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Tocopherols and tocotrienols, collectively known as vitamin E, have received a great deal of
attention because of their interesting biological activities. In the present study, we reex-
amined and improved previous methods of sample preparation and the conditions of high-
performance liquid chromatography for more accurate quantification of tocopherols,
tocotrienols and their major chain-degradation metabolites. For the analysis of serum
tocopherols/tocotrienols, we reconfirmed our method of mixing serum with ethanol fol-
lowed by hexane extraction. For the analysis of tissue samples, we improved our methods
by extracting tocopherols/tocotrienols directly from tissue homogenate with hexane. For
the analysis of total amounts (conjugated and unconjugated forms) of side-chain degra-
dation metabolites, the samples need to be deconjugated by incubating with p-glucuroni-
dase and sulfatase; serum samples can be directly used for the incubation, whereas for
tissue homogenates a pre-deproteination step is needed. The present methods are sensi-
tive, convenient and are suitable for the determination of different forms of vitamin E and
their metabolites in animal and human studies. Results from the analysis of serum, liver,
kidney, lung and urine samples from mice that had been treated with mixtures of toco-
trienols and tocopherols are presented as examples.
Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tocopherols and tocotrienols are synthesized by plants to
serve as free radical scavengers (i.e., chain-breaking antioxi-
dants) and are an important group of dietary antioxidants,
known as vitamin E [1]. These two groups of compounds have
the common structural feature of containing a chromanol ring
and a hydrophobic side-chain of 16 carbons. Depending on the
pattern of methylation of the chromanol ring, these com-
pounds exist as «-, B-, y- and d-tocopherols (a-, B-, y- and 3-T)
each with a saturated side chain, or as a-, B-, y- and 3-toco-
trienols («-, B-, y- and 3-T3) each with a side chain containing
three double bonds in the side chain. Tocopherols are by far
the most important vitamin E forms in terms of abundance in
the human diet, tissue levels and antioxidant activities. a-T is
the major form of vitamin E found in blood and tissues and is
commonly considered as “the vitamin E”, even though v-T is
the most abundant tocopherol form found in the major
sources of tocopherols in our diet — oils from corn, soybean,
canola and other vegetables and nuts [1,2].

All vitamin E forms are absorbed together with other types
of lipids as chylomicrons into the lymphatic system and then
taken up by the liver. In the liver, a-T is preferably transferred
via a-tocopherol transfer protein (a-TTP) to very low density
lipoproteins, which enters into blood and then nonhepatic
tissues. y-T and 3-T are not efficiently transported to blood
because a-TTP has a low affinity for y-T and an even lower
affinity for 3-T. Tocotrienols, especially y-T3 and 3-T3 are also
not efficiently transferred from the liver to the blood. As a
consequence, most of the absorbed v-T, 3-T, tocotrienols and
some of o-T are metabolized via a side-chain degradation
pathway. The degradation is initiated with w-oxidation fol-
lowed by cycles of p-oxidation of the side chain, to generate a
series of carboxychromanol metabolites, such as the terminal
metabolites carboxyethyl hydroxychromons (CEHCs) and
their precursors, carboxymethylbutyl hydroxychromons
(CMBHCs) [1-7]. Using y-T and y-T3 as examples, the struc-
tures of these compounds and their common metabolic
pathways are shown in Fig. 1. Although tocotrienols have
three double bonds in the side chain, they can be metabolized
to produce the same common short-chain metabolites as to-
copherols. The conversion to CMBHC from its precursor, vy-
carboxymethylhexenyl hydroxychroman (CMHenHC), has
been shown to be catalyzed by the auxiliary enzymes 2,4-
dienoyl-CoA reductase and 3,2-enoyl-CoA isomerase [8].

Metabolites of tocopherols and tocotrienols can undergo
glucuronidation and sulfation; both free and conjugated forms
have been found in tissues and body fluids [6—13]|. For
example, the sulfate- and glucuronide-conjugates of y- and -
tocopherol side-chain degradation metabolites were found at
high concentrations in the plasma and tissues of rats fed diet
containing v-T or y-T3 [6,9]. It has been suggested that the
urinary excretion of tocopherol side-chain degradation me-
tabolites in individuals can be an indicator of adequate or
excess tocopherol intake [14]. Recent results have demon-
strated the anti-inflammatory activities of long-chain me-
tabolites of y-T [2]. Blood and tissue levels of different forms of
vitamin E and their metabolites are essential data for under-
standing the biological fates and activities of these

compounds. This is especially true for the y- and d-forms of
tocopherols and tocotrienols, which have recently received a
great deal of attention for their beneficial health effects
[15—24]. Therefore, it is important to establish sensitive and
convenient methods for quantifying different forms of to-
copherols, tocotrienols and their metabolites in tissues and
body fluids of animals and humans.

Previously, we used a sensitive high performance liquid
chromatography (HPLC) method, coupled with a Coulochem
Electrode Array System (CEAS) or mass spectrometry (MS), to
measure different forms of vitamin E and their metabolites in
mouse and human samples and identified 18 tocopherol-
derived and 24 tocotrienol-derived side-chain degradation
metabolites in mouse fecal samples [25]. Short-chain degra-
dation metabolites, such as y- and d-forms of CEHCs and
CMBHCs were measured in urine, serum and liver samples
after mild enzyme hydrolysis of the conjugated metabolites
with glucuronidase and sulfatase [20,22,25]. The reported
extraction method and HPLC conditions have the advantage of
detecting multiple compounds simultaneously. However, the
different polarities of tocopherols/tocotrienols and their me-
tabolites of varied chain lengths resulted in different extrac-
tion efficiencies and affected the accuracy of quantification.
The different methods of sample preparation before the hy-
drolysis of the conjugated metabolites also affected the
results.

