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Abstract

Postprandial hyperglycemia induces oxidative stress responses, impairs vascular endothelial function (VEF) and increases the risk of cardiovascular disease.
We hypothesized that the antioxidant and anti-inflammatory activities of a y-tocopherol-rich mixture of tocopherols (y-TmT) would protect against vascular
dysfunction that is otherwise caused by postprandial hyperglycemia by decreasing oxidative stress and proinflammatory responses, and improving nitric oxide
(NO-¢) homeostasis. In a randomized, crossover study, healthy men (n=15; 21.840.8 years) completed a fasting oral glucose challenge (75 g) with or without
prior supplementation of y-TmT (5 days). Brachial artery flow-mediated dilation (FMD), plasma glucose, insulin, antioxidants, malondialdehyde (MDA),
inflammatory proteins, arginine and asymmetric dimethylarginine (ADMA) were measured at regular intervals during a 3-h postprandial period.
Supplementation of y-TmT increased (P<.05) plasma y-T by threefold and <y-carboxyethyl-hydroxychroman by more than ninefold without affecting «-T,
glucose, arginine or ADMA. Baseline FMD, MDA, arginine and ADMA were unaffected by y-TmT (P>.05). Postprandial FMD decreased 30%-44% (P<.05) following
glucose ingestion, but was maintained with y-TmT. Supplementation of y-TmT also attenuated postprandial increases in MDA that occurred following glucose
ingestion. Plasma arginine decreased (P<.05) in both trials to a similar extent regardless of y-TmT supplementation. However, the ratio of ADMA/arginine
increased time-dependently in both trials (P<.05), but to a lesser extent following y-TmT supplementation (P<.05). Inflammatory proteins were unaffected by
glucose ingestion or y-TmT. Collectively, these findings support that short-term supplementation of y-TmT maintains VEF during postprandial hyperglycemia

possibly by attenuating lipid peroxidation and disruptions in NO+ homeostasis, independent of inflammation.

Published by Elsevier Inc.
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1. Introduction

Vascular endothelial dysfunction is an early event in the
pathogenesis of atherosclerosis and is associated with traditional
risk factors for cardiovascular disease (CVD) such as diabetes [1].
Chronic hyperglycemia increases the risk of CVD, and individuals with
diabetes are two to four times more likely to develop CVD [2].
However, large-scale observational studies in individuals with
diabetes suggest that 2-h blood glucose, but not fasting glucose
concentration, predicts CVD-related mortality [3]. This relation is
supported by controlled human trials indicating that acute or
postprandial hyperglycemia decreases flow-mediated dilation
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(FMD) of the brachial artery, a noninvasive technique commonly
used to assess vascular endothelial function (VEF) [4-6].

The mechanism by which postprandial hyperglycemia impairs VEF
is not fully understood, but oxidative stress is implicated in its
pathogenesis [5,7,8]. Lipid peroxidation is an early event contributing
to atherosclerosis [9]. Degradation products of lipid hydroperoxides
inhibit the activity of dimethylarginine dimethylaminohydrolase
(DDAH) in endothelial cells, thereby increasing the accumulation of
asymmetric dimethylarginine (ADMA) [10]. ADMA is a competitive
inhibitor of endothelial nitric oxide synthase (eNOS) [11]. Greater
concentrations of ADMA relative to arginine decrease the biosynthe-
sis of nitric oxide (NO-), a key regulator of VEF [12], because it
competitively inhibits arginine binding to eNOS [13]. Indeed, our
studies in healthy men show that acute hyperglycemia caused by an
oral glucose challenge decreases postprandial FMD responses while
increasing lipid peroxidation and ADMA/arginine, an index of CVD
risk [14]. This suggests that hyperglycemia-mediated impairments in
VEF occur, at least in part, by increasing oxidative stress responses
that dysregulate NO* homeostasis.
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The involvement of oxidative stress in disrupting vascular
homeostasis suggests that antioxidants capable of suppressing lipid
peroxidation and inflammation may protect against vascular endo-
thelial dysfunction otherwise induced by acute hyperglycemia.
Vitamin E consists of four tocopherols (a-, p-, y-, 6-T) and four
tocotrienols (a-, B-, y-, 6-T3) that function as a chain-breaking
antioxidant to terminate lipid peroxidation [15]. a-T is the most
abundant circulating form of vitamin E in humans and is the most
commonly used in dietary vitamin E supplements. In contrast, dietary
intakes of y-T are greater than those of a-T, but only represent ~10%
of the total circulating vitamin E because it has limited binding affinity
to the hepatic a-tocopherol transfer protein [15]. -T is rapidly
metabolized in a cytochrome-P450-dependent manner to its physi-
ological metabolite y-carboxyethyl-hydroxychroman (vy-CEHC) [16].
Both a-T and v-T function as antioxidants by scavenging reactive
oxygen and nitrogen species [17]. However, y-T and y-CEHC exert
greater anti-inflammatory activity compared to o-T [18,19]. Of
particular importance is that the potential beneficial effects of y-T
may be lost during periods of high o-T intakes since dietary
supplementation of o-T substantially decreases circulating concen-
trations of y-T [20].

