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Abstract

Cyclodextrin (CD) is widely used in the pharmaceutical and nutritional fields to form an inclusion complex with lipophilic compounds for the improvement
of their aqueous solubility, stability and diffusibility under physiological conditions. In this study, we investigated the effect of the y-tocotrienol (yT3) inclusion
complex with CD on its oral bioavailability. Five-week-old C57BL6 mice were fed a vitamin E-free diet for 28 days, followed by the oral administration of 2.79 mg
of yT3-rich fraction (TRF) extracted from rice bran or the equivalent dose (14.5 mg) of a CD inclusion complex with TRF (TRF/CD). The levels of yT3 in
sequentially collected plasma were determined by LC-MS/MS. The pharmacokinetic study revealed that the plasma concentrations of yI3 were increased and
peaked at 6 or 3 h after the oral administration of TRF or TRF/CD, respectively (Cpax values of 7.94-3.3 or 11.4+4.5 nM, respectively). The area under the curve of
plasma yT3 concentration also showed a 1.4-fold increase in the group administered with TRF/CD compared with the TRF-only group. Furthermore, the mice that
had received the TRF/CD tended to reduce the endotoxin shock induced by injection with lethal amounts of Escherichia coli lipopolysaccharide, compared with
the mice that had received TRF alone. Taken together, our results suggest that the CD inclusion improved yT3 bioavailability, resulting in the enhancement of

T3 physiological activity, which would be a useful approach for the nutrition delivery system.

© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Vitamin E is one of the most promising lipophilic antioxidants,
consisting of eight naturally occurring forms known as tocopherols
and tocotrienols. Tocopherols carry a saturated phytyl group that is
derived from homogentisic acid and phytyl pyrophosphate, whereas
tocotrienols are thought to arise from the condensation of homo-
gentisic acid and geranylgeranyl pyrophosphate [1]. Tocopherols and
tocotrienols can be subdivided into four isomers (o, B, 'y and §)
relating to the numbers and the position of the methyl groups on their
chromanol ring (Table 1). The major source of vitamin E is plant-
derived oils. Tocotrienols are the major vitamin E component of palm
oil. Significant amounts are also found in barley, oats and rice bran
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[2,3]. a-Tocotrienol is the predominant form of tocotrienol in oat
(Avena sativa L.) and barley. B-Tocotrienol is the major form of
tocotrienol found in hulled and dehulled wheats [4]. Rice bran oil, a
byproduct of the rice milling industry, is a major natural source of
y-tocotrienol (yT3) and is believed to be a healthy vegetable oil,
especially in Asian countries [5].

Since tocotrienols differ from tocopherols by the presence of three
trans double bonds in the hydrocarbon tail, tocotrienols are thought
to assume a unique conformation. Therefore, members of the natural
vitamin E family possess overlapping and unique functional proper-
ties that could be due to their structural difference. Among these,
tocotrienols, but not tocopherols, have been linked to additional
beneficial therapeutic properties that include antithrombotic and
neuroprotective activities. Tocotrienols and tocopherols have also
been linked to the ability to inhibit the proliferation of breast cancer
cells and that to lower serum cholesterol levels when administered in
the diet of chickens, swine, rats and hypercholesterolemic humans
[6-12]. Moreover, recent studies also revealed their beneficial
biological properties, such as anti-angiogenesis and anticancer
activities [13]. Therefore, tocotrienols are one of the attractive groups,
not only as a functional food constituent but also as a clinical
therapeutic agent.
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Table 1
Chemical structures and contents of TRF used in this study
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Name and structure Symbol R, R, Percentage in TRF Percentage in TRF/CD
a-Toc CHs CH3 0.5 0.1
- Tocopherol (Toc) B-Toc CHs q 0.4 01
HO. vy-Toc H CHs; 2.8 0.6
CH CHy CH, CHs 6-Toc H H 0.5 0.1
-~ 3
Ry CH3
CHs
Tocotrienol (T3) oT3 CHs CH3 1.8 0.3
R, pT3 CHs H 0.4 0.1
HO. Y13 H CH3 65.0 12.0
GoH, G GHa oT3 H H 46 13
L =

