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ABSTRACT

Objective: In the small intestine, peptide transporter 1 (PEPT1) plays a role in the transport
of di- and tri-peptides. Recently, we found that theaflavins (TFs), dimeric catechins, inhibited
the transport of di-peptides across Caco-2 monolayers by suppressing the expression of
PEPT1 through AMP-activated protein kinase (AMPK) activation. In this study, we
investigated the structural requirement of theaflavins for the effect, and the mechanism(s)
underling theaflavin-induced AMPK activation.

Methods: Theaflavin-3’-O-gallate (TF3’G) was used for this study, since it possessed the
most potent inhibition power for peptide-transport among theaflavins. Absorption ability was
measured with Caco-2 cell monolayers treated with or without 20 uM sample (TF3°G or its
related compounds) in an Ussing Chamber. The amount of Gly-Sar (a model of PEPT1-
transporing peptide) transport at fixed time-points to 60 min was determined by fluorescent
naphthalene-2,3-dicarboxaldehyde-derivatized assay (Ex/Em: 405 nm/460 nm). The apparent
permeability coefficient (Papp) Was used to evaluate the permeability. Expression of PEPT1
protein in Caco-2 cells treated with or without 20 uM TF3’G in the presence or absence of
inhibitor (10 uM compound C as AMPK inhibitor or 25 uM STO-609 as CaMKK inhibitor)
was evaluated by Western blot.

Results: The P4y, value of Gly-Sar significantly (P < 0.05) decreased in 20 pM purprogallin-
treated Caco-2 cells as well as in TF3’G-treated cells, together with the reduction of PEPT1
expression, while their monomeric catechins did not show any Pg,p, reduction. In TF3’G-
treated Caco-2 cells, the recovery of the reduced PEPT1 expression was found by 10 uM
compound C, but not STO-609.

Conclusion: The study demonstrated that the benzotropolone moiety in theaflavins was a



Functional Foods in Health and Disease 2013; 3(5):111-121 Page 112 of 121

crucial structural requirement for exerting the inhibition of intestinal peptide-transport, and
the suppression of PEPT1 expression by theaflavins would be caused by activating
LKB1/AMPK pathway, but not CaMKK/AMPK pathway.

Keywords: Theaflavin-3’-O-gallate, Peptide transport, PEPT1, Benzotropolone, AMP-
activated protein kinase, Calmodulin-dependent protein kinase kinase

BACKGROUND:

To date, many food scientists have paid attention to physiological functions of small peptides
in the body, some of which have been proven to be effective for the prevention of life-style
related diseases such as hypertension [1, 2], hypercholesterolemia [3] and inflammation [4].
Previous researches provided the health-benefit of peptide intake that can be absorbed via
intestinal peptide transporter 1 (PEPT1) [5].

PEPT1 that is expressed as peptide transporter in the intestinal membrane can recognize di-
and tri-peptide lengths [5, 6]. In intestinal membranes it has been reported that the expression
of PEPT1 was closely associated with AMP-activated protein kinase (AMPK, a
serine/threonine kinase) activation [7, 8]. Pieri et al. demonstrated that the activated AMPK
resulted in a decrease of peptide absorption, along with the suppression of PEPT1 proteins in
Caco-2 cells [7]. In our previous report, we also found that the transport of di-peptides across
Caco-2 monolayers was markedly inhibited by theaflavin-induced AMPK activation [9]. So
far, although it has been reported that catechins [10] and epigallocatechin-3-gallate [11] could
stimulate AMPK activity in the liver, no study was found for AMPK activation by condensed
catechins or theaflavins in the intestine. In addition, involvement(s) of up-streamed kinases
including liver kinase B1 (LKB1) and Ca**/calmodulin-dependent protein kinase kinase
(CaMKK) on the theaflavin-induced AMPK activation still remains unclear.

