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a  b  s  t  r  a  c  t

Arsenic  (As)  is  a major  hazardous  metalloid  in  many  aquatic  environments.  This  study  quantified  the
biotransformation  of  two inorganic  As  species  [As(III)  and  As(V)]  in a marine  juvenile  grunt  Terapon  jarbua
following  waterborne  and  dietborne  exposures  for  10  d. The  fish  were  fed  As  contaminated  artificial  diets
at nominal  concentrations  of  50,  150,  and  500  �g  As(III)  and  As(V)/g  (dry  weight),  and  their  transformation
and  growth  responses  were  compared  to  those  exposed  to  100  �g/L  waterborne  As(III)  and  As(V).  Within
the 10  d  exposure  period,  waterborne  and  dietborne  inorganic  As  exposure  had  no significant  effect  on  the
fish  growth  performance.  The  bioaccumulation  of As was  very  low  and  not  proportional  to  the  inorganic
aterborne exposure
ietborne exposure
iotransformation
peciation
ish

As exposure  concentration.  We  demonstrated  that  both  inorganic  As(III)  and  As(V)  in  the  dietborne  and
waterborne  phases  were  rapidly  biotransformed  to  the  less  toxic  arsenobetaine  (AsB,  89–97%).  After
exposure  to  inorganic  As,  T. jarbua  developed  correspondingly  detoxified  strategies,  such  as  the  reduction
of As(V)  to As(III)  followed  by  methylation  to  less  toxic  organic  forms,  as  well  as  the  synthesis  of metal-
binding  proteins  such  as metallothionein-like  proteins.  This  study  elucidated  that  As(III)  and  As(V)  had
little  potential  toxicity  on  marine  fish.
. Introduction

Arsenic (As) is the most common toxic substance in the environ-
ent, ranking first on the superfund list of hazardous substances

http://www.atsdr.cdc.gov/cercla/07list.html). It is pervasive in the
arine environment as a result of natural or anthropogenic activity,

uch as modern industrial and agricultural activities, and mining
perations. Its toxicity and accumulative behavior have been a
lobal health problem affecting many millions of people. One iden-
ified important factor modifying the As related health effects is its
iotransformation, which involves reduction reactions and methy-

ation via one-carbon metabolism (mainly detoxification) [1].
Marine fish represent an important environmental com-

artment in the determination of contaminant transfer and
ransformation in the food web, both as consumers of As-
ontaminated foods and as sources themselves. However, As
oxicity and bioaccumulation are not only dependent on its total
ontent but also dependent on its speciation [2,3]. Therefore, the

peciation analysis of As in marine fish attracts increasingly atten-
ion [4].  For instance, marine fish contained mostly arsenobetaine
AsB), which was less toxic, and hence As accumulated in this

∗ Corresponding author.
E-mail address: wwang@ust.hk (W.-X. Wang).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.04.027
© 2012 Elsevier B.V. All rights reserved.

form presented less health hazard as compared to inorganic As
[5]. Accordingly, it is necessary to investigate the biotransforma-
tion of As in marine fish, and analyze the As form finally present
in the fish body. In aquatic systems, As occurs in two oxidation
states: a trivalent form, arsenite [As2O3; As(III)] and a pentavalent
form, arsenate [As2O5; As(V)], which are inter-converted through
redox and methylation reactions. As(III) is about 60 times more
toxic than As(V), and conversely, As(V) is about 70 times more
toxic than methylated species such as monomethylarsonic acid
(MMA)  and dimethylarsinic acid (DMA). MMA  and DMA  are con-
sidered only moderately toxic [6]. Moreover, fish appeared to have
evolved different mechanisms for biotransformation of As to less
toxic forms, which are then readily excreted [5].  For example, As(V)
is first converted into As(III) and then transformed into mono-, di-,
and trimethylated products [7].  Edmonds and Francesconi [8] sug-
gested a possible scheme for the conversion of inorganic arsenate
to arsenobetaine.

To date, biotransformation after As(III) or As(V) exposure has
been studied in many species, including fungi [9],  bacteria [10,11],
algae [12,13], lichens [14,15], polychaete [16,17],  and freshwater
fish [18,19]. Little is known about the comparative biotransfor-

mation of different inorganic As forms in marine fish. Moreover,
aquatic biota have developed several strategies to detoxify met-
alloids such as As, including exclusion of As from the cells [20],
reduction of As(V) to As(III) followed by either excretion or

dx.doi.org/10.1016/j.jhazmat.2012.04.027
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
http://www.atsdr.cdc.gov/cercla/07list.html
mailto:wwang@ust.hk
dx.doi.org/10.1016/j.jhazmat.2012.04.027


ous M

c
(
p
t

c
b
t
d
m
e
p
A
t
fi

2

2

a
n
t
a
t
p

I
N
w
t
f
t
b
D
c
A
a
r
5
p
1
s

u
[
A
s
f
v
e
A
2
t
t
d
a
T
w

2

d

W.  Zhang et al. / Journal of Hazard

omplexation with glutathione and sequestration into vacuoles
e.g., Saccharomyces cerevisiae [21]), synthesis of metal-binding
roteins such as metallothionein-like proteins [22], and methyla-
ion to less toxic organic forms together with excretion [23].

