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Abstract
Metabolic syndrome (MetS) is associated with increased incidence of diabetes and cardiovascular
disease (CVD). Prospective clinical trials with alpha-tocopherol (AT) have not yielded positive
results. Because AT supplementation decreases circulating gamma-tocopherol (GT), we evaluated
supplementation with GT (800 mg/day), AT (800 mg/day), the combination or placebo for 6 weeks
alone AT and GT concentrations, biomarkers of oxidative stress, and inflammation in subjects with
MetS (n=20/group). Plasma AT and GT levels increased following supplementation with AT alone
or GT alone or in combination. AT supplementation significantly decreased GT levels. Urinary alpha-
and gamma-CEHC, metabolites of the respective Ts, also increased correspondingly, i.e., alpha-
CEHC with ATand gamma-CEHC with GT supplementation, compared to placebo. HsCRP levels
significantly decreased in the combined AT+GT group. LPS-activated whole blood release of IL-1
and IL-6 did not change. There was a significant decrease in TNF with AT alone or in combination
with GT. Plasma MDA/HNE and lipid peroxides were significantly decreased with AT, GT, or in
combination. Nitrotyrosine levels were significantly decreased only with GT or GT+AT but not with
AT compared to placebo. Thus, the combination of AT and GT supplementation appears to be
superior to either supplementation alone on biomarkers of oxidative stress and inflammation and
needs to be tested in prospective clinical trials to elucidate its utility in CVD prevention.
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Introduction
Metabolic syndrome affects 1 in 4 adults in the United States and is associated with increased
incidence of diabetes and cardiovascular disease [1,2]. Several lines of evidence support a role
for oxidative stress and inflammation in atherogenesis. In supplementation studies in humans,
alpha-tocopherol (AT), the major form of vitamin E, has been shown to significantly decrease
biomarkers of oxidative stress and inflammation [3,4]. The results of the majority of
prospective vitamin E clinical trials, however, have been disappointing, as reviewed previously
[5]. All of the studies discussed were carried out with AT supplements. AT decreases plasma
gamma-tocopherol concentrations (GT), as a result of the function of the hepatic AT transfer
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protein, which preferentially incorporates AT into the plasma [6], as well as increasing GT
metabolism. This observation has often been suggested as an explanation for the null results
observed with AT supplementation in the majority of prospective clinical trials, especially
since GT concentrations are inversely associated with increased morbidity and mortality due
to cardiovascular disease [7–10]. Studies in animal models show that GT is a potent an-
tioxidant and is effective in significantly decreasing protein nitration [7–10].

Despite the promises of GT as an effective antioxidant and anti-inflammatory agent in vitro,
with regard to GT supplementation in humans, the literature is scanty. In a clinical trial,
Himmelfarb et al. [11] enrolled 15 uremic patients undergoing dialysis. Five patients were
supplemented with RRR-AT (300 mg/day) and 10 received mixture of tocopherols (60% RRR-
γT, 28% RRR-δT, and 18% RRR-AT) for a duration of 14 days. Tocopherol administration
increased serum CEHC concentrations in both healthy subjects and hemodialysis patients.
Administration of the GT-enriched supplement, but not AT, to hemodialysis patients
significantly reduced levels of the prototypic marker of inflammation, hsCRP. Liu et al. [12]
supplemented healthy subjects with placebo, all-rac AT(100 mg/day), or mixed tocopherols
(comprising 100 mg GT, 20 mg δT, and 20 mg AT) for 8 weeks. Mixed tocopherols but not
AT supplementation decreased ADP-induced platelet aggregation. Both AT and mixed
tocopherol supplementation resulted in reduced PKC and increased SOD and NO release.
Recently, Wu et al. [13], in a double-blind, placebo-controlled trial, in 55 patients with type 2
diabetes who were randomly assigned to receive AT (500 mg/day), mixed tocopherols, or
placebo for 6 weeks showed that both AT- and GT-enriched supplementation resulted in
reduced plasma F2-isoprostanes. These studies point to an important role for either GT or
combined AT+GT supplementation on biomarkers of oxidative stress and inflammation and
CVD; however, the relevance of these studies is unclear since most of the studies discussed
used either mixed tocopherol preparations or GT-enriched supplements rather than GT alone.

Thus, in this study, we tested the effect of GT supplementation alone and in combination with
AT on biomarkers of oxidative stress and inflammation in subjects with MetS. Our hypothesis
was that GT would be a more effective anti-inflammatory agent than AT.

