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Abstract

The hypothesis that interactions of dietary polyphenols with dietary iron occur during digestion and result in a decrease of the

post-absorptive antioxidant properties of polyphenols was investigated. The hypothesis was tested in vitro, under conditions that

simulate gastrointestinal digestion. Mixtures of green tea, iron, and three dietary factors that modify the form of iron in the lumen,

namely ascorbic acid, meat or casein, were subjected to an in vitro gastrointestinal digestion. Antioxidant capacity (FRAP assay),

iron concentration (ferrozine assay) and polyphenol concentration (Folin–Ciocalteau assay) were measured in the in vitro digests.

The presence of iron decreased the antioxidant capacity and the polyphenol concentration of green tea digests. The presence of

ascorbic acid increased, while meat and casein decreased the antioxidant capacity of green tea. The factorial analysis of the data

suggests that protein and iron interact with green tea polyphenols during the in vitro digestion and decrease their antioxidant capac-

ity. These results support the aforementioned hypothesis.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

There is limited information concerning the antioxi-

dant capacity of polyphenols in the presence of dietary

iron or other dietary factors. Our hypothesis is that die-

tary iron interacts with polyphenols in the lumen during

digestion and, consequently, decreases the antioxidant
capacity of polyphenols.

The antioxidant capacity of polyphenols and of food

sources of polyphenols has been repeatedly shown in

various in vitro and in vivo systems in the absence of

dietary factors (Frankel, Kanner, German, Parks, &

Kinsella, 1993; Khan, Katiyar, Agarwal, & Mukhtar,

1992; Lionis, Faresjo, Skoula, Kapsokefalou, & Faresjo,

1998; Matsingou, Kapsokefalou, & Salifoglou, 2000,
2001, 2003). Epidemiological evidence suggests that the

antioxidant properties of polyphenols may impart
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health benefits (Hollman & Katan, 1999; Riemersma,

Rice-Evans, Tyrrell, Clifford, & Lean, 2001; Serafini,

Bellocco, Wolk, & Ekstrom, 2002).

Despite the growing interest in the health benefits of

polyphenols, little is known about whether dietary fac-

tors, that may interact with polyphenols during diges-

tion, affect the antioxidant capacity of polyphenols in
plasma. One dietary factor that interacts with polyphe-

nols is protein (Zhu, Phillipson, Greengrass, Bowery,

& Cai, 1997). Limited experimental evidence suggests

that milk diminishes the antioxidant properties of tea

(Arts et al., 2002) and dark chocolate (Serafini et al.,

2003). Another dietary factor that most likely interacts

with polyphenols is iron. Lumenal interactions of poly-

phenols with iron are frequently addressed in studies of
iron absorption. Iron absorption is inhibited by poly-

phenols and dietary sources of polyphenols, such as

tea, possibly through formation of unavailable iron–poly-

phenol chelates in the lumen during digestion (Hallberg

& Hulthen, 2000; Samman et al., 2001; Zijp, Korver, &
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Tijburg, 2000). The formation of iron–polyphenol che-

lates is not easily predictable in more complicated sys-

tems that contain dietary factors that modify the form

of iron (Hallberg & Hulthen, 2000), such as meat or

ascorbic acid or casein or other proteins (Kapsokefalou

& Miller, 1991).
The objective of this study was to test, in vitro, the

hypothesis that lumenal interactions of dietary polyphe-

nols with dietary iron modulate the antioxidant proper-

ties of polyphenols. Mixtures of iron, green tea and

ascorbic acid, meat or casein were subjected to a simu-

lated gastrointestinal digestion. Subsequently, the anti-

oxidant capacity of the digests was measured in vitro.

The effects of protein and iron valence on the antioxi-
dant behaviour of polyphenols in vitro were

investigated.
2. Materials and methods

2.1. Materials

All chemicals were purchased from Sigma–Aldrich

(Steinheim, Germany). Doubly-distilled, deionized

water was used throughout the experiment. All glass-

ware was washed, soaked overnight in 1 N HCl and

rinsed with distilled deionised water.

