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ABSTRACT: Molecular dynamics simulations were used to study the interactions of three theaflavin compounds with lipid bilayers.
Experimental studies have linked theaflavins to beneficial health effects, some of which are related to interactions with the cell
membrane. The molecular interaction of theaflavins with membranes was explored by simulating the interactions of three theaflavin
molecules (theaflavin, theaflavin-3-gallate, and theaflavin-3,3’-digallate) with a mixed bilayer composed of 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC) and 1-palmitoyl-2-oleoyl phosphatidylethanolamine (POPE). The simulations show that the
theaflavins evaluated have an affinity for the lipid bilayer surface via hydrogen bonding. The molecular structure of theaflavins
influenced their configuration when binding to the bilayer surface, as well as their ability to form hydrogen bonds with the lipid
headgroups. The theaflavin—bilayer interactions studied here help to define structure—function relationships of the theaflavins and
provide a better understanding of the role of theaflavins in biological processes. The significance of the results are discussed in the

context of black tea composition and bioactivity.
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B INTRODUCTION

Tea leaves produce organic compounds that may be involved
in the defense of plants against invading pathogens including
insects, bacteria, fungi, and viruses.”? These metabolites include
polyphenolic compounds, the so-called catechins in green teas.
Postharvest inactivation of phenol oxidases in green tea leaves
prevents oxidation of the catechins, whereas postharvest enzyme-
catalyzed oxidation (fermentation) of catechins in tea leaves
results in the formation of four theaflavins as well as polymeric
thearubigins.” These substances impart the black color to black
teas. Black and partly fermented oolong teas contain both
classes of phenolic compounds. Teas from different sources
differ widely in their content of flavonoids (polyphenolic
catechins plus theaflavins).

Interest in theaflavins arises from the fact that they are
reported to exhibit numerous health-related beneficial effects.®
These include antiallergic,6 antibacterial,” " anticancer,'*”
holesterol,'® antidiabetic,"* antifungal,15 mti—inﬂa:nmatory,s’16 anti-
toxin,” antiulcer,'” antiviral,' lipid-lowering," and neuroprotective *°
effects.

One mechanism by which both green tea catechins and black
tea theaflavins operate at the cellular—molecular level involves
interaction with components of cell membranes. This leads to
the prevention of binding of bioactive molecules such as enzymes
to receptor sites and/or disruption of cell membranes resulting in
the leakage of cell components followed by cell death.

In previous studies, we found that tea catechins have a strong
affinity for the lipid bilayer of cell membranes via hydrogen bond-
ing to the bilayer surface, with some catechins able to penetrate
underneath the surface.”"** We suggested that large differences
in the biological activities of structurally different catechins may
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to be due to differences in relative affinities to lipid and glycoprotein
layers of cell membranes. The results indicated that hydrogen
bonding of phenolic hydroxyl groups of catechins to lipid bilayers
of cell membranes may govern the mechanism of antimicrobial,
anticancer, and other beneficial effects of catechins.

The objective of this study was to characterize the behavior of
three of the four known theaflavins depicted in Figure 1, thea-
flavin (TF), theaflavin-3-gallate (TF3G), and theaflavin-3,3'-digal-
late (TF3,3'G), as they make contact with a mixed POPC/POPE
bilayer. The results are interpreted in terms of the influence of the
theaflavins’ structure on affinity for the bilayer, the theaflavin
configurations on the bilayer surface, hydrogen bonding char-
acteristics, molecular transport, and relationships of structure to
bioactivity and to theaflavin content of black teas. To our knowl-
edge, this is the first report on molecular modeling of affinities of
theaflavins to cell membranes.

