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Vitamin E includes eight naturally occurring fat-soluble nutrients called tocopherols and dietary intake of 
vitamin E activity is essential in many species. a-Tocopherol has the highest biological activity and the 
highest molar concentration of lipid soluble antioxidant in man. Deficiency of vitamin E may cause 
neurological dysfunction, myopathies and diminished erythrocyte life span. a-Tocopherol is absorbed via 
the lymphatic pathway and transported in association with chylomicrons. In plasma a-tocopherol is found 
in all lipoprotein fractions, but mostly associated with apo B-containing lipoproteins in man. In rats 
approximately 50% of a-tocopherol is bound to high density lipoproteins (HDL). After intestinal absorp- 
tion and transport with chylomicrons a-tocopherol is mostly transferred to parenchymal cells of the liver 
were most of the fat-soluble vitamin is stored. Little vitamin E is stored in the non-parenchymal cells 
(endothelial, stellate and Kupffer cells). a-Tocopherol is secreted in association with very low density 
lipoprotein (VLDL) from the liver. In the rat about 90% of total body mass of a-tocopherol is recovered 
in the liver, skeletal muscle and adipose tissue. Most a-tocopherol is located in the mitochondria1 fractions 
and in the endoplasmic reticulum, whereas little is found in cytosol and peroxisomes. Clinical evidence from 
heavy drinkers and from experimental work in rats suggests that alcohol may increase oxidation of 
a-tocopherol, causing reduced tissue concentrations of a-tocopherol. Increased demand for vitamin E has 
also been observed in premature babies and patients with malabsorption, but there is little evidence that 
the well balanced diet of the healthy population would be improved by supplementation with vitamin E. 

KEY WORDS: Vitamin E, a-tocopherol, absorption, transport, hepatic secretion, ethanol. 

ESSENTIALITY OF VITAMIN E 

In 1922 Evans and Bishop' demonstrated that rats fed a diet deficient in certain lipids 
developed reproductive failure. The male rats showed loss of spermatogenesis, whe- 
reas female rats were unable to retain zygotes. The missing substance was charac- 
terized and called vitamin E.2,3 Since then muscular dystrophy, exudative diathesis, 
megaloblastosis, pulmonary degeneration, nephrosis and liver necrosis, have been 
observed experimentally in several animal species as signs of vitamin E-defi~iency.~.~ 

Vitamin E comprises eight naturally occurring essential fat-soluble nutrients.6 The 
series is made up of four compounds with tocol-structure bearing a saturated phytyl 
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230 C.A. DREVON 

C,, sidechain (a-, 8-, y- and 8-tocopherol) and four compounds with tocotrienol 
structure bearing three double bonds in the phytyl side chain (a-, 8-, y-  and 8-tocotrie- 
nol) (Figure 1). The term tocopherol is derived from the Greek words tokos and 
pherein, meaning to bring forth childbirth. Of the eight fat-soluble derivatives, 
a-tocopherol predominates in many species and has the highest biological activity,’ 
the active site being the 6-hydroxyl group.’,’ The side chain in the 2-position facilitates 
the incorporation and retention of vitamin E in biological membranes, so that the 
6-position is optimal for scavenging free radicals and terminating lipid peroxidation’ 
(Figure 2). The relative biological activity of the different vitamers is usually given as: 
1 for a-tocopherol, 0.4 for 8-tocopherol, 0.1-0.3 for y-tocopherol, 0.01 for 8-tocoph- 
erol and 0.3 for a-tocotrienol based on in vivo tests. 

All cells exposed to molecular oxygen are at  risk of being damaged by 0,-derived 
free radicals (e.g., superoxide anion radical, hydroxyl radical) and lipid peroxidation 
products.lO*” A significant number of complementary antioxidant systems provide an 
effective defense against oxidative This includes superoxide dismutase in 
mitochondria (Mn-containing), cytoplasm (Cu/Zn-containing) and an extracellular 
type, glutathione peroxidase (Se-dependent cytoplasmic enzyme), catalase (Fe- 
containing peroxisomal enzyme), ascorbate, 8-carotene, urate and oxidizable peptides 
like glutathione. Vitamin E is the lipid-soluble antioxidant with the highest molar 
concentration, which may quench free radicals and act as a terminator of lipid 
per~xidat ion.’~.’~ The vatamin E radical then formed is fairly stable, because the 
unpaired electron on the oxygen atom in the C-6 position can be delocalized into the 
aromatic ring structure, thereby increasing the stability.* The vitamin E radical may 
be reduced back to vitamin E by a~corbate’~*” and g1~tathione.I~ Other possible fates 
of the vitamin E radical are formation of a-tocopheryl quinone, and reaction with 
another vitamin E radical to form a dimer.I4 

