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Biodistribution and Pharmacokinetics of Theaflavin-3,3’-Digallate,
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Abstract: The present study was conducted to investigate the absorption, distribution and pharmacokinetics
of TFDG in mice for which it was labeled with 'T. For comparison, the radiolabeled polyphenol was given
either along with Black Tea Extract (BTE) cr as pure TFDG. Following intravencus (5 mg kg™") or intragastric
(500 mg kg™") administration, plasma and tissue levels were quantified by radicactive counting and the results
were analysed by the SPSS program. Although lower than intravenous dosing, maximum plasma concentration
(Cha) for TFDG was achieved at 6 h post-oral dosing with an AUC, . of 504.92 g min 17!, which was 20 fold
higher than that for 1v. dosing. Maximum radicactivity (42%) was recovered in kidney following 1.v.,
administration, whereas for oral administration maximum radicactivity (0.07%) was recovered in liver as revealed
by tissue distribution studies. Uptake of TFDG was > 4-fold more efficient in hepatocytes than m non
parenchymal cells. However, TFDG showed better absorption by various organs as well as by liver cells when
given along with BTE. Moreover, a second equal admimstration of TFDG after 6 h interval enhanced tissue
levels of radioactivity above those after a single administration. These results point towards a wide distribution
of "’I-TFDG in mouse organs and suggest that frequent consumption of black tea may be better for increased
systemic availability of polyphenols.
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INTRODUCTION

Tea is consumed worldwide as black tea, oolong tea
and green tea. Recently, there has been an increasing
awareness of the potential health benefits of
phytochemicals present in beverages and in tea in
particular. However, considerable interest has been
generated on green tea as a health beverage simply
because lot of work has been carried out to document its
beneficial effect as antimutagemc (Hung et al, 1992;
Yen and Chen, 1996), antioxidative (Ho et al, 1992,
Kativar et al, 1993, Shiraki et af, 1994) and
antiproliferative agent (Kuo and Lin, 2003). Although
black tea 1s the most widely consumed (80% of the total
tea consumption) beverage world-wide, the work done on
black tea so far 1s much less compared to green tea. Tea
polyphenols  especially catechins of green tea, in
particular epicatechins, epicatechin gallate,
epigallocatechin and epigallocatechin gallate have been
the primary agents responsible for the beneficial and

disease-inhibitory activity. The production of black tea
wwvolves further processing, during which substantial
proportions of catechins are converted to theaflavins and
thearubigins by a polyphenol oxidase (Balentine et af.,
1997). Theaflavins (about 1-2% of the total dry weight of
black tea) including theaflavin, theatlavin-3-gallate,
theaflavin-3"-gallate and theaflavin-3,3"-digallate (TFDG),
possess  benzotropolene rings with dihydroxy or
trihydroxy systems. Only recently work has been initiated
with black tea or its characteristics constituents,
theaflavins  and thearubigins, which have revealed
diverse pharmacotherapeutic effect meluding
hypocholesterolimic (Akinyanju and Yudkin, 1967),
hypoglycemic (Gomes ef al, 1995), anticarcinogenic
(Weisburger et af., 1994, Schwab et al., 2000; Mukhtar
and Ahmad, 2000, Kuroda and Hara, 1999) and
antiatherosclerotic (Muramatsu et al., 1986) effects. Tt has
been shown that black tea can totally protect human red
blood cells against oxidative damage brought about by
various mducing agents (Halder and Bhaduri, 1998).
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Parallely, Lin et al. (1999) have reported that TFDG can
very efficiently down-regulate induction of nitric oxide
synthase in stimulated macrophages. In a recent work,
black tea has been found to be more efficient than green
tea and its individual catechin constituents in
proportionate amounts m abrogating production of NO
and O, in activated macrophages, of which theaflavin was
shown to be the most powerful constituent (Sarkar and
Bhaduri, 2001). A major problem in investigating the
assoclation of tea consumption with beneficial effects 1s
the lack of quantitative data. Even in studies with animals,
mechanistic understanding of the mhibitory effect of tea
on various diseases is hampered by insufficient
mformation regarding the absorption, distribution,
metabolism and excretion of the effective components of
tea.

The objective of the present study is to gain an
understanding about the pharmacokmetic properties and
bioavailability of TFDG, the major bicactive polyphenol of
black tea m mice. The polyphenol was given either in the
form of Black Tea Extract (BTE) or as pure TFDG. Tt was
selected as a prototype black tea polyphenol because it
possesses the most potent antioxidative activity and it is
available 1 lmgh purity. The in vivo disposition behaviour
and pharmacokinetic characteristics of TFDG was
assessed 1n this study.

