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The effects of phytochemical-rich foods on bioaccessibility of mercury in fish tissue (the amount of mer-
cury that is released from fish into gastrointestinal tract fluid following a simulated digestion) were
investigated using an in vitro digestion. Total mercury in the aqueous phase following a simulated diges-
tion of fish with added food treatments was used to measure mercury bioaccessibility. Green tea extract
(31–2000 mg), black tea extract (31–2000 mg), and soy protein (50–100 mg) significantly reduced mer-
cury bioaccessibility by 82–92%, 88–91%, and 44–87%, respectively. Grapefruit juice (0.5–10 ml) did not
reduce mercury in the aqueous phase. Wheat bran (50–1000 mg) decreased mercury bioaccessibility
(84%); oat bran and psyllium reduced bioaccessibility (by 59–75%, 15–31%, respectively) at amounts
greater than 500 mg. We therefore suggest that co-consumption of foods containing phytochemicals at
the same time as fish that contains mercury may potentially reduce mercury absorption compared to eat-
ing fish alone.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Fish is a source of high-quality protein, vitamin D, selenium,
omega-3 fatty acids, and other nutrients. Recently, omega-3 fatty
acids, including eicosapentaenoic acid (EPA, C22:5n�3) and doco-
sahexaenoic acid (DHA, C22:6n�3), were found to play a role in
brain and retina development and function (Allen & Harris, 2001;
Lauritzen, Hansen, Jorgensen, Michaelsen et al., 2001). Fish, how-
ever, has also been identified as the main source of methylmercury
exposure in humans ( Marsh, Clarkson, Myers et al., 1995; NAS,
2000). In general, more than 90% of the mercury in fish is found
as methylmercury (US EPA (US Environmental Protection Agency),
1997). Following absorption, methylmercury accumulates in brain,
muscle, and kidney, presumably due to its strong affinity for sulf-
hydryl groups (US EPA, 1997; US FDA, 2004). Additionally, methyl-
mercury can cross the placental–blood and blood–brain barriers
(Marsh et al., 1995). Excessive prenatal exposure can result in
developmental delays (Rogers, Emmett, Ness, Golding, et al.,
2004; US EPA, 1997). As a result, the US Environmental Protection
Agency (US EPA) has established a reference dose (RfD) for methyl-
mercury of 0.1 lg Hg/kg body weight per day (US EPA (US Environ-
mental Protection Agency), 1997).

Therapeutic treatment following exposure to mercury often in-
volves administration of chelating agents, such as 2, 3-dimercapto-
1-propane sulfonate (DMPS) (Aposhian et al., 1992; NAS, 2000).
ll rights reserved.

: +1 765 494 0674.
e).
Chelating agents are believed to reduce the bioaccessibility of
methylmercury, thereby limiting the ability of the heavy metal to
be absorbed or reabsorbed in the intestine. Some studies have sug-
gested that particular dietary factors, including fibres and phyto-
chemicals, can similarly impact methylmercury bioavailability
(Chapman & Chan, 2000; Minamisawa, Minamisawa, Yoshida, Ta-
kai et al., 2004; Ou, Kongrong & Li, 1999; Rowland, Mallett, Flynn,
Hargreaves et al., 1986). For instance, co-consumption of wheat
bran with methylmercury simultaneously increased fecal excre-
tion of mercury and decreased methylmercury levels in blood
and brain in animal studies (Rowland et al., 1986). Thiol-contain-
ing compounds in garlic are believed to act as metal-chelating or
complexing agents which can increase mercury excretion (Cha,
1987; NAS, 2000; Rhee, Cha, & Bae, 1985). It has also been sug-
gested that biologically active components in tea and coffee may
inhibit the adsorption of heavy metals such as cadmium and lead
(Minamisawa et al., 2004). Phytochemicals are compounds in
plant-derived foods that are commonly found in the diet, and be-
lieved to provide health benefits which may include preventing
chronic disease (Cha, 1987; NAS, 2000). However, information
about the specific effects of these food components on human
intestinal absorption of methylmercury is lacking.

