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Disruption of Mouse Cytochrome P450 4f14 (Cyp4f14 Gene)
Causes Severe Perturbations in Vitamin E Metabolism™
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Background: Human CYP4F2 metabolizes vitamin E, but its role in vivo is unknown.

Results: Disruption of Cyp4f14, a murine ortholog of CYP4F2, severely alters vitamin E metabolism and status.
Conclusion: CYP4F14 is an important regulator of vitamin E status, and its absence reveals counterbalancing mechanisms.
Significance: An understanding of the fate of vitamin E is needed to predict and interpret its biological activities.

Vitamin E is a family of naturally occurring and structurally
related lipophilic antioxidants, one of which, a-tocopherol
(a-TOH), selectively accumulates in vertebrate tissues. The
w-hydroxylase cytochrome P450-4F2 (CYP4F2) is the only
human enzyme shown to metabolize vitamin E. Using cDNA
cloning, cell culture expression, and activity assays, we identi-
fied Cyp4f14 as a functional murine ortholog of CYP4F2. We
then investigated the effect of Cyp4f14 deletion on vitamin E
metabolism and status in vivo. Cyp4f14-null mice exhibited sub-
strate-specific reductions in liver microsomal vitamin E-w-hy-
droxylase activity ranging from 93% (y-TOH) to 48% (y-tocot-
rienol). In vivo data obtained from metabolic cage studies
showed whole-body reductions in metabolism of y-TOH of 90%
and of 68% for 8- and a-TOH. This metabolic deficit in
Cyp4f14~'~ mice was partially offset by increased fecal excre-
tion of nonmetabolized tocopherols and of novel w-1- and w-2-
hydroxytocopherols. 12'-OH-y-TOH represented 41% of
whole-body production of y-TOH metabolites in Cyp4fI14~'~
mice fed a soybean oil diet. Despite these counterbalancing
mechanisms, Cyp4fI14-null mice fed this diet for 6 weeks hyper-
accumulated y-TOH (2-fold increase over wild-type litter-
mates) in all tissues and appeared normal. We conclude that
CYP4F14 is the major but not the only vitamin E-w-hydroxylase
in mice. Its disruption significantly impairs whole-body vitamin
E metabolism and alters the widely conserved phenotype of
preferential tissue deposition of @-TOH. This model animal and
its derivatives will be valuable in determining the biological
actions of specific tocopherols and tocotrienols in vivo.

Vitamin E is a family of hydrophobic 6-hydroxychromanols
synthesized by plants whose function is thought to be the scav-
enging of lipophilic free radicals in cell membranes or lipid
stores. Of nine known family members, several, particularly the
tocopherols with saturated side chains, are common in the diet.
However, while all possess roughly similar radical scavenging
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activity in vitro (1, 2), one, a-tocopherol (a-TOH),? preferen-
tially accumulates in animal tissue. Although the typical North
American diet contains two to four times as much y-TOH as
compared with a-TOH due to the prevalence of soybean and
corn oils (3, 4), a-TOH is present in serum at levels five to six
times that of y-TOH (5). This preferential accumulation of
a-TOH (the “a-TOH phenotype”) is widespread throughout
the animal kingdom; however, the biological advantage of this
conservation remains an enigma. The preferential accumula-
tion of a-TOH is apparently facilitated by two activities as
follows: preferential retention of a-TOH by the hepatic tocoph-
erol transfer protein (a-TTP) (6, 7), and extensive post-absorp-
tive catabolism of vitamers other than a-TOH by vitamin E-w-
hydroxylase (8). The relative contribution of these two activities
in vivo has not been investigated. Vitamin E-w-hydroxylase
activity has been observed in Drosophila, with similar substrate
specificity to that of the human activity, suggestive of a biolog-
ical importance and evolutionary advantage of this highly con-
served activity (9).

We previously identified cytochrome P450 4F2 (CYP4F2) as
a human vitamin E-w-hydroxylase (10). CYP4F2 catalyzes the
w-hydroxylation of the terminal methyl group of the 16-carbon
branched side chain of tocopherols and tocotrienols (T3s, with
three double bonds in the side chain). This oxidation is the first
and rate-limiting step in the w-oxidation pathway of vitamin E
catabolism, and it represents the only reported enzyme-medi-
ated pathway of vitamin E metabolism. Following the initial
w-hydroxylation event, tocopherols and tocotrienols undergo a
series of side chain shortening steps, analogous to fatty acid
B-oxidation, yielding short chain carboxychromanol metabo-
lites that are excreted in urine (11-13). In the human, CYP4F2
is expressed predominantly in the liver (14) and was initially
identified as a w-hydroxylase of leukotriene B, (LTB,).
Whereas several human CYP enzymes other than CYP4F2 have
been shown to w-hydroxylate LTB,, including CYP4F3A (leu-
kocyte) and CYP4F3B (liver) (15), CYP4F2 remains the only
human enzyme demonstrated to metabolize vitamin E.

2The abbreviations used are: TOH, tocopherol; CYP4F2, cytochrome P450
4F2; o-TTP, a-tocopherol transfer protein; T3, tocotrienol; NaP, sodium
phosphate; MTBE, methyl tert-butyl ether; LTB,, leukotriene B,,.
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We hypothesized that TOH-w-hydroxylase activity is essen-
tial for establishing and maintaining the a-TOH phenotype. To
test this hypothesis, we sought to identify the ortholog of
CYP4F2 in mice, disrupt its expression by homologous recom-
bination, and determine the consequences of its ablation on
tocopherol metabolism and status.

