
ABSTRACT: The α-tocopherol transfer protein (TTP) plays an
important role in the regulation of plasma α-tocopherol concen-
trations. We hypothesized that hepatic TTP levels would be mod-
ulated by dietary vitamin E supplementation and/or by oxidative
stress. Mice were fed either a High E (1150 mg RRR-α-tocopheryl
acetate/kg diet) or a Low E (11.5 mg/kg diet) diet for 2 wk. High E
increased plasma and liver α-tocopherol concentrations approxi-
mately 8- and 40-fold, respectively, compared with Low E-fed
mice, whereas hepatic TTP increased approximately 20%. He-
patic TTP concentrations were unaffected by fasting (24 h) in
mice fed either diet. To induce oxidative stress, chow-fed mice
were exposed for 3 d to environmental tobacco smoke (ETS) for 6
h/d (total suspended particulate, 57.4 ± 1.8 mg/m3). ETS expo-
sure, while resulting in pulmonary and systemic oxidative stress,
had no effect on hepatic α-tocopherol concentrations or hepatic
TTP. Overall, changes in hepatic TTP concentrations were mini-
mal in response to dietary vitamin E levels or ETS-related oxida-
tive stress. Thus, hepatic TTP concentrations may be at sufficient
levels such that they are unaffected by either modulations of di-
etary vitamin E or by the conditions of environmentally related
oxidative stress used in the present studies.
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The α-tocopherol transfer protein (TTP) is a 33-kDa protein
that is predominantly expressed in the mammalian liver (1) but
which has also been detected in the rat brain, spleen, lung, and
kidney (2); in the human brain (3); and in mouse liver, brain
(4,5); and uteri (6). Based on sequence analysis, TTP is classi-
fied as a member of the SEC14-like protein family, with a char-
acteristic CRAL_TRIO lipid-binding domain (7,8). In the
closed TTP crystal structure, a mobile helical surface segment
seals the hydrophobic binding pocket (9,10) and is responsible
for the TTP selectivity for α-tocopherol (11).

Mutations in the TTP gene in humans [ataxia with vitamin
E deficiency; (12)] are associated with extraordinarily low
plasma E concentrations (13). In addition, in TTP-knockout
and heterozygote mice, plasma α-tocopherol concentrations in

plasma are 5 and 50% those of the wild-type mice, respectively
(14,15). Clearly, TTP plays an important role in the regulation
of plasma α-tocopherol concentrations. However, studies con-
ducted on the regulation of TTP in response to dietary vitamin
E intake have yielded conflicting results. 

Kim et al. (16) showed that levels of rat hepatic TTP mRNA
and protein were lower in response to high levels of dietary vi-
tamin E (600 mg DL-α-tocopherol/kg diet) compared with rats
fed the control diet (50 mg DL-α-tocopherol/kg diet). In rats
that were fed vitamin E-deficient diets, TTP mRNA was
higher, but protein levels were unchanged compared with con-
trols. In contrast, Shaw and Huang (17) showed that in vitamin
E-deficient rats, hepatic TTP was lower compared with rats fed
control diets (50 mg all-rac-α-tocopheryl acetate/kg diet) but
control and vitamin E-supplemented (5,000 mg all-rac-α-to-
copheryl acetate/kg diet) rats had similar TTP concentrations.
No changes in TTP mRNA were observed. Last, Fechner et al.
(18) showed that rat hepatic TTP mRNA levels were un-
changed by dietary vitamin E depletion and fasting (24 h).
However, refeeding α-tocopherol to vitamin E-depleted rats
followed by an additional 24-h fast increased the expression of
TTP mRNA about sevenfold; however, TTP protein levels
were not measured. Since α-tocopherol is secreted from the
liver and associated with plasma VLDL (19), fasting, which is
known to be associated with low levels of VLDL, might be ex-
pected to be accompanied by reduced liver cell release of α-to-
copherol to plasma and modulations of TTP levels. Overall, no
consistent changes in TTP protein in response to different di-
etary levels have been reported. However, oxidative stress has
been suggested to increase hepatic TPP (20).

Environmental tobacco smoke (ETS) contains highly reac-
tive components, many of which cause oxidative stress and ac-
tivate host inflammatory-immune processes (21,22). Exposure
of plasma to gas-phase cigarette smoke in vitro causes deple-
tion of antioxidants such as vitamins C and E (23). Since smok-
ers have a higher rate of vitamin E disappearance (24,25) de-
spite maintaining normal or somewhat depleted plasma α-to-
copherol concentrations (26–30), we hypothesized that the
oxidative stress of cigarette smoke exposure might increase he-
patic TTP concentrations. The purpose of the present study was
to evaluate whether hepatic TTP in mice is regulated in re-
sponse to variations in dietary vitamin E, fasting, or ETS expo-
sure.
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EXPERIMENTAL PROCEDURES