In this study, we examined the different experimental
conditions for sample preparation as well as the conditions for
HPLC analysis and improved the methods. The improved
methods for the analysis of the a-, y- and 3-forms of toco-
trienols, tocopherols and their metabolites are reported
herein.

2. Materials and methods
2.1. Materials

All tocopherols were purified to >99.5% purity using a flash
chromatography (Teledyne Technologies, CA, USA) from
commercial sources: o-T and 3-T from Sigma—Aldrich Co. (St.
Louis, MO, USA) and a y-T-rich mixture of tocopherols (y-
TmT) from Cognis Co. (Kankakee, IL, USA). Standards of a-, y-,
d-CEHCs and a-CMBHC of >95.0% purity were purchased from
Cayman Co. (Ann Arbor, MI, USA). a-, y- and d-tocotrienol
standards of >95.0% purity were generously provided by
Davos Life Science (Synapse, Singapore). Lithium acetate,
acetic acid, trifluoroacetic acid and sulfatase (S9626, contain-
ing 30 U glucuronidase activity per unit of sulfatase) were
purchased from Sigma—Aldrich Co. (St. Louis, MO, USA).
Acetonitrile, hexane, ethyl acetate, ethanol and methanol
were purchased from VWR (Philadelphia, PA, USA). All
aqueous solutions were made with nanopure water. Mobile
phases were filtered through 0.22 pm nylon membrane and
degassed under vacuum prior to use.

2.2.  Animal and dietary treatment

All animal experiments were conducted under the protocol
no. 02-027 approved by Rutgers University Institutional
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Fig. 1 — Structures of y-tocopherol and y-tocotrienol and their side-chain degradation pathways. The side-chain degradation
is initiated by w-oxidation and followed by cycles of B-oxidation, each reducing the chain length by two carbons. The

conversion of y-CMHenHC to CMBHC has been shown to be catalyzed by the presence of auxiliary enzymes 2,4-dienoyl-CoA
reductase and 3,2-enoyl-CoA isomerase [8]. The structures and degradation of other forms of tocopherols and tocotrienols
are similar, as the chromanol ring is trimethylated at the 5-, 7- and 8-positions in «-T/T3, and methylated at the 8-position

in 3-T/T3.

Animal Care and Use Committee. The animal room was
maintained at 20 + 2 °C, 50 + 10% humidity and a 12 h light/
dark cycle. Animals had free access to food (AIN93M diet) and
water. To study tocotrienols, a mixture of tocotrienol (m-T3)
solution was prepared by combining 200 mg each of «-, y- and
d-tocotrienols in 9.4 mL stripped corn oil. The mice used were
of C57BL/6] background carrying humanized CYP1A, originally
obtained from Jackson laboratories (Bar Harbon, ME, USA),
from a breeding colony in our department [26]. This colony
was established for our cancer prevention studies using 2-
amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) as
the carcinogen [20,22—24,27]. We do not think the transgene
would affect the disposition of tocopherols and tocotrienols.
At 8 weeks of age, 6 mice were given i.g. a daily dose of m-T3
solution at 240 mg/kg body weight for 4 day at 0, 24, 48 and
72 h. Urine and blood samples were collected immediately
before each dosing at 24, 48 and 72 h, as well as at 3, 7, 27, 51
and 75 h, after the first administration of m-T3 (at 0 h). Urine

samples were collected into small beakers by holding the
mouse in hand and applying a gentle pressure to induce uri-
nation. Blood samples were taken via submandibular punc-
ture at all collection times except for 75 h, which was taken by
cardiac puncture. Urine and serum samples were transferred
into 2 mL microfuge tubes and immediately frozen on dry ice.
All 6 mice were euthanized by ether asphyxiation 75 h after
the first administration of m-T3. Liver, kidney, lung and other
organs were removed, rinsed in ice-cold saline, patted dry and
then frozen on dry ice. All samples were stored at —80 °C until
analysis.

In a second experiment, C57BL/6] mice (from Jackson Lab-
oratories) were given 0.3% y-TmT enriched AIN-93M diet for
18 days. y-TmT is a y-T-rich mixture of tocopherols containing
(per g) 130 mg o-T, 15 mg B-T, 568 mg y-T and 243 mg 3-T.
Blood, liver and lung samples were collected and stored as
described above for the analysis of tocopherols and their
metabolites.
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2.3. Serum sample preparation procedures

2.3.1. For analysis of tocopherols and tocotrienols

The serum sample (20 pul) was vortex mixed with 80 pl of 0.1%
ascorbic acid and 100 pl of ethanol. The mixture was extracted
twice with 1 mL of hexane. The combined hexane extract was
dried in a Savant Speedvac SC110 centrifugal vacuum
concentrator (Thermo Scientific, Waltham, MA, USA). The
residue was redissolved in 100 pl of methanol for HPLC
analysis.

2.3.2. For simultaneous analysis of tocopherols, tocotrienols
and their long-chain metabolites

In this procedure, long-chain metabolites can be analyzed
together with tocopherols/tocotrienols. For this analysis, the
conjugated metabolites are converted to the unconjugated
forms and the results are the sum of the free and conjugated
forms. The serum sample (20 ul) was mixed with 80 ul of 0.1%
ascorbic acid, 100 ul of 0.1 M sodium acetate (pH 5.0) and 20 ul
of a mixture containing sulfatase (20 U) and B-glucuronidase
(600 U). After incubation at 37 °C overnight, to convert the
conjugated metabolites to free metabolites, the solution was
mixed with 200 pl of ethanol and then extracted twice with
1 mL of hexane. The dried hexane extract was redissolved in
100 pl of methanol for HPLC analysis.