EXPERIMENTAL PROCEDURES

Materials—TRIzol reagent, Superscript First Strand synthe-
sis kit, pcDNA3.1/Hygro+, and Platinum PCR Supermix High
Fidelity were purchased from Invitrogen, and primers were
from Integrated DNA Technologies (Coralville, IA). QIA
Shredder spin columns, RNeasy mini kit, and RNase-free
DNase were purchased from Qiagen (Valencia, CA). High
Capacity cDNA reverse transcription kit, Tagman Universal
Master Mix, and all Tagman assays were obtained from Applied
Biosystems (Foster City, CA). Rabbit anti-human CYP4F2 anti-
body and preimmune (control) IgG were purchased from
Research Diagnostics (Concord, MA). Tocopherols were
obtained from Matreya, LLC (Pleasant Gap, PA). y-T3 was a gift
from Volker Berl (BASF Global, Schwarzheide, Germany). The
internal standards d,-a-TOH and d,_ a-CEHC were custom-
synthesized by J. Swanson (Cornell University, Ithaca, NY). Pyr-
idine and N,O-bis-[trimethylsilyl]trifluoroacetamide contain-
ing 1% trimethylchlorosilane were purchased from Pierce.
COS-7 cells were obtained from American Type Culture Col-
lection (Manassas, VA). Sesamin was acquired from Cayman
Chemical (Ann Arbor, MI), and bovine serum albumin,
NADPH, B-glucuronidase (from Escherichia coli), and sulfatase
(from Aerobacter aerogenes) were purchased from Sigma.
Wild-type C57B/6] mice were obtained from The Jackson Lab-
oratory (Bar Harbor, ME). Rodent chow (Teklad 7912) was pur-
chased from Teklad Diets (Madison, W1I), and modified AIN-
93G rodent diet was manufactured by DYET'S Inc. (Bethlehem,
PA).

Immunoinhibition of Mouse Liver Microsomal TOH-w-Hy-
droxylase by Anti-human CYP4F Antibody—Microsomes were
prepared from fresh mouse liver by standard differential cen-
trifugation. Liver was minced and homogenized using a Teflon/
glass homogenizer in 5 volumes of ice-cold 15 mm HEPES
buffer containing 0.25 M sucrose, 1 mm EDTA, and 1 mm PMSF,
pH 7.4, and then centrifuged at 10,000 X g for 20 min at 4 °C.
The supernatant was centrifuged at 100,000 X g for 1 hat4 °C.
The microsomal pellet was resuspended in 0.1 mm sodium
phosphate (NaP) buffer containing 1 mm EDTA, 0.1 mm DTT,
and 20% glycerol. Microsomal protein concentration was
determined by a Bradford-based Bio-Rad assay using bovine
serum albumin (BSA) as the standard. Microsomes were prein-
cubated with 1, 8, or 25 ug of anti-human CYP4F2 IgG antibody
or 25 pg of preimmune (control) IgG for 30 min on ice. TOH-
w-hydroxylase activity was determined as described previously
(10), using 60 um 6-TOH-BSA complex as substrate.

BLAST Comparison of Human CYP4F2 with Murine CYP
Sequences—A comparison of the protein sequence of human
CYP4F2 (NCBI accession number AAC27730.1) with that of all
reported murine proteins was conducted using the BLASTP
program (blast.ncbi.nlm.nih.gov) and the RefSeq protein data-
base. A BLAST comparison of the amino acid sequence of the
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putative substrate binding domain of CYP4F2 (residues
69-115 (16)) was also conducted. Two CYP enzymes reported
to be expressed in murine liver, CYP4F14 and CYP4F15 (17),
were selected for further investigation based on high levels of
homology with human CYP4F2.

Cloning, Expression, and Assessment of TOH-w-Hydroxylase
Activity of CYP4F14 and CYP4F15—Total RNA was extracted
from mouse liver using TRIzol reagent and reverse-transcribed
using Superscript First Strand synthesis kit. CYP4F14 and
CYP4F15 cDNA was amplified from mouse liver RNA by one-
step RT-PCR using primers based on the published sequences
of murine liver CYP4F14 ¢cDNA (18) (GenBank™ accession
number AB037541) and CYP4F15 (GenBank™ accession
number BC021377). The cDNA was restricted and ligated into
pCDNA3.1/Hygro+ vector using the HindIII and Xhol restric-
tion enzymes, and correct sequences were confirmed by
sequencing. The Cyp4fi4 and Cyp4fl15 genes (in the
pCDNA3.1/Hygro+) were transfected into COS-7 cells. Forty
eight hours post-transfection, cells were exposed to hygromy-
cin (200 pg/ml). Discrete colonies were picked after about 3
weeks in the selection media. Expression of CYP4F14 and
CYP4F15 protein was verified by Western blotting using anti-
CYP4F2 antibody, which cross-reacts with other CYP4F
(human) and CYP4F (mouse) enzymes due to the high
sequence homology, according to the manufacturer.

Total cell membrane fractions from homogenates of COS-7
cultures were prepared by ultracentrifugation (100,000 X g).
TOH-w-hydroxylase activity was assessed in aliquots of COS-7
cell membranes using 8-TOH as substrate as described previ-
ously (10). Preparations were compared at similar CYP4F14/
4F15 protein expression levels as determined by Western blot.

TOH-w-Hydroxylase Activity and Sesamin Sensitivity of
Murine CYP4F14 in COS-7 Cells—A COS-7 clone expressing
CYP4F14 was incubated with a mixture of 20 um each a-TOH,
v-TOH, and 8-TOH, with or without 1 uM sesamin, for 48 h.
Media were extracted and assayed for the presence of w-oxida-
tion metabolites of the three substrate tocopherols by GC-MS
as described previously (19).

Generation of Cyp4f14-null Mice—The gene targeting vector
was designed to target exons 2—5, which includes the putative
substrate binding domain of CYP4F14 (16), with the insertion
of an IRES/LacZ/Neo/poly(A) cassette to allow the tracing of
gene expression (Fig. 1). Murine 129/SvEv embryonic stem cells
were transfected, and integration of the genomic construct at
the predicted site within the Cyp4fI14 locus was confirmed by
long distance PCR using probes external to the targeted region
(3" homologous arm and 5" homologous arm). Following ES cell
expansion and karyotyping, selected clones were microinjected
into C57BL/6 blastocysts and implanted into pseudopregnant
female mice. Male germ line chimeras carrying a Cyp4f14
mutant allele were backcrossed with wild-type C57BL/6]
females. Heterozygous F1 progeny were intercrossed to obtain
F2 mice that were homozygous wild-type (Cyp4fi4*'™),
heterozygous null (Cyp4fI41"'~), and homozygous null
(Cyp4f14~'") for the targeted allele. Use of mice was in accord-
ance with protocols approved by the Cornell Institutional Ani-
mal Care and Use Committee and following the National Insti-
tutes of Health guidelines for laboratory animal use.
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FIGURE 1. Strategy of disruption of Cyp4f14 in the mouse. Genomic structure of Cyp4f14 locus (top panel), the Cyp4f14 gene targeting construct containing
a IRES/LacZ/Neo/Poly(A) cassette (middle panel), and the disrupted locus in which exons 2-5 have been replaced (bottom panel). The arrows marked A-C show
the location of primers used for confirmation of germ line transmission and tail snip genotyping. The arrows marked C-F indicate the location of primers used
for long distance PCR analysis, confirming the integration of the targeting construct into the Cyp4f14 locus.