TTP regulation by dietary vitamin E: Animals and dietary treat-
ment.  The protocols for the care and use of animals were ap-
proved by the Institutional Care and Use Committee at Oregon
State University or at the University of California at Davis. For
the dietary experiments, male C57BL/6 mice that weighed
~20–22 g (~7 wk of age) were purchased from Simonsen Labo-
ratories, Inc. (Gilroy, CA). Mice were housed individually in
stainless-steel mesh cages in a room maintained at 22°C and
40–60% humidity. Animals were weighed and then randomly
assigned to the High E (n = 6) or Low E (n = 7) diet, respec-
tively (diet study 1). Mice had free access to diet and water
throughout the experiments. Animal weight and diet consump-
tion was recorded twice per week. On day 15, mice were anes-
thetized by CO2 inhalation. Blood was drawn from the heart into
a 2-mL purple-topped vacutainer tube (1 mg/mL EDTA),
mixed, separated by centrifugation, and the plasma was stored
at −80°C. The liver was rinsed with ice-cold saline, blotted,
weighed, immediately frozen in liquid nitrogen, and stored at
−80°C. α-Tocopherol was extracted from the plasma and liver
and analyzed as described by Podda et al. (31). The same proto-
col was followed for a second group of animals (High E: n = 6,
and Low E: n = 6) except that half (n = 3) of the animals in each
diet group were fasted for 24 h prior to sacrifice (diet study 2).

The diet composition for the two diet studies is given in
Table 1. Diets were based on AIN 93M (32) and were prepared
to contain RRR-α-tocopheryl acetate (ADM Nutraceuticals,
Decatur, IL), either 11.5 mg RRR-α-tocopheryl acetate/kg diet
(Low E) or 1150 mg RRR-α-tocopheryl acetate/kg diet (High
E). The diet composition was analyzed in our laboratory to con-
firm the dietary vitamin E contents. The Low E diet contained
half of the recommended vitamin E for mice [22 mg α-to-
copheryl acetate per kg diet (33). The Low E diet provided the
animals with approximately 2.3 mg of RRR-α-tocopheryl ace-
tate/d. This diet was designed to provide the equivalent of ap-
proximately 100 mg RRR-α-tocopherol per day for a 70-kg

human (based on an average mouse intake of 4 g diet per day
and an average weight of 20 g).

TTP regulation by oxidative stress. (i) Animals and experi-
mental treatment. C57BL6 mice (~12 wk of age) were exposed
to ETS (ETS: n = 8; filtered air: n = 8, n indicated in the figure
legends; insufficient sample was available for use in all assays)
for 3 consecutive days. Mice exposed to ETS were purchased
from Jackson Laboratory (Bar Harbor, ME). They were fed the
vendor’s diet (Purina 5K52; LabDiet, Richmond, IN) contain-
ing 45 IU/kg α-tocopherol (Table 2). At the end of the experi-
mental treatment (day 3), animals were anesthetized with an
intraperitoneal injection of 120 mg sodium pentobarbital/kg
body weight. Sample collection, storage, and analysis were
conducted as described for the diet studies.

(ii) Exposure of mice to cigarette smoke. Exposures of mice
to ETS were conducted at the Institute of Toxicology and En-
vironmental Health, University of California at Davis. The ex-
posure system and methods used to generate ETS have been
described elsewhere (34,35). Briefly, mice were exposed to a
mixture of mainstream and sidestream cigarette smoke (aged
and diluted) from 1R4F reference research cigarettes (1.2 mg
nicotine/cigarette) obtained from the Tobacco and Health Re-
search Institute of the University of Kentucky. An automatic
cigarette-smoking machine generated cigarette smoke in a stag-
gered manner at the rate of a 35-mL puff over a 2-s duration
each min. During this period of “passive” smoking, mice were
exposed to total suspended particulates (TSP, 57.4 ± 1.8
mg/m3), carbon monoxide (262 ± 6 ppm), and nicotine (10.5 ±
1.0 mg/m3) for 6 h/d × 3 d.

Western blot analysis for TTP and 4-hydroxy-2-nonenal (4-
HNE).  To obtain the soluble liver fraction for Western blot
analysis, a portion of liver (frozen in liquid nitrogen on the day
of sacrifice) from each animal was homogenized in PBS (0.1
M phosphate buffer, 0.0027 M KCl, and 0.137 M NaCl, pH
7.4) (20%, wt/vol). The homogenate was centrifuged at 20,000
× g for 30 min at 4°C and the resulting low-speed supernatant
was centrifuged at 100,000 × g for 60 min at 4°C to obtain the
high-speed supernatant. The high-speed supernatant was stored
at −80°C until Western blot analyses were performed. The pro-
tein concentration in the liver supernatant samples was deter-
mined by a commercially available kit (Bio-Rad Protein Assay,
Bio-Rad Laboratories, Hercules, CA).

Rabbit antirat TTP serum was a gift from Dr. Robert
Farese (Gladstone Institute of Cardiovascular Disease and the
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TABLE 1
Composition of Low and High E Dietsa

Experimental diets

(g per kg diet)

Ingredients Low E High E

Vitamin-free casein 140 140
L-Cystine 1.8 1.8
Cornstarch 455.9 454.7
Maltodextrin 155 155
Sucrose 109.8 109.8
Cellulose 50 50
Tocopherol-stripped corn oil 40 40
RRR-α-tocopheryl acetate

in tocopherol-stripped corn oil 0.012 1.2
Mineral mix (AIN-93M-MX) 35 35
Vitamin mixb (AIN-93M-VX) 10 10
Choline bitartrate 2.5 2.5
aDiets were prepared by Harlan Teklad (Madison, WI).
bVitamin E was excluded from the vitamin mix and replaced with su-
crose.

