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ABSTRACT: Polyphenolic compounds are known to possess many beneficial health effects, including the antioxidative activities of
scavenging reactive oxygen species and chelating metals, such as iron and zinc. Tea and red wine are thought to be important sources
of these compounds. However, some polyphenolic compounds can also reduce the absorption of iron, and possibly other trace
metals, when included in a diet. There is very little information on the effect of dietary polyphenolic compounds on the status of trace
elements other than iron. The effects of epigallocatechin-3-gallate (EGCG), green tea extract (GT), and grape seed extract (GSE)
on the absorption of 65Zn were examined and compared with their effects on 55Fe absorption in human intestinal Caco-2 cells grown
on microporous membrane inserts. The levels of EGCG, GT, and GSE used in this study were within physiological ranges and did
not affect the integrity of the Caco-2 cell monolayers. GSE significantly (P < 0.05) reduced zinc transport across the cell monolayer,
and the decreased zinc transport was associated with a reduction in apical zinc uptake. However, EGCG and GT did not alter zinc
absorption. In contrast, the polyphenolic compounds in EGCG, GT, and GSE almost completely blocked transepithelial iron
transport across the cell monolayer. The effect of GSE on zinc absorption was very different from that on iron absorption. Whereas
GSE decreased zinc absorption by reducing apical zinc uptake, the polyphenolic compounds inhibited iron absorption by enhancing
apical iron uptake. GSE inhibited zinc absorption similarly to that observed for phytate. Phytate significantly (P < 0.05) decreased
transepithelial zinc transport by reducing apical zinc uptake. The inhibition of zinc absorption may be due to the presence of
procyanidins in GSE, which bind zinc with high affinity and block the transport of zinc across the apical membrane of enterocytes.
Further research on the absorption of zinc as zinc�polyphenol complexes and free zinc should provide further insight into the
process of dietary zinc absorption in the presence of GSE and other bioactive dietary polyphenols. The present study suggests that
some individuals should consider their zinc status if they regularly consume procyanidin-containing foods in their diet. However,
further studies, especially in vivo studies, are needed to confirm these results.
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’ INTRODUCTION

Bioactive dietary polyphenols have attracted increased attention
due to their reported health benefits for a variety of disorders,
including cardiovascular diseases, various cancers, diabetes, obe-
sity, and neurological diseases.1�4 Bioactive polyphenols are
naturally occurring chemicals found in foods, including fruits,
some types of grains, wine, and tea. Tea, which is made from the
leaves of the plant Camellia sinensis, is a popular beverage world-
wide. The beneficial effects of green tea have been attributed to its
polyphenolic compounds, particularly the catechins. (�)-Epigal-
locatechin-3-gallate (EGCG) is the most abundant green tea
catechin and is regarded as the most bioactive disease-preventing
polyphenol compound in green tea. Grape seed extract (GSE)
contains various polyphenols, including gallic acid, catechin,
EGCG, epigallocatechin (EGC), epicatechin-3-gallate (ECG),
epicatechin (EC), and proanthocyanidins. Polyphenol-rich ex-
tracts derived from both green tea and grape seed have the
potential to reduce the oxidation of foods and beverages and are
widely used as supplements or food additives. Their antioxidant
activities have been shown to be dependent on the ability of their
constituent polyphenolic compounds to scavenge free radicals and
chelate metals, not only the redox-active transition metals, such as
iron and copper, but also redox-inactive metals, such as zinc.5�7

Although it has been suggested that polyphenols chelate a
number of trace metals, including iron, copper, and zinc, very few

studies have documented the effects of polyphenols on zinc
absorption. Whereas bioactive dietary polyphenols are known to
have no effect on zinc absorption in animals and humans,8�11

some studies indicated that dietary polyphenols decrease zinc
absorption in animals.12,13 In addition, a recent study suggested
that some polyphenol-rich beverages, such as green tea, red wine,
and red grape juice, could enhance zinc absorption by increasing
apical zinc uptake.14 Thus, although it is not clear whether dietary
polyphenols affect zinc absorption, these previous studies have
suggested that some dietary polyphenolsmaymodulate intestinal
zinc absorption and metabolism. In contrast, the inhibitory effect
of the dietary bioactive polyphenolic compounds on iron absorp-
tion has been well described. The intake of the dietary poly-
phenolic compounds inhibited iron absorption.15�19