The materials used in the in vitro digestion experi-

ment were the following: pepsin was a porcine pepsin

preparation (4 g), suspended in 100 ml 0.1 M HCl. Pan-
creatin/bile mixture was a porcine pancreatin (0.2 g) and

a crude bile extract (1.2 g) suspended in 100 ml of 0.1 M

NaHCO3. PIPES buffer, 0.15 M PIPES (piperazine-

N,N 0-bis[2-ethane-sulfonic acid] disodium salt), was ad-

justed to pH 6.3 using concentrated HCl. HEPES buffer,

0.3 M HEPES (N-2-hydroxyethyl-piperazine-N 0-2-

ethanesulfonic acid sodium salt) was used without pH

adjustment. Protein precipitant solution (reducing) was
100 g trichloroacetic acid, 50 g hydroxylamine monohy-

drochloride and 100 ml concentrated HCl per 1 l of

water. Protein precipitant solution (non-reducing) was

prepared as was the reducing solution, except that the

hydroxylamine monohydrochloride was not added. Fer-

rozine chromogen solution (5 mg/ml) was ferrozine

(3-(2-pyridyl)-5,6-bis(4-phenyl-sulfonic acid)-1,2,4 tri-

azine, disodium salt) in water. Spectrapore� I dialysis
tubing, with a molecular weight cut-off of 6000–8000

(Spectrum Laboratories, Rancho Dominguez, CA,

USA), was cut into 25 cm lengths and soaked in water

for at least 1 h prior to use and stored in 0.15 M PIPES

pH 6.3, until used.

2.2. Sample preparation

Infusions of green tea (Java Green Tea, R. Twining &

Co, Ltd.) were prepared by steeping 4 g of tea/100 ml
boiling water for 3 min and subsequently filtering

through filter paper. Meat was lean beef, bought from

a local supermarket. The meat was minced, shaped into

patties, about 2 · 2 · 1 cm and of 30 g each, and frozen

at �20 �C until further use. On the day of the experi-

ment, the patties to be used for testing were thawed
and cooked in a microwave oven (at high) for 2 min

one side and 1 min the other side.

Samples of 20 ml were prepared by mixing iron with

green tea and with ascorbic acid (tea + AA), casein

(tea + casein) or meat (tea + meat) at the following con-

centrations: the sample concentration of iron was 0.25

or 1 mM. The iron source was a standard solution of

FeCl3, 1010 ppm in 1 M HCl, from Sigma–Aldrich, Ger-
many. Samples containing meat or casein provided 4 g

of protein/100 ml sample. Samples containing ascorbic

acid provided 88 mg ascorbic acid/100 ml sample. Each

sample was homogenised and digested in vitro as de-

scribed below.
2.3. In vitro digestion

The in vitro model employed herein simulates the

gastrointestinal digestion by subjecting samples to a

4.5 h incubation at 37 �C, at different pHs, in the pres-

ence of pepsin, pancreatin and bile extract and by frac-

tionating digests through a dialysis membrane

(Kapsokefalou & Miller, 1991). Briefly, samples of 20

ml, pH adjusted to 2.8 with concentrated HCl, were

transferred into 120 ml screw-cap vials and placed in a
shaking water bath maintained at 37 �C. The samples

were incubated for 2 h in the presence of 1 ml pepsin sus-

pension, added to each sample. At the end of this incu-

bation, the pH of the samples was adjusted gradually

from 2.8 to around 6 with the aid of a dialysis sac, filled

with 20 ml of a 0.15 M PIPES buffer, pH 6.3. The dial-

ysis sac was immersed in the incubating samples. After

30 min, 5 ml of a pancreatin–bile salt mixture (0.5 and
3 g, respectively, in 250 ml 0.1 M NaHCO3) were added

to the samples and the incubation continued for another

2 h. At the end of this incubation period, the dialysis sac

was removed. The dialysate (fraction inside the dialysis

bag) and the retentate (fraction outside the dialysis

bag) were collected. The retentate was centrifuged at

10,000g for 10 min. The supernatant was removed and

kept for further analysis.
2.4. Analysis

The antioxidant capacity was estimated from the

reducing power of the samples (FRAP assay) accord-

ing to Benzie and Strain (1996). Results were expressed

as increase in absorbance 4 min after the addition of

the FRAP reagent. Ferrous and total (ferrous + ferric)
iron were measured using a modification of the ferro-
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zine method proposed by Reddy, Chidambaram, Fon-

eca, and Bates (1986) as in Kapsokefalou and Miller

(1991).

