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Metabolomics reveals a novel vitamin E metabolite and
attenuated vitamin E metabolism upon PXR activation
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Abstract Pregnane X receptor (PXR) is an important nu-
clear receptor xenosensor that regulates the expression of
metabolic enzymes and transporters involved in the metabo-
lism of xenobiotics and endobiotics. In this study, ultra-
performance liquid chromatography (UPLC) coupled with
electrospray time-of-flight mass spectrometry (TOFMS), re-
vealed altered urinary metabolomes in both Pxr-null and
wild-type mice treated with the mouse PXR activator preg-
nenolone 16a-carbonitrile (PCN). Multivariate data analysis
revealed that PCN significantly attenuated the urinary vita-
min E metabolite a-carboxyethyl hydroxychroman (CEHC)
glucuronide together with a novel metabolite in wild-type
but not Pxr-null mice. Deconjugation experiments with f3-
glucuronidase and B-glucosidase suggested that the novel
urinary metabolite was y-CEHC -D-glucoside (Glc). The
identity of y-CEHC Glc was confirmed by chemical synthe-
sis and by comparing tandem mass fragmentation of the
urinary metabolite with the authentic standard. The lower
urinary CEHC was likely due to PXR-mediated repression
of hepatic sterol carrier protein 2 involved in peroxisomal
B-oxidation of branched-chain fatty acids (BCFA). Using a
combination of metabolomic analysis and a genetically
modified mouse model, this study revealed that activation
of PXR results in attenuated levels of the two vitamin E con-
jugates, and identification of a novel vitamin E metabolite,
v-CEHC Glc.il Activation of PXR results in attenuated lev-
els of the two vitamin E conjugates that may be useful as
biomarkers of PXR activation.—Cho, J-Y., D. W. Kang, X.
Ma, S-H. Ahn, K. W. Krausz, H. Luecke, J. R. Idle, and F. J.
Gonzalez. Metabolomics reveals a novel vitamin E metabo-
lite and attenuated vitamin E metabolism upon PXR activa-
tion. J. Lipid Res. 2009. 50: 924-937.
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Pregnane X receptor (PXR, NR1I2) is a member of the
nuclear receptor superfamily and highly expressed in liver
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and intestine of mammals. PXR was characterized as a
xenosensor that regulates the expression of metabolic en-
zymes and transporters facilitating elimination of xeno-
biotics and endogenous toxic chemicals such as bile acids
(1). The mechanisms of how PXR regulates numerous
genes involved in the metabolism of chemicals have been
investigated during the last decade. Results from those stud-
ies indicated that PXR activation is dependent on its ligands
and PXR direct repeat 4 (DR4) response elements (PXRE)
usually located upstream of target genes. When a ligand
binds to PXR, PXR translocates to the nucleus, hetero-
dimerizes with retinoid X receptor (RXR, NR1B) and binds
to PXREs. PXR can be activated by structurally diverse chem-
icals including certain pharmaceuticals, herbal medicines,
dietary supplements, environmental pollutants, and endo-
biotics (2—4). However, PXR displays a marked species
difference in response to PXR ligands; pregnenolone 16a-
carbonitrile (PCN) and dexamethasone are the best known
activators of rodent PXR but are weak activators of human
PXR, whereas drugs such as rifampicin (RIF) and clotri-
mazole are strong human PXR activators but are weak ac-
tivators of rodent PXR (5). This species-selective ligand
specificity has led to the generation of PXR-humanized
mouse models (6-8).

Subsequent genetic profiling studies have shown that PXR
activation regulates the expression of a large network of
genes. In genetic profiling for rats treated with the rodent-
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specific ligand, PCN, hundreds of genes were differentially
expressed (9). In PXR-humanized mice with constitutively
highly expressed human PXR, 146 genes were up- or
down-regulated (10). Among the up-regulated genes by
PXR activation, many were known PXR target genes. The
most significantly induced are the cytochrome P450s CYP3A
and CYP2B subfamilies (11, 12). Conjugating enzymes such
as UDP-glucuronosyltransferase (UGT) and glutathione
S-transferase and transporters, such as P-glycoprotein, multi-
drug resistance-related protein-3 (MRP3), and organic an-
ion transporting polypeptide-2 (OATP2), are also induced
following PXR activation (13—17). Metabolic enzymes and
transporters induced by PXR activation affect the absorp-
tion, distribution, metabolism, and excretion of xenobiot-
ics and endobiotics.

More recent studies have revealed that PXR has a phys-
iological function in hepatic energy metabolism and plays
an important role of the regulation of certain metabolic
pathways. Activation of PXR represses hepatic energy me-
tabolism by decreasing hepatic gluconeogenesis, fatty acid
oxidation, and ketogenesis, and increasing triglyceride
synthesis (18). This perturbation of energy homeostasis
by PXR is achieved through crosstalk with various hormone
responsive transcription factors such as forkhead box O1
(FoxO1), forkhead box A2 (FoxA2), and peroxisome prolif-
erators activated receptor vy coactivator la (PGCla) (19-21).

Recently, global approaches to investigate the effects
on the metabolome of nuclear receptor activation have
been made using the high-resolution capability of ultra-
performance liquid chromatography (UPLC) coupled with
the accurate mass determination of time-of-flight mass
spectrometry (TOFMS). In addition, the use of genetically
modified mouse models has yielded important results that
help understand the physiological and toxicological conse-
quences of nuclear receptor activation. This combination
of mass spectrometry-based metabolomics and genetically
modified mice has revealed that activation of peroxisome
proliferators activated receptor o (PPAR«a) affects the me-
tabolism of tryptophan, corticosterone, and fatty acids (22,
23), and that novel steroid metabolites in urine can be bio-
markers for activation of PPAR«a (22).

In this study, metabolomic responses to PXR activation
by PCN in Pxrnull and wild-type mice were investigated
using UPLC-TOFMS coupled with multivariate data anal-
yses. Metabolomic analysis may be useful to identify novel
biomarkers for activation of PXR and to discover meta-
bolic pathways regulated by PXR.

