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In vivo metabolism of alpha-tocopherol in
lipoproteins and liver: studies on rabbits in response

to acute cholesterol loading
Department of Molecular & Cell Biology, University of Aberdeen, Scotland

Cardiovascular Research Unit, University of Edinburgh, Scotland

Objective: To investigate the transport of alpha-tocopherol in lipoproteins of rabbits under normal diet and under acute loading of
cholesterol. Design: Two New Zealand White rabbits were fed 14C-alpha-tocopherol acetate in a single oral dose and the recovery
of radiolabel in lipoproteins and plasma was monitored. Low density lipoprotein (LDL) from these animals was obtained and labeled
with [3H] cholesteryl ester. Three other rabbits were injected with this double-labeled LDL in the native form; while three other
animals received this LDL in the acetylated form. Results: Plasma clearance, liver uptake and levels of radiolabel in high density
lipoprotein (HDL) of animals injected with 14C[3H]acetyl LDL were significantly higher than those in animals injected with 14C[3H]native
LDL. Larger particles of HDL, rich in apolipoprotein E (apoE) carried significantly higher levels of both labels in rabbits injected with
acetylated LDL. Conclusion: These results provide evidence for in vivo mechanisms of “reverse alpha-tocopherol transport”,
analogous to “reverse cholesterol transport”.
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INTRODUCTION

High density lipoprotein (HDL) is considered to be
a protective factor against coronary heart disease
(CHD), as shown in several clinical trials1 One

antiatherogenic effect of HDL has been attributed to its
ability to remove surplus cholesterol from peripheral
tissues and transport it to the liver for excretion or
reutilization, in a process known as “reverse cholesterol
transport”.2,3 The larger particles of HDL, rich in
apolipoprotein E (apoE), have been demonstrated to be

significantly decreased in patients with CHD when
compared to matched healthy controls.4-6 In an analogous
manner to reverse cholesterol transport, HDL may serve
to transport alpha-tocopherol from peripheral tissues to
the liver.7 The antioxidative activity of alpha-tocopherol
has received particular attention in recent years, since
oxidative modification of low density lipoprotein (LDL)
may be a critical step in  atherogenesis.8-11 Epidemiological
studies have shown conflicting results in the correlation
of plasma levels of alpha-tocopherol and coronary risk,12-18

and there have been no reports on the distribution of alpha-
tocopherol in subfractions of HDL in response to acute
cholesterol loading. We have recently reported on the
distribution of alpha-tocopherols and carotenes in
subfractions of HDL separated according to their apoE
contents.19 Subfractions of HDL may be a more reliable
index for evaluation of coronary risk rather than total levels
of plasma HDL, since such subfractions comprise a variety
of particles with different physico-chemical
characteristics.20 In our report,19 plasma levels of HDL-
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cholesterol were highly correlated with the relative
proportions of alpha-tocopherol in apoE-rich HDL, while
the main carrier of alpha-tocopherol in HDL was an apoE-
poor HDL subfraction. The aim of the present study was
to help to elucidate the mechanisms underlying these
observations. The New Zealand White rabbit was chosen
as an animal model, since its plasma lipids and lipoproteins
profile is similar to that of humans21 and its alpha-
tocopherol distribution in HDL subfractions is akin to the
human counterparts.19 Subfractions of HDL in this strain
of rabbits were shown to be similar to that of humans, and
to be highly sensitive to acute cholesterol loading.22,23 The
progression of atherosclerotic lesions of rabbit arteries can
be inhibited by antioxidants in vivo.11

METHODS

Animals

New Zealand White rabbits aged 6-10 months were
studied. They were caged individually, in a room with
controlled temperature (20oC) and cycled with 12 hrs light/
darkness. The animals had continuous access to standard
laboratory chow (Rabbit maintenance R14) containing
6,000iu/kg of beta-carotene from 20,000iu/kg of vitamin
A, and 73iu/kg vitamin E as alpha-tocopherol. The daily
intake of chow was of the order of 100-130g/rabbit. Water

was also available ad libitum. At the end of each study, the
animals were given an overdose of Sagatal (pentobarbitone
sodium, BP) by injection into the marginal ear vein. During
deep anesthesia, blood was collected by cardiac puncture
into a vial containing ethylenediaminetetraacetate (EDTA)
(1.5mg/ml), and the vial was immediately placed on ice.
After death was confirmed, the abdomen and thorax were
opened for delicate washing of the liver ex vivo followed
by removal of liver and aorta, which were placed in cold
ice saline. The gall bladder was punctured and bile was
collected into a separate vial.

Plasma and lipoproteins

Plasma and lipoproteins were isolated as previously
described.22-24 All procedures were carried out at low
temperature and in the presence of 1mM EDTA, and
samples were kept under a stream of N

2
.