Genotyping of Cyp4fl4-deficient Mice—Genomic DNA was
prepared from 0.2-cm tail snips using the HotSHOT method
(20). Genomic DNA (50-200 ng) was used directly for PCR
amplification with Platinum PCR SuperMix High Fidelity.
Wild-type primers CTGGACATGTTTGAGCACG (forward;
primer A) and GAACCACAGGCTAAGTCCATC (reverse;
primer B) and a primer specific for the neomycin insert TCTG-
GATTCATCGACTGTGG (forward; primer C) were used for
PCR amplification. The cycling protocol was as follows: 94 °C, 2
min (1 cycle); 94 °C, 15 s; 60 °C, 30 s; 68 °C, 1 min (35 cycles),
and 68 °C, 7 min (1 cycle). The PCR products were separated on
a 2% agarose gel yielding a 365-bp band for wild-type mice and
a480-bp band for Cyp4f14-null mice (Fig. 34).

Experimental Diets—Initial studies were conducted in mice
fed Teklad 7912, a commercial chow-type diet containing low
concentrations of 8- and y-TOH. Subsequent studies utilized a
modified AIN-93G semipurified diet designed to be rich in
v-TOH in the form of soybean oil, the most prevalent vegetable
oil in North America. Samples of diets were ground using a
mortar and pestle, and lipids were extracted using hexane/
methyl tert-butyl ether (MTBE) (2:1). Lipid extracts were dried
and derivatized using pyridine and N, O-bis(trimethylsilyl)tri-
fluoroacetamide, 1% trimethylsilyl group, and tocopherols were
quantified by GC-MS using dy-a-TOH as internal standard.
Tocopherol content of the chow and soybean oil diets, hereafter
referred to as yT-10 and yT-165 denoting their respective con-
centration of y-TOH, is presented in Table 1.

Feeding Studies—Mice of all three genotypes weaned onto
the yT-10 diet at 21 days of age were fed the diet for 3 weeks.
Cyp4f14*'* and Cyp4fi4~'~ mice weaned onto the yT-165
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TABLE 1

Dietary tocopherol composition

Lipids were extracted from each diet, and vitamin E was quantified by GC-MS using
dy-a-TOH as internal standard.

Vitamin E
a-T
Diet 8-TOH y-TOH a-TOH acetate
mg/kg
yT-10 diet 9 10 10 150
yT-165 diet 83 165 12 0

diet were fed the diet for 6 weeks. At the end of the feeding
periods, mice were deeply anesthetized by isoflurane inhalation
and exsanguinated via cardiac puncture. Heparinized blood
was centrifuged at 6,000 X g for 5 min and serum frozen at
—80 °C until analysis. Liver tissue samples were flash-frozen in
liquid nitrogen for RT-PCR and vitamin E analysis. The
remainder of the liver was immediately used for microsomal
preparation as described above. Samples of additional tissues
(kidney, lung, heart, testis, muscle (psoas major), and abdomi-
nal fat) were flash-frozen for vitamin E analysis.

24-Hour Urine and Fecal Collections—Cyp4f14™'* and
Cyp4f14~'~ mice fed yT-10 or yT-165 diets were placed in wire
bottom polycarbonate metabolic cages in which urine and fecal
pellets could be collected separately. Mice were afforded access
to food and water, and collections were made over 24 h follow-
ing a 24-h acclimation period.

CYP4F14 Expression—Total RNA was extracted from flash-
frozen tissue liver samples (10-30 mg). Tissue samples were
homogenized in 600 ul of RLT containing (1% v/v) B-mercap-
toethanol using a rotor-stator homogenizer. Homogenized
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samples were centrifuged at 10,000 rpm for 3 min to remove
debris, and the supernatants were loaded onto QIAshredder
spin columns followed by RNA isolation using the RNeasy mini
kit, including an on-column DNA digestion step. RNA was
reverse-transcribed using High Capacity cDNA Reverse tran-
scription kit according to the manufacturer’s instructions. The
cDNA levels were detected using Tagman Universal Master
Mix using LightCycler 480 I (Roche Applied Science) with pre-
designed TaqMan assays for CYP4F14 (MmO00491623_m1) and
CYP3All (MmO00731567_m1), using eukaryotic 18 S RNA
(Hs99999901_s1) as the reference gene. Amplification condi-
tions were as follows: 50 °C, 2 min; 95 °C, 10 min (1 cycle); 95 °C,
15's; 60 °C, 1 min (40 cycles); 37 °C, 10 s (1 cycle). The percent
remaining expression of each target mRNA relative to 18 S
mRNA was calculated based on the threshold cycle (Ct) as
27 44D, where ACt = Ctyypper — Ctig s and A(ACE) = ACt,, —
ACt,,, or ACt,, — ACt,,,, where het is heterozygote.

Microsomal Vitamin E-w-Hydroxylase Activity—Micro-
somal vitamin E-w-hydroxylase activity was assayed using
v-TOH, 8-TOH, a-TOH, and y-T3 as substrates complexed
with BSA as described (8). The reaction system (0.5 ml) con-
sisted of 0.1 M NaP buffer (containing 0.1 mmol/liter EDTA, pH
7.4), 1.0 mm NADPH, and 25 ug of microsomal protein. Sub-
strate concentrations were 80 wmol/liter 6-TOH, 80 wmol/liter
v-TOH, 250 pmol/liter a-TOH, and 20 pwmol/liter y-T3 to
account for differences in microsomal uptake of each form of
vitamin E (8). Following incubation at 37 °C for 15 and 30 min,
hydroxylation products were extracted, derivatized, and quan-
titated by GC-MS as described previously (8), using dy-a-TOH
as internal standard. Product formation for all substrates was
linear over the 0 —30-min period, the slope of which was used to
compare enzyme activity between treatments.