In man, deficiency of vitamin E may produce diminished erythrocyte life  spar^,^**^^ 
neurological dysfunction and myopathies in patients with different malabsorption 
syndromes including a-/?-lip~proteinemia.~~.~~ The most common states of malabsorp- 

HO 

R 3  Tocol structure 

HO 

* 3  
Tocotrienol structure 

FIGURE I Tocol- and tocotrienol structure. R stands for residue and represents for a-tocopherol; R , ,  
R, and R, are all methyl (CH,) groups. fi-Tocopherol; R, = CH,, R2 = H and R, = CH,. &Tocopherol; 
R, = CH,, R, and R, = H. y-Tocopherol; R, and R, = CH, and R, = H. Corresponding nomenclature 
is used for the tocotrienols, where three double bonds are located in the side chain. 
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VITAMIN E 23 1 

LIP ID PER 0 X ID AT I ON 

Polyunsaturated R-CH=CH-CH,-CH=CH-R’ 
fatty acid 

INITIATION 
Lipid radical 

I-* 
R = CH ?CH- C H 2 -  CH = C H - R’ 

polyunsaturated 
!at!y acid 

VITAMIN E IL W d  
radical - chain reaction 

Hydroperoxide R=CH-$H-CH2-CH CH-R x 
ETHANE J 1 L PENTANE 

A 
DEGRADATION 

malondialdehyde O=CH-CH, -HC=O 

FIGURE 2 Lipid peroxidation is a chain reaction initiated by abstraction of a hydrogen atom from a 
polyunsaturated fatty acid, leaving behind an unpaired electron on the carbon atom. This lipid radical may 
react with oxygen (0,) or oxygen-derived reactive molecules to form a hydroperoxide radical. Hyd- 
roperoxide radicals may abstract hydrogen atoms from other lipid molecules to continue the chain reaction, 
resulting in a variety of products, e.g. ethane, pentane and malondialdehyde. Vitamin E may terminate this 
chain-reaction at different steps by itself becoming a radical from giving up a hydrogen atom. The vitamin 
E radical is relatively little reactive compared to other lipid radicals. 

tion causing vitamin E deficiency are cholestatic liver disease in children or primary 
biliary cirrhosis in adults, cystic fibrosis and pancreatic insufficiency. Progressive 
spinocerebellar degeneration with ataxia, areflexia and impaired vibratory sensation 
are striking signs of vitamin E deficiency. The most convincing information on the 
essential role of vitamin E in man was obtained from studies on patients with inborn 
errors of metabolism, causing defective secretion of chylomicrons. Both with hypo-/?- 
lipoproteinemia and a-/?-lipoproteinemia malabsorption of fat may cause deficiency 
of fat-soluble  vitamin^.'^ 

Recently, some patients with isolated familial vitamin E deficiency have been 
described, who have normal fat absorption. Studies with deuterated a-tocopherol 
suggest that these patients have a defect in the incorporation of rx-tocopherol in 
lipoproteins secreted by the liver.25 

Vitamin E deficiency has been linked to the development of bronchopulmonary 
dysplasia,26 intraventricular hemorrhage in the brain,”.’’ retrolental f i b r o p l a ~ i a ~ ~ . ~ ~  
and anemia in premature children.29 In addition, alterations of vitamin E status have 
been associated with devleopment of certain forms of cardiovascular 
diseases,”-35 and effects on immune f~nctions.~”~’ 
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232 C.A. DREVON 

INTESTINAL ABSORPTION 

Intestinal absorption of lipids and fat-soluble vitamins depends on pancreatic func- 
tion, biliary secretion, micellar formation and transport across intestinal mem- 
branes.-’ The absorption of a-tocopherol has been most extensively studied in rats, 
but data from humans are ~ c a r c e . ~ ~ ’ ~  The major dietary sources of vitamin E for 
humans are flour and vegetable oils, whereas very little of vitamin E is present in 
marine 1i~ids . I~ 

a-Tocopheryl acetate has been the most frequently used substance to evaluate the 
extent of a-tocopherol absorption, but the absorption of free a-tocopherol has also 
been examined. In early reports a variety of methods were employed to study the 
absorption of a-tocopherol, including measuring the amount of fecal unabsorbed 
a-tocopherol after oral feedingw4’ and gut perfusion  experiment^.^"^' The methods 
used were unspecific, and quantitative interpretation of the results is difficult due to 
a great number of experimental variables used in the different experiments. 