Cyclodextrins (CDs) are polysaccharides built from six to eight
(a=6, p=7, y=8) p-glucose units. The a-CD, 3-CD and vy-CD are
widely used natural CDs. The p-glucose units are covalently linked
at the carbon atoms C; and Cy4 to form a macrocycle [14,15]. CDs can
generally form inclusion complexes with a number of lipophilic
substances and thus have been used for improving their water
solubility, stability, diffusibility and bioavailability [16,17]. Previous
studies have shown that the bioavailability of coenzyme Q;q or
curcumin was improved by CD inclusion [18,19]. Among the three
natural CDs, y-CD shows the highest water solubility and is the only
form digested in the intestinal tract. Therefore, much attention has
recently been given to the usage of y-CD as a “host” molecule of the
inclusion complex in oral bioavailability experiments and as a
promising nutrition delivery system.

The aim of this study was to examine the effect of yT3 inclusion
with y-CD on its bioavailability. A T3-rich fraction (TRF) was
prepared by extraction from rice bran, which is a readily available
and abundant source of yT3. We performed pharmacokinetic
analyses of the plasma levels of yT3 in mice after the oral
administration of TRF or a TRF inclusion complex with y-CD (TRF/
CD). We further evaluated the effects of oral TRF and TRF/CD on
endotoxin shock induced by the administration of Escherichia coli
lipopolysaccharide (LPS). Our results demonstrate that the improve-
ment of the oral bioavailability of TRF by y-CD inclusion leads to the
enhancement of potential TRF bioactivities.

2. Materials and methods
2.1. Materials

TRF (Oryza tocotrienol 72), y-CD and TRF/CD were provided by Oryza Oil & Fat
Chemical Company (Aichi, Japan) and Cyclochem (Kobe, Japan). TRF contained vitamin
E as follows: 0.5% a-tocopherol (a-Toc), 0.4% (3-tocopherol, 2.8% y-tocopherol, 0.5% 6-
tocopherol, 1.8% a-tocotrienol, 0.4% PB-tocotrienol, 65.0% YT3 and 4.6% &-tocotrienol
(Table 1). yT3 was provided by Eisai Food & Chemicals (Tokyo, Japan). Vitamin E-free
diet was purchased from Funabashi Farm (Chiba, Japan), prepared on the basis of the
diet of rodents for experiments determined by the American Institute of Nutrition
(AIN) [20] and contained 20% (w/w) vitamin-free casein, 15% corn starch, 25% sucrose,
25% glucose, 5% cellulose, 5% vitamin E-free corn oil, 3.5% vitamin E-free AIN76 vitamin
mix, 1% AIN93 mineral mix, 0.3% pL-methionine and 0.2% choline bitartrate.
Vitamin E-free corn oil was obtained from Tama Biochemical (Tokyo, Japan).
2,2,5,7,8-Pentamethyl-6-chromanol (PMC) and E. coli LPS were purchased from
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Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were obtained from Wako
Pure Chemical Industries (Osaka, Japan).