The central involvement of lipid peroxidation and inflammation in
CVD [9] suggests that the bioactivities of y-T may protect against its
development. However, most vitamin E intervention studies related
to CVD have focused on «-T, and the findings of those studies have
been equivocal in that some show beneficial effects on CVD risk,
whereas other fail to support a health benefit [16]. In contrast,
substantially less is known about the potential benefits of y-T on CVD-
related outcomes. Coronary heart disease patients have lower plasma
¥-T compared to healthy age-matched controls [21]. In a cross-
sectional study, Swedish men having concentrations of plasma y-T
that are double those of Lithuanian men have a 25% lower incidence of
CVD-related mortality [22]. While these studies are promising,
limited information is available from human intervention studies
regarding the potential benefits of y-T in regulating CVD risk. Thus,
we hypothesized in the present study that supplementation of a y-T-
rich mixture of tocopherols (y-TmT) would maintain VEF otherwise
suppressed by postprandial hyperglycemia by decreasing oxidative
stress and inflammatory responses, and improving NO+ homeostasis.
We examined postprandial FMD, assessed NOe homeostasis by
measuring circulating arginine and ADMA levels, and evaluated
markers of antioxidant status, oxidative stress and inflammation in
response to an oral glucose challenge with or without prior
supplementation of y-TmT.

2. Methods and materials
2.1. Study participants and experimental design

The study protocol was approved by the Institutional Review Board at the
University of Connecticut, and participants provided written consent before enrolling.
An extensive description of the study protocol was reported previously where we
evaluated the effects of y-TmT supplementation and postprandial hyperglycemia on
methylglyoxal accumulation [23]. In brief, healthy, nonsmoking men (n=16) were
enrolled on the basis of age (18-35 years), stable body mass (>2 months), adiposity
(8%-20%), nonuser of dietary supplements (>2 months), nonuser of medications or
dietary agents that affect vasodilation, stable exercise patterns (<5 h/week aerobic
activity), fasting total cholesterol (<5.18 mmol/L) and glucose (<5.55 mmol/L), and
resting blood pressure (<140/90 mmHg). To control for factors that may confound FMD
responses such as gender, aging and comorbidities [24], healthy young men were
specifically enrolled. Waist circumference was determined at the umbilicus, body
density was estimated from skinfolds at seven sites [25], and adiposity was calculated
using appropriate equations for race [26,27].

In a randomized, crossover, single-blind study design, participants completed an
oral glucose tolerance test following an overnight fast on two occasions separated by
>7 days. For 5 consecutive days prior to one visit, participants ingested an
encapsulated y-TmT supplement containing 500 mg y-T, 60 mg «-T, 170 mg &-T and
9 mg P-T (Archer Daniels Midland; Decatur, IL, USA). Capsules were ingested with
participants' evening meal in order to perform study procedures when plasma y-T

would be at its maximal concentrations [28]. Our study population was identical to that
reported previously [14], with the exception that one participant was excluded in the
present study. Data from this participant were omitted in the final analysis due to lack
of compliance, which was determined on the basis of pill counts and by measuring
plasma y-T concentrations following y-TmT supplementation.

2.2. Sample collection

Blood was collected from the antecubital vein into evacuated tubes containing
EDTA, sodium heparin or lithium heparin prior to (0 min) and following the ingestion
of glucose at 30, 60, 90, 120, 150 and 180 min. Plasma was separated by centrifugation
(4°C, 15 min, 1500g) and snap-frozen in liquid nitrogen. For the analysis of vitamin C
and uric acid, sodium heparinized plasma was mixed (1:1) with 10% perchloric acid
(PCA) containing 1 mmol/L diethylenetriaminepentaacetic acid (DTPA) and centri-
fuged (5 min, 15,000g, 4°C), and the supernatant was snap-frozen in liquid nitrogen. All
samples were stored at —80°C until analysis. FMD was also measured at the same time
intervals, as described below, to assess VEF. Lastly, participants completed a food
record for 3 days prior to each visit. Records were reviewed for accuracy by a Registered
Dietitian, and nutrient intakes were analyzed using Food Processor SQL (ESHA
Research, Salem, OR, USA).