MATERIALS AND METHODS

Animals and reagents: Female BALB/c mice weighing
25-30 g (obtained from National Tnstitute of Nutrition,
Hyderabad, India) were used for the experuments. The
present study was conducted during October 2004 to
April 2005 at Molecular Cell Biology laboratory of Indian
Institute of Chemical Biology, Kolkata, India. Mice were
housed under normal laboratory conditions 1.e., at 21-24°C
and 40-60% relative humidity, under a 12 h light/dark cycle
with free access to standard rodent food and water. TFDG
was isolated from black tea by ethyl acetate fractionation
on HPLC according to the method described earlier (Chen
and Ho, 1995). All other chemicals used were purchased
from Sigma Chemical Co. (St. Lous, MO).

Preparation of Black Tea Extract (BTE): Ten grams of
processed black tea were soaked in 100 ml. of boiled
distilled water for 5 min and filtered. The filtrate was
designated as black tea extract (BTE) (Maity et al., 2001).
In our estimate, almost 2.8-3.0 g of dried material 1s
contained in 100 m1, of filtered hot water extract of black
tea.

Radiolabeling of theaflavin-3-3’-digallate (TFDG): TFDG
was radiolabeled using chloramine T and Na'*T according
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to the method described by Hunter (1978). The resulting
TFDG was subsequently purified by descending paper
chromatography by streaking onto Whatman 31 ET paper
(2x40 cm) using 1-butanol: glacial acetic acid : water
(12:3:5) as described for the 1odination and purification of
cAMP and c¢GMP (Brooker et al, 1979). After
chromatography, the paper strips were dried and the
desired radioactive spots were eluted in 50 mM sodium
acetate buffer (pH 4.75). Authenticity of radiolabeled
compound was confirmed by immunoreactivity with anti-
TFDG antibody raised in rabbit by conjugating TFDG with
bovine  serum  albumin  through  1-ethyl-3(3-
dimethylaminopropyl-carbodimide hydrochloride) (EDC)
according to Sarkar and Das (1997).

Tissue distribution studies: The mice were fasted
overmght but with free access to water. A single
intravencus (iv., 5 mg kg™’ containing 10° cpm) dose
(0.2mL) of TFDG was given to a group of 6 mice. Siunilarly,
a single oral (500 mg kg™ containing 10° cpm) dose
(0.5mL) of TFDG was given to a group of 6 mice. In
a separate experiment, a single oral dose of BTE
(20 mL kg™") containing 10° cpm of TFDG was given to a
group of 6 mice. After indicated time of interval, the liver,
kidney, lung, spleen and heart were removed from the
groups of mice. Each sample of tissue was washed with
0.9% saline and blotted with filter paper. Radioactivity
was measured in the tissues after digestion in 30% KOH
solution. After indicated time intervals, blood samples
were collected 1n heparinized tubes from the orbital smus
and counted for blood clearance studies.

Tissue distribution of radioactivity in mice after a
duplicate administration of I-TFDG: Six hours after the
first oral administration of '“I-TFDG (500 mg kg™
containing 10° cpm), a second administration of '“[-TFDG
with the same amount and radiocactivity as the first was
given by oral gavage (Sharma et af., 2001). Sunilarly in a
separate experiment, 6 h after the first oral administration
of BTE (20 mL kg™") containing 10°cpm TFDG, a second
administration of the same amount of BTE and '*I-TFDG
was given by oral gavage. At indicated time intervals, the
radioactivity of wvarious agents were measured as
described above. Total radicactivity after two
administrations were compared with that after a single
admimstration.

Isolation of liver cell types: Parenchymal and Kupffer
cells were obtained by perfusion of liver in situ according
to the method described by Murray (1987). Radicactive
counting for the cell suspensions was done in a gamma
coumnter.
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Table 1: Blood pharmacokinetic parameters of TFDG after oral (500 mg kg™?) and intravenous (5 mg kg™") administration

Oral administration Tntravenousadimini stration
Parameters TFDG BTE + TFDG TFDG
Crax (Mg mL™Y 226.61£31.2 293.01+42.3 476.53+£52.2
T ) 6£0 6£0 -
tlfy, () 23.33£2.5 22.94+2.3 397+£04
AUC,.. (g min LY 504.90+57.3 670.01+70.5 24.70+3.2
10 A 10r B
5
8 8
6 6

S
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N
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Fig. 1: A Blood levels of radicactivity versus time profile
of TFDG after a single iv. (5 mg kg™
containing 10° cpm; 0.2 ml.) administration. B:
Blood levels of radicactivity versus time profile
of TFDG after a single i.g. administration of
BTE (20 mL kg™ containing 10° cpm TFDG;
A-A) or pure TFDG (500 mg kg™ containing
10° cpm; 0-0). Values are meantSDof 6 mice
for each group

Statstical analysis: The significance of the data was
evaluated by the two-tailed t test.