Subjects and methods
Subjects

The study was approved by the Institutional Review Board at UC Davis and all subjects gave
informed consent. Participants were recruited from the community through advertisements in
local newspapers and flyers. Eighty participants who were not currently vitamin or antioxidant
users were recruited. Participants were included without restriction to race or socioeconomic
status. Participants were recruited who had at least three features of metabolic syndrome,
including: (i) waist circumference (men >40 inches; women >35 inches); (ii) tri-glycerides
>150 mg/dl; (iii) blood pressure >130/80 mm Hg; (iv) fasting glucose >100 mg/dl; (v) HDL
cholesterol <40 mg/dl in men and <50 mg/dl in women.

Exclusion criteria for the study include the following: patients with coronary artery disease;
use of lipid-lowering drugs or drugs affecting lipid metabolism; individuals with a BMI> 30
kg/m2; diabetes or hypertension on drug treatment; aspirin therapy; antioxidant supplements;
anti-inflammatory drugs; liver, renal, or uncompensated metabolic/hormonal disorders;
infection; cancer; recent major surgery or illness; postmenopausal women on estrogen
replacement therapy; pregnant women; and children.
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Study design
This was a randomized, placebo-controlled double-blind trial. Participants were randomly
assigned to receive either AT (RRR) alone (800 mg/day), GT (800 mg/day), the combination
(800 mg each/day, AT and GT combo), or placebo for 6 weeks. All subjects were advised to
take 2 capsules/day with meals. AT, GT, combo capsules, and respective placebos were
provided by Archer Daniel Midland Corp (Decatur, IL).

Fasting blood (50 ml) and a 24-h urine sample were collected at baseline and after 6 weeks for
measurement of indices of oxidative stress and inflammation, including whole blood cytokines
(IL-1b, TNF-α, IL-6), hsCRP, and urinary nitrotyrosine. In addition, a complete blood count,
plasma lipid profile, kidney (creatinine) and liver function (AST, ALT) test, blood glucose test,
and TSH were assayed at these time points.

HsCRP levels were measured using a high-sensitivity assay (Beckman LxPro) as described
previously [14]. The cytokines IL-1β, IL-6, and tumor necrosis factor (TNF)-α were measured
in the supernatant of lipopolysaccharide (100 ng/ml)-activated whole blood after a 24-h
incubation at 37°C using a highly sensitive immunoassay (R&D Systems, Minneapolis, MN).
The intraassay CV was <4%. Plasma MDA and HNE and lipid peroxides were measured using
colorimetric assays as described previously [15]. Nitrotyrosine levels in urine were measured
using an ELISA from Oxis International and expressed as micromoles of nitrotyrosine per
milligram urinary creatinine. The intraassay CV was <10%.

Measurement of vitamin E and vitamin E metabolites
Plasma AT and GT concentrations were determined by HPLC with electrochemical detection
as described [16]. Plasma or urinary CEHCs were extracted following addition of an internal
standard (trolox) and enzymatic hydrolysis (1 mg β-glucuronidase, type H-1, Sigma-Aldrich
(St. Louis, MO), and then analysis by LC/MS as described [17].

Statistics
Results were analyzed using GraphPadPrizm software. Data are expressed as mean±SD for
parametric and median and interquartile range for nonparametric data. Two-way ANOVA was
performed and time and treatment interaction effects were assessed followed by post hoc t tests
or Mann Whitney and statistical significance was set at P<0.05.

Results
Subject baseline characteristics are provided in Table 1. Subjects in the four groups were
matched for age and BMI. There were no significant differences in glucose and lipid profile
among the four groups.

Plasma AT and GT
Plasma AT levels increased significantly following 6 weeks of supplementation with AT
(P<0.001) or with the AT and GT combo (P<0.001, Fig. 1a). The postsupplementation plasma
AT levels from either the AT or the AT-GT combo were not statistically different from each
other (44±4 μM vs 55±4 μM, respectively).

