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Abstract The distributions of plasma lipoprotein a-tocopherol
and lipids were studied in African green monkeys consuming
diets enriched in saturated, monounsaturated, or polyunsatu-
rated fatty acids. Plasma total a-tocopherol concentrations were
not different among the animals fed the three diets, whereas
plasma total cholesterol concentrations were significantly differ-
ent among the diet groups. The a-tocopherol: total lipid molar
ratio in plasma high density lipoproteins (HDL) was
significantly higher compared to low density lipoproteins (LDL)
and very low plus intermediate-sized low density lipoprotein
(VLDL + ILDL) of each diet group, suggesting that HDL may
exhibit a greater affinity for a-tocopherol. The presence of a
positive correlation between HDL «-tocopherol and plasma
apoA-I concentration and the absence of a correlation between
HDL a-tocopherol and total lipid in HDL suggested that a-
tocopherol associates with the protein moiety of HDL on the
surface of the particle. A direct relationship between the plasma
apoA-I: apoB molar ratio and the percentage of a-tocopherol
found in the HDL fraction indicated that a greater proportion
of a-tocopherol associates with HDL as the number of HDL
particles in plasma increases relative to LDL particles. LDL
from monkeys fed diets high in saturated fat contained 40% and
33% fewer a-tocopherol molecules per particle than LDL from
monkeys fed polyunsaturated and monounsaturated fats,
respectively. The phase transition temperature of LDL
cholesteryl esters, indicative of the physical state of the lipids in
the particle core, was well above body temperature in LDL from
saturated fat-fed monkeys and was significantly higher com-
pared to the other diet groups. This difference in the physical
state of the cholesteryl esters in LDL from the group of monkeys
fed saturated fat may contribute to the ability of a-tocopherol to
interact with lipoproteins. B8 Our data indicate that «-
tocopherol does not distribute uniformly with plasma lipid
among lipoprotein particles; rather, physical and dietary factors
influence the interaction of a-tocopherol with lipoproteins.—
Carr, T. P.,, M. G. Traber, J. L. Haines, H. J. Kayden, J. S.
Parks, and L. L. Rudel. Interrelationships of a-tocopherol with
plasma lipoproteins in African green monkeys: effects of dietary
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Vitamin E, a lipid-soluble vitamin, is transported in the
plasma solely by lipoproteins; there are no other specific
plasma transport proteins. It is absorbed and secreted from
the intestine in chylomicrons (1), which contain various
forms of vitamin E (RRR-, SRR-, or all rac-a-tocopherols,
and vy-tocopherol (2-5)) in proportion to their relative abun-
dance in the diet. Tocopherols can be transferred to high
density lipoproteins (HDL) during chylomicron clearance
(1, 3, 5, 6), and HDL tocopherols can subsequently trans-
fer to other circulating lipoproteins (7-11). After
chylomicron remnant uptake by the liver, the hepatic
tocopherol-binding protein (12, 13) is thought to preferen-
tially transfer RRR-a-tocopherol to nascent very low den-
sity lipoprotein (VLDL) (3-5, 14). Other forms of vitamin
E (such as y-tocopherol or SRR-a-tocopherol) are not effec-
tively incorporated into VLDL (3-5, 14). Thus, secretion
of RRR-a-tocopherol in nascent VLDL by the liver and
the exchange of tocopherols among lipoproteins act together
to determine total plasma and individual lipoprotein «-
tocopherol concentrations (7-9, 11).

Studies in humans have indicated that plasma «-
tocopherol concentrations are highly correlated with
plasma total lipid levels (15-17); this relationship appears
to reflect a homogeneous distribution of a-tocopherol
among the lipid components of the lipoproteins. When in-
dividual lipoprotein classes were considered, VLDL and
LDL «-tocopherol levels were also highly correlated with
the total lipid concentrations of each of these fractions,

Abbreviations: VLDL, very low density lipoproteins; ILDL,
intermediate-sized low density lipoproteins; LDL, low density lipoproteins;
HDL, high density lipoproteins; V + ILDL, VLDL + ILDL,; SAT, satu-
rated fatty acid; POLY, polyunsaturated fatty acid; MONO, monoun-
saturated fatty acid.
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but a similar relationship was less apparent in HDL (18).
HDL a-tocopherol concentrations were most strongly
correlated with HDL protein concentrations (19, 20). In
populations where HDL concentrations are elevated, as
in pre-menopausal women (18-22) and children (18, 23),
the majority of plasma a-tocopherol was found within
HDL, even though less than half of the total plasma lipid
resided in HDL. Thus, it appears that a-tocopherol may
interact differently with HDL than with VLDL and
LDL. This observation may also help explain the dispari-
ties in the literature concerning the relative distribution of
a-tocopherol among plasma lipoprotein fractions (10, 15,
24-31).

Vitamin E is a chain-breaking antioxidant, sequester-
ing free-radicals and preventing the auto-oxidation of sus-
ceptible compounds, such as polyunsaturated fatty acids,
proteins, and DNA (32). The oxidative modification
hypothesis of atherosclerosis proposes that oxidation of
LDL may be one of the initiating factors in arterial plaque
formation (33). LDL from rabbits fed a diet rich in
linoleic acid are more susceptible to oxidation than LDL
from rabbits fed a diet rich in oleic acid (34). Paradoxi-
cally, we have found that while African green monkeys fed
a diet rich in linoleic acid have linoleic acid-enriched
LDL, these animals exhibit less atherosclerosis than mon-
keys with oleic acid-enriched LDL (35). Vitamin E,
whether added in vitro (36) or administered orally in vivo
(37-39), can make LDL more resistant to oxidation. Be-
cause plasma antioxidants, especially a-tocopherol, may
play a critical role in protecting against LDL oxidation,
this apparent discrepancy in African green monkeys
might be attributed to differences in LDL «-tocopherol.
It is not known how the degree of saturation of fatty acids
in the diet and, hence, in plasma lipoproteins affects the
metabolism of lipoprotein-associated «-tocopherol.
Therefore, the present study was conducted to examine
the distribution and interaction of a-tocopherol with
plasma lipoproteins in African green monkeys consuming
diets rich in saturated, monounsaturated, and polyun-
saturated fat.