RESULTS

Blood clearance of TFDG: Figure. 1A shows the blood
concentration profiles for TFDG after intravenous
administration into mice. '*T labeled TFDG was rapidly
eliminated biexponentially from the circulating blood, with
very low/undetectable levels at 12 h after dosing. The
mitial distribution was rapid relative to terminal
elimination; elimination half-life (t,,,,) for TFDG was
almost 4 h. In clear contrast to the intravenous dose of 5
mg kg™ TFDG, a much higher oral dose (500 mg kg™';
10° cpm) was required to achieve reasonable peak
concentrations (C__) (Table 1). Still the value was almost
half compared to that for intravenous C, ., (Fig. 1B) In
addition, the time to reach C, . (T..)was approximately
6 h for TFDG suggesting a slow rate of absorption.
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Tissue uptake of ™ I-TFDG
{cpmod 0')

Time (h)

Fig. 2. Distribution of radicactivity in mice tissues
after a single 1.v. (5 mg kg™ contaming 10° cpm;
0.2 mL) administration. Values are meantSD of 6

mice for each group

Despite the lower C_, estimates observed under the two
dosing conditions, systemic exposure (AUC, ) of TFDG
was 20 fold higher with the oral dosing. In case of oral
admimistration, higher C_, and AUC,. were obtained
when TFDG was given along with BTE suggesting better
absorption by this combination.

Tissue distribution studies: The rapid clearance of
FI-TFDG
perhaps from its substantial accumulation by the kidney

after intravenous admimstration resulted
and to a lesser extent by the liver and spleen, as
evidenced by tissue distribution studies (Fig. 2). After 30
min, 36% of the administered radioactivity was recovered
in the kidney, 12% i the liver and 7.5% in the spleen.
Maximum uptake of "I-TFDG was 15 min after i.v.,
administration for kidney, 30 min for liver and spleen and
1 h for heart and lung. However, in each case there was a
subsequent gradual decrease in the amount of '“[-TFDG
and by 12 h the levels were almost undetectable m all the
organs. In case of oral administration (Fig. 3A), maximum
uptake of "ZI-TFDG for all the organs was 6 h showing a
of the
admimstered radiocactivity was recovered in the liver,
0.02% in the kidney and 0.015% in the spleen. Maximum

much slower clearance. After 6 h, 0.07%
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Fig. 3: Distribution of radicactivity in mice tissues after a single oral administration of (A) TFDG (500 mg kg™
containing 10° cpm; 0.5 mL)and (B) BTE (20 mL kg~ containing 10’ cpm TFDG). Values are mean+3D of 6 mice

for each group
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Fig. 4: Distribution of radioactivity in mice tissues after a duplicate oral admimstration of (A) TFDG and (B) BTE +
TFDG. BEach mouse was given either TFDG (500 mg kg™ containing 10 cpm) or BTE (20 mIL kg™ containing
10° cpm TFDQG). At 6 h after the first administration, a second of the same dose of either TFDG or BTE was given.
Samples of each organ were taken for measurement of radicactivity. Arrow indicates the time of duplicate
administration. Values are meantSD of 6 mice for each group

uptake of 'I-TFDG was observed in the liver when
admimstered orally suggesting Tbetter systemic
absorption. Moreover, unlike iv. administration, in
case of oral admimstration a steady detectable levels of
PI-TFDG was found inall organs as measured up to 24 h.

Tissue distribution of radioactivity after a duplicate
administration of "I-TFDG: Based on the fact that
most individuals drink tea at least twice a day, we
performed an experiment to determine whether a
duplicate administration of I-TFDG would enhance
radioactivity levels in different organs. A second equal
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administration of *I-TFD increased radioactivity in the
liver by as much as 1.8 times over a single admmistration
at 6 h after the first administration (Fig. 4A). In case of
both the first and second admimstration, maximum uptake
of "”’I-TFDG was 6 h after administration of the dose.
Increases >1.5 fold were found in the spleen, kidney, lung
and heart at 6 h after the second admimstration. In
addition, increased incorporation was also observed at
24 h after a second admimstration compared with that at
24 h after a single administration. These results indicate
that drinking black tea twice a day increases the level
of tea polyphenols in various organs, suggesting that
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Table 2: Hepatic cellular localization of '*I-TFDG from each type of administration in mice*

Radioactivity cpm/10° cells+=SD

Experiment. Parenchymal Nonparenchymal Parenchymal Nonparenchymalcells
TFDG i.v. single administration 3300520 480120 7.3

