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In current human health risk assessment, the maximum acceptable concentrations of contaminants

in food are mostly based on the total concentrations. However, the total concentration of

contaminants may not always reflect the available amount. Bioaccessibility determination is thus

required to improve the risk assessment of contaminants. This study used an in vitro digestion

model to assess the bioaccessibility of several trace elements (As, Cd, Cu, Fe, Se, and Zn) in the

muscles of two farmed marine fish species (seabass Lateolabrax japonicus and red seabream

Pagrosomus major) of different body sizes. The total concentrations and subcellular distributions of

these trace elements in fish muscles were also determined. Bioaccessibility of these trace elements

was generally high (>45%), and the lowest bioaccessibility was observed for Fe. Cooking

processes, including boiling, steaming, frying, and grilling, generally decreased the bioaccessibility

of these trace elements, especially for Cu and Zn. The influences of frying and grilling were greater

than those of boiling and steaming. The relationship of bioaccessibility and total concentration varied

with the elements. A positive correlation was found for As and Cu and a negative correlation for Fe,

whereas no correlation was found for Cd, Se, and Zn. A significant positive relationship was

demonstrated between the bioaccessibility and the elemental partitioning in the heat stable protein

fraction and in the trophically available fraction, and a negative correlation was observed between

the bioaccessibility and the elemental partitioning in metal-rich granule fraction. Subcellular

distribution may thus affect the bioaccessibility of metals and should be considered in the risk

assessment for seafood safety.
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INTRODUCTION

Fish species are important seafoods with high nutritional
value. They are a good source of minerals, unsaturated lipids,
phospholipids, vitamins, essential elements, and proteins of
high biological value and, thus, have become ideal components
of a healthy and balanced diet (1 , 2). With the improvement of
living standards, the demand for fish has been increasing
steadily. In addition to their key nutrients, fish products are
also the accumulators of substantial concentrations of toxic
metals (e.g., Cd, Pb) and metalloids (e.g., As) and may pose a
threat to human health (3 , 4). The current human health risk
assessments in fish are traditionally based on the total con-
centration of contaminants and fish consumption. However,
total concentration of ingested contaminants may not always
reflect the real bioavailable fraction to the consumer. A better
insight into the oral exposure of contaminants from a con-
sumer product is required for a more accurate health risk
assessment.

Bioaccessibility describes the fraction of a contaminant ingested
with food that is released from its matrix into the digestive juice
chime and has the potential to be absorbed by the intestines during
digestion, whereas bioavailability is the proportion of a contami-
nant ingested with food that is absorbed by the intestine with the
subsequent potential to reach the systemic circulation and exert
toxic effects (5-10). During food digestion, the release of a
contaminant from ingested food is a precondition for uptake
and assimilation. The released contaminant can be partially or
totally absorbed by the intestines, entering the systemic circulation
at last. As a result, bioaccessibility refers to its maximum bioavail-
ability. Thus, when the risk of contaminants ingested with food is
assessed, there is a pressing demand to determine the bioaccessi-
bility and evaluate the bioavailability to increase the accuracy of
risk evaluation and improve human health risk assessment.

In vitro digestion methods are useful tools to evaluate bioacces-
sibility andwere originally developed to estimate the bioavailability
of iron and other minerals (11-13). Several in vitro appro-
aches and models have been developed to mimic the effects of the
human digestion process (7). Compared to the in vivomethods, the
in vitromethod is simple, rapid, and low in cost, conditions are easy
to control, and it has a better reproducibility and thus can provide a
cost-effective approximation of the in vivo tests (1, 14, 15).
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Bioaccessibility studies of contaminants were mainly concer-
ned with soils and foods (fish, shellfish, seaweed, meat, grains,
and vegetables). The contaminants considered includemetals and
organic pollutants as well as nontoxic organics. Previous studies
have shown that oral bioavailability varies with the food resource
and food processing or preparation (6, 16). Soil properties,
contaminant concentration, and aging also have important
effects on the bioaccessibility (17-19). Food may be ingested
raw or after various treatments (cooking techniques such as
boiling, steaming, frying, or grilling). Heating processes generally
change the bioaccessibility (1,5,11,14,20-23), but there is a lack
of information concerning the influences of different cooking
treatments on the bioaccessibility.