Heparin-Sepharose affinity chromatography

Separation of apoE-poor and apoE-rich HDL was
performed by affinity chromatography in a 15x1cm glass
column containing heparin coupled to activated Sepharose
as previously described.25,26 During affinity chro-
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Figure 1 - Plasma levels of [3H]cholesteryl linoleate and 14C-alpha-
tocopherol injected with LDL into two groups of rabbits. One group
(n=3) received native LDL (controls) and the other group (n=3)
received acetyl LDL (cholesterol-loaded animals). Standard
deviation (SD) is shown in error bars.

Figure 2 - Recovery of radiolabels in lipoproteins of rabbits 4hrs
after injection of  14C/[3H] LDL.
The two groups of animals are as for Fig 1.
Ct = control rabbits, Ac = rabbits injected acetyl-LDL
Total label recovered in lipoproteins was considered as 100%.
Recovery of labels in infranatant (d>1.25g/ml) was negligible.
Results are presented as mean value + SD.
** P<0.01 in relation to controls.
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matography, EDTA was omitted, but all buffers were
degassed and kept under a stream of N

2
. Subfractions of

HDL thus isolated (apoE-poor and apoE-rich HDL) were
immediately dialyzed against 50mM NaCl, 1mM EDTA,
5mM Tris-HCl, pH7.4 and frozen under N

2
.  Subfractions

of HDL from all rabbits were freeze-dried and the contents
taken up in hexane for radioactivity measurements. The
relative percentage of subfractions of HDL was calculated
from a summation of absorbance values (280nm) of
individually collected fractions.27

In vivo studies in the rabbit

Two rabbits were fed all-racemic 14C-alpha-
tocopherol in a single dose, by orogastric tube. Each
animal received 50uCi (1.85MBq) 14C-3,4-alpha-
tocopherol (113uCi/mg, 0.99mCi/ml) dissolved in 2ml
olive oil. No adverse reaction was observed in these
animals. One rabbit was sacrificed after 24hrs, the other
after 48hrs. LDL from these animals was isolated by
ultracentrifugation, pooled, dialyzed against 150mM
NaCl, 0.3mM EDTA, 5mM Tris-HCl, pH7.4 and [1,2
3H] cholesteryl linoleate was incorporated into the
lipoprotein as previously described.22,24 Half the sample
was separated and described as “ 14C/[3H] native LDL”.
The other half was dialyzed against 150mM NaCl, Tris-

HCl, pH7.4, submitted to chemical modification by
acetylation,23,24,28 and described as “14C/[3H] acetyl
LDL”.

The final samples of labeled LDL contained similar
amounts of protein and radiolabels. Each animal entering
this phase of the study received 1.2mg LDL protein, 0.45mCi
of [3H], and 20uCi of 14C by injection on the right marginal
ear vein. The final volume injected was 1.4ml.

Two groups of New Zealand White rabbits matched
for sex, age and weight (n=3 in each group) were injected
with double-labeled LDL, and were sacrificed 4 hrs later.
One group received injections of “ 14C/[3H] native LDL”
and the other received “14C/[3H] acetyl LDL”. Small blood
samples taken during this study were drawn from the left
marginal ear vein. All procedures were carried out in the
same day for both groups of animals.

Radioactivity measurements

Samples taken for measurement of radioactivity were
dissolved in Optiphase hisafe-II (Pharmacia LKB).
Duplicate samples were counted over 3min in an LKB 1219
Rackbeta counter, the data being processed by Ultroterm 2,
which was programmed to correct for quenching. The
program was also specially set up for double-label counting.
There was excess [3H] in all samples.

Figure 3 - Recovery of radiolabels in subfractions of HDL of rabbits
injected with 14C/[3H] LDL.
The two groups of animals are as for Fig 1.
Ct = control rabbits, Ac = rabbits injected acetyl-LDL
Results are presented as mean value + SD.
* P<0.05, ** P<0.01, *** P<0.001 in relation to controls.

Figure 4 - Recovery of radiolabels in the liver of rabbits injected
with 14C/[3H] LDL.
The two groups of animals are as for Fig 1.
Ct = control rabbits, Ac = rabbits injected acetyl-LDL
Results are presented as mean value + SD.
** P<0.01, *** P<0.001 in relation to controls.
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RESULTS

No adverse reactions were observed in any of the
animals entering the present investigation.

Recovery of 14C in plasma, subfractions of HDL and
liver of the rabbits which were fed 14C alpha-tocopherol is
shown in Table 1. Plasma levels of 14C were continuing to
decrease at 48hrs after ingestion of the label and its  transfer
among lipoproteins was relatively slow in the rabbits. The
newly ingested alpha-tocopherol appeared to have entered
the HDL system via apoE-rich particles, and then
distributed to apoE-poor HDL, although other pathways
may be operative.