Bioaccessibility is defined as the amount of a chemical that is
released from food into gastrointestinal tract fluid following a sim-
ulated digestion and, as a result, is available for absorption by the
intestinal mucosa (Garret, Failla, & Sarama, 1999; Oomen et al.,
2003; Versantvoort, Oomen, Kamp, Rompelberg, Sips et al., 2005).
By virtue of high throughput and lower cost, this in vitro technique
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Table 2
Isoflavone (IF) composition of soy protein isolates

Phytochemical lg/g product

Daidzin 264
Glycitin 34.8
Genistin 383
Malonyl daidzin 320
Malonyl glycitin 33.2
Malonyl genistin 640
Acetyl daidzin 121
Acetyl glycitin 0.00
Acetyl genistin 158
Daidzein 0.00
Glycitein 0.00
Genistein 248
Total 2198

*Data from Dr. Connie Weaver’s Laboratory Foods and Nutrition Department, Pur-
due University, West Lafayette, IN, USA (For beverage, 29 g of soy protein/8–10 fl oz
of water, milk, or beverage).

x

3

4

5

6
AQ Digesta

er
cu

ry
 (µ

g)

z

y

x

a

b

c

0

1

2

3

4

5

6

7

8

9

10

0 g 2 g 5 g 10 g 

Fish amount

To
ta

l m
er

cu
ry

 (µ
g)

Digesta AQA 

B 

S.-M. Shim et al. / Food Chemistry 112 (2009) 46–50 47
has been used to assess bioaccessibility of nutrients, phytochemi-
cals and contaminants (Ferruzzi, Failla, & Schwartz, 2001, 2002;
Garret et al., 1999; Glahn, Lee, Yeung, Goldman, Miller et al.,
1998; Liu, Glahn, & Liu, 2004). For instance, bioaccessibility has
been used to assess bioavailability, including cadmium from vege-
tables, aflatoxin B1 from peanuts and ochratoxin A from buckwheat
(Oomen et al., 2003; Versantvoort, Kamp, & Rompelberg, 2004). A
simulated gastrointestinal digestion offers a rapid and less expen-
sive approach for estimating the bioaccessibility of toxins and tox-
icants (Versantvoort et al., 2005).

The primary goal of this study was to determine the effects of
foods that are rich in phytochemicals and dietary fibre (e.g., green
tea, black tea, soy protein, grapefruit juice, wheat bran, oat bran
and psyllium) on mercury bioaccessibility, using an in vitro diges-
tion model. Therefore our main hypotheses are the following: (1)
phytochemicals (e.g., catechin and isoflavone)/dietary fibres (insol-
uble fibre) will bind mercury in the gut, making it insoluble and
unavailable for absorption by intestinal mucosa; (2) phytochemi-
cal-containing foods will bind mercury in a dose-dependent
manner.

2. Materials and methods

2.1. Materials

King mackerel was obtained from the Florida Department of
Environmental Protection (Tallahassee, FL) and analysis found it
to contain 1 ppm of total mercury. 2, 3-Dimercapto-1-propane sul-
fonic acid (DMPS, reagent grade) and sodium copper chlorophyllin
(SCC, commercial grade) were purchased from Sigma-Aldrich (St.
Louis, MO). Green and black tea powdered extracts were kindly
provided by Plantextrakt (Vestenbergsgreuth, Germany) and its
characterization is described in Table 1. Isolated soy protein (Table
2), used for beverage, was obtained from Protein Technologies
International Checker Board (Square St., Louis, MO). Ruby red
grapefruit juice (100% pure squeezed grapefruit juice, Tropicana
Product Inc. Chicago, IL) was purchased from a local market (Pay-
less, Kroger Co., West Lafayette, IN). Both oat bran (CFO) and hard
red wheat bran (Lot No. 195) were purchased from the American
Association of Cereal Chemists (AACC, St. Paul, MN). Psyllium (Psyl-
lium Hydrophilic Mucilloid, Product No. 3178) was provided by
Proctor & Gamble Co. (Mason, OH).