B MATERIALS AND METHODS

Molecular dynamics simulations were performed for TF, TF3G, and
TF3,3'G interacting with a mixed POPC/POPE lipid bilayer. All-atom
molecular structures were created for the theaflavins, lipid headgroups,
and water using PRODRG> and GROMACS software. The lipid
hydrocarbon tails were treated with a united-atom CH model. Intramo-
lecular interactions and nonbonded interactions for the lipids (Lennard-
Jones and Coulombic potentials) were obtained from a previous study.**
Short-range van der Waals and electrostatic interactions were cut off at
1.0 nm, and the particle mesh Ewald (PME) method was used to correct
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Figure 1. (a) Identification of the ring structures and functional groups in the theaflavins. Hydroxyl groups (OH1—OH1S) and ring labels (A—H) for
theaflavins are color coded. (b) Chemical structure of the lipid headgroup and corresponding oxygen atom numbering assignment. R, is CH; and H for
PC and PE lipids, respectively. R, and R; are the oleic and palmitic acid tails, respectively.

for long-range electrostatic interactions.”>>® The single point charge

(SPC) model>” was used for water and the OPLS forcefield for all
theaflavin compounds.”®

The molecular dynamics simulations were performed using the leapfrog
integration scheme with a time step of 2 fs. The linear constraint solver
(LINCS) algorithm®® was applied to constrain all bonds in the lipids and
catechins. The SETTLE algorithm®® was applied for water molecules. All
simulations were performed in the NPT ensemble using the Berendsen
weak coupling technique and anisotropic pressure scaling®" with peri-
odic boundary conditions applied in all directions. The GROMACS
4.0.1 software package in single precision®*>* was used for all simula-
tions running in parallel on Virginia Tech’s System X.

As in our earlier study, we consider model cell membranes represen-
tative of a HepG2 liver cell. The HepG2 cell membrane is approximately
75% phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
lipid headgroups, with six other lipids making up the other 25%.%° The
largest concentrations of fatty acids are saturated C16 (50%) and mono-
unsaturated C18 (35%).%¢ As an approximation, we considered lipid
bilayers composed of a 1:1 mixture of 1-palmitoyl-2-oleoyl-phosphati-
dylcholine (POPC) and I-palmitoyl-2-oleoyl- phosphatidylethanola-
mine (POPE).

The lipid bilayers were built by placing the lipids on a grid to form a
monolayer, then transposing another monolayer to form a bilayer
structure. The POPC/POPE bilayers contained 144 lipids per leaflet.
A total of 11,520 water molecules (40 water/lipid) were packed around
the lipid bilayer to create a fully hydrated bilayer system. The system was
initially heated to 450 K for 10 ns, then cooled and equilibrated at 310 K
for 50 ns.

All simulations were performed at 310 K and 100 kPa, corresponding
to a liquid-crystalline state for the POPC/POPE bilayer.”* The stability
of the equilibrated bilayer was confirmed from the area per lipid
(0.57 nm®) and lipid tail order parameters. These were in agreement
with previously reported values for 1:1 mixed POPC/POPE bilayers.*”
Properties of pure and mixed POPC/POPE lipid bilayers can be found
elsewhere.”*?”

The equilibrated bilayer was exposed to a solution containing a single
TF, TF3G, or TF3,3'G molecule (see Figure 1 for labeling of the atoms
and rings). Each of the theaflavin molecules were initially positioned in
the center of the aqueous phase. Unconstrained molecular dynamics
simulations were then performed for 50 ns on the systems of theaflavins,
lipids, and water. To obtain a larger sample of theaflavin dynamics, five
instances of each theaflavin—bilayer system were studied, for a total of 15
simulations of 50 ns each. Each theaflavin was inserted onto a plane

corresponding to the center of the water phase. The initial conditions
(the position on the plane and thermal velocities) were unique for
each run.

B RESULTS AND DISCUSSION

The lipid bilayer is likely to be the first point of contact for tea
polyphenols as they interact with the cell, yet little detailed
information is known about their dynamics near bilayer surfaces.
Previously, we examined the binding characteristics of tea catechins
with lipid membranes using molecular dynamics simulation.*"**
Structural differences among the catechins were seen to greatly
affect the nature of their interaction with the membrane surface
and potentially influence the catechins’ bioactivity. Theaflavin
interactions with the cell membrane have not been characterized;
thus, we were motivated to carry out the molecular dynamics
simulations reported here. Structural differences among thea-
flavins, particularly the presence of one or more gallate moieties,
could impact the affinity of theaflavins for the lipid bilayer due to
effects of molecular size and additional hydrogen bonds formed
on the gallate moieties. Understanding the influence of these
structural differences is important since the biological activities of
theaflavins may be related to the affinity for the bilayer or
transport across the bilayer surface.

