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Abstract Much data support a role for both low density
lipoprotein (LDL) oxidation and glycation in atherogenesis.
While o-tocopherol decreases the oxidative susceptibility of
LDL, its role in decreasing LDL glycation is unclear. Hence
we tested the effect of o-tocopherol both in vitro and in vivo
on LDL oxidation and glycation. LDL was isolated after en-
richment of plasma with o-tocopherol. This resulted in a
2-fold increase in o-tocopherol in LDL (AT-LDL). During a
6-day incubation of control LDL (C-LDL) and AT-LDL with
25 mm glucose, there were no significant differences in the
degree of glycation on days 1, 3, and 6. Also, apoB advanced
glycosylation end product levels were not significantly differ-
ent between C-LDL and AT-LDL. There was a progressive
increase in the susceptibility of LDL to oxidation with increas-
ing LDL glycation as evidenced by reduced lag time of cop-
per-catalyzed LDL oxidation. However, AT-LDL was more
resistant to copper-catalyzed oxidation. Similar findings were
observed when the LDLs were incubated with endothelial
cells. B8 The data from the o-tocopherol supplementation
study confirmed our in vitro findings that o-tocopherol sig-
nificantly decreases oxidative susceptibility of LDL, but does
not affect its glycation. Therefore, while glycation increases
LDL oxidative susceptibility, o-tocopherol decreases the oxi-
dation of glycated LDL but not LDL glycation.—Li, D., S.
Devaraj, C. Fuller, R. Bucala, and L. Jialal. Effect of o-toco-
pherol on LDL oxidation and glycation: in vitro and in vivo
studies. J. Lipid Res. 1996. 37: 1978-1986.

Supplementary key words advanced glycosylation end products

Plausible modifications of lipoproteins, such as LDL,
include non-enzymatic glycation and oxidation (1). Sev-
eral lines of evidence support a role for glycated LDL
and advanced glycosylation end products (AGE) in the
genesis of the atherosclerotic lesion (2, 3). Furthermore,
numerous laboratories have now documented that oxi-
datively modified LDL is pro-atherogenic and exists in
vivo (4-6). a-Tocopherol, a potent, lipid soluble antioxi-
dant, has been shown to decrease the susceptibility of
LDL to oxidation both in vitro and after in vivo supple-
mentation (7, 8). Furthermore, some studies have indi-
cated that o-tocopherol might decrease protein glyca-
tion. Ceriello et al. (9, 10) have shown that in addition
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to o-tocopherol decreasing the glycation of albumin in
vitro, supplementation with o-tocopherol decreased
protein glycation in insulin-dependent diabetics (IDDM)
in a dose-dependent fashion. Furthermore, Aoki et al.
(11) showed in diabetic rats that vitamin E supplemen-
tation decreased AGE formation as evidenced by a
decrease in the thermal rupture time of collagen. How-
ever, Paolisso et al. (12, 13) have shown that while
o-tocopherol supplementation in non-insulin-depend-
ent diabetics (NIDDM) decreased protein glycation, this
effect is possibly mediated by an improvement in insulin
action resulting in a decrease in plasma glucose levels.
In addition, two recent in vivo supplementation studies
with o-tocopherol showed decreased LDL oxidative sus-
ceptibility, but no effect on protein glycation (14, 15).
However, in both these studies the number of subjects
was small and other factors in the in vivo environment
could have obscured the effect of o-tocopherol on pro-
tein glycation.

Furthermore, these studies examined the oxidative
susceptibility of LDL without separating the glycated
and non-glycated fractions. Thus, while a-tocopherol
appears to have a clear role in decreasing the oxidative
susceptibility of LDL, the evidence regarding its effect
on protein glycation is unclear. The present study was
undertaken to gain a better appreciation of the role of
o-tocopherol on LDL oxidation and glycation. Accord-
ingly, we tested the effect of a-tocopherol on LDL
oxidative susceptibility and glycation, including AGE

Abbreviations: LDL, low density lipoprotein; AGE, advanced
glycosylation end products; IDDM, insulin-dependent diabetes
mellitus; NIDDM, non-insulin-dependent diabetes mellitus; AT-LDL,
o-tocopherol-enriched LDL; C-LDL, control LDL.
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modification, after enrichment of plasma with o-toco-
pherol in vitro, and also after in vivo supplementation
in diabetic subjects.

MATERIALS AND METHODS

Subjects

Blood samples were collected for the study from
healthy, non-smoking male or female subjects if they
fulfilled the following criteria: not on any vitamin sup-
plements for at least 6 months before entry; alcohol
intake < 1 oz/day; normal fasting plasma glucose, he-
patic and renal function tests; no evidence of malabsorp-
tion, pancreatic, or biliary diseases; not on estrogen,
thyroxine, or non-steroidal anti-inflammatory drugs,
and no acute medical condition for at least 3 months
prior to participating in the study.