2.3. Materials

High-performance liquid chromatography (HPLC)-grade solvents were purchased
from Fisher Scientific (Pittsburgh, PA, USA), as were the following chemicals: butylated
hydroxytoluene, DTPA, monomethylarginine, ortho-phthalaldehyde, PCA, sodium
hydroxide and trichloroacetic acid (TCA). 3-Glucuronidase type HP-2S, fluorescein
and thiobarbituric acid (TBA) were from Sigma (St. Louis, MO, USA). 2,2’-Azobis-2-
methyl-propanimidamide (AAPH) was from Cayman Chemical (Ann Arbor, MI, USA).

2.4. Flow-mediated dilation

Brachial artery FMD was assessed by high-frequency ultrasonography as described
[14]. In brief, a blood pressure cuff was placed on the forearm distal to the olecranon
process, and the brachial artery was imaged using a cardiac ultrasound system (Acuson
Corp, ElImwood Park, NJ, USA). Brachial artery diameter was collected for 30 heartbeats
and then the blood pressure cuff was rapidly inflated to 200 mmHg to occlude the vessel
for 5 min. Vessel diameter was assessed for 300 heartbeats (~5 min) upon cuff release.
Images were electrocardiogram gated, and their analysis was performed using edge-
detection software (Medical Imaging Applications, lowa City, IA, USA). Brachial artery
FMD (%) was calculated as follows: [postocclusion peak diameter (mm)—preocclusion
diameter (mm)/preocclusion diameter (mm)*100. Each participant's FMD measure-
ments were obtained by the same technician, and images were analyzed independently
by two technicians in a blinded manner. Both analyses were in good agreement (P>.05)
and were therefore averaged.

2.5. Clinical chemistries

Plasma triglyceride, total cholesterol and glucose were measured spectrophoto-
metrically using clinical assays (Pointe Scientific, Canton, MI, USA) on a SpectraMax M2
microplate reader (Molecular Devices, Sunnyvale, CA, USA). Plasma insulin was
measured by enzyme-linked immunosorbent assay (ELISA) (Diagnostic Systems
Laboratories, Webster, TX, USA).

2.6. Total antioxidant status

Total antioxidant status was measured using the oxygen radical absorbance
capacity (ORAC) [14] and ferric-reducing ability of plasma (FRAP) [14] assays as
described. Briefly, ORAC values were determined by mixing samples with fluorescein
and AAPH, and the oxidative decay of fluorescein was monitored (485/520 nm,
excitation/emission) on the aforementioned microplate reader. Area under the curve
(AUC) for oxidative decay of fluorescein was calculated, and ORAC concentrations were
determined by linear regression. FRAP was measured by mixing plasma or Trolox
standard with FRAP reagent and measuring the absorbance at 593 nm on the
aforementioned microplate reader after a 15-min incubation at 37°C.

2.7. Vitamin E and y-CEHC

Plasma a-, 3-, Y- and 6-T were measured by HPLC-Coularray (ESA Inc., Chelmsford,
MA, USA) following saponification and hexane extraction as described [14]. y-CEHC,
the physiological metabolite of y-T, was measured by HPLC-Coularray as described
[14]. Briefly, a methanolic extract of plasma was evaporated under nitrogen gas,
reconstituted in water and subjected to enzymatic hydrolysis with B-glucuronidase
(800 U) and sulfatase (60 U). Following extraction with ethyl acetate, samples were
dried under nitrogen gas, dissolved in methanol and separated isocratically (1 ml/min)
on a Phenomenex Luna C18 column (250x4.6 mm i.d., 5 um; Torrance, CA, USA) and
detected at potential settings of — 100, — 50, 200 and 350 mV.
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Table 1

Participant characteristics

Parameter

Age (years) 21.8+0.8
Height (m) 1.8040.01
Weight (kg) 90.6+6.2
Adiposity (% total mass) 16.7+1.9
Waist circumference (cm) 87.6+3.5
Systolic blood pressure (mm Hg) 117+1
Diastolic blood pressure (mm Hg) 79+1
Glucose (mmol/L) 5.31+£0.10
Insulin (pmol/L) 142.5+£23.6
Triglyceride (mmol/L) 3.26+1.24
Cholesterol (mmol/L) 3.7+£0.2
Arginine (umol/L) 82.9+43.5

ADMA (nmol/L) 500411
ADMA:arginine (nmol/pmol) 6.23+£0.35
Baseline brachial artery diameter (mm) 3.9840.12

Data are means+S.E.M.; n=15.

