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Abstract. Vitamin E is a potent, naturally occurring, lipid-soluble antioxidant, which is 
reported to be protective against several disease processes, including coronary ath- 
erosclerosis. We have measured the a-tocopherol content of the aorta, liver, skeletal 
muscle, and kidney of rats fed one of the following diets for 10 weeks: a normal control 
chow diet (i); or the same diet containing 1% cholesterol (ii); 0.5% vitamin E (iii); or 1% 
cholesterol plus 0.5% vitamin E (iv). The a-tocopherol content of serum and tissue 
extracts was measured by HPLC using y-tocopherol as an internal standard. Tissue 
and serum cholesterol content was measured using a cholesterol oxidase enzyme 
reagent kit. In all animals receiving the 1% cholesterol diet, serum cholesterol levels 
increased significantly (P < 0.005). By the 10th week, mean serum a-tocopherol levels 
rose significantly in both groups of animals receiving dietary vitamin E supplements 
(P < 0.0001) compared with their respective control group. This was accompanied by 
a significant increase in the absolute a-tocopherol content of liver (8- to 9-fold) and 
aorta (3- to 4-fold). The a-tocopherol content of renal and skeletal muscle tissue was 
raised 1- to 2-fold in both groups of rats on vitamin E supplements, however the 
increase attained significance only for the renal tissue. The aortic tissue a-tocopherol/ 
cholesterol ratio was 4-fold higher in the rats receiving concomitant 1 YO cholesterol 
plus 0.5% vitamin E compared with animals receiving 1% cholesterol alone (P < 0.02), 
and was 5-fold higher in the rats receiving 0.5% vitamin E compared with those re- 
ceiving control chow (P < 0.01). These data suggest that dietary vitamin E supple- 
mentation results in a differential uptake of a-tocopherol, which may be dependent, in 
part, on selective lipoprotein particle accumulation. [P.S.E.B.M. 1995, Vol 2101 

itamin E is a collective term for eight naturally 
occurring isomers, comprising the cx-, p-, y- V and 6-tocopherols, and the cx-, p, y- and &to- 

cotrienols (1). The tocopherols and tocotrienols are all 
lipophilic antioxidants. Of the eight isomers of vitamin 
E, a-tocopherol has the highest biological potency (2), 
and is the predominant form of vitamin E in blood. 
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Vitamin E has no specific plasma transport pro- 
tein. It is carried in blood within the plasma lipoprotein 
particles, particularly low-density lipoprotein (LDL) 
and high-density lipoprotein (HDL) (3, 4). Vitamin E 
fulfills its role as an antioxidant, protecting cells from 
damage associated with oxidative stress, in synergy 
with other circulating, and cellular antioxidants, in- 
cluding vitamin C (5). 

Vitamin E has a therapeutic potential as an anti- 
atherogenic agent (6, 7) because it may inhibit several 
of the key processes in atherogenesis, including plate- 
let deposition, monocyte adherence, platelet-derived 
growth factor expression, smooth muscle cell prolifer- 
ation, and LDL oxidation (6, 8-12). We have recently 
demonstrated that vitamin E can also inhibit neointi- 
ma1 hyperplasia following balloon catheter injury in 
the rat (1 3), a model of percutaneous transluminal cor- 
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onary angioplasty, a procedure commonly used in the 
treatment of symptomatic coronary heart disease. 

There have been several studies of the pharma- 
cokinetics and tissue distribution of vitamin E follow- 
ing dietary supplementation in various animal models 
(14-18). Machlin and Gabriel (19) reported that several 
weeks of vitamin E supplementation are required to 
saturate tissues with a-tocopherol. No previous stud- 
ies have investigated the effects of concomitant cho- 
lesterol feeding on a-tocopherol tissue accumulation. 
We were particularly interested in uptake by vascular 
tissue because of the proposed anti-atherogenic prop- 
erties of vitamin E. 

Material and Methods 
Rat Colonies. Adult, male Wistar rats, 8-10 

weeks old, were obtained as a gift from Glaxo (Green- 
ford, United Kingdom) and were housed in the Bio- 
logical Services Unit of St. Bartholomew's Hospital 
Medical College. 