Because of the increasing interest in EGCG, green tea extract
(GT), and GSE as dietary supplements and food additives and a
growing understanding of the potential health benefits of poly-
phenolic compounds, we determined the potential effects of the
bioactive dietary polyphenols in EGCG, GT, and GSE on zinc
absorption and utilized the human intestinal Caco-2 cell line as a
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model system to study this process. On confluence, these cells
spontaneously differentiate to exhibit many of the morphological
and functional features of normal mature small intestinal enter-
ocytes and have been widely used as a model of normal human
intestinal epithelium.20,21 In particular, fully differentiated Caco-
2 cells are a well-established in vitro model of human intestinal
zinc absorption and metabolism 14,22�24

Dietary zinc is thought to be transported across the apical
membrane via ZIP4, a zinc transporter, into enterocytes. In the
intracellular step of zinc absorption, the newly transported zinc is
intracellularly distributed to the basolateral surface or to zinc-
binding proteins (e.g., metallothionein (MT)). Finally, the newly
acquired zinc is transferred across the basolateral membrane of
the mucosa via ZnT1, a zinc exporter, and released into the
circulation.25,26

Zinc is an essential trace element for humans. Although zinc is
quite abundant in the environment, zinc deficiency is still a
common nutritional deficiency, particularly in developing coun-
tries, which is due not only to low intake of this essential trace
metal but also to poor bioavailability. Zinc deficiency is asso-
ciated with growth retardation, hypogonadism, immune dysfunc-
tion, and cognitive impairment and affects nearly 2 billion
subjects in the developing world.27 Because the antioxidant
properties of the polyphenols include chelation of metals, such
as zinc, it is prudent to examine the effects of bioactive poly-
phenolic compounds on intestinal zinc absorption. The purpose
of this study was to assess the effects of different dietary bioactive
polyphenol sources with different polyphenol profiles on the
absorption of zinc and compare the effects of polyphenols on zinc
absorption with their effects on iron absorption.

’MATERIALS AND METHODS

Reagents. Tissue culture media, Hanks’ balanced salt solution
(HBSS), glutamine, nonessential amino acids, and penicillin/strepto-
mycin were purchased from Invitrogen (Carlsbad, CA). Fetal bovine
serum was obtained from Hyclone (Logan, UT). EGCG (TEAVIGO,
>95% pure), GT, and GSE were obtained from DSM Nutritional
Products (Parsippany, NJ), Pharmanex Inc. (Provo, UT), and Partoeno
(Bordeaux, France), respectively. The chemical characteristics and
degree of polymerization for the GSE used in these studies have been
documented.28 GT is a mixture of catechins, including EGCG (43.0% by
weight), epicatechin-3-gallate (13.7%), epicatechin (6.0%), gallocate-
chin gallate (5.6%), epigallocatechin (4.0%), gallocatechin (2.3%),
catechin (2.0%), and catechin gallate (1.4%).29 65Zn (as ZnCl2) was
purchased from Oak Ridge National Laboratory (Oak Ridge, TN), and
55Fe (as FeCl3) was purchased from PerkinElmer (Boston, MA). Unless
otherwise noted, all other reagents were purchased from Sigma Chemi-
cal Co.(St. Louis, MO), Fisher Scientific (Springfield, NJ), or VWR
(West Chester, PA).
Cell Culture. The human Caco-2 cell line was purchased from the

American Type Culture Collection (Rockville, MD). Stock cultures
were maintained in complete medium at 37 �C and in a humidified
atmosphere of 95% air and 5% CO2 and employed for experiments
within 20 serial passages. The complete culture medium contained
Dulbecco’s Modified Essential Medium (DMEM) supplemented with
25 mmol/L glucose, 2 mmol/L glutamine, 100 μmol/L nonessential
amino acids, 100 U/L penicillin G, 100 mg/L streptomycin, and 10%
FBS. Stock cultures were seeded at 10000 cells/cm2, and at ∼85%
confluence, they were split by treatment with 0.5 g/L trypsin�0.5
mmol/L EDTA in HBSS. For experiments, 50000 cells/cm2 in a volume
of 1.5 mL of complete DMEM were seeded on 3 μm microporous
membrane inserts (4.9 cm2; BD Biosciences, Bedford, MA) coated with

collagen (5 μg/cm2; BD Biosciences). The basolateral (bottom) cham-
ber contained 2.5 mL of complete DMEM. The culture medium was
changed every 2 days, and cells were used after day 17 postconfluence for
experiments. The Caco-2 cell monolayer formed tight junctions at day
17 postconfluence as defined by the transepithelial electrical resistance
(TEER) values of >250 Ω/cm2. Cells are fully differentiated at day 17
postconfluence in normal cell culture conditions.30,31