or the thoracic lymph d~c t ,~ ’ -~ ’  
it is possible to obtain a more accurate measure of the amount of a-tocopherol 
absorbed. One major inherent weakness of cannulating the main mesenteric lymph 
duct is that some mesenteric lymph is drained by accessory ducts. Another point of 
concern is that the absorption is usually studied in a postoperative state. On the other 
hand the measured uptake provides minimum estimates for the absorption. Another 
advantage of using mesenteric lymph duct cannulation is that interference from 
hepatic and peripheral lymph, also drained by the thoracic duct, can be avoided. 
When evaluating the results of these experiments, it is also important to keep in mind 
that the way of administering a-tocopherol may be crucial. Previous studies on 
absorption of triacylglycerols have revealed that about 50% of the administered dose 
was absorbed when given as a bolus in contrast to an almost complete 
absorption after a slow, continous infusion at a rate similar to dietary i n p ~ t . ~ ~ . ~ ~  

When radiolabeled a-tocopherol is administered intraduodenally to rats as a bolus, 
the absorption of a-tocopherol via mesenteric lymph is approximately I5-20%, as 
evaluated by cannulation of the main mesenteric lymph Bjerrneboe et al.” did 
not solely rely on measurements of radioactivity in the mesenteric lymph, but the mass 
of a-tocopherol absorbed was also determined by high performance liquid chromato- 
graphy in combination with fluorescence detection. When absorption of a-tocopherol 
and oleic acid was studied during simultaneous duodenal administration of (3H) 
a-tocopherol and (“C) oleic acid, the latter appeared faster in mesenteric lymph, and 
total recovery were about 15 and 45%, re~pectively.’~ Since the absorption of oleic 
acid under physiological conditions is almost complete, this observation may indicate 
that the absorption of a-tocopherol is more complete (- 40%) than previously 
suggested. 

Traber et al.” have reported that the absorption of a-tocopherol was approximately 
65% when a-tocopheryl acetate was administered as a slow continuous infusion into 
the duodenum in rats.55 The amount of a-tocopherol administered was of the same 
order of magnitude as used in the mesenteric lymph duct studies.” The discrepancy 
between the results from mesenteric lymph duct studies and the findings of Traber et 
al.? with respect to absorption of a-tocopherol, may be due to different ways of 
administering a-tocopherol and difference in length of time the animals had to recover 
from surgery. 

It is generally accepted that a-tocopheryl esters are hydrolyzed during the absorp- 

By cannulating the main mesenteric lymph 
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VITAMIN E 233 

tive process. Under physiological conditions the hydrolysis occurs in the gut lumen, 
but a mucosal esterase has also been identified in the endoplasmic reticulum of the 
enterocytes.m Bile salts are required to form micelles, which are necessary for normal 
absorption of dietary lipids. In patients with malabsorption it is possible to deliver 
a-tocopheryl esters to the enterocyte by administering a-tocopherol in micellar 

Data based on studies with everted small bowel sacs, with and without metabolic 
inhibitors, indicate that a-tocopherol is absorbed by a passive diffusion process from 
the small intestine to the en te r~cy te .~~  but the transport of a-tocopherol through the 
epithelial cell is not well understood. In rats it is likely that the area at the junction 
between the upper and middle thirds of the small intestine is the region with greatest 
uptake of a - t o c ~ p h e r o l . ~ * ~ ~  

Traber et dSs have reported that the efficiency of a-tocopherol absorption de- 
creases when the amount of a-tocopherol given to experimental animals increases. 
The reduced absorption of a-tocopherol with increasing doses may be of relevance 
when supplementation with a-tocopherol is provided. Traditional bioassays have 
indicated that a-tocopheryl acetate may be more efficient in relieving signs of vitamin 
E deficiency than free a - t o ~ o p h e r o l . ~ ~ . ~ ~  When a-tocopherol and a-tocopheryl acetate 
were dosed twice daily, the net uptake of a-tocopherol from the free form was 
estimated to be only half that from the ester form.64 However, from cannulation 
studies no such difference in rates of absorption between the two forms of a-tocoph- 
erol was observed,” and with a high intake in man ( > 400 IU/day) higher tocopherol 
levels were obtained with free tocopherol than with tocopheryl ester, suggestive of 
some limitation in hydrolysis of the ester at this level of intake.6’ The previously 
observed difference in biopotency between a-tocopherol and its ester form could also 
be due to oxidation of the free form. Other studies further suggest that medium-chain 
triglycerides enhance the absorption process,s4 whereas retinoic acid66 and long-chain 
polyunsaturated fatty acids” may reduce the absorption of a-tocopherol. Long-chain 
polyunsaturated fatty acids may also enhance the oxidation of a-tocopherol in v ~ v o , ’ , ~ ~  
and the observed inhibition of absorption of a-tocopherol may therefore be of 
particular clinical interest. 