Urine and Fecal Analysis of Tocopherols and Metabolites—
24-Hour urine and fecal samples from Cyp4fi4*'* and
Cyp4f14~'~ mice fed the yT-10 diet (# = 4) and mice fed the
yT-165 diet (n = 6) were incubated with B-glucuronidase (800
units for urine and 1,600 units for feces dissolved in NaP buffer,
pH 6.8) and sulfatase (0.4 units for urine, 0.8 units for feces) for
2 h at 37 °C. Samples were acidified to pH 2 with 3 N HC],
extracted with hexane/MTBE (3:1), and derivatized as above.
Tocopherols and their metabolites were quantified by GC-MS
using dy-a-TOH and d,-a-carboxyethylhydroxychroman as
internal standards.

Tocopherol Quantification in Tissue and Plasma—Solid tis-
sue samples were homogenized in 1 ml of 0.9% NaCl, 2 ml of
isopropyl alcohol, and 1 ml of MTBE using a Polytron homog-
enizer, after which 3 ml of hexane was added, and the mixture
was shaken and then centrifuged to separate organic and aque-
ous layers. The organic layer was evaporated to dryness using
N, gas and derivatized as described above. Plasma (40 ul) was
extracted with 80 ul of ethanol, 100 ul of MTBE, and 1 ml of
hexane. Tocopherols were quantified using GC-MS with d,-a-
TOH as internal standard.

GC-MS Quantification of Tocopherols and Metabolites—A
Hewlett-Packard 6890 gas chromatograph (GC) coupled to a
Hewlett-Packard 5872 mass selective detector, operated in
selected ion mode, was used for quantification of the various
forms of vitamin E and their metabolites. The gas chromato-
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graph was fitted with a Hewlett-Packard HP-1 methylsiloxane
capillary column (30 m X 0.25 um) and operated in split injec-
tion mode using helium as the carrier gas. Plasma tocopherols
and microsomal w-oxidation metabolites were resolved iso-
thermally at 280 °C. Analysis of diet, tissue, and fecal tocopher-
ols and urinary and fecal tocopherol metabolites was conducted
using a temperature program of 200 °C for 2 min, ramped to
250 °C at 7 °C/min, held 6 min, then ramped to 280 °C at 25 °C/
min, and then held for 16 min. Novel 11'-OH and 12'-OH
metabolites of y- and 6-TOH were identified by their mass
spectra using the same temperature program with the instru-
ment operated in scan mode.

Statistical Analysis—A goodness of fit x> test was performed
to test whether offspring of Cyp4f14™'~ breeding pairs were
produced in a Mendelian ratio. For RT-PCR data, the average
18 S-normalized threshold cycle (ACt) for each target gene was
compared between the wild-type, heterozygote, and knock-out
samples using Wilcoxon 2 group test, which yielded the estima-
tion of AACt. Because of the small sample size, a nonparametric
test followed by a Bonferonni correction for multiple compar-
isons was used to compare AACt between genotype groups.
Microsomal enzyme activity data (pmol of 13’-OH product/
min/mg of protein) and in vivo total w-oxidation metabolite
excretion (urine + fecal) were log-transformed to meet the
assumptions of the statistical tests used. Differences in enzyme
activity and w-oxidation metabolite excretion between geno-
types were tested using one-way analysis of variance for each
tocopherol substrate, with post hoc multiple comparison cor-
rections using a Tukey’s correction.

Mean percentage reductions in enzyme activity and total
w-oxidation metabolite excretion were calculated by compar-
ing individual Cyp4f14~'~ values with the mean Cyp4f14*'*
value. These percentage reductions were compared between
each tocopherol substrate using a nonparametric Wilcoxon 2
group test, followed by Bonferonni correction for multiple
comparisons. 24-Hour urine and fecal metabolite and tocoph-
erol excretion data were log-transformed as necessary. Means
or transformed means were compared between genotypes
using Student’s ¢ test. As necessary, nontransformed data were
compared using a nonparametric Wilcoxon two-group test.
Plasma and tissue a-, y-, and 8-TOH data were log-trans-
formed for comparison between genotypes using one-way
ANOVA, using Tukey’s post hoc multiple comparison correc-
tion when all three genotypes were compared. All tests were
two-sided, and a p value of <0.05 was considered statistically
significant. Analyses were performed using JMP version 8 (SAS
Institute).

RESULTS
Identification of CYP4F14 as a Murine TOH-w-Hydroxylase—

Treatment of mouse liver microsomes with anti-human
CYP4F2 antibodies inhibited TOH-w-hydroxylase activity by
94% compared with control (Fig. 24), indicating that virtually
all TOH-w-hydroxylase activity in mouse liver microsomes
resulted from CYP4F activity. An ortholog search revealed two
murine proteins with >80% sequence identity to that of human
CYP4F2 protein, namely CYP4F15 and CYP4F14. Both genes
were reported to be expressed in murine liver (17). Therefore,
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FIGURE 2. Evidence that CYP4F14 is a functional murine vitamin E w-hy-
droxylase. A, inhibition of mouse microsomal tocopherol-w-hydroxylase
activity by anti-4F antibody. Mouse liver microsomes were incubated with the
indicated concentrations of anti-human CYP4F2 IgG or preimmune (control)
1gG and 60 um 8-TOH. Formation of 13’-OH-8-TOH was quantified by GC-MS
and normalized to microsomal protein content. B, assessment of TOH-w-hy-
droxylase activity in COS-7 cell membranes. Total cell membrane prepara-
tions from COS-7 cells expressing CYP4F14 or CYP4F15 were incubated with
60 um 8-TOH, and production of 13’-OH-8-TOH was quantified by GC-MS. The
inset shows an anti-CYP4F2 Western blot of the two preparations and of
untransfected control (NT).

both genes were amplified from mouse liver cDNA, cloned into
a mammalian expression vector, and transfected into COS-7
cells that exhibit no detectable endogenous TOH-w-hydroxy-
lase activity. Cell lines that stably express CYP4F15 and
CYP4F14 were then selected and propagated. Anti-CYP4F2
Western blotting of the stably transfected cells showed immu-
noreactive bands at the expected molecular mass of 58 kDa that
was not observed in nontransfected controls (Fig. 2B, inset).
These data confirmed that the selected cell lines expressed the
two CYP enzymes at similar levels.