EXPERIMENTAL PROCEDURES

Reagents

Pregnenolone 16a-carbonitrile (PCN), RIF, 3-D-glucuronidase
(type H-1 from Helix pomatia), B-D-glucosidase (from almonds),
ethyl levulinate, vinyl magnesium bromide, 2,3-dimethylhydro-
quinone, and boron trifluoride diethyl etherate were purchased
from Sigma (St. Louis, MO). Tetraacetyl glucose was purchased
from Wako Pure Chemical (Osaka, Japan). HPLC-grade solvents
(acetonitrile, methanol, and water) were purchased from Fisher
Scientific (Hampton, NH).

Animals, treatments, and urine collections

Pxr-null (kindly provided by Steven A. Kliewer and Glaxo-
SmithKline), wild-type, and PXR-humanized mice were main-
tained under a standard 12-h light/12-h dark cycle with water
and a normal diet (NIH-31) provided ad libitum. The mouse back-
ground was C57BL/6. Pxr-null and PXR-humanized mice were de-
scribed previously (6, 24). Groups of 8- to 12-week-old males were
used for all experiments, put on synthetic purified diet (AIN-93,
Bio-Serv) at day 5 before treatment and maintained with water
and the same diet ad libitum. PCN was suspended in corn oil
and administered at a dose of 50 mg/kg/day and administered
daily by intraperitoneal (i.p.) injection to wild-type and Pxr-null
mice for 4 days. Control mice were injected i.p. with vehicle (corn
oil). Urine samples were collected from mice placed individually
in metabolic cages for 24 h, before treatment and 24 h after the
last dosing. Pxr-null and PXR-humanized mice were fed with a
RIF-containing diet (approximately 10 mg/kg/day) or control
diet (AIN-93) for 4 weeks. Urine samples were collected on the
28th day of treatment. All urine samples were stored at —80°C
until analyzed. At the end of the study, animals were killed at
48 h after the last dose. Serum and liver tissue were collected
and frozen at —80°C for further analysis. Protocols for all animal
studies were approved by the National Cancer Institute Animal
Care and Use Committee and were carried out in accordance
with the guidelines of Institute of Laboratory Animal Resources.

UPLC-TOFMS analyses

Urine aliquots were diluted with 4 vols of 50% acetonitrile and
centrifuged at 18,000 g for 20 min at 4°C to remove particles and
proteins. Serum samples were diluted 20-fold with 66% acetonitrile
and centrifuged. The aliquots (5 wl) were injected into a UPLC-
TOFMS system using ACQUITY® UPLC and Q-TOF Premier®
(Waters Corp., Milford, MA). The liquid chromatographic and
mass spectrometric conditions of the UPLC-TOFMS system was
the same as previously reported (22).

In vitro PCN hydroxylation

To exclude PCN-derived ions from the chromatographic mass
data matrix, in vitro incubation of PCN with mouse liver micro-
somes was performed. The in vitro incubation mixture contained,
in a total volume of 200 pl, 2 mM NADPH, 100 g of mouse liver
microsomal protein in 0.1 M sodium phosphate buffer, pH 7.4,
and 50 uM PCN. Reactions were initiated by the addition of
NADPH at 37°C for 30 min, and they were terminated by the ad-
dition of 200 pl of ice-cold acetonitrile. Boiled mouse liver micro-
somal protein was used for control reactions. MetaboLynx®
(Waters) was used to generate a table of ions that derived from
PCN, especially the parent compound (IM+H]" 342.245) and hy-
droxylated metabolites (IM+OH] " 358.240), and their in-source
fragment ions.

Data processing and multivariate data analysis

Centroided and integrated chromatographic mass data from
50 to 800 m/z were processed by MarkerLynx® (Waters) to gen-
erate a multivariate data matrix. Ions that were obviously derived
from PCN in the in vitro incubation were excluded from the data
matrix. The data for each urine ion were normalized by relative
creatinine concentrations on a per-sample basis. Pareto-scaled
MarkerLynx matrices were analyzed by principal components
analysis (PCA) and partial least-squares discriminant analysis
(PLS-DA) using SIMCA-P+ 12 (Umetrics, Kinnelon, NJ). To de-
termine which ions contribute most to the difference between
control and PCN-treated wild-type mice, orthogonal partial least
squares (OPLS) was used. The loadings scatter S-plots and the
contribution lists were used to describe the candidate ions and
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urinary markers that were significant different between control
and PCN-treated wild-type mice.

Synthesis of (*)-y-CEHC glucoside

The novel endogenous vitamin E metabolite, 2,7,8-trimethyl-2-
(B-carboxyethyl)-6-acetylhydroxychroman (y-CEHC) glucoside
(Glc), has not been reported. As shown in Fig. 3A, racemic
(%)-y-CEHC was synthesized using a previously described method
(25) and then the glucose conjugate of (*)-y-CEHC was syn-
thesized. Briefly, ethyl levulinate [1] was converted to y-methyl-
y-vinylbutyrolactone [2] using vinyl magnesium bromide, followed
by reaction with 2,3-dimethylhydroquinone in the presence of
boron trifluoride diethyl etherate to yield (*)-y-CEHC [3]. The
glucose conjugate of (#)-y-CEHC was synthesized using standard
glycosylation methodology (26). The carboxylic acid of (*)-y-
CEHC was protected as the methylester [4] prior to glycosylation
of the phenol, through acidic esterification of (*)-y-CEHC using
methanol with catalytic sulfuric acid (27). Tetraacetyl glucosyl tri-
chloroimidate [5] was prepared from 2,3,4,6-tetra-O-acetyl-3-D-
glucopyranose and trichloroacetonitrile in dichloromethane
(28). The methyl ester [4] was treated with the tetraacetyl glucosyl
trichloroimidate [5] in the presence of boron trifluoride diethyl
etherate at —20°C to yield the protected (*)-y-CEHC Glc [6] in
good yield. The final (£)-y-CEHC Glc [7] was obtained by sa-
ponification of the protected (*)-y-CEHC Glc [6] with sodium
hydroxide in water and methanol. It was isolated by column chro-
matography in methylene chloride/methanol/acetic acid (25:5:1).
In the same elution solvent, the Rf value of [6] was 0.40 on silica gel
thin-layer chromatography. Although, [7] was prepared as a mix-
ture of epimers, it was sufficient for use as a mass spectroscopy
standard. In addition, (*)-a-CEHC glucuronide was synthesized
by similar synthetic routes to the (*)-y-CEHC Glc.