Therefore, the objectives of our research were to investigate and
ompare the speciation biotransformation of As(III) and As(V), As
ioaccumulation and its subcellular distribution (detoxification) in
he muscle tissues of Terapon jarbua following both waterborne and
ietborne exposures. Growth studies were undertaken to deter-
ine the toxic effects of inorganic As waterborne and dietborne

xposure on T. jarbua.  Speciation analysis of As in fish samples could
rovide important information to understand the mechanisms of
s biotransformation and detoxification. Therefore, it is important

o link inorganic As exposure and its biotransformation in marine
sh.

. Materials and methods

.1. Fish and experimental design

Juvenile grunts T. jarbua (6–9 cm in length) were obtained from
 fish farm at Yung Shu Au, Hong Kong, maintained in circulating
atural sand-filtered seawater (20 ◦C, 30‰)  and fed artificial diets
wice a day at about 2% of their body weight. The tanks were under

 light:dark cycle of 12:12 h. Feces and uneaten food were removed
wice a day. They were acclimated to the test conditions for 2 weeks
rior to the beginning of exposure experiment.

T. jarbua were exposed to both waterborne and dietborne As.
n the waterborne treatment, As(III) and As(V) stock solutions (as
aAsO2 and Na2HAsO4·7H2O, respectively, 1 mg/mL, Sigma, USA)
ere spiked into a tank (containing 34 L of natural filtered seawa-

er) at a constant nominal dissolved As concentration of 100 �g/L
or As(III) and As(V). Waterborne exposure test was semi-static, and
est seawater was renewed every 24 h. In the control and water-
orne As treatments, the fish were fed the control artificial diet.
ietborne exposure fed artificial diets containing three doses (cal-
ulated levels) of As [As(III), and As(V)] (50, 150 and 500 �g As/g).
s(III) and As(V) were added to the diet as an aqueous solution of
rsenite and arsenate (NaAsO2 and Na2HAsO4·7H2O, Sigma, USA),
espectively, to achieve a nominal concentration of 50, 150, and
00 �g As/g diet, respectively. When the diet pellets were com-
letely soaked with the As solution, they were dried at 60 ◦C for
–2 h to constant weight. The diets were then stored at −20 ◦C in
ealed polyethylene bags until they were used.

Before the exposure, the length and wet weight of each individ-
al fish were measured. There were a total of 18 treatment tanks
control, one aqueous exposure, and 3 dietborne exposures for both
s(III) and As(V); each treatment had two replicated tanks] with a
ample number of 11 fish per tank. Fish were fed twice per day (1 h
or each feeding regime) and any uneaten food was  removed to pre-
ent negligible waterborne As exposure. The acclimated fish were
xposed for 10 d to waterborne and dietborne As(III) and As(V).
t the end of the exposure, they were starved for approximately
4 h to allow the depuration of gut contents. The fish (n = 10–11 per
reatment) from each tank were then collected and placed in a plas-
ic bag, and seawater on the surface of whole fish body was  blotted
ried. They were immediately measured for standard length (SD)
nd wet weight (W), and then frozen at −80 ◦C for further analysis.
he condition factor (CF, g/cm3) was calculated as 100 × (W/SD3)
ith W in grams and SD in centimeters.
.2. Total As concentrations and subcellular As distribution

The frozen fish for each treatment were thawed on ice and the
orsal muscles of the fish were carefully dissected, which were
aterials 221– 222 (2012) 162– 169 163

separated into two subsamples. The fresh muscles were used for the
subcellular analysis, and the others were freeze dried until constant
weight. The dried samples were homogenized and stored in small
polyethylene plastic at −20 ◦C for later total As and As speciation
analysis.

About 0.2–0.3 g of samples were weighted in 15 mL volumetric
flasks and digested with 3 mL  of concentrated HNO3 (65%, analyti-
cal reagent grade, Fisher Scientific) in heating block at 80 ◦C for 24 h
until clearance. After cooling, the samples were diluted to 10 mL
with double deionized water (Milli-Q Millipore 18.2 M cm−1 resis-
tivity). A blank digest was  processed using the similar procedure.
The samples were analyzed for As using inductively coupled plasma
mass spectrometer (ICP-MS). The standard solution was prepared
from a stock solution (National China Standard, National Insti-
tute of Metrology, China). The accuracy of our digestion method
was  testified by analysis of standard reference material of 2976
mussel tissue (National Institute of Standards and Technology, the
National Research Council Canada, and the International Atomic
Energy Agency, Marine Environment Laboratory, Monaco). The arti-
ficial diets were also digested and their As concentrations were
simultaneously measured. The total As recovery rate of the 2976
mussel tissue reference material was  101.4%. The As concentrations
in the muscle tissue were expressed as �g/g dry weight.