Total polyphenol content was determined in all sam-

ples and in the in vitro digests according to a modifica-

tion of the Folin–Ciocalteu method (Kählönen et al.,
1999). The total phenolic content was expressed in mil-

ligrammes of gallic acid equivalents per ml digest (mg

GAE/ml).

2.5. Data analysis

Samples were run in duplicate and each experiment

was repeated three times. Differences among samples
were tested with one-way ANOVA, LSD test at 95%

confidence interval, after testing for normality (Zar,

1999). Data were also analysed according to a 4 · 3 fac-

torial design, for factors dietary factor and iron, and

according to a 2 · 3 factorial design, for factors protein

and iron. Analysis of data was carried out with the pro-

gramme Statistica, version 5.1 (StatSoft, OK, USA).

0.2

0         0.25 1

Treatment iron level (mM)(B)

Fig. 1. Antioxidant capacity of tea digested in vitro in the presence of

iron and of ascorbic acid, casein or meat. The antioxidant capacity was

measured in the dialysate and the retentate of the in vitro digests

(graph A and graph B, respectively) by the FRAP assay and was

expressed as change in absorbance monitored at 593 nm, 4 min after

the addition of the chromagen mixture. Means with different letters are

significantly different (P < 0.05).
3. Results and discussion

The antioxidant capacity and the concentration of

polyphenols and of soluble ferrous and total iron were

measured on the dialysates and on the supernatant of

the centrifuged retentates (Figs. 1–4). These two frac-

tions consist of different compounds; therefore results
obtained have different implications. The dialysates con-

sist of compounds that dialyse through the porous mem-

brane, namely soluble compounds of molecular weight

smaller than 6000. The retentates consist of soluble

and insoluble compounds of various molecular weights;

however, soluble compounds, with molecular weights

above 6000, may be found only in the supernatant of

the centrifuged retentatess.
The antioxidant capacity of the dialysates is pre-

sented in Fig. 1, graph A. In the absence of iron, the

antioxidant capacities of the dialysates of the tea + AA

digests was higher than that of the dialysates of tea di-

gests (P < 0.05). Addition of casein or meat to tea before

digestion, decreased the antioxidant capacity of the dial-

ysates of the digests (P < 0.05). There was no difference

between the effect of meat and of casein on the antioxi-
dant capacity of tea digests (P > 0.05).

Most interestingly, the addition of iron at 0.25 mM

and at 1 mM before the in vitro digestion in tea,

tea + AA, tea + casein or tea + meat, decreased the anti-

oxidant capacities of the dialysates of all digests. This

reduction was statistically significant in all treatments

when iron was added at 1 mM (P < 0.05). However, at

the lower iron level, a trend towards decrease of the anti-
oxidant capacity was also observed. It must be empha-

sized that the iron concentrations of 0.25 mM and of 1
mM are the iron concentrations of the mixtures before

digestion, corresponding to the iron concentration in a

meal before ingestion, i.e., to 3.5 and 14 mg of iron

per 250 ml of tea. These amounts compare well with

the suggested daily intake of iron.

Differences of the antioxidant capacities of the dialy-

sates of the various digested treatments observed in the

absence of iron were also observed in the presence of
iron at both concentration levels. In particular, the anti-

oxidant capacity of the dialysates of tea + AA digests

was higher than that of the dialysates of the tea digests

(P < 0.05) and that of dialysates of tea + casein and

tea + meat digests was lower at both concentration lev-

els of iron (P < 0.05).

The factorial statistical analysis shows that iron or

protein, added before digestion to the various tea treat-
ments, modulates the antioxidant capacity of the dialy-

sates of tea digests (P < 0.05). However, there is no

interaction between iron and protein for the expression

of this effect (P > 0.05).

The comparisons among the retentates of the digests

of the various treatments and the results of the statistical

analysis were similar to those reported for the respective

dialysates (Fig. 1, graph B).
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Fig. 2. Polyphenol content of tea digested in vitro in the presence of

iron and of ascorbic acid, casein or meat. Polyphenol content was

determined in the dialysate and the retentate of the in vitro digests

(graph A and graph B, respectively) with the Folin–Ciocalteau assay

and was expressed as milligrammes of gallic acid equivalents per ml

digest (mg GAE/ml). Means with different letters are significantly

different (P < 0.05).
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Fig. 3. Ferrous iron content of tea digested in vitro in the presence of

iron and of ascorbic acid, casein or meat. Iron was measured in the

dialysate and the retentate of the in vitro digests (graph A and graph B,

respectively) by the ferrozine assay. Means with different letters are

significantly different (P < 0.05).
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The polyphenol content of the dialysates is presented

in Fig. 2, graph A. In the absence of iron, the polyphe-

nol contents of the dialysates of tea and tea + AA di-

gests were similar (P > 0.05). The addition of casein or

meat to tea before digestion decreased the polyphenol

content of the dialysates of the tea digests (P < 0.05).

