
Alpha-Tocopherol Modulates Genes Involved in Hepatic
Xenobiotic Pathways in Mice

Debbie J. Mustacich1, Kishorchandra Gohil2, Richard S. Bruno3, Michelle Yan1, Scott W.
Leonard1, Emily Ho1, Carroll E. Cross2, and Maret G. Traber1
1Linus Pauling Institute, Oregon State University, Corvallis, OR
2Department of Internal Medicine, Division of Pulmonary and Critical Care, Genome and Biomedical
Sciences Facility, University of California, Davis, CA
3Department of Nutritional Sciences, University of Connecticut

Abstract
Hepatic proteins involved in xenobiotic pathways (Phases I, II, and III) are responsible for the
metabolism and disposition of endogenous and exogenous compounds including dietary
phytochemicals. To test the hypothesis that elevated α-tocopherol intakes alter gene expression of
hepatic xenobiotic pathways, mice were fed diets supplemented with either 1000 IU (++E) or 35 IU
(E) all-rac-α-tocopheryl acetate for 4 month, liver RNA was isolated and gene expression determined
using both whole genome microarray and real-time quantitative PCR (RT-qPCR) analyses. Hepatic
α-tocopherol (173 ± 18 vs. 21 ± 1 nmol/g, mean ± SE) and its metabolite (α-CEHC, 0.232 ± 0.046
vs. 0.031 ± .019 nmol/g) concentrations were ∼8-fold higher following the ++E dietary treatment.
In ++E relative to E mice, gene expression of Phase I enzymes, P450 oxidoreductase and cytochrome
P450 (Cyp) 3a11, increased 1.6- and 4.0-fold, respectively; two Phase II genes, sulfotransferase 2a
and glutathione S-transferase mu 3, increased 10.8- and 1.9-fold respectively; and a Phase III biliary
transporter, Abcb1a, doubled. Thus, consumption of high-level dietary α-tocopherol simultaneously
coordinated Phase I, II and III gene expression. These data demonstrate that increased hepatic α-
tocopherol modulates its own concentrations through increasing xenobiotic metabolism, a process
that may alter metabolism of other foreign compounds, such as therapeutic drugs and phytochemicals,
in humans.
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Introduction
Plants synthesize eight different molecules with vitamin E antioxidant activity, consisting of
α-, β-, δ-, and γ-tocopherols and the corresponding four tocotrienols. Only α-tocopherol, not
the others, is preferentially maintained in human plasma and tissues, as a result of the function
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of the hepatic α-tocopherol transfer protein (α-TTP) and increased metabolism of non-α-
tocopherols relative to α-tocopherol (1). Unlike other fat-soluble vitamins, α-tocopherol is not
accumulated in the body to toxic levels, suggesting that metabolism and excretion, are up-
regulated to prevent excess α-tocopherol accumulation (2).

Hepatic enzymes and transporters responsible for the metabolism and excretion of various
xenobiotic compounds are categorized in three phases. Phase I consists mainly of the
cytochrome P450 (CYP) superfamily of enzymes responsible for the oxidation of numerous
compounds, such as drugs, vitamins and environmental toxicants, thereby preparing them for
conjugation by Phase II enzymes (3). Phase II enzymes include, but are not limited to,
sulfotransferase (SULT), UDP-glucuronosyltransferase (UGT), and glutathione S-transferase
(GST) superfamilies. The SULTs and UGTs catalyze sulfation and glucuronidation,
respectively, of compounds with a hydroxyl group, or once a hydroxyl group has been added
following its biotransformation by Phase I enzymes (4,5). Key Phase III members are the ATP-
binding cassette (ABC) superfamily of transporters that are responsible for excretion of
xenobiotic compounds and/or their metabolites from the liver. ABC transporters expressed on
hepatic canalicular membranes are the multidrug resistance (MDR) proteins, MDR1 (ABCB1,
P-glycoprotein) and MDR3 (ABCB4), the multidrug resistance-related proteins 2 and 6
(MRP2, ABCC2; MRP6, ABCC6) and the breast cancer resistance protein (BCRP, ABCG2),
as reviewed (6).