The subcellular As distribution in fish was measured using
the described method [24,25].  Briefly, the fresh muscle tissues
from individual fish were homogenized with a tissue homogenizer
in 20 mmol  L−1 Tris–HCl buffer spiked with 2-mercaptoethanol
(5 mM)  and phenylmethanesulfonyl fluoride (0.1 mM)  (pH 7.4). The
homogenized fish muscles were centrifuged at 1500 × g for 15 min
at 4 ◦C, and the pellets (P1) and supernatant (S1) were obtained.
Then 4 mL  of 1 mol  L−1 NaOH was spiked to the P1 to be digested
at 80 ◦C for 10 min  and centrifuged at 5000 × g for another 10 min
at 4 ◦C to separate the metal-rich granules (P2, MRG) and the cel-
lular debris (S2). The S1 was  centrifuged at 100,000 × g for 1 h at
4 ◦C to separate the organelles (P3) and the cytosol (S3). After-
wards, the S3 was heated for 10 min  at 80 ◦C, ice-cooled for 1 h,
and was  further centrifuged at 30,000 g for 10 min  at 4 ◦C to obtain
the heat-denaturable protein (P4, HDP) and the metallothionein-
like proteins (S4, MTLPs). Afterwards, the five fractions were dried
to a constant weight at 60 ◦C and digested in concentrated nitric
acid (HNO3, 65%). The total As concentrations were measured by
ICP-MS.

2.3. Chemicals, reagents, and As speciation analysis

All solutions were prepared with double deionized water.
Stock standard solutions of arsenic compounds were prepared
from sodium arsenite (NaAsO2) (Sigma, USA), sodium arsen-
ate dibasic heptahydrate (Na2HAsO4·7H2O) (Sigma, USA), sodium
cacodylate trihydrate (C2H6AsNaO2·3H2O) (Sigma, USA), disodium
methylarsenate (CH3AsO3Na2·6H2O) (SUPELCO, USA), arsenobe-
taine ((CH3)3As+CH2COO−) (Fluka, Sigma). Chemicals used in HPLC
mobile phases (NH4HCO3 and KCl) and HCl and KOH employed for
hydride generations were all obtained from Guangzhou Chemical
Reagent Factory (China). KBH4 was  obtained from CNW Technolo-
gies GmbH, and K2S2O8 used in the photo-oxidation reaction was
purchased from Guangzhou Chemical Reagent Factory (China). The
KBH4 solution was not filtered before use, and was prepared daily.
Samples were filtered through a 0.45 �m PTFE membrane (China).
The standard solutions were stored in high density polypropylene
containers at 4 ◦C in a cold room. Analytical working standards were

prepared daily by diluting the stock solutions with double deion-
ized water prior to analysis. Certified reference materials BCR-627
Tuna Fish Tissue (Institute for Reference Materials and Measure-
ments (IRMM), Geel, Belgium) were used in the sample analysis.



1 ous Materials 221– 222 (2012) 162– 169

A
p

u
[
t
s
t
i
t
T
m
u
t
S
c
f
y
d
p

e
w
r
a
t
3
0
fi
a
e

2

T
a
v
t
s

3

3

B
c
d
d
0
1
e
t
t
(
w
b
f
g
A
t
A
o

rd

 

le
n

gt
h

,  c
on

d
it

io
n

 

fa
ct

or

 

in

 

th
e  

m
ar

in
e  

fi
sh

 

T.

 

ja
rb

ua

 

af
te

r  

10

 

d

 

ex
p

os
u

re

 

to

 

w
at

er
bo

rn
e  

or

 

d
ie

tb
or

n
e  

in
or

ga
n

ic

 

A
s  

(n

 

=  

20
–2

2)
.  V

al
u

es

 

ar
e 

m
ea

n

 

± 

SD
. N

o 

si
gn

ifi
ca

n
t 

(p

 

> 

0.
05

) 

tr
ea

tm
en

t 

ef
fe

ct

 

on

 

an
y 

of

 

th
e

as

 

ob
se

rv
ed

.

C
on

tr
ol

 

A
s(

II
I)

 

50

 

�
g/

g 

A
s(

II
I)

 

15
0 

�
g/

g 

A
s(

II
I)

 

50
0 

�
g/

g 

A
s(

V
) 

50

 

�
g/

g 

A
s(

V
) 

15
0 

�
g/

g 

A
s(

V
) 

50
0 

�
g/

g 

W
at

er
bo

rn
e 

A
s(

II
I)

 

10
0 

�
g/

L 

W
at

er
bo

rn
e 

A
s(

V
)

10
0 

�
g/

L

in

 

fi
sh

1.
4  

± 

0.
04

 

40
.4

 

± 

1.
5 

12
3.

1 

± 

4.
6 

41
1.

1 

± 

3.
2 

49
.3

 

± 

0.
6 

13
6.

6 

± 

2.
3 

48
1.

