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Abstract. Both vitamin E and selenium (Se) are antioxidant nutrients that play impor-
tant roles in preventing in vivo lipid peroxidation. In this investigation, Se and vitamin
E were found to influence lipoprotein levels in the spontaneously hypertensive rat
(SHR). Four-week-old inbred SHRs were fed a basal (B) diet with 1% cholesterol de-
ficient in both selenium and vitamin E (B+cho diet) or identical diets to which either
vitamin E (B+E+cho) or selenium (B+Se+cho) or both micronutrients were added
(B+Se+E+cho). Plasma-cho and lipoprotein-cho levels were measured after 6, 12, 16,
and 18 weeks of feeding the experimental diets. Rats fed the B+cho diet for at least 12
weeks had plasma-cho levels about twice that observed for rats fed the B+E+Se+cho
diet. Plasma-cho levels for rats in the two Se deficient groups (B+cho and B+E+cho)
were, however, similar at any time point. Se deficiency was associated with increased
plasma-cho, very low density lipoprotein-cho (VLDL-cho) and low-density lipoprotein-
cho (LDL-cho). Vitamin E supplementation interacted with Se deficiency to increase
plasma VLDL-cho levels. Neither vitamin E alone nor the interaction between vitamin
E and Se consistently influenced LDL-cho levels. The percent cholesteryl ester in LDL
from rats fed the Se-deficient diets (B+cho or B+E+cho) was at least twice that
observed for rats fed the B+E +Se+cho diet. Plasma lipid peroxidation products were
highly elevated in rats fed the B+cho diet compared with values for the B+E+cho or
the B+E+Se+cho fed rats (which were not significantly different). These results sug-
gest that dietary Se deficiency increases plasma-cho, VLDL-cho, and LDL-cho levels
by a mechanism that may be unrelated to its role as an antioxidant

nutrient.
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onsiderable evidence suggests that antioxi-
dants play an important role in preventing ath-
erosclerosis by inhibiting oxidative modifica-
tions of low-density lipoprotein (1-5). In vitro studies
have shown that oxidatively modified LDL (OM-
LDL) is rapidly taken up by macrophages which sub-
sequently transform into cells closely resembling the
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“‘foam cells’’ observed in early atherosclerotic lesions.
LDL modified by lipid peroxidation has been observed
in human plasma (2, 3, 6), and in both plasma (3) and
the arterial plaques (3, 7) of receptor-deficient Wata-
nabe rabbits. Vitamin E (8, 9) and selenium (10) are
antioxidant nutrients that inhibit in vivo lipid peroxi-
dation and should, therefore, inhibit the oxidative
modifications of LDL. Vitamin E is transported by
lipoproteins, and it is the major lipid-soluble antioxi-
dant in plasma. Dietary supplementation with vitamin
E inhibits the ir vitro susceptibility of human LDL to
copper-catalyzed oxidation (11). Selenium is a cofac-
tor for glutathione peroxidase which converts small
organic hydroperoxides (or H,0,) to the correspond-
ing alcohols (or H,0). A second selenium dependent
glutathione peroxidase has been described that re-
duces phospholipid hydroperoxides and thereby pre-
vents membrane peroxidation (12). In humans, low



plasma and platelet levels of glutathione peroxidase
(13) and low dietary intake of vitamin E (14) have re-
cently been associated with increased risk of coronary
heart disease. Vitamin E and glutathione peroxidase
act synergistically in preventing irn vivo lipid peroxida-
tion (8). Despite the potential importance of vitamin E
and Se in preventing lipid peroxidation, there are very
few nutritional studies focussing on the overall influ-
ence of these micronutrients on lipid and lipoprotein
metabolism. We previously found that Fischer 344 rats
fed diets deficient in vitamin E and Se develop ele-
vated levels of LDL-cholesterol (15). In this investi-
gation, we explored the hypothesis that plasma lipid
peroxidation, lipoprotein levels, and lipoprotein com-
position could be altered by in vivo lipid peroxidation
in vitamin E and/or Se deficient spontaneously hyper-
tensive rats (SHRs). In vitro evidence suggest that
OM-LDL has an altered receptor mediated catabo-
lism. LDL oxidatively modified by incubation with
cultured endothelial cells is rapidly taken up by the
“‘scavenger’’ or acetyl-LDL receptor on macrophages
(16). In contrast, native-LDL is not recognized by the
acetyl-LLDL receptor (17). In vitro lipid peroxidation of
LDL results in the formation of malondialdehyde
(MDA) and other aldehydes capable of covalently re-
acting with the lysine residues of LDL. Haberland et
al. (18) reported that LDL with less that 15% of its
lysine residues modified with MDA (<15% LDL) had
a decreased uptake by both the apoB,E receptor and
the scavenger receptor. However, covalently modify-
ing more that 15% of the LDL lysine residues dramat-
ically increased its uptake by the scavenger receptor.
It was plausible, therefore, to hypothesize that a par-
tially oxidized form of LDL (analogous to <15%
MDA-LDL) could accumulate in vivo until further ox-
idation converted it to OM-LDL. The SHR present a
particularly interesting model for studying the influ-
ence of antioxidants on lipoproteins and atherosclero-
sis. It is known, for example, that SHRs have lower
tissue levels of vitamin E than normotensive WKY
rats given the same oral dose of vitamin E (19). In
humans, hypertension accelerates atherosclerosis, and
SHRs exhibit a reduced atheroresistance (20, 21).