Membrane preparations from the stably transfected cell lines
were assayed for TOH-w-hydroxylase activity. Membranes
from COS-7/Cyp4f14 cells exhibited robust TOH-w-hydroxy-
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FIGURE 3. Cyp4f14 gene expression in mouse liver. A, PCR genotyping of
Cypf14 animals. Tail DNA was extracted from F2 littermates of a heterozygous
cross and subjected to PCR using primers specific for the wild-type (365 bp)
and mutated (480 bp) alleles. B, relative CYP4F14 mRNA in liver of Cyp4f14*/+,
Cyp4f14*'~, and Cyp4f14~'~ mice. CYP4F14 mRNA in Cyp4f14*’~ mice was
~50% of wild-type mice and undetectable in Cyp4f14~’~ mice (p < 0.05).
Asterisks indicate significant differences from wild type (p < 0.05).

lase activity, whereas those prepared from COS-7/Cyp4f15 and
nontransfected control cultures did not (Fig. 2B). In addition,
w-hydroxylase activity in COS-7/Cyp4f14 cultures exhibited a
similar substrate selectivity (6-TOH > y-TOH > «-TOH) and
inhibition by sesamin (data not shown) as human HepG2 and
A549 cells, both of which express CYP4F2 and exhibit TOH-w-
hydroxylase activity (21, 22). Based on these findings, we con-
cluded that CYP4F14 is a murine TOH-w-hydroxylase, and we
proceeded to examine its function in vivo by targeted disrup-
tion of its expression in the mouse.

Generation and Initial Characterization Cyp4f14-disrupted
Mice—F1 Cyp4f14™'~ mice were bred, generating a total of 90
F2 offspring whose genotype segregated in a Mendelian fashion
(29% Cypdfid—'—, 19% Cypdfl4™'", and 52% Cyp4fi4d*'").
Cyp4f14~'~ mice exhibited no overt anatomic abnormalities,
and body weights of the three genotypes were similar irrespec-
tive of age or diet. Expression analysis using RT-PCR confirmed
the absence of CYP4F14 mRNA in livers of Cyp4fI4~'~ mice
and 50% reduction in Cyp4fI4"™'~ mice (Fig. 3B). Hepatic
expression of CYP3A11 was similar between genotypes in both
experimental diet groups (data not shown).

Hepatic Vitamin E-w-Hydroxylase Activity in Cyp4fl4-dis-
rupted Mice—Hepatic microsomal vitamin E-w-hydroxylase
activity in mice fed the yT-10 diet was substantially reduced in
Cyp4f14~'~ mice relative to Cyp4f14*'" mice. The extent of
reduction varied among tocopherol substrates, with the largest
reduction seen with y-TOH (93%); activity toward a- and
6-TOH was 66 and 63% reduced, respectively. w-Hydroxylation
of y-T3 was reduced by 48% in Cyp4fI4 '~ mice, and reduc-
tions in activity in Cyp4f14"'~ mice were approximately half
that of Cyp4f14~'~ mice (data not shown). Similar results were
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FIGURE 4. Impact of Cyp4f14 disruption on liver microsomal vitamin E-w-
hydroxylase activity and on whole-body excretion of w-oxidation
metabolites (urine + fecal). A, mouse liver microsomes from wild-type (solid
bar) and Cyp4f14~'~ (open bar) mice fed the yT-165 diet were incubated with
the indicated tocopherol substrates (250 umol/liter «-TOH and 80 pmol/liter
v- and &-TOH) and the corresponding 13'-OH metabolites quantified by
GC-MS. Values are percentage of wild-type preparations (n = 6). Wild-type
activity was 21.0 = 1.64, 88.1 + 7.20,and 161.2 = 11.7 pmol of 13'-OH prod-
uct/min/mg protein toward a-TOH, y-TOH, and 8-TOH, respectively. Reduc-
tion in activity was substrate-dependent, with the greatestimpact (>90%) on
w-hydroxylation of y-TOH. Asterisks indicate significant differences from wild
type; different letters indicate significant differences in percent reduction
between substrates (p < 0.05). B, 24-h urinary plus fecal excretion of total
w-oxidation metabolites (13’-OH, 13’-COOH, and all chain shortened forms)
was quantified by GC-MS. Metabolite levels are expressed as percentages of
values observed in wild-type mice (n = 6). Asterisks represent significant dif-
ferences from wild type; different letters indicate significant differences in per-
cent reduction between substrates (p < 0.05). Wild-type w-hydroxy metabo-
lite excretion was 0.39 = 0.10,109.3 = 8.82,and 62.5 = 7.99 nmol/24 h toward
a-TOH, y-TOH, and 8-TOH, respectively. The pattern of substrate-dependent
impact of Cyp4f14 disruption was similar to that observed in microsomes (A).

obtained using microsomes from livers of mice fed the yT-165
diet (Fig. 4A).

Effect of Cyp4f14 Disruption on Urinary and Fecal Excretion
of TOH-w-Oxidation Metabolites—Metabolic cages were uti-
lized to obtain 24-h urine and fecal samples from Cyp4f14*'*
and Cyp4f14~'~ mice. In urine, only short chain metabolites
(3'- and 5’-carboxychromanols) of dietary tocopherols were
detected. In mice fed the yT-165 diet, urinary excretion of these
two y-TOH metabolites was reduced by about 90% in
Cyp4f14~'~ mice relative to their wild-type counterparts
(Table 2). Smaller but still significant reductions in urinary out-
put of short chain metabolites of a- and 6-TOH were observed
in the Cyp4f14~'~ mice. Similar results were obtained from
mice on the yT-10 diet (data not shown).
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Analysis of 24-h fecal samples revealed the presence of all six
possible carboxychromanol metabolites and the 13'-OH
metabolites of y- and 6-TOH formed via the w-oxidation path-
way in mice fed the yT-165 diet. Disruption of Cyp4f14 expres-
sion resulted in significant reductions in all seven w-oxidation
metabolites of y-TOH and the reduction of many 6-TOH
metabolites (Table 3). Fecal levels of 8- and y-TOH metabolites
from mice fed the yT-10 diet were low and similar among gen-
otypes (data not shown). The 13’'-OH metabolite of a-TOH was
the only appreciable a-TOH metabolite in the feces of both diet
groups, and it was found at trace concentrations in both geno-
types (data not shown).

Whole-body 24-h excretion of total tocopherol metabolites
generated via the w-oxidation pathway (urinary plus fecal) in
Cyp4f14*'" and Cyp4fI4~'~ mice fed the yT-165 diet was cal-
culated. Excretion of w-oxidation metabolites of the three die-
tary tocopherols by Cyp4f14~'~ mice was reduced to approxi-
mately the same extents (88, 72, and 65%, respectively, for y-, 5-,
and a-TOH) as those observed in the in vitro o-hydroxylation
assays (Fig. 4, A and B).