65Zn Transport and Uptake. The transepithelial zinc transfer
from the apical compartment to the basolateral compartment and the
apical zinc uptake were determined.22 After the cell monolayer had been
washed three times with Ca2þ- and Mg2þ-free HBSS at 37 �C, the cells
were incubated at 37 �C with 1.5 mL of 10 μmol/L 65ZnCl2 in uptake
buffer containing either 100μmol/L phytate or 46mg/L of the indicated
bioactive compounds in the apical compartment and 2.5 mL of DMEM
in the basolateral compartment. The effect of polyphenols and phytate
on the solubility of Zn in the uptake buffer was determined bymeasuring
the level of radioactivity in vortexed aliquots before and after centrifuga-
tion at 10600g for 10 min at 20 �C. All test solutions were freshly
prepared before each experiment. Stock solutions of 10 mmol/L ZnCl2
were prepared fresh in 1 mmol/L HCl and diluted 10-fold in sterile,
deionized water. The diluted stock solutions were mixed with 65ZnCl2
(specific radioactivity, 185 GBq/mmol; Oak Ridge National
Laboratory) to provide 18.5 kBq per well for uptake and transport
studies. The uptake buffer contained 130 mmol/L NaCl, 10 mmol/L
KCl, 1 mmol/L MgSO4, 5 mmol/L glucose, and 50 mmol/L HEPES,
pH 7.0. Two hundred microliters was removed from the basolateral
chamber every hour and replaced with an equivalent volume of
prewarmed DMEM; the time course data were corrected to account
for this sample replacement. The rate of radiolabeled zinc transfer across
the cell monolayer increased during the 3 h incubation, and transport
rates [pmol/(h 3mg cellular protein)] were calculated by linear regres-
sion analysis (r2 > 0.995). The integrity of the tight junctions between
cells was monitored by measuring TEER and phenol red transport; any
leaking cell monolayers were discarded. Tomeasure the cellular levels of
65Zn, cell monolayers were washed three times with ice-cold wash buffer
containing 150 mmol/L NaCl, 10 mmol/L HEPES, pH 7.0, and 1
mmol/L EDTA to remove any nonspecifically bound radioisotope. Cells
were homogenized in PBS containing 1mmol/L EDTA and 0.2%Triton
X-100, and 65Zn was quantified by γ counting. Cellular protein levels
were assessed using the Bio-Rad protein assay kit (Bio-Rad Laboratory
Inc., Hercules, CA). A green tea bag contains from 20 to 200 mg of
EGCG. The contents of the extracted polyphenols in tea depend on the
origin of the tea, the manufacturer, and brewing conditions, such as
water temperature, brewing time, and tea-to-water ratio.32 Thus, a cup of
green tea can provide from ∼1 to 200 mg of EGCG. Most GSE
supplements contain 100�500 mg of GSE per capsule, whereas red
wine contains about 132�366 mg/L catechin equivalents.33 It was
reported that the contents of phytic acid in many crops exceed 1.0% dry
weight.34 Because the total gastric volume during meals can be 1�2 L
and depends on the amount of food consumed,35 the concentrations of
polyphenols (46mg/L) and phytate (66mg/L, 100 μmol/L) used in the
present study are within practical ranges.

