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ABSTRACT: Polymethoxyflavones (PMFs) belong to a subgroup of flavonoids that particularly exist in the peels of citrus fruits.
Despite their many health-beneficial biofunctionalities, the lipophilic nature of PMFs limits their water solubility and oral
bioavailability. To investigate the effect of the delivery system on the improvement of PMF bioavailibility, a lecithin-based
emulsion was formulated for the delivery of two PMF compounds, tangeretin and 5-demethyltangeretin. While the emulsion
system improved the digestion kinetics and the total solubilized PMF concentrations in in vitro lipolysis studies, the
concentration of 5-demethyltangeretin decreased due to chemical transformation to its permethoxylated counterpart, tangeretin.
The emulsifier lecithin used in this emulsion formulation contained a choline headgroup as a labile methyl group donor. The
presence of a methyl donor potentially caused the transformation of 5-demethyltangeretin and reduced its anti-cancer-cell-
proliferation activities. Moreover, this is the first report in the literature of the transformation from 5-demethyltangeretin to
tangeretin in a lecithin-based emulsion during lipolysis, and the mechanism underlying this phenomenon has also been proposed
for the first time.

KEYWORDS: tangeretin, 5-demethyltangeretin, lecithin-based emulsion, lipolysis, transformation, labile methyl donor,
in vitro anti-cancer-cell-proliferation activity

■ INTRODUCTION

The benefits of consuming fruits and vegetables beyond the
basic nutritional requirements were not recognized until recent
decades. Due to advancement in research technologies,
scientists can now distinguish tens of thousands of natural
compounds that possess health-promoting biofunctionalities.
These compounds may potentially serve as advantageous
alternatives to synthetic drugs in disease prevention and even
treatment at an appropriate dosage. The bioactive phytochem-
icals vary dramatically owing to differences in the species,
growth locations and conditions, and segments of the plants,
etc. Polymethoxyflavones (PMFs) are an emerging category of
phytochemicals which are mainly extracted from the peels of
citrus fruits. By definition, PMFs are compounds that have two
or more methoxy groups attached to the 15-carbon benzo-γ-
pyrone skeleton structure with a carbonyl group on the C4
position. PMFs, such as nobiletin, tangeretin, sinensetin, and
3,5,6,7,8,3′,4′-heptamethoxyflavone, are well documented to
possess anti-inflammatory,1 antiatherogenic,1 and anticarcino-
genic2,3 activity and selective antiproliferative activity to cancer
over normal cells.4−6 In addition to permethoxylated PMFs,
another group of PMFs, which include single or multiple
hydroxy groups on various positions of the C6−C3−C6
flavonoid skeleton, have also been isolated from an aged extract
of citrus peel and proved to exhibit stronger efficacies than their
permethoxylated counterparts.7−12

Due to the multiple substitutions of methoxy groups on the
skeleton backbone, PMFs and hydroxylated PMFs (OH-
PMFs), similar to many other lipophilic bioactives, have poor
aqueous solubility and, consequently, low bioavailability when
ingested orally. To augment the oral dose efficiency, many

people have relied on the strategy which assumes that
improving a compound’s aqueous solubility will enhance its
bioavailability and bioefficacy. Among many approaches aiming
to increase solubility, emulsion encapsulation is one of the
convenient and versatile methods which have often been
employed by many investigators. Recently, emulsions of
different sizes (from >100 nm to <1 μm) and forms, such as
solid lipid nanoparticles, self-emulsifying delivery systems, and
surface-modified particles, etc., have been acknowledged to
significantly improve bioavailability13−25 and bioefficacy26,27 in
both in vitro and in vivo models.
Being granted the status of generally recognized as safe

(GRAS) by the U.S. Food and Drug Administration (USFDA),
biocompatible lecithin, or phosphotidylcholine (PC), is a
common emulsifier to use when developing emulsion systems
for oral delivery. The structure of lecithin includes a nonpolar
tail of two long-chain fatty acids and a polar head with a
zwitterion phosphate−choline group. Having choline as part of
the structure, PC is recognized as an effective dietary
supplement for satisfying the body daily choline requirement
(∼550 mg/day). Choline is a precursor molecule for an
important neurotransmitter compound and serves as an active
labile methyl (−CH3) donor during methyl metabolism. It has
been well investigated that the increased consumption of PC
will boost the concentration of choline and labile methyl groups
as a consequence in biological systems. In the present study, an
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emulsion system using PC as the emulsifier has been
developed. Two key PMFs, tangeretin (5,6,7,8,4′-pentamethox-
yflavone) and 5-demethyltangeretin (5-hydroxy-6,7,8,4′-tetra-
methoxyflavone), were incorporated in emulsion-based delivery
systems of identical compositions. An emulsion system
containing either tangeretin or 5-demethyltangeretin was
subjected to in vitro bioaccessibility and bioactivity evaluation.
In the assessment of bioaccessibility using the in vitro lipolysis
model, transformation of 5-demethyltangeretin to its perme-
thoxylated counterpart was observed and confirmed by high-
performance liquid chromatography (HPLC). To the best of
our knowledge, this phenomenon has not been reported in
previous literature and the mechanism underlying the trans-
formation has not yet been elucidated.