Enrichment of LDL with o-tocopherol

After obtaining informed consent, fasting blood (180
ml) was obtained for LDL isolation, determination of
glycated plasma proteins, and HbAjc. The samples for
LDL isolation were collected into tubes containing
ethylenediamine tetraacetic acid (EDTA) (1 mg/ml). All
blood samples were collected on ice and the plasma was
separated by centrifugation at 4°C at 2000 g for 20 min.
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Freshly isolated plasma was spiked with o-tocopherol (1
pM in dimethylsulfoxide-DMSO) or DMSO (vehicle con-
trol) as described by Esterbauer et al. (7). Also, a dose-
response study was undertaken in which plasma was
spiked with o-tocopherol in concentrations of 1.0, 2.0,
and 4.0 uM. After an incubation of 3.5-4 h at 37°C, LDL
was isolated by sequential ultracentrifugation as pre-
viously described (16). The isolated LDL was extensively
dialyzed against three exchanges (4 liters, 4 liters, and 2
liters) of 150 mmol/L sodium chloride (NaCl)-1 mM
EDTA, pH 7.4, at 4°C for 24 h, and filtered through a
0.22-um filter. Thereafter, the LDL was stored at 4°C
under nitrogen until protein was measured by the
method of Lowry et al. (17). LDL was then diluted to a
concentration of 3 mg/ml. The enrichment of LDL with
o-tocopherol was quantitated by reversed phase HPLC
after ethanol precipitation and hexane extraction as
described previously (18).

In vitro glycation of LDL

LDL (3 mg/ml) was incubated with 0, 25, 50, and 100
mM glucose in PBS (0.01 mol/L phosphate, 0.15 mol/L
NaCl, pH 7.4) at 37°C for 6 days under sterile conditions
in 6-well Primaria plates. Sodium azide (0.02%) was
added to prevent bacterial growth. Throughout, EDTA
was present at a concentration > 0.5 mM to minimize
LDL oxidation. On days 1, 3, and 6, the incubated LDL
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Fig. 1. Dose response of LDL glycation. LDL was incubated with 0, 25, 50, and 100 mum glucose for 6 days. The percent glycation was determined
by a2 modified method of m-aminophenyl boronate affinity chromatography. Data are mean of 3 experiments.
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was removed and dialyzed against 1 L of PBS at 4°C in
the dark. The protein concentration was again deter-
mined as described (17) and percent glycation was meas-
ured by m-aminophenyl boronate affinity chromatogra-
phy (19, 20) using Glycogel II test columns (Pierce
Chemical Company, Rockford, IL). Briefly, 1.2 mg LDL
(400 pL) was loaded on the column and non-glycated
LDL was eluted with 5.5 ml of the reagent wash buffer
containing ammonium acetate, magnesium chloride,
and 0.5% phenoxyethanol, pH 8.05. Glycated LDL was
eluted with 2 ml of sorbitol elution buffer, pH 10.25, as
described by Panteghini, Bonora, and Pagani (20). Pro-
tein content of non-glycated and glycated eluates were
measured by the BioRad assay (21) and % glycation was
arrived from the formula: % LDL glycation = (OD of
glycated fraction x 2/[OD of glycated fraction x 2 + OD
of nonglycated fraction x 5.9] x 100. We obtained an
intra- and inter-assay C.V. of 3.9% and 7.4%, respec-
tively, for this assay.

In order to determine whether glycation interferes
with the dye binding assay, LDL was incubated with 0,
25, 50, and 100 mM glucose for 6 days at 37°C. After
dialysis, the protein concentration of the different LDLs
was determined by the dye binding assay. The protein
concentration of the LDL incubated in PBS and the LDL
incubated with 100 mM glucose for 6 days differed by
only 2.7% (n = 3 experiments).

For measurement of apoB-AGE levels, C-LDL and
AT-LDL at a concentration of 3 mg/ml were incubated
with 25 mM glucose for 6 days. Baseline and day 6
samples were dialyzed and assayed for apoB-AGE levels.
AGE-modified apoB (apoB-AGE) levels were measured
by Dr. H. Founds at Alteon, Inc. (Ramsey, NJ) by a
sandwich ELISA method using an AGE-specific capture
antibody and an anti-apoB detector antibody (22, 23).
AGE units were defined relative to a standardized prepa-
ration of AGE-modified BSA as previously described (22).

Oxidative susceptibility of LDL was assayed by two
methods: i) copper-catalyzed LDL oxidation and )
cell-mediated LDL oxidation. In copper-catalyzed LDL
oxidation, C-LDL and AT-LDL (100 pg protein/ml)
were oxidized in a cellfree system using 5 pmol/L
copper in PBS at 37°C (24). The 8-h time course of
oxidation was studied by continuous measurement of
conjugated dienes at 234 nm at 10-min intervals (25).
The rate of LDL oxidation was determined from the
propagation phase of the time course curve using a
spline function, and the lag phase was obtained by
drawing a tangent to the slope of the propagation phase
and extrapolating it to the x-axis (8).