TABLE 2
Composition of Dieta Fed to Environmental Tobacco Exposed (ETS) Mice

Ingredients g per kg diet

Protein 180
L-Cystine 25
Fat (ether extract) 60
Fibre (crude) 50
Mineral (Ash) 80
Vitamin E (IU/kg) 45
aCommercially available through Purina Lab Diet, diet #5K52
(www.labdiet.com)



Cardiovascular Research Institute, Department of Medicine,
University of California at San Francisco, San Francisco,
CA). The polyclonal antibody was raised against a peptide of
the C-terminus 1–21 amino acids of rat TTP and cross-reacted
with mouse liver TTP (14). Proteins (40 mg per lane for ETS
or 100 mg per lane for diet studies) were then subjected to
electrophoretic separation under denaturing and reducing
conditions and transferred onto a nitrocellulose membrane.
Immunoreactive protein was detected by chemiluminescence
by using goat antirabbit IgG conjugated to horseradish perox-
idase (Bio-Rad, Hercules, CA) with exposure to Kodak X-
OMAT XRP film (Rochester, NY). Quantitative densitomet-
ric analysis of the image was performed using an AlphaIm-
agerTM 2000 Documentation and Analysis System (Alpha
Innotech Corporation, San Leandro, CA). The O.D. value
represents the sum of all pixels minus the background within
the specified area. For all experiments, a single band was de-
tected for TTP corresponding to 32 kDa. This M.W. is con-
sistent with the published apparent M.W. for mouse TTP (14). 

Lipid oxidation and environmental pollutants result in the
production of unsaturated aldehydes such as 4-HNE. Lung and
liver homogenates from ETS and air-exposed animals were
separated by electrophoresis (10% SDS-gel, reducing condi-
tions) and after transfer onto polyvinylidene difluoride mem-
brane probed with rabbit anti4-HNE antibody (Oxis Interna-
tional Inc., Portland, OR, 1:1000). Immunoreactive protein was
visualized as described above.

Protein carbonyls in bronchoalveolar lavage fluid. Oxida-
tive modification of proteins in mouse lung lavage was deter-
mined using an ELISA method described previously (36).
Briefly, after derivatization of carbonyl groups with dinitro-
phenylhydrazine (DNPH), proteins were adsorbed onto 96-
well ELISA plates, captured with a commercially available
anti-DNPH antibody, and detected with a horseradish perox-
idase /hydrogen peroxide, phenylenediamine system (37).

Statistical analysis. Data are expressed as mean ± SD and
were analyzed for statistical significance by Student’s t-test, or
ANOVA and Fisher’s LSD using StatView 5.0 (SAS Institute,
Inc., Cary, NC). Liver α-tocopherol concentrations were log
transformed to normalize the variances between groups for the
two diet studies. Differences were considered significant at P <
0.05.

RESULTS

Growth and food intake. In the diet studies, final body weights,
weight gains (g/d), and diet consumed (g/d) were similar for all
animals, except for the weight gain in diet study 1 (Table 3).
Mice fed the High E diet gained more weight than those fed the
Low E diet (P = 0.02) because of an initial low weight gain in
one animal in the Low E group. Weight gain for this animal
was similar to that of the other mice at the time of sample col-
lection. In mice fasted for 24 h, livers weighed more in non-
fasted than in fasted mice, irrespective of whether the mice
were fed the High E (P = 0.0013) or Low E diet (P = 0.0004).

Plasma and hepatic vitamin E and TTP levels. (i) Responses to
dietary vitamin E. Mice fed the High E diet had hepatic α-tocoph-
erol concentrations ~40 times higher (P < 0.0001) and plasma α-
tocopherol concentrations ~8 times higher (P < 0.0001) than those
of mice fed the Low E diet (Figs. 1, 2). In the animals fed the Low
E diet that were fasted for 24 h prior to sacrifice, no effect of fast-
ing was observed on either plasma or hepatic α-tocopherol con-
centrations (Fig. 2). However, in mice fed the High E diet, fasting
significantly decreased hepatic (P = 0.003) and plasma α-tocoph-
erol concentrations (P = 0.0003) (Fig. 2).

In contrast to the 40-fold increase in hepatic α-tocopherol,
mice fed the High E diets had hepatic TTP levels that were only
20 (P = 0.02) and 25% (P = 0.002) higher compared with those
fed the Low E diet in studies 1 and 2, respectively (Figs. 1, 2).
Hepatic TTP levels were unaffected by fasting in mice fed ei-
ther the High E or Low E diet (Fig. 2).