The subcellular distribution of trace elements is an important
tool for interpreting the internal mechanisms of toxicity, toler-
ance, trophic transfer, anddetoxification during accumulations in
aquatic organisms (24-34). Only a few studies, however, have
addressed the subcellular distribution of trace elements in fish [e.g.,
freshwater yellow perch (26-28)], especially marine fish. In the
yellow perch, Cd and Cu were found to be dominantly associated
with the heat-stable proteins (26-28).Different subcellular fractions
may have different bioaccessibilities, but this remains essentially
unknown at present.

In this study, we evaluated the bioaccessibilities of several trace
elements in two marine fish species (the seabass Lateolabrax
japonicus and the red seabream Pagrosomus major) that are
widely cultured and consumed in Fujian Province, China. There
have been substantial concerns regarding the safety of consuming
farmed fish as a result of contaminant accumulation. Previously,
there were a few studies on the bioaccessibility of trace elements in
fish (swordfish, sardine, tuna, and cooked tuna) (1, 16, 35-42).
The present study focused on three objectives: (1) to evaluate the
bioaccessibility of several trace elements in the two commercial
fish of different body sizes; (2) to determine the influence of
different cooking processes on the bioaccessibility of these trace
elements; and (3) to explore the relationship of bioaccessibility
with total concentrations and subcellular distributions of these
trace metals in the fish.

MATERIALS AND METHODS

Fish Sampling and Chemicals. Seabass (L. japonicus) and red
seabream (P. major) were sampled from a fish farm located in Xiamen,
Fujian, China. For each species, different body sizes of fish were collected.
Two sizes of seabass (large, 52.3( 2.2 cmbody length, 1.72( 0.22 kg body
weight; and small, 41.7( 1.4 cm body length, 0.78( 0.07 kg body weight)
and three sizes of red seabream (large, 46.8( 0.5 cm body length, 1.93(
0.07 kg body weight; medium, 31.1( 0.5 cm body length, 0.72 ( 0.03 kg
body weight; and small, 26.8 ( 0.9 cm body length, 0.40 ( 0.03 kg body
weight) were obtained from the sampling site. The number of replicates
was n = 5 for all samples. After sampling, all of the fish muscle samples
were frozen and stored at -70 �C.

All chemicals for the digestive fluids were purchased from Sigma-
Aldrich, except for urea (Sangon, China), glucuronic acid (Sangon,
China), uric acid (Sangon, China), and BSA (Sangon, China). The

standard reference material for oyster tissue (1566a) was obtained from
the National Institute of Standards and Technology (Gaithersburg, MD).
Purified water was obtained with a Milli-Q water-purifying system. All
other reagents were of ultrapure or analytical grade.

Trace Element Bioaccessibility Determination. Bioaccessibility
measurements of trace elementswere performed using an in vitro digestion
method. This in vitro digestion method was based on the procedures
described by Versantvoort et al. (6) (the composition of the artificial juices
is shown in their Table 1). Overall, it mimics human digestion, which
consists of three steps simulating the digestive processes in the mouth,
stomach, and small intestines. First, 6mLof artificial salivawas added to a
minced fishmuscle sample (4.5 g) and incubated for 5min. Then, 12mL of
artificial gastric juice was added and incubated for 2 h. Finally, a mixture
of 12 mL of artificial duodenal juice, 6 mL of artificial bile, and 2 mL of
HCO3

- was added and incubated for a further 2 h. All three simulating
processes were incubated at 37 �C. The supernatants and pellets were
separated by centrifugation at 2800g for 5min and then acid-digestedwith
65%HNO3 using the heat block at 80 �C for 1 h and then at 110 �C until a
clear solution was obtained. The element levels in the acid solutions were
determined by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, Thermo model IRIS Intrepid II XSP) after dilution with
deionized water. Bioaccessibility was expressed as the percentage of trace
elements recovered in the supernatant.