■ MATERIALS AND METHODS
Materials. Tangeretin of 98% purity was purchased from Quality

Phytochimical LLC (Edison, NJ). 5-Demethyltangeretin (5-hydrox-
ytangeretin) with a purity of >98% was synthesized in our laboratory
using a previously published method.1 PC75 rapeseed lecithin
containing 75% phosphatidylcholine was a gift from the American
Lecithin Co. (Oxford, CT). Neobee 1053 medium-chain triacylglycer-
ol (MCT) was a gift from Stepan Co. (Northfield, IL). Pancreatin with
8× USP specification and Tris maleate were obtained from Sigma-
Aldrich (St. Louis, MO). Sodium taurodeoxycholate (NaTDC) was
purchased from CalBiochem (La Jolla, CA). HPLC-grade acetonitrile
(ACN) and water were purchased from J.T. Baker (Phillipsburg, NJ).
Sterile-filtered, cell-culture-compatible dimethyl sulfoxide (Sigma-
Aldrich) was used as the HPLC sample solvent. Minimum essential
medium (MEM) was purchased from HyClone Laboratories, Inc.
(Logan, UT). Fetal bovine serum (FBS) was obtained from Atlanta
Biologicals (Lawrenceville, GA). Penicillin and streptomycin were
purchased from Invitrogen (Carlsbad, CA). Other chemicals were of
reagent grade and used without further purification. Milli-Q water was
used throughout the experiment.
Preparation of PMF Emulsions and MCT Suspensions.

Tangeretin and 5-hydroxytangeretin emulsions were prepared using
the method described in our recent paper.28 Briefly, the oil phase
containing MCT, lecithin, and either tangeretin or 5-hydroxytanger-
etin was prepared separately from the aqueous phase. The emulsion oil
phase was maintained at 130 °C until all materials were completely
dissolved. The temperature of the resulting oil phases was then
reduced to 70 °C before the aqueous phase (double-deionized water,
70 °C) was added under magnetic stirring to form a crude emulsion,
which was then subjected to high-speed homogenization (ULTRA-
TURRAX T-25 basic, IKA Works Inc., Willmington, NC) to reduce
the sample viscosity before processing using a high-pressure
homogenizer (EmulsiFlex-C3, AVESTIN Inc., Ottawa, Canada). The
components of the PMF emulsion system are MCT, lecithin, PMFs
(tangeretin or 5-demethyltangeretin), and double-deionized water in
concentrations of 50.4%, 1.5%, 2.1%, and 46%, respectively.
The MCT suspension was prepared by adding 0.05 g of either

tangeretin or 5-hydroxytangeretin into 1 g of MCT. The PMF−MCT
suspension was subjected to ultrasonication for 2 min to break up large
clumps of precipitated compound. The suspension samples were
vortexed for 5 min before the lipolysis study.
In vitro Lipolysis of PMFs in Emulsion or MCT Suspension.

To better mimic the digestion activity in the human small intestine, an
in vitro lipolysis study was carried out using the method described in
our previously published paper 25 with minor modification. In short, a
fed-state lipolysis buffer was prepared with Tris maleate, NaCl, CaCl2·
H2O, NaTDC, and phosphatidylcholine in concentrations of 50, 150,
5, 20, and 5 mM, respectively. Pancreatin was freshly prepared for each
lipolysis study by mixing 1 g of pancreatin powder with 5 mL of
lipolysis buffer, centrifuging this mixture at 2000 rpm, and storing the
mixture on ice. To begin the lipolysis study, equivalent amounts of the
lipid samples (0.25 g of MCT suspension; 0.5 g of emulsion sample)
and 1 mL of prepared pancreatin solution were added to 9 mL of

lipolysis buffer. During the 2 h lipolysis study, the temperature was
kept at 37 ± 1 °C and the pH was maintained at 7.50 ± 0.02 by 0.25 N
NaOH titration. The volume of NaOH added at each time point was
recorded, and the total amount consumed was calculated for data
analysis. Upon completion of the 2 h lipolysis study, the whole
lipolysis solutions were subjected to ultracentrifugation (type 60 Ti
rotor, Beckman Coulter, Brea, CA) for 1 h at 50 000 rpm. After
ultracentrifugation, the top layer is the undigested oil and the bottom
layer contains precipitated compounds, which cannot be absorbed by
the intestinal lining. Therefore, only the middle layer of supernatant
was collected and stored at −80 °C for later HPLC analysis because it
represented the compounds that could be incorporated into micelle
cores of bile salts, which were the major forms for potential intestinal
absorption. For HPLC analysis, 200 μL of lipolysis supernatant sample
was filtered through a 0.22 μm filter and mixed well with 400 μL of
DMSO.

Bioaccessibility (%) Calculation. The concentration of PMFs
(tangeretin or 5-demethyltangeretin) solubilized in the supernatant
after the lipolysis study was determined using HPLC. The aqueous
lipolysis supernatant simulated the small intestinal lumen where PMFs
solubilized in this portion were most likely bioaccessible to intestinal
cells. The bioaccessibility (%) of PMFs was calculated according to
previously published literature25 using the following equation:

=

×

bioaccessibility (%)
total mass of solubilized PMFs

total mass of PMFs in original lipid sample

100 (1)

The mass of solubilized PMFs was calculated using the concentration
of PMFs per volume of supernatant (g/mL) multiplied by the total
volume of the lipolysis aqueous phase. The mass of PMFs in the
original lipid sample was calculated from the concentration of PMFs in
the MCT suspension or emulsion and mass of lipid added.

Determination of the Extent of Lipolysis. The extent of
lipolysis, defined as the percentage of triglycerides digested by lipase,
can be calculated using the amount of NaOH consumed during a set
period of time. To better compare the digestion kinetics of MCT
(unformulated) and the emulsion, the extent of lipolysis was
determined at the 30 min time point since both the MCT suspension
and emulsion sample were 100% digested at the end of the 2 h
lipolysis experiment. The calculation of the extent of lipolysis assumed
that two molecules of fatty acid were released from digestion of one
triglyceride unit while two molecules of NaOH were consumed. Since
the lecithin molecule from the emulsion formulation also contributed
to the total amount of triglyceride present, the calculation of NaOH
consumption for the emulsion sample included both compositional
MCT (0.27 g) and lecithin (0.0075 g). The extent of lipolysis was
calculated using the following equation in reference to a previously
published paper:25

= ×
×

×extent of lipolysis
volume of NaOH concn of NaOH

2 moles of triglyceride
100

(2)

The volume of NaOH was obtained from calculation of the total
NaOH volume added during lipolysis and corrected by subtracting the
NaOH volume added to blank lipolysis (no lipid added). The
concentration of NaOH was 0.25 N in this experiment. The number of
moles of triglyceride was estimated from the average molecular weight
of triglyceride with the following equation using the saponification
value (SV) of MCT and/or lecithin:

= × ×
MW of triglyceride

3 1000 MW of KOH
SV (3)

The molecular weight of KOH can be found in the literature as 56.1 g/
mol. The saponification values used for MCT and lecithin are 334 and
190, respectively.