Materials and Methods

Experiment 1. Animals and diets. Four week
old male inbred SHRs weighing 40-50 g were obtained
from Charles River’s Breeding Laboratories (Wilming-
ton, MA) and randomly divided into four dietary
groups (six rats/group). The B +cho group was fed a
basal (B) diet deficient in both Se and vitamin E (less
than 3 mg of vitamin E/kg of diet and less than 0.03
ppm Se) to which 1.0% cholesterol (cho) was added.
The B+cho diet also contained torula yeast (35%),
sucrose (42%j), tocopherol stripped corn oil (15%), vi-

tamin mix with no vitamin E (2.8%), Draper mineral
mix (4%), and methionine (0.25%). The basal diet has
been previously described (15), and, with the excep-
tion of vitamin E and Se, it contains all the necessary
nutrients proposed by the National Research Coun-
cil (22). The B+ E +cho, B+Se+cho, and
B+E+Se+cho diets were identical to the B +cho
diet except for the addition of vitamin E (50 mg of
all-racemic-a-tocopherol/kg diet), Se (0.4 ppm as so-
dium selenite), or both micronutrients (50 mg of all-
racemic-a-tocopherol/kg and 0.4 ppm Se), respec-
tively. The diets were prepared in 2.0-kg batches every
3 weeks (or less) by slowly mixing the constituents to
avoid heating, and stored at 4°C in airtight plastic bags
from which all possible air was excluded during clo-
sure. The drinking water was deionized water with 3
ppm chromium added. The rats were maintained on a
12-hr light:dark cycle (3:00 AM-3:00 pm dark, 3:00 pM~
3:00 aM light) while housed in suspended wire-
bottomed cages. Rats fed the B +cho diet consumed
the least amount of food per day, and these rats were
fed ad libitum. The amount of food consumed by the
B +cho rats was recorded in 2-day intervals (any un-
eaten food discarded to minimize rancidity), and this
amount of food was provided to the rats fed the
B +E+cho, B+ Se+cho, and B+E + Se +cho diets.
The glass and stainless steel feeders were obtained
from Hazelton Systems (Aberdeen, MD). All dietary
supplies were purchased from United States Biochem-
ical Co. (Cleveland, OH).

Blood collection, glutathione peroxidase, and
vitamin E determination. The rats were anesthetized
in the middle of their dark cycle with 2,2-dichloro-1,1-
difluoroethyl methyl ether (Pitman Moore, Inc.,
Washington Crossing, NJ) and approximately 1.3 ml of
blood collected from the orbital sinus at weeks 6, 12,
16, and 18 on diet. Blood samples were collected into
1.7 ml Eppendorf microfuge tubes containing 15ul of
Na,EDTA (150 mg/ml) as an anticoagulant and centri-
fuged at 15,600 for 10 min. Plasma and red blood cells
(RBCs) were separated and plasma was immediately
assayed for glutathione peroxidase, vitamin E,
plasma-cho, VLDL-cho, LDL-cho, and high-density
lipoprotein cholesterol (HDL-cho) as described below.
RBCs were resuspended in 0.155 M sodium bicarbon-
ate containing 0.1 mM CaEDTA and sedimented at
15,600g. This wash procedure was repeated two times,
followed by the addition of distilled water to the
packed RBCs which were then placed in a freezer
overnight to insure complete lysis. Lysed RBCs were
spun for 15 min at 15,600¢ and aliquots of the super-
natant assayed for glutathione peroxidase as described
below.

Glutathione peroxidase is a selenoenzyme and its
activity in rat plasma and RBCs is a reliable measure
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of Se status as measured by neutron activation analy-
sis (23). Glutathione peroxidase activity was measured
in RBCs and plasma by the coupled method of Paglia
and Valentine (24) using cumene hydroperoxide as a
substrate. Plasma vitamin E levels were measured us-
ing reverse phase HPLC with an Altex-Ultrasphere-
ODS (Beckman Instruments, Inc., Fullerton, CA) 4.6
mm ID X 25 cm column (25). A McPherson Model
FL-750 spectrofluorescence detector was utilized with
294 nm excitation and 324 nm emission. Tocol (a gen-
erous gift of Hoffman LaRoche Chemical Co.) was
used as an internal standard.

Cholesterol determination. Plasma-cho, VLDL-
cho, LDL-cho, and HDL-cho were determined enzy-
matically by a modification of the method of Allain et
al. (26) in which 2.0% triton X-100 was present to ac-
tivate cholesteryl ester hydrolase (27). The assay mea-
sures unesterified cholesterol plus cholesteryl esters.
Reagent I contains phenol (14 mM), 4-aminoantipyrine
(0.82 mM), polyethylene glycol-400 (0.17 mM), triton
X-100 (0.2%), and sodium cholate (3 mM) in 50 mM
pH 6.7 phosphate buffer. Reagent 1 was stable for
greater than 12 months when stored at —20°C. To in-
sure uniformity, large amounts of reagent 1 were pre-
pared and stored at —20°C. When required, a 100-ml
aliquot of reagent I was thawed and cholesterol oxi-
dase (11.7 units), cholesteryl esterase (3.3 units) and
peroxidase (6700 units) were added to constitute the
final assay reagent (reagent I1I) which remained stable
at least 1 week at 4°C. A 20-ul lipoprotein aliquot was
incubated for 60 min at 37°C with 500 pl of reagent II
and the absorbance measured at 500 nm. Cholesterol
standards were assayed in parallel with each set of
lipoprotein-cho determinations.