Structure identification of CEHC metabolites

To identify the structure of high-contribution score metabo-
lites, elemental compositions were generated with MassLynx®
(Waters) based on the exact mass of metabolites with the mass
tolerance of 10 ppm. In addition, the mass-based search in Madison
Metabolomics Consortium Database (http://mmcd.nmrfam.wisc.
edu) was used to identify potential candidate biomarkers, especially
a-CEHC and y-CEHC with the mass tolerance of 10 ppm (29).
Authentic standards at 5—20 uM in 50% acetonitrile were used
to confirm the identities of the markers with UPLC-MS/MS,
and then MS/MS fragmentation spectra of authentic standards
were compared with those of urinary metabolites.

Deconjugation of CEHC metabolites

3-Acetylumbelliferyl B-D-Glc (AUGIc) and phenolphthalein -
D-glucuronide (PPTGIlu) were used as positive control substrates
for B-D-glucosidase and B-D-glucuronidase, respectively. The de-
conjugation system for positive control substrates included 10 U
of B-D-glucosidase or 40 U of B-D-glucuronidase, 10 uM AUGlIc,
10 uM PPTGlu, 200 mM sodium acetate buffer (pH3.8), and total
volume was 200 pl. The deconjugation system for urinary CEHC
glycosides contained 40 pl of mouse urine, 10 U of B-D-glucosidase
or 40 U of B-D-glucuronidase, 200 mM sodium acetate buffer
(pH3.8), and total volume was 200 pl. The deconjugation mixtures
were incubated for 6 h at 37°C and reactions terminated by adding
an equal volume of acetonitrile, and centrifuged at 18,000 g for
20 min at 4°C. Aliquots (5 pl) were injected onto UPLC-TOFMS
system. The peaks of glycons and aglycones were extracted in neg-
ative ion mode; AUGIc ([M-H] 365.088), 3-acetylumbelliferone
([M-HJ 203.035), PPTGlu ([M-H] 493.115), phenolphthalein
([M-H] 317.079), a-CEHC_Glu ([M-H] 453.174), a-CEHC
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(IM-HJ 277.142), yv-CEHC_Glc ([M-HJ 425.179), and y-CEHC
(IM-HJ 263.125).

Quantification of urinary metabolites and
serum o-tocopherol

QuanLynx® (Waters) was used to quantify urinary creatinine, a-
CEHC_Glu, and y-CEHC_GIc metabolites and serum a-tocopherol
from their peak areas. Five uM of debrisoquine ([M+H]"
176.1180) was included as an internal standard. Calibration curves
were constructed from 31.25 to 1,000 wM of creatinine ([M+H]"
114.0670) and 0.78 to 100 uM of (£) a-CEHC_Glu ([M+NH,]"
472.2198), and (=) y-CEHC_Glc ([M+NH,]" 444.2236). All de-
termined correlation coefficients were >0.95 for each analyte.
The concentration of each analyte in mouse urine was deter-
mined from the calibration curves and expressed as uM/mM
creatinine. To quantify a-tocopherol in serum, a calibration curve
was constructed from 1.56 to 100 uM of a-tocopherol (IM+H]"
431.3811) and the determined correlation coefficient was >0.95.
Concentration of a-tocopherol was expressed as wM.

Gene expression analysis

Quantitative real-time PCR (qPCR) was performed using
cDNA generated from 1 g total mRNA SuperScript II Reverse
Transcriptase kit (Invitrogen, Carlsbad, CA). Primers were de-
signed for qPCR using the Primer Express software (Applied Bio-
systems, Foster City, CA) based on GenBank sequence data:
Cyp3all: forward b'-ttctgtcttcacaaaccgge-3'; reverse b'-gggggacag-
caaagctctat-3'; Cyp4f14: forward b'-tccgatctatectcaatgee-3/, reverse
b’-gtcaccagcactcaccaaga-3'; Ugtlal: forward b'-tcagaaaaagcccctatecc-
3’; reverse b'- gagaccatggatcccaaaga-3'; Ugtlal0: forward 5'-
tgtgatgcccaatgtgatct-3'; reverse 5'-cagaggcgttgacatagget-3'; Cptla:
forward 5’-gcccatgttgtacagettce-3'; reverse 5’-agtggcctcacagactccag-
3'; Hmges2: forward b’-gaaacaaccagcectttcacc-3’, reverse 5'-tcattgaa-
catcaaccgagce-3'; Sep2: forward b'-tcacttacgaagcactgggg-3'; reverse
5’-aggcctecactagggttgat-3'; AcoxI: forward b’-tcgcagaccctgaa-
gaaatc-3'; reverse b’-cctgattcagcaaggtaggg-3’; and Acth: forward
5'-ttetttgeagetecttegtt-3’, reverse 5'-atggaggggaatacageec-3’. qPCR
reactions contained 25 ng of cDNA, 150 nM of each primer and
5 ul of SYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA) in a total volume of 10 ul. All reactions were performed
in duplicate on an Applied Biosystems Prism 7900HT Sequence
Detection System. Relative mRNA levels were calculated by the
comparative threshold cycle method using B-actin (Actb) as the
internal control.

Statistical analysis

Each group consisted of five to seven animals for the PCN treat-
ment study. Three to eight animals were assigned for each group
for the RIF treatment study. All values are expressed as the means
* SD. Statistical analysis was performed by one-way ANOVA com-
bined with Bonferroni’s multiple-comparisons test using Prism 5
(GraphPad Software Inc., San Diego, CA). A P value of less than
0.05 was considered statistically significant.

RESULTS

Phenotypes of PXR activation by PCN

Male wild-type and Pxrnull mice did not show signifi-
cant differences in percent changes of body weight in
PCN-treated versus corn oil-treated (control) mice during
treatment and 24-h urine collection. Liver to body weight
ratio on day 6 of PCN treatment was significantly increased
to 140% in PCN-treated wild-type mice compared with
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control wild-type mice (data not shown). However, there
was no significant difference in liver/body weight between
PCN-treated and control groups of Pxr-null mice. These
phenotypes are consistent with previously reported wild-
type and Pxr-null mice after PXR activation by PCN (17).