55Fe Transport and Uptake. Similarly, the basolateral iron
transfer from cells to the basolateral compartment and the apical uptake
of iron were determined.30,36,37 After the cell monolayer had been
washed three times with Ca2þ- andMg2þ-free HBSS at 37 �C, cells were
incubated at 37 �C with 1.5 mL of 10 μmol/L 55Fe�nitrilotriacetic acid
(NTA)2 in uptake buffer containing 46 mg/L of the indicated bioactive
compounds in the apical compartment and 2.5 mL of DMEM in the
basolateral compartment. The effect of polyphenols on the solubility of
Fe in the uptake buffer was also determined as described above for Zn.
All test solutions were prepared fresh before each experiment. Stock
solutions of 10 mmol/L FeCl3 3 6H2O and 20 mmol/L NTA were
prepared in 1 mmol/L HCl and diluted 10-fold in sterile, deionized
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water. The diluted stock solutions were mixed with 55FeCl3 (specific
radioactivity, 192 GBq/mmol; PerkinElmer) to provide 185 kBq per
well for the uptake and transport studies. To measure the cellular levels
of 55Fe, cell monolayers were washed three times with ice-cold wash
buffer containing 150 mmol/L NaCl, 10 mmol/L HEPES, pH 7.0, and 1
mmol/L EDTA to remove any nonspecifically bound radioisotope. This
washing step was effective in removing all surface-bound iron because
additional wash steps using a solution containing 100 μmol/L bath-
ophenanthroline disulfonate (BPS; an Fe2þ chelator) or desferrioxa-
mine (DFO; an Fe3þ chelator) did not further change the cellular 55Fe
content after washing. Cells were homogenized in PBS containing 1
mmol/L EDTA and 0.2% Triton X-100, and 55Fe was quantified by
liquid scintillation counting in glass vials. Cellular protein levels were
assessed using the Bio-Rad protein assay kit (Bio-Rad Laboratory Inc.).
Western Blot Analysis. Protein samples were extracted with cell

lysis buffer (0.3% Triton X-100, 150 mmol/L NaCl, and 10 mmol/L
Tris-HCl, pH 7.4) and a protease inhibitor cocktail (Sigma, St. Louis,
MO). Total protein concentrations were determined using the Bio-Rad
protein assay kit (Bio-Rad Laboratory Inc.). Protein samples (80 μg)
were solubilized in Laemmli buffer, boiled for 7 min, and separated by
4�20% SDS-PAGE. Similar loading and transfer of proteins were
verified by staining the blots with Ponceau S. Proteins were transferred
by electroblotting to nitrocellulose membranes, which were then
blocked with 5% nonfat powdered milk in 10 mmol/L Tris-HCl, pH
7.4, and 150 mmol/L NaCl (TBS) at room temperature for 1 h. The
membranes were then incubated for 2 h at room temperature with an
anti-MT antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA;
1:500 dilution) in TBS containing 0.05% Tween 20 (TBST). The
membranes were washed several times with TBST and then incubated
for 1 h at room temperature with peroxidase-linked goat anti-rabbit IgG
(PerkinElmer; 1:3000 dilution). The antigens were visualized by en-
hanced chemiluminescence (PerkinElmer Life Sciences, Boston, MA),
detected using the ChemiDoc XRS system (Bio-Rad Laboratory, Inc.),
and quantified using Quantity-One application software (Bio-Rad
Laboratory, Inc.). The membranes were stripped and reprobed with
an anti-calnexin antibody to confirm equal loading and transfer.
Statistical Analysis. All variables were tested in at least triplicate

wells for each experiment, and experiments were repeated more than
three times. Data were analyzed using one- or two-way (treatment �
time) ANOVAwith Bonferroni’s multiple-comparison tests post hoc for
multiple comparisons using Prism 5.0 software (GraphPad). Data were
log-transformed as necessary to attain homogeneity of variance, and data
are reported as the nontransformed means. The REG (regression)
procedure was used to perform the simple linear regression analysis for
Table 1. Differences were considered to be significant at P < 0.05.

’RESULTS

GSE Inhibits Transepithelial Zinc Transport. The solubility
of zinc was not altered when 46 mg/L of polyphenols was also
added to the uptake buffer. The amounts of 65Zn in the super-
natants of samples containing EGCG, GSE, GT, and phytate
were the same as in the control solution (g97%). The quantity of
65Zn transferred from the apical to the basolateral compartment
of the Caco-2 cell monolayer increased between 1 and 3 h of
incubation. Addition of GSE to the uptake buffer significantly
(P < 0.05) decreased the rate of 65Zn transfer across the cell
monolayer (Table 1). GSE decreased the transepithelial 65Zn
transfer across the cell monolayer to 79.3( 6.3 and 71.3( 5.2%
of control after 2 and 3 h of incubation, respectively (Figure 1).
However, neither EGCG nor GT modulated 65Zn transport
across the cell monolayer after 3 h of incubation. Interestingly,
the rate of 65Zn transfer was significantly (P < 0.05) decreased by
GT during a 3 h transport study (Table 1). As shown in Figure 1,