Rat lipoprotein separation by heparin-Mn*?
precipitation method. Plasma lipoproteins were as-
sayed by a modification of the heparin-Mn*? precipi-
tation method (28). A 75 pl aliquot of NaBr with a
density of 1.006 g/ml was added to a 100-pl aliquot of
plasma. After centrifugation (2.5 hr, 16,000g) in a
Beckman Ti42.2 rotor with 200 pl capacity tubes, 30 pl
of VLDL was removed from the top of the tube with a
Beckman microtube fractionator and enzymatically
assayed for cholesterol. The remaining infranate in the
microtube was mixed and total HDL-cho and LDL-
cho content measured in duplicate 20 pl aliquots. Hep-
arin and Mn "2 were added to the remaining infranate
to give a final concentration of 185 U/ml and 92 mM,
respectively. The LDL precipitate was pelleted at
10,000g and HDL-cho measured in duplicate 30 pl al-
iquots of supernatant. Cholesterol standards were as-
sayed in parallel.

Lipoprotein Separation by the Single Discon-
tinuous Gradient Vertical Spin Method. Experi-
ment 2. Four-week-old male SHRs weighing 40-50 g
were randomly divided into B+ cho (seven rats),
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B +E +cho (six rats) or B+E + Se+ cho (six rats) di-
etary groups. The diets were prepared as described
previously except that all-rac-a-tocopheryl acetate
was used instead of the free all-rac-a-tocopherol. The
rats were fed ad libitum. Plasma and RBCs were sep-
arated and the plasma analyzed for vitamin E and glu-
tathione peroxidase activity as described above.
Plasma levels of lipid peroxidation products were mea-
sured using a sensitive fluorescent thiobarbituric acid
(TBA) assay (29). RBC-glutathione peroxidase levels
were also measured. Plasma lipoproteins were sepa-
rated for compositional analyses (after 16 weeks of
being fed the experimental diets) by the single contin-
uous gradient vertical spin (SVS) method described by
Chung et al. (30). Plasma (1.0 ml) obtained from indi-
vidual rats was adjusted to a density of 1.3 g/ml, un-
derlayered with 4.0 ml of 0.154 M NaCl in 5 ml Dupont
polyalymer ultracentrifuge tubes and centrifuged for
45 min at 369,548¢ at 10°C using a Dupont TV 865
rotor in a Sorvall Ultracentrifuge OTD-65B. After cen-
trifugation, the tubes were placed in an Haakebuchler
auto densiflow IIC dispenser and about 18 fractions
were collected per tube. The index of refraction of
each fraction was measured using a Fischer Scientific
refractometer and used to calculate the density. The
lipoprotein fractions were pooled based on density: VLLDL
1.014-1.016, LDL 1.020-1.062 and HDL 1.062-1.200
g/ml. VLDL-cho could not, however, be accurately
determined because a small amount of VLDL was lost
from the top of the tube during removal of the cap.

Lipid analysis of pooled LDL and HDL frac-
tions. Triglyceride (TG) was determined enzymati-
cally using a kit from Sigma Chemicals (St. Louis,
MO) (31). Phospholipids were assayed by the method
of Dittmer et al. (32). Cholesterol levels were deter-
mined for individual fractions and pooled LDL and
HDL samples using the enzymatic cholesterol assay
described above. Protein determinations were made
by a modification of the Lowry assay (33, 34).

Statistical analyses. The measurements obtained
in this investigation were analyzed by a one-way anal-
ysis of variance (ANOVA) followed by Scheffe’s test.
In some cases, two-way ANOVA were also used with
dietary Se and vitamin E as factors.

Results

Experiment 1. Table 1 provides the plasma-
cholesterol levels as well as VLDL-cho, LDL-cho,
and HDL-cho levels after 6, 12, 16, and 18 weeks of
feeding SHRs the experimental diets. SHRs fed the
diet deficient in both vitamin E and Se (B +cho diet)
for at least 12 weeks consistently had plasma-
cholesterol levels about twice that observed for rats
fed the diet supplemented with both these nutrients
(B+E + Se +cho diet). Moreover, plasma-cholesterol
levels for rats fed the two Se deficient diets (B +cho



Table I. Plasma Cholesterol and Lipoprotein Cholesterol Levels of SHR Rats Fed Diets Supplemented
or Deficient in Selenium (Se) and/or Vitamin E (E)