In this study, we investigated the structural requirement of theaflavins for the inhibition of
intestinal peptide-transport in Caco-2 cells, and clarified whether LKB1/ or CaMKK/AMPK
was involved in theaflavin-induced AMPK activation. We used theaflavin-3’-O-gallate
(TF3’G) throughout this study, since it possessed the most potent inhibition power for
peptide-transport among theaflavins [9].

MATERIALS AND METHODS:

Reagents: Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS)
were purchased from GIBCO Life Technologies (Grand Island, NY, USA).
Dimethylsulfoxide (DMSO) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Seeding basal medium, enterocyte differentiation medium and MITO+™ serum extender for
Caco-2 cell culture were purchased from BD Biosciences (Franklin Lakes, NJ, USA). (-)-
Epigallocatechin (EGC), (-)-epicatechin gallate (ECG), (-)-epigallocatechin gallate (EGCG),
(-)-epicatechin (EC) and TF3°G were products of Nacalai Tesque Company (Kyoto, Japan).
Purpurogallin with a benzotropolone ring was purchased from Pfaltz & Bauer Inc.
(Waterbury, CT, USA). Glycyl-sarcosine (Gly-Sar, a model peptide for PEPT1 transport
[12]) was obtained from Kokusan Chemical Company. (Tokyo, Japan). Naphthalene-2,3-
dialdehyde (NDA), compound C and STO-609 were purchased from Nacalai Tesque. All
other reagents were of analytical grade and used without further purification.
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Caco-2 cell culture: Caco-2 cells were cultured under standard cell culture conditions as
described previously [9]. Caco-2 cells used in this study were between passages 50 and 60.
For transport studies, cells were grown on a BD Falcon™ cell culture insert (PET membrane,
0.9 cm? 1.0 um  pore size; BD Biosciences, Bedford, MA, USA) coated with type |
collagen (collagen gel culturing kit, Cellmatrix type I-A, Nitta Gelatin, Osaka, Japan). The
cells were seeded at a density of 4.0 x 10° cells/mL and cultured in a seeding basal medium
containing MITO+™ serum extender for 48 h. After the medium was replaced with an
enterocyte differentiation medium containing MITO+™ serum extender, cells were incubated
for another 72 hours to form monolayers. The medium was freshly changed every 24 hours.
The integrity of Caco-2 monolayers was evaluated by measuring the transepithelial electrical
resistance (TEER) with a multi-channel EVC-4000 system (World Precision Instruments, FL,
USA). Monolayers with TEER values of >100 Q cm? were used for peptide-transport
experiments.

Cell treatment: Treatment of Caco-2 cell monolayers with sample (TF3°G or its related
compounds) were performed by replacing 10% FBS in DMEM with the medium containing
20 uM sample and allowing them to incubate for 24 hours at 37 °C at 0,:CO, (95:5). Cells
incubated in sample-free medium were used as a control. The medium containing the sample
was prepared by diluting a stock solution of each sample, dissolved in DMSO, with 10% FBS
in DMEM. The final concentration of DMSO was 0.5% throughout the experiments to avoid
any cell damage by DMSO [13].