HPLC Analysis. The UltiMate 3000 HPLC system (Dionex,
Sunnyvale, CA) consisted of a quaternary solvent delivery system, an
autosampler, and a variable-wavelength detector connected to
Supelco’s RP-Amide column, 15 cm × 64.6 mm i.d., 3 μm (Bellefonte,
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PA). The detection of PMFs was carried out using gradient elution
with of a mobile phase of water (solvent A) and ACN (solvent B). The
optimized condition was modified from tha in previous literature.29

The total of 22 min of elution gradient started from 40% B, linearly
increased to 55% B in 10 min, linearly increased to 70% at 15 min,
linearly increased to 80% at 20 min, and then finally linearly decreased
back to 40% at 21 min, the last step lasting for 1 min until the end of
analysis. The flow rate during HPLC analysis was kept constant at 1.0
mL/min, the injection volume was 30 μL, and the detection
wavelength was 320 nm.
Cell Culture. Human hepatic cancer cell line HepG2 (HB-8065,

American Type Culture Collection, Manassas, VA) was cultured and
maintained in MEM supplemented with 10% fetal bovine serum, 100
units/mL penicillin, and 100 μg/mL streptomycin. The incubation
condition for cell culture was 95% relative humidity and 5% CO2 at 37
°C.
In Vitro Anti-Cancer-Cell-Proliferation Activity.Methylthiazole

tetrazolium bromide (MTT) assay was used to evaluate the in vitro
anti-cancer-cell-proliferation activity of PMF emulsions in comparison
with DMSO-dissolved pure compounds. In the beginning of the test,
HepG2 cells were seeded in a flat-bottom 96-well plate with a cell
density of 1 × 104 cells/well and then incubated for 24 h.
Subsequently, the seeded cells were treated with serum complete
media containing various concentrations of PMFs (tangeretin or 5-
demethyltangeretin) in either emulsion or DMSO. A negative control
(untreated) and blank emulsion vehicle were also cultured along with
PMF-treated cells, which were used as a reference for evaluation of in
vitro anti-cancer-cell-proliferation activity. After 24 h of incubation, the
cell culture medium was replaced by 100 μL of MTT solution (0.5
mg/mL in RPMI 1640 medium). After incubation for 2 h at 37 °C, the
MTT solution was carefully aspired, and 100 μL of DMSO was added
to each well to dissolve the purple formazan crystals. The DMSO-
added plates were stored in the dark for 10 min and then subjected to
light absorbance evaluation at 560 nm using an absorbance microplate
reader (Molecular Devices, Sunnyvale, CA). The relative viabilities of
cancer cells were calculated relative to the untreated control value.
Statistical Analysis. All experiments and analyses were performed

in triplicate. The results are expressed as means ± SDs. Using
Sigmaplot 10.0 software, Student’s t test was performed to examine the
mean difference between two groups, where p < 0.01 (indicated with a
single asterisk in the figures) and p < 0.001 (indicated with two
asterisks) were considered statistically significant.

■ RESULTS AND DISCUSSION

Effect of the Emulsion on the Digestion Kinetics. The
therapeutic dosages of many health-beneficial bioactives are
difficult to reach as a result of low aqueous solubility. It has
been stated in many reports that the oral bioavailabilities of
lipophilic compounds could be greatly increased when the
compounds are consumed with lipids.30−34 Therefore, wide
varieties of lipid-based delivery systems have gained popularity
among researchers to boost the bioavailable concentrations and
to improve the bioefficacies of such compounds. To efficiently
determine the most suitable lipid-based option for each specific
bioactive candidate, many choose to conduct in vitro screening
of potential vehicle formulations before proceeding to in vivo
animal studies, which are more costly and time-consuming.
Hence, there is a need for simplified in vitro screening that
results in the emergence of an in vitro lipolysis model. The
dynamic in vitro lipolysis model offers a good mockup of the in
vivo lipid digestion process and achieves good in vitro−in vivo
correlation (IVIVC) when predicting compound bioavailabil-
ity.31,35−37

In the present study, PMFs (tangeretin or 5-demethyltanger-
etin) were integrated into a lecithin-emulsified system. The
change of digestion kinetics in an emulsion system was
compared with that in the crude MCT oil, which is also the

base oil for the emulsion lipid dispersion core. As a result of
lipid digestion, the pH of the lipolysis sample was lowered and
required constant titration using NaOH to maintain the
solution’s environment at pH 7.5, at which the enzyme
exhibited the best activity. On the basis of the assumption that
digestion of one triglyceride unit will consume two molecules
of NaOH, the digestion process can be monitored by recording
the time and volume of NaOH deposited to the lipolysis
solution. Namely, the faster the lipid digestion proceeded, the
more frequently NaOH was added. The majority of the lipid
digestion in the emulsion sample occurred within the first 5
min of the lipolysis study, while a similar degree of lipid
digestion in the unformulated MCT lipid sample was reached
only after 60 min (Figure 1A). The reason for the faster

digestion rate observed in the emulsion sample was due to the
larger surface area at the lipid−water interface for contact of
lipases that are only soluble in an aqueous environment. Since
this lipolysis study intends to account for the amount of time
required for 100% lipid digestion, the extents of lipolysis for
emulsion and unformulated oil samples were compared at the
30 min time point. The extent of lipolysis, defined as the
percentage of lipid digested, exhibited a great difference
between the emulsion (>100%) and crude MCT (64.5%)
samples (Figure 1B). Since digested lipids are constantly
adapted into mixed micelles during lipolysis, any nearby
lipophilic compounds may as well be incorporated into the
micelle available for intestinal absorption. Since intestinal
activity is a dynamic process of digestion, absorption, and
excretion, lipophilic compounds will have a longer intestinal
retention time and, thus, a higher chance to be absorbed if they
are rapidly incorporated into the mixed micelles and become
soluble in the intestinal lumen.

