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Abstract. Self-emulsifying drug delivery systems (SEDDS) have been broadly used to promote the oral
absorption of poorly water-soluble drugs. The purpose of the current study was to evaluate the in vivo
oral bioavailability of vitamin E isoforms, δ-tocotrienol (δ-T3) and γ-tocotrienol (γ-T3) administered as
SEDDS, as compared to commercially available UNIQUE E® Tocotrienols capsules. Results from
studies in rats showed that low dose treatment with δ-T3 (90%) and γ-T3 (10%) formulated SEDDS
showed bioavailability of 31.5% and 332%, respectively. However, bioavailability showed a progressive
decrease with increased treatment dose that displayed nonlinear absorption kinetics. Additional in vitro
studies examining cellular uptake studies in Caco 2 cells revealed that the SEDDS formulation increased
passive permeability of δ-T3 and γ-T3 by threefold as compared to the commercial capsule formulation.
These studies also showed that free surfactants decreased δ-T3 and γ-T3 absorption. Specifically,
combined treatment cremophor EL or labrasol with tocotrienols caused a 60–85% reduction in the
cellular uptake of δ-T3 and γ-T3 and these effects appear to result from surfactant-induced inhibition of
the δ-T3 and γ-T3 transport protein Niemann–Pick C1-like 1 (NPC1L1). In summary, results showed that
SEDDS formulation significantly increases the absorption and bioavailability δ-T3 and γ-T3. However,
this effect is self-limiting because treatment with increasing doses of SEDDS appears to be associated
with a corresponding increase in free surfactants levels that directly and negatively impact tocotrienol
transport protein function and results in nonlinear absorption kinetics and a progressive decrease in δ-T3
and γ-T3 absorption and bioavailability.
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INTRODUCTION

A large portion of newly discovered drugs are lipophilic in
nature. As a result, these drugs often display poor solubility,
limited absorption and low bioavailability. Several approaches
have been used to improve the oral bioavailability of many
lipophilic drugs including lipid-based formulations (1–3). This
approach enhances oral bioavailability through several well
establishedmechanisms. First, co-administration of lipids causes
a delay in the rate of gastric emptying and enhances drug
solubility by stimulating the secretion of endogenous com-
pounds such as bile salts and phospholipids into the gastroin-
testinal (GI) tract (4,5). Second, lipid-based formulations
increase the incorporation of these drugs into lipoproteins,

which facilitate more lymphatic absorption (6–8) and thereby
bypassing hepatic portal system metabolism (9–11).

Self-emulsifying drug delivery systems (SEDDS) is an
example of a lipid-based formulation strategy that has been
successfully used to increase bioavailability of lipophilic drugs
with poor aqueous solubility (4,7,12–15). SEDDS are composed
of oils (synthetic or natural), surfactants, and co-solvents
(4,16,17) and upon exposure to GI fluids and mild agitation,
will form oil-in-water (o/w) emulsions with droplet size ranging
from 100 to 300 nm (18,19). These small droplets provide a very
large surface area that allows for more solubilization and
partitioning (20), and ultimately results in a significant improve-
ment in oral absorption and bioavailability of lipophilic drugs.
Selection of SEDDS formulation components is governed by
criteria that include: chemical stability, purity, drug compatibil-
ity, solvent capacity, digestibility, and miscibility (21).
Furthermore, amounts and proportions of these components
are critical for SEDDS formulations stability and performance.
Lipid composition and/or amount of surfactants may inversely
affect the drug solubilization and in vivo performance (15,22).

Tocotrienols are members of the vitamin E family of
compounds that display a wide range of health benefits
including neuroprotective, anticancer, antiplatelet, and
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cholesterol lowering activity (23,24). Numerous studies have
demonstrated that the γ- and δ-tocotrienol (γ-T3 and δ-T3,
respectively) isoforms display the most potent anticancer
activity, with δ-T3 being slightly more effective than γ-T3
against breast, lung, leukemic, pancreatic, melanoma, and
colorectal types of cancers (25–30). In addition, combined
treatment of δ-T3 and γ-T3 has been shown to inhibit osteoclast
activity and lower circulating cholesterol levels (25,31,32).
Taken together, these findings strongly suggest that tocotrienols
may provide significant benefit in the prevention and treatment
of various diseases when used alone or as adjuvant therapy (33–
35). However, δ-T3 and γ-T3 are lipophilic compounds that are
practically insoluble in water, and display high solubility in
organic solvents (about 10 mg/ml) (CAS registry numbers
14101-61-2 and 25612-59-3). Due to their poor aqueous
solubility, both tocotrienols have limited absorption and low
bioavailability (36,37). In humans, although the absolute
bioavailability was not determined, γ-T3 relative bioavailability
increased 3.5-fold when administered with food (38), whereas in
rats, δ-T3 and γ-T3 oral bioavailability has been found to be as
low as 8.5% and 9%, respectively (36,37). The structures of δ-T3
and γ-T3 are shown in Fig. 1.

In addition to their poor solubility, γ-T3 has been
reported as a substrate for the carrier-mediated transport
protein Niemann–Pick C1-like 1 (NPC1L1), which becomes
saturated in the presence of high γ-T3 concentrations, thus
limiting its oral bioavailability and prompting nonlinear
absorption kinetics (37). Therefore, the following studies
were conducted to: (1) determine if SEDDS formulation of a
mixture of δ-T3 (90%) and γ-T3 (10%) improves intestinal
absorption and bioavailability in rats as compared with a
commercially available dietary supplement containing the
same portions of δ-T3 and γ-T3; (2) determine the effects of
SEDDS formulation on specific cellular uptake mechanisms
of δ-T3 and γ-T3, including carrier-mediated, passive and
endocytosis; and (3) examine the interaction of SEDDS
excipients with NPC1L1 to explain the nonlinear absorption
kinetics observed in vivo.