2.3.3.  For analysis of short-chain metabolites

Serum (20 ul) was mixed with 80 pl of 0.1% ascorbic acid, 100 ul
of 0.1 M sodium acetate (pH 5.0) and 20 pl of a mixture of
sulfatase (20 U) and B-glucuronidase (600 U). After incubation
at 37 °C overnight, samples were extracted twice with 1 mL of
ethyl acetate. The dried ethyl acetate extract was re-dissolved
in 100 pl of 40% aqueous methanol for HPLC analysis.

2.4. Tissue sample preparation procedures

2.4.1. For analysis of tocopherols and tocotrienols

The tissue sample (50 mg) was homogenized in 200 pl of 0.1%
ascorbic acid and 250 ul of ethanol using an Omni bead ruptor
homogenizer (Omni Co., Kennesaw, GA, USA). For the analysis
of tocopherols and tocotrienols, the homogenate (200 ul) was
extracted twice with 1 mL of hexane. The hexane layer was
dried and dissolved in 100 pl of methanol for HPLC analysis.

2.4.2. For analysis of tocopherols, tocotrienols and long-chain
metabolites

Tissue homogenate (200 ul) as prepared above was vortex
mixed with 1.0 mL of methanol. After centrifugation, the su-
pernatant was transferred to a new tube and dried. Then
100 pl of 0.1% ascorbic acid, 100 ul of 0.1 M sodium acetate (pH
5.0) and 20 pl of a mixture containing sulfatase (20 U) and B-
glucuronidase (600 U) were added. The mixture was incubated
at 37 °C overnight and was analyzed the same way as that
for the serum tocopherols, tocotrienols and long-chain
metabolites.

2.4.3. For analysis of short-chain metabolites

Tissue homogenate (200 pl) as prepared above was vortex
mixed with 1.0 mL of methanol and 0.5 mL of hexane. After
centrifugation, the aqueous supernatant (1.0 mL) was dried

and redissolved in a mixture of 100 ul of 0.1% ascorbic acid,
100 pl of 0.1 M sodium acetate (pH 5.0), and 20 pl of sulfatase
(20 U)- B-glucuronidase (600 U). The solution was then incu-
bated at 37 °C overnight and analyzed the same way as for
serum short-chain metabolites.

2.5. Urine sample preparation procedures

For urine (10 pl), 90 ul of 0.1% ascorbic acid and 100 pl of 0.1 M
sodium acetate (pH 5.0), and 20 pl of a mixture of sulfatase
(20 U) and B-glucuronidase (600 U) were mixed and incubated
at 37 °C overnight. Samples were extracted by ethyl acetate
and analyzed the same way as serum short-chain metabolites.

2.6. HPLC conditions

Samples were analyzed on an HPLC system consisting of an
ESA Model 542 refrigerated autosampler, two ESA Model 582
dual-piston pumps and an ESA 5600A Coulochem Electrode
Array System (CEAS). A Supelcosil C18 reversed-phase column
(150 mm x 4.6 mm i.d.; particle size, 5 um) was used. The
column and CEAS detector were housed in a temperature-
regulated compartment maintained at 35 + 0.1 °C and the
auto-sampler was maintained at 6 °C. System control, data
acquisition and analysis were performed with the CEAS
software.

2.6.1. For tocopherols and tocotrienols

The mobile phase was an isocratic aqueous solution con-
taining 52% acetonitrile, 39% ethanol and 15 mM of lithium
acetate, pH 4.0. The system was run at 1 mL/min for 30 min.

2.6.2. For tocopherols, tocotrienols and long-chain
metabolites

The solvent mixtures, Solvent A (28% acetonitrile and 4%
methanol) and Solvent B (84% acetonitrile and 13% methanol),
were prepared in nanopure water and vacuum filtered before
use. Both Solvents A and B containing 15 mM of lithium ace-
tate at pH 4.0. The mobile phase consisted of an initial 40% A
and 60% B at a flow rate of 1.0 mL/min. The linear gradient was
changed progressively by increasing to 70% B at 5 min, to 75%
B at 10 min, to 76% B at 18 min, to 79% B at 32 min and to 100%
B at 33 min. The mobile phase of 100% B was run at 1.25 mL/
min until 55 min and then switched to 60% B and a flow rate of
1.0 mL/min, in preparation for the next run.

2.6.3. For short-chain metabolites

The mobile phase consisted of an initial 91% A and 9% B at a
flow rate of 0.8 mL/min. The linear gradient was changed
progressively by increasing to 45% B at 22 min and to 79% B at
26 min. Afterwards, the mobile phase was rapidly switched to
100% B and run at a flow rate of 1.25 mL/min until 36 min and
then switched to 9% B and a flow rate of 0.8 mL/min, in
preparation for the next run.

2.7. Identification and quantification
A standard serum solution with predetermined quantities of

different forms of tocopherols, tocotrienols and their metab-
olites were processed in parallel with the samples and run for
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every 6 samples on HPLC to serve as a standard and quality
control sample for the HPLC. The eluent was monitored using
the CEAS with potential settings at 100, 200, 300 and 400 mV.
The elution time and identity of these compounds were
established in our previous work using HPLC-MS [25]. The
analyte was identified by the elution time (the ratios of the
peak heights among the four voltage channels were used for

confirmation, if needed) and quantified by comparing the peak
height with that of the serum standard.

2.8. Statistical analyses

Statistical analyses were conducted using GraphPad Prism
software. One-way ANOVA with Turkey's post hoc test was
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Fig. 2 — HPLC chromatograms of tocopherols and tocotrienols (A) and CEHCs and CMBHCs (B) in mouse serum, lung, and
liver. All samples were collected at 3 h after the fourth oral dose of tocotrienol mixture. Solid lines, samples from mice
treated with 4 daily doses of m-T3; dotted lines, samples from mice treated with y-TmT-enriched diet for 18 days.
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used for statistical analysis. All data are presented as a
mean + SEM. Significance was assigned at P < 0.05.