Lipoprotein-cholesterol

Time Diet (mg/dl)
(weeks) Plasma
(mg/dl) VLDL LDL HDL
6 B+cho 86 + 2.82 11 = 1,320 44 + 2.6%° 30 £ 2.4%
B+E+cho 83 + 4.4%° 16 = 3.0% 51 +7.22 21 + 1,52
B+Se+cho 68 + 3.5%° 10 = 1.22% 28 + 2.70°¢ 29 + 4,32
B+E+Se+cho 60 + 6.0° 5+186° 20 + 1.4° 36 = 3.9°
12 B+cho 113+ 7.07 14 £ 2.32 48 + 8.0° 51 £ 4.3
B+E+cho 91 + 517 15 + 292 33 £ 2.9 43 + 6.42°
B+Se+cho 74 = 1230 11 + 1,980 27 + 1.9%° 37 £ 2.8%°
B+E+Se+cho 47 £ 6.4° 3+04° 9+20° 32 +29°
16 B+cho 102 = 9.07 10 = 1.4° 52 + 5.47 41 + 9.42
B+E+cho 111 £ 2.92 23 =247 37 = 3.0%° 51 £1.72
B+Se+cho 90 + 5.5%° 17 + 3.28° 28 + 6.7%° 45 + 8. 42
B+E+Se+cho 58 + 7.3° 7+12° 21 + 1.8° 30 = 5.82
18 B+cho 111 = 10.8° 11 + 1.8° 61 + 552 39 £ 5.5
B+E+cho 147 + 10.3° 42 + 252 57 + 4.8 48 + 552
B+Se+cho 65 + 3.5° 8+19° 31 + 45° 27 +£1.7°
B+E+Se+cho 55 = 4.5° 8 +0.7° 19 + 2.4° 27 £ 5.3

Note. Lipoproteins were separated by the heparin-Mn *2 method and cholesterol determined by an enzymatic assay (see Materials and
Methods). Data are reported as mean + SEM (n = 6). Values in any column not sharing a common letter are significantly different

(P < 0.05) at a given time point.

and B + E +cho) were similar at all time points. Two-
way ANOVA with Se and vitamin E as factors indi-
cated that Se was a factor (P < 0.005) consistently
associated with increased plasma-cholesterol levels at
all time points. At Week 16 and 18, two-way ANOVA
also indicated that dietary Se and vitamin E interact (P
< 0.05) to influence plasma-cholesterol levels. In par-
ticular, rats fed the vitamin E-supplemented diets
showed a greater increase in plasma-cholesterol levels
with dietary Se deficiency than did rats fed the vitamin
E-deficient diets.

VLDL-cho was found to be significantly higher
(by Scheffe’s test for multiple comparisons) at every
time point for rats fed the diet deficient in Se alone
(B +E +cho group) compared with values obtained for
rats fed the diet supplemented with both vitamin E and
Se (B+E+Se+cho group). Two-way ANOVA indi-
cated that: (i) Se deficiency (B+cho or B+E +cho
diets) was consistently associated (P < 0.05) with in-
creased VLDL-cho levels at all time points; (ii) Se
deficiency interacts with vitamin E supplementation to
increase VLDL-cholesterol levels (P < 0.001 at Week
16 and 18, P < 0.07 at Week 12, P < 0.01 at Week 6).

LDL-cho levels for rats fed the Se-deficient diets
(B+cho and B+ E +cho diets) were similar but were
higher in rats fed the B + cho diet compared with rats
fed the B+ E +Se+cho diet. Two-way ANOVA
showed that Se deficiency was associated (P < 0.005)
with increased LDL-cho levels at all time points. Nei-
ther vitamin E alone nor the interactions between vi-
tamin E and Se were found to be consistently impor-
tant factors influencing LDL-cho levels. HDL-cho lev-

els were, for the most part, not influenced by vitamin
E and/or Se deficiencies. The exception was Week 12
when rats fed the B + cho diet had more HDL-cho than
rats fed the B+ E + Se +cho diet.

After 8 weeks of feeding the experimental diets,
plasma vitamin E levels in the B+cho, B+E +cho,
B +Se +cho, and B + E + Se + cho groups were 0, 2.1
+ 0.3,0.4 = 0.2, and 2.6 = 0.1 pg/ml of plasma, re-
spectively. Rats fed the vitamin E-deficient diets
(B + cho and B + Se + cho) had significantly lower (P <
0.01) plasma vitamin E levels than rats fed the vita-
min E supplemented diets (B+ E +cho and
B+ Se + E +cho). As expected, plasma and RBC glu-
tathione peroxidase activities (Table 1I) were signifi-
cantly decreased at all time points for the Se-deficient
rats, (B +cho and B+ E +cho) compared with the Se-
supplemented rats, (B+Se+cho and B+E+Se+
cho). The mean body weights of SHRs were measured
and no significant differences in mean body weights
were observed until Week 20 when the B+ E +cho
rats (205 = 14.2 g) weighed less compared with the
B+ E+Se+cho (301 = 19.0 g).

Experiment 2. Experiment 1 showed, in general,
no differences in the lipoprotein cholesterol levels of
the B+ E+ Se+cho group compared with the
B +Se+cho group at any time point. Therefore, in
Experiment 2 only three dietary groups were used.
SHRs were maintained on the B+ cho or B+ E +cho
or B+E+Se+cho diet for 22 weeks. All the values
reported in this experiment were at Week 16.