Because fish are eaten both raw or after various treatments, bioacces-
sibility measurements were carried out not only on the raw fish muscle
samples but also on boiled, steamed, fried, and grilled samples (16). For
boiling, the muscle samples were added to 1 L of boiling distilled water for
5min in a stainless steel pot (25.5 cm in diameter).When steaming, the fish
muscles were cooked for 10 min in a rice cooker. In the case of frying, the
fishmuscle was fried in a Teflon pan (32 cm in diameter) in the presence of
25 mL of cooking quality sunflower oil for 5 min. For the grilled fish
muscle, oil was not added and the cooking duration was 20 min. For each
sample, the number of replicates was n = 5.

Trace Element Concentration and Subcellular Distribution Deter-

mination. The total element concentrations of raw seabass and red
seabream muscles were first determined. The fish muscles were first dried
and then acid digested with 65% HNO3 using the heating block until a
clear solution was obtained. After acid digestion, element concentrations
in the muscle tissues were determined by ICP-AES. The number of
replicates was n = 5 for all samples. In addition, the element subcellular
distribution of raw muscles was measured using the methods described by
Wallace et al. (30-32). Five different fractions were obtained altogether,
including the cellular debris, metal-rich granules (MRG), organelles, heat-
denaturable protein (HDP), and heat-stable protein (HSP) fractions.
These five fractions were similarly dried first and then acid-digested;
afterward, the element concentrations in the five fractionswere determined
by ICP-AES. The number of replicates was n = 5 for all samples.

Statistics. SPSS 10.0 was used for the statistical analysis. A one-way
ANOVA analysis and Tukey test were applied to determine statistical
differences. A significance level of p < 0.05 was adopted for all compari-
sons. Results were expressed as mean ( standard deviation (n = 5).

RESULTS

Total Element Concentration and Subcellular Distribution in

FishMuscles.The total element concentrations in seabass and red
seabreammuscles are shown inTable 1. In this study, the recovery
of the standard oyster reference materials for all measured trace

Table 1. Total Concentrations in the Two Fish Muscles and the Recovery of Elements Using Oyster Powder as a Standard (n = 5)a

seabass (μg/g) red seabream (μg/g)

element small size large size small size medium size large size standard recovery (%)

As 3.17( 0.48 a 1.75( 0.36 b 1.04( 0.13 a 2.85( 0.21 c 1.72( 0.10 b 99.8

Cd 0.05( 0.01 a 0.07( 0.01 a 0.17( 0.11 ab 1.60( 0.60 c 0.06( 0.03 a 95.9

Cu 0.58( 0.11 a 0.42( 0.03 b 0.44( 0.11 a 0.76( 0.13 b 0.45( 0.11 a 95.0

Fe 8.17( 1.14 a 10.2( 1.42 a 12.9( 1.89 a 11.7( 1.89 a 14.7( 5.26 a 95.1

Se 1.35( 0.07 a 0.59( 0.14 b 0.61( 0.11 a 1.14( 0.10 c 0.84( 0.07 b 101.2

Zn 15.1( 1.59 a 8.64 ( 1.86 b 32.8( 14.0 a 25.1 ( 2.71 ab 12.1( 1.42 c 90.0

a For each metal in each fish species, the different letters indicate that the two size treatments were significantly different.
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elements ranged from 90 to 101%. In general, the total concen-
trations of trace elements in the two fish muscles were element-,

species-, and size-dependent. Except for the highest As and Se
concentrations in the small-size seabass, the highest concentra-
tions of the other four elements were all detected in red seabream.
Thus, the red seabream was a stronger accumulator of trace
elements than the seabass.