The lag time constitutes the interval from zero time
to the intersection point. Also, the time course of oxida-
tive modification by endothelial cells of C-LDL and
AT-LDL at baseline and after a 6-day incubation with 25
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Fig. 2. LDL glycation in the presence and absence of a-tocopherol.
AT-LDL (a-tocopherol = 23.6 nmol/mg protein) and C-LDL (e-toco-
phero! = 11.9 nmol/mg protein) were incubated with 25 mM glucose
for 6 days. The percentage glycation was determined at baseline (day
0), day 1, day 3, and day 6. At days 0, 1, 3, and 6 there were no
significant differences in percent glycation between C-LDL and AT-
LDL (P> 0.05).

mM glucose was studied. In cell-mediated LDL oxida-
tion, human umbilical vein endothelial cells (HUVEC)
were isolated and cultured as described previously (26).
After three washes with Ham's F-10 medium (GIBCO-
BRL), C-LDL and AT-LDL (100 pg/ml in Ham's F-10
medium) were added to the confluent cultures of HU-
VEC in 16-mm wells in triplicate and incubated for 0, 6,
12, and 24 h at 37°C in a 5% COg incubator. At each
time point, the reaction was stopped by adding EDTA
and BHT as previously described (16). Oxidative modi-
fication was quantitated by determining the amount of
thiobarbituric acid-reactive substances (TBARS) formed
in wells containing cells and cellfree controls by a
modified TBARS assay (27). TBARS activity was ex-
pressed in terms of malondialdehyde (MDA) equivalents
(nmol/mg LDL protein) after subtracting the cell-free
control values.

To test the effect of a-tocopherol supplementation in
vivo on LDL glycation and oxidation, LDL glycation and
oxidation were determined in 10 NIDDM subjects, 5 of
whom were given 1200 IU/day d-a-tocopherol or pla-
cebo for 8 weeks. LDL oxidation, glycated plasma pro-
teins, HbA1C, glycated LDL, and o-tocopherol levels in
plasma and LDL were measured at baseline and after
supplementation. The details of this in vivo supplemen-
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TABLE 1. Dose-response effect of o-tocopherol (AT) on LDL glycation

% Glycation
AT ATinLDL Day 0 Day 3 Day 6
i nmol/mg/protein %
0 28.33 £6.51 3.23+0.57 6.95 + 2.32 12.0+1.89
1 53.13 £ 5.06° 3.45+0.58 62+1.9 11.58 + 1.33
2 63.17 + 12.5¢ 3.28 £ 0.52 6.68 + 1.58 12.63 £ 2.60
4 68.34 £ 17.00¢ 3.25+ 0.68 6.53 +1.77 11.48 £ 0.95

Plasma was incubated with 1, 2, and 4 pmol/L o-tocopherol for 4 h after which LDL was isolated. Percent
glycation was determined on C-LDL and AT-LDL after 0, 3, and 6 days of incubation with 25 mm glucose as

described in Methods.
“P <0.01 versus control LDL; n = 4 experiments.

tation study in 28 diabetics (both NIDDM and IDDM)
have been reported previously (15). In the present re-
port, we have focused on LDL glycation and oxidation
as LDL glycation was not reported in the previous study.
Statistical analysis

Data are expressed as mean * SD of at least three
separate experiments. Statistical analysis was performed
by paired Student's #test to determine differences be-
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tween C-LDL and AT-LDL for the in vitro study and
baseline and supplemented phases for the in vivo study
(Microsoft Excel). Repeated measures analysis of vari-
ance were used to assess changes in glycation and oxi-
dation over the 6-day period. Significance was defined
at the 5% level. Spearman rank correlation was used to
assess the association between LDL glycation and oxida-
tion parameters. Statistical analysis was performed using
BMDP Statistical Software (SPSS Inc., Chicago, IL).

Fig. 3. Copper-catalyzed oxidation of glycated
LDL. A typical time course of oxidation of LDL
at baseline (a); day 1 (b); day 3 (c), and day 6 (d)
incubation with 25 mum glucose. The diamond
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represents C-LDL and the circle represents AT-
LDL. o-Tocopherol significantly delayed copper-
catalyzed oxidation in AT-LDL, as evidenced by
a longer lag time of oxidation. The difference in
lag time between C-LDL and AT-LDL disap-
peared at approximately day 6 of glycation. Per-
cent glycation of C-LDL and AT-LDL at baseline
(day 0) are 3.3% and 3.1%; at day 1, 5.9% and
6.0%; at day 3, 7.2% and 6.2%; at day 6, 12% and
11.6%, respectively.
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RESULTS

o-Tocopherol is a potent lipid-soluble antioxidant (7).
It has been shown previously that a-tocopherol-enriched
LDL displays decreased oxidative susceptibility. We
used LDL from healthy donors to see whether a-toco-
pherol had any beneficial effect on the glycation of a
lipoprotein. Incubation of LDL with increasing concen-
trations of glucose (up to 100 mM) for 6 days produced
a dose-dependent increase in LDL glycation (Fig. 1). For
subsequent experiments, a concentration of 25 mM
glucose was chosen as it is more representative of the
diabetic milieu and this concentration has been shown
to result in maximum LDL oxidation in vitro (28).
Increasing glycation of LDL was also observed as the
duration of incubation with 25 mM glucose was in-
creased from O to 6 days (Fig. 2). In spite of a 2-fold
increase of a-tocopherol in LDL after enrichment (23.6
vs. 11.9 nmol/mg protein), the glycation of C-LDL and
AT-LDL was not significantly different over the 6-day
time course (day 6: 11.0% =+ 0.65 vs. 10.5% + 1.56, p =
0.45). In addition, a dose-response study enriching
plasma with &-tocopherol in concentrations of 1.0, 2.0,
and 4.0 uM while significantly increasing LDL o-toco-
pherol levels had no significant effect on LDL glycation
(Table 1). a-Tocopherol enrichment also had no effect
on apoB AGE levels after 6 days of glycation (n = 4
experiments, AT-LDL 624.7 + 114 vs. C-LDL 725.4 *
115.5 U/mg protein, P = 0.11).