Effect of the Emulsion on the Total PMF Bioaccessi-
bility. Oral bioavailability is the integration of the compound
being bioaccessible to intestinal absorption, the amount that is
actually transported across the intestinal lining, and the
concentration that remains unchanged by the system’s
metabolism. Accordingly, increasing bioaccessibility will con-
tribute to the overall enhancement of bioavailability. To be
bioaccessible for intestinal uptake, bioactive compounds must
be solubilized in the intestinal lumen, which is the medium for
active and passive transport. Apart from compounds that
naturally have good solubility in the aqueous intestinal lumen,

Figure 1. In vitro lipolysis digestion kinetic curve of the blank
emulsion (▽) and blank MCT oil (●). Inset: extent of lipolysis at 30
min for the blank emulsion and blank MCT oil. The emulsion
preparation is described in section 2.2.
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lipophilic compounds become aqueous soluble and bioacces-
sible after inclusion into mixed micelles. During the in vitro
lipolysis study, the lipid is simultaneously digested to form
mixed micelles, which imitates the component of the intestinal
lumen where the lipophilic compound may be corporately
absorbed. The percentage of PMFs from the original emulsion
or MCT suspension that becomes bioaccessible was
determined after in vitro lipolysis digestion. As total PMFs is
defined as the sum of all PMF compounds present in the
lipolysis solution, the total PMF bioaccessibility (%) improved
for both tangeretin and 5-demethyltangeretin emulsions
compared to MCT suspensions (Figure 2). In comparison to
the MCT suspension, the tangeretin emulsion increased the
total PMF bioaccessibility from 23.0% to 30.7% and the
amount of total solubilized PMF from 1.75 ± 0.39 to 2.27 ±
0.20 mg (Table 1). As 5-demethyltangeretin possesses a
significant amount of lipophilic structure, the aqueous solubility
of this compound is naturally very low and can be improved
only slightly by an emulsion delivery vehicle. The bioaccessi-
bility of total PMFs in 5-demethyltangeretin samples increased
from 0.6% in the MCT suspension to approximately 0.9% in
the emulsion, while the total PMF amount rose from (4.74 ±
0.35) × 10−2 to (10.30 ± 0.12) × 10−2 mg (Table 1). The
result from the bioaccessibility (%) evaluation was consistent
with that previously reported, i.e., that faster lipid digestion
kinetics will result in higher bioaccessibility of lipophilic
compounds.16,26

Effect of the Lecithin-Based Emulsion on 5-Deme-
thyltangeretin Transformations. HPLC standard curves for
PMF compounds were prepared using intact tangeretin or 5-
demethyltangeretin compounds with average elution times of
10.7 ± 0.1 and 15.3 ± 0.1 min, respectively. Both PMF

compounds were of >98% purity (Figure S1A,B, Supporting
Information) when intact compounds were sampled by the
HPLC system. Furthermore, the undigested emulsion-pro-
cessed samples were also examined by the HPLC system, and
no changes in compound purity or composition were found.
However, changes in the PMF composition were observed in
samples that contained 5-demethyltangeretin after lipolysis
digestion, while the PMFs present in lipolysis solutions after the
digestion of tangeretin samples were exclusively tangeretin
(Figure S1C,D, Supporting Information). The transformation
of 5-demethyltangeretin into its permethoxylated counterpart
(Figure S1E,F, Supporting Information) was unprecedented
and has not been reported in any previous literature. To further
confirm the presence of tangeretin in lipolysis-digested 5-
demethyltangeretin samples, a total of six replicates were
conducted with both 5-demethyltangeretin emulsions and
MCT suspensions on two separate sample batches to avoid
any inter- or intrasample variation. Moreover, the digested 5-
demethyltangeretin solutions were also subjected to LC−MS
analysis, and the chemical structures of both tangeretin and 5-
demethyltangeretin were confirmed by comparison with
standard compounds.
As discussed above, the total PMF bioaccessibilities were

convincingly augmented by incorporation into an emulsion-
based delivery system. However, when breaking down the
compositional compounds of PMF present in 5-demethyltan-
geretin lipolysis samples, the amount of 5-demethyltangeretin
essentially decreased from (4.38 ± 0.36) × 10−2 mg in MCT
suspension samples to (4.52 ± 0.86) × 10−2 mg in emulsion
samples (Table 1). Namely, the percentage of 5-demethyltan-
geretin in total suspended PMFs decreased from 93.0% to
40.6% when digested in the form of emulsions (Figure 3). Since

Figure 2. (A) Bioaccessibilities (%) of total PMFs in the MCT oil suspension and emulsion system containing tangeretin or 5-demethyltangeretin.
(B) Enlarged picture of total PMFs in the 5-demethyltangeretin MCT suspension and emulsion. Total PMFs is defined as the sum of tangeretin and
5-demethyltangeretin present in the digested lipolysis solutions. The emulsion preparation is described in section 2.2.