MATERIALS AND METHODS

Animals and diets

Adult male African green monkeys of the vervet (Cer-
copithecus aethiops pygerythrus) and grivet (C. aethiops aethiops)
subspecies were obtained from Primate Imports, Port
Washington, NY, and from the breeding colony at Hah-
nemann Medical School. Animals were individually
caged in rooms containing approximately 24 animals. All
animal procedures were approved by the Animal Care
and Use Committee of the Bowman Gray School of Medi-
cine. Three diet groups were established containing 35%
of calories as fat (40). Palm oil, linoleic-rich safflower oil,
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and oleic-rich safflower oil were used to represent fats high
in saturated, polyunsaturated, and monounsaturated
fatty acids, respectively (41). The diets also contained 0.8
mg cholesterol/kcal. The three experimental groups were
established after all animals were challenged with the
saturated fat diet for 8 weeks; each group had similar
means and standard deviations for plasma total and HDL
cholesterol. Animals were fed 90 kcal (30 g) per kg body
weight per day for approximately 3 years. The vitamin E
content of the diets was measured and found to be 30, 50,
and 40 mg «-tocopherol/kg diet in the saturated, polyun-
saturated, and monounsaturated fat diets, respectively.
Dietary vitamin E was naturally present in the oils used
in diet preparation; some vitamin E was also added to the
diets in the vitamin mixture.

Plasma lipid and lipoprotein characterization

Plasma lipoproteins were characterized from 30-ml
blood samples taken after an overnight fast. Animals were
restrained with ketamine (10 mg/kg) and blood was drawn
from the femoral vein into tubes containing 1 mg/ml
EDTA as an anticoagulant. Red blood cells were removed
by centrifugation for 30 min at 1000 g in a refrigerated
centrifuge. The plasma was adjusted to contain 0.1%
EDTA, 0.1% NaNj;, 80 pg/ml phenylmethylsulfonyl fluo-
ride (PMSF), and 1 pg/ml aprotinin. Total cholesterol
concentrations were determined enzymatically using the
method of Allain et al. (42). Plasma apolipoprotein con-
centrations were measured by enzyme-linked im-
munosorbent assay (43, 44). The density of the plasma
(9-ml aliquots) was adjusted to 1.225 g/ml and the
lipoproteins were isolated by ultracentrifugation at 50,000
rpm for 24 h (15°C) in a Beckman Ti 70.1 rotor. The
lipoproteins were then separated into fractions containing
very low density lipoproteins plus intermediate-sized low
density lipoproteins (V + ILDL), low density
lipoproteins (LDL), and high density lipoproteins (HDL)
by gel filtration chromatography using 4% agarose, and
the LDL molecular weights were determined as described
previously (45). For the purpose of calculating cholesterol
distributions among the lipoproteins, total cholesterol
concentrations in the lipoprotein fractions were measured
enzymatically (42).

The chemical compositions of the lipoproteins were de-
termined in the fractions isolated by the agarose column.
Phospholipids were estimated by measuring inorganic
phosphorus (46) and total protein was determined accord-
ing to the method of Lowry et al. (47) using bovine serum
albumin (fraction V) as the reference standard.
Lipoprotein total lipids were extracted into chloro-
form-methanol 2:1 according to the method of Folch,
Lees, and Sloane Stanley (48) and triglycerides, free
cholesterol, and cholesteryl esters were isolated from the
extract by thin-layer chromatography using a solvent sys-
temn of hexane-diethyl ether-acetic acid 70:30:1. The lipid
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classes were scraped from the TLC plate and extracted
into chloroform-methanol 2:1. Triglycerides were meas-
ured using the chemical assay of Sardesai and Manning
(49) and free and esterified cholesterol were quantified by
the o-phthalaldehyde procedure (50). Plasma concentra-
tion of total lipoprotein lipid was determined by the sum-
mation of the molar concentration of the individual lipid
classes. The phase transition temperatures of the LDL
were determined by differential scanning calorimetry (51).

Separate blood samples were drawn for the determina-
tion of a-tocopherol concentrations in plasma and in-
dividual lipoprotein fractions so that special precautions
could be taken to minimize the oxidation of a-tocopherol.
Plasma was isolated from 20 ml blood by low speed cen-
trifugation and adjusted to contain 0.1% EDTA, 0.1%
NaN3, 80 pg/ml PMSF, 1 pg/ml aprotinin, and 1% ascor-
bic acid (pH 6.6). Aliquots of plasma were then applied
to the 4% agarose column and lipoproteins were eluted
with saline (containing 0.01% EDTA and 0.01% NaN3)
that was continuously sparged with nitrogen. As the as-
corbic acid in the plasma sample was separated from the
lipoproteins by gel filtration, elution fractions were col-
lected into tubes that contained an ascorbic acid solution
to make the final concentration 1%. Fractions correspond-
ing to V + ILDL, LDL, and HDL were immediately
frozen in liquid nitrogen and shipped to New York
University Medical Center for analysis. a-Iocopherol in
the plasma and column fractions was extracted in hexane
from samples saponified with alcoholic KOH containing
1% ascorbic acid and quantified by high performance li-
quid chromatography using fluorescence detection as
described (52). The coeflicient of variation of the a-
tocopherol assay was approximately 7%. Total cholesterol
and a-tocopherol concentrations were measured in each
lipoprotein fraction recovered from the agarose column.
Corrections were made for nonspecific losses from the
agarose column by multiplying the percent distribution of

cholesterol and «a-tocopherol among the lipoprotein frac-
tions with the concentration of total cholesterol and a-
tocopherol in whole plasma. Recovery of total cholesterol
and a-tocopherol was 87.7 + 1.4% and 88.3 + 1.7%,
respectively (mean + SEM; n = 36). The number of a-
tocopherol molecules per LDL particle was calculated us-
ing the plasma molar concentrations of a-tocopherol and
apoB in the LDL fraction and assuming one apoB
molecule per LDL particle.