MATERIALS AND METHODS

Materials

The δ-T3 and γ-T3 was generously provided by Dr. Barry
Tan, American River Nutrition, Inc. (MA,USA) as a mixture of
90% and 10%, respectively. The commercially available δ-T3

and γ-T3 soft gel capsules product (UNIQUEE®Tocotrienols)
was obtained from the A.C. Grace Company (Big Sandy, TX).
Ezetimibe was kindly donated by Schering-Plough Corporation
(NJ, USA). δ-tocopherol and chlorpromazine were obtained
from Sigma (St. Louis, MO). Sodium taurocholate and phos-
phatidylcholine were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Polyoxyethylated castor oil (Cremophor®
EL), triglycerides of caprylic/capric acid (Captex® 355), and
C8/C10 polyglycolyzed glycerides from coconut oil (Labrasol®)
were provided by BASF (Mount Olive, NJ, USA), Abitec
Corporation (Janesville, WI, USA), and Gattefossé (Saint-
Priest, Cedex, France), respectively. Ethyl alcohol USP was
purchased from AAPER Alcohol and Chemical Co.
(Shelbyville, KY, USA). Supplies for cell culture were obtained
from American Type Cell Culture Collection (ATCC;
Manassas, VA) and Life Technologies (Grand Island, NY).
Other chemicals and reagents were obtained from VWR
Scientific (West Chester, PA). All chemicals were used as
supplied without further modifications.

Animals

Male Sprague–Dawley rats weighing 250–400 g were
acquired from Harlan Laboratories (Houston, TX). All
animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of
Louisiana at Monroe, and all the surgical and treatment
procedures were consistent with the Institutional Animal
Care and Use Committee policies and procedures. The rats
were maintained on a 12 h light/dark cycle before the study
and had free access to food and water ad libitum before each
experiment.

Formulation of SEDDS and Mixed Micelles (MM)

The δ-T3 and γ-T3 loaded SEDDS were prepared as
previously described with minor modifications (39). Base
SEDDS formulation was prepared using cremophor EL
(40.7% w/w), labrasol (40.7% w/w), captex 355 (7.2% w/w),
and ethanol (11.4% w/w) as the primary surfactant, co-
surfactant, secondary oil, and co-solvent, respectively. The
formulation was prepared by mixing the pre-weighed SEDDS
ingredients in a vial at 1,000 rpm for 5 min using IKA®
UltraTurrax T8 mixer (IKA® Works Inc., NC). Vials were
capped and stored in controlled room temperature until used.
To prepare a 35% w/w δ-T3-SEDDS, the appropriate weight
of the tocotrienol was added to the base SEDDS formulation
and mixed for 2 min using the same mixer until achieving a
homogenous phase of all components. MM were prepared
using a modification of the method previously described by
Narushima et al. (40). In brief, δ-T3 and γ-T3 diluted in
methanol, phosphatidylcholine dissolved in methanol,
taurocholate dissolved in 96% ethanol, and oleic acid diluted
in methanol were mixed, and then evaporated to dryness
under nitrogen gas. A transport buffer (4 mM KCl, 141 mM
NaCl, 1 mM MgSO4, 10 mM glucose, 10 mM HEPES, and
2.8 mM CaCl2 adjusted to pH 7.4) was then added to prepare
the medium for cellular uptake experiments. Final concen-
trations were: phosphatidylcholine 150 μM, taurocholate
300 μM, oleic acid 500 μM, and the required δ-T3 and γ-T3

Fig. 1. Structures of δ-tocotrienol (δ-T3) and γ-tocotrienol
(γ-T3)
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concentrations in each experiment. The micellar solution was
thoroughly vortexed and stirred at 37°C for 30 min.

Physical Characterization of SEDDS Formulation

Intensity-weighted mean particle size, population
distribution (Polydispersity Index, PI) which is a measure
of homogeneity and width of the size distribution, and
Zeta potential (ξ) of SEDDS were measured by photon
correlation spectroscopy (PCS) at 23°C and a fixed angle
of 90° using Nicomp™ 380 ZLS submicron particle size
analyzer (PSS Inc., Santa Barbara, CA). Before analysis,
SEDDS were reconstituted in transport buffer to obtain a
final tocotrienols concentrations of 1 mg/ml for δ-T3 and
0.1 mg/ml for γ-T3. When needed, samples for size
analysis were diluted further with 0.2 ml-filtered and
deionized water in order to minimize multiple-particle
scattering and to achieve an optimal scattering intensity of
300 KHz. The size was recorded for 3 min with viscosity
and dielectric constant of the medium set to 1.33 and 78.5,
respectively. The intensity-weighted mean diameter of the
particles was calculated based on Stokes–Einstein law by
curve fitting of the correlation function. The Zeta
potential of the SEDDS was measured using the same
instrument (Nicomp™380 ZLS) under zeta mode, and
Zeta potential was measured using the Helmholz–
Smoluchowsky equation. The stability of SEDDS formu-
lation was also observed by measuring the particle size
after 3 weeks of storage in refrigerated conditions (4–8°C)
to monitor any change in particle size over the period of
the experiment. Analyses were performed in triplicates
unless otherwise specified.

In Vivo Pharmacokinetic Studies

All animal experiments were performed under fed conditions.
For the intravenous (i.v.) administration study, 10 mg/kg of δ-T3
and 1 mg/kg of γ-T3 was emulsified as described previously with
the aid of Tween 80 and labrasol in sterilized water before
administration into the femoral vein of anesthetized rats by
intraperitoneal injection of 1.0 g/kg urethane (41). Blood samples
were withdrawn at 0, 0.084, 0.25, 0.5, 1, 2, 4, 6, 8, and 10 h. For oral
administration, 0.5, 2.5, and 25 mg/kg doses of δ-T3 prepared as
SEDDS or capsule were administered to the rats via oral gavage.
About 45 min following the oral administration, rats were
anesthetized with urethane and blood samples were collected at
1, 2, 3, 4, 6, 8, 10, and 12 h. The blood samples were withdrawn
from the femoral artery. The blood samples were collected in
heparinized Eppendorf tubes. The samples were then centrifuged
at 13,000 rpm for 10 min. The separated plasma was stored at
−20°C until analysis by HPLC. Four rats were used for the i.v.
experiment and three rats/dose for the oral experiment. Plasma
levels versus time profiles were plotted and fitted using a PK-Plus
module in Gastroplus™ (Simulation Plus Inc., Lancaster, CA).
Non-compartmental model was used to calculate the mean
residence time and the systemic clearance. The area under the
curve (AUC) was calculated by the trapezoidal rule method. The
i.v. data were found to best fit a two-compartmental model from
which the central compartment (Vc) and peripheral compartment
volume of distribution (V2) were calculated.