The proposed pathway of α-tocopherol metabolism, including an initial ω-oxidation catalyzed
by the CYP system to form 13′-OH-α-tocopherol, was initially based on data from in vitro
studies in which intermediate metabolites were isolated and identified from HepG2 cells and
rat liver sub-cellular fractions incubated with various forms of vitamin E (7). Additional cell
culture studies have shown that inhibitors of CYP activity inhibit tocopherol metabolism,
thereby supporting the hypothesis that CYP enzymes are required for tocopherol metabolism.
The formation of 13′-OH-α-tocopherol is followed by several steps of β-oxidation leading to
the formation of α-CEHC (2,5,7,8-tetramethyl-2-(2′-carboxyethyl)-6-hydroxychroman), the
major metabolite of α-tocopherol. α-CEHC is found in the liver, urine, plasma and bile (8,9)
in the free form and as either a sulfate or glucuronide conjugate (2,10-12), thus suggesting a
role for SULTs and UGTs in tocopherol disposition. Moreover Mdr2 (the mouse equivalent
of rat and human MDR3), plays a key role in biliary α-tocopherol excretion (13). And MDR1
was found to be increased by elevated liver α-tocopherol (14). The role of various hepatic
transporters in the secretion of CEHCs from the liver into bile or plasma have yet to be
elucidated.

In studies using insect microsomes expressing recombinant human CYP enzymes, Sontag and
Parker showed that CYP4F2 metabolized γ-tocopherol, and to a much lesser extent α-
tocopherol, to their respective 13′-OH-tocopherol metabolites (7,15). In contrast we found that
in rats given daily subcutaneous (SQ) α-tocopherol injections (10 mg /100 g body wt) to
overload liver α-tocopherol capacity, hepatic CYP4F protein levels were unchanged.
Surprisingly, there was a significant increase in metabolism of α-tocopherol, as evidenced by
a 20-fold increase in hepatic 13′-OH-α-tocopherol levels (14). Moreover, rat hepatic protein
levels of CYP3A, 2B, and 2C family members increased (14). These alterations in Phase I
enzymes were not limited to massive α-tocopherol overloading; dietary α-tocopherol appears
to be sufficient to alter xenobiotic metabolism. Specifically, hepatic Cyp3a protein levels were
higher in mice fed an α-tocopherol sufficient (31 mg/kg diet) as compared to an α-tocopherol
deficient (<2mg/kg diet) diet. Indeed, hepatic Cyp3a protein and α-tocopherol concentrations
were correlated (16).

To further examine the mechanisms of altered metabolism and disposition in response to α-
tocopherol, we have studied rats given daily, SQ α-tocopherol injections (10 mg α-tocopherol/
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100 g body wt) for 18 days. Surprisingly, hepatic α-tocopherol and α-CEHC levels only
increased up to day 9, then began to decrease (14); hepatic protein levels of CYP3A, 2B and
2C increased concurrently with the increase in α-tocopherol and α-CEHC levels, while MDR1
protein increased concurrently with the subsequent decrease in hepatic levels of both α-
tocopherol and α-CEHC (14). These data indicated that mechanisms were in place to prevent
the over-accumulation of α-tocopherol and that increasing α-tocopherol intakes, as well as
administration of pharmacologic doses, modulate the expression of proteins involved in hepatic
xenobiotic metabolism and excretion. However, the mechanism by which α-tocopherol might
regulate these increases has not been investigated, nor has the extent to which α-tocopherol
regulates all three phases of the hepatic xenobiotic pathways been investigated.

Alterations in hepatic xenobiotic pathways may occur at the gene level. Hepatic Cyp3a11
mRNA levels were elevated in mice fed 20 mg as compared with 2 mg α-tocopherol/kg diet;
and were further increased in mice fed higher levels for a longer time (200 mg α-tocopherol/
kg diet for 9 months) (17). Expression of other xenobiotic pathway genes was not determined
(17).