4 

± 

2.
8 

1.
4 

± 

0.
04

 

1.
4 

± 

0.
04

 

7.
53

5 

± 

2.
79

7 

7.
53

5 

± 

2.
79

7 

7.
53

5 

± 

2.
79

7 

7.
53

5 
± 

2.
79

7 

7.
53

5 

± 

2.
79

7 

7.
53

5 

± 

2.
79

7 

7.
53

5 

± 

2.
79

7 

7.
53

5 

± 

2.
79

7 

7.
53

5 

± 

2.
79

7
6.

6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8 

6.
6 

± 

0.
8

r 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8 

2.
50

6 

± 

0.
24

8

8.
31

9  

± 

3.
00

5 

7.
93

0 

± 

2.
60

6 

6.
88

6 

± 

2.
47

6 
6.

88
3 

± 

1.
19

4 

5.
78

6 

± 

0.
79

5 

5.
73

1 

± 

2.
15

3 

6.
15

2 

± 

0.
72

7 

7.
11

6 

± 

1.
53

7 

7.
56

8 

± 

1.
49

6
7.

1 

± 

1.
1 

6.
9 

± 

0.
7 

6.
7 

± 
0.

6 
6.

8 

± 

0.
7 

6.
2 

± 

0.
4 

6.
3 

± 

0.
8 

6.
5 

± 

0.
3 

6.
8 

± 

0.
4 

6.
8 

± 

0.
5

r
2.

29
2 

± 

0.
20

6 

2.
25

0 

± 

0.
23

9 

2.
23

5 
± 

0.
22

2 

2.
19

9 

± 

0.
18

2 

2.
40

1 

± 

0.
14

6 

2.
21

2 

± 

0.
16

7 

2.
19

2 

± 

0.
17

9 

2.
25

7 

± 

0.
22

7 

2.
40

1 

± 

0.
22

2

64 W. Zhang et al. / Journal of Hazard

ll the other samples were freeze-dried prior to the extraction
rocedure.

The frozen fish muscles were prepared for As speciation analysis
sing methanol/water (1:1, v/v) extraction as described previously
26,27]. About 0.5 g of sample was added into 50 mL  centrifuge
ubes to which 20 mL  of 50% methanol (50% MeOH in dd H2O)
olution was added. Samples were sonicated for 30 min, then cen-
rifuged for 10 min  at 10,000 rpm and the supernatant then poured
nto a 100 mL  beaker. This extraction process was  repeated three
imes with the supernatant being added to the previous extract.
he final extract (a combination of all three supernatants approxi-
ately 60 mL  in total) was  heated to 50 ◦C to evaporate the solvent

ntil a volume of approximately 1 mL  was reached. The concen-
rated samples were then diluted with ddH2O to a volume of 10 mL.
amples were filtered through 0.45 �m syringe filters into 5 mL
entrifuge tube in preparation for HPLC–UV–HG–AFS (AF-610D2
rom Beifenruili Analytical Instrument Corp., Beijing, China) anal-
sis. The extracted samples (40 �L) were injected to detect the
ifferent As species, and were analyzed within one day to prevent
ossible reduction of As concentrations.

Standard reference materials (SRM) were used to validate the
xtraction and analysis methods. BCR-627 tuna fish tissue (0.5 g)
as used for AsB and DMA  analyses. The BCR-627 reference mate-

ial contained a certified AsB concentration of 3.90 ± 0.22 �g/g
nd a certified DMA  concentration of 0.15 ± 0.02 �g/g, respec-
ively. With our method, we obtained a AsB concentration of
.69 ± 0.06 �g/g (95% recovery, n = 6) and a DMA  concentration of
.12 ± 0.02 �g/g (82% recovery, n = 6). Spikes were also used to con-
rm the recovery of other As species detected during speciation
nalysis. In our study, As(III) recoveries were 72–98%, As(V) recov-
ries were 71–105%, and MMA  recoveries were 76–108%.

.4. Statistical analyses

Statistical analyses were performed using SPSS version 16.0.
he differences of the corresponding values between the control
nd exposed/treated groups were tested by one-way analysis of
ariance (ANOVA) followed by a least significant difference (LSD)
est. A probability level (p-value) of less than 0.05 was regarded as
tatistically significant.