2.8. Ascorbic acid and uric acid

Ascorbic acid and uric acid were analyzed from PCA-treated plasma as described
[14]. Samples were separated isocratically (1 ml/min) on the aforementioned HPLC-
Coularray system using a Supelcosil LC-8 column (150x4.6 mm i.d., 3 pm, Supelco;
Bellefonte, PA, USA) and detected at oxidation potentials of 150, 275, 400 and 525 mV.

2.9. Malondialdehyde

Plasma malondialdehyde (MDA), a marker of lipid peroxidation, was measured by
HPLC-fluorescence (HPLC-FL) as described [14], with minor modifications. Plasma was
mixed with 40 pl 0.2% butylated hydroxytoluene and 200 pl 1 N sodium hydroxide.
Following incubation for 30 min at 60°C, 2 ml 5% TCA was added, and the mixture was
placed on ice for 10 min and centrifuged (1100g, 4°C, 10 min). The supernatant was mixed
with 250 pl 0.6% (w/v) TBA and heated at 95°C for 30 min. After cooling, the mixture was
extracted with 500 pl butanol, and the supernatant was injected on a Shimadzu LC-20XR
system (Columbia, MD, USA) equipped with an RF-10AXL fluorescence detector set to 532
nm and 553 nm for excitation and emission, respectively. Isocratic HPLC separation was
performed at 0.8 ml/min on a Luna C18[2] column (250x4.6 mm i.d., 5 um; Phenomenex;
Torrance, CA, USA) using 50:50 methanol and 25 mmol/L phosphate buffer (pH 6.5) as the
mobile phase.

2.10. Arginine and ADMA

Arginine, the amino acid for eNOS-mediated NOe synthesis, and ADMA, an
endogenously produced competitive inhibitor of eNOS, were measured simultaneously
by HPLC-FL as described [14], with minor modification. Briefly, samples and standards
were mixed with methylmonoarginine (0.6 nmol; internal standard) and subjected to
solid-phase extraction on a polymeric cation-exchange column (Hypersep Retain-CX
SPE column; 30 mg, 1 ml; Fisher Scientific, Pittsburgh, PA, USA) using ammonia:water:
methanol (10:40:50, v/v/v). Samples were dried under nitrogen gas, and the residue
was dissolved in water for derivatization using ortho-phthalaldehyde. Isocratic HPLC
separation was performed on a Shim-Pack XR-ODS column (3.0 x 50 mm id.;
Shimadzu, Columbia, MD, USA) at 1.1 ml/min on the aforementioned HPLC-FL system
that was programmed to 340/455 nm (excitation/emission). After arginine was eluted
at 4.7 min, the detector was programmed to a higher sensitivity to enable detection of
ADMA and symmetric dimethylarginine (SDMA).

2.11. Inflammatory markers

Myeloperoxidase (MPO) and high-sensitivity C-reactive protein (CRP) were
measured by ELISA (BioCheck, Foster City, CA, USA). Plasma interleukins (IL-6 and
-10), tumor necrosis factor-a (TNF-at), soluble intracellular adhesion molecule-1
(ICAM-1), soluble vascular adhesion molecule-1 (VCAM-1) and soluble E-selectin were
measured using XMAP technology on a Luminex 1S200 system (Austin, TX, USA) with
corresponding antibodies (Millipore, Billerica, MA, USA).

2.12. Statistical methods

Data (means+S.E.M.) were analyzed by SPSS Version 15.0 (SPSS Inc., Chicago, IL,
USA). Two-way repeated-measures analysis of variance (ANOVA) with Bonferroni
correction was used to evaluate differences due to time, treatment and their
interaction. A Student's paired t test was used to evaluate baseline (t=0 min) and
AUC data between trials. Multiple linear regression, controlling for within-subject
repeated measures, was used to calculate correlation coefficients as described [29].
Prior to any analysis, normality was assessed using Shapiro-Wilk's W test.
Measurements that were not normally distributed (ADMA, CRP, IL-10, insulin, MPO,

a-T and y-CEHC) were normalized by log transformation using the natural base. All
statistical analyses were performed simultaneously on both transformed and
untransformed data. Results of untransformed values are reported because they did
not qualitatively differ from those of transformed data and permit more meaningful
interpretations than transformed data. An o level of P<.05 was considered statistically
significant for all analyses.