3. Results and discussion

3.1 HPLC analysis

In our previous analysis, dried samples prepared for tocoph-
erols and short-chain metabolites were re-dissolved in 70%
methanol before injection onto the HPLC and a run time of
75 min was required for one sample. The advantage of this

Table 1 — Intraday and interday variations of analysis of
plasma samples.?

Intraday variations Interday variations

Concentration Concentration

(nM) CV° (%) (nM) CV (%)
3-T 0.26 + 0.11 4.26 0.27 + 0.02 5.33
v-T 4.00 +0.18 4.52 4.14 + 0.10 4.06
a-T 20.80 + 0.96 4.64 21.54 + 1.16 4.51
3-T3 10.40 + 0.31 2.95 10.51 + 0.18 2.77
v-T3 9.20 + 0.15 1.59 9.31 + 0.36 2.60
a-T3 9.00 + 0.31 3.41 9.25 + 0.22 3.17
3-CEHC 105.20 + 2.39 2.27 104.70 + 2.17 2.07
v-CEHC 478.10 + 8.99 1.88 481.30 + 7.03 1.46
a-CEHC 30.70 + 1.53 497 31.70 + 1.48 4.68
3-CMBHC 18.00 + 0.63 3.50 18.20 + 0.49 2.70
v-CMBHC 22.50 + 0.65 2.89 22.60 + 0.60 2.67
a-CMBHC 4.60 + 0.17 3.69 4.70 + 0.13 2.69

@ The data are expressed as means + SD and coefficient of variance
for the analysis of mouse serum samples in six intraday de-
terminations for 10 days. The averages from each day were used
to calculate interday variations.

b CV, coefficient of variation.

previous method is that both groups of compounds can be
analyzed in one run. The disadvantage is the incomplete sol-
vation of both tocopherols and short-chain metabolites in this
solvent, which affects the accuracy of the quantification. To
avoid this problem, we now analyze tocopherols/tocotrienols
and their short-chain metabolites separately. For the analysis
of tocotrienols and tocopherols, samples are dissolved in 100%
methanol and analyzed with an isocratic solvent elution
system in a 30 min run. For short-chain metabolites, samples
were dissolved in 40% aqueous methanol and analyzed with a
gradient elution system with a run time of 45 min. Fig. 2A
shows a chromatogram of tocopherols and tocotrienols in
serum, lung and liver samples, with a-, y- and d-forms of to-
copherols and tocotrienols clearly separated without inter-
fering peaks. Fig. 2B shows a chromatogram of short-chain
metabolites in serum, lung and liver with a-, y- and 3-CEHCs
and CMBHCs clearly separated.

The analytes were identified and quantified by comparing
their peak heights with those of the serum standard. The
latter were determined by spiking known amounts of «, y or
d forms of tocopherols, tocotrienols or CEHCs, as well as «-
CMBHC to the serum sample and then measuring the incre-
ment amounts of these compounds to make a standard curve,
which was used to determine the quantities of each analyte in
the un-spiked serum sample. These analytes have been
identified by HPLC-MS in parallel with HPLC-CEAS in our
previous studies [25], and the elution time of a specific analyte
did not vary in different samples. Tocopherols and toco-
trienols were linear in the range of 1 nM—30 pM and CEHCs
and «-CMBHC were linear in the range of 1 nM—14 pM (Fig. 3).
The detection limit (a signal to noise ratio of 3:1) for a-, y- and
d-tocopherols and tocotrienols was 0.2 pmol, and that for a-, y-
and 3-CEHCs and o-CMBHCs was 0.1 pmol. Because we did not
have pure standards for y- and 3-CMBHCs, the corresponding
v- and 3-CEHCs were used as surrogate standards (to obtain
estimated values).
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Fig. 4 — Long-chain metabolites determined in mouse tissues together with their parent tocopherols. The tissue samples
were from mice treated with a y-TmT-supplemented diet for 18 days. For the kidney and lung samples, “|” was added to

identify the peaks.
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This pre-extraction spiking method also allowed us to
determine the “process efficiency”, which is the combined
effect of extraction efficiency and matrix effect, by comparing
the increment peak height with that from direct injection
(neat standard). Under the conditions described in “Materials
and Methods”, the “process efficiencies” of the analytes in our
analysis were over 80% for serum, liver, kidney, lung and urine
samples. The differences in “process efficiency” of an analyte
between serum and other samples were within 10%. Since the
analytes were extracted, dried and then dissolved in methanol
before injection onto HPLC, the matrix effect of the analysis
was low and the “process efficiency” was determined mainly
by extraction efficiency (or recovery). The HPLC analysis had
good precision. The difference between duplicated runs were
below 5%, therefore duplicated samples were not needed for
most samples. With proper procedures for sample prepara-
tion, the results were highly reproducible. Interday and
intraday variabilities (CVs) were below 5%, with the exception
of 3-T (interday CV, 5.33%) (Table 1).

Using our present conditions, the column life-time was
approximately 1000 injections and the life-time of the detector
(CEAS) was approximately one year. With a new detector, the
analyte peaks showed mostly in the lower voltage channels

(100 and 200 mV) and maximal peak heights of different
analytes were observed in different channels. With time of
usage, the peaks became more prominent in higher voltage
channels (300 and 400 mV). However, such changes are cor-
rected by the standard serum samples run simultaneously
with the samples to be analyzed.