Typical time-course curves observed during copper-
catalyzed LDL oxidation on days 0, 1, 3, and 6 of
glycation are shown in Fig. 3a-d. Lag phase of oxidation
was assessed in LDL with and without AT enrichment
(Table 2). Compared to C-LDL, the lag time of AT-LDL
was prolonged significantly on day 0 (P < 0.005), day 1
(P <0.05), and day 3 (P < 0.05) during glycation as shown
in Table 2. There was no significant increase in the
oxidation of non-glycated LDL over 6 days. In both
groups there were progressive increases in the suscepti-
bility of LDL to oxidation from day 0 to day 6 as
evidenced by a reduction in the lag phase (P < 0.05)
(Table 2). The glycation of LDL was significantly corre-
lated with the decrease in lag phase (r=-0.65, P <0.001).
Furthermore, the oxidative modification of C-LDL and
AT-LDL by human endothelial cells was studied at base-
line and after a 6-day incubation with 25 mM glucose.
Both at baseline and after 6 days of glycation, the C-LDL
was more prone to oxidation compared to AT-LDL as
evidenced by the time course curves (Fig. 4).

In addition to our in vitro experiments, we tested the
effect of a-tocopherol supplementation in diabetic sub-
jects on LDL oxidation and glycation as shown in Table
3. After o-tocopherol supplementation, there was a
2.5fold increase in a-tocopherol in LDL at 8 weeks
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compared to placebo (16.11 + 5.02 vs. 40.11 * 10.13
nmol/mg protein, P <(.001). Compared to the placebo,
the lag phase of oxidation was significantly prolonged
in the AT-LDL group at 8 weeks (P < 0.02). However,
there were no significant differences in HbAc levels (P
= 0.40) and degree of glycation of LDL (P = 0.39) at 8
weeks between the two groups.

DISCUSSION

Diabetic patients have an increased propensity to
develop premature atherosclerosis. However, the
mechanisms underlying this remain to be elucidated.
Two plausible mechanisms are LDL glycation and oxi-
dation (1, 2). Oxidation of LDL has been proposed as a
key early step in the pathogenesis of atherosclerosis (4).
Oxidatively modified LDL has been shown to induce
endothelial cell dysfunction and to stimulate foam cell
formation and endothelial-leukocyte adhesion and mi-
gration (4-6). It appears that hyperglycemia could also
lead to an increase in oxidative stress in uncontrolled
diabetics. Several mechanisms may be responsible for
increased oxidation with high glucose levels. Reactive
oxygen species can be generated during glucose autooxi-
dation (29, 30) and during glycation (31, 32). Although
the relationship between glycated LDL and oxidized
LDL is unclear at present, it seems that glycated LDL
has some characteristics of oxidized LDL. For instance,
there is increased uptake of glycated LDL by mono-
cyte/macrophages (33); glycated LDL can stimulate
platelet aggregation (34) as well as promote covalent
binding to structural proteins in the vascular wall (35),
which may contribute to the early fatty streak lesion.
Furthermore, advanced glycosylated end products
could promote atherosclerosis via numerous mecha-
nisms (3). Binding of AGE to endothelial cell through
the cell surface receptor could increase vascular perme-
ability which may promote intimal lipoprotein deposi-
tion (36). AGE could cross-link collagen in connective
tissues which may serve as reactive loci trapping circu-

TABLE 2. Effect of in vitro a-tocopherol enrichment on

LDL oxidation
Lag Time
Day 0 Day 1 Day 3 Day 6
C-LDL 43.8+288 2821114 222424 168+ 7.8

AT-LDL 96.0+33.6° 59.4+33.06 30.0+6.00 204+4.8

In both groups there were progressive increases in the suscepti-
bility of LDL to oxidation from day 0 to day 6 (P <0.05). Values given
as mean * SD, n = 5 experiments. C-LDL, control low density lipopro-
tein; AT-LDL, a-tocopherol-enriched LDL; days 0, 1, 3, 6 indicate days
of incubation with 25 mm glucose at 37°C.

“P <0.005 (AT-L.DL vs. C-LDL).

tP <0.05 (AT-LDL vs. C-LDL).
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Fig. 4. Endothelial cellmodification of LDL. C-LDL and AT-LDL were incubated with 25 mM glucose for 6 days. On day 0 and day 6, C-LDL
and AT-LDL (100 ug/ml) were incubated for 0, 6, 12, and 24 h with canfluent monolayers of HUVEC at 37°C in Ham's F-10 medium and Ham's
F-10 medium alone (cellree controls). At each time point supernatants were harvested and assayed for TBARS activity (nmol MDA
equivalents/mg protein). Percent glycation of C-LDL and AT-LDL at day 0 was 3.23 + 0.57 and 3.45 + 0.58; at day 6 was 12.00 + 0.89 and 11.57

* 1.33, respectively. Data are mean of 4 experiments.