Figure 1 indicates the element subcellular distributions in the
muscles of seabass and red seabream. It was clear that the
subcellular distributions were element-specific, whereas the dis-
tributions of As, Cu, Fe, Se, and Zn were similar between the
seabass and red seabream. HSP, MRG, and cellular debris
fractions were the largest pool for As, Fe, and Se, respectively.
For Cu, cellular debris and MRG fraction were the dominant
pools. For Zn, cellular debris and organelles fraction were the
main pools. For Cd,MRG,HSP, and HDPwere the largest pool
in large-size seabass, small-size seabass, and medium-size red
seabream, respectively. No Cd was found in the HDP fraction of
small-size seabass or in any of the five fractions of large-size and

Table 2. Regression Coefficients for the Relationships between the Total
Element Concentration and Element Subcellular Distribution in both Seabass
and Red Seabream Musclesa

As Cd Cu Fe Se Zn

MRG 0.469**V 0.005 0.161 0.092 0.003 0.189*v

cellular debris 0.006 0.220 0.002 0.079 0.612**V 0.077

organelles 0.190 0.051 0.183 0.160 0.034 0.030

HDP 0.073 0.239 0.091 0.010 0.377 0.024

HSP 0.570**v 0.203 0.010 0.206*V 0.002 0.065

BDM (MRG þ HSP) 0.422*v 0.194 0.401*v 0.001 0.006 0.082

a *, significant at p < 0.05; **, significant at p < 0.01; V, negative correlation; v,
positive correlation.

Figure 1. Element subcellular distribution in the muscles of seabass and
red seabream of different sizes. Values are mean ( standard deviation
(n = 5). MRG, metal-rich granule; HDP, heat-denaturable protein; HSP,
heat-stable protein.

Table 3. Element Bioaccessibility (Expressed as Mean ( SD, Percent) of Seabass and Red Seabream Muscles (n = 5)a

fish As Cd Cu Fe Se Zn

seabass

small size

raw 90.8( 0.9 a 93.2( 2.9 a 84.2( 0.5 a 51.3( 3.2 a 60.8( 7.1 ab 72.3( 2.0 a

boil 84.3( 0.9 b 81.9( 3.6 b 65.3( 1.8 bc 48.5( 1.8 a 62.2( 6.6 a 52.2 ( 0.9 b

steam 86.2( 0.9 b 86.5( 1.9 ab 65.7( 2.7 bc 43.0( 2.2 ab 54.0( 3.3 abc 46.3( 1.4 bc