3. Results
3.1. Participants and compliance

Participants had adiposity, resting blood pressure and concentra-
tions of fasting plasma glucose, total cholesterol and triglyceride that
were within normal clinical limits (Table 1). No differences in
nutrient intakes were observed between trials (Table 2), indicating
that participants maintained their dietary habits throughout the
study. Supplementation of y-TmT increased (P<.05) plasma concen-
trations of y-T by about threefold and plasma ~y-CEHC by more than
ninefold without affecting plasma o-T (Table 3). Plasma &-T
concentrations increased from 114 to 728 nmol/L in response to
supplementation, but only accounted for ~3% of the total plasma
tocopherol concentration, whereas plasma 3-T was below quantita-
tive limits.

3.2. Plasma glucose and insulin

Fasting glucose and insulin concentrations did not differ between
trials, nor were they affected by y-TmT supplementation (Fig. 1).
Regardless of supplementation, postprandial concentrations of glu-
cose and insulin increased to a similar extent by 30 min following
glucose ingestion and returned to baseline concentrations at 150 min
and 180 min, respectively (Fig. 1A-B).

3.3. Flow-mediated dilation

Baseline (t=0 min) brachial artery diameter and FMD responses
did not differ between trials prior to glucose ingestion (P>.05; Fig. 1C).
As reported previously, FMD responses decreased at 30 min following
the ingestion of glucose without any prior y-TmT supplementation
and were restored to baseline levels at 120 min [14]. In contrast, no
time-dependent changes on FMD responses occurred during the y-
TmT trial. A significant treatment effect was also observed, indicating
that FMD responses were greater in the y-TmT trial, with post hoc
differences observed at 60 min only (P<.05).

Table 2
Dietary intakes
Glucose Glucose+y-TmT
Total intake (kcal) 24634107 2267+118
Calories from carbohydrate (%) 50.8+1.3 50.3+2.0
Calories from protein (%) 16.64-0.8 17.04+1.0
Calories from fat (%) 32.8+1.3 33.8+1.2
Total saturated fat (g) 29.84+2.1 284425
Monounsaturated fat (g) 245439 247419
Polyunsaturated fat (g) 11.2+1.6 10.9+1.5
trans-Fatty acid (g) 1.574+0.61 1.894+0.71
Cholesterol (mg) 270435 267434
3-Carotene (pg) 1428+484 8394325

Vitamin C (mg) 100+21 91.5+22.3
a-Tocopherol (mg) 5.504+1.10 5.22+1.01
Selenium (pg) 86.1+14.7 75.0+8.4

Zinc (mg) 9.77+£1.49 8.71+0.82
Sodium (mg) 3585+238 3686291

Data (means+S.E.M.; n=15) are obtained from 3-day dietary records completed prior
to each visit. No differences in nutrient intake occurred between trials (P>.05).



E. Mah et al. / Journal of Nutritional Biochemistry 24 (2013) 196-203 199
Table 3
Plasma antioxidants and markers of oxidative stress and inflammation?®
Baseline AUC
Glucose Glucose+y-TmT P Glucose Glucose+y-TmT P
Plasma antioxidant and oxidative stress markers
ORAC (umol/L Trolox eq.) 35794257 40224295 .020 1,001,529+40,024 1,076,427424,275 .029
FRAP (umol/L Trolox eq.) 978+26 1043430 .022 176,6854-4068 186,3894-5550 .030
a-Tocopherol (pmol/L) 15.441.2 16.6+1.6 207 27744200 29444294 204
vy-Tocopherol (pmol/L) 2.23+0.26 6.60+0.62 .000 372442 1147+127 .000
y-CEHC (umol/L) 0.32+0.07 3.12+0.52 .000 52.349.0 543491 .000
Vitamin C (umol/L) 343+43 38.7+44 .007 6079+730 6796797 .012
Uric acid (pumol/L) 354+12 367+15 .160 64,110+£2115 65,375+£2925 271
MDA (umol/L) 0.91+0.03 0.96+0.04 .081 22248 20748 .002
Inflammatory markers
CRP (nmol/L) 2.98+1.05 2.17+0.81 373 4734178 357+136 .265
MPO (pmol/L) 84.0+£10.4 76.14+7.2 443 16,107+1362 14,3994-882 .057
IL-6 (pg/ml) 4.7840.77 4.09+0.73 197 861+£148 683+84 .059
IL-10 (pg/ml) 12.04£25 9.05+1.28 163 23384457 17774318 178
TNF-o (pg/ml) 5.404-0.50 5.3040.69 408 891+81 902+75 420
ICAM-1 (pg/ml) 97.4+£11.0 95.1+10.5 253 17,4934+1980 17,0104+1867 107
VCAM-1 (pg/ml) 993+33 1006442 353 18600545437 17823346447 .053
E-selectin (pg/ml) 32.843.6 32.4+3.8 .366 61254708 57884751 .078
Differences between trials were assessed using a Student's paired ¢ test, and P<.05 is considered significant.
¢ Data are means+S.E.M.; n=15.
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Fig. 1. Postprandial responses for (A) plasma glucose, (B) plasma insulin, (C) brachial artery FMD and (D) plasma MDA in healthy men following glucose ingestion with or without
prior supplementation of a y-TmT. Two-way repeated-measures ANOVA with Bonferroni correction was performed to evaluate time and treatment effects. Data are means+S.E.M,;
n=15. *Significantly different from baseline, P<.05.
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3.4. Markers of antioxidant status and oxidative stress