In Vitro Studies

Cell Culture

Caco2 cells were cultured in Dulbecco’s Modified Eagle
Medium supplemented with 20% fetal bovine serum (FBS) and
2.5% antibiotics (penicillin and streptomycin) in a humidified
incubator with 5% CO2 at 37°C. Cells were cultured on 75 cm2
flask at a density of 1×106 cells/flask and were then harvested at
90% confluence with trypsin–EDTA. Cells were seeded onto a
48-well plate at a density of 50,000 cells/well. When confluent,
uptake studies were performed as described below. All
experiments were conducted in triplicate.

Cell Uptake Studies for SEDDS, MM, and Capsule

The δ-T3 and γ-T3 loaded SEDDS, MM and capsule were
diluted in transport buffer to prepare different concentrations
ranging from 1 to 25 μM for δ-T3 and 0.1–2.5 μM for γ-T3. Two
hundredmicroliters from each concentration of SEDDS,MM, and
capsule were added and incubated for 45 min. At the end of the
experiment, cells were washed twice with ice-cold PBS and lysed
with 100 μl lysis buffer overnight at 4°C before analysis by HPLC.

NPC1L1 Inhibition Studies

To investigate the effect of formulation on the carrier-
mediated uptake of δ-T3 and γ-T3 by NPC1L1, inhibition studies
of NPC1L1 by ezetimibe (selective inhibitor of NPC1L1) were
performed (40,42,43). After washing the cells with warm PBS, cells
were pre-incubated with 50 μM ezetimibe for 30 min. Cells were
then treatedwith 1, 5, 10, 25 μMof δ-T3 and 0.1, 0.5, 1, 2.5 μMof γ-
T3 prepared as SEDDS or capsule with or without 50 μM
ezetimibe for 45 min. At the end of the experiment, cells were
washed twice with ice-cold PBS and lysed with 100 μl lysis buffer
for overnight at 4°C before analysis by HPLC.

Passive Uptake Studies

To measure the passive uptake of SEDDS formulation and
capsule, a cellular uptake experiment at 4°C was conducted.
Different concentrations of δ-T3 (1, 5, 10, 25 μM) and γ-T3 (0.1,
0.5, 1, 2.5 μM) loaded SEDDSor capsule were added to the cells at
4°C or 37°C for 45 min. After the treatment period, cells were
washed, lysed, and analyzed by HPLC.

Endocytosis Inhibition Studies

To study the contribution of endocytosis process to the
cellular uptake of δ-T3 and γ-T3 delivered as SEDDS or
capsules endocytosis inhibition studies were performed. Cells
were incubated with required concentrations of δ-T3 and γ-
T3 in presence and absence of chlorpromazine, a clathrin-
mediated endocytosis inhibitor (44). After washing with warm
PBS, cells were pre-incubated with 50 μM chlorpromazine for
30 min. Then, different concentrations of δ-T3 (1, 5, 10,
25 μM) and γ-T3 (0.1, 0.5, 1, 2.5 μM) loaded SEDDS or
capsule with or without 50 μM chlorpromazine were added to
the cells for 45 min. At the end of the experiment, cells were
washed, lysed, and analyzed by HPLC.
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Cellular Uptake Studies of MM with Cremophor EL,
Labrasol, or Captex

To investigate the effect of individual SEDDS excip-
ients on the cellular uptake of tocotrienols and their
possible contribution to the in vivo nonlinear kinetics
behavior of δ-T3 and γ-T3 the following experiments were
performed. Cells were treated with δ-T3 and γ-T3 pre-
pared as MM at different concentrations and exact amount
of cremophor EL (1.6%, w/v), labrasol (1.6%, w/v), or
captex (0.3%, w/v) for 45 min. Cremophor EL, labrasol, or
captex were added at concentrations comparable to those
in SEDDS. Then, the cells were washed with cold PBS and
lysed with 100 μl of lysis buffer for overnight at 4°C before
analysis by HPLC.

Concentration-Dependent Studies of Cremophor
EL and Labrasol

To 10 μM δ-T3 and 1 μM γ-T3 prepared as MM different
concentrations of cremophor EL and labrasol were added.
Cremophor EL at 0.1%, 0.5%, 0.75%, 1%, w/v or labrasol at
0.01%, 0.05%, 0.1%, 0.25%, w/v with MM containing δ-T3
and γ-T3 were incubated with the cells for 45 min. At the end
of the experiment, cells were washed twice with ice-cold PBS
and lysed with 100 μl lysis buffer overnight at 4°C before
analysis by HPLC.