fry 83.9( 0.6 b 85.2( 0.9 ab 71.2( 4.1 b 53.7( 4.4 a 38.7( 4.9 bc 40.1( 2.1 cd

grill 84.4( 0.6 b 80.3( 2.1 b 59.0( 3.4 c 27.7( 5.5 b 34.2( 3.9 c 38.7 ( 1.5 d

large size

raw 81.2( 3.5 a 84.8( 1.9 a 81.4 ( 0.7 a 58.0( 1.2 a 61.0( 3.5 a 70.4( 1.7 a

boil 75.1 ( 1.4 a 72.4( 2.9 b 63.3( 2.1 bc 49.8( 0.8 ab 56.3( 3.2 a 46.1( 1.5 b

steam 77.0 ( 1.6 a 82.7( 1.6 ab 64.3( 1.3 b 47.7( 2.0 bc 56.0( 1.6 a 36.8( 1.6 c

fry 76.8( 1.8 a 36.2( 4.1 c 54.2( 3.3 c 50.8( 2.2 ab 29.0( 3.7 b 40.4( 2.0 bc

grill 73.3( 4.0 a 76.4( 3.4 ab 63.7( 3.1 bc 39.8( 3.0 c 37.2( 2.5 b 40.3( 1.5 bc

red seabream

small size

raw 74.0( 2.5 a 77.1( 4.9 a 82.7( 0.6 a 45.4( 4.5 ab 58.1( 7.0 ab 73.1( 1.0 a

boil 71.7( 4.1 a 64.4( 5.6 a 71.0( 0.7 b 50.8( 1.2 a 63.6( 3.3 a 51.5 ( 0.8 b

steam 75.2( 2.4 a 79.3( 3.8 a 69.5( 1.4 b 47.0( 2.4 a 66.2( 3.0 a 50.7 ( 0.8 b

fry 70.6( 4.6 a 78.1( 3.6 a 65.8( 1.5 bc 47.9( 3.7 a 27.8( 4.5 c 31.7 ( 3.1 d

grill 72.8( 2.5 a 65.6( 5.1 a 60.1( 2.1 c 28.5( 6.2 b 39.6( 2.6 bc 38.9( 1.1 c

medium size

raw 87.9( 0.2 a 89.9( 1.9 a 85.4( 0.3 a 52.0( 3.2 a 60.9 ( 7.3 a 70.2( 0.9 a

boil 83.5 ( 1.7 ab 78.2( 4.5 bc 71.2 ( 0.2 b 50.9( 2.6 a 63.0( 4.8 a 49.4( 1.0 b

steam 86.5 ( 0.7 ab 88.0( 1.3 ab 67.5 ( 1.2 bc 51.4( 1.4 a 63.8( 2.6 a 43.4( 0.6 c

fry 82.8( 1.2 b 76.3( 1.9 c 60.9( 3.1 c 52.7( 3.9 a 27.4( 0.9 b 31.3( 2.3 d

grill 84.9( 1.0 ab 79.0( 2.0 bc 61.2( 1.0 c 24.6( 8.5 b 33.4( 1.5 b 31.9 ( 1.1 d

large size

raw 79.9( 0.7 a 73.7( 2.8 a 84.2 ( 1.4 a 51.8( 2.0 a 48.0( 3.0 bc 66.6( 1.4 a

boil 72.9 ( 1.5 b 63.9( 4.5 ab 66.9( 1.6 b 49.2( 2.6 a 59.8( 2.5 ab 40.3( 1.2 b

steam 7.3 ( 2.3 ab 80.4( 0.7 a 63.2( 2.1 b 52.5( 2.3 a 61.6( 1.2 a 36.9( 1.6 b

fry 4.3( 2.1 ab 52.2( 11.0 b 63.9( 1.0 b 53.2( 3.3 a 32.4( 3.9 d 35.2( 2.1 b

grill 3.7 ( 0.9 ab 68.1( 2.0 ab 58.2 ( 3.3 b 34.7( 4.2 b 38.5( 3.0 cd 28.1( 1.4 c

a For each size of each fish species, the different letters indicate that the cooking methods were significantly different.
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small-size red seabream. Se was undetectable in all five fractions
of small-size red seabream.

Table 2 analyzes the relationship between the total element
concentration and subcellular distribution in seabass and red
seabream muscles. Wallace et al. (30) defined the biologically
detoxified metals (BDM) as the summation of MRG and HSP.
For As, there was a significant negative correlation between its
total concentration and the fraction in MRG (p < 0.01) and a
significant positive correlation between its total concentration
and the HSP (p<0.01) or BDM fraction (p<0.05). No signific-
ant correlationwas found between total Cd concentration andCd
in any of the subcellular fractions. For Cu and Zn, there was a
significant positive correlation of total concentration with the
fraction inBDM (p<0.05) andMRG (p<0.05). For Fe and Se,
a significant negative correlation of total concentration with the
element fraction in HSP (p<0.05) and cellular debris (p<0.01)
was also found. In addition, the total element concentration was
not correlated with the fraction in organelles and HDP for any of
the studied elements.