Table 1. Solubilized Tangeretin and 5-Demethyltangeretin Concentrations in Digested Lipolysis Solutions

sample digested tangeretin (mg/mL) 5-demethyltangeretin (mg/mL) total PMFs (mg/mL) av NaOH consumption (mL)

tangeretin MCT suspension 1.75 ± 0.39 1.75 ± 0.39 4.67 ± 0.10
tangeretin emulsion 2.27 ± 0.20 2.27 ± 0.20 5.57 ± 0.10
5-demethyltangeretin MCT suspension (3.60 ± 0.33) × 10−3 (4.38 ± 0.34) × 10−2 (4.74 ± 0.35) × 10−2 4.62 ± 0.41
5-demethyltangeretin emulsion (5.80 ± 0.39) × 10−2 (4.52 ± 0.86) × 10−2 (10.30 ± 1.24) × 10−2 5.52 ± 0.21
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the presence of tangeretin in undigested 5-demethyltangeretin
MCT suspensions and emulsion samples was not observed, the
appearance of tangeretin in digested samples could be
conclusively attributed to transformation during the digestion
processes. Since the mechanism underlying the transformation
is not yet known, one proposed mechanism of such a
transformation was suggested as in Figure 4. As the process

of lipolysis is executed in a basic environment (pH 7.5), the
constant shock of a free hydroxyl group (OH−) from the
NaOH titration caused the dehydrogenation of the phenolic
group on the 5-demethyltangeretin. The negative charge on the
resulting oxygen (O−) at the 5-position then quickly attacked
the labile methyl groups (−CH3

+) provided by the choline head
of lecithin.
Lecithin, phophatidylcholine, is naturally present in various

places within the biological system, such as the digestive track,
cell membrane, organs, etc. Due to the inclusion of a choline
headgroup as part of its structure, lecithin is commonly
regarded as a good dietary source of choline. Choline, as a
structural labile methyl donor, is critical for cellular signaling,
normal neurofunctions, hormone secretion, protein synthesis,

and DNA methylations.38−45 Therefore, lecithin, as a simple
derivative of choline, is a potential reservoir of labile groups.
When lecithin is digested as part of an emulsion system, the
release of a labile methyl group causes interaction with any
compounds that could hypothetically be a methyl group
receiver. In the lipolysis experiment, the concentration of labile
methyl groups was much higher in samples containing the
lecithin-based emulsion than those containing the MCT oil
suspension. While tangeretin was not affected by the presence
of labile methyl groups, the phenolic group of 5-demethyltan-
geretin was much more reactive to methylation under a basic
environment as proposed in the mechanism. The difference in
tangeretin, in terms of the percentage of total PMFs, present in
the digested 5-demethyltangeretin solutions was significantly (p
< 0.001) different between MCT suspensions and emulsions.
Since the chemical reaction is dependent on the reactant
concentration, a higher concentration of labile methyl groups in
the lipolysis solution may cause methyl substitution and
proceed at a faster reaction rate. The transformation of 5-
demethyltangeretin to tangeretin was also confirmed by a Caco-
2 colon carcinoma cell line transport study, which showed a
significantly increased tangeretin content in the HPLC
chromatogram after 20 min of permeation of 5-demethyltan-
geretin across the Caco-2 monolayer to the receiver chamber,
as shown in Figure S2, Supporting Information.
According to the findings of the lipolysis experiment, one can

conclude that the emulsion-based delivery system is an effective
means to enhance digestion kinetics, overall PMF bioaccessi-
bility, and, thus, bioavailability. Still, the selection of composi-
tional material may need special consideration to account for
possible interaction with the target compound. In our lipolysis
experiment, the lecithin-based emulsion system was effective for
augmenting the solubilized tangeretin concentration compared
to the MCT suspension. However, the sample emulsion
formulation did not work well when 5-demethyltangeretin was
incorporated. Due to potential compound interaction with
labile methyl groups, transformation of 5-demethyltangeretin
was observed and resulted in the reduction of solubilized 5-
demethyltangeretin in the final lipolysis solution.

Figure 3. Percentage of tangeretin and 5-demethyltangeretin relative to the total PMFs presented in lipolysis-digested 5-demethyltangeretin MCT
suspensions and emulsions (*, p < 0.01; **, p < 0.001).

Figure 4. Proposed mechanism by which 5-demethyltangeretin was
transformed to tangeretin during in vitro lipolysis study.
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Effect of 5-Demethyltangeretin Transformation on
the in Vitro Anti-Cancer-Cell-Proliferation Activity.
Although the chemical structures of tangeretin and 5-
demethyltangeretin differ only in the substituted functional
group at the 5-position, their physical properties and
bioactivities deviate significantly. Whereas tangeretin was
proven to inhibit cancer cell proliferation from G0/G1 cell
cycle arrest,46 5-demethyltangeretin was found to exhibit higher
potency in anti-cancer-cell-proliferation activity through G2/M
arrest while inducing cell apoptosis.10 To investigate the effect
of the emulsion formulation on the in vitro anti-cancer-cell-
proliferation activities of the two PMF compounds, HepG2
cells were treated with serum complete medium containing
PMFs (tangeretin or 5-demethyltangeretin) dissolved in
DMSO or dispersed as an emulsion. The potency of the anti-
cancer-cell-proliferation activity was evaluated on the basis of
the relative cell viability of each treated cell to that of the
untreated control. The result from the MTT study was
consistent with previously reported literature that DMSO-
dissolved tangeretin exhibits lower anti-cancer-cell-proliferation
potency than 5-demethyltangeretin at all concentrations.
However, the emulsion delivery system utilized in this study
showed significant improvement (p < 0.001) of the tangeretin
activities, with the largest difference of 26.7% at 25 μM (Table
2). With the impressive improvement seen in the case of

tangeretin, the emulsion delivery system did not produce
similar results when combined with 5-demethyltangeretin. The
5-demethyltangeretin emulsion treated cell groups exhibited a
statistically significant higher cell viability than groups treated
with DMSO-dissolved 5-demethyltangeretin (Table 2). The
lower bioactivity of 5-demethyltangeretin emulsion treated
groups may be explained by the findings from the lipolysis
study. As discussed in previous sections, the excessive
transformation of 5-demethyltangeretin to tangeretin in the
presence of a labile methyl donor (lecithin in this case) may be
the major reason that the average bioefficacy of the emulsion
group was lowered since tangeretin has a lower anti-cancer-cell-
proliferation potency than 5-demethyltangeretin. Even though
the mechanism underlying the transformation and effects on
bioactivities has not yet been confirmed, the finding of such
transformation allows us to realize that the effectiveness of a
bioactive compound on the inhibition of cancer cell growth
may be changed when other biological compounds present.
In summary, a lipid-based delivery system is regarded as an