About 99% of the a-tocopherol in lymph is transported in association with chy- 
lo micron^.'^ Unlike retinol and cholesterol, a-tocopherol is not re-esterified during the 
intestinal absorption process. In contrast to  chicken^,^' it is unlikely that absorption 
of a-tocopherol by the portal vein makes any si nificant contribution to the overall 
absorption of a-tocopherol in rats and humans. 

The absorption of tocopherols other than the a-form has not been extensively 
studied. However, the intake of y-tocopherol is 2-4 times that of a-tocopherol because 
of its dietary predominance, and it has been proposed that y-tocopherol may contri- 
bute as much as 20-30% of the total vitamin E activity in the diet.68 Despite this, 
several studies indicate that the level of y-tocopherol averages only 10-15% of the 
concentration of a-tocopherol in adult human p l a ~ m a . ~ ~ . ~ ~  From cannulation studies 
no major difference in the rate of absorption of a- and y-tocopherol was ob~erved;’~.~~ 
even excess of a-tocopherol did not reduce the absorption of y-to~opherol.’~ In man 
it has been observed that ingestion of high levels of a-tocopherol results in a marked 
lowering of y-toc~pherol,~~ which may be promoted by preferential secretion of 
y-tocopherol to bile due to decreased secretion in lipoproteins released from the 
liver.7’ 

form.55-61 
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234 C.A. DREVON 

TRANSPORT OF a-TOCOPHEROL 

Lipoproteins are plasma lipid transport vehicles consisting of a hydrophobic core, 
containing triacylglycerol and cholesterol ester, and an amphipatic surface comprised 
of unesterified cholesterol, phospholipids and a large variety of apolipoproteins. 
Lipoproteins are heterogeneous in size, chemical composition and function. The 
difference in density divides the lipoproteins into four major classes, chylomicrons, 
very low density lipoprotein (VLDL), low density lipoprotein (LDL) and high density 
lipoprotein (HDL). Lipoproteins are dynamic structures, and transfer of molecules 
occurs between the core and surface of lipoproteins, between lipoproteins and bet- 
ween lipoproteins and tissues.’’ The lipoproteins are mainly synthesized in the intes- 
tine (chylomicrons and HDL) or liver (VLDL and HDL), or they are formed in 
plasma (HDL and LDL) during metabolism of triacylglycerol-rich lipoproteins. The 

TRANSPORT OF VITAMIN E 

DIE TAR Y 
VITAMIN E Bile 

FECAL 
VITAMIN E 

PERIPHERAL CELLS 
( Muscle. adipose tissue ) 

FIGURE 3 Transport of vitamin E between different tissues. Dietary esters of vitamin E are hydrolyzed 
and the unesterified form is absorbed in the small intestine, incorporated into chylomicrons (CM) and 
secreted into the intestinal lymph. Lipoprotein lipase (Lpl) is located on the luminal side in capillaries of 
several tissues and hydrolyses the triacylglycerols in the core of chylomicrons, thereby forming chylomicron 
remnants (CMR). Along with the free fatty acids some vitamin E might be transferred to different 
peripheral tissues during lipolysis. CMR are taken up by parenchymal cells (PC) in the liver, via an 
unregulated CMR-receptor. Most vitamin E is stored in the parenchymal cells, but some is also found in 
the nonparenchymal cells (NPC). Vitamin E is secreted from the parenchymal cells in association with very 
low density lipoproteins (VLDL). These particles are metabolized by lipoprotein lipase the same way as 
chylomicrons. Some vitamin E in the VLDL particles ends up in low density lipoproteins (LDL) as these 
lipoproteins are transformed in plasma. Vitamin E in LDL may be taken by receptor mediated endocytosis 
via the LDL-receptor (also called the apoB/E-receptor). Some vitamin E associated with chylomicrons and 
VLDL are probably transferred to peripheral cells and high density lipoproteins (HDL) during lipolysis by 
lipoprotein lipase. A significant amount of vitamin E is secreted into the bile as is, or metabolized. A large 
fraction of vitamin E is not absorbed in the intestine. Pathways of minor or unknown importance are 
marked with dotted lines. 
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VITAMIN E 235 

majority of apolipoproteins are synthesized in the liver and intestine,73 and they may 
regulate different enzymes involved in the metabolism of lipoproteins and act as 
ligands recognized by different cellular  receptor^.^^.^' 