The molecular configuration and dynamics of the theaflavins
were examined in each simulation. Figure 2 shows examples of
the center-of-mass (COM) molecular trajectories for TF, TF3G,
and TF3,3'G molecules. The trajectories show theaflavins bind-
ing to lipid headgroups near the bilayer surface. As shown in
Figure 2, the theaflavins are initially inserted in the middle of the
aqueous phase and quickly diffuse to interact with the bilayer. For
the purposes of this study, a theaflavin—bilayer interaction is
defined as the presence of at least one hydrogen bond between a
theaflavin hydroxyl donor and a lipid oxygen acceptor. Trajec-
tories of the remaining theaflavins (not shown) also have pre-
dominantly interfacial interactions with the lipid headgroups over
50 ns of simulation.

As shown by the COM trajectories in Figure 2, the theaflavins
had many opportunities to bind with the bilayer throughout the
simulation and interactions often started at about 5 ns. Sustained
interactions with the bilayer surface lasting more than 25 ns were
observed in the complete set of COM trajectories (not shown
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Figure 2. Sample COM trajectories for (a) TF, (b) TF3G, and (c)
TF3,3'G. The solid parallel lines represent the average position of the
phosphorus atoms in the lipid headgroups, position zero corresponds to
the middle of the aqueous phase, and regions above and below the solid
lines correspond to the lipid bilayer. Because of periodic boundary
conditions, the theaflavins can interact with either bilayer surface. Note:
parts of the theaflavins can be relatively far from the COM depending on
the molecular orientation.

Table 1. Total Time (ns) Each Theaflavin Bound with the
Bilayer Surface over the Simulation”

molecule A B C D E

TF 32.7 32.5 44.7 13.9 16.0
TF3G 33.7 35.1 20.8 34.7 19.4
TF3,3'G 31.2 47.5 40.8 43.3 30.4

“ The total time is found by summing each time interval that an H-bond
is formed with the bilayer. Symbols A—E represent the five simulations
for each theaflavin.

here) for three of the TF trajectories, two of the TF3G trajectories,
and all five of the TF3,3'G trajectories. The total time that
individual theaflavins interacted with the bilayer surface is shown
in Table 1. TF and TF3G molecules had similar interaction times
(average of 28.0 and 28.7 ns, respectively), but TF3,3'G mol-
ecules interacted for longer times (average of 38.6 ns).

The ability of the theaflavins to remain bound to the bilayer is
likely linked to their configuration on the bilayer surface and may
be an important factor for their bioactivity. The theaflavins’ position
and orientation on the bilayer was inferred from the trajectories
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Figure 3. Trajectory of the hydroxyl oxygen for a simulation of (a) TF,
(b) TF3G, and (c) TF3,3'G. Each hydroxyl oxygen is color-coded to
correspond to a molecular plane on the theaflavin. The key is shown in
Figure 1.

of theaflavin hydroxyl oxygen atoms. A sample set of trajectories
for the hydroxyl oxygen of TF, TF3G, and TF3,3'G is shown in
Figure 3; these correspond to the COM trajectories shown in
Figure 2. The hydroxyl oxygens are color-coded to correspond to
a molecular plane on the theaflavin molecules (see Figure 1 for
the key).