2.2. Test meals preparation

Fish tissue was homogenized in a food processor with stainless-
steel blades (HC 3000, Proctor-Silex, Inc., Washington, NC). A 5 g
portion of fish homogenized tissue (5 lg of mercury) and 5 ml of
saline (0.9% NaCl, Sigma–Aldrich) were twice homogenized using
a cell disruptor (Cell disruptor 185, Branson Sonic Power Co., Dan-
bury, CT) at 20 kHz at 150–500 Watts for 30 s. To produce a fin-
ished test meal, homogenized fish tissue was mixed with one of
the following: green tea powder (31, 62.5, 125, 250, 500, 1000
and 2000 mg), black tea powder (31, 62.5, 125, 250, 500, 1000,
Table 1
Specification of the green tea/black tea powdered extract

Ingredient Green teaa Black teab

Catechins (HPLC) based on dry matter 30% NAc

Caffeine (HPLC) based on dry matter 5–10% 3%

a Data from Plantextrakt, Vestenbergsgreuth, Germany.
b Green tea powdered extract is a spray-dried extract, made from green tea. Black

tea powdered extract is a brown spray-dried extract made from tea.
c Not available.
and 2000 mg), soy protein powder (50, 100, 250, 500 and
1000 mg), grapefruit juice (0.5, 2, 5 and 10 ml), oat bran (50, 100,
500 and 1000 mg), red hard wheat bran (50, 100, 500 and
1000 mg), psyllium (50, 100, 500 and 1000 mg), or DMPS (1.25,
2.5, 5, 10, 20 and 50 lg).
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Fig. 1. Total mercury in digesta and aqueous phase (AQ) following in vitro digestion
of fish tissue (A) and digestion of 5 g fish tissue (5 lg mercury) with DMPS (B).
Digesta includes both the AQ and suspended solids. AQ includes liquid that was
decanted from pellet. Values represent means ± standard error for 3 replications.
Different letters (xyz or abc) indicate significance at the a = 0.05 level.
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2.3. In vitro digestion

Representative aliquots of each test meal were subjected to a
simulated gastric and small intestinal digestion as described by
Garret et al. (1999) and Ferruzzi et al. (2002). For the gastric phase
of digestion, porcine pepsin (3 mg/ml, Sigma Chemical Co., St.
Louis, MO) was added to samples, followed by acidification to pH
2 with 0.1 M HCl (Analytical grade, Sigma Chemical Co.). Samples
were incubated at 37 �C for 1 h in a shaking water bath at
150 rpm (VWR, Cornelius, OR). To mimic digestion in the small
intestine, the gastric digest was neutralized to pH 5.3 by addition
of 100 mM sodium bicarbonate solution (Sigma Chemical Co.);
then 9 ml of bile extract/pancreatin/lipase mixture: pancreatin
(0.4 mg/ml, Sigma Chemical Co., St. Louis, MO), lipase (0.2 mg/ml,
Sigma Chemical Co.) and porcine bile extract (2.4 mg/ml, Sigma
Chemical Co.) were added. Sample pH was adjusted to 7.0 ± 0.5
using 0.1 M NaOH (Analytical grade, Sigma Chemical Co.). Samples
were incubated in a shaking water bath for 2 h at 37 �C, 150 rpm,
after flushing the top of the tubes with nitrogen gas (99.99%, Air
Gas, Indianapolis, IN). Aliquots of the final digest (30 ml) were cen-
trifuged at 167,000 g for 35 min (Beckman L8-70M, Beckman Coul-
ter, San Antonio, TX), in order to isolate the aqueous phase from
the particulate residue. Aliquots of raw material, digesta, aqueous
phases, and residual pellets were collected and stored at �80 �C
prior to analysis.