Fecal Excretion of Novel w-1- and w-2-Hydroxylation Prod-
ucts of y- and 3-TOH—Two metabolites not previously
reported to occur in vivo, 12'-OH and 11'-OH oxidation prod-
ucts of y- and 8-TOH, were also observed in fecal samples. The
structures of these metabolites were determined by mass spec-
trometry analysis (Fig. 5). These represent products of w-1 and
-2 hydroxylation activities, respectively. 12"-OH-y-TOH was
the most abundant y-TOH metabolite in fecal samples of
Cyp4f14~'~ mice fed the yT-165 diet, representing ~80% of
total fecal y-TOH metabolites, and was the second most abun-
dant of all excreted y-TOH metabolites in Cyp4f14*'" mice.
Interestingly, fecal excretion of 12'-OH-y-TOH was signifi-
cantly greater in Cyp4fI4~'~ mice (41.3 * 9.1 nmol/day) than
in Cyp4f14*'* mice (7.6 = 2.3 nmol/day, Table 3). Conse-
quently, 24-h fecal output of total metabolites (sum of v, w-1,
w-2 metabolites of a-, y-, and 6-TOHs) was reduced by only
34% in Cyp4f14~'~ mice fed the yT-165 diet relative to
Cyp4f14*'* mice, whereas the analogous reduction in total uri-
nary metabolites (3'- and 5'-COOH metabolites only) was 81%
(Fig. 6A). In contrast, the excretion of the w-1 and w-2 metab-
olites of 5-TOH was not significantly increased in Cyp4f14~'~
mice compared with Cyp4f14 "' mice (Fig. 6B).

Fecal Excretion of Parent Tocopherols in Cyp4fi4*"" and
Cyp4f14~"~ Mice—Unmetabolized tocopherols were present
in all 24-h fecal samples. In mice fed the yT-165 diet for 6
weeks, 24-h fecal tocopherol excretion was in the order of
v-TOH > 8-TOH > «-TOH, similar to their prevalence in the
diet (Table 1). Fecal excretion of y- and 8-TOHs by Cyp4f14 '~
mice was approximately twice that of Cyp4f14*'" mice (p <
0.05, Fig. 6B). Fecal excretion of y-TOH increased from 137
nmol/24 h in wild-type mice to 239 nmol/24 -h in Cyp4f14 '~
mice. The analogous values for 6-TOH were 32 and 63 nmol/24
h in wild-type and Cyp4f14~'~ mice, respectively.

Effect of Cyp4f14 Disruption on Plasma and Tissue Tocoph-
erol Concentrations—In Cyp4f14~'~ mice fed the yT-165 diet
for 6 weeks, concentrations of y-TOH in plasma and tissues
were approximately twice those of Cyp4fI4*’" mice (Fig.
6C). In the liver, concentrations of y-TOH were similar, or in
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TABLE 2
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24-Hour urinary metabolite excretion in Cyp4f14™/* and Cyp4f14~'~ mice
Mice were fed the yT-165 diet for 6 weeks after weaning. Values represent mean = S.E. (1 = 6).

Urinary metabolites”

«-3'-COOH y-3'-COOH y-5'-COOH 6-3’-COOH 6-5'-COOH
Cyp4f14™'" 0.39 = 0.10 21.3 £2.79 19.9 £4.77 23.1 +1.47 16.4 + 3.99
Cypafid—'~ 0.14 + 0.06” 247 + 0.32° 1.58 +0.13° 7.71 + 1.02° 3.45 + 0.87°
% Reduction 65% 88% 92% 67% 79%

“Values are nmol/24 h.

® Data are significantly different from Cyp4f14™/* mice (p < 0.04). The 5'-COOH metabolite of a-TOH was not detected.

TABLE 3

24-Hour fecal metabolite excretion in Cyp4f14*'* and Cyp4f14~'~ mice

Mice were fed the yT-165 diet for 6 weeks after weaning. Values represent mean * S.E. (n = 6).

w-Hydroxylase metabolite products”

w-1,2 Metabolites”

Cypdfi4 Total

genotype 3’-COOH 5'-COOH 7'-COOH 9'-COOH 11'-COOH 13'-COOH  13'-OH 11'-OH 12’-OH  metabolites”
v-TOH +/+ 61+31 89+20 0903 159+19 52*08 234+18 78+10 11*+02 176=*23 86.8*8.0

—/= 08*02" 25%09° 02*01°> 1.7+03> 17+04" 1.6 = 0.2° 12+03% 33*09" 41.3*9.1° 542+ 116"
5-TOH +/+ 20+13 52+20 03*x01 22*04 1.0*0.1 65+ 1.1 58+10 23+02 149+27 373*+74

o 1.1+04 20*04 01+00 05+01° 04*+01° 05=01° 21*04® 32*07 179+30 27.7+46

“Values are nmol/24 h.

’ Data are significantly different from Cyp4f14™'* mice (p < 0.05). Metabolites of a-TOH were undetectable or at trace levels.
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FIGURE 5. Mass spectra of novel fecal w-1- and w-2-hydroxytocopherol
metabolites. Lipid extracts of 24-h fecal samples from mice fed a soybean oil
diet were derivatized and subjected to electron impact GC-MS analysis. Upper
panel, 11'-OH-y-tocopherol (trimethylsilyl derivative). Lower panel, 12'-OH-vy-
tocopherol (trimethylsilyl derivative).

some mice higher, than those of a-TOH. Concentrations of
6-TOH were significantly elevated only in fat tissue, and
those of a-TOH were significantly lower in heart tissue
(Table 4). In Cyp4f14~'~ mice fed the yT-10, liver y-TOH
concentrations, although low, were double those of
Cyp4f14™'" mice (p < 0.05); there were no differences
between genotypes of concentrations of any tocopherol in
other tissues (data not shown).
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DISCUSSION

Tocopherols and tocotrienols undergo w-hydroxylation at
the terminal methyl groups of their hydrophobic side chains,
the first step in their catabolism to short chain carboxychro-
manols that are excreted in the urine. In the human, TOH-w-
hydroxylation is catalyzed by CYP4F2, which selectively
catabolizes forms of vitamin E other than a-TOH. The w-hy-
droxylation pathway therefore likely contributes to the a-TOH
phenotype, a highly conserved trait in animals. The preferential
retention of a-TOH additionally arises from the selection of
a-TOH by the tocopherol transfer protein, the absence of
which results in severe vitamin E deficiency (23, 24). As all
forms of vitamin E exhibit similar radical trapping antioxidant
activity in vitro (1), the evolutionary advantage of the preferen-
tial accumulation of a-TOH and the physiological conse-
quences of accumulation of other forms of vitamin E are
unknown. In an effort to investigate these issues, we sought to
identify the functional murine ortholog of CYP4F2 and deter-
mine the consequences of its deletion on vitamin E metabolism
and status.