lating serum protein such as lipoprotein and immuno-
globulin (37-39). AGE are chemotactic for monocytes
and could stimulate IL-1 release from macrophages.
AGE also promotes atherogenesis by their procoagulant
activity such as decreasing cell surface anticoagulant
thrombomodulin and increasing tissue factor expres-
sion. Thus, LDL glycation and oxidation are hypothe-
sized to be mutually reinforcing in the pathogenesis of
macrovascular complications in diabetes (2). a-Toco-
pherol, a potent lipophilic antioxidant, is the most abun-
dant antioxidant in LDL. In vitro and supplementation
studies have clearly shown that o-tocopherol decreases
the susceptibility of LDL to oxidation (7, 8). However,
it is not clear whether o-tocopherol protects LDL from
glycation or AGE modification. Although several studies
have shown that glycated LDL is more sensitive to
oxidation (40-42), there are no previous studies relating
increased glycation to LDL oxidation kinetics. Also,
there appear to be no studies examining the effect of
o-tocopherol on the oxidative susceptibility of glycated
LDL. In order to gain more insight on the effect of

Lietal

o-tocopherol on both these processes, we have studied
the oxidation of glycated LDL by both a transition metal
and human endothelial cells.

The reported effect of a-tocopherol on protein glyca-
tion by Ceriello et al. (9, 10) was potentially important,
because, if confirmed, it would provide another plausi-
ble reason for antioxidant supplementation in diabetes.
We studied in vitro serum albumin glycation according
to the protocol of Ceriello et al. (9) in which they
demonstrated that o-tocopherol decreased albumin gly-
cation. We did not observe any effect of o-tocopherol
on albumin glycation (data not shown). To determine
whether o-tocopherol had an effect on LDL glycation,
we isolated LDL from healthy donors as an alternative
protein for our study. The intrinsic affinity of LDL for
o-tocopherol allowed us to enrich o-tocopherol in LDL
by incubating plasma with o-tocopherol and then isolat-
ing LDL. Furthermore, as many of the confounding
factors present in in vivo studies are removed in the in
vitro setting, this allowed us a better appreciation of the
effect of a-tocopherol on LDL glycation and oxidation.
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There was no significant difference between the C-LDL
and AT-LDL in terms of protein glycation. In this re-
gard, our data on LDL glycation are at variance with that
of Ceriello et al. In our study, LDL was used for glycation
which is a relatively shortlived plasma protein. How-
ever, Fu et al. (43) using antioxidants other than o-toco-
pherol also failed to show an effect on the glycation of
tendon collagen. o-Tocopherol clearly decreased the
oxidative susceptibility of LDL as evidenced by a prolon-
gation of the lag phase of LDL oxidation at baseline and
during the early time course of glycation. Aoki etal. (11)
also did not find an effect on protein glycation with
o-tocopherol supplementation in diabetic rats; however,
they showed that o-tocopherol supplementation par-
tially inhibited AGE formation in which thermal rupture
time of tail tendon collagen shortened significantly with
the a-tocopherol-supplemented diet in diabetic rats; but
another index of AGE formation, collagen-linked fluo-
rescence, did not change. We were also interested to
determine whether o-tocopherol affected LDL-AGE for-
mation. We assayed apoB AGE levels in the samples
after 6 days of glycation. a-Tocopherol had no signifi-
cant effect on apoB AGE levels after this short period
of glycation.

Glycation of LDL has been shown to increase the
susceptibility of LDL to oxidation (23, 40-42). However,
in the majority of these studies, the kinetics of LDL
oxidation was not reported. We used 25 mM glucose for
LDL glycation, which has been shown to cause maxi-
mum LDL oxidation by Hunt et al. (28), to study oxida-
tive kinetics of the glycated LDL. The lag time of oxida-
tion of both C-LDL and AT-LDL were decreased with
increasing LDL glycation, indicating that the suscepti-
bility of LDL to oxidation was increased. There are
several mechanisms that could account for the increased
oxidative susceptibility of LDL. Previous investigators
have shown that autooxidation of glucose itself could
generate reactive oxygen species (32, 44). Kawamura,
Heinecke, and Chait (30) have shown that incubation of
LDL with glucose increases LDL oxidation via a super-
oxide-mediated mechanism. Also, early glycation prod-
ucts result in free radical generation such as superoxide
which could accelerate lipoprotein oxidation (31).

A variety of cells in the vascular wall have been shown
to be involved in atherogenesis by cell-cell interactions
(45) or secretion of factors such as cytokines and growth
factors. Monocyte/macrophages can be converted to
foam cells by uptake of oxidized LDL via the scavenger
receptor (4, 5). In addition, endothelial cells and smooth
muscle cells in the vascular wall are capable of oxidizing
LDL (4-6). Therefore it is desirable to study LDL oxida-
tion by human endothelial cells, which may play an impor-
tant role in early development of the atherosclerotic lesion
and may better reflect the in vivo situation. It was not
surprising that o-tocopherol decreased LDL oxidation
mediated by endothelial cells as previous studies have
shown that o-tocopherol co-incubation decreases LDL
oxidation by endothelial cells incubated with physiologi-
cal concentrations of glucose (46, 47). Our data further
demonstrated that a-tocopherol enrichment also de-
creases the oxidative susceptibility of glycated LDL by
endothelial cells. Thus, this study demonstrates that in
addition to a-tocopherol decreasing the susceptibility of
LDL to oxidation (7, 8), it also has a beneficial effect on
the oxidation of glycated LDL.