HPLC Analysis of Plasma Samples and Cell Lysate

Quantification of δ-T3 and γ-T3 in the plasma samples and
cell lysate was fully validated and achieved by an isocratic
Prominence Shimadzu HPLC system (Columbia, MD) as
described previously (37,45). The system consisted of a SIL 20-
AHT autosampler, fluorescence detector (Shimadzu, RF10A
XL) and a LC-20AB pump connected to a Dgu-20A3 degasser.
Data acquisition was achieved by LC Solution software version
1.22 SP1. The chromatographic conditions were a XDB-C18
Column (5 μm, 150×4.6mm i.d.; Agilent, CA,USA), the mobile
phase consisted of methanol, ethanol, and acetonitrile
(85:7.5:7.5, v/v/v) delivered at a 1.0 ml/min flow rate. The δ-T3
andγ-T3 in plasma and cell lysate were detected by fluorescence
detection set at 298 nm excitation and 325 nm emission. The
total run time was 7 min with retention times of 4.0 and 4.8 min
for δ-T3 and γ-T3, respectively. The injection volume was 20 μl.
The extraction of δ-T3 and γ-T3 from the plasma was performed
as described previously (37). In brief, 50 μl plasma and 50 μl
ethanol containing 1% ascorbic acid and 1 μg/ml δ-tocopherol
(internal standard) were added in a glass tube and vortex mixed,
followed by the addition 1.0 ml hexane. The mixture was
vortexed for 90 s before centrifugation for 10 min at
5,000 rpm. Eight hundred microliters of the supernatant
were then transferred to another glass tube and evaporat-
ed to dryness by a centrifugal evaporator (Centrivap
concentrator, Kansas City, MO, USA) followed by recon-
stitution with 100 μl methanol before 20 μl injection onto
the HPLC column. For the extraction of δ-T3 and γ-T3
from the cell lysate, 1:1 precipitation with acetonitrile
followed by centrifugation at 13,000 rpm for 10 min was
performed before injection into the HPLC.

Data Analysis

GraphPad Prism, version 6.00 (GraphPad Software, San
Diego, CA, USA) was used to perform all statistical analysis.
The observed maximum concentration (Cmax) and the time of
peak (Tmax) were obtained directly from the individual
plasma concentration versus time profiles. The AUC was
calculated using the trapezoidal rule method. Vmax and KM

were determined from nonlinear regression of the concentra-
tion versus cellular uptake curves by GraphPad Prism. The
results were presented as mean±SD. P values<0.05 were
considered statistically significant.

RESULTS

Characterization of SEDDS Formulation

The mean droplet size, PI, and Zeta potential values of
dispersion generated by SEDDS formulation are 211±14 nm,
0.5±0.04, and −25±3, respectively (Supplementary Table SI). In
order to determine the stability of SEDDS formulation in the
solution, SEDDS formulation has been dispersed in transport
buffer and stored at 4°C for 3 weeks. After 3 weeks, the mean
droplet size, PI, and Zeta potential values were not significantly
different from the original values, and were 234±5 nm, 0.35±
0.02, and −28±3, respectively. Detailed characterization of the
SEDDS formulation has been published previously (39,46).

Intravenous Pharmacokinetic Studies

The mean plasma concentrations versus time profiles of
δ-T3 and γ-T3 following i.v. administration to rats are shown
in Supplementary Fig. S1, and the associated pharmacokinetic
parameters are presented in Table I. A two-compartment
model provided the best fit of the data for both compounds.
Both δ-T3 and γ-T3 exhibited bi-exponential pharmacokinet-
ics in plasma and the apparent terminal elimination phase was
well defined 3 h post-dose. The volumes of distribution of
both isoforms were significantly different where in the central
compartment (Vc) δ-T3 and γ-T3 values were 0.08±0.01 and
0.5±0.1 l/kg, respectively, while in the peripheral compart-
ment (V2) were 0.2±0.02 and 0.95±0.01 l/kg, respectively.
Such difference could be related to differences in their
bindings to α-tocopherol transfer protein (α-TTP). Available
studies indicated the affinity of δ-T3 to α-TTP is relatively

Table I. Pharmacokinetic Parameters of δ-T3 and γ-T3 Following i.v.
Administration of 10 mg/kg, and 1 mg/ml, Respectively (n04)

Pharmacokinetic parameter δ-T3 γ-T3

AUC, μg h/ml 29.3±2.4 5.7±0.6
MRT, h 1.1±0.3 1.1±0.1
Vc, l/kg 0.08±0.01 0.5±0.1
V2, l/kg 0.2±0.01 0.95±0.01
CL, l/h/kg 0.4±0.04 1.9±0.2
T1/2, h 3±0.3 2.3±0.1

Each value represents the mean±SD
MRT mean residence time, Vc central compartment volume of
distribution, V2 peripheral compartment volume of distribution, CL
systemic clearance
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higher than that of γ-T3 (47). The half-lives for δ-T3 and γ-T3
were 3.1±0.3 and 2.3±0.12 h, respectively, and their clear-
ances were 0.4±0.03 and 1.9±0.2 l/h/kg, respectively.
Differences in rate of metabolism were reported to be higher
for γ-T3 than δ-T3 which may explain γ-T3 greater clearance
compared to δ-T3 (48).

Oral Bioavailability Studies

The mean plasma concentrations versus time profiles
following oral administration of different doses of δ-T3 (0.5, 2.5,
25 mg/kg) and γ-T3 (0.05, 0.25, 2.5 mg/kg) as SEDDS or
commercially available capsules to fed rats are shown in
Supplementary Fig. S2. The oral pharmacokinetic parameters of
δ-T3 following administration of both formulations are listed in
Table II. Peak concentration (Cmax) and time of peak concentra-
tion (Tmax) were obtained directly from individual plasma
concentration–time profile of each rat. The area under the plasma
concentration–time curve from time zero to time t was calculated
and the absolute bioavailability for each dose of δ-T3 and γ-T3
from SEDDS and capsule was calculated using the following
equation:

F ¼ AUCoral AUCiv=ð Þ � Doseiv Doseoral=ð Þ½ �:
As illustrated in Table II, plasma concentration of δ-T3

at all doses are significantly higher for rats administered with
SEDDS formulation compared to capsules (P<0.05). The
Cmax values for 0.5, 2.5, 25 mg/kg doses of δ-T3 from SEDDSwere
192±7, 255±27, and 640±33 ng/ml, respectively, compared to 38±
4, 69±6, and 460±96 ng/ml, respectively, from capsule. In addition,
Table II lists corresponding AUC values from both formulations
at different doses. The AUC of 0.5, and 2.5 mg/kg of δ-T3 from
SEDDS were significantly higher compared to capsule (P<0.05),

whereas, the AUC of 25 mg/kg from SEDDS was higher
compared to capsule but was not significant (P>0.05).
Consequently, the bioavailability of δ-T3 was significantly higher
with 0.5 and 2.5 mg/kg doses administered with SEDDS, seven-
and threefolds, respectively, compared to the same doses from
capsule (Table II).