Metabolomic analysis of mouse urine

Urine samples for 0—24 h were collected twice (i.e., be-
fore and on 5 days of PCN treatment as described in Experi-
mental Procedures). Urine collection before treatments was
performed for acclimation of mice to the metabolic cages,
and the urine samples on 5 days of treatment were analyzed
by UPLC-TOFMS operating in positive ionization mode. A
large data matrix containing approximately 3,300 positive
ions was produced by Markerlynx. PCN-derived ions, es-
pecially the parent compound (IM+H]" 342.245) and hy-
droxylated form ([M+ OH]" 358.240), and their in-source
fragment ions were excluded from the data matrix and the
data matrix subjected to both PCA and PLS-DA multivari-
ate data analyses. Unsupervised PCA did not yield a good
separation of the data sets from the control and PCN-treated
groups in both wild-type and Pxr-null mice (data not
shown). However, a supervised PLS-DA model with two
components successfully discriminated the differences be-
tween all four groups of mice, having fitness (R2 value) of
0.98 and prediction power (Q” value) of 0.75. Figure 1A
shows a PLS-DA scores plot, representing a clear separa-
tion between control and PCN-treated groups in wild-type
mice in component 1 (X-axis) but not in the Pxr-null mice.
This result revealed specific metabolic phenotypes associ-
ated with the PXR activation by PCN treatment. After
OPLS analysis of control and PCN-treated groups in wild-
type mice, a loadings S-plot showed ions with the highest
confidence and greatest contribution to separation between
control and PCN-treated group in wild-type mice (Fig. 1B).
The significant ions decreased after PCN treatment were in
the lower-left quadrant and increased in the upper-right
quadrant (Fig. 1B). The decreased positive ions of m/z =
316.2109, 449.1788, and 477.1737 ranked as the first, sec-
ond, and third most important variables from the loadings
plot, are labeled in Fig. 1B as I, II, and III, respectively. To
identify the structure of the above ions, chemical formula
calculations using elemental composition and mass-based
search in Madison Metabolomics Consortium Database
were performed. The 449.1788 (II; [M+Na]") and
4771737 (II1; [M+Na] ") ions correspond to sodium ad-
ducts of y-CEHC Glc and a-CEHC glucuronide, respectively.
However, the chemical structure of 316.2109 (I) ion re-
mained unknown. Among the other highest contributing
ions were in-source fragment ions and ammonium adducts
of y-CEHC Glc and o-CEHC glucuronide, shown in Fig. 1B
and listed in Table 1.

Identification of CEHC metabolites in urine

Authentic compounds of (*)-y-CEHC Glc and (*)-o-
CEHC glucuronide were required to confirm the structural
identification of these metabolites by UPLC-MS/MS. The
v-CEHC Glc as a novel urinary metabolite of y-tocopherol

was synthesized following Fig. 2A. The synthetic (+)-y-CEHC
Glc was confirmed by NMR and mass fragmentography
analysis. '"H-NMR resonances corresponding to the aro-
matic proton appears 6.86 ppm and the glucose ring pro-
tons appear 3.50-3.96 and 4.92 ppm in Fig. 2B.

The MS/MS structural elucidation of a-CEHC glucuro-
nide ([M+NH,]" = 472.2198, [M-H] = 453.1719) in both
positive and negative ion mode is shown in Fig. 3A, B, re-
spectively. The major daughter ions 279, 261, and 165 in
positive ion mode and 277, 233, and 163 in negative ion
mode were interpreted in the inlaid structural diagram.
In addition, the MS/MS structural elucidation of y-CEHC
Glc ([M+NH,]" = 444.2236, [M-H] = 425.1868) in both
positive and negative ion mode is shown in Fig. 3C, D, re-
spectively. The major daughter ions 265, 247, and 151 in
positive ion mode and 263, 219, and 149 in negative ion
mode were interpreted in the inlaid structural diagram.
MS/MS fragmentation of sodium adducts of these metabo-
lites was not detected, so ammonium adducts were used in
positive ion mode.

The identity of the novel y-CEHC Glc (y-CEHC_GIc) was
further elucidated by specific enzymatic hydrolysis of the
conjugates. Both B-D-glucosidase and B-D-glucuronidase
were used for deconjugation analysis. AUGIc and phenol-
phthalein B-D-glucuronide (PPTGIlu) were used as positive
control substrates for -glucosidase and 3-glucuronidase, re-
spectively. After incubation with B-glucosidase for 6 h, the
AUGIc and y-CEHC_Glc peaks completely disappeared
and 3-acetylumbelliferone (AU) and y-CEHC peaks ap-
peared, whereas both glucuronide peaks (i.e., PPTGlu
and a-CEHC_Glu) were intact (Fig. 4B, E). After incuba-
tion with B-glucuronidase for 6 h, all peaks of glucuronides
and Glc disappeared and their aglycone peaks appeared
(Fig. 4C, F), which indicated that B-glucuronidase was able
to hydrolyze glucose-conjugated compounds in addition to
glucuronides. These deconjugation data were consistent
with the tandem MS data, which verified unequivocally
the identity of y-CEHC Glc.