Dietary Groups. Rats were initially maintained 
on a commercial rat chow diet (Scientific Diet Ser- 
vices, Essex, United Kingdom). They were allocated 
to one of four dietary groups approximately 1 month 
after delivery, when they were approximately 400 g in 
weight. The dietary groups were: (i) control commer- 
cial chow containing 0.007% vitamin E (w/w), (ii) 
chow with 1% added cholesterol (Sigma, Dorset, 
United Kingdom), (iii) chow with 0.5% added vitamin 
E (as 2 a-tocopherol acetate, Sigma), and (iv) chow 
with 1% cholesterol plus 0.5% vitamin E. Water was 
allowed ad libitum. The cholesterol-containing diets 
were prepared by spraying the standard chow with a 
solution of cholesterol dissolved in diethyl ether (20). 
The vitamin-enriched diets were similarly prepared by 
spraying the standard chow or cholesterol-containing 
diet with an ethereal solution of a-tocopherol (20). The 
prepared diets were dried overnight to ensure com- 
plete evaporation of the solvent. 

Blood Sampling. Venous blood was collected by 
tail bleeds from each animal before the start of each 
experimental diet and at the time of sacrifice. Blood 
samples were separated by centrifuging at lOOOg for 10 
min at 25°C. The serum was then stored at - 20°C until 
analysis. 

Animal Killing. After 10 weeks of the experimen- 
tal diet, rats were sedated with xylazine (Rompun, 4 
mg/100 g body wt; Bayer, Suffolk, United Kingdom) 
and ketamine (Vetalar, 1 mg/l00 g body wt; Parke- 
Davis Inc., Pontypool, United Kingdom). An abdom- 
inal incision was made and blood collected via a tro- 
char inserted into the abdominal aortic bifurcation. 
The rats were sacrificed by exsanguination, and tis- 
sues collected immediately. Samples of liver, skeletal 
muscle (rectus abdominus), kidney, and thoracic aorta 

were dissected free of fascia and snap frozen in liquid 
nitrogen. Tissues were stored at - 70°C until analysis. 

Serum Vitamin E Analysis. Serum a-tocopher- 
01 levels were measured by HPLC as previously re- 
ported (20) using y-tocopherol (Sigma) as an internal 
standard. 

Tissue Vitamin E Analysis. Frozen tissues were 
cut and weighed (106200 mg). Two milliliters dichlo- 
romethane (Rathburn Chemicals, Walkerburn, United 
Kingdom) was added and the tissue homogenized us- 
ing an IKA T25 homogenizer (Labortechnik, Ger- 
many). One milliliter of distilled water and 1 ml etha- 
nol, containing 500 ng y-tocopherol, were added and 
the tubes vortex mixed. After centrifuging at lOOOg for 
5 min, the lower dicholoromethane layer was recov- 
ered and divided into two equal aliquots which were 
dried under nitrogen. One aliquot was reconstituted in 
acetonitrile and analyzed for a-tocopherol content by 
HPLC as described above. Vitamin E recovery exper- 
iments were performed by adding 0.5 pg of a-tocoph- 
erol to the tissue homogenate samples prior to organic 
extraction. The other aliquot was used for the analysis 
of tissue cholesterol content. 

Tissue Cholesterol Analysis. The aliquots of tis- 
sue extract were reconstituted in 0.5 ml propan-2-01 
(Rathburn Chemicals, Walkerburn, United Kingdom). 
Ten microliters of cholesterol standard or reconsti- 
tuted tissue extract were placed into a glass tube, and 
100 pl of ethanolic potassium hydroxide (2 ml of 12 M 
potassium hydroxide plus 48 ml absolute ethanol) was 
added. The tubes were capped, vortex mixed, and 
placed into a boiling water bath for 2 min. The tubes 
were cooled to O"C, and 1 ml of cholesterol oxidase 
(0.25 U/ml; Boehringer-Mannheim, Lewes, United 
Kingdom) was added. The tubes were incubated for a 
further 15 min at 50°C and the reaction stopped by the 
addition of 0.9 ml ethanolic potassium hydroxide. Two 
milliliters of iso-octane (Rathburn) was then added to 
each tube, which was vortex mixed and centrifuged at 
3000g for 10 min. The absorbance of the iso-octane 
layer was measured at 232 nm in a UV spectropho- 
tometer, and cholesterol concentrations determined 
by reference to a standard curve (21). 

Serum Cholesterol Analysis. Serum cholesterol 
concentrations were measured by the cholesterol- 
oxidase-peroxidase colorimetric method using a cho- 
lesterol C-system kit (Boehringer-Mannheim) on a Vi- 
talab 100 autoanalyser (Vitalab Scientific Ltd., Sussex, 
United Kingdom) with Precipath U and Precinorm U 
(Boehringer-Mannheim) quality control material. 