There was no difference between the effect of meat and

of casein on the polyphenol content of the dialysates
of the tea digests (P > 0.05). The addition of iron at

0.25 mM and at 1 mM, before the in vitro digestion to

tea, tea + AA, tea + casein or in tea + meat, decreased

the polyphenol content in the dialysates of the digests.

This reduction was statistically significant (P < 0.05)

only when iron was added at 1 mM to tea and tea + AA

digests. There was no change in polyphenol content in

the dialysates of the digests in tea + casein or in tea +
meat (P > 0.05).

Differences in the polyphenol content of the dialy-

sates of the various treatments digested in vitro were ob-

served in the presence of iron at both levels. In

particular, the polyphenol contents of the dialysates of

the tea and of tea + AA digests were higher than those

of dialysates of tea + casein and tea + meat digests at

both levels of iron.
The factorial statistical analysis shows that iron,

added before digestion to the various tea treatments,

modulates the polyphenol content and the antioxidant

capacity of the dialysates of tea digests. Moreover, it

shows that protein, also added before digestion to the

various tea treatments, modulates the antioxidant

capacity and the polyphenol content of the dialysates

of tea digests (P < 0.05). However, iron and protein do
not interact statistically (P > 0.05).

The polyphenol content of the retentates is presented

in Fig. 2 graph B. The comparisons among the reten-

tates of the digests of the various treatments and the re-

sults of the statistical analysis were similar to those

reported for the respective dialysates.

The soluble iron content was measured in the dialysate

and the retentate of the in vitro digests of all treatments
(Figs. 3 and 4). Most of the soluble iron measured was in

the ferrous form. Ascorbic acid increased ferrous and

total iron formation in both the dialysate and the reten-

tate. In contrast to observations on the antioxidant

capacity and polyphenol formation, meat and casein

affected iron formation in a different manner. In particu-

lar, casein decreased ferrous and total iron formation in

both the dialysate and the retentate, while meat did not.
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Fig. 4. Total iron content of tea digested in vitro in the presence of

iron and of ascorbic acid, casein or meat. Iron was measured in the

dialysate and the retentate of the in vitro digests (graph A and graph B,

respectively) by the ferrozine assay. Means with different letters are

significantly different (P < 0.05).
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The first finding emerging from the present study was

that iron may be an important modulator of the antiox-

idant capacity of tea. The observed decrease of the anti-

oxidant capacity of tea when iron is present depends on

the amount of iron added to tea before digestion but not

in the form of iron. Variation in the form of iron in the

in vitro digests was induced by ascorbic acid, casein and

meat. These dietary components altered the physico-
chemical form of iron under lumenal conditions. Meat

and ascorbate reduce iron and form soluble, low molec-

ular weight chelates of ferrous iron, while casein forms

high molecular weight chelates of ferric iron under sim-

ulated gastrointestinal conditions (Kapsokefalou &

Miller, 1991). The presence of these selected dietary fac-

tors in the in vitro digests was expected to greatly affect

the valence and/or the ligands iron is chelated to and,
consequently, the iron–polyphenol interaction. The ex-

pected effect of the dietary factors on the formation of

total and ferrous iron in the digests was observed (Figs.

3 and 4); however, the factorial analysis showed that

there was no effect of interaction of iron and dietary fac-

tors on the decrease of the antioxidant activity.