Statistical analyses

Data in the tables are presented as means + SEM.
Statistical comparison among diet groups was determined
by one-way analysis of variance with Fisher’s post-hoc
least significant difference test using StatView™ II (Aba-
cus Concepts, Inc., Berkeley, CA). Correlation and multi-

ple regression analyses were also performed using Stat-
View™ II.

RESULTS

«Tocopherol and cholesterol concentrations and distri-
butions within plasma lipoproteins of African green mon-
keys are presented in Table 1. Plasma a-tocopherol con-
centrations were not different among animals fed
saturated (SAT), polyunsaturated (POLY), or monoun-
saturated (MONO) fat-containing diets. Likewise, V +
ILDL and LDL «-tocopherol concentrations were not
significantly different among the groups; however, HDL
a-tocopherol concentrations were significantly lower in
the POLY group compared to the SAT group (P < 0.05
using one-way analysis of variance). In all diet groups, the
highest percentage of plasma a-tocopherol was found in
the HDL fraction ( ~50%) whereas a smaller proportion
(~42%) was associated with LDL and less than 10% was
found with the V + ILDL fraction.

TABLE 1. «-Tocopherol and cholesterol concentrations and distributions among plasma lipoproteins

a-~Tocopherol Cholesterol
Group Plasma V + ILDL LDL HDL Plasma V + ILDL LDL HDL
pe/ml mg/dl
SAT 12.3 + 1.2 0.70 + 0.09 5.08 + 0.74 6.49 + 0.75° 379 + 32° 52 £+ 7° 255 + 25° 73 + 6°
(5.6 £ 0.5) (409 + 4.0) (534 + 4.3) (131 + 0.9) (657 + 2.1) (2.2 £ 2.7)
POLY 10.7 + 1.2 0.80 + 0.17 5.20 + 0.96 4.68 + 0.45° 219 + 26° 24 1+ 4 145 + 23 52 + 4
(8.1 + 1.6) (444 + 44) (475 + 4.3) (10.3 £ 0.7) (625 + 3.0) (272 + 3.3)
MONO  11.7 + 1.6 1.44 + 0.71 5.07 + 1.21 5.20 + 0.54* 292 + 29° 40 + 6% 171 + 27° 82 + 5°
(94 + 26) (401 + 5.3) (504 + 5.3) (129 + 1.2) (553 + 3.5) (31.9 + 3.9)

Values represent means + SEM; n = 12 for each diet group. SAT, saturated; POLY, polyunsaturated; MONO, monounsaturated. Values in

parentheses indicate percent of plasma.

“’Means within the same column bearing unlike superscripts are significantly different (P < 0.05) as determined by one-way analysis of variance

and Fisher’s post-hoc least significant difference test.
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TABLE 2.

Chemical compositions of plasma lipoproteins

PL FC TG CE Pr PL/Pr FC/Pr TG/Pr CE/Pr
% mass mass ratio
V + ILDL
SAT 216 £ 0.6° 11.1 + 0.3 11.9 + 2.3° 404 + 2.7° 149 + 0.9 1.49 + 0.09 0.77 + 0.04 0.85 + 0.21° 2.83 + 0.27
POLY 223 + 0.4 11.2 + 0.5 85 + 1.6 40.7 + 1.8° 173 + 1.3 136 + 0.09 0.69 + 0.05 0.53 + 0.11%® 2,53 + 0.24
MONO 19.8 + 0.7° 10.7 + 0.4 6.4 + 1.2 475 1+ 1.0* 157 + 0.7 1.29 + 0.08 0.69 + 0.04 0.43 + 0.09° 3.09 + 0.14
LDL
SAT 219 + 0.3° 95 £ 03 1.5 + 0.4  46.1 + 0.9*° 21.0 + 0.5° 1.05 + 0.02° 0.45 + 0.02° 0.067 + 0.015 2.22 + 0.09°
POLY 20.1 + 0.5 9.3 + 0.4 1.0 £ 03 451 + 1.0° 245 + 0.5° 082 + 0.02° 0.38 + 0.02° 0.041 + 0.011 1.86 + 0.08°
MONO 208 + 0.3° 9.0 + 0.2 1.4 + 0.2 488 + 0.9° 199 1+ 0.5 1.05 + 0.03° 0.46 + 0.01° 0.069 + 0.012 2.48 + 0.10°
HDL
SAT 249 + 1.0 2.5 £ 0.1 1.2 £ 0.2 218 + 0.6  49.6 + 1.2°* 0.51 + 0.03 0.053 + 0.004 0.025 + 0.005 0.44 + 0.02
POLY 224 1+ 11 24+ 01 0.7 + 0.1 222 + 0.55 523 + 1.0° 0.43 + 0.03 0.046 + 0.003 0.014 + 0.003 0.43 + 0.0t
MONO 246 + 0.9 2.5 £ 0.1 1.0 £ 0.1 228 + 0.7  49.1 + 0.7° 0.51 £ 0.02 0.051 + 0.003 0.020 £ 0.003 0.47 + 0.02

Values represent means + SEM; n = 12 for each diet group and lipoprotein class. PL, phospholipid; FC, free cholesterol; TG, triglyceride; CE,
cholesteryl ester; Pr, protein. SAT, saturated; POLY, polyunsaturated; MONO, monounsaturated.

“%Means within the same column and lipoprotein class bearing unlike superscripts are significantly different (P < 0.05) as determined by one-
way analysis of variance and Fisher’s post-hoc least significant difference test.

Plasma total cholesterol concentrations were
significantly elevated in monkeys fed the SAT diet com-
pared with those fed the POLY and MONO diets (Table
1). The cholesterol concentrations of the V. + ILDL,
LDL, and HDL fractions in the SAT group also were
significantly higher than in the POLY group. LDL
cholesterol concentrations in the MONO group were
lower (P < 0.05) than those of the SAT group and were
similar to those of the POLY group. Conversely, HDL
cholesterol concentrations in the MONQO group were
similar to those of the SAT group and were significantly
higher than those of the POLY group. In all groups, the
majority of the plasma cholesterol was associated with
LDL (~61%), a smaller proportion was recovered with
HDL (~27%), and ~12% was associated with the V +
ILDL fraction.