Statistics. Statistical analyses were performed on 
an IBM-compatible personal computer using INSTAT 
software (GraphPAD Software, San Diego, CA). Dif- 
ferences between means were analyzed by paired, or 
unpaired, Student t tests. Linear regression was used 
to assess the relationship between a-tocopherol and 
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cholesterol. A probability of <0.05 was considered 
significant. 

Results 
Effects of Experimental Diets on Body Weight, 

Serum a-Tocopherol, and Serum and Tissue Cho- 
lesterol Levels. All animals gained weight throughout 
the duration of the experimental period. Weight gain 
and final weights did not differ significantly between 
the groups (P  > 0.05; Table I). After 10 weeks of the 
experimental diet, serum a-tocopherol levels were 
three-fold higher in the animals receiving vitamin E 
plus cholesterol compared to those fed on a choles- 
terol-only diet ( P  < 0.001). Serum a-tocopherol levels 
were 5-fold higher in animals fed the chow supple- 
mented with 0.5% vitamin E alone compared with an- 
imals on the control chow ( P  < 0.0001). 

In animals receiving the 1% cholesterol diets, se- 
rum cholesterol levels were significantly higher at the 
time of sacrifice compared with basal levels ( P  < 
0.005; Table I), and were also significantly higher than 
in rats fed the control chow diet ( P  < 0.05). Serum 
a-tocopherol concentrations were directly related to 
serum cholesterol levels when all the experimental an- 
imal groups were pooled ( r  = 0.48, P = 0.016), and 
were particularly strongly correlated for the group of 
animals receiving dietary cholesterol plus vitamin E ( r  
= 0.97, P = 0.0012). Both groups of animals receiving 
diets containing vitamin E had a significantly higher 
serum a-tocopherolkholesterol ratio at the time of 
sacrifice compared with values prior to starting the 
experimental diets ( P  < 0.05; Table I). 

Effects of Experimental Diets on the Tissue 
Distribution of a-Tocopherol. The recovery of a-to- 
copherol from each of the tissues investigated was ap- 
proximately 90% (liver 96.4% * 4.5%; aorta 92.3% * 
4.1%; kidney 94.7% ~fr 3.2%; and skeletal muscle 
89.1% 2 4.8%). 

Liver. Of the tissues studied, the liver contained 
the highest absolute levels of a-tocopherol for each 
experimental group. The a-tocopherolkholesterol ra- 
tio was also highest for hepatic tissue, irrespective of 
whether animals received concomitant dietary choles- 
terol supplementation. 

The hepatic a-tocopherol content was signifi- 
cantly higher in rats receiving dietary vitamin E alone 
compared with rats fed control chow ( P  < O.OOOl), or 
cholesterol alone (P  < 0.05) (Fig. la). Although the 
mean hepatic a-tocopherol levels were higher in ani- 
mals receiving concomitant cholesterol (162 * 36.2 pg/ 
g) than in rats receiving vitamin E alone (114.9 2 15.7 
pg/g), this failed to reach statistical significance. The 
hepatic a-tocopheroVcholestero1 ratio was %fold 
higher in the animals receiving vitamin E alone than in 
rats on the control chow diet ( P  < 0.0001) and 4-fold 
higher in the animals receiving vitamin E plus choles- 
terol versus those on cholesterol only (P  < 0.05) (Fig. 
lb). There was a significant positive association be- 
tween hepatic ar-tocopherol and hepatic cholesterol 
content ( r  = 0.43, P = 0.026; Fig. 2a). 

Aorta. Aortic a-tocopherol content was signifi- 
cantly higher in both groups of animals receiving di- 
etary vitamin E supplements compared to their respec- 
tive control group ( P  < 0.02 in both cases; Fig. la). 
The absolute aortic a-tocopherol content was lower 
than hepatic levels but higher than those found in renal 
and skeletal muscle tissue (Fig. la). The aortic a-to- 
copherolkholesterol ratio was approximately 4-fold 
higher in animals fed vitamin E plus cholesterol than in 
those receiving cholesterol alone (P  < 0.05) (Fig. lb), 
and 5-fold higher in animals fed vitamin E alone than in 
those on the control chow diet (P  < 0.05). Aortic a-to- 
copherol content was positively related to aortic cho- 
lesterol content ( r  = 0.73, P < 0.001) (Fig. 2b). 