γ-T3 presents in both formulations in low amount (10% of
total tocotrienols) and was analyzed to investigate SEDDS
formulation on its bioavailability. The mean plasma concentra-
tions versus time profiles of γ-T3 following oral administration in
rats are shown in Supplementary Fig. S3, and the associated
pharmacokinetic parameters are presented in Table III. There
were no significant differences in Cmax and AUC values of 0.05
and 0.25 mg/kg from SEDDS and capsule. The low doses of γ-T3
showed higher bioavailability compared to 2.5 mg/kg dose from
SEDDS and capsules. However, the Cmax and AUC values of
2.5 mg/kg from SEDDS were significantly higher compared to
capsule (P<0.01). These findings demonstrated that δ-T3 and γ-
T3 incorporated into SEDDS have different behavior where
unlike γ-T3 at low doses δ-T3 bioavailability was significantly
enhanced compared to capsule. This was evident by comparing
theAUC values of both isoforms at 2.5 mg/kg. At this dose, while
a significant difference between SEDDS and capsule was
observed with δ-T3 and γ-T3, the effect of SEDDS formulation
on δ-T3 bioavailability was more obvious compared to γ-T3
(Tables II and III). Nevertheless, both isoforms delivered as
SEDDS or capsules demonstrated nonlinear kinetics.

In Vitro Studies

Cell Uptake Studies of SEDDS, MM, and Capsule

Different concentrations in the ranges 1–25 μM (0.4–
10 μg/ml) of δ-T3 and 0.1–2.5 μM (0.04–1 μg/ml) of γ-T3

Table II. Comparative Pharmacokinetic Parameters of δ-T3 Oral Absorption when Delivered as SEDDS or Capsule Following 0.5, 2.5, 25 mg/
kg Oral Administration to Rats (n03)

Parameter

SEDDS (mg/kg) Capsule (mg/kg)

0.5 2.5 25 0.5 2.5 25

AUC, ng h/ml 453±66*** 971±32*** 2234±335 71±18 362±81 1968±168
Bioavailability 31±5.1*** 13.3±0.6*** 3±0.1 4.8±1.2 4.9±0.9 2.7±0.2
Cmax, ng/ml 192±7*** 255±27*** 544±35 38±4 69±6 460±96
Tmax, h 2 2 2 2 2 2

Each value represents the mean±SD
***P<0.001; significantly enhanced levels of δ-T3 delivered in SEDDS formulation compared to capsule at 0.5 and 2.5 mg/kg doses

Table III. Comparative Pharmacokinetic Parameters of γ-T3 Oral Absorption when Delivered as SEDDS or Capsule Following 0.05, 0.25, 2.5
mg/kg Oral Administration to Rats (n03)

Parameter

SEDDS (mg/kg) Capsule (mg/kg)

0.05 0.25 2.5 0.05 0.25 2.5

AUC, ng h/ml 918±129 353±55 638±17** 763±122 350±38 453±42
Bioavailability 332±45 25±4 4.5±0.1** 267±43 24.5±2.7 3.2±0.3
Cmax, ng/ml 395±38 60±8 102±16** 282±19 47±3 71±14
Tmax, h 2 2 2 2 2 2

Each value represents the mean±SD
**P<0.01, significantly enhanced levels of γ-T3 delivered in SEDDS formulation compared to capsule at 2.5 mg/kg dose
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prepared as SEDDS, MM, or capsule were incubated with
Caco2 cells for 45 min based on findings from previous work

(49). MM were used as they represent the end product of
ingested oil in the intestinal lumen that is readily available for
absorption (1,49). As illustrated in Fig. 2, the cellular
uptake of δ-T3 and γ-T3 prepared as SEDDS were
significantly higher compared to the same concentrations
from MM or capsule (P<0.001). Vmax and KM for δ-T3
and γ-T3 uptake from SEDDS, MM, and capsule were
calculated and showed higher values with SEDDS com-
pared to other formulations. The Vmax value for δ-T3
from SEDDS was significantly higher with 141±6 ng/mg
protein/45 min compared to 58±3.6 and 37.6±2.9 ng/mg
protein/45 min from MM and capsule, respectively. The
KM values for δ-T3 from SEDDS, MM, or capsule were
26.6±2.5, 22.9±1.7, and 9.6±0.9 μM, respectively.
Similarly, the Vmax value for γ-T3 from SEDDS was
significantly higher with 10.9±2.1 ng/mg protein/45 com-
pared to 5.3±1.2 and 3.7±0.9 ng/mg protein/45 min from
MM and capsule, respectively. The KM values for γ-T3
from SEDDS, MM, or capsule were 2±0.3, 1.9±0.2, and
1.2±0.1 μM, respectively. These uptake results demon-
strated that incorporation of δ-T3 and γ-T3 into SEDDS
formulation significantly increased overall cellular uptake
at high and low concentrations.