because the amounts of 65Zn transported into the basolateral
chamber were higher (not significant) after 1 h of incubation but
lower (not significant) after 2 and 3 h of incubation in the
presence of GT, the overall transport rate was lower in the
presence of GT compared to the control. As predicted, phytate
significantly (P < 0.05) decreased 65Zn transport across the cell
monolayer after 3 h of incubation. Phytate was used as a negative
control for zinc absorption. The addition of bioactive dietary
polyphenols did not alter the TEER values, which confirmed the
integrity of the monolayer of EGCG-, GT-, or GSE-treated cells.
Apical Zinc Uptake Is Reduced by GSE but Not by EGCG

andGT.The addition of GSE significantly (P < 0.05) reduced the
uptake of 65Zn across the brush-border membrane and its
assimilation by Caco-2 cells to 86% of the control during a 3 h
assay (Figure 2B). Basolateral 65Zn release was also significantly
(P < 0.05) decreased by GSE to 80% of the control during the 3 h
transport assay (Figure 2A). GSE inhibited zinc absorption in a
manner similar to that shown by phytate. Phytate significantly
(P < 0.05) decreased the basolateral transport of 65Zn by
reducing the apical uptake of 65Zn. However, EGCG and GT

Table 1. Effects of Dietary Polyphenols and Phytate on the
Rate of Apical 65Zn Transfer across the Cell Monolayer in
Fully Differentiated Caco-2 Cellsa

treatment

rate of 65Zn transfer

(AP to BL chamber)

[pmol/(h 3mg cellular protein)]

control 534.4( 9.5 a

þ phytate (66 mg/L, 100 μmol/L) 129.4( 1.5 d

þ EGCG (46 mg/L, 100 μmol/L) 500.9( 29.9 ab

þ GT (46 mg/L) 472.8( 18.6 b

þ GSE (46 mg/L) 337.2( 23.3 c
aThe rate of transepithelial 65Zn transport across the differentiated
Caco-2 cell monolayers was calculated during 3 h of incubation by linear
regression analysis (control, r2 > 0.999;þ phytate, r2 > 0.999;þ EGCG,
r2 > 0.996;þ GT, r2 > 0.998;þ GSE, r2 > 0.995). Data are the mean(
SEM for six replicate wells from a representative experiment (n = 3).
Means without a common letter differ at P < 0.05.

Figure 1. Effects of phytate, EGCG, GT, and GSE on 65Zn transport
across fully differentiated Caco-2 cell monolayers. The reactions in-
cluded 10 μmol/L 65ZnCl2 and 100 μmol/L phytate or 46mg/L EGCG,
GT, or GSE. Values are the mean( SEM for four (control and phytate)
or five (EGCG, GSE, and GT) replicate wells from a representative
experiment (n = 3). Means at an incubation time point without a
common letter differ at P < 0.05. Within a treatment, means without a
common symbol differ at P < 0.05. AP, apical; BL, basolateral.
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did not affect the absorption of zinc. To examine whether the
effect of polyphenols on zinc absorption differs from the effects

on other metals, we next tested the effects of these bioactive
polyphenolic compounds on iron absorption.
Dietary Polyphenolic Compounds Inhibit Basolateral 55Fe

Transport but Increase the Apical Uptake of 55Fe. Transe-
pithelial 55Fe transport across the cell monolayer was almost
completely inhibited by EGCG, GT, and GSE over 3 h of
incubation (Figure 3A). Interestingly, the addition of these
dietary polyphenols tremendously enhanced apical uptake of
55Fe over 3 h of incubation (Figure 3B). These dietary poly-
phenols significantly (P < 0.05) enhanced the apical iron uptake
within 1 h of incubation (Kim and Han, unpublished data). The
solubility of iron was g98% and was not changed when poly-
phenols were also added to the uptake buffer.
Effects of Polyphenols and Phytate on the Expression of

MT in Caco-2 Cells.To explore the possiblemechanisms by which
GSE inhibits zinc absorption, the expression of the zinc-binding
protein MT was assessed. Our analysis of quantified Western blots
showed that the MT protein level was not changed by phytate and
selected dietary polyphenols over 3 h of incubation (Figure 4).