2.4. Determination of mercury

An aliquot of raw material, digesta, aqueous phases, and resid-
ual pellets was analyzed for total mercury using a Thermal Decom-
position (Gold) Amalgamation/Atomic Absorption Spectrophoto-
zzzzz
yy

x

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 mg 31 mg 62.5 mg 125 mg 250 mg 500 mg 1000 mg 2000 mg

Green tea

To
ta

l m
er

cu
ry

 (µ
g)

zz
yy

x

w

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 mg 50 mg 100 mg 250 mg 500 mg 1000 mg

Soy protein

To
ta

l m
er

cu
ry

 (µ
g)

A

C

Fig. 2. Total mercury in digesta (j) and aqueous phase ( ) following in vitro digestion
(A), black tea (B), soy protein (C) and grapefruit juice (D). Digesta indicates both aqueous
liquid that was decanted from pellet. Values represent means ± standard error for 3 rep
meter (TDA/AAS) (DMA-80 Mercury Analyzer, Milestone Inc., Pitts-
burgh, PA), as described by Shim, Dorworth, Lasrado, Santerre et al.
(2004). Certified Reference Materials (CRMs: Tort-2 and Dorm-2,
Institute for Environmental Chemistry, National Research Council
Canada, Ottawa, Canada) were used to standardize the instrument.
Total mercury concentrations in phytochemical-rich foods/ingredi-
ents were below the limit of detection (0.01 ng total mercury).
Mercury bioaccessibility from fish test meals was defined as the
fraction of mercury transferred from the fish matrix to the aqueous
phase during in vitro digestion. Mercury recovery, which was
determined by comparing the amount of mercury added in the fish
tissue to the amount of mercury measured in the digesta, ranged
from 94% to 108%. Bioaccessibility of mercury from fish test meals
(0–10 g fish) without added food/food component was assessed.

2.5. Statistical analysis

Results are presented as representative data from triplicate sets
of experiments. Data are expressed as means ± standard error of
mean. Statistical analysis for each parameter assessed was per-
formed by using analysis of variance (ANOVA), followed by Tukey’s
post-hoc test (SAS, Gary, NC.). Differences among means were con-
sidered statistically significant at p < 0.05.

3. Results and discussion

The amount of mercury transferred to the aqueous phase in-
creased in a linear manner as the amount of fish tissue was in-
creased, i.e., the bioaccessibility, from 2 g (2 lg Hg), 5 g (5 lg Hg),
and 10 g (10 lg Hg) (Fig. 1A).
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phase and pellets. Digesta includes both the AQ and suspended solids. AQ includes

lications. Different letters (xyz or abc) indicate significance at the a = 0.05 level.
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The effects of DMPS on the concentration of mercury in the
aqueous phase and the digesta (aqueous phase plus suspended sol-
ids) are shown in Fig. 1B. DMPS significantly (p < 0.05) reduced
mercury bioaccessibility from fish tissue in a dose-dependent fash-
ion (from 1:0.25 to 1:2). 1:1, 1:2 and 1:10 molar ratios of Hg to
DMPS were most effective for reducing mercury bioaccessibility
by 48–52%.

Phytochemical-rich foods, i.e., green tea, black tea, soy protein,
and grapefruit juice, had a significant impact on mercury bioacces-
sibility (Fig. 2). In all cases, the presence of the foods served to re-
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Fig. 3. Total mercury in digesta (j) and aqueous phase ( ) from in vitro digestion
of 5 g fish tissue (5 lg mercury) in the presence of increasing amounts of wheat
bran (A), oat bran (B) and psyllium (C). Digesta includes both the AQ and suspended
solids. AQ includes liquid that was decanted from pellet. Values represent means ±
standard error for 3 replications. Different letters (xyz or abc) indicate significance
at the a = 0.05 level.
duce mercury bioaccessibility from the fish tissue. Green tea and
black tea appeared to be most effective at lowering mercury in
the aqueous phase at lower amounts, such as 30 and 62.5 mg
(Fig. 2A–B). Soy protein significantly reduced mercury bioaccessi-
bility in a dose-dependent manner (Fig. 2C). Flavonoids-rich grape-
fruit juice also resulted in a significant reduction in mercury
bioaccessibility; however, higher grapefruit juice amount did not
cause a greater reduction in mercury bioaccessibility (Fig. 2D).