Quantification of CEHC metabolites and a-tocopherol

The concentrations of a-CEHC glucuronide, y-CEHC Glc
and creatinine were measured in each urine sample after
construction of calibration curves using debrisoquine as
an internal standard. Although synthetic authentic standard
of (*)-a-CEHC glucuronide and (#*)-y-CEHC Glc were a
mixture of epimers, retention times between epimers were
too close to be separated under the choromatographic con-
ditions employed, and thus these synthetic standards were
used for construction of calibration curves. The urinary con-
centrations of a-CEHC glucuronide and y-CEHC Glc were
expressed as pwmol/mmol creatinine, a variable indepen-
dent of urine volume. Urinary a-CEHC glucuronide after
PXR activation by PCN was significantly decreased to
16%, compared with control in wild-type mice but not in
Pxrnull mice (Fig. 5A). In addition, urinary y-CEHC Glc
was significantly decreased after activation of PXR by PCN
from 138.70 = 43.86 to 54.16 = 9.16 pmol/mmol creati-
nine in wild-type mice, but not changed in Pxr-null mice
(Fig. 5B).
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Fig. 1. Metabolomic analysis of control and PCN-treated mouse urine. Wild-type and Pxr-null mice (n =
5~7) were treated with vehicle (corn oil) or PCN (50 mg/kg/day, i.p.) for 4 days. Urinary metabolites were
analyzed by ultra-performance liquid chromatography time-of-flight mass spectrometry (UPLC-TOFMS) and
data processing and multivariate data analysis conducted using MarkerLynx and SIMCA-P+ software, respec-
tively. A: Scores scatter plot of PLS-DA model of urine from the control and PCN-treated groups in wild-type
(+/+) and Pxr-null (—/—) mice. A two-component PLS-DA model was constructed to characterize the rela-
tionship among four mouse groups, including wild-type (control, LJ; PCN treated, l) and Pxr-null (control, O;
PCN, @). The t(1) and t(2) values represent the scores of each sample in principal components 1 and 2,
respectively. The fitness (R? value) and prediction power (Q? value) of this two-component model are
0.98 and 0.75, respectively. B: OPLS loading S-plot comparing control vs. PCN-treated group in wild-type
mice. The x-axis is a measure of the relative abundance of the ions, and the y-axis is a measure of the corre-
lation of each ion to the model. Positive ions located in the lower left quadrant are decreased when compar-
ing PCN-treated group with control group in wild-type mice. Labeling of significant ions decreased (M) is the
same as in Table 1: II, III, IV, V, and VI.
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TABLE 1. Positive ions of vitamin E metabolites identified in the LC-MS-based metabolomic analysis of the urine samples from PCN-treated and
control wild-type mice (n = 5~7)

Symbol [M+H]" Retention time (min) Ton rank Empirical formula Mass error (ppm) Identity

11 449.1788 4.79 2 Co1HgpOgNa ™ 0.4 v-CEHC Glec Na* adduct

it 477.1737 4.99 3 CooH50010Na™ 1.9 a-CEHC Glucuronide Na* adduct
v 472.2198 4.99 8 CooHgyNO o+ 4.9 a-CEHC Glucuronide NH," adduct
\% 165.0925 4.99 10 C1oH1505" 6.1 a -CEHC in-source fragment ion
VI 444.2236 4.79 11 Cg1H34NOg ™ 1.4 y-CEHC Glc NH, " adduct

Glc, glucoside. Conditions for ultra-performance liquid chromatography time-of-flight mass spectrometry (UPLC-TOFMS) analysis were de-
scribed in Experimental Procedures. Ion rank from a loading S-plot of OPLS analysis showed the rank of ions with the highest confidence and
greatest contribution to separation between control and PCN-treated group in wild-type mice. Symbol is the same as in Fig. 1B.

To investigate urinary excretion of these metabolites
after hPXR activation in PXR-humanized mice, Pxr-null
and PXR-humanized mice were fed with RIF-contained
diet or control diet for 4 weeks and then 0—24 h urine sam-
ples were collected. Activation of PXR-humanized with RIF
significantly decreased the a-CEHC glucuronide concen-
tration to approximate 20% compared with control in
PXR-humanized mice, whereas a-CEHC glucuronide con-
centration was not statistically significantly different be-
tween control and RIF-treated in Pxr-null mice (Fig. 6A).
This result was consistent with the PXR activation with
PCN in wild-type and Pxr-null mice. There was a trend to-
ward a decreased level of y-CEHC Glc after hPXR activa-
tion with RIF in PXR-humanized mice, but this was not
statistically significant (Fig. 6B).

a-Tocopherol in serum samples of both PCN-treated
and RIF-treated mice was also quantified. The level of a-
tocopherol after either PXR activation with PCN or hPXR
activation with RIF was decreased to 60% in wild-type mice
or 83% in PXR-humanized mice, respectively, but was not
statistically significant (data not shown).

Gene expression in liver

Metabolomic analysis of urine from wild-type and Pxr-null
mice after administration of PXR ligand PCN suggested that
PXR-specific urinary metabolic phenotype resulted from
alteration of PXR target genes and metabolic activities.
The expression level of genes related to metabolism of
a-tocopherol and y-tocopherol were determined in mouse
liver using qPCR analysis. Relative mRNA expression of
Cyp3all, a representative PXR target gene, was elevated
by approximately 15-fold in wild-type mice after PXR activa-
tion with PCN but not in Pxr-null mice (Fig. 7). Metabolism
of a-tocopherol and y-tocopherol to a-CEHC glucuronide
and y-CEHC Gilc, respectively, had been reported to occur
by a serial metabolic reaction (i.e., w-oxidation, 3-oxidation,
and conjugation) (30). There is suggestive evidence for the
involvement of CYP3A (30) and CYP4F (31) in tocopherol
w-oxidation. Thus, the mouse counterparts to these CYPs
Cyp4f14 as well as Cyp3all, may carry out w-oxidation of
tocopherols. The Ugtlal and Ugtlal0 genes belonging to
the UGT superfamily (32) are likely involved in conjuga-
tion of CEHCs with glucuronic acid or glucose. Relative
mRNA level of Ugtlal after PCN treatment was 1.7-fold
higher than control group in wild-type (Fig. 7). Relative
mRNA level of Cyp4fI4 and UgtlalO in the PCN-treated
mouse group was not different from the control mouse

group in both wild-type and Pxr-null mice (Fig. 7). Cptla
and Hmges2, which are major genes involved in B-oxidation
in mitochondria (21), were also not differentially expressed
among the various mouse groups (Fig. 7). Interestingly, Scp2
mRNA encoding an enzyme involved in peroxisomal oxida-
tion of branched chain fatty acids, was significantly de-
creased in the PCN-treated groups compared with the
control group in wild-type mice but not in Pxrnull mice,
whereas the level of Acox] mRNA, encoding an enzyme
involved in peroxisomal oxidation of fatty acids, was not
changed in any of the mouse groups (Fig. 7).

DISCUSSION

In this study, a combination of metabolomic analysis and
genetically modified mouse models was used to demon-
strate that activation of PXR results in attenuated vitamin
E metabolites in urine possibly through down-regulation of
the Scp2 gene. PXR regulates numerous genes involved in
metabolism of xenobiotics and endobiotics, including oxi-
dation and conjugation enzymes, and transporters. In ad-
dition, recent studies have shown that activation of PXR
alters lipid metabolism, glucose homeostasis, and inflam-
mation (21, 33). To our knowledge, the attenuation of
vitamin E metabolism by activation of PXR is previously
uncharacterized, although induction of w-oxidation of vita-
min E by RIF has been reported (30).