. Results

.1. Fish growth

As concentrations in the fish diet are presented in Table 1.
ased on the dietborne As concentrations, the assimilation effi-
iency (5.5% [28]), and the feeding rate (2% of body wet weight
−1), the calculated daily dietborne As doses were 0.002 �g/g/d
w for both the control and waterborne As-exposed fish, 0.044,
.135, 0.452, 0.054, 0.150, 0.530 �g/g/d for the As(III) 50, As(III)
50, As(III) 500, As(V) 50, As(V) 150, As(V) 500 �g/g dietborne As-
xposed fish, respectively. In the waterborne exposure treatment,
he calculated daily waterborne dose was 0.150 �g/g/d, comparable
o the mean dose in As(III) and As(V) 150 �g/g As-exposed samples
the uptake rate constant was 1.5 L/kg/d for T. jarbua [28]). There
as no significant difference among control, waterborne and diet-

orne As-exposed fish in terms of wet weight, length, or condition

actor (CF), following 10 d exposure to inorganic As (Table 1). Thus,
rowth was not influenced by waterborne or dietborne As(III) and
s(V) exposure. It may  be concluded that the exposure concentra-

ion and exposure pathway were not important for fish growth.
fter 10 d, 6.5% mortality was received in all treatments at the end
f exposure period. Ta
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Table  2
As speciation concentrations (�g/g, dry weight) in the muscle of marine fish T. jarbua after waterborne or dietborne inorganic As exposure for 10 d. Data shown are mean ± SD
(n  = 20–22). AsB, arsenobetaine; As(III), arsenite; DMA, dimethylarsinate; MMA, monomethylarsonate; As(V), arsenate.

Treatments As speciation concentrations (�g/g)

AsB As(III) DMA  MMA  As(V)

Control 1.625 ± 0.524a 0.071 ± 0.034ab 0.018 ± 0.007a n.d. n.d.
As(III)  50 �g/g 2.482 ± 0.883a 0.102 ± 0.051b 0.043 ± 0.025abc n.d. 0.093 ± 0.024
As(III) 150 �g/g 2.152 ± 0.954a 0.207 ± 0.006c 0.027 ± 0.011ab 0.012 ± 0.007 0.021 ± 0.014
As(III) 500 �g/g 2.016 ± 0.185a 0.162 ± 0.019c 0.035 ± 0.014abc n.d. 0.037 ± 0.028
As(V)  50 �g/g 2.017 ± 0.460a 0.025 ± 0.011a 0.027 ± 0.009ab n.d. 0.034 ± 0.014
As(V)  150 �g/g 2.659 ± 1.169a 0.031 ± 0.009a 0.066 ± 0.043c n.d. 0.075 ± 0.047
As(V)  500 �g/g 2.260 ± 0.650a 0.096 ± 0.014b 0.052 ± 0.021bc n.d. n.d.
Waterborne As(III) 100 �g/L 1.842 ± 0.141a 0.043 ± 0.016a 0.019 ± 0.003a n.d. n.d.
Waterborne As(V) 100 �g/L 1.778 ± 0.236a 0.064 ± 0.011ab 0.027 ± 0.006ab n.d. n.d.
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levels were the lowest and only detectable for the As(III) 150 �g/g
treatment.
ifferent letters show significant difference between treatments.

.2. As bioaccumulation and subcellular distribution

There were significant differences in As bioaccumulation
etween the control and the dietborne exposure, whereas no sig-
ificant difference was  observed between the control and the
aterborne exposure after 10 d exposure (Fig. 1). Dietborne uptake
ominated the As accumulation during 10 d exposure. Total As con-
entrations accumulated by T. jarbua were not proportional to the
s dosage [50,150, and 500 �g/g As(III) and As(V) in artificial diets,
nd 100 �g/L As(III) and As(V) in seawater] after 10 d of exposure.
oreover, the bioavailability of As was very low.
Fig. 2 shows the distribution of As in the five subcel-

ular fractions (organelles, MRG, cellular debris, HDP, MTLP)
n all the treatments of waterborne or dietborne exposure.
fter 10 d exposure, MTLP was the major binding site for As

n the fish muscle (36.0–46.4% after the dietborne exposure,
nd 36.2–46.7% after waterborne exposure). Cellular debris was
nother important fraction (31.5–45.4% after dietborne exposure,
nd 35.2–37.0% after waterborne exposure). By comparison, only a
mall fraction of As was bound with MRG  (6.1–14.5%), organelles
4.5–12.8%), and HDP (3.5–5.0%) after exposure. The As subcellu-
ar distribution varied little between the two different exposure
athways.

.3. Biotransformation of As
Table 2 and Fig. 3 present the concentrations of various As
pecies and their percentages in the fish muscles. T. jarbua exhib-
ted a predominance of AsB (89–97%), while DMA, As(III), and
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As(V) were only about 1.0–2.3%, 1.1–8.6%, and 0.9–3.4%, respec-
tively. These data strongly demonstrated that T. jarbua had a very
high ability to biotransform the inorganic As into organic forms.
As(III) was  detectable in all treatments, while As(V) was only
detected in the dietborne exposure treatments. DMA was  note-
worthy a minor component in the fish muscle. Furthermore, MMA
and one unknown As compound (possibly arsenocholine) were
found. Therefore, dietborne exposure typically included As(III),
As(V), DMA, MMA,  and AsB, whereas waterborne exposure only
included As(III), DMA, and AsB. A clear but not significant increase
in AsB concentration was noticed in the fish muscle tissues dur-
ing both waterborne and dietborne exposure as compared to the
control. The exposure concentration did not affect the AsB con-
centrations. As(III) concentrations exhibited significant increases
after dietborne As(III) exposure (150 and 500 �g/g), but were
below the detection after As(V) exposure. In addition, As(III) tissue
concentrations increased significantly when the dietborne As(V)
concentration increased from 50 �g/g to 500 �g/g. In contrast,
As(V) tissue concentration was  not influenced by the dietborne
As(V) concentration, suggesting that As(V) may have been reduced
into As(III). Interestingly, DMA  levels increased significantly upon
exposure to dietborne As(V) (150 �g/g, and 500 �g/g) for 10 d. MMA
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. Discussion