2.2. Animal experimentation

All animal experiments were approved by the local animal ethics committee and
performed according to guidelines for the care and use of laboratory animals at the
University of Shizuoka. Four-week-old male C57BL6 mice were purchased from Japan
SLC (Hamamatsu, Japan). All mice were housed in plastic cages (four or five mice per
cage) with free access to drinking water and a pelleted basal diet (CE-2, CLEA, Tokyo,
Japan) under controlled humidity conditions (55%4+5%), light (12 h/12 h light/dark
cycle) and temperature (23°C41°C). Following quarantine for 1 week, the mice were
divided according to their body weight into four groups and then fed a vitamin E-free
diet starting on Day O (Fig. 1). Initial body weight (Day 0) was 19.74+0.6 g, and final
body weight (Day 28) was 24.84-1.0 g. The mice were deprived of food for 3 h before
and after every oral administration of the test compounds. The following equivalent
doses of TRF and y-CD were used for oral administration on Days 28, 30 and 32: TRF,
2.79 mg in 200 pl of corn oil; TRF/CD, 14.5 mg in 200 pl of corn oil; y-CD, 11.71 mg in
200 i of corn oil; or corn oil, 200 pl as control. Amounts of infused total tocotrienols
were 2.00 and 1.99 mg per mouse in TRF and TRF/CD, respectively. Similarly, amounts
of infused yT3 were 1.81 and 1.74 mg per mouse in TRF and TRF/CD, respectively. For
the analyses of yT3 in plasma samples by LC-MS/MS, ~30 pl of tail vein blood samples
was collected sequentially into heparinized tubes containing 1 mg of ascorbic acid after
the oral administration of the test compounds.

2.3. Standard and sample preparation for LC-MS/MS

The sample preparation was performed according to the method of Yap et al. [21]
with a slight modification. Briefly, a 10 pl aliquot of plasma was deproteinized by
adding 500 pl of a mixture of acetonitrile/tetrahydrofuran (3:2, v/v) containing 250 pmol
PMC as an internal standard. The mixture was created using a vortex for 2.5 min and
centrifuged at 13,000g for 20 min, and then an aliquot (100 pl) of the supernatant
was subjected to LC-MS/MS analysis. A standard curve was constructed in the range
of 0.1-10 pmol per 10 pl injection of yT3 with PMC (5 pmol). Concentrations of yT3 in
the samples were determined by interpolation from the standard curve regression line.

2.4. LC-MS/MS analysis of yT3 in mice plasma samples

LC-MS/MS analyses using nanospace SI-1 (Shiseido, Tokyo, Japan) and API2000
(Applied Biosystems, Forester City, CA, USA) were performed with an electrospray
ionization device running in a positive ionization mode. Aliquots (10 pl) of prepared
samples were subjected to LC-MS/MS analyses. LC separation was performed with a
3.5-um Waters X-Bridge C18 column (2.1x150 mm; Waters) at 40°C, using solvent A
(0.1% formic acid in water) and solvent B (0.1% formic acid in methanol). The flow rate
was 0.2 ml/min, and the linear gradient program was used as follows: 80% B at 0 min,
100% B at 5-30 min and 80% B at 31-45 min. The MRM transition for the following
compounds was monitored: yT3, m/z 411.5/191.1; a-Toc, m/z 431.5/165.2; and PMC,
m/z 221.3/165.1.
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N N %
| | ——
PK Survival

Fig. 1. Experimental protocol. (m) Basal diet. ([]) Vitamin E-free diet. (A) Oral administration of the test sample. (A) LPS (60 mg/kg ip). Gray bars represent the experimental periods
of blood collection for pharmacokinetic analysis (PK) and survival analysis (Survival), as indicated.
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2.5. Calculation of pharmacokinetic parameters

Pharmacokinetic parameters were calculated from the time course of the plasma
YT3 concentration. The maximum plasma yT3 concentration (Cpax), time to the
maximum plasma YT3 concentration (Tmax) and elimination half-life (T;,) were
calculated from the parameters estimated using the one-compartment model
[22]. The area under the plasma yT3 and a-Toc concentration-time curve from 0 to
24 h (AUCp_»4) was calculated using the trapezoidal formula [23].

2.6. Effects on endotoxin shock induced by LPS

Six hours after the oral administration of the test compounds on Day 32, a single
dose of LPS (60 mg/kg) was intraperitoneally administered into C57BL6 mice to induce
endotoxin shock. The mice were observed for 72 h.

2.7. Statistical analysis

The resulting values are expressed as the mean-+S.E.M. of the indicated number of
observations. Statistical analysis for comparing difference was performed using
Student's t test. The differences in the Kaplan-Meier survival curves were evaluated
by the log-rank test.