’DISCUSSION

Polyphenolic compounds are known to possess many bene-
ficial health effects, including the antioxidative activities of
scavenging reactive oxygen species and chelating metals. Tea
and red wine are thought to be important sources of these
compounds. However, some polyphenolic compounds also
reduce the absorption of iron, and possibly other trace metals,
when included in a diet. Multiple galloyl groups are known to be
responsible for the inhibition of iron absorption from foods;
however, there is very little information on the effect of dietary
polyphenolic compounds on the status of trace elements other
than iron. It is known that polyphenolic compounds are also able
to chelate zinc.7,38 In the present study, the effects of EGCG, GT,
and GSE on the absorption of 65Zn were examined and com-
pared their effects on 55Fe absorption in human intestinal Caco-2
cells grown on microporous membrane inserts. We also inves-
tigated the effects of the polyphenolic compounds on the
expression of MT, which binds zinc and may determine the
amounts of zinc that are transported across the basolateral
membrane of enterocytes. The levels of EGCG, GT, and GSE
used in this study were within physiological ranges and did not
affect the integrity of the Caco-2 cell monolayers.

GSE reduced zinc transport across the cell monolayer, and the
decreased zinc transport was associated with a reduction in apical
zinc uptake. Similarly, phytate inhibited zinc absorption by
decreasing apical zinc uptake. However, EGCG and GT did
not alter zinc absorption. In contrast, the polyphenolic com-
pounds in EGCG, GT, and GSE almost completely blocked
transepithelial iron transport across the cell monolayer. The

Figure 2. Effects of bioactive dietary polyphenols on basolateral 65 Zn
transport (A) and apical 65Zn uptake (B) after 3 h of incubation. The
reactions included 10 μmol/L 65ZnCl2 and 100 μmol/L phytate or 46
mg/L EGCG, GT, or GSE. Data are the mean( SEM for 9 (control and
phytate) or 13 (EGCG, GSE, and GT) replicate wells from three
independent experiments. Means without a common letter differ at P
< 0.05. AP; apical, BL; basolateral.

Figure 4. Effects of phytate, EGCG, GT, and GSE on the expression of
MT as shown by a representativeWestern blot ofMT protein expression
from Caco-2 cells treated with 100 μmol/L phytate (Phy) or 46 mg/L
EGCG, GT, or GSE for 3 h. Calnexin was used to confirm equal loading
and transfer.

Figure 3. Inhibitory effects of dietary bioactive polyphenols on basolateral
55 Fe transport (A) and apical 55Fe uptake (B) after 3 h of incubation. The
reactions included 10 μmol/L 55Fe(NTA)2 and 46 mg/L of the indicated
polyphenolic compounds. Data are the mean ( SEM for six (control,
EGCG, and GSE) and nine (GT) replicate wells from two independent
experiments. The experiments were repeated more than six times with
similar results. Means without a common letter differ at P < 0.05.
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effect of GSE on zinc absorption was very different from its effect
on iron absorption. Whereas GSE decreased zinc absorption by
reducing apical zinc uptake, the polyphenolic compounds in-
hibited iron absorption by enhancing apical iron uptake. GSE
may increase apical iron uptake by reducing ferric iron to ferrous
iron as previously reported.36 Another possible explanation is
that whereas GSE�iron complexes are transported into the cell,
possibly via a polyphenol transport pathway(s), GSE�zinc
complexes do not enter the cell.

Evidence has shown that green tea both suppresses and has no
effect on zinc absorption. Greger and Lyle reported that GT at a
level of 2.7% in a diet decreased the apparent zinc absorption in
animals.13 Similarly, GT decreased zinc absorption in a dose-
dependent manner in animals.12 GT at levels of g0.6% in a diet
significantly inhibited zinc absorption.12 However, neither 1%
green tea infusion nor 0.2% GT feeding in a diet had significant
effects on zinc status.8 Similarly, the results of our current study
also showed that GT had no effect on the transepithelial transport
and apical uptake of 65Zn in fully differentiated Caco-2 cells grown
on microporous membrane inserts. Interestingly, a recent study
proposed that green tea might enhance zinc absorption.14 The
addition of green tea stimulated apical zinc uptake in intestinal
Caco-2 cells grown in a 6-well plate and incubated for 3 h.14