By modifying the conditions of Jiang et al. [6,9], we adapted
a procedure to measure -, y- and d-tocopherols together with
their long-chain metabolites in the same HPLC run. The pro-
cedure of Jiang et al. [6,9] measured mainly conjugated long-
chain tocopherol metabolites. We modified the ethyl acetate
extraction procedure to an ethanol/hexane extraction, which
afforded better recovery of long-chain metabolites. A chro-
matogram of liver, kidney and lung samples from y-TmT
supplemented mice is shown in Fig. 4. The y- and 3-forms of
carboxytrimethyldodecyl hydroxychromon (CTMDodHC) and
hydroxytrimethyltridecyl hydroxychroman (HTMTdHC) were
clearly separated in a method that also analyzed a-, y- and 5-T.
These peaks were not quantified for lacking of standard
compounds. The o-form of these metabolites was not
detectable. This method should also be able to measure a-, y-
and 3-tocotrienols when present, eluted between y-HTMTdHC
and 3-T.

Table 2 — Comparison of mouse tissue tocopherol/tocotrienol levels analyzed using tissue homogenates versus tissues

supernatants (supernatant values in parenthesis).?

5-T3 v-T3 a-T3 3-T v-T a-T
Concentration (uM)

11.75 (1.17) 45.70 (2.46) 97.94 (2.24) 0.11 (0.17) 1.56 (0.14) 65.95 (1.12)
11.45 (1.54) 59.76 (4.75) 115.93 (3.60) 0.13 (0.09) 2.25 (0.10) 60.88 (1.32)
8.81 (1.03) 35.16 (2.11) 51.37 (1.68) 0.11 (0.09) 1.04 (0.07) 60.88 (1.32)
5.87 (0.53) 27.42 (1.23) 99.94 (2.60) 0.26 (0.09) 3.46 (0.07) 71.02 (1.62)
8.81 (1.09) 47.46 (3.16) 117.93 (3.20) 0.11 (0.10) 2.77 (0.07) 76.10 (1.72)
6.46 (0.73) 22.85 (0.88) 29.98 (0.60) 0.11 (0.00) 1.04 (0.00) 86.24 (1.01)
16.15 (2.23) 22.85 (1.76) 31.98 (1.60) 0.09 (0.00) 0.97 (0.10) 31.45 (0.61)
19.09 (2.13) 28.12 (1.76) 31.98 (1.20) 0.13 (0.00) 1.11 (0.07) 30.44 (0.56)
22.02 (2.35) 39.55 (3.16) 59.96 (3.00) 0.15 (0.01) 1.31 (0.10) 35.51 (0.51)
18.79 (1.91) 42.19 (2.64) 35.98 (2.00) 0.14 (0.01) 3.74 (0.17) 27.40 (0.71)
13.21 (1.91) 19.34 (1.58) 23.99 (1.20) 0.07 (0.01) 0.55 (0.07) 30.44 (0.51)
8.81 (2.03) 10.55 (2.55) 9.99 (2.40) 0.09 (0.01) 0.42 (0.21) 25.37 (1.42)

& Mice were treated with 4 daily doses of m-T3 (240 mg/kg), and samples collected at 75 h after the initial dose as described in Materials and
Methods. Values for 6 liver samples (upper panel) and 6 lung samples (lower panel) are shown.

Table 3 — Serum tocopherol/tocotrienol metabolite levels when the serum samples were incubated with glucuronidase/

sulfatase directly or after precipitation of proteins with methanol.®

3-CEHC v-CEHC a-CEHC 3-CMBHC y-CMBHC a-CMBHC
Concentration (uM)

0.41 (0.47) 0.28 (0.23) 0.01 (0.00) 1.85 (2.26) 1.24 (1.24) 0.01 (0.00)
0.70 (1.05) 0.75 (0.80) 0.02 (0.01) 5.35 (6.64) 2.99 (3.28) 0.15 (0.01)
3.40 (3.16) 1.69 (1.31) 0.07 (0.02) 1.60 (1.44) 0.58 (0.40) 0.00 (0.00)
1.64 (1.76) 1.13 (1.13) 0.05 (0.01) 3.50 (3.91) 1.75 (1.75) 0.17 (0.00)
1.70 (1.93) 1.13 (1.08) 0.02 (0.01) 2.57 (2.83) 1.60 (1.60) 0.09 (0.01)
2.34 (2.58) 0.99 (0.94) 0.01 (0.00) 1.34 (1.29) 0.44 (0.29) 0.00 (0.00)

# Mice were treated with 4 doses of m-T3 (240 mg/kg) and serum samples were collected at 75 h. The concentrations of 6 serum samples were
obtained in a procedure with direct deconjugation are shown versus a procedure with deconjugation after protein precipitation (value in

parentheses).
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3.2 Tissue samples preparation: using tissue
homogenates vs. supernatants

For analyzing tissue levels of tocopherol and tocotrienol, we
compared the results from using tissue homogenates versus
tissue supernatants (Table 2). In both liver and lung samples,
the values obtained from analysis of tissue homogenates were
much higher than those from the supernatants, and the
discrepancy was the largest in the results of «-T and «-T3. It is
likely that in the tissue homogenates, most of the tocopherols

and tocotrienols are bound to proteins or cell debris and are
precipitated upon centrifugation. Therefore, not all the to-
copherols/tocotrienols are extracted into the supernatants.
This result suggests that in studies when tissue supernatants
were used for the analysis, the tissue levels of tocopherols and
tocotrienols may have been underestimated.