The trajectories of the hydroxyl oxygens indicate that the
theaflavins can vary their orientation on the bilayer surface or remain
in a relatively unchanging configuration. Patterns emerged regarding
the positions of the molecular rings. TF often interacted with the
bilayer on two molecular planes, with the C/D ring often one of
the two in contact. In the five TF simulations, the amount of time
TF spent on the bilayer varied from about 14 to 45 ns (of SO ns
possible). Figure 3a shows the trajectory of a TF molecule that
interacted with the bilayer repeatedly, but did not remain bound
to the surface for more than S ns before releasing into the
aqueous phase. This contrasts with the two sample trajectories of
TF3G and TF3,3'G shown in Figure 3b and c, respectively. In
these trajectories, both molecules were bound for most of the
simulation and maintained a near-constant configuration during
long interactions. In the five TF3G simulations, the gallate
moiety of TF3G remained in the aqueous phase during the
two longest bilayer interactions (Figure 3b shows the longest
TF3G interaction). TF3,3'G demonstrated a tendency for the
C/D ring to be farthest from the bilayer surface during four of the
five trajectories (e.g., Figure 3c). TF3,3'G molecules remained in

3782 dx.doi.org/10.1021/jf2006547 |J. Agric. Food Chem. 2011, 59, 3780-3787



Journal of Agricultural and Food Chemistry

£

£

@

]

1]

=

e

(o]

o

2]

v

=

=

o

£

oz

g033— o

90]6 - [ -] (6] (o] 9 0 a8

b3

O o

|

2 om-m o o

i)
010 o) ) O
09 I —, L]
07 I O

I , . |

0 10 20 30 40
Time (ns)

50

Coordinate (nm)

H-bonds

o O
=

Lipid Oxygen

o
[=]

g

O
~
T
Q
(o]

O OO RO O

0 10 20 30 40 50
Time (ns)

Figure 4. Comparison of the molecular binding of TF3,3'G when (a) three planes are in contact with the bilayer and (b) four planes are in contact.
Upper panel: trajectory of each hydroxyl oxygen of the theaflavin. Middle panel: the average number of H-bonds formed simultaneously with water
(black) and lipid oxygen (red). Lower panel: H-bonds formed between hydroxyl donors groups of TF3,3'G and oxygen acceptors of the lipids. Each
circle represents an H-bond formed between TF3,3'G and a specific lipid oxygen acceptor. See Figure 1 for the labeling of lipid oxygen atoms.

a near-constant configuration on the bilayer surface consecutively for
25 ns or more in four of the five TF3,3' G trajectories (e.g., Figure 3c).

A detailed analysis of the hydrogen bonding between the
theaflavins and lipids was performed to help understand their
interactions along the bilayer interface. A hydrogen bond is
defined as the distance between the H-donor and H-acceptor of
<0.35 nm and a donor—hydrogen—acceptor angle between 120
and 180°.%® This analysis considered theaflavin hydroxyl groups
as H-bond donors and lipid oxygen groups as H-bond acceptors.
The naming assignments for atoms in the lipid headgroups and
theaflavins are found in Figure 1.

The number and characteristics of the theaflavin—lipid H-bonds
were examined closely for each simulation. As an example, Figure 4
shows the hydroxyl trajectories of two TF3,3'G molecules (top
chart) and their corresponding H-bond behavior (middle and lower
chart). The middle chart of Figure 4 shows the number of H-bonds
formed simultaneously by TF3,3'G with the bilayer (black) and
with water (red) during the trajectory. The lower chart shows the
lipid oxygen acceptors that are engaged in H-bonds with the
theaflavins. The common binding configurations of TF3,3'G are
shown in Figure 4. In Figure 4a, the C/D ring is near the bilayer
surface, and in Figure 4b, the C/D ring is near the aqueous phase.

For every theaflavin molecule, a majority of the hydroxyl
donors were engaged in H-bonds with either the bilayer or water

3783

throughout the trajectories. As demonstrated in Figure 4a and b,
H-bonds are first formed only with water (while the theaflavins
are solely in the aqueous phase). As the theaflavin approaches the
bilayer, H-bonds are formed with lipid oxygen.