GT supplementation for 6 weeks doubled plasma GT levels, but did not change plasma AT
concentrations significantly. Importantly, the increase in plasma GT was significantly less with
the AT-GT combination (P<0.001, AT+GT compared to GT postsupplementation).
Furthermore, plasma GT decreased 37% following supplementation with AT (Fig. 1b).
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Plasma CEHCs
AT and GT metabolites (A- and G-CEHC, respectively) are markers of vitamin E
supplementation and metabolism [18]. AT supplementation increased plasma A-CEHC, while
GT supplementation increased plasma G-CEHC (P<0.001, baseline compared to
postsupplementation; Fig. 2a and Fig. 2b, respectively). AT+ GT increased both plasma A-
and G-CEHCs, respectively, compared with placebo.

Urinary vitamin E metabolites
As CEHCs are water-soluble excretion products, we measured the urinary CEHC levels.
Following AT or AT+GT supplementation, urinary A-CEHC significantly increased (P<0.001;
baseline compared to postsupplementation; Fig. 3a). However, post-supplementation urinary
A-CEHC following AT alone was significantly greater than following the AT+GT supplement
(P<0.001). Urinary G-CEHC increased significantly with both AT+GT or GT alone with no
statistically significant differences between the two groups (Fig. 3b).

Markers of inflammation and oxidative stress
HsCRP Levels were significantly decreased following AT, GT, and AT+GT supplementation
compared to baseline; however, only the combination resulted in significant differences
compared to placebo (median reduction 15%, P<0.01; Fig. 4a). There was no change in whole
blood release of IL-1b and IL-6; however, AT therapy alone and in combination with GT
significantly decreased whole blood release of TNF-α (Table 2). With regard to biomarkers of
oxidative stress, plasma lipid peroxides as well as MDA+HNE significantly decreased with
both AT and GT either alone or in combination compared to placebo (P<0.01, Table 2).
Furthermore, nitrotyrosine levels in urine were significantly decreased following GT
supplementation, either alone or in combination with AT; AT alone failed to decrease urinary
nitrotyrosine (P<0.02; Fig. 4b).

Discussion
MetS confers an increased risk of future diabetes and CVD [1,2]. Several studies have shown
that MetS is also associated with increased inflammation and oxidative stress. The NCEP has
recommended that therapeutic lifestyle changes are the primary treatment strategy for MetS.
Dietary micronutrients with anti-oxidant and anti-inflammatory potential could be alternative
strategies to reduce the cardiovascular burden in MetS. AT is a potent antioxidant and anti-
inflammatory agent; however, prospective CVD clinical trials have not shown promising
results [3,4]. This could in part be explained by the fact that AT supplementation results in
decreased levels of GT, the main form of dietary vitamin E. While previous supplementation
studies with mixed tocopherols that were enriched with GT have yielded significant reductions
in biomarkers of oxidative and nitrative stress, no studies have been conducted with purified
GT alone in MetS [7–13]. Thus, in this study, we provide novel data with regard to purified
GTsupplementation compared to ATor AT+GT alone on bioavailability of AT and GTas well
as on biomarkers of oxidative stress and inflammation in MetS subjects.

In accordance with other studies, we show that plasma AT levels increased significantly with
AT supplementation following 8 weeks of supplementation with ATalone or in combination
with GT. Furthermore, previous studies have shown that AT supplementation decreases plasma
GT levels as observed in our study (37% decrease) [6]. It has been suggested that AT can
replace GT in lipid membranes, resulting in decreased plasma GT levels and thus mixed
tocopherol supplementation could potentially avoid adverse biological effects. We show here
that the decrease in GT levels with AT supplementation is abrogated with the combination of
AT and GT. The concentration of tocopherols appears to be saturable, resulting in increased
metabolism to CEHCs. In healthy subjects, previously, it has been suggested that urinary CEHC
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can be used as a biomarker of adequate tocopherol stores [19]. In this study, we have performed
comprehensive analyses of both plasma and urinary CEHCs and show that AT supplementation
resulted in increased levels A-CEHC and, for the first time, show that with purified GT
supplementation, there is increased G-CEHC with no effect on A-CEHC. It is also interesting
to note that the combination of AT+GT resulted in significantly increased A- and G-CEHCs;
however, the level of A-CEHCs was significantly decreased compared to AT supplementation
alone, indicating the importance of the hepatic AT transport protein in regulating the metabolic
fate of the tocopherols and the preference for GT metabolism to G-CEHC potentially
interfering with AT metabolism.