It was previously reported that long-term ingestion of red wine
did not modulate zinc absorption,11 but there is no information
on the effect of GSE on zinc absorption. The results of our
present study showed that GSE decreased transepithelial 65Zn
transport and was associated with a reduction in apical 65Zn
uptake over a 3 h incubation in Caco-2 cells. Similar to our
current study, a recent study reported that GSE inhibited the
cellular uptake of zinc in hepatocytes.39 The GSE-mediated
decrease in zinc uptake was not due to a reduction in the zinc
importer because GSE increased the expression of the zinc
importers.39 Interestingly, a recent study indicated that red wine
could enhance zinc absorption, as the addition of red wine extract
stimulated apical zinc uptake in intestinal Caco-2 cells.14 It has
been suggested that polyphenols form complexes with zinc, and
the variability in the structure and stoichiometry of polyphe-
nols�zinc complexes may affect the different cell membrane
permeabilities of polyphenols.40,41 However, the exact mechan-
ism of the effects of dietary bioactive polyphenols on zinc uptake
remains to be elucidated.

To test whether GSE decreased basolateral zinc release by
decreasing intracellular labile zinc concentrations and increasing
MT protein levels, we assessed MT protein expression in cells.
Within the cytoplasm, zinc is bound byMT, andMT controls the
concentrations of free and labile zinc.42 Our Western blot data
showed no changes in MT protein expression after treatment
with GSE, GT, and EGCG, suggesting that the GSE-mediated
inhibition of zinc absorption is due to reduced apical zinc uptake.
However, a polyphenol-mediated decrease in MT expression has
been previously reported.39,43 The expression of MT was re-
duced by GSE and EGCG in HepG2 and PC-3 cells,39,43 and the
decrease in MT expression was associated with elevated intra-
cellular labile zinc concentrations in HepG2 cells.39

In contrast to the effects of polyphenols on transepithelial
transport and apical uptake of zinc, EGCG, GT, and GSE almost
completely blocked basolateral iron release but tremendously
enhanced apical iron uptake (Figure 3). These results indicate
that polyphenols differentially modulate zinc and iron absorption
in intestinal cells. Similarly, whereas EGCG increased zinc uptake,
Cd uptake was decreased by EGCG in PC-3 cells.43 As discussed

above, the effects of dietary polyphenolic compounds on the
absorption and cellular uptake of metals are dependent on the
metals applied or the cells used. Dietary polyphenolic compounds
form complexes with metals,7,38 and the structure and stoichiom-
etry of polyphenol�metal complexes might determine the differ-
ent membrane permeabilities of polyphenols and modulate the
intestinal absorption and cellular uptake of metals.

Some dietary polyphenols, including EGCG, GT, and GSE,
have been shown to form complexes with metal ions, especially
transitional metal ions, under various conditions. Our previous
study showed that EGCG and GSE chelate iron.36 EGCG, GT,
and GSE have also been known to bind zinc in solution with
higher affinity than the zinc-specific chelator Zinquin.39 It has
been suggested that the content and type of polyphenols present
in foods determine their effects on the absorption of metals, such
as iron. However, the precise mechanism by which bioactive
dietary polyphenolic compounds inhibit the absorption of metals
has not been delineated. It is generally accepted that some dietary
factors modulate the absorption of iron and zinc by altering their
solubilities in the lumen of the small intestine.44,45 However, our
results indicate that dietary polyphenols and phytate modulate
the intestinal transport of iron and zinc without changing their
solubilities, as previously suggested by other investigators.46

The results of the present study demonstrate that GSE, but
not EGCG and GT, decreases zinc absorption at a physiological
level. The GSE-mediated inhibition of zinc absorption was
associated with a decrease in apical zinc uptake but not MT
protein expression. The inhibition of zinc absorption may be due
to the presence of procyanidins, which bind zinc with high
affinity and block the transport of zinc across the apical mem-
brane of enterocytes. In contrast, procyanidin�iron complexes
stimulate iron transport across the apical membrane of enter-
ocytes, as shown in Figure 3B. Further research on the absorption
of zinc as zinc�polyphenol and free zinc should provide further
insight into the process of dietary zinc absorption in the presence
of GSE and other various bioactive dietary polyphenols. The
present study suggests that some individuals should consider
their zinc status if they regularly consume procyanidin-containing
foods. However, further studies, especially in vivo studies, are
needed to confirm these results.
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