The H-bond acceptors in bilayer and water seemed to com-
pete for the H-bond donors in the theaflavins. For example, at
approximately 22 ns in Figure 4b, the TF3,3'G molecule begins
to bind to the bilayer. The H-bonds simultaneously formed with
the bilayer increased to about six, while the H-bonds with the
water reduce to about three. A similar competition for hydroxyl
H-bond donors was observed in all of the simulations, presum-
ably because a move from the aqueous phase to the bilayer
surface breaks H-bonds formed with water molecules and forms a
similar number of H-bonds with lipid oxygen.

Table 2 provides a summary of the number of H-bonds formed
simultaneously with water and lipid oxygen as the theaflavins
interacted with the bilayer. On average, all three theaflavins
formed more simultaneous H-bonds with water oxygen than
with lipid oxygen while bound to the bilayer surface. For exam-
ple, 4.9 hydroxyl groups in TF (about 55%) were involved in
H-bonds with water oxygen, while only 1.4 (about 16%) hydroxyl
groups formed H-bonds with lipid oxygen. The remaining hydroxyl
groups were either not engaged in H-bonds or formed intramo-
lecular H-bonds.

dx.doi.org/10.1021/jf2006547 |J. Agric. Food Chem. 2011, 59, 3780-3787
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Table 2. Number of Simultaneous H-Bonds Occurring be-
tween the Theaflavin Hydroxyl Groups and the Water or Lipid
Oxygen while the Theaflavins Were on the Bilayer Surface”

AVE/
molecule H-bonds A B C D E AVE OH OH

TF water 5.040 5.122 4.567 N/A N/A 4910 9 0.546
TF LO 1.153 1.175 1.899 N/A N/A 1409 9 0.157
TF3G  water 5.962 5243 N/A 5207 N/A 5471 11 0497
TF3G LO 1.395 0955 N/A 1.528 N/A 1293 11 0.118
TF3,3'G water 7.359 4245 5371 6.142 6.659 5955 13 0.458
TF3,3'G LO 1.863 5.525 3.937 3.654 1.303 3.256 13 0.250

¢ AVE indicates average values; OH is the number of hydroxyl groups for
each theaflavin; AVE/OH is the fraction of hydroxyl groups involved in
H-bonds with the lipid oxygen (LO) or water. To ensure a large sample
size, only sustained interactions of 25 ns or more are considered (others
are marked with N/A).

The number of hydroxyl groups forming H-bonds with water
increased as the total number of hydroxyl groups in the thea-
flavins increased (TF < TF3G < TF3,3'G). However, the number
of H-bonds formed with the bilayer was similar for TF and TF3G
(about 1.4 and 1.3, respectively) but much greater for TF3,3G
(about 3.3). TF3,3'G not only did form the greatest absolute
number of H-bonds with the bilayer but also utilized the largest
fraction of its hydroxyl donor groups (25%) compared with TF
and TF3G (16% and 12%, respectively).

The behavior of TF3,3'G was examined more closely to better
understand its greater ability to bind with the bilayer. The two
TF3,3'G trajectories that formed the greatest number of H-bonds
with the bilayer occurred where four molecular planes of TF3,3'G
(rings A/B, E/F, G, and H) were near the bilayer surface. Other
configurations were effective at binding TF3,3'G to the bilayer
surface but produced fewer H-bonds with lipid oxygen, thus
suggesting a weaker interaction. The TF3,3'G trajectories shown
in Figure 4 depict two observed configurations of TF3,3'G.
Figure 4a shows three molecular planes (rings C/D, G, and H)
on the bilayer surface, and Figure 4b shows four molecular planes
(rings A/B, E/F, G, and H) on the bilayer surface. Both con-
figurations resulted in the TF3,3’G molecule remaining on the
bilayer. The configuration of Figure 4a produced H-bonds with
phosphate oxygen acceptors (07, 09, 010, and O11) near the
bilayer surface, while the configuration in Figure 4b produced
H-bonds with acceptors both on the surface and deeper inside
the bilayer (O14 and O16). The precise depth that theaflavin
rings penetrate the bilayer cannot be determined from trajec-
tories like that of Figure 4 since the position of the bilayer re-
presents the average position of the bilayer surface. However,
observations corresponding to Figure 4b show that the two
gallate moieties (rings G, H) penetrated below the lipid phos-
phate oxygen into positions that allow H-bonds with acceptors
011, O14, and O16.