Members of the CYP3A, 2B and 2C subfamilies are transcriptionally regulated by the nuclear
receptors CAR (constitutive androstane receptor) and/or PXR (pregnane × receptor) (18,19).
In addition, PXR and CAR regulate MDR1 expression (20,21). Nevertheless, in studies using
HepG2 cells, Landes el al. (22) showed that α-tocopherol was among the least effective of the
vitamin E forms tested for the ability to activate PXR and another study using primary
hepatocytes showed that only tocotrienols, not tocopherols, activated PXR (23). Thus, the
ability of α-tocopherol to alter xenobiotic pathways at the transcriptional level as a mechanism
for increased hepatic CYP and MDR1 protein, with or without an involvement of nuclear
receptors, as well as the number and extent to which additional genes involved in Phase I, II,
and III are altered by increased hepatic α-tocopherol, requires further examination.

Based on the above observations, we hypothesized that α-tocopherol modulates hepatic
xenobiotic pathways (Phase I, II, and III) by modulating gene expression and that determination
of the specific subset of xenobiotic genes modulated by α-tocopherol would provide the
necessary data for directing future experiments to investigate a role for nuclear receptors. To
test this hypothesis we investigated the ability of elevated α-tocopherol intake to alter
expression of genes involved in hepatic xenobiotic metabolism and excretion in mice using
both whole genome microarray and real-time quantitative PCR (RT-qPCR) analyses.

Materials and methods
Reagents

HPLC-grade methanol, hexane, ethanol, and glacial acetic acid were obtained from Fisher (Fair
Lawn, NJ). All other chemicals were obtained as reagent grade quality from suppliers.

Animal Studies
Several mouse isozymes of the Cyp3a family are gender specific and are only expressed in the
livers of adult female mice, i.e., Cyp3a16, 3a41, and 3a44 (24,25). In addition, increased hepatic
Cyp3a protein showed a significantly higher degree of correlation with hepatic concentrations
of α-tocopherol in female mice compared with male mice (16). Therefore, female mice were
chosen for this study. The Oregon State University Animal Care and Use Committee approved
all animal protocols.

Diets—An α-tocopherol deficient basal diet containing <10 IU α-tocopherol/kg diet, (Catalog
#7248, Purina Test Diets, Richmond, IN) was supplemented by addition of the appropriate
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amounts of all-rac-α-tocopheryl acetate to produce two diets: (1) 35 IU all-rac-α-tocopherol/
kg diet (control, E) and (2) 1000 IU all-rac-α-tocopherol/kg diet (supplemented, ++E).

Animals—Four-week-old female C57BL/6 mice (Charles River Laboratories, Wilmington,
MA) were randomly assigned to either control (E) or supplemented (++E) diet, maintained on
a 12-hour light/dark schedule and water and pelleted diet were allowed ad libitum for 4 months
(n = 6/group). Mice were sacrificed by sodium pentobarbital injection, livers were rapidly
removed, rinsed with saline, frozen in liquid N2 and stored at -80°C for analysis.

Measurement of α-Tocopherol and α-CEHC
A modification of the method by Podda et al. (26) was used for the analysis of α-tocopherol,
as previously described (27). α-CEHC was extracted from liver followed by addition of an
internal standard (trolox) and analysis by LC/MS as previously described (27).