The chemical compositions of the plasma lipoproteins
are shown in Table 2. Cholesteryl esters were the major
component (40-49%) of the LDL and V + ILDL frac-
tions, while protein comprised about half of the mass of
HDL. Triglycerides accounted for approximately 10% of
the mass in the V + ILDL fraction and less than 2% of
the mass in the LDL and HDL fractions. Dietary fat ap-
peared to significantly alter the percentage composition of
the lipoproteins as noted in Table 2. In the V + ILDL
fraction, a greater percentage of cholesteryl ester and a
lower percentage of phospholipid were found in the
MONO group compared to the other diet groups. In the
LDL fraction, the percentage of phospholipid was
greatest in the SAT group, whereas the percentage of pro-
tein was greater in the POLY group. In the HDL fraction,
the percentage of protein was greatest in the POLY group
compared to the MONO group.

The lipid:protein ratio for each lipid class was highest
in the V + ILDL fraction and lowest in the HDL fraction
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(Table 2). Dietary fat appeared to significantly alter the
lipid:protein ratios in the fractions containing V + ILDL
and LDL, but not in HDL. In the V + ILDL fraction,
a higher triglyceride:protein ratio was found in the SAT
group compared to the MONO group. In the LDL frac-
tion, lower ratios of phospholipid and free cholesterol to
protein were found in the POLY group compared to the
other groups. The ratio of cholesteryl ester:protein was
significantly different in each diet group, with MONO
having the highest and POLY having the lowest.

The distributions of «-tocopherol and cholesterol
among plasma lipoproteins were dissimilar (Table 1), in-
dicating that the extent with which a-tocopherol and total
cholesterol associated with the various lipoproteins were
not the same. Previous studies have suggested that «-
tocopherol concentrations are correlated with plasma to-
tal lipid (15~17). To determine whether any single lipid
class was a better predictor of a-tocopherol concentra-
tions in the plasma, regression analyses were performed
between the molar concentrations of plasma a-tocopherol
and the following lipids: phospholipids, esterified and un-
esterified cholesterol, triglycerides, and total lipid. The
strongest correlation was between o-tocopherol and total
lipid concentration (r = 0.57, P = 0.0003).

The relationship between a-tocopherol and total lipid
was examined within each of the lipoprotein fractions
(Table 3). The a-tocopherol:total lipid ratio in the V +
ILDL fraction was lowest in the SAT group, and was sirni-
lar in the POLY and MONO groups. In the LDL frac-
tion, the ratio was similar in the SAT and MONO groups,
whereas the SAT group was significantly lower compared
to the POLY group. In the HDL fraction, the ratio was
lowest in the MONO group and similar in the SAT and
POLY groups. However, for all diet groups the HDL -
tocopherol:total lipid ratios were significantly higher than
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TABLE 3. Ratios of plasma lipoprotein «-tocopherol to total lipid

a-Tocopherol: Total Lipid Ratio

Group V + ILDL LDL HDL’®
mmol:mol

SAT 0.91 + 0.11° 1.33 + 0.11° 4.85 + 0.56*

POLY 1.92 + 0.27° 2.65 + 0.41° 5.46 + 0.63°

MONO 1.50 + 0.20° 1.91 + 0.23" 3.5¢ + 0.39°

Values represent means + SEM; n = 12 for each diet group. SAT,
saturated; POLY, polyunsaturated; MONQO, monounsaturated.

*HDL values within each diet group are significantly greater
(P < 0.05) than LDL and V + ILDL values as determined by one-way
analysis of variance and Fisher’s post-hoc least significant difference test.
No significant differences were detected between V + ILDL and LDL
values.

%“Means within the same column bearing unlike superscripts are sig-
nificantly different (P < 0.05) as determined by one-way analysis of var-
iance and Fisher’s post-hoc least significant difference test.

those in the LDL and V + ILDL fractions. The «-
tocopherol:total lipid ratios in the LDL compared to the
V + ILDL fractions were not significantly different in
any diet group as determined by one-way analysis of vari-
ance. The concentrations in plasma of a-tocopherol and
total lipid in the V + ILDL and LDL fractions from each
diet group were highly correlated (Fig. 1). V + ILDL
and LDL values are shown together because data from
both lipoprotein fractions fit the same regression line. A
similar, statistically significant relationship was not de-
tected in the HDL fraction from any of the diet groups.

To test the hypothesis that HDL a-tocopherol was as-
sociated with protein, the correlations of plasma concen-
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trations of apoA-I or apoA-II with HDL «-tocopherol
were calculated (Fig. 2). (More than 98% of the total
plasma apoA-I is contained within the HDL fraction in
each of the diet groups.) The results from all diet groups
show that HDL a-tocopherol concentrations were cor-
related with plasma apoA-I concentrations (r = 0.60,
P = 0.0001), but no relationships were observed between
HDL «-tocopherol and plasma apoA-II concentrations.

The percent distribution of a-tocopherol in the plasma
HDL fraction was plotted against the plasma apoA-
I:apoB molar ratio (Fig. 3). The apoA-I:apoB molar ratio
estimates the relative number of HDL and LDL particles
in plasma, irrespective of the lipid content of the
lipoprotein fractions. A positive correlation (r = 0.64,
P = 0.0001) was observed, indicating that a greater
proportion of plasma a-tocopherol associated with HDL
when the number of HDL particles was increased relative
to LDL particles.