Mechanistic Aspects. The structures of the test substances
differ as follows: TF has no gallate side chain, TF3G has one, and
TF3,3'G has two. The presence of one gallate moiety (in TF3G)
does not seem to impact the binding time with the bilayer relative
to TF. By contrast, the presence of two gallate moieties (in
TF3,3'G) increased the average binding time by about 11 ns over
50 ns simulations. Also, TF and TF3G intermittently bound and
released from the bilayer, while TF3,3'G was more likely to
remain bound. The ability of TF3,3'G to stay on the bilayer for a
substantially longer time than TF or TF3G is likely linked to its

ability to utilize a larger percent of its hydroxyl groups for
H-bonds with the bilayer.

TF3,3'G exhibited several configurations while bound to the
bilayer. One common configuration had four molecular planes
(rings A/B, E/F, G, H) directed toward the bilayer surface; this
configuration generated the greatest number of simultaneous
H-bonds. The high degree of hydrogen bonding for TF3,3'G in
all of the simulations can be explained by the large number of hy-
droxyl groups that are accessible to the bilayer, even in config-
urations shown Figure 4a that are less optimal for bilayer H-bonds.
TF3,3'G hydroxyl groups are accessible both as a result of the
orientation of the theaflavin planes and their penetration into the
bilayer, especially rings G and H.

During bilayer interactions, the gallate moiety of TF3G was often
positioned in the aqueous phase, rather than the lipid phase. Since
the gallate moiety has a high density of hydroxyl groups (three)
and is more polar than the other parts of the TF3G molecule, this
positioning likely limited the number of H-bonds that occurred
simultaneously with the bilayer. The percentage of TF3G hydroxyl
groups forming H-bonds with the bilayer was the smallest of the
three theaflavins, further suggesting that the molecular structure
is not ideal for H-bonding under the conditions studied here. This
study did not explore the other theaflavin monogallate, TF3'G.

These results suggest that the chemical functionality provided
by rings G and H (the two gallate moieties) greatly influence in-
teractions with the lipid bilayer. The presence of two gallate
moieties in TF3,3'G allows a configuration on the bilayer that
efficiently forms H-bonds; a similar configuration is not possible
in TF and TF3G.

The degree of affinity for the lipid bilayer could affect the trans-
port, distribution, and bioactivity of theaflavins in vivo. TF3,3'G
showed a stronger ability to inhibit the growth of fibroblasts and
carcinoma cells than did TF and TF3G, which had similar abilities.*
The authors indicate that the inhibition of tumor growth by black
tea might occur through the suppression of extracellular signals
and that TF3,3'G was the strongest inhibitor in black tea. Signal
inhibition processes involve cellular interactions where the thea-
flavins” affinity for the lipid bilayer is potentially important since
theaflavins that bind with the bilayer have an opportunity to be
delivered to membrane proteins that are potentially linked with
apoptosis, rather than drifting away from the cell in the aqueous
phase. One characteristic that may influence the effectiveness of
TF3,3'G, compared with TF and TF3G, is the ability to remain
bound with lipid bilayers without being absorbed into the interior
of the bilayer.

A related study"® showed that computer-aided molecular docking
of TF3,3'G may bind to the highly conserved hydrophobic pocket
on the surface of the HIV-1 virus. Theaflavins had more potent
anti-HIV-1 activity than catechins. The authors suggest that
theaflavin derivatives may serve as HIV-1 entry inhibitors.

It should be noted that the time scale studied here (50 ns) is
only appropriate for studying the initial interaction with the bilayer
but is not long enough to address absorption into the bilayer,
diffusion, or other phenomena requiring longer simulations.
Because we have previously observed the reduced absorption of
green tea catechins with increasing molecular size,”* the larger
size of TF3,3'G relative to TF and TF3G may reduce or inhibit
absorption. Counteracting the size effect, the larger functionality
and polarity provided by the two gallate moieties result in the
observed strong interaction with lipid headgroups.