(ii) Responses to oxidative stress.  Exposure of mice to ETS
for 3 d caused increased oxidative stress to proteins and lipids.
Figure 3A shows increased formation of protein carbonyls in
the lung lavage of animals exposed to ETS (P = 0.007). These
results and the greater amount of 4-HNE adducts in lung tissue
with ETS exposure vs. air (P < 0.01) (Fig. 3B) demonstrate pul-
monary oxidative stress. The increase in lung 4-HNE in ETS-
exposed mice seems to be transient, as adduct formation re-
turned to control levels on day 3. Exposure to ETS also caused
a significant increase in 4-HNE in liver (P = 0.005), indicative
of systemic oxidative stress. Furthermore, exposure to ETS was
associated with a 40% decrease in the lung α-tocopherol con-
centration (P = 0.001; Fig. 4A). However, hepatic α-tocoph-
erol concentrations (Fig. 4B) and TTP levels were unaffected
by ETS exposure (Fig. 4C).
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TABLE 3
Growth and Dietary Intake Parameters of Mice Fed Low and High E Dietsa

Experiment 1 Experiment 2

Low E High E

Diet Low E High E Fasted Nonfasted Fasted Nonfasted

Final weight (g) 23.1 ± 1.1# 24.8 ± 1.2* 24.4 ± 1.3 23.4 ± 1.3 25.5 ± 0.8 25.9 ± 2.2
Liver weight (g) 1.5 ± 0.1 1.6 ± 0.2 0.9 ± 0.2§ 1.4 ± 0.0† 0.9 ± 0.1§ 1.5 ± 0.1†

Gain/d (g) 0.2 ± 0.03 0.2 ± 0.03 0.1 ± 0.02 0.1 ± 0.01 0.2 ± 0.05 0.2 ± 0.10
Diet/d (g) 3.7 ± 0.3 3.9 ± 0.2 3.8 ± 0.2 3.8 ± 0.2 3.9 ± 0.2 3.7 ± 0.2
aValues are means ± SD for High E (n = 6) and Low E (n = 7). For experiment 1, the final weight was significantly greater in mice fed the High E (*)
vs. the Low E (#) diet (P = 0.02). For experiment 2 (n = 3 for each treatment), in mice fasted for 24 h, liver weights were significantly higher for
nonfasted (†) compared with fasted mice [High E: P = 0.0013 (§); Low E: P = 0.0004 (§)] by ANOVA and Fisher’s LSD test.



DISCUSSION

Hepatic TTP levels in mice were approximately 20% higher in
response to the 100-fold greater dietary α-tocopherol levels in
the High E compared with the Low E diet. This relatively small
increase in TTP occurred despite a 40-fold increase in hepatic
α-tocopherol in mice fed the High E diet. Plasma α-tocopherol
levels increased only eightfold in the nonfasted mice fed the
High E compared with the Low E diet (Figs. 1, 2). Clearly,
plasma α-tocopherol concentrations do not increase to the ex-
tent they increase in the liver in response to dietary vitamin E.
These data suggest that although liver α-tocopherol increased,
plasma α-tocopherol levels were limited by the marginal in-
crease in hepatic TTP and/or by the capabilities of liver-
secreted lipoproteins to accept additional amounts of α-tocoph-
erol (38).

Hepatic TTP levels were 20 and 25% higher in diet studies
1 and 2, respectively, in mice fed the High E diet compared
with those fed the Low E diet. Although the levels of dietary
vitamin E in our study were not identical to those used by Shaw
and Huang (17), the direction and magnitude of changes in he-
patic TTP levels were similar between the two studies. The au-
thors (17) observed that TTP levels were ca. 25% higher in
mice fed vitamin E-containing diets (for both their control and
High E diets) compared with those fed a vitamin E-deficient
diet, whereas no changes were observed in TTP mRNA levels
(17). Using gene chip microarrays, Barella et al. (39) have also
found a lack of significant difference in hepatic TTP mRNA
expression in rats fed vitamin E-sufficient vs. vitamin E-defi-
cient diets. Although Kim et al. (16) used diets and an animal

species (rat) similar to those used by Shaw and Huang (17), the
responses to vitamin E deficiency and supplementation did not
agree for either hepatic TTP or TTP mRNA levels between the
two studies. Reasons for these discrepancies have not been de-
termined and warrant further investigation.

Fechner et al. (18) saw a significant increase in TTP mRNA
levels in rats that consumed a vitamin E-deficient diet for 5 wk
and were then fasted, refed vitamin E, and fasted again. How-
ever, this effect of fasting was evaluated only in animals fed a
vitamin E-deficient diet and not in animals receiving dietary
vitamin E. In contrast, we found that fasting for 24 h prior to
sacrifice had no effect on the regulation of hepatic TTP levels
in mice fed either low or high levels of dietary vitamin E. The
significant changes in TTP mRNA levels observed by Fechner
et al. (18) may be due to changes in vitamin E status or to
changes in the animals’ feeding vs. fasting state. Hormonal sig-
nals or aspects of the diet other than vitamin E levels may also
regulate hepatic TTP levels (17).