Metabolomic phenotypes for PXR activation were inves-
tigated in both Pxr-null and wild-type mice. Multivariate
analysis by PLS-DA revealed that, the urinary metabolomes
changed after PCN treatment, were distinct phenotypes
associated with the PXR activation by PCN, because both
control and PCN-treated Pxr-null mice were clustered to-
gether, whereas control and PCN-treated wild-type mice were
separated clearly in the scores plot. Urinary metabolomes
that changed consistently with activation of PXR by PCN
in wild-type mice were analyzed using OPLS. The most at-
tenuated ions after PXR activation were the vitamin E me-
tabolites a-CEHC glucuronide and y-CEHC Glc. o-CEHC
glucuronide and y-CEHC Glc in urine were dependent
upon the chemically defined AIN 93 diet, which contained
vitamin E at a concentration of 79 IU/kg diet (53 mg/kg
natural vitamin E or 79 mg/kg synthetic vitamin E).

A novel endogenous metabolite of y-tocopherol, y-CEHC
Glc was uncovered through metabolomic study of PXR
activation. The major conjugated form of y-tocopherol in
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Fig. 2. Synthesis of (*)-y-CEHC glucoside (Glc). A: Synthetic route to epimeric (*)-y-carboxyethyl hydroxychroman (CEHC) Glc from
cthyl levulinate. THF, tetrahydrofuran; BFs-OEt,, boron trifluoride etherate; MeOH, methanol; DCM, dichloromethane B: NMR spectrum
of synthetic (*)-y-CEHC Glc. Proton spectra were recorded using a Jemini-300MHz spectrometer and chemical shifts were reported as ppm.

mice was y-CEHC Glc, whereas the major conjugate form
of a-tocopherol was a-CEHC glucuronide. yv-CEHC glucu-
ronide was also found in urine at a level of approximately
10% of the y-CEHC Glc (data not shown). It should be
noted that others reported that sulfated CEHCs appeared
in human urine (27). However, no ions corresponding to

930 Journal of Lipid Research Volume 50, 2009

sulfated CEHC metabolites (a-CEHC sulfate, [M-H]
357.1008; y-CEHC sulfate, [M-H]~ 343.0851) were detected
in mouse urine, at least under the UPLC-TOFMS conditions
employed in this study. Thus, we cannot rule out the possi-
bility that sulfated conjugates of CEHCs are produced in
mice. To identify the chemical identities of a-CEHC glucu-
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Fig. 3. LC-MS/MS structural elucidation of a-CEHC glucuronide and y-CEHC Glc in mouse urine. MS/MS fragmentation was conducted with
collision energy ramping from 5 to 35 eV. Major daughter ions from fragmentation were interpreted in the inlaid structural diagrams. A: MS/MS
spectrum of authentic -CEHC glucuronide and o-CEHC glucuronide of mouse urine in positive ion mode. B: MS/MS spectrum of authentic
oa-CEHC glucuronide and o-CEHC glucuronide of mouse urine in negative ion mode. C: MS/MS spectrum of authentic y-CEHC Glc and y-CEHC
Glc of mouse urine in positive ion mode. D: MS/MS spectrum of authentic y-CEHC Glc and y-CEHC Glc of mouse urine in negative ion mode.

ronide and y-CEHC Glc, these two conjugate compounds
were synthesized. Most interestingly, the y-tocopherol me-
tabolite, y-CEHC Glc, was not previously been reported in
biology, nor has its synthesis been published. The structural

identities of the o-CEHC glucuronide and y-CEHC Glc
were verified unequivocally in both electrospray positive
and negative ion modes. In addition, the identity of +y-
CEHC Glc was confirmed by deconjugation analysis using

Metabolomics of PXR activation 931

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

A a N\

N

ASBVIB

-

JOURNAL OF LIPID RESEARCH

I

100+ A

4.gi/ PPTGIu

%
L 1

e
=
3
@

100+ B

0T |‘l‘"""|' Pt Time
250 300 350 4.00 4.50 5.00 5.50 6.00
100+ c
424 AU
|'./ PPT
S | /
|
I‘ [
f I
[ I
A ||
0= e i Time

250 300 350 400 450 500 550 6.00

D
1 | y-CEHC_Glc
I.
I
(A / a-CEHC_Glu
[l I
= I I
‘- [
\ [
| I
Ant
I‘I .‘:. ; |
D I 5 & &8 i‘l "&I""'-" I/_-’;.‘I LI 'I'I LA L B L BN B B | T|me
450 475 500 525 550 575 6.0
1001 g
5 a-CEHC_Glu
|/
|
|I
5o \
‘!
|
I y-CEHC
i /

1007
y-CEHC
BQ_
a-CEHC
5.44
O I‘rr'r‘"':lr'i"I]""I"."“\"K‘:."I’ B 4—rTime
450 475 500 525 550 575 6.0

Fig. 4. Deconjugation of urinary a-CEHC glucuronide and y-CEHC Glc. 3-Acetylumbelliferyl B-D-Glc (AUGIc) and phenolphthalein 3-D-
glucuronide (PPTGIlu) were used as positive control substrates for 3-D-glucosidase and 3-D-glucuronidase, respectively. Details of deconjugation
and peak extraction in chromatogram were described in Experimental Procedures. A: Chromatograms of AUGIc, PPTGlu, 3-acetylum-
belliferone (AU), and phenolphthalein (PPT) after incubation of AUGIc and PPTGlu without enzyme. B: Chromatograms of AUGIc,
PPTGlu, AU, and PPT after incubation of AUGIc and PPTGlu with -D-glucosidase for 6 h. C: Chromatograms of AUGIc, PPTGlu, AU, and
PPT after incubation of AUGIc and PPTGlu with B-D-glucuronidase for 6 h. D: Chromatograms of a-CEHC glucuronide (a-CEHC_Glu),
v-CEHC Glc (y-CEHC_GIc) and their aglycones after incubation of wild-type mouse urine without enzyme. E: Chromatograms of a-CEHC_
Glu, v-CEHC_Glc, a-CEHC, and y-CEHC after incubation of wild-type mouse urine with 3-D-glucosidase for 6 h. F: Chromatograms of
a-CEHC_Glu, y-CEHC_Glc, o-CEHC, and y-CEHC after incubation of wild-type mouse urine with -D-glucuronidase for 6 h.