Plasma antioxidants and MDA were examined to better define
whether postprandial hyperglycemia regulates VEF in an oxidative-
stress-dependent manner (Table 3). Short-term y-TmT supplemen-
tation increased baseline (t=0 min) concentrations of ORAC, FRAP
and vitamin C. These antioxidant markers remained higher through-
out the postprandial period as evidenced by greater AUCy_3 , during
the y-TmT trial (Table 3) and were unaffected by glucose ingestion.
There were also no significant differences between trials at baseline or
throughout the postprandial period for uric acid (Table 3). In contrast,
postprandial concentrations of y-T, but not a-T or 'y-CEHC, decreased
significantly at 150-180 min during the y-TmT supplementation arm
of the study only.

Baseline MDA concentrations did not differ between trials (Table 3).
Plasma MDA increased following glucose ingestion in both trials.
However, a treatmentxtime interaction effect indicated that postpran-
dial MDA increased to a lesser extent during the y-TmT trial, with a
specific treatment effect observed at 60 min only (Fig. 1D). Multiple
linear regression analysis, controlling for within-subject repeated
measures, indicated that MDA AUCy_3 , was highly correlated with
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FMD AUCy_3 , (mean slope=—16.4, r=—0.82, P<.05), suggesting that
hyperglycemia-mediated decreases in FMD occur in an oxidative-
stress-dependent manner and that y-TmT maintains VEF, at least in
part, by suppressing postprandial lipid peroxidation.

3.5. Markers of NO= homeostasis

Plasma arginine and ADMA were measured as an indirect index of
NO+ homeostasis to better define the mechanism by which y-TmT
supplementation protects against hyperglycemia-mediated decreases
in FMD. Baseline concentrations of plasma arginine, ADMA and SDMA
did not differ between trials (Fig. 2). Glucose ingestion, regardless of
v-TmT supplementation, decreased plasma arginine concentrations
to a similar extent in both trials (Fig. 2A). y-TmT supplementation had
no effect on baseline concentrations of ADMA or SDMA (Fig. 2B and
2C). However, a small but significant decrease in plasma ADMA was
observed at 150-180 min following y-TmT supplementation only
(Fig. 2B). Of particular importance was that the ratio of ADMA/
arginine increased postprandially in both trials, but to a lesser extent
in the y-TmT trial at 150 min (Fig. 2D).
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Fig. 2. Postprandial responses for (A) plasma arginine, (B) ADMA, (C) SDMA and (D) the ratio of ADMA to arginine in healthy men following glucose ingestion with or without prior
supplementation of a y-TmT. Two-way repeated-measures ANOVA with Bonferroni correction was performed to evaluate time and treatment effects. Data are means+-S.E.M.; n=15.

*Significantly different from baseline, P<.05.
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3.6. Markers of inflammation

Baseline concentrations and AUCy_3 , of numerous inflammatory
markers did not differ between trials (Table 3). Furthermore, no time-
dependent changes occurred throughout the postprandial period for
any of these markers (data not shown).

4. Discussion

This study demonstrates that short-term y-TmT supplementation
in healthy men maintains VEF that is otherwise impaired by
postprandial hyperglycemia likely by decreasing lipid peroxidation
and mitigating disruptions in NOe homeostasis, without affecting
inflammatory responses. y-TmT supplementation increased plasma
v-T and y-CEHC concentrations without affecting o.-T and maintained
postprandial FMD responses that were otherwise decreased following
glucose ingestion. Supplementation of y-TmT also attenuated
postprandial MDA responses following glucose ingestion, supporting
a mechanism whereby y-T protects against impairments in VEF in an
oxidative-stress-dependent manner. We are also providing the first
evidence that y-TmT supplementation may attenuate impairments in
VEF mediated by acute hyperglycemia by decreasing ADMA/arginine,
which would be expected to increase the likelihood of arginine
binding to eNOS, thereby improving NOe biosynthesis and bioavail-
ability. Collectively, the findings of this study support that improve-
ments in y-T status inhibit transient impairments in VEF resulting
from postprandial hyperglycemia likely by decreasing lipid peroxi-
dation and improving NO+ bioavailability.