.1. Fish growth

There was no significant effect on wet weight, length, and con-
ition factor (an integration of standard length and wet weight, see
bove) of fish following waterborne exposure to As(III) and As(V) at
00 �g/L. These results were similar to previous studies, e.g., min-
ow juveniles exposed to As(V) in Lake Superior water for 30 d [29].
urvival and growth of the minnows were comparable to the con-
rol levels at the two lowest As(V) concentrations tested (100 and
30 �g/L), but were lower at the two highest tested concentrations
1500–14,000 �g/L). At an exposed concentration of 1.5 mg  As(V)/L,
he growth rate of rainbow trout was not affected over 11 weeks of
xposure period, and the whole body As concentration was 15-fold
reater than our measurements [30]. Rankin and Dixon [31] pointed
ut that freshwater fish could immediately reduce their feeding in
esponse to both waterborne and dietborne As exposure. There was
o effect on growth in rainbow trout exposed to 0.76 mg  As(III)/L
a 7.6-fold higher concentration than that measured in the present
tudy) for 121 d.

Similarly, dietborne exposure to inorganic As for 10 d also
howed no significant difference in wet weight, length, or con-
ition factor, thus growth was not liable to dietborne As(III) and
s(V) treatment. Several possibilities might explain such lack of

nfluence for all the treatments. First, the exposure time (10 d)
ay  be too short and there was a rather high degree of variabil-

ty within each treatment group. Second, the food pellets were
aken into the mouth but subsequently rejected as a result of feed-
ng refusal and chemoreceptory detection of As in the feed. These
esults were consistent with previous study of no effect on growth
nd food consumption of juvenile rainbow trout exposed at 8 �g/g
nd 12 �g/g of As in the diet [32]. However, Hansen et al. [33] found
educed growth of rainbow trout fed polychaete diets of Lumbricu-
us variegatus that had been exposed to sediments collected from

etal-contaminated sediments from the Clark Fork River Basin
MT, USA) and from an uncontaminated reference stream. Boyle
t al. [34] showed that zebrafish Danio rerio fed natural As con-

aminated polychaete Nereis diversicolor had reduced reproductive
utput although no significant growth reduction was  observed.
ore recently, Erickson et al. [35] found that growth reduction

n fish occurred at similar concentrations of total arsenic in the
e or dietborne inorganic As exposure for 10 d. Data are mean ± SD (n = 20–22). AsB,
 represent significant difference between treatments (p < 0.05).

oligochaete diet whether the oligochaetes had been exposed to
arsenite or arsenate.

4.2. As bioaccumulation and subcellular distribution

Dietborne exposure significantly elevated the accumulated As
body levels in fish whereas aqueous exposure resulted in no sig-
nificant difference in body As levels as compared to the control.
Moreover, the As bioaccumulation was very low, and was not pro-
portional with the inorganic As exposure concentrations. In a recent
study, Zhang et al. [28] showed that the dissolved uptake of As
increased linearly over a range of dissolved concentrations from
0.5 to 50 �g/L, with an uptake rate constant of 0.0015 L/g/d. The
assimilation efficiencies (AEs) of dietborne As were only 3.1–7.4%.
Dietborne uptake represented a dominant pathway for As accumu-
lation by the fish, but overall the bioaccumulation of As in T. jarbua
was  rather low given the element’s low ku, AE, and relatively high
ke. Erickson et al. [19] reported a greater toxicity of dietborne expo-
sure when juvenile rainbow trout and prey were exposed to the
same waterborne arsenate concentration, emphasizing the need to
address the dietborne exposure in As risk assessment. Most marine
animals including seaweeds, gastropods, shrimps, and other inver-
tebrates have only a limited ability to accumulate arsenate from
seawater [36–38].  The bioaccumulation of dietborne arsenic in the
tissues of rainbow trout peaked at 14 months and then decreased in
adults, which also suggested a low As bioavailability [39]. Consis-
tently, no significant increase in arsenic concentration in common
shrimp Crangon crangon [40] and blue mussel Mytilus edulis [41]
was  found when the animals were exposed to arsenate at concen-
tration as high as 100 mg  As/L.