Although no changes in hepatic TTP levels occurred with
fasting, we observed lower hepatic and plasma α-tocopherol
concentrations in fasted compared with nonfasted animals fed
the High E diet, but not the Low E diet. Fasted animals that are
receiving a High E diet will have a dramatic decrease in food
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FIG. 1. Plasma and hepatic vitamin E levels and α-tocopherol transfer
protein (TTP) concentrations in response to dietary vitamin E (A) Mice
fed High E (n = 6) compared with Low E (n = 7) diets showed higher he-
patic (*) and plasma (#) α-tocopherol concentrations, respectively
(means ± SD, P ≤ 0.0001). (B) Western blots of hepatic TTP from the liv-
ers of mice described in (A). Hepatic TTP levels were 20% higher (P =
0.02) in mice fed the High E diets (30,864 ± 5,199 pixels/mm2) com-
pared with those fed the Low E diet (24,570 ± 3,239 pixels/mm2).

FIG. 2. Effect of fasting on plasma and hepatic vitamin E levels and TTP
protein concentrations. (A) Hepatic and plasma α-tocopherol concentra-
tions in mice (means ± SD, n = 3 for each of the four treatments) fed Low
or High E diets followed by a 24-h fast or nonfast. Hepatic and plasma α-
tocopherol concentrations were significantly lower in the Low E (#) com-
pared with the High E diet-fed animals (P < 0.0001, diet effect) (*,$). Mice
fed the High E diet that were fasted had significantly lower hepatic and
plasma α-tocopherol concentrations than nonfasted mice [P = 0.003 for
hepatic (* vs. $), and P = 0.0003 for plasma α-tocopherol (* vs. $), ANOVA
and Fisher’s LSD test]. (B) Western blots of hepatic TTP from the livers of
mice described in (A). Hepatic TTP levels were 25% higher (P = 0.002) in
mice fed the High E diets (40,404 ± 3,920) compared with those fed the
Low E diet (29,545 ± 4,431). Hepatic TTP levels were unaffected by fast-
ing. For abbreviation see Figure 1.



intake and decreased delivery of vitamin E to both the liver and
plasma. Increased metabolism of α-tocopherol may also play a
role in the decreased hepatic and plasma α-tocopherol concen-
trations in these animals. Indeed, serum concentrations of α-
carboxyethyl hydroxychroman (α-CEHC), a metabolite of α-
tocopherol, have been shown to increase ~19-fold in individu-
als supplemented with 500 IU RRR-α-tocopherol per day for
29 d compared with unsupplemented individuals (40). Urinary
α-CEHC is detectable at “low” vitamin E intakes (~5–10 mg/d)

(41,42) in unsupplemented individuals and increases ~20-fold
with supplementation of 800 mg/d (43). Hence, hepatic metab-
olism of α-tocopherol to α-CEHC in the mice may have been
up-regulated with the high dietary levels of vitamin E. 

We also considered that increased oxidative stress might up-
regulate TTP. ETS exposure causes oxidative stress both be-
cause of the radicals in the smoke and through induction of air-
way- and systemic inflammatory-immune processes (22).
Using deuterium-labeled vitamin E, Traber et al. (24) and
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FIG. 3. Pulmonary and systemic oxidative stress in environmental tobacco smoke (ETS)-exposed mice. (A) Protein
carbonyls in the lung lavage of mice exposed to ETS (3 d) vs. air (mean ± SD, n = 8). The protein carbonyl concen-
tration was significantly higher in ETS-exposed animals (P = 0.007, Student’s t-test). (B) 4-Hydroxy-2-nonenal (4-
HNE) adduct formation in lung tissue of mice exposed to ETS (1 d and 3 d) vs. air (mean ± SD, n = 8). 4-HNE for-
mation significantly increased after one day of ETS exposure but returned to control values by day 3. (O.D. 22.8 ±
1.2, 29.1 ± 3.2, and 23.9 ± 0.5 for air, ETS 1 d, and ETS 3 d, respectively, P < 0.01, ANOVA). (C) 4-HNE adduct
formation in the liver tissue of mice exposed to ETS (3 d) vs. air (mean ± SD, n = 6). 4-HNE formation significantly
increased after 3 d of ETS exposure (O.D. 123.6 ± 16.4 vs. 213.2 ± 59.4, P = 0.005, Student’s t-test). A representa-
tive blot of liver homogenates from animals exposed to ETS and filtered air is shown (air: lanes 1–3; ETS: lanes 4–6).



Bruno et al. (25) showed that cigarette smokers had a higher
rate of vitamin E disappearance, yet total plasma α-tocopherol
concentrations were similar in smokers and nonsmokers. We
therefore hypothesized that the oxidative stress of cigarette
smoking might increase hepatic TTP. Higher TTP levels could
then potentially maintain plasma α-tocopherol. ETS-exposed
mice exhibited increases in the oxidative modification of pro-
teins (carbonyl formation) and lipids (HNE adducts) and a de-
crease in lung α-tocopherol. However, ETS exposure did not

change hepatic α-tocopherol or up-regulate hepatic TTP (Fig.
4). Our exposure protocol mimics an acute ETS exposure. Al-
though we showed increased formation of HNE adducts in the
liver, it is possible that the ETS exposure regime [3 d (6 h/d) at
60 mg3 TSP] used in this study did not cause a sufficient
amount of systemic oxidative stress to deplete α-tocopherol
stores and increase hepatic TPP expression. We did show, how-
ever, that exposure to ETS caused increased oxidative stress in
the lung.