On the other hand, short-chain metabolites analyzed using
tissue supernatants yielded similar results as compared to
using the homogenates. When tissue homogenates were
used, it required longer times for drying the ethyl acetate
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Fig. 5 — Serum levels of tocopherols and tocotrienols (A) and CEHCs and CMBHCs (B): Samples were collected at 3, 7, 24, 27,
48, 51, 72, and 75 h in the experiment with daily oral dose of tocotrienols (m-T3). The data are expressed as mean + SD

(n =6).
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extract and often yielded inconsistent results, possibly due to
presence of lipids and proteins, which complicate the sample
preparation before HPLC analysis. In our present method, the
tissue homogenates are mixed with methanol and hexane,
which extract the short-chain metabolites and precipitate
proteins and cell debris, before deconjugation with B-glucu-
ronidase/sulfatase. In this procedure, we found that acidifi-
cation (with 2—20 pl acetic acid) of the deconjugated samples
did not increase the efficiency of extracting short-chain me-
tabolites into ethyl acetate. Therefore, this step is not included
in the procedure.

For the analysis of lung-chain metabolites, the tissue ho-
mogenates (200 pl) were mixed with methanol (100 ul). This
allowed the long-chain metabolites and tocopherols/toco-
trienols to be in the supernatant upon centrifugation. The
supernatant were dried and reconstituted for enzyme diges-
tion to hydrolyze the conjugated metabolites. This study had
better recovery as compared to digesting the tissue homoge-
nate directly. This procedure demonstrates the feasibility for
analyzing long-chain metabolites together with their parent
vitamin E forms. However, standard compounds are needed
for their qualification and for checking the recoveries from
different tissue samples.

3.3.  Serum sample preparation for analysis of short-
chain metabolites: using serum versus deproteinated serum

We compared the results of two sample preparation pro-
cedures: 1) serum samples were incubated with B-glucuron-
idase/sulfatase directly to deconjugate the conjugated
metabolites of tocopherols/tocotrienols and 2) serum sam-
ples (20 nl) were deproteinated with methanol (1 mL) before
deconjugation. These two methods yielded comparable
results (Table 3) and therefore the first method is adapted in
our procedure.

3.4.  Time-dependent changes of serum tocotrienols/
tocopherols and their metabolite levels after oral
supplementation with m-T3

Mice were treated with four oral doses of m-T3 at 0, 24, 48 and
72 h and serum samples were collected at different time
points. As shown in Fig. 5A, rather higher serum concentra-
tions of 3-, y- and «-T3 were observed at 3 h after the m-T3
dose and the levels decreased at 7 h and 24 h. The levels raised
at 3 h after each of the subsequent dose, and the level was
higher than that produced by the previous doses. By the fourth
dose of m-T3, the increments in - and y-T3 from 72hto75h
were approximately 3-fold higher than those from 24 to 27 h
(caused by the second dose). The reason for this progressive
increment is unknown and remains to be investigated. The
results suggest that in studies like this, it is important to
report the time of blood sample collection in reference to the
time of agent administration. When the agent is given in the
diet, because rodents eat most at night, the levels of tocoph-
erols/tocotrienols in the morning are expected to be higher
than in the afternoon. Overnight fasting will yield even lower
levels. At all the time points, «-T3 was presented at the highest
concentrations, y-T3 at lower concentrations and 3-T3 even
lower.

Serum concentrations of y- and 3-CEHCs and CMBHCs
increased throughout the four days of the experiment in the
lower micromolar range, while «-CEHC and CMBHC levels
were very low, indicating that «-T and «-T3 are not extensively
metabolized (Fig. 5B). Similarly, urinary y- and 8-CEHCs and
CMBHC:s levels were increased gradually in the first 2—3 days,
reaching levels of 175 uM for y-CEHC and 260 pM for y-CMBHC
(Table 4). The corresponding levels of 3-CEHC and -CMBHC
were approximately half of these values (Table 4). These urine
metabolite levels were 30—100 fold higher than those in the
serum.

Table 4 — Urine tocotrienol metabolite levels after four daily oral doses of tocotrienol mixture.?

d-CEHC v-CEHC a-CEHC 3-CMBHC v-CMBHC a-CMBHC
Concentration (uM)
3 h(a) Mean 10.4 0.0 8.1 8.0 14.2 0.2
SD 5.7 0.0 6.2 6.0 12.8 0.4
7 h(a) Mean 18.8 78.2 8.1 18.3 24.7 13
SD 8.3 55.6 6.0 14.3 21.9 29
24 h(b) Mean 44 .4 128.5 15.7 47.9 77.3 2.2
SD 13.1 33.5 10.0 22.9 50.4 2.6
27 h(a) Mean 40.2 130.2 18.2 56.9 94.7 5.7
SD 10.8 30.4 9.1 26.5 69.2 4.5
48 h(b) Mean 79.4 181.5 19.9 101.3 119.0 4.6
SD 15.6 34.0 16.7 33.4 94.9 5.3
51 h(a) Mean 67.1 168.7 15.6 105.5 210.4 8.2
SD 12.9 32.3 9.1 449 129.6 8.3
72 h(b) Mean 72.6 175.2 17.7 123.4 259.5 10.3
SD 16.1 46.2 9.5 50.8 118.2 9.3
75 h(a) Mean 63.7 148.7 13.5 121.2 267.6 11.0
SD 15.9 29.6 8.2 29.0 107.7 6.2

& Mice were treated with 4 doses of v-T3 (240 mg/kg) at 0, 24, 48 and 72 h and urine samples were collected 3 h after (a) or right before (b) dosing.
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4. Concluding remarks

We have refined our HPLC/CEAS method for the determina-
tion of tocopherols, tocotrienols and their chain-degradation
metabolites. Our procedures for sample preparation, using
solvent extraction and centrifugation to precipitate protein
during phase separation, are more convenient and econom-
ical than some of the solid-phase extraction procedures. Our
new HPLC conditions provide efficient and clear separation of
analytes with minimal interfering peaks. The CEAS detecting
system provides high sensitivity, comparable to MS or
florescence detection, but is much more sensitive than UV
absorption. A limitation of the CEAS is that it does not provide
the structural information that can be provided by MS, and
electrochemical detection can only detect redox active forms
of vitamin E and their metabolites. Overall, the presently
described procedure is a very sensitive, convenient and rather
inexpensive method for the routine analysis of tocopherols,
tocotrienols and their metabolites of large numbers of sam-
ples in laboratory and epidemiological studies.