CYP4F14, one of five functional murine CYP4F enzymes,
exhibited vitamin E-w-hydroxylase activity when expressed in
COS-7 cells. Like CYP4F2, CYP4F14 is expressed predomi-
nantly in the liver. CYP4F15, a highly homologous murine CYP
also expressed in liver, had no detectable w-hydroxylase activ-
ity. Disruption of Cyp4f14 by homologous recombination sub-
stantially reduced, but did not eliminate, vitamin E-w-hydrox-
ylase activity in murine liver microsomes. The reduction in
activity was substrate-dependent, being greatest for y-TOH
(92%). These results indicate that at least one other vitamin
E-w-hydroxylase is expressed in the mouse liver. Plasma and
tissue tocopherol concentrations in Cyp4f14 '~ mice fed a diet
low in - and 6-TOH were similar to those of wild-type mice
except for the liver, where y-TOH levels were slightly but sig-
nificantly elevated. However, in mice fed a diet rich in y-TOH
(soybean oil), the metabolic deficit caused by Cyp4f14 deletion
resulted in substantial elevation (2-fold) of y-TOH concentra-
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FIGURE 6. Impact of Cyp4f14 disruption on whole-body TOH metabolism and on concentrations of y-TOH in plasma and tissues. A, metabolites of y-TOH
in 24-h urine and fecal collections from wild-type mice (solid bar) and Cyp4f14~/~ mice (open bar) were quantified by GC-MS. Asterisks indicate significant
differences from wild-type mice. B, change (nanomoles) from wild-type mice to Cyp4f14~'~ mice in 24-h urinary and fecal excretion of metabolites of y-TOH
(solid bar) and 8-TOH (hatched bar) or the parent tocopherols. Cyp4f14~/~ mice counterbalance the loss of w-oxidation capacity by increased fecal excretion of
11'-OH- and 12'-OH metabolites and parent tocopherols. C, concentration of y-TOH in plasma and tissues of wild-type (solid bar) and Cyp4f14~/~ mice (open
bar) fed the yT-165 (soybean oil) diet for 6 weeks. Inset compares tocopherol composition of liver of wild-type and Cyp4f14-null mice. Asterisks indicate
significant differences from wild-type mice (p < 0.05).

TABLE 4 non-a-TOH forms of vitamin E accumulate to a greater degree
Tocopherol concentration of plasma and tissue of Cyp4f14*/* and  than normal will allow for the investigation of the biological

Cyp4f14~'~ mice . . .
Mice were fed the yT-165 diet for 6 weeks after weaning. Values represent mean = activities of these Compounds mn regard to disease development,

S.E. (n = 6). Plasma, umol/liter; tissues, nmol/g. prevention, and treatment.
Tocopherol concentration The impact of Cyp4f14 disruption on whole-body tocopherol
Tissue  Genotype a-TOH ¥-TOH 8- TOH metabolism was investigated by analysis of 24-h urine and fecal
Plasma  CYP4f14*/" 878 *+ 0.34 1.89 + 0.13 0.36 = 0.07 samples. Urine contained only the shortest chain (3’ and 5')
CYpafi4 ! 955060  449=039"  045+013 carboxychromanol metabolites, whereas the feces contained
Liver CYP4f14"'* 255+327 147 +160  3.64+0.69 Y ’ )
CYP4fl4~'~ 264 =2.30 284 + 2.75%  3.70 + 0.49 the full spectrum of known metabolites of 8- and y-TOHs
i / . . .
Kidney  CYP4f14"'" 284281 7272050 141016 formed via the w-hydroxylase pathway, with the longer chain
CYPif14 240+ 188 137104 1.62+029 . o
Heart CYP4fl4"'"  53.6 * 4.04 12.1 + 1.06 3.21 = 0.41 metabolites predominating. These results demonstrate that
CYP414 1~ 423=1.03* 208107 444117 short chain carboxychromanols are directed to secretion from
Lung CYPif14 415+254  845+070 149 *0.17 : . i )
CYP4f14~'~ 40.0 + 2.28 188 + 1.37¢  1.90 * 0.19 the liver into the bloodstream and filtered by the kidney,
Muscle — CYP4f14*/'* 167 =129 4.79 * 0.39 1.55%0.30 whereas the longer and more hydrophobic metabolites are
CYP4f14~'~ 170+ 112 103+ 117 1.62+023 . o ) ) )
Fat CYPAf14*'* 656 * 6.68 26.0 + 1.98 14.8 + 1.03 directed to biliary secretion and excretion via the feces. One
‘ CYpafi4 ! 857=877  69.2767" 221+ 320 major impact of Cyp4f14 disruption was to dramatically alter
Testis CYP4f14"'* 216+ 116  558+040  0.76 +0.05 ) i o
CYPifl4~'~ 209+ 1.65 10.6 + 053 098 + 0.16 the proportion of total metabolites excreted via urinary versus
“ Data are significantly different from Cyp4f14*'* mice (p < 0.02). fecal routes. In wild-type mice, 60% of total metabolite output