Figure 1 shows the cholesterol content (choles-
terol plus cholesteryl esters) of each plasma fraction
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Table Il. Plasma and Red Blood Cell (RBC)
Glutathione Peroxidase Activities for SHRs Fed
Diets Supplemented or Deficient in Selenium (Se)
and/or Vitamin E (E)

Weeks Glutathione peroxidase
Diet on activity
diet Plasma RBC

B+cho 8 0.1 =07 72 + 37
B+E+cho 8 0.1 +0° 54 + 29
B+Se+cho 8 3+1.2 577 + 9°
B+E+Se+cho 8 2 + 0.4%° 555 + 2372
B+cho 12 0.1 +0° 67 = 107
B+E+cho 12 0.1 + 0%° 56 + 62
B+Se+cho 12 3+ 0.4%° 698 = 57°
B+E+Se+cho 12 5+ 15° 907 = 169°
B+cho 16 0.1 +0° 55 + 132
B+E+cho 16 02 60 = 107
B+Se+cho 16 6 +0.3° 687 + 142°
B+E+Se+cho 16 4+ 05° 741 + 109°
B+cho 20 0.1 07 135 + 307
B+E+cho 20 o 61 = 6
B+Se+cho 20 6+02° 880 + 50°
B+E+Se+cho 20 6 + 0.6° 1247 + 296°

Note. Plasma and RBC glutathione peroxidase activities (mean
+ SEM, n = 6) are given as nanomoles of NADPH oxidized per
min per pl of plasma and nanomoles of NADPH oxidized per min
per mg of hemoglobin, respectively. Values in any column not
sharing a common letter are significantly different (P < 0.05) at
any time point.

obtained by the SVS method as a function of solution
density. Figure 1A shows that dietary deficiency of
both vitamin E and Se (B +cho group) caused a sig-
nificant increase in cholesterol in the LDL density
range (1.016-1.063 g/ml) and an altered distribution of
cholesterol in the HDL range compared with values
obtained for the B+ E +Se+cho group. The choles-
terol content of fractions in the HDL density range
were more variable than in the LDL density range.
Figure 1B shows that a deficiency in dietary Se alone
(B + E +cho) caused a generalized increase (P < 0.05)
in the cholesterol content at all fraction densities.

The LDL-cho and HDL-cho values were obtained
from the fractions pooled at the indicated density
ranges at Week 16 (Fig. 1A). As shown in Table III,
LDL-cho in the B +cho group were about twice that
observed in the B + E + Se + cho group. Similarly, rats
fed the B + E +cho diet had significantly higher LDL-
cho compared with rats fed the B + E + Se + cho diets,
but significantly less LDL-cholesterol than rats fed the
B +cho diets.

The lipid composition of HDL and LDL isolated
by the SVS method is provided in Figure 2A and 2B,
respectively. There was a significant increase in the
percent of unesterified cholesterol (C) in LDL from
the B + cho group compared with values for either the
B+ E +cho or B+E + Se +cho group. The percent of
cholesteryl ester (CE) in LDL from rats fed the two
Se-deficient diets (i.e., the B+ E +cho or B+cho
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Figure 1. Density distribution of cholesterol (unesterified plus
esterified) in plasma fractions after SVS centrifugation. (A)
plasma fractions from rats fed the B+E + Se+ cho diet (n = 6)
or the B+cho diet (n = 7) for 16 weeks; (B) plasma fractions
from rats fed the B+ E +Se +cho (n = 6) diet or the B+ E +cho
diet (n = 6) for 16 weeks. Values are mean * SEM and n is the
number of independent experiments.

groups) was at least twice that observed for rats fed
the B+ E +Se+cho diet. The percent TG of LDL
from the B +E + Se + cho group was higher (P < 0.05)
compared with values from either the B+cho or
B + E + cho group. For HDL lipids, the percentage FC
in the B+E +Se+cho group was significantly less
compared with the B+cho group. No other differ-



Table lll. Low-Density Lipoprotein (LDL) and
High-Density Lipoprotein (HDL) Cholesterol
Levels in SHR Rats Fed Diets Supplemented or
Deficient in Selenium (Se) and Vitamin E (E) for

16 Weeks
Dietary ] LDL HDL
group (mg cholesterol/d| of Plasma)
B+cho 7 45 + 3.62 62 = 1.42
B+E+cho 6 32 +3.3° 65 = 2.19°
B+E+Se+cho 6 23 + 1.0° 46 + 5.6°

Note. Lipoproteins were isolated from plasma by the single con-
tinuous gradient vertical spin method. Data are reported as
mean * SEM. Values in any column not sharing a common letter
are significantly different (P < 0.05).

ences in HDL lipids were observed between any of the
dietary groups.

For Experiment 2 the SHRs were allowed to feed
ad libitum. At Week 16, there were no differences in
either mean body weight or weight gain in the three
dietary groups. Food consumption (g/day/kg body wt)
in both the B +cho (68 + 0.4) and B +E +cho groups
(64 = 2.2) was greater compared with the
B+E+Se+cho group (56 = 1.0). Before Week 16,
there were no difference in food consumption in the
three dietary groups.

Plasma and RBC glutathione peroxidase (GSH-
PX) activities, as well as plasma vitamin E levels, were
measured for rats fed the experimental diets for 16
weeks, and the results were very similar to those re-
ported above for Experiment 1. Rats fed the B+cho
had less (P < 0.05) plasma vitamin E (0 = 0 pg/ml)
compared with rats fed either the B+E +cho (1.9 =
0.1 pwg/ml) or the B+ E + Se +cho diets (1.5 = 0.0 pg/
ml). Plasma GSH-PX activities were decreased (P <
0.05) in both the B+cho (0.1 = 0.05) and the
B+E+cho (0.1 + 0.05) groups compared with the
B+E+Se+cho group (6.1 = 0.5) but similar in the
B+ cho and B +E + cho groups. RBC GSH-PX activ-
ities were also significantly decreased at Week 16 in
both the B+cho (37 = 5.1) and the B+ E +cho (29 =
5.1) groups compared with values from the
B+ E + Se + cho group (1050 = 90) but were similar in
the B +cho and B+ E +cho groups.