The second finding was that iron may decrease the

concentration of polyphenols of tea digests in the lumen.
This finding provides evidence for the iron–polyphenol

interaction. Therefore, it is plausible that the observed

decrease in antioxidant capacity may be attributed to

physicochemical interactions of polyphenols with iron

in the lumen. These interactions result in the formation

of iron–polyphenol chelates that may exert low antioxi-
dant capacity. The formation of iron–polyphenol che-

lates has been observed in model systems and involves

iron in the ferric state and adjacent phenolic oxygens

of the polyphenols (Jovanovic, Simic, Steenken, & Hara,

1998; Kawabata, Schepkin, Haramaki, Phadke, & Pack-

er, 1996). The formation of iron–polyphenol chelates in

the lumen may be responsible for the inhibition of iron

absorption when tea, or other food sources of polyphe-
nols, is present in an iron containing meal (Hurrell,

Reddy, & Cook, 1999). Herein we report, for the first

time, that, in our in vitro system, iron–polyphenol inter-

actions may result in a decrease in antioxidant capacity

of tea. It has been suggested that one mechanism where-

by polyphenols exert their antioxidant effect in vivo is

through chelation of oxidation catalysts, such as iron

(Yoshino & Murakami, 1998). This chelation has been
proposed to occur in the plasma and to involve ab-

sorbed polyphenol and iron species. Attention to the lu-

menal antioxidant effect of polyphenols is directed

toward non-absorbed polyphenol species (Halliwell,

Zhao, & Whiteman, 2000). Lumenal interactions that

may affect post absorptive antioxidant events have not

been explored and are the subject of the hypothesis

tested herein in vitro.
Our third finding was that protein, either from meat

or from casein, decreases the antioxidant capacity of

green tea digests. Protein was expected to interact, not

only with iron, but also with polyphenols. Most interest-

ingly, however, the decrease in antioxidant capacity of

tea digests is similar when meat or casein is present, de-

spite the reducing power and antioxidant capacity that

meat and casein have (Kitts & Weiler, 2003). This sug-
gests that the effect of protein is very strong and prevails

over other antioxidant characteristics of meat. In some

studies, it has been observed that milk, a good source

of casein, decreases the antioxidant capacity of tea (Arts

et al., 2002; Serafini, Ghiselli, & Ferro-Luzzi, 1996).

However, other studies have not observed an effect of

milk (Hollman, Van Het Hof, Tijburg, & Katan, 2001;

Leenen, Roodenburg, Tijburg, & Wiseman, 2000). Re-
cently it was shown that milk may also reduce the anti-

oxidant capacity of chocolate (Schroeter, Holt, Orozco,

Schmitz, & Keen, 2003; Serafini et al., 2003). No obser-

vation of the effect of meat on the antioxidant capacity

of tea has been reported.

Central to the in vitro study of iron–polyphenol–pro-

tein interactions is the in vitro gastrointestinal digestion

to which all samples were subjected. The in vitro diges-
tion simulates the gastrointestinal environment and pro-

cesses, integrates chemical transformations of the
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dietary components during the digestive procedure, such

as hydrolysis, polymerisation or oxidation, allows chem-

ical interactions between the digestive components to

occur and provides separation of the soluble low MW

fraction. This latter feature is of significance because it

may be related to the fraction that is potentially avail-
able for absorption. Although this simulated digestion

process has been developed and tested for iron bioavail-

ability studies, it offers advantages that are relevant to

the study of polyphenols over other model systems. Be-

sides allowing interactions between polyphenols and

other dietary components to occur under digestive con-

ditions, other important advantages are the pH changes

to which polyphenols are sensitive (Friedman & Jurgens,
2000) and the separation of fractions based on molecu-

lar weight. The molecular weight is presumably a signif-

icant factor that determines polyphenol absorption

(Scalbert & Williamson, 2000). For that reason, antiox-

idant measurements, performed in the soluble, low

molecular weight fraction of the digests, are evaluated

carefully. Therefore, the procedure employed herein is

an excellent tool for the in vitro evaluation of various
factors that may affect iron–polyphenol interactions

proposed to occur during the course of digestion. Never-

theless, in vitro results on the antioxidant properties of

polyphenols present limitations and may not necessarily

reflect in vivo effects. Other physiological factors, such

as absorption and metabolism of polyphenols, are

important in evaluating the activity of polyphenols in

vivo (Rice-Evans, 2001).
4. Conclusions

Under in vitro conditions that simulate the gastroin-

testinal digestion, the antioxidant capacity of green tea

decreases when iron is present before digestion.

Iron may be an important modulator of the antioxi-
dant capacity of tea. In particular, this experiment

shows that presence of iron decreased the antioxidant

capacity and the polyphenol content of tea digests under

conditions that simulate the gastrointestinal digestion.

These findings support the hypothesis that interactions

between iron and polyphenols occur in the lumen and

result in a decrease of the antioxidant capacity of

polyphenols.
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