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Studies were designed t o  explore the role of vitamin 
E nutr i t ional  s ta tus  i n  regulating the synthesis  of 
a-tocopherol transfer protein (aTTP) in rat liver. In 
vitamin E-replete rats, expression of this protein and 
its specific messenger RNA (mRNA) was decreased 
by about  300% compared with rats with normal vita- 
min  E levels. In vitamin E-depleted rats, the  aTTP- 
specific mRNA level increased t o  about 150% of that 
in the  normal vi tamin E group. However, protein 
expression remained constant. These findings indi- 
cate that  the synthesis of aTTP can be  regulated by 
the vitamin E nutritional status. 

Keywords: Vitamin E, a-tocopherol transfer protein, messen- 
ger RNA, gene expression, effect of nutritional status 

Abbreviations: aTTP, a-tocopherol transfer protein; mRNA, 
messenger RNA; FIVED, familial isolated vitamin E defi- 
ciency; HPLC, high performance liquid chromatography; 
cDNA, complementary DNA; VLDL, very low density 
lipoprotein; SDS, sodium dodeql  sulfate; PAGE, polyacry- 
lamide gel electrophoresis 

INTRODUCTION 

a-Tocopherol, the most biologically active form of 
vitamin E, is a lipid-soluble antioxidant present in 
the membranes of intracellular organelles, where 
it plays an important role in suppressing lipid 
peroxidation.[’] a-Tocopherol transfer protein 
(aTTP), which specifically binds a-tocopherol 
and enhances its transfer between membranes, is 
present in the liver cytosol of animals, including 
 rat^[^,^] and Recently, we cloned the 
gene encoding aTTP from humans and demon- 
strated it to be the causative gene for familial iso- 
lated vitamin E deficiency (FIVED).I51 Patients 
affected by this disease have remarkably low 
plasma levels of a-tocopherol.[61 These findings 
established liver aTTP as a critical factor in deter- 
mining the plasma a-tocopherol level. 
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It is well known that the plasma vitamin E 
level is regulated within a narrow concentration 
range in the biologically system, despite the fact 
that absorption of vitamin E into the enterocytes 
occurs passively alongside that of lipids.['] This 
suggests that there is a system for regulating the 
vitamin E concentration in the b0dy.1~1 

In the present study, we investigated the effect 
of vitamin E nutritional status on the expression 
of aTTP in the rat liver, and the possible role of 
this protein in the regulatory system. 

MATERIALS & METHODS 

Animals 

Male weanling Sprague-Dawley rats were 
divided into three groups of four rats each (nor- 
mal vitamin E, vitamin E-depleted and vitamin E- 
replete). The rats in the vitamin E-depleted group 
were fed a vitamin E-deficient diet containing less 
than 1 mg/ kg dl-a-tocopherol. The rats in the 
normal vitamin E and vitamin E-replete groups 
were fed the same diet as the vitamin E-deficient 
group, but supplemented with 50 mg and 600 mg 
dl-a-tocopherol per kg diet, respectively. The rats 
were fed with each diet for twenty weeks. 

Western Blot Analysis 

Rats were sacrificed by decapitation and their liv- 
ers perfused with ice-cold buffer A (0.25 M su- 
crose, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4). The 
livers were homogenized in 2.3 vols. of buffer A. 
Cytosol was prepared from homogenates by ultra- 
centrifugation at 100, 000 g for 60 min. 50 pg of 
protein in cytosol was separated on SDS-PAGE 
and transferred to a nitrocellulose membrane. 
Western blotting using the monoclonal antibodies 
against cEI"rr(ATRl)w was then carried out and, 
the nitro-cellulose membrane was washed and 
incubated for lhr at room temperature in a solu- 
tion containing goat anti-mouse IgG conjugated to 
alkaline phosphatase. After washing, the blot was 
developed by soaking in a buffer (0.1 M NaHC03 

and 1 mM MgC1, pH 9.8) containing 0.3 m g / d  
Nitroblue tetrazolium and 0.15 m g / d  5-bromo4 
chloro-3-indolyl phosphate. 

Northern Blot Hybridization Analysis 

Total RNA from each rat liver was isolated accord- 
ing to the acid guanidine thiocyanate procedure.['l 
Total RNA (1Opg) was run on 1.0% agarose gel 
and transferred to a nylon membrane (Biodyme, 
PallBioSupport). The membrane containing total 
RNA was hybridized at 60°C in 5 x Saline-Sodium 
Citrate solution (SSC), 5 x Denhard's solution, 
0.1% SDS, 50 mM sodium phosphate (pH 6.5), 
50% foramide, 250 pg/ml salmon sperm DNA, 
and labeled probe (lo6 cpm/ml). The probe was 
labeled by the random primer labeling 
The blot was washed twice for 5 min at room tem- 
perature in 2 x SSC, 0.1% SDS, and then washed 
twice for 20 min at 65°C in 0.1 x SSC, 0.1% SDS. 
Autoradiography was performed at -80°C for 
5 days with an intensdying screen. 