Kidney. Renal a-tocopherol levels were approxi- 
mately 2-fold higher in rats fed vitamin E alone than in 

Table 1. Changes in Body Weight, Serum Cholesterol and Serum a-Tocopherol Levels in Rats after 10 
Weeks on Supplemented Diets 

Dietary group 

1% Cholesterol + Control 1% cholesterol 0.5% vitamin E 0.5% 

n 
Body weight (kg) Start 

Serum cholesterol (mM) Start 

Serum a-tocopherol (pM) Start 

Serum a-tocopheroll Start 

Sacrifice 

Sacrifice 

Sacrifice 

Sacrifice c h o I este ro I ( bm/m M) 

10 10 10 
0.40 2 0.02 0.41 & 0.02 0.42 2 0.11 
0.53 2 0.01 0.52 2 0.03 0.54 2 0.12 
1.58 2 0.04 1.64 2 0.1 1 1.73 ? 0.12 
2.21 ? 0.24 4.04 2 0.44e9b 2.03 5 0.54 

15.17 & 2.06 17.3 2 2.18 17.72 2 2.55 
21.8 k 5.90 37.3 2 5.60 109.18 2 15.39' 
9.52 2 1.23 11.76 2 1.74 12.78 2 2.18 

10.56 2 4.72 9.75 2 3.13 51.38 2 10.28"*" 

10 
0.44 k 0.02 
0.55 * 0.02 
1.63 ? 0.06 
4.28 2 0.6Oar6 

17.33 2 2.10 
123.7 2 13.0d 
10.15 & 1.43 
39.84 2 7.38d.e 

Note. Data are means a SEM. 
P < 0.05 compared with control by unpaired t test. 
P < 0.001 and eP < 0.05 by paired t test with respect to basal values. 
P < 0.0001 and dP < 0.001 compared with cholesterol and control fed rats by unpaired t test. 
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Figure 1. (a) Distribution of a-tocopherol in selected tissues 
from rats following 10 weeks of dietary supplementation. Bars 
are means with their standard errors; * P  < 0.05; **P < 0.01 ; ***P 
< 0.001. (b) Tissue a-tocopherol/cholesterol ratios in rats after 
10 weeks of dietary supplementation. Bars are means with their 
standard errors; *P < 0.05; ***P < 0.001. 

those receiving control chow. The same was also the 
case for rats on the vitamin E plus cholesterol com- 
pared with those receiving cholesterol alone (P < 0.05 
in both cases) (Fig. la). A similar pattern was ob- 
served when the data were expressed as the a-tocoph- 
erolkholesterol ratio (Fig. lb). 

Skeletal Muscle. Although the skeletal muscle 
a-tocopherol/cholesterol ratios were higher in animals 
receiving dietary vitamin E supplementation, these 
differences failed to reach statistical significance (Fig. 
1, a and b). 

Discussion 
In this study, we investigated the tissue accumu- 

lation of a-tocopherol following 10 weeks dietary sup- 

0 1 2 3 4 5 

Cholesterol (mg/g wet tissue) 

n 2001 w 

w 
100 w 

/ 

0 1  1 I I 1 1 

0.0 2.5 5.0 7.5 10.0 12.5 

Cholesterol (mg/g wet tissue) 
Figure 2. (a) Correlation between hepatic cholesterol and he- 
patic a-tocopherol in rats after 10 weeks on 1% cholesterol diet 
(A; n = 10) and 1% cholesterol + 0.5% vitamin E diet (H; n = 
10); r = 0.43; P = 0.026. (b) Correlation between aortic choles- 
terol and aortic a-tocopherol in rats after 10 weeks on 1% cho- 
lesterol diet (A; n = 10) and 1% cholesterol + 0.5% vitamin E 
diet (W; n = 10); r = 0.73; P = 0.004. 

plementation. For our studies we chose to feed rats 
with diets containing 0.5% vitamin E (w/w). In a pre- 
vious report, Machlin and Gabriel (19) investigated the 
effects of diets containing 0.1% to 1% vitamin E on 
plasma and tissue a-tocopherol levels. They reported 
that plasma concentrations of a-tocopherol reached a 
plateau by approximately 8 weeks in rats fed a chow 
diet containing 1% vitamin E. In preliminary experi- 
ments we found that plateau levels of a-tocopherol 
were attained after approximately 10 weeks in animals 
receiving 0.5% vitamin E with concomitant 1% cho- 
lesterol. At this time, we found that levels of serum 
a-tocopherol had increased 6- to 7-fold above baseline 
in both groups of animals receiving vitamin E supple- 
mented diets. Mean serum a-tocopherol levels were 
approximately 14% higher in the animals fed choles- 
terol plus vitamin E compared with those on vitamin E 
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alone, but this failed to reach statistical significance. 
Our data suggest that despite the high dietary content 
of vitamin E used in the study, the subsequent 
assimilation of vitamin E was insufficient to saturate 
the carrier lipoprotein particles in the cholesterol fed 
animals. Indeed, the mean serum a-tocopheroll 
cholesterol ratio was higher in the group of animals 
receiving vitamin E alone than for those on cholesterol 
plus vitamin E (Table I). Horwitt et al. (22) have ar- 
gued that, because plasma a-tocopherol and lipid lev- 
els are strongly correlated, the ratio of plasma a-to- 
copherol/cholesterol may be a more appropriate index 
of vitamin E status. We observed a strong positive 
association between serum a-tocopherol and choles- 
terol concentrations, and although absolute serum lev- 
els of a-tocopherol were raised 2-fold in the animals 
fed the cholesterol-only diet, the a-tocopherol/ 
cholesterol ratio tended to fall, suggesting that the in- 
crease in serum a-tocopherol seen in this group was 
related to enhanced lipoprotein transport. We did not 
observe any hypocholesterolaemic effect associated 
with vitamin E supplementation in the rats, although 
this has been reported in the rabbit (23). In our study, 
rats were not treated with cholic acid which facilitates 
the development of a severe hypercholesterolaemia. 
In the absence of severe hyperlipidaemia, the lipid 
lowering effect of vitamin E may be too small to 
detect. 