Rankin and Dixon [31] compared the acute and chronic toxicity
of arsenite to rainbow trout exposed in flow-through aquaria for
121 d at concentrations of <20 (control), 760, 2480, and 9640 �g/L.
Significant increases in tissue As only occurred in the two highest
treatments. Suhendrayatna et al. [42] measured the bioaccumu-
lation of As in freshwater Tilapia mossambica following exposure
in 8 L of dilute medium containing 5, 10, and 15 mg  As(III)/L or

0.1, 5, and 10 mg  As(V)/L under static conditions. The accumula-
tion of As by T. mossambica was proportional to the concentration
of arsenicals in water, similar to the previous study on Japanese
medaka, Oryzias latipes [43]. Rainbow trout and other fish species
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ad extremely high acute 96-h LC50 values (10,800–100,000/�g/L),
ndicating that fish were very tolerant to As [44–47].

For dietborne exposure, different concentrations of As in the
iets had no effect on As bioaccumulation. Our recent study
ound that the calculated As AEs were very low (2.5–4.3% at
ifferent As concentrations in the fish diets, 0.05–100 �g/g), sug-
esting that the dietborne AEs were independent of the As(V)
oncentrations in the artificial diets [28]. Consistently, Pedlar and
laverkamp [48] reported that when the adult lake whitefish (Core-
onus clupeaformis) were fed As contaminated diets at nominal
oncentrations of 0, 1, 10, and 100 �g As/g food (dry weight) for
0, 30, and 64 d, As concentrations in fish muscle did not increase.

The As subcellular distribution followed the orders of
TLP > cellular debris > MRG  > organelles > HDP after waterborne

nd dietborne exposure. These data were consistent with our recent
tudy that MTLP was the major binding site for As in the clams
nd fish, and cellular debris was another important fraction after
ietborne As exposure. By contrast, only a small fraction of As
as bound with organelles, HDP, and MRG  [28]. Since a large pro-
ortion of As (mainly AsB) was distributed in the MTLP fraction,
s may  have been detoxified. In earlier study, arsenic contamina-

ion induced metallothioneins in liver particularly in freshwater
eleosts Channa punctatus [49]. Chowdhury et al. [22] also reported
he dominance of As in MTLP fraction, indicating that metalloth-
oneins may  protect against As toxicity at the cellular levels. And
everal studies have shown that cellular debris and MRG  were
on-bioavailable to the higher trophic levels [50,51]. Cockell [52]
eported that with continued exposure to dietborne As, epithe-
ial cells must undergo an adaptation in order to allow them to
egenerate. Such adaptation may  occur by increased metabolic
ransformation of As to a less toxic form, reduction of net accumu-
ation by decreasing uptake or increasing excretion of As, binding of
s to proteins such as MT,  or storage of As in intracellular granules.

.3. Biotransformation of As speciation

The recovery of different As speciation as compared to the total
s content in fish muscle was approximately 61–110%. In previous
tudy, the extraction efficiencies (calculated as the summation of
ifferent As species divided by the total As concentrations) were

ow (10–64%, mean 36%) for total arsenic and different arsenic
pecies in a range of freshwater samples (sediment, water, algae,
lants, sponge, mussels, frog and fish species) [53]. In clams (Mere-
rix lusoria)  collected from southwestern Taiwan, the recovery of
ifferent As species was 61% of the total As content [54]. The qual-

ty and usefulness of the data from speciation analysis can often
e compromised by the low recovery of arsenic species. Such low
ecovery was probably due to different analytical techniques used
or total As, inorganic As, and organic As measurements. Indeed,
ome As species were very close to the detection limits in some
amples.

As in the control and treatments groups was  predominated
y organic forms, mostly AsB (89–97%), followed by DMA, As(III),
s(V), and MMA, with very low concentrations of methylated and

norganic forms. These data were in accordance with As accumula-
ion data in marine organisms [55]. In previous studies, intestinal
ptake and efficient transfer of AsB from blood to muscle have been
eported in marine yelloweye mullet (Aldrichetta forsteri)  [56] and
n freshwater and seawater-adapted Atlantic salmon (Salmo salar)
57]. Amlund et al. [58] similarly found that after three months
f dietborne AsB exposure, AsB was the major arsenic species in
tlantic salmon (S. salar L.) and Atlantic cod (Gadus morhua L.) mus-

le, representing more than 99% of total arsenic presented. The less
oxic AsB often constituted more than 95% of all As compounds
ound in marine fish [59]. Ciardullo et al. [60] showed that AsB was
he dominant As compound in muscle tissues of freshwater fish,
aterials 221– 222 (2012) 162– 169 167

but several other arsenicals including As(III), As(V), MMA, DMA,
trimethylarsine oxide (TMAO), and three unknown As compounds
were also present. Shah et al. [61] reported that As(III) and As(V)
in freshwater fish muscles tissues were in the range of 17.1–31.9%
of the total arsenic measured. In the present study, we also found
that levels of AsB did not significantly change compared to the con-
trol values after waterborne and dietborne exposure. However, in
Mediterranean polychaete Sabella spallanzanii, there was a marked
increase in AsB following exposure to As(V), and DMA  and TMA  had
a progressively lower accumulation [62].