a-Tocopherol is transported in blood associated with lipoproteins (Figure 3) both 
in and in rats,50~S2*78-80 and no specific plasma transport protein has been 
described. In nonfasting rats a-tocopherol is approximately evenly distributed bet- 
ween VLDL (d < 1.006g/ml) and HDL (1.05g/ml < d < 1.21 g/ml),s2 whereas 
LDL is the lipoprotein fraction containing most a-tocopherol in fasting humans.74.76.77 
A high correlation exists between the concentration of total lipids and a-tocopherol 
in serum,39 but the serum concentration of a-tocopherol might also be correlated with 
the amount of proteins in the different lipoprotein classes.77 Dietary supplementation 
with vitamin E to humans (2 g tocopheryl acetate per day) may result in a rapid and 
parallel increases in the content of a-tocopherol in blood plasma and  erythrocyte^.^^ 
In red blood cells most a-tocopherol is located in the membrane fraction,8’ and a 
chiral discrimination between different stereoisomers of a-tocopherol has been des- 
cribed, with preferential retention of the natural occurring form, RRR- stereoisom- 
er.82 Based on studies examining the relative sensitivities of different blood com- 
ponents to changes in dietary intake of vitamin E, it is likely that the most sensitive 
marker of dietary status of a-tocopherol in blood is the content of a-tocopherol in 
 platelet^.^^.^^ 

The uptake of a-tocopherol in peripheral tissues may occur during catabolism of 
triacylglycerol-rich lipoproteins by the activity of lipoprotein lipase,” via the LDL 
(apoB/E) receptor or by nonreceptor-mediated uptake.86 

The fate of pharmacological doses of pharmaceutical preparations of a-tocopherol 
has been examined after i n t r aven~us~~ .~ ’  and intramuscular admini~tration,’~ whereas 
physiological processing of newly absorbed a-tocopherol has been offered little ex- 
perimental attention. When clearance of (3H)a-tocopherol was studied after intrave- 
nous injection of intestinal lymph labeled in vivo with radioactive a-tocopherol, the 
half-life was about 12 min.79380 This tl12 is similar to that of retinol and cholecalciferol 
associated with chylomi~rons.~’ The half-life of chylomicrons in vivo is in the range of 
5-1 5 min,92-94 and the chylomicron remnants, formed by the action of lipoprotein 
lipase, are rapidly taken up via remnant receptors on the surface of hepato~ytes.’~-~~ 
These data, along with data on hepatic uptake of radiolabeled vitamin E (see next 
section on hepatic uptake), suggest that a-tocopherol primarily is cleared from blood 
in association with chylomicron remnants. 

Furthermore, a redistribution of a-tocopherol from chylomicrons/VLDL to HDL 
was observed in rats with time after intravenous injection of lymph labeled in vivo with 
(3H)a-tocopherol,79 as also demonstrated in v i ~ r o . ~ ~  The transfer of a-tocopherol 
between lipoprotein particles is markedly slower than what is found for cholesterol. 
After functional hepatectomy, with ligation of the hepatic artery and the portal vein, 
it was observed that the redistribution of a-tocopherol from chylomicrons/VLDL to 
HDL was delayed.79 This finding suggests that the transfer process is at least partly 
dependent on processing of chylomicron-associated a-tocopherol by the liver. Al- 
though a neutral lipid transfer protein has been described in human plasma, it does 
not regulate a-tocopherol transfer between plasma  lipoprotein^.^^ The presently avail- 
able data on transfer of a-tocopherol between lipoproteins do not allow us to make 
accurate estimations on the relative importance between the redistribution taking 
place in plasma or via the liver. Another unclear point is by what mechanism the 
transfer of a-tocopherol takes place between lipoproteins. One possibility is that 
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236 C.A. DREVON 

a-tocopherol is transferred from one lipoprotein particle to another via the water 
phase, as has been suggested for cholesterol. 

HEPATIC UPTAKE OF a-TOCOPHEROL 

The liver consists of several different cell types, the parenchymal cells being larger 
than the nonparenchymal liver cells and accounting for 85-90% of the total liver 
mass.99 The nonparenchymal liver cells represent about 35% of the total number of 
cells, and may be divided into stellate cells, Kupffer cells and endothelial cells.w-'O1 

Studies of hepatic uptake of intravenously injected (3H)a-tocopherol have shown 
that maximum content in the liver was obtained after about 45 min, when more than 
50% of the injected dose of (3H)a-tocopherol was recovered in this ~rgan . '~ .~ '  Hepatic 
radioactivity then declined, and after 24 h about 1 1 ?h of the injected dose was retained 
in the liver. When parenchymal and non-parenchymal liver cells were separated by 
differential centrifugation, it turned out that a-tocopherol was preferentially taken up 
by parenchymal cells.79 

Measurement of a-tocopherol mass have revealed that at least 75% of hepatic 
a-tocopherol is located in parenchymal cells and that, at most, 25% is confined to 
nonparenchymal cells as evaluated by differential centrifugation.52 Thus, transfer of 
a-tocopherol between parenchymal and nonparenchmal cells may take place after 
primary uptake in parenchymal cells, even though a direct uptake of a-tocopherol by 
nonparenchymal cells cannot be excluded. 