NPC1L1 Inhibition Studies

In our previous work, concentration-dependent stud-
ies have been conducted with ezetimibe against γ-T3
cellular uptake and showed that 50 μM of ezetimibe has
maximum NPC1L1 inhibition effect (49). Based on this
finding, different concentrations ranges of δ-T3 (1–25 μM)
and γ-T3 (0.1–2.5 μM) prepared as SEDDS or capsule
with or without 50 μM of ezetimibe were tested and the
results are shown in Fig. 3. The cellular uptake of δ-T3
and γ-T3 from SEDDS or capsule were significantly
reduced in presence of ezetimibe (P<0.05). Although,
the uptake of both δ-T3 and γ-T3 from SEDDS is higher
than that from capsule, there was no difference in the
percent decrease (40–45%) in the uptake of δ-T3 and γ-
T3 from SEDDS or capsule. These results further confirm
the major role of NPC1L1 in the uptake of γ-T3 (37), and
to the uptake of δ-T3. In addition, this data demonstrate
the limited effect of SEDDS formulation in reducing
NPC1L1 interaction with tocotrienols.

Fig. 2. Cellular uptake (ng/mg protein/45 min) following incubation with various concentrations of a δ-T3
and b γ-T3 loaded SEDDS, MM, or capsule. Each value represents the mean±SD from three independent
experiments

Fig. 3. Cellular uptake (in nanogram per milligram protein) following
incubation with various concentrations of a δ-T3 and b γ-T3 loaded
SEDDS or capsule with or without 50 μM ezetimibe. Each value
represents the mean±SD from three independent experiments.
*Indicates significantly different cellular uptake of δ-T3 and γ-T3
from SEDDS with ezetimibe compared to its absence (P<0.05).
**Indicates significantly different cellular uptake of δ-T3 and γ-T3
from capsule with ezetimibe compared to its absence (P<0.01)
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Passive Uptake Studies

To investigate the passive uptake contribution to the total
cellular uptake, we conducted an uptake study at 4°C. Previous
studies showed that at 4°C active carrier mediated transport and
pinocytic/endocytic uptake of molecules are usually hindered
(50,51). Data obtained following cells treatment with SEDDS or
capsule loaded with different concentrations of δ-T3 (1–25 μM)
and γ-T3 (0.1–2.5 μM) at 37°C and 4°C are presented in Fig. 4.
At 4°C the cellular uptake of δ-T3 and γ-T3 loaded in SEDDS
were significantly lower than their cellular uptake at 37°C with
40–50% reduction (P<0.001). Although, the cellular uptake δ-
T3 and γ-T3 from SEDDSwere reduced significantly at 4°C, it is
still threefolds higher than the cellular uptake of capsule at 4°C
(P<0.01). The results revealed that SEDDS formulation
enhanced the passive uptake of δ-T3 and γ-T3.

Endocytosis Inhibition Studies

Results obtained from the endocytosis inhibition studies
using chlorpromazine are presented in Fig. 5. The cellular
uptake of δ-T3 and γ-T3 delivered as SEDDS or capsule were

reduced in cells treated with chlorpromazine compared with
those not treated (P<0.05). The endocytosis process counted for
20–25% of δ-T3 and γ-T3 cellular uptake. However, the cellular
uptake at 0.1 μM of γ-T3 was not significantly different in
presence and absence of chlorpromazine.

NPC1L1 Inhibition by SEDDS Excipients Cremophore
EL and Labrasol

To explain the nonlinear behavior of SEDDS formulation
observed in vivo, the uptake of δ-T3 and γ-T3 prepared as MM
alone or in the presence of cremophor EL, labrasol or captex,
the major components of SEDDS formulation, were examined.
The amount of cremophor EL, labrasol or captex added to the
MMwere exactly as those available in the SEDDS formulation.

As illustrated in Fig. 6a,b, the cellular uptake of δ-T3 and
γ-T3 examined at different concentrations was significantly
reduced in the presence of cremophor EL by 60–70% (P<
0.001). The same finding was observed with labrasol however

Fig. 4. Cellular uptake (in nanogram per milligram protein) following
incubation with various concentrations of a δ-T3 and b γ-T3 loaded
SEDDS or capsule at 37°C and 4°C. Each value represents the mean
±SD from three independent experiments

Fig. 5. The effect of endocytosis inhibition by 50 μM chlorpromazine on
the cellular uptake (in nanogram per milligram protein) of various
concentrations of a δ-T3 and b γ-T3 delivered as SEDDS or capsule.
Each value represents the mean ± SD from three independent experi-
ments. *Indicates significantly different cellular uptake of δ-T3 and γ-T3
from SEDDS with chlorpromazine compared to its absence (P<0.05).
**Indicates significantly different cellular uptake of δ-T3 and γ-T3 from
capsule with chlorpromazine compared to its absence (P<0.01)
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to a different extent compared to cremophore where labrasol
significantly decreased the cellular uptake of δ-T3 and γ-T3
by 70–85% (P<0.001) (Fig. 6c,d). Captex, on the other hand,
did not show any effect on the cellular uptake of either
isoform (data not shown).

To further investigate the effect of cremophor EL and
labrasol on the cellular uptake of δ-T3 and γ-T3, we
conducted concentration-dependent studies for both
cremophor EL and labrasol. Viability of the cells following
treatment with different concentrations of cremophor EL or
labrasol was confirmed by visual inspection under the
microscope. Treated cells looked healthy at all concentrations
except with labrasol at concentrations larger than 0.25%
(w/v) where cells de-attachment, a sign of toxicity, was
observed. Thus, labrasol at concentrations higher than
0.25% were not tested. Different concentrations of
cremophor EL (0.1–1.0%, w/v) with 10 μM δ-T3 and 1 μM
γ-T3 loaded MM have been tested and the results are shown
in Fig. 7a,b. As cremophor EL concentration increased, the
cellular uptake of both δ-T3 and γ-T3 significantly decreased
compared to the cellular uptake in absence of cremophor EL
by 50% up to 85% reduction with higher concentration (P<
0.001). Similarly, labrasol (0.01–0.25%, w/v) significantly
reduced the cellular uptake of δ-T3 and γ-T3 in concentration
dependent manner (30% to 75%) (Fig. 7c,d). These findings
suggested that the presence of cremophor EL or Labrasol
micelles significantly reduced the cellular uptake of δ-T3 and
γ-T3 at high and low concentrations of δ-T3 and γ-T3.