3. Results
3.1. LC-MS/MS analyses of yT3 in mice plasma

To examine the effect of yT3 inclusion with y-CD on its
bioavailability, we performed LC-MS/MS analysis to determine the
levels of yT3 in mice plasma. Standard solutions with a concentration
range of yT3 from 0 to 10 pmol containing 5 pmol PMC as an internal
standard were prepared in duplicate. A linear calibration curve for yT3
was obtained with a correlation coefficient of R?=0.9997 (Fig. 2A).
The detection limit determined as a signal-to-noise ratio greater than
10 was found to be approximately 0.01 pmol concentration of injected
¥T3. Fig. 2B shows typical chromatograms obtained by LC-MS/MS
analyses of yT3 and PMCin mouse plasma samples. yT3 and PMC were
eluted at 12.7 and 4.8 min, respectively. When T3 (500 pmol) and
PMC (250 pmol) added to 10 pl of mouse plasma were analyzed under
the present conditions, the recovery rates of yT3 and PMC were
64.5%+2.5% and 85.3%+5.8% (n=>5), respectively. The repeatability
of the measurements was excellent, with coefficients of variation for
T3 and PMC being about 0.08% and 0.14%, respectively.

3.2. Pharmacokinetic analysis of yT3 in mice plasma

To evaluate the bioavailability of yT3, we performed pharmaco-
kinetic studies of yT3 levels in mouse plasma. Mice were fed a
vitamin E-free diet for 28 days to reduce their endogenous vitamin
E levels, and then TRF or TRF/CD was orally administered (Fig. 1).
The body weights before the oral administration of the test
compounds were not significantly different among the groups. As
shown in Fig. 3A, plasma yT3 levels were significantly increased
after the first oral administration on Day 28 of TRF and TRF/CD. The
Cmax and AUC values in mice that received TRF were 7.94+3.3 uM
and 47.7+£14.6 uM*h, respectively. The Cpa.x and AUC values in
mice that were administered TRF/CD were about 1.4-fold greater
than those given TRF alone (Cy,,x and AUC values were 11.44-4.5 pM
and 68.1418.3 pM*h, respectively) (Fig. 3A and B). The Ty.x values
in mice that received TRF and TRF/CD were 6 and 3 h, respectively.
T1,> in the TRF/CD group was also longer than that in the TRF-only
group. In addition, we detected the trace amounts of vitamin E
including yT3 and «-Toc before the oral administration of TRF or
TRF/CD, which could be derived from standard diet fed before starting
the vitamin E-free diet. Although it was not statistically significant
(Student's t test, P>.05), we also observed the increase of AUC values
for a-Toc in the TRF/CD group (Fig. 3B). These effects were possibly
due to the stabilization of TRF in the intestinal tract, resulting in the
acceleration of the absorption rate.
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Fig. 2. LC-MS/MS analyses of plasma yT3. (A) Calibration curve for yT3 detected by LC-
MS/MS. Analytes were prepared by 0-500 pmol yT3 dissolved in 500 pl of acetonitrile/
tetrahydrofuran (3:2, v/v) containing 250 pmol PMC and subjected to LC-MS/MS
analyses. Peak area ratios obtained by monitoring the ion transition for m/z 411.5/
191.1 for yT3 and m/z 221.3/165.1 for PMC as internal standard were plotted. Data are
mean values (n=2). (B) Typical chromatograms obtained by monitoring the ion
transition for yT3 (m/z 411.5/191.1) and PMC (m/z 221.3/165.1) in mouse control
plasma (no addition) and yT3 and PMC-added mouse plasma are shown.