Interesting variance of inorganic As speciation in fish mus-
cle after waterborne or dietborne exposure was  observed in the
present study. Over the 10 d exposure period, the percentage of
total As as As(III) in the fish muscle was higher after As(III) diet-
borne exposure (3.8–8.6%) than after As(V) dietborne exposure
(1.1–4.0%) and As(III) and As(V) waterborne exposure (2.3–3.4%).
And a faster transformation of As(V) into As(III) was found both
in the waterborne and dietborne exposures. The biotransformation
may  be attributed to the reduction of As(V) into As(III), accompany-
ing by a prompt import of As(V) and export of As(III). Mrak et al. [14]
found that the lichen Hypogymnia physodes transformed As(V) into
As(III) and excreted this reduced As form. Moreover, no As(V) was
detected after inorganic As waterborne exposure, which was incon-
sistent with the recent fungi study, in which only As(V) was found
in the cells of Trichoderma asperellum SM-12F1 after cultivation of
10 d [9].

Interestingly, DMA  was the only species that increased through-
out the As(V) 150 �g/g and 500 �g/g dietborne exposures, but was
very low after As(III) dietborne exposure and inorganic As water-
borne exposure. MMA  was detected only after As(III) 150 �g/g
dietborne exposure. Although MMA  is an intermediate species in
the biotransformation pathway from As(V) to DMA, it was not
detected in the As(V)-exposed fish. The occurrence of MMA  pointed
to demethylation as an important mechanism of the biotransfor-
mation. Cullen et al. [23] investigated arsenic metabolism in two
microorganisms (Apiotrichum humicola and Scopulariopsis brevi-
caulis) by exposing them to different arsenicals [As(V), As(III), MMA,
and DMA]. In their study, MMA  was metabolized faster than the
other intermediates. Possibly, in T. jarbua,  the transformation of
MMA into DMA  also occurred faster than the other transforma-
tions, and therefore the intermediate metabolite MMA  showed no
detectable increase following As(V) dietborne exposure and inor-
ganic As waterborne exposure. These two methylated compounds
(DMA and MMA)  could thus represent the initial steps toward
detoxification of inorganic As. A few studies also described the bio-
transformation of inorganic As to methylated forms such as MMA
and DMA  as the classical metabolic pathway [63].

Various mechanisms may  be involved in the reduction of As(V)
to As(III) once the fish ingested either As(III) or As(V) [64]. As(III)-
thiol complexation occurred in S-rich proteins, and glutathione
As(III)-thiol complexes are methylated to organoarsenic com-
pounds (e.g., AsB) [65]. Organoarsenic compounds may  be excreted
through mucus production. Living organisms are able to activate
biotransformation processes to convert As(V) into As(III) or into
methylated forms. Such process has been documented in fungi, bac-
teria, algae, plants, animals, as well as in lichens [14]. Our results
suggested that As in the fish body was  ingested, transformed, and
excreted by the marine fish. It has been well known that fish
can convert the toxic inorganic arsenic in their bodies into less
toxic methylated forms. For example, the carnivorous killifish can
accumulate arsenic directly from water and partially biomethy-
late it [66]. Erickson et al. [19] also found that As(V) absorbed

by oligochaetes was  largely reduced to As(III), but there was no
measurable conversion to organoarsenic species. Bears et al. [5]
showed that chronic low-level arsenic exposure interfered with
the ability of biomethylation and excretion of toxicant. Shah et al.
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67] indicated that methylation changed with the exposure and
eriods of high metabolism. Prior arsenic exposure prevented the
tress-induced increase in stress-responsive LDH-B mRNA levels
nd enzyme activity observed in fish that had not been exposed to
rsenic. At present, there is little study on the inorganic As trans-
ormation in marine fish.

. Conclusion

This study examined the toxicological effects, bioaccumulation
nd biotransformation of inorganic As in marine fish T. jarbua
xposed to waterborne and dietborne As(III) and As(V), at envi-
onmentally relevant concentrations. Growth was  not influenced
y waterborne or dietborne As(III) and As(V) exposure. Dietborne
xposure was the main pathway of As bioaccumulation. Toxic inor-
anic As(V) was reduced to As(III), and As was mostly transformed
nto less toxic AsB in fish muscle. MTLP was the main binding site
n T. jarbua muscle. It can be concluded that at least two  types of As
etoxification functioned in marine fish, including the As(V) reduc-
ion to As(III) followed by methylation to less toxic organic forms,
nd the induction of metal-binding proteins such as MTLP. Knowl-
dge about the uptake and methylation of As in aquatic biota is
mportant for estimating human health risk. It is becoming increas-
ngly evident that methylation of As is critical in controlling its
iological fate and effect [68]. However, each As form has differ-
nt physicochemical property and bioavailability. Understanding
nd predicting the biotransformation of As in marine fish are thus
f great values in assessing the impacts of As pollution. It will be
nteresting to study the toxicity of As over a longer exposure period.
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