As no observable changes in LDL glycation were seen
in our in vitro study, we also wished to determine
whether o-tocopherol has any effect on LDL oxidation
and glycation in diabetic patients. We supplemented a
group of diabetic patients with either a relatively high
dose of o-tocopherol (1200 1U/day) or placebo for 8
weeks. The oxidizability of LDL from the subjects was
reduced as shown by increase in lag time of LDL oxida-
tion after o-tocopherol supplementation. There were no
significant differences in HbAc and glycated LDL be-
tween the o-tocopherol and placebo groups after 8
weeks of o-tocopherol supplementation. This is in agree-
ment with the findings of Aoki et al. (11) that supple-
mentation of o-tocopherol to a group of diabetic rats
for 4 weeks had no significant effect on serum glucose
and glycated hemoglobin levels. Shoff et al. (48) found
that there was no relationship between o-tocopherol
intake and glycated hemoglobin Ajc (HbA ) in patients
with diabetes, although the o-tocopherol levels in that
study were non-pharmacologic. Ceriello et al. (9) dem-
onstrated that serum albumin glycation can be inhibited

TABLE 3. Effect of in vivo ¢-tocopherol supplementation on LDL oxidation and glycation

Diabetic Lag Time G-LDL HbAc

Group 0 Week 8 Weeks 0 Week 8 Weeks 0 Week 8 Weeks
min % %

Placebo (n = 5) 93.0 £ 30.0 93.0 £ 21.0 4.79 £ 0.47 5.15+£0.90 6.93 + 0.57 7.17+£1.22

AT (n=5) 80.4 £ 16.2 148.8 + 45.6¢ 4.64 £ 1.37 5.78 £ 2.71 7.35 + 1.65 6.60 £1.70

Data are expressed as mean * SD; AT, a-tocopherol supplement; G-LDL, glycated low density lipoprotein; HbA\c, hemoglobin A,c.
o-Tocopherol levels at baseline and 8 weeks were 15.3 and 15.9 nmol/mg protein in the placebo group and 16.1 and 40.1 nmol/mg protein in

the AT-supplemented group, respectively.
°pP < 0.02.
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with co-incubation of pharmacologic dose of o-toco-
pherol and that the glycation of hemoglobin was inhib-
ited by administration of o-tocopherol in diabetic pa-
tients (10). However, it was suggested by Paolisso et al.
(12, 13) that the beneficial effect of o-tocopherol on
protein glycation after supplementation with 600 to
1200 mg/day of o-tocopherol was due to improvement
in insulin action with a consequent decrease in the
glucose levels of the subjects. It is interesting to note that
Reaven et al. (14) showed that while o-tocopherol sig-
nificantly reduced LDL oxidizability, it had no effect on
protein glycation in well-controlled male NIDDM pa-
tients. The same conclusion was also derived from a
more recent in vivo study by Fuller et al. (15) which
included IDDM and NIDDM patients of both sexes with
varying degrees of glycemic control. While in both these
studies there were a limited number of subjects, they
arrived at the same conclusion as the present report.

In summary, while the present report confirms the
previous studies that glycation of LDL increases oxida-
tive susceptibility, this is carefully quantitated by the
measurement of lag phase. In addition, this study shows
that o-tocopherol has no effect on LDL glycation and
AGE formation but decreases the oxidative susceptibil-
ity of glycated LDL.BE

This work was supported in part by a grant from the
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Manuscript received 15 March 1996 and in revised form 28 June 1996.

REFERENCES

1. O'Brien, R,, and K. Timmins. 1994. The role of oxidation
and glycation in the pathogenesis of diabetic
atherosclerosis. Trends Endocrinol. Metab. 8: 329-334.

2. Lyons, T. J. 1993. Glycation and oxidation: a role in the
pathogenesis of atherosclerosis. Am. J Cardiol. 71:
26B-31B.

3. Bucala, R, A. Cerami, and H. Vlassara. 1995. Advanced
glycosylation end products in diabetic complications. Dia-
betes Rev. 3: 258-268.

4. Parthasarathy, S., and S. M. Rankin. 1992. Role of oxi-
dized low density lipoprotein in atherogenesis. Prog. Lipid
Res. 31: 127-143.

5. Witztum, J. L., and D. Steinberg. 1991. Role of oxidized
LDL in atherogenesis. J. Clin. Invest. 88: 1785-1792.

6. Berliner, J. A., M. Navab, A. M. Fogelman, ]J. S. Frank, L.
L. Demer, P. A. Edwards, A. D. Watson, and A. L. Lusis.
1995. Atherosclerosis: basic mechanisms, oxidation, in-
flammation and genetics. Circulation. 91: 2488-2496.

7. Esterbauer, H., M. Dieber-Rotheneder, G. Striegl, and G.
Waeg. 1991. Role of vitamin E in preventing the oxidation
of low density lipoprotein. Am. J. Clin. Nutr. 53 (1 Suppl.):
314S-321S.