Centrifugal elutriation makes it possible to obtain a satisfactory separation of 
different nonparenchymal liver cells.lo2 Using this method it was found approximately 
twofold higher concentration of a-tocopherol per mg protein, in the peroxidase-posi- 
tive cells (Kupffer cells) as compared to peroxidase-negative cells (stellate cells and 
endothelial cells), isolated from rats fed an ordinary pellet diet containing about 30 mg 
vitamin E/kg.lo3 In this study the parenchymal cells contained about 90% of hepatic 
a-tocopherol, which is somewhat higher than previously publi~hed.'~ It should be 
noted, however, that the rats in the latter experimentIo3 had been fed a diet containing 
markedly higher amounts of vitamin E prior to the experiments. 

Distribution of a-tocopherol to the different types of liver cells is dependent on the 
nutritional status of the animals. After dietary supplementation with high amounts of 
a-tocopherol the content of a-tocopherol in the parenchymal cells increased sixfold, 
whereas the content a-tocopherol in the nonparenchymal cells was similar to presup- 
plemented values.lo3 This finding indicates that parenchymal liver cells have a large 
storage capacity for dietary surplus of a-tocopherol. When rats were deprived of 
a-tocopherol for 8 weeks, the parenchymal liver cells had the least reduction of their 
content of a-tocopherol. In contrast, concentrations of a-tocopherol in nonparenchy- 
ma1 liver cells were greatly reduced, to less than 5% of predepleted values. According- 
ly, parenchymal liver cells may have the ability to conserve their content of a-tocoph- 
erol when the supply is limited, possibly by mobilization from other tissues. 

Subcellular distribution of a-tocopherol in rat liver has been reported by several 
investigators,lw"o but most authors have presented data on the content of a-tocoph- 
erol in one single subcellular compartment. However, the heavy mitochondrial, light 
mitochondrial and microsomal fractions all contain high concentrations of a-tocoph- 
erol, whereas the level is low in cytosol. The light mitochondria has the highest 
concentration of a-tocopherol as evaluated per mg pr~te in '~ ' . '~*  and per micromole of 
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VITAMIN E 231 

phospholipids.lw By gradient centrifugation of the light mitochondrial and microso- 
ma1 fractions, lysosomes and Golgi apparatus were found to be particularly rich in 
a-tocopherol, whereas the concentration was very low in peroxisomes."' The high 
content of a-tocopherol in the hepatic Golgi fraction is probably due to the high 
amount of lipoprotein particles (VLDL) being transferred through this organelle 
before they are released to the sinusoids. It is rather striking that peroxisomes contain 
very little a-tocopherol, but it is possible that catalase represents the major antioxi- 
dant factor in these oganelles. By subfractionation of liver mitochondria it has also 
been demonstrated that approximately three fourths of mitochondrial tocopherol is 
located in the outer membrane, whereas one fourth is associated with the inner 
membrane."' Proteins with binding capacity for a-tocopherol have been described in 
cytos~l,"'-"~ and the hydroxly group in the chromanol ring may be of importance for 
the transfer process between cell  organelle^."^ A binding protein in the nuclear 
fraction has also been reported."' The binding proteins may facilitate the transport 
of a-tocopherol intracellularly, but what functions these proteins have compared to 
lateral diffusion of a-tocopherol in biological membranes remains to be elucidated. 
Recent findings in patients with clear signs of familial vitamin E deficiency without 
fat malabsorption, indicates that absorption and lymphatic transport of vitamin E is 
n~rrnal .~ '  Traber er al." actually suggest that a transfer protein for a-tocopherol might 
be crucial for the packaging of this vitamin into hepatic lipoproteins. 

HEPATIC SECRETION OF a-TOCOPHEROL 

Primary cultures of rat hepatocytes are well suited for metabolic studies of choles- 
terol1l6 and tria~ylglycerol"~ since they synthesize and secrete cholesterol, cholesteryl 
esters,"8 bile acids"' and lipoproteins, e.g. VLDL"7,120 at rates in a similar order of 
magnitude as to what is observed under physiological conditions. The different 
components of VLDL are synthesized in the endoplasmic reticulum, before they are 
assembled to lipoprotein particles, transferred to the Golgi complex and then packed 
in membrane-enclosed vesicles. These secretory vesicles are then moved to the plasma 
membrane by the microtubular system,'" where VLDL is released by exocytosis. 