Plasma levels of thiobarbituric acid reactive sub-
stances (TBARS) in the B+cho group was signifi-
cantly higher compared with either the B+ E +cho or
B+ E + Se + cho groups (P < 0.01) which were similar
(Table IV).

Discussion

In this investigation, dietary Se deficiency
(B +cho or B +E +cho diets) was consistently (Week
6-18) associated with increased plasma-cho levels, as
well as increased plasma levels of LDL-cho and

CE P

Figure 2. Percent lipid composition of lipoproteins isolated by
the SVS method from plasma obtained from rats fed the B +cho
diet (n = 7), the B+E + cho diet (n = 6), and the B+E+Se+cho
diet (n = 6) for 16 weeks. (A), LDL; (B), HDL. Values are mean =
SEM and n is the number of independent experiments. Means
not sharing a common letter are significantly different. (P <
0.05).
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VLDL-cho (Table I). Moreover, at Week 16 and 18, Se
deficiency interacted with vitamin E supplementation
to increase plasma-cholesterol and VLDL-cho levels.
The data in Figure 2A indicate that Se deficiency in-
creased the CE content of LDL but decreased the TG.
The ratio of surface (PL and Cho) lipids to core lipids
(TG and CE) was 0.48, 0.52, and 0.57 for LDL isolated
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Table IV. Plasma Thiobarbituric Acid Reactive
Substances (TBARS) in SHRs Fed Diets
Supplemented or Deficient in Selenium (Se)
and/or Vitamin E (E) for 16 Weeks

Diet n nmol TBARS/mI plasma
B+cho 7 136 = 227
B+E cho 6 4 +0.3°
B+E+Se+cho 6 4 +0.6°

Note. Values are given as mean = SEM. Values not sharing a
common letter are significantly different at P < 0.01.

from the B + cho, B+ E +cho, and B + E + Se + cho rat
plasma, respectively (calculated from the data in Fig.
2A). These data suggest that Se deficiency was also
associated with slightly smaller LDL particles. HDL
levels and composition did not undergo major changes
as a result of Se and/or vitamin E deficiency. Rats fed
the B +cho diet did, however, have somewhat higher
levels of HDL-cho than rats fed the B+E + Se +cho
diet (Fig. 2A and Table III). The free cholesterol con-
tent was slightly higher in HDL from rats fed the
B + cho diet compared with the value observed for rats
fed the B+ E + Se + cho diet (Fig. 2B).

There are several possible explanations for the ob-
served effects of dietary Se and vitamin E deficiency
on lipoprotein-cho levels. Vitamin E and Se are an-
tioxidant nutrients and dietary deficiency of these mi-
cronutrients act synergistically to increase in vivo lipid
peroxidation (8). The data in Table II indicate that
both plasma and RBC Se-dependent glutathione per-
oxidase activities are dramatically decreased in rats
fed the Se-deficient diets. Rats fed the vitamin E-de-
ficient diets also had very low plasma tocopherol lev-
els. Table IV shows that a combined deficiency of vi-
tamin E and Se markedly increased plasma TBARS
levels. We found, however, that Se deficiency acted
synergistically with vitamin E supplementation to in-
crease plasma cholesterol and VLDL-cho levels.
Moreover, plasma TBARS for rats fed the diet defi-
cient in Se alone (the B+ E +cho diet) were not sig-
nificantly different from values obtained for rats fed
the diet supplemented with both vitamin E and Se (the
B+E+Se+cho diet). Nevertheless, Se deficiency
alone increased plasma levels of LDL-cho and VLDL-
cho without causing a significant increase in plasma
TBARS. These data cast doubt on the hypothesis that
all the alterations in lipoprotein levels and composition
observed in this study could be attributed to in vivo
oxidative modification of lipoproteins.

The use of TBARS to determine levels of lipid
hydroperoxides is, however, limited by the potential
lack of specificity of the thiobarbituric acid (TBA) re-
action in biological samples (35). Nevertheless, the
data in Table IV parallel those reported by Hafeman
and Hoekstra (8) who evaluated in vivo oxidative
stress in rats by measuring the evolution of ethane, a
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decomposition product of peroxidizing n-3 unsaturat-
ed fatty acids. These workers found very little ethane
evolution in rats fed a basal torula yeast based diet
containing vitamin E (B + E) or both vitamin E and Se
(B+E + Se). However, rats fed the basal diet (B diet)
deficient in both vitamin E and Se had very high lev-
els of ethane evolution.

We have recently conducted a series of pilot ex-
periments (unpublished) to determine if the expression
of apoB,E receptors or acetyl-LDL receptors in SHRs
was influenced by dietary vitamin E and/or Se defi-
ciency. Our preliminary results indicate that the
plasma clearance of either native-LDL or acetyl-
LDL is similar in rats fed the B+ E+cho and
B +E + Se + cho diets. It is unlikely, therefore, that Se
deficiency could cause alterations in the expression
of apoB,E or acetyl-LDL receptors.