efficient solution to enhance the bioavailability of lipophilic
compounds. In fact, many investigators have formulated their
delivery vehicle on the basis of the hypothesis that improved

solubility will simultaneously increase the absorption of such
compounds. The hypothesis that an emulsion is indeed very
effective to increase the concentrations of encapsulated
compounds in system circulation has been proven valid in
many pharmacokinetic studies. However, according to our
results, development of an emulsion delivery vehicle may fail if
interactions between formulation materials and the target
compound are undesirable. In our study, we examined the
effectiveness of lecithin-based emulsions to enhance the
digestion kinetics, bioaccessibilities, and bioactivities of two
PMF compounds, tangeretin and 5-demethyltangeretin.
Emulsions promoted faster lipid digestion kinetics, which
result in a higher total solubilized PMF concentration.
However, due to the presence of labile methyl donors (choline
from lecithin), 5-demethyltangeretin was transformed into its
permethoxylated counterpart, tangeretin, thus lowering the
solubilized 5-demethyltangeretin concentrations. The anti-
cancer-cell-proliferation activities examined using MTT assay
again address the decrease in compound bioactivities when
affected by labile methyl donors. As a result, the potential
interaction between compositional materials and the target
compound may be worthy of careful consideration. The finding
from our investigation may serve as a reference for future
development of delivery vehicles for many other compounds
that may sustain similar chemical properties. Since lecithin is a
naturally occurring compound in the digestion track, the in vivo
transformation of 5-demethyltangeretin or other potential
methyl receivers may also occur and requires further
investigation. The consequent result from such transformations
in a biological system may serve as a link to elucidate the
mechanism that underlies important anticancer efficacy of such
compounds.

■ ASSOCIATED CONTENT
*S Supporting Information
Figure S1 showing the HPLC chromatograms of the (A) intact
tangeretin standard, (B) intact 5-demethyltangeretin standard,
(C) lipolysis-digested tangeretin MCT suspension sample, (D)
lipolysis-digested tangeretin emulsion sample, (E) lipolysis-
digested 5-demethyltangeretin MCT suspension sample, and
(F) lipolysis-digested 5-demethyltangeretin emulsion sample
and Figure S2 showing the HPLC analysis of the Caco-2 colon
carcinoma cell line transport study. This material is available
free of charge via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Phone: 848-932-5514. Fax: 732-932-6776. E-mail: qhuang@
aesop.rutgers.edu.
Funding
This work was support by the Department of Agriculture
National Research Initiative (Grant 2009-35603-05071) and in
part by Advanced Orthomolecular Research, Inc. (AOR).
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Li, S. M.; Pan, M. H.; Lo, C. Y.; Tan, D.; Wang, Y.; Shahidi, F.;
Ho, C. T. Chemistry and health effects of polymethoxyflavones and
hydroxylated polymethoxyflavones. J. Funct. Foods 2009, 1, 2−12.
(2) Kawaii, S.; Tomono, Y.; Katase, E.; Ogawa, K.; Yano, M. Effect of
citrus flavonoids on HL-60 cell differentiation. Anticancer Res. 1999,
19, 1261−1269.

Table 2. In Vitro Anticancer Activities of PMFs on the
HepG2 Cell Line Expressed as Relative Cell Viabilities and
IC50

a

tangeretin 5-demethyltangeretin

concn
(μM)

DMSO
viability (%)

emulsion
viability (%)

DMSO
viability (%)

emulsion
viability (%)

1.56 88.9 ± 15.0 87.2 ± 5.6 65.7 ± 17.5 85.6 ± 14.2
3.125 91.2 ± 11.7 87.1 ± 11.6 48.4 ± 7.8 69.6 ± 21.1
6.25 88.9 ± 9.8 81.0 ± 5.3 47.1 ± 6.7 60.2 ± 21.6b

12.5 85.9 ± 7.2 70.1 ± 7.4b 48.2 ± 5.4 55.4 ± 17.5b

25 78.6 ± 12.0 51.9 ± 11.8b 48.8 ± 8.4 51.5 ± 13.4c

aData are presented as the mean ± standard deviation. n = 6 in each of
three separate replications. bp < 0.001 cp < 0.01.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf400562p | J. Agric. Food Chem. 2013, 61, 8090−80978095