Monensin, chloroquine and colchicine have previously been shown to inhibit the 
secretion of VLDL.'20-121 Eicosapentaenoic acid (20: 5 ,  n-3) also reduces the secretion 
of triacylglycerols from primary cultures of rat hepatocytes, and the stimulatory effect 
of oleic acid on synthesis and secretion of triacylglycerols by rat hepatocytes is 
inhibited.'23 Increased intake of eicosapentaenoic acid may also enhance the demand 
and utilization of a-tocopherol as an anti~xidant.~' The amount of a-tocopherol 
available for secretion may, accordingly, be reduced in hepatocytes exposed to 
eicosapentaenoic acid. 

To elucidate how a-tocopherol is released from hepatocytes, studies of primary 
cultures of hepatocytes and rat liver perfusions were ~ e r f 0 r m e d . l ~ ~  Ultracentrifuga- 
tion of the medium revealed that about 90% of a-tocopherol secreted was associated 
with VLDL. Monensin, chloroquine and colchicine reduced the hepatic release of 
a-tocopherol to about 15% of control values during a 20 hour incubation, and 
eicosapentaenoic acid inhibited the secretion by about 50%. 40 min after intravenous 
injection of in vivo labeled (with tritiated a-tocopherol) intestinal lymph the liver was 
perfused and 74% of the radioactivity was recovered in the VLDL fraction. Taken 
together, these findings demonstrate that nascent VLDL is the major secretory vehicle 
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for a-tocopherol. This observation has been confirmed later on by other investigators 
in living rats as well as in primary cultures of rat hepatocyte~.’~’ From the facts that 
transfer of a-tocopherol in V ~ V O ~ ~  as well as in ~ i t r o ~ ~  is relatively slow compared to 
clearance of chylomicrons, and that a significant amount of a-tocopherol is associated 
with LDL in man, it is likely that the secretory pathway via VLDL from the liver, is 
rather important. 

METABOLISM OF a-TOCOPHEROL 

Dietary esters of vitamin E are hydrolyzed in the intestine prior to absorption.60 The 
major route of excretion is fecal elimination and a-tocopherol is deposited unmodified 
in tissues. In general vitamin E is biologically metabolized to a small extent, except 
for oxidation and reduction according to its antioxidant function. The primary 
hepatic oxidation product of a-tocopherol is a-tocopheryl quinone.I4 This product is 
further reduced to the hydroquinone, which may be conjugated with glucuronic acid 
and excreted in the bile, or degraded in the kidneys to a-tocopheronic acid, followed 
by conjugation and elimination in urine. When bile was collected for 24 hours in the 
rat, after intravenous injection of lymph labeled in vivo with (3H)a-tocopherol, a fairly 
constant amount of radioactivity was excreted per unit time. The total recovery of 
radioactivity in the bile was approximately 15% of the injected dose. Of the radioac- 
tivity detected in bile 86% was water-soluble metabolites of the injected a-tocoph- 
ero1.79 

EXTRAHEPATIC DISTRIBUTION OF a-TOCOPHEROL 

Liver, skeletal muscle and adipose tissue have the capacity to accumulate a-tocoph- 
erol .52.126,127 The se tissues contribute to about 90% of the total amount of a-tocopherol 
recovered from 10 different organs in rats.52 In adipose tissue a-tocopherol is located 
mainly in the bulk lipid droplet,Iz6 and the mobilization of a-tocopherol from this 
depot is slow. The adrenal glands have the highest concentration of a-tocopherol per 
gram of tissue, which may be due to the specific binding of HDL by rat adrenal 
 gland^,"^.'^^ with subsequent uptake of cr-tocopherol. The lungs and the spleen also 
have relatively high concentrations of a-tocopherol per gram of tissue.52 This might 
reflect the importance of a-tocopherol in protection against lung injury due to 
hyperoxia and in maintenance of the immune r e ~ p o n s e . ~ ~ ”  The testes and cerebrum 
contain less a-tocopherol per gram of tissue than most other organs, which might 
contribute to the major signs of vitamin E deficiency, such as reproductive failure’ and 
serious neurological d y s f ~ n c t i o n . ~ ~ ~ ~  Cerebral cortex has the highest and cerebellum 
the lowest concentration of a-tocopherol in the rat brian, and an inverse relationship 
between the concentration of a-tocopherol and activity of glutathione peroxidase has 
been described.’” 