CRP is a prototypic marker of inflammation and a risk marker for CVD [20]. In addition,
several lines of evidence indicate that CRP may be an active participant in atherosclerosis.
Also, studies have reported that AT supplementation (≥800 IU/day) results in significant
decreases in hsCRP levels [21,22]. However, there is a paucity of data examining tocopherol
supplementation in MetS subjects and no data with regard to purified GT supplementation on
biomarkers of inflammation in MetS. In this placebo-controlled study, we report that only the
combination of AT+ GT resulted in significant reduction in hsCRP compared to placebo and
either AT or GT supplementation significantly decreased HsCRP levels compared to baseline
but these were not significantly different from those of placebo. In a previous small study, there
was a significant reduction in hsCRP in hemodialysis patients following administration of GT-
enriched mixed tocopherols (600 mg/day for 14 days) but not AT supplementation alone
[11]. Furthermore, the effect of GT supplementation alone was not studied. Recently, Wu et
al. [13] reported that neither AT or mixed tocopherol supplementation (500 mg/day for 6
weeks) resulted in any significant changes in CRP, MCP-1, IL-6, or TNF-α levels. In
accordance with these studies, we also failed to observe any significant change in whole blood
release of cytokines, except TNF-α, which was significantly different with AT alone or AT
+GT therapy.

Several studies have demonstrated that AT has antioxidant effects. In this study, we show that
GT supplementation alone significantly reduces biomarkers of oxidative stress, plasma MDA
and HNE, and lipid peroxides, similar to AT alone or the combination. Previous studies in vitro
have shown that GT is also highly potent in quenching reactive nitrogen species compared to
AT [23]. Thus, we also examined urinary nitrotyrosine levels following GT supplementation
alone and in combination with AT. While AT alone failed to affect urinary nitrotyrosine, GT
alone as well as in combination with AT resulted in significant reduction in urinary
nitrotyrosine. Previously, Cooney et al. [24] have shown that GT reacts with nitrogen dioxide
to produce nitric oxide while AT forms an intermediate analog, such as the quinone in vitro.
Also, AT and nitric oxide cooperatively inhibit lipid peroxidation better than AT/ascorbate
combination in vitro [25,26]. However, it is important to note that these studies were performed
in an vitro system. In the present study, in vivo, it appears that GT is more potent than AT in
decreasing nitrosative stress, and this needs to be confirmed in future larger studies, also
examining mechanisms for these observations.

Thus, in conclusion, we report for the first time in MetS subjects that the combination of AT
+ GT therapy results in significant increases in AT and GT concentrations as well as their
metabolites in plasma and urine, as well as significant reductions in hsCRP, urinary
nitrotyrosine, and lipid peroxides. These results point to the superiority of combined AT + GT
supplementation in ameliorating both oxidative and nitrative stress and inflammation in MetS
subjects. Future studies will be directed at examining mechanisms for these changes and testing
the effect of combined supplementation on cardiovascular events in high risk populations such
as chronic kidney disease and metabolic syndrome.
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Fig. 1.
Effect of AT, GT, and AT+GT supplementation on plasma AT and plasma GT Levels: Plasma
AT and GT levels were measured at baseline and at Week 6 (postsupplementation) in the four
groups as described under Subjects and methods. *P<0.001 compared to baseline and
placebo. $P<0.01 compared to baseline and GT. #P<0.05 compared to GT alone.
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Fig. 2.
Effect of AT, GT, and AT+GT supplementation on plasma alpha and gamma CEHC levels:
Plasma A-CEHC and G-CEHC levels were measured at baseline and at Week 6
(postsupplementation) in the four groups as described under Subjects and methods. *P<0.001
compared to baseline and placebo.
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Fig. 3.
Effect of AT, GT, and AT+GT supplementation on urinary alpha and gamma CEHC levels:
Urine A-CEHC and G-CEHC levels were measured at baseline and at Week 6
(postsupplementation) in the four groups as described under Subjects and methods and
standardized to creatinine. *P <0.001 compared to baseline and placebo; *aP<0.01 compared
to AT.
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Fig. 4.
(a) Effect of AT, GT, and AT+GT supplementation on HsCRP Levels: HsCRP levels were
measured at baseline and at Week 6 (postsupplementation) in the four groups as described
under Subjects and methods. *P<0.001 compared to baseline and *aP<0.02 compared to
placebo. (b) Effect of AT, GT, and AT+GT supplementation on urine nitrotyrosine levels:
HsCRP levels were measured at baseline and at Week 6 (postsupplementation) in the four
groups as described under Subjects and methods and standardized to creatinine. *aP<0.02
compared to baseline and placebo.
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