RNA Extraction and GeneChip Hybridization
Frozen liver samples were placed in RNAlater®-ICE (Ambion, Austin, TX) overnight as
directed by manufacturer. RNA was extracted from liver samples (∼20 mg) using the RNeasy
Mini Kit per the manufacturer (Qiagen, Valencia, CA). RNA quantity was determined by
spectroscopy and quality was determined by A260/A280 ratio and electrophoresis. RNA
integrity screening, probe synthesis, hybridization and scanning were conducted by the Center
for Genome Research and Biocomputing Core Laboratories, Oregon State University, using a
separate Mouse 430 2.0 GeneChip (Affymetrix, Santa Clara, CA) for three individual animals
per group as described in the GeneChip Expression Analysis Technical Manual (701021 Rev.
5; http://corelabs.cgrb.oregonstate.edu/affymetrix/citation). Although we were interested
specifically in xenobiotic pathways, a whole genome array was chosen as commercially
available focused arrays contain fewer members of each of the three phases of hepatic
xenobiotic pathways than is found on the Mouse 430 2.0 GeneChip.

GeneChip Microarray Expression Analysis
GeneChip data was analyzed utilizing GeneSifter software (VizX Labs, Seattle, WA).
GeneChip data was extracted, normalized and log base 2 transformed using GCRMA (28).
Differential gene expression intensity was calculated between ++E and E groups using Pairwise
Analysis (GeneSifter, VizX labs). Statistical significance was assessed by two-tailed Student's
t test. Genes with a differential change in fold expression intensity ≥ 1.5 combined with a P <
0.05 were considered significant, n = 3 animals/dietary treatment with a separate genechip used
for each animal.

Real-Time Quantitative PCR (RT-qPCR)
cDNA was generated from DNase treated RNA (5 μg) using the Superscript III First-strand
Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) according to manufacturer's
protocols. RT2 Primers (SuperArray, Frederick, MD) for each gene of interest, as well as the
housekeeping gene, hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1, Accession #
NM_013556), were optimized for use on the Opticon 2 thermocycler (Bio-rad, Hercules, CA),
per manufacturer. Melting curve analysis was used to confirm the presence of a single PCR
product. cDNA from Universal Reference Total RNA (Mouse XpressRef, Cat# GA-005,
SuperArray) was serial diluted starting with 200 ng RNA equivalence, down to 1.56 ng RNA
equivalence, and used to determine the amplification efficiencies for all primer sets in
comparison to the primer set for the housekeeping gene. Hprt1 was used as the housekeeping
gene as it was determined by GeneChip analysis that, unlike β-actin and GAPDH, the
expression of Hprt1 was unchanged in the ++E animals as compared to the E animals.
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Replicate RNA samples from a control and a supplemented mouse were included on the same
plate for analysis with the primers for one gene of interest, as well as primers for the Hprt1
gene to ensure that changes observed were not due to plate differences. In addition, cDNA
generated from the Universal Reference Total RNA (SuperArrary) and relevant primers for
the gene of interest and Hprt1 housekeeping gene were included on each plate as a between
plate control. RT-qPCR was performed according to SuperArray protocols using RT2 Real-
Timetm SYBR Green PCR Master Mix (SuperAray). Presence of double-stranded DNA PCR
product was monitored using the Chroma4 Real Time PCR detection system (MJ Research,
Waltham, MA). The average transcript expression for each gene of interest was determined
for individual mice and normalized to the average transcript expression of Hprt1 for that mouse,
as described in (29). The fold-change in transcript expression for each gene was determined
in ++E mice relative to E mice using the 2-ΔΔCt method and standard propagation of error
methods as described (29,30).

Statistical analysis
α-Tocopherol, α-CEHC and RT-qPCR data were log transformed to normalize unequal
variances between groups and analyzed by two-tailed Student's t test using Prism version 4.0
(Graphpad Software, San Diego, CA). Microarray data was analyzed by two-tailed Student's
t test using GeneSifter software (VizX Labs). All data are expressed as mean ± SE with a value
of P < 0.05 considered significant.

Results
α-Tocopherol and α-CEHC Concentrations

Mice were fed either control (E) or α-tocopherol supplemented (++E) diets for 4 months,
sacrificed and livers harvested. Hepatic α-tocopherol concentrations increased 8-fold in
response to the ++E diet (Figure 1A); α-CEHC levels in ++E mice also increased nearly 8-fold
compared with those from E mice (Figure 1B). Clearly, hepatic conversion of α-tocopherol to
a-CEHC was increased.