Determination of Tocopherols in 
Plasma and Liver 

Six hour fasting blood was collected in hepa- 
rinized tubes. Plasma was separated from whole 
blood by centrifugation at 800 g for 15 min. After 
perfusion with buffer A the livers were homoge- 
nized and the protein content was determined by 
Lowry's method. Plasma and liver homogenates 
(0.5 ml) were subjected to tocopherol determina- 
tion using high performance liquid chromato- 
graphy(HPLC) analysis and electrochemical 
detection. The HPLC system was an WKA P-530 
(IRIKA, Kyoto) with an IRIKA RP-18 column (4 x 
250 mm). The eluent was methanol/water/ 
NaC104in a ratio of 1000:2:7 (v/v/ w) and a flow 
rate of 10 ml/min. Detection was performed with 
an IRIKA Amperometric E-520 detector. The 
retention time was 6.88 min for tocol, which was 
used as an internal standard, 9.366 min for y-, 
and 10.88 min for a-tocopherol, as previously 
described.[''] 
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Determination of Lipids in Plasma 

The remaining plasma was used for the deter- 
mination of other lipids (cholesterol, triglyc- 
eride and phospholipid) by the enzyme assay 
(the cholesterol-oxidase(C0D)) - N-Ethyl-N-(2- 
hy drox y -3sulf opropyl)-3,5-dimethoxyaniline, 
sodium salt (DAOS) method, the glycerol-3- 
phosphate-oxidase (GPD) - DAOS method, and 
the choline-oxidase - DAOS method) using com- 
mercial kit (Wako Co., Ltd., Osaka, Japan). 

Statistical Analysis 

Content of a-tocopherol in plasma and liver, and 
lipids in plasma are presented as mean (standard 
error, SEM). Statistical significance was esti- 
mated by Mann-Whitney U test. 

RESULTS 

Table I shows the plasma and liver vitamin E 
(a-tocopherol) concentrations for each group. The 
plasma a-tocopherol concentration of the vitamin 
E-depleted group was less than 0.5% that of the 
normal group. The liver a-tocopherol concentra- 
tion was extremely low in this group. In the vita- 
min E-repleted group, although they had taken 
50 times more vitamin E than the normal vitamin 

E group, their plasma and liver a-tocopherol con- 
centrations were only about 250% higher. The 
plasma levels of other lipids were not affected by 
vitamin E nutritional status, consistent with pre- 
vious report~.~”-’~] 

The expression of aTTP in rat liver was studied 
by both northern and western blot analysis 
(Fig. 1). It was found that the expression of both 
mRNA and protein were significantly sup- 
pressed in the rats of the vitamin E-replete group. 
Densitometric analysis of each band revealed a 
decrease of approximately 300% in the expres- 
sion of mRNA and protein in this group. In the 
vitamin E-depleted status, the aTTP-specific 
mRNA level was increased by about 150% com- 
pared with the normal vitamin E group. 
However, western blotting showed no difference 
between vitamin E-depleted and the normal vita- 
min E groups in the expression of this protein. 

DISCUSSION 

The plasma a-tocopherol concentration rarely 
increases more than three-fold in response to vit- 
amin E supplementation, irrespective of dose, 
suggesting that there is a limitation on plasma 
a-tocopherol concentration. aTTP present in the 
liver appears to be critical for the regulation of 

TABLE I Plasma and liver a-tocopherol levels and plasma lipids contents of 
each group 

VE-depleted VE-repleted normal VE 

(plasma) 
VE(mg/dl) 91.7*(11.4) 2270.9*(405.5) 869.8 (54.0) 
t -lipids (mgldl) 277.3 (18.6) 251.7 (18.9) 261.8 (12.6) 
VElt-lipids(mg/g) 0.4* (0.1) 9.1* (1.7) 3.3 (0.3) 
(liver) 

133.5“ (44.2) 38.1 (16.8) VE(pg/g. protein) 3.6* (1.9) 