Alternatively, Se deficiency could increase the he-
patic synthesis and secretion of VLDL-cho. We re-
cently explored this possibility using a recirculating rat
liver perfusion system. Livers from SHR rats fed the
Se deficient diet (B +E +cho) secreted more VLDL
and showed a marked decrease in fatty acid oxidation
(36). The biochemical basis of this altered hepatic fatty
acid metabolism is not yet known but could be due to
hypothyroidism caused by Se deficiency. It is interest-
ing that Type I iodothyronine 5'-deiodinase (5'-DI) is a
Se-containing microsomal enzyme (37) that converts
thyroxine (T4) into the more metabolically active
3,3’,5-tri-iodothyronine (T3). The liver is known to
have a very high activity of 5’-DI, and Se deficiency
produces a profound drop in hepatic 5'-DI activity (38—
40). Arthur et al. (38) found a 30% drop in the circu-
lating levels of T3 in rats fed a Se-deficient diet
(<0.005 mg/kg diet). Moreover, the hepatic activity of
5'-DI is inhibited by propylthiouracil (PTU). Keyes,
Wilcox, and Heimberg (41) reported that livers from
rats treated with PTU showed increased secretion of
VLDL and decreased fatty acid oxidation; i.e., results
very similar to those were recently reported with Se-
deficient SHR livers (36). Hypothyroidism, caused by
decreased levels of 5'-DI, might contribute to the in-
creased plasma levels of VLDL-cho and LDL-cho ob-
served in Se deficient rats. We are actively exploring
this hypothesis.

This research was supported by Grant HL44591 (W.L.S.) from
the National Institutes of Health, National Heart, Lung & Blood
Institute, Grant 91-01249 (W.L.S.) from the United States Depart-
ment of Agriculture, and a Grant-in-Aid from the Tennessee Affili-
ate of the American Heart Association (W.L.S.)

1. Witztum JL, Steinberg D. Role of oxidized low density lipopro-
tein in atherogenesis. J Clin Invest 88:1785-1792, 1991.

2. Avogaro P, Bon GB, Cazzolato G. Presence of a modified low
density lipoprotein in humans. Atherosclerosis 8:70-87, 1988.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Palinski W, Rosenfeld ME, Yla-Herttuala S, Gurtner GC,

Socher SS, Butler SW, Parthasarathy S, Carew TE, Steinberg
D, Witztum JL. Low density lipoprotein undergoes oxidative
modification in vivo. Proc Natl Acad Sci USA 86:1372-1376,
1989.

. Steinberg D, Workshop Participants. Antioxidants in the pre-

vention of human atherosclerosis: Summary of the proceedings
of a National Heart, Lung, and Blood Institute workshop: Sep-
tember 5-6, 1991, Bethesda, Maryland. Circulation 85:2338-
2344, 1992.

. Verlangieri AJ, Bush MJ. Effects of d-alpha-tocopherol supple-

mentation on experimentally induced primate atherosclerosis. J
Am Coll Nutr 11:131-138, 1992.

. Cominacini L, Pastorino AM, McCarthy A, Campagnola M,

Garbin U, Davoli A, De Santis A, Cascio VL. Determination of
lipid hydroperoxides in native low density lipoprotein by a
chemiluminescent flow injection assay. Biochim Biophys Acta
1165:279-287, 1993,

. Haberland ME, Fong D, Cheng L. Malondialdehyde-altered

protein occurs in atheroma of Watanabe heritable hyperlipid-
emic rabbits. Science 241:215-218, 1988.

. Hafeman DG, Hoekstra WG, Lipid peroxidation in vivo during

vitamin E and selenium deficiency in the rat as monitored by
ethane evolution. J Nutr 107:666-672, 1977.

. Lemoyne M, Van Gossum A, Kurian R, Ostro M. Axler J,

Jeejeebhoy KN. Breath pentane as an index of lipid peroxida-
tion: A functional test of vitamin E status. Am J Clin Nutr
46:267-272, 1987.

Kivits GAA, Ganguli-Swarttouw MACR, Christ EJ. Influence
of a low selenium diet on erythrocyte glutathione peroxidase
and alkane production in exhaled air of rats as a measure of lipid
peroxidation in vivo during growth. Biochim Biophys Acta
719:329-333, 1982.

Jialal I, Grundy SM. Effect of dietary supplementation with
alpha-tocopherol on the oxidative modification of low density
lipoprotein. J Lipid Res 33:899-906, 1992.

Usini F, Bindoli A. The role of selenium peroxidases in the
protection against oxidative damage of membranes. Chem Phys
Lipids 44:255-276, 1987.

Porter M, Pearson DJ, Suarez-Mendez VJ, Blann D. Plasma.
Plasma, platelet and erythrocyte glutathione peroxidases as risk
factors in ischaemic heart disease in man. Clin Sci 83:343-345,
1992.

Rimm EB, Stampfer MJ, Ascherio A, Giovannucci E, Colditz
GA, Willett WC. Vitamin E consumption and the risk of car-
diovascular heart disease in men. N Engl J Med 328:1450-1456,
1993.

Stone WL. The effects of cholesterol supplementation on
plasma lipoprotein-cholesterol levels in rats fed diets deficient in
vitamin E and/or selenium. Nutr Res 8:1061-1071, 1988.
Steinbrecher UP, Parthasarathy S, Leake DS, Witztum JL,
Steinberg D. Modification of low density lipoprotein by endo-
thelial cells involves lipid peroxidation and degradation of low
density lipoprotein. Proc Natl Acad Sci USA 81:3883-3887,
1984.