DISCUSSION

The main objective of the current study was to enhance the
in vivo bioavailability of both tocotrienol isoforms. To do so, δ-
T3 and γ-T3 were packaged in a SEDDS formulation, then
investigated for their in vivo performance at different doses and
were compared to a commercially available product known as
UNIQUE E®. Each soft gel capsule of this product contains
125 mg tocotrienols, 90% of which is δ-T3 and the remaining
10% is γ-T3. The SEDDS formulation showed significantly
higher oral bioavailability for δ-T3 at 0.5 and 2.5 mg/kg doses
but not at 25 mg/kg where no improvement was observed
compared to capsules. On the other hand, the bioavailability of
γ-T3 from SEDDS was similar to that from capsule at 0.05 and
0.25mg/kg and significantly higher at 2.5mg/kg than the capsule.
Collectively, these findings indicate that in the dose ranges
investigated the effect of SEDDS on the enhanced bioavailabil-
ity of δ-T3 is more pronounced than that for γ-T3. However, this
significant improvement in the absorption of δ-T3 from SEDDS,
and to a lesser extent for γ-T3, was found to display nonlinear
kinetics (Tables II and III). As the in vivo data from the oral
administration studies demonstrated that oral clearances of both
vitaminE isoforms (0.03–0.04 and 0.2–0.25 l/h/kg for δ-T3 and γ-
T3, respectively) and elimination half-lives (3.6–4.0 and 2.5–
3.0 h for δ-T3 and γ-T3, respectively) are constant as a function
of dose, we hypothesized that the nonlinear characteristics could
be explained by a saturable absorption process. Therefore, in
vitro studies were performed to test this hypothesis. It is well

Fig. 6. Cellular uptake (in nanogram per milligram protein) following incubation with various
concentrations of a δ-T3 and b γ-T3 loaded MM in presence and absence of cremophor EL. c δ-T3 and
d γ-T3 loaded MM in presence and absence of labrasol. Each value represents the mean±SD from three
independent experiments. *Indicates significantly different cellular uptake of δ-T3 and γ-T3 in presence
and absence of cremophor EL or labrasol (P<0.05)
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established that SEDDS formulations generate emulsions or
microemulsions following exposure to GI fluids (3,20). Some of
the intact emulsions can penetrate the unstirred water layer in
the intestinal lumen and easily reach the intestinal enterocyte
brush border (20), whereas the remaining emulsions undergoes
enzymatic size reduction and form MM in the presence of
endogenous surfactants (6,20). In vitro uptake studies were
conducted to compare the cellular uptake of SEDDS and
capsules to MM as the most readily available form for
intestinal absorption. Consistent with the in vivo data,
SEDDS formulation improved the in vitro cellular uptake
of δ-T3 and γ-T3 compared to MM and capsule formula-
tions (Fig. 2). The cellular uptake of δ-T3 loaded in
SEDDS at different concentrations was approximately
twofold higher than its cellular uptake from MM and
capsule at all concentrations tested. Additionally, the
cellular uptake of SEDDS loaded with low concentrations
of γ-T3 (0.1–2.5 μM) was significantly higher than its
cellular uptake from MM and capsule by twofold.
Collectively, in vitro and in vivo findings showed SEDDS
formulation was able to enhance δ-T3 (at all investigated
doses) and γ-T3 (at 2.5 mg/kg in vivo) cellular uptake and
bioavailability.

In a previous study, we have demonstrated the cellular
uptake of γ-T3 from MM occurs by several processes including
carrier-mediated process, endocytosis, and passive uptake (49).
In the current work, similar in vitro studies have been conducted
to first investigate mechanisms of δ-T3 and γ-T3 cellular uptake
from SEDDS and capsule formulations, second to explain their

improved absorption and cellular uptake from SEDDS formu-
lation compared to capsule, and third to explain the nonlinear
behavior observed in vivo. Similar toMM, the cellular uptake of
δ-T3 and γ-T3 loaded in SEDDS or capsules involved the active
processes NPC1L1, which plays amajor role, and endocytosis, in
addition to the passive process. At 4°C, the active transport
processes are essentially nonfunctional and only the passive
processes are active (49–51). The cellular uptake of δ-T3 and γ-
T3 at 4°C were significantly reduced when compared to the
cellular uptake at 37°C for both formulations (Fig. 4). However,
the passive uptake of SEDDS containing δ-T3 and γ-T3 were 3-
folds higher compared to capsule. To roll out the possibility of
increased viscosity as a cause for the reduced uptake of
tocotrienols from both formulations at 4°C, viscosity test studies
at 4 and 37°C using a TA 2000 advanced rheometer were
performed. The results indicated the viscosity of both formula-
tion at both temperatures were comparable to those of water
viscosity (∼1.6 and 0.7 m.Pa.s at 4 and 37°C, respectively). This
difference in viscosity between the two temperatures is minis-
cule and should not account for the significant difference in
uptake. HPLC analysis was also performed to confirm if
tocotrienols were chemically stable and retained within the
dispersion at both temperatures. Since tocotrienols are oily
molecules, the media was visually inspected with time and no
phase separation or change in turbidity was observed through-
out the study and during storage. Also, there was no change in
droplet size of the dispersion when stored at 4°C.

Collectively, the results suggested that SEDDS formulation
enhanced the intestinal absorption and cellular uptake through

Fig. 7. Cellular uptake (in nanogram per milligram protein) of a 10 μM δ-T3 and b 1 μM γ-T3 loaded MM
with different concentrations of cremophor EL. c 10 μM δ-T3 and d 1 μM γ-T3 loaded MM with different
concentrations of labrasol. Each value represents the mean±SD from three independent experiments.
*Indicates significantly different cellular uptake of δ-T3 and γ-T3 compared to control (P<0.05)
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passive permeability. A possible explanation for the increased
passive permeability is SEDDS excipients that can act to
modulate membrane fluidity and ability of the SEDDS formula-
tion to hide the drug molecules from being recognized by
transport systems (49). However, the second possibility was
excluded asNPC1L1 inhibition by ezetimibe reduced tocotrienols
cellular uptake from both formulations equally (Fig. 3).