We observed that dietary vitamin E supplementa- 
tion, in the presence or absence of concomitant cho- 
lesterol feeding, led to an increased hepatic accumu- 
lation of a-tocopherol, which exceeded that for the 
other tissues we investigated. Machlin and Gabriel (19) 
also noted that the increase in a-tocopherol content of 
the liver was higher than for other tissues, including 
aorta, kidney, and skeletal muscle, although Bendich 
et al. (24) found that basal tissue levels of a-tocopherol 
were lower for the liver than for spleen, testes, adre- 
nal, heart, and cerebrum. The liver is nevertheless the 
major storage site of a-tocopherol. Hepatic uptake of 
a-tocopherol has been shown to occur, at least in part, 
via the LDL receptor pathway (25). Following its up- 
take by the liver, a-tocopherol is repackaged into 
other lipoprotein particles including high-density li- 
poprotein and very low density lipoprotein, and sub- 
sequently transported to other tissues (15). Among 
these tissues is the kidney, a highly vascular and ox- 
ygen-dependent organ, which is particularly prone to 
free-radical injury associated with ischemia-reper- 
fusion and renal transplantation (26, 27). Vitamin E is 
reported to be protective in these circumstances (26, 
27). We observed a 2-fold increase in renal accumula- 
tion of a-tocopherol following 10 weeks of dietary vi- 
tamin E supplementation (Fig. 1, a and b), and this was 
also the case when vitamin E was accompanied by a 
high cholesterol intake. Skeletal muscle is reported to 

be inherently susceptible to oxidative damage due to 
its high unsaturated fatty acid content (28). 

The antioxidant status of skeletal muscle is depen- 
dent on dietary vitamin E intake (28) and vitamin E 
deficiency is associated with myopathies. We did not 
observe any significant increase in skeletal muscle 
a-tocopherol content following 10 weeks dietary sup- 
plementation; however, it has been noted previously 
that vitamin E accumulates in skeletal muscle slowly 
(19), hence a longer treatment period may be required 
for any significant differences to become evident. 

In animal models of atherosclerosis, the aorta is 
the primary site of lesion development (29). The basal 
a-tocopherol content of aortic tissue was higher than 
that of kidney or skeletal muscle (Fig. la). The 1% 
cholesterol diet was associated with slightly higher ab- 
solute a-tocopherol content (Fig. la), but an un- 
changed a-tocopherol/cholesterol ratio (Fig. lb), sug- 
gesting that the increase in a-tocopherol content was 
attributable to an increase in lipoprotein influx. The 
absolute aortic a-tocopherol content was highest 
among the animals receiving dietary vitamin E supple- 
ments whether or not this was accompanied by cho- 
lesterol supplements. The aortic tissue a-tocopherol/ 
cholesterol ratios were also highest among these 
groups of animals, indicating that the a-tocopherol ac- 
cumulation was not simply a reflection of increased 
lipoprotein uptake. Vitamin E supplements have been 
shown to inhibit atherosclerotic lesion development in 
experimental animal models (30, 31), and appear to 
protect against coronary heart disease in man when 
taken in sufficient quantities (32,33). Our data indicate 
that dietary supplements can increase the alpha- 
tocopherol content of vascular tissue, causing a poten- 
tial improvement in the antioxidant reserve of the ar- 
terial wall, and thereby increasing its resistance to ath- 
erosclerotic lesion formation. 

This project was supported by grants from the British Heart 
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