Gene Expression Data
Expression of 61 genes was increased by ≥ 1.5-fold, while expression of 24 genes were
decreased by ≥ 1.5-fold, in ++E compared with E mice (see Supplementary Materials), as
evaluated by statistical analysis of the normalized, log2 transformed intensity data from the
34,000 genes present on the Mouse 430 2.0 GeneChip. Our focus was on xenobiotic pathways,
of which among these 85 genes that were changed in response to increased hepatic α-tocopherol
were 9 genes associated with hepatic Phase I, II, and III pathways, including nuclear receptors,
PXR and CAR (Table 1).

The ω-hydroxylation of the side chain of the vitamin E molecule is the initial step in its
metabolism; we therefore examined the responses of cytochrome P450 genes to increased α-
tocopherol. Gene expression of Cyp3a11 in ++E mice was 1.3-fold greater than E mice, a
statistically significant increase (Table 1, P < 0.05); while mRNA levels of Cyp3a13, 16, 25,
41, and 44 isoforms were unchanged (Figure 2). Additionally, gene expression levels of Cyp2b
and 2c isoforms, as well as isoforms of the Cyp1a, 1b, and Cyp2e families, were unchanged
by dietary treatment (Figure 2). However, P450 oxidoreductase (Por) supplies reducing
equivalents to the Cyp enzymes and its gene expression increased 1.6-fold (P < 0.05) with α-
tocopherol supplementation (Table 1).

Human CYP4F2 has been shown in vitro to catalyze the first step in tocopherol metabolism
(7,15); thus, we were interested to determine the ability of increased hepatic α-tocopherol levels
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in mice to modulate Cyp4f isoforms. Remarkably, Cyp4f isoform gene expression was
unchanged (Figure 2).

Phase II responses were also examined because α-CEHC is excreted from the body as either
sulfate or glucuronide conjugates (10-12,31). Interestingly, α-tocopherol supplementation
resulted in a 10.8-fold increase (P < 0.05) in gene expression of the phase II enzyme
sulfotransferase 2a (Sult2a) compared to expression in E mice (Table 1). Expression of an
additional phase II gene, glutathione S-transferase mu3 (Gstm3) increased 1.9-fold with α-
tocopherol supplementation (Table 1, P < 0.05).

Phase III transporters may also be involved in the disposition of vitamin E. The gene expression
of the biliary transport protein Mdr1a (Abcb1a) increased 2.2-fold in ++E mice (Table 1, P <
0.05). In contrast, the gene expression of other biliary ABC transporters, mdr1b (Abcb1b),
mdr2 (Abcb4), as well as Abcc2, Abcc6 and Abcg2, were unchanged.

The nuclear receptors, CAR and PXR, regulate the expression of several proteins involved in
xenobiotic metabolism and disposition, including CYPs 2B and 3A, and MDR1, proteins that
we have found to be increased in rats with supra-physiologic hepatic α-tocopherol
concentrations (14,18,19,32). Car gene expression increased 1.8-fold and Pxr gene expression
increased 1.6-fold in ++E compared with E mice (Table 1, P < 0.05).

Real-Time Quantitative PCR Outcomes
To confirm the gene expression results obtained from the microarray experiments described
above, RT-qPCR was performed using hepatic RNA isolated from mice fed either the ++E or
E diet. Although some of the transcript expression fold-changes determined by RT-qPCR differ
slightly from the microarray expression data, changes in expression occurred in the same
direction.