The in vivo data of δ-T3 showed a nonlinear relationship
between the amount of administered dose and AUC when
delivered in SEDDS formulation, and to a lesser extent in
capsules (Table II). The in vivo results for 0.05 and 0.25 mg/kg
doses of γ-T3 demonstrated insignificant differences in AUC
values and oral bioavailability between SEDDS and capsule
formulations, which were reduced as a function of dose.
Interestingly, at 0.05 mg/kg dose of γ-T3 the AUC and oral
bioavailability were significantly high, >100%, in both formula-
tions and decreased sharply as a function of dose (Table III).
While the reason for such observation is not clear, previous
studies have reported similar findings (52,53). Such complete
absorption of γ-T3 at this very low dose demonstrates rather the
unneeded delivery system to enhance its bioavailability.

Endocytosis process is involved in the uptake of SEDDS
formulation and similar colloidal systems. Clathrin-mediated
endocytosis is a subdivision of endocytosis pathways which is
mediated by small clathrin-coated vesicles that help in
internalization of molecules into cells (54). Clathrin-mediated
endocytosis is able to uptake the microspheres molecules with
size ranging from 100 to 200 nm (55). Inhibition studies using
chlorpromazine, a clathrin-mediated endocytosis inhibitor
(44), significantly reduced δ-T3 and γ-T3 cellular uptake by
20–25%, in both formulations (Fig. 5). This result is consistent
with our previous work where chlorpromazine reduced the
cellular uptake of γ-T3, delivered as MM, by 20–25% (49).

While enhancedpassive process by SEDDS increased the oral
bioavailability and the endocytosis process was same for both
formulations, the role of NPC1L1 in explaining the nonlinear in
vivo behavior of both isoforms was not clearly evident based on
results obtained from the ezetimibe inhibition studies. Thus, other
possibilities were explored. SEDDS excipients such as cremophor
EL and labrasol are important components of the formulation to
allow entrapment and retention of δ-T3 and γ-T3 in the micellar
structure. Available studies have shown cremophor RH40
(polyoxyl 40 hydrogenated castor oil) at high concentrations
reduced the cellular uptake of vitamin A (56). Also, cremophor
El has been reported to reduce intestinal absorption of paclitaxel
by entrapment within micelles in the GI (57). It has been
established that cremophor EL and labrasol interact with P-
glycoprotein (P-gp) efflux transporter, and reduce its activity (58–
61). Furthermore, available studies revealed that surfactant
micelles, such as lipid polymer emulsions (LPE™) inhibit
intestinal P-gp efflux with the exception of alpha-
tocopheryl PEG 1000 succinate (TPGS) where P-gp was
found to be inhibited by monomeric and not micellar
TPGS (62). Thus, as δ-T3 and γ-T3 are substrates for the carrier
mediated transport protein NPC1L1, the possibility of cremophor
EL and labrasol to interact with NPC1L1 was investigated. In
SEDDS formulation, cremophor EL and labrasol were used as the
primary surfactant and co-surfactant, respectively. Upon dilution in
transport media, SEDDS were found to spontaneously disperse
into∼200nmdroplets. Furthermore, because SEDDSwere loaded
with 35%of tocotrienols, it was essential to use high concentrations

of surfactants to stabilize the emulsions upon dilution.When taking
drug load into account, the actual concentration of cremophor EL
and labrasol in the SEDDSwould be∼53%.The selection of these
ingredients was based on our extensive formulation development
and optimization studies published previously (39,46).

Following oral administration and upon GI enzymatic
degradation, incorporated cremophor EL and labrasol form
micelles, which possibly inhibit and/or compete with tocotrienols
for their uptake by NPC1L1. Thus, to test this possibility, further
studies were performed with increasing concentrations of
cremophor EL and labrasol. While the critical micelle concentra-
tions (CMC) of both molecules in vivo or in cell culture media are
not known, the reported CMC value of cremophor EL or labrasol
in aqueous solutions is approximately 0.01%w/v (63,64). Thus, all
investigated cremophor EL and labrasol concentrations were
above the CMC of these surfactants. Cells were treated with a
mixture of δ-T3 and γ-T3, prepared as MM at different
concentrations, and cremophore EL or labrasol. Tocotrienols
concentration in this study were increased while keeping their
ratios to added cremophor EL or labrasol constant in order to
mimic SEDDS treatment. Cremophor EL and labrasol signifi-
cantly reduced the cellular uptake of δ-T3 and γ-T3 at all
investigated concentrations (Fig. 6). Concentration-dependent
studies for cremophor EL and labrasol while keeping tocotrienols
concentrations constant have further confirmed the above results
(Fig. 7). These results strongly suggest that in the lumen, micelles
forms of cremophor EL and labrasol upon SEDDS digestion
inhibit NPC1L1-mediated absorption of tocotrienols across the
intestinal membrane, reducing their cellular uptake and in vivo
oral bioavailability, consequently leading to nonlinear absorption
kinetic behavior of δ-T3 and γ-T3.

CONCLUSION

In summary, the results of this study demonstrated that
SEDDS formulation successfully enhanced the oral bioavailability
of δ-T3 andγ-T3. However, this enhancement was not linear as the
oral bioavailability decreased as a function of dose. Our findings
point toward the high concentration of the surfactants cremophor
ELand labrasol released fromSEDDS formulation upon digestion
in the lumen, which inhibit NPC1L1-mediated absorption of
tocotrienols thus inversely affect the SEDDS formulation in vivo
performance. Thus, the amount of surfactants needs to be taken
into consideration when developing SEDDS formulations to
maximize the bioavailability of lipophilic drugs.
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