Values represent the mean (S. E. M) 
*: p < 0.05 
Content of a-tocopherol (VE) in plasma and liver, the total amount of 
cholesterol, higlyceride, and phospholipid (t-lipids) in plasma, and the plasma 
ratio of a-tocopherol to total lipids (VElt-lipids) in each group. Data are 
presented as mean (standard error, SEM). Comparison between groups was 
made by Manr-Whitney U test. * symbol indicates significant difference from 
control subjects (p < 0.05). 
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VE VE 
depleted Control repleted 
1 2 3 4 5 6 7 8 9  

VE VE 
depleted Control repleted 
1 2  3 4 5  6 7  8 9 

2 8 S -  

18 S- 

FIGURE 1 Western and Northern blot analysis of a m .  Lanes 1,2 and 3: vitamin E (VE) -depleted group; lanes 4,5, and 6: normal 
VE group; lanes 7,S, and 9: VE-replete group. a) Western blot analysis of a?Tp expression in rat liver in each group. Densitometric 
analysis revealed that protein expression in the VE-replete group was decreased by about 300% compared with that in the normal 
VE group. In the VE-depleted group, a?m expression was constant. b) Northern blot analysis of aTTP-specific mRNA level in each 
group. Analysiswith the Bass 2000 system showed that the alTP-specific mRNAleve1 was reduced by about 300% in the VE-replete 
group. On the other hand, the mRNA level in =-depleted rats was increased to about 150% of normal. 

plasma a-tocopherol within a narrow range of 
concentration. Tocopherols taken up by the intes- 
tine are incorporated into chylomicrons, and 
delivered to the liver. Tocopherols in circulating 

lipoproteins such as LDL are also endocytosed to 
a great extent by the liver. In the liver cells, the 
endocytosed lipoproteins are hydroIyzed in the 
lysosomes, and free tocopherols are released. 
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aTTP in the cytosol traps a-tocopherol and incor- 
porates it into nascent VLDL for re-secretion 
into the plasma. Excess absorbed tocopherols, 
which do not bind to aTTP, may be readily 
excreted in bile.[14,151 Therefore, the total amount 
of a-tocopherol delivered to VLDL is limited by 
the amount of aTTP in the liver. Studies in 
FIVED patients have demonstrated that, in the 
absence of aTTP, plasma a-tocopherol concentra- 
tions fall Thus, the protein is also nec- 
essary to maintain minimal plasma levels of 
a-tocopherol. 

We found that expression of aTTP mRNA was 
significantly suppressed in vitamin E-replete 
rats, indicating the presence of a mechanism for 
down-regulating aTTP in response to over- 
dosage of vitamin E. This mechanism may also 
help to keep the plasma a-tocopherol concentra- 
tions within a narrow range. On the other hand, 
in vitamin E-depleted rats, the aTTP protein level 
was not significantly altered, although its mRNA 
levels were slightly up-regulated. This suggests a 
possibility that the turnover of aTTP in the livers 
of vitamin E-deficient rats is faster than that in 
normal rats. In our preliminary observations, we 
found that a-tocopherol-bound aTTP is more 
stable than a-tocopherol-depleted aTTP in vifro. 

It is unclear at present whether there is any ben- 
efit in limiting plasma vitamin E concentrations. 
In some in vitro systems, high concentrations of 
vitamin E are known to act as a pr~-oxidant.[ '~,~~] 
Indeed, in the absence of aqueous antioxidants 
such as vitamin C, LDL-associated a-tocopherol 
acts as a chain transfer agent during free radical 
production in vitro. An a-tocopheroxyl radical 
formed on the surface of the LDL then abstracts 
hydrogen from a polyunsaturated fatty acid to 
form a peroxyl radical. In this way, a-tocopherol 
does not act as a chain-breaking antioxidant but 
propagates lipid peroxidation. Plasma vitamin E 
level may have to be kept within a narrow con- 
centration range in order to prevent this types of 
reaction. 

It has now become evident that aTTP plays 
an important role in determining the plasma 

a-tocopherol level. However, the biological fac- 
tors which regulate the expression of aTTP have 
not been identified. Previous studies have demon- 
strated that alTP expression decreases dramati- 
cally within 24 h when rat liver parenchymal cells 
are transferred to in vitro primary c~ l tu re . [~~ l  In 
addition, we have observed that aTTP expression 
levels in some liver tumor cell lines such as Hep 
G2 and McARH7777, both of which have the 
biosynthetic capabilities of normal liver parenchy- 
mal cells,[20] are extremely low (unpublished 
observations). These data indicate that the expres- 
sion of aTTP is influenced by the differentiation 
state of hepatocytes. The present paper demon- 
strates for the first time that the plasma vitamin E 
level affects the expression of the aTTP gene at the 
transcriptional level. 
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