Sparrow CP, Parthasarathy S, Steinberg D. A macrophage re-
ceptor that recognizes oxidized low density lipoprotein but not
acetylated low density lipoprotein. J Biol Chem 264:2599-2604,
1989.

Haberland ME, Fogleman AM, Edwards PA. Specificity of re-
ceptor-mediated recognition of malondialdehyde-modified low
density lipoproteins. Proc Natl Acad Sci USA 79:1712-1716.
Bendich A, Gabriel E, Maclin LJ. Differences in vitamin E lev-
els in tissues of spontaneously hypertensive and Wistar-Kyoto
rats. Proc Soc Exp Biol Med 172:297-300, 1983.

Hadjiisky P, Peyri N. Hypertensive arterial disease and athero-

21.

22.

23.

24.

25.

26.

27.

28.

29,

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

genesis. Part 1. Intimal changes in the old, spontaneously hy-
pertensive rat. Atherosclerosis 44:181-199, 1982.

Hayashi E, Tomita T. How does hypertension accelerate ath-
erosclerosis? A possible mechanism from changes in aortic en-
zymes. TIPS 3:31-38, 1982.

National Research Council. Publication on Nutrient Require-
ments of Laboratory Animals, No. 10, Washington, DC: Na-
tional Academy of Sciences p56, 1978.

Katz ML, Stone WL, Dratz EA. Fluorescent pigment accumu-
lation in retinal pigment of antioxidant-deficient rats. Invest
Ophthalmol Vis Sci 17:1049-1058, 1978.

Paglia DE, Valentine WN. Studies on the quantitative and qual-
itative characterization of erythrocyte glutathione peroxidase. J
Lab Clin Med 70:158-169, 1967.

Bieri JG, Tolliver TJ, Catignani GL. Simultaneous determina-
tion of alpha-tocopherol and retinol in plasma and red blood
cells by high pressure liquid chromatography. Am J Clin Nutr
32:2143-2149, 1979.

Allain CC, Poon LS, Chan CSG, Richmond W, Fu PC. Enzy-
matic determination of total serum cholesterol. Clin Chem
20:470-475, 1974.

Zoppi F, Fenili D. Enzymatic determination of total serum cho-
lesterol with the Vickers D-300 analyzer. Clin Chem 22:690-691,
1976.

Stone WL, Stewart ME, Nicholas C, Pavuluri S. Effects of
dietary selenium and vitamin E on plasma lipoprotein choles-
terol levels in male rats. Ann Nutr Metab 30:94-103, 1986.
Yagi Y. Assay for blood plasma or serum. In: L Packer, Ed.
Methods Enzymol. London: Academic Press, Vol 105 pp328—
331, 1984.

Chung BH, Wilkinson T, Geer JC, Segrest JP. Preparative and
quantitative isolation of plasma lipoproteins: Rapid, single dis-
continuous density gradient ultracentrifugation in a vertical ro-
tor. J Lipid Res 21:284-291, 1980.

Fredrickson DS, Levy RI, Lees RS. Medical progress. Fat
transport in lipoproteins—An integrated approach to mecha-
nisms and disorders. N Engl J Med 276:345, 1967.

Dittmer JC, Wells MA. Quantitative and qualitative analysis of
lipids and lipid components. Methods Enzymology 14(53):482-
530, 1969.

Markwell MA, Hass SM, Bieber LL, Tolbert NE. A modification
of the Lowry procedure to simplify protein determination in mem-
brane and lipoprotein samples. Anal Biochem 87:206-210, 1978.
Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ. Protein
measurement with the Folin phenol reagent. J Biol Chem
193:265-275, 1951.

Knight JA, Pieper RK, McClellan L. Specificity of the thiobar-
bituric acid reaction in studies of lipid peroxidation. Clin Chem
34:2433-2438, 1988.

Scott RL, Kheshti A, Heimberg M, Wilcox HG, Stone WL. The
role of selenium in the secretion of very low density lipoprotein
in the isolated perfused rat liver. Biochem J 279:741-745, 1991.
Behne D, Kyriakopoulos A, Meinhold H, Kohrle J. Identifica-
tion of type I iodothyronine S'deiodinase as a selenoenzyme.
Biochem Biophys Res Commun 173:1143-1149, 1990.

Arthur JR, Nichol F, Beckett GJ. Hepatic iodothyronine 5’-
deiodinase. The role of selenium. Biochem J 272:537-540, 1990.
Beckett GJ, Beddows SE, Morrice PC, Nicol F, Arthur JR.
Inhibition of hepatic deiodination of thyroxine is caused by se-
lenium deficiency in rats. Biochem J 248:443-447, 1987.
Vadhanavikit S, Ganther HE. Selenium requirements of rats for
normal hepatic and thryoidal 5'-deiodinase (type I) activities. J
Nutr 123:1124-1128, 1993.

Keyes WG, Wilcox HG, Heimberg M. Formation of the very
low density lipoprotein and metabolism of [1-14C]-oleate by
perfused livers from rats treated with triiodothyronine or pro-
pylthiouracil. Metabolism 30:135-145.

SE, VITAMIN E, AND RAT LIPOPROTEINS 137