LDL from animals of each diet group were further
characterized and the results are presented in Table 4.
LDL apoB concentrations were highest in monkeys fed
the SAT diet and were lowest in monkeys fed the MONO
diet. Assuming that plasma LDL contain one apoB
molecule in the protein moiety of each particle, the SAT
fed animals exhibited a higher plasma concentration of
LDL particles than the MONO group; the POLY group
contained an intermediate number of LDL particles.
LDL molecular weights, determined using agarose
column chromatography, tended to be highest in the SAT
group and lowest in the POLY group, and this result is
likely to be biologically significant (40). The average num-
bers of a-tocopherol molecules per LDL particle were cal-

(C)
MONO

0 5 10 15 0 5

10 15

Plasma Lipoprotein Lipid (mM)

Fig. 1. Relationship between concentrations of a-tocopherol and total lipid in plasma LDL (filled circles) and V
+ ILDL (open circles) fractions. Lipoproteins were isolated from animals consuming saturated (A), polyunsatu-
rated (B), and monounsaturated (C) fat-enriched diets. The linear regression equations and correlation coefficients
were: y = —115 + 1.45x, 7 = 0.93 (A); y = 0.86 + 2.06x, r = 0.87 (B); and y = -2.02 + 2.46x, r = 0.91 (C).
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25

Fig. 2. Relationship between HDL «-tocopherol
concentrations and plasma apoA-I (A) and apoA-I1
(B) concentrations. Data have been combined from all
diet groups. A significant correlation (r = 0.60,
P = 0.0001) was observed between HDL. a-tocopherol
and plasma apoA-I concentrations. No correlation was
observed between HDL «-tocopherol and plasma
apoA-II concentrations.

HDL o-Tocopherol (uM)

culated for each diet group and are also presented in Ta-
ble 4. LDL from the SAT group contained an average of
42 + 0.4 o«-tocopherol molecules per particle,
significantly fewer than LDL from the MONO or the
POLY groups (6.3 + 0.8 and 6.7 + 0.9, respectively).
To test the possibility that interactions of a-tocopherol
with LDL might be dependent upon the physical proper-
ties of LDL, the phase transition temperatures of LDL
were determined (Table 4). LDL from the SAT group ex-
hibited a mean transition temperature well above body
temperature, and was significantly greater than that of the
two other groups. The average transition temperature of
LDL from the POLY group was well below body tempera-
ture, while the MONO group exhibited a mean transition
temperature slightly below body temperature.
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Fig. 3. Relationship between plasma apoA-I: apoB molar ratio and the
percent of a-tocopherol in the plasma HDL fraction. Data have been
combined from all diet groups. The apoA-I: apoB molar ratio represents
the relative number of HDL and LDL particles in plasma. The correla-
tion coefficient was r = 0.64 (P = 0.0001).
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DISCUSSION

The distributions of plasma lipoprotein a-tocopherol
and lipids were studied in African green monkeys con-
suming diets enriched in saturated, monounsaturated, or
polyunsaturated fat. Despite similar plasma a-tocopherol
concentrations in each diet group, dietary fat saturation
clearly affected the a-tocopherol distribution among and
enrichment within the lipoproteins. LDL from monkeys
fed diets high in saturated fat contained significantly
fewer a-tocopherol molecules per particle as LDL from
polyunsaturated or monounsaturated fat-fed animals (Ta-
ble 4). Within each diet group, strong correlations
(r = 0.9) between plasma concentrations of «-tocopherol
and total lipid in the V + ILDL and LDL fractions sug-
gested that apoB-containing
lipoproteins was virtually all lipid-associated. However,
HDL was disproportionately enriched in «a-tocopherol
relative to total lipid in each of the diet groups. The ab-
sence of a correlation between a-tocopherol and total
lipid in HDL and the presence of a positive correlation
between HDL «a-tocopherol and plasma apoA-I concen-
tration suggests that «-tocopherol associates with the pro-
tein moiety of HDL on the surface of the particle.

Several lines of evidence suggest a high affinity compo-
nent of HDL for plasma «-tocopherol. Behrens and
coworkers (19, 20) reported that HDL a-tocopherol con-
centrations were strongly correlated with HDL protein
concentrations, but that a similar relationship was much
less apparent in VLDL and LDL. Studies that examined
the a-tocopherol distribution among plasma lipoproteins
have reported that when HDL concentrations are
elevated, the majority of a-tocopherol is associated with
HDL (18-23). In the present study, we found a direct rela-
tionship between the plasma apoA-I:apoB molar ratio and
the percentage of a-tocopherol found in the HDL fraction
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TABLE 4.

Plasma LDL measurements

Molecular Transition

Group n ApoB n Weight n a-Tocopherol n Temperature
mg/dl g/pmol molecules/particle °C

SAT 14 131 + 15° 14 3.84 + 0.10 12 4.2 + 0.4 11 40.2 + 0.8°

POLY 13 101 + 16*° 13 3.54 + 0.13 12 6.7 + 0.9° 12 32.8 + 0.7°

MONO14 89 + 11° 14 3.76 + 0.11 12 6.3 + 0.8 14 36.4 + 0.6°

Values represent means + SEM. SAT, saturated; POLY, polyunsaturated; MONO, monounsaturated.

“%“Means within the same column bearing unlike superscripts are significantly different (P < 0.05) as determined
by one-way analysis of variance and Fisher’s post-hoc least significant difference test.

(Fig. 3), suggesting that a greater proportion of a-
tocopherol associated with HDL as the number of HDL
particles in plasma increased relative to LDL particles.

Mechanisms that regulate the partitioning of «-
tocopherol among plasma lipoprotein classes are not well
understood. Granot, Tamir, and Deckelbaum (9) recently
reported that neutral lipid transfer protein does not medi-
ate the transfer of a-tocopherol among lipoproteins, sug-
gesting that factors other than lipid mass influenced parti-
tioning of a-tocopherol among lipoproteins. Qur results
(Fig. 2) implicate apoA-I as a protein responsible for in-
creasing the affinity of HDL for «-tocopherol. A
significant positive correlation was observed between the
concentrations of HDL «-tocopherol and plasma apoA-I
(r = 0.60, P = 0.0001), but no relationship was observed
between HDL «-tocopherol and plasma apoA-II.

We have used our data to test two models of the interac-
tions of HDL and «-tocopherol. Using the linear regres-
sion equations in Fig. 1 and assuming that all of the a-
tocopherol in the apoB-containing lipoproteins is lipid-
associated, the amount of lipid-associated HDL «-
tocopherol can be estimated for each animal (model 1).
We found that less than 60% of HDL a-tocopherol in any
diet group was apparently associated with lipid, leaving
approximately 40% associated with protein. We also used
multiple linear regression analysis to investigate the
effects of HDL surface lipids (i.e., phospholipid and free
cholesterol), core lipids (i.e., cholesteryl ester and
triglyceride), and proteins on HDL o-tocopherol concen-
trations (model 2). This model was highly significant, and
of the variance in HDL «-tocopherol levels described by
the model, approximately 67% was due to the surface
lipid component and 33% was due to the protein moiety,
while virtually none of the variance could be ascribed to
the core lipid component of HDL. While this partitioning
of the variance is not necessarily indicative of the distribu-
tion of a-tocopherol among the compositional consti-
tuents of HDL, it is interesting to note the similarity be-
tween the two models in the fraction of protein-associated
HDL «-tocopherol.