TF3,3'G s thought to be pharmacologically the most potent of
the theaflavins and is sometimes used to represent the bioactivity

3784 dx.doi.org/10.1021/jf2006547 |J. Agric. Food Chem. 2011, 59, 3780-3787
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of all the theaflavins in black tea.*** The results presented here
provide detailed observations of theaflavin—membrane interac-
tions and help to explain the experimentally observed antibacter-
ial and anticarcinogenic potency of TF3,3'G and distinguish its
behavior from the other theaflavins.

Theaflavin Content of Black Teas. Black tea represents a rich
source of antioxidative phenolic compounds.*’ The literature
suggests that geographical origin, soil composition, differences in
the composition of different leaves, time of harvesting, postharvest
treatments, and physical structure of the different leaves probably
influence the composition of tea leaves. Also contributing to this
variability is the susceftibility of tea compounds to extraction by
different solvents**~** as well as long-term storage.* For example,
we reported that significantly greater quantities of individual and
total flavonoids (catechins and theaflavins) were extracted with
80% ethanol/water at 60 °C for 15 min than with boiled water for
S min from 77 commercial teas sold in the United States.***” The
latter conditions are widely used in the home to prepare tea
infusions. The distribution of the individual catechins and thea-
flavins in individual teas extracted by the two solvents also varied.
The following ranges of concentrations of flavonoids (catechins
plus theaflavins) in the tea leaves extracted with 80% ethanol
were observed (in mg/g): in 32 black teas, 19.8—115.1; in 24
green teas, 12.3—136.3; and in 14 specialty teas, 4.9—118.5.

A related study™® reported that the content of individual and
total theaflavins in four teas ranged as follows: TF, from 1.24 to
2.26; TE3G, from 0.97 to 3.59; TF3'G, from 0.63 to 2.27;
TF3,3'G, from1.54 to 11.31; sum, from 4.28 to 19.07. These
observations suggest that consumers have a choice of selecting
individual black teas with high content of biologically more active
TF3,3'G as well as total theaflavin content.

Bioavailability and Bioactivity Aspects. Although the bioa-
vailability (absorption from the digestive tract into the circulation
and distribution to various organs) of tea flavonoids is low,
multiple consumption of teas resulted in significant accumulation
of catechins in most body organs with relatively high peak plasma
levels.* > Because micromolar levels of tea compounds can
exhibit bioactivity in vitro and in vivo, the human bioavailability
data suggest that long-term consumptions of tea can result in the
absorption and retention of sufficient amounts of flavonoids to
exert antimicrobial and other beneficial effects directly in plasma
and tissues or indirectly by modulating cell signaling pathways.
The bioavailability of individual theaflavins has thus far appar-
ently not been evaluated in human studies.

In conclusion, the results of the present study indicate that
the mechanism of action of black tea theaflavins at the molec-
ular and cell membrane levels appears to be similar to that we
previously found for green tea catechins. The findings are
consistent with reported relative bioactivities (potencies) of
structurally different theaflavins. Finally, it would be of interest
to apply the described molecular modeling a3pproach to other
polyphenolic compounds present in teas, to mixtures of
catechins and theaflavins of commercial and newlsy developed
teas,* and to other plant foods, including onions>® and sweet
potatoes,*® in order to determine whether the results can
predict bioactivities.>”
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Il ABBREVIATIONS USED

COM, center-of-mass; LINCS, linear constraint solver; NPT, num-
ber particle temperature; OPC, 1-palmytoyl-2-oleoyl-phosphatidyl-
choline; OPLS, optimized potential for liquid simulation; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; POPE, 1-pal-
mytoyl-2-oleoyl- phosphatidylethanolamine; PME, particle mesh
Ewald; SPC, single point charge; TF, theaflavin; TF3G, theaflavin-
3-gallate; TF3/, theaflavin-3'-gallate; TF3,3'G, theaflavin-3.3’-
digallate.
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