B-glucosidase and B-glucuronidase. Of note, unexpectedly
B-glucuronidase was found to hydrolyze glucose conjugates
such as y-CEHC Glc as well as glucuronides, whereas {3-
glucosidase can hydrolyze only glucose conjugates. Although
the y-CEHC Glc was one of the most abundant metabolites
in urine after treatment with vitamin E, it had not been
observed in previous reports on vitamin E metabolites (34).
Because the urine samples in previous reports had been

932 Journal of Lipid Research Volume 50, 2009

quantified after incubation with B-glucuronidase, which
can hydrolyze Glc, most of the y-CEHC Glc has surely been
misrepresented as y-CEHC glucuronide, which was detected
in mouse urine but at much lower levels than y-CEHC Glc
(34). It is not obvious which isoforms of UGT enzymes are
involved in the conjugation of CEHCs with glucuronic acid
and/or glucose. Although UGT1A1 mRNA expression was
induced 1.7-fold after treatment of wild-type mice with PCN
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Fig. 5. Quantification of «-CEHC glucuronide and y-CEHC Glc in urine of wild-type and Pxr-null mice
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Data were represented as mean value £ SD (n = 5~7). The P-values were calculated by ANOVA with
Bonferroni correction. ¥¥* P < (0.001 and ** P < 0.005 compared with control group of wild-type mice.

compared with control mice, the marginally induced UGT1A
activity by PXR activation may not significantly affect the
decrease of both a-CEHC glucuronide and y-CEHC Glc
in urine.

In this study, activation of PXR was found to result in the
attenuation of vitamin E metabolites. The urinary excre-
tion of a-CEHC glucuronide was significantly decreased
to 16% and that of y-CEHC Glc was attenuated to 40%
in PCN-treated compared with control wild-type mice but
the urinary excretion of both metabolites in Pxr-null mice
were unaffected (Fig. 5). Further studies remain to validate
whether attenuation of these two vitamin E conjugates in
urine can serve as indicators of in vivo PXR activation. To
understand the decrease of urinary vitamin E metabolites
by PXR activation, hepatic expression of metabolic en-
zymes contributing to vitamin E metabolism and that are
controlled by this nuclear receptor were examined. The
scheme in Fig. 8 shows the metabolism of a-tocopherol
and +y-tocopherol through the initial w-oxidation of the
phytyl side chain, five cycles of B-oxidation, and conjuga-

>
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w T
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0 T
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hPXR Pxr-null

o.-CEHC glucuronide
(umol/mmol creatinine)

tion in liver, to a-CEHC glucuronide and y-CEHC Glc. Ear-
lier studies found that tocopherols and tocotrienols were
metabolized by CYP3A4, as suggested by the detection of
the intermediate precursors of CEHCs from o-, y-, and 6-
tocopherol in cultured cells (30). Additional evidence for
the involvement of CYP3A4 included the finding that RIF,
a CYP3A inducer, stimulated o-CEHC release by HepG2
cells and that ketoconazole, a CYP3A inhibitor, reduced vi-
tamin E metabolism (30). In addition, others showed that
CYP4F was involved in tocopherol-w-hydroxylation (31). In
this study, Cyp3all was induced 11-fold after treatment of
wild-type mice with PCN, although Cyp4fI4 expression was
not changed. Induction of Cyp3all by PXR activation stim-
ulates the increased w-oxidation of a-tocopherol and results
in the decreased plasma level of a-tocopherol in wild-type
mice treated with PCN by approximately 40% compared
with control group, although it was not statistically signifi-
cant (data not shown). Consistent with these data, a recent
report revealed that treatment of rats with PCN or dexa-
methasone, a CYP3A inducer, reduced a-tocopherol concen-
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Fig. 6. Quantification of a-CEHC glucuronide and y-CEHC Glc in urine of PXRhumanized and Pxrnull
mice fed either purified diet (control) or diet containing rifampicin (RIF) for 4 weeks. Concentrations of
creatinine, a-CEHC glucuronide, and y-CEHC Glc were determined from calibration curves of each metab-
olite. A: Creatinine-normalized concentration of a-CEHC glucuronide. B: Creatinine-normalized concentra-
tion of y-CEHC Glc. Data were represented as mean value = SD (n = 5 for control, n = 8 for RIF of
hPXR mice, n = 3 for control, n = 4 for RIF of Pxrnull mice). The Pvalues were calculated by ANOVA
with Bonferroni correction. * P < 0.01 compared with control group of PXRhumanized mice.
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Fig. 7. Hepatic expression of vitamin E metabolism-related genes in mouse treated with vehicle (control) or
PCN (50 mg/kg/day, i.p.) for 4 days. Relative mRNA levels of w-oxidation-related genes (Cyp3all and
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Procedures. Data are represented as mean value = SD (n = 5~7). The P-values were calculated by ANOVA
with Bonferroni correction. *#* P < 0.001 and ** P < 0.005 compared with control group of wild-type mice.

trations in plasma and liver but markedly reduced urinary o-
CEHC excretion (35). In addition, treatment with the
CYP3A inhibitor ketoconazole decreased o-CEHC levels in
urine as well as increased a-tocopherol levels in liver, sug-
gesting that CYP3A is not a major contributor to metabolism
from a-tocopherol to a-CEHC although this enzyme might
be a major contributor to w-oxidation of a-tocopherol (35).