Transport study: Transport experiments in Caco-2 cell monolayers were performed using an
Ussing Chamber system (Model U-2500; Warner Instrument Co., Hamden, CT, USA). Caco-
2 cell monolayers grown in transwell inserts were gently rinsed with Hanks’ balanced salt
solution (HBSS) buffer (pH 6.0) to wash or remove any free samples in the medium, and
carefully mounted in the Ussing Chamber using blunt forceps. An aliquot (7.5 mL) of HBSS
buffer (adjusted to pH 6.0 with 10 mM MES [2-(N-morpholino) ethanesulfonic acid]) or
HBSS buffer (adjusted to pH 7.4 with 10 mM HEPES [4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid]) was added to the apical or basolateral side, respectively. After
equilibration for 15 min at 37 °C, the transport experiments were started by replacing the
apical buffer with fresh HBSS buffer (pH 6.0) containing 10 mM Gly-Sar for Caco-2 cells
treated with or without 20 uM sample. During the experiments, solutions on both sides were
bubbled continuously with a mixture of O,:CO; (95:5). Aliquots (0.2 mL each) of solution
were drawn from the basolateral side at time intervals of 15, 30, 45 and 60 minutes to
determine the amount of transported Gly-Sar. The same volume of fresh buffer was added to
the basolateral side at each time point. The membrane barrier and transport ability of cells
were maintained during the 60 min-transport experiments without any reduction of TEER
value (>100 Q cm?) by Gly-Sar. The amount of Gly-Sar transported to the basolateral side
was determined by a fluorescent NDA-derivatization method [14]. Briefly, 10 pL of 20 mM
sodium cyanide in borate buffer (pH 9.5) was added to the basolateral solution taken at each
time point (100 pL) in a 96-well microplate, followed by the addition of 50 pL of 0.1 mM
NDA solution in methanol. After incubating at 25°C for 60 min, the fluorescence intensity of
NDA-Gly-Sar was measured using a fluorescence spectrophotometer (Wallac ARVO™SX
1420 Multilabel Counter, Perkin-Elmer Life Sciences, Tokyo, Japan) at an excitation
wavelength of 405 nm and emission wavelength of 460 nm. In addition, the fluorescence
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intensity of basolateral solution taken at each time point for blank (no Gly-Sar) transport
experiments was used to cancel an increase in intensity by any contaminants from Caco-2
cells.

The apparent permeability coefficient (P4,p) was calculated from the following equation:

Vo dcC

0

dC/dt is the change in concentration at the basolateral side over time (mmol/s), V is the
volume of solution in the basolateral compartment (7.5 mL), A is the surface area of the
membrane (0.2826 cm?) and Cy is the initial concentration at the apical side (mmol). The
effect of sample (TF3°G or its related compounds) on P,p, Was expressed relative to control
(%).

Protein extraction and Western blotting: Expression of PEPT1 protein in Caco-2 cells
treated with or without TF3’G (20 uM) in the presence or absence of inhibitor (10 uM
compound C as AMPK inhibitor or 25 pM STO-609 as CaMKK inhibitor) for 24 h at 37 °C
was evaluated by Western blot analysis. Briefly, protein (1.3 mg/mL) extracted from Caco-2
cells using radioimmunoprecipitation assay buffer was mixed with an equal volume of
sample buffer (20% glycerol, 4% sodium dodecylsulfate, 3% dithiothreitol, 0.002%
bromophenol blue and 0.125 M Tris-HCI, pH 6.8) and boiling in the water for 5 min. An
aliquot (9.75 pg) of the prepared sample was applied to 10% SDS polyacrylamide gel
electrophoresis for 2 h at 20 mA and transferred onto PVDF membrane (Hybond-P, GE
Healthcare, Piscataway, NJ, USA) for 1.5 h at 40 mA. The membrane was blocked with 5%
non-fat dried milk in TBS-T (Tris-buffered saline containing 0.05% Tween 20) for 1 h at
room temperature and then probed with the primary antibody for PEPT1 or B-actin, followed
by rabbit anti PEPT1 antibody (1:1000, Abbiotec, San Diego, CA, USA) or mouse anti 3-
actin antibody (1:1000, Applied biological materials inc, Richmond, BC, Canada) overnight
at 4°C. The membrane was then re-probed with HRP-conjugated donkey anti-rabbit 1gG
antibody or HRP-conjugated sheep anti-mouse IgG antibody (1:1000, GE Healthcare,
Buckinghamshire, UK) for 1 h at room temperature. The membrane was detected with ECL
plus detection reagent using an ImageQuant LAS 4000 (GE Healthcare, Piscataway, NY,
USA)). Quantitation of PEPT1 and B-actin were performed with ImageQuant TL 7.0 software
(GE Healthcare), and the PEPT1 protein levels in Caco-2 cells treated with TF3’G or TF3’G
in the presence or absence of inhibitor were expressed relative to the control (or TF3’G-
untreated cells).