Levels of [3H] and 14C in plasma of the two groups
of animals receiving injections of LDL is summarized in
Fig 1, and lipoprotein levels of radiolabels is shown in
Fig. 2. Significantly lower levels of both radiolabels was
observed in plasma of animals injected with 14C/[3H] acetyl
LDL (P<0.01). Significantly higher levels of [3H] was
present in LDL of animals injected with 14C/[3H]  native
LDL  (P<0.01),  while higher recovery of [3H] was
observed in HDL of animals injected with 14C/[3H] acetyl
LDL (P<0.01). The distribution of 14C-alpha-tocopherol
was similar among all lipoproteins in both groups of
animals (Fig. 2).

Although consistently higher, the relative proportions
of 14C-alpha-tocopherol found in apoE-rich HDL in rabbits
loaded with cholesterol were not statistically significant,
even when calculated as 14C-alpha-tocopherol/
[3H]cholesteryl ester. The ratio 14C/[3H] in apoE-poor HDL
is consistently higher for controls and should this trend
persist with time, it would be in agreement with our
previous finding for humans and rabbits.19 However, when
radioactivity in total HDL was considered 100%, apoE-
poor HDL of treated animals contained more [3H] than
that of controls (P<0.01). ApoE-rich HDL was highly
enriched with [3H] in relation to controls (P<0.001). There
were no differences between levels of 14C  in the apoE-

Table 1
Percentage of recovery of  14C in plasma, lipoproteins, subfractions of HDL and liver of two rabbits fed 50uCi

(1.85MBq) 14C-3,4-alpha-tocopherol (113uCi/mg, 0.99mCi/ml) dissolved in 2ml olive oil. Rabbit A was
sacrificed after 24 hours, rabbit B after 48 hours. Radioactivity recovered in lipoproteins was considered

100%, 14C in infranatant (d>1.25g/ml) was negligible. Relative percentage of 14C in subfractions of HDL were
calculated in relation to total 14C in HDL.

Plasma VLDL  LDL HDL apoE-poor apoE-rich Liver
HDL HDL

Rabbit A 31.0 76.7 16.3 7.0 21.1 78.9 2.4

Rabbit B 14.5 65.8 22.2 12.0 49.1 50.9 3.2

poor HDL particles of both groups of animals, although a
significantly higher level of 14C was observed in apoE-
rich HDL of treated animals (P<0.05) (Fig. 3).

Recovery of both labels in the aorta and bile of all
rabbits was less than 0.5% and hence no meaningful
comparisons can be made. Liver uptake of [3H] and 14C
showed a significant difference for both labels in the two
groups (Fig. 4). Animals injected with 14C/[3H] acetyl LDL
had higher levels of [3H] (P<0.001) and of 14C (P<0.01)
than did the animals injected with 14C/[3H] native LDL.
The ratio 14C/[3H] in the liver of both groups of animals
was comparable, i.e. 0.20 for animals that received 14C/
[3H] native LDL and 0.18 for rabbits injected with 14C/
[3H] acetyl LDL.

DISCUSSION

It is generally accepted that both HDL and vitamin
E can be antiatherogenic, albeit by different mechanisms
of action. HDL appears to mediate the process of reverse
cholesterol transport while vitamin E may protect lipids
against oxidation. HDL carries approximately half of the
total alpha-tocopherol in plasma19 and can protect LDL
against oxidation, at least in vitro.29-31 However, HDL has
yet to be clearly shown to participate in reverse cholesterol
transport,3 and the occurrence of oxidized LDL in vivo is
still contentious.8,32 Therefore, further investigations into
the role of these antiatherogenic particles are needed in
order to fully understand the pathophysiology of
atherosclerosis and to have a means of altering the course
of the disease.33,34

With data provided by two rabbits fed 14C-alpha-
tocopherol, it appears that, following an oral dose of
vitamin E, its transfer among lipoproteins of the rabbit is
relatively slow, although such a finding may be due to the
mixture of isomers used to feed the animals. Since RRR-
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alpha-tocopherol is preferentially incorporated into plasma
lipoproteins,35 it is likely that the sample of 14C-LDL
obtained from the donor animals contained mostly the
naturally occurring isomer.

When rabbits were injected with LDL containing 14C-
alpha-tocopherol, equilibration of the label in the different
pools of lipoproteins occurred faster than when animals
were fed the labeled alpha-tocopherol. Although the
distribution of 14C-alpha-tocopherol among the
lipoproteins was similar in both groups of rabbits injected
with labeled LDL, plasma clearance of 14C was faster in
animals loaded with cholesterol. This was accompanied
by significantly faster plasma clearance of [3H]. Since the
uptake of [3H] cholesteryl ester by the liver in animals
injected with 14C/[3H] acetyl LDL was significantly higher
than that in animals injected with 14C/[3H] native LDL, it
may be assumed that the cholesterol-loading was
successful.36,37 It is interesting to notice that this increased
uptake of [3H] cholesteryl ester by the liver of animals
overloaded with cholesterol was accompained by increased
levels of 14C-alpha-tocopherol in the liver (P<0.01).