was eliminated via the feces, whereas in Cyp4f14~'~ mice, in
tions in all tissues and in plasma. Notably, concentrations of ~ which urinary short chain carboxychromanols were drastically
v-TOH in the liver were similar to or higher than those of reduced, this proportion rose to 85%.
a-TOH thereby disrupting the a-TOH phenotype in this tissue. Novel o-1- (12") and -2 (11')-hydroxyl metabolites of &-
Tissue and plasma levels of 8-TOH remained low and and y-TOH were identified in fecal pellets of mice fed the
unchanged, presumably due to residual -TOH-w-hydroxylase ~yT-165 diet. These apparently arise in liver and are secreted in
activity sufficient to catabolize the modestamount of 5-TOHin  bile, as they were detected in the few bile samples able to be
the diet. Accumulation of y-TOH in Cyp4fI4~ '~ mice did not ~obtained from animals fed this diet (data not shown). The
result in any apparent physiologically abnormal phenotype. A 12'-OH metabolite is a terminal metabolite in that it cannot
2-3-fold increase in tissue y-TOH levels significantly reduced undergo oxidation to the corresponding 12'-keto form, and
protein nitration and ascorbic acid oxidation in an experimen-  therefore cannot undergo side chain truncation. The metabolic
tal model of inflammation (25). Therefore, a model in which fate of the 11’-OH form remains uncertain. Because we have
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been unable to confirm the presence of the corresponding 11’-
keto form, we assume that it does not materially contribute to
the formation of shorter chain carboxychromanols excreted in
either feces or urine. Formation of these novel metabolites con-
stituted a significant alternative pathway of metabolism of y-
and 6-TOHs, increasing from 30% of total fecal metabolites in
wild-type mice to 80% in Cyp4fI4-null mice.

Fecal excretion of 11'-OH and 12'-OH metabolites of -
TOH was increased substantially in Cyp4f14~'~ mice, thereby
partially counterbalancing the loss of CYP4F14 activity. This
additionally contributed to the impact of Cyp4fI14 disruption on
the shift of tocopherol metabolite excretion from the urinary
route to the fecal route and from short chain metabolites to
longer chain metabolites. At present it is not known whether
the increase in excretion of these w-1 and w-2 metabolites
resulted from increased activity of a yet unidentified enzyme or
from increased availability of substrate secondary to the loss of
CYP4F14. This increase apparently did not involve the induc-
tion of CYP3A11 because its expression was not altered by dis-
ruption of Cyp4f14. Cyp4f14~'~ mice also exhibited increased
fecal excretion of parent 8- and y-TOHs, representing a second
means of counterbalancing for the decrement in catabolic
capacity. Whether this results from decreased intestinal
absorption or increased biliary secretion of tocopherols is
unknown as few animals presented with sufficient gallbladder
bile for collection. Nevertheless, the combination of these
counterbalancing effects was insufficient to prevent substantial
tissue accumulation of y-TOH in mice fed the soybean oil diet.

Given the importance of a-TTP in the trafficking of a-TOH
in the liver, we quantified -TTP expression by Western blot-
ting as a function of both diet and genetic background. a-TTP
was visualized by Western blotting using a rabbit polyclonal
antibody raised against the full-length human protein, purified
from overexpressing E. coli. Neither variable influenced hepatic
a-TTP expression (data not shown).

These studies revealed the heretofore unappreciated quanti-
tative importance of fecal excretion of tocopherols and tocoph-
erol metabolites as a mechanism for preventing elevation of
tocopherol concentrations in serum and tissues. In wild-type
mice, up to 80% of whole-body output of vitamin E (sum of
intact tocopherols and their metabolites) occurred via the feces.
This value rose to 96% in the Cyp4fI14-null animals. Whereas
Zhao et al. (26) reported the existence of many tocopherol
metabolites in feces, to our knowledge there are no reports of
the quantitative contribution of the fecal route to vitamin E
status. In addition to the novel w-1 and w-2 metabolites
reported here, this is the first report of the presence of signifi-
cant amounts of 13’'-OH tocopherol metabolites in feces. How
these latter metabolites escape further side chain oxidation is
unclear, but it suggests that yet-unknown mechanisms are
present in the liver that direct these long chain metabolites to
biliary secretion.

These studies investigated the effects of Cyp4f14 deletion on
vitamin E metabolism from two perspectives, in vitro liver
microsomal P450-mediated tocopherol hydroxylation and in
vivo metabolic capacity as measured by 24-h excretion of
tocopherol metabolites in urine and feces. The substrate-de-
pendent decrement resulting from Cyp4fI4 deletion was
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remarkably similar between microsomal and whole-body
measurements of tocopherol w-oxidation (Fig. 4). This obser-
vation indicates that the liver plays a pivotal role in whole-body
vitamin E w-oxidation that can be qualitatively predicted by
microsomal w-hydroxylation activity. Interestingly, only small
amounts of the 12'-OH metabolites of y- and 6-TOHs were
produced in the microsomal system (data not shown), although
they composed a major fraction of tocopherol metabolites in
vivo. The reason for this discrepancy is presently unknown.

It is unknown whether the redundancy in the catabolic oxi-
dation of vitamin E evident in mice also exists in humans. The
human CYP3A4 has been hypothesized to be involved in vita-
min E metabolism based on the finding that supplemental die-
tary a-TOH in mice leads to increased mRNA expression of its
putative ortholog, CYP3A11, but not that of mouse CYP4F
enzymes (27). However, evaluation of all of the major human
liver CYP enzymes, including CYP3A4, showed that CYP4F2
was the only CYP enzyme to exhibit w-hydroxylase activity
toward vitamin E (10). Additionally, conditions expected to
alter CYP4F2 activity result in changes in vitamin E status. For
example, short term ingestion of sesame seeds, which contain
sesamin, an inhibitor of CYP4F2 (28), results in elevation of
serum y-TOH (29). A recent genome-wide association study
reported that the V433M variant of CYP4F2 was positively
associated with plasma vitamin E concentration (30). We pre-
viously reported that this variant exhibited a reduction in
enzyme-specific activity by 40—60% depending on the sub-
strate (31). Our heterozygous mice, which display a 50% reduc-
tion in vitamin E-w-hydroxylase activity, exhibit a 50% increase
in tissue y-TOH concentrations. Taken together, these findings
suggest the importance of CYP4F2 as a major regulator of vita-
min E composition of human plasma and tissues.

In summary, our data demonstrate that CYP4F14 is the
major, but not the only, vitamin E-w-hydroxylase in mice and
has critical function in regulating body-wide vitamin E status.
Disruption of Cyp4fI14 expression resulted in hyper-accumula-
tion of y-TOH in plasma and tissues in mice fed a diet similar in
tocopherol composition to that consumed by many human
populations. This accumulation occurred despite the com-
bined counterbalancing effects of increased fecal excretion of
novel w-1- and w-2-tocopherol oxidation metabolites and
increased fecal excretion of parent tocopherols. Redundancy in
vitamin E-w-hydroxylase activity and the existence of counter-
balancing mechanisms imply a fundamental biological advan-
tage of the a-TOH phenotype that remains elusive.
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