The mode of interaction between HDL apoA-I and a-
tocopherol is not known, but could involve hydrophobic

Carr et al.

interactions given the amphipathic natures of «-
tocopherol and apoA-I. Differences between HDL and the
apoB-containing lipoproteins may result from differences
in the mechanisms by which tocopherols are incorporated
into the lipoproteins. From our studies in vivo using deu-
terated tocopherols, we have suggested that the
tocopherol-binding protein in the liver is responsible for
the preferential incorporation of RRR-a-tocopherol into
nascent VLDL during assembly (3-5, 14), and thus, o-
tocopherol could be inserted into the forming lipid core.
In this case, a-tocopherol in V + ILDL and LDL would
appear to be associated primarily with lipid, as observed
in Fig. 1. By contrast, nascent HDL is secreted by the
liver (and intestine) in a relatively lipid-poor form, and in
the circulation acquires its cholesteryl ester core as a
result of the action of lecithin:cholesterol acyltransferase
(LCAT) (53). a‘Tocopherol is thought to be transferred to
HDL either during the delipidation cascade of
triglyceride-rich lipoproteins with the transfer of surface
components (1, 3, 3, 6) or as the result of exchange of
tocopherol between lipoproteins (7-11). In these cases,
HDL «-tocopherol would seem likely to be located on the
surface of the particle perhaps in association with apoA-I,
as the protein moiety is believed to cover a significant por-
tion of the HDL particle surface.

While the previous observations apply to all monkeys in
the study, comparison among the different dietary fat
groups was also informative. Previous studies have shown
that LDL cholesteryl esters exhibit thermotropic transi-
tions indicative of liquid crystalline to liquid transitions in
the particle core (54, 55). LDL from monkeys fed satu-
rated fat, unlike those fed polyunsaturated fat, exhibited
cholesteryl ester transition temperatures well above body
temperature, indicating that the lipids in the particle core
of these animals were in a liquid crystalline state (51, 55,
56). The increase in LDL transition temperature was at-
tributed to an enrichment of saturated and monounsatu-
rated cholesteryl esters in the LDL of the monkeys fed
saturated fat. This change in the physical state of the core
lipids has been proposed to be a potentially atherogenic
feature of plasma LDL. The results of the present study
confirm the observation that a diet rich in saturated fat
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elevates the phase transition temperature of LDL above
body temperature (Table 4). Furthermore, monkeys fed
polyunsaturated fat exhibited mean transition tempera-
tures well below body temperature, indicating that the
core lipids were in a liquid state. LDL cholesteryl esters
in individual monounsaturated fat-fed animals may have
existed in both liquid crystalline and liquid states,
although the mean value was slightly below body temper-
ature, suggesting that most of the cholesteryl esters were
in a liquid state. As the dietary effect on the a-tocopherol
molecule per particle content of LDL appears similar to
the effect on LDL core lipid physical state, this property
of LDL particles may contribute to the ability of «-
tocopherol to interact with lipoproteins.

It has been suggested that another atherogenic feature
of plasma LDL is its susceptibility to oxidation (33). Re-
cent clinical studies have demonstrated that dietary sup-
plementation with a-tocopherol produces an a-tocopherol
enrichment in LDL that is directly correlated with the
resistance of LDL to oxidation in vitro (37, 38). In the
current study, plasma LDL from polyunsaturated fat-fed
monkeys were significantly enriched in a-tocopherol rela-
tive to saturated fat-fed monkeys (Table 4). We have
previously shown that African green monkeys fed polyun-
saturated fat exhibit less atherosclerosis than animals fed
saturated fat (35). It is possible that a-tocopherol enrich-
ment of LDL in monkeys fed polyunsaturated fat may
contribute to the decreased susceptibility to atherosclero-
sis by protecting against LDL oxidation. While this is a
potential explanation for the dietary fat effects on the de-
velopment of atherosclerosis in African green monkeys,
data relating these observations with LDL oxidation and
with the actual development of atherosclerosis have not
been shown, and further study is required to elucidate any
such relationships. 88

Catharine J. Andresen and Nora Lagmay provided excellent
technical assistance. This work was supported by the National
Heart, Lung, and Blood Institute grant HL-24736. TPC was
supported by the Individual National Research Service Award
DK-08558. MGT and HJK were supported in part by grants
from the National Heart, Lung, and Blood Institute HL-30842
and from the Natural Source Vitamin E Association.

Manuscript received 7 January 1993 and in revised form 1 June 1993.

REFERENCES

1. Traber, M. G., K. U. Ingold, G. W. Burton, and H. J. Kay-
den. 1988. Absorption and transport of deuterium-
substituted 2R,4'R,8' R-a-tocopherol in human lipoproteins.
Lipids. 23: 791-797.

2. Traber, M. G,, and H. J. Kayden. 1989. Preferential incor-
poration of a-tocopherol vs <vy-tocopherol in human
lipoproteins. Am. J. Clin. Nutr. 49: 517-526.

3. Traber, M. G., G. W. Burton, K. U. Ingold, and H. J. Kay-
den. 1990. RRR- and SRR-a-tocopherols are secreted

1870 Journal of Lipid Research Volume 34, 1993

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

without discrimination in human chylomicrons, but RRR-
a-tocopherol is preferentially secreted in very low density
lipoproteins. J. Lipid Res. 31: 675-685.