There were no significant differences in the recovery
of either label between apoE-poor and apoE-rich
subfractions of HDL when results are considered as a
percentage of distribution of label between subfractions.
However, when recalculated with values of radioactivity
found in HDL, significantly higher levels of [3H] were
detected in both subfractions of HDL for treated animals,
while 14C was increased in apoE-rich HDL of these
cholesterol-loaded rabbits. This discrepancy may be due
to two factors: first, the two groups of animals may be too
small to provide significant differences when the
calculations are performed as relative percentages.
Secondly, or additionally, the levels of radioactivity
recovered in HDL were very different in the two groups
of rabbits due to the design of the experiment. Therefore,
only when considering the total recovery of 14C and [3H]
in HDL as counts per minute (cpm) or disintegrations per
minute (dpm) do the previously apparent differences
become significant.

It may be argued that, due to the high uptake of [3H]
cholesteryl ester by the liver cells, the HDL system was
not involved in removing cholesterol from endothelial
cells. However, liver uptake of 14C/[3H] acetyl LDL is

virtually restricted to the endothelial cells36,37 and, to a great
extent, dependent on HDL for transfer of cholesterol to
hepatocytes.  Uptake of modified LDL by Kupffer cells,
which may be less dependent on HDL for further clearance,
pertains to oxidized LDL rather than acetylated LDL.38

Furthermore, previous studies have shown a role for very
specific subfractions of HDL in transporting labeled
cholesterol in plasma of rabbits injected with [3H] acetyl
LDL.22,23 Levels of both labels were significantly higher
in apoE-rich HDL particles of animals injected with 14C/
[3H] acetyl LDL in comparison to those of animals injected
with 14C/[3H] native LDL. The group of rabbits injected
with native LDL will control for any plasma transfer of
the labels among the lipoprotein subclasses. Any excess
of 14C-alpha-tocopherol in HDL or in a subfraction of HDL
in the cholesterol-loaded animals supports the notion of
alpha-tocopherol transport away from peripheral tissues.

The present data are therefore indicative of an
operative mechanism of reverse alpha-tocopherol
transport, by which tissue alpha-tocopherol may be
transported to the liver via HDL, as suggested by Kayden
& Traber.7 It has been reported that alpha-tocopherol may
be removed from storage tissues such as adipose tissue in
situations of low plasma levels of alpha-tocopherol.7

Advanced human atherosclerotic plaques contain relatively
high levels of alpha-tocopherol39 and the degree of its
accumulation in the arterial wall may depend on active
removal by HDL. The present report adds the evidence of
alpha-tocopherol being removed from tissues during acute
cholesterol loading in rabbits.

We have previously observed a strong positive
association between the alpha-tocopherol content of apoE-
rich HDL and plasma HDL levels.19 This finding, when
taken together with the present results, points to a role for
apoE-rich HDL particles enriched with alpha-tocopherol
as a marker for individuals protected against athe-
rosclerosis, possibly due to an efficient mechanism of
“reverse cholesterol/alpha-tocopherol transport”. Much
more has to be learned of the role of antioxidants in the
protection against atherosclerosis.40 Whether the purpose
of “reverse alpha-tocopherol transport” is to protect
cholesterol from oxidation during reverse cholesterol
transport, or whether such an association is merely
incidental, remains to be clarified.
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 RESUMO

Objetivo: investigar o transporte de alfa-tocoferol em lipoproteinas de coelhos sob dieta normal e durante sobrecarga de
colesterol. Desenho: Dois coelhos brancos da Nova Zelândia receberam 14C-alfa-tocoferol na forma de acetato em dose oral
única e a recuperação de radioatividade nas lipoproteínas e plasma foi monitorizada. Lipoproteína de baixa densidade (LDL)
destes animais foi obtida e marcada com [3H] ester de colesterol. Três outros coelhos receberam injeções desta LDL duplamente
marcada na forma nativa, enquanto mais três animais receberam injeções desta LDL na forma acetilada. Resultados: Queda
dos níveis de 14C[3H] no plasma, captação hepática e níveis de radioatividade foram significativamente maior nos coelhos que
receberam a forma acetilada de LDL. Partículas grandes de HDL, ricas em apolipoproteína E (apoE), continham níveis elevados
de ambos os marcadores radioativos em coelhos que receberam injeção de acetil-LDL. Conclusão: Estes resultados sugerem
a presença de mecanismos in vivo para o transporte reverso de alfa-tocoferol, análogo ao transporte reverso de colesterol.
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