Element Bioaccessibility of Fish Muscles. Bioaccessibility was
measured on the basis of the extraction. For all of the rawmuscle
samples, the bioaccessibilities of all the studied elements were
high, ranging from 45 to 93%.The highest and lowest valueswere
recorded for Cd in the small-size seabass muscle and for Fe in the
small-size red seabream muscle (Table 3). Within the same
element, no notable difference of element bioaccessibility was
observed between the two fish species. The bioaccessibility was
element-dependent. For seabass and medium-size red seabream,
Cd was the highest bioaccessible element. For small- and large-
size red seabream, Cu was the highest. However, Fe was the least
bioaccessible element in the two fish species except for the large-
size red seabream.Overall, the bioaccessibility of both fish species
followed the pattern Fe < Se < Zn < As ≈ Cu ≈ Cd.

The influences of cooking methods on element bioaccessibility
are presented in Table 3. Heating processes, including boiling,
steaming, and frying as well as grilling, generally decreased the
bioaccessibility of all studied elements in the two fish muscles,
especially Cu and Zn. For these two metals, frying and grilling
had a greater influence on the bioaccessibility than boiling and
steaming. The decrease in bioaccessibility of Cu ranged from
13.0 to 27.2% and from 17.7 to 26.0% for frying and grilling,
respectively, whereas it ranged from 11.7 to 18.9% and from 13.2
to 21.0% for boiling and steaming. Similarly, as a result of frying
and grilling, the decrease in bioaccessibility of Zn ranged from
30.0 to 41.4% and from 30.1 to 38.5%, respectively, and
decreased 20.1-26.3 and 22.4-33.6%after boiling and steaming,
respectively.

Relationship between Element Bioaccessibility and Total Tissue

Concentration and Subcellular Distribution. We also performed
the correlation analysis between the bioaccessibility and total
tissue concentration and subcellular distribution in the two fish

species (Table 4). There were a few cases when significant
correlations between bioaccessibility and total tissue concentra-
tion were found, for example, positive correlations for As
(p < 0.001) and Cu (p < 0.01) and a negative correlation for
Fe (p<0.05). Furthermore, bioaccessibility also correlated signifi-
cantlywith subcellular distribution in a few cases, for example,As
in HSP (positive, p < 0.01), As in MRG (negative, p < 0.001),
and Cd in MRG and cellular debris (negative, p< 0.05). For the
other four elements (Cu, Fe, Se, andZn), no significant correlation
between bioaccessibility and subcellular fraction was observed.

Correlation analysis was also conducted for all of the trace
elements and the two fish species combined between the bioac-
cessibility and subcellular fraction (Figure 2). The proposed
trophically available metal (TAM) component proposed by
Wallace and Luoma (32) is defined as the sum of organelles,
HDP and HSP. Significant positive correlation was found for
HSP (p < 0.05) and TAM (p < 0.05), and significant negative
correlation was found for MRG (p < 0.01). No correlation was
obvious for the other subcellular fractions (cellular debris,
organelles, and HDP).

DISCUSSION

For the raw muscles of seabass and red seabream, the bioac-
cessibility of all studied elements varied between 45 and 93%.
Thus, all six elementswere highly bioaccessible on the basis of our
in vitro extraction measurements. Bioaccessibility varied little
between the two fish species, but was highly variable depending
on the element studied (Fe < Se < Zn < As ≈ Cu ≈ Cd). In
previous studies, the bioaccessibility measured using the in vitro
digestion approach for raw food products was 38-87% (edible
seaweed) for As (20) and was 20-84, 26-97, and 34-82% for
Cd, Cu, and Zn, respectively, for shellfish products (5, 43).

Previously, several studies have addressed the bioaccessibility
of trace elements in fish, but most of these studies were on
mercury bioaccessibility. In fish, the bioaccessibility of Se and

Table 4. Regression Coefficients for the Relationships of Element Bioacces-
sibility with Total Element Concentration and Element Subcellular Distribution
in both Seabass and Red Seabream Musclesa

As Cd Cu Fe Se Zn

total concentration 0.673***v 0.007 0.292**v 0.199*V 0 0.013

MRG 0.732***V 0.360*V 0.060 0.000 0.130 0.002

cellular debris 0.020 0.381*V 0.116 0.081 0.022 0.001

organelles 0.092 0 0.037 0.002 0.114 0.014

HDP 0.126 0.198 0.166 0.013 0.134 0.062

HSP 0.509**v 0.206 0.203 0.166 0.210 0.002

a *, p < 0.05; **, p < 0.01; ***, p < 0.001; V, negative correlation; v, positive
correlation.