Chronic and postprandial hyperglycemia are associated with
greater oxidative stress [30]. We previously showed that MDA
increases rapidly during the postprandial period in response to
glucose ingestion [14]. This supports that hyperglycemia impairs VEF,
at least in part, by increasing lipid peroxidation. Indeed, lipid
peroxidation is an early atherogenic event that contributes to the
development of CVD [9]. Although lipid peroxidation was lowered in
individuals with diabetes following o-T supplementation [31], no
studies have investigated the independent effects of vitamin E
supplementation on lipid peroxidation in association with VEF
following acute hyperglycemia. Co-supplementation of vitamin C
and vitamin E immediately prior to an oral glucose challenge
prevented the decrease in postprandial FMD responses that otherwise
occurred with hyperglycemia [6]. However, maximal plasma vitamin
E occurs ~10 h following ingestion [32], whereas maximal plasma
vitamin C occurs ~60 min postingestion [33]. Thus, the maintenance
of VEF following glucose ingestion in combination with supplemen-
tation of vitamins C and E [6] most likely reflects improvements in
vitamin C status rather than vitamin E. Thus, our study provides the
first direct evidence that dietary vitamin E supplementation, provided
as y-TmT, attenuates hyperglycemia-mediated impairments in VEF in
healthy young men, at least partly by reducing lipid peroxidation.

We previously showed that postprandial hyperglycemia induced
by an oral glucose challenge decreases circulating arginine levels [14],
possibly by inducing membrane hyperpolarization of endothelial
cells, thereby resulting in greater arginine uptake [34]. However, it is
unknown if this increase in intracellular arginine increases NO<
production by eNOS or enhances its degradation by arginase. Arginase
activity has been shown to be up-regulated in animals and humans
having diabetes [35,36], but it is unknown if arginase activity is up-
regulated within 3 h of an oral glucose challenge. Additionally, studies
in rats showed that 3-week dietary supplementation of «o-T
attenuates hyperglycemia-mediated increases in hepatic arginase
activity [37]. To the best of our knowledge, no studies have
investigated the acute effects of y-T on arginase activity.

The production of NO+ by eNOS is dependent on not only arginine
availability but also competitive inhibition by ADMA [13]. We provide

novel evidence that short-term y-TmT supplementation attenuates
the ratio of ADMA/arginine that is otherwise increased by postpran-
dial hyperglycemia. However, the mechanism by which this occurs is
unclear. The formation of both ADMA and SDMA is catalyzed by
protein arginine methyltransferases (PRMTs) [38]. ADMA can be
degraded by DDAH, whereas SDMA is excreted directly through the
urine [38]. Currently, no evidence indicates that hyperglycemia or
oxidative stress regulates PRMT activity. However, studies in vitro
demonstrate that incubation of endothelial cells with glucose or end
products of lipid peroxidation increases ADMA by suppressing its
DDAH-dependent degradation [39,40]. In contrast, our work indicates
that postprandial concentrations of ADMA are unaffected following
glucose ingestion. However, we did observe a small but significant
decrease in postprandial concentrations of ADMA following y-TmT
supplementation. Indeed, treatment of endothelial cells with poly-
ethylene-glycol-conjugated superoxide dismutase resulted in recov-
ery of DDAH-mediated degradation of ADMA that was otherwise
decreased following incubation with glucose [39]. Thus, our observa-
tion that y-TmT supplementation decreases postprandial ADMA
concentrations suggests that y-T may improve NO* homeostasis by
decreasing oxidative stress responses that otherwise inhibit DDAH
activity. In support, we also observed that SDMA, an arginine
metabolite that is not degraded in a DDAH-dependent manner, was
unaffected by ~vy-TmT supplementation. Direct measurements of
endothelial arginase and DDAH activity would better define the
mechanism by which arginine and ADMA are regulated, but their
assessment was beyond the scope of this clinical investigation.
Moreover, no studies have investigated the effects of y-T on the
expression or activity of arginase or DDAH in humans. This indicates
that more invasive studies are warranted to define the mechanism by
which vy-T regulates ADMA and arginine metabolism in relation to
NO- homeostasis and VEF.