Phase I genes were confirmed by RT-qPCR analysis to be modulated by α-tocopherol
supplementation (Figure 3). Specifically, α-tocopherol supplementation increased Cyp3a11 by
4.0 ± 0.36-fold and Por expression increased by 1.5 ± 0.7-fold (P < 0.05). Additionally, the
expression of Cyp1a1, a Phase I gene whose expression was unchanged as determined by
microarray analysis (Figure 2), was also unchanged using RT-qPCR analysis (Figure 3).
Moreover, two genes that were found to be decreased by microarray analysis were also
decreased by RT-qPCR analysis. By microarray analysis, Cyp7b1 decreased 2.2-fold and
squalene epoxidase (Sqle) decreased 2.7-fold in ++ E mice (Table 1), while by RT-qPCR
analysis Sqle decreased 4.0 ± 0.37-fold (P < 0.01) and Cyp7b1 decreased 1.7 ± 0.3 fold (P <
0.05) (Figure 3).

RT-qPCR analysis also shows similar increased expression of the Phase II enzymes Sult2a
(10.9 ± 0.8-fold) and Gstm3 (1.8 ± 0.1-fold) in ++E mice compared to E mice (Figure 3, P <
0.01) that are in agreement with the microarray expression data. Also in agreement with the
microarray expression data is the 1.9 ± 0.3-fold increase in the expression of the Phase III
transporter Mdr1a in ++E mice (Figure 3, P < 0.05).

However, in contrast to the microarray expression data, the RT-qPCR results indicate that gene
expression of the two nuclear receptors Car (1.1 ± 0.02) and Pxr (1.3 ± 0.13) was not
significantly different in ++E mice compared to E mice (Figure 3).

Discussion
In support of our hypothesis that excess vitamin E up-regulates xenobiotic metabolism at the
level of gene expression, we found that elevated dietary α-tocopherol intakes in mice result in
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increased expression of genes encoding proteins involved in hepatic Phase I, II, and III
xenobiotic pathways. Previously, we found in studies using mice fed diets deficient in α-
tocopherol compared to diets containing sufficient amounts of α- or γ-tocopherols that Cyp3a
protein levels increased with increasing hepatic α-tocopherol levels (16).

Interestingly, Cyp3a11 transcript expression increased significantly in ++E mice, while the
transcript expression of Cyp2b and Cyp2c isoforms was not altered following α-tocopherol
supplementation. These data suggest that the mechanism by which α-tocopherol increases
hepatic Cyp3a protein levels involves increased gene transcription and occurs with a 8-fold
increase in hepatic α-tocopherol achieved by dietary α-tocopherol supplementation. On the
other hand, hepatic α-tocopherol levels were increased 70-fold following the daily SQ α-
tocopherol injections that resulted in increased hepatic CYP2B and CYP2C proteins (14). Thus
the mechanism by which increased hepatic α-tocopherol increases CYP2B and CYP2C protein
levels may require hepatic α-tocopherol levels that are only attained when α-tocopherol is given
by a non-oral route, suggesting that the intestine may limit α-tocopherol absorption.

In studies using recombinant human proteins expressed in insect microsomes, CYP4F2 was
identified as the putative tocopherol ω-hydroxylase (7) and as such may be expected to increase
under conditions of increased tocopherol metabolism. In our current study, hepatic transcript
expression of Cyp4f isoforms was unchanged, similar to our studies of CYP4F protein in rats
(14,33). Together these results suggest that elevated hepatic α-tocopherol does not modulate
the expression of CYP4F family members at either the protein or mRNA level in rodents.

Modulation by α-tocopherol of genes involved in hepatic Phase II xenobiotic metabolism to
our knowledge has not been previously reported. Following ω-hydroxylation by Phase I
enzymes, α-tocopherol undergoes several steps of β-oxidation to form α-CEHC. It has yet to
be determined at what step along the metabolic pathway either sulfation or glucuronidation by
Phase II enzymes occurs, but α-CEHC is excreted as sulfated or glucuronidated conjugates
(2,10,34,35). In addition, sulfated conjugates of intermediate α-tocopherol metabolites have
been identified in rat liver and human lung cancer cell lines (12). Our data show that gene
expression of the Phase II enzymes, Sult2a and Gstm3, but not those of Ugts, was increased
in E++ mice. The respective amounts of glucuronidated and sulfated α-CEHC in urine and/or
bile in mice have not to date been reported. Thus it is possible that the up-regulation of Sult
enzymes in mice may reflect the preferred pathway of conjugation in mice.