Figure 2. Relationship between element bioaccessibility and subcellular
distribution in the muscle of seabass and red seabream. MRG, metal-rich
granule; HDP, heat-denaturable protein; HSP, heat-stable protein; TAM,
organelles þ HDP þ HSP. *, p < 0.05; **, p < 0.01.
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Hg varied from 50 to 83% and from 9 to 17%, respectively (1).
Our results of Se bioaccessibility in the two marine cultured fish
were consistent with these earlier studies.Many factors can affect
the bioaccessibility of trace elements, including the chemical
species. For example, methylmercury (MeHg) is the more hazar-
dous form of Hg, but Cabanero et al. (36) indicated that MeHg
had a much lower bioaccessibility than the inorganic Hg in fish.
For different As speciation in seafood, the bioaccessibility was
67.5-100% for arsenobetaine, 30% for dimethylarsinic acid,
45% for tetramethylarsonium ion, and >50% for trimethylar-
sine oxide (40). Laird et al. (39) demonstrated that gastrointest-
inal microbes may affect Hg bioaccessibility of 16 country foods
including fish. Co-consumption of foods containing phyto-
chemicals (green tea extract, soy protein, wheat bran, and psyllium)
with fish may potentially reduce mercury bioaccessibility com-
pared to eating fish alone (42). Selenium is recognized to decrease
mercury toxicity and affect mercury bioaccessibility when both
elements are simultaneously administrated (1, 35, 36, 44).

In most cases, seafood products are processed prior to con-
sumption. These thermal treatment processes might change the
total concentrations or alter the bioaccessibility of some trace
elements. For example, the bioaccessibility of Cd, Cu, and Zn in
shellfish decreased upon cooking (5). In some seaweeds, after
cooking, the As bioaccessibility either did not change in Hizikia
fusiforme or increased in Porphyra sp. (14, 20). In addition, in
another two species of fish, cooking induced no change in the
bioaccessibility of As (40). Se bioaccessibility in cooked tuna was
slightly higher than in uncooked tuna (1). Except for Se and As,
there was no previous study on the influence of cooking processes
on bioaccessibility of trace elements in fish; thus, the results
obtained from this study were compared only with other seafood
products. In this study, cooking processes, including boiling,
steaming, and frying as well as grilling, generally decreased the
bioaccessibility of six studied elements in the two fish muscles,
especially for Cu and Zn. Decrease in bioaccessibilities after
cooking was also found in shellfish (5). Cooking processes
accelerated the protein degradation and enhanced the loss of
water and other soluble constituents andmay subsequently affect
the bioaccessibility (5,11,14). On the one hand, cooking induces
denaturalization of the proteins of meat fibers, such that the
tissues shrink and then become harder and more compact.
Cooking may also cause the formation of disulfide-bonded
proteins, which render the proteins less digestible, as demon-
strated in the study of cooking of sorghum (11, 45).

Cooking had a more significant influence on the bioaccessi-
bility of Cu and Zn than on the other trace elements, which may
be attributed to their storage patterns. Both Cu and Zn were
storedmainly inmetallothionein and insoluble ligands in the form
of less easily degradable complexes and less digestible proteins (5).
Therefore, there was a marked decrease in the bioaccessibility
after cooking. Frying and grilling caused amore rapid decrease in
bioaccessibility of both Cu and Zn than boiling and steaming.
One of the possible explanations was the greater degree of water
and weight loss and more acute heating conditions, which caused
the tightly coiled peptide chains to unfold and form large and
insoluble aggregates.