Acknowledgment

This work was supported by NIH grants CA122474 and
CA133021 and the John L. Colaizzi Chair Endowment Fund as
well as by Shared Facilities funded by National Cancer Insti-
tute Cancer Center Support grant (CA72720) and National
Institute of Environmental Health Center grant (ES05022). We
thank Ms. Vi Dan for her assistance in the preparation of this
manuscript.

REFERENCES

[1] Traber MG. Vitamin E. In: Shils ME, Shike M, Ross AC,
Caballero B, Cousins RJ, editors. Modern nutrition in health
and disease. 10th ed. Philadelphia: Lippincott Williams &
Wilkins; 2006. p. 396—411.

[2] Jiang Q. Natural forms of vitamin E: metabolism, antioxidant,

and anti-inflammatory activities and their role in disease

prevention and therapy. Free Radic Biol Med 2014;72:76—90.

Birringer M, Drogan D, Brigelius-Flohe R. Tocopherols are

metabolized in HepG2 cells by side chain omega-oxidation

and consecutive beta-oxidation. Free Radic Biol Med
2001;31:226—32 [in Eng].

Sontag TJ, Parker RS. Cytochrome P450 omega-hydroxylase

pathway of tocopherol catabolism. Novel mechanism of

regulation of vitamin E status. Biol Chem 2002;277:25290—6

[in Eng].

[5] Brigelius-Flohe R. Vitamin E and drug metabolism. Biochem
Biophys Res Comm 2003;305:737—40 [in Eng].

[6] Jiang Q, Freiser H, Wood KV, Yin X. Identification and
quantitation of novel vitamin E metabolites, sulfated long-
chain carboxychromanols, in human A549 cells and in rats. ]
Lipid Res 2007;48:1221—30 [in Eng].

[7] Jiang Q, Yin X, Lill MA, Danielson ML, Freiser H, Huang J.
Long-chain carboxychromanols, metabolites of vitamin E,
are potent inhibitors of cyclooxygenases. Proc Natl Acad Sci
U S A 2008;105:20464—9 [in Eng].

[3

[4

[8] Birringer M, Pfluger P, Kluth D, Landes N, Brigelius-Flohe R.
Identities and differences in the metabolism of tocotrienols
and tocopherols in HepG2 cells. ] Nutr 2002;132:3113-8.
Freiser H, Jiang Q. Gamma-tocotrienol and gamma-
tocopherol are primarily metabolized to conjugated 2-(beta-
carboxyethyl)-6-hydroxy-2,7,8-trimethylchroman and
sulfated long-chain carboxychromanols in rats. ] Nutr
2009;139:884—9 [in Eng].

[10] Pope SA, Burtin GE, Clayton PT, Madge DJ, Muller DP.
Synthesis and analysis of conjugates of the major vitamin E
metabolite, alpha-CEHC. Free Radic Biol Med 2002;33:807—17
[in Eng].

[11] Swanson JE, Ben RN, Burton GW, Parker RS. Urinary
excretion of 2,7, 8-trimethyl-2-(beta-carboxyethyl)-6-
hydroxychroman is a major route of elimination of gamma-
tocopherol in humans. J Lipid Res 1999;40:665—71 [in Eng].

[12] Traber MG, Elsner A, Brigelius-Flohe R. Synthetic as
compared with natural vitamin E is preferentially excreted
as alpha-CEHC in human urine: studies using deuterated
alpha-tocopheryl acetates. FEBS Lett 1998;437:145—8
[in Eng].

[13] Hashiguchi T, Kurogi K, Sakakibara Y, Yamasaki M,
Nishiyama K, Yasuda S, et al. Enzymatic sulfation of
tocopherols and tocopherol metabolites by human cytosolic
sulfotransferases. Biosci Biotechnol Biochem 2011;75:1951—6
[in Eng].

[14] Schultz M, Leist M, Petrzika M, Gassmann B, Brigelius-
Flohe R. Novel urinary metabolite of alpha-tocopherol,
2,5,7,8-tetramethyl-2(2'-carboxyethyl)-6-hydroxychroman,
as an indicator of an adequate vitamin E supply? Am J Clin
Nutr 1995;62:1527S—34S [in Eng].

[15] Ju ], Picinich SC, Yang Z, Zhao Y, Suh N, Kong AN, et al.
Cancer-preventive activities of tocopherols and tocotrienols.
Carcinogenesis 2010;31:533—42.

[16] Adachi S, Nagao T, Ingolfsson HI, Maxfield FR, Andersen OS,
Kopelovich L, et al. The inhibitory effect of
(-)-epigallocatechin gallate on activation of the epidermal
growth factor receptor is associated with altered lipid order
in HT29 colon cancer cells. Cancer Res 2007;67:6493—501 [in
Eng].

[17] Jiang Q, Christen S, Shigenaga MK, Ames BN. gamma-
tocopherol, the major form of vitamin E in the US diet,
deserves more attention. Am J Clin Nutr 2001;74:714—22.

[18] Campbell S, Stone W, Whaley S, Krishnan K. Development of
gamma (gamma)-tocopherol as a colorectal cancer
chemopreventive agent. Crit Rev Oncol Hematol
2003;47:249-59.

[19] Hensley K, Benaksas EJ, Bolli R, Comp P, Grammas P,
Hamdheydari L, et al. New perspectives on vitamin E:
gamma-tocopherol and carboxyelthylhydroxychroman
metabolites in biology and medicine. Free Radic Biol Med
2004;36:1—-15.