Statistical analysis: Results are expressed as the mean £ SEM. The statistical significance
between groups was analyzed using one-way ANOVA followed by Tukey-Kramer’s t-test for
post hoc analysis. P < 0.05 was considered to be significant. Statistical analyses were
conducted with StatView J5.0 (SAS Institute Inc., Cary, NC, USA).

RESULTS and DISCUSSION: Theaflavins rich in black tea [15] are a group of condensed
polyphenols. Recently, many researchers have reported their physiological functions such as
anti-inflammatory [16], antioxidant [16, 17] and anti-hyperglycemic activities [18]. Lorenz et
al. also revealed their ex vivo functions regarding vasorelaxation and promoting nitric oxide
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(NO) in aorta [19]. However, as we have clearly demonstrated in our previous report [9],
theaflavins themselves were not a penetrant through intestinal membrane, irrespective of the
above-mentioned health-benefits. In addition, we also demonstrated that non-absorbable
theaflavins had potency in inhibiting intestinal peptide-transport [9], whereas no further
useful structural information and underlying mechanism(s) of theaflavin-induced inhibition
of peptide-transport was obtained.
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Fig. 1. Chemical structures of theaflavin-3’-O-gallate (TF3’G), catechins and purpurogallin
used in this study

Effect of TF3’G and its related compounds on Gly-Sar transport across Caco-2 cell
monolayers: In order to get information on structural requirement of TFs exerting peptide-
transport inhibition, compounds related to TF3’G skeleton as shown in Fig. 1 were used for
Gly-Sar transport experiments across Caco-2 monolayers. As shown in Fig 2, four catechin
monomers did not show any significant Py, reduction in Caco-2 cells, while the Py, of Gly-
Sar was significantly (P < 0.05) reduced in 20 uM purprogallin-treated cells as similar to
TF3’G treated cells (TF3°G, 41%; purprogallin, 30% of control in Payp). This clearly
demonstrated that the benzotropolone moiety in theaflavins, which has a characteristic 7-ring
structure [20], was a crucial structural requirement for exerting the inhibition of intestinal
peptide-transport in Caco-2 cells.

Effect of AMPK inhibition on PEPT1 protein expression in TF3’G-treated Caco-2 cells:
Effect of compound C, a specific inhibitor of AMPK, on PEPT1 protein expression in Caco-2
cells treated with 20 uM TF3’G was evaluated by Western blot analysis. As shown in Fig. 3,
20 [OM TF3°G treatment for Caco-2 cells resulted in a significant reduction of PEPT1
expression. In contrast, the recovery of the expression by 10 uM compound C in TF3’G-
treated Caco-2 cells revealed that the reduction of PEPTI expression by TF3’G was
responsible for AMPK activation. The result was in good agreement with our previous report
[9], in which the reducing transport of Gly-Sar in TF3’G-treated Caco-2 cells was abolished
by compound C.
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Fig. 2. Effect of theaflavin-3’-O-gallate and its related compounds on Gly-Sar transport.
Caco-2 cells were treated with 20 uM sample for 24 h. Theaflavin-3’-O-gallate, TF3’G; (-)-
epigallocatechin, EGC; (-)-epicatechin gallate, ECG; (-)-epigallocatechin gallate, EGCG; (-)-
epicatechin, EC. Control: transport of Gly-Sar in Caco-2 cells without TF3’G treatment. The values
(relative Py, value vs. control, %) are expressed as the mean + SEM (n=3-5). Means without a
common letter are significantly different; P < 0.05. Significant difference between groups was
evaluated by Tukey—Kramer’s t-test.
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Fig. 3. Effect of AMPK inhibition on PEPT1 protein expression in Caco-2 cells treated
with theaflavin-3’-O-gallate. Caco-2 cells were treated with 20 uM theaflavin-3’-O-gallate
(TF3’G) in the presence or absence of 10 uM compound C. Values are expressed as the mean = SEM
(n = 3). Means without a common letter are significantly different; P < 0.05. Significant difference
between groups was evaluated by Tukey—Kramer’s t-test.
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Effect of CaMKK inhibition on PEPT1 protein expression in TF3’G-treated Caco-2
cells: Effect of STO-609, a selective inhibitor of CaMKK, on PEPT1 protein expression in
Caco-2 cells treated with 20 uM TF3’G was evaluated by Western blot analysis. As shown in
Fig. 4, no significant recovery of the reduced PEPT1 expression by STO-609 was obtained in
the TF3’G-treated Caco-2 cells. This result clearly suggested that the CaMKK-activated
AMPK pathway [11, 21-22] could be excluded from the mechanism(s) underlying TF3’G-
induced PEPT1 suppression.
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Fig. 4. Effect of CaMKK inhibition on PEPT1 protein expression in Caco-2 cells treated
with theaflavin-3’-O-gallate. Caco-2 cells were treated with 20 puM theaflavin-3’-O-gallate
(TF3°G) in the presence or absence of 25 uM STO-609. Values are expressed as the mean + SEM
(n=3). Means without a common letter are significantly different; P < 0.05. Significant difference
between groups was evaluated by Tukey—Kramer’s t-test.