It has been recognized that the subcellular partitioning of
metals is a useful tool to interpret the internal processing in
aquatic organisms duringmetal accumulation, including toxicity,
tolerance, trophic transfer, and detoxification (24-34). There are
very few reports of the subcellular distributions of metals in fish
collected fromnatural environments. Earlier studies in freshwater
yellow perch (liver) showed that Cd and Cu were associated
with HSP dominantly, and Zn distribution followed the order
of organelles > HDP > cellular debris > HSP (26-29). Our

measurements of Zn distribution in the two marine-cultured fish
were consistent with these earlier studies, but we found that the
main subcellular fractions to bindwithCuwere the cellular debris
and MRG. The Cd subcellular distribution was fish- and size-
dependent. Organisms are able to detoxify accumulated metals,
and in most cases, metal concentrations increased in the detoxi-
fied subcellular fractions with increasing whole tissue concentra-
tions (46). Metal detoxification and storage can take place by
binding to HSP or sequestration into MRG; the summation of
both pools was termed as BDM (30). An increasing BDM
compartmentalization with increasing total metal concentration
indicated a higher degree of detoxification by the organisms. In
this study, we found a significant positive correlation between the
BDM and the total concentrations of As and Cu for both fish
species, but no correlation was documented for Cd, Fe, Se, and
Zn, presumably because the total concentration ranges in the fish
muscles were rather narrow.

Significant positive correlation was also observed between the
bioaccessibility and the total concentrations for As and Cu,
whereas no relationship was found for Cd, Se, and Zn, and a
negative relationship was found for Fe. Such different relation-
ships for different elements may be due to different element
storage forms and different subcellular distributions in the fish
muscles. Again, the insignificant correlation for Cd, Se, and Zn
was probably caused by the rather narrow range of total element
concentrations.

In the present study, using an in vitro digestionmodel tomimic
human digestion, we for the first time demonstrated that there
was a significant relationship between the bioaccessibility and
elemental distribution in TAM when all six elements were
considered together. Earlier, Wallace and Luoma (32) showed a
significant relationship between TAM in prey and dietary assimi-
lation by predators (from oligochaete Limnodrilus hoffmeisteri to
grass shrimp Palaemonetes pugio; from bivalve Potamocorbula
amurensis to grass shrimp Palaemon macrodactylus). They sug-
gested that TAM represented the bioavailable metals from the
diet and may be used as a tool to predict trophic transfer. Such a
hypothesis has been tested in a few marine predators [gastropod
and fish (29, 34)]. Our present study demonstrated that the
different subcellular fractions of trace elements in the fish tissues
had different bioaccessibilities in the human gut environments.
The negative correlation between bioaccessibility and element
partitioning in MRG fraction strongly suggested that the MRG
fraction was less bioaccessible. In contrast, an element bound
with the HSP fraction may be more bioaccessible. Such differ-
ences in the bioaccessibilities may have been due to the different
abilities of the digestive enzymes to digest different chemical
components.

In conclusion, the bioaccessibilities of the six studied elements
from seabass and red seabream were generally high. Given such
high bioaccessibilities, it is still reasonable to use the total
concentrations to evaluate food safety of these elements in the
two farmed marine fish species. BDM was the dominant sub-
cellular detoxified compartmentalization for both fish species,
and As concentrations increased in BDM with increasing total
element concentrations. For all of the studied trace elements in
both fish species, there was a significant negative correlation
between element bioaccessibility and element partitioning in
MRG and a positive correlation of element bioaccessibility with
element partitioning in HSP and TAM. Consequently, risk
assessment for seafood safety may also need to consider the
subcellular distribution of trace elements. Cooking processes
(boiling, steaming, frying, and grilling) generally decreased the
bioaccessibilities of these trace elements, especially frying and
grilling. The results of cooking processes on the bioaccessibilities
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of trace elements suggest that fish may be eaten raw, boiled, or
steamed to improve nutritional values for essential elements and
may be eaten fried and grilled to diminish the toxicity and health
risk from toxic elements.
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