TFDG i.g. single administration 600+160 120480 6.0

TFDG + BTE 9204200 200+110 4.5

i.g. single administration

TFDG i.g. duplicate administration 12004240 280+120 1.8

TFDG + BTE i.g. 1520+280 640+125 5.0

duplicate administration

*Radioactivity was determined 30 min after i.v. administration and 6 h after i.g. administration in parenchymal (PC) and non-parenchymal (NPC) cells. Each

value represents the meantSD of 3 separate determinations

a relatively high concentration of tea polyphenols can be
maintained with the usual Indian lifestyle. Moreover, it
has further been observed that TFDG displayed better
uptake by tissues when given to mice along with BTE, in
comparison to when it was given as pure TFDG (Fig. 3B
and 4B). Based on the AUC and C__, values for TFDG,
BTE seems to deliver TFDG more effectively than when
TFDG was given as a pure compound. The molecular
basis for this absorption difference is not known. Tt is
possible that interaction between TFDG and other
components in BTE may increase the absorption of TFDG.

Uptake of TFDG by mouse liver cells: To ascertain
whether administered '’I-TFDG is incorporated into cells
of various organs, parenchymal and non-parenchymal
mouse liver cells were separated after i.v., as well as i.g.,
administration of '“I-TFDG and the counts were
measured. The distribution in parenchymal and non-
parenchymal cells was studied 15 min following 1v.,
admimstration and 6 h following 1.g. admistration. It was
found that hepatocytes were 4 fold more efficient than
non-parenchymal cells (Table 2) in the assimilation of
LTFDG, evidenced by the comparison of
radioactivity per mg cell protemn. This distribution pattern

as

of TFDG indicated non-specific passive transport to
various liver cells; uptake was higher in hepatocytes than
m non-parenchymal cells, possibly because of the
variation in their size, shape and disposition. Similar
distribution ratio of TFDG i parenchymal and non-
parenchymal cells was found when given either in BTE or
as pure TFDG.

DISCUSSION

The leap of green tea over black tea in terms of health
benefit 1s basically a walkover as the data on beneficial
effects of black tea on health are scanty. However, in a
recent study employing an Iz vifro macrophage system,
1t was shown that black tea 1s as good and if not better
than green tea in scavenging superoxide ion and in

244

abrogating NO production and that theaflavin of black tea
is the most efficient component (Sarkar and Bhaduri,
2001). Clearly, the enzymatic biotransformation of
monomeric catechins and their gallates to theaflavins
during the processing of dried green leaves for the
production of black tea does not in any way adversly
affect the chemopreventive properties of black tea. The
possible beneficial effects of black tea are receiving a
great deal of attention, particularly in India, considering
its wide consumption worldwide. Information on this
bioavailability and disposition of polyphenols such as
theaflavins and thearubigins 15  important for
understnading the biological effects of black tea. To our
knowledge, this is the first report on the biodistribution
and pharmacokinetics of TFDG, which was shown to be
the most potent antioxidant component of black tea
polyphenols. Although the radioactivity distribution
based on '“I label does not differentiate between
"ITFDG itself or its metabolites and protein-bound
forms, the experiments with '*T-TFDG revealed that the
major organs like liver, kidney, spleen, lung and heart
showed significant incorporation of radicactivity after oral
administration of '"“I-TFDG. The oral route of
admimstration happened to be better than mntravenous
route in terms of bicavailability as judged by AUC,.
values.

Moreover, TFDG along with BTE seemed to be taken
up more readily by various organs when compared with
pure TFDG as evidenced from the C_,, and AUC, _ values.
Similar to green tea where catechins are known to bind
with proteins tightly (Doss et af., 2005), 1t 1s possible that
other components in BTE compete with TFDG for binding
with plasma and tissue proteins, thus changing the TFDG
pharmacokinetic behaviour. Other tea components in BTE
may also result m different rates of TFDG glucuronidation
and sulfation, which are known to be the major elimination
pathways of tea polyphenols (Lee ef al., 2002) as studied
in case of green tea. The competition or mterference
among tea polyphenols for glucuronoesyl transferase and
sulfotransferase  may also  result in  different
pharmacokinetic pattern when TFDG was given along
with BTE.
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Studies on isolated liver cell types indicated that
radicactivity was incorporated into cells of liver but that
this meorporation was not equal m all cells. In fact, the
mcreased uptake in hepatocytes compared to non-
parenchymal cells indicates nonspecific passive transport
as hepatocytes are much larger in shape and size than
non-parenchymal cells. The extent of TFDG uptake by
liver cell types was higher when given along with BTE
suggesting that whole black tea may be more effective
than pure TFDG. Moreover, the results of duplicate
administration of TFDG  suggest that frequent
consumption of black tea enables the body to mamntain a
high level of tea polyphenols. Taken together, this study
is the first pharmacolgical evidence as far as black tea is
concerned, of a wide distribution of TFDG 1n mouse
organs, indicating a similar wide range of target organs for
beneficial antioxidative effects in humans.
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