8. Jialal, L., C. J. Fuller, and B. A. Huet. 1995. The effect of
alpha-tocopherol supplementation on LDL oxidation: a
dose response study. Atheroscler. Thromb. Vasc. Biol. 15:
190-198.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

. Ceriello, A., D. Giugliano, A. Quatraro, P. Dello Russo,

and R. Torella. 1988. A preliminary note on inhibiting
effect of alpha-tocopherol (vit. E) on protein glycation.
Diabete & Metab. 14: 40-42.

Ceriello, A., D. Giugliano, A. Quatraro, C. Donzella, G.
Dipalo, and P. J. Lefebvre. 1991. Vitamin E reduction of
protein glycosylation in diabetes: new prospect for pre-
vention of diabetic complications? Diabetes Care. 14:
68-72.

Aoki, Y., Y. Yanagisawa, K. Yazaki, H. Oguchi, K. Ki-
yosawa, and S. Furuta. 1992. Protective effect of vitamin
E supplementation on increased thermal stability of col-
lagen in diabetic rats. Diabetologia. 35: 913-916.
Paolisso, G., A. D'Amore, D. Giugliano, A. Ceriello, M.
Varricchio, and F. D'Onofrio. 1993. Pharmacologic doses
of vitamin E improve insulin action in healthy subjects and
non-insulin-dependent diabetic patients. Am. J. Clin. Nutr.
57: 650-656.

Paolisso, G., A. D'Amore, D. Galzerano, V. Balbi, D.
Giugliano, M. Varricchio, and F. D'Onofrio. 1993. Daily
vitamin E supplements improve metabolic control but not
insulin secretion in elderly type II diabetic patients. Dia-
betes Care. 16: 1433-1437.

Reaven, P. D, J. Barnett, D. A. Herold, and S. Edelman.
1995. Effects of vitamin E on susceptibility of low-density
lipoprotein and low-density lipoprotein subfractions to
oxidation and on protein glycation in NIDDM. Diabetes
Care. 18: 807-816.

Fuller, C. J., M. Chandalia, A. Garg, S. M. Grundy, and L.
Jialal. 1996. RRR-0-tocopheryl acetate supplementation at
pharmacological doses decreases low density lipoprotein
oxidative susceptibility but not protein glycation in pa-
tients with diabetes mellitus. Am. J. Clin. Nutr. 63:
753-759.

Jialal, I, G. L. Vega, and S. M. Grundy. 1990. Physiologic
levels of ascorbate inhibit the oxidative modification of
low density lipoprotein. Atherosclerosis. 82: 185-191.
Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with Folin phenol
reagent. J. Biol. Chem. 193: 265-275.

Schmuck, A., C. J. Fuller, S. Devaraj, and I. Jialal. 1995.
Effect of aging on susceptibility of LDL to oxidation. Clin.
Chem. 41: 1628-1632.

Jack, C. M,, B. Sheridan, L. Kennedy, and R. W. Stout.
1988. Nonenzymatic glycosylation of low density lipopro-
tein: results of an affinity chromatography method. Dia-
betologia. 31: 126-127.

Panteghini, M., R. Bonora, and F. Pagani. 1994. Determi-
nation of glycated apolipoprotein B in serum by a combi-
nation of affinity chromatography and immunon-
ephelometry. Ann. Clin. Biochem. 31: 544-549.
Bradford, M. M. 1976. A rapid and sensitive method for
the quantitation of microgram quantities of protein util-
izing the principle of protein-dye binding. Anal. Biochem.
72: 248-254.

Makita, Z., H. Vlassara, A. Cerami, and R. Bucala. 1992.
Immunochemical detection of advanced glycosylation
end products in vivo. J. Biol. Chem. 267: 5133-5138.
Bucala, R., Z. Makita, T. Koschinsky, A. Cerami, and H.
Vlassara. 1993. Lipid advanced glycosylation: pathway for
lipid oxidation in vivo. Proc. Natl. Acad. Sci. USA. 90:
6434-6438.

Jialal, I, and §. M. Grundy. 1992. Effect of dietary supple-
mentation with o-tocopherol on the oxidative modifica-
tion of low density lipoprotein. J. Lipid Res. 33: 899-906.

Lietal. Effect of a-tocopherol on LDL oxidation and glycation 1985

2TOZ ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

25.

26.

27.

28.

29.

30.

31.

33.

34.

35.

36.

37.

Esterbauer, H., G. Striegl, H. Puhl, and M. Rotheneder.
1989. Continuous monitoring of in vitro oxidation of
human low density lipoprotein. Free Radical Res. Commun.
6: 67-75.

Gimbrone, M. A,, Jr. 1976. Culture of vascular endothe-
lium. Prog. Hemostasis Thromb. 3: 1-28.

Jialal, I, D. Freeman, and S. M. Grundy. 1991. Varying
susceptibility of different low density lipoproteins to oxi-
dative modification. Atheroscler. Thromb. 11: 482-488.
Hunt, J. V., M. A. Bottoms, K. Clare, J. T. Skamarauska,
and M. J. Mitchinson. 1994. Glucose oxidation and low-
density lipoprotein-induced macrophage ceroid accumu-
lation: possible implications for diabetic atherosclerosis.
Biochem. J. 300: 243-249.