3.3. Effects of TRF and TRF/CD on LPS-induced mortality

In order to further confirm the improvement of TRF bioavailability
in vivo, we examined the effects of TRF and TRF/CD on endotoxin
(LPS)-induced mortality in mice. Mice orally administered corn oil
(control), TRF, TRF/CD or CD on Days 28, 30 and 32 were subjected to
a single intraperitoneal injection of LPS (60 mg/kg body weight) 6 h
after the last dose of the test compound. As shown in Fig. 4, LPS-
treated control mice (which received an oral administration of
vitamin E-free corn oil) started to die at 6 h, and all mice died within
42 h after the LPS injection. On the other hand, 20% of mice in the TRF-
administered group survived by the end of the 72 h observation.
Interestingly, more mice administered TRF/CD were resistant to
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Fig. 3. Plasma yT3 concentrations after the oral administration of TRF or TRF/CD. (A)
C57BL6 mice (n=3 in each group) fed a vitamin E-free diet for 24 days were orally
administered three times every other day with equivalent doses of TRF (O) or TRF/CD
(®@). Plasma samples sequentially collected after the first oral administration on Day 28
were prepared and subjected to LC-MS/MS analyses for yT3. (B) AUCy_»4 1, values of
¥T3 and «-Toc were calculated as described in Materials and methods. Data are
expressed as the mean+S.E.M. (n=3). Significance determined using Student's t test
is expressed as follows: *p<.05 TRF/CD- vs. TRF-administered mice.

endotoxin shock, and 36% of mice survived until the end of
observation, although this protective effect was not statistically
significant when compared with LPS-treated control (log-rank test,
P>.05). In contrast, no protective effect on the LPS-induced shock
was observed in the CD-administered group. In addition, the mice
that received TRF, TRF/CD or CD without LPS exhibited no adverse
effects (data not shown).

4. Discussion

In this study, we compared the bioavailability of yT3 when given
as a TRF inclusion complex with CD with that administered as a free
form dissolved in corn oil. The C,.x and AUC values for plasma yT3
levels were markedly greater in mice administered TRF/CD orally than
those given TRF alone (Fig. 3). Moreover, TRF/CD-administered mice
tended to be more resistant against the lethal effects of LPS-induced
endotoxin shock than those given TRF alone (Fig. 4). These effects
could be attributed, at least in part, to the elevated level of plasma TRF
when given as an inclusion complex with CD. Our preliminary
experiments strongly support this assumption since TRF used in this
study exhibited anti-inflammatory effects, such as inhibition of iNOS
induction and NO production in LPS/IFNy-treated mouse macro-
phage-like RAW264.7 cells (unpublished results). Thus, our results
suggest that the in vivo bioactivity of TRF was improved by an oral
administration of a novel TRF inclusion complex with CD.

On the other hand, the bioavailability of orally administered
tocotrienols was relatively inferior to that of o-Toc [1]. In the
intestine, all forms of vitamin E are taken up with micelles.
Additionally, in our experimental conditions, mice were deprived of
food for 3 h before and after an oral administration of the test
compounds. Plasma concentrations of yT3 at 3 and 6 h (before and
after restart of feeding) were 11.4 and 6.3 uM in the TRF/CD group and
4.6 and 7.9 uM in the TRF group, respectively. During the
experimental period of 3-6 h, it was observed that yT3 absorption,
especially in the TRF group, could be accelerated by bile acids secreted
upon refeeding, resulting in the delay of the T value (6 h)
compared with that of TRF/CD (3 h). However, our results showed
that the half-life of yT3 (Ty/2) in the plasma of mice given TRF/CD was
about 1.8-fold greater than that of the TRF-administered mice,
although the stability of absorbed yT3 derived from TRF/CD or TRF
appears not to be different between the two groups. This may be
due to the fact that yT3 given as a TRF inclusion complex with CD
was possibly stable in the digestive tract, and yT3 was incorporated
into cyclomicron and then released into lymph gradually and
continuously from the CD complex. Tocotrienols and tocopherols
are then absorbed into the bloodstream from the mesentery. A
previous report provides supporting information that TRF/CD
enhances intestinal absorption of tocotrienol by improving its
solubility and stability in the gastrointestinal tract [24]. Therefore,
the elevated levels of Cy,x and AUC and the shortened T,.x (rapid
absorption) of yT3 in the TRF/CD group may be attributed not only
to the stability of the inclusion complex but also to the slow release
rate of yT3 from TRF/CD in the intestinal tract.