GSTs catalyze the conjugation of glutathione to compounds containing an electrophilic carbon,
nitrogen or sulfur atom and are responsible for the detoxification of numerous exogenous
compounds including drugs, pesticides, environmental pollutants and carcinogens, as well as
endogenous by-products of oxidative stress (36). In α-tocopherol supplemented rats compared
with controls, GST activity increased nearly 2-fold towards CDNB (1-chloro-2,4-
dinitrobenzene, a substrate used to measure total GST activity), and, increased nearly 3-fold
towards DCNB (1,2-dichloro-4-nitrobenzene, a substrate considered specific for GST mu class
enzymes) (37,38). These data are in agreement with the increased mRNA expression of Gstm3
in our study and together suggest that α-tocopherol modulates GST by increasing mRNA
expression. To our knowledge glutathione-vitamin E conjugates have not to date been detected.

The Phase III MDR1 (ABCB1) transport protein is responsible for biliary excretion of a diverse
array of xenobiotics, including numerous pharmaceutical drugs and environmental toxicants
(39). Hepatic MDR1 shares many substrates with CYP3A enzymes and conversely many
compounds simultaneously modulate both MDR1 and CYP3A (18,40). Rats and humans have
one MDR1 gene, while mice have two Mdr1 genes, Mdr1a (Abcb1a) and Mdr1b (Abcb1b).
Our data show that gene expression of both Cyp3a11 and Mdr1a are increased in mice
supplemented with α-tocopherol. This is in agreement with the increased protein expression
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of hepatic CYP3A and MDR1 in rats given SQ injections of α-tocopherol (14). Thus,
modulation of hepatic CYP3A and MDR1 by α-tocopherol may occur by a mechanism that is
conserved across species and involves regulation of transcription, perhaps at the nuclear
receptor level.

The gene array data suggested increases in both CAR and PXR, although our RT-qPCR data
indicate that hepatic gene expression of CAR and PXR was unchanged by α-tocopherol
supplementation. Thus, it is unclear if CAR or PXR genes are up-regulated. However,
transcriptional activation of genes by either CAR or PXR does not require an increase in the
expression of these receptors (18). Thus our results do not preclude a role for these nuclear
receptors in the modulation of gene expression by α-tocopherol.

Nuclear receptors regulate genes representing all three phases of xenobiotic metabolism and
excretion (18). In addition to PXR and CAR, the aryl hydrocarbon receptor (AhR) also
modulates the inducible expression of CYP genes, the most highly characterized of which is
the modulation of CYP1A and CYP1B subfamilies (41,42). However our data indicate that
hepatic transcript levels of Cyp1a1, 1a2, and 1b, were unchanged by α-tocopherol
supplementation. This is in agreement with hepatic protein levels of the CYP1A subfamily that
were unchanged by SQ administration of α-tocopherol (33). Lack of induction of the Cyp1
family in both these studies suggests that α-tocopherol does not modulate xenobiotic pathways
via the AhR. On the other hand, PXR and CAR have overlapping specificity with respect to
hepatic up-regulation of CYP3A, CYP2B and CYP2C subfamilies, Por, GST mu, MDR1 and
Mdr1a (18,19,21,32,43,44). The specific subset of Phase I, II, and III genes modulated in the
current study supports a role for PXR and/or CAR. However, the low level of PXR activation
by α-tocopherol reported in HepG2 cells (22) and inability of α-tocopherol to activate PXR in
primary hepatocytes (23), in combination with the data reported herein, suggest that CAR is
the more likely candidate nuclear receptor to play a role in the mechanism by which α-
tocopherol modulates xenobiotic gene expression. Thus, our gene array data has provided
important clues for the further analysis of nuclear receptors in the regulation of xenobiotic
metabolism by α-tocopherol.