Thus, TTP plays an important role in the regulation of
plasma levels of vitamin E. Together with Shaw and Huang
(17) and Barella et al. (39), our study shows that the changes in
hepatic TTP levels are minimal compared with changes in di-
etary or hepatic vitamin E levels. TTP appears to be normally
expressed at sufficient levels to aid trafficking of newly ab-
sorbed dietary vitamin E. In our study, mice consuming the low
vitamin E diet received half of the recommended vitamin E for
mice [11.5 instead of 22 mg RRR-α-tocopheryl acetate/kg
chow; (33)], similar to the low vitamin E diets used by others
(44). TTP expression may therefore be optimized for sufficient
vitamin E transport even under dietary vitamin E restrictions.

Under the conditions of oxidative stress used in this study,
TTP was not up-regulated to compensate for the higher
turnover or oxidative loss of vitamin E. Again, this may be due
to optimal levels of TTP in the liver. However, we cannot ex-
clude the possibility that higher levels of oxidative stress result
in significant modulations in liver TTP levels. Therefore, addi-
tional studies at lower dietary and hepatic α-tocopherol con-
centrations are warranted.
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erol concentrations decreased after 3 d of ETS exposure (P = 0.001, Stu-
dent’s t-test). (B) Hepatic α-tocopherol concentrations in mice exposed
to ETS vs. air (mean ± SD). For hepatic tissue, ETS: n = 5, and air: n = 4.
Hepatic α-tocopherol concentrations were similar by Student’s t-test.
(C) Western blots of hepatic TTP in mice exposed to ETS vs. air. No sig-
nificant changes in TTP protein expression were observed (P = 0.4).
Blots are of three representative liver homogenates from animals ex-
posed to either ETS or air for 3 d. For abbreviations see Figures 1 and 3.



Raber, J., Farese, R.V., Jr., Packer, L., Cross, C.E., and Traber,
M.G. (2003) Gene Expression Profile of Oxidant Stress and
Neurodegeneration in Transgenic Mice Deficient in α-Tocoph-
erol Transfer Protein, Free Radic. Biol. Med. 35, 1343–1354.

6. Jishage, K., Arita, M., Igarashi, K., Iwata, T., Watanabe, M.,
Ogawa, M., Ueda, O., Kamada, N., Inoue, K., Arai, H. et al.
(2001) α-Tocopherol Transfer Protein Is Important for the Nor-
mal Development of Placental Labyrinthine Trophoblasts in
Mice, J. Biol. Chem. 273, 1669–1672.

7. Arita, M., Sato, Y., Miyata, A., Tanabe, T., Takahashi, E., Kay-
den, H., Arai, H., and Inoue, K. (1995) Human α-Tocopherol
Transfer Protein: CDNA Cloning, Expression and Chromosom-
al Localization, Biochem. J. 306, 437–443.

8. Kalikin, L.M., Bugeaud, E.M., Palmbos, P.L., Lyons, R.H., Jr.,
and Petty, E.M. (2001) Genomic Characterization of Human
SEC14L1 Splice Variants Within a 17q25 Candidate Tumor
Suppressor Gene Region and Identification of an Unrelated Em-
bedded Expressed Sequence Tag, Mamm. Genome 12, 925–929.

9. Meier, R., Tomizaki, T., Schulze-Briese, C., Baumann, U., and
Stocker, A. (2003) The Molecular Basis of Vitamin E Retention:
Structure of Human α-Tocopherol Transfer Protein, J. Mol.
Biol. 331, 725–734.

10. Min, K.C., Kovall, R.A., and Hendrickson, W.A. (2003) Crystal
Structure of Human α-Tocopherol Transfer Protein Bound to Its
Ligand: Implications for Ataxia with Vitamin E Deficiency,
Proc. Natl. Acad. Sci. USA 100, 14713–14718.

11. Panagabko, C., Morley, S., Hernandez, M., Cassolato, P., Gor-
don, H., Parsons, R., Manor, D., and Atkinson, J. (2003) Ligand
Specificity in the CRAL-TRIO Protein Family, Biochemistry 42,
6467–6474.

12. Ouahchi, K., Arita, M., Kayden, H., Hentati, F., Ben Hamida,
M., Sokol, R., Arai, H., Inoue, K., Mandel, J.L., and Koenig, M.
(1995) Ataxia with Isolated Vitamin E Deficiency Is Caused by
Mutations in the α-Tocopherol Transfer Protein, Nat. Genet. 9,
141–145.

13. Cavalier, L., Ouahchi, K., Kayden, H.J., Di Donato, S.,
Reutenauer, L., Mandel, J.L., and Koenig, M. (1998) Ataxia
with Isolated Vitamin E Deficiency: Heterogeneity of Mutations
and Phenotypic Variability in a Large Number of Families, Am.
J. Hum. Genet. 62, 301–310.