a-TOCOPHEROL AND ALCOHOL 

Chronic ethanol consumption may have significant impact on many organ systems in 
man. Present knowledge indicate that the liver and brain are the most vulnerable 
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organs. It is still unclear how ethanol induces hepatic injury, but generation of free 
radicals and increased lipid peroxidation have been hypothesized as a possible path- 
ogenic mechanism. Enhanced lipid peroxidation observed after acute intake of 
ethanol, as evaluated by formation of lipid peroxides and pentane,'3'-133 and after 
chronic ethanol i n g e s t i ~ n l ~ ~ - ' ~ ~  supports this hypothesis. Dietary supplement with 
vitamin E to rats fed ethanol chronically causes a marked reduction in petane 
production as well as the hepatic concentration of triacylglycerol, whereas cholesterol 
is relatively ~naf fec ted . '~~  Chronic administration of alcohol to rats fed a nutritionally 
adequate diet resulted in a significantly reduced hepatic concentration of a-tocopherol 
as compared to pair-fed controls." The reduced content of a-tocopherol in liver was 
traced to the hepatocytes, and the mitochondria had the most marked reduction in 
their content of a-tocopherol as evaluated by subcellular fractionation. The hepatic 
uptake of (3H)a-tocopherol was not significantly affected in ethanol-fed rats,80 whe- 
reas the secretion of a-tocopherol from hepatocytes in culture was significantly 
inhibited after acute and chronic exposure to ethan01.l~~ 

In man increased activity of free radicals13' and enhanced lipid peroxidation in the 
liverI3' of alcoholics have been reported. Also the serum concentration of a-tocoph- 
erol was reduced among people with chronically high consumption of alcohol without 
any liver disease.i39 It is well known that chronic alcoholism is associated with 
malnutrition and dietary evaluation disclosed that heavy consumers of alcohol ate 
approximately 40% less vitamin E as compared to contr01s.l~~ Neurological signs of 
dysfunction like cerebellar ataxia and altered propriceptive sensation, are frequently 
observed among alcoholics, and a possible link between subnormal serum concentra- 
tions of a-tocopherol and increased prevalence of neurological clinical signs and 
cerebellar atrophy have been observed in alcoholics.'40 It is thus possible that the 
reduced antioxidant status of alocholics may be of clinical significance for develop- 
ment of neurological dysfunctions. From recent studies it is evident that the con- 
centration of a-tocopherol in liver biopsies from patients with alcholic liver cirrhosis 
is 45% of what is found in subjects with normal liver histology, whereas there is an 
insignificant reduction of hepatic concentration of a-tocopherol among patients with 
alcoholic fatty liver. 14' Taken together these observations may be explained by an 
increased breakdown of a-tocopherol due to increased generation of free radicals as 
a consequence of ethanol consumption. 

FINAL COMMENTS 

Although many aspects of the physiological processing of a-tocopherol are well 
established, many questions still remain unsolved. The absorptive process is not 
precisely defined, and the function of intracellular binding proteins for a-tocopherol 
is uncertain. More studies are required to unravel the possible protective effect of 
a-tocopherol towards lipid peroxidation, and the generation and excretion patterns 
for metabolites of a-tocopherol. 

A beneficial effect of therapeutic supplementation with a-tocopherol is well doc- 
umented in several malabsorptive states in man, and premature infants may profit 
from supplementation with a-tocopherol in moderate doses. Furthermore, a-tocoph- 
erol may inhibit peroxidation of polyunsaturated fatty acids and LDL, and thereby 
have a potential in the protection against the development of atheros~1erosis.l~~ It may 
turn out that oxidation of LDL is of crucial importance for modification of native 
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LDL which makes the modified LDL unfit for receptor-mediated uptake via the 
LDL-receptor (apoB/E-receptor), but prone to be taken up via the scavenger receptor 
in macrophages. It has been shown that a-tocopherol is totally consumed before LDL 
is oxidized to such an extent that it is taken up by macrophages, but there are 
probably also other important antioxidants in LDL in addition a-to~opherol.’~~ It is 
striking, however, that defined oxygen-centered free radicals caused depletion of 
a-tocopherol in human LDL, decreased the affinity for the apoB/E-receptor but did 
not cause increased endocytosis in macrophages.’44 These data indicate that more 
effort should be focused on clearifying the importance of a-tocopherol, and other 
antioxidants, in protecting native LDL from becoming modified and accessable for 
vessel wall macrophages. A possible beneficial effect of a-tocopherol in protection 
against alcohol-induced organ injury also ought to be elucidated. Some major ques- 
tions about the therapeutic potential of a-tocopherol eventually also should be 
addressed in properly controlled clinical trials. 
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