[20] Li GX, Lee MJ, Liu AB, Yang Z, Lin Y, Shih W], et al. delta-
tocopherol is more active than alpha - or gamma -tocopherol
in inhibiting lung tumorigenesis in vivo. Cancer Prev Res
2011;4:404—13.

[21] Uchida T, Abe C, Nomura S, Ichikawa T, Ikeda S. Tissue
distribution of alpha- and gamma-tocotrienol and gamma-
tocopherol in rats and interference with their accumulation
by alpha-tocopherol. Lipids 2012;47:129—39.

[22] GuanF, LiG, Liu AB, Lee MJ, Yang Z, Chen YK, et al. delta- and
gamma-tocopherols, but not alpha-tocopherol, inhibit colon
carcinogenesis in azoxymethane-treated F344 rats. Cancer
Prev Res 2012;5:644—54.

[23] Chung SY, Guangxun L, Zhihong Y. Cancer prevention by
different forms of tocopherols. ] Food Drug Anal
2012;20:385—8.

[9


http://refhub.elsevier.com/S1021-9498(17)30149-7/sref1
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref1
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref1
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref1
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref1
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref2
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref2
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref2
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref2
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref3
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref3
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref3
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref3
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref3
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref4
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref4
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref4
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref4
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref4
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref5
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref5
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref5
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref6
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref6
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref6
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref6
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref6
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref7
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref7
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref7
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref7
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref7
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref8
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref8
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref8
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref8
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref9
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref9
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref9
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref9
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref9
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref9
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref10
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref10
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref10
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref10
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref10
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref11
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref11
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref11
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref11
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref11
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref12
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref12
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref12
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref12
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref12
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref12
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref13
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref13
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref13
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref13
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref13
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref13
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref14
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref15
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref15
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref15
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref15
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref16
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref17
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref17
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref17
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref17
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref18
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref18
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref18
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref18
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref18
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref19
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref19
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref19
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref19
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref19
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref19
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref20
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref20
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref20
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref20
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref20
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref21
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref21
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref21
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref21
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref21
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref22
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref22
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref22
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref22
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref22
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref23
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref23
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref23
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref23
http://dx.doi.org/10.1016/j.jfda.2017.07.012
http://dx.doi.org/10.1016/j.jfda.2017.07.012

JOURNAL OF FOOD AND DRUG ANALYSIS 26 (2018) 318—329 329

(24]

(25]

[26]

Chen JX, Li G, Wang H, Liu A, Lee MJ, Reuhl K, et al. Dietary
tocopherols inhibit PhIP-induced prostate carcinogenesis in
CYP1A-humanized mice. Cancer Lett 2016;371:71-8.

Zhao Y, Lee MJ, Cheung C, Ju JH, Chen YK, Liu B, et al.
Analysis of multiple metabolites of tocopherols and
tocotrienols in mice and humans. J Agric Food Chem
2010;58:4844—52 [in Eng].

Cheung C, Loy S, Li GX, Liu AB, Yang CS. Rapid induction of
colon carcinogenesis in CYP1A-humanized mice by 2-amino-

1-methyl-6-phenylimidazo[4,5-b]pyridine and dextran
sodium sulfate. Carcinogenesis 2011;32:233—-9.

[27] Ju]J, Hao X, Lee MJ, Lambert JD, Lu G, Xiao H, et al. A gamma-
tocopherol-rich mixture of tocopherols inhibits colon
inflammation and carcinogenesis in azoxymethane and
dextran sulfate sodium-treated mice. Cancer Prev Res
2009;2:143-52.


http://refhub.elsevier.com/S1021-9498(17)30149-7/sref24
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref24
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref24
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref24
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref25
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref25
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref25
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref25
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref25
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref26
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref26
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref26
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref26
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref26
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref27
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref27
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref27
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref27
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref27
http://refhub.elsevier.com/S1021-9498(17)30149-7/sref27
http://dx.doi.org/10.1016/j.jfda.2017.07.012
http://dx.doi.org/10.1016/j.jfda.2017.07.012

	Methods for efficient analysis of tocopherols, tocotrienols and their metabolites in animal samples with HPLC-EC
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Animal and dietary treatment
	2.3. Serum sample preparation procedures
	2.3.1. For analysis of tocopherols and tocotrienols
	2.3.2. For simultaneous analysis of tocopherols, tocotrienols and their long-chain metabolites
	2.3.3. For analysis of short-chain metabolites

	2.4. Tissue sample preparation procedures
	2.4.1. For analysis of tocopherols and tocotrienols
	2.4.2. For analysis of tocopherols, tocotrienols and long-chain metabolites
	2.4.3. For analysis of short-chain metabolites

	2.5. Urine sample preparation procedures
	2.6. HPLC conditions
	2.6.1. For tocopherols and tocotrienols
	2.6.2. For tocopherols, tocotrienols and long-chain metabolites
	2.6.3. For short-chain metabolites

	2.7. Identification and quantification
	2.8. Statistical analyses

	3. Results and discussion
	3.1. HPLC analysis
	3.2. Tissue samples preparation: using tissue homogenates vs. supernatants
	3.3. Serum sample preparation for analysis of short-chain metabolites: using serum versus deproteinated serum
	3.4. Time-dependent changes of serum tocotrienols/tocopherols and their metabolite levels after oral supplementation with m-T3

	4. Concluding remarks
	Acknowledgment
	References