14. Terasawa, Y., Ladha, Z., Leonard, S.W., Morrow, J.D., New-
land, D., Sanan, D., Packer, L., Traber, M.G., and Farese, R.V.,
Jr. (2000) Increased Atherosclerosis in Hyperlipidemic Mice
Deficient in α-Tocopherol Transfer Protein and Vitamin E,
Proc. Natl. Acad. Sci. USA 97, 13830–13834.

15. Leonard, S.W., Terasawa, Y., Farese, R.V., Jr., and Traber,
M.G. (2002) Incorporation of Deuterated RRR- or all rac α-To-
copherol into Plasma and Tissues of α-Tocopherol Transfer Pro-
tein Null Mice, Am. J. Clin. Nutr. 75, 555–560.

16. Kim, H.S., Arai, H., Arita, M., Sato, Y., Ogihara, T., Inoue, K.,
Mino, M., Tamai, H., Martin, A., Janigian, D. et al. (1998) Ef-
fect of α-Tocopherol Status on α-Tocopherol Transfer Protein
Expression and Its Messenger RNA Level in Rat Liver, Free
Radic. Res. 28, 87–92.

17. Shaw, H., and Huang, C. (1998) Liver α-Tocopherol Transfer
Protein and Its mRNA Are Differentially Altered by Dietary Vi-
tamin E Deficiency and Protein Insufficiency in Rats, J. Nutr.
128, 2348–2354.

18. Fechner, H., Schlame, M., Guthmann, F., Stevens, P.A., and
Rustow, B. (1998) α- and δ-Tocopherol Induce Expression of
Hepatic α-Tocopherol-Transfer-Protein mRNA, Biochem. J.
331, 577–581.

19. Traber, M.G., Rudel, L.L., Burton, G.W., Hughes, L., Ingold,
K.U., and Kayden, H.J. (1990) Nascent VLDL from Liver Per-
fusions of Cynomolgus Monkeys Are Preferentially Enriched in
RRR- Compared with SRR-α Tocopherol: Studies Using Deuter-
ated Tocopherols, J. Lipid Res. 31, 687–694.

20. Tamai, H., Kim, H.S., Hozumi, M., Kuno, T., Murata, T., and
Morinobu, T. (2000) Plasma α-Tocopherol Level in Diabetes
Mellitus, Biofactors 11, 7–9.

21. Eiserich, J.P., van der Vliet, A., Handelman, G.J., Halliwell, B.,
and Cross, C.E. (1995) Dietary Antioxidants and Cigarette
Smoke-Induced Biomolecular Damage: A Complex Interaction,
Am. J. Clin. Nutr. 62, 1490S–1500S.

22. Cross, C.E., Valacchi, G., Schock, B., Wilson, M., Weber, S.,
Eiserich, J., and van der Vliet, A. (2002) Environmental Oxi-
dant Pollutant Effects on Biologic Systems: A Focus on Mi-
cronutrient Antioxidant–Oxidant Interactions, Am. J. Respir.
Crit. Care Med. 166, S44–S50.

23. Frei, B., Forte, T.M., Ames, B.N., and Cross, C.E. (1991) Gas
Phase Oxidants of Cigarette Smoke Induce Lipid Peroxidation
and Changes in Lipoprotein Properties in Human Blood Plasma.
Protective Effects of Ascorbic Acid, Biochem. J. 277, 133–138.

24. Traber, M.G., Winklhofer-Roob, B.M., Roob, J.M.,
Khoschsorur, G., Aigner, R., Cross, C., Ramakrishnan, R., and
Brigelius-Flohé, R. (2001) Vitamin E Kinetics in Smokers and
Non-smokers, Free Radic. Biol. Med. 31, 1368–1374.

25. Bruno, R.S., Ramakrishnan, R., Montine, T.J., Bray, T.M., and
Traber, M.G. (2005) α-Tocopherol Disappearance Is Faster in
Cigarette Smokers and Is Inversely Related to Their Ascorbic
Acid Status, Am. J. Clin. Nutr. 81, 95–103.

26. al Senaidy, A.M., al Zahrany, Y.A., and al Faqeeh, M.B. (1997)
Effects of Smoking on Serum Levels of Lipid Peroxides and Es-
sential Fat-Soluble Antioxidants, Nutr. Health 12, 55–65.

27. Malila, N., Virtamo, J., Virtanen, M., Pietinen, P., Albanes, D.,
and Teppo, L. (2002) Dietary and Serum α-Tocopherol, β-
Carotene and Retinol, and Risk for Colorectal Cancer in Male
Smokers, Eur. J. Clin. Nutr. 56, 615–621.

28. Rust, P., Lehner, P., and Elmadfa, I. (2001) Relationship Be-
tween Dietary Intake, Antioxidant Status and Smoking Habits
in Female Austrian Smokers, Eur. J. Nutr. 40, 78–83.

29. Dietrich, M., Block, G., Norkus, E.P., Hudes, M., Traber, M.G.,
Cross, C.E., and Packer, L. (2003) Smoking and Exposure to
Environmental Tobacco Smoke Decrease Some Plasma Antiox-
idants and Increase γ-Tocopherol in vivo After Adjustment for
Dietary Antioxidant Intakes, Am. J. Clin. Nutr. 77, 160–166.