¥-CD can be rapidly and essentially digested by human salivary
and pancreatic amylases, and the digest is absorbed in the human
small intestine, unlike o-CD and 3-CD, which are generally recog-
nized to be nondigestible [25-28]. However, it is interesting to note
that orally administered y-CD can provide a blunted postprandial
increase in plasma glucose and insulin, which is more similar to that
of slowly digestible carbohydrates rather than rapidly digestible ones
[28]. Therefore, nutritional products can be formulated with y-CD to
provide diabetics or other relevant individuals with a nutrition source
because the inclusion complex delivers a blunted postprandial
glycemic response. In addition, y-CD does not represent a hazard to
human health in detailed and reassuring toxicity studies [29,30]. It
can be well tolerated in up to 20% of the diet without any adverse
effects [31]. Moreover, y-CD possesses the huge advantage of having a
larger internal cavity, which can trap larger molecules that cannot be
trapped by at-CD and 3-CD [32]. Furthermore, y-CD has a noncoplanar
and more flexible structure, which gives it a much higher solubility
than o-CD and B-CD [32]. When the y-CD inclusion complex with
coenzyme Qqo was orally administered to healthy human volunteers,
Cmax and AUCy_»4 1, were significantly increased to 121% and 111%,
respectively [33]. On the basis of these properties, y-CD can be used as
a carrier and a stabilizer for many bulky guests, such as lipid-soluble
vitamins, polyunsaturated fatty acids, sensitive colors and the unique
flavors from herbs, spices, fruits, etc. Therefore, y-CD has much wider
applications in many industries, especially in the food and pharma-
ceutical industries.

Naturally occurring vitamin E, consisting of tocopherols and
tocotrienols, is a well-known lipophilic antioxidant. Tocotrienols
have slightly higher antioxidant activity than tocopherols in mem-
branes [2,34] and possess neuroprotective, anticancer and cholesterol-
lowering properties that are often not exhibited by tocopherols. These
additional effects of tocotrienols in mammalian cells can be partially
explained by their influence on signal transduction and gene
expression and in particular by affecting the mevalonate-cholesterol
biosynthesis pathway in a non-antioxidant manner [1,35]. The
possible beneficial effects of vitamin E supplementation have been
studied with regard to many diseases, including atherosclerosis, other
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Fig. 4. The effects of TRF or TRF/CD on endotoxin (LPS)-induced mortality. C57BL6 mice were given a single intraperitoneal dose of LPS (60 mg/kg body weight) at 6 h after the oral
administration of corn oil (control, n=12) or corn oil containing TRF (n=14), TRF/CD (n=15) or CD (n=12) on Day 32. Mice were observed for 72 h after LPS injection.

cardiovascular diseases, certain types of cancer and a number of
neurodegenerative diseases. As many of these diseases are caused,
aggravated or associated with inflammatory events, vitamin E can
interfere with inflammation by scavenging reactive oxygen and
nitrogen species, modulating the synthesis of inflammatory lipid
mediators and/or influencing signal transduction and the production
of specific cytokines, chemokines and other inflammatory molecules
[36,37]. Moreover, several lipid malabsorption syndromes associated
with low efficiency of vitamin E uptake clearly can be prevented and in
some situations reversed by supplemental vitamin E [38].

In conclusion, our results demonstrate that CD inclusion improved
the oral bioavailability of yT3, resulting in the enhancement of yT3
physiological activity. Therefore, we conclude that the vitamin E
inclusion complex with y-CD would exhibit beneficial effects on
several intractable chronic diseases associated with inflammation and
oxidative stress.
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