Dietary fibres were also found to modulate mercury bioaccessi-
bility (Fig. 3A–C). Wheat bran had the greatest effect on mercury
bioaccessibility (72-84% reduction). Oat bran and psyllium only
caused a significant reduction in mercury bioaccessibility in
amounts higher than 100 mg (59–75% and 15–31% for oat bran
and psyllium, respectively).

In this study, a two-stage in vitro digestion method was utilized
to evaluate the bioaccessibility of mercury from fish tissue as mod-
ulated by the presence of foods containing phytochemicals and
dietary fibres. Fish tissue and added phytochemicals/dietary fibres
were subjected to both gastric and small intestinal stages of diges-
tion. Following digestion, the resulting digesta were centrifuged to
separate the suspended solids from the aqueous phase. Mercury
extracted from the food matrix and transferred (solubilized) to
the aqueous phase during digestion is presumed to be available
(bioaccessible) for subsequent absorption by absorptive epithelial
cells of the small intestine. This observation implies that mercury
in the solid phase may not be bioaccessible but could be resolubi-
lized in the lower intestine. The effects of food containing phyto-
chemicals or dietary fibre on in vitro digestive stability of
mercury were investigated by co-digestion of fish tissue with treat-
ments (DMPS, green tea, black tea, soy protein, or grapefruit juice).
The digestive environment allows for physiologically significant
interaction between mercury from the fish tissue and phytochemi-
cals. Green and black tea caused a proportional increase of mercury
in the non-digestible residue (which was isolated as a pellet fol-
lowing centrifugation, data not shown). Phytochemicals present
in tea, including catechins (green tea) and theaflavins and thear-
ubegins (black tea) are well known chelators of metals (Chapman
& Chan, 2000). It is plausible that these phytochemicals may form
insoluble complexes with mercury and reduce bioaccessibility. Iso-
lated soy protein, and wheat bran also decreased bioaccessibility of
mercury from fish tissue following in vitro digestion. These findings
were also found by Hojbjerg (1996) who reported that high protein
levels in foods significantly decreased retention of both organic
and inorganic mercury after oral exposure. The unexpected finding
that grapefruit juice had little effect on reduction of mercury may
be due to the fact that interactions between mercury and phyto-
chemicals might be disrupted by other constituents (sugar, vitamin
C and citric acid) in grapefruit juice.

Wheat bran significantly reduced mercury bioaccessibility
which is consistent with the findings of Rowland et al. (1986),
who reported that wheat bran was a scavenger of mercury, cad-
mium and lead. On the other hand, psyllium did not have a signif-
icant effect on mercury bioaccessibility, most likely due to the fact
that psyllium contains more soluble than insoluble fibre, as shown
in Table 3. We therefore hypothesize that insoluble fibre has a
stronger mercury-binding capacity than has soluble fibre.
Table 3
Composition of dietary fibres in oat bran, hard red wheat bran and psyllium

Oat brana (%) Hard red wheat brana (%) Psylliumb (%)

Total dietary fibre 18.2 49.7 100
Soluble fibre 6.3 2.80 70
Insoluble fibre 11.9 46.9 30

a Data from American Association of Cereal Chemists (AACC, MN. USA).
b Data from, Proctor & Gamble Company (OH, USA).
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In conclusion, this study supports the positive effects of foods
containing phytochemicals or dietary fibre on the inhibition of
digestive mercury stability when evaluated using an in vitro diges-
tion model. Therefore, these results suggest that food which is rich
in phytochemicals may be as efficient as synthetic chelating agents
(e.g., DMPS) for long-term chronic methylmercury exposure in
fish-eating populations by reducing mercury bioavailability. In
addition, the benefits of the simulated in vitro digestion techniques
described in this study relate to a system that may provide a rapid
and cost-effective alternative for both evaluating bioaccessibility of
mercury and screening food component effects on mercury bioac-
cessibility. However, in order to confirm the correlation between
mercury bioaccessibility and cellular mercury uptake, further stud-
ies, combining a human intestinal cell model with testing in an in
vivo system, are required.
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