30. Leonard, S.W., Bruno, R.S., Paterson, E., Schock, B.C., Atkin-
son, J., Bray, T.M., Cross, C.E., and Traber, M.G. (2003) 5-
Nitro-γ-tocopherol Increases in Human Plasma Exposed to Cig-
arette Smoke in-vitro and in-vivo, Free Radic. Biol. Med. 38,
813–819.

31. Podda, M., Weber, C., Traber, M.G., and Packer, L. (1996) Si-
multaneous Determination of Tissue Tocopherols, Tocotrienols,
Ubiquinols and Ubiquinones, J. Lipid Res. 37, 893–901.

32. Reeves, P.G., Nielsen, F.H., and Fahey, G.C., Jr. (1993) AIN-93
Purified Diets for Laboratory Rodents: Final Report of the
American Institute of Nutrition Ad Hoc Writing Committee on
the Reformulation of the AIN-76A Rodent Diet, J. Nutr. 123,
1939–1951.

33. National Research Council (1995) Nutrient Requirements of
Laboratory Animals. National Academy Press, Washington,
DC.

34. Witschi, H., Oreffo, V.I., and Pinkerton, K.E. (1995) Six-Month
Exposure of Strain A/J Mice to Cigarette Sidestream Smoke: Cell
Kinetics and Lung Tumor Data, Fundam. Appl. Toxicol. 26, 32–40.

35. Yu, M., Pinkerton, K.E., and Witschi, H. (2002) Short-Term Ex-
posure to Aged and Diluted Sidestream Cigarette Smoke En-
hances Ozone-Induced Lung Injury in B6C3F1 Mice, Toxicol.
Sci. 65, 99–106.

36. Schock, B.C., Young, I.S., Brown, V., Fitch, P.S., Shields,
M.D., and Ennis, M. (2003) Antioxidants and Oxidative Stress
in BAL Fluid of Atopic Asthmatic Children, Pediatr. Res. 53,
375–381.

37. Buss, H., Chan, T.P., Sluis, K.B., Domigan, N.M., and Winter-

VITAMIN E AND THE α-TOCOPHEROL TRANSFER PROTEIN 111

Lipids, Vol. 41, no. 2 (2006)



bourn, C.C. (1997) Protein Carbonyl Measurement by a Sensi-
tive ELISA Method, Free Radic. Biol. Med. 23, 361–366.

38. Bergmann, A.R., Ramos, P., Esterbauer, H., and Winklhofer-
Roob, B.M. (1997) RRR-α-Tocopherol Can Be Substituted for
by Trolox in Determination of Kinetic Parameters of LDL Oxi-
dizability by Copper, J. Lipid Res. 38, 2580–2588.

39. Barella, L., Muller, P.Y., Schlachter, M., Hunziker, W., Stock-
lin, E., Spitzer, V., Meier, N., de Pascual-Teresa, S., Minihane,
A.M., and Rimbach, G. (2004) Identification of Hepatic Molec-
ular Mechanisms of Action of α-Tocopherol Using Global Gene
Expression Profile Analysis in Rats, Biochim. Biophys. Acta
1689, 66–74.

40. Stahl, W., Graf, P., Brigelius-Flohe, R., Wechter, W., and Sies,
H. (1999) Quantification of the α- and γ-Tocopherol Metabo-
lites 2,5,7,8-Tetramethyl-2-(2′-carboxyethyl)-6-hydroxychro-
man and 2,7,8-Trimethyl-2-(2′-carboxyethyl)-6-hydroxychro-
man in Human Serum, Anal. Biochem. 275, 254–259.

41. Lodge, J.K., Traber, M.G., Elsner, A., and Brigelius-Flohe, R.

(2000) A Rapid Method for the Extraction and Determination of
Vitamin E Metabolites in Human Urine, J. Lipid Res. 41,
148–154.

42. Traber, M.G., Elsner, A., and Brigelius-Flohe, R. (1998) Syn-
thetic as Compared with Natural Vitamin E Is Preferentially Ex-
creted as α-CEHC in Human Urine: Studies Using Deuterated
α-Tocopheryl Acetates, FEBS Lett. 437, 145–148.

43. Schultz, M., Leist, M., Petrzika, M., Gassmann, B., and
Brigelius-Flohé, R. (1995) Novel Urinary Metabolite of α-To-
copherol, 2,5,7,8-Tetramethyl-2(2′-carboxyethyl)-6-hydroxy-
chroman, as an Indicator of an Adequate Vitamin E Supply? Am.
J. Clin. Nutr. 62 (Suppl.), 1527S–1534S.

44. Calfee-Mason, K.G., Spear, B.T., and Glauert, H.P. (2004) Ef-
fects of Vitamin E on the NF-κB Pathway in Rats Treated with
the Peroxisome Proliferator, Ciprofibrate, Toxicol. Appl. Phar-
macol. 199, 1–9.

[Received September 27, 2004; accepted February 7, 2006]

112 D.L. BELLA ET AL.

Lipids, Vol. 41, no. 2 (2006)