After w-oxidation of the terminal methyl group, peroxi-
somal oxidation of branched-chain fatty acids (BCFAs) fol-
lows to generate CEHCs (30). The peroxisomal oxidation
of BCFAs is performed by a series of enzymes, including
branched chain fatty acid acyl-CoA oxidase, D-bifunctional
protein, and sterol carrier protein-x (SCP-x). Importantly,
mRNA of S¢p2 encoding SCP-x was significantly decreased
by PXR activation, which might significantly contribute to

934 Journal of Lipid Research Volume 50, 2009

attenuation of these metabolites in urine after activation of
PXR. SCP-x serves as a peroxisomal 3-ketoacyl-CoA thiolase
in oxidation of branched-chain lipids and facilitates in part
the removal of toxic branched-chain metabolites (36). In a
very recent report, Scpx-null mice treated with phytol, a
source of BCFA, exhibited a decreased ability to metab-
olize branched-chain lipids (37). Transcription of Scp2 is
positively regulated by the Forkhead transcription factor
(Fox)O3a (38), but not regulated through PPARs (39, 40).
Tocopherol metabolism was not enhanced by clofibrate, an
inducer of peroxisomal B-oxidation, in HepG2 cells (30)
and urinary CEHC metabolites were not increased in wild-
type mice treated with the rodent PPARa agonist, 4-chloro-6-
(2,3=xylidino)-pyrimidynylthioacetic acid (Wy-14,643) (data
not shown). Thus, activation of PXR induces hepatic w-
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oxidation by increasing the expression of Cyp3all and re-
presses peroxisomal (3-oxidation by decreasing Scp2 expres-
sion, resulting in attenuated levels of a-CEHC glucuronide
and y-CEHC Glc in urine, as shown the proposed metabolic
pathways of vitamin E in Fig. 8.

Several recent studies suggested that PXR or constitutive
androstane receptor (CAR) activation inhibits lipid catab-
olism by decreasing -oxidation-related gene expression.
For example, treatment with PCN down-regulates the mRNA
level of Cptl in wild-type but not in Pxr-null mice in fasting
mouse liver (21), although the expression of Cptl in our
data shows no change by PCN in fed mouse liver. The tran-
scriptional regulation of Cptl is tightly controlled by several
transcription factors and cofactors such as the hepatocyte
nuclear factor 3 B (FoxA2), PPAR«, thyroid hormone re-
ceptor, and PGCla (33). At least two independent path-
ways could be involved in PXR- and CAR-mediated Cptl
gene repression by interfering with positive regulators of
Cptl gene transcription, one involving FoxA2 and the other
involving HNF4a (33). In addition to lipid metabolism, ac-
tivation of PXR and CAR inhibits hepatic glucose metabo-
lism by repressing hepatic gluconeogenic enzymes such as
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-

6-phosphatase (G6Pase). PXR activation could provoke
PEPCK down-regulation either by interfering with HNF4a
or by preventing FoxOl1 from binding to its responsive ele-
ment IRS in the PEPCK gene promoter (20). Accordingly,
PXR activation could repress the peroxisomal 3-oxidation
by interfering with transcription factors such as FoxO3a
involved in transcriptional regulation of the Scp2, al-
though the mechanism remains unclear and further stud-
ies are needed.

In vitro and in vivo studies on the fate of hepatic vitamin
E have shown that the various vitamin E forms such as
RRR-a-tocopherol, all-rac-a-tocopherol, and y-tocopherol
are metabolized differentially. The major regulatory mech-
anism of the differential metabolism is a-tocopherol trans-
fer protein (a-TTP), which functions to facilitate secretion
of a-tocopherol from the liver into the plasma (41). The o-
TTP has differential affinities for various forms of vitamin E
with RRR-a-tocopherol (100%), SRR-a-tocopherol (11%),
and +y-tocopherol (9%) (42). In this study, o-TTP mRNA
was not changed after treatment of wild-type mice with
PCN compared with the other groups (data not shown).
Therefore, o-TTP or other forms of vitamin E may not con-
tribute to the attenuation of vitamin E metabolites by activa-
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tion of PXR. The other major consideration of vitamin E
metabolism is the up-regulation of CYPs, which could be re-
garded as a protection mechanism against excess accumu-
lation of vitamin E. Hepatic Cyp3all was increased 2.5-fold
in mice fed a diet containing 20 or 200 mg/kg diet of a-
tocopherol for 3 months but not by -y-tocotrienol (43). In
this study, the vitamin E-containing diet (AIN 93) was fed
to mice for 10 days, which might affect induction of CYPs.
However, the level of Cyp3all mRNA was not increased in
mice fed the AIN 93 diet compared with mice fed a normal
diet (NIH-31) (data not shown), suggesting that the vita-
min E included in the AIN 93 diet may not influence
PXR activation.

Attenuated vitamin E metabolites after PXR activation
were shown in PXR-humanized mice treated with RIF, a li-
gand for hPXR, similar to wild-type mice treated with PCN,
suggesting that PXR activation by either rodent or human
PXR ligand binding could regulate a common metabolic
pathway for vitamin E. Because the PXR-humanized mouse
model can reflect PXR transactivation in humans, the pos-
sibility exists that coadministration of vitamin E with hPXR
activators such as RIF can repress the metabolism of vita-
min E in humans. Indeed, it is known that vitamin E does
not accumulate in the liver to toxic levels (41). However,
the current data suggests that vitamin E intermediate me-
tabolites may accumulate in human liver, because reduced
activity of SCP-x prevents the phytyl chain oxidation of vi-
tamin E. Recent meta-analyses of clinical trials on vitamin
E supplementation in humans could not corroborate any
benefit. In addition, an increased mortality from an intake of
more than 400 IU/d vitamin E was found in a meta-analysis
(44, 45). High dose vitamin E trials were commonly per-
formed in atrisk patients that most probably were under
drug therapy (46). The negative outcome in these patients
could have been caused by a lower metabolism of vitamin E
due to drug-induced PXR activation. However, further stud-
ies for accumulation of vitamin E metabolites in liver with
PXR activation should be performed through various meta-
bolomic approaches.

In summary, using the combination of metabolomic
analysis and genetically modified mouse models, a novel
vitamin E metabolite, y-CEHC Glc, was identified activated
PXR was found to significantly lower the concentration of
the a-CEHC glucuronide and y-CEHC Glc in wild-type but
not in Pxr-null mice. Activation of PXR in wild-type mice
was further found to inhibit expression of the hepatic
Scp2 gene. PXR activation results in inhibition of peroxi-
somal B-oxidation of BCFA including tocopherols possibly
by decreasing the expression of S¢p2 through the crosstalk
with other transcription factors resulting in coordinating
regulating both vitamin E and lipid metabolism A
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