Traber, M. G., L. L. Rudel, G. W. Burton, L. Hughes, K. U.
Ingold, and H. J. Kayden. 1990. Nascent VLDL from liver
perfusions of cynomolgus monkeys are preferentially en-
riched in RRR- compared with SRR-« tocopherol: studies
using deuterated tocopherols. J. Lipid Res. 31: 687-694.
Traber, M. G., R. J. Sokol, A. Kohlschiitter, T. Yokota,
D. P. R. Muller, R. Dufour, and H. J. Kayden. 1993. Im-
paired discrimination between stereoisomers of o«-
tocopherol in patients with familial isolated vitamin E
deficiency. J. Lipid Res. 34: 201-210.

Traber, M. G., R. J. Sokol, G. W. Burton, K. U. Ingold,
A. M. Papas, ]J. E. Huffaker, and H. J. Kayden. 1990. Im-
paired ability of patients with familial isolated vitamin E
deficiency to incorporate a-tocopherol into lipoproteins
secreted by the liver. J. Clin. Invest. 85: 397-407.
Bjornson, L. K., C. Gniewkowski, and H. J. Kayden. 1975.
A comparison of the exchange of a-tocopherol and of free
cholesterol between rat plasma lipoproteins and erythro-
cytes. J. Lipid Res. 16: 39-53.

Massey, J. B. 1984. Kinetics of transfer of a-tocopherol be-
tween model and native plasma lipoproteins. Biochim. Bio-
phys. Acta. 793: 387-392.

Granot, E., I. Tamir, and R. J. Deckelbaum. 1988. Neutral
lipid transfer protein does not regulate a-tocopherol trans-
fer between human plasma lipoproteins. Lipids. 23: 17-21.
Kayden, H. J., and L. K. Bjornson. 1972. The dynamics of
vitamin E transport in the human erythrocyte. Ann. NY.
Acad. Sci. 203: 127-140.

Traber, M. G,, J. C. Lane, N. Lagmay, and H. J. Kayden.
1992. Studies on the transfer of tocopherol between
lipoproteins. Lipids. 27: 657-663.

Sato, Y., K. Hagiwara, H. Arai, and K. Inoue. 1991.
Purification and characterization of the a-tocopherol trans-
fer protein from rat liver. FEBS Lett. 288: 41-45.
Yoshida, H., M. Yusin, I. Ren, J. Kuhlenkamp, T. Hirano,
A, Stolz, and N. Kaplowitz. 1992. Identification, purifica-
tion and immunochemical characterization of a tocopherol-
binding protein in rat liver cytosol. J Lipid Res. 33:
343-350.

Traber, M. G., G. W. Burton, L. Hughes, K. U. Ingold, H.
Hidaka, M. Malloy, J. Kane, J. Hyams, and H. J. Kayden.
1992. Discrimination between forms of vitamin E by hu-
mans with and without genetic abnormalities of lipoprotein
metabolism. J. Lipid Res. 33: 1171-1182.

Rubinstein, H. M., A. A. Dietz, and R. Srinavasan. 1969.
Relation of vitamin E and serum lipids. Clin. Chim. Acta.
23: 1-6.

Horwitt, M. K., C. C. Harvey, D. H. Dahm, and M. T.
Searcy. 1972. Relationship between tocopherol and serum
lipid levels for determination of nutritional adequacy. Ann.
NY. Acad. Sci. 203: 223-236.

Behrens, W. A., and R. Madere. 1986. Alpha-and gamma-
tocopherol concentrations in human serum. J. Am. Coll.
Nutr. 9: 91-96.

Ogihara, T., M. Miki, M. Kitagawa, and M. Mino. 1988.
Distribution of tocopherol among human plasma
lipoproteins. Clin. Chim. Acta. 174: 299-306.

Behrens, W. A., J. N. Thompson, and R. Madere. 1982.
Distribution of alpha tocopherol in human plasma
lipoproteins. Am. J. Clin. Nutr. 35: 691-696.

Behrens, W. A, and R. Madere. 1985. Transport of a- and
y-tocopherol in human plasma lipoproteins. Nutr. Res. 5:
167-174.

2102 ‘2T aung uo “sanb Aq 610 jmmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Carcelain, G., F. David, S. Lepage, D. Bonnefont-
Rousselot, J. Delattre, A. Legrand, ]J. Peynet, and S.
Troupel. 1992. Simple method for quantifying a-tocopherol
in low-density + very-low-density lipoproteins and in high-
density lipoproteins. Clin. Chem. 38: 1792-1795.
Clevidence, B. A., and J. Lehmann. 1989. Alpha- and
gamma-tocopherol levels in lipoproteins fractionated by
affinity chromatography. Lipids. 24: 137-140.

Morita, T., M. Kitagawa, and M. Mino. 1989. Tocopherol
distribution in serum lipoproteins with respect to red blood
cell tocopherol levels in children. J. Nutr Sci. Vitaminol. 35:
243-251.

Bjornson, L. K., H. J. Kayden, E. Miller, and A. N.
Moshell. 1976. The transport of a-tocopherol and -
carotene in human blood. /. Lipid Res. 17: 343-351.
Lewis, L. A., M. L. Quaife, and I. H. Page. 1954.
Lipoproteins of serum, carriers of tocopherol. Am. J. Phys-
tol. 178: 221-222.

McCormick, E. C., D. G. Cornwell, and J. B. Brown. 1960.
Studies on the distribution of tocopherol in human serum
lipoproteins. J. Lipid Res. 1: 221-228.

Pelkonen, R. 1963. Plasma vitamin A and E in the study
of lipid and lipoprotein metabolism in coronary heart dis-
ease. Acta Med. Scand. 174(suppl. 399): 64-69.

Davies, T., J. Kelleher, and M. Losowsky. 1969. Interrela-
tion of serum lipoprotein and tocopherol levels. Clin. Chim.
Acta. 21: 431-436.

Takahashi, Y., K. Uruno, and S. Kimura. 1977. Vitamin E
binding proteins in human serum. J. Nutr. Sci. Vitaminol.
23: 201-209.

Lambert, D., and J. Mourot. 1984. Vitamin E and
lipoproteins in hyperlipoproteinemia. Athersclerosis. 53:
327-330.

Seta, K., H. Nakamura, and T. Okuyama. 1990. Determi-
nation of a-tocopherol, free cholesterol, esterified
cholesterols and triacylglycerols in human lipoproteins by
high-performance liquid chromatography. J. Chromatogr
515: 585-595.