There have been some reports on the potential of polyphenols in the activation of
CaMKK/AMPK signaling pathway [8, 11, 20]. Collins et al. reported that EGCG reduced
hepatic gluconeogenesis by activating CaMKK/AMPK pathway [11]. However, in this study,
we demonstrated that TF3’G was not involved in the CAMKK/AMPK pathway, since STO-
609, a CaMKK inhibitor, did not alter the reduced PEPT1 expression by TF3’G (Fig. 4). It
has been reported that AMPK phosphorylation in tissues mainly concerned either the
activation of CaMKK or LKBL1 signaling pathway [8, 11, 20]. Therefore, the finding in Fig. 4
suggested the possible involvement of theaflavins in the activation of LKB1/AMPK signaling
pathway, but not CaMKK/AMPK. However, further experiments using LKB1-knocked down
cells must be required to make clear the route activated by theaflavins in Caco-2 cells.
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Fig. 5. Proposed upstream mechanism(s) of theaflavins on signaling pathway in Caco-2 cells.

As summarized in Fig. 5, the present findings suggested that theaflavins may stimulate
LKB1/AMPK signaling so as to suppress PEPT1 expression in Caco-2 cells, although
mechanisms underlying LKBL1 activation by either transforming growth factor-p-activated
kinase (TAK-1) [23-25] or Sirtuin 1 (SIRT1) [26, 27] in Caco-2 cells remain unclear. So far,
Lin et al. [28] have reported that in HepG2 cell experiments theaflavins could accumulate
hepatic lipids by activating LKB1/AMPK pathway. Considering the report and the expression
of LKB1 in Caco-2 cells [29], we can speculate the possible role of theaflavins in the
LKB1/AMPK signaling pathway to suppress PEPT1 expression in intestinal membrane. In
addition, there might be specific receptor(s) that recognizes theaflavins or benzotropolone
ring in Caco-2 cells, and experiments for binding of theaflavins to intestinal membrane are
NOW in progress.

CONCLUSIONS:

We demonstrated that the benzotropolone moiety in theaflavins, which has a characteristic 7-
ring structure, was a crucial structural requirement for exerting the inhibition of intestinal
peptide-transport in Caco-2 cells. It seems likely that theaflavins may act as an activator for
LKB1/AMPK pathway, but not CaMKK/AMPK pathway, to suppress PEPT1 expression.

Abbreviations: PEPT1, peptide transporter 1; AMPK, AMP-activated protein kinase; LKB1,
liver kinase B1; CaMKK, calmodulin-dependent protein kinase kinase; TF3’G, theaflavin-3’-
O-gallate; NDA, naphthalene-2,3-dialdehyde; TEER, transepithelial electrical resistance; Papp,
apparent permeability coefficient; TAK-1, either transforming growth factor-p-activated
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