(3) Kohno, H.; Yoshitani, S.; Tsukio, Y.; Murakami, A.; Koshimizu,
K.; Yano, M.; Tokuda, H.; Nishino, H.; Ohigashi, H.; Tanaka, T.
Dietary administration of citrus nobiletin inhibits azoxymethane-
induced colonic aberrant crypt foci in rats. Life Sci. 2001, 69, 901−913.
(4) Reddel, R. R.; Ke, Y.; Gerwin, B. I.; Mcmenamin, M. G.; Lechner,
J. F.; Su, R. T.; Brash, D. E.; Park, J. B.; Rhim, J. S.; Harris, C. C.
Transformation of human bronchial epithelial-cells by infection with
SV40 or adenovirus-12 SV40 hybrid virus, or transfection via
strontium phosphate coprecipitation with a plasmid containing SV40
early region genes. Cancer Res. 1988, 48, 1904−1909.
(5) Stoner, G. D.; Kaighn, M. E.; Reddel, R. R.; Resau, J. H.;
Bowman, D.; Naito, Z.; Matsukura, N.; You, M.; Galati, A. J.; Harris,
C. C. Establishment and characterization of SV40 T-antigen
immortalized human esophageal epithelial cells. Cancer Res. 1991,
51, 365−71.
(6) Kawaii, S.; Tomono, Y.; Katase, E.; Ogawa, K.; Yano, M.
Antiproliferative activity of flavonoids on several cancer cell lines.
Biosci., Biotechnol., Biochem. 1999, 63, 896−899.
(7) Lai, H. C.; Wu, M. J.; Chen, P. Y.; Sheu, T. T.; Chiu, S. P.; Lin,
M. H.; Ho, C. T.; Yen, J. H. Neurotrophic effect of citrus 5-hydroxy-
3,6,7,8,3′,4′-hexamethoxyflavone: promotion of neurite outgrowth via
cAMP/PKA/CREB pathway in PC12 cells. PLoS One 2011, 6, e28280.
(8) Li, S. M.; Pan, M. H.; Lai, C. S.; Lo, C. Y.; Dushenkov, S.; Ho, C.
T. Isolation and syntheses of polymethoxyflavones and hydroxylated
polymethoxyflavones as inhibitors of HL-60 cell lines. Bioorg. Med.
Chem. 2007, 15, 3381−3389.
(9) Pan, M. H.; Lai, Y. S.; Lai, C. S.; Wang, Y. J.; Li, S. M.; Lo, C. Y.;
Dushenkov, S.; Ho, C. T. 5-hydroxy-3,6,7,8,3 ′,4 ′-hexamethoxyflavone
induces apoptosis through reactive oxygen species production, growth
arrest and DNA damage-inducible gene 153 expression, and caspase
activation in human leukemia cells. J. Agric. Food Chem. 2007, 55,
5081−5091.
(10) Qiu, P. J.; Dong, P.; Guan, H. S.; Li, S. M.; Ho, C. T.; Pan, M.
H.; McClements, D. J.; Xiao, H. Inhibitory effects of 5-hydroxy
polymethoxyflavones on colon cancer cells. Mol. Nutr. Food Res. 2010,
54, S244−S252.
(11) Sergeev, I. N.; Li, S. M.; Colby, J.; Ho, C. T.; Dushenkov, S.
Polymethoxylated flavones induce Ca2+-mediated apoptosis in breast
cancer cells. Life Sci. 2006, 80, 245−253.
(12) Xiao, H.; Yang, C. S.; Li, S.; Jin, H.; Ho, C. T.; Patel, T.
Monodemethylated polymethoxyflavones from sweet orange (Citrus
sinensis) peel inhibit growth of human lung cancer cells by apoptosis.
Mol. Nutr. Food Res. 2009, 53, 398−406.
(13) Chopraa, S.; Kohlia, K.; Aroraa, S.; Khara, R. K. In-situ nano-
emulsification technique for enhancing oral bioavailability of curcumin
and thereby evaluating its anticancer efficacy on human lung adeno-
carcinoma epithelial cell line. J. Pharm. Res. 2011, 4, 4087−4093.
(14) Gui, S. Y.; Wu, L.; Peng, D. Y.; Liu, Q. Y.; Yin, B. P.; Shen, J. Z.
Preparation and evaluation of a microemulsion for oral delivery of
berberine. Pharmazie 2008, 63, 516−519.
(15) Kuo, C. L.; Chi, C. W.; Liu, T. Y. The anti-inflammatory
potential of berberine in vitro and in vivo. Cancer Lett. 2004, 203,
127−137.
(16) Li, Y.; Zheng, J.; Xiao, H.; McClements, D. J. Nanoemulsion-
based delivery systems for poorly water-soluble bioactive compounds:
Influence of formulation parameters on polymethoxyflavone crystal-
lization. Food Hydrocolloids 2012, 27, 517−528.
(17) Lin, W.; Hong, J.-L.; Shen, G.; Wu, R. T.; Wang, Y.; Huang, M.-
T.; Newmark, H. L.; Huang, Q.; Khor, T. O.; Heimbach, T.; Kong, A.-
N. Pharmacokinetics of dietary cancer chemopreventive compound
dibenzoylmethane in rats and the impact of nanoemulsion and genetic
knockout of Nrf2 on its disposition. Biopharm. Drug Dispos. 2011, 32,
65−75.
(18) Shao, B.; Tang, J.; Ji, H.; Liu, H.; Liu, Y.; Zhu, D.; Wu, L.
Enhanced oral bioavailability of Wurenchun (Fructus Schisandrae
Chinensis extracts) by self-emulsifying drug delivery systems. Drug
Dev. Ind. Pharm. 2010, 36, 1356−1363.