In summary, our results indicate that α-tocopherol modulates the gene expression of a subset
of hepatic proteins involved in xenobiotic metabolism and excretion (Phases I, II, and III).
Induction by α-tocopherol of these pathways warrants further experimentation as alterations
in xenobiotic metabolism and disposition could alter the efficacy of therapeutic drugs. In
addition, CYPs, SULTs, and GSTs, are involved in the metabolism of phytochemicals, such
as phylloquinone, tocotrienols and alkylresorcinols (45-47). Thus induction of this battery of
genes by α-tocopherol may alter the metabolism of other phytochemicals. These data provide
unique insight into the regulatory role of vitamin E in the liver.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
CEHC  

carboxyethyl hydroxychroman

α-CEHC  
2,5,7,8-tetramethyl-2-(2′-carboxyethyl)-6-hydroxychroman

CMBHC

CYP  
cytochrome P450

αTTP  
α-tocopherol transfer protein

MDR  
multidrug resistance

LC-MS  
liquid chromatography-mass spectrometry

TBS  
tris-buffered saline

ATP-binding cassette transport protein 
ABC transport protein

GST  
glutathione S-transferase

SULT  
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sulfotransferase

UGT  
UDP-glucuronosyltransferase

AhR  
aryl hydrocarbon receptor

Sqle  
squalene epoxidase

Por  
P450 oxidoreductase

CAR  
constitutive androstane receptor

PXR  
pregnane × receptor

TCPOBOP  
1,4-bis[2-(3,5-dichloropyridyxloxy)] benzene

CDNB  
1-chloro-2,4-dinitrobenzene

DCNB  
1,2-dichloro-4-nitrobenzene
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Fig. 1.
Hepatic a-tocopherol and α-CEHC concentrations in mice fed diet containing either 35 (E) or
1000 IU (++E) all-rac-α-tocopheryl acetate/kg diet. (A) Hepatic α-tocopherol and (B) Hepatic
α-CEHC. Mice were fed either E or ++E diets for 4 m, then euthanized, tissues were excised
and aliquots frozen in liquid nitrogen and stored at -80°C. α-Tocopherol and α-CEHC
concentrations (nmol/g) were determined as described in Methods. All values are expressed
as mean ± SE, ∗ = P < 0.01 compared to E mice (n = 6 mice/dietary treatment).
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Fig. 2.
Expression intensity of hepatic cytochrome P450 genes involved in the metabolism of
pharmaceutical and environmental agents§. Hepatic mRNA prepared individually from each
mouse fed either E or ++E diet was hybridized to a separate Mouse 430 2.0 Affymetrix
GeneChip and subjected to microarray analysis, as described in Methods. The expression
intensity data (arbitrary units, AU) are expressed as mean ± SE (n=3 mice/dietary treatment),
∗ = P < 0.01 compared to E mice. §Expression intensities for the following Cyp isozymes were
below 1000 units in ++E mice and did not significantly differ from E mice: 1a1, 1b1, 2b10,
2c39, and 4f18.
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Fig. 3.
Transcript expression levels of genes involved in hepatic xenobiotic pathways (Phases I, II,
and III) as determined by RT-qPCR. cDNA individually generated from hepatic RNA from E
and ++E mice was subjected to RT-qPCR analysis (see Methods). Replicate samples were
analyzed from each mouse with primers for each gene listed in Table 1, as well as CYP1a1
and the housekeeping gene Hprt1. The average transcript expression for each gene was
determined for individual mice and normalized to the average transcript expression of Hprt1
for that mouse, as described in Methods. The fold-change in transcript expression for each gene
was determined in ++E mice relative to E mice using the 2-ΔΔCt method and standard
propagation of error methods as described in Methods and (29). Data are expressed as mean ±
SE (n = 3 mice/dietary treatment), ∗ = P < 0.05 compared with E mice.
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