atherogenesis is the binding of Mo to endothelial
cells and their transmigration into the intima.[36]

In vitro, hyperglycemia (HG) increases binding of Mo
to human endothelial cells.[37] While increased
adhesion of Mo from T2DM to endothelial cells has
been reported[38,39] this has been largely in patients
with hypertriglyceridemia. Recently, we showed
convincingly that even patients matched with
controls with regards to the lipid levels had
increased adhesion of their Mo to human aortic
endothelial cells.[26]

Soluble cell adhesion molecules are shed from
activated cells such as endothelial cells. Increasing
evidence supports the role of plasma levels of cell
adhesion molecules (ICAM, VCAM, E-selectin, and
P-selectin) as molecular markers of athero-
sclerosis.[40 – 42] T2DM have elevated levels of soluble
adhesion molecules such as ICAM, VCAM and
E-selectin[26,43 – 45] as shown by numerous investi-
gators. Furthermore, increased levels of ICAM and
VCAM have been reported in the atherosclerotic
lesion of T2DM.[46] Both N-acetyl cysteine[47] and AT
therapy[26] have been shown to decrease soluble
CAMs.

Interestingly, recent evidence has also shown that
inflammation might contribute to the pathogenesis
of the diabetic syndrome. For instance, in the
Women’s Health study, women in the highest
quartile of hs-CRP over a 4-year period have a
four-fold increased risk of diabetes compared to
women in the lowest quartile.[48] This has been
confirmed by other studies.[32 – 34] Other compelling
evidence for increased inflammation in diabetes is
the work from Hoffman et al.[49] where they show
diabetics with high hemoglobin A1C have increased
NFKB-p65 activity. Also, they show a significant
correlation between NFKB-p65 and hemoglobin A1C.

We recently conducted a study in which we tested
the effect of high dose RRR-Alpha tocopherol
(1200 IU/day) on oxidative stress and inflammation
in T2DM.[16,20,26,34] In this study, we confirmed that

urinary F2-isoprostanes was increased in diabetics,
and that alpha tocopherol therapy could result in a
significant decrease in F2 isoprostane levels in the
urine. We also showed that alpha tocopherol therapy
significantly decreased oxidative susceptibility of
LDL as manifest by prolongation of the lag phase.
With regards to inflammation, we showed that in the
Mo of both diabetic groups with and without
vascular complications that O2

2 anion release was
increased and that this could be attenuated with high
dose alpha tocopherol therapy (1200 IU/RRR-AT). In
addition, with regards to proinflammatory cytokines
we show that interleukin 1-b and interleukin-6 levels
were increased in the supernates following acti-
vation of the Mo with LPS. Furthermore, we showed
that alpha tocopherol therapy resulted in a reduction
in IL1-b, TNF-a, and IL-6. Also, we confirmed that
the prototypic marker of inflammation, C-reactive
protein was elevated in T2DM patients. In addition
we went on to show that high dose alpha tocopherol
therapy decreased C-reactive protein measured by
the highly sensitive assay. This finding was also
confirmed by another group[32] that showed that
alpha tocopherol at high doses reduces C-reactive
protein (800 IU/day of RRR-AT).

In our study, our patients were not dyslipidemic
and we went further to show that the adhesion of the
Mo to aortic endothelial cells was increased. Also we
showed that alpha tocopherol decreased monocyte
endothelial adhesion. With regards to soluble cell
adhesion molecules, we showed for the first time that
alpha tocopherol therapy decreases soluble ICAM,
VCAM, and E-selectin. In addition we showed that
P-selectin, which in the diabetic derives largely from
the platelets, was increased in diabetes confirming
increased platelet activity.[50] Furthermore, we
showed that alpha tocopherol therapy resulted in a
significant reduction in P-selectin levels in both
controls and diabetics. PAI-1 is a key regulator of
fibrinolysis, and inhibits breakdown of fibrin by
inhibiting tissue plasminogen activator (tPA).
Decreased fibrinolysis, primarily due to increased
PAI-1 activity has been demonstrated in patients with
coronary artery disease. Elevated PAI-1 is considered
a strong risk factor for CAD and has been shown, in
some reports, to be elevated in Type 2 diabetes. Also,
PAI-1 has been shown to be increased in coronary
plaques in patients with type 2 diabetes. Further-
more, PAI-1 levels correlate with many variables that
co-segregate with the metabolic syndrome such as
BMI, waist-hip ratio, insulin, triglycerides and apo B
levels. We also confirmed this in our study, however
in addition, we showed that alpha tocopherol
therapy reduces PAI-1 levels.[50]

With regards to molecular mechanisms, we first
explored the effects of alpha tocopherol on O2

2 anion
release using the monocytic cell line THP-1 cells.[51]

Incubating these cells with low glucose (5.5 mmol/l)
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and high glucose (15 mmol/l) we showed that O2
2

anion release was increased with HG. Also we
showed that PKC activity was increased in these
cells. In mechanistic studies we found that O2

2 anion
release was driven by PKC-a and that ROS and O2

2

are derived in the monocyte from NADPH oxidase
and not from the mitochondrial respiratory chain.
Using antisense oligonucleotides to PKC-a obliter-
ated the increase in ROS and O2

2 anion release under
hyperglycemic conditions in Mo, whereas antisense
to PKC b-II had no effect. Alpha tocopherol also
decreased O2

2 and PKC activity (both PKC a and b).
Thus in this study we have shown that alpha
tocopherol’s inhibitory effect on O2

2 anion release in
diabetic Mo is by inhibition of PKC-a resulting in a
decrease in NADPH oxidase activity. Figure 1 shows
our model of how under hyperglycemic conditions
alpha tocopherol inhibits PKC-a resulting in
impaired assembly of NADPH oxidase culminating
in decreased O2

2 anion release.
With regards to alpha tocopherol therapy and

vascular complications, there are limited clinical
trials. The King Laboratory showed that in T1DM,
high dose of RRR-AT (1800 IU/day) for 4 months
normalized increased retinal blood flow and hyper-
filtration.[52] Furthermore, in a recent study Gaede
et al.[53] showed in T2DM with microalbuminuria
that the combination of the antioxidants Vitamin C
(1250 mg/day) and RRR-AT (680 IU/day) for 4
weeks resulted in a significant reduction in albumin
excretion rates (19% reduction). Other evidence with
regards to the benefit of antioxidants on biomarkers
in T2DM is a study by Paolisso et al.[54] who have
shown in 40 T2DM patients that supplementation
with AT (600 mg/day of all rac AT for 8 weeks) was
associated with a significant improvement in
brachial artery reactivity compared to placebo; also

there was an improvement in oxidative stress indices
such as TBARS and total antioxidant activity.
Recently, it was shown in T2DM patients that AT
supplementation (1600 IU/day) improved endo-
thelial function.[55] Thus, it appears that benefits are
seen with AT at doses $ 600 IU/day, and that in
diabetes, alpha tocopherol has effects on lipid
peroxidation, platelet aggregation, inflammation
and endothelial function. Recently in the SPACE
(Secondary Prevention with Antioxidants of
Cardiovascular Disease in End Stage Renal Disease)
study, a placebo controlled randomized study, a
higher dose of RRR-AT (800 IU/day) resulted in an
increase in plasma levels of alpha tocopherol and a
significant 54% reduction in the composite primary
end point.[56] It is important to emphasize that 42% of
the patients in this trial were diabetics. It
is imperative to conduct a placebo controlled
randomized study in T2DM to indeed see if the
higher doses of alpha tocopherol that decrease
inflammation and oxidative stress would culminate
in reduction of cardiovascular events or athero-
sclerosis progression.
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