(19) Tang, J.-l.; Sun, J.; He, Z.-G. Self-emulsifying drug delivery
systems: strategy for improving oral delivery of poorly soluble drugs.
Curr. Drug Ther. 2007, 2, 85−93.
(20) Wu, W.; Wang, Y.; Que, L. Enhanced bioavailability of silymarin
by self-microemulsifying drug delivery system. Eur. J. Pharm. Biopharm.
2006, 63, 288−294.
(21) Yang, S.; Zhu, J.; Lu, Y.; Liang, B.; Yang, C. Body distribution of
camptothecin solid lipid nanoparticles after oral administration. Pharm.
Res. 1999, 16, 751−757.
(22) You, J.; Cui, F.-d.; Li, Q.-p.; Han, X.; Yu, Y.-w.; Yang, M.-s. A
novel formulation design about water-insoluble oily drug: preparation
of zedoary turmeric oil microspheres with self-emulsifying ability and
evaluation in rabbits. Int. J. Pharm. 2005, 288, 315−323.
(23) Yu, H.; Huang, Q. Improving the oral bioavailability of curcumin
using novel organogel-based nanoemulsions. J. Agric. Food Chem.
2012, 60, 5373−5379.
(24) Zhang, P.; Liu, Y.; Feng, N.; Xu, J. Preparation and evaluation of
self-microemulsifying drug delivery system of oridonin. Int. J. Pharm.
2008, 355, 269−276.
(25) Yu, H. L.; Shi, K.; Liu, D.; Huang, Q. R. Development of a food-
grade organogel with high bioaccessibility and loading of curcumi-
noids. Food Chem. 2012, 131, 48−54.
(26) McClements, D. J.; Xiao, H. Potential biological fate of ingested
nanoemulsions: influence of particle characteristics. Food Funct. 2012,
3, 202−220.
(27) Wang, X. Y.; Jiang, Y.; Wang, Y. W.; Huang, M. T.; Ho, C. T.;
Huang, Q. R. Enhancing anti-inflammation activity of curcumin
through O/W nanoemulsions. Food Chem. 2008, 108, 419−424.
(28) Ting, Y. W.; Xia, Q. Y.; Li, S. M.; Ho, C. T.; Huang, Q. R.
Design of high-loading and high-stability viscoelastic emulsions for
polymethoxyflavones. Food Res. Int. 2013, DOI: 10.1016/j.foo-
dres.2013.07.047, in press.
(29) Wang, Z.; Li, S.; Ferguson, S.; Goodnow, R.; Ho, C. T.
Validated reversed phase LC method for quantitative analysis of
polymethoxyflavones in citrus peel extracts. J. Sep. Sci. 2008, 31, 30−7.
(30) Charman, W. N. Lipids, lipophilic drugs, and oral drug
deliverysome emerging concepts. J. Pharm. Sci. 2000, 89, 967−978.
(31) Dahan, A.; Hoffman, A. Rationalizing the selection of oral lipid
based drug delivery systems by an in vitro dynamic lipolysis model for
improved oral bioavailability of poorly water soluble drugs. J.
Controlled Release 2008, 129, 1−10.
(32) Humberstone, A. J.; Charman, W. N. Lipid-based vehicles for
the oral delivery of poorly water soluble drugs. Adv. Drug Delivery Rev.
1997, 25, 103−128.
(33) Porter, C. J.; Trevaskis, N. L.; Charman, W. N. Lipids and lipid-
based formulations: optimizing the oral delivery of lipophilic drugs.
Nat. Rev. Drug Discovery 2007, 6, 231−48.
(34) Trevaskis, N. L.; Charman, W. N.; Porter, C. J. H. Lipid-based
delivery systems and intestinal lymphatic drug transport: a mechanistic
update. Adv. Drug Delivery Rev. 2008, 60, 702−716.
(35) Nienstedt, W.; Ojanotko, A.; Toivonen, H. Metabolism of
progesterone, 17-hydroxyprogesterone and deoxycorticosterone by
human small intestine in vitro. J. Steroid Biochem. 1980, 13, 1417−20.
(36) Dahan, A.; Hoffman, A. Use of a dynamic in vitro lipolysis
model to rationalize oral formulation development for poor water
soluble drugs: correlation with in vivo data and the relationship to
intra-enterocyte processes in rats. Pharm. Res. 2006, 23, 2165−2174.
(37) Cuine, J. F.; Charman, W. N.; Pouton, C. W.; Edwards, G. A.;
Porter, C. J. Increasing the proportional content of surfactant
(Cremophor EL) relative to lipid in self-emulsifying lipid-based
formulations of danazol reduces oral bioavailability in beagle dogs.
Pharm. Res. 2007, 24, 748−57.
(38) Marchan, R.; Lesjak, M. S.; Stewart, J. D.; Winter, R.; Seeliger, J.;
Hengstler, J. G. Choline-releasing glycerophosphodiesterase EDI3
links the tumor metabolome to signaling network activities. Cell Cycle
2012, 11, 4499−4506.
(39) Michel, V.; Bakovic, M. Editorial: choline and brain function.
Cent. Nerv. Syst. Agents Med. Chem. 2012, 12, 69.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf400562p | J. Agric. Food Chem. 2013, 61, 8090−80978096



(40) Niculescu, M. D.; Craciunescu, C. N.; Zeisel, S. H. Dietary
choline deficiency alters global and gene-specific DNA methylation in
the developing hippocampus of mouse fetal brains. FASEB J. 2006, 20,
43−9.
(41) Nie, K.; Zhang, Y.; Huang, B.; Wang, L.; Zhao, J.; Huang, Z.;
Gan, R. Marked N-acetylaspartate and choline metabolite changes in
Parkinson’s disease patients with mild cognitive impairment.
Parkinsonism Relat. Disord. 2013, 19, 329−34.
(42) Rajaie, S.; Esmaillzadeh, A. Dietary choline and betaine intakes
and risk of cardiovascular diseases: review of epidemiological evidence.
ARYA Atheroscler. 2011, 7, 78−86.
(43) Wu, G.; Zhang, L.; Li, T.; Zuniga, A.; Lopaschuk, G.; Li, L.;
Jacobs, R. L.; Vance, D. E. Choline supplementation promotes hepatic
insulin resistance in phosphatidylethanolamine N-methyltransferase-
deficient mice via increased glucagon action. J. Biol. Chem. 2013, 288,
837−47.
(44) Zeisel, S. H. Nutritional importance of choline for brain
development. J. Am. Coll. Nutr. 2004, 23, 621S−626S.
(45) Zeisel, S. H. A brief history of choline. Ann. Nutr. Metab. 2012,
61, 254−8.
(46) Pan, M.-H.; Chen, W.-J.; Lin-Shiau, S.-Y.; Ho, C.-T.; Lin, J.-K.
Tangeretin induces cell-cycle G1 arrest through inhibiting cyclin-
dependent kinases 2 and 4 activities as well as elevating Cdk inhibitors
p21 and p27 in human colorectal carcinoma cells. Carcinogenesis 2002,
23, 1677−1684.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf400562p | J. Agric. Food Chem. 2013, 61, 8090−80978097