Burton, G. W,, and K. U. Ingold. 1981. Autoxidation of bi-
ological molecules. I. The antioxidant activity of vitamin E
and related chain-breaking phenolic antioxidants in vitro.
J. Am. Chem. Soc. 103: 6472-6477.

Steinberg, D., S. Parthasarathy, T. E. Carew, J. C. Khoo,
and J. L. Witztum. 1989. Beyond cholesterol. Modifications
of low-density lipoprotein that increase its atherogenicity.
N. Engl. ] Med 320: 915-924.

Parthasarathy, S., J. C. Khoo, E. Miller, J. Barnett, J. L.
Witztum, and D. Steinberg. 1990. Low density lipoprotein
rich in oleic acid is protected against oxidative modifica-
tion. Implications for dietary prevention of atherosclerosis.
Proc. Natl. Acad. Sci. USA. 87: 3894-3898.

Rudel, L. L., J. S. Parks, and M. G. Bond. 1986. Dietary
polyunsaturated fat effects on atherosclerosis and plasma
lipoproteins in African green monkeys. In Nutritional Dis-
cases: Research Directions in Comparative Pathobiology.
D. G. Scarpelli and G. Migaki, editors. A. R. Liss, Inc.
New York. 501-523.

Esterbauer, H., M. Dieber-Rotheneder, G. Striegl, and G.
Waey. 1991. Role of vitamin E in preventing the oxidation
of low density lipoprotein. Am. J. Clin. Nutr. 53: 3145-3218S.
Dieber-Rotheneder, M., H. Puhl, G. Waeg, G. Striegl, and
H. Esterbauer. 1991. Effect of oral supplementation with D-
a-tocopherol on the vitamin E content of human low den-
sity lipoproteins and resistance to oxidation. J. Lipid Res.
32: 1325-1332.

Jialal, 1., and S. M. Grundy. 1992. Effect of dietary sup-
plementation with alpha-tocopherol on the oxidative

Carr et al.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

35.

56.

modification of low density lipoprotein. J. Lipid Res. 33:
899-906.

Princen, H. M. G., G. van Poppel, C. Vogelezang, R. Buy-
tenhek, and F. J. Kok. 1992. Supplementation with vitamin
E but not [B-carotene in vivo protects low density
lipoprotein from lipid peroxidation in vitro. Effect of
cigarette smoking. Arterioscler. Thromb. 12: 554-562.
Rudel, L. L,, J. L. Haines, and J. K. Sawyer. 1990. Effects
on plasma lipoproteins of monounsaturated, saturated, and
polyunsaturated fatty acids in the diet of African green
monkeys. J. Lipid Res. 31: 1873-1882.

Mattson, F. H., and S. M. Grundy. 1985. Comparison of
effects of dietary saturated, monounsaturated, and polyun-
saturated fatty acids on plasma lipids and lipoproteins in
man. J. Lipid Res. 26: 194-202.

Allain, C. C., L. S. Poon, C. S. G. Chan, W. Richmond,
and P. C. Fu. 1974. Enzymatic determination of total serum
cholesterol. Clin. Chem. 20: 470-475.

Koritnik, D. L., and L. L. Rudel. 1983. Measurement of
apolipoprotein A-I concentration in nonhuman primate se-
rum by enzyme-linked immunosorbent assay (ELISA). /.
Lipid Res. 24: 1639-1645.

Sorci-Thomas, M., M. D. Wilson, F. L. Johnson, D. L.
Williams, and L. L. Rudel. 1989. Studies on the expression
of genes encoding apolipoproteins B-100 and B-48 and the
low density lipoprotein receptor in nonhuman primates.
Comparison of dietary fat and cholesterol. J. Biol. Chem.
264: 9039-9045.

Rudel, L. L., C. A. Marzetta, and F. L. Johnson. 1986.
Separation and analysis of lipoproteins by gel filtration.
Methods Enzymol. 129: 45-57.

Fiske, C. A., and Y. SubbaRow. 1925. The colorimetric de-
termination of phosphorus. J. Biol Chem. 66: 375-400.
Lowry, O. H.,, N. J. Rosebrough, A. L. Farr, and R. J. Ran-
dall. 1951. Protein measurement with the Folin phenol rea-
gent. J. Biol. Chem. 193: 265-275.

Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A sim-
ple method for the isolation and purification of total lipids
from animal tissue. J. Biol. Chem. 226: 497-509.
Sardesai, V. M., and J. A. Manning. 1968. The determina-
tion of triglycerides in plasma and tissues. Clin. Chem. 14:
156-161.

Rudel, L. L., and M. D. Morris. 1973. Determination of
cholesterol using o-phthalaldehyde. [ Lipid Res. 14:
364-366.

Parks, J. S., and B. C. Bullock. 1987. Effect of fish oil versus
lard diets on the chemical and physical properties of low
density lipoproteins of nonhuman primates. J Lipid Res.
28: 173-182.

Hatam, L. J., and H. J. Kayden. 1979. A high performance
liquid chromatographic method for the determination of
tocopherol in plasma and cellular elements of the blood. /.
Lipid Res. 20: 639-645.

Gotto, A. M, H. J. Pownall, and R. J. Havel. 1986. In-
troduction to the plasma lipoproteins. Methods Enzymol. 128:
3-41.

Deckelbaum, R. J., G. G. Shipley, and D. M. Small. 1977.
Structure and interactions of lipids in human plasma low
density lipoproteins. J. Biol. Chem. 252: 744-754.

Tall, A. R., D. M. Small, D. Atkinson, and L. L. Rudel.
1978. Studies on the structure of low density lipoproteins
isolated from Macaca fascicularis fed an atherogenic diet. /.
Clin. Invest. 62: 1354-1363.

Parks, J. S., and A. K. Gebre. 1991. Studies on the effect of
dietary fish oil on the physical and chemical properties of
low density lipoproteins in cynomolgus monkeys. J Lipid
Res. 32: 305-315.

Lipoprotein vitamin E in African green monkeys 1871

2102 ‘2T aunr uo “sanb Aq 610 j:mmm woly papeojumoq


http://www.jlr.org/