Wolff, S. P., and R. T. Dean. 1987. Glucose autooxidation
and protein modification. The potential role of autooxi-
dative glycosylation in diabetes. Biochem. J. 245: 243-250.
Kawamura, M., J. W. Heinecke, and A. Chait. 1994.
Pathophysiological concentrations glucose promote oxi-
dative modification of low density lipoprotein by a super-
oxide-dependent pathway. J. Clin. Invest. 94: 771-778.
Mullarkey, C. J., D. Edelstein, and M. Brownlee. 1990.
Free radical generation by early glycation products: a
mechanism for accelerated atherosclerosis in diabetes.
Biochem. Biophys. Res. Commun. 173: 932-939.

. Hicks, M., L. Delbridge, D. K. Yue, and T. S. Reeve. 1988.

Catalysis of lipid peroxidation by glucose and glycosylated
collagen. Biochem. Biophysics Res. Commun. 151: 649-655.
Lopes-Virella, M. F., R. L. Klein, T. J. Lyons, H. C.
Stevenson, and J. L. Witztum. 1988. Glycosylation of low
density lipoprotein enhances cholesteryl ester synthesis in
human monocyte-derived macrophages. Diabetes. 37:
550-557.

Watanabe, ]., H. J. Wohltmann, R. L. Klein, J. A. Colwell,
and M. F. Lopes-Virella. 1988. Enhancement of platelet
aggregation by low density lipoproteins from IDDM pa-
tients. Diabetes. 37: 1652-1657.

Fu, M. X,, K. J. Knecht, S. R. Thorpe, and J. W. Baynes.
1992. Role of oxygen in cross-linking and chemical modi-
fication of collagen by glucose. Diabetes. 41 (suppl. 2):
42-48,

Esposito, C., H. Gerlach, J. Brett, D. Stern, and H. Vlas-
sara. 1989. Endothelial receptor-mediated binding of glu-
cose-modified albumin is associated with increased mono-
layer permeability and modulation of cell surface
coagulant properties. J. Exp. Med. 170: 1387-1407.
Brownlee, M., A. Cerami, and H. Vlassara. 1988. Ad-
vanced glycation end products in tissue and the biochemi-

1986 Journal of Lipid Research Volume 37, 1996

38.

39.

40.

41.

42,

43.

44.

45,

46.

47.

48.

cal basis of diabetic complications. N. Engl. J. Med. 318:
1315-1321.

Brownlee, M., H. Vlassara, and A. Cerami. 1985. Nonen-
zymatic glycosylation products on collagen covalently trap
low density lipoprotein. Diabetes. 34: 938-941.
Brownlee, M., S. Pongor, and A. Cerami. 1983. Covalent
attachment of soluble proteins by nonenzymatically gly-
cosylated collagen: role in the in situ formation of im-
mune complexes. /. Exp. Med. 158: 1739-1744.

Bowie, A., D. Owens, P. Collins, A. Johnson, and G. H.
Tomkin. 1993. Glycosylated low density lipoprotein is
more sensitive to oxidation: implications for the diabetic
patient? Atherosclerosis. 102: 63-67.

Hunt, J., C. C. Smith, and S. P. Wolff. 1990. Autoxidative
glycosylation and possible involvement of peroxides and
free radicals in LDL modification by glucose. Diabetes. 39:
1420-1424.

Sakurai, T., S. Kimura, M. Nakano, and H. Kimura. 1991.
Oxidative modification of glycated lipoprotein in the
presence of iron. Biochem. Biophys. Res. Commun. 177:
433-439.

Fu, M. X,, K. J. Wells-Knecht, J. A. Blackledge, T. J. Lyons,
S. R. Thorpe, and J. W. Baynes. 1994. Glycation, glycoxi-
dation, and cross-inking of collagen by glucose: Kinetics,
mechanisms, and inhibition of late stages of the Malliard
reaction. Diabetes. 43: 676-683.

Hunt, J. V., M. A. Bottoms, and M. J. Mitchinson. 1993.
Oxidative alterations in the experimental glycation model
of diabetes mellitus are due to protein-glucose adduct
oxidation. Some fundamental differences in proposed
mechanisms of glucose oxidation and oxidant produc-
tion. Biochem. J. 291: 529-535.

Ross, R. 1995. Cell biology of atherosclerosis. Annu. Rev.
Physiol. 57: '791-804.

Steinbrecher, U. P., 8. Parthasarathy, D. S. Leake, J. L.
Witztum, and D. Steinberg. 1984. Modification of low
density lipoprotein by endothetial cells involves lipid per-
oxidation and degradation of low density lipoprotein
phospholipids. Proc. Natl. Acad. Sci. USA. 81: 3883-3887.
van Hinsbergh, V. W. M., M. Scheffer, L. Havekes, and H.
J. M. Kempen. 1986. Role of endothelial cells and their
products in the modification of low-density lipoproteins.
Biochim. Biophys. Acta. 878: 49-64.

Shoff, S. M., J. A. Mares-Perlman, K. J. Cruickshanks, R.
Klein, B. E. Klein, and L. L. Ritter. 1993. Glycosylated
hemoglobin concentrations and vitamin E, vitamin C, and
beta-carotene intake in diabetic and non-diabetic older
adults. Am. J. Clin. Nutr. 58: 412-416.

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