We have also considered the possibility that the vasoprotective
effects of y-TmT are occurring indirectly. Data show that plasma
vitamin C increases following y-TmT supplementation without any
changes in dietary vitamin C intake, possibly due to the sparing effect
of y-T on vitamin C oxidation [41]. Vitamin C supplementation has
been shown to maintain postprandial FMD responses that were
otherwise decreased by an oral glucose tolerance test in healthy
individuals [6]. This supports the possibility that greater plasma
vitamin C concentrations following y-TmT supplementation may
contribute to the vasoprotective effects observed in the present study.
Another line of evidence suggests the possibility that the natriuretic
activity of y-CEHC observed in rodents [42] may regulate vascular
function. Controlled studies in normotensive adults demonstrate that
a low-sodium diet (1153 mg/day) improves FMD responses in
comparison to a high-sodium diet (3450 mg/day) [43]. This suggests
that greater sodium excretion by y-CEHC [42] may improve vascular
function. However, sodium excretion was unaffected in healthy adults
despite an increase in plasma and urinary y-CEHC following 28 days
of y-T supplementation [44]. The anti-inflammatory activities of y-T
[18,19,45] would also be expected to protect against vascular
dysfunction. However, we show that plasma markers of inflammation
at baseline and postprandially were unaffected regardless of y-TmT
supplementation. Interestingly, Ceriello et al. [4] observed that
plasma ICAM-1, VCAM-1 and E-selectin concentrations increased
following an oral glucose tolerance test in healthy older men (mean
age=53.5 years). Similarly, studies in vitro demonstrate that
mitogen-induced cytokine secretion from mononuclear cells isolated
from elderly individuals was greater than that from younger
individuals [46,47]. Thus, the lack of change in inflammatory markers
in the present study likely reflects that our participants were young
and healthy.

Insulin has vasoactive properties [48], but pharmacological
inhibition of insulin secretion continues to suppress endothelium-
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dependent vasodilation following hyperglycemia [49]. This suggests
that the vascular endothelial dysfunction (VED) observed in our study
is due to hyperglycemia rather than hyperinsulinemia. Harris et al.
[50] demonstrated that FMD measurements repeated at 30-min
intervals have no effect on brachial artery FMD, supporting that the
postprandial FMD responses observed herein were not confounded
by repetitive reactive hyperemia. In support, no time-dependent
changes in preocclusion brachial artery diameter were observed
throughout the postprandial period for either trial (P>.05; data not
shown). Furthermore, FMD responses were measured at the same
time of day during each visit because diurnal changes of FMD are
known to occur [24]. Our FMD protocol is suggested to best reflect
NO--dependent vasodilation [51]. Consistent with this, our findings
show that y-TmT attenuated hyperglycemia-mediated increases in
ADMA/arginine, a surrogate index of NOe bioavailability [13].
Although modest treatment differences were observed, plasma levels
of ADMA/arginine may not accurately reflect intracellular levels. In
support, studies in an experimental model of hyperglycemia and
hyperinsulinemia showed that arginine/ADMA decreased to a larger
extent in myocardial tissue compared to plasma [52]. Likewise, time-
dependent responses in postprandial ADMA/arginine and FMD were
not fully aligned. This does not exclude the possibility that y-TmT
protected against vascular dysfunction in a NOs-dependent manner. It
does, however, emphasize the need to more directly measure changes
in NO- status. The accurate assessment of NO- in vivo requires invasive
NO- sensors [53]. Metabolites of NO+ could be measured spectropho-
tometrically, but this approach is less specific and sensitive compared
to GC-MS methods [54]. We have also considered the possibility that
v-TmT may have protected against hyperglycemia-mediated vascular
dysfunction through NO--independent mechanisms since alterations
of other vasodilators and vasoconstrictors (e.g., prostacyclin, brady-
kinin, endothelin and angiotensin II) are known to affect FMD
responses [55]. Thus, future studies should consider the use of chemical
inhibitors or stimulators of NOS to better define the extent to which -y-
TmT protects against vascular dysfunction through NO=-dependent and
-independent mechanisms. Lastly, this study is also limited to healthy
young men to control for confounding factors related to aging, gender
and presence of morbidities that affect vasodilatory responses.
Therefore, it is premature to extrapolate these findings to women,
different age ranges, and those with underlying morbidities.

In conclusion, our findings support that y-TmT is beneficial for
maintaining VEF in healthy young men. Further study is needed to
more fully define the specific mechanisms by which y-TmT maintains
VEF that is otherwise impaired by postprandial hyperglycemia.
Moreover, long-term studies investigating the cardioprotective
effects of y-TmT are also needed to examine its potential benefit as
